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Abstract

The largescale utilization of thorium is usual_y linked to
its introduction in fast breeder reactors and,~r advanced

converters. While the basic nuclear data used n physics

e Ry

calculations for fast reactors operating on ti— “JQPu~ U
cycle have been repeatedly checked and improve= over the
years, relatively large:uncertaiﬁties have cor—inued to exist
for the cross-section data necessary for analy—ing Th-contain-
ing fast reactor systemé. Thié has been mainly—due to the

sparseness of clean, integral experiments witk—thorium - a

gap which the programme of integral mecasuremer—s described

in this report seeks, at least in part, to £il_.

The present experiments were carried out in th= Zzero-energy
reactor facility, PROTEUS, at LIR. This is ess=ntially a
coupled system, consisting of a central test z=nc driven
critical by annular thermal driver zones. Six ifferent confi-
gurations for the central fast test zonc werce onsidered in
the current_progr;mmc, the principal fuel/blar—ct materials
used being_iﬁ the form of rods of 15 3 Pqu/UC:, depleted

UOé, ThOé and Th-metal. The first test lattice=(Core 11)

corresponded to a normal GCFR core and cnabled&checks to be

. e . . . : 32, 233
made for infinite-dilution reaction rates for Th and U

4

in a standard fast reactor spectrum; The secorms test lattice
(Core 12) had one third of the PuO,)/UO2 fuel r—ds of Core 11
replaced by ThO, rods, simulating a relatively homogeneous |
introduction of thorium into a fast reactor co=e. Core 13

was a heterogenecus configuration with é centr—l1 Th02 blanket
zone surrounded by an arnular Pud,/00, zone. T e Iourth test
lattice was again a hetsrogencous coﬁfigurétio— but with an
.a;ial ThO9 blanket. Cores 15 and 16, the last wo test zones,
Were simiiar to Cores 13 and 14, respectively, but with Th-metal

repnlacing ThOzr
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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 fcr reaction rate ratio measurements,
thereby providing some check on the different systematic
errors. Neutron spectrum masasurements, using spherical proton-
recoll counters, were carried cut in Ccres 12, 14 and 16.

The measured neutron energy range was V10 keV=2.3 MeV,

Calculations for the various test lattices were carried out

. using twe different data libraries and processing codes. These
were: (i)} the U.XK. adjusted data set, FGL5, and its associated
cell code, MURALB, and (ii) the U.S. code, GGC-4, with a
data library based on ENDF/B-4 cross-sections. Transport-theory
analyses for the experimental configurations of Cores 11, 12,
13 and 15 were carried out using a 1-D, cylindrical-geometry
modcl For Lthe PROTEUS reactor. For analysis of the axial-
blanket cxpoeriments (Cores 14 and 16), a 2-D diffusion-theory
nodel was cemployed for the whole reactor. Separate calculations
wore carvied out for cevaluating the ncultron spocitrun measurcoments,
the axial-blankel coxperinents being analysed in collaboration

:) with ORNL using a 2-D transport-theory wodel (251).

Lot Cores LL oand L2 Dhvalces poramnebovs ab Lho controe woroe
v -

mainly dotorminaed byothe —ost lattice i1tsell and only mar
influonead b tho outer reoathtor zones. These oxparimontal

configurations could thus boe recardad as bonchmarzs for the

Doasle noclonr dnen. I bl babbtioos, Thie agroor Daatwaan
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differential measurements which suggested th&e= the EKNDF/B-4
data was too high (7). Certain revisions of t—e latter ¥

measurements have, however, now been publishes, the originally

reported results for T UTh cepture being inci—ased on average

by ~¥l », i.e. brought back to valugs reasons=ly consistent

with EHDE/B~4 (45).

The performance of the MURALB/FGLS calculatic=al route for
predicting JC(Th232)/of(Pu239) was similar to=that ci the

GGC—-4 (ENDFP/B-4) route for Core 11. In Core 1 , howeter, where

the “Th cross-sections were ne longer infin_tely dilute, .

the GGC-4 calculation of resonance self-shiel ing effects

seemed to perform significantly better. Both alculational

routes yiclded uf(Th232)/uf(Pu239) values 12 3 lower than
237

measurements in Cores 11 and 12, suggesting t at the %)y

fission cross-scctions in current usc are too tow. This should,

however, have relatively_minof effect on neut >n balances for
232Th—cdntaining fast reactors. Calculational results for.
of(U233)/nf(PQ239) agreed within'wﬁzg with ex_2riment, indicating
the adeqguacy of infinite-dilution “77U fissio cross-sections.
Results for additionally'measured reaction ra : ratios, e.qg.

238 ' 239

U capture and fission, relative to Pu . .ssion, showed
the same trends as reported for earlier PROTES-GCI'R cores ‘.'
(29, 37). '

In the internal ThO. and Th-metal blanket con—gurations of

2 .
Cores 13 and 15, there was a strong coupling I=tween the
blanket and the outer Puc, /U0, zone. Calculat—/nal nrocedures

had to be carefully checked for the effects o=the approximations

o

applied. As such, these two cenficurations ma—be régarded.

as providing benchmark tests for data and metl—ds in the
analysis of hetérogeneous Th-containing fast =actors., Central
reaction rate ratio results in Cores 13 and lEEchfirmedfthe

earlicer observatien that the GGC-4 calculatior—oI resonance
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. . - : 32,
self-shielding effects for Tn capture appears significantly

better than that of the MURALB/FGLS5 route. As in Cores 11 and
12, Of(Th232)/Gf(Pu239) was underpredicted. The underprediction
in Core 15, however, was mnuch less than in the other lattices,
suggesting that the neutron flux in the MeV region was being
overpredicted in the Th-metal blanket - a conclusion reinforczd

by results for Gf(U238)/0f(Pu239).

Radial distributions of reaction rates through the internal

blankets and into the surrounding Puoz/UO lattice provided

2
further experimental checks in Cores 13 and 15. Two different
transport—-thecry models were used for the whole-reactor calcula-
tions. Comparison ¢f calculation and experiment for the

232

traverses for Th fission led to conclusions

i capture and

consistent with those drawn from the central reaction rate

ratio measuremncents, Qverall, the results for Cores 13 and 15

indicated that the breeding characteristics of heterogencous

Th-containing fast rﬁactor cores appear Lo be predictable to
-

. . . 3 ..
accuracices comparabrle Lo those fov U-contalining systemns,

Analysis of thoe axial Th-blankel conligurations of Cores 14
and L6 was veory much meve sensitive Lo the influsnco of the
PRrOTEUS thermal driver vegilons than was the case tor the

internal blanket cxperimoents of Cores 13 and 15. This was duo

f,

to tho laragor stze of Lhe forbtile wonos, combingd with the fact

Lhat core nautvons woro incident on th blanket Tron ono sido

only

Comaarisons of moasuvreoment and  calculatics Jor Llanket-

conbtro veaction rato ratios O o amin:
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of the date and methods than did the inte—al reaction rates,

The ORNL analysis of these experiments (2=, for example, “
permitted a testing of ENDF/B-5 cross-sec=ons, and it was
demonstrated how the new (n,n') data for :::Th imoroved the
agreement between measured and caleculated pectra above 500 keV
but worsened it below 200 keV. The neutror—spectrum results,
however, could provide little evidence rec=rding the 232Th
capture and fission data per se and were c—early compleméntary

to the reaction rate measurements.
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- susammenfassuncg

Die Verwondung von Thorium ols Kernbrennstoff wird —or allenm

im Zusammonhoang it sceinsem Dinsawn in Zortoeschrivtvenen, hoch-

ronverticronden Reaktoron und/ocer Schinellen Britern dishutier
Ty -

Wiahrend dic nuklearen Basisdaten fdr den "Pu- L Brennstofi-

zyklus seilt Jahren immer wieder ilberprift und verbessert werden,
mussten bol der Berechnung thoriumhalticer Schneller Brut-
reaktorgn relagiv grosse Unsicherheiten in den nuklearen
. Wirkungsquerschnittsdaten in Kauf genommen werden. Dies way
hauptsédchlich auf den Mangel an integralen Benchmarkexperimenten
zurlickzufilihren. In der vorlicgenden Arbeit werden kritische
Experimente wmit thoriumhaltigen Gitteranordnungen im Null-
leistungsreaktor PROTEUS beschrieben, welche hellfen éolleh, die
Unsicherheiten in den nuklearen Wirkunygsquerschnittsdaten des
233U— Sh=Brennstoflzyklus wenigstens teilweise zu verringern.
Der Nulleistungsreakior PROTEUS am EIR besteht aus ciner selbst
unterkritischen schnellen “one, welche mit zwel vingldrmigen
thermischen Treibern umgeben ist, um dic Kritikalitdt des
Gesambtsystems zu erreichen. In der vorlicegenden Arbeit werden

rv\

Untersuchungen an sechs verschiedenen Testzonenanordnungen be-
. schrieben. Als Brennstoffma:zerial filr die Spalt- und Brutzonen

der Testgitter wurden Stibe aus 15 % Puoj/UOj, abgereichertenm

02, Thoz, resp. Th-Metall eingesetzt. Das erste der unter-
suchten Testgitter (Core 11) entsprach einem normalen CGCFR-XKern
mit 15 % Puoz/UO7 Stibon. In diessm Testgitter Xeonnten die

- - SN
7 ungestdrten (fir unendiliche Verdinnung) 7 Ean and qj)L“Reaktloﬁ:—
raten in einen reoinen GOFR-Svokibrum gemessen werdon. Ddr die
Experimente im owelten iviar (Core LI wurde ein Dil:tcl ler

homoge

waerden konnte. Vier weltore untersuchte Jores bestanden aus

TAOTO A
: tOUZG Y

{—.
I~
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heterogeren Gltterﬂnor dnungen. Core 13 w— 15 enthielten beide
eine zentrale Blanketzone aus Thoj, resp —=Th-tetall, welche =~
von einer Pu02/UOjeZone umgeben war. In Tre 14 und Core 16

wurden axiale Blanketzonen aus Tho.,, resy= Th-retall ulnccbuu:.

It Zentrum je dOl Testzonenanordnung wurde die wichtigsten

charakteristischen Reaktionsratenverh&dltn sse, sowie radiale

und axiale Reaktionsratentraversen durch salt- und Blanketzone
gemessen., Wenn immer méglich wurden sowon -absolute, wie auch

relative (vu den thermischen) Reakticonsra—nverhiltnisse

bestimmt. Dadurch konnten systematische Poaler besser erkannt
werden. NéutronensPthrumsmessungen im Enc—giebereich von ~10 kesl
bis 2.3 MeV wurden mit kugelf{drmigen Rick—ossprotonenzihlern

in den Corcs 12, 14 und 16 durchgefihrt

Zur Berechhung der cinzelnen Testgitterancednungen wurden zwel
verséhiodone nuklearc Datenbibliotheken ur= Zellrechnungs-
programme verwendet: (1) den adjustierten nylischen Datensatz
FGLS zusammen mit dem Zellcode MURALB und 2} den amerikanischen
Code GGC-4 unter Verwendung der aufl ENDF/B 1 basicrenden Fein-
gruppendaten. Fir die Berechnungen von Cor 11, 12, 13 und 15
wurde die Transportgleichungxfﬁf ein eindicnsionales, zylinder-
symnetrisches Ganzréaktbrmodell geldst. Be_der Analyse der
Anordnungen nit axialen Blanketzonen (Core=1l4 und 16) wurde .
ein zweidimensionales Diffusionsmodell veri—ndet. Fir die
Analysen der Neutr onensucktrumsmessungen wien spezielle
Rechnungen notwendig. Die berechneten Spektzen filir die Cores 14
und 16 wurden - in Zusammenarbeit m;t dem CTHNL - aus zweli-

dimensionalen Transporcrechnungon ¢gewonnen, 25).

FParameter im Zentum von Core 11

-

=

ischa

wn
(]
W

Die reaktorphysika
und 12 sind hauptsdchlich durch die Eigensc aften der zentralen
Tesﬁzone bestimmt; den Einfluss dhr jusse re Reaktorzone
(Treiber, Reflektor) ist unbedeutend, Di ese seiden Gitteran-

crdnungen kdnnen deshald als Benchmarknont*—ﬂ”atloneg Tur
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Ueberprifung der nuklearen Daten betrachtet werden. Eine
wichtige Grdsse ist das Reaktionsratenverhéltnis CC{Th232)/
of(Pu239), da dieses die Brutrate bestimmt. Filir beide Gitter-
anordnungen ist die Uebereinstimmung zwischen gemessensm und
aufgrund von ENDF/B-4 Daten berechnetem Verh&8ltnis besser

als v2 %, Dieses Ergebnis ist Uberraschend, wenn man die
relativ grosse Unsicherheit (+ 10-20 %) in den nuklearen
23zTh—Einfangsquerschnitten berlicksichtigt. Zudem schienen
unsere Resultate neuveren cifferentiellen Messungen zu wider-
sprechen (7). Die Ergebnisse der differentiellen Messungen
wurden jedoch kirzlich um 11 % nach oben korrigiert (45) und
sind somit in recht guter Uebereinstimmung mit den urspriinglichen

232 . .
ENDF/B-4 Daten flr den Th-Einfangsguerschnitt.

Rechnungen mit MURALB/FCLS und GGC-4/ENDF/B-~4 ergaben fiir Core

11 schr dhnliche Reaktionsratenverhiltnisse fir UC(Th232)/
of(Pu239). GCridssere Abwelchungen wurden allerdings [lr die
Ergebnissce in Cove 12 beobachtet, wo die Resonanzsclbstabschirmung
fiir 232Th cinge wichtige Relle spilcelt. s zelgte sich, dass

diescr Effekt in GGC-4/ENDR/B-4 doeutlich besseor borlcksichtige
wird als in MURALB/FGLS..ﬁeidQ Pechenverfahren orgeben fir

Core 11 und 12 um vund 12 4% ticofore ﬁr(ThEJZ)/uY(Fu239)-VQr—

hilltnisse als dic entsvrechenden Meossungen. Dice "Th-Spalt-
gueorschnitte in dor BENDF/D-4 Datenbibliothek lieg:on wahrschein-

lich zu tici. Dics habt alleorvdings nur coinen unbodoutonden

Binftluss auvt ¢dic MNoubropoenbilans im schinellen Briisoer it

1

LRR RS 3 . N e [ 3 - PRS- . N - 1Y Y . ™y, , 3T —_ N - - - 4
Fhorium. Dilo berochnovon o (U233) /0 (Pull3P)-Voriiilsnisse sticme
N ;' 233

. - P . T - s -3 i3} - voee ™. had B
Dig auf otwa L omit o gomeossonan Werbton dborcis, Dio U
T T S S T T N Y N T T S S U O R P
POt \.,4‘1:_‘-‘1'\.'__ [ R [T I fe i e el ot P e e P et P R [ R R

a0y "A: I —_ 4 B -
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Die internen ThOv— resp. Th-Metall-Brutzeen von Core 12
resp. Core 13 z2eigten eine starke neutro—scie Ropplung mit
der umcebenden Pqu/UO?-Zone} In den Rectungen mussten deshalls
die benilitzten Nﬁhcrungsmethoden genau Ubcepriift werden. Diesc
beiden Citteranordnungen Kdnnen als Bencl warkprobleme sowohl

Zur Ueberprﬂfung der nuklearen Grunddater—als auch der Rechen-
methoden betrachtet werden. Die Ergebnis= filir die iIm Zentrum

der Testzone gemeséenen und berechneten —aktionsratenverhdltnissc
bestdtigten die frihere leststelluny, das mit GGC-4/LENDF/B-4

def Resonanzselbstabschirmungseffekt fir 3:E'I‘h—,Ej_nfang besser

~erfasst werden kann als mit MURALB/FGLS. ie in Core 11 und .

12 wurde nL(Th232)/0f(Pu239) auch in den nternen Blanketzonoen

durch dic Rechnung unterschitzt. Die Unteemschdtzung ist in

Core 15 allerdings deutlich geringer als n den anderen Gitter-
anordnungeh. Dics deutet dqrauf hiin, dass im Th-Metallblanket
der Neubronenfluss im MeV-Bereich ﬁbersch tzt wird - eine
Folgerunyg, die durch dic Of(U238)/of(Pu23 }-Ergebnisse unter-

stitzt wird.

Radiale Reaktionsratentraversen durch die zentrale Brutzone

und die umgebende Pul /UOz—Zone erlaubten 2ine zusétzliche Ueber-
priifung der verwendeten Daten und Rechenm-xhodmn. Zur.réchneri—
schen Analyse wurden zwei verschiedene lo—'ransportmodelle .
benlitzt. Die Vergleiche zwischen berechne—n und gemessenen

73ﬁTh -Einfangs- und 2EETh-Spaltratentrave::en bestdtigen die
bereits aufgrund der Ergebnissé flir die zemtralen Reaktions-
ratenverhiltnisse gemachten Aussagen iber l!is nuklearen Basis-
daten und Rechenmat hoden. Zusan meﬂFaSSﬂnd ar? aufgrund der
Ergebnisse flr Core 13 und 15 fes Lgestellt:werden[ dass die -
"Eigenschaften hetervgenar Gittefanorénungez flr schnelle Brut-
reaktoren mit zentr alen, thoriumhaltigén I—anketzonen mit

ernUnftigér Genaulgkeit berechnet werden O&nren -~ vergleichbar

. \ , 138
mit entsprechenden \qorcnuno mit zentral n ?38y- ﬁ?apl 2Ezonan.




The JEF-2.2

Nuclear Data Library

- Jic Ergebnisse fir Core 14 und 16 zelglen cinge vicel stirkore
Peeinflussung doer axialen Thoriumzonen durch Noubtronon oune
- den thermischoeon Trelboerzonen ¢os DPROTEUS-Reaktors als

) N b e i e a1 . - . .
in den zenbtralen Blankets von Core 13 und 15. Dic Griinde liecen

ginerselts in den relativ cvrossen a=xialen Blanketzon=n, arderer-
seits in der Tatsachg, dass MNeutronen aus der Kernzone nu
von einer Seite in dic Blanketzone eindringen. Die Vergleiche
zwischen gemessenen und berechneten Resultaten sind recht un-
befriedigend und zwar sowohl fiilr die im Blanketzentrum ge-
messenen Reaktionsratenverhdltnisse wie auch flir die axialen

. Reaktionsratentraversen. Es wurde festuestellt, dass insbesondere
die ungenligende Bnergieaufldsung (10 Cruppen) in den zweidimen-
sionalen Ganzreaktorrechnungen grosse Abweichungen zwischen den

gemessenen und berechneten Resuliaten verursacht,

Die Neutronenspektrunsmessungen in den axialen Thoriumzoncn
ven Core 14 und 16 licferten in cinigen Aspekten eine unmfassende-
re Uckerpriifung der nuklearen Daten und der Rechenmethoden
als dies allein mit den integralen Reaktionsratenmessungen
méglich war. Dic ORNL-Analysen der Spekirumsmessungen (25)
criaubten zudenm dic Uceberprifung der ENDI/B-5 Th-Querschnitts-
daten. Dabel wurde u.a. festgestellt, dass die neuen 232’1"31

. (n,n')-Querschnittsdaten die Uebereinstimmung zwischen berechne-
tem und gemessenem Neutronenspektrum im Energiebereich oberhalb
500 keV klar verbessern, unterhall 200 keV aber schlechtere

-

Ergebnisse liefern als die "~ "Thin,n')-Daten aus der ENDF/B3-4

LY

ibliothek. Die Neutronenspekbrumsmessungen geben and
232

o

rerseits
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1. INTRODUCTION

The worldwide‘0ccuprence of thorium is estimé—ﬁd as 1-3
times that of uranium (1-3). Since thorium is=purely a |
fertile material'and must first be converted —ito fissile
233U,. its largescale utilization as a nuclear ‘uel is
usually lihkea to its introduction in fast breder reactors
and/or advanced_cdnvérters. Reactor strategie= which éeek
to optimise usage of the total available thor=m and uranium
reserves, are usually based on a éymbibsis be=een fast and

thermal reactor systems, e.g. FBR/HTR (4). ;

In recent years, there was increased interest .n applying

233, 232

the U Th' fuel cycle to fast reactors fo—owing the

suggestion that it might offer superior prolisration re-

2 2 P et
sistance to that of the _JQPu— 3BU cycle., The NFCE study
’ 2
(1), however, has concluded that the use of dc:atured’“33U~

238U fuel would not necessarily alter prolifeir=tion risks

in a significant manncr. The longterm utilizat _on of thorium
as a basic cnergy resource thus remains the mcce important
argument L[or development of the thorium fuel «cle for fast

reactor applications.

1.1 Physical Characteristics of the Thorium Cy le in Fast

Reactors

It is uscful Lo {irsk compare the wmaterial preoorties of

thorium and uranium in both tho oxide and moto— Iorm (3).

While Tho, haw o giiomisle dowar donsite than o0, g
shoanilfioant e buialose o Te iy e e et b s s T et g ke
bl DLt 2 o K SRR AR A rorta:
‘ M N - H . . - .- P V— . . ' —
Dorinaps, ave the didforencoes Lo caterial prow=tLod botweon

the metals. Not only Ls e phaso-iransitlion vwoorature of
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Th-matal about twice as high as that of U-metal,

and uranium metales ave, dus to hardery neutron

its

n kehaviour characteristics are also nmuch m

Th-metal may prove to have adequate material properties for

use in fast reactors, and U-metal not, 1is thus clearly an

advantageous feature of the thorium fuel cyvcle,

There are, however, from the recactor physics standpoint,
233 23

certain disadvantages of using

i

, 232,
U= 'h as a fast reactor

233, . . e . -
fuei. The n-factor for U is significantly lower in a fast
239 . .
recactor than that of Pu, Further, the fast fission cffect
) . 2R . 238 .
is much lower in hothan in 'U. Both these factors

result in lower brecding gains for the thorium cycle. The

= -
fact that the flssile inventory of a 433
2 3¢
usually lower than for a 23

U~fuelled system is

‘pu-fuelled systoem provides only

a slight compensating effcct on the fuel doubling time. As

indicated carlicr, however, the use of Th-metal,

rather than

of ThO?, could yiecld net breeding characteristics for a

g

72 . .
“39Pu—fuolleé system using UO., as the fertile material

2

) -

. 132 . :
An advantage of using Th instead of

is that the sodium void coefficient is significantly improved
while the Doppler coefficient remalns sulficiently nc

Since the sodium void effect is widely accevted as

important safetv feature Ifor a fast reactor,
provided additicnal incenitive for the intro

Chorium-containinrg svsbems,

[

r

The reprocossing of 77 0-Th fuels (which 1is

established as commercially wviable) is complic
' -

occurrence of 77U and iits daushters, the dece

(o8

sti

this

ucktion

ha

jsi}
] p]
W3

wn

@]
t

3 . . . :
U-Th system which are quite comparable Lo those of a

(

-

2

).

ative.

238 0 .
U in a fast reactor

[ P S T AT TN
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results in the emission of high-energy y-rays. In a fast ‘
reactor the production of 324y is enhanced thr—ugh the high- _

threshold 232

larly pronounced for thorium present in the cc=e.

Th(n,2n} reaction, and the effect—=is particu-

1.2 Thorium in Symbiotic Strategies

233

The use of U-Th fuel in homogeneocous fast re=ctor cores

does not, overall, provide an attractive alter—ative to

239 238

Pu U. It is of greater interest to consi_er the

intreoduction of thorium in séparate radial, ax=al and internal

3%pyu as ‘

the principal fissile nuclide. It has been she=n that for

blanket zones in a fast reactor - while retair—ng

such heterogeneous configurations the blanket—egion related, -

as well as the global, breeding ratios for bot= ThO, and

2

Th-metal are Quitc comparable to thosc for UOZE(E).

There are scveral other advantages of using Pu_,-00, as the

corc material and introducing thorium only in eparate

blanket zones. Thus, the benefits of the highee l[ast fission
. 234 . . 5 X 232

effect in U in the core ave rectained. Secor—ly, " "U
.- 23z . .

production duc to the Thin, 2n) reaction is wch lower

with thorium present only in the blanket. Fincly, with no
233 . : . . ' :

‘U boing bred in the core, the shutdown cont_ol problcm .
A =27.0 days) ls—vory much

associated with 7

)
R
Pa doecay | 11!2

reduced.,

s
3

Considering that 7 i is a slightly less [avor_able fusl in

..
!

A fasbk roachor scove Bhon Pu, sheoro wauls nT/n2 ;ﬂrticuldr
Pncontion fo rooye oo m T I eeh b Che T lankat
Coomers LradE Lot o LA vearcmeev s U preorugrt i roea wauld

Do dmolomentation ol She Lhorfws ocyele oo svimiooLl

strategles omploving bothy fast and tharnal restor svstems.,
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follows

from the fact that

]

"TTU, with its higher

2 better thermal recactor

BRI

aticn of the "77U-

fuel than bouh

‘Th cvcle in therrmal

TR and CANDU can, in fact, result in

would thus Lo

to eonerats TBRs with
cores, and to use the blanket-produced
advanced thermal converters which could then operate in an

almost self-sufficient manrner on ‘the thorium cvcle.

1.3 The Necd for Integral Txperiments

In order to be able to assess the performance of thorium~

contalning fast roactors with an accuracy comparable to
L 239 238
that currently achicvable for Pu-

U I'BRs, it is

necessary to provide a sufficiently broad range of integral

cxperiments for checking the basic nuclear data. Thus,

. . -~ . 2 3¢ 234
witile the basic data uscd in calculations for the 5uﬂ U
cycle have been repeatedly checked and improved over the

vears, rolatively lavge uncertaintics continue to exist

for the cross~scction data necessary for analvsing thorium-

. . 233 232
containing fast rcactor systems. For a U- Th fuelled

LMFBR, for example, uncertaintics of + 10-20 ¢ have been
o]

e 232, . :
Th capture, 4+ 5-10 % for 'n fission,

and + 10-15% % for inelastic scatter

233

(6). The corresponding

By
H

U capiure and fission are + 20-30 ¢

and + 3-5 3%, reswactively.

Raceni differontial moasuroment

{8) which differ very significantly
= . * ., ~ . ; N .
ENDF/B-IV library. & review of the available integral

measurenanis Ior thorium in fast svstems, on the other hand,

TV U S
deom LRI S
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suggested that ENDF/B-IV performs surprisingly well (9).
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 wvalidity of
any conclusions that are drawn from calculational studies
for the thorium fuel cycle in fast reactors (l). Apart from
the determination of integral parameters in well-defined

é? 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 be of particular relevance for checking
design calculations for fast rcactor systems with hetero-

goneoous blanket'zones of ThO, and/or ''h-metal,

2

Detailed descriptions of the various core confiqurations
considercd, the measurcment and calculational methods
cmployed, as well as of the results obltaoined, are given

in the following chapteors.

16020022
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2. EXPERIMENTAL CONFIGURATIONS

2.1 The PRCTEUS Reactor

ALl the experiments [or the current thorium proyramme were

carriec out 1n the o-¢nercy reactor facllity,PROTEUS, al L l:

<
s
—

Acutawz view of the reactor, essentially a coupled thermal/
fast system, is shown in Fig. 1. Plgs. 2 and 3 give horizontal

and vertical sectional viecws.,

A central fast test zone (5, in Fiy. 1) was driven critical
by annular thermal driver zones (2 and 3). A reduction by a
factor of 10 was thereby achieved for the Pu-~inventory

of the faslk test lattice, relative to that which would have
been necessary for a critical single~-zzone reactor of the
same composition. The central test zone (5) had a diameter
of 0.50 w and contained over 2000 fuel rods of 1.40 m nominal

length arranged in a lattice of 10 mm hexagonal pitch.

The thermal driver consisted of a D,0 - (3) and a graphite-
moderated zone (2). Both these zones contained 5 % enriched
UO2 fuel. A natural-uranium metal buffer zone (4) was located
between the DZO~driver and the fast test lattice, and this
served to capture the thermal neutrons coming from the driver
and convert them, in part, into fast fission neutrons. A
partial compensation of leakage lossces from the fast zone

was thereby achieved. An optimal zone layout thus enabled

the central neutron spectrum in the test zone to closely approxi-
mate that of a cas-cooled fast powelr reactolr - an important
criterion for carrving ous integral reasuremenis relevant

to this twpe of reacior,

W central sest column (6, in Fig. 1) could be moved in and
out of the test zone. Apart from being used for the introduction

of measuremnant probes, such as foils and neutron spectrometers,

P
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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/UO2 fuel, depleted U0 ThO, and Th-metal. Details

27 2
@ of the form in which these materials were used are given

in Table 2.

W iy P et Pt o P ——— — e i -

The test lattice in this case corresponded to that of a
normal GCIR core. All the fuel rods in the test zone were
of the same composition, and consisted of a central 0.67 m
length of 15 % Pqu/UO2 fuel (12 cigars) with deopleted U02
blanket material (6 cigarvs at cach end) making up thoe total
length of 1.40 m. The core layvout was osscentially as shown

@ in 'ig. 4 for Core 12, except that all tho rod positions
shown in the test zone were occunied by PuO_ /U0, rods of ’
the abowve type. The lattico waes thus constructod on a
hexagonal pitch of L0 mm. Measurements [or Core 1l wore
carricd oul in tho centre of, as well as radially across,

the test lattico.

in this Core, on: third o oho Dol rods o0 Wore 1D oware

roenlaced by Th2 . rods, Frol b sthvows o boov contal soccion

10020025
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Table 1

CORE 11

CORE 17

CORE 13

CORE 14

CORE 15

CORE 16

10

Core Configurations for the PROTEUS Thorium Programme

NORMAL Pu02/U02
LATTICE

MIXED THOz-PUOZ/Uoz
LATTICE

HETEROGENEOUS CON-
FIGURATION WITH A
CENTRAL RADIAL
TH02 ZONE

HETEROGENEOUS
SYSTEM WITH AN
UPPER AXIAL
TH02 BLANKET

AS CORE 13, BUT
THORIUM METAL
REPLACING OXIDE

AS CORE 14, BUT
THORIUM METAL
REPLACING OXIDE

\

TEST OF INFINITELY DILUTE
XSECS FOR TH23Z AnD U233

TEST OF XSECS FOR TH232 AND
U233 IN SOFTER SPECTRUM AND

CHECK OF SHIELDING FACTORS ®
FOR THZ232

B TEST OF XSECS AND CALCULATIGN @
METHODS ’

16020077
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Table 2 Description of the Fuel and Blanket Materials

a) PuOZ/UO2 Cigars

Fuel Material

Pu/ (Pu+U)

4
2 OPu/Pu

24lPu/Pu
?JSU/U
Density

Pellet Diameter

Pellet Length

Cigar Can Material

Wall Thickness

Fuel Length in Cigar

b) Deplcted UO

Cigars

2
Blanket Material

"JJU/U
Density
Pellet Diamcoter

Pellet Langth

Cigar Can Material

wall Thickness

{mm)

{mum)

Pu02/002 Pellets

14.96

17.69
2.15
0.42

10.6
6.7
6.9

Al

0.085
55.4

L. Pellets

=
o
.

(8]

~f

16020

7
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|
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{Table 2 cont'd)

c) ThO2 Cigars

Blanket Material

Cigar Can Material

Inner Diameter

Outer Diameter

Cigar Length

Filling Factor for Th02

Particles in the Cigar

ThO

5 Density in the Cigar

The above types of fuel and blanket cigars

hollow 18/8 steel tubes of

Inner Diameter
OQuter Diameter
Nominal Length

d) Th Metal Rods

Blanket Material

bensity
Diameter

Length

12

(mm)
(mm)
{m)

(vol %)
3
(g/cm™)

{mm)
(mm)

(m)

(c_;/cm3)
{rm)

(m)

Sintered ThO

density 9.9

]
<
[

-

particles ofl

-
and mean

diameter 406 um

18/8 Steel

6.9
7.0
0.334

Thorium

11.3
19.0
0.356

were filled into

Metal

—
O

3
<o

AN
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at the ends, i.e. a Pqu/UO2 lgngth of ~ 1.00 m and U02
lengths of ~ 0.17 m at the ends. The Th02 rods consisted
of three 0.22 m long ThC, cigars (Table 2), boundced at both
ernds by the samo length of depleted UO, as in the case of the
Pqu/U07 rods. Thus, in effect, the mixed PUOE/Uoz*ThOj test
lattice of Core 12 was of height ~ 1.00 m and diameteyr 0.50 m,
with upper and lower UO, blanket zones ©f 0.17 m thickness.
Measurements (recaction rates and neutron spectrum) were

carried out in the centre of the test zone only.

2.2.3 Core 13, Lattice with Internal ThO, Blanket

This was the first of four corc configurations for the in-
vestigation of heterogencous thorium blankebt zones. A ThO2
zone of diameter 0.137 m was introduced into the centre of

the standard Puoz/UO lattice, 169 ThO, rods of the type

used in Core 12 boiné uscd for crcatini this =zone. TFig. 5
gives the herizontal sceciticnal view for Core 13 and shows
tha internal Th02 blanket surrcounded by the annular PUOZ/UO2
zone “0.17 m thick. The Puoz/UO2 rods usced in Core 13 were

of the same type as those in Core 12.

Avart from measurements made in the centre of the ThO, zone, Q@
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 measurenent positions used for determining ths

reaction rate traverses in Core 13 are indicated in Fig. 5.

2.2.4 Core 14, Lattice with Axial Tl_i(_),J Blanket

The Jayout for Core 14 is shown schematically in Fig. 6.

Also indicated in the figure is the composition of cach fuel

]
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POSITIONS FOR
REACTION RATE
MEASUREMENTS
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In order to obtain clean, well-defined boundary conditions
for the whole~reactor calculations, the axial ThO, blanket
was covered with a steel shielding block 0.60 m thick. rurther,

a boron plastic layer was introduced as shown (Fig. 6) for

4
E STEEL SHIELD @
£
]
w
‘ STEEL PLATE
e | i I
nwv\;; l \,}{"
» k.
’ 3
* El Th0g - BLANKET i::::::::j
% = T% CIGAR) : RN
» 21 (1ThOy BORATED PLASTIC
] i {200mg /cm?)
)
[+ 4
¥ -3 E
= w £} Puly /U0y -20HE
e 8 | S| s CIGARS) @
Q @ © -
~
o
y
ch
£ UOZFBLAHKET
Sy (3 CIGARES)

SPACER (27mm)

Fig. 6 Reactor Laycut for Core 14

16020054
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reducing the influence of thermal-driver neutrons on measure-

ments made in the ThO2 blanket,

Axial reaction rate tra?erses 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 ThO2 blanket was also determined.
Experimental details for the various measurements are given

in Chapter 3.

2.2.5 Core 15, Lattice with Internal Th-Metal Blanket

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 Thoz. T'ig. 7 shows the horizontal
sectional view for Core 15 and also indicates the measurement
positions used for obtaining radial reaction rate traverses

across the blanket/core recgions.

Ine Th-metal rods used for constructing the internal blanket

were of diamcter 19 mm and were located on a hexagonal pitch

cf 21 mm (['ig. 7). The cleoscr packiny achicved for the rods,

as well as the fact that they werce of solid Th-metal (while

the ThO, rods consisted of sintered particles in steel

cigars, Table 2) moant that the cell-averaced thorium "
density for the Th-metal zone was nearly a factor of 4

higher than for the TnO, zone. Thus, in a certain sonse,

the measurcemaents carried out in Core 15 prowvided 2 more

S

ghrincent tost For 7 T data than Jdid the oorvoeanondins
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Th ~METAL RODS

BUFFER (U-METAL)

rig.

The layout for Core 1§ was similar

(Fig. 6}, with Th-metal reniacing
blanket zone. As for Core 13, the
rods were arranged on a hexagonal

The programme of measurements for

Pu0,/UD; FUEL RODS

POSITIONS FOR REACTION
RATE MEASUREMENTS

7 Horizontal Sectional View for Core 15

te that for Core 14
Tho, for the axial
19 mm-diameter Th-metal
lattice pitch of 21 mm.

Core 16 was similar to

PR §

A
£
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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.

2

<o

rd
o
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. 3. EXPERIMENTAL METHODS

3.1 Reaction Rate Measurements

(a) Activation Foils and Deposits

etallic feoils, 0.01 mm - 0.20 mm thick, or deposits of

vl mg/cm2 thiékness, were used for the variocus activation
measurements. They were introduced into the desired measure-
ment positions in the reactor and, after irradiation, counted

' on an appropriate y-counting system. @

2 235 23 . ‘
In the case of 3gpu, “U and 3U, the foils were Al-
alloyed and Ni-plated, the amount of fissile material con-

. . 2
tained in cach type of foil being v 4 myg/cm™.

{b) Fission Track Detectors

Each sample consisted of a fissile or fissionablc deposit

of 16-100 ug/cm2 thickness, together with a MAKROFQL-plastic
cover foil. After an irradiation, the plastic foils were
ctched and a staining procedure carried out to facilitate
automatic counting of the fission tracks using a Quantimet

. automatic image analyser (10). @

(c) Fission Chambers

Back-to-back gas-filled fission chambers were used for the
direct counting of f{ission events occuring in two different
deposits of fissile and/or fissionable material. Four
activation foils were usuallw mounted in between the two
chamber dowo3its to enable normalisaction of reacticn rates

with respect to foils at other locatlions in the reactor.

Certain checks on systematic errors were carried out using

- 150200357
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a specially constructed fission chamber. This could be
operated either in the usuval mode, i.e. as a gas-filled
ionisation chamber counting in 2m-geometry (ll), 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 Nal system) of ~ 25 %. This was

coupled to an automatic sample changer which could carry
é@ upto a maximum of 60 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 l2-location
automatic sample changer and to counting clectronics which

included amplification stabilizers.

Coertain special measurcmeonts roeguiring the counting of low-
encrgy y-rays or X-rays involved the use of a Hyvperpure Ge

WD detector system (12).

A standard low-—-gzomotry a-counting system with a 31 surface- .
barricr detector was uscd for both absolute and relative

calibration of -e¢emitting deposits.
il b

LoD Measuremant asnnloguss
_________________________ s
LACh oy oot ovoyIebnorlnhy o raT Ll phevarntroemzntt rrE . orn T ol
possible, carvioad out using nore chnn ong oxporinantal
tecnnique. This onabled some chack o be nrovided on the

16020054
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éifferent systematic errors (Section 3.1.5 (d)). The two
broad categories of measurement technigques employed are

discussed below.

(@) Absolute Technigues

-

A given reaction rate becomes expressible in absolute terms
when one knows the number of atoms of the nuclide in the
fo0il or deposit, as also the net, effective counting efficiency

i

of the detector system enployed.

In the casce of the metal foils (depleted uranium, thorium, @
238 232,

ete.), the number of atoms of, say, U or Th, was

obtained from the weight of the foil. Thin deposits (‘39Pu,73/Np,

R
“BzTh, ctc.) were calibrated using the low-geometry a=~countcr.

It was not possible to determine the amount of fissile matcrial
in the Al-alloyed fission foils with adegquate accuracy but

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

238 232
3 I'l1

For neutron capturc rate measurements in U and h,

the effective cfficiency of the Ge(Li) detector system
employed for counting the activated feoils was determined
through the use of appropriate a-calibrated deposits, viz.

243 2 3 .
" Am- 39Np and 2”7Np—233pa, respectively (13-15). The @
U capture

SR}

, 239, . 2
y-rays counted were the 278 KeV Np line for

ta)

i

233 . 232,
and the 312 keV Pa line for h capture.

g}

12 ) N
For measurement of the ““Th{n,2n) reaction rate, th

- 231
25.6 keV Th y-ray
svstem, the detecter efficiency being determined via an
g 23] 23C
TTTuU-"7"Th derposit. Since the
23z

va to the Th cavniure rate in

=]
(W]

o
fa

w-zalibrated

lat

Fe
(u
R

measurement was made

s

a single, irradiated Th-metal foil (v~ 0.01 mn thick), there

was no need, in this particular case, to determine the

1502903575
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number of >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 2r-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)).

{b) Thermal Comparison Techniques

The measurements involved simultanecus 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 thermal-comparison approach
could not be applied to the measurement of threshold

recactions such as 232Th and 238U fission.

{a) Reacticn Rate Ratios at Core Ccntre

One may censider here, as a tvpical experiment, the measure-
. 232, : . L
mont of the Th capture and fission rates relative to

239 . ,
Pu fission.

Th-metal foils and Al-alloved

introduzod into a a2l rond at tho contre of the —»2s3t lattico,
mhe Femilodiamobor feoooazhc 2ase boaing bdoantical o othat of
cive Duxl ol Dot i y o Bardio, vl ainin an

V'pu fission doavositcs, s also Th and Pu foils, was locataX
in a e0nm=diameteor cavioy 0L.20 moabhive the Core Jancre.

®
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. . . .. 239 .
A second figsion charmber, containing Pu fission deposits

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

column.

=3

‘he experimental parameters obtained from such an irradiation
vere:

- 232,
for Th capture - absolute value at core centre

ratio between values at core centre
and in the thermal column

23 . . . .
for 9Pu fission - absolute value in the core cavity

ratic between values at core contre
and in the cavity '

ratio betwecen values in the cavity and
in the thermal column

for 3 Th fission - absolute value in the core cavity

ratio between values at core centroe
and in the cavity

The final results deducible from the above paramcters are

2 239

il
seen to be: (i) the ratio of 32rh capture to Pu fission

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

232

2 .
and (ii) the core-centre fission ratio for “Th/“jOPu

{absolute value only).

{b) Reaction Rate Traverses

Distributions across cores and blanka2t regions were me2asured

for cach of the principal reaction rates. This was achieved

votne relative counting oI 3 number of foils ol the

oy

appropriate tyme) which had been irradiated simultaneously

oL

at different locations.

=
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{2) 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 232Th capturs

rate in the Pu02/U02 fuel and the 238U capture rate in the
various Th blanket zones., Resonance capture cross-sectlions
e; 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 guite .
important. It was estimated that foil thickness would have
to be in the range 0.01-C.001 mm for the rescnance seli-

shielding correction to be < 1 % at a typical location.

Th-metal foils of thickness 0.01-0.02 mn were used to investi-
gate self-shiclding cffeclts for HJETH capture in the PuO.)/UO2
fucl zone. Fig. 8 shows the resulls obtained from measure-
ments with foil packets of various thickness. The bend in
Ehe curve at a thickness of v 0.2 am indicates that,
ﬂ? broadly speaking, one may consider two different types of
neutron capture events as cccuring in a given foil. These
would covvespond to a high and a low resonanco cross-s2ction ‘

valwe and thus rosult in salfi-shielding clfficcts of different

magnitudos.

Uormasiara oainromants weorsy navhicularly difrisnlh I
1 3 1 3 + o , ) - 3
s 1 —_ - ! b ~ .
[SERSISREE NS ERES s ln- Lriaion g DL U omivo Dol Loin2as
Lol was o avaiiabLle (00D pet oware ostinated as boeio o ailgn
Tor nwranin gl sureesoenta, ot ddeolotoad U o donosiig of
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. . R DU .
Fig. 8 Relative Th Capture Rates Measured in the Pud /UO7

Test Yone using Th-Metal Poils of Various Thicknéss
(‘'he correction for a 0.2 mm foil - 85 my weight -
was v 5.0+0.5 %)

2 . ; 2 3¢
v 1 mg/cm” thickness were therefore used instead. The ?EJNp

activity induced in the deposits was, howeover, rather low,
resulting in significant statistical errors. Subsidiary
measurements did indicate that if a 0.1 mm U-metal foil had
been used for the capture measurements, iLnstead of a deposit,
the self-shielding correction at the centre of the Th-metal
axial blanket would have been as high as ™~ 50 %. Foil self-

238

shielding effects for U capture in the central Th blanket

zones were very nucnh smaller.

. . 2313 . 239 )
In tne measuremant of U oand Py oIfls
. : . 233, _, . . \
Th zones, as also that of U fission in the PuO.J/UO3 fuel,

b1y

Ut

ion rates in the

foil self~-shielding effects were smaller than the cxperimental

errors from other sources.

L)

2
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(b) Fission Ratio Measurements in Different Neutron Spectra

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 Nal detector
system (Section 3.1.1 (d)), employing a y-energy threshold
of ~ 600 keV. Since,for a given fissile or fissionable
nuclide, the fission-product vields 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 .

above the centre (Section 3.1.3 (a)}.

For the axial-blanket measurements, with relatively large
spatial variations occurring in the neutron spectrum, it was
necessary to conduct separate fission-chamber/foil irradiations
to investigate the appropriate corrclations. The results

showed that at the centre of the axial-blanket zones, for
example, corrections for the different fission-product

239 231

yieclds were only ~ 1-2 % {or Pu and U bub upto n G %

2348

- . . : . . 2320
for the f[issionable nuclides, viz. 't and U.

The use of fission track recorders provided an irdonondent
chiock on lission ratio results obtained from bthe Tnil/chambor ‘

measurcements. Thoroe was no gystematic error a

)
n
]
)
1

(o]
T
b}
o
=
}_4
pus
oy

neuktron-spoctrun variations in this case. The wotind was,

however, considerably more painstaking with soveral ropeated
Lrradiations nofossary oo azthiors biah skaklskd Icuracies
AR ol VA, g - L
In coartain Ingstancas whors gaooivanion Tolls wors - available,
LI
- [P B - : . H o e : iy - A - -y - .
2Ly. for N, Lission vatlos woro dovermined i rrack
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3.1.5 Experimental Errors

(a) Foil Effects

Perturbations caused by the mounting of activatzion foils in
the test lattice were estimated through measurements using
different foil thicknesses,goometricos and, where applicable,

nuclide compositions.

Except in the case of infinite-dilution reaction rate
measurements (Section 3.1.4 ({(a)), thce 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 the relatively hard neutron
spectra involved, as also the abscnce of significant hetero-

genelties within a given test zone.

Effects duc to extrancous matcrials in the foils (e.g. Al,
isotopic impurities, ctec.) were, where significant, accurately
corrected for. This was done cither cxperimentally (e.g. in

238

. . 235 , : . JE . .
cstimating 'U contributions in U fission mecasurcments)

or on the basis of calculations (e.g. for higher Pu-isotope

23905, fission measurements). It should be

contributions in
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 various types

were well wikthin + 1 5.

(D) Tisscilon Chamber Eflocos

Perturbations caused by the introduction of a IZission chamber

in the test lattice, as well as in the PROTEUS thermal

16220045
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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 (v (0.20 m above the centre) had no measurable influence

on core~centre measured reaction rate ratios and {(ii) ratics
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
conseguence in establishing the correlation between fission-
foil y-activities and actual fission events in the core -
effectively the only purpose for which the lattice chamber
was employed (Section 3.1.4 (b)).

As discussed above, no corrections needed to be applied to
account for the presence of a fission chamber cither in the
core cavity or in the thermal column. The associated un-

certainties were negligibly small.

(¢) Counting Errors

The statistical accuracies achicved in counting (folils,
chambers, track detectors, ctc.) were generally in tho

range + 0.1-1.0 %, At reomote locations in the amial blankets,
however, the statistical errors were considerably higher

(unto w+ 10 %),

Toanti S I Soniloegn oClorns CSorocihv: Zoaambioara,
DT U Tarye R > ! vLhaon Ca y TEATS,
oy et IETE T B T N R T T TR T
LA Qe lan tor Divl Cralel G TJLaOnTS, il ) LS N SR AN AR N N B
oL tha ovdeor of = L o, 1n rolacics moasuvreoments oha anpliod

4

o
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corrections tended to cancel out, reducing the uncertainty

even further.

- 0
Foil self-absorption effects in the v-ccunting for ~

. 238 ) - L : P

and U Capture measurements were oi the order of 5 L in

each case (Ior 0.1-0.2 mm thick metal foils). The associated
error was ncgligible with the thermal-comparison technique
since similar foils were used in both lattice and thermal-
column irradiations. For the absclute measurements, with

the correction being applied in the counting of the lattice

feil alone, the associated error was ~+ 0.5 §.

LR
In the case of the “J“Th(n,Zn) mecasurements, self-absorption
cffects {(cven for the 0.01 mm foil thickness used) weore as
. -
high as ~ 30 % for the 25.6 keV =3bpy y-ray. The associated

uncertainty here was ~ + 1.5 % (12).

(d) Other Systematic Lrrors

As mentionod carlier, a check on systematic crrors was provided
by the application of more than onc cxperimental technique
wherever possible. The warious sources of error for absolute
measurements of core-centre reaction rate ratios have been

‘ discussed elsewhere (13-15) and amounted, in the present @
2xperiments, to + 1-2 %. For the thermal-comparison technigue,
the principal systematic error is the uncertaintvy in the

thermal cross—-section values, once again in the range + 1-2 3%,

The experimental results cucted in Secticon 5 for

, 2yl 3s < (1J238% /7 239Y) and g
- f(.u‘_gJ), _C(J_Bo}/ME(Pub).) and
represent averass values obiairned apnloing bo
and thermal-comparison technigues. In 2agh c¢ase, the agreemeant
between the individual measurements was within the systematic

errors refered to above,

Ch
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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) (16}, manufactured by A.E.E., Winfrith (U.K.}.

The measured energy range covered the interval from ~ 10 keV

to 2.3 MeV. Below 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 ~ 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.

FLUXLESS DAAZED O 5iHMM STMBLESS QUARTZ DISC PUMPIMG STEM TO

FQINT STEEL WaLL \ VACUUH VALVL OR CRIHE

s

CLARS [ MIT AL N v FLUSLESS BRAZED
I A 3 L - [ ES
et N = .
Pl TUNSSTEN ANADE wWint \-\:.‘—1—_:’_// PROTEC TinE
CONTED 174 CEMTHE WITH TpQ CAT
po, 2t N L I ARC WELDID ) NT
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Table 3 Specifications for the SP2Z Counters Used
Ccurnter Fadiug Cas rrossure {(atm) Lnergy ranguu Hii
(== H CHﬁ (M) volzag: (V)
W73C=224 20.02 0.484 0,026 0.035-0.18 1200
W73C~231 20.03 0.440 0.026 0.035-0.18 1200
W73C-21A 20.01 0.917 0.052 0.045=-0.48 1500
G9~-42-808 19,93 1.123 - 0.015-0.28 1500
W71E-24 19.99 1,019 - 0.145-0.28 1500
W7lkE=-23 19.99 2,728 0.189 0.09 -0.GH 2100
W71E~20 20.00 2.9 0.203 0.0% -0.65 2100
W7lE-22 lgbgé 9.694 - 0.15 -1.10 3600
W73C~24 20.05 3,787 1"515b 0.28 -1.6G0 2300
W733-21 20,04 4,866 4.806° 0.6 =-2.3 2800
W737-22 20.04 5.093 4.775° 0.6 ~2.3 2000

qpavailable energy range without electronic n-v discrimination

Argon gas pressure

The neutron spectra were derived from the measured proton-

recoil spectra using the unfolding code, SPECd (17}.

Systematic errors in the presant measurements waere generally

between + 4 and + 10 3, depending on the neutron cnergy

rang2 and the specific counter used. The errors at energies

where the neutron-gamma discriminaticon technigue had to be

anplied were of the order of + 15 %. The resolution of the

measured soectra{which depends, in part, on the count rates

obtained) was tvpically in the range 1l0-15 %,

—
Y
3]
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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 (18).

For measurement of the neutron spectrum at the centre of

the mixed Pu02/UO ~-ThO, lattice (Core 12), the proton-recoil

counter was introsucedzinto 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. 10) 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 snield to the blanket centre (Fig. 11).

Fiep, L6 Pho 308 Counter-Proamnlilior Assombly

16520080
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Th-Blanxet Measurement:
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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 Pqu/Uoz—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 (10,19).
One may thus limit the discussion here to broad-group cross-
section preparation for the central Pqu/UO and thorium con-

2
taining =zones.

4.1 Data Sources for Lattice Calculations

Two different data libraries and processing codes have been
used currently. The first route employed was the U.K. 2240 fine-
group adjusted data library, FGLS5, and its associated cell code,
MURALB (20). (For some nuclides, FGLS contains only a coarscr
representation with shielding factors and cross-sections in a
37 broad-group structure). Sccondly, use was made of the U.S.
code, GGC-4 (21), which includes a data library with resonance
paramcters and 99-group cross-scctions derived from ENDE/B-1

QD point data using the SUPERTOG codo.
Yor the curreont work on thoriun

Y1

note that, in FGL5, 7 "th and 777U are broad-groun nuclides
o

Lams 1t is important to

0
%

whose cross-soctions and shiclding facstors were, in fact, taken

over Lrom the 50-group LIB-IV library (22) which is itself dz-
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ENDF/B-4

POINT DATA

7

36
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Fig. 13 g?gpariscn of FGLS and GGC-4 Cross-sections for
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Calculations for some of the present experimants {in particular

the axial-=blankoet cores) have also been carried cut at the Oak
Ridge Maticonal Laboratory, the ORNL AMPR~II schema (23) having
baen used in these for preparation of the broad-zroup zone
cross-sections. Initial studies on the 2ffects ol using the

a7

recently evaluated ENDE/B-5 77 7Th cross-sechions are also in-

VR

cludad Lot work Jdone a2t Dak Bidos, Tivr resdics o and fmolloos
2T kb ovarious O sondios are, foroohe o@paln oarT, Uanorzod
savarately (24, 237, some excerpts Jrom Raep. X, rolowvant oo

tho discussion of the asxial-blankot spoctrum melasuramentys ara,

howaever, glven Lo dections +4.4.2, 5.-4.2 and 5,47
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4.2 The 1-D PROTEUS odel

Analyses for the experimental configurations of Cores 11,12,13
and 15 (Chapter 2) were carried cut using a one-dimensicnal,
cvlindrical-geometry moedel for the PROTEUS reactor. Table
indicates the radial zoning used. The finite axial dimensions
for each zone were taken into account through an appropriate
value of the axial buckling. All calculations were carried cut
in 28 encrgy groups, spanning the neutron energy range from

v16.5 MeV down to thermal. Table 5 gives the encergy boundarics

of the 28-group structure used.

Three separate codes, which are currently incorporated into

the RSYST calculational scheme at EIR (26), were available for
carrying out the 1-D calculations, wviz. SN-1D, SURCU and DIFF-1D.
SN~1D is a slightly modified version of the ANISN code (27),
while SURCU has been developed at EIR (28) and DIFF-1D at IKE
{Institut f[{ir Kerncnergetik), Stuttgart (EE). SN~1D alonc was
used in most cases, except in that of Core 15 {or which all

three codes were applied in a comparative study.

As already mentioned, the data for Zones 4-15 of Table 4
remained unaltered in the varicus calculations. The 28-group
cross-sections for these zones were taken over from earlier
PROTEUS-GCFR studies (10,29} . Table 6 gives the cell-averaged

number densitlies for the various nuclides 1n Zones 2-15.

The FGLS-based broad-group cross-sections for Zone 1 {and Zone 2)
of the Core 11 configuration were obtained from a hetercgensous
MURALB ce21ll calculation {Bgrit=12.6 :_2J. Table 7 indicates tha
geomatry for the Pul,/U0, cell, as also tn2 nuclide densities

in the individual regions. Critical, heterogenecous cell calcula-
tions with the GGC-¢ code, i.e. using ENDF/B-4 cross-sections,
were carried out in similar fashion. Teor the whole-reactor

calculatior with the SN=-1D code, the approximaticons used for

—
'..‘3\
L
2
L3
&3
c
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Table 4 Cylindrical 1-D Model for PROTEUS
Zone No. Outer Radius (cm) Material Bi(mﬁz)
¥ 6.826% Pu0,/UC, (Core 11)| 5.06
Th02 (Core 13)
Th-Metal (Core 15)
2" 23.790 Pu0, /U0 5.06
wky 2772
3 24,475 uo, {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 Dzo—Refl.+Al 7.00
9 57.022 D20—Driver 7.00
10 61.300 DzO—Refl.+Al 7.00
11l 61.800 Al 0
12 62.828 ALx 0
13 68.759 Dilute C-Refl. 5.06
14 T9.,223% %% C-Driver 5.06
15 161.8¢0C0 C-Reflecter 5.0€6
* for Core 15: r = 6.707 cn ‘
* only in Core 13; in Core 1l and Core 15 Pud,/U0,
instead of U0, (dapl.) ) i
* ok x critical C~dr£ver radius for Core l1l; fo ore 13
and Cors L3 Eha vals wan P20
[ ) Dodnnaes i Ll an

(Lol E’L.'."J.;/[J*Dn,—'l'?:‘-.;),1 Tatbica)
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Table S5 Energy Boundaries for the 10-,2&8- and 37-Group

Cross-~section Sets

.
Gp.NC. Cp.No. Gp.No. Lower Endcrgy
1C-Cn.Cfet 23-Gp.Set 27-Gp.Set Loundarvy
—
16,447 Moy
1 14,000 l
2 6.0653
1 3 J.07o8
2 Bt ARG R !
1 3 5 1.3%33
4 [ M2 LH] koev
5 7 497 806 l
2 G 3] i01.97
7 9 141.1%
8 10 111.09
3 9 11 67,376
10 12 A0.865
11 13 247846
4 12 14 15.011
13 15 9.1183
16 5.530Q4
14 17 3.35%43
i 2.0345%
5 15 19 1.2340
20 716,45 oV
16 21 153.96 l
22 275,313
17 23 1H7.00
2 101.29
6 18 25 Gl.435
26 37.262
19 27 22.000
28 13.708
2 29 3.3141
7 21 30 5.0428
22 31 3.0586
23 32 1.3351
3 -9 33 1.1232
NS 3t TOR5245
AfE 33 roatiend
2 o7 35 1.9841.10 ]
10 23 37 2,5853.10 °
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JEE 2-2 Table & Zone-Averaged Nuclide Densities for the 1D-PROTEUS
Model (xlOBO m-3)
(a) Zaones 2-5
Nuclide Pu02/UO,) Uoz(depl.) Steel+pir U-Buffer .
{Zone 2) (Zone 3) {Zone 4) {Zone 5)
235U 3.3645E~5* 4,.0105E-5 - 2.2025E~4
239
238Pu 1.1155E-3 - - -
2400 7.9524E-3 5.,4794E~3 - 3.0349E-2
Pu 2.4641E-4 - - -
(o] 1.8793e-2 1.9044E-2 - 4,75128-6 -
Fe 6.54488-3 6.6579E-3 4,5347E-2 -
2.[_,“.Cr 1.7376E-3 1.8840E-3 - -
2472 u 2.9745E-5 - - -
Pu 5.4304E-6 - - -
Mo 1,.2047E-4 1.2054E-4 - -
Mn 2.4692E-4 2.4708E-4 - -
» Ni 1.0046E-3 1.0053E-3 - -
- Al 1.6642E-3 1.6562E-3 - 8.06168~2
H 8.6699E-5 - - -
M 1.4746E-5 - 1.7660E-5 -
24181 9.4667E-5 | 9.472RE-5 - -
Am 1.1362E-5 - - -
c - - 4.228388-4 -
-5
* o be read as 3,3645x10
(b) Zonos 6-12
Muc Lide My Al DjO—RefL.+AL 0 0-Driver
{7Zonws 6,12) (Zonos 7,11) (Youns ,10) (“onw 92)
ij;u : - - - 2LOI56E=5
u - - - 40360 =4
:) < 1.0200E~5 3.24327E-2 V.27 80u-3
. fFo - - L.0325E-6 1 .O0d25E-0
Al - 5.8 35E-D 7.35998E-1 L.1da37E-3
{i - - L.LINDLE-3 .07 e-1 .
Y UL R RIS IOES! - =
] - - DLablon-l G leiE=n
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Table 7 Geormetry and Nuclide Densities for the Puoz/U07 Collx
Individual-Region . - e 30 -3
Outer Racius (mm) Nuclide Pensity (10 m )

————-
3,350 23 5.2633E-5
239Pu 2.7398E-3
2
238, 1.9531E-2
9
240, 6.0518E~4
0 4.6146E-2
241 .
Pu 7.3055L-5
242p, 1.3337E-5
Al 3.9110E-14
- H 2.12935-4
24lhm 2.7905E-5
3.498 Al 3.5032E-2
4.100 Fe 3.9438E-2
Cr 1.0470E-2
Mo 7.2593E-4
Mn 1.4879E-3
Ni 6.0539E-3
Si 5.7046E-4
5,250 O L.0L69E-5
Al 5.5584E-4
I} 3.7799E-5
*
call-averaged {(homogenised) nuclide densities for the

are given In

Tablea 6(a),

Lir

column

57

3
L
[

T3

[
L
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the FGLS5~based data were PO’ S4 while those for the ENDF/B-4

based set were Pl’ 54.

The 28-group cross~sections for the mixed PuOZ/Uoz-ThO lattice

of Core 12 (Section 2.2.2) were likewise generated froi critical,
.heterogeneous cell calculaticns using MURALB and GGC*4.‘A special
collision-probability routine was applied for consideration of
the additional heterogeneity of the 2-rod (Puoz/Uoz, Thoz)
lattice of Core 12 (30). The whole-reactor calculation was,

as before, carried out using P S, and P,, S, approximations.

0" "4 1 4

é@ 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 (1l and 2, respectively, in Table 4) were obtained
from separate cell calculations. The data generated for the

Puoz/UO zone was thus, in this model, identical te that for

2
the Core 11 test zone. The cross-soctions for the ThO., and Th-

2
matal zones {(of Core 13 and 15, respectively) wore obtained
from zero-buckling cecll calculations. Thus, the simple model,
while allowing cxplicit consideratien of the rodded structure
of the PROTEUS test lattices (cf. Figs. 5 and 7), could not
take into account any intcraction beotween the ferltile and
fissile zones at the cross-section preparation stage. There
was, Ln other words, no spatial dependence of tha cross-sactions ‘.
that were gonarated. Input data for the cell calculations fov

the ThO, and Th-metal lattices are @iven in Tavles & and 9.
Lo

With thoe second procedure, the se-called "Defallod Modeol”,

A oahhowestowan owede oo consider thee Tounslin: Loewoon Thio Dart:
ann i fisall Po A S AT anio 5t

i aboEne poal o Srasaegostion cnavani 2olmdii-
dunl zonos. For o the purcoso, thoe choriuwn zone was Gioided ot
6 vegions and o vho Do i) mone lnco anoiher 7.8 oritical,
Li-vorton 2vpanis calooiavion was choen oavricd o0 o siab
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Table 8

44

-~

égiizigigigge?;i? Nuclide Density (103O m )

3.424 232Th 1.3631E-2
2.7260E-2

N 1.4466E-5

Fe 9.2135E~-4

Cr 3.1447E-4

Mo 1.1340E-6

Mn 2.6877E-5

Ni 1,.3409E-4

Si 1.3005E-5

4.100 Fe 4.3653E-2
Cr 1.2243E-2

Mo 6.6492E~4

Mn 1.4872E-3

Ni 6.5613E-3

Si 6.1922E-4

5.250 o 1.0169E-5
Al 5.5534E-4

N 3.7799E~5

—_
(UL
I

3

C Ty

3

Nuclide Densities for the Heterogenecus ThO, Cell

A
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Table 9 ©Nuclide Densities for the Heterogeneous Th-Metal Cell
. . \ 30 -3
Individual~Region Nuel ide Density {107 "m 7) .
OQuter Radius {(mm) Core 15 Core 16
9.500 2320 2.9332E-2| 2.9332E-2
11.026 Al 6.476E~3 | 7.411E-4
8] 9.401E-6 | 1.027E-5
N 3.494E-5 | 3.81l6E-5
geometry, cylindrical geometry not having been used due to i'

the exorbitantkcomputing costs that would have been involved.
The total thickness taken for the 6 fertile-zone regions was
68.3 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.
zone was 91.7 mm. The

2
spatial mesh was chosen to be relatively fine at the interface

The thickness assumed for the PuOZ/UO

between the fertile and fissile zones so that the sharp
variations of cross-sections could be considered in a "reason-
able” manner. Reflective boundary conditions were applied on
both left and right hand sides in the model. Thec input data
for the 6 regions of the fertile zone (ThO,, Th-metal) wcre
hormoganised npuclide densities deduced from bthe corrasponding ‘.

)

hetercgeneous cell (Tables 8 and 9, respactivelv). For ths 7

regions of the Pul, /U0, zono, the homogenised nuclids densities

of Table 6 were usad. The detailed modal could, in this mannar,
gamarate spatially cepandont creoss-zacsions Dor o mher fertile
el Uissile comes, Howeooor, T owas nxt nossibioe L thiis caso
SRR E B I R S C T A T O S S S SO S O A R SRS S R S I S

exunlicitiy.

10029862
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4.3 The 2-C PROTEUS Model

. A two-dimensional nmodel of the PROTEUS reactor was necessary

for analysis of the experimental configurations of Cores 14
and 16, i.e. the amnial-blanket experiments. application of a
1-D model in the axial direction would not have been adecquatce
in itself, since there would then be no account taken of the
influence of the driver zones. The boron-plastic layver between
the axial-blanket and driver zones (Fig. 6) was meant to minimise
such an influence. Nevertheless, with the axial blankets being
relatively large, "dead" =zones from the neutron physics stand-

-" point, the neutron spectra inside them were affected by the
driver zones much more than were those inside the internal

blankets cf Cores 13 and 15.

The calculational approach adopted fcr the axial-blanket
experiments is described here in the context of Core 14. The
procedure for Core 16 was very similar and has been detailed

elsewhere (31).

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 PuOE/UOZ, ThO2 and iron-shield zones (1-3, in
‘. Fig. 14). The code used for the whole-reacter calculaticns
was DIFF-2D, an RSYST version of 208 {26}. A l0-group structure
was employed, the energy boundaries for which are indicated in
Table 5. Cross—-secticns in‘this broad-groupn structure were
alresady available for Zones 4-17 (19), core-specific data for
Zones l-3 being generated usinjg two different methods as

discussed bholow.

In the first method ("Simple lrodel”), 37-group cross-sections

for the Pu0,/U0, and blanket zones ware obtained from in-

2

dependent cell caleulations using MURALB, 1.e. exactly as in

16020004



_—

47

The JEF-2.2
Nuclear Data Library

JEF 2-2

VACUUM .
2028 .
AL ic
175.4
i .
155.35?
Ja 15
(TR
1378 &
’ 17 5
1329
2F
1243 A 10
2E
1.5
NoQ]==-m=======- S il - ————
20 .
@ 101.2 1947 .
© " 1014 1d !
110'5 90 1 ! .
T ! '
1 .
843 X
1 :
80 i
° ]
18 .
1
147 1
]
3
t
o 1]
[N t
b X .
b 1A i s 9 1 12 1 1% 3
[y ! b
& X =
]
1
1
La06 !
18 ]
1
gy !
]
1 .
29.34, :
10 ,
FLRE ] . .
1€ '
194 .
1F '
L3} [ A R .
! 1
! ]
! ‘l
13 ! 1 X
! t
' '
4 tQ ) ! 3t
I e PR o~ = -
e~ - - ~ ' w -
! o3 A m™o=a =] ~ ur =
: ~ v w e ~ - - pet
M [ Il ~ -t - - -
— . 1
I-U )
YAZUUM
Fio, L4 e 2-D PROVEUS Model for Coro Ld

Ciimoanglons inoomd

160200064



The JEF-2.2
Nuclear Data Library

JEF 2-2

48

the simple model used for Cores 13 and 15. These macroscopic
cross—-sections were then used as input to a 1-D calculation
with the SN-1D code. Fig. 15 shows the 1-D model used for

Core 14, the arrangement of zones belng described axially

Vacuym
1644
Iron Shield
754
.7 Asr Gap
62.1
T4 -
£9.3
1.0 “25
136
38.2 6.8
LN
13.9
271
20.8
3
Py Z’UOZ
1.5
Iy Core Centre
retiected

1

Fig. 1 1-p Model for Core 14 (dimensions in cm)

u
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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 Puoz/Uo cell calculation.)

A single-valued buckling was employed éor achieving criticality
for the 1-~D meodel, and the space-dependent 37-group fluxes
obtained for the critical configuration were used to condense
the cross-sections to the l0-group structure used in the 2-D
model. In this manner l0-group cross-section sets were obtained
for (as indicated in Figs. 14 and 15) 7 different regions in

the PuOZ/UO2 zone, 6 in the blanket and 3 in the iron-shield
zone.

As in the analysis of the internal-blanket experiments, 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 1l3-zone, slab-gecometry MURALDB calculation
for the core/blanket portion of the L-D medel of Fig. 15, using
reflective boundary conditions at both ends. Space-dependent,
37-group cross-sections obtained for such a critical configu-
ration were then fed as input to the 1-D dodel. Finally, as in
the simple-model approach, 37-group fluxes f[rom this calculation
were used to condense the cross-sccitions into the desired 10-
group structurce. The slight disadvantage of fho detailed model
over the simple one Was, a5 in the Core 13 and L3 analvses,

that the rodded struchure of the PROTEUS latticas could not

be cxplicitly taken into account.

The various calewulations carvied out abr ZIR for Zoves 14 arnd
1H wora ALl bamed on ouse af TILA dava . Lo ogonniooad o in SooTion
ol by, ariabs cncioaroniians MU0 Feh e =
axial-blankeon expoarimant: lavs Loon condusond s cain Bidre (2

1032000
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4.4 Neutron Spectrum Calculations

4.4.1 For the Mixed ThO -Puo /gg Lattice, Core 12

_______________________ 2 _.,..2’_.
A whole-reactor calculation, fcr the slightly subecritical
configuration in wiich the spectrum measurement was made
(Section 3.2), was first carried out in 28 energvy groups

using SN-1D. Enercy-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
MURALB/IPGL5 cell calculation., PFinally, using the TOPFFEE code
(32), the calculatcd fine-group spectrum was homogenised over
the heterogeneous cell and smoothed out so as to be consistent

with the cvxperimental energy resolution.

The bucklings fed into the MURALB calculation were also uscd
as input into a GGC-4 cecll calculation, thereby yielding a
99-group spectrum based on ENDI/B-4 data. An appropriate

condensation of the fine-group MURALB spectrum was carried

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

of FGLS and ENDI/D-4 based results.

4.4.2 For the Axial Blankeks, Cores_ 14 and 16 (23)

Since a 1-D model of the PROTEUS axial blanket was not adequate-
ly representative of the actual geometry and since fine-group
2-D transport calculations of the full geometry were not
economically feasikle, a compromise approach was used. The

procedure, which is outlined in Fig. 16, consisted of performing

a broad-group eigenvalue calculation for the full PROTEUS
geemetry in order to determine the space-dependent fission-
rata distribution 1n the central test regions. The spatial

c
fission rate was than Zolde rndant fissicn-neutron
enerqgy distributions to determine a space-energy distributed
source which was used to perform a fine-group 2-D neutron

transport calceulation for the coentral regilons. The axlal space

3210
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REFOAMAT I
126 qroups
15443 mash

Fig. 16 Cross-section Preparation and Calculational Procedure

for the Axial-Blanket Neutron Spectrum Calculations

I3

mesh for the broad-group and fine-group models were identical,

while the radial mosh for the fine-group calculation was

truncated beyond the uranium buffer regicon. The DOT-IV discreto-
ordinates code (33) was used for both the broad-group and fine-
utilized

group calculations, which

a P

an 5( angular guadratura and
; :

3 Cross-ssction axpansicn.

Also shown in Fig. 16 is the orocedure which was used to prepare
the fine-group croxs-zoovion data. 'thr analvsis wsaed the 1279+
grours CLEAT daita vy, 1l aontaing T3 oenarTs GQrouns

witivle the moasarr D oo ran e and o whpeh Lo doroeod from

the widely=disceibooed VITAMIN-U mustigroun Llibrary (30 . In
addition Lo tho CLIAD cross-sections wiich are based on ENDF/B-.

data, a separate Jdab was o preoparal o trom ENDF/B-G .
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. 5 a3z
This was done by collapsing a MINX-produced l74-group

data set to the desired 126 groups using a standard "Max-

wellian-1/E~fission spectrun” weighting function. All of

the cross-section processing utilized the AMPX-1I modular

code system developed at QORNL (23).
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5. RESULTS AND THEIR DISCUSSION

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

63 There was no particular difficulty in the analysis and inter—
pretation of 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 1l with that in a single-zone, critical reactor of
the same composition as the test lattice. The broad-group
fluxes are scen to differ significantly from cach other only
at the lower necutron cnergies, where the influcnce of the
thermal-driver zones is clearly noticecable. the fraction of
the noutron flux below “100 oV was, however, only  0.05 %

iD for the Pu0Q, /U0, lattice. As such, the low-cnergy flux
diﬁferenceshapp;ar guite unimportant wihen consideved in terms

of fractional differonces with resoocl ko bha toxal flux. .

4 -

Fig. 18 displays the nautron spechrun differencos in tiis

lLight,
Raaction ratoss oaloulatold U Livo orantre ol Coves DDoand L2

b bR IR - s . ' [ - a Lo
Ll BN : - ' Y LA
Phiar 3 Dow oonroe i ! i : vaL i . TenanT i
Dot modsuresd o and o caloola an=lachioe naranotors lor
Chioso vesoor o s oo ol TRTOR SOATH R T A T

10020070
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Reactor

uncertainties in the basic nuclear cross-sections, rather
than shortcomings in the whole-reactor model used for the
calculations. The cexperimental configurations of Cores 11 and
12, in other words, could be regarded as benchmarks for testing

the basic nuclear data.

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

of Cores 1l and 12. The spectrum in the standard PuO,)/UO2

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

than that in the mixed Puoj/UOz—ThO2 lattice 0f Core 12. The

median neutron energy values were 184 and 147 xeV,

-
N
(O
B0
<o

54
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Comparison of Neutron Spectra Differences in the Fig., 17
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Fig. 19 Calculated Neutron Spectra for Cores 1l and 12

Table 10 gives the compariscn of measurcd and calculated

reaction rate ratics (per atom) at the centre of Core 11

<

and Core 12. In the table, UC denotes the cfifective one-

group cross-scction for canture, e that for fissicn and

T that for the (n,2n) reaction.

[=s

. . - . 232,

From the present viewpoint of testing Th data, tha most

important reagction rate ratic in Table 10 is 'C(Th232)/
R B

aan

. L o Bl =1 - HEr. H - .- PR - LR - oy
APu239) since Lh largaly Jdoecworminas tho Drealing
Savabiliss s Whe Zomoarisosn Loowaos neaasdarad asd o ocaloolasad
1 - - - - : [ . . - H = P I R N . .. ) bt
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Table 10 Coeompariseon of Calculated (C) and Experimental (E)
Reaction Rate Ratios at the Centre of CORE 11 and

CORE 12

Reaction Standard Pu0,/U00-> Lattice(Core ll)jMixed ThO--Puln/U0, Lattics (Core 1)
Rate Ratio C/L ) C/E
Expe, Valua FGLS [EHNDF/B-4 Expt. Value FGLS |ENDI/B-J

Gc(Th?BE)
——— 0.2 + 1.3 1 97z .980 0.18&C2 + 1.7 % {1.091| 0.997
5 P97 000 + 6.97z| 0 * 5
G (Th232) 3 3
—_— 8.0GL1.10 + 2 11 0.888| 0.861 6.271.10 + 1.7 % (0.887] 0.874 Q
a_{Pu239) - X
£
OC(UEBG)
— L1327 - .1 .08¢ 1.051 L1425 + 1.0 % 10.979] 1.044
G, (Faz30) 0.1 + 1.1 ¢} 0.984 5 0.1425 +
¢ _(U239) _ -2
R —— J.111.10 + 1.3 % 1.045] 0.983 2.524.10 T+ 1.7 % [1.04G) 0.9G3
g _{Pu239) - ; z
£
of(UZBM
— 1.51¢ + 1.3 % .990( 0.964 - - -
o_{ru239) 19 = © ’
£
g, {Th232) -3 -3
L 1 ¢6.84.2077 =+ 2.5 2| 1.019] 0.869 |5.36.10 ° + 5.2 % |[1.079| 1.011
o _{Th232) — = ‘
C

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

173
assumed uncertainties in 233mh capture cross-sections (Section
1.3). In order to cbhtain sone ihsight into the difference
between the measured cC(Th232)/uF(Pu239) values in Cores 11

and 12, consideration was given to the calculated wvalues of

the individual numerator and denominator teros. It was obserwvad
that there was relativaly little difference between values of
nl

P

the integral ngu fissicn rate in the two lattices. Differences

. 232,, .
in Th capture were found to result from two counteracting
effects. The sefter nautron spectrum in Core 12 would in itself

3
D
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have resulted in an increase of ~l4 % in cc(232Th), but

this was counteracted by an even higher decrease (20 %) :
due to resonance self-shielding effects., On comparing the

C/E values obtained from the FGLS5 and GGC-4 (ENDF/B-4) routes )
for the two lattices (Table 10), the calculation of self-

shielding effects appears to be better by the latter route
(see Fig. 20). |

The fission rate in 232Th 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

EFFECT OF SHIELDING ON TH232 CAPTURE X3EC IN MIXED LATTICE
ey . e e I

Loz

=
1

-
0 s UNSHI

=

w

T

J

!

e MURBLBIFCLS )

4 e Col At ENDF /B -4 .

ShlCLGE
]

- —— USSP S Ry SR DN g S U L PR

Pig. 20 Self-Shiecldiny Effccts for - (Th232) Ln Core 12
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v
jo]

on raeactor neutron balances because the contribution

[
rh
i)
to
w 0
N T

of Th threshold fission is rather small.

The (01,2n) reaction in 77 Th, even though less significant

than 7 "Th Zissicn from the neuvtron-balance viewpoirnt, is

SR

important kecause ‘it leads to the build-up of U whose decay

chain produces very hard y-radiation (Section 1.1). As discussed
in Secticn 3.1.2, the 232Th (n,2n) measurements in most of the
current experiments were carried out relative to 232Th capture
50 as to achieve higher experimental accuracies. The agreement
between the measured and calculated ratios in Cores 11 and 12
appears to be quite reasonable from the results of Table 10.
This may, however, have becen somewhat fortuitous considering

the difficulty of accurately predicting such a high (v6.4 MeV)

threshold rcaction (35).

. . \ . 233 .
Since the prescnt experiments did not contain any U in the

fuel, it was only for the infinitely dilute fission cross-scctio
of 233U that checks could be made. The results for uf(U233)/
of(Pu239) in Core 11 appear very good. The additional reaction
rates invelving 238U capture and fission show the same

behaviour as in earlier GCFR cores (29, 36, 37). The ratio of
238U capture to 239Pu fission is overpredicted by ENDF/B-4

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

238

set. U fission is overpredicted by ~5 % by FGLS and slightly

underpredicted by ENDEF/E-d,

In summary, cn the basis of the integral measurements in the

two'"data benciimark” configurations of Cores 11 and 12, the
<

ENDF/B-d based 2j"yTh and 3:3U cross=sections usad in the cal-
culations sgeam to viaell accentabls mrediction zocuracles. This
statement is clearly of importance in the context of 232Th--:':";U
fast-reactor fuel cycle studies of the typz reported in (1).

In particular,2 “'h caviture data (infinitely dilute) in ENDF/B-

n
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appears quite adeguate - in contradiction to the results of
the recent differential measurements refered to in Section
1.3 (7)*. The present results, in fact, support the broad

conclusions drawn in the Argonne survey of earlier integral

checks made for °°2Th in fast systems (9).

5.2 Results for Cores 13 and 15

With the construction of heterogeneous thorium-containing

zones in the centre of the Puoz/UO standard lattice, Core 13

and Core 15 (homogenised thorium dsnsities 0f 2.2 and 8.4

@5 g/cmB, respectively, in the central zone) provided, in some
sense, more stringent tests for 232Th data than did Cores Ll 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 Pqu/UOZ—fuelled
and internal-blanket zonhes, Due to the strong coupling between
the two types of zones, however, calculational procedures for
determining the neutron spectra and reaction rate ratios had
to be carefully checked for the cffects of the approximations

“applied. As such, the configurations of Cores 13 and 15 may be
- regarded as providing benchmark tests for data and methods as
' ‘applied to the analysis of heterogencous, thorium-containing

fast reactors.

As discussed in Section 4.2, two different calculational modals

o]

were currently used for preparation of 28-grouw cross-socotions
or the Pul,/U0, and thorium-containing zon2?s of Cores 13 and
L3, I =zho ;mezc modn D, sonavatho oLl oratoubasions Doroe2Iih
e 20D Deyorarrl - B 2L, unaZe-

163203675
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fine-group calculation which tried to take into account the
coupling between fertile and fissile zones. It is in the
context of these two calculational models that the results

for Cores 13 and 15 are discussed below. It should be stressed,
however, that these models do not represent the "best possible",
but rather, were meant to pcint out the sensitivity of cal-
culated results to the approximations used, particularly in

the case of reaction rates with large resonance self-shielding
effects (viz. 238U capture and 232Th capture}. The following
nomenclature is used in discussing the calculated results

obtained from the two different models:

PHIO: Fluxes Simple Mcdel (constant

SIGN: Breoad-Gp. Cross-~Scctions cross—sections in each zone)

PHI1l: Fluxes ) Detailed Model (space-

SIGl: Broad-Gp. Cross-Sections dependent cross-sections for

fissile and fertile zoncs)

5.2.1 Central Reaction Rate Ratios

Table 11 gives a comparison of mecasured 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 Pqu/UO2
lattice. In order to facilitate intercompariscn of the three
sets 0f results, the methodology used for the calculations was
similar in each case, viz. the simple model based on FGLS data.
The effects of using ENDF/B-¢ data and of applyving the detailed
model are discussed later in the section.

Cnce again, the most important central reaction rate ratiocs

-~

Was uC(Th232)/:f{Pu239) sirce 1t detaermines the U breeding

~
i

(o)

characteristics. While being slightlyv underpredicted in tHe
s . - 232, .
standard lattice (infinitelvy dilute check for Th data),

this ratio is scen to be calculated aboutd % teo high in the
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Table 11 Comparison of Calculated (C) and Experim=antal (E)
Reaction Rate Ratios (per Atom) in the Centre of a
the Internal Blankets of CORE 13 and CORz 15 and
the Centre of the Standard Pu03/U072 Lattice {CORE 11}

Reaction Normal Puoz/Uoz-Lattice Heterogeneous Lattice with{ Het.Lattice with Central

Rate Ratio (Core 11} Central ThO»Zone (Core 13)| Th-rztal Zone {Core 15)
I I
Experimental Valus C/E*{Experimental Value C/E* Experimantal Value C/E**
oc(Th23m
———— | 0. 2000 + 1.3% {0.972)0.1663 + 1.,7% { 1.049 0.149% + 1.5% [1.030
Gf(Pu239) — — r
77
L;') of(Th232} -3 -3 -3
———— 8 061.10 "+ 2 % [0.888]5.645.10 "+ 2 % |0.888 4.750,10 "+ 2 % 10.959
g _(Pu239) - — -
£
GC(U23B)
— | (0.1327 + 1.1% 10.984(0.1773 + 2 % |1.046 0.1582 + 2 % 11.0L4
J_{Pu239) - - -
£
0, (u238) 5 _2 -2
———e——— | 3.111.10 T+ 1,3% [1.045]12.235.10 "+ 2 % |1.026 1.843.10 "+ 2 % [1.167
g _{(Pu239) - - -
£
UE(U233)
—————e L.519 + L.3% |0.99011.577 + 1.5% | 0.997 1.534 + 1.5% | 1,005
Of(Pu239) = . +
T, {Th232) 3 -3 -3
e 6 34.107 T 4 2.5% {1.019]4.98.107 0 + 5.2k | 0.958 5.63.10 7 % 2.8% [ 0880
U (Th23M) — - -
.
TN
V)
* FGLS Data Sat, ANISNHN Code, Simple Modal
*% PGLS Data Sot, SURCU Code, Simple tlodel
intornal thoriun-containins blankot moars of Coros 12 and 15,
Tt sctngosts crrors Lnouihve ooskimacion o7 rosoanrnoe s2lf-
stloldin e rfdoros Dov CUivocaptune, as worlonod o arlier
in the context of tho resulis Zor Jore LY (Sectlrz .1
Similar ovorprediction of tiwe (Th232) v (Pu2ld  cacio iIn

10020074
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thorium blankets was also reported for experimcnts at Argonne
(38, 39). However, in view of the large uncertainties of

10-20 ¢ thazt are normally ascribed to the prediction of 23:ZTh
capture in Iast systems (Section 1.3), the audreement between
calculaticn and experiment can certainly be regarded as guite

satisfactory for both Cores 132 and 15.

The results for QC(U238)/0f(Pu239) 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 somowhat fortuitous

for the internal thorium-blanket zones and probably resulted
from cancelling errors. The preparation of appropriate broad-

. 23 .
group cross-sections for 8U 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

modcl applied.

Regarding the Table 11 results for the threshold fission
reactions, of(U238)/of(Pu239) is seen to be significantly

overpredicted (as is normally the case with FGLS daté), and

U -
£ 232

(Th232)/of(Pu239) is consistently underpredicted to an extent

which indicates that the 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 13), relative to values in the Thozlblanket and the

standard lattice, suggests that the nsutron flux around 1 MeV

is being overpredicted in the metal case. A poorer prediction

2 238

table for Th

iad
12

Fh

may ba acce

'3

1]
h

3% Qrmer Ccross-secticon is muzh

'y
(a3

the absolute magnitude ©
smaller and the conuribuzion to power vroduction sorresvonding

lower.

7 !
me 3 : K "3"1' 1 3 !
I'ne good prediction of the Th{n,2n) reaction rate in the

standard lattice and in the ThO, blanket may be Iortuitous

——
U
(-
.0
=2
7

-

ission than for U fission since

"3

(8
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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 “°°Th(n,2n) and >°°Th fission in the Tho, blanket
with those in the Th-metal zone, one notes that the relative
attenuation of the two 2$2Th threshold reactions was of a
somewhat dissimilar nature in the two types of blankets. This
was shown to be a consequen&e cf the occurrence of considerable

structural components and oxygen in the ThO, zone (40).

2

The remaining ratio in Table 11 is Gf(U233)/0 (Pu239), measuread

here as a spactral index since there was no 2 3U 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 239Pu fission cross-
sections. The fact that C/E was close to unity in each case

indicates, as noted carlier (Scction 5.1), the adequacy of

q
infinitely-dilute 233y fission data in the FGLS library.

The effects of analysing Cores 13 and 15 by the GGC-4 (ENDF/B-4)
route were asgsessed separately using, once again, the simple

- model (41). Comparison with the FGLS-based results of Table 11

J led to conclusicons quite similar to those discussed in the
context of the results Icr Cores 11 and 12 (Section 3.1). Tho "

C/E values lor HC(TMEBE)/J:(Pu239) For cxample, sugjasted
2

’
L R
P

that self-shielding effects for Th capturce in the internal

blarnkets were being estimated batter by the GGC-4 route than

by MURALB/FGLS.
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. Table 12 Influence of the Different Models for Cross-section
. Preparation on Central Reaction Rate Ratios (C/E
Values) in Cores 13 and 15
Reaction Hetercoeneous Lattice with Central | Hoterozencous Latlice with Central
Rate Ratio ThO~ Zone (Core 1X) Th-Metal Zone (Care 15)
SIGOxPHIO | SIGLxPHIO | SIGLxPHIL | SIGOxPHIO | SIGLxPHIO | SIGLuPHIY
OC(Th232}
U — LO4E .05 .05 .03
Gf(PuEBQ} 1.3049 1.053 1.057 1.030 1.0G3 1.043
o 0, (Th232) §
——— 1) ) 9 95 I
Uf(PUZJQ) 0.888 0.4892 0.902 0.959 0.972 0.985
oc(U238)
é—fm 1.046 1.011 C.994 1.014 0.880 0.873
Of(U238)
E;Tﬁ?i?f 1.026 1.029 1.040 1.167 1.163 1.179
Gf(U233)
——STIEET .997 : : .005 ;
GE(Pu239) ¢.99 1.000 1.001 1.005 1.017 1.0113
Uyn(ThZBZ)
(—j—c—(-m 0.915 0.990 1,003 0.889 0.968 0.982

on the broad-group cross-sections (SIG0-+SIGl) and, separately,

through the effect on the neutron spectrum

(PHIO-PHIL).

] o)
seen that, while for the threshold reactions (“3“Th and

It is
238 .,

U

fission), the former effect was guite small, the preparation

cf

larga

the model used.

s

'

8
U capture

broad-group cross-sections in the case of reactions with

seli-shielding effects was significantly dependent o=

This is particularly evident for the case of

in the centre of the

Th-metal zcono.

A8 indicated

rore clearly in Section 5.2.2, neither of the currently used
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models proved adequate for treating this particular reaction

rate in the Core 15 analysis. Significant improvements in the
comparison ©f calculation and experiment may thus be expected .
te 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-1D,

G; SURCU and DIFF-1D. A comparison of the results obtained by the
three codes (simple model in each case) is shown for the case .
of Core 15 in Table 13. The differences between the two transport-
theory calculations (SURCU and ANISN) are seen to be relatively
small. These occcurred mainly because of the difficulty in
obtaining adequate convergence of the neutron fluxes between
~“1-30 eV when using ANISN for the Core 15 analysis {(cf. the

SURCU, ANISN results for of(U233)/o (Pu239)). The major

differcnces in Table 13, however, aio botween the diffusion-

theory DIFF-1D results and the transport-theory results as a

whole. As indicated in Fig. 21, diffusion theory was found
.9 to bo quite inadegquate for satisfactorily predicting Llux

dopression effects in the dense Th-metal zone (Scction 5.2.2).

Clearly thon, it is enly results based on transvort-theoory .
wholoe-roactor calculations that should bo considered wnen

nmaking comparisons with cxporiment.,

H.2.7 Badial pi iubions of Roaction Hntos
K vhooub L ~ oL e 1o T
H NS o [ L2 ! N B sy, M
other caleoulatoed distribuiions discussod 1o this section, wore
obtalinad Crom transoport-shoeorys wholo-reactor caleulations

<D

163200
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66

for Core 15%*

Comparison of Central Reaction Rate Ratios
Values)

(C/E
from Different Whole-Reactor Calculations

Reaction
n;i ;?._;, Diffusicn Theory Transpoert Theory
Tere mebe (DIFF-1D) SURCU AHISH
OC(Th232)
— e 2. 3 .
T NC LT 1.024 1.030 1.033
Of(Th'JB.?)
—— r
G _(Pu239) 1.088 0.959 0.935
£
OC(U238)
— 2
3 (Pu239) 0.996 1.014 1.022
£
(‘1{{1.1238)
e 1.315 .
0{(1”1.1239) 15 1.167 1.138
of{U23N
- 0.990 1.005 .055
0, (Pu239) 7 1.055
02:1('1‘]1232)
TR 1.053 0.889 0.861
<
* PGLS Data and Simple Model used in each case
RADIAL PUZ239-FISSION-RATE PROJFILE TN CORE1S
i3 T T 1 T 7 T T T
.2 [ _
o
= ]
= oJ
5 1.1 2 I‘I_J.I ]
Q . - — ! -
= A =T -]
w2 o, LT -r
& , o iitay
L. L C(;:?'),:
Zote A e T TRANS, -THEQRY |
& T ———— DIFF.-THECRY
V] EXP. VRALUES
2.9 L. ! ! 1 | i i | 1
g. 2. 4. B. g, la. 12, 4. 150 18,
DISTANCE FROM CENTRE (M)
Fig., 21 padial -°% pu Pission Rate Profile in Core 15

.
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SPATIAL DEPENDENCE OF TOTAL FLUX
T i I Tt rTo T T T T T T T T T T T T T T

e CORELS WITH TH-METAL BLRNKET
s CORZ13 HITH THOZ-BLANKET

GCFR

A
BLANKET CORE

1.1é L

TOTAL FLUX (ARBITRARY UNITS)

5 PET A aini Rkl S
T __r_,--r" -\__.,__1_1
L -4 e
r-‘r .
--|L_.-
|
1.ed Ll I T ! L ot 1

8. le. 2. 14, 1s. 18, 2. =22
DISTANCE FROM CENTRE (CM)

Fig. 22 Radial Distributions for Total I'lux in Cores 13 and 15

using FGLS5~-based cross-sections for the test lattices. It

18 scen that flux depression effects were considerably greater
. in the Th-metal blanket than in the ThO, zone.
¢ 2
Figs. 23=-27 show comparisons hetween the calculated and
exporimental results for various reacticn rate profiles in
Core 13 and Core 13. The influ=nce of the iwo different modals
for preparation of broad-group cross-sections is indicated in

each case. In Figs., 23 and 24, which give the praofiles for

s N
. .
P hee i - ol - - — 7 oam b -, - T -
'noand [0 captura, kho 27020% ol solng from oin implo
. s . v ) 1] - v . il - PR N R
ooshvr dovaliod ool Lo o sbhowp Lo owwl onavds las Zone Lo all
3y B3N - RIS S Do gy o b ey o o P Lo, B N S AT,
L2V, Thus, STogoxPiTs donowos vhe zalooiatod discribution

obtalinoed with tho simole moldoel, SIGL=PHIO that using ¢cross-

sections [rom the Jdetailed model but Zluxes from cha sinole
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EFFECT OF DETAILED TREATHENT OF CORE-BLAMKET INTERFACE IN CORE13
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RADIAL THZ32-FISSION-RATE PROFILE IN COREL3
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Fig., 27 Radial Profiles for U and U fission in Core 15
one, and finally, SIGIxPHILl denotes the full detailed-medel
results.
Several observations may be made from the comparison of calcula-
tion and cxperiment for the Th capture traverses shown
in Fig. 23. Within the blanket zones, for example , the
detailed model results are sceen to be much better than thosce
obtained by the simple model. In the Puo2/UO7 vone, on the
. other hand, neither ol the two models appears adequate for

reproducing the measured curvature.

- IS

Similar comments may be made regarding the “JdU capture
traverses shown in Fig. 24. The detailed-model results in
this casn2, however, whilo satisfactory in qualitative terms
for Cova L1, appear aulte erroreous for‘Core 15. This was

R

sontionod eaxrlior whils discussing tivy OO walaoes obtoained

i

:oL‘-}C([JESSJ/“TE(Pu235) in the coentre of tho Th-netal zone
(Scection 5.2.1). While shortcomings in the calculational

models currently used are clearly indicated, it should be
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noted that U capture rate measurements in the thorium

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

The various fissicn-rate profiles measured in Cores 13 and 15 .
(Figs. 25-27 for 239Pu, 232Th and 238U/ 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 gquite straight-
ferward. The effects of going from the simple to the detailed
model were not significant, there being little need to use
C% spatially dependent broad-group cross-sections as in the case
of 232Th and 2380 capture, .
In Figs. 28 and 29, some of the measured and calculated
{detailed model) recaction rate profiles for Cores 13 and 15
arc compared with the corresponding ones in the standard lattice
(Core 11). The measured and calculated reaction rates for the
standard lattice are normaliscd, in'each casc, Lo unity at the
centre. In both experiment and calculation, the thermal flux
in the PROTEUS C-driver vone was held constant on introduction
oll the internat-blankaet zonns. The influcnce of the blankets
on roaction rates in the middle of the standard 1‘1:02/U02
\3 lattice is soon qguite cleavly in the tig. 28, 29 representations.

Useful obzsoervations may also bhe made from some of the C/E .

comparisons. Consideving the 70 7T canbure traversaes, fov
crample, shiaht undevprediction of the measurod "dip” in tho
regaotion rate in bt blankat is indicated for both Cores.
Thin L5 quite consistont with the obscrvation mads in Soction
i 1

R A AR B B R I A ISR iy oot o Lo

by

wi oo el bor oo et o, vl v sine pewtros Dhus o aroundd

PoMoer ey g h e e Dbt e s M= bl e [Sostion
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Although the differences between calculation and experiment
for Cores 13 and 15 have been discussed above in considerable
detail, it should be pointed out once adgain that the overall

agreement was quite satisfactory in view of the ncormally

()

ascribed large uncertainties in “”BTh cross-scctions., 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
-

8U—containing systems (38, 43).

5.3. Results for Cores 14 and 16

The configurations of Core 14, with its axial Th02 zonc, and
Core 16, with its Th-metal zoneo, were external-blanket
cxperiments with larger qguantities of thorium in the blanket
region than used in Cores 13 and 15 (Section 2.2). The
larger size of Lhe fertile zone, together with the fact

that corce neutrons were incident on it only from one side,
rendered analysis for the Core 14 and 16 blankets very much
more scnsitive to the PROTEUS thermal driver rogions than
was the case for the internal-blanket experiments. The usc
of a boron-plastic layer did achieve partial decoupling
botween the axial-blanket and driver zones (Fig. 6). MNever-
theless, 1t was essential to consider a 2-D whole-reactor

model for the analyses.

As already discussed in Section 4.3, two different noethods

werge usod for obtaining broad-groun cross-—sechtions o the
fortile arnd figsile cones tn Cores 14 and 16 - 0 sienlo
modal oand 4 detailed sodel, analosous to the ool Lsed

in Cores 13 and 15. 'tpe 2-D whole-reactor calculatinns were

currently carried out with the DIFF-2D code, using 1) energy

]

groups and FOLS-based cross-soctlons. Independent analvses

16020093
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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 N
of the ORNL studies are, however, reported separately (24) .
2.3.1_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 (E)
Reaction Rate Ratios (per Atom) in the Centre of
the Axial ThO2 and Th-Metal Blankets of Cores 14
and 16
Reaction Centre of Mormal Centre ol Axial ThOp-|Centre of Axial Th-Matal
Rate Ratiof PuQp/U0p-Lattice Blanket (CORE 14) Blanket (CORE 16G)
(CORE L1}
L Lxpt.valuo C/h Dxpt.Value c/E Fxpt.Value c/rL
UC(Th232)
U—rﬁ);:)—};)- 0. I!OOO:]. ) 097210, 1 L262.6 1.333 0. LO7+ 1.235
cxr('l‘hi’. )] -3 : )
5 a2y 8,001,007 s o a0 e oo foas e e [
g (U239)
pmarnatintoer ol 159 0 U S0l & I S (8 GL034] 0, 21080, Lot o 30 0.637
P (Illlll‘]‘. R
SRVBRRE )
BNl L LR PR R R L R S L TR I O T
b
EURREY
t?@;}{n Losb L, SURRRIRINES FAE (R L
' i : : i
| |
Lot ! \ l
-0 -
PPN ot Lo Vol ‘ N G ‘
[N
: [ |
L o o 1‘ . | #
) A
16020C2
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the reactor (i.e. effectively for the standard PuOZ/UO
lattice of Core 11)
Cores 14 and 16,

78

are also shown for comparison.

2

In both

the blanket-centre values of 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,

there is little improvement.

]

Table 15

and it is seen that

Influence of the Different Models for Cross—~section
(C/E Values)
in the Centre of the Axial ThOz and Th-metal Blankcets

Preparation on the Reaction Rate Ratios

Reaction Contre of Axial 1ThOsz-Blanket Centre of Axial Th-Motal Blanket
Rate Ratio (CORE 14) (CORE 1G)
SIGO=IIHIOISIGIRPHIO| SIGLIxPHIL| SIGOPHIO| SIGLxPHID|SIGLI»HTL
UC('l'h?.32)
o e .- 1.32 1.3k L 235 1.331 1.
PRTRCTTY 1.383 20 ) 1.235 334
£
a ¢ ('rma2im
e e 1.279° 1.282 1.249 1,232 1,314 1,359
¢ (Pu239) ) 7
{
o _{u2in)
e 1,449 1.46G0 1.55%9 n.033 0.0 0.557
r}f([’u.’ﬂ‘])
Uf(UEJU)
e 1.5480 1.572 1.532 1.594 L7 1.734
g _{Pul3d
r
Uff((i.’?fﬁ)
e e — e 48 R Llnn AR L 1,192
S 1,148 I 1.1 b.tl L 19
{ s !
Vu 71 ‘:«771 - - ﬁ s i ‘l
o, CTh23D)
\TW}§]7§?3‘ Q.a0y 0,850 0. 4854 {1,529 C 0,805

16020395
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An explanation for the poor results for the axial-blanket

experiments may be deduced from Fig.
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2 . . 232 .
39Pu fission and Th capture) at the centre of the axial

blankets with those in the standard lattice. Considerable
contributions frem low-energy neutrons are seen to occur

at the blanket centre in both Cores 14 and 16. If one assunes
that the currently empleyed whole-reactor calculaticons are
underpredicting the low-energy neutron flux in the blankets,
e.g. through underestimation of the thermal-driver influence,
it is clear from Fig. 30 that the parameter which would be
underestimated most of all would he of(Pu239). Since this
parameter features as the denominator in the various reaction
rate ratios of Table 14 , such a hypothesis would be consistent
with the obtained results, viz. that most of the C/E values

arce considerably greater than unity. ({The casc of o (U238)/

[
uf(Pu239) is perhaps different since the cross-secction
. 2 3! . . .o
preparation for ?JJU capture in the thorium-containing zones

is particularly difficult).

Subsidiary recaction rate measurements (e.¢g. al points away
from the central axis of the blankets) confirmed that finite
contributions were indeed being made by low=-cnergy noutrons
from the PROTEUS driver zones (44). The currently used cal-
culational methods scem unable to take adequate account of
such contributions, indicating the need for more detailed
treatment {(i.e, a larger numbrer of groups) abt the level of

the 2-D whole-reactor calculations.

5.3.2 Axial Reaction Rate Traverses

Fiags., Ji-J4 give the various reaction rate traversass measurod
throu gl the axial bhlankets of Coros La o and 16, Zowic oalralavion
- -1 P

and oxporipent have e nermaliseod bo o ounlty an L roaot oo

.
J,

cantre. (From the viewpoint o measurement bechnligues,

7

37 -, . . .
Hp fission traverse perhaps deserves spoecial mention
since it could not boe measured using activation foils and

Plgslon track recordsrs alone waere coployed)

16521
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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 238U capture, however, the detailed model is
clearly erronecus 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 digcussed in
Section 5.3.1 in the context of blanket-centre C/E values,.
While the use cf transport theory instead of diffusion theory
might be expected to result in some improvement (24), the
more important shortcomings in the current calculational
results for the reaction rate traverses stem from inadeguate

detail in treatment of the full reactor.

5.4 Neutron Spectrum Results

5.4,1 For Core 12

Fi¢g. 35 comparas the measured (Section 3.2) and MURALB/TOFFEER
calculated (Scction 4.4.1) ncutron spectrum results for

Core 12. The experimontal and calculated gpectra have been
normalised to cach other over the Tull measured onergy

range (covering atmost 90 % ol the total spectoumn).

The ovarall agroomonl boetwoon Loy measurod and MIRALB-basad

t

rosul s Ls soon to b ogquite satisfactory abowve 20 2oV, Delow
this ecnoergy, however, thoe calculation undevprodicts the

!

measurements by 195-2% %0 A sinilavr underprediction in this

lowor anaugy ramne: was obs2rved carlior tor moeasocepants in
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(FGL5 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 FGLS.

The large discrepancy in the region of the prominent Fe-
resonance at Vv 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

ﬁa 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 SGFe (v 92 %)
was inadequately represented, appropriate data being available

only for the lightest isotope Jch (occurring ton 6 %).

The GGC-4 calculation is seen to underpredict the measurements
betwoaen 150-300 keV by 10-15 %. Resonance eoffects at 290 keV
and at 1.2 MaV may be observed in the GGC-4 results for |
which neither the measurcwmoents, nor the MURALB calculation,
provide any evidence. In the high-energy reogion, Uhe MURALB

spectrum L seon to Lic upto ™~ 20 % above tho GGC-1 results.

[tois usetul to compare the offects of the neutron spectra

obtained by the two difforent caloulational routos on the
discrepancios betwoen calculation and expaerimont Tor the
principal reaction rate ratios. lor CD/FQ, for crxanple,

) [e]

tho difforences botwoeon the oxpovimontal and PGLS-2aloulated
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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)

rigure 37 shows a comparison between the experimental neutron
spectrumat the centre of the Core 14 ThO2 axial blanket
and the DOT-IV calculation based on ENDF/B-4 cross-section

data. As before, the experimental spectrum has been normalized
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pspeclially between 32 and 500 keV. Thoe fine strusture in the
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spectrum, which is largely due to oxygen, is represented
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-enerqgy underprediction,
significantly more severe than for the Core 12 results (Section
5.4.1), 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 truc for the

axial blankets. Such an cffect 1s present in the spectrum
caleculation, atthough to a reduced extent becausc of the
implicit inclusion of tho thormal drivers in the determination

of the distributed fission source (Scction 4.4.2).

5.4.3 l'ov Core 16 (25)

Figure 38 gives a comparison between the measurod Core 16
Th=mebal blanket spectrum and tha caleulated spectirum based
on BNDP/B-4 cross-saction data, The vesualbs o ooy simllarv
Lo the Tho, case cexcept that the oxvgon struchur: Ls nob as

yraominont . The flux depression near 400 keov which Lu dus te
£ 1

the O-resonance Lo nobt pradictad as well ag ino o ThO,
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Tig. 38 Comparison of the Mecasurcd Spectrum in Core 16 with

Corce 16 was

based on

Calculational Results Bascd on ENDF/B~4 Data

for thoriwm

for both

also calculated using cross-secltions

ENDI/B-5. The Version-5 Th data was usod

the 10-group full-model calculation which produced the

{Section

fission source and the 126-group raeduced-model calculation

4.4.2Y. All other materials used Version-4 data.

The resulting spectrum in the Th-metal axial blanket is

compared in Fig.

39 to the measured neutron spoctrum,

Agreement between the calculated and measured spectra is

significantly better abowe 500 kev than with 0Nr/s-d

tHowovor,

cronincios,

The source of

Fig.

39 was suggested by oan

Lholow 200 xeVv, the new data vlelds sabsuantial Jdin-
the lower-cnergy discrenancies observed in

inspaction of the asic nuclear

thoriu.
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scattering process (n,n'). Bven though the magnitude of the
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the flux spectrum is largely determined by the (n,n') cross-
section. With consideration of the measured spectrum, it
appears that the chances in the (n,n') cross-section above
100 keV are appropriate. lowever, the significant decrease
in the cross-section below 200 keV 1is not supported by the
present experimental results. This change apparently causes
a reduced flux removal from the corresponding energy groups
which causes the flux to increase relative to the ENDF/B-4
case. At iower energies (below 50-60 keV), the flux begins
to drop rapidly due to the loss of the downscatter source

from the preceding groups.

The effects of the ENDF/B-5 (n,n') data on integral reaction
rates were determined by folding various reaction crosa-sections
with the blankct spectra calculated using: (a) all-ENDF/B-4
thorium data and {(b) the hybrid (ENDF/B-4 with ENDF/B-5

(n,n') partials) thorium data. Despite the 20-30 % differences
in the two spectra, the hybrid spectrum yiclded a thorium
capture rate that was only 3 % lower than the capture rate
produced by the all-ENDF/B-1 spectrum. Onc-half of the 3 1
decrease was due to spectral differences below 200 koV. On

the other hand, the 1.7-MeV-thresheld fission rate for thorium
was decreased 18 % by the hybrid spectrum relative to the
all-LEHNDIY/B-4 case, Therofore, the changes to the thorium
{n,n'} creoss-sections hetween ENDF/B-4 and -5 could have
significant impact on some aspects of alternate fuel cycle

studies such as theo power distributions within thorium blankets.

It has bheen scen how tho asial-blankeob spocturunm measuremants,
boripg Dy definition didforential in natuare wibh resonech to
o rran cnorcs, provioiod o s e e iana i o

rast of the cross-sectlion data and methods than Jdid the
integral reaction rates {cf. Section 5.3). The twoe types of

measurenonts, howewvor, ave <learly complomentary. This is
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borne out by the manner in which the spectrum results led

232Th inelastic cross-

to useful conclusions regarding
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.
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