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Measurement of Nuclear Data for Minor Actinides
with Lead Slowing—down Spectrometer - III

Katsuhei Kobayashi #*

Abstract

A lead slowing-down spectrometer was installed coupled to the 46 MeV elec~
tron linac at Research Reactor Institute, Kyoto University (KURRI). Character-
istics of the Kyoto University Lead Slowing-down Spectrometer (KULS) were mea-
sured for (O the relation between neutron slowing-down time t(u s) and energy E
(keV) (E=190,t? in Bi hole and E=156,t® in Pb hole)}, @ energy resolution (~40
% in Bi and Pb holes}, and @ neutron energy spectrum by the neutron TOF method.
The results obtained by the MCNP code were in general agreement with these expe-
rimental ones.

The KULS has been applied to the fission cross section measurements of Am-
241, Am-243 and Am-242m relative to that of U-235 from ~0.1 eV to ~10 keV,
naking use of the back-to-back type double fission chambers. For Am-241, Dabbs
and ENDF/B-VI data are in good agreement with the present measurement. The JEND
L-3.2 data are smaller by a factor of 2 between 10 and 200 eV. The ENDF/B-VI
data for Am-243 are lower between 15 and 60 eV, and the JENDL-3.2 are lower in
general above 100 eV. It has been found that the preliminary result for the Am
-24%m(n, f) reaction is close to the ENDF/B-VI and the JENDL-3.2 data. Thermal
neutron cross sections for Am-241 and Am-243 have also been measured in a stan-
dard Maxwellian distribution spectrum field.

Finally, aiming at the measurement of capture cross section for MA nuclides,
the experimental investigation for Np-237 sample(~2 mg) has been performed with
the KULS. Due to the comparable background counts to the foreground ones, the
capture events from the sample have scarecely been detected with an Ar-gas pro-

portional counter.

Work performed by Research Reactor Institute, Kyoto University under contract
with Power Reactor and Nuclear Fuel Development Corporation.

PNC Liaisen: O-arai Engineering Center, Advanced Technology Division,
Core Physics Ressarch Section, Dr. Toshio Wakabayashi.

% Research Reactor Institute, Kyoto University
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242Pu max O 3800 O O #3Am 5 5 20 20 10
241Am O O 150 O O 242~ 10 10 20
242Am O X x X X 30 10 20 30
242mAm O @] 20 O X "
243am O ©O 250 O O Cm 10 10 20
242Cm max O 265 o X 2#5Cm 10 10 30
243¢m O O 66 0 X 24850m 10 20 30
244Cm O O 970 o O
245Cm O @] 60 O X
246Cm O Q 300 O X

Q:yes. X:no. max: maximum value only
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3. HEKE B/RF b A —F
3.1 $ARANRZ b A—FLETOEY

BWETH-o T, TOPETRNHFEEBNEVHENPLRDIRE2EFE (—BF 1.5
~2m) ZANARKFEFEIT DAL L, PHEFEIEZRILBALERNAHS Z &2 <, #Hit
HEAZHBYVELLZRALGRBRELTWS, ZO0BE, BEALSEEZVIREEINSIFEN IV
b, ZHEOHIAL BV ETE T, LLERNEV velocity group WEZTZHEMEFRLA2M
b, BHFHLAABEOREEMELLZ XA F B TR 2T, 19504, Lazarev
& Feinberg iXZ, Z 5 LABRBIEFE L. ThEAXZ b A -2 LTHATERVWALE
Z X 7/11/, BergmanHid, 1955 OF 1BV 2 2~ T7RFAERFABEESE IS W T,
WHTHRBMER~S bo A—F (FRREEZ (A7 boA—-F] LHEI) OREBL
ERFERZ>VWTRHELTWD/11/, Thilg, HASETESONOHANI b it -7
PERENEZE, SEBEPRBLDH>ZLOHE., XEOV A7 -ITHRIKFRPDCfFHREN
TWABRINS/12/2 80, HEBENME BEbN 5,

RERBESFOIZTIEPAFIIANARKBEEPHEFRAITERAEND L, BITTHEFRIN
BIEHERAI WD, FHEFIIHEERKE (0.57 MeVRA L TIIFHMEBELE Z V85 23)
FROVELBELTT<S. 8TFRXR VT -—ROPFEFRENETES =RXALF -2KI3ED,
TRNAE—-O focus BMEMNBEZ D, 50~100keV UTFTOFHFITALBDE, BERFBIICHE
LTEEFTARHELENTRANF -—SMERFOLICLZD, TOFYFHFTRLF —
RBEREOERICKEATIEKL LTEMD/11,13/, BEBRBPOPFHETF velocity
group BFO T R/LF — SRR (EER) X, E#ANI oA - FEFOKSNRFEEICL
D30~40% & LR 2TWVWD, ZTOABRANI P A -—FEROEREEXD, LAL,
AR PR A —FOBEXOEHIT, PHEFELIVE 0D FHRTERIITAD L
LbHoT, BALFEFRSEBONDZLTH D, FIAE, BRORITHHSITERICK
AR, PHEFEERETENLLIFRE (RITEXESmOBES) KbR2DEFLIATWD/12/,
IOR/KEBLT, RPI THSARNZ ho A —-FEZHWT, keV FAIKIIBIT S U-238 @
sub-threshold AR EE ORI E/12/. 100 keVEATTO MY DAL T2V 7L T
af U AT ARAEREHEROAE/14-1T/BThbhTwd, ThbDOERKZ
BWTiz, REWFEE s b —FEAhdnh, ERREOAFEPEBDTHBENDE
DEBEARFNALEHTEHoTHLRIERTETH >, BlockH\iT, AT bu A -—F %
AWTESBEYFEE2AIETIES. BIETELR22BELZEL LT Nluegb) EFD
RBEEFESTVE/12/, B, 1 gl EoRERBRET 1 VOBSEYEHEORMEST
ETHD. 1 g EORBRSAIL 1 b ORAEMERAERTEL RS —D0BES
FLTW3, a k. BRAEEMEVY., EREDOARy I VI VBB BT V574 Fix
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B, ABEZ+HAFTERVWFPHEE., MEBEOAIVWHESOET - FAE. BED
assay FOEBHLHRCHALTL, A b A—Fid, FORBEEMLTEARS
nTwvWs/12, 14-19/,

FHEFFEELTOKULSK2WT, RITHHANBREIEDNIEBRERFFER
FOEFHBBMES (Linac: BEEF T R/-F —=46MeV) /20,21/, RV 5 MWODIFRIF
(KUR) /22/¢%BL, ThOOHHERALETLDAE, KUL SIHZXNVF—5HE
D E CLinacRITHEHMAFEILERBACRERZVWE, ERFOPHEFREIETEORES
HD. LaL, FHEFEOHEENLE I L., KURRKULSOBEELY —BEHVE,
EETUEFTRERTCHILOEFEMACLIAALF - LBRONIFRIBELETHD, It
BOFHEFRICE, TRAETLEEE D> T, TREENLAEAEENEVWIEIY—BESR
LAMROBITAYPH TE 5,

#4 BEFEELLTOKULS., Linac., KURDE

IHF B KUL S Linac KUR
i FRAE Linac® 2%/ % EFEZMELE v EREg
DIRE fHEFIREEHR SR EERICESN BEHES
Ye Pk R A
FHEFRED Linac’37 — % EFOMBERE S e
5l 51 05 i RESTS ZomlE G & % HH
S A FINPANF S 1o -1 BT A&
AL D &R S (ERT) #10cmx10cnx #50cmx50cmx
10cnig BF 50cnig E
hiEFRAED Linac/t/b A @ f AR, VAR ERTRIZFEE
Ry W RS E= 48 REIZAEL EHETERE EEHHEFIR
PHEFZRLF - 0.1eVY~100keV ot F b #MeppEF s
AT b 3t e 4E 3% MeVIRE £ T MeVEEIR = T
b F R E Linac& & & T ~10'n/s ~10'%n/cm®/s
ERBITLES? N pAY ~10'%n
10°~10°%n/cm2/s
HATE >3 08 ch i T8 BT D, R
ot B BF, BF. v XEH
i 7 K1) B BT -4, TOFESR, & hHEFEERE
Fik, Wit BNZ y BOT F—&, BE, . E—AhE
assay mE k., BiE- B, B4, RI
EFHRE. ol
. RIS &
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3.2 #AaARs huA—SDER

@iT, RFESH 82, HEENWT.2E XEVWHHATH»H D, FHIRH L OB R
Lo TEEFRNVE -FZTHETILDER (1HRELZVOLIS —OTHEME : £ =
0.0096) . ZHEOWMRELBYVIRT ZLIZR2D (FIAIE., 1 MeVOPHETF A0, leViz 2 B &
T:w%@)oit\%@@ﬁ%%ﬁﬁﬂ%&fﬁﬁﬁ%@ﬁ(ﬂ@&??nib)f%
O, PHEFRENHEERDEN LD (BMPHEFT 0.17b) \ “ARKOBGETHETIRAE
REBEDERIITLRAENRD L, B LA PHFORRIIFEALEL, T EZ1L0BN
BPianiedh, PHEFIIEZFNAICELEET-T, FO0PHFERIEERB L 11 0
RBREELREL, BxXVEF-FCHESL TV,

RRRNEHLSRAENLETETREFORMMNLEZIE VR, KO L > 2 BEEKERES
BRitL-sTELENB/13/:

dn{v, t) : 2v dv’

T = -vZ.nlv, t})+ T Z.n(v,t) y
ERCOHRERONR T, BMHEAC I > TREL T PHFOEYFEE v ET S
L. PHEFOBERME I, KOL D IEPND/13/ |

(1)

’

1 i1 AL A
t = Al x ( - = = (2)
v Ve v v
ZIT. v RPHEFONEE, ARREEEOEESR., A IHAOENESITE, .02
BEWEBETH B, '
1 1 A K
E = ov?: = m (— ) = (3)
2 2 t . +?

k2o T, PHFOEHTRALE —EkeV) 1T, BEREt(s)DEBRIIREHAT I - LR
BB, KRBERMELTH S, RROAELBV TR, BERMOL o REBER t.
BABZED, QOREBVT—BHIERtIEbT t+t, REVHBND, THRAE~
TEREETETFEEDOCLERY (%) tkoTHEn,

AE CE?> - <E>® 8

(—) 2 = = (4)

E <E*> JA
THEXBND/13/, ¥EBIIEEEEAE /EDLBETHEND., ARNY ho A —Z

WEITA2BEMNLREGETTCOIRAY — S (CRER) H27%E BT 5,

3.3 mERE #AI brA—-%

RERFRFFEBRFEMAREINTVEIRRAN b A -3, Y4, ERRKZEITEMR
CRESN (BM4E) | 20k, AAZERFAREMRE L Y- BT E&h THEE
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BRI R~ hm A — & (LESP) | /23/%, FRIFER-TRBRFEREFFERFOFTCHE
DZFab 0T, 46 MeV ETHBMER LALELEARBRE & (B&) A~<7 to
A—% (KULS) ¢ LTERCEREND L ER-L/24/ ((T&RA)

KRS b A —FiE, 10x10x20 cn® DA E S EFOFHMER (99.9%) 7 v v 7 &
600ERMAER. 1AL mAbRALFETCRERNNOI L THD, B25KHAT
s huA-FOWERETRT. BTy 7 5MHALETFEE &, KREOBIEEPHML. K7
ERETIED, b RR—N2U AT ST LIETOTECHEL, =F / — T+
HBEETo TV S,

EHBRLY oA — ZKILSOBRBEIE LY, o»OITRBEMR bhi/24/,
OEAETIFEZERFEFERNEREQ Y —Fy PERBAI Pu A -FEZRE (K26
Y FELEE, ERMLEDTELERLIBERLTADIL)Y, #—F v PEOKEOWE
TEZTV. RUERLREZELREFEQOLERETBHTEDILICLE,

@LESPIZ %, POLfHEICEERL, TORFL LB HERARD~ R, M2 TETFT &

A, AEREHIE8 »FTICBER (KE 10x10 cn®) ERA (84T %50cn~60cn) Z3H
BLk,

OHBEBALON, 1+ FIEETOEDIELEX10~15 caD VAT RBTHEIBEL Lz, 4

PEDTHIBEyBIIE6~THVEBVDIZER, ERATRADENIEM 4MeVEE, &
MEZITEERFRE v RIELY, ERRBCBEREELOH (KEIE) FEIDIILEE
HAEDDEYyBBEL L TEATARRILERIT L,

@KUILSDIZIE P RBIEB IV INE —Fy bEEBVNT, "V ARBEFHETFERESYE

R, EZHEMEBRORY I hFa—TIEARZ brA—FAPOETL L, MERN
DEHEZRNREBRZC L - TEEANZIBRMR VLY, NERBUEAFHEFERAF v INVT
— 4y FURT LRI EETWVD,

mﬁﬁﬂﬁ%%#ﬂloTﬁ\ﬂ—&yhﬁﬂ%ﬂihéﬂv%ﬁwwﬁﬁﬂ%ﬁéﬁ\
EHES R TAH R LV F—Fy M —RAORERELZOCHEETEMATRER
RIS L ATECH B, FVINF—Fy b Ebh3XPHFIL. EHZRNMF -
B IMeVEI R OB ORE L, U-235DHEHERRY hAEEZRAE —[ZH 1MV 7 F &
BheEIRHM. LRV EFORLY FAFREFLTWS/20,24/,

3.4 AN PR A—FKULSHOREFEHETE

HRETFFERFIC AR E N dMeVETREMEBES AN ARBEFEFFHR Y
Fos— KIS b RAEN %, RERHNTRL CRESN TN FHETFORMOERS
Wit EEERANALF—HET T AT I — KMCNP/8/ AW ESFEIL LY RS o /24
/. MCNPIIHHEF & y BOBRHEAT 250 E2 - FLLTHLRA TV SR, THhiZx
"C/*'J'/ZREFTE%(:%‘TZ%Eqﬂﬁ?—ﬁ&ﬁ%ﬁ'ﬂi,' FHFORENELLTICCEBMOMGE
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BT BT B L RAETH B, MNP R <F hu A — R TOFEFORMNLZESR
AHBIC Lo TRHPBEI—FELTHELTNDSEEXS, KEORPIOHFR/ A - TIKE
ThH, AR bR A —-FPOREFEE (HRR~Z B, ZERNE¥-SMERE) &
ROBHERL, - FEEALTWVWDS/25/,

AHBETH. KILSERBLALCEZEHLIRTHERZTo T3, &5, KILSHE
CBRT AR 2ERABLOVTLEEL, PHFEOME. KULSEF- LI FITA
WY, ERCHLAHERBEER- T2, B2 81, KISOERTARRALBTD
BREERARY M OHERRT. MESLLAVIRPUEFEST LR ENLE. 40
s. 9pus. 50ps, 100us, 310psBITI/RETT, _%E*ﬁ%@rﬁ*/l’%“ﬁﬁiﬁ'@ﬁ\
,A%@&%ﬁz&abwmmﬂbﬁ%@iiﬁw:*»%—@ktorwéﬁ\@ﬁrﬁ
AR EIGENEER RS RN LFRTABELTOSKRTESDP D, FHEOER,
b e R ERILCBT B HRESEE TRV E - OBE(E=K/tDERTEKKE LT,
191+ 3(keV- p s BB HONE, HOEBILIZBNTH, BIEREOREEFERAZ PR
M S, Ke LT 15724(keV: us?) BB SN, FUCNPE BT D BEHRBHE & =R /LF
DEEELBL, PATRERILOANHERLOBA T RPHEFORESNIENE
ERBWIZERSME, T, TELF-SBERANORRLIEBNTHA~BREED
EmExrL%,

EKULSIZ 1T A O F 588 « 4D 1 D& LT, FICMOWP = — FERAWV TREEEFAS
J FPAEBBELER, TAEBEESTAEEEPHFREL LTOREPEFRASS ML
RELND, FERIE. MCNP2 — RBICENDF/B-IVE WV ERE N BT —# 77 A VEEM
L7=2%. #1iz JENDL-3, ENDL-85F —# 7 7 A VI LB HB L HEBOLDITRE L. TN
BOBT -2 77 AMCEAHERESE2 9T T, KULSH TR, I/EXRVBEWVWHETR
N7 pABEBELN, BPREFIISLRVWIEETN D, 3ONF—F 77 ANEEDHER
RIXLSMBIE—HLTVB R, 10keVELF O =FA¥ ~ R Tk, ENDF/B-IVIC & 23 B 1E
BaobDEYXKEBER-2TWD,

3.5 $hAx2r buA-FKULS DK

3.5.1 HikFHERELE RV -OBER

SRRy b A—~ZKILSOTRAX ~BEIX, RSWRLEEHEBT 4 /VF - OFBFIE
FRRy PNAERVEBIHETORE y RRAEOFECK-/24/, 7., THETEE
BB ETH. BFoa vy ¥ — (EE12mn. A2E50m, AELRE) 2AEL. ThELS
TANE —TEE RHETFORESMOERL LTFRTHERT oL, BES N/
2R R, AN —DEBIX AR - S L EBREALE (SR NVF - )
CMBAENG, RBT A NF—RTRLASL, FETOBEFENELRYEL, 8
ALY BIRESHEOBEERDE, . ABRBy RTAHTRIY LS — (K
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= Yo e ENDL-85
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o —— JENDL-3
—
10-3 ] | | ] | 1 | ]
10" 10’ 16°
Energy [eV]
¥aterial Energy Thickness Form
(e¥) ( om )
in 1. 46 0.2 foil
Te 2.33 1.0 powder ®5 HBT4NLF-—k
i: lg. 38 0.2 foil HE0E T XL —
Au 4.91 0. 05 cylinder
Ag 519 0.5 cylinder
Ag 16. 3
Cd 27.5 0.3 ¢ylinder
¥o 44. 9 7.0 powder
Co 132 0.3 cylinder
Cu 230 1.9 cylinder
Cu 579
Mn 336 1.0 powder
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Rty hEA—FRULSIKE 5T, TRNVF—ARELEERHHEO12THE, =X
W¥~%%%mimm\&@%#&ﬁit%ﬁ(?4»&—)@ﬁ%ﬁ%ihé:@#%
P RkE<,. FOEBRKNIE, OHEBIFUF-PEREMT, BoEBE— 72O+
SERTHWBEIE, OXBHE (T F-) ODESHRFENIL. RETH D,
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I TCHENEBRE - s OBATLRERTETHY . DLAKBY - s BEFELTE
%%%mﬁﬁﬁiéﬁﬁﬁﬁéamwwﬁz?l&ﬂ%%ﬁ%ﬂﬁwf\ﬁkﬁﬁbtx
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Channel Number

32 HEREEyHRABCLDZZFRNLX-
SYEERERE OB

26 PRATARUCHERILIBIT IR NY - SHE

Measurements " Calculations
Energy BF3 counter Ar gas counter Energy HCNP code
{e¥) Binole Bi hole Pb hole ( e¥) Bi hole FPb hole
L. 46 51+3 3.02 35.7
4.9 40x2 3.56 37. 4
10. 4 8=l 10.Q 28.5
21.5 Bx2 3ITE2 11.§ LI
44.9 38=x1 29.8 28.2
132 392 33.8 35.7
230 38+3 40*3 99.1 29. 8
336 403 113 3.5
5179 423 42*4 298 33.7
2370 533 339 38.3
990 3.1
1091 43.2
2988 50.3
208 51.8
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Fission Cross Section of U (barn)

Fission Cross Section of **Am (bam)

—
oI.nJ

Tt
o
1

ENDF/B-VYI Original data

. ENDF/8~-VI Broadened

3

[ ] I 1 | | !

-l

P,

107 107! 10° 10} 10° 10° 10° 10
MNeutron Energy (eV)
B33 ?2**U(n, f)B Iz DENDF/B-VIFF & & |
SR EEA0% Throadening L7 B2
T | I
1
10 ENDF/B-V] Original data
s  ENDF/B-VI Broadened g
10o = —
107 .
3 I ! 1 l _J
107t 107! 10° 10! 10° 10° 10* 10°

Neutron Energy (V)

B34 *'Am(n,f) TS OENDF/B-VIEEMH{E & |
S AEEE40% Throadening L= £

- 9292 -



LT3, KILSKEAERTIE, TXLE¥—-SRER~0%CHLRELD, BEORRE
PHEEORSIIBVTIR., ¥ RBOSREBEEEE > TEMT — ¥ DbroadeningZ 1T
oTWn3, @33, B34, TRhENOFEET —Fiok L. KILSO L AEHE Throadening
BEZTIOIMETOROT - ZOHEFRLTWVS,

3.5.3 KULSHAOHHEFR~RZ bV

AFETH. KLSOBERRO—FE LT, 220RITHE BV T RITHIM S EC
;D\%z&abu;—&@@¢ﬁ%zﬁj}»%ﬂﬁbtmyomww&ﬁ*%%mt
o RERES L ING —F Y FEOKBETFROEFN15caD MBI, EEScnd HBLA
BITONRTWS (KH27) , #OTEABETCRTBUOHSZ/E2HERY, RiTbh
EBRAL (Vo hFv b K—1) OEELL, -4y MIBEEH LOEFAKRIHS
NAEPHEFERRELE, FEREZE, B2 BERIVEALTETWSLIATR YT
— 5 R °B-vaseline plug Nal(TL) R H%E/26/ %M\, M35, @3 61k, TRETID
BRHEBZAVTHELAKLSOREF RS FAETRT, £, I 5 OR T, ENDF/B
-IV. JENDL-3. ENDL-857 7 A A HAERL S N AW EREEy FEAVWTHELABRE TR
PROEREEEHEL TN, HEERXERE: 2N LIV —KEZFL TS, 10ke
VIEL LY TOTRAE T, ENDF/B-IVE S A HEES O BRI ZHERUE
BRERIVERRR-2TWAEZ RSN E, 0T LIXENDE/B-IVOHOFFMET — FiIC20
THIHEOLEEERRBLTNS, F7., KILSHTIRHETXLVF -, BICAPEFIIREA
FHEELTOROWI ERSMNE, T THE35, H362RdE. KILSHOFHEFRIIRED
EEFEBTAFELARARI MOBRIEEL RoTND, O &hb, KILSHOFET
BIIEEEA PRI AR PR ELTHS&OFARRFETE L D,
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Flux per unit lethargy (Arb- unif)
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4. AR brA-F AWV
v A F T I/ F=FESRGTEROWUE

4.1 Am-241. Am-243. Am-242n B U U-235 RE L HSRERER

Am-241. Am-243 REHI. b, TRORKEENATAHERETILDIC. =7, 4
FUNBRBIEICE > TSN INA/27/, TNE2EFHEE Lk, BoREH
HELTHFERREALE, An 241 RB OB, F—EHEOLERFBMESET U, Np. P
U ARV BE. E-EHET Co SOFRMHEEERELL, T4, HESHEEZE-STH
B L7 R % An-24 /X TAEAD & . An-2431X0RNLALEBAL L LD TH B, T LD aHRR
Sy MR REREML Y 2 RHEFAVTAELARR, BALRMBL LD O
BREEATVWARY, An-24308 2 HAn-241 L ABOLERELZToE., TDaBRAY
RAEBELULER, o MEEE (RiHER : £& L TC0r-243 An-243) L TO. 825
0. 00004 (BT M DL = 1. 5x107) ~ & BB R LM o7, T, An-241/An-243 O a FELHLT
0. 00T (RFHEDE=4x100F b, ,

An-243RBHIZ SV TH., ThREEFER LT HEM L H1Z o BEIIC X > TAn-2434 5Pu
M AEREHEANTL 2OT, 2 OPu-2390FERXAnln, D) RIGHEHEAEZCBTLF
ML LTRERPBEPEXAZEIERD, SEERAL LA-243R BT L EBREN 48
. S#A. 13+ AR EZATEREFTFATVAHE, ZOMICAn-243» 0 EREHS
N7cPu-230F MHOEBILOVWTE, F - FHRFBFLBVTEOHREZFMEL T5/28/,

LS HE S hcAn-241, An-243308H. AR HE &0 2on, EE28mmD R T v L AEOF
Rz, BB LTEROmOPAERRIEESSNE. TO&, EFESIELEZY
IO N —FTTCELLEEDT D, '
U-235RBHE MR S99 1% OMBEY T2 — A EBEHE L THB LS, An-241, 243008
@i, E50. 2o, BEEBmOA7 L ARRCEFENTWD, ZhbE, B3 TRFY
ki, An-241F 2 12An-243 L U-2350 BEFEEFPEDFIC LA, V¥ Dback-to-bac
kK (BTB) BoOSOREMHE/29/ LTHLAD, **tan(n, ). *An(n, £) KISET EH O #
BRERALE, BHEBHEOD I, BEARLLTTAILIT%, ERIBOREN
ARIEEHASR TV, I-2B0ESEFERRIBELISRD N TV OIEENZEA
BMO1-25THY. “hixAVTAn-241, Am-243R B AFTI2hMEFREBELL, L
L. U-235% FAn-24100 2608 0 KL 3¢ — fRIR TH. THRLOESERFEROKEBIE VT
%erﬁﬁt%@ﬁmém&ﬁﬁétb\1kqu®:$w¥—ﬁﬁmﬁﬁémmm,
B RIS ERAZCB VT, BRat v ¥ —2 AWV Bh, o IKGIRE > THREFXRE
T=F-LTW3B,

Am-241, An-243% (FU-235REBI OB FHiT, REEEA L) a VRHBERA N Z o BR N
S ORADRAER L o TR b, An-243% CU-235BERBP L0 e RARY FARED
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Counts / Channel
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ﬂﬁ@ss\masvkéoEsaum,m4uaﬁ¢uﬁwwain5m4umama
ey BB SRS, E5IK. BTANME OS5 SMeViED I ECn-2432 5 & BbN D o
ﬁwﬁ—ﬁﬁﬁmﬂﬂ6héaCHBﬁ\m%ﬁ&ﬁ&Waﬁz&ﬁbWMEmﬁwf%
CERHAATVAELOT, LRHBOBEVLEELAND EXARREBVWTRMAEL ST
W BTV, £, ChLUAOFRMAYEERIBRNENZLo R, BONL o HROF
By -5 BERSScSRHBCEILER. RUAREELD L. An-241. Aw-243, U-
2ISEFNFNOREFEYEH L, Tk, BHAEGeRHE (HPGe) ZAVT y RMUEDBIT
R, FOEENLROEEREOFEFERIMANREINUANT e RBEOKERE —HL
7o

Am-242mii. R EMPAEZAEELREBO1-2TH D, KEOR [ MEEHE, WRELT
NWAERDRTE, BERRE-TWARVWE I THho i, BT MEAFTHIERT
=k, FOAD-242mBREOBMEIL ; LEH : An0: L FMAR : An-2420:85. 25% D32 K An
4&&6@4@ﬁ€in50E4o\@41m\%ﬂ%hmrﬂmﬁﬂmaﬁ&wﬁyvﬁ
DRV AEESEHED—FIThH B, An-242n0 c GRUH v ROBHBEZVFLIE
WA, EITHD SR An-24200 ¥ — 7 REFMENRL TV D, TR HDTF — 7 b bAn-2420D
EPEEHTEEDOT — FEFEREEDTND LA TH D, T DAn-2420R B H %
Dhn-241, 2430 HBA L FEE. E&0.2m. ES28umd AT L2 QARICEF (EE20mm) S0
TWB, “hnHU-23SEEEL I, PBROBSREMACHAL, AL,

4.2 BEHRWFEHRONE

4.2.1 KULS%2AWEZER

A~ b A — FKULSE AV 7= tAn(n, £), 2**An(n, £) RO An(n, £) RGBT E T O 8
E%m‘%Kﬁkﬁﬁot“WMmﬂﬁﬁ%ﬁﬁ@ﬁm%%kgiﬁﬁﬁﬁU?%émw
((F82 B) , back-to-back BEAREHE L AV EEROEKR (An-2412 U-235DBHK
ﬁﬁ%ﬁwt%éﬁ%@4zwﬁfa:ﬁﬁwﬁﬁﬁﬁﬁbmi%%MEuz%ﬁ%ﬁﬁb
TVE, SEMSFROF ¢ RAIEE LT62.5nsRU0.5usBBE, TOF ¥ RAEK
154096k L, M43, 44k, An-243B L CU-235D A BRMED SNV REF SO F
%%?}Aw%&Uﬂ%ﬁh@ﬂEtBWf%\ﬁﬁ??y*wﬁﬁfM@KﬁE%ﬁﬁﬁ
o TV BB ENRES L EFTESOREL Y L, EX, b ORER
MAHBMECKREEE 45, M4 6ETY,

pn(n, D RENERACCBT 2 EFHRMEROERLE . /S RE 10~22 ns,
RO ELE 150~200 Hz, v — 7 EH{E 500~800 mA, MEEF T R/NVF — 30~
32 MeVT. WIS0RMOERDOTET, HARNERENOA-241L 2BBERAOMER
AT X7, _

2eian(n, ) KW EREILT., KRXNTE->TELND :
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Counts / Channel
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An-241 DS B R Ny
g aa(E) = X x ¢ u(E) (5}
U-235D D BLR J
Naz. Nv :  Am-241 RT* U-2350 R F ¥,
cu(E) : U, H)ERWEMHE,
ARRICAWRE U, OHRISEEWEFIZ, FEEXT — ¥ 7 7 4 /VENDF/B-VIIZIL M &
NTWBF —F» b5 AL, KULSOT RN ¥ — 5y R4 Chroadening L THA LA, U-2350
BORBHEATRDIBFRI U — L 3HABECREICIT (U-2350 S HE /No)
Z'B(n, e )RIGOFER, 0us(E)Z B, o ) HIGHEREBEB/ADILDOLTS, Z 0
BEREL, FFROZRX VX -FEETCREENRI/VEFEREZFRLTWS, 7. Ax(n,
ORGHEHEAEORSLMEROEESEHE. WEFMAR LT e, HRERMEDHS &
BERBETH 2B, aln, HRGOHEITIE., 2OHEEIREVI L b bo TERE
MitAn-410BEDL/3ING1I/2BETHo, 2B, “’Am(n,-f)&Um‘Am(n, OREHERO
BETH., ORI TENL241Z23F 24 BEHEX Db DET 3B,

[t
{1
A

4.2.2 FAPRETHEROWE

AR BV T, KULSZE BV TO. leV~ 10ke VERIE D *“ *An(n, f) K-35 £ T2 * *An (n, f)
REHEREAE LL0H2ALT, REXERFFERFOFESF (KUR) KR sh
TWHEAKBPETRE/L (MEC) KBWTH, ThboRA P HIESENETEL R
Eli, TOBEORRSL. TOKILSIZ BT 5 X8R & BH#. back-to-back® O S B
FExRAWLIFERLL =,

VOIRAD 2N HBOBERFHEF AN PAVEYHERIL. KA TEEINRD/13,
31/,

T, ve=2,200 m/s. T.=293.6 K. T WXPHEFEE, g (T.) X g-factor LFEITN 3,
TIT. 2,200 n/sIZ &7 50.0253eVT D An(n, D) RIGHTEEIL. *°°U(n, f) KIE D #e
RPHEFHEELEST,. KOL3IEXI BN B,
Caa Ny gu(Ts)

T T Ty N ey OO
TIZT, Cam. Co: An-241, U-2350 8 5T R,

g ra (T0)=0.996. gu(Ta)=0.976 : Am-241, U-2350D g-factor,

0u(0): 0.0253eVTD2*3U{n, f) /G OEEWEHE,
ARBRTHR, U DRGOELEBA P TUHERME L TENDF/B-VIit 5 X 5 7586b %
SIA LA,
AN, D RICOBFHETFHEEL, *An(n, HRGHEBEOBAS L IZEREOEREH,

ERFABELLX->THIE L%,

(1
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4.3 PERFR

4.3.1 ™Am(n, £) 5B R

KULSZ AW TRIEE A An(n, H)RISHEROER, R UJENDL-3. 2, ENDF/B-VIDEH
BELETF—FORERERT, B47TEFY, TIEFRLAFMET - Fi, KULSOF>xT R
I —ARREEE (B{EME) ~40%IZ L Y broadening ENEBRTH D, **tAnln, ) RIGH
EEOERMNEL, U-235L An-HIOBEEEZTHFELRIEH CAAVERLHEER L8
EREREIPOERDE, LAHL, U-235RAn-241 {2 B — 7 BIFEE T 5200eVEL T O U8R TIX,
BFaH ¥ @ — 2 AWEB(n, ¢ )EIGR £ T, ¥, *lann, HRGHBEHEOCHEREE
KO, T2 UMHDERICL > TRIE SN 7200eV~ 1 ke VB OBHECRELT DA
BEiRRL ok, FEREBTIERBEERSIRT,

MR T, ENDF/B-VI & JENDL-3. 20 FMERE., RV I b OFMEL EXREL
HEC—FHLTWS, LML, ERDLAFMEMC L 22~140eVEBE TEVWR R G,
FERMEE LET 5 & JENDL-3. 2131, 2~2. 3F /A & 2» T3, 2~ 4 VEE T MM
EEHELR2TWER, ZOBSFKUSOFES>TRANFE - SEECHMENEREL TS
ZELEZOND, RTREALTER., & R/AFX —fHEE RV CTENDF/B-VID R E L ER
HE2Eick<—&HLTW3BA, JENDL-3. 2 Ti%0.89eV~200e VI T 72 5 TV 5, Da
bosH/32/DF — F I EX XN F-—FEETHEEOEAETFTLTW S,

KWL, B4 8 TRUERDERF ~FLFAEROEREZHLBE LTS, Dabbsh/32/DER
BEITETRVF-QEREEMHOEAT, FXRF-FLLV—EEFRLTVIH, 1o
EREFORNIBF-FLFERERBLERLTLLIV—EHITALONRARY, Gayther5/33/DH
EEIZAERME IR T55eVEL LD FEE T50~100% & < . Bowman & /34/ D HIZE{E & 200eV
UETCHEOREZERLTWSD, $10eVELF TiX, Bowman, Gerasimov/35/. Derrien/36/
LOPIEERIIFZEREILFELL 22TV 3B, Leonardb/37/ 07 — 132 ~ 5 eVEETE VY,
Seeger 5 /38/ D FEIL20eVELETE LK KEWIZ EBGHND/39/ (D) .

4.3.2 ™Aan{n, f) X5 W EH .
ZEREZEALZRBE2FEEHULEE, 4BH. 57 A, Br AR~ BRI THEZ
fTo="An(n, HRIGHEHEOEREZH4 9 TT, INERD3E. An2438 e AL T
ERERMENEP-290EXBTHD0.3.VAROMEHHTERS AN, K0.8eVUTD
FHTHEEA R LEE L TR I B, 5/28/, M5 0%, *An(n, f) RISHT @ HE
A, EELT03VEBEBWT, LFEREFKLIOL I ERL T B35 ZENDF/B-VIF
—FEESRHETLYRDEERTHD, @5 1. KFREEORKM & HITPu-239
BERERESN. 0.3Vl QAn-23BEMER R AT ELECIIXEATINEZHEL
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T T T T l T ¥ ‘ T T 1 I T I T T
10" - =
—~  k ]
o :“‘*- . ]
= i |
5 10° =
L5 b ]
75 - ]
a) o -
e r ]
O r i
,E 0t _
7% - 3
i - ]
] 1 1 I 1 I 1 1 | 1 1 l 1 1 “r’""'r 1 i
1072 10" 10! 1’ 10° 10°
Neutron Energy { eV )
47 *‘An(n, ORGHEBOAERR L FMEDCLR
Eﬂg‘g‘ Present
----- ENDF/B-VI
=—-—~ JENDL-3.2
%7 Y HREHEHO LR
Energy range ENDF/B-V] JENDL-3.2 Dabbsetal. Present
(eV)

0.1 -0.8¢9 4,753+0° 4,724+0 5.133+40 4.897+0

0.89 - 3.55 2.04640 1.853+0 2.182+0 1.914+0

3.55-200 7.982-1 7.106-1 8.438-1 7.636-1

20.0 - 200 2.558-1 1.893-1 2.524-1 2514-1

200 - 1000 9.701-2 0.708-2 10.224-2 10.965-2
1000 - 10000 3.031-2 3.009-2 3.110-2 3.570-2

* read as 4.753x10+°
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28 Yy oro?un HEGHERMECSIT 3 ERBRE

Uncertaintics due to Error in %
Am-241 Am—-243
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for MAm <19 <2.0
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Number of atoms for #'Am 13 1.5
for #3U 1.2 i2

Reference cross section for the
B3{(n,f) reaction 2.4 2-4

Reference cross section for the
198(n, &) reaction 2 —_

Correction for setting position of
Ham and P3U depasits
in the BTB chambers 03 03

Correction to inscattered neutrons
by the chambers 0.2 0.2

Cormrection 1o background subtraction <02 -04 <02-05
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3.20%0.09 Mughabghab
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2.8%0.25 Gavrilov
3.0 Hanna
3.8x0.2 Hyakutake
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Abstract

A lead slowing-down spectrometer coupled to a 46 MeV electron linear accelerator (linac) was installed at Research
Reactor Institute, Kyoto University (KURRI). The size of this Kyoto University Lead Slowing-down Spectrometer (KULS)
is L5X 1.5X 1.5 m’, and it is covered with Cd sheets 0.5 mm thick. One of the eleven experimental holes in the KULS is
covered with 10 to 15 cm thick bismuth layers to suppress high energy capture gamma-rays from lead.

The characteristics of this KULS have been experimentally obtained and the results are compared with the predicted
values by Monte Carlo calculations using the MCNP code. 1) The slowing-down constant X in the relation E = K/
between the neutron slowing-down time ¢ and energy £ is 190%2 (keV s®) for the bismuth hole and 156%2 (keV us?®) for
an ordinary lead hole, respectively. The X values agree with the calculated ones. 2) The measured energy resolution AE/E at
full-width-at-half-maximum (FWHM) was about 40% for both holes, while the calculated values were lower by about 10%
than the measured ones in the relevant energy region. 3) The neutron energy spectrum from 0.01 eV to 20 MeV and the
spatial diswribution of neutrons in the KULS were measured by the foil activation method. The angular neutron spectrum
perpendicular to the linac electron beam was also obtained experimentally in the energy range from a few eV to about 10
MeV by the neutron time-of-flight (TOF) method. The measured resuits are compared with the calculated ones in which we
have used the three evaluated nuclear data JENDL-3, ENDL-85 and ENDE/B-IV for lead. Through the comparison a check
on the nuclear data has been performed.

1. Intreduction in ws 1], where K is the slowing-down constant. The

energy resolution of the slowing-down neutrons is theorst-
Lead is one of the heavy mass elements and it has no ically given at full-width-at-half-maximum (FWHM) by
inelastic scattering cross section below about 600 keV, [1]
where the neutron total cross section mainly consists of
elastic scattering cross section, since the absorption cross (AE/E) g = 2.35 X (A0/0) g pssian

section is very small. Therefore, when pulsed fast neutrons
are put into the central region of a large lead assembly, the
neutrons are slowed down by repeating many elastic
scattering processes, because of little leakage of neutrons.
The slowing-down neutrons present focusing behaviour
and keep an asymptotic form at each energy comesponding
to the slowing-down time [1]. There exists a relation
E =K/’ between the mean energy £ in keV of the
slowing-down neutrons and the mean slowing-down time ¢

=2.35X(8/34)"% = 27%,

where, (AG/0) g, .sian 1S the standard deviation in a Gaus-
sian function and A is the atomic mass (207.2) of lead.

Hence a large lead assembly was proposed to be
applicabie as a neutron spectrometer and practically used
by Bergman et al, (2] for the first time. Since that, in some
laboratories or universities, lead slowing-down spectrome-
ters coupled to a D-T pulsed neutron source by a
Cockeroft~Walton accelerator have been installed and

* Corresponding author. widely applied to measurements of neutron capture and
' Present address: Hitachi Works, Hitachi Ltd., Saiwai-cho, fission cross sections in the intermediate and/or resonance
Hitachi-shi, Ibaraki 317, Japan. neutron energy region [1-7].
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Pif 50168-9002(96)00900-X

_49_



K. Kobayashi et al. | Nucl. Instr. and Meth. in Phys. Res. A 385 (1997) 145-156

Most of electron linear accelerators have been developed
in 1960s as an intense neutron source and neutron time-of-
fiight (TOF) method has often been used for neutron cross
section measurements [8]. The usage of a lead slowing-
down spectrometer coupled to an electron linear ac-
celerator (linac) was proposed for the measurement of
small amount of samples with low cross sections and for
the cross section measurement of radioactive materials to
give high background level. The first spectrometer was
installed at the Rensselaer Polytechnic Institute (RPI) as an
intense neutron spectrometer [9)]. Since ncutrons can be
detected at the distance of tens of centimeters from the
pulsed neutron source in the lead slowing-down spec-
trometer, higher neutron intensities by more than
thousands times than those at the measuring station of 5 m
flight path for the conventional neutron TOF method can
be obtained [9]. Making use of the spectrometer, the RPI
groups have made measurements of sub-threshold fission
cross sections {9,10] of **®*U and ***Th and measured
fission cross sections of trans-uranium nuclides [11-13] in
the energy range from about 1 &V to several tens of keV,
Recently, the spectrometer was also applied to the nondes-
tructive assay of spent fuels [14,15],

In the present work, we have experimentally investi-
gated characteristic behaviour of neutrons in the lead
slowing-down spectrometer coupled to a 46 MeV electron
linear accelerator (linac) at the Research Reactor Institute,
Kyoto University (KURRI). The spectrometer was origi-
nally installed at University of Tokyo [5] and transferred to
KURRI in 1991. With this Kyoto University Lead Slowin-
g-down Spectrometer (KULS), we first obtained the rela-
tion between neutron slowing-down time and energy and
the neutron energy resolution by the experiments with
resonance filters and by the calculations using the continu-
cus energy Monte Carlo code MCNP [16]. Secondly,
making use of the NEUPAC and the SAND-II codes
[17,18], the neutron flux spectrum in the KULS has been
analyzed by the adjustment method with activation foil
data. Radial flux distributions of neutrons have also been
measured by Au foils and Ni wires. In addition, neutron
TOF method has been employed to measure the angular
neutron flux spectrum in the KULS, as we have done
before [19,20]. These experimental results have been
compared with calculations performed by the MCNP code
using the evaluated nuclear data files of ENDF/B-IV [21],
ENDL-85 [22] and JENDL-3 [23]. The nuclear data for
lead is useful to understand the characteristics of a lead
slowing-down spectrometer.

2. Lead slowing-down spectrometer

The lead slowing-down spectrometer was recently in-
stalled by coupling to the 46 MeV linac at KURRL
Specific features of the Kyoto University Lead Slowing-
down Spectrometer (KULS) are as follows.

1) The KULS is a cube of 1.5X1.5X 1.5 m® and about
40 tons in weight, and is set on a platform car in the linac
target room so that it can be removed when the conven-
tional neutron TOF measurement is made, as shown in Fig.
I

2) The number of the lead blocks used was about 1600
(each size: 10X10X20 cm?, and purity: 99.9%). Each
block was carefully cieaned with aleohol or acetone and
piled up to make the cube without any structural steel. All
sides of the KULS were covered with cadmium sheet of
0.5 mm in thickness to shieid low energy neutrons
scattered from the surroundings.

3} Two types of photoneutron targets were employed:
one was a cylindrical lead block (8 cm in diameter and 5
cm thick) casted with an aluminum pipe for air cooling,
and the other was a tantalum target assembly (8 em in
diameter and 6 cm in effective thickness), which was made
to set 12 sheets of tantalum plates in all {1 to 5 min in each
thickness) in a cylindrical titanium case. The tantalum
target assembly was also cooled by compressed air flow,
The photoneutron target is separated from the linac vac-
uum system to prevent troubles by which the linac
machine is disturbed. The temperature on the target case
was monitored with thermocouples and the linac operating
conditions were controlled so that the temperature was
kept less than 300°C, During the KULS experiments, the
linac beamn power on the target was about 200 to 500 W.

4) For the multi-purpose and/or paralle] measurements,
as seen in Fig. 1, we added eight experimental/irradiation

180¢m
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e A
Gl doi:
Fig. 1. Cross sectional view of Kyoto University Lead Slowing-
down Spectrometer, KULS,
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holes (10X 10 cm?®, 55 or 45 ¢m in depth) to the spec-
trometer which were originally designed at University of
Tokyo [5]. One of the good points of the KULS is that one
of the lead holes was covered by a bismuth layer of 10 to
15 cm (neutron source side of the hole) in thickness to
shield high energy gamma-rays (6 to 7 MeV)} by the
Pb(n.,y) reaction in the spectrometer. The bismuth layers
are useful to reduce background counts due to photofis-
sions in the fission event measurement [10].

5) An advantageous point of the KULS is the design to
be able to measure the neutron energy spectrum in the
KULS by the conventional TOF method. At a distance of
12.5 ¢m behind the photoneutron target, a through hole of
8 cm in diameter is provided at a right angie to the incident
electron beam, as shown in Fig. 1. Moreover, in the
forward and the upper directions there are large ex-
perimental plugs of lead, each of which has an axial
irradiation hole of 3 mm in diameter along the central axis.
Activation foils or wires can be set to measure the flux
distribution of neutrons.

3. Experimental method and measurement
3.1. Slowing-down time and energy

The relation between neutron slowing-down time and
energy in the KULS has been measured in the bismuth
hole and the lead hole at the opposite upper position to the
bismuth hole, as shown in Fig. 1. For the investigation of
the experimental reliability, two types of detectors were
employed: one was a BF, counter (12 mm in diameter, 50
mum in length, 1 atm. pressure) for the neutron transmission
measurement through a resonance filter which gave the dip
structure in the slowing-down time spectrum, and the other
was an Ar gas counter (12.7 mm in diameter, 63.5 mm in
length, 1 atm. pressure) for the capture y-ray measurement
with a resonance filter which showed the bump structure in
the slowing-down time spectrum. The detector was placed
at the bottom of the bismuth or the lead hole covered with
and without the resonance filter and the setting position
was about 40 cm distant from the photoneutron target in
the KULS, Table 1 shows the resonance filters and their
main resonance energies used in the present measurement.
Since the resonance energies for these filters are well
known [24], we can calibrate the relation between slowing-
down time ¢ at the center of the dip spectrum by the BF,
counter or of the bump spectrum by the Ar gas counter and
its energy E, as a function of E = K/(t +1,)°, where K is
slowing-down constant and ¢, is constant for the zero time
correction.

Output pulses from the BF; or the Ar gas counter were
transmitted through the pre-amplifier, the main amplifier
and the discriminator and were stored in a multi-channel
analyzer of 4096 channels as a function of the neutron
slowing-down time. The channel width of 62.5 to 300 ns

Tabie | }
Resonance filters and their main resonance encrgies used in the
present measurement

Material Energy [eV] Thickness [mm)] Form

In 1.46 0.2 fail

Te 233 7.0 powder
Ta 428 02 foil

Ta 10.4

Au 491 0.05 cylinder
Ag 5.19 0.5 cylinder
Ag 16.3

Cd 275, 0.3 cylinder
Mo 44.9 7.0 powder
Co 132 0.3 cylinder
Cu 230 1.0 cylinder
Cu 579

Mn 336 7.0 powder

was selected, Ancther BF; counter was set in a lead hole
as seen in Fig. 1, to monitor the neutron source intensity
during the experiment.

3.2. Energy resolution

The energy resolution of neutrons in the KULS has been
experimentally obtained from the dip or the bump spec-
trum, as performed in the above measurements, making
use of the BF, and the Ar gas counters. The dip or the
bump spectrum was fitted with a Gaussian function to give
the energy resolution at full width at half maximum (AE/
E)pwrsin = 235(A0/0) g unsine USING the standard deviation.
In the transmission measurement with a resonance filter,
comrections are required for the dip spectrum broadened by
certain width of the resonance cross section and by the
certain thickness of the resonance filter. Then, the capture
~y-ray measurement using a sharp resonance peak like a
delta function would be better to determine the energy
resolution, because one can derive the energy resolution
without any corrections in the measured data. Table 1 lists
not only the big resonance filters but also the Cu and Cd
filters with sharp resonances at 230, 579 and 27.5 &V,
respectively.

3.3, Neutron spectrum and flux disiribution measured by
activation method

With the photoneutron target of lead placed near the
center of the KULS, we have irradizted eleven kinds of
activation foils at the distance of 12.5 cm behind the target,

" as seen in Fig. 1. During the iradiations, lead plugs were

put into the through hole. Table 2 shows the activalion
foils and the fourteen nuclear reactions used in the present
measurement. Gamma-rays from these induced activities
were measured with a HPGe detector, whose detection
efficiency was calibrated using 2 mixed radioactive stan-
dard source. The linac operations were performed with 2
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Table 2

Nuclear reaction, half life, gamma-ray energy and its intensity used for the present data processing

No. Reaction Half life* Gamma-ray” Gamma-ray"
energy [MeV] intensity (%]

1 " Au(noy) P Au 2.694 d 0.412 95.5

2 **Mn(n,vy**Mn 2.579 h 0.847 98.93

3 *Coln.y)*"Co 527 y 1.173 99.90

4 oWin,y) W 23.85 h 0.686 29.3

3 *Mg(n,p)*'Na 14.66 h 1.369 100.0

6 *Aln,p) ' Mg 9.462 m 0.844 73.0

7 7 Al(n,o)*Na 14.66 h 1.369 100.0

8 “*Ti(n.p)*°Se 83.83 d 0.889 99.98

9 “Titn.p)*'Se 3341 4 0.159 68,2

10 **Ti(n,p)""Sc 1.821 d 0.984 100.0

11 **Ni(n,p)**Co 7092 d 0.811 99.53

12 *Fe(n,p)**Mn 31224 0.835 99.98

13 “Zn(n.p)*Cu 12.70 k 0.511 35.8

14 "In(n.n’)' *"In 4.486 h 0.336 45.8

*The nuclear data were taken from Ref. [25).

pulse width of 33 ns, a repetition rate of 30 Hz, an electron
peak current of about 2 A and an electron energy of 32
MeV, respectively.

The activation data were analyzed by spectrumn adjust-
ment method employing the NEUPAC and the SAND-II
codes [17,18). The NEUPAC code contains energy depen-
dent group cross sections of 135 groups from 0.01 eV 1o
16.4 MeV, including the error matrices [26] for neutron
dosimetry reactions in ENDF/B-V. For the SAND-II code,
the original code was revised to produce the analytical
uncertainties using the Monte Carlo method [27,28].
Moreover, a subroutine program was added for the self-
shielding correction in the foil. The group cross sections of
642 energy bins were used and taken from the JENDL
Dosimetry File [29). As an initial spectrum for the
adjustment with the NEUPAC and the SAND-II codes, the
spectral result calculated with the MCNP code was used,
as described later.

Neutron flux distoibution in the KULS was measured in
the radial irradiation holes and the through hole. Nickel
wires of 1 mm in diameter were radially set in the
experimental holes to measure fast neutron fluxes by the
58Ni(n,p)”Cc: reaction. Gold foiis, each of 5 mmX 10 mm
and 50 pwm thick, were put on the nickel wire in every 10
cm distance for the measurement of slow neutrons by the
"7 Au(n,y)'"**Au reaction. At the position of 12.5 cm
behind the neutron source and the bottom of the bismuth
and the lead holes, neutron fluxes were also measured with
Ni foils (12.7 mm in diameter and 0.5 mm thick) and Au
foils (12.7 mm in diameter and 50 pm thick). With the Au
foils and Mn-Cu foils (Mn:Cu=288:12, 12.7 mm in
diameter, 0.2 mm thick), cadmium ratio measurement (Cd-
cover: 0.5 mm thick) was made in the bismuth and the [ead
holes by their (n,y)} reactions. These induced activities
were measured with the above HPGe: detector.

3.4. Neutron spectrum measured by TOF method

Making use of the Ta photoneutron target, angular
neutron flux spectrum of u =0 (f =90°) to the incident
electron beam was measured from a few €V to 10 MeV by
the neutron TOF method. The experimental arrangement is
shown in Fig. 2. A horizontal through hole of 8 cm in
diameter was stuffed with a lead plug in the backward
region to make a re-entrant hole and to extract neutrons at
the position of »=12.5 cm from the photoneutron target.

In order to experimentally investigate the reproducibility
of the neutron spectrum measurement, different types of
two neutron detectors were employed: one was composed
of a bank of three °Li glass (12.7 cm in diameter and 1,27
cm thick} scintillation detectors at the 22 m station and the
other was '°B-vaseline-plug Nal(T1} (12.7 ¢m in diameter
and 5.08 cm thick) scintillation detectors at the 24 m
station. When the '°B-vaseline-plug Nal(TI) detectors were
used for the spectrum measurement, the ®Li glass detectors
were removed from the TOF neutron beam, Relative
detection efficiencies for these neutron detectors were
experimentally calibrated by making use of a borated
graphite standard pile [30]. The background measurement
was performed by removing the backward lead plug to
make a through hole. Through the amplifiers and the
discriminator, output signals from the detectors were fed
into a time digitizer, which was initiated by the linac
electron burst, and the TOF data were stored in a data
acquisition system. The channel width was 20 rs-wo 0.25
ps and the number of channel was 4096.

The linac was operated with the pulse width of 10 ns,
the repetition rate of 180 Hz, the electron peak current of
about 1 A and the electron energy of about 32 MeV,
respectively. A BF, counter was set in an experimental
hole of the KULS to monitor the neutron intensity between
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KURRI Linoc

110040

21430

unit: mm

Fig. 2. Experimental arangement for the linac TOF method. (1) KULS, (2) Pb cellimator, {3) Pb shield, (4) U-filter, (5) Heavy concrete (§)
Cd-filter, (7) Pb+B,C callimator, (§) Concrete wall, (9) Pb collimator, {10) Flight tube, (11} B,C collimator, (12) Pb collimator, (13)
Concrete wall, (14) Wall of measuring house, {15) Detector shield of Pb, (16} L glass detectors, (17) Concrete shield, (18) Cd shield, {19}

Pb shield, (20) ’"B-vase!ine-plug Nal(T1) detectors, (21) Rotary pumgp.

the experimental runs. An uranium filter of 2 cm in
thickness was placed in the TOF beam to shield the
neutron detectors against the intense y-ray flash from the
linac burst. Moreover, a Cd-filter of 0.5 mm in thickness
was placed in the TOF beam to suppress overlap of
thermal neutrons from the previous pulses. The relation
between neutron TOF and its energy was calibrated with
resonance energies of 132 eV for Co, of 336 eV and 2.37
keV for Mn and of 27.7 keV for Fe filters. Good linearity
was found between the neutron TOF and the channel
number,

4, Calculations

The continuous energy Monte Carlo cade MCNP [16}
has been employed to analyze the time-dependent spec-
trum of slowing-down neutrons in the KULS. This code
can track the time behavior of neutrons every 10™% s. The
calculations were performed with three dimensional Car-
tesian coordinate, and the geometrical parameters and/or
size of the KULS were referred as the spectrometer was.
For the calculations, the photoneutron source spectrum was
taken from the experimental data, which were previously
measured by the neutron TOF method [20]. Tally boxes of
10X 10X 10 cm® for the MCNP calculations were put at
the positions of the bismuth and the lead holes. Fig. 3
shows the calculated time-dependent neutron spectra for
average energies from 70 keV to 3.6 eV at the bismuth hole
about 40 cm distant from the Ta photoneutron source. In
the figure, the mean time in ps after the puised neutron
burst is shown for the each corresponding spectrum. The
time behavioral spectra seem to be asymptotic form at
energies below a few keV and after that, the spectrum form
is kept in the slowing-down process, although small dips
are observed at 0.8, 2.31 and 12.09 keV due to the sharp

resonances of bismuth. From the calculated time-depen-
dent spectra, we can obtain the relation between neutron
slowing-down time and its average energy and also the
energy resolution at FWHM.

The time-dependent spectra were integrated over a few
tens of milliseconds to get the steady state neutron
spectrum from about 0.1 &V to 10 MeV. For these calcula-
tions, one million random histories were performed. The
statistical errors were poor in the lower energy region and
20 to 30% at neutron energies of a few eV, although the
error was about 1% at hundreds of keV. There was scarcely
difference in shape between the scalar neutron flux and the
angular neuwon flux in the lead hole. Activation data
support the fact that the angular flux distribution of
neutrons is almost symmetric around the neutron source in
the KULS, as described later.

The MCNP code has its own nuclear data libraries,
which were generated from the evaluated nuclear data files
of ENDF/B-1V {21] and ENDL-85 [22]. New data library
[31] generated from JENDL-3 [23] was also available for
the MCNP calculations. Comparison of the calculated
neutron spectrum and the measured one would be useful
for the integral investigation of the nuclear data for lead, to
understand the characteristics of the lead slowing-down
spectrometer. :

5. Results
3.1. Slowing-down time and energy

The measured relation between the neutron slowing-
down time ¢ in ps and the average neutron energy E in ke
is summarized in Fig. 4. By the least squares fitting with
these measured data, the slowing-down constant K ap-
peared in the relation of £ = K/(¢, + )” was obtained to be
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Fig. 3. Calculation of time dependent neutron spectra in the Bi hole after the pulsed neutrons were driven into the Ta target.

190=2 (keV ps®) for the bismuth experimental hole and
1562 (keV ws®) for the lead one in the KULS, respec-
tively. For both experimental holes, the constant 1, was
derived to be 0.2 to 0.3 ps. The present value of the
constant X for the lead hole is in good agreement with 155
(keV ps?), which was obtained by Wakabayashi et al. [5]
before it was transferred from the University of Tokyo to
KURRI. The bismuth hole was originally provided at
KURRI.

As seen in Fig. 3, the time-dependent spectra from a few
€V to hundreds keV calculated with a certain time bin were
fitted with a Gaussian function, especially near the peak
region. Making use of the slowing-down time corre-
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Fig. 4. Relation between neutron slowing-down time and mean
energy in Bi and Pb holes of the KULS.

sponding to the Gaussian peak, the constant X for the
bismuth hole was derived as 1913 (keV ps®), which was
in excellent agreement with the experimental results
mentioned above. In the same manner, the constant K for
the lead hole was obtained with the calculations. The
resultant value for the lead hole is 157%4 (keV p.sz),
which is in good agreement with the present experimental
value and that measured by Wakabayashi et al.

3.2, Energy resolution

After the neutron transmission data measured by the BF,
counter were corrected for the resonance width and the
sample filter thickness, neutron energy resolution of the
KULS was obtained by fitting the resonance dip data in the
slowing-down time spectrum, and derived from the
FWHM in the Gaussian distribution. Resonance capture
measurements using the Ar gas counter could give the
appropriate energy resolution at sharp and narrow reso-
nances of 230 and 579 eV for copper and 27.5 &V for
cadmium without any corrections for the resonance peak
width. Fig. 5 illustrates the present results measured in the
bismuth hole. It is seen that the measured energy resolution
is about 40% at energies from a few eV to about 500 eV
and that the resolution is going to be larger in the lower
and the higher energy regions. The results for the lead hole
were in good agreement with those for the bismuth hole
measured by the BF, and the Ar gas counters, as shown in
Table 3.

The time-dependent spectra calculated with the MCNP
code were also fitted with a Gaussian function. The
resultant energy resolutions at FWHM are summarized in
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Table 3 and are compared with the measured data using
the BF, and the Ar gas counters in the bismuth and the
lead holes, respectively. Although good agreernent can be
seen between the measured energy resolutions in both
holes, the calculated values are generally lower by about
10% than the measured ones. It may be said that the
difference is due to some other effects, such as impurity in
the KULS.

5.3. Neutron spectrum and flux distribution measured by
activation method

Making use of fourteen kinds of activation data, neutron
spectrum from the lead target has been obtained in the
energy region from 0.01 eV up to 20 MeV by the SAND-II
code and up to 16.4 MeV by the NEUPAC code. The initial
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Fig. 6. Neutron spectra obtained by the activation data analysis for
the lead photoneutron source.

spectrum for both analysis codes has been taken from the
MCNP calculation, and the adjusted results are shown in
Fig. 6. In the figure, neutron fluxes are given by the
absolute values from the activation reaction rates. The
spectral uncertainties in these resuits are 2 to 3% at least
and 7 to 8% above 10 MeV and below a few hundreds keV
where the activation responses are poor. Both spectra,
adjusted with different type of analysis codes, are in
general agreement with each other except for energies
around 1 MeV, although small deviations are observed in
the resonance neutron energy region within the order of
analysis error. The discrepancy around 1 MeV would be
due to the difference between the dosimetry cross section
libraries for some threshold reactions. In the McV energy
region, the spectral shape is close to that of lead photo-
neutron source and harder than that of 1/E spectrum in the
slowing-down neutron energy region. From the Cd-ratio

Table 3
Energy resolution [%] in Bi and Pb holes of the KUL3
Measurements Calculations
Energy BF, counter Ar gas counter Energy MCNP code
=V Bi hole Bi hole Pb hole [eV] Bi hole Pb hole
1.46 51%3 3.02 35.7
49 402 3.56 374
10.4 381 10.0 28.5
27.5 33=x2 37+2 1.6 36
449 38+t 29.8 28.2
132 392 . 33.8 157
230 383 403 99.1 29.8
336 40*3 113 345
579 42+3 d2+4 298 33.7
2370 53*3 339 38.3
990 38.1
1091 432
2988 50.3

3208 51.8
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measurements using Au and Mn-Cu foils, it was found
that there existed scarcely thermal neutrons in the KULS
as displayed in Fig. 6, since the Cd-ratio was almost unity.

By the **Ni(n,p)**Co reaction used in the above activa-
tion measurement, fast neutron flux was obtained at r =
12.5 cm behind the neutron source (at the center of the
horizontal through hole). Making use of the spectrum-
averaged cross section for the KULS, the resultant fast
neutron fux was 2.9X 10® n/em’/s, which was the result
normalized to 100 W operation of the linac, although the
linac power was about 63 W during the irradiation. This
neutron flux is in good agreement with the normalized
integral value between 1 keV and 20 MeV, appeared in Fig.
6. Fast neutron fluxes at the bottom of the bismuth and the
lead holes (r =35 to 50 cm from the source) were also
measured with nickel foils. The results were 1.8X 107 to
7.1%10° nfecm®/s/100 W depending upon the distance
from the source, respectively. Experimental uncertainties
for these neutron fluxes were 5 to 7%.

The spatial distribution of neutrons in the KULS was
experimentally determined by the activation method. The
results are given in Fig. 7 for the epi-thermal neutron fiux
distribution by the '*” Au(n,y)'**Au reaction and in Fig. 8
for the fast neutron flux distribution by the **Ni(n,p)**Co
reaction. Although the epi-thermal neutron flux may be
higher by 5 to 10% in the forward direction, it is seen that
not only flux distribution of epithermal neutrons but also
that of fast neutrons are approximately symmetric in the
KULS. From Figs. 7 and 8, in addition, it may be realized
that the neutron flux distribution in the KULS is not
affected by the room-returned neutrons, at least, at the
position to set the detector in the experimental hole.

5.4. Neutron spectrum measured by TOF method
The angular neutron flux spectrum of g ={ was mea-

sured at the position of r=12.5 cm behind the Ta
photoneutron target in the KULS, making use of the *Li

20 Y T T f ¥ I T I -
L ¥ ]
z s .
7 I A . o
2 I ]
Qo
st =
= ok 24 m -
= N & le- ]
= [ + .
= " e ]
;z,: sE é" J
+
= o 2] ]
[ 97Au(n,gomma)'*® Au reaction ﬂ"’ ]
- + A
o I | L i I 1 I [
Q0 20 40 €0 8g

Distance from target {cm)

Fig. 7. Spatial distribution of epi-thermal neutrons measured by
the '*"Au(n,v)'**Au reaction in the KULS,
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Fig. 8. Spatial distribution of fast neutrons measured by the
*Ni(n,p)**Co reaction in the KULS,

glass detectors from a few eV up to 4.5 MeV and of the
lc'E’.—vaseIim:-ph.lg Nal(T!) detectors from a few eV up to 10
MeV. The results are shown in Figs. 9 and 10 and are
compared with the time-integrated spectra calcuiated by
the MCNP code. By the MCNP calcuiations, we have also
found that the angular neutron fluxes and scalar neutron
fluxes are in general agreement in spectral shape.

The measured data were summed with energy interval of
Au=0.1 in lethargy unit to give better statistics. The
statistical errors were 2 to 10%, in general, and about 50%
at worst at lower energies as seen in the figures. The
neutron source normalization was made for the calculated
spectra, and the measured spectrum was normalized to the
calculated ones by the spectrum integration above 100 keV
in Figs. 9 and 10, respectively. Fluctuations in the calcu-
lated spectra are caused by poor statistics in the Monte

S B B e NS B S B S
S —— JENDL-3
~16°[ ]
Z  E e ENDL-85
s L
& b ee-gnoFm-w ]
2 s
= 6k e
E 3
5
= F =
‘G
=
0} .
L e O glass scintlilator
@ L -
10 i Ll ol aid sk 1
o i0* 1g* wg? 10° 10*

Neutron Energy [Mev]

Fig. 9. Neutron spectra measured with °Li glass scintillators and
calcilated with the MCNP code for the Ta photoneuiron source.
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Fig. 10. Neutron spectra measured with ‘*B-vaseline-plug Nal{T1)
detectors and calculated with the MCNP code for the Ta photo-
neutron source.

Carlo calculations, especially below 10 eV the uncertain-
ties are about 300%. As seen in Figs. 9 and 10, good
agreement is obtained in general between the measured
spectrum and these calculated with the evaluated nuclear
data libraries of JENDL-3 and ENDL-85,- while the
ENDF/B-IV spectrum is higher below 100 keV than the
measured and the other calculated spectra. The difference
is about 25% around 10 keV and 50% around 100 eV,
respectively, for both °Li glass and '°B-vaseline-plug
Nal(Tl) detectors’ measurements. [t has also been found
that the agreement is pood between the experimental
results by the detectors. This fact implies that the sys-
tematic uncertainty in the measursd spectrum may be
small.

Around 336 &V in the measured spectra in Figs. 9 and 10
one can see a dip structure due to the big resonance of
manganese, which is included as an impurity in the steel
case_of lead plug. In the MCNP calculations, the man-
ganese impurity has not been considered. If the antimony
impurity exists in lead of the KULS, this may absorb lower
energy neutrons and make the fluxes lower in the lower
energy region. Moreover, the measured TOF data had poor
counting rate and the background counting rate was almost
half of the foreground one. Lower neutron fluxes near 10
eV may be due 10 the neutron absorption by Sb, poor
counting rate or inappropriate background subtraction for
the TOF measurement.

In Fig. 11, the neutron spectra by the NEUPAC and the
MOCNP codes are compared. In the slowing-down energy
region below 100 keV, these spectra are in general agree-
ment with each other, although the lead target produces
higher energy neutrons than the Ta target above several
hundreds of keV [20]. The ENDF/B-1V spectrum below
about 100 keV is also higher than that analyzed by the
activation data, as seen in Figs. 9 and 10, aithough large
deviations are observed among the spectra. From the
comparison of the results in Figs. 6, 9-11, good agreement
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Fig. 11. Comparison of neutron flux spectra analyzed by the
NEUPAC code and calculated by the MCNP code.

can be seen between the TOF spectra and the MCNP
calculations by the JENDL-3 and the ENDL-85 data, so
that it may be said that the NEUPAC and the SAND-II
spectra by the activation data are in good agreement with
the TOF spectra in the slowing-down energy region.

6. Discussion

In the present study on the characteristics of the KULS,
good agreement can be seen in general between the
experiments and the calculations related to the neutron
slowing-down time and its energy and to the energy
resolution. It has been also found that the energy resolution
of the KULS is larger than 27% for the theoretically
predicted value at FWHM [1,2]. Making use of the MCNP
code, we have more investigated the KULS characteristics
from the points of 1) the spectrometer size, 2) the
impurities in lead blocks, and 3) the spectral shape of the
neutron Sources. '

At first, we have tried to make one dimensional calcula-
tions for the neutron fluxes and energy spectra not only in
the KULS of 1.5%1.5X1.5 m’ (effective radius = 93.1
cm) bur also in lead slowing-down spectrometers of 1.2X
12X 1.2 m® (effective radius = 74.4 cm), 1.8X1.8X1.8
m® (effective radius = 112 cm) and 2.0X2.0%2.0 m’
(effective radius = 124 cm) as typical cases of the spec-
trometer size, respectively. At the radial positions of more
than 10 ¢m from the photoneutron source, it is found that
the relation of neutron slowing-down time and energy is
almost independent of the size of the spectrometer and of
the distance from the neutron source, except for the
neutron intensity. Even in case that the neutron source
position shifts 10 cm from the KULS center, the relation of
slowing-down time and cnergy and the energy resolution
are almost same as before at 10 cm from the source.
Neutron leakage with the KULS is higher than those with
the.bigger spectrometers, and the neutron fluxes in the 30
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to 40 cm region from the neutron source of the KULS are
about 70% and 35% of those in the bigger spectrometer of
radius = 112 cm at 10 keV and 10 &V, respectively. From
the peint of the spectrometer size, one can see that the
energy resolution in the KULS (1.5 m cubic} is larger than
those in other bigger spectrometers, especially in the
higher energy region as appeared in Fig. 12.

If the KULS is made of bismuth material only, the
slowing-down constant K becomes larger and can be
calculated as 308 (keV us®). In the KULS, 10 to 15 em
thick layers of bismuth blocks are partially used and those
bilocks may make the slowing-down constant larger than
that made by lead materizl only. One may be able to
understand the reason why the slowing-down constant X in
the bismuth hole is larger than that in the lead hole.

Concerning the impurities which may contribute to the
energy resolution of the KULS, we have taken account of
antimony (0.05% Sb in weight) added to the lead as
hardener and of water (10 to 1000 ppm of H,O in weight)
adhered to the lead surface. From the calculated results, we
found that the Sb impurity was effective in absorbing
epi-thermal neutrons and made the neutron fluxes lower,
although the impurity did not give a severe influence to the
energy resolution. In Figs. 9 and 10, the reason why the
experimental spectra deviate from the MCNP calculations
below about 30 eV would be explained by the neutron
absorption of Sb. Fig. 13 shows the FWHM data depend-
ing upon the Sb and water impurities in the KULS. From
the results, it is said that the energy resolution is not
affected much by the adhered water up to 100 ppm. Even
if the lead blocks were oxidized or some water was
adhered to the lead, more than 10 ppm water would not be
considered because the blocks were carefully cleaned to
pile up.

As far as the neutron energy spectrum in the KULS is
concerned, good agreement can be seen between the
calculations and the TOF measurements, although the
impurities in the KULS are not considered. However, the
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Fig. 12. Comparison of the calculated FWHM with different sizes
of lead slowing-down spectrometers.
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Fig. 13. Comparison of the calculated FWHM with Sb and H,0O
impurities in the KULS,

calculated energy resolutions of the KULS are 5 to 10%
lower than the measured ones, as given in Table 3. The
difference may be due to some effects by such as small
amount of impurities which are not considered in the
present calculations.

With the different types of neutron source spectra,

neutron behavior in the KULS has been investigated. We
have selected the following spectra: 1) Ta photoneutron
source, 2) 14 MeV neutrons, and 3) 500 keV neutrons
whose energy is lower than the threshold level (0.57 MeV)
for the inelastic scattering cross section of lead. The 14
MeV neutrons are widely spread after a few interactions
with lead, and the slowing-down time spectrum may
become similar to that from the Ta photoneuntrons. The
slowing-down time spectrum by the 500 keV neutrons
already shows asymptotic form above 1 keV, as seen in
Fig. 14, and the calculated energy resolution at 100 eV, for
example, is about 28% at FWHM, while the energy
resolution obtained with the Ta photoneutron source is
about 30% in the lead hole. This fact implies that the
energy resolution of the KULS is broadened by the
inelastic scattering processes with lead. In the lower energy
region, up-scattering neutrons may aiso broaden the energy
resolution.
" As we have investigated above, main factors to make the
energy resolution broadened are thought to be the effects
due to the size of the KULS, the inelastic scattering of fast
neutrons and the impurities in the KULS. It may be said
that the practical energy resclution of the KULS was
broadened by the superposition of these effects.

As seen in Figs. 6, 9 and 10, it may be realized that
there scarcely exist thermal neutrons in the KULS and that
the neutron spectrum is close to that obtained in a large
core of fast breeder reactors {32]. The neutron spectral
shape in the KULS is simple and no structure can be
observed, We have characterized the neutron spectrum in
the KULS through the present experiments and the calcula-
tions. It can be expected to use the KULS in future not
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Fig. 14, Calculation of time dependent neutron spectra in the KULS driven by 500 keV neutrons.

only for measurements of energy dependent nuclear data
but alse for integral experiments as a reference neutron
spectrurn field.

7. Conclusion

The characteristic behavior of neutrons in the Kyoto
University Lead Slowing-down Spectrometer, KULS of
1.5% 1.5%X 1.5 m®, was obtained by the experiments using
resonance neutron filters and by the calculations with the
MCNP code. The slowing-down constant X in the relation
of E=K/r* was experimentally determined to be 1902
(keV ws®) for the bismuth hole and 156=2 (keV ps®) for
the lead hole, respectively. The energy resolution of the
KULS was obtained to be around 40% in the relevant
energy region for the bismuth and the lead holes, making
use of the Ar gas counter for the sharp resonances at 230
and 579 &V of Cu and at 27.5 &V of Cd, and of the BF,
counter for the neutron transmission measurement using
resonance filters.

Monte Carlo calculations using the MCNP code were
also performed to determine the relation between the
neutron slowing-down time and its average energy and to
obtain the energy resolution and the neutron spectrum in
the KULS. The calenlated results agreed in general with
these measurements, and the calculated energy resolutions
were lower by about 10% than the measured ones.

Spatial distribution of neutrons in the KULS was
measured by the activation method and the results showed
almost symmetric around the photoneutron source. The
neutron flux spectrum in the KULS was obtained by the
“spectrum adjustment method with activation data in the
energy range from 0.01 eV to 20 MeV. The angular neutron

spectrum was also measured by the TOF method from 4
eV to 10 MeV, and the TOF measurement was compared
with the spectra calculated with the JENDL-3, the ENDL-
85 and the ENDF/B-TV cross section data. The calculated
spectra are in general agreement with the measured one
except for that the ENDF/B-IV spectrum seems to be 25 to
50% higher than the TOF measurement below about 100
keV. The present result would be useful for the integral
investigation of lead cross section which is related to the
neutron transport in the lead slowing-down spectrometer.
The neutron flux spectrum per unit lethargy in the KULS is
proportional to the square root of energy in the slowing-
down neutron énergy region and show similar spectral
tendency to the TOF measurement and the activation
analysis. Since there exist scarcely thermal neutrons in the
KULS, the neatron field there would be expected to be a
quasi-standard field for integral measurements in the epi-
thermal/resonance neutron energy region.
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Measurement of Fission Cross Section of
. Neptunium-237 in Resonance Region with
Electron Linac—Driven Lead Spectrometer
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Making use of a lead neutron slowing-down spectrometer combined with an electron linear
accelerator and back-to-back type double fission chambers, we measured the fission cross section
of ¥Np relative to that of ***U from about 1eV to about 5 keV with energy resolution (JE/E)
of about 40% . The experimentally obtained result has been compared with two newly evaluated
data files, JENDL-3 and ENDF/B-VI, and with previously measured values by Plattard et al.
and by Hoffman et al. Although the shape of the present energy dependent cross section agrees
with that of ENDF/B-VI, that of JENDL-3 below 120 eV and that of Plattard et a!., the absolute
values of above three are from 3 to 4 times smaller than those of the present data. However
the Hoffman et al.’s data are rather closer to the present data,

KEYWORDS: fission cross sections, neptunium 237, subthreshold fission, fssion
ratio, uranium 235, lead slowing-dewn 8pectrometer, KULS, double fission chambers,
transmutation, ENDF/B-VI, JENDL-3, energy resolution, energy dependence, com-

perative evaluations

I. INTRODUCTION

Recently, several methods for the transmu-
tation or the incineration of long-lived fission
products and transuranium actinides have been
proposed and studied. For the evaluation of
the feasibility of those methods, basic data
especially precise nuclear data are required.

Among several transuranium actinides pro-
duced by power reactors, neptunium-237 (**'Np)
is thought to be one of the most burdensome
ones, because of its large production rate in
a reactor, very long half-life (2.14 X 10° yr) and
a activities in its decay chain. In order
to transmute *®'Np to nuclides with much
shorter half-lives, it is proposed to use the
BNp(n, /) and ®*"Np(n, r)***Np reactions.

The cross section for the *'Np(n, f) reac-
tion increases above its threshold energy, and
the precision of its cross section data in the
MeV region is practically sufficient enough to
evaluate the transmutation of **'Np. Below
the threshold energy of this reaction, Fubini
et al.® found an intermediate structure from
which the double humped barrier for the sub-
threshold fission of **"™Np was demonstrated.
Several groups have measured this cross sec-
tion below the threshold so far®~®, Jiacoletti

*  Yoshidahonmachi, Sakyo-ku, Kyolo 606-01. .

** Kumatori-cho, Osaka-fu 590-04.

t  Present address: Nucl. Power Plant Eng. Dept.,
Hitachi Works, Hitachi Ltd., Saiwai-chg, Hitachi-
shi 317,

1t Deceased in August, 1992,
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el alf. and Hoffman et af. measured it by the
neutrons from the Physics 8 and Plattard
et al. did with an electron linear acceleratort®,
However the absolute value of the data by the
former two is about 3 times larger than that
by the latter. In two newly evaluated data
fites, JENDL-3" and ENDF/B-VI®®, the data
are close to those of Plattard ef al. High re-
solution measurement of this cross section was
carried out by Auchampaugh et al.®?, who
mentioned that the experimental data of Plat-
tard et al. were too low by a factor of 3.
Therefore it has been strongly requested to
check these data for the evaluation of the
transmutation system by the **Np(n, f) reac-
tion.

For the purpose of precise evaluation of
nuclear data such as the fission cross section
of ®*"Np, required are; (1) a neutron source with
clearly known spectrum and with sufficient
intensity, and {(2) a detector with systematic
errors as low as possible. In this work we
utilized a lead neutron slowing-down spectro-
meter with an electron linear accelerator as an
intense neutron source. The lead spectrometer
affords more than 1,000 times higher neutron
flux than an ordinary neutron time-of-flight
system, although the energy resolution of the
former is inferior to that of the latter. The
lead spectrometer is not applicable to obtain
individual resonance parameters but suitable
to measure the absolute value of cross sections
with very small amount sample mass. Before
carrying out the fission cross section measure-
ment, we obtained the neutron characteristics
of the lead spectrometer very carefully. A
special experimental hole covered by a his-
muth layer was used to eliminate photofissions.
For a detector with low svstematic error, we
adopted to use back-to-back type double fission
chambers with a sample deposit of *"Np and
a reference one of U and to measure the
cross section for the *'Np(n, /) reaction rela-
tive to that for the **U(n, f) reaction of which
cross section can be thought to be quite pre-
cise.

J. Nucl. Sci, Technol.,

I. EXPERIMENTAL METHOD

1. Lead Slowing-down Spectrometer
After pulsed fast neutrons are generated
at the center in a sufficiently large lead pile,

- neutrons are initially slowed down by the

(n, 2n) reaction, inelastic scattering or elastic
scattering. Below the threshold energies of
the former two reactions, only the elastic scat-
tering predominates the slowing-down process.
Since the elastic scattering cross section for
lead is nearly constant in the intermediate and
epithermal regions, its absorption cross section
is quite small and the mean logarithmic energy
loss per an elastic scattering in lead is quite
small as 0.0096, neutrons slow down con-
tinuously with asymptotically constant energy
resolution 4E/E and the slowing-down time ¢
is simply reiated to energy E as below:

__K
CESALN

Therefore we can use it as a neutron spectro-
meter®™, Several groups have made lead spec-
trometers with a conventional pulsed neutron
source®V~U" and have used them for capture
cross section measurement and so forth.
Slovacek et al. utilized an electron linear ac-
celerator as a more intense pulsed neutron
source for a lead neutron spectrometert?, with
which they succeeded in measuring very small
cross sections such as the subthreshold fission
of 8.

In this work, we took over a lead spectro-
meter of the University of Tokyo, named
LESP" and reconstructed it beside an electron
linear accelerator of Research Reactor Institute,
Kyoto University (KURRI). This resuscitated
lead spectrometer, abbreviated as KULS, was
made by cleaning, polishing and reassembling
lead blocks with the purity of 99.99;, covered
by Cd sheet 0.5 mm thick and put on a mov-
able steel table. The size and the weight of
this lead spectrometer are 1.5m cubic and
about 38t, respectively. Anair cooled photoneu-
tron source which consists of 12 Ta discs is
placed at its center. We made 11 experi-
mental holes, which were filled with lead
blocks unless one was used for an experiment,

E
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One of these holes was covered with a Bi layer
about 10 to 15cm thick to suppress high
enegy r-rays from the neutron capture of

Pb¢®, The cross-sectional view of KULS is
shown in Fig. 1.
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Fig. 1 Cross sectional view of Kyoto University
Lead Spectrometer, KULS

The slowing-down characteristics of this
lead spectrometer KULS were obtained with
a BF, counter and an argon filled proportional
counter with and without resonance filters
(In, Ta, Au, Ag, Mo, Co or Mn). The measured
slowing-down time behavior is depicted in
Fig. 2. The energy resolution at 27.5eV
shows 39+19;. The details of the character-
ization of KULS were given elsewhere®®.
Since the size of KULS is smaller than most
of other lead spectrometers, we could measure
the fission cross section for the *'Np(n, f)
reaction about 1eV. Upper limit of the neutron
energy is thought to be about 5 keV.

2. Fission Chambers

The fission chambers employed in this work
have two identical parallel plate type ioniza-
tion chambers as shown in Fig. 3™, These
chambers were originally designed for the
incore fission ratio measurement in FCA of
Japan Atomic Energy Research Institute. Since

— ——r—r—r—T ; r— ]
a L In 1.458V 4 |
o
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I (kav—o-5)
E

Solid line was obtained by the least
square fitting (A=19t anel f=10.3)
Fig. 2 Relation between slowing-dewn time
and energy of neutrons in Bi covered
hole of KULS

the back sides of a sample deposit on a stain-
less steel plate and a reference one are faced
each other, it is called back-to-back type.
The chambers were made of Al and filled
with a mixed gas of 97%Ar and 3%N, at
the pressure of latm. The distance between
the two electrodes was 8 mm. The operation
voltage was 400 V.

Paraliel Plate Electrodes

-
= 7/
Aluminum
e G Case
BNC Conneclors Wy f
o 4]
t ] ﬁ
—% nsulator
%
£
Extended Tu‘be BAY Depasit B"Np Deposit
For Evscuating
And Cas Filling

Fig. 3 Cross-sectional view of back-to-back
type fission chambers

Neptunium oxide (NpQ,) of about 2 mg with
high purity imported from Harwell Establish-
ment of UIKALA was dissolved in hydrochloric
acid of 0.2n and 0.1 m/ of this solution was
mixed into 2-propanol of 5 m{. Therewith we
eléctrodeposited NpO, on a stainless sreel plate
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28mm in diameter and 0.2 mm thick. The
applied voltage and the electric current were
about 200 V and 2 mA, respectively. Electro-
deposition was performed for 1 h. The diam-
eter of the deposit was 2 cm. Highly enriched

(99.91%) uranium oxide (UQ,) which we had’

purchased from Qak Ridge National Laboratory,
USA was similarly electrodeposited on the
stainlesssteel plate. Aftertheelectrodeposition,
each plate was sintered with a gas burner,
and the reference deposit became U;0;.

The number of atoms in the sample deposit
and that in the reference one together with
those of impurities were determined by the
a-ray spectrometry with a Si surface bar-
rier detector in vacuurn. The numbers of 2**Np
in the sample deposit and that of 2**U in the
reference one are (1.99+0.02)x10'" and (4.12
+0.09)% 10", respectively. In this determina-
tion, (1) statistical error, (2) uncertainties in
the decay data, and (3) uncertainty introduced

LY.
.—IPrc. AmpHLiu. Amp]l—
U--235
Np-237 FC

J. Nucl. Sci. Technol,,

by background subtraction, 1% for *'Np and
294 for *°U, were taken into account. The
thicknesses of the NpO, and U,0, deposits are
about 25 and 50 pg/cm?, respectively.

In the sample deposit, we found small
arnounts of **%Pu and 2**Pu, and their contents
were 0.32020.003 and 1.10£0.13 ppm, re-
spectively. The g-rays from **'U was count-
ed for the reference deposit, and the content
of **U became 464 +5 ppm.

3. Electronic Circuits

Two identical electronic circuits were pre-
pared for both sample and reference chambers.
As seen in Fig. 4 the start signal for timing
was taken from the electron linear accelerator.
The channel number and time width of each
time analyzer were 4,096 and 125 ns, respec-
tively. Since we used quite thin sample and
reference deposits, fission puises were clearly
discriminated from background pulses caused

by a-rays.

MCA

—-{Pre. AmpHLln. Amp.l—

__[ Tfsmcjxg }“Lph'lme Anal.’
stanrt

Linac Trig.

Fig. 4 Block diagram of electronic circuits to measure time
dependent fission counts from double fission chambers

4. Fission Rate Measurement

Measurement of the fission ratio of **'Np to
*% was carried out in the Bi-covered experi-
mental hole of KULS. The main reason to
use this hole is to suppress the photofission of
*Np and **UJ. The electron linear accelerator
was operated by the following conditions:
pulse repetition=180pps, pulse width=33ns,
peak electron current=2A, accelerating energy
=32 MeV, average neutron yield=10"n/s and
total operation time=50 h.

Background run was carried out by making
use of the fission chambers without sample

and reference deposits, and few background
counts were observed.

H. RESULTS AND DISCUSSION

From the fission counts of the sample and
the reference, the cross section for the *"Np
(n, f) reaction is obtained by
Cnp Ny

Cu : _N;z: oulE),

where Cnp: Fission counts of *"Np
Cy: Fission counts of #U
Ny: Number of U atoms in
reference deposit

Inp(E)=
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Nyp: Number of *Np atoms in
sample deposit
ou(E): Energy dependent fission cross
section of *U,

We cited the numerical values of ¢y(£) from
ENDF/B-VI.

As it was described that the contents of
*¥Py and **Pu in the sample deposit were
0.32 and 1.10 ppm, respectively, the contribu-
tion of their fission counts to ognp Was about
0.059%, and was neglected. The contribution
of #U to oy is also estimated to be 0.01%.

Since we utilized the experimental hole

covered by Bi, the highest energy of the
capture r-rays is about 4.6 MeV which is much
smaller than that of Pb, 6.7 MeV. The pho-
tofission cross sections for *'Np is in the order
of 100 #b at 4.6 MeV and the shapes of both
photofission cross sections for #*"Np and for ***U
are similar in their rise-up region. Therefore
we can neglect the contribution of the photo-
fission counts to gwp.

Grundl et al.*® obtained the mean range of
fission fragments in UO, to be 8.29 mg/cm®.
By using this value, Obu®"™ showed the losses
of fission fragments in the UQ, layers 10, 20

Table 1 Obtained cross section data for ¥ Np(n, f) reaction

Energy  Cross section Error Energy  Cross section Error
(e¥) {(mb) {mb) (eV) (mb) {mb)
1.05 35.6 5.3 73.7 61.9 3.9
117 35.0 5.1 82,7 68.1 4.2
1.32 32.6 4.4 92.7 88.3 5.1
1.48 21.0 31 104 98.7 5.6
1.66 15.5 2.4 117 95.6 5.4
1.86 10.6 1.9 131 91.3 5.2
2.08 13.1 2.2 147 114 6.2
2.34 10.0 2.2 165 148 7.7
2.62 11.7 2.3 185 152 7.9
2.94 13.7 2.5 207 134 7.1
3.30 19. 6 3.0 233 112 6.0
3.70 19.3 2.9 261 97.9 5.3
4,16 25.0 3.3 293 88.7 4.9
4. 66 38.2 4.7 329 77.4 3.9
5.23 50.7 57 369 64.0 3.3
5.87 51.8 517 413 54.5 2.9
6.58 48. 4 5.5 464 51.4 2.9
7.39 45.3 5.0 520 48.9 2.9
8.29 36.0 4.1 584 51.8 3.1
9.30 3L.2 3.5 655 48.1 3.0

10. 4 25.8 3.1 735 55.3 3.5

11.7- 24.0 2.9 824 55.9 3.6

13.1 22.2 2.8 925 52.5 3.6

14.7 20.0 2.4 1,040 53.7 3.8

16.5 24.7 2.6 1,160 44.0 3.1

18.5 4.5 3.8 1,310 39.8 2.8

20.8 §7.0 5.9 1,470 38.4 2.6

23.3 159. 4 9.1 1, 640 31.4 2.1

26.2 270 14 1,840 37.6 2.5

29.4 432 21 2,070 39.2 2.6

32.9 618 30 2,320 3.4 2.1

37.0 680 33 2,600 34.0 2.2

41.5 530 26 2,920 32.4 2.1

46.5 326 17 3,280 29.7 1.9

52.2 196 i1 3, 680 27.7 1.7

58.5 116.7 6.7 4,120 32.6 2.0

65.7 80. 0 4.9 4,630° 37.9 2.3
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and 50 pg/cm? thick. The loss of fission frag-
ments in the both deposits was calculated by
interpolating the above data, and was found
to be negligible.

Angular distribution of fission fragments

against the direction of an incident neutron -

beam shows an anisotropy for fast neutrons,
but those for the neutrons in resonance region
can be thought to be isotropic. Therefore we
did not correct the data for the effect by the
anisotropy of fission fragments. We compared
the fission ratios of *’Np and **°U for two
configurations ; one ¢ase for which the sample
deposit was placed at the inner position in the
experimental hole and the other the oposite.
The result shows little difference between
them.

Loss of the fission counts for »*"Np and »*°U
below the pulse height discrimination levels
was determined by linearly extrapolating the
fission count peaks.

Afrer the above corrections, we obtained
the result of the cross section for the **'Np
(n, f) reaction as Table 1, in which (I) the
statistical error for the fission, (2) the error
in the determination of the numbers of »*'Np
and **°U, (3) 29 as systematic error, and (4)
the uncertainty in the fission cross sections for
2%} were taken into account.

In Fig. 5, the present result is compared
with the evaluated values in JENDL-3 and in
ENDF/B-VI. Since the energy resolution of
the original data in both evaluated data files
is much higher than that of the present ex-
periment, we processed the evaluated data
values by multiplying a resolution function of
which energy resolution function is assumed
to be a Gaussian with 409 of its full width at
half maximum. [n this figure, shown are the
processed values of both files.

From this figure, it can be seen that (1) the
evaluated values in both JENDL-3 and ENDF/
B-VI are about 3 times smaller than the present
result, (2) the gross shape of the present
result is very similar to that of ENDF/B-VI
in all range and to that of JENDL-3 below
120 eV, and (3) above 120eV, the cross sec-
tion in JENDL-3 is flat and differs from the
present result.

J. Nucl, Sci. Technol.,
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Fig. 5 Expermentally obtained cross section

of 2 Np(n, f) reaction compared with
those in evaluated data files

The present result is compared with earlier
experimental data and is shown in Fig. 6.
The original point wise data have been also
processed as the same manner as the above.
The data obtained by Hoffman et al.¢” are
close to the present ones, but those measured
Plattard et of.®® are much smaller than the
present ones. Too low normalization of
Plattard et al.’s data was pointed out by
Auchampaugh et af., which is supported by the
present result.
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Fig. 6 Expermentaiiy obtained cross section
of 2*"Np(n, /) reaction compared with
two previously measured data

Reevaluation of the *'Np(n, f) cross section
in resonance and intermediate regions is re-
commended, If this cross section increases
factor 3, the efficiency of the transmutation
of *'Np by the fission in resonance region
would improve almost the same factor.
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IV. CONCLUSION

We have measured the cross section for the
BWINp(n, f) reaction from about leV to about
5keV normalized to that for the 3 (n, f)
reaction with back-to-back type fission cham-
bers by making use of a newly _constructed
lead neutron slowing-down spectrometer KULS.
The absolute values of the data by Hoffman
et al. are close to the present ones, but those
by Plattard et al. are from 3 to 4 times less
than the present ones. Gross shape of the
present result is very similar to that of ENDF/
B-VI in all range and that of JENDL-3 below
120 eV, however the absolute values in both
files are also from 3 to 4 times smaller than
those of the present data. Therefore we re-
commend to reevaluate the *'Np(n, f) cross
section in resonance and intermediate regions.
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Measurements of Thermal Neutron
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Making use of a standard neutron spectrum field with a pure Maxwellian distribution, the
thermal neutron cross section for the *®"Np(n, r)®#Np reaction was measured at a neutron energy

of 0.0253 eV by the activation method.

The result is 1583 b, which is obtained relative to the
reference value of 98.65+0.09 b for the ¥ Au(n, )8 Au reaction.

Although the data in JENDL-3

is larger by about 15% than the present value, the recently revised data in JENDL-3.2 is close

to the present.

The ENDF/B-V, ENDF/B-VI, JEF-2 and Mughabghab’s data are also larger

by 7~15%. Old measurements are larger by 7~18% than the present data.
The resonance integral for the ®'Np(n, 7)®¢Np reaction was also measured relative to the
reference value of 1,550x28b for the '""Au(n, r)'¥Au reaction with a 1/E standard neutron

spectrum field.

By defining the Cd cut-off energy as 0.5eV for the *'Np(n, r)**Np reaction,

the present resonance integral is 652+24b, which is in good agreement with the JENDL-3,

-3.2, ENDF/B-V, -VI, JEF-2 and Mughabghab’s data.

However, most of the old experimental

data are, in general, targer by 24~389% than the present measurement.

KEYWORDS:

neptunium 2237 target, neutron beams, gemma radiation, neptunium

238, nuclear reactions, gold 197 target, gold 198, thermal neutrons, cross sections,
Maxwellian distribution field, resonance integrals, 1/E neutron specirum feld,

activation method

I. INTRODUCTION

Neptunium-237 is one of the minor actinides
with a long half-life, which is abundantly
produced in light water reactors. In order
to make nuclear power more acceptable and
practical, much interest has been paid to the
disposal of radiocactive waste matter these
days‘"~_ One of the waste disposal methods
for ®*"Np is to adopt the nuclear transmuta-
tion using reactor neutrons®. Quite a num-
ber of experimental data for the *'Np(n, f)
cross section have been obtained in the MeV
energy region and these data are rather well
evaluated. The fission cross sections are
about 10~500mb at energies below about
500 keV. In this lower energy region, large

discrepancies are seen among the existing
experimental data‘®’, Very recently, the pre-
sent authors have measured the *'Np(n, f)
cross section by using a lead slowing-down
spectrometer coupled to an electron linear
accelerator®®. The 2"Np(n, r)**Np reaction
cross section, which is 2 combination of 1/v
and resonance cross sections in the low energy
region, is much higher than the fission-cross
section, and hence this reaction would be
more effective for the nuclear transmutation
of *Np than the *'Np(n, f) reaction in the
lower energy region, considering the reaction

*  Kumatori-cho, Sennan.gun, Osaka 590-04,

** Yoshida honmachi, Sakyo-ku, Kyeto 606-01,

t Present address: Hitachi Works, Hitachi, Ltd.,
Saiwai-che, Hitachi.shi 317,
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rates averaged over the energy spectrum of
neutrons for light water reactors.

Calculations for fuel burn-up and for the
reactor design aiming at the transmutation of
high level radioactive materials have been
carried outM~®®_ In these cases, well-
evaluated nuclear data are indispensable'".
It is said that the evaluated nuclear data,
which would be often based on the experi-
mental results, are not always enough for
the estimation of nuclear transmutation, es-
pecially for the *Np(n, r)***Np reaction. The
number of energy dependent cross sections
for this reaction is limited. In addition, most
of the thermal neutron cross sections and the
resonance integrals are rather old“®~¢". In
the previous measurements, information on
the neutron spectrum field used was not al-
ways enough as a standard.

In the present study, the thermal neutron
cross section and the resonance integral for
the ®™Np(n, 7)***Np reaction have been meas-
ured by the activation method, making use of

Front view of the

WNp sample sample selting

Au foil

J. Nucl. Sci. Technel.,

standard neutron fields with a pure Maxwel-
lian distribution and a 1/E neutron spectrum,
respectively.

II. NEUTRON SPECTRUM FIELDS

1. Thermal Neutron Spectrum Field

The Kyoto University Reactor (KUR) of
the Research Reactor Institute, Kyoto Univer-
sity (KURRI) is a highly enriched uranium-
fueled light water-moderated research reactor,
whose nominal power is 5MW. Beside the
core, there is a heavy water thermal neutron
facility with a heavy water tank of l4m in
length. Outside the heavy water tank, there
are a void region of 48cm in thickness, 40x 40
cm square and a removable bismuth layer of
60 cm in diameter and 15cm in thickness, as
illustrated in Fig. 1. The irradiation room
is about 2.4%x2.4x2.4m* and surrounded by
90 cm thick heavy concrete shields. The leak-
age neutrons from the heavy water tank can
be used as a thermal neutron source of plane-
type in a large space.

10 @ i . P
-l =e "’ .
@ ) ..: = ’ - -
ST LERN 2 g
= > BINp sample S . .t ]
L= . IS [ .
: settin .
core S Void Bi H . o =3 I e
D0 tank o 2
NS —Desk 2
L a]

2400 mm S

R T

Fig. 1 Experimental arrangement for thermal neutron cross section
measurement at heavy water thermal neutron facility of KUR.
The extended figure shows the setting arrangement of the

2Np and the Au samples.
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Kanda et al. measured the neutron spéc-
trum from the heavy water tank by the
time-of-flight technique using a fast chopper
as The obtained spectrum showed good
agreement with a Maxwellian distribution
having neutron temperature of 60°C. The
Cd-ratio measured by Au foils with and
without Cd-cover of 0.7 mm in thickness was
more than 5,000 at the bismuth layer, and
epi-thermal neutrons could be almost negli-
gibleus)us)_

2. 1/E Neutron Spectrum Field

The Kinki University Reactor (UTR-KINKI)
is a highly enriched uranium-fueled light
water-moderated and graphite-reflected re-
search reactor®®’, which has the separate
cores at an interval of d6cm. “The nominal
output power is 1 W. At the center of the
internal graphite reflector - between the two
divided cores as shown in Fig. 2, a graphite
stringer of 9.6x9.6 cm square and 66 cm long
can be withdrawn to make a void region or
a central cavity for sample irradiation. The
neutron energy spectrum at the central
graphite cavity has been calculated®™” using
the SRAC code system‘®®. In this calcula-
tion, geometrical conditions for the separate
cores were assumed to be a cylindrical ring.

TWOTRAN was employed to calculate the
neutron spectrum in the central void region.
‘I'he 122 group constants were produced from
ENDF/B-1V data. The results of the neutron
spectra are shown in Fig. 3(a), (1. The cal-
culated spectrum satisfactorily agrees with a
standard 1/E neutron spectrum from about
leV to a few 100 keV.

By adjusting the above calculated spectrum
with multi-foil activation data for 5 kinds of
(n, 7) reactions and 4 kinds of threshold reac-
tions®*®, the neutron spectrum at the central
graphite cavity of the UTR-KINK] was also
obtained using the NEUPAC codef®?. This
code contains energy dependent group Cross
section libraries for important neutron dosim-
etry reactions in ENDF/B-V. We adopted
144 energy groups from 0.01eV to 16.4 MeV.
The results of the adjusted spectrum are
shown in Fig. 3, and compared with the above
transport calculations. It has been found that
the neutron spectrum at the core center gives
a good 1/E shape in the relevant energy
range. Moreover, the neutron flux distribu-
tion is almost flat in the central cavity of the
UTR-KINKI®*,

The sandwiched foil method has been aiso
employed to measure epi-thermal neutrons at

The two-dimensional transport Sy code the main resonances for 4 kinds of (#,7)
Neutron i Fuel tank uIC ﬂ Interlock switch
source __ LN P |
{for start up -]
E'J:I‘:}- T =
e :
i S § //Fuel element
Reg.rodl i 1| I Jt
=% == U i==p -ﬂ_ __L—Safety rod*2
Safet H i= R e T
arety ] == |
rode - _f1 | 1 l==H— ’_-_;_'l_ i
N =i nti=i N &
— = == LI~ Fission
il [ e N chamber
AT T T T T ] N
— T F— P -
Graphite /E Clpol =i = -._j. Lt y \ShTogaieiy
refiector ¥ ! e
s Il \
8 / IC
Central graphite stringer
{ measured pasition)
0 20 40 cm

Fig. 2 Top view of UTR-KINKI core for present experiment.
A graphite stringer at the central region can be
withdrawn to make a cavity for the sample irradiation.
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Fig. 3(a).(b) Neutron energy spectra obtained

at central graphite cavity of
UTR-KINKI®®

reactions®®. Neutron [(luxes at 1.46, 4.94,
18.8 and 337 eV resonances for ''®In, ¥7Au,
195 and *Mn are shown in Fig. 3(a), respec-
tively. These results are in good agreement
with the calculated and the adjusted spectra
in the 1/E spectrum region.

II. MEASUREMENT OF THERMAL
NEUTRON CROSS SECTION

1. Experimental Methods
The heavy water thermal neutron facility
of the KUR has been used for the measure-

ment of the thermal neutron cross section
for the *'Np(n, r)**Np reaction. The *'Np
samples, which were chemically purified as
aqueous solution‘'®, were prepared in the
form of dried filter-paper 1.5x1.5c¢m square
with drops of the solution. The sample was
sealed with vinyl sheet of 0.05mm in thick-
ness, 2.5% 2.5 cm square, and was attached to
a 3mm thick polyethylene holder with ad-
hesive tape, as seen in Fig. 1.

Thermal neutron flux was monitored with
an Au foil of 3mm in diameter and 50 pm
thick or with a piece of Au-Al alloy wire,
0.5 mm in diameter and 0.0314 % in weight of
Au. The monitor sample was put on the
corner of the vinyl sheet for the *'Np sample
and these samples were set at about 10cm
from the Bi surface, as shown in Fig. 1. Irra-
diation time was about 10 hours during the
5 MW operation of the KUR. Nine irradiations
were made, and neutron fluxes for six of
them were obtained with the Au-Al alloy
wire monitor and the remainings were meas-
ured by the Au foil. The thermal neutron

 flux at the irradiation position in front of the

Bi layer reached about 1.5X10° n/cm®-s at the
nominal KUR power level of 5 MW,

The total amount of the **'Np atoms was
experimentaliy determined by the y-ray meas-
urement of 312 keV from *?Pa, which was in
radioactive equilibrium to *'Np, and was found
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to be 10'"~10"" for each sample. Induced
activities of ®*Np from the irradiated ®'Np
sample and the **Pa were simultaneously
measured with a high purity Ge (HPGe) de-
tector. These r-ray photo-peaks were clearly
observed in the pulse height spectrum. Gold
samples were also measured with the same
Ge detector. These samples were set at a
distance of about Scm from the detector.
Gamma-ray energies and intensities used for
the present data processing are shown in
Table 1, in which the data used for the de-
termination of number of *'Np atoms are
included®, The g-factors*® for both of
2"Np and '"’Au are also given in the table.
The detection efficiency of the Ge detector
used was experimentally calibrated by the
mixed y-ray standard sources purchased from
Amersham.

Table 1 Nuclear data of *'Np, **Pa,
WiNp, MMAu and '“*Au used
for present measurements

r-ray y-ray
Isotope Half-life energy intensity g-factor
(MeV) %)
WINp 2. 14x10%yr 0.982
#IPg 27.0d 0.312 37.0
BENp 2.12d 0.984 27.8
AU 1. 0051
s A 2.694d 0.412 95.5

2. Measurement of Cross Section

The thermal neutron cross section g av-
eraged over the Maxwellian distribution spec-
trum is defined as

- U:(UO) Ii )
T= 1.128 S:gI(Tﬂ.) Tn ,

and the measured reaction rate is given in the

following relation:

R.=¢e:N:0-¢,

where v,=2,200m/s, T,=293.6K, T.is the
neutron temperature, S, the self-shielding
coefficient, (T, the g-factor, &, the de-
tection efficiency, N the number of atoms
for the relevant reaction and ¢ the neutron

Aux.
In the present measurement, the thermal

neutron cross section for the *"Np(u, 7)***Np
reaction at a neutron energy of 0.0253eV
(corresponding to a velocity of 2,200 m/s) has
been measured relative to that for the
127 Au(n, r)'**Au reaction as a standard, by re-

. writing the above relations as follows:

o (v)=~2" R: Naw, %}5 . %ﬁ&((;ﬂ_'a)

Ex N RAu. N;
where = and Au denote the parameters for
*"Np and '°"Au, respectively.

The self-shielding coefficient'*” for the Au
foil was about 0.9 in our measurement. The
coefficients for the Au-Al alloy wire and the
=Np sample were neglected and the correc-
tions were not made for these samples.

1IV¥. MEASUREMENT OF
RESONANCE INTEGRAL

1. Experimental Methods

A standard 1/E neutron spectrum fieid at
the UTR-KINKI has been used for the meas-
urement of the resonance integral for the
B1Np(n, )?**Np reaction. The *'Np samples
were also made in the form of dried filter-
paper, which was the same as those used for
the thermal neutron cross section measure-
ment. For the neutron flux monitor with Au
sample, a metallic foil of 12.7 mm in diameter
and 50 pm in thickness was used. Each of
the 2’Np sample and the Au foil was put in
a Cd-cover of 0.5mm in thickness and stuck
on an Al hoider, which was set at the
central graphite cavity of the UTR-KINKI, as
illustrated in Fig. 4. The *'Np sample was
set between the Au foils, which were used
for the neutron flux monitor. Nine irradia-
tions for the ®*'Np sample were made for 5h
each together with the Au monitor foils
during the 1W operation of the reactor.
Induced activities from the *'Np and the Au
foils were measured with a HPGe detector,
whose detection efficiency was calibrated with
standard y-ray sources. )

The nuclear data used for the present ac-
tivation measurements were also taken from
Table 1. The experimental methods are sim-
ilar to those for the thermal neutron cross
section measurement.

O-Au(vﬂ) ]
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Fig. 4 Experimental arrangement for

WNp and Au samples at central
graphite cavity of UTR-KINKI

9. Measurement of Resonance Integral
The resonance integral is defined by the
relation’;

f,,:SECda,(E)dE/E ,

where ¢ .(E) is the cross section as a function
of energy E, and Ecq is 2 Cd cut-off energy,
which is usually defined as 0.5eV#®#, The
resonance integral for the 2'Np(n, 7)***Np reac-
tion has been measured relative to that for
the *7Au(n, 7)'**Au reaction, as seen in the
following relation:

I = fau Rz Nauw Sau;

* €z Rhu N: Sx P
where 5, is the standard value of the Au
resonance integral, e the detection efficiency,
R the reaction rate, N the number of atoms
and S the self-shielding coefficient, and the
subscripts Au and « mean the data for **’Au
and ®"Np, respectively. The neutron self-
shielding coefficient for the Au foil was ob-
tained by the calculations using the contin-
uous energy Monte Carlo code VIM®®. For
the ¥*"Np sample, the seif-shielding correction
was neglected because the sample was diluted
in the form of dried filter-paper with the

J. Nuel. Sei. Technol.,

drops of the ®'Np solution.

As seen in Fig. 3, the neutron spectrum
at the central graphite cavity of the UTR-
KINKI deviates from the 1/E standard spec-
trum below about 1eV. Moreover, it is no-
ticed that ®*'Np has a big resonance at 0.49
eV. Making use of the neutron spectrum at
the UTR-KINKI, energy dependent reaction
rate curve for the *'Np(n, )**Np reaction was
caleulated with the VIM code® . Figure 5
shows the calculated reaction rate which is
observed in the energy region above 0.2eV.
In order to derive the resonance integral,
which is defined as an integral of the reaction
rate for relevant cross section above Ecq=0.5
eV, we have made a correction of the meas-
ured reaction rate by taking the ratio of the
calculated reaction rate integral above 0.5eV
to that above 0.2eV.

-1
! —— T yereey '

1w -

{Arb. unit)

Reaction Rate

T PP I
w' r w'
{ V)

-

w!' B0

Neutran [Fnergy
Calculated reaction rate for 2INp(n,7)
uENp peaction using neutron spectrum
obtained at UTR-KINKI

Fig. 5

V. RESULTS AND DISCUSSION

1. Thermal Neutron Cross Section

The thermal neutron cross section of
281N p(n, 7)?**Np reaction for 2,200 m/s neutrons
was obtained, relative to the well known ref-
erence cross section value of 08.65+0.09b for
the “'Au(n, 1)9%Au reaction. Three of the
4§ measured data were obtained with the
Au foil monitors and the results were 156.4,
156.5 and 161.3 b, respectively. Other 6
data, which were measured with the Au-Al
alloy wire monitors, were in the values from
155.9 to 160.1b. These 9 data are in good
agreement with each other within about 3.4 %,

- 73 -



Vol. 31, No. 12 (Dec. 1994)

and it is found that there exists consistency
between the data measured by the Au foil
and the Au-Al alloy wire. Main sources of
the uncertainties are due to the statistical
errors (1.0~2.0%), the detection efficiencies
(1.5~2.29%), number of atoms, especially for
2Np (about 1.8 %), geometrical factor for irra-
diation of the samples (about 0.5%), and errors
(0.8~1.29) including some other corrections.
The experimental uncertainties were carefully
analyzed and the covariance matrix for the
2'Np(n, Y)**Np and the '*"Au(n, ) Au reac-
tions was derived by considering the corre-
lations between the measured data as done
before®. The resultant variance and cova-
riance data gave the standard deviation of
about 29 for the *™Np(n, 7)**Np cross section
measurement and the off-diagonal element of
0.05, respectively. The present value obtain-
ed is shown in Table 2, and compared with

the existing experimental and the evaluated
data(9}(l2)"-(151(29)(31)--(34)_

Table 2 Thermal neutron Cross $ec-
tion (2,200 m/s vaiue) for
ZINp(n, ¥)PENp reaction

Present 158+3 b

JENDL-3.2 ('93) 164.6 Ref. 83
JENDL-3 (’90) 181.0 Ref. &9
ENDF/B-VI ('91) 181.0 Ref. 83
ENDF/B-V (79 169.1 Ref. 83
JEF-2 ('93) 181.0 Ref. 84
Mughabghab ('84) 175.9+2.9 Ref. ()
Gryntakis ('87) 169=+3 Ref. (¢
Weston ('81) 180 +6 Ref. 19
Eberle ('71) 187+6 Ref. 14
Hetistrand (°70) 172+3 Ref. 03
Schuman ('69) 185+12 Ref. (2

In order to check the effect on the undesir-
able *'Np{n, 7)***Np reaction by epi-thermal
neutrons, we have also made a neutron irra-
diation of the »*'Np sample with a Cd-cover
of 0.5mm in thickness at the heavy water
thermal neutron facility of the KUR. We have
found no induced activities of #8Np in the
2INp sample.

As seen in Table 2, previous measurements
of the thermal neutron Cross gection are Dbe-
tween 169 and 187b and are larger by 7~
189 than the present value. The Mugh-

abghab's datum is larger Dby 11¢5. The
evaluated data in JENDL-3, ENDF/B-V, -Vl
and JEF-2 whose libraries are based on ex-
perimental data, are also larger by about 7~
159 than the present measurement. These

] discrepancies may be due to the fact that the

previous measurements are not always good
enough from the points of the experimental
technique, purity of the sample prepared and
the neutron spectrum field used as a standard.
Very recently, the evaluated cross sections
of 2'Np in JENDL-3 have been revised as
JENDL-3.2%» by taking account of recent
data. The thermal neutron Cross section in
JENDL-3.2 is closer to our present data.

2. Resonance Integral

The resonance integral for the *'Np(n, 7)
23Np reaction was obtained by normalizing
the measured data to the reference value of
1,550+£28b for the 11Au(n, 7)'% AL reaction.
All of the O experimental data were be-
tween 644 and 671 b and showed good agree-
ment with each other. The experimental
uncertainties are due to the statistical counts
(5~10% for ®*'Np and 0.5~12% for 19744), the
reference value for the *’Au(n, 7)**Au reac-
tion, the Cd cut-off correction in the *'Np
reaction (about 1%) and the self-shielding ef-
fect for the Au foil (1.2%). Some of other
uncertainties due to the detection efficiencies,.
number of atoms, geometrical factor and
other corrections are almost similar to those
in the thermal neutron cross section measure-
ment. Considering the correlations between
the measured data as described above, the
experimental uncertainties were analyzed®®
to obtain the variance and covariance matrix
for the ®*Np(n, 7)**Np and the wipu(n, 710 Au
reactions. The experimental uncertainty de-
rived from the variance data is 3.7% for the
27Np(n, 7)**Np reaction, and the off-diagonal
element in the covariance matrix is 0.48. The
present result is given in Table 3 and com-
pared with the previous datat(nanaanHnzn
Hl)‘-(ﬂ‘)_

Since ®*'Np has a big resonance at 0.49 eV,
the effective Cd cut-off energy is much lower
than 0.5eV whose value is used for the de-
Anition of the resonance integral. In the
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Table 3 Resonance integral for
BINp(n, 7)PNp reaction

Present 652+24 b

JENDL-3.2 ('93) 662.0 Ref. 42
JENDL-3 ('90) 663.0 ~ Ref. 08
ENDF/B-VI ('91) 655. 0 Ref. 81
ENDF/B-V ('79) 662.6 Ref. &4
JEF-2 ('93) 655.0 Ref. &3
Mughabghab ('84) 640 50 Ref. (9}
Gryntakis ('87) 821.5+58.0 Ref. (8
Hellstrand {'70) 640 £50 Ref. (13
Schuman (’68) 807+40 Ref. (12
Scoville ('88) 900 300 Ref. (3

experimental determination of the resonance
integral for the 2"Np(n, r)**Np reaction,
therefore, the measured data were corrected.
In the present measurement, the correction
factor for the reaction rate due to the differ-
ence from the Cd cut-off energy of 0.5eV
was estimated to be 0.7 by the Monte Carlo
calculations using the VIM code. Without this
correction, the resonance integral is 931+£35b.

We have investigated the effect which is
observed in the resonance integral by chang-
ing the Cd cut-off energy, and found that a
109 change with energy results in only a
0.29; shift in the integral data, if the cross
section is assumed to be 1/v shape. Moreover,
we have made corrections for the fact that
the neutron energy spectrum in the UTR-
KINKI deviates from the ideal 1/E spectrum,
especially at energies below leV.

‘Recent evaluations of JENDL-3, -3.2,
ENDF/B-V, -VI, JEF-2 and by Mughabghab
are in good agreement with the present meas-
urement, as shown in Table 3. However,
most of the experimental values which are
rather old are larger by 24~-38% than the
present value, except for that by Hellstand.
The reason why the old experimental data
are much larger than the present value may
be due to the fact that the Cd cut-off energy
correction was not made properly. Moreover,
another problem may be due to the use of
the irradiation field deviating from a I/E
neutron spectrum as a standard.

Vi. CONCLUSION

The thermal neutron cross section for the
2TNp(n, 7)**Np reaction at 0.0253eV  was

. lata of ®"Np.

J. Nuel, Sei, Technel.,

measured with the pure Maxwellian distribu-
tion field at the heavy water thermal neutron
facility of the KUR, and the resonance inte-
gral for the same reaction was measured with
the 1/E neutron spectrum field at the central
graphite cavity of the UTR-KINKI, relative
to the “TAu(n, ¥)'**Au reaction cross section
for both *"Np cross section measurements.
For the thermal neutron cross section meas-
urement, most of the previous experimental
data are larger by 7~189% than the present
data (158+3b), and the evaluated values in
JENDL-3, ENDF/B-V, ~Vl and JEI-2 are also
larger by 7~15% than the present result.
The Mughabghab’s evaluation is also larger
by 119. The value in JENDL-3.2 (164.6 b) is
close to the present measurement. On the
other hand, the evaluated resonance integrals
in JENDL-3, -3.2, ENDF/B-V, -VI, JEF-2 and
by Mughabghab are in good agreement with
the present result (65224 D). However, some
of the old measurements are larger by 24~
389 than the present value.
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ABSTRACT

Making use of back-la~back type double fission chambers and ; lead slowing-down
spectrometer coupled to an electron linear accelecator, the cross section for the BlAm(n,f)
reaction has been measured relative to that for the 235U(n,f) reaction in the energy region
from 0.1 eV to 10 keV. To avoid the interference between Lhe Utam and the #5U reso-
nances, the relative fission cross section below 1 keV was measured to that far the *B(n,
a) reaction with a BF, counter, and the result obtained was normalized to the absolute
value by the 25U reference data between 200 ¢V and 1 keV. The measured result has
been compared with (1) the evalualed nuclear data appeared in ENDF/B~VI and
JENDL-32, and (2) the existing experimental data, whose evaluated and measured data
were broadened by the energy resolution function of the spectrometer.

General agreement was seen between the evaluated data and the present measurement,
although some discrepancies were found in the energy region with the dip and bump
cross section shapes. The JENDL-3.2 data are uncierastimalcd by 1.2 to 2.3 times be-
tween 22 and 140 eV, while the recent data by Dabbs et al. and in ENDF/B-V1 are in
good agreement with the measurement. Some of the previous experimental data which
were measured partially in the relevant energy region are not always in agreement with
the presenl measurement.

The fission cross section for thermal neutrons was also measured in a pure Maxwelli-
an neutron spectrum field with the double fission chambers. The result at 0.0253 eVis
3.15 + 0.097 b, which is obtained relative to the reference value of 586.2 b for the
B5U(n,f) reaction. The ENDF/B-VI data is in good agreement with the present meas-
urement, while the JENDL-3 2 value is lower by 4.2 %. The ratios of the earlier exper-

imental data to Ihe present value are distributed between 0.89 and 1.02.

R
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1. Introduction

Americium—241 is one of the burdensome minor actinides which are abundantly pro-~
duced in power reactors. The nuclcar data for #!Am are of great importance for the
design of reactors with MOX or Pu fuels and for the system design of spent fucl reproc-
essing. In addition the fission cross section of MIAm is also of interest for its transmuta—
tion from the stand point of the disposal of radioactive waste'~).

Although the fission cross section of 'Am rises around 300 keV up to about 2 bams
like a threshold reaction function, *'Am has fission cross sections to a certain extent in
the thermal, infermediate and resonance energy regions, Then, one may not be able to
take no account of fission rates occurring in thermal reactors. Up to now, although
numerous measurements of the cross section for the ¥ Am(n,f) reaction have been made,
there still exist marked discrepancies among the measured data below 300 keVe-13,
Dabbs et al. measured the fission crass section in the wide energy range from 0.02eV o
20 MeV by neutron time-of—flight (TOF) method. Before them, several experimental
groups had partially provided the cross seclion in Jess broad energy regions. Two newly
evaluated data appeared in ENDF/B-YI') and JENDL-3.2' are close to those obtained
by Dabbs et al.9). However, other experimental dala by Leonard et al.”, Bowman et al.B,
Gerasimov et al9, Seeger et al.!%, Derrien et al.!", and Gayther et al.™2) are not always in
agreement with those evaluated data. Concerning the thermal neutron fission cross
section of ?"Am, the evaluated values are in general agreement with each other*3-19),
Most of the experimental data wese obtained from 1950's lo 1970', and they were dis—
tributed between 2.8 and 3.2 b33,

The difficulty 1o measure (he fission cross section of M1Am has been often caused by
strong alpha-particle activity or pileup pulses due to its short half-life of 432 years as
alpha—decay. In addition, the fission cross section in the energy region from 1 to 300

keV is lower than 0.1 b. Therefore, an intense neutron source is required for the cross

section measurement, especially in (he mlermehale of rESONACE LACIGY IS, W llave
enough signal-to—background ratio. A lead slowing—down speclrameter is a powerful
lool and is often used for this kind of fission cross section measuremenis because of
about 107 increase in neuiron flux comparing to the conventional TOF experiment at a 5
m flight path?, although energy resolution of the spectromeler is about 35 % at full
width at half maximum (FWHM).

Another problem for fission cross section measurements of trans—uranjum nuclides is
often due to the lack of isotopically pure samples, though the utilization of high purity
samples is one of the most important things for nuclear data measurement. Wagemans
suggests the usefulness of thermal neutron experiments to check the sample quality®.
We had an cxperience in oblaining the larger fission cross section of MIAm wilh the
sample on the market?®). Through the careful and steady investigation of the MAm
sample by the alpha—ray spectrometry, we found that the problem was mainly caused by
the plutonium impurities in the sample?®).

In the present measurement, we have prepared a purc #“lAm sample by anion-ex-
change method to remove impurities of frans-uranium nuclides. The chemical solution
of the sample was electrolyzed and the #'Am layer was depasiled on a stainless steel
disk, which was put into back—to—~back (BTB) type fission chambers?” together wilh that
of 35U, The fission cross section for the 21Am(n,f) reaclion was measured at energies
between 0.1 eV and 10 keV relalive o that for the ®SU(n,f) reaction by making use of the
double fission chambers and the lead slowing-down spectrometer coupled (o 46 MeV
electron linear accelerator {linac) of Rescarch Reactor Institute, Kyoto University
(KURRI}®. In order to avoid the interference between lhe 21Am and 25U resonances,
ihe relative fission cross section was measured to that for the '°B(n, ) reaction using a
BF, counter below 1 keV, and the result was normalized to that measured with the BTB
chambers at energies between 200 eV and 1 keV. The experimental technique is almost

{he same as thal of the previous measurement of fission cross section for 2"Np?).  The
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present measurement is compared with the evaluated data in ENDF/B-V1 and JENDL~

3.2, and with the existing experimental data.

a

The thermal neutron cross section for the *'Am(n,f) reaction was also measured with

the above fission chambers at 2 standard neutron spectrum field of pure Maxwellian dis—

iibution of the Kyoto University Reactor (KUR) al KURRI®®.  The result is compared

with the evaluated and the previous experimental data.

11. Experimental Method

2.1. Lead Slowing—down Spectrometer

The lead slowing—down spectromeler wWas installed coupling to the 46 MeV electron
linac at KURRI. This Kyoto University Lead Slowing—down Specirometer (KULS) is
composed of 1600 pieces of Jead blocks (each size : 10x20x20 cm?, and purity : 99.9 %)
and these are piled up to make a cube of 1.5x1.5x1.5 m*(about 40 1ons) without any struc-
tural materials™. The KULS is covered with Cd sheets of 0.5 mm in thickness. At the
center of the KULS, we have set an air—cooled photoneutron target of Ta to produce
pulsed fast neutrons. Four sets of thermocouples were attached on the surface of the
photoneutron target case 10 monitor ihe temperature.  The linac was operéted to keep the
temperature less than 300 o, The KULS has eight experimental/irradiation holes
(10x10 cm?, 35 or 45 cm in depth), and onc of the holes is covered by bismuth layers of
10 1o 15 cm in thickness to shicld high energy gamma-rays (6 to 7 MeV) produced by
the Pb{n,y) reaction in the spectrometer®).  The cross sectional view of the KULS is
shown in Fig, 1.

Characteristic behavior of neutrons in the KULS was studied by calculations with the
continuous energy Monte Carlo code MCNP™ and by experiments wilh resonance filter

method®. There exists the relation of E = K/t? in the neutron slowing-down time Uin ps

and the energy E in keV, where K is slowing—down constant’?3),  The neutron slowing-
down time and the energy resolution of the KULS were measured with a BF, counter (12
mm in diameter, 50 mm in length, 1 atm.) and an Ar gas counter {12.7 mm in diameter,
63.5 mm in length, 1 aim.) which were covered with and without resonance fillers of In,
Te, Ta, Au, Cd, Mo, and Mn. In order to calibrate the neutron slowing—down time and
the energy, the BF, counter was used for the neutron transmission measurement with the
filters and the Ar gas counter was applied to the caplure gamma-ray measurement with
the filters. The dips or the bumps which were observed in the slowing-down lime spec—
trum corresponded to their resonance energies of the filter. It was found that the slow-
ing—down constant K in the relation of E=K/(? was determined to be 190 + 2 and 156 + 2
(keV pus?) for the bismuth and the lead experimental holes, respectively®®, The energy
resolution was around 40 % for both experimental holes at energies from a few eV to
about 500 eV and was larger in the lower and the higher energy regions®. The relation
between neutron siowing-down time and energy and the energy resolution were also
obtained by the MCNP calculations and the results were in good agreement with those

measured by the BF, and the Ar gas counters.  More detailed characteristics of the

KULS are given in other literatures??

2.2. Am and P*U Samples

Americium solution oblained from IAEA was purified at Isotope Products Labosatory,
Japan Atomic Energy Research Instituie by the anion-exchange method using nitric
acid—-methy! alcohol mixed media®®, in order to remove uranium, neptunium, plutonium
and curium from the americium sample. The purified americium solution and isopropyl
alcohol were mixed thoroughly and electrolyzed on a stainless steel disk {28 mm in
diameter and 0.2 mm in thickness) for preparing an americium deposit { radioactive area
of 20 mm in diameter)’®). After electrodeposition, the sample was sintered with a gas

bumer to fix the americium layer on the disk by making americium oxide.
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The alpha—rays from the deposil were measured with a silicon surface barrier delector,
Impurities of Z7Np, 26-240py, 2?Am and **Cm on the americium deposil were not
observed in the measured alpha-ray spectrum. Therefore, the isolopic composition of
21Am for the deposit was estimated to be greater than 99.9 %. The number of the MAm
atoms was determined by analyzing the alpha-rays with 5322 to 5.544 MeV. The 59.5
keV gamma-ray from *!Am was also measured with 2 HPGe detector, The number of
WA atom was determined by both detectors and the result was (1.734 £ 0.020)x10'S, as
given in Table 1, where the errors were estimated by taking account of (i} statistics of the
activity measurements, (if) geometrical detection efficiencies and (iii) uncertainties of the
decay data used.

The deposit of highly enriched uranium oxide (99.91 % of B5Y) purchased from
ORNL was prepared as almost the same technique as lhe americium sample and was elec-
trodeposited on the stainless steel disk at KURRI  This **U sample was used to menitor
the neutron fiux in this study as a well-known reference cross section of the ®*U(n,f)
reaction. Alpha-ray and gamma-ray specirometries were carried out to determine (he
pumber of the uranium atom as well as the americium sample. By the analyses of the
a]phz;urays with 4.152 to 4.597 MeV and the 185.7 keV gamma-ray from 23U, the
aumber of 25U atoms was determined to be (3.283 + 0.036)x10"7, as shown in Table 1.

Uniformily of the electrodeposited layer was investigated by using a solid state track
detector of CR—-39%), The exposure limes for measuring the tracks from *'Am and 25U
were a few seconds and two hours, respectively, under the condition that the distance
between the Jayer and the track detector was 0.5 mm.  Afler etching the exposed plastics
with KOH solution, the detector surface was examined with a microscope, and the
pumber of the eiched pits was counted in every area of 3x3 mm?.  The number of pits per
{he unit area were between about 25 and 40 for #'Am and between about 60 and 75 for
85 except al the edge of the radioactive region of the deposit. Considering the layer

thickness of 2.5 pg/em? for the 1Am and 41 pg/cm? for the P5U deposits, most of the

fission fragments can easily pass through the layers, so thal the non~uniformity in the

present deposits could not disturb the fission cross section measurement.

2.3. Fission Chambers

“The fission chambers which are employed in the present experiment are composed of
two identical parallel plate—type ionization chambers, as shown in Fig. 2. These cham-
bers were originally designed for the incore fission ratio measurements®”.  Since the
back sides of the Am deposit on the stainless sicel plate and of the reference one are faced
cach other, it is called back-to-back (BTB) type. The double fission chambers were
made of aluminum and flled with a mixed gas of 97 % Ar and 3 % N, at the pressure of
1atm. 1In this gas pressure, the mean range of alpha particles reaches 36 mm, while that
of fission fragments is about 20 mm. Therefore, the fission chambers were designed so
as 1o collect most of the whole energy of fission fragments, although the chambers could
not collect that of alpha particles, in order to gel good discrimination between the alpha
and the fission fragment pulses. The distance between the electrode and the deposit
layer was designed 1o be 8 mm. The operation vollage was 400 volts. Figure 3 shows a
typical pulse height distribution of fission fragments by five hours' measurement for the
Am layer. Since we used the thin *'Am and the thin 2*U deposits, fission pulses were

clearly discriminated from background ones caused by the alpha-rays.

2.4. BF,; Counter

The YB(n,a) reaction is well known 1o be one of the standard cross seclions and is
often apolied to cross section measurements as a reference.  The BF; counter, which was
purchased from Mitsubishi Electric Co., Ltd., was used for the fission cross section
measurement of 2'Am in the resonance inlesference energy region of *'Am and U
fission cross sections. The counter was a cylindrical type, 50 mm in effective length, 12

mm in diameter and 1 atm. and its high vollage bias was 1100 V. Instead of the fission
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chamber of 2°U in the BTB chambers, the BF, counter was employed to measure the
energy dependence of the neutron flux spectrum in Lhe resonance energy region of the

B3Y(n,f) cross section.

2.5. Fission Ratio Measurement

The fission cross section of 2'Am has been measured as ratio 1o that of #*U by
making use of the BTB chambers in the bismuth hole. As both of *'Am and U nuclei
nave neulron resonances in the relevant encrgy region, the fission ratio data may be inter-
fered with each other. Then , we have employed not only the BTB chambers but also the
BF, counter which is well known as a good 1/v detector for the present measurement.
The relative fission cross section of 2'Am was measured below 1 keV wilh the BF,
counter and the result was normalized to the fission cross section between 200 eV and 1
keV measured by the 25U(n,f) reaction using the BTB chambers.

The lead slowing-down spectrometer KULS was driven by the 46 MeV electron linac
at KURRI, and the typical operating conditions during the experiments were as follows:
pulse repetition rate of 150 Hz, pulse width of 22 ns, electron peak current of about 0.8
A, and.the energy of about 31 MeV.  After the linac was operated for more than 120
hours, the deposited plates of *Am and U in the BTB chambers were exchanged each
other, and another measurement was made for about 130 hours in the bismulh hole.
Afier the chambers were inseried into the bismuth hole, the hole space was filled wilh

bismuth bricks not to let neutron leak.

2.6. Electronics and Data Taking

Two identical electronic circuits were employed for bolh fission chambers, as seen in
Fig. 4. Through the amplifiers and the discriminators, signals from the fission chambers
were fed into a time digitizer, which was initiated by the linac electron burst, and the

slowing—dawn time data of neutrons werc stored every about 5 hour measurement in a

dala scquisition syslem, Canberra's Series-88 MPA analyzer. Two sets of 4096 chan-
nels were allotted to the slowing-down time measurements for the BTB chambers with
62.5 ns/channel lo 0.5 ps/channel. Pulse height distributions of fission events from Lhe
MiAm and the 23U depesils were also measured with each 4096 channel analyzer in
parallel with the slowing-down time measurements.

For the measurement of relative fission cross section of ' Am, oulput signals from the
BF, counter were also led to the time digitizer through the amplifiers and the discrimina—
tors. The data of the slowing-down time of neutrons were stored as the same as the

BTB chambers.

111. Fission Cross Section Measurement

3.1. Fission Cross Section

The fission counts at the slowing-down time t (in ps) can be converted lo those at
energy E (in keV) by using the relation of E = 190/(1 + 1.)%, where, t_ is a constant for
zero time correction®. From the fission counts of the *!Am and the 2°U deposits, the

energy dependent cross section for the ' Am(n, ) reaction is obtained by

C.(E) N
Tpn(E) = —_—CAm(E) ____Nu ou(E)
u Am
where, C,, (E): fission counts of #'Am at energy E,

C,(E): fission counts of 2°U at energy E,
N: number of U atoms in the ?*U deposit,
N, number of #'Am atoms in the HiAm deposil,
o, (E): energy dependent fission cross section of 23U,
We cited the numerical values of o ,(E) from ENDF/B-VI'¥, whose accuracy of the

fission cross section value was estimated as seen in Table 2. The reference data were

10
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broadened by the energy resolution function which was flted lo the previous measure—
ments in the relevant energy region®®, although the original fission cross section in
ENDF/B-VI had sharp resonances at energies from eV to keV. Below 200 eV, since
neutron resonances are found in the fission cross sections of 2'Am and U, we have
employed the "B(n,at) reaction which shows smooth and good 1/v energy dependence in
the relevant energy region, instead of the *U(n,f} reaction. In the relalive cross section
measuremenl with the BF, counter, C(E) and o,(E) in the above relation can be inter-
preted to be the counts and the cross section for the '*B(n,a) reaction. The ratio of
N/N,_, can be thought to be a constant in this case. For the data pracessing, we have
made programs written in Fortran language for the personal computer.

Systematic difference between the #!'Am and the 2*U deposit positions in the BTB
chambers was experimentally investigaled by exchanging the positions each other.
Before and after the both deposits were exchanged, the measured ratio for C,_(E)C,(E)
was about 1.06 4+ 0.05, which was almost independent of neutron energy. For the deriva-
tion of the fission cross section, we took the average value for the C,(E)/C(E) ratios

obtained by exchanging the positions for the ' Am and the 25U deposits.

3.2. Backgrounds

As the pulse height of fission events is bigger in principle, it may be easy 1o distin-
guish fission pulses from noise pulses or alpha—pulses of the sample deposit.  Since the
radioactivily of the #'Am deposit was about 8.8 x 13° Bg, pile up problem of the alpha
pulses might be also negligible. Background counts due to the overlap neutrons from the
previous pulses of the linac may be negligible because of low pulse repetition rate of 150
Hz and of low thermal neutron flux in the KULS?™), The background due to the fission
evenls has to be taken into account in the data analysis. Since the BTB chambers were
put into the bismuth hole, background counts due to the photofission of ®5U and *'Am

by the Pb(n,y) reaction in the KULS could be reduced.
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Dacxgruunu run was carncd oul Uy NIAKIRYE UsC Ul HIC D 10 Lhidiloely willigul sanpic
deposit.  Very limited number of counts in tolal were abserved in the slowing-down
time spectrum for more than thirty hours' run. It was found that the background counts
for the 2'Am chamber might affect the minimum cross seclion region for the 2'Am(n,f)
reaction by 0.2 to 0.4 % in average al most, although Lhe background counts for the 235U
chamber could be negligible comparing to the foreground counts.

Neutrons may be scattered by siructural materials of the BTB chambers before arriv-
ing at the deposit layers. The inscattered neutrons, which are not directly observable,
may cause another background for the present measurement.  In order 1o investigale the
inscattered background, we have made calculations using a continuous energy Monte
Carlo code, MCNP?), The BTB chambers are made of aluminum and the size is 40 mm
in diameter, 39 mm in length and about 2 mm in thickness for the chambers' case, as seen
in Fig. 2. The electrodes, deposit layers, backing plales and their supports by which
neutrons may be scattered are set inside of the chambers. Calculation geometry for the
MCNP code was referred to dimension as the chambers were, and it was assumed that the
neutrons eniered the chambers almost isotropically from the surrounding. The energy
dependent reaction ratio data for **Am to 25U were calculaled with 5,000,000 random
histories 1o see how the measured cross section was affected by Ihe inscattered neutrons.
The present calculations have shown that very small correction may be required to make
the 2 Am(n,f) cross section lower by 2-6 % at most in (he energy region from 1V to 10
¢V and to make it larger by about 7 % at most at energies between 0.3 and 0.8 eV, even if

taking account of the calculation uncertainties. Other small corrections were alse made

around 100 eV.

I'V. Measurement of Thermal Neutron Cross Section

12
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4.1. Thermal Neutron Spectrum Field
The Kyolo University Reactor (KUR) at KURRI has a thermal neutron facility with a

heavy water tank of 1.4 m in length®3”,  The irradiation room is about 2.4 x 2.4 x 2.4

m? and is surrounded by 90 cm thick heavy concrete shields. The leakage neutrons from

the heavy water tank can be used as 2 thermal neutron source of plane—type in a large
space.

Kanda et al. measured the neuiron spectrum from the heavy water tank by the
time—of-flight technique using a fast chopper®?.  The obtained spectrum showed good
agreement with a Maxwellian distribution having neutron temperature of 60°C. The Cd-
ratio measured by Au foils with and without Cd-cover of 0.7 mm in thickness was more

than 5,000 and epi-(hermal neutrons could be negligible?.

4.2. Experimental Methods

The heavy waler thermal neutran facility has been employed for the measurcment of
the thermal neutron cross secljon for the 241 Am(n,f) reaction, making use of the BTB type
double fission chambers. The chambers were set in the irradiation room and exposed to
lhermallncutrons for about 10 hours during the nominal power operation of 3 MW of the
KUR. The imadiation was repeated by exchanging the #lam and the U sample posi-
tions. Fission pulses from the samples were led to their 2048 channel pulse height
analyzers through the amplifiers and the discriminators. Each of the fission counts was

obtained by integraling the pulse height disiribution above the discrimination level.

4.3. Measurement of Cross Section
The thermal neutron cross section o, averaged over lhe Maxwellian distribution

spectrum is defined as

a,(v,) T
g, = —= & T2
1128 o ")\l T,

where v, =2,200 m/s, T,=293.6 K, T, is the neulron temperature, and g(T ) the g-factor.
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The thermal neutron cross section o, for the *'Am(n,f) reaclion at a neutron cnergy of
0.0253 eV {corresponding 1o a velocity of 2,200 m/s) is obtained almost same as the case

for the KULS, by rewriting the relations as follows:

UAm = CAm NU gU('l-‘l'l) UU
Co Mam 8an(To)
where, C : fission counts of Ulam,

C,: fission counts of #°U,

g,(T): g-facior of 2°U,

2, (T.): g—factor of *'Am,

o,,: fission cross section at 0.0253 eV of z5.
The reference fission cross section was taken from the evaluated data file of ENDF/B-
V1, and the g-factors for *!Am(0.996) and BIY(0.9761 + 0.0012) were referred 1o the
literature'®, although Gryntakis®® gave 1.0220 and 0.9665 values, respectively. The
ratio of C,_/C,; data obtained by exchanging the deposit positions of ' Am and U in
the BTB chambers was 1.04 + 0.03. We took an average of the values before and afier

the deposits were exchanged to derive the fission cross section.

V. Results and Discussion

Making use of the BTB chambers and the KULS, the cross section for the 2'Am(n,f)
reaction was measured relative to that for the 2*U(n,f) reaction at energies from 0.1 eV 1o
10 keV. In the resanance energy region for *'Am and 2°U below 1 keV, the relative
fission cross section of *'Am was measured 1o that for the WB(n,a) reaction and was
normalized to the absolute value between 200 eV and 1 keV obtained by the B5U{n,f)
reaction, to avoid the resonance interference between !Am and B3, The present result

from 0.1 ¢V to 10 keV is shown in Fig. 5, and is compared with the ENDF/B-VI and the

14
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JENDL-3.2 dala, which are broadcned by lhe energy resolution function of the KULS.

Dead time correction for the P3U fission chamber was less than 0.03 % and that for
the ' Am was negligibly small. Concerning the effects of (1) loss of the fission frag-
ments in the 2'Am and the 25U deposils, (2) anisotropic angular distribution of (he fis-
sion fragments, and (3) photofission in the deposits on (he resultant fission cross seclion
of “!Am, we have assumed that they may be negligible as mentioned before®.  Since
the pure 2!Am sample was carefully prepared and the impurity was not observed, we
could lake no account of the impurity effect in the fission cross section measurement.

The cross section dala were obtained by summing up the slowing—daown time data lo
give about 0.115 lethargy width. The experimental uncertainties for the present meas-
urement are summarized in Table 2. The discrimination level was set in the minimum
count region between the fission and the noise counts in the pulse height distribution.
Uncertainty to determine the fission counts was estimated to be 1.9 % for ' Am and 0.65
% for 23U, respectively. Considering the gain shift in the detection system, the discrim~
ination level was checked and determined every 10 to 20 hours during the experiment.
The number of atoms in the #'Am and the 25U depasits were derived from the mean
aven.lgc by the alpha— and gamma-ray measurements. The gamma-ray measurement
supported the result by the alpha-ray measurement within the experimental uncertainty,
as seen in Table 1. Uncertainties for the reference cross sections of the *¥U(n,f) and the
10B(n,a) reactions'®?*) were estimated to be 2 to 4 % and 2 % in the relevant energy
region, respectively.

Good agreecment can be seen in general shape and absolule values, as seen in Fig, 5,
between the present measurement and the evalualed data in ENDF/B-VI and JENDL-
3.2, and both of the evaluated data show good agreement with each other, except at
energies from about 22 eV 1o about 140 eV. Some discrepancies can be seen beiween
the evaluated data and the measurement in the dip and the bump cross section region.

The both evaluated data in the encrgy range of 2 1o 4 eV are lower by about 30 %.
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Comparing the evaluated values with the present measurement, the JENDL-3.2 data
between 22 and 140 eV are underestimated by 1.2 to 2.3 times, while the ENDF/B-VI
data are in good agreement with the measurement,

The existing experimenial data have been also broadened by the energy resolution
function of the KULS, and compared with the present dala in Fig. 6. The data measured
by Dabbs et al., whose result is mainly referred to the evaluation for the ENDF/B-VI file,
are in general agreement with the present values. The fission cross sections obtained by
Gayther ct al. are higher above 55 ¢V by 50 to 100 % than the present measurement.
The data by Bowman el al., Gerasimov et al., and Derrien et al. are close to the present
cross section below several lens of ¢V, although Bowman et al. gave two times higher
data above 200 eV. Leonard el al. gave higher values between 2 and 5 eV. Secper el al.
measured the cross section with a nuclear explosion technique and obtained much higher
values than the present data above 20 V.

In Table 3, comparisons zre performed for mear values of the 2*'Am fission cross
section from the present work with resulls from ENDF/B-V], JENDL-3.2 and the dala
by Dabbs et al. As seen in the table, the agreement between ihc present measurement
and the ENDF/B-VI data are good in general. The JENDL-3.2 data shows good agree-
ment with the measurement excepl for the 20 to 200 eV region. The data by Dabbs el al.
seem lo be higher a little than the two evaluated data and the present values, especially in
the fower energy region. The present result above 1 keV is higher by about 5 % than the
evaluations and the Dabbs' data.

The cross section of ' Am{n,f) reaction for 2,200 m/s neutrons was obtained relative
to the reference vajue of 586.2 b appeared in ENDF/B-V1. The present result at 0.0253
eV is 3.15 + 0.097 b, which is close 10 the extrapolated value of the KULS data as seen in
Fig. 5. Fission counts were delermined by linearly extrapolating the pulse height distri-
bution curve near the discrimination level. Main sources of the uncertainties in the

present measurement are due to the statistical error (0.04 to 0.4 %), assignment of C,
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and C,, by integrating the pulse height spectrum above the discrimination level (estimaled
1o be about 1.5 % for C, and 1.1 % for C, respectively), the g—factors for *Am and
B5( the reference cross section for the 2**U(n,f) reaction (estimated 1o be less than 1

95)"49), the number of atoms in the deposit samples as seen in Table 1, and the corsection

assigned for the setling pasition of >'Am and U deposits in the BTB chambers (0.25

%). We have eslimated that the uncertainty of the g-factor for *'Am is +1.3 %, because
we could see such a difference between the g-factors by Mughabghab'® and
Gryntakis®®, while the g-factor for 2%U is well detlermined'®, Some other uncertainties
and corrections may be small and be negligible as those in (he above KULS experimenl.
The total experimental uncertainty of the thermal neutron cross section for the M Am(n,f)
reaction was derived 1o be about 3.1 % as the rool of square sum of the above uncertain—
ties.

The measured resull is given in Table 4, and is compared with earlier evaluated and
experimental data.  The evaluated value in ENDF/B-V1 is in good agreement with the
present resull, and the JEF-2.2 and the Mughabghab's dala are also close to the meas-
urement. The dala appeared-in JENDL-3.2 and measured by Dabbs et al. are lower by
4.2 % and 2.9 %, respectively,  Although the average value of other six earlier experi-
mental data is in agreement with the present measurement wilhin the uncertainty, the data
by Gavrilov et al. seems lo be lower by 11 % than the present data.

Since we carefully prepared the #!Am sample and used the pure sample, the measured
cross section may not be disturbed by the undesirable reactions du¢ lo the impurities.
This would be implied by the facl that the present measurement of the thermal neutron
cross section for the 2 Am(n,f) reaction is in good agreement with most of the recent e~
valuated values at 0.0253 eV, as mentioned above. The present result may also rcvéal

that the KULS data with the #'Am sample are not affected by the impunities in the sam~

ple.

17

V1. Conclusion

The cross section for the 2! Am({n,f) reaction has been mcasul:ed from 0.1 eV to 10
keV relative to that for the B5U(n,f) reaction, making use of the BTB type double fission
chambers and a lead slowing-down spectrometer coupled to the KURRI electron linac.
The present measurement shows good agreement with the ENDF/B-V1 data and the dala
measured by Dabbs et al. The JENDL-3.2 dala are also in general agreement with the
measurement, although the evaluated values are underestimated by 1.2 to 2.3 times
between 22 and 140 eV. These evaluated and measured data were broadened by the
energy resolution function of the spectrometer, KULS. Some of the previous experimen—
tal data which were measured partially in the relevant energy region are not always in
agreement with the present measurement.

Thermal neutron cross section for the ' Am(n,f) reaction at 0.0253 ¢V was obtained
to be 3.15 + 0.097 b, which was measured wilh the pure Maxwellian distribution field by
the BTB chambers. Good agreement can be seen between the present measurement and
the values evaluated in ENDF/B-VI, JEF~2.2 and by Mughabghab. The JENDL-3.2
and the Dabbs' data are lower by 4.2 % and 2.9 % respectively than the present value.
Most of the experimental data, which were measured from 1950 to 1970, are close to
that of the present result, although the data by Gavrilov, et al. scems to be lower by about

11 %.
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Table 1 Determination of number of atoms for the #'Am and 251 oxide deposits.

Method

i Am deposit

B3 deposit

a-spectroscopy

(1722 + 0.022)x10'

(3.289 + 0.039)x10"7

y-speclroscopy (1.796 + 0.053)x10' (3.253 1 0.094)x10"7
Weighted mean value (1.734 4+ 0.020)x10" (3.283 + 0.036)x10"
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Fig. 1 Cross seclional view of the Kyoto University Lead Slowing-down

Spectrometer, KULS.
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Table 2 Experimental uncertainlies for the present measurement. ®

Uncertainties due to Emror in %
Stalistical error for #'Am 0.08 - 6.2
for B0 0.06 - 1.1
Assignment of fission counts for *'Am <19
for Z5U <0.65
Number of atoms for #*'Am 13
for BSU 12
Reference cross seclion for the
B51){n,f) reaction 2-4
Reference cross section for the
10B(pn,q) reaction 2
Comection for setting position of *!Am and
31] deposits in the BTB chambers 0.3
Correction to inscattered neutrons
by the chambers 0.2
Correction to background subtraclion <02-04

Table 3 Comparison of mean values of the 2! Am fission cross section from
the present work with those from ENDF/B-VI, JENDL-3.2 and

the data by Dabbs et al.
Energy range ENDF/B-VI JENDL-32 Dabbsetal Present
(eV})

0.1 -0.89 4.753+0° 4.724+0 5.13340 4.897+0
0.89 - 3.55 2.04640 1.853+0 2.18240 1.91440
3.35-200 7.982-1 7.106-1 8.438-1 7.636-1
20,0 - 200 2.558-1 1.893-1 2.524-1 2.514-1
200 - 1000 9.701-2 9.708-2 10.224-2 10.965-2
1000 - 10000 3.570-2

3.031-2 3.009-2 3.110-2

* read as 4.753x10*°

Table 4 Thermal neutron cross seclion {2,200 m/s value)
for 2 Am(n,f) reaction.

Cross Seclion Reference
(b)

3.15 +0.097 Present

3153 ENDFE/B-VI(91) Ref(13)
3.019 JENDL-3.2("95)  Ref(14)
3177 JEF-2.2('94) Ref(15)
3.20 + 0.09 Mughabghab('84) Ref{16)
3.06+0.19 Dabbs('83) Ref{ 6)
3.0 Hanna('51) Ref(17)
30+02 Cuaningham('51)  Ref(18)
3.13+0.15 Hulet('57) Ref(19}
3.15 + 0.10 Bak('67) Ref(20)
2.8+0.25 Gavrilov('75) Ref(21)
324015 Zhuravlev('75) Ref(22)
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Measurement of Fission Cross Section with Pure Am-243 Sample
using Lead Slowing—Down Spectrometer
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Kumatori—cho, Sennan-gun, Osaka 590-04, Japan
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Yoshidahonmachi, Sakyo—ku, Kyoto 606-01, Japan

3 Isotope Products Laboratory, Japan Atomic Energy Research Institute
Tokai—mura, Naka—gun, Ibaraki 319-11, Japan

By making use of back—to-back type double fission chambers and a lead slowing—down spec-
trometer coupled to an electron linear accelerator, the fission cross section for the #*Am(n,f)
reaction has been measured relative to that for the #*U(n,f) reaction in the energy range from 0.1
eV to 10 keV. The measured result was compared with the evaluated nuclear data appeared in
ENDF/B-VI and JENDL-3.2, whose evaluated data were broadened by the energy resolution
function of the spectrometer. General agreement was seen between the evaluated data and the
measurement except that the ENDF/B-VI data were lower in the range from 15 to 60 eV and
that the JENDL-3.2 data seemed to be lower above 100 eV.

1. Introduction

Americium isotopes are minor actinides which are produced subsequently to Z7Np nuclide in
light water reactors. The nuclear data for the minor actinides are of great interest in the design
of reactors with MOX or Pu fuels and for the design of systems for spent fuel reprocessing or
waste disposal. The fission cross sections are important for transmutation of the burdensome
actinides[1,2]. | .

Numerous measurements of the nuclear data for Z7Np and %1Am have been made previously
[3]. Recently, the authors have also measured the fission cross sections of Z’Np and #1Am in
the neutron energy range from 0.1 eV to 10 keV[4,5]. However, the fission cross section for
%3Am is not always enough both in quality and in quanfity, especially, the measured data have
not been reported below 5 keV except for thermal neutron energy[3,6]. In the lower energy
region, #*Am has a small subthreshold fission cross section. However, the cross section is still
important not only for systematic studies of fission mechanism but also for transmutation in light
water reactors because they have higher neutron fluxes at the relevant energies.

In the present study, at first, we have prepared the pure %3 Am sample by anion—exchange
method to remove the 2°Pu impurity produced through the alpha-decay of *’Am. After the
chemical purification, the fission cross section for the #*Am(n,f) reaction has been measured
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relative to that for the Z5U(n,f) reaction by making use of back-to-back type double fission
chambers and a lead slowing—down spectrometer coupled to 46 MeV celectron linear accelerator
(linac) of Research Reactor Institute, Kyoto University (KURRI). The experimental technique
is the same as before(4,5]. The measured result is compared with the evaluated data in
JENDL-3.2([7] and ENDF/B-VI[3]. o

2. Experimental Methods

2.1. Lead Slowing-down Spectrometer

The lead slowing—down spectrometer was recently installed coupling to the 46 MeV electron
linear accelerator (linac) at Research Reactor Institute, Kyoto University (KURRI). The Kyoto
University Lead Slowing—down Spectrometer (KULS) is composed of 1600 pieces of lead
blocks (each size : 10x20x20 cm?, and purity : 99.9 %) and these are piled up to make a cube of
1.5x1.5x1.5 m> (about 40 tons) without any structural materials[9], as seen in Fig. 1. At the
center of the KULS, we have set an air—cooled photoneutron target of Ta to generate pulsed fast
neutrons. Thermocouples were attached on the surface of the target case to monitor the tempera—
ture. The linac was operated to keep the temperature less than 300 °C. The KULS has eight
experimental/irradiation holes (10x10 cm?, 55 or 45 cm in depth), and one of the holes is covered
by bismuth layers of 10 to 15 cm in thickness to shield high energy gamma-rays (6 to 7 MeV)
produced by the Pb(n,y) reaction in the spectrometer.

Characteristic behavior of neu-

trons in ic KUtLS was stuc%ied by Through h°'?\\r50m Foils /E:g;’ime“mi
calculations with the continuous Cable [ 7T 7 70T
energy Monte Carlo code MCNP[10] Leade__|[ oF. Monil
. . g |- oniter
and by experiments with resonance R :
. Tantalum g L.Cadmium Plate

filter method [4,9]. It was found Target ~ .
that the slowing—down constant K in Linae £ — == 3
the relation of energy and slowing- Fission Ghamber _ -
down time E=K/t? was determined Sxperimental | -Plotform
to be 190 + 2 and 156 + 2 (keV us?) Bismuth —]

. . Cable
for the bismuth and the lead experi—~ e
mental holes. The energy resolution Cadmium Plate

was around 40 % for both experi~ [_Lead

=
mental holes at energies from a few o
eV to about 500 eV and was larger in Tumc,'_"f:,‘:,lh?-e“:, SRUDMMTIHE R o
R o 2 AR S \\\\\x\.\\\‘
tt}c lower and the .hlghcr energy re— Experimentala] W : %5
gions. More detailed characteristics Hole ] “‘“a§ el ko
of the KULS are given elsewhere ] \\ '* Platform
(4,9] N e
F 2 E
pllg / : .'-“3;
2.2. %3Am and #5U Samples |
The americium sample was puri- Fig. 1 Cross—sectional view of Kyoto
fied at Isotope Products Laboratory, University Lead Spectrometer, KULS.
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Japan Atomic Energy Research Institute by anion—exchange method using nitric acid methyl
alcohol-mixed media {11], in order to remove uranium, neptunium, plutonium and curium from
the americium sample. The purified americium solution and isopropy! alcohol were mixed
thoroughly and electrolyzed on a stainless steel disk (28 mm in diameter and 0.2 mm in thick-
ness) for preparing an americium deposit (radioactive area of 20 mm in diameter){12]. After
electrodeposition, the sample was sintered with a gas bumer to fix the americium layer on the
disk by making americium oxide.

Alpha-ray from the deposit was
measured with a silicon surface bar-
der detector. The pulse height dis—
tribution of the **3Am sample is
shown in Fig. 2. Although small
amount of impurities of **!Am and
243Cm are observed in the figure,
their counting rate ratios for **Am/
23Am and Cm/**Am are 0.007 and
. 0.00004, respectively. We have
found that these impurities have no 10 L L 5005500
influence on the result of the **Am Channel Number
(n,f) cross section measurement,
considering their cross sections and
half-lives or numbers of their atoms.
In addition, 74.7 keV gamma-ray from 243Am was measured with a HPGe detector and the
number of #3Am was also determined by analyzing the gamma-ray spectrum obtained. The
results measured by both detectors are in good agreement within the uncertainty of 2 %. The
number of 23Am atoms is determined to be (3.33 + 0.11) x 107, where the error was estimated
by taking into account (i) statistics of the activity measurements, (ii) geometrical detection effi-
ciencies, and (iif) uncertainties of the decay data used.

Highly enriched uranium oxide (99.91 % of #5U) got from ORNL was chemically treated as
almost same technique as the americium sample. - The uranium deposit on the stainless steel disk
was prepared at KURRI by the electrodeposition method. This 25U sample was used to momnitor
the neutron flux in this study as the well-known reference cross section of the B5U(n,f) reaction.
Alpha-ray and gamma-Tay spectrometries were carried out to determine the number of the
uranjum atom as well as the americium sample. From the analyses of the alpha-tays with 4.152
to 4.597 MeV from 25U, the number of 2°U atoms was determined to be (2.81 + 0.03) x 10%.
The gamma-ray measurement by 185.7 keV of 851 showed good agreement within 1.5 % with
the alpha-ray measurement.

Insrvllxl('|r'l'l LA T M B SRR

Counts / Channel

Fig. 2 Alpha—ray spectrum of 2*Am.

2.3. Fission Chambers

The fission chambers employed for the present measurement are composed of two parallel
plate type ionization chambers[4,5] as shown in Fig. 3. The back sides of a sample deposit
(**3Am) and a reference one (2°U) are faced each other, and it is called back-to-back type. The
chambers were made of Al and filled with a mixed gas (97% Arand 3% N 2 ) at 1 atm.

_93_



2.4. Data Taking and Fission Rate
Measurement
The back—to~back type fission
chambers were put in the Bi—covered 1
hole of the KULS. Since we used —_—
quite thin **Am(43 pug/cm?) and BNG Connectar®
B5U(3.5 pg/cm?) deposits, fission
pulses were clearly discriminated
from background pulses caused by
alpha-rays, and led to the respective - I
time analyzer, as before[4,5]. The For Evacuating

. .. and
start signal for timing was taken Gas Filling

from the linac electron blfISt' '.l"he Fig. 3 Cross-sectional view of back-
channel number and the time width to—back type fission chambers.
of each time analyzer were 4096 and
62.5 or 500 ns, respectively. The linac was operated with pulse width of 22-33 ns, repetition
rate of 200 Hz, electron peak cument of about 1.9 A, and accelerating energy of about 30 MeV,
After about 50 hours' experiment, the *Am and the 25U deposited plates were exchanged each
other and had another 30 hours, to eliminate the systematic and statistic uncertainties in the cross
section measurement.

The fission cross section of 2 Am is obtained by

o, E) = —am Du_ o )

Cs Nam
C,., : fission counts of 2*Am,
C, : fission counts of =57,
N, : number of **Am atoms in the sample deposit,
N, :number of 235 atoms in the reference deposit,
o,(E) : energy dependent fission cross section of Z°U.
We cited the numerical values of o (E) from ENDF/B-VI[8].

Figure 4 shows the cross sections measured at the time when 4 weeks, 5 months and 13
months have passed after the chemical purification. In the neutron energy region around 0.3 eV,
one can see that the cross sections are getting higher as the time passes, due to the accumulated
impurity of #Pu by the alpha~decay of *3Am. With the repeated experiments as seen in Fig. 4,
we could experimentally investigate the influence of the Z°Pu impurity and comrect the measured
results to give the data at the point of time when the chemical process was done. The details are
described elsewhere[13].

Parallel Plate Etectrodes

=5

Aluminum

NN

Case

[ENNN

%'"/ 3

By Deposit #1Am Deposit

Insulator

i oo o
= | RS

where

3. Results and Discussion

The present result, which has been corrected with the growth influence of the Z*Pu impurity,
is shown in Fig. 5 and is compared with the evaluated cross sections in JENDL~-3.2[7] and
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Fig. 4 Comparison of the measured data depending on the time
after the chemical purification.

ENDEF/B-VI[8], which are broadened by the energy resolution function of the KULS. The
experimental uncertainties are considered to be mainly due to (1) the statistical error in fission
counts, (2) assignment of fission counts, (3) number of atoms for the %3Am and the 2°U depos-
its, and (4) the reference fission cross section for the 25U(n,f) reaction. Total amount of the
experimental uncertainties is 4 t0 6 %.

It is seen in Fig. 5 that both of the evaluation data are discrepant each other in the energy
regions below 0.3 eV and above 15 eV. Although the ENDEF/B-VI data are in general agree—
ment with the present measurement, they are lower at energies between 15 and 60 eV. The
JENDL-3.2 data seem to be lower than the measurement in general above 100 eV. At the
narrow dip of around 3 eV, one can see discrepancy between the evaluated and the measured
data. The reason would be due to the inappropriate resolution function of the lead slowing-
down spectrometer.
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The influence of the impurities on the fission cross section measurements for **Am
and 23Am has been investigated with the practical results. Following cases have been
considered as the influence of impurities; (a)experiments with the 24l Am sample that
contains impurities originally, and (b) experiments with the ***Am sample that contains
impurities produced by e, § decays after the chemical purification. The present study
has demonstrated the usefulness of pure samples by the comparison of the experiments
using the sample on the market with those using the pure sample processed by the au-
thors. Particularly on the case(b), the correction of the impurity through the periodical
measurements was experimentally performed (about 18% around 0.3 eV in 4 weeks after
the chemical purification).

1.Introduction

For the nuclear data measurements, in general, cross section value of the sample contain-
ing impurities may be bigger than that with the pure sample depending on the amount
of impurities and on the nuclear characteristics(1}{2]. Particularly, it have to be care-
ful to measure the fission cross sections of minor actinides because many kinds of them
are produced and accumulated in the sample through the complicated decay processes.
Therefore, the extensive experimental studies have recently been concentrated on the
importance of the chemical and isotopic composition of the sample materials and of its
physical properties(1][2]{3].

In an earlier measurement, we had the experience of obtaining a much larger fission cross
section for 4! Am, being the measurement made with a sample on the market(4]. Through
the careful and systematic investigation of the ***Am sample by a-ray spectrometry, we
found that the sample contained the 2°Pu impurity of about 0.3%(5]. On the other hand,
the measurement of 22Am fission cross section have to be also performed with careful
consideration of 2Py ingrowth, because it is produced through the following decay chain;

o o
2"3Am 73_7—0; 239Np 2.355d 239Pu 241_1—53« 235U

This 9Py ingrowth makes an important contribution to the measured fission cross section
even if we have purified the ***Am sample by the chemical processing.

In the present study, following cases have been considered as the influence of impurities
for fission cross section measurements with:

(a) the sample which contains impurities originally.
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(b) the sample whose decay products are accumulated as impurities after chemical pu-
rification.
In practice, the impurity problems have been investigated as typical examples for the
measurements of the 2*' Am(n,f) and ?**Am(n,f) cross sections, respectively[4][5][6]. The
experiments have been performed by making use of back-to-back type double fission cham-
bers using the Am and the **U deposits and of a lead slowing-down spectrometer coupled
to an electron linear accelerator([7}[8].

2.Experimental Methods

2.1. Lead Slowing-down Spectrometer

The fission cross section measurements for *** Am and 2**Am have been made in the
energy range from 0.1 eV to 10 keV with Kyoto University Lead Slowing-down Spectrom-
eter (KULS)[7]. The KULS is composed of 1600 lead blocks (each size:10 x 10 x 20cm?,
purity:99.9%) and the blocks are piled up to make a cube of 1.5 x 1.5 x 1.5m3(40 tons)
without any structural materials. We covered the KULS with Cd sheets of 0.5 mm in
thickens. At the center of the KULS, an air-cooled photoneutron source of Ta is set to
generate pulsed fast neutrons. One of the experimental holes in the KULS was covered
by Bi layers of 10 to 15 cm in thickness to shield high energy gamma-rays (6 to 7 MeV)
produced by the Pb(n,y) reaction in the spectrometer.

The characteristics of the spectrometer (the relation between neutron slowing-down
time and energy, and the resolution) have been obtained by the measurements and the
calculations. The detailed description is given elsewhere[7].

2.2. M Am and ?Am Samples

Two kinds of Am samples were used; one was commercially available[4] and the other
was prepared by ourselves with the chemical processing using anion-exchange methods.
Both types of the Am samples were deposited on stainless steel plates of 28 mm in diam-
eter and 0.2 mm thick (radioactive area:20 mm in diameter). In the o-ray spectrum of
the purified **! Am sample, no other a-ray peak was observed. For the 2*Am spectrum
measurement, although small amount of impurities of ** Am and 2**Cm were observed,

the counting rate ratios for *'Am/?***Am and 2**Cm/?*®Am were 0.007 and 0.00004,

respectively. These results were found to be negligible in the 2Am(n,f) cross section
measurement at the relevant energies.

2.3. Fission Chambers

The fission chambers employed for the present measurements are composed of two
parallel plate type ionization chambers[8]. The back sides of a sample deposit (Am) and
a reference one (**U} are faced each other, therefore it is called back-to-back type. The
chambers were made of aluminum and filled with a mixed gas (97% Ar and 3% Ng) at 1
atm. Enrichment of the reference **U sample was 99.91%.

3. Fission Cross Section Measurement

Each of the fission cross section for ' Am and **Am is obtained by the following
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equation;

CAm NU
oam(E) = ——=0y(E
®) = o Nos )
where Cam : fission counts of Am,
Cuy . fission counts of 233,
Nim : number of Am atoms in the sample deposit,
Ny . number of 23U atoms in the reference deposit,

ou(E) : energy dependent fission cross section of *°U.

The reference cross section values were cited from ENDF/B-VI(10]. More detailed exper-
imental descriptions are given elsewhere[6][9].

4.Results and discussion

The result with the 2*! Am sample on the
market is shown in Fig.1, and is compared
with the evaluated data in JENDL-3.2(11]
and ENDF/B-VI{10], where the evaluated
data were broadened by the energy resolu-
tion of the KULS. The fission cross section
for the pure **Am sample has also been
shown in Fig.2, where the measurement is
in good agreement with the evaluated data.
It is clear that the larger cross section for
the purchased sample is due to the impu- Neutron Energy ( &V )
rities. We have experimentally investigated
the problem and found that the purchased
sample contained **°Pu impurity of about
0.3 % at least by the careful a-ray spec-
trometry. The sample contains some other
impurities in addition to %°Pu because the
larger cross section has not been corrected

L L L 1 1 i
Present

{oy purified sampls) |
oo ENDF/B-VI

mmw-wes JENOL-3.2

Fission Cross Section { barn }

Fig.1 Comparison of the measured cross
section for the purchased sample
and the evaluated.

properly with the amount of **Pu impurity ¢ w'|- ! L Fra:am b
except for the energy region around the 0.3 5 S AN T TE— E:f;.:f:f:,'fd e
eV resonance. It is shown in Fig.3 that we g S SR JENDL-32

have simulated the impurity corrections not  § ''[ T
only with 2°Pu but also with 2*™Am, The ]
amount of *™Am impurity was assumed :E; .

to be 0.25% to fit the analytical result to ¢ T i
the measurement around higher neutron en- E .

ergy region. The result of this correction - e e e
means that the 2*™Am impurity was over- Neutron Energy { ¥ )

estimated and there were any other impuri-

ties in the sample because of the inadequate Fig.2 Comparison of the measured cross
correction around lower neutron energy re- section for the purified sample and
gion. . the evaluated.
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Figure 4 also shows the ***Am(n,f) cross
section measured with the sample on the
market. There is a remarkable difference
between this result and the evaluated data
around 0.3 eV, which is clearly cause by

-

[~}
o

1

Tisslon Cross Section of **Am (bara}

239Py impurity produced by the a-decay of W \‘ A .

M3Am.  We have followed the growth of TN \
9Py impurity in the ***Am sample after ~— ENDE/B-VI ™M
the chemical purification by the calculation W0 e

and periodical measurements. In Fig. 5, the Neutron Energy (¢V)

results of the measurements performed at 4
weeks, 21 weeks and 55 weeks after the pu-
rification is shown. It is obviously observed
that the measured values around 0.3 eV in-
creased depending on the time after the pu-

rification.
The influence of 2°Pu ingrowth around its 0.3 eV resonance is illustrated in Fig.6,

where the solid line means the measured cross sections and the broken line indicates the
estimated contribution of 2°Pu ingrowth using the cross sections cited from ENDF/B-
VI[10]. Good agreement is seen between them. Figure 7 shows the energy dependent
influence of the 29Pu ingrowth. As a result, the present cross section for the ***Am(n,f)
reaction has been derived and displayed in Fig. 8 with the correction of 239Py accumulation
(about 18 % around 0.3 €V in 4 weeks after the chemical process). Through the present
experimental investigation, it is found that the measurement has to be done as soon as
possible after the chemical purification not to make the correction large and that the pure
sample is indispensable for these kinds of measurements.

Fig.4 Comparison of the measured cross
section for the purchased sample
and the evaluated.
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Applying a total energy absorption v-ray detector composed of 12 bricks (5%5cm?, 7.5 cm thick) of BGO
scintillators, the absolute measurement of capture cross sections for Au and Sb has been made in an energy
region between 0.01 and 10eV using the linac time-of-flight method. Incident thermal neutron flux was
absolutely determined by using the BGO detection system with a Sm sample. To extend the neutron Rux
measurement from the thermal neutron region to higher neutron energies, the **B(n, a~y) reaction was applied.
Absalute capture yield for the relevant capture sample was obtained by the saturated capture yield at a large
resonance of the sample.

Gold was selected to investigate the application of the BGO detection system to the absolute measurement
of the capture cross sections, since the **7Au(n, v)*** Au reaction cross section is a well known standard one.
The result of the 7 Au(n, v)'"*®Au reaction cross section showed good agreement with the evaluated data in
JENDL Dosimetry File and ENDF/B-VL Then, the detection system was applied to the Sb{n, ) cross section
measurement. Antimony has a large scattering-to-capture cross section ratio comparing to that of gold. The

result showed good agreement with the evaluated data in JENDL-3.2 and ENDF/B-VL

KEYWORDS: BGO scintillator, total energy absorption detector, neutron capiure, capture
cross section, absolute meansurement, time-of-flight method, gold, antimony, eV range 0.01-

i0

I. INTRODUCTION

Two kinds of measurements are essential for the de-
termination of a neutron capture cross section. One is
to measure the neutron flux impinging on a sample, and
the other is capture rate measurement occurring in the
sample. The capture rate is often obtained by induced-
activities from the activation semple or by the detec-
tion of prompt -rays from the neutron-captured sam-
ple. The latter is useful for the energy dependent cross
section measurement by a neutron time-of-flight method.
For the determination of the number of capture events,
however, it is necessary to use a detector of which the
detection efficiency for capture events is independent. of
specific de-excitation cascade modes following the neu-
tron capture!™. For such a purpose, we have devel-
oped a total energy absorption detector by employing
BGO (bismuth germanate, BigGe3O12) scintillators™.
Similar detectors have been developed and applied to
the measurement of neutron capture cross sections by
Wisshak®, Block! and Muradyan®.

A total energy absorption detector employing BGO
scintillators can be a detection system for the absolute
measurement of neutron capture cross sections with the
following features:

(1} BGO has a high density (7.13 g/em3)‘"; hence, a

* Kumatori-cho, Sennan-gun, Osaka 590-04.
! Corresponding author, Tel. +81-724-51-2347,
Fax +81-724-51-2602, E-mail: yamamoto@rri.kyoto-u.ac.jp

large linear absorption coeflicient for even higher en-
ergy v-rays. Accordingly, the volume of scintillator
which is needed to absorb the major part of capture
4-rays is much smaller (by a factor of about 1,000),
than that of an organic-liquid scintillator. This en-
ables a compact setup of the detection assembly
including the associated equipment (e.g., detector
shielding), and reduces the background counts com-
ing from environmental radiations. Such a system
with low background capability may be suitable to
give better signal-to-background ratio data for the
capture event counting.

(2) In the case of a large organic-liquid scintillator, a

108 sample cannot be used as a standard to de-
termine the neutron flux impinging on the capture
sample since a '°B compound is usually dissolved
into the organic liquid so as to reduce the y-rays
produced when the neutrons scatterd by the sample
are captured by the hydrogen in the scintillator. On
the other hand, as for the BGO detector not contain-
ing the °B compound, the 1°B(n, ary) reaction may
be employed as a standard. A common BGO de-
tection system can be used to measure the neutron
Aux as well as the capture events. This capability
is desirable in capture cross section measurements
with high accuracy.

(3} The low sensitivity to neutrons scattered with a
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capture cross section measurements. BGO scintilla-
tors have a sensitivity to scattered neutrons which
have to be taken into consideration, especially in
the case of a sample which has a large value of
scattering-to-capture ratio. The authors have over-

come the problem by shielding the inner surface of

the through hole of the BGO detector with SLiF
tiles of 3 mm in thicknesst”!. Lithium-6 has a large
cross section for the €Li(n, &) reaction, especially in
the lower energy region, and absorbs the neutrons
scattered by the capture sample without y-ray emis-
sion. Below 10eV the sensitivity to scattered neu-
trons was sufficiently reduced!®.

In the present work, we have experimentally inves-
tigated a BGO detection system applied to the abso-
lute measurement of capture cross sections for Au and
Sb by making use of a neutron time-of-flight method
with the 46 MeV electron linear accelerator (linac) at the
Research Reactor Institute, Kyoto University (KURRI}.
Since the capture cross section for gold is well known as
one of the standard neutron cross sections, the cross sec-
tion measurement may be useful for understanding the
applicability of the BGO detection system. Antimony
has a large scattering-to-capture cross section ratio (0.82
for Sb, 0.08 for Au at therinal neutron energy}'®', which
means that the Sb may be at a disadvantage for the
capture cross section measurement comparing to that of
Au,

This paper describes the absolute measurement of
neutron capture cross sections for Au and Sb using the
BGO detection system as a total energy absorption de-
tector. At first, to determine the neutron flux imping-
ing on a sample, a neutron detection efficiency was cal-
ibrated by Sm and **B samples at thermal neutron en-
ergy, and the detection efficiency of the capture events
occurring in the sample was obtained by the saturated
yvield method. Finally, the measured results are com-
pared with the evaluated cross section values in JENDL-
3.2 JENDL Dosimetry File!'® and ENDF/B-VIt#),

5. YAMAMOTO et al.

I. EXPERIMENTAL METHOD

1. Samples

Samarium sample was a metallic plate of 1.8x1.8 cm?
and 0.5 mm thick, and the purity was 99.8%. The sam-
ple was put into the center of the through hole of the
BGO assembly to measure the absolute thermal neutron
flux. The sample was thick enough to be black to ther-
mal neutrons.

Boron-10 powder was put into a thin Al case (0.2 mm
in thickness) of 1.8x1.8cm? and 8 mm in thickness and
the sample thickness was 1.102g/cm?. The enrichment
of the 1°B sample was 90.4%. This sample was set at the
center of the BGO assembly instead of the samarium
sample to measure the energy dependent neutron flux.
The 19B sample was black for neutrons bellow 10eV.

Gold sample was a metallic plate of 1.8x1.8 cm® and
the thickness was 0.716 g/cm?. The purity was 98.999%.
Antimony sample was made of fine powder and packed in
an Al case of 1.8x1.8cm? and 5 mm in thickness. The
purity was 99.9% and the sample thickness was 1.843
g/cm?.

2. BGO Detector

The present BGO assembly consists of twelve scintil-
lator bricks of 5x5%7.5 cm®, so that the total volume is
2.25 ! which corresponds to about 1/1,000 in volume of &
large liquid scintillator tank. Twelve bricks are equipped
with respective photo-multiplier (PM) tubes and assem-
bled to have a through hole of 2.7x2.7 cm? and 15.0 em
in length as shown in Fig. 1. A neutron beam is col-
limated and led through the hole to a capture sample
placed at the center of the BGO assembly. The inside of
the hole was covered with enriched ®LiF tiles of 3 mm in
thickness, to absorb neutrons scattered by the capture
sample‘®. Also, the BGO detection system is installed
in a house made of lead shielding of 5 cm in thickness to
reduce background radiation from the surroundings.

Characteristics of the BGO detection system have
been investigated both by experimental work and Monte

e

/ -

Scintillater
brick

%

5x5275em® Pt

~

SLiF (3mm thick)

L

Fig. 1 BGO detector assembly.
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Carlo calculations. More detailed description about
the pulse height spectra of the Ta{n,v), Au(n,~}, and
Fe(n, v} reactions, detection efficiency for monoenergetic
~-rays, and sensitivity to neutrons scattered by the cap-
ture sample was given in the previous paper®®.

3. Experimental Arrangement

Capture cross section measurements in a neutron
energy region between 0.01 and 10eV were carried out
by neutron time-of-flight {TOF) technique using the 46
MeV linac at KURRI. The experimental arrangement is
shown in Fig. 2. The flight path used in the experiment
is in the direction of 135° to the linac electron beam.
Photoneutrons from the water-cooled Ta target were di-
rected to a capture sample placed at a distance of 12.7
m from the target. The neutron collimation system was
mainly composed of B,C, Li;CO3 and Pb materials, and
tapered from about 12 cm in diameter at the entrance of
the flight tube to 1.5 cm at the detector so that the neu-
tron beam was collimated to 1.5cm in diameter upon
the sample. The capture sample, which was put on the
sample changer, was placed at the center of the BGO
assembly. A Pb-shadow shield was put in front of the
photoneutron source to reduce the intense gamma-flash
produced at the Ta target. The neutron intensity during
the TOF experiment was monitored by a BF; counter
placed in the neutron beam.

4. Pulsed Neutron Source

Making use of the 46 MeV linac at KURRI, bursts of
fast neutrons were produced in a water-cooled photoneu-
tron target, which was 5cm in diameter and 6.1 cm long
and composed of 12 sheets of Ta plates with the total
thickness of 29 mm®®. The fast neutrons were moder-
ated in an octagonal water tank, 30 cm in diameter and
10 cm thick, placed beside the target.

During the experimental series for the TOF measure-
ment, the KURRI linac was operated at the repetition
rate of 50 Hz, with the pulse width of 3 us, electron en-
ergy 33 MeV and peak current 0.8 A. In order to prevent
overlap of thermal neutrons produced by the previous

linac burst, the pulse repetition rate was set to be as low
a2s 50 Hz in the 12.7 m TOF measurement.

5. Data Acquisition

The block diagram of the data acquisition system is
shown in Fig. 3. Output signals from twelve discrim-
inators are led to the coincidence circuit, which makes
one output signal when two or more signals from the
discriminators are coincided. By using this coincidence
technique, the signal-to-noise ratio could be more im-
proved than that without coincidence. In the case of 1°B
sample, the coincidence technique can not be used be-
cause the Y9B(n, ay) reaction has no cascade and emits
a single y-ray of 478 keV.

The signals from the BGO detection system were fed
into a time digitizer, which was initiated by the KURRI-
linac bursts. The TOF data were stored in a data ac-
quisition system, a Canberra’s series 88 multi-parameter
analyzer which was linked to the PDP-11/34 computer.
The sample changer had four sample positions, which
were provided for the capture samples of Au, Sb, 1B and
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Fig. 3 Block diagram of the data acquisition system.
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Sm. The multi-channel data were stored as four 2048-
channel data which corresponded to individual samples.
Another four 2048-channel data areas were used for the
measurement of neutron intensity for each sample run
using the BF; monitor placed in the neutron TOF beam.
Neutron monitor counts, which were used to normalize
the measured data at each sample position, were ob-
tained by integrating the TOF counts in each channel
corresponding to the relevant energy region.

In the case of the present background measurement, a
thick B plug (1.11 g/cm?) was placed between the BF;
counter and the BGO detection system to black out the
neuntron beam.

I, ABSOLUTE MEASUREMENT OF
CAPTURE YIELD

1. Flux Determination with Thermal
Neutrons

We have applied the BGO detection system with the
samarium sample to the calibration of incident thermal
neutron fux.

The counting rate of the BGO detection system for
thermal neutrons captured by the samarinm sample can
be given as follows:

Csm(Ein) = esm(Bin)Ysm(Ewn)d(Een), (1)

where C is the counting rate, the subscript “Sm” is for
samarium, E;, the thermal neutron energy (0.025eV), ¢
the detection efficiency of the capture event, ¥ the cap-
ture yield, and ¢ the incident neutron flux. Since the Sm
has a large thermal neutron capture cross section (5,670
b) and the thick sample can absorb all of incident ther-
mal neutrons, the capture yield Y5.,(E¢) is unity. From
the following reason, we also assume that the BGO de-
tection efficiency egm (Een) is equal to unity: since samar-
ium has capture cascades with high ~-ray multiplicity
{average number of y-rays per capture=5.6)"*¥, it is ex-
pected that missing the detection of capture events is
very rare in the measurement of capture y-rays from a
Sm sample. This expectation was experimentally veri-
fied as described beforet®. Then, Eq.(1) is rewritten as

Csm(Ewn) = ¢(Een). (2)

The thermal neutron flux can be absolutely measured
as counting rate using the BGO detection system com-
bined with the capture sample of Sm.

2. Calibration of BGO Detector Efficiency
for Neutrons _
As the 1B sample is also black to thermal neutrons,
the following relation is derived:

Co(Ewn) = e8(Ew)YB(Ewn)o(Een) = eg(Ewn)d(Ew),
(3)

where the subscript “B” means °B. From Egs.(2) and
(3), the detection efficiency eg(Ey,) for thermal neutron

8. YAMAMOTO et al.

capture can be derived as

CB(Eth) - —
m = ep(Ewn) = €B. (4)

In this calibration, the detection efficiency eg(FE:,) was
0.82. It has to be noted that the eg{E,) is same as those
at any other neutron energies, because the °B(n,av)
reaction emits a single y-ray of 478 keV independent of
incident neutron energy. Therefore, neutron flux ¢(F) at
a certain energy F can be measured with the detection
efficiency €g, as seen in the following relation:

Cp(E} = esYn(E)¢(E). (5)

In the present measurement, since the neutron en-
ergies are below 10eV, the 1%B sample of 1.102g/em?
in thickness becomes black as the case for thermal neu-
trons. ‘Therefore it could be considered that the B
capture yield ¥Yg becomes unity. In addition, the cross
section ratio **B(n, ay)/(*9B(n, ay)+B(n, a)) is con-
stant in the relevant energy region®**.

3. Derivation of Capture Yield

‘When we apply the BGO detector to the absolute
measurement of capture cross sections, it may be neces-
sary to select a capture sample which has so large reso-
nance as the sample showing the saturated yield at the
resonance. Gold has a very large resonance at 4.9eV.
The capture yield Ya,(Er) at the resonance is saturated
by the present gold sample of 0.716 g/em? and expected
to be unity. The following relation for the Au sample
can be also given

Cau(Er) = eau(ER)Yau(ER)H(ER)

= ¢pu(ER)$(ER): (6)

where Er means the resonance erergy and ¢(Eg) can
be obtained by the flux measurement using the rela-
tion in Eq.(5). From the Eq.(6), the detection efficiency
¢au{Fr) of capture event for Au was determined to be
0.76. Since the BGO detector is thought to be a total
energy absorption detector, we have assumed that the
detector efficiency esy(Eg) for Au is not changed from
those at any other neutron energies, and can be written
as

€au = €au(BR)- (7)

From the measurement of Au sample, the capture
rate at neutron energy E is obtained as

Cau(E) = eanYau(E)O(E). 8)

Then, the capture yield ¥, ,(E) for Au can be given by
CAu(E) €B

Yau(E) = - —Y(E). 9

aw(E) = Z Z2(E) ©)

In Eq.(9), Cau(E) and Cg{E) are measured, eg is cali-
brated with the Sm experiment using thermal neutrons,
and ea, can be determined by the resonance run of Au.
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Ys(E) is unity as mentioned above. In the case of Sb,
since it also has a large capture width at 6.3 eV reso-
nance and the ratio of capture-to-neutron width is suffi-
ciently large, the saturated yield method can be applica-
ble. Then, the detection efficiency esy and the capture
yield Y55 (E) for Sb could be derived through Egs.(6) to
{9) as same as Au sample. In this measurement, the de-
tection efficiency es, was determined to be 0.91.

4, Correction for Capture Yield

For the capture cross section measurement, capture
yield is the primary quantity to be determined from the
number of capture events occurring in the sample. The
neutron capture yield is given as

g5}
""_""'o_‘ () s

where NN is the atomic density of sample material, o; the
neutron total cross section, £ the sample thickness, o,
the neutron capture cross section, and f. the correction
factor for neutron scattering in the sample. When ¢t is
thin enough, Eq.(10) can be written as

Y:(E).= Na (E}.

Y(B) = (1~ Vo) (10)

(11)

In the neutron capture cross section measurement,
the effect of single and multiple neutron scattering in
- the sample is quite important in determining a capture
cross section. This effect, which increases the effective
thickness of the sample relative to geometrical thickness
in the direction of the incident neutrons, must be consid-
ered in a capture ¢ross section measurement in which the
total number of capture events in a sample. is measured.
In the present work, we have made & Monte Carlo code
to simulate the neutron capture and multiple scattering
events in the sample and to carry out the corrections.
The correction factor f, was 0.975 to 0.985 for Au, and
0.965 to 0.971 for Sb. Then, the cross sections for the
197 Au(n,v) and Sb{n, ¥) reactions were derived from the
corrected yield data for the present measurements.

IV. ResuLTs oF CaPTURE CROSS
SECTIONS

The results of Au are given in Fig. 4. Table 1
also shows the comparison of mean cross sections in the
present work with those in ENDF/B-VI and JENDL
Dosimetry File. The statistical uncertainties are about
0.3% to 1.5%. Other uncertainties are due to detection
efficiency of about 1.5% for the 9B sample measurement
and 1.8% for the Au sample measurement, sample thick-
ness of about 0.5% and correction for capture yield of
about 0.3%. The present result is in good agreement
with the evaluated data in JENDL Dosimetry File and
ENDF/B-VI. It could be considered that in the energy
range below 10eV the BGO detection system can be
verified to be applicable to the absolute measurement
of capture cross sections by detecting prompt capture
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Fig. 4 Capture cross section for
the **"Au(n, ) reaction.

Table 1 Comparison of mean values of the **"Au(n, )
cross section from the present work with those
from ENDF/B-VI and JENDL Dosimetry File

Energy range ENDF/B-VI JENDL-DF Present

(eV) (barn} (barn) (barn)
0.0134-0.0213 119.7 117.7 117.742.9
0.0213-0.0338 95.4 95.8 954.1+2.3
0.0338-0.0538 76.1 76.2 75.7£1.8
0.0538 - 0.0855 60.9 61.0 61.2%+1.5
" 0.0855-0.136 49.1 49.2 49.441.2
0.136-0.217 39.9 39.9 40.3%1.0
0.217-0.347 32.9 32.8 33.4+0.8
0.347-0.554 27.9 27.7 28.3£0.7
0.554-0.886 24.8 24.5 25.3+0.7
0.886-1.438 24.1 23.6 24.71+0.6

~-rays using the linac TOF method.

For the Sb measurement, statistical errors are about
1.0% to 4.5%, and the total uncertainties are from 2.6 to
5.1%, including the error of detection efficiencies, sample
thickness and correction of capture yield. The measured
result is shown in Fig. 5 and Table 2, and compared
with the evaluated data in JENDL-3.2 and ENDF/B-VI.
The present result shows good agreement with the data
in JENDL-3.2 and ENDF/B-VL

Since the resonance parameters have not been ob-
tained in the present measurement, the capture cross
sections in the resonance region are not compared in Ta-
bles 1 and 2.

V. CONCLUSION

The present study can be concluded as follows:
{1) Making use of BGO scintillators, a total energy
absorption y-ray detection system was prepared for
the absolute measurement of capture cross sections
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Table 2 Comparison of mean values of the Sb(n, v}
cross. section from the present work with
those from ENDF/B-VI and JENDL-3.2

Energy range ENDF/B-VI JENDL-3.2 Present
(eV) {barn) (barn) (barn)
0.0134-0.0213 6.62 6.35 6.3140.18
0.0213-0.0338 5.26 5.05 5.00+£0.13
0.0338-0.0538 4.18 4.01 4.054+0.10
0.0538- 0.0855 3.33 3.20 3.30£0.08
0.0855-0.136 2.66 2.55 2.64+0.07
0.136-0.217 2.13 2.04 2.10+0.06
0.217-0.347 1.71 1.65 1.67:40.05
0.347-0.554 1.40 1.35 1.344:0.05
0.554-0.886 1.17 1.13 1.14£0.04
0.836-1.438 1.01 0.98 0.98+0.03
1.438-2.344 0.96 0.94 0.95+0.03

below 10eV using the linac TOF method. It is
necessary for this absolute measurement that sam-
ples have an appropriate resonance for the saturated
yield method.

(2) This detection system was firstly calibrated with
a Sm sample for thermal neutrons. After that, the
Y8 sample was employed to determine the absolute
neutron flux from thermal te higher neutron ener-
-gies by the °B(n, av) reaction.

(3) The detection system was applied to the absolute
measurement of the 197 Au(n, ) reaction cross sec-
tion which was one of the well known cross sections
as a standard. The measured result showed satisfac-
tory agreement with the evaluated data in JENDL
Dosimetry File and ENDF/B-VI.

(4) To extend the application of the BGO detection
system, Sb was selected as a sample, which has a

S. YAMAMOTO et al.

large scattering-to-capture cross section ratio. The
measured result showed good agreement with the
evaluated data in JENDL-3.2 and ENDF/B-VI,

{5) From above results, it could be verified that the
BGO detection system is applicable to the absolute
measurement of capture cross sections below 10eV
except resonance energy region.

It can be expected in future that the BGO detec-
tion system is applicable to the absolute measurement
of some other capture cross sections as a total energy
absorption detector.
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