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Measurements of angular-dependent thermal neutron
spectra in a natural uranium-light water slab lattice

Fujiyoshi AKINO, Yoshihiko KANEKO,
Kenji KITADATE and Ryosuke KUROKAWA

Division of Reactor Engineering,Tokai, JAERI
(Received February 10,1973)

Angular thermal neutron spectra were measured by the time-of-
flight method , with the JAERI electron linear accelerater, at
several positions concerning a bulk of natural uranium{2.54cm) sand-
withched with light water layers(4.6cm thick). Theoretical analysis
was made by means of the multigroup discrete S, method, using the
Haywood model for neutron scattering.

The results of the measurements were compared with the calcu-
lated neutron spectra,.

The followings were concluded;

(1) The Haywood model vailids for heterogeneous systems like the
present one. The neutron spectra calculated are in agreement with
those by experiment within 6% in both the natural uranium and the
surrounding light water regions i1f anisotropies in the neutron sca-
ttering and the source-neutron spatial distributibn are taken into
consideration,

(2) The spatial distribution of source neutrons requires much att-
ention. If the flat distribution is assumed throughout the medium,
the height of a peaking in the thermal neutron spectrum is 20~30 %
larger in the 1/E region than that measured in the light water sur-
rounding the fuel plate.

(3) The discrepancy in the neutron spectra between calculation and
experiment corresponds to the uncertainty of 2 % in thermal group

constants.
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Fig. 7. Neutron counting efficiency of BF3 counter bank
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Fig. 13. Comparison of measured 0° angular thermal neutron
spectra with calculated spectra (position B)
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Fig. 16. Comparison of measured OO angular thermal neutron
spectra with calculated spectra (position E)
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Table 1.

JTAERT =3

5173

B AN P AD T FAF L

g LHEFF— TR AL F— ‘ Ut e } Ui ma, | Ui ne
vy e Gam) Gam) G (hamy
1 T 49 ~ 38279 1854 1005 10489
2 | 39279 ~ 30590 | 4400 | 2882 064610
3 30590 ~ 23824 E 4986 | 4115 051663
4 23824 ~ 18554 1563 3848 047666
5 18554 ~ 14450 1752 —1954 047211
6 14450 ~ 11254 5045 35186 049050
7 11254 ~ 087643 4670 1242 052098
8 087643 ~ 0.GR257 7431 67.21 056412
o | 068257 ~ 054223 | 74542 6714 061619
10 054223 ~ 043075 | ass4s | 87243 067539
11 043075 ~ 034218 14877 | 12616 074491
12 034218 ~ 030499 21261 17305 080246
13 030499 ~ 027182 24199 | 19412 084490
14 | 027183 ~ 621584 22685 | 16255 (91569
15 1 021591 ~ (17154 2144 L7781 10202
16 017154 ~ 013627 22930 | 19357 11376
17 ! 013627 ~ 010826 . 26031 22054 126940
18 0.10826 ~ DGEGL D 30310 ' 25732 14192
19 008600 ~ 006632 15027 26793 15858
20 006832 ~ 005427 40467 354292 17727
21 | 005427 ~ 004611 15666 | 38845 19501
29 | 004611 ~ 003953 56270 J 42769 21077
23 003953 ~ 003346 | 55322 47062 22807
24 003346 ~ 0.02789 | 61255 52111 24852
25 002789 ~ 002283 , 68326 | 58128 27307
26 002263 ~ 001828 | 76891 l 65416 30304
27 001828 ~ 601423 87496 74440 34049
28 001423 ~ 001069 10101 | 85938 38859
29 001069 ~ 000765 11885 10112 45258
30 400765 ~ 000512 | 14352 12210 54186
31 0.00512 ~ CO0310 17991 16307 67451
; i
_2‘ J—
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4 DD &% R

Table 2. BMHPHF 27 b LOFHE 4 —=
- %ﬁL%fﬁf _ '
Case | S_ #if - BORETE | B A Y.
B 7K Keho o # s CH : i
1 A P, P, P, P, 78
2 8 L4 ” r " #
3 16 L4 ” ] " r
Transpot .

4 4 correction Py P‘_’ P 78
8 ” ” ” # ”
6 16 ¥ " 'rr " p
7 4 P,+P, P; P, P, +P, 78
8 8 ff ” " " P
9 16 o # " I ”
10 4 P+P+P, P, P, P,+P, 78
11 8 " ' # # #
12 16 " 2 n 2 #
13 4 P, +P, P,+P, P+ P, P,+P 78
14 8 " H " " ”
15 16 " ¥ " " #
16 4 P, +P P 4P, P,+P, P +P 246
17 8 " ] " v )
18 8 P, Py P, (Flat source) 78

—2 4 —
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5. KR & BRI L O HE

LD R B PHEF 2T P DETEERE P F ARNEEERE ) b bRt
£ AR FROBRMBRD MES &AL MEER L OLBEHE - THL 50

BIEER LHERR L ORBIAE 1.0 eVICTH% oo Bl /g 8T, Ry 7 ¥
DU DAz o ¥ —BAL68 eV LHITHRE R FHBRROHRICE U, FHF 2 <7 ¢
AME LD R F — ﬁB%ﬁKé%%ﬁ,1éVWﬁTM#&DDﬁLT<E#BTé%O
a) Sy @ order N oE®

B, KRy 5 v+ I FHEMEDWT, SHE LEFESHTREA2ZR L, hoBBET
Br-ownwtd, 5, FS5HFOMRS ¥ HECRANAZ T8R4 » v OHEEFHIEINVT,
S48 #LUS,s AP IZAFHET 22 A EE2TE shERLNEER IO
EHEMBIC OWTFig.21~25 WiRlLko TAFHEMBIC S WTEILK L 558+ =
=2 P AOHABOUUTFHEBOBRESENEOE I (LT, #HF 22 P v OBEME L WY
T &) THELAOHE Table 3 TH B4

Table 8. S, if{Hli#t % order DEH

1 — Calculated neutron flux

L Measured neutron flux
Position

3, | 83 Sy
A +0074 +0.059 +0053
B +0.055 40018 +0.005
C +0.077 +0.042 4+ 0.028
13] + 0.047 + 0077 4+ 0087
E —0.061 —0.035 —0.026

Note . P,+P; kernel P,+P, fixed source, 78mesh

chisbposition DUHUADOETOHEARFNT order N A KEWZEFRBLAE LD
—HIE I Zs5Tnbhy order BEVWEBHOERS LUPLTHREPHETRANZ P AOE
B LY 8% B OB AR HANIE2OKTL, B, b35BEX AN AEKPT
BEHCHBRFUHTF R 2203 B o8 B ENAS2 5L nE bo

b) BEMEE EBPETEORMAMO PO EE -

EEFWEF I ST PHFELEBELASS ( Pe+P, kernel =P, +P, fixed

source) SEHELAEVWHEE (P, kernel—P, fixed source) OCHEEZRLHESHER LD
HEOKHF Fig.26~30 WRLko TAFMF A~ brOEEECHT 23HEERLY
SRR L OB Table 4 KEL %o MBOEE (position A, C) # LT L (B)IC 20 Tl
WERAEREEIBATEFEEC WIS S sRE LA L D BEME XS I EEETLE2ID
MR, RBO—HAL A Y, TLEHMTHETFEI M PFHERET A ELIDELR XL
HERERLWERRE O —HRUBEIN AL VIELE 2 TWwad s L LP+P, kernel
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Table 4, B PR ¥ & bt F80E O 3% i 0 B %

. Calculated neutron flux:
Measured . neutron flux =
Position = ' — - ‘
: | B+P, kernel -Fy+Ejfixed | F, kernel- T, fixed, . | F, kernel-E fixed
' source source : source
o Co 1 (flat distribution )
A 0059 +0.017 +0.016
B + 0018 40002 40026
C 40,042 +0.048 +0.046
D +0.077 . —0.053 —0G.196
E — {0035 —1.167 —0.309
Note ! 8, calculation, 78mesh

—Po+P, fixed source DHBESOER—FHHO T —H it mesh HBE O INC I bR T EC
ERBBRIN B Lans TEBOFm, PLICITRPHET 22 P AFECR - THE
FHFEHES IUCHEFNERECOP, HAOEFEE I L TAM TE(ERWCHEIETE Wit &/
EWnEHEEINRDEERTNETHL 50 Lo L—HBKP CEBAFHEFESMEFELZ OH
ERET 2L 20~30%BELRFUT AN PAOEABEEZAE (, »PRLCEBbC L
Kz20T, BEHTHE, BOETHAORTEOLE R -8 ) 5D BLs o

L7225 o T, PRI O RRGATrE, P53, PEFRELogEFEEE e LR
Ry I vBRIB BRI O2ax2 b rvlEREAIERTS2208 2, b Loh b el
LT EET%Z 9 LT HEF AR 2»DESET 20~30%BAFELTLE S Thsnd
B éEERLThB M EORHESIAR e I vgoRsTHITnclid, 3L ERRY 7 >~
OhEFREES DT WD TEFAORERKF T E, chdfic L b KRy 7
Cififtt CATET, ¥ THRIRE ST 2 LARRZ P ABEREANDIEW IFEEHICS & 5L
L#E L bR A
c} ZBHE A v v
—IEIC Sy EIC L BARMAM T 22 b ADHBOEE A v ¥ 2 OREWR, Ir<—— O
%%ﬁ?lﬁﬁﬁﬁﬁmﬁIM&mbﬁTmf? . N
BAD A A 26Tmw{b=002536eV), KKV 504 #1254 (E=002536¢V)
Thdbo HATRO T8TEMA v v ad 246 B A v v 2020 mesh © & b FEDNT
SIRMEREKBERLOLH L, Fig.12~16, Table 5 WKRL %o 8, FHME S b
T, BPUFHEAOCEFUETERL T, MOoER L L2z < LA,

78mesh &K dr=02m . KK 5 »HF dr =0.1em

246mesh [EAKAP Jdr=0050m, KLY 7 G 4r =0.025m

Table 6 KT aHE D bmeshDEBIFEHR TS T, 246mesh OHHNHA DB LHE
BO—EBT S Tnbo. _ ' , Do _
C@@W@%ﬁﬁﬁ@mwnmnAT%Q&%%%EELMOCﬂﬁ¢ﬁ¥%®ﬁﬂ®%%ﬁ
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Table 5. ZER A w & o QBT L 5 B0

Calculated nmeutron flux

Measured neutron flux

Position
P +PF, kernel—F+ F, Fixed F, kernel—F, fixed
source | (Flat distribution)
2 46me sh . 7 8me sh 7 8me sh
A +0.030 +0.059 +0.016
B —0.010 +0018 +0.026
c 40021 +0.042 +0.046
D +0.082 +0.077 —0.196
E —0.026 —0.035 —0.309
Note : Sz calculation
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Fig. 21, Comparison of measured O angular thermal neutron
spectra with calculated spectra {position A)
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Fig. 22. Comparison of measured 0° angular thermal neutron
spectra with calculated spectra (position B)
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Fig. 23. Comparison of measured 0° angular thermal neutron
spectra with calculated spectra (position C)
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Fig. 24. Comparison of measured 0° angular thermal neutron
spectra with calculated spectra (position D)
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Fig. 25. Comparison of measured Oo angular thermal neutron
spectra with calculated spectra {position E)
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Fig. 26. Comparison of measured O angular thermal neutron

spectra with calculated spectra (position A)
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Fig. 27. Comparison of measured O0 angular spectra neutron
spectra with calculated spectra (position B)
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Fig. 28. Comparison of measured 0" angular spectra neutron

spectra with calculated spectra (position C)
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Fig. 29. Comparigson of measured OO angular spectra neutron
spectra with calculated spectra (position D)
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Fig. 30. Comparison of measured ¢  angular spectra neutron
spectra with calculated spectra (position E)
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00031 eV i 0.0631eV
d = 1- —— e id s ao
0,5422¢Y ; 0.5422eV
f ¢ _(E)a (E)dE / I g (E)dE
0.0081eV / 0,003L eV

T, fhFEFE LT (B) & LTU™ OREETERY & » Thico FEFEAL, HEFHR
BT IESATE LA TS EHmesh OFTEMZEE (Case 14) #HWSB L, position A, B,
citdid =0017,4+0022, +0.0128H8 ThEB 2, BKFTD position DEF LUFETH
F0000% LIF4+0006e3ERICNA o —HRPEFEAHEFEEIELHEE L, FFHE
PHFIEET AT E L TORPEETF 2 =27 b 2 OF AR (Case 18)EHLTHE, A, B &1
KCTAE—0032, ¥0.016 LU +0000T 25
position B, CTRHHOBEGLC LY AT H B, BAPOD, BETH IE~0.017,
“QUM&#ﬁbﬁﬁ(&6cﬁ%W@Wm““WTWﬁ%¥©Tﬂ®é%%&twmoﬁ%
BT (F_/%,) aROBBECHNTE, FHAZATEFEHMOREOL ELFHATEDS
CEEMEOREET AN P A DBEI T 20~30% b KB HMAZ LWHEE LT, HEE
FREEF L2 LT ELCEDDI o
4 =N 5T, BIREOFHEOEKER THESROCLIAREIDLEZALNLLEDT,
o X 5'ﬁ%ﬁﬁf®m¢@—’f-2'\"ﬁ b @B, PHEFREAE s PETRORGIESEZMN
AEETHRCEIANBLERED L LTINS
AT ® position D @i ITAHEBET 2~ O ESRIL, oW ELE A, B, Ci
IUE ({:L”«‘I%%W_ Sn;’f[{ﬂ@ order # 50 ThPEHFREHAPEHERLO—FELI(ZLZW
BRI T AWENED & LU R F T AU HOME OREEHT05m BELFEL SN S.
Lo 05m CIrEEEL L AE B R7 b vOE B RFHE, AFTaTEFREE
Bl 246 ZH 2 » ¥ (BERKPO Jr=05m) CEEHERHLOHANTSLD o pesition
DT 05773"/!{1““‘:&_%"3*3“h5 LT n A ¥—0.025eVTH#4%, ETEH2%TNLER

@%w@%zmth®£mm&%®f,Dtﬁﬁé%ﬁ%%tﬁ%ﬁ%@m%+mm2®%

K hnEUEHEORLECEET 200 LIta Ve WITHEEO LT (position C) TO

HUEAS R, U 0 6.7 eV e 2 LRI AR E R A O ABDTHETF XN bl
(L ndh o DA LTWE . ZOH1.5eV~5eVOIUFHETEHEAKE (R -~Tn
Zo 49eVEIER Vg ATEEEL Y FI 5 S —DGROMELA TS L 49 e VR T Oah s
THEDEE S A4 HER T B ENIFHECFORN A DB EHLN e £ T1068eV LAV
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eVET22WTHEUT 22 + vORHEETANUY O 6.7eVUTORPHF NI+ 21O
EE T BN, H45eVE hTHFBEF A Z badEHEL, 3 0H1.5eV~5eV THE
BRIz krrEEnsbhioT, BEOTXTERERFICD L LEL LR B,

PR OET S L USROS T BRBET 2~ 7 b v O EEALEICHERR L D ELICE
BAE D b BMEOET LUV PLIK R T BHAFEF 2~z b ast, BEOPHEFRIK X
D=9 2 AV IADHEDPOLE D TNABRTET 2RI A THE—F, HABOCENL S
FaTe w2 AV I ALRHEEIOT, o, Po, 2 REABAEAMKCZ D, BEORTES X
GoRELTHESERARHIC 2D 0L EL LN A%, § 7ofiBROEEIRRCHERL 2T
hid %2 bho TR bR 57, -

B -RKR Y 7 MR EFRRC W, KR v I yROKRE S LEAL, FOTHE
OEKPOSHEDWT, BPEF 22 A% EHE 1 D V2 b T bk —n i Hin,
LINAC—TOF # ik bBEIF LKoo '
HEROIWEHRICGEELT DL KA = P I b= eHHTIZLERD H, 2
A=—Vary, EHELODWTABEAEHTH A LI 20 bIBBRHlEoHE®*BRE LA
HEMRTEb it Lo .

C OB RS & B DAL ® 7 4 (K Haywood model %24 > %2 31 88—t discrete S,
B L 2HRENF OB LOFO T ENm Tiike

1. BEEF AR P AOHBETICINT S Eorder dN= 8L EOLERD B,

2. #AYHFEFFELZATLREL TCIRRY 7 rvobHEF a2z 23X 0BEMEK
ATH YL THE, ERE—HT2HALLLAET AHAKPTH20~30% 3 BHHEO
FHRKREGRATLE I LAB>TZO L) 2APEFHCEABRFEFHEOEHA4Mm, &K
OWANCD VT EREhORES S EETILESND B FEHMA L L UHEFRFHRT
Bt LR LABTUHT 27 b vOFEMKRLUERR OB L B#PHETFEEFREE LA
ZELT, RRY 2 v T UM OBRPEHEHRCT LS 2 $BECR 2,

3. RARVIYORBREPIBHTEF A~} 2»OZMERIFEF-ETL C 0.5m OfIE
DO HET 4 BOEBFHF XA P AOFEEO TR L F— TP WnTELbh b Kb bEEB
BT snwTid drid 05m LT CHBEL2H250580F% Line -

4, HE1mO )z ¥y b7 v bd—rlOonTHETFREOESH % 2 Rt S, TP TDC= — vic
LYRIB LIRS L R 7 »ORE (position A) 3 X Uw.L (B) THEPHF =~
ZrArOESEICELTI~2% BEKEEET D, 24 position C OAUE TR +2% BE,
ELRENEFAF—000T7eVTHI0%BEREZB LAR -TERR 1lend BETD 5
T, EAV T P72 o b 2RI B PETHOBHYE L A I BET 2L ERD S,
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o Tw v 2 A T ARHEMODOT, o Lo, #REREAMAKE Y, BEHOEKTS L
UaLTHERBEAR O 2B T E3FEL LR B4, 3 7o HiEfOSESIRBCHR L2
2 b THaTRIT2bED o ke

2,

7. K Y

B KRR v 7 HREBEERC ST, KRRV YBOERFLIVFL, TO T {EE
ODFEKFDOSREDNT, BHHEF 22 AL EE 1w DV Tk 52 b m—a %k B,
LINAC~TOF #ick p#iE Lxo ‘
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A=, ﬁ¥KDMTLM&%#T&«%K%%#b%?ﬂmﬁﬁGFEEﬁﬁbﬁé
HEMSERBIZ LK LA
COMERR &£ BADE = 7+ I Haywood model 2D % o 7% 31 8~ KT discretle' S,
B LEAERFFR OB L L8O BRI A
1. BEET A7 b L OERMITICENT 8 HorderIN=8L EOLERD 2,

2. BMEMFREEFEZSMEMREL TYRRY 7 PORTEF N2 b AR TOREMEN
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Initial condition (t=0® L 5°)
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