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Measurements of Prompt y-ray Emission
Probabilities for Determinations of Neutron Capture

Cross sections of long Life Nuclides

(Document on Collaborative Study: the INC Cooperative Research Scheme on the Nuclear Fuel Cycle)

Itaru MIYAZAKI*, Toshiaki SHIMIZU*, Michihiro SHIBATA*, Kiyoshi KAWADE*,
Akihiro TANIGUCHI', Kazuyoshi FURUTAKA?, Shoji NAKAMURA,
Hitoshi SAKANE?, Hideo HARADA®

Abstract

Accurate cross section data for the neutron capture of long-lived fission products (LLFP) are
needed for developing a nuclear transmutation technology which reduces radioactive wastes by
transmuting nuclides that have half-lives of as long as a few million years to other nuclides that
have much shorter half-lives. There are some nuclides, whose cross sections cannot be measured
in activation method. Utilization of prompt y-rays is expected to solve this problem.  The aim
of present study was twofold: (i) to measure emission probabilities of the high energy y-ray, up to
10 MeV, emitted from 14N(n, y)lSN reaction, which are usually used as standards, in order to
improve their accuracies and (ii) to develop a measurement method for neutron capture cross
sections by using prompt y-rays. We have carried out the following three studies.

Neutron irradiations and y-ray measurements were carried out by using the supermirror neutron
guide tube at the Kyoto University Research Reactor Institute.  The balance method and a
representation method of efficiency curve, which utilize calculations, were developed. Emission
probabilities of principal prompt y-rays from "“N(n, y)"°N reaction were determined with 0.2-0.9%
errors. For ten nuclides, **Na, ’Al, *'V, ®Mn, *Ni, “Cu, '"Y'Pr, '*W, and '"Au, capture cross
sections were measured by using prompt y-rays and y-rays following B-decay. By comparing
both cross section values, it was found that emission probabilities of prompt y-rays reported in the
literatures were systematically larger than those inferred from the cross sections that were
determined in activation methods. It is possible that efficiencies used in these published works
were underestimated. The cross section of a '**Pd(n, v)'*Pd reaction at thermal energy was
measured. Radioactive waste contains '°'Pd, which is LLFP. Considering transmutation of the
nuclide, the cross section of '“Pd(n, y), which is an isotope of palladium, is also necessary. A
lower limit of the cross section was determined with 6% accuracy. Additionally, a method of
estimating an upper limit was examined by noting similarity of nuclear structures to the
neighboring nuclides. It was estimated that the observed lower limit of emission probabilities
correspond to 79% of the cross section, and so an upper limit of the cross section should be 127%
of the observed result.

This research has been done as a collaborative study between the Nagoya University and the
Japan Nuclear Cycle Development Institute.

* Nagoya University

" Kyoto University Research Reactor Institute

* Tokai works, Advanced Fuel Recycle Technology Division
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1.1 [ZLeic

JFT-J1 38 BT DS BEH 3 2 6 F 9 AR O FRALER |2 > THRAET 2 @& L~V B BE
EYRITIE, B EBEENBRS ETHLRWERI 2RO v A —T 27 F 24 R
(23"Np:T12=2.1x108 4 | 24Am:T19=4.3x102 4F | 288Am:T1»=7.4x103 4 |
25Cm:T12=8.5x103 4F, 246Cm:T12=4.7x103 ) LT I M D Wy A AR
(198e:T12=6.5x10% 4F, 98ZriT1s=1.5x106 4, 9Tc:T12=2.1x105 4F, 197Pd:T12=6.5x106
B 1268niTye=1x105 4, 1291:T1=1.6x107 ), BB DO KT WS A E KXY
(08r:T12=2.9x10" 4F, 137Cs:T12=3.0x10! F)NEEN T D, T 5 OEEREIZK LT,
J - SO 25 22 N C OB o R A i & S IR & D VN T AR
DOIERRICAE 2 DA N TEN I SN TWDI(L, ~AF—T 7 F /A FEMITE
P TICL VBN REEZ SN E D BROEFMEFENTEIZ WEW ) 5
TH LT\, 7o, REMESHAERBEREIIFEFHESE0RINEBZ LT
WD, E D & EIEZHET 0O BRFE (I SO W IR RE O K e CRERERN 72 T — 2 L EETH
Do LU BLEMITITERMICAET 22 ENTERVERL H D, TDO X 5 RiGA.
FRONTZERT — 2 b ERORFZHXEAERT D2 L bdH D0, EROICHET 572
DOFIEDRRIE LTV, WEFRRREROHFALILRT L2 ENEREETH D,

R T O8% 57 244 il (LLFP) ORZ 28 i % 5| & il Z - WPk 7 Hli M S O R FE 0D B
HFE7T — & ZET HIiE, @, BEHEE L FHIN D FEPHWLN TS, 20K
ETIE, PYEFRIESONIT L 0 R LTEEREN BUIRTETH D Z LA FIH L, ZDHRED
BRI S Ay RO &) D Wi fE & I ET 5, LLFP O H 15 i o Wr i f 4
HIET2DIZHT2 0 FEHEE TITAE TE 220008 5 WO 3R TRIE O FE U U e
NS D, FIE, THETRHERSIC L VAR LN REZ L WREMME L /2D
BAEThD, T T, PHETRIERS S RIEREHT I S5 BISEyER & 3 2 e
L2 O, ERERENZETHAINEDL LWEMER L ) BERRWZOHIZ, 20
R Z RS 5 Z ENTE DL EZ 55 Fig DI2], Z OllE Fikz A yiriE & s
ZEiCT D, ZOLICEIRYRER WD ZOICIE, T RLF =2 10MeV £ TOET
LR —yBRO 2R & @G L CHIE T & B FHINE O BIFE M VR FH A O Se, %87, 107Pd
72 & O FVE - FE T AR E O 72 8 OWE FHEOBRFE S ME L STz,

1.2 H#Y

BNFsy#R O & BRI 72E 24T 9 121, B L% 10 MeV Oyfp= R /L ¥ —F TOMHZRD
R AR D HIVTWRITIULR B2V, E DT DITITAENE & 72 2 RISy R A 303 L B
ThH D, W OEME IR T2 72 UNG, )N S HW SR TEY .,
Kennett[3] & Journey[4]. Raman[51iC L ¥ kg HE STz, 6 DfE%E X
DISEALT D720, FILWEREF—F Y O & T o ZEBINC K 2 B3k E
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1.3 #mk
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iz, UNMm, PEIGOHIFYRBHRORE TIE, #—7 v FOBRLEY I 2L — g
VIR OFRHIC L AR ORBUELRE L 2 &2 F & T, B kil L Dk T
X, FEMSREEZIET D Z N TEXHEMICK LT, BBy O BN e/ Tt
SND ANy RR b RR LTk~ 5 Z & ¢, RISy L & ESR O Wim AR EVE & i L7
FEFAT DWW TREIR U7z, 104Pd(n, y) BOSEIAERE Tk, RIFSyR & F 7 H -
AAEHIE & TIRME L2 E S22 WEimfE o FIREZ RAES 5 Z L 1o ofMata £ &
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Fig. 1 Apart of a nuclear chart and a schematic view
of a decay and a level scheme.
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2. BNFEy#R =R OHIE

2.1 14N(n, 15N &t

2.1.1 RT Rk

FHEMEOREVYRRICH T 2RISR O EZRET D 121F, TG Ulo=r L ¥ —41
I OV RIS B E SNIZREASLETH D, BLE 3MeV £ TIHIEERRIR
MBHDHH, 10 MeV (2K SHAFyREZRET D7D O L 75 LHEHE L S HMRRIE
2ote, EOMRDVIZ, UN(@, p)BN SN — I L HWLRTWD, ZOG
12X D EISEYRR I 1.7 MeV 725 11 MeV & W 9 JRHEIPHIZ D7z » TIRIEZERE O = R L X
—THHEND, ZOMERERBERSRET 2 HIECNT VRERS D, N7 Ak
X, BREOKREMIZENT, ZRENOMEMIZERE L TL 2y O RO &5
CLi) & Z 20 BB T 2y OB EOGF Lo 23890 A 5 X 2 ISR g DRI &
TR Z RO 25 FETH 5 (Fig. 2), 2 O FIEICIXFEMZR HENLX & yfR O F HZh=%
OEBIENLETH D, TR, v 7V ZE, y—yRERRE, #HERIZ oW T
LUFIZREIR %,

2.1.2  HHEIR
AR - BRSO R R 1A EERFT(KURRD @ B-4 A — /38— 3 5 — g 784
B-4 DI TIT o7, EEH O OPMEAREE L 5x107 n/fem2-s Th D,

2.1.3 WIKEHRZZ—7 v bWy v 7 ARIE

UN(n, PN SIS & 2 BBy BROBEIIRERAT LT A T 2 2 23(CsHeNe) 1
b TEz, ZOHE, Hh, PGSHSEIZR 5D, OGN, M- 8 Wi
FE230.332 b & UN(n, POZNLD 4f5KE\V, ZOKLTHIH SIS 2223 keV Dy
FRUZ LD | UN, PRI RS DB HER OO el Eblca 7 b oA
MM E DB N T —yBRORIEDWHENET D, £7o. H O FdE+ 0 BELK mAE I
205b THY, UNDZEND 2{5TH 5D, D=, FHETIIAT IV Z =5y MO
UNIZBEET DRICHEELEN T L E S, ZHUTFHETFRAEFIH S LW nt 52 5,
Z T, KFEGATHRY, BIEROEHRRE L L TRIEEHR Y —7 > MITEBT L
Too WIEAT 22BN S DHT-DICH —7 Y METICHRIEREZE OB LW, L2, &
FEE R RERD DMENH DL TV RREIZ A T o ZY LR D 8
BRSNS L T HDIC A L AVERDH LTI, FHRY—7 v hThD,
H =27 O A XE 2cecmxbemx8cecm TH Y fRHZTE R U HWVDIRN Y B3 D I3,
B2 15 cm 05 24 ecm BEL TV A 72D s & B 2 CTE LI X2, BT = X
VX —MRREAE B LT, 22% & 38% D —H D HPGe fitignz VT, &3 TH 260
IRERAHE L7z,
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2.1.4 FEAKFBEBEA T I X —F v N ERAW Ty RIEERE

WIRER Y —7 >y M, RIS EZBEEIZI ST 5 2 EICRAE THHID, y—y
[EIRFIE CIEEAKFEEH A T 2 2 (CsDeNe) & ¥ —47 v PNz L7z, EKFEEHR A T
NTEFE DA T I VRN VB TH S 72, Ge iHids & OFREL 156 mm £
TEST TUEEITH 2 LN TE(Fig. 3), HAFREMRA T I U KRE 2 g2 2
IRICERMEEE L, 2% SLi BLiF+CF) DR v 7 ANITERE LTz, vy e =6
? 90%HPGe #iti#s & LEPS Z i BALA S OEMENDT, B0 HIRO T R LF—
& & RIRHE 2 15 5 = OillE 259 60 K11 - 72,

215 YIal—val RtEEER LR

FEAERRIR 70 & & W ZRMER 2N R X —108 LT v~ i R A e 4
HITIE, pesk, 2N EEREICNTFET 2 HFIESHVWL R CE Tz, mRAZHNL 2 &
THEUEE 7 4 v T 4 7 ROEOTIUINS LK R VEENR L 70 d, LarL, 2hadh
FIIPPBRIC L 2D THY | FZHATIEZNEZRR TE oW, ZHEAT v 7
A VT TIXEMSIZRA N H 5, o, ZHEHAOGAERE L OIS BREL D
(Fig. 4, 2T, ¥YIalb—varvitFa— K EGS4[8] & Geant4[9]Z#EH L7= Ge
M O 2R MR R LD Z 1T o 72,

VIalb—va VEHE TSRO EMEE A L, RESELHET L, ME
OIEHIT, TROFEE, HFIEk, BEZHRELTHEX 5, lgon 2 a 7Ii3xsr v~
S LMEROBERZ RS, REONEEOREINTHINTWD, ZOh e iz
TRIE L728BA. SO ERMICEI2ETNE —H LAV ORNEETH 5[10],
FE S O LTI II R AFET D 2 ERHOLNTWDENR, ZOHOME L K&
TFE#EEn TRy, LvL, HETA7-0120E, Z0ES0RIRE A1+ 2 HER
Hb, yirERWRROT 7 7 7 A VREEZIT S T2 AER, FLfhTiciz sy v~=uv
L ERRR Sy 2 WIS D E N - SN CW A RTREMER R s vz, £2 T, 20
#0532 ANESE EARE LT, £7o, EBE ORI DT 272 DfEMM O KR E & & 2247040
FHCA L X H 7,

2.1.6 fE%

IV ADORIETIE, Hn, p) o 2223 keV Oy O KIEREEIC LY, =27 b
IIC L2 TRy 7 7T 70 Rk TV 4 KD UN(n, )N Rty a2 RET 5 2 &
M T X 72(Fig. 5), UN OFPE RS T S D B o <R OFRIRFIE DRSS, 4 H
MO T ARKOYRZEFHAL L, AN ARIAT Z &N TE72(Fig. 6), ¥ Ialb—vav
FHETIE, BRoEREE I 2#EYIC2 LS EFig. 7). EGS4 T 1.6 MeV, Geantd T
7 MeV & COREKCHRAINME & FHRMEN—E L7-(Fig. 8), T LD @OV R X —5EK
TH 11MeV F TR R T OB TR T Z LN TE 7, TORE, EH>HRLT
R EFFDH 2 ENTE, NT X EEFI L2, Fig 8 OFEAE 2 IHEIC L,
BT AR X—OhFEE LT QBB b S il Lz,
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VL EDOFERZFHWTANT  ZIEIZ KD 4N, PN s BIFyRRO 3 2 e LT,
Raman OFHlfE & OHEIZ LV | FHIMEICIZZM R TR b ST Z LB bhroTe
(Fig. 9), TFERyBRIZHOW T, HREZREE 0.2%0°5 0.9%DHiPH THDH Z LN TE 7=

(Fig. 10),

I inl

i
I outl I out2
Y Y

'

Counts = Iy X g

ZIm:Iinl+Iin2
Y Y Y

S M= 4]
Y Y Y

out2

1 in =3 out
Y Y

Fig. 2 A schematic view of the balance method. The sum of
transit-in y-ray emission probabilities agrees with that of
transit-out y-ray emission probabilities. A difference between
transit-in and transit-out is minimized for all levels. Then both
emission probabilities and efficiency are decided.



JNC TY 8400 2005-002

B-4 Ben-Guide

Neiu;tron

Dewar V Lead

90%GMX [l 90%HPGe Dewar

PGT-
LEPS

Dewar B Melamine-D Target

] °LiF

Fig. 3 A schematic view of the arrangement of a 4N(n, y)1°N
reaction measurement.
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Fig. 4 Measured efficiencies are fitted by a polynomial function.
It is clearly seen that the deviation oscillates.
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Fig. 5 Comparison of the spectrum of the y-rays emitted from N
using a melamine(CsHsNg) target to the one using
deutronaized-melamine(CsDsN¢) target. Four peaks marked
with closed circles are clearly seen in the CsDeNs case because of
the diminished influence of the tail and Compton edge due to the
1H(n, y) reaction.



JNC TY 8400 2005-002

v Iel
0°¢8¢
8'L9L

7'806
0°€L0T

80191

€8L91
1891

9°€8LI1

8°19CC

> >
> >
> > ol ) >
vmooom > -~
> > €809 >
> . >
> Wwvwm )
6 €€
> — >
> sesp > 0rds1
oV ﬁé .
wﬁwm .
2 Bt T¥88¢
> >
> >  6088¢ >
2L o d
> . >
> vLpee > ooce
> , >
> 1ol
—| zsth1
s 8861 > 9TIpe 601
> >
> > ot A4
=g .
> 80€0¢ >
—>» ¢ .
> $¥88I
> >
>
al gl 9] o] o = ‘o a o ‘o ol o] o ‘o X ‘o ‘o o
n o S v o n o o~ 7o) o\ =3 — [T W < =N =
o (=) w © N © ~ W w w ~ N=J > w (=) o~
£S5 285 &8 F § & & gg§g §F g & @

8°L6901
I'LyyOl
619001

£'1266
1'LSL6

S'61C6

61516
06vl6

L9106

98968

C01¢8

0°66¢CL

R
=~ Nes
O AN
AN en—
N o~

Fig. 6 The level scheme of N obtained in the present study. The four
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Fig. 7 Changing the size of germanium crystal in a detector and ratios
of calculated efficiency and experimental one for a 22% HPGe detectior.
A diameter and a length of the crystal are shortened. The size of “E” is
the best one because of a good agreement with the ratio.
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Fig. 8 Comparison of the measured efficiencies and calculated
efficiencies of a 22% HPGe detector. Open plots and closed ones are
calculated with Geant4 and EGS4, respectively. The result of Geant4
1s in agreement with the measured efficiency with 0.5% accuracy from
0.3 to 7.0 MeV, while that of EGS4 agree with the measured efficiency
with 0.5% accuracy from 0.3 to 1.6 MeV. Efficiencies above those
energy region, 0.3 to 7.0 MeV and 0.3 to 1.6 MeV, can be fitted by
polynomial functions of at most second order.
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Fig. 9 The ratios of the intensities of the y-rays in a N(n, y) reaction

reported in Raman’s work [5] to those obtained in the present work.

Open triangles and closed circle correspond to the Raman’s results

and present one, respectively.
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< ]
s ]
8 21

XX

)
05
)
)

RN
XX

b

A

il

36 52 553 556 63 83 108
Energy / MeV

Fig. 10 Comparisons of the uncertainties of y-ray intensities in the
14N(n, y) reaction obtained in the present study to those reported in
Kennett’s [3] and Journey’s work [4]. Open triangles and closed
circle are the Raman work and this one, respectively.
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2.2 BENFy#R AV-BTEEREE & RAHED LR
2.2.1 BIFsyfE

e RETE % & Tl ot L - BRET 24TV BOGSIRFI R S 32 RISy #R 2 f 4
% 2 & TROGHIE S &2 E 3 2 FIENRIRyRIE CTH 5, RS Thbd S v7z Bk
B, BIBSy#RZ B L7e s B = RV X — 2 W RECIRBBIC =T 5, B i S
DA, T F X TS T 5 =RV F — 2RIy L > T35, HI
YRR KIERSY DAL | BRI IS S D 720 RN Z 13 & A E S0,
HOLNIESHERWEEE Th> CTHOMEEAET 52 LN TE 5, ZDTDITIE,
kRSN R 25 E L. RS & FIRHSyfE 217 5 B B D,

B LOREEDORFYFRICE B Lc & EOBmENEIZLL FTORIC Lo TR Zn T
o

C=Nyopt-I,e (1)

C Iy OFHE No (TARAFFREE ol ZBOSWTH R, HIIRSLE O PP ¢
IREHRERH TH D, LIFRNRyBROM R, aIMHBHO =7 R TH S,
SR AE R O ENLX 2R T 5 2 & TRO L Z L TE D,

2.2.2  [LEHE

HPE S SO 2 (S BRA YR & S 3~ D R O Wi fE 2 . 1Rk O BUbiE & BiFsy ik
ETHIET 5 2 & CHIRYRIE ZMREE Lz, W57 E CRICWmfEER RO E & o7z,
KIFLLTFDO L O 1E72 5,

C
c,=—2%2— 2)
' Nptd e,
C
= a (3)
O N¢(1 e )e’“c (1 —e’ )l &,
C /
O-p ngp
= 4
. = C. () (4)
1—383

SIIWrEAEAEM, ClIypfR e — 7 5t NITEMFR 3R, g RS ALE T o k138
B AUTHAEER. 6. . ta IXFNEIVIRGIRERD . MREIRER], ERRRD . T I3kt
HER dIyRHIR TH 5, 72 FAORZTIL p BSEAIRyIRIE, a B EHbEE £,
WATREND L O, KRFETIHAERD Z LI X 0 EERE 5 & e g
NEy o ELINDEVIFERH D,
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2.2.3 Pt
R ME - BE S L 2B R R TR EERFT(KURRD @O B-4 A — /38— 3 5 — g 7844
(B-4 fDIZTY T o 7=,

2.2.4  BNFEyiR & e E

ANSsy i SR 234 £ 41TV B 28Na, 27Al, 51V, 55Mn, 59Co, 64Ni, 65Cu, 141Pr, 186W,
197Au |22 C(Table 1), BIF&yHRE & b bIE O 5 TP - 1 Wi f 2 & L 7=,
HHERITATR ST 5 SCkME[11] & IV 7=, ST BV 72 72 By Table 1 127%
L7oo 20U ORI U S OREEE DS . BRIy 5%, B 1%L FTh 5,
7 CEEHITES DDA & IRy OBIE LA HIITY 2 ENES Th D, 6
® HPGe fH#R % VT, WO R & [RIRFZ IRy 2008 U, 218kt o
6Li TER L7z v v X —CHREZ LD 712, iy ORIE %17 - 7= (Fig. 11), £D
¥ v X —OEHIF 10 mm T, WRIEZ +2I20 TITH 2 &N TE LR ETH 5 (Fig.
12),

2.2.5 FEHR

MBI L DWHEAEME ORI, 1T & A E O CRIFSyHRIEIZ L 0 RO TN e
ETROTEL /NS E WS A &2 7x L2 (Fig. 13), 6Cu & 186W LIS ORI R &
Z 10%LANDENTH 572, ZAVUTRIRSy RO B2 R 8 5 OVl - To i gR o s =
IV —=yHONRITER T H LB X TWD, ZICBEFTRREICHNONTZTHA
9 UN(M, PESDT —Z T—FEHWHDTY Kennett @ 1986 - TH Y | ZALLLRTIOT
—ZEI I alb—varHREOATHEZRAN X =D ERD - ARERH S, £
1986 FLUEIZ DN T & FFED BV UN(, DT — X N ZAVE TRDN o 72, 6Cu & 186W
[ZOWTIERIEZT Tl | lx OREIMMERH DA EBEZ DD,
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Table 1 List of reactions and samples.

Isotopic

abundance Chemical E, (Decay) E, (Prompt)
Reaction *Enrichment form T [MeV] [MeV]
23Na(n, 7)24Na 100 NaF 14.9h 1.36 ~6.39
27A1(n, y)28Al 100 Al 2.241 min 1.77 ~7.72
51V (n, )52V 99.8 V205 3.743 min 1.43 ~17.31
5Mn(n, y)>*Mn 100 Mn 2.578 h 0.84 ~7.27
59Co(n, y)%°Co 100 Co 10.467 min 1.17 ~17.21
64Ni(n, y)9Ni 97.9% Ni 2.517h 1.48 ~6.03
6Cu(n, 7)66Cu 99.6* CuO 5.088 min 1.03 ~6.68
141Py(n, y)142Pr 100 PreOn 19.12h 1.57 ~5.66
186W(n, v)187W 97.5% WOs 23.72 h 0.47 ~5.32
197Au(n, y)1%Au 100 Au 2.695 d 0.41 ~6.51

Neutron

Activity

Measurement 1 Measurement 2

Fig. 11 A schematic view of the measuring process.
In “Measurement 1” prompt as well as decay y-rays
were measured, while only decay y-rays were
measured in “Measurement 2”.
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"\ | “7Au(n, v)

Beam on

Counts

T T T I T T T TTTTT]

198Au

Beam off

‘ ",
| PR Wﬂ

0 2 4 6 8
Energy of y-ray / MeV

Fig. 12 Spectra of the y-rays permitted from a 197Au(n, y)198Au reaction at
thermal energy. “Beam on” and “Beam off” were switched by using a
shutter made of 6LiF. It is clearly seen that the y-rays from the 7Au(n,
1)198Au reaction are observed at “Baem on” and are not at “Beam off”.
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c /o

1.4

1.2

1.0

0.8

0.6

0.4

. §S9C0 f
3 ‘ ' 141
Na + v ‘ ‘64N1 | Pr ®
| ‘*'* : |
e ]
77 : + f
Al SSMn 65C
u 186W .
| | |
0 50 100 150 200

Mass number

Fig. 13 The ratios of ¢ obtained from the prompt y-ray data
to that from B-decay y-rays. Detector used was the 22%
HPGe detector. It is clearly seen that the ratios are lower
systematically than 1.0 (6p=0a).
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2.3 104Pd(n, y)105Pd RGBT ETE
2.3.1  HIFSyfR DAk i =2

T O RIFEyHRIE DI TR~ 72 K 912, Wriki PR | S b B2y iffset B I3 AR B o
FhEHEN X AT D 2 & TR D Z N TE D, Bt HRgRSIc L it sh s
BN yRR Mt i R IE, piR O = 3L X — & B R L — L ORI T O X 5
72 B A B,

YE,-I,=8, ®)

El 3y ¥ — LITZ O/, S i o= L ¥ —4%2FK L T\ 2D,
Z ORUTyFE TR F— & Z Ot i R OREORFNIE S AR E O bl = % /L — |
DFED TRV F—IZHE LN E NI BREEREL TS, ZORG)OREFRNS,
Maxt i 2 b 5 72 IIE, LSRRI SN D 2 TopRERIE L, HEMX %
FERR ST D T ENEE L, ERITIE, EMEENE WO, SOSHTRES/ NS0 O
BExHOFEMICEDLZ LIIHTH D, TDI=D, VERR LIZHENKID 3R 7= st b
FILEE T ERIETH 0 . BIRyHE TR O D Wi fEiE NIRIE & 72 D, 1ERR L 7o Y
N D FERE 23 E O F EAH 2 ORIRyiiaxH B OME AT 5 2 &l b, Ny
77Ty NIZHARTHaoRE A SIN LLTHIE TE AR OSEIL, =& 2B\
BTCOYREMAPIATL Z LN TERSE S, FIELIZWRIGIZ L D2y TH D LRIET D
ZEMARETH DO, BN FETHDHTEAS, Ll MRERO RN A(FEL
RPUGHTE RN S Do oA FTITENB N2 0 RE WA, MK D5ERK
2L TIERG) ZEAT 5 2 SIFEEN TRV, Uk LT, A a0 104Pd(n, y)105Pd
BOGHT R ORE T, FEEHEN ~ DItk DIBER OBRIT i SN Dy Ot o
FIRBOSHFEIZFE LW & 2RI Uiz, fEEM DO IREEIZE D £ T— ROy CTE
BiolflELizlx, KON E=S2RATHZETUTOXEHED,

Zlygrozmd _ 1 (6)

Lground |3 BLIRVERLI OB T Dy ORI =R TH 5, E 21T, LEMEEM) EBT
Ly HRICE S A TH, ZoROZFMT 22 LN TE S,

2.3.2 MRS

P BRI E 2 R IR P ZBRFT(KURRD O B-4 A —/ 83— 3 F — ik 4%
(B-4 1DIZTIT o 72, T B — A ORI %2 72 Akiyoshi[12] 3% L TV 2Ry
s, PSR —1TB X Z 0.05 keV EEHMET-0 2 5 TH 5(Fig. 14), LItk
FiloO LTI LT 5, 2 WAUM, PEIEERWEA A=V T T L— FD
FERNS T E—AE & 61 mm., 1E 14 mm OIREZ > TnWDH Z ERbooT,
(Fig. 15),
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NT U ATE E45102,104,105,106,108,110 D[N K Z FFOIe R TH D AFE & |
B VE g S o0 JENDL3.3[13] DR 5, 104Pd(n, y)EWET 28546 105Pd
DIFEMRERFE L0 D Z L Rbh 6(Tab1e 2)[6l[14][15], F7=FFKIZENHDOFEDL
Rk L7z, FEBRICIE 104Pd REHE R 96.6%) & U 7= (Table 3), % OfER, 104Pd DO
80 f7® SN L TH 2% 105Pd(n, y) DFELZ RIFEELL FICE TRIF 5 2 N T 7z, #kHT
By AR 2272 9, FAMRICE A T 10 mm PUJ5 OBCIRIC L7z, BT 93.71 mg Th -7,

PR E BT D i R & 197Au(n, y)198Au ]G & AW TTHRIE Lz, AR
BEOHEE . EE&ENB LZ 50 mg 12725 10x5 mm O KX I OHCKREEE HU -, 104Pd
B ETERDE D N, A A=V T T L— b LB L BRE LB E ORE RS | SN
NI N AR THIME - B — A DFRFGOE N 72\ O T, BB KFEH AN 78 D
KXORELZ, 29952 & T, BMIEIZIT 5 IRE A o e 1 005 BE &2 IERRICHIE
T&E D LB 27, WiikifEiT ENDF/B-VI[16]DE %1 O fiEi & v 7o, 104Pd(n, y) i &
1 Au(n, YD Westcott g-factor (ZZ 24 1.0005, 1.0054 TH 5 7=H[6], B-4 1L
DHPEF- RV =TI R & HIC VORNCHED oL U, JIE L7 Wrim e 2
Pt DM & a3 2 & TE D,

2.3.3  AIFEy#OMIE

BT ORI ZIL T b Y F U AGLD) Z Ve, BREBRRERIL S — R UHCTIERR L.
UF 7 LRy 7 ZADOHIZ AT (Fig. 16), R 7 ADEEIL, B, o)t ZFH LT
IR L7z (Fig. 17), ¥EALKERR D 72 DIy REFHAIE 2. —H D 90%HPGe 2 H 25 T T
ST, M ERBOBEBHIZNFN 1Tmm IZ Lz, —HORBHEO = L —FH
& FIRHE 2 15 5 = ROtilE &%) 50 RefilfT - 72,

T 7NV AREIL B O HPGe fitids & R /L ¥ —HIZ LEPS # W/, ©—7~
ZhERITAEUERRIR D 152Eu, 1N(n, 115N iz THRE Lz, TNEND RO T — 21
Table of Isotope 8th[15]. FIFEDT —% & H\ 7=,

2.34 fER

[P IC & 0 R YERL I B T DyfiT 26 AHLAATe = & 3 T 7-(Fig. 18), HEAT
IART — X BB Uiz, WEENDEET HyfE 14 KROS5 Z N TEz,
TRAF =2 3 MeV UL EOWENIIZEAAFET DL EZXONDM, AOFH 2 ENTE
Rinoto, FEIEMENITER T 7 51, B)R&flio T, HENNmFE O T HRME 4 b
7= (Fig. 19),

2.3.5 Mt

FEERE R DIIWTEAE DO TIRIE L 2S5 Z E N TERD TR /AR E LTV DS
BEPT MG 2R > TV D L BERA DN TFEOT =200 LIREAHEET 5 2
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EEEXT, TOZEITHIEEOTIRMELSS Z LITHYT 5, SERENEVET —4
ZRAWT, RBEHZ2yRO) R 2 2B LG Uiz, ZO7dI2id, s
PEZYROMH R THM T 2 L E R H D, £ 2T, BEEMITBIT 2 iHERF 100%
72 HIEFRICE R Lz, WA T —#1X ENSDF[111CTHh 5, FIEHEN ~DyHt A 58
WIEIZFI L TWE | 20 O 2 RZICE LI itsEoW 7 ay ML,y
DOARETHIELT-(Fig. 20), ZH L VyBROARE N LT E, D F D KRB H 22y 8R AR Y
727N B Z HIA B DIFEE 100%I272 D F TOMWMEDFESLIC/RD Z ENbho
7o MZ T, BB RTINS D Z ENATENRE, b ORR X v HlE T
DTy DO BUHERITKRT LT, [FERIZ Z OBIELATV, ZOREE K bFELHR b DI
Bt Z L CHEfEO EREEZRD D Z &2 LT,

HAJD 105Pd [ IR DT, FURFEOEREART — 2 hHRAZEICLE
(Table 4), 105Pd D FEEHERL~DYIROAELN 16 KTH Y | 2N L 0 AREN SR T,
FBHEEOBEWNLOEZERSULENDH D, £ 2T, MBI L7 < THREREMIZIT D
KR OFA 100 TH Y | BRSO TR 72 135Bal17ichbE 5 2 & T, #4
A RCHmfE D FRREEZ RSS2 Z KD EB 2T, ZHUIRFE L Licb o &N
2% LM, 105Pd OMER R EZ /NS T HH MM D Z LIS, ZORR K
0 . 105Pd Okt RO FERIEZ 79% & FFE - 72 (Fig. 21), AU Wi fE o
ERRAFIE 27%K X 722 7e 5 (Fig. 19),

Table 2 Isotopic abundances and neutron
capture cross sections (on) of Palladium.

Nuclide Abundance [%] on [b] Abun.x on
102pd 1.02 3.363 3.43
104pd 11.14 0.5231 5.827
105Pd 22.23 20.25 450.1
106Pd 27.33 0.303 8.28
108pd 26.46 8.504 225.0
110pPd 11.72 0.227 2.66
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Table 3 Isotopic content of the palladium sample.

Isotope Content [%]

102 0.02
104 96.6
105 2.16
106 0.79
108 0.33
110 0.10

Table 4 Present data and list of published data for estimating

a lower limit of emission probabilities.

Atomic  Number of y-ray Z I, (ground)

Nuclide number to ground state *Assumed value
105Pd 46 16 100*
Se 34 37 81.7
87Sr 38 4 68.6
89Sy 38 15 72.7
99Mo 42 6 111.8
101Mo 42 19 103.6
103Ru 44 26 52.9
109pPd 46 21 123.3
123Te 52 22 43.2
125Te 52 37 34.3
131Te 52 8 79.0
135Ba 56 31 101.27
137Ba 56 27 96.2
139Ba 56 12 99.2
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Fig. 14 Neutron flux spectra in horizontal direction at
guide tube exit obtained by time of flight method [12].
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Fig. 15 Profile of neutron beam at B-4.
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Fig. 16a A picture of the experimental arrangement.

Fig. 16b A picture of the target and the Li-box.

-4 -



JNC TY 8400 2005-002

T """"""""" e e e """""""" .
| ° ¢ !
! . . )
3 A
Q I S R SR o i
S | =
) ! b
= ! '
= :
=] .
=) |
© L N T S n
.
.
| | | |
4 2 0 2 4

Relative position [cm]
Fig. 17 A beam profile in the horizontal direction by using a

10B(n, o) reaction. The result was used to determine the position
of the sample box.
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2459

2202
2120
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1865.5 (3/2+,5/2+)
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1774.6

1700.6
1601.3 (3/2+,5/2+)

1405.1
1382

1259.1

1227.4

1177.7

1142.3

1125.3

1102.1 (3/2+,5/2+)
1098.4 (5/2,7/2,9/2)+
1087.9 3/2-

972 5/2+
970.1 15/2-
962.3 (1/2,5/2)+
929.1 5/2+
921.0

727.1 (5/2)+

673.1 1/2+
650.7 (3/2)+
644.5 7/2-

560.7 3/2+
489.1 11/2-
44233 (72)+

344.5 1/2+
319.2 5/2+
306.2 7/2+
280.5 3/2+

05/2+

Fig. 18 The obtained level scheme of %5Pd which was made
with the present experimental data and referring Table of

Isotope 8th [15].



JNC TY 8400 2005-002

10° : r
£ i - |
'D T =~ oo
(= L o~ _ i
8 T~
2
g - .
5
8
2
= . ,
@) ‘ ..
Present (Lower limit)
T Present (Upper limit)
() Evaluated[6]
***** JENDL3.3
10'1 1 L
0.01 0.02 0.03 0.04 0.05

Neutron energy / eV

Fig. 19 Comparison of the cross section obtained in the present
work to that of Mughabghab [6] and JENDL-3.3 [13]. The black
arrow indicates the lower limit of the capture cross section, while
the spotted arrow indicates the upper limit.
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Fig. 20a The sum of absolute emission probabilities to ground

states. These nuclides have between one and ten y-rays to the
state.
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Fig. 20b The sum of absolute emission probabilities to ground

states. These nuclides have between eleven and twenty y-rays to
the state.

2

10

-08 -



JNC TY 8400 2005-002

100 -
80 —— "Ru
§ _____ 108 Ag
? _________ 19p4
5 604 | 114C d
1))
:> R _ 123,.[,e
wo g
40 _ 136Ba
PR 137Ba
20 T T T T rrrr T T T —rrr l' T T T T rrrr T T T T rrr ll
107 10" 10° 10' 10°
1/Iy [%]
Fig. 20c The sum of absolute emission probabilities to ground
states. These nuclides have between twenty-one and thirty
y-rays to the state.
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Fig. 20d The sum of absolute emission probabilities to ground
states. These nuclides have more than thirty y-rays to the state.
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Fig. 21 Estimation of absolute emission probability. The closed
circles are present experimental data. The closed triangle is !35Ba
data from ref. [17]. The open circles are the estimated lower limit,
which were obtained by lowering the present data so that those would
not exceed the 13°Ba data.
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3. fH  Wm

UN(n, v)15N SG O RIFEFHEGE OFRNTIC & 0 #7212 4 Koyizt L, Adt 61K
DFFEM 72 BN OEN K ZAERL LTz, £ D E 5RO 7V ARED S 2k TORGEE
25D 8 fkE L, FEEARAMEYIR R ZAEE 0.2~0.9% CIRE LT-, ZiUdmEm=
X K SRIFE R O kG EE R E BRI R A —RAFHE L 72 D b D Th D, yliL
HERIRE DT DIZAT LV AER R S 2 b—y g Vatiia— RZ2RH L7z Ge 280
BHRMARFRIEZPR Ls, ZORPIEFINT VREEHELS DICRA R TH T, FHHE
TANTHRERORE S 2 fkKiE{bT 252 L2k Y EGS4 T 1.6 MeV, Geant4 T 7 MeV
FCHEBRMETHIFELE ST LR TE, T2 EOfEKE 11 MeV £ C
TR TORBTRED Z Lo Te, SEIGOIRERE VT, Wrinifdd UN O
600 5K X 72 35Cl(n, y)36Cl SLENFEyRR OB ARG 1%F2E TIRE L, IRIEAEE
295 Z L BHIFFCE 5,

A ST L ISy MR IR A 3 2 TR B U 2 BT AR O i 2 BEEZE RE Oy D il H
Ka AWT, ARy SR O(SHEE 2 MGE L7-, JIE L 7= 1T 23Na, 27Al, 51V, 55Mn,
59C0, 64N, 65Cu, 41Pr, 156W, 19TAu Cd» 5, =L & OBEEL 0 fe RIS E 1.0% 0L T
DEFTEDLART —F EZ MW, BIFyHRE, BOHEIEO W H1E TR WrimfEiE o t
T & o TR R, EROAFEIHRIIIRELS TN T D L DORHH Z E A LT,
LIS OBFE b —ERIZE = LT —y#BR O IR OEDK 10%K & O 5 FFm~T
TV e, BRI OZRICHER R TR F —yfROEHEE Th 2 1UN@, PEIGDT —
APUHAEE THEDRWT —Z N2 ol 2 £ b i STV R OE 23D
LEEOMHNRIZHER S DR H 2 B2 DD, Stk Wk IRy Ok
HERZANWDLEE, BIFOREEEZZTOEEANLBIEET L 2 L ARECTHIUTH
TAZHE LIRGET 2 L E R S 5,

B ME 23T D 104Pd(n, v)195Pd BOSyRR A B2 112 A L2, EOfERZ2 v
T D T IRME A AEE 6% CHE Lic, M- HEEOREIZIE 197Aun, 7S % F]
MLz, FMEIN TS 6P FHIADKT — 4 b, a0 EMHEICER LT R
FRAE 2 HEE 9~ 2 TiE 2 MGt LTz, 135Ba OFHMIEIC A5 2 & THRILERO TR Z %
YA FT 79% /NSVEIZBFE S 72, ZAUTHEO TR O _ERRIEIE 27% K & 2212
5, ZORMY VIEEZEOWmENEEX, A%y A AT EFIED K
7 HEE LTRTANLND Z ENRMFFCE 5,

I ODOE LT ERIE, BT — & O @ REEAL K OWE Tk O & vz s LT
W5,
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B

FEBR T FE R TR BRI O B-4 A — 38— X T — A 1A & F T RS
LCWeRWERkB O 2 O ZHEBIC LV iThivE Uiz, BAEHE LT, A HEK
LREGAEOELT B L, mILER, W RICITER ORI RIE D 720 O fifhT, v
Lalb—va VEtRE, N7 VT LAOREEAEICB W TEBKL TWeEE £ Lo, G
BLUET, o, BB A 7 VBHRBHE O I RAIIAR ORI H 720 |
AN EE L, B LET,
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