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Preliminary Experiment of Neutron Capture Cross Section
of Tc-99 with Lead Slowing-down Spectrometer

Katsuhei Kobayashi *
Abstract

The present status of nuclear data for technetium(Tc)-99, which is a well-
known fission product(FP), has been reviewed and investigated. And making use
of the Kyoto University Lead Slowing-down Spectrometer (KULS), the cross section
of the ¥Tc(n, 7 )!™Tc reaction has been measured in the energy range from thermal
to keV neutron energy with an Ar-gas proportinal counter. The neutron flux/
spectrum has been monitored with a BFs proportional counter, and the relative
measurement has been normalized to the well-known standard capture cross section
value for the %Tc(n, v )'™Tc reaction at 0.0%253 eV. Self-shielding corrections,
especially near the resonance peaks, were made by the calculations with the MCNP
code. Although the experimental data measured by Chou et al with a lead slow-
ing-down spectrometer are higher in general, the energy dependency is similar to
the present measurement. The evaluated data in ENDF/B-VI and JENDL-3.2 are
higher near the resonances at 5.6 and 20 eV and above several 100 eV.

A lead slowing-down spectrometer was installed coupled ‘to a 4§ MeV elec-
tron linac at the Research Reactor Institute, Kyoto University (KURRI). Char-
acteristics of the Kyoto University Lead Slowing-down Spectrometer (KULS) were
reasured and (D the relation between neutron slowing-down time t( xs) and energy
E(keV) (E=1907t? in Bi hole and E=156,7t2 in Pb hole) and @ the energy reso-
lution (~40 % in Bi and Pb holes) were experimentally investigated. @ The
neutron energy spectrum in the KULS was also measured by the neutron TOF method.
The results obtained by the MCNP code were in general agreement with these ex-
perimental ones.

Work performed by Research Reactor Institute, Kyoto University under contract
with Japan Nuclear Cycle Development Institute (JNC).

JNC Liaison: 0-arai Engineering Center, System Engineering Technology Division
Reactor Physics Research Group.

* Research Reactor Institute, Kyoto University

_ii_



JNC TJ9400 2000-009

MR T POA—FERCIETY R L-99D
R I IR ED T EkE

X

B1E 77 %27 L(Te)-990 P #7772 W i 8 e

2. Te-YopHEFEET -5

2.1 FMFELEFT-—F 7 711
2.2 EF -7 DB

3. MARY bOA-gERGLTC-WORETFRBEHERIE - - - - - -

31 @EL»HiK

3.2 Te-390 &

3.3 THAIUHRAND HHIGHEE
3.4 WwHFHEWTEOIE
3.5 HETFACEERDROMIE
3.6 HMER/R

3.7 £&¥

4. FEBORBE LS H

£E W

- iii -

10
11
12
14

15

16



B2E FEREBAXRI7 boA-F

1. I2ARZ bOA - 208K - - - - - - - - - - - - oo
2. AR bOA—FOBEE 0 - - - - - - - o oo oo oo

S, BEASEHMANRY oA —& oo oo oo Lo

3.1 EBMREH|ANRI boDA-%, KULS - - - -~ « « - = = = - -

3.2 KULSHOMBETHENE - - ~ ~ ~ = <« = = = == = -
3.3 KULSOHHE - == e e e e e e e

3.3.1 FUFHEBMEZRLFE-OBFE - ---------- - -
3.2 KULSOIARLF—DMEEE - - - - -~ -~~~ ~ - - - -
3.3 KULSHOHBFIRRY ML - - - - = = = = =~ — =~ - -
3.4 ¥&EH» e ool

sEX® 00 e

&

99
HEA Tl MRGHEROERF— Sy OBK - - - - - - - - - -

B : Capture Cross Section Measurement of Np-237
below | keV with Lead Slowing-down Spectrometer - - - - -

14 C : MA Nuclear Data Measurement with Lead Slowing-
down Spectrometer 00~ - - - - - - - - - - - - - -

f+8D : Characteristics of the Kyoto University Lead
Slowing-down Spectrometer (KULS) coupled to
an Electron Linac - - - - -~ « - - - - - - - .

_iv-

20

21

21
23
25
25
25
28
31

31

33

35

40

46

52



JNC TJ9400 2000-009
1% 0% L-090 kTR N E

KoY AR

Bl 7/F= FE@BOoLREHEOR - - - - - - """ -7 TT
M2 HLWORBHENBHEHOBEEL ---- -~ -~~~ "~~~ "7°° -
M3 Tc-9) ORHFLEERORFRRT-F - - - -~ """ 77777

B4 Tc-99 ORBEFLENEHROBMEKT-F - -~~~ T
g5 99cn, )01 RIGHBFEMOBEEXRT—5 -~ -~~~ """ " °
26 99T 7)101c GO BT FHBHERORFRBRT -5 - - -~ -

27 99Tcn, )10 REHEHEROFEEZLT—F -~~~ " 777
M8 Tc-99:7ATLH2AUAHREOEREER - - -~~~ """ 7"
B9 Tk BHMMAAY FAMBEOHR - - -
B10 Nv?ﬁﬁvF(ﬁﬂﬁb)mﬁoﬁﬁz&ﬁbwmimﬁ -----
®M1l 747DBF%%%&%EJ%%@X&7F»%E@W -------

M1 Tc-09RbkHcHT A RETEHCEBROMERE - - - T

B13 9 7107 RSKHEROMERR L FHEOLE - - - - - - -~
(KULSO = 2 V¥ — FRE T FLTV3B)

@14_KULS®1$w¥~ﬁﬁﬁ(¥ﬁ@)mﬁ ____________

10

10




JNC TJ9400 2000-009

BI1E 773007 L-V0oFHEFMEMEEAE

HZDY X b

£1 <AF-TI/F=F (MA) OLRE - - - - - - - -

£2 PWREBULSH¥EMIIEULOBRAREBYOSEHOEER - - - - -

#£3 %Tcln, v )OTcR GO EFHF B E R (2200n/sE YA -7)

_vi_



JNC TJ9400 2000-009

&1

B 2

& 3

B 4

B 5

B 6

M1o

BI11

K12

2w AR bot -7

Koy R b

AT bt -2 KULSO B K

EFHBMERELBARY bo A —SKILSOREHME - - - - - - - -

BANRY bot - SKILSOFEE

(b)) EBENER (F) - - - - - -

KULSD b 2% R EBAK BT 3 EFOBMKERRI ML - - - - - -

KULSH®D (E&) THFIRI PLOFHEEE - - - - - - - - - - - -

KILSO B2 v A HRALB/EBRACK T 5T HFREGEE 250 ¥ - DB

FHTFEBECL > THESNAZBERRS MLOBH - - - - - - - - -

HBMBE 7 MME IS L BT RLE - PRENEOH - - - - - - - - - -

235y (n, )RR O ENDF/B-VIFEAIIE & . RULSO 2 BB T/ % L jck B

23TN p(n, 7 )RISOENDF/B-VISEM M & . KULSD A BEHE TR E L 1o bk

bLitrs o v L -2 BOTRFBMAFEICE D HIE L
AR PO A -FHOPHEFART FIENCNPT - Fitk 3

t0B-vaseline plug Nal(TD Y > F L — 4 2 MO TRTBMAFIEIC L Y
FELIB|ART b L - S HOHREF RS FILEHNP2 - Fitk 3

FTEEOD LB

- vii -

“-y

22

22 -

22

24

24

26

26

27

29

29

30

30



JNC TJ9400 2000-009

%1

£2 BT 4Ny EBr R LF -

%3

B2E SANRZ bt —-%

zDI1) Z b

FHFEELTCOKULS, Linac, KURDM®E - - - - - - - -

EX2ZARUMERAICE T 3 2R 0F — D4

- viii -

19

24

27



B1E 77737 ALTc)-990 P 71 1 by i & Al E

1. i

BFFETR, BERBEI L ->TEBOTRNF - LT REST 2 SRR O R
KXo TESBERY (FP) 2, PHFHEBIL->-TREFOY S 97N b b
CIRBROBYI VRE(TRU) =4+ —TF7/F=F (MA) PERERZI S, K1
B 27V AWM. TAY YT ABD., F2UTACDEE, bbWieLF—T
F=F (MA) BEOEREEROBEEZRLTVS, L0FkVeOBKEFE -EHin.
MAR—SERIKH2 0k gERTBEEEDLNATVE (£1)/1,2/, £21 3. PWROE
RERE CREEEI000MFA/tD) KRBT AEBY L 0ELLOV O EEEABSRERY
(LLFP) O ERL DD ERRETT/1-3/0 MABEOASAZEBELREOE L LTI
7y BHEREEY (HLW) THY. ghF2ILFLULAEHOEVFPLEERY O KA
HRBYEL S D, ChOoBBBBABKORKL., AAEBEEYORE - SHic i
THELLE S, 23, HAEEEDOBENSEUEHOBEENEF LTS, 22T
BIREBMEHLWREIFPPOS SHED FER (BaBAL) % 4% 0 MR AL (Ba B fi)
TH-EELUTEELTVS, CORZRAE, BOUOHEERIEST 90&Cs- 1373 F#
BHOKEZLED LM, TORBEERPEEN S OMAN SRR EED L L5125,
T, BEWTIREOFOLLFPE U T, Te-99, [-129, Zr-93. Cs-1354 & ERB XN 3,
LLFPOMTR~NDBITHEMAL YR ANICAS VI EOHBINTED . IS
NOEE HLLFPOHBLEMEREE TH 3, IO LEEFFORBBLARVKAEERZY
ZEOBEELT. £LINO0OY R EROMRIEI L 2Hicd. FPOMAA L
DRICABALGTI2HON, SHORARKBEBONTAERBETE L > T E/1-3/,

BE. AHEREEVOLABASEOP THSIEARINTOEHEICHB RS RNET S
Nb5. BEOFFPNAL . AVEESHE T2 EBLNIIVAHEEEOB A ICE. HE
%ﬁhﬂ%*?ﬁ%%ﬂ?%:&%%iéﬂ%ﬁ\¥ﬁﬁ®ﬁbFP@MAﬁﬁ®i5K
E¥ﬁﬁ®ﬁﬁﬁ%ﬁ%@%%m\Aﬁ&ﬁﬁ%m%%%&&&muﬂ?%mmmmﬁﬁ
FTRBRFE I SEMELGTO FEFRAZIN TV S, 20X HBATH, BEERHOR
ATEARYBBLTHLIENEEN 3,
MARFPZRFFPMEHIBOTHESE - BRI, BERITL > TERDO
BOEEPEURODTOERBIRERIL LS ETI3RHA. WHWIERAEENEE X
T5/1-3/c MADBARZ., BUIHFUHEED CRAL. PRI LERXBhITESR
FRILVTZRAAVF-FEIZLAD, TLMADPFPIR®FIARN I E L EEHRT Z S



HEHBENZ, 2H LAEMARPFPRETIHBAFNERALICENT. KHBREYD
BEALEKIIZASOFUHRELI TR, RERKOAL~D Y X7 ZEE L G RSN
METEE, —H MAPFPTH-THOAIHIERZINHLLERE LT, A
ESTHRAL LD AR,
MA®FPIRHBELLET -2k, RFFoXe#l - BEUEFHOZT 6T ERHOD
RIERUEPFERHEARDPCERERINAMARPFPREOTFH. ChonEEBABICEY
ZEDUEFIMICL-TOLBODTEERER T I THhb, MAKKHTIET - ¥ DERH
. & UTIO0EENNS I80FEMRFEHIZHI THEDITTbI TEcbDD/4/, FlEHE
HMOEZEERF L, FMEETFT - 7HELIEVDPROSNEEZTERTFTHS/5/. FPIC
T3~ O0RRISLTUSITHERBTOE /L, ZOLIICHEBE LTSI ELTHEBIC
. MABBULT L7 y EEBTERESREEELITATED . EREZOMBIE
LABBEZE, Ny 2 VSV FRE(RBIE. BEOHVCRABNBIRC LI EENEZ
54 5, Vagemans (. BEPORHPYLEETF - SOREEERELET (HraEx R0
EFRELTD) CEEDLTHRELTHA/6/, BRICMABEBRRMATRZLES . F#HY
EUTHALBVWID., ABHEONER —BEETH S, /. HMEOCHVLHABTH -
TH. AHBEOBER/MBEIIL - TAMY LI IBEIRAICEREETL2856bH 5

ZABC( me ﬁlcf 252(;(
350.6y 13.1y 898y 2.65y
o a a a

0.08% (a0 ¥3%
TR IR
pos21d b 32w g
LA ot TR SO
(Chcm L[ *cm B HiCm ¥ em ey, fzfocr"i.
{162,094 l‘_ 28.5% 8500 413uo_v 1.5217;}- 3.40;5»- e
L a H H
?)5.-5,}; 12020 1.03% 8%
ZlZ:nAm Iﬂmr\m
14ty 26m
a I:
Mam 16600] 99.5% X
432. 7y 835
< {Wam ET
i 16.0h 10.1b i
i B A B~ decay
\ i) Pu La (. 70
(2 M 200 Hipy w0 Wp, 241y e 2l "
Pu Pu Pu- 4.4y -._1 Pu } 496k {n, 2n1e 2 pa .4 :ﬁm{.‘z.ﬂxlﬂ i
87.7¥ 2. 41141y 6564 ¥ - 3.76151y H : ol A 5N
Lo o a 8 1 o E__E______ l
F) o 10.0024%) ;/ SF IT EC
Tew H N 239_- H

[ memrmsunmn
D L 30 SR

e S 1R FORE

Lo I TN i .

rogsy| |2snsl } s, £12200m/s Bt b5 BUIREIN ()
a '_L a b

£562

Bl 7/7F=FEEOERLHAEON



(H#BFonK = 1)

FRTERBIHES

1l =AF-TFIrF=_F (MA) O&EKE

3410MW1-PWR 2500MWi-FBR

A HIEA R .
B 7 36 104F 34
Np 57.9% 413% 9.45%
M Am 27.4 488 . 549
HmAm 0.06 0.04 1.38
*Am 11.9 .33 25.4
#Cm 0.03 0.02 0.29
#Cm 2.67 1.44 7.73
*Cm 0.15 0.10 0.89
EEF 23.8kg 33.9kg 24 Okg
HE:} . 7—4% JENDL-2, itE - F SRAC-FPGS
PREERE : 33GWd/MT(PWR) 150GWd/MT(FBR)

Bl B8 T CORHLE  5E
UPuDEILE [ 100%

ATHDT T ERRAT

1O

108

109 e

LALLL i
£ 3

10°F -

10°% 5' -* e L NN

10'F

1055 [N (SRS RN | [

l19]

—— el ——

3 : v, HLWPOIIER (Bg)
= BN RN (B3
{EREMN | MIBEIIGWD/MT, 33530
BNIETHE 98 526U, PulIIY

TRU: 2HY 5%, FP: 2ESRERY

10%ED.2% 23 - GH
. tteny -

L N | B2 HLWOBENBREHO
g BEZEA
101 L s 'mi- PRI i "
10° 10! 10° 10° 10* 108 107

BAREEEE ()



£2 PWREBUIEBPIIFEULOBFBRERDOFROLER

ERHR 4 B XBE (year) EE (kg/fF)
Kr85 1.07E+01 0.70
104 ~1004F Sr90 2.91E+01 16.3
Cs137 3.00E+01 36.4
Sm151 9.00E+01 0.37
1004E~ 10*E FusEL
Se 79 6.50E+04 0.15
Zr93 1.53E+06 21.3
10°4° Tc 99 2.13E+05 234
~ Pd107 6.50E+06 6.21
5% 10°4E Sn126 1.00E+05 0.64
1129 1.57E+07 5.00
Cs135 2.30E+06 9.52
SEY 120.
Rb87 4.70E+10 7.25
Inl15 5.00E+14 0.04
Cel42 >5.0E+16 336
5X10°FELLE Nd144 2.10E+15 303
Sm147 - 1.07E+11 2.45
Sm148 8.00E+15 2.76
Sm149 9.99F+15 0.09
) EREIg L OBEOATR

2 BUOEFHT447X 104 _

3N RAIAV0E~5 X 10EOH S RE KD O-EEHE

iE . ¥—# JENDL-2, 5t# 2 — F SRAC-FPGS
B : 33GWdA/MT

SHEE  BHELEIS0EEOE
SFPAERE | 1,002kg/4E

/6,7/c FPOBAKBOLTLZROEMNEAFIZILERLTULES TR, BHARET
HE3IEDLOLMADEARE. EREOMBIIHOTHHELESBESNS 1,
FPMARBOD LI, HHBWETH-T Ny 7753 FEBL, MEARICLS
ERETHIBEGICE, BANHHFESILBEILL L, BPHEFroRmERBEFETOREY
IRANVF-HBREAN-TE 3 ~HOERNERTEIHBATPHTFEFBRIIEELTL
bAEBTRAT VD, FEBRE /X2 NVF-—HRIIBUIAEERZ DU ESOELEHR
BERECETF /RGBT OLA B EICAD, ThENOFMEB T -V ORBREREVE
WHAECZBRERED T >TWD, 5, —BBUITE. X NVF—EKEDO P -7 Wrm s



WHRELZRAEBL>TWB, 5. —BHIKE, XL E~KEDO P THEE.
B HENEROBRYEAEICI DO TRATULES TRAVEEINE L H 3,

XHROBMIZ. FPEBOPRTHHEMNSBILERERBPICERER T ELE A
H5Tc-00EZM O b, ZOPHFREFERIC OV TERE. FHEORKE Rk,
RBREZFRFFEBRFTOANVETRBMEB L AA D ETHZINE (HHE) 27
b X —% (KULSY/8/%2 AW TYTc(n, 7 VTR EHAMAEL RS, BEERT - 7 O
WEBRT -5 774 NVEDOHE, FHETHILILH B,

2. Tc-990 Y F+#5T— 4%
2.1 FMEBEET -5 T 74N

BABRTEENLEETPETI. BRARBRUOEFFPHEH EBERRZ RV ELANS.,
B MELTHCABOPTER., FLPFLREIOYWE HBEHICLZRIN., Firsd
ORBEAEERBTRIBOET S, 29 LT RFOEBR. BEFFoZHERELTS
HOTXNVF - HEEHF O OREHE/V/RPERZEIRANF - RET VT AN OHE/10/7T &1
L-oTRDONS, THHDHETR., BFHFIS20MeVELETORBF T RALF — 48
BiICB5EE.. BN HERVESBEOBKERIE, 2TEHIN-—FTE2—BLEEF -
FHBEENLD, ELHN, A DEBRF— 3SR EDIANLF - DPEIGICIES h iz
BbDTHBENHD. ChoHEEDFLEHTEMU. ERINEZ LD (RAHELEF— 4 7
FAN] BUHEERLD, BFRCBCTHERENATFMEZLE T -5 7 >4 0E. JENDL
(Japanese Evaluated Nuclear Data Library TREFN— D g 43 JENDL-3.2) /11/& M
N KEPST 2 VIV AZTORALLEBIH L THPHFLHEH. FRTFTRN B
BiEE. ZoZ2WE%. #SEHERE EPRAEIA T3, ABORBEET -4 7 »
AN KB, 2-ov¥ or7RFFEIRZBNTS. 2h&hih g1 ENDF/B-VI. JE
F-2. BROND-2. CENDL-2 & LTHERIN TV B, THH6DT 7 A /G EF T 5 200eV4T
BOKRF - 2N - LTHFMEN, F-FORYTOBER - RSO TIIESR
RAETHSETEREINS, LAL, EBF- 70X+ 3. FMELCHELOEFTLD
BORBELE > THBES T - AL ELOERNRZI O I EBEMNE S, ZH 5.
BOERKXVRE, BEIL, SV EEEOBOEBEET -5 7 7 A b~ &5~ U
YTyTEI3N T &Itk 3,

BRETH. TROEREXITH T - S It T I E#FGAGMICHL L. LIcBIF—BY
RFMBEET - 771 NVOMBIZ, 3B EOMAANOD 12HizDosinetry File. Fusion



FTOEE) W ENBARENL TS,
2.2 BEF—-50BK

FPOMABBITHELLET -y OEHEIE. U-235. U-238, Pu-239 DX Vv -7
7FZFEBOEAIIHRTHEL, . FT-SHOEREARESHOMH B /4.5,
12/0 SETCRBAETEEBTHEINIERT - Fid. F8A ELT NEA Data Bank i
TEah. EXFORD SRk X N 7 NESTOR-2/13/2 AT &, FPRUMAEEBOERT -/ ¥
BB d e, FRPHEFHEBFAROBRICE L TR, 2 ERCES B EH R
BN, —RICERLOBHE/EI LD, ERT—IFRBLTULIZBLBOOXNERTH
%, _

FHETE., ®Tcln, Y OIM"MEIEHEROBMEEMO LIF32 665 - T 9 Te-99#%
HCHET A TPHTHENEEOERT - JORRESDWTHEET - 2. 8 A (X EXFOR
KEGIW TV LY CORRT—yOBEREZED12EDTH B3, I3 ~F 7T, Tc-99
CETIFHETFEVANAUHENERE S —YOERA. FMECRKETRT, £33 1T,
BPHFHEET s E2E &, ThoFREE. Te- KRBT IHUET—F ZEO>NE
ETL53L0DT—FDORRELTRLT US4 T, £ ENDF/B-VIL JENDL-3.
2, JEF-2. 20 M7 — S B2 R IVF—HBTEAWTEL DI F-TW3E, £, 40
HTF— ORI ERIDERT—FICRONS 2eVIEOHEBRAY SN, ZD X
IRT-WEBILHT IR T —7ORBIHSCRET. TOEEL /HRABOMEABY ITKR
HFEMT 5-DIKE. FIcSET—S0HE., FHBEEFhBEIATH S,

104 T “|||“| T i”"l‘] T IIJIIN t‘”lllij T IIHII\' illlll!l' T 104 =7 lillllll T |||||I:| 1 lllllui i‘llﬂui T lllll|l| T I|||\|l| T
O Pattenden E —— ENDF/B-VI
A Harvey r 1  qe--- JENDL-3.2
- Fosteretal - — ~ JEF-2.2

2

10° 3

102

10 it b

Total Cross Section of *'Tc (b)
Total Cross Section of **T¢ (b)
2

o0 100 et v aveend sl yoveoed eepnend pgvomt 5 oevisod e guand v einol
102 107 10° 100 107 107 16¢ 108 108 107 102 107 0* 100 12 100 10* 108 108 07

Neutron Energy {eV) Neutron Energy (eV)
B3 Tc-9) of#ErF2KEHE® 4 Tc-99 OHhHETFLBHEHEO
BHEEBRT -4 FMEET—F



3 1 04 E T Iilllll] TT IIlJﬂI TT IIIIH‘ TT illll‘ L] l|l|l(i‘ T T u T i Il el ﬂ‘. _
- F A Pomerance a
%) - QO Lucas etal. o
::E:_ 103 a  Kalohetal, [t
3 F 4  HMarada gt al. a
— I ©  Ovechkin gt al, =
o 102 & + Pattend °
put E 1% attenden c
o E £ VX + Chauetal o
B £ ; : v Macklin T
o 101 :—g 5 @ Litleetal. 0]
0 3 + ‘:4' ey 0
u o 3 w
h
o 100 | = O
= = |
Q E 1 0
[1}] r n @
ot .
3 1'0 1 E 3 5
— E = -—
% - 3 a
- ]l w©
(&) 10-2 itond s eonet vyl s ppnd rorreed s ot el sand 1 &)

102 10+ 100 10" 102 403 10¢

Neutron Energy (V)

105 108 107

g5 99Tcn, )10 RrpBErERD

BEERT—¥

IO YOy v Ty T TTe v ey T eremmy

- ENDF/B-VI
— JENDL-3.2
+ JEF-2.2

10°

100

101

T T T T O T T IOy — T AT Y Vo1 T Irm

Capture Cross Section of ™Tc (b)

10.2_ n d ol i f
102 107 10° 10! 102 103 109

Neutron Energy (V)

l i

vowand v eenndo u k)

105 106 107

Tattersall et al.
Pomerance
Lucas et al.
Katoh et al.
Harada et al.
Ovechkin et al.
Pattenden

PO PA

101 A 1 1 z 1 L1
102 _ _ 1001

Neutron Energy (eV)

B6 99Tc(n, v)100Tc Eommur
BRGERO TSR — &

£38 "Te(n, vy )M IED TP HF
B 2200m/sfE)(A -V) #

B7 9Tcn, )01 grmEsEED

iR T — %

24.8+2 Pattenden (1958)
167 Tattersall (1980)
24+4 Ovechkin (1973)
19+9 Pomerance (1975)
20+ 2 Lucas (1977)

22.7x1.1 Katoh (1993)

22.9+1.3 Harada (1995)

19. 641 JENDL-3.2 (199%8)
ant1 Mughabghab (1981) =*

¥ HEAEHE

* "Neutron Cross Sections”, Vol.l,
Neutron Resonance Parameters and
Thermal Cross Sections, Part A(' 81)



3. $ARTZ P A =72 A T-Tc-990 F 1 H§ HE Wy il &l &
3.1 @BUL»ic

EEOEL. 2L INTVL RIS, BREREDICEEY S V(TRDTFED AL 5T,
EFEMNOZSBRERY - BB LI VERERINS. 77127 L(Tc)-99 . L
BAEBYOFTHHEEERNEED 1 >ThHh-T. TOERBRMI2. BxIPFETH 3, =
I LREAREBENTOVTE.,. BVRALTLT r K HEEY (HLW) THBE3BYS
YIEOEERA. CNSEMBUST I HE,. BE - HERIELIFELDVTHRF XN
TW5/1,2/ Te- WD XIUBABERYH TR, BYS VAR R LA DL I UESER
GBIk > THE - HEIRI3ZERERBTEIRN D, THTHEBERSICL » THERX
B, Y BMEEE I EIREEBIEBERIB I HENELSNS,, ¥cln, 7)) TR
WEEE, M5, B7TICRoASEI I, BirVF-—HBIIE TN - VETHERO TR
WS (BPEFEHER : 0200 -7) £2/F-TH D, 5.6eV, 20eVETQ EITIF R ETHE
E—IPFELTO S, Te- 9@ FHTFEBRR U TEEHANHLI62 D Tc-100%Z TRu-1000
REHBICED,

Te-99D PR FRERIGHBE L. BRPEFHEHIL SleVERIIMI T—HERT— 5
FETLIHODRSG). TORHEBAUEL . FIC3eVUTOHEK T 0258V F— % (K
6) TBRE. ER7T—IFFELTLAEL, B5DChous it LAREMEIZ, ]2 & R
MARZ ro A —FEZRACTHUELLERTHS/14/, Littles /15/% X T ¥acklin/16/0
TS REFHIEMEBZZHOCIERITERIFEICLIAETERTHE, M4, K705
HEZT -7 BANSRAUCEEZRLTED, ERTF— S LOLMBRTRESHER THME T —
FHMPUESEoTWABRIZEDNR S,

AMETE. RRREZEFFEBRFOMMIVETFRENER L ES4 b TCHREBESIL S
AR PO A —FKILSY/B/ZR VT XRERP S BRPFHFITESH KO "Tc(n, v )"
RIGHEHEZHZd 2, ERICEATI3T-VEABBREZ UAEHBRETHI L&, £
BTRPHFHEBICBLTHMIAZIHNRERS o FHlET s DI, BEBSLELTHE
ROTNWNIALAZAY BRBARHEEZERT 3, Te-IRMZ ot BEoz ity F LU
—BICHANRT PO A —FOERBRAIITHALTERZIT ) £, FHTHE/ARS b
BERAICE <A 7 oBREAFHEEZEAL. ot XV F-REFEROENHE
EEBPHTOBEEKERMBICRBIAT 52 &0 L - TYeln, v )T s W 5 % 24P
EFHBRIS 1keVODZ R VF—-HHICE O TEKD 5,

3.2 Te-9%0 & #



Tc-99&¥HiZ. AEA Technology# @ U TAmnershamit L A L 725D T, BibF 7 2%
LH(TcODDEHBEE UTHBROT NI DO AMABEHALLLOTH B, TcERI
BEGCL> THEINTED, BARARI MV BEVY U FL—va VETBIICE - T
MERIYUBLU L THIERIBONT S, KFPOEERIZIBC, 102N TEREXE -
MAKODBRICIZERENSILIERENTHI I ENER I, B ENBLEL T
CRAEICX > THRELER. K-40UCBET 3 455keVO E— 7 BBl chizd. 2hll
HAORBY Y — 7 ZBBIHITHh -z,

Tc-09E#l O B 6E (3 358Bq T BRLY (Tcl) &L TT2. T8mgi 7L 3 =y Ao 4
RERICHEAZINT S, ZOAEE30m, EXL oo, TcEABRBABOPRI[IHAZIN
THEH. TONERSm, EX1.1mmTH 5, BIEWERE L TOEZE0. 14577 74/cn?T
HBo

3.3 TNIUHRAND LLBIFHHE

Te-99 BT FEHBETLL. TP oHRYT ywREBMENE, e 3. 20N
VeHEHEICEZELIL Tmn, EHEHM6.3cn, WE1SE (Ar:97%, C0::3%) O 7T 4
AN BB EEER O, ERULAEEERU4ORLFTHE, CORBBICL BN Y
ITHROWEHBILTLULIES AN, PREFRHLTRBAELEBRERZRINL VLI LK
R H D, FERBROII K, PHETFHBLIOTHERRIOOHEN v REHE
TAHAEGIE, AESERLOPHRFICBREERALLOHESOFANERLL S, K8 T,
Te-99A R LAIHHEBFOHRREEEZ R LTED. T3 BRARIIDA-—FDERTAE
BAHEAL:,

Te-09B I T 2 FH FHREHERE. BREAHBELACTEBCART 23 ET
WARY FPNOHEIREAETS &2, "B(n, a )RR T 2%cln, v )T/ it Wi i 5 0
HHMELERENERDOON TV I2BPHTFOERNTH ERBEICRABLT I FECL-
TR,

Tc~99 sample Ar-gas counter

M8 Te-99&7NITHALBAGFHED
SEERFRIEE -



3.4 FHTFHEHREROIE

BANRT boAt—5 KUS)ZEHIE
WTeln, v )T W i B 3 52 D £ B
DFEEF. BIZK 2T - 12Np-23TD
PHFHENMEBRIEOESLERAET
55/ ChETcoESBERER
ETE., flENRETIAH0BEE
EU-2350BEBREE P A4 (back-
to-back ) [Tty P LTEEHEICH
AL EBRICTHWAZ/T, 18-20/, »U(n,
DEGE., BEHEEEEIs S 30
TRIZEHROBBLCERIN, L
MHALSEDOKILSO EE TiT. 8 IR
THEBEBICEWOT, T H AL
il 3T EE I & B9Tc(n, 7 )10Tc 7 Jis iy
HEZBE LI, =1 7 oBFpIE#
Hid. (n, v RGO T R V¥ — EKEH
HEOHMAEETS dbDES —
EUTERULVK, ZoB4b 7T
A ZICBFIFHER. BRbbHs g Hic
TNEN—FRT OMI K EREHKR
THELL, EREAHBOF v+ o 2
EREBIITO.5u s F + o RIVEI38192
ThHbd, B9~H1 1., Tc-99/ 7/
IoHPIHRE. Ny TS50 F(ER
ALY/ T B HE. <A
7 oBRAIS HEER O SHEICH

TEHRARI PLORERT, B9

D380, 190F v > RIAFIHIT L5, BeV,
20eViHED B E — 7 RNEBIXH 3,
10k, ExvRERBAOLE <
AP EENSHORMYICL BNy
702 FE—7(885F v » 2 VHHE)
HEEIHh T3,

108
10 |
10° |

102 |-

Counts / Channel

10"

10°

= 9

108

1000 2000

Channel Number

Te-99 X EHB AR PNVRIZEDH

104 |-

10% |

Counts / Channel

102 —

10t

100

10°

1000 2000

Channel Number
0 Ny 7730 F (REGEL) HlgD
Bl A7 b AVBIED H

10°
103

102 -

Counts / Channel

10"

100

B11

_10-

1000

2000

Channel Number

w47 0BFJHHHEEICLS
Bl XR7 FILBISED #



FPHETHRENBEOMER. 7VIT UV ALAFHEZRWEENRT V< BEBIEEC
LT, COBGREOELBRBREOBALETIVRESRALCEETSY
THRICHLUTHLBRENEL. ChoDH e/ 2 /S UV FOEREN S, $70. K
I HEOREL LT, SV AESEHTEIHELER Y VFL—FHEIDEBOLI &
EREFRFLEZHTH D, SEOEBRTR., TOLINLAHYEAFEHE X Z25HBTH
Sl EXkeVEL EDO XA NVF—FHBICB I 20EZLIVEERL DI LTI ESE A B,
AN PO A-—SOEBRAGHEARBTELATROVAN., HFUyeBHUEEZFTIE LS
RTRROBASHEERICHUART, MBRLOSZY B3 75y Va2 RBEARMETCH - 12,
EDNDrT 77y YaDREBEETEERILUELTEEDIE. HEROEEREEZLUTO
KO RMEBEHARBICE > TERET - : 2SIV A 6.8 ns, /UL ADOEYEL : 150 Hz.
E— 7&K : 600 mA, BFMB L RLF— 30 HeV, ERICELEMRIZ. €5t L T3
HEMRY ThHh-Te

FHFHENEN (EOHENER. KR L-TRKHON 35 :

TSy AR EOH R EGREERAE - )5
g o(B) = - a xF(E) x 0 8 (E)
T4 7 oBRLLBIE HE QTR

SIT. A7 oBRHARIEER. ARPHEFRE/ AR MPLOE_F-ELTHALT
W5, B(n, a JRIEH AR o ()X, WD WBI/vEOMBEERL., EEFERELTD
FLASNTHE/2l/, FEME, BRI 3EMNAIPHEFACERICH T 2 HER
(BHE) T, RETHBRBIHEICI>TRD, ey, T U ABBHBEORNR v
MAUEBICHTEREDEI, ABRFEFOIRINF—IEKELR DO ERE Lz,

3.5 PHTFTHCEBRMEOMWE

Tc-99id5. 6eV, 20V KL KEBHBE -7 E2H -T2, D H. FERICITED
MAERMEZ L L THHENE T KES L lon, 0. 14527 54/co) FH o &0 E
INSODERARMNECRPHFOHACERDEE DVUTHEFTEZL T SHEND S, &
WMETR., SR aVEF—-BREE L FAHLoT— FECNP/I0/ZHINT. Fh FhoREs
KRB E2FHFOBCERDRIC>OTHELH A, KILSERAN TR, PHETERAR
ODRABEIPG—RICAHTEIELT., iODZANF-FNV—FREIC. KX RHOHEET

“th:o

I, JgiNoc(E) é(r,E) drdE
<0'c(Ei)>=

5 r.rElN ¢(r. E) drdE

_11_



TN ABOEFHEE. oc(B) : PHFHEHFEHE. ¢ (r,B): P OBEH «
KB E3PHRFARY PAERT, FxNVF-FSN—7 0@, FiFL 12V —E+2E
TET S, IOKARMCALTRTSFRLUL (FEZ6MEEL L) RBOHE LT
W, CHhOoMFOD ST RANLNF —ICEKELLECEROBHERKEZEH Uit T %KU
LSO A2 NWF— BT E L, Te-99 Bt d a0, Y IREMAHROMEELME
Ulho 1 2., ZOMEMBETFL T3, CORKSRARGHZ IO, FERICHER
LIt OEBOEE THRERNARIANF-FETCEPHRFECER I DO THEN L
BERBIERSD B, |

18 , |

I
. — — self-shielding factor
B _broadening

= =
kS o
T I
|

Self-shielding Factor of **Tc
™
|

?
h

102 10 10° 10 102 108
Neutron Energy (V)
12 Te-99E#hiiwd 29T HCEBROMIERHK

3.6 BEHER

KILSE AW THIE L7 1L keVELF O ¥Te(n, v YT RIGH EBOBEAH L 3IKFEdT. #
BFHREHR MBI RANF-OHERTE, ERIEAVEBAR oA —S DR F—
SRECEERIN. B14cBRoh3L 51, ~0%ELENAM EART D, K13
TIFMmFZET—% (ENDF/B-VI, JENDL-3.2, JEF-2.20 3D FHEMF— s EIT—HK LT
DERL->TWE) 2SO T R NF - BEMEKER VT E Ui (broadeningL 72D,
ERELOKBRET > T 5B, £, Te-WRAFAFOPHFITHTIACERDROHES
T, THIZDVT S EEME ThroadeningL /e ¥, EBRTF— S DR EA T -7 FE
BRIIAANBETS 572D, 0.0253eVic 1 29%Tc(n, v YOTcE SO Bvh 4 T W i 5 o s ok
fE (C20£1 A -7) WHRBRAELT5B/22/, £ BEE. SHHERBLIHKEE2~3%
H530%:EL T B, e IRBIKHBTZxVF—EKER (/v SO XL @ <2
%) « HYNBHEOCHREAIZES BEHEHB). AP TOPHTFECEROBEICEI BE

..12-



2

T T TTTVET

I IlII]II] T lIIIIlIl I IIIIIII| LI Vl
— ENDF/B-
—— JENDL-3.2
A Chou
¥ Katoh
O Lucas
@ Present

-
LT Illl
1 L I

Capture Cross Section of **Tc (b)

10' |
I 9
10° 9
- 1 1 IlI‘ll! 1 !lllllil L 1 I!III!I 1 1 |IIIII| 1 | lIIIII:
102 107 100 10t 102 10°

Neutron Energy (eV)

®13 B 7)107c RrHmmoREER & FHMED B
(RULSO = A NV F —HBEETHE LTI 3)

O BFj3 and Ar counter in the Bi-hole

—— Fitting
100
SEE
=
80
=
) i
b
[}
= 80
=
o
b7 5
LB
[0
Q 40 +—
b
Lib]
e |
3]
20 MR IR EEI T SR AR S |1|!|||E. L oL
10 100 10 102 10° 104

Neutron Energy (eV)

K14 KULSOIRAF-4#EEE (EMHE dg

_13_



(E=2BEBT<IS%IBENELOh, £4KT3 ~0%BE LT 7,

B13CEH. #KOEAMELSEOMEES LB L TS, Chouds MR RS b A —
Z AT e, V)T REHERFMEL TS0, RAOBEML H &KIKEH L,
HoDTF— 5 2 L2FI0.4ELETBEHTHIE. 3eVh o LkeVO T R AVF—EHEBIZHE T
SEDF—F &EXO—HETT, Choudb®d F— 4 (3. 5. 6eVE20eVO 1B EFIK T FMEF
— SR B HEICH B0, NeVHED S5T0eVELEZ TOEMTEFMT— 5 L nBEL
HoTb, RADOWEHRE. KEULBE— 7 FWHREH TV LD FHRER Y XM
EF— LRI R O—RER LT B, AERF— & OE T3V ¥ — G 515 5 B
F. AT Ty Va BN ERMRZLOBMBELELONG, HBARIKEONIZEE LT H.
ThoBSBROBRTEETSH S,

3.7 £&8

ez, TIHAER, AR b A—FFROTT7I7F=F (MA) BEDOHBICEHE

LAEBHRE TV ORUEFRSTEIN, EFATR. TH5 LA RO—RELTE

EXBPHOBSEERY (FP) KHT AP FHENBHEOEBRANIWREZFEHE L, &

EBRTHRONICHEEZ L LI, REXDERTF S RUFMEZ T —FIC 20 THE. &

g"ﬂ"’é‘:ﬁo 't:o
EMFEICBTOTEHONIIRREEZLUTIIE ED S,

(DTe-90 P #HFHRERGHEEICHETAIAZT—FORRLTHBELAER. SROHEME
KBAT AT HELTUBBETIRAL. 0.0253eVicBiT 28 FHTEHE R IE.
eV TOHEBMTRERT— 72BN T,

(DEHFATE., BARTHBPREF R AT —FHITH I 5%Tcln, 7 )T IS B @ @
BRI, RBAERFFEBRFOANVEFRBMER (3149) LtHAEHLETHRESO
TW58ANRY bodt—% (KULS: TRV F—FBEREEEICLTHRW%) %A,
ZOHRRE. LkeVEATOEBITE 2%, v )OTcRIGCHEEZERPICKD 3 - &858
T& 7,

(FEHEBEUETE. Te- RIS HBEIN LIRS Ve BREAETEIHEIITE - .
COMERMGIRERE. TATL A ARAHNE (BB T, HHEH 6. Jon.
RELIKE) T. AP HEZIhBIHRY /<8O BREHFETZ. AFIHFO R LF
—IKREFELROLIOEEEL TS, RHBORBHRI YV FL—F i - LBRES
IERHEXTHEODE, KBRE (AR Mo A—FOERAA) OFHFICH L THALE
BEZRELZLOCIENEH"TH S,

(DERAPNOPHFR AT bIVEBFREFAFHELZHOTHRE LU, "B, a )RIGHE
BaFALTYTeln, )R IGHMBEOHMEE KD, ChEHPHETF (0. 0253V
BUAEERNTEHEEM (2021 A7 -7) THEBALL K,

_14_



(5)¥Te(n, ¥ Y TCRIEHIAEO M EE R L RKROBERE. FEEF— S ERB LI s 5,
Chous ¥/ ARZ bt — S EROTHRBLAERE., FEBBL IV 2FIIH M. o h
%mA%?%&ﬁ&miﬁﬁ&;<—ﬁ?%1*w$—mﬁﬁéﬁToﬁ%%&?—&f
(X ENDF/B-VI, JENDL-3.2, JEF-2.20 N & R UEAF LT 34, AEREE LB+
S &L 0.6V, 20eVO HBER RV HFNEBTHEL L ->TW 3,

(BOMCNP T — FE RO TTe-09R B T 2 P R FOH CER D R E T A MEHEAET -
e, HBEE T - SR ABEBIIE O THBERMELIIREILE T3,
(DESBE., SORERF-SOBEELTALX L3RG, £F. EEROFEEEE,
HRBOEHAETI L, BPHFOMBHERAETLTED &30, HRDIFIRFE
HRAEEIC L ZEROTESRLE LSO T HRHETZRLETAIL,

4. RRBRORBEELL5%

AFRATHEH. FRIFELSOTRBAZFEFFERFOLMRVO BT R BMER L84
FHOREKBARI bt —F KILS)ZEA O TIc-9D P U FHRENAROBEA RS-, &
FRIZAOKT-VRBORBIE. BHTcod%k & UCTHTngTH - 7oh. KULSEFH L3
CERIDBPESD SkeVEBICHA B39Tc(n, v ) TCRIGHEEERET 52 &0 T
oo COKBRTE. HEI2. Ton, AHRENG. Jen, WELREDO T ATV H Z(Ar:97%.
COB%)OA D PIFHHEE A O, Te-9RBL OB M Ih Z Ry WA ET 5 FHkic £
S, REHBOFENSHTTORBBEELT L EE B (661keV 7 8T ~0. 8% 5
TICEFFHEINI, FEREABBEERBBO S CRABEMTICS - 5. el d
%ﬂ?'@&)%KULS@EJﬁKJoT%W@EE‘]%Eﬁﬁ?’%:&f)"‘f"%fco

KILSiZ. FPOPMAREDOHAMERE. Ny 7 770 FHRBORE. +ORBRRE Y
WABOERTEICH LT0s, LU, TR NVF-SBECEEEI)H0%ICLH 3
ERBROBEHTH S, FLEERTE., BABNENIFTOBRAORICE RS bER(B
TB)Ddouble fission chamberZif# X #i 723, B F i 5 keVEEE D ¥Te(n, ¥ NUTe Rz
IGHEBEBR A Y v —E RN B TS » oo FRIEEICENTE. COBE
ERPEFOFMEEZ T - S EIRBBAT I E L, S50 EEI. HHAED &R
%ﬁ%&?%tb@ﬁ%ﬁﬁﬁﬁ%%ﬁ%ﬁib%&#K\ﬁﬁ%ﬁﬁﬁﬂw%ﬁ&i%%
BET->T. KILSOBAI DT RANVF - PEED I VF— S 2MBT I E10H 5,

FRIZFETE, LROBRBREALT. RO 2250@H 0 EBREFTIFETH S,
(1)%?‘$§ﬂbﬂﬁ%%ﬁib\fcl‘0ﬁﬁki:iUﬁﬂﬁf~9®l$ib¥—ﬁﬁ#ﬁ‘é®rﬁ]t%50 TO
FRERTREKILSE RO H S ITHNFRFRERNE BB ENTFE N 505, IS v 0%
EATH R Y 5 — 2 Rb - TCDslik & v F L — & (B&: llen. EX:5cn)EEin5

-15_



CEEFUFEI—Fy PURFLDIRICE T, BRI NVF—HETDERELT
BEThTOOFHHRLEEREERSI I LEHF LI,
(DWEBPUTHEACTI-WORTRFREHARE HAMLELI>THUET S, *
BETR., €8Ik 3%, v )SAREHEEFEEE L, ¥Tcln, v )Tch G B T #
ZAu-198. Tc-100D FEBEHNEHEIL L - TRKDH B, B OoNREMICKILSPLTOFEIZ XL 5
HHBlEF -4 28 BAEL. ChoDERAZBEEOERT— 5. FEEZT - F LHER
LT, REFEEMZ 5,

[ &% 3XHk)

/1/ THBABBECER] . HEFREFHES HEABMESMZERS 1994,

2/ TEBURNIVEZYOBHEAENERER] . BEFETFHFEREE, Vol. 37, No.3, p. 159
(1995).

/3/ ARABES. TREOPE] . H51%. 115, 1105 (1899).

/4/ V. Mclane, C. L. Dunford and P. F. Rose, "Neutron Cross Sections”, Vol.Z,
Neutron Cross Section Curves, Academic Press, Inc. New York (1988).

/5/ WiEe . FNEE. SEFL. BLURE. (72F /4 FEF—SsOERE - #2
F—F EZOBAMRIE] . BRFEFHESE. Vol 361 No. 3. 211 (1994),

/6/ C. Wagemans, Nucl. Instr. Methods in Phys. Res., A236, 429 (1985).

/7/ K. Kobayashi et al., J. Nucl. Sci. Technol., Vol.36, No.l, 20 (1999) (48 C
sR) .

/8/ K. Kobayshi et al., Nucl. Instr. Methods in Nucl. Phys. Res. A, 385, 145-
156 (1997) (& DER) .

79/ #HizE. K. Tsuchihashi et al., "SRAC; JAERI Thermal Reactor Standard Code
System for Reactor Design and Analysis”, JAERI 1285 (1983), and "Revised SRAC
Code System”, JAERI 1302 (1986).

/10/ #z . "MCNP - A General Monte Carlo Code for Neutron and Photon Transport,
Version 3A", LA-7396-M, Rev.2, Los Alamos National Laboratory (1986).

/11/ K. Shibata and T. Narita(Eds.) "Descriptive Data of JENDL-3.2", JAERI-Data/
Code 98-006, Parts I & II, (1998).

/12/ ®)EHE. BERBRFIAHRER BEF5—-5 V¥ —RT ([BEF—F=2— X1 . No. 50,
p. 13 (19953,

/13/ T. Nakagawa, "Neutron Data Storage and Retrieval System”, JAERI Nuclear
Data Center (1995).

-16_



/147 3. C. Chou et al., J. Nucl. Energy, 27, 811 (1973).

/15/ R. C. Little and R. C. block, Am. Nucl. Soc., 26, 574 (1977).

/16/ R. L. Macklin, Nucl. Sci. Eng., 81, 520 (1982).

/17/ K. Kobayashi et al., Presented at the 1999 Symp. on Nuclear Data, JAERI,
Nov. 18-18, 1999, JAERI-Conf 2000-005, 119-124 (2000) ({4 B&R) .

/18/ A. Yamanaka et al., J. Nucl. Sci. Technol., Vol.30, No.9, 863 (1993) ({2 C
ER) .

/19/ 8. Yamamoto, et al., Nucl. Sci. Eng., 126, 201 (1997) (£ CRR) .

720/ T. Kai et al., "Fission Cross Section Measurement.of Am-242m using Lead
Slowing-down Spectrometer”, JAERI-Conf 98-003, p.225 (1998) (& C&ER) .

/21/ TAEA Technical Reports Series No. 227, "Nuclear Data Standards for Nuclear
Measurements”, IAEA (1983).

/22/ 8. F. Mughabghab, "Neutron Cross Sections”, Vol. 1, Neutron Resonance Parame-

ters & Thermal Cross Sections, Part B, Academic Press, Inc., New York {1984).

_17_



E2E HEKRFHARZ batxt—%

1. AR bat -5 EZDRFH

MOEIICBECHETH-T, FOPFPHTHRNEFAESINIOREFETETVWEARELR
HHE (B L5~2m) AV RRPEFETEAL L. PHETFRERMOBAERAE
Bl BUHEEABROVELENOEEL TV, J0BHE. BEALLYICHESZN
5%%ﬁmébtb\§ﬁ@®ﬁﬁ%&0ﬂ?¢f\mEMﬁmvdmnfﬂwpK%i
BHEEAERLENS, SLRITHAAHOHEERE & grouplb L HEFOFH RN
FoWTFhto T, 19504EEE, Lazarev & Feinberg {2, 2T LHEHBITEEL. Thix
2RI A —SFELUTISATEIN WM EELNI/L/, Bergnans {3, 1956FEDFE 1 H D
A-—TEFHAFMAREBELEZ TR OT. ODTHBEIRY ot —F (ZFEI
T8zR7boA—%] ¢3ED) OFRBEEBRBERICODLTRELTWS/1/. THAUE.
MREETES>DDOHARY bot - FRBEINLN, SEEFRBICH S b0E. K
BoLyAS—ITERFEQRPDORINS/2/, o TOINF» b THREL Yy —DARI b
oA -7/ REHEEEILBEDN S,

AENMELSEDIFITPFRBISINVAKBEPETITEAENS &, BEIPEHEFRIX
BEREIUNZ O, PHTFIEEEEE (0.57 YeVRI ETREHEEHIA LEZ DE B2
ZBOBELEELTHL, BZANF-MOPHFRENLEZTEL ZXAVF -% K 1.
ITExINVF -0 focus HENEZ n., 50~100keV L TOPHFIZHLZ E. BREHFEIICHG
LTREBEA Y ZAEICENIRANVF - SHEH2ELIICN D, ZOFHPEFIRIVF -
REAENOEEIIEEMTAIBEH L L TEIMM B/, 4/, BEZEFRDvelocity group i
FRBOLRIINF -HBEE (LEE) . AR bo A - SEAFOBRBTRFEITI D30
~35% EENR 5 TWBE/L 4/ TOENPHARZ PO X - FBROBHMEEAL S, LU,
AR PO A - OBRRKOFHEIE. PHEFEIVELI B EFTERNITA ST &
bHoT. BALPRTFENBOINEILTH S, AlIAE. BEORTHEMAIWMRRICL
~, FHTFHRESETE,S 1 G (RTEFAImOES) KdREEFLHTS/2/,
STOEIEBULTL RPI CTREBART bo A —FEBOT, kel ERiITHIT S 1-238 0
sub-threshold A BB ERO PE/2/« 100 keVBIFTO MY T A, Fa S A, T4
Va2 U LERHTAEABREEHEMOBME/S-8/PFiTbhTn5, ThoDERRBRIIE
WTR. RISHERER I -7(p b)) —FEMAI 0, FLERERARDOAFESEBDH T
FIRXNZZOEREARAFLEB TR > THRENTETH > %o, BlockFE &8 A7 |
PA-FEZAVWTHEASBRBERAET ZEE. METRETZAIBGEZFELLT (1 ueg
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b] EBEIRREME-TSB/2/ L, 1 glLORBAHAE I bORSEBEHD
PEFTETHY. 1 gULORBRBNE Ll £ bOL/RENEHAENTEEEL LB —
DEREFLT VD, afifi, SHREEZHV, FERLEONy I/ /5 FRELEET I F
F4 FPEE. BREEZTSAFTELVLFPHEE. RERONSVWEESOHET ~ 7 #IE.
HIH Dassay EOHEBEHLIHFRICH LTS, BARI b LA -—FiF, TORFEELEHILT
HREINTWHLAE/2,5-10/,

£1 HHEFELELTOKULS. Linac, KURODHE

In H KUL S Linac KUR
e Linacd /<)L % BEFEMELE B S AR
DYE L] vhf 8 A EBTENICEY HXHES
P FERLE
FHFRED Linac/s7 — % EFOME R RE FlfE T
K|y 3 TS Z i 1 s o K|
fidEFRAE YN AN P e84 XL BERFEAAE L
Ao 2k (28D #710cnx 10cm #60cnx 60cm
X |0cni2 B x 60coiR BF
PHFRLED Linac/¥ )L 2 @ PR B AT WAL EENICRELE
I R AR A FEITEL BRHEODEE EHFHFIE
P F R IFE - 0.1leV~100keV BHRETNIS BT IrS
AT I FE R g A% MeVEAXE 2 T MeVEAIR E T
e Y Linack# & F#~101 2n/s ~10%n/cn?/s
ERBEICLD ~10t8n/A° 3
105 ~10%n/cm?/s
FHTES Rk FE 0 TN
g BF. BT 7 FEH
ot % A EEF—-%. TOFSZER. # THFEEERE
Fek. Bk I3 v air F—% . BE. N A4
assay L. Bt B, BH. RI
BETFHR. 8%
RI%YE :

FRHRFEELLUTHILHES. RTFESFERCHAVC SO IAHAEREFFELEBFOETF
FMEMESR (Linac : B/ EF T RIVF —464eV)/11, 12/, BFFFHFEELTOD 5D
HBRERERRFF (KUR)/13/, Linact M AEHE TRBEINTBAFEHRARY
PoA -2 (KULSHI/KOWTHBL, ThooF#EFLEL KT LM, KULSE
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LR IVF - HBEDO S TlinacRITHBAATEICH~NENMIRTEON, ERBOPETFR
BUTHEOHEEINHS, LU, PHEFHROEEHISEHIE. KURBKUL SOBEE
h—BERODP., EEFHFRETHIILHOBHPLLIRALVF-HCdBonsHREH
SBTHD, CNSOFHFEIRRER. ThEhEFEENH-T. ZhoxEP L-HAME
WHRIY —BRELLELFROZBITHIHFTE 5,

2. $fARI b A -FDFEHE

M. HFHESH 82, HEHMNT.2ERZOWETHAIcd. PEFHRBLOHRIT
Lo TERIANVF - THETELDIB (1 FTELLHOVS P -OFHWHME: £ =
0.0096) . EHEMOBHEERDET I LIS (FAE. LHeVOFEFH0. LVt 5%
T 1680MH) o Fio, SHOPHTFHEEBBA CHEENERE (BPHFTILL2b) TH
h, FRHEFRINBEEN/DIOID (BPHFT 0.17Tb), RETHERITSIVARO S
ERUYEFPITBERAZTAIEE. BITL > THFETFRBEAERRENSZ I EHREL, KELS
DEBNOVE D, FHREFREFAKECEZ T, 209 FRBRIRAERRE 14
1ORGHERERBUENS, B RLVF-—FTREINTL,
HMERARTLATALREPIREFOBRROAEREZIH VR, ROIINUEBEFRES
BRICE-TEZXSNB/4/:

dn(v, t) 2v dv’
—— =-vI.n(v, t)+ Yen(v',t)
dt I - a v’
EFOHEEEONR TR, MERIIKL-THRELTIT < FREFOFHEZEZ Vv ETS
E.HFREFORERB t 3. ROXS B LN B/4/:
t = A1 x (1 - : ) = ikl = ! (2)
v Va v VI
IIT, VvoldPHRFOMMAS, MIFAEHOHEK. 1EHIOTHEHRTE. L.
HEHILHEE TDH 5,
1mv2= 1m(A—)2= : €))
2 2 t T, t?
LT, PHEFOFHIRLF-EkeNDZ, BABFBt(L)OBFIIRLMATEI &
G5, KIBEREERTH S, EBROHEIRT TR, BHERBOEoFHMEESR .
BAZIH, ALBEOT—BHAKEtIEKD-T t+tPHOONE, ZRNVF-
SBRERPHFEREOLSD (48 KL-THRE D,
AE <E2> - (E>? 8

)2 —_ e — TE — (4)
E <E2> 3A

(1

E:
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TEZLNB/4/, FHEBREREZEAEEDLBFLTHEINL, BART oA %o
AHEERNREETTOIRNF —4REE (FEE) B27% &H1T 5,

3. RAlKRFE $ARRI b A —-%
3.1 EFKXKEH/ZANI boDA -, KULS

HERHRFERTFERMIARINTOIHARNY bo A —43, 48, ERKRKFILEH
KREEIN (BEM4E) . 208, RAFETHREWR B ¥ - tBEIh BEHE
BFI X7 b oA — % (LESPYS /15/% .« 19914 (RS E) 10 » THEAREEFIF R
FOFICEDZRF DT, 46MeVETFRBMES (Linac) LM A EDLELTBRFSH (K
#) AR bt -4% (KULS) ELTERBRRFEAINRZIE LN /14/ (HBE) ,

ERART boA -, 10x10x20 cn® ORESIEZRFOEMEHN(99.9% )T oy 7 %4
1600fAEAER. 1 ANLmDP SR I KR TRERIHWAOL V> THE, RLITH RS
boX~SOHERERT, BT 0y /7 2H/AHLET I EE, EEOBAEPLWI. kax
BETHILD. Y R-—NDUAPTSVTIBT>TEILHEL, =¥/ - LT+4
EHEET->TW 5,

AR bot —SKILSORBICYH., BHOorOLREME Shiz/14/,
ORAREFFERFTETFHRUMESR(Linac)Dy —F v PEIKWARI PO A -5 %BE
(B2) $5LE, EIPOSEDTELERIZIEULITASZLI. -4 v FEOKE
DOFEITEZIT. BEFLEEEFHELLEEO LITERTBH TEELOIC L,
@LESPIZid. FLfECEBA,. 2O0BRFLLEBCHERANS - . M3 IRdT LS
K. AEEESICS »FIICABE (WE 10x10 ca?) SERTL (BT %50cn~60cn) %5y
U¥ze
QO BRERILON. 1 yFBZORAAZEXI0~15 cod VX 2B THYHEE Uik, 4
PODFHFHEyBIEZE6~THVEBLOITH~X, EZATRADENEBH 4 HeVEEL, &
SGRBPRITEDERTR. D 6ZUI2PHTHE B Ly, EBRABCHEFRELH
(ELR) PEBIHILEBIILDICETyBESLLTE AT RERILEZ BT 2,
DRULSD TP RPICESBS VI NI —F v bEBOT, SNV RAREERHFERESE
AW, LinacO FY 7 bFa—-TRARZ oA -2 Ab0OFTEL, Linaclilo B Z N
ERBEXL>TEHINI3BOAP T WE I APFHRTFERS VIV -5y by AT LD LM
MEHTH3,

LinacOEEFHICL>TiH. ¥ —F v bPIITHBRAZTR I /AT - E500WHITRIZ & 73 308,
EREREBRTRAFTRICEID Y —F v V- AOEWBEF200CUT EEZ LM
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TRBRETIIEELI, N9 - F oy bt Boh2hPHFER, FHRALF—
F1UeVAI RO D ONE L, U-2350DHAH IR M AEBZZLE Qi 1NeVo T p X
BhEIRGH. BNV EHEODZARY PV ERER LTS /11, 14/,

3.2 KULSHoH#HEFEHEHE

RREFFERFRICHARIN/2460eV Linach SV AR ERPHEFNB/R LY bot —
FKILSIZIT B AN, RUYUFTHNTHRLACREZIA T, PREFOREHES T, &
BMIANE~-HEE LT A0 — FECNP/16/% 73 Eic X b kb 7/14/, KCNPL
BFE y MOBRAHENTALIHE I - FELTHONTLAS, TAIRMA T/ LR
FEFIINT IEEPHFEMETCE. PHEFOBRBNELEZD *PROEREICER
THIENTRETH S, HONPIRE AR bOAf — S TOFEFOBE L BT 58T
E>TRDBI-FELTHALTOL S, KEDORPIOHE S L~ FItHBTH. HRR2 b
B -SFOFEFER (BEARI MU, 2 VF-~FBELE) 2RkD35HEIC. &
aA-FEFERALTWS/17/,

FRETE., KULSZRELEEEEZSH L 3RTHELT->T W3, X512, KULSPHER
KRIIREXATAERABIIODOTHZERL, PHTIHEOME., KILSEHE -2 H FIw A
W&, EBICHUAFEARBEM-T W3, H43. KILSOE X< RERTLIZBIT 31
REFEANZ PLOFBERER T, Linach S SV ZARPHFEITEALE. A e &4+ 3
BAEFEIHIGE VBB ARS PVERLT VS, BEFHFOLRNVFE—GRTIZ. A
HPEFRARI MOEP OB EDEEFEOTERNLNE —BEL - TBN, OBNTHY
AHHIECTERERBUENSPHEFREEL T BEINRIN S, EtEORERE, ¥
AT ARBRACBY AHAENBE T RN F -OBE (E=K/t) 2#TTEHKELT.
191 £3CkeVe usMBE SN T, BOERAILI VT L. FITRABOBEEKER~Y ML
FEBEEHh, KEUT 15724(keVe s S e, RUCNPEEIZ L A MEER & &
NWF-DRFBRESLE, EXTRERAOHTNHERADCIESICH~NFHFORESNLIS
RBEENZEFRADZ, . FYRBEIEVEERARESOPHFIN - FO 251
F—ARZ FVEHORERED S AERE CEEE) 2Rz, TOER. KEOE3 b
SNLEEIIC, FFHELELENMNISODXNRASNE 0D, $EE & LTI0~A0% RO
EER Lz,

FKULSIZHBT 2 T2 - HFHO 1 D& LT, £ICKONPa - 2R L THBREEE X<
7 PVESIR UL, ChERBHST A EENFRTFEELELTOPREFRARY b L2E
o5, HEICIE. HCNPZ — FAIIZENDF/B-IVE O B SNl F -4 7 s AL AEA LI
. HBICJENDL-3, ENDL-85F - # 7 » A LT L BB HBO L BHICERK LI, cHA LD
BT -8 7 7 A NVICLBRIB#REEXR5ICTRd, KILSW TR, I/EXDBELHREF IS -
BB, BPREFRILCIENRGNE, 320F -9 7 A NIT LB FHEELRITIS
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Flux [Arbitrary}

- 24 -,

T [ T T T ¥ T
17us 44pus 275 LEps
107 |- —_—r 2 1? Ra S A g _
F 130 pa A TV . R I Y hY
a:"" -"o' .". . °. . '. e v ‘(,' bl ;" ' "'
w- '0 N . e ! -
l"' :*' '*: |f “' gl' ,f'”*fj '{ [ ]
ol gy Hi by kﬂig" it \
l lf" } 1
are ! * s
o I h { l! : 1 HE4 KULSOER<x
" : b ﬁ' ERILIZBITS
o L ' y i T O B R
EER~Z v
whk L ! A I !
10 107 0 107 0! 107 10°
Energy {MeV]
-3
10 [} | ! | I I f ]
S ik
2
10
>
=
. —= -6 ¢
H5 KULSAH® (EBE) e 2 —— . ENDE/B-IV
REEF R b w0 v
- Voo e ENDL-85
D ﬁ%%% g 1077 _
-i; —— JENDL-3
-t
10*3 1 | | | i 1 | 1
10° 10° 10°
Energy [eV]
¥aterial Energy Thickness Form
(ev) (om )
In 1. 46 0.2 foil
Te 2.33 7.0 powder
Ta 4. 28 0.2 foil
Ta 10. 4
Au 4. 91 0. 05 c¢ylinder
Ag 518 0.5 cylinder
Ag 16.3
Cd 27.5 0.3 cylinder
Ho 44.9 7.0 powder
Co 132 0.3 cylinder
1 % —_
Cu 230 1.0 cylinder ®2 KRBT ANVS &
Cu 579 g T RILF —
¥n 336 - 7.0 powder



BEHC—BH LT3, 10keVOLFO LRI FE — IR TIRENDF/B-IVIc X B H BEELMBD B
DI RKEBEHESTINS,

3.3 KUL SoO##

3.3.1 HHEFREFHEZRNVF - OMHEF

MART POA -SSRSO RLF-BIEF, B2ICRULAXB T (VY —OBBDHR
FARZ PVARBRUERFETFORBE r BUEOH R I -7/14/, TF. FHRFER
FHER T, B lplstHE (EE2m. FHENm. WE1ISE) 288 L. 2hid
BT 45 —THE, BESHOBMHBE LTHPHEFH KT T o7, BlIEIh BRIy
FUVIRES 7405 —OHB R AF - CHIS U BEEE (b xl¥-4) wHUa
BEBEND, BT ANV —ERBELTHETOERENETEEVEL, KB R LF - &
BEBSHOBRERD /I, T, FLIT A ALHAHE (BER0.5". 88E2.5". BE
1S : Ar:97%, C0::3%) 2FWTHB 7 4Ly - oBoN LT HIHES <20l
BT 7. TOBRMARY MICEEBIRIAF - EHIELTHMAEFNBER S, Zh b
DERDSIWIRVF - LHEAFEOBKEE RS, B 6. BFshMarseE 707
YHRLPHHEL KBTI ALY - FRAOTROEE AR ARURERAIC BT B ET
BERBRE T RANVF - ORROBEHBRETRT. CHOOERER/MEET 4 v V452
EREDBEFEEHKERD S L, X ARURERAOZAZNIZONT 190+2
BHRY 156 2(k eVepus2)NF o BRAlEIHMEIC LA M TR 191+ 3(keVo g s2) &
bEO—HER L, ChoDREME. £OUCNPI — FIt k3B oRdDIEH (

191£3CkeVo e s®NNED X O—HERL TG, Eio, BERFICH T B FHII. LTS
HRKEFDLEPSHARICHIE I N 7o 155 (keVeps?2)/15/& b X —HAR Ui,

3..2 KULSOZx:/L¥—4BE

AR PR A—FKILSIZE 5T, TRAAF - ARELEELNREED 15TH S, T2
WF-GBRECHUEIZRZ. ROFHBEHRI-VE (74N -) OFANEEHZ: O
BE-—I7HREL, TOBEHRKOZ L, QEBIRALF - HELAT, BOXBE - 7205
TAWOL T AL, OXRBYH (741085 ) OBEINRB L, HETH S,
FHRICBTALRLVF -FRBEME L, ROE2ICTLEIIC. K& THIE -
7ERFOHRBT 4 V7 —FMEO, BHELARBEE LAY FEBRREERE. TS
YHAHPFREEC LI EBHE y BHEOHHEIC & »12/14/, £F. BRibfsss©
B FREFEBRPZBIZBOTRKODLBFRIRY PVEMBONF Y ARHEEKICT 4 v F
LTk, TOFXEEINSKILSOZ AN F - FBEFEH Uk, PHFEBBOREG 2~
7 PVBEOHERTICTRT, FHI v HARMAFHE SRR T RV - HRBERMET
. BRHAIFHHEORBICH W RN ELBERST 4V —Lb,. HLAHFIYA
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Slowing-down time t{usec)

400

300

200

II]I|IIII|IIII|II][

TR S T AR T T B B T B B A

47}
o

100
00 10 1 20
{/[E (keV?)
K6 KUSOEAR-AERILLEHERILIIBTS
P F R & o xR — DGR
(a) CCo Time specirum
= 10%
g bas,  50C0: 132ev
[ 4 b
S~
2 10°r
3
) | ] Channel lnumber
] 300 600 800
S
e}
8
(&
200 _“3'06””"'460“
Channel number
B7 hHEFEEECLLI-THEENRE

BEARI pVOF
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o
»

e
[
{FLALARLANE TN BN N N B N N S S B

o
N

Counts/channel:C(Cu)/C(B) [Arb.]
=)

=]

300 400
Channel Number

500

600

K8 HMEHEyBAFECLDZTRNLX -
SEEANEOH

TR SO 90 VU N T T N TN T S U O O |

=
=3

K3 PRTARUHERACBTATRALY = 4S5ERE
Measurements Calculations
Energy BF3 counter Ar gas counter Energy HCNP code
(e¥) Bi hole Bi hole Pb hole (e¥) Bihole Pbhole
.46 51+3 3.02 35.17
4.9 40E2 3. 56 7.4
10. 4 3gt] 10.0 28.5
27.5 38x2 3T2 1.6 3.6
44.9 38+ 29.8 28.2
132 3gx2 33.8 5.7
230 38£3 40%3 99.1 2%.8
336 4043 113 34.5
579 42+3 42X 4 298 33.7
2370 53+3 ' 339 38.3
990 38.1
1091 43.2
2988 50.3
Jzos 51.8
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PHEBICRONZ HHEROBDTHAGWHBE -7 ICFEH Lz, R8I, 87 4 U
=ik B8T9eVE2eVOERBEE - 71l DWW THELULEBERARS PVOHTH S,
KILSOF DL RNF - FREDILENDEEZ L L. SHEROGENEKBE - 7 2 F# T8
BMREZI>TRHET S LEHETH S, /. EBRYTZETCRFEA LT 4 15 ~
OERHHEFICOIHI2EFOENH LD, ITholHTIRMEZLELTEIBENH S,
L L. £BRHEyBASETEISHCEBE - 270BETHHERTETHD., HLAK
BE-7BREERETICABREBMENTALSEFRIED 5, KILSOE 2R v A RUMERTLIC
BT, B2V RKDI LR NF —FREBRUNEORBEEERIICE LD, HeVd S HkeViHE
EFTOEMUERWORERD, ChEDFOZALTF -, B RXAVF-MTE. 48
BENHIIRZEL LTV B, ESIZIE, ICONPO - FIt Sk A3HBEERORIN T BN, £
BREOERANEIEEA. IE L3 ANV F - SRERZEAFICHE~<P L/NXBD#ES
ALT3, I3 UREREVKILSO 2 V¥ - 4RBEVHRBNL THEE (27%) Lok
WHORECAEERLUEICEHLTE., (DBRARI boA-—F0TE, (DBT oy 700
AR DPEFEINRS bVOBR, SHOERERFICED 2HEBIT O TUICNPa - R
REBFEZTO. KILSOBRBEI DV TRFTET -7, TOHERE. KUILSO 3 BAENER
MEYRECABSLEFERB, CHhoDERFER DA -TELALLDEEISNE, 20D
MEoHMZ. B#H/14/ (HEE) KE3,

U-235-0Np-237iZ B89 S ENDF/B-VI, JENDL-3. 2% DM F -4 icL B &, b 5LE4HE
B eVA -5 5200~300eV) KB TRZARANLVF-EXREDTHEL, SLWE -2 25T
FHOERPEEL TS, KISIKEZ3EBTHE. BF1EOMZ2 2 AL IC. =
FIVF - FBEN~B X R ZHU LIS RAD, BEOERBELFMEOREBICE
W AV A HROSFEEEEER > TFHEMF - 4 07 F L (broadening) %47 » T
5. H9. H10@3, ThZThof@MTF-—2icd L., KILSOSBEECH ETEELTO G
EXDHBODTF-FOREFLT S,

3.3.3 KULSHOFHEFARY ML

EMETIE. KUILSOHFHERO—BE LT, 220RTEEA VTP HETRTERSREC
I B\BARZ oA - FHOFETFZART PIVEBEIE U I/14/, KILSOIZIZT R LT &
vy bENRE VNS —Fy FEROXPHFEOEAHIDMEIL. BEScnd BB
PRFLATHS (H8) , ZOWRFEFTRIATBMUOB TS V2 EWmbh, firohic
ERBA (VbS50 F k-0 OBEEING, -4y PAIEICHLIOEFEIZE D B X
NP HEFERELU, FERICE., BA4BXHEXIDFERALTETHBRLIFNS Ry F
L — % BU"B-vaseline plug NaI(TU#HE/18/ZH v, RI1 1, B1 2. #h ¥
hoESREROTHEULKILSHO P H$EFZARY P ERT, e S SOHTE.
ENDF/B-IV, JENDL-3, ENDL-857 » A L S ERE N - BiERy AR OTHE LR
LThZTNOEREA LB LTS, HEMEERELSBHOC I O—HERL T3,
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* ENDF/B-VI Broadened

Fission Cross Section of 2**U (barn)

] . } ] |

ENDE/B-VI Original data ]

|
107 o™ 10° 10! 10° 10° 10*
Neuiron Energy (V)

B9 235U (n, £) K i DENDF/B-VIZEARE &
KULSDO 3 EEBE CRELEER

4
10 T T T vy T T T
——— ENDF/B-V| point
broadend

L 40 o
f— ]
o0
o
[= 8
=
5 10t A - 3
o b
=] Vol
= \p
[@] \J
% H

1
e 10 3
)
o
Q
1]
s
2 1e° N
0- 3
[34]
Q

10'1 PRI P u,u.; " ,.“...i P | P ...m; bes assanl Ly
-2 -
10 0 1 10! 10° 16® 10 10°

Neutron Energy (eV)

10 237Np(n, v) KA DENDF/B-VIFLGIE & .
KULSO oy eI v s LEER
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E ”""I T “""I T |III|1 T Ii""] T T ]l""l LB L “"'l LI ""‘II TF II”“I TIr ""'I LRI
AL T JENDL-3
T f -~ ENDL-85 ) ;
_é ............. ENDF/B-IV ,- .
= P ]
o 10° = e E
E 3
2 —
=3
g 10'F ]
E i e 5L jglass scintollator
L.l_ = -
Told PR I Y RPN B RS R R
1o® g8 1g* 102 10° 103
Neutron Energy [MeV]
11 SLiwszascrrr—saBoTRTRESIE
KEVREBLEHARZ ho A —2HNOFHEF A2
7 PNWVEMCNP T — RIZ L B HEEO L
E T T 'l T 'l'l"ll T l""“l T llll‘l" T lill"ll ¥ llllil‘ L] |'|"l|| T Il'l“"] T Klli“1 T |l‘|'E
L —— JENDL-3 ]
— 10°L -
= E ENDL-85 E
=3 B a i
N — ENDF/B-IV _—— ~
-~ L ]
o E 3
g - 3
3 \gsL i ]
) - W 108-yaseline plug 3 =
> 3 3
2 - .
(T - ~
IO-Q- IEETITY EEPERTTT IR SR ETITe. BRI NI TIT RV S T TrTe TR B ~
1g° 1o 1ot 12 10° 10
Neutron Energy [MeV]
12 108-vaseline plug Nal(T) v F L — 2% BT

RITHEMOWECZLIVAELEHANI fr A —-FK
DPYEF R 22 R EMONPa — Riz L A SHEE O L
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WkeViED LD TFTOLRAF —HBE TIE. ENDF/B-IVic X 2B ENMOBHICLA3HER
PEBERIDBHIIH TR I ERNGI S, 2O EFENDF/B-IVO SO FEM T — 4 I
DOTHFMOLEHEEZRRBL TS, £, KILSHWTRELZLF -, FI#PHEFI
FRAEGELTOWRELI ERG0 3, 11, H12%283&. KUILSHOPHFHEREY
DEBEFIZBY BFLARS PVOERIZIEL L >TBI ERGNS5/19/, KUILSTIE,
HERALTPEREF AR POBFBELNZELT, SHOFANBFETE LI,

3.4 &

Linac® /S 2ZRPBEFEE UM ARSI ot - FKILSIK2 0T, EREFBIZLD Z
OFEEZHONI U, SR THONLEREE ED S &

(DBFslLfIFtHEIC L A3 X B 7 4y — O EFERFRHELTNT T AL HE I
LKBXBT4NS —OHEN VTRAEZOERERIG., PRETFORERB EIRAVF-DOH
BE=K/t?) 288 3BERYKE2RKD, TOER, AT ZERATII0
+2(keVe ps?), SAEBRILTIS62(keVe ps?) %87z,

(VDABROFET, KILSO LA NVF - S BEAERNICKDIHER. HeVd o #HkeVitk b
TH40% CEME). ThilbIREUTTRIN A LA UERO FEEMBER L,
(3) MCNPX — FZRAWKEFHNLOHEOKER. MEEHKICEHE UL TERAEIV—H
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METHOD
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TOTAL ERROR
DATA REGION

AUTHOR
TITLE
REFERENCE
FACILITY
INSTITUTE
INC-SPECT
MONITOR
DATA -

YD.HARKER, E.H.TURK

THE USE OF CFRMF INTEGRAL DATA IN CROSS SECTION
EVALUATIONS

C,72KIAMESHA, 2,614,7208. C,71KNOX,1,113,7103

COUPLED FAST REACTIVITY MEASUREMENT FACILITY
(CFRMP)

USAMTR

ACTIVITY OF SAMPLES AFTER IRRADIATION,
GAMMA-SPECTROMETER

(GELI) GERMANIUM-LITHIUM DETECTOR

R.CLITTLE, R.C.BLOCK

NEUTRON CAPTURE CROSS- SECTION MEASUREMENTS OF
99-TC UP TO 80 KEV

J,ANS,26,574,770612

RPI 100 MEV ELECTRON LINEAR ACCELERATOR

USARPI

TIME-OF-FLIGHT

LIQUID SCINTILLATOR TO DETECT CAPTURE GAMMAS,

B-10 NA-1 DETECTOR FOR TRANSMISSION MEASUREMENT
USED TO NORMALIZE CAPTURE YIELD AT LOW NERGIES
CORRECTION DATA CORRECTED FOR SELF-SHIELDING AND
MULTIPLE SCATTERING IN THE SAMPLE ERR-ANALYS
STATISTICAL ERRORS AND ERRORS DUE TO NORMALIZATION
AND SYSTEMATICS ADDED IN QUADRATURE

0.4~60 keV

H.POMERANCE

THERMAL ABSORPTION CROSS SECTION OF TC-99
R,ORNL-1975,81,5509

(OSCIP) PILE OSCILLATOR

USAORL

THERMAL SPECTRUM
79-AU-197(N,G)79-AU-198,51G

EN-MEV  DATA(B) DATA-ERR(B) MONIT(B)
2.53 -08 1.9+01 2 98
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FACILITY
INSTITUTE
SOURCE
FLUX/SPECT
SAMPLE
METHOD

ANALYSIS

MONITOR

ERR-ANALYS .

DATA

R.L.MACKLIN

TECHNETIUM-99 NEUTRON CAPTURE CROSS SECTION
J,NSE,81,520,8208

(LINAC) ORELA

USAORL

HOT PRESSED HIGHLY PURIFIED TECHNETIUM METAL
POWDER IN 12.8 MM DIAMETER DISKS.

DISKS WERE 93.24 PERCENT BY WEIGHT TECHNETIUM AS
DETERMINED BY X-RAY

FLUORESCENCE. IMPURITIES IDENTIFIED WERE SODIUM
421 MICROGRAM/GRAM AND RHENIUM 82.5 MICRO-GRAM/
GRAM.

(TOF) 40.12 METERS TO SAMPLE. COUNTED FOR 207 HOURS.

2 NON-HYDROGENOUS LIQUID SCINTILLATORS ON EITHER
SIDE OF THE SAMPLE

6-LI GLASS FOR FLUX MONITOR

CORRECTED FOR BACKGROUND NEUTRONS AND GAMMAS,
INELASTIC NEUTRON GAMMAS, DETECTOR EFFICIENCY,
DEAD-TIME L.OSS, GAIN DRIFT, RESONANCE SELF-PROTEC-
TION AND MULTIPLE SCATTERING.

3keV~1.9MeV

S.M.QAIM

NUCLEAR REACTION CROSS- SECTIONS FOR 147 MEV
NEUTRONS ON TC-99

J,JIN,35,3669,7311

(CCW) DYNAGEN NEUTRON GENERATOR.

GERJUL

(D-T ) DEUTERON-TRITIUM.

.NEUTRON FLUX ABOUT 2.E+9 N/CM2/SEC.

TC-99 IN THE FORM OF NH(4)-TCO(4).

(ACTIV) ACTIVATION AND FAST CHEMICAL SEPARATION.
DETECTOR (GELI) EITHER A CO-AXTAL 28 CM3 OR A WELL
TYPE 65 CM3 GE(LD DETECTOR WITH A 4000-CHANNEL
INTER-TECHNIQUE DIDAC ANALYSER.

FOR MEASUREMENTS ON (N,G), (N,NG), (N,P) AND (N,A)
REACTIONS A CHEMICAL

SEPARATION STEP WAS NOT NECESSARY, INVESTIGATING
THE (NN A), (NHE3) AND (N,2P) REACTIONS, HOWEVER,
CHEMICAL SEPARATION OF NIOBIUM WAS ESSENTIAL AND
WAS PERFORMED.

33-AS-75(N,2N)33-AS-74; SIG) = 970 +- 80 MB.
13-AL-27(N,A)11-NA-24,.SIG)= 121 +- 6 MB FOR CHECKING THE
MONITORS, (33-AS-75(N,A)31-GA-72,,S1G)=9.5 +- 1.0 MB,
COMBINING ALL THE INDIVIDUAL ERRORS IN QUADRATURE
THE OVERALL ERROR FOR EACH CROSS-SECTION VALUE
WAS OBTAINED. UNCERTAINTY IN PHOTOPEAK EFFICIENCY
OF DETECTORS AND UNCERTAINTY IN DETERMINING THE
COMPTON BACKGROUND WERE INCLUDED.

EN(MEV) DATA(B) DATA-ERR(B)

14.7 9.0000E-03  2.0000E-03
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INC-SPECT
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COMMENT

DATA REGION

AUTHOR
TITLE

REFERENCE
FACILITY
INSTITUTE
METHOD

ANALYSIS

ERR-ANALYS

AUTHOR
TITLE

REFERENCE
FACILITY
INSTITUTE
INC-SOURCE
METHGD

J.C.CHOU, H WERLE

MEASUREMENT OF (N,G) CROSS-SECTION FOR TC-99, EU, SM
AND IRON IN THE ENERGY RANGE 1 EV TO 50 KEV WITH A
SLOWING-DOWN-TIME-SPECTROMETER
J,JNE,27,811,7311

LEAD SLOWING-DOWN-TIME SPECTROMETER
(CCW ) COCKCROFT-WALTON PULSE GENERATOR
GERKFK

(D-T).  H3(D,N)HE4 REACTION.

ENERGY RANGE 1 EV TO 50 KEV. RESOLUTION BETTER 12
PERC

SLOWING-DOWN TIME

ARGON PROPORTIONAL COUNTER (760 TORR) AS CAPTURE
DETECTOR, BF3 COUNTER AS FLUX MONITOR.
B-10(N,A)3-LI-7,SIG) SIGMA =611 B SQRT(EV)/SQRT(E),
79-AU-197(N,G)79-AU-198,,SIQ) SIGMA = (98.8+-0.36)B AT
0.0253 EV.

LEAD CUBE WITH 1.3 M EDGE-LENGTH, TRITIUM TARGET AT
CENTRE, SAMPLE 0.3 M FROM CENTRE.

3.6 eV ~ 50 keV

WITH

R.BTATTERSALL, H.ROSE, S.KPATTENDEN, D.JOWITT
PILE OSCILLATOR MEASUREMENTS OF RESONANCE
ABSORPTION INTEGRALS

J,dNE/A,12,32,6005. R,AERE-R-2887,59, SAME DATA.

PILE OSCILLATOR FACILITIES OF DIMPEL REACTOR

UK HAR

PILE OSCILLATOR TECHNIQUE WITH A 1 MINUTE PERIOD
AND A TRANSITION TIME OF ABOUT 1.2 SECOND.

WESTCOTT FORMALISM THE NEUTRON TEMPERATURE WAS
DETERMINED BY USING THE NON-1/V-ABSORBERS SM-149,
CD-113 AND GD-NATURAL

ERROR ON THE BORON CALIBRATIONS LESS THAN 1 %

N.J.PATTENDEN

SOME NEUTRON CROSS SECTIONS OF IMPORTANCE TO
REACTORS
TC-99,ND-143,ND-145,SM-149,SM-152,EU-151,EU-153,GD-155,GD-
157,PU-240

R,NRDC-1083,,1958, FOR TC-99

CRYSTAL SPECTROMETER

UK HAR

BEPO REACTOR

TRANSMISSION
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INSTITUTE
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TITLE

REFERENCE
FACILITY -
INSTITUTE
INC-SPECT

SAMPLE

METHOD
DETECTOR

M.LUCAS, R.HAGEMANN, R.NAUDET, C.RENSON,
C.CHEVALIER '

DETERMINATION BY IRRADIATION IN THE TRITON REACTOR
OF NEUTRON CAPTURE CROSS SECTIONS FOR ISOTOPES
INVOLVED IN THE OKLO PHENOMENON
C,77PARIS,1,431,771219. TAEA-PUBL. 475.

SWIMMING POOL REACTOR TRITON AT SACLAY, AT
TEMPERATURE OF 40 DEG-C

FR SAC

REACTOR NEUTRONS

ACTIVATION ANALYSIS, USING CHEMICAL SEPARATION AND
MASS SPECTROMETRY AFTER THERMOIONIZATION.

ALSO ISOTOPIC DILUTION TECHNIQUES USED.
92-U-238(N,(3)92-U-239,,SIG

92-U-238(N,(3)92-U-239,,RL,, RNV; CUT OFF AT 0.5 EV.
RADIOACTIVE DECAY

H.HARADA, S.NAKAMURA, TEKATOH, Y.OGATA
MEASUREMENT OF THERMAL NEUTRON CROSS SECTION
AND RESONANCE INTEGRAL OF THE REACTION
99-TC(N,3100-TC

J,NST,32,395,95056

THE TRIGA MARK II REACTOR AT RIKKYO UNIVERSITY
JPNPNC

SAMPLE IRRADIATED IN THE REFLECTOR SURROUNDING
THE CORE OF THE REACTOR GIVING A THERMAL N-FLUX
5.0E+11 N/CM2/S AND AN EPITHERMAL INDEX IN THE
WESTCOTT CONVENTION OF 0.033

THE TC-99 WAS CONTAINED IN 0.01 MOLAR AMMONIUM
HYDROXIDE AS AMMONIUM PERTECHNOTATE. THE
SPECIFIC ACTIVITY WAS DETERMINED TO 461 +/- 7TKBQ PER
GRAM IN A LIQUID SCINTILLATION COUNTER. THE
SOLUTION WAS PUT INTO FOR 4 POLYETHYLENE TUBES, 10
MM IN OUTER DIAMETER AND 45 MM IN OUTER LENGTH,
WITH 1 MM THICK WALLS. THE WEIGHT OF EACH TARGET
WAS DETERMINED TO WITHIN 0.1 PERCENT, AND THE
ACTIVITY RANGED FROM 371 TO 375 KBQ.

IN SOME OF THE IRRADIATIONS, A CADMIUM SHIELD, 1 MM
IN THICKNESS AND 22 MM IN OUTER DIAMETER AND 63 MM
IN OUTER LENGTH, WAS INSERTED BETWEEN THE
PULYETHYLENE TUBE AND THE BOTTLE. FLUX MONITOR
WIRES OF CO-AL AND AU-AL ALLOYS WERE USED.
THEY HAD DIAMETERS OF 0.38 AND 0.51 MM, RESPECTIVELY,
AND WERE INSERTED INTO THE POLYETHYLENE TUBES
SHAPED AS SPIRALES.

IRRADIATION TIME 2 MIN. IRRADIATIONS WERE PERFORMED
WITH AND WITHOUT CADMIUM SHIELDING.

(HPGE ) THE ACTIVITIES WERE MEASURED WITH A HPGE
DETECTOR, HAVING A RELATIVE EFFICIENCY OF 390
PERCENT AND A RESOLUTION OF 2.1 KEV FWHM AT 1.33
MEV. THE DISTANCE FROM THE CENTRE OF THE SAMPLE TO
THE FRONT END OF THE DETECTOR WAS 100 MM.
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REFERENCE
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AUTHOR
TITLE

INC-SOURCE
REFERENCE
INSTITUTE
METHOD
DETECTOR

CORRECTION
ERR-ANALYS

27-CO-59(N,()27-CO-60-G,,SIG,, MXW; MONITOR 1
79-AU-197(N,G)79-AU-198-G,,SIG,, MXW; MONITOR 2

THE DATA WERE CORRECTED FOR SUM-COINCIDENCE LOSS,
PILE-UP AND SELF- ABSORPTION.

TKATOH, Y.OGATA, HHARADA, S.NAKAMURA
MEASUREMENT OF THE NEUTRON CAPTURE CROSS
SECTION OF TC-99.

C,94GATLIN,,230,9405

THE RIKKYO UNIVERSITY REACTOR

JPNNAG

THERMAL NEUTRONS FROM REACTOR. IRRADIATIONS
WERE PERFORMED BOTH WITH AND WIRHOUT CD SHIELDS
THE FOUR TARGETS EACH CONTAINED ABOUT 370 KBQ OF
TC-99. THE SPECIFIC ACTIVITY OF THE TC-99 WAS TARGET
SOLUTION WAS DETERMINED BY MEASURING THE SPECIFIC
BETA-ACTIVITY BY THE LIQUID SCINTILLATION COUNTING
METHOD, AND WAS FOUND TO BE 461 KBQ/G.

THE RESONANCE INTEGRAL WAS MEASURED USING THE
CD-RATIO METHOD.

(HPGE) THE CAPTURE GAMMA-RAY ACTIVITIES WERE
MEASURED WITH A HPGE DETECTOR OF 90 PERCENT
EFFICIENCY COMBINED WITH FAST ELECTRONICS.

TKATOH, Y.OGATA, H.HARADA, S.NAKAMURA
MEASUREMENT OF THE NEUTRON CAPTURE CROSS
SECTION ON TC-99

J,NST,30,(11),1099,199311

JPNNAG

THERMAL NEUTRON SPECTRUM. THERMAL NEUTRON FLUX
IS (4.91+-0.12)E+11 NEUTRONS/CM2/SEC

(HPGE) FOR GAMMA DETECTION, EFFICIENCY 90 PC

(SCIN) FOR TC-99 QUANTITY DETERMINATION

V.VOVECHKIN, D.FRAU, V.S.RUDENKO

MEASUREMENT. OF THE ACTIVATION CROSS SECTION OF
TC-99 BY THE THERMAL NEUTRONS

PU-BE NEUTRON SOURCE

C,73KIEV,2,131,7404

CCPCCP

ACTIVATION

(SCIN) TWO SCINTILLATION DETECTOR NAI(TL)

(GELY) GERMANIUM-LITHIUM DETECTOR WITH SENSITIVE
VOLUME 27 CM**3

G-RAYS FROM ADMIXTURES OF THE SAMPLE WERE TAKEN
INTO ACCOUNT

STATISTICAL AND NORMALIZATION ERRORS WERE TAKEN
INTO ACCOUNT.
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Capture Cross Section Measurement of Np-237 below 1 keV
with Lead Slowing-down Spectrometer

Katsuhei Kobayashi', Hyun-Je Cho", Shuji Yamamoto',
Takaaki Yoshimoto', Yoshiaki Fujita', and Yasushi Ohkawachi®

1 Research Reactor Institute, Kyoto University
Kumatori-cho, Sennan-gun, Osaka 590-0454, Japan

* Visiting Scientist from University of Ulsan, Korea

2 The O-aral Engineering Center, Japan Nuclear Cycle Development Institute,
O-arai-machi, Higashi-ibaraki-gun, Ibaraki 311-1393, Japan

Making use of the Kyoto University Lead slowing-down Spectrometer (KULS) driven by a
46 MeV electron linear accelerator (linac) at the Research Reactor Institute, Kyoto University
(KURRI), the relative cross section for the ®'Np(1,y) reaction has been measured from 0.01 eV to 1 -
keV with energy resolution of about 40 % (FWHM).  The neutron flux/spectrum has been measured
by a BF; counter. - The cross section of the '°B(n,o) reaction in ENDF/B-VI was used as a reference
one for the cross section measurement.  The measured result has been normalized to the reference
value of the Z'Np(n,y/**Np reaction in ENDF/B-VI at 0.0253 ¢V, and the measurement has been
compared with the experimental and the evaluated data in ENDF/B-VI and JENDL-3.2, whose data
were broadened by the energy resolution of the KULS.,

1. Introduction

The neptunium (Np)-237, which is abundantly produced in hight water reactors, is one of the
minor actinides with a long half-life. In order to make nuclear power more acceptable and
practical, much interest has been paid to the disposal of radioactive waste matter "2 One of the
waste management methods for ®"Np is to adopt the nuclear transmutation using reactor neutrons.
The Np-237 has a large capture cross section in the low/resonance energy region. It has also a
relatively large fission cross section in the MeV energy region. Accurate determination of these
cross sections is very important for the evaluation of the transmutation of *'Np which is produced in
large quantities in power reactors.

Although several measurements of the Z"Np(n,f) cross section have been reported at higher
energies, the capture cross section has rarely been measured in the lower/resonance energy region.
Hoffman et al. measured the neutron capture cross section of Np-237 by the neutron time-of-flight
(TOF) method and Moxon-Rae detector'.  Weston et al. measured the capture cross section
between about 107 ¢V and 0.2 MeV by the neutron TOF method using an Oak Ridge Electron Linear
Accelerator @, The evaluated fission cross section data are appeared in ENDF/B-VI © and
JENDL-3.27,

In the present study, we measure the neutron capture cross section of Np-237 in the range of
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001 ¢V to | keV relative to that of the '°B(n, o) reaction by using the lead slowing-down
spectrometer ® coupled to the 46 MeV electron linear accelerator (linac) of the Research Reactor
Institute, Kyoto University (KURRI).  Below 1 keV, the relative measurement has been carried out
with an Ar-gas counter, and the neutron flux/spectrum has been measured with a BF; counter.  The
- relative cross section obtained has been normalized to the reference value of the thermal cross section

at 0.0253 eV.  The present result is compared with the existing experimental and evaluated data in
ENDF/B-VI and JENDL-3.2.

2. Experimental Methods
2.1. Lead Slowing-down Spectrometer

A lead slowing-down spectrometer has been installed in coupling to the 46 MeV linac at
KURRL  This Kyoto University Lead Slowing-down Spectrometer (KULS)® is composed of 1600
lead blocks (each size : 10 x 10 x 20 cm’, purity : 99.9 %) and the blocks are piled up to make a cube
of 15x15%x15m’ (about 40 tons in weight) without any structural materials. The KULS is
covered with Cd sheets of 0.5 mm in thickness to shield it against low energy neutrons scattered from
the surroundings. At the center of the KULS, an air-cooled photoneutron target of Ta is set to
generate pulsed fast neutrons.  One of the experimental holes in the KULS is covered by Bi layers
of 10 to 15 cm in thickness to shicld from hlgh energy capture 7 -rays (6 to 7 MeV) produced by the
Pb(n, 7 ) reaction in the spectrometer.

Charactenstics of behavior of neutrons in the KULS have been studied by experiments using
the resonance filter method®.  The slowing-down constant K in the relation of E=K/@ was
determined to be 190+2 (keV - 4 5?) for the Bi hole in the KULS by the least squares method using
the measured relation between the neutron slowing-down time t in #s and the average neutron
energy E m keV.  The energy resolution for the experimental holes was also deduced from the
measured data to be about 40 % at encrgies between a few electron-volts and about 500 €V and was
worse than that below a few electron-volts and above about 500 eV ®.  The relation between the

neutron slowing-down time and the energy, and its energy resolution were also verified by Monte
Carlo calculations ®.

2.2. The Np-237 sample

Neptunium oxide powder of 1.13 gram was purchased from Amersham, which was packed
in an aluminum disk container of 20 mm in diameter and 1.4 mm in thickness. The purity of the
sample is 99.6 % by weight and the major impurities are about 4 pg in total weight of Ga, K, P, Rb,
and S. The gamma-rays of 86.5 keV to 300, 312, 341 keV from Pa-233, which was produced
through the a-decay of Np-237, were measured with a high-purity germanium detector (HPGe).

The pulse height distribution of the Np-237 is shown in Fig. 1. No peak from the impurities is
found in the figure.
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2.3, Ar-pas counter

The Ar-gas counter, which is filled with a mixed gas of 97 % Ar and 3 % CO, at the
pressure of 1 atm., was of a cylindrical type, 12.7 mm in diameter, 6.3 cm i effective length, and
high-voltage bias was 1400 V. The Np-237 sample was put together by the side of the counter as
seen in Fig. 2 and inserted into the Bi hole of the KULS.

A BF; counter, 12.7 mm in diameter and 5.8 c¢m in effective length was applied to measure
the neutron flux / spectrum at the Bi hole of the KULS. In order to monitor the neutron intensities
between the experimental runs, another BF; counter was placed in an experimental hole of the KULS.

105
86.5 keV 312 keV
)
o
S 104 L 340 keV
-
&)
P
[y
3.

3 10
Q

102 L

100 200 300
Channel Number

Fig. 1. The pulse height spectrum of the Np-237 sample measured with a HPGe detector.

Np-237 sample Ar-gas counter

Fig. 2. The Ar-gas counter and the Np-237 sample.

3. Measurement and Analysis

3.1. Capture Cross Section Measurement

The relative cross section of the ®’Np(n, 7 ) reaction is given by the following relation :
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Ci(E)

Onp(E) os(E), (1)

a(

where Cy,(E) is capture counts of Np-237 at energy E, C5(E) is counts from the BF; counter at energy
E, and op(E) is the energy-dependent reference cross section of the '°B(n,o) reaction. The cross
section of the ®B(n,a) reaction is a well-known reference one and has been used to determine the
neutron flux in the current measurement. The cross section values of op(E), whose data were
broadened by the resolution function of the KULS, were taken from ENDF/B-VI®. The typical
operating conditions that the KULS was driven were as follows ; the pulse repetition rate was 200 Hz,
the pulse width 6.8 ns, the electron peak current 600 mA, and the electron energy 30 MeV. A
background run was carried out without the NpO, powder using the same size of empty aluminum
disk container instead of the Np-237 sample.

3.2. Electronics and Data Taking

Through the amplifiers and the discriminators, signals from the Ar-gas counter or the BF,
counter for the neutron flux/spectrum monitor were fed into the time digitizer, which was initiated by
the linac electron burst. Two sets of 4096 channels with a channel width of 0.5 s were allotted
to the slowing-down time measurements for the Ar-gas counter or the BF; counter and the BF; counter
for the neutron intensity monitor between the experimental runs. Pulse height distributions for
these counters were also measured together with the slowing-down time measurements.

For the relative measurement to the '°B(n, @) cross section, output signals from the BF,
counter were also fed to the time digitizer through the amplifiers and the discriminators, and were
stored in almost the same way as for the measurement with the Ar-gas counter.

3.3, Self-shielding Correction

As mentioned above, the NpQ, powder of 1.13 gram was encapsulated in the aluminum disk
container of 20 mm in diameter and 1.4 mm in thickness. Then, the self-shielding effects of
neutrons has to be taken into account in the capture cross section measurements, especially near the
large resonance region.  We have assumed that the sample is isotopically irradiated from the
surrounding m the Bi hole of the KULS.  The self-shielding correction in the Np-237 sample has
been calculated by the MCNP Monte Carlo Code using the following relation.

Jofe N o (E) ¢(r,E) dr dE
(o(E) = (2)
Sefe N ¢(r.E} dr dE

where, N is atomic density of the Np-237 sample, o,(E) is capture cross section, $(r,E) is neutron
energy spectrum at the position .~ The correction function has been obtained from the ratio of the
effective capture cross section for the Np-237 sample and that for the infinite diluted sample (the
atomic density is multiplied by 10°).
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The correction function broadened by the resolution function of the KULS is illustrated in Fig.
3 The broadened function has been applied to the self-shielding correction for the present
measurement of the ’Np(n,y)**Np reaction cross section with the KULS.
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Fig. 3. The self-shielding facto\/of “"Np. The solid-line is self-shielding factor of *’Np and
dot-line is broadened by the resolution function of the KULS.
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Fig. 4. Compariscn of the measured and the evaluated data for the "Np(n,y)**Np reaction, whose
values are broadened by the resolution function of the KULS.
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4. Results and Discussion

Making use of the KULS, the cross section of the *’Np{n, 7 ) reaction has been measured
relative to that of the '"B(n,a) reaction at energies below 1 keV. The cross section data were
obtained by summing up the slowing-down time data in intervals of about 0.12 lethargy width.  The
result obtained has been normalized to the reference value of the thermal neutron cross section in
ENDE/B-VI at 0.0253 eV.  The experimental uncertamties are in the range from 2 % to 10 %, and
the major uncertainties are due to the statistical error (2~10 %) and that in the reference cross section
(~2 %). Since the Np-237 sample was almost free from impurities, no correction was made for the
impurity effect. _

The capture cross sections measured by Weston et al. are in good agreement with the present
measurement as seen in Fig, 4, but the data measured by Hoffman et al. are remarkably lower than the
present values.  In Fig. 4, the experimental and the evaluated data are broadened by the resolution
function of the KULS. The evaluated data in ENDF/B-VI and JENDL-3.2 are-close to the present
measurement in the relevant energy region.

5. Conclusion

The cross section of the ®'Np(n, v ) reaction has been measured from 0.01 ¢V to 1 keV
relative to that of the **B(n,o) reaction, making use of the lead slowing-down spectrometer KULS at
KURRI  The data by Weston et al. and the evaluated data in ENDF/B-VI and JENDL-3.2 are in
good agreement with the present measurement in the relevant energy reglon However, the data by
- Hoffman et al. are lower obviously.
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This paper reviews the minor actinide (MA) nuclear data measured with lead slowing-
down spectrometers. The Kyoto University Lead Slowing-down Spectrometer (KULS) at the
‘Research Reactor Institute, Kyoto University has been applied to the measurements of (1) the
fission cross sections of Np-237, Am-241, Am-242m and Am-243 in the energy range from 0.1 eV
to 10 keV and (2) the capture cross section of Np-237 at energies between 0.01 eV and 1 keV.
The results are compared with the existing experimental and the evaluated nuclear data
(ENDF/B-VI, JENDL-3.2 and JEF-2.2).
' The recent MA nuclear data, which were measured with the Rensselaer Intense
Neutron Spectrometer (RINS) at the Resselaer Polytechnic Institute and the spectrometer at
the Kurchatov Institute, are also infroduced.

1. Imtroduction

Neptunium (Np), americium (Am) and curium (Cm) are burdensome minor actinides
(MA), which are abundantly produced in power reactors{1,2]. The nuclear data are of great
importance for the design of reactors with MOX or Pu fuels and the system design of spent fuel
reprocessing. From a standpoint of the disposal of radioactive waste, the fission/capture cross
sections are of interest for their transmutation.

Up to now, numerous cross section measurements for MA nuclides have been made[3].
However, there still exist discrepancies among the measured and the evaluated data, such as
ENDF/B-VI[4], JENDL-3.2[5] and JEF-2.2[6]. The difficulties to measure the fission/capture
cross sections for the MA isotopes have been caused by strong alpha-particle activities or pile up
pulses, or due to their short half-lives. Another problem for the cross section measurement is
often due to lack of pure isotope samples. In addtion, some of the cross sections are lower
than about 1 b in the low/resonance energy region.

Alead slowing-down spectrometer is a powerful tool and is often used for this kinds of
fission/capture cross section measurements because of about 10% incerase in neutron flux
comparing to the conventional time-of-flight (TOF) experiment at a 5 m flight path[7], although
the energy resolution of the spectrometer is about 30 to 40 % full width at half maximuwm
FWHM). '

In this report, first a survey of lead slowing-down spectrometers, Kyoto University
Lead slowing-down Spectrometer (KULS)[8], Rensselaer Intense Neutron Spectrometer
(RINS)[7] and a spectrometer at the Kurchatov Institute[9], is provided. Then the MA
nuclear data measured with these spectrometers are presented.
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2. Lead Slowing-down Spectrometers

2.1. Kyoto University Lead Slowing-down Spectrometer

The Kyoto University Lead slowing-down Spectrometer (KULS) has been installed in
coupling to the 46 MeV linac at KURRI[8]. The KULS is composed of 1600 lead blocks (each
size : 10 x 10 x 20 cm?, purity : 99.9 %) and the blocks are piled up to make a cube of 1.5 x 1.5 x
1.5 m® (about 40 tons in weight) without any structural materials. At the center of the KULS,
an air-cooled photoneutron target of Ta is set to generate pulsed fast neutrons.

The slowing-down constant K in the relation of E=K/? was experimentally determined
to be 190%:2 for the Bi hole in the KULS[8] using the measured relation between the peutron
slowing-down time t in zs and the average neutron energy E in keV[8]. The energy

‘resolution was also deduced to be about 40 %FWHM) at energies between a few electron-volts
and about 500 eV and was worse than that below a few electron-volts and above about 500
eV[8]. The characteristics of the KULS were also verified by Monte Carlo calculations[8].

2.2. Rensselaer Intense Neutron Spectrometer

' The Rensselaer Intense Neutron Spectrometer (RINS) is coupled to the 100 MeV
electron linac at the Rensselaer Polytechnic Institute (RPT) Gaerttner Laboratory[7]. The
RINS is a cube, 1.8 m on edge and is stacked containing 75 tons of 99.99 % purity lead. The
photoneutron target is constructed of tantalum plates and cooled by recirculated helium.

_ The neutron behavior in the RINS between the average neutron energy E in keV and
the slowing-down time tin u sis represented by the expression; E=K/(t+t)? where t,=~03pu s
and K=165+3 for the RINS.  The energy resolution of the RINS was ~35 % (FWHM) from 1
eV to 1 keV[7].

2.3. Spectrometer at Kurchatov Institute

The lead slowing-down spectrometer is driven by the high current electron linac
“Fakel” at Kurchatov Institute{9,10]. The size of the spectrometer is 1.6 x 1.8 m? and 1.6 m.
depth and is built with many pieces of lead blocks (20x10x5 cm?®; 99.99%).  The total weight of
the spectrometer is 50 tons.  The neutron target is assembled of the tungsten (W) disks of 40
mm in diameter and 40 mm in thickness and is cooled by air.

The relation between the slowing-down time tin 4 s and the neutron energy E in keV

was derived as E=RA(t+t.)%, where K=181.5 and t,=0.9 were experimentally determined. The
energy resolution was equal to be 30 %[9,10].

3. Measured Results and Discussion

3.1 Measurements with the KULS
*7Np(n,D cross sectionf11]

The first measurement using the KULS was the 2"Np(n,f) cross section from ~1eV to
~9 keV[1l], as seenin Fig. 1. The data by Plattard et al. and in ENDF/B-VI and JENDL-3.1
are lower by a factor of three{ll]. Just after Yamanaka et al. published the result[il],
Carlson et al. measured the cross section by the neutron TOF method[12] and reported that
their data were in good agreement with the data by Yamanaka et al. These new
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measurements were taken into account in
the evaluation of JENDL-3.2. The data 10°
measured by Hoffman et al. are in general

agreement with those by Yamanaka et al. %—:10—1
in the relevant energy region{11]. %

' @ 1028 8 o ) S
241Am(11,19, %zmAm(n’ﬂ and ZHAm(IJ,ﬂ cross g .\ 7 “\‘\J . Yamanaka et al.
sections{13,14,15] G Ly \ ~ Plattard gt al,

— JENDL-3.2
—— JEND.-3.1
—-— ENDF/B-VI|

The fission cross section of Am-241 1078
measured by Dabbs et al. are in good agree-
ment with those by Yamamoto et al[13]. 10° 10t 10° 10° 10°

"Some of the experimental data are in dis- Neutron Energy (V)
agreement, and some other data are close
to the Yamamoto's. As shown in Fig. 2,
good agreement can be seen in general shape and absolute values between the data by
Yamamoto et al. and the evaluated data in ENDF/B-VI and JENDL-3.2, which are energy
broadened with the resolution function of the KULS. 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 evaluated data in ENDF/B-VI and JENDL-3.2 for the 22" Am(n,f) reaction seem to
be a little higher below about 0.3 eV and lower in the range from 0.6 to 8 eV than the
measurement by Kai et al.[14], as displayed in Fig. 3. Above 3 eV, the JENDL-3.2 data are
close to the measurement in general, while the ENDF/B-VI data are obviously high.

The 23Am(n,f) cross sections measured by Wisshak et al. and Knitter et al. show good
agreement with those by Kobayashi et al.[15], while the result by Seeger is considerably higher
above hundreds of electron-volts. Kobayashi et al. measured the fission cross section for the
first time in the lower/resonance energy region.  Figure 4 shows that the ENDF/B-VI data are
in general agreement except for the region above 300 eV and lower at energies between 15 and
60eV. The JENDIL-3.2 data seem to be lower than the Kobayashi’s in general above 100 eV.

o T T T T T ._- :
F AM E *  Measured with KULS
[ F oy e V. AMOTO: -—-—-—mnna-vr'
!'\ F opi -—--— ENDF/B-VI s 3.
o h i . b 10 — j

Fig. 1 Fission cross section of Np-237.

!

Flaslon Cross Sectlon for *2™Am (b)

Fission Cross Section of *'Am (barn)

Low o 1 l».

m':' ‘u:"' ’ 1:1“ — w ur ' Ty i0° _ :
Neutron Energy ( eV ) 20 " ) "
w? 1w' 1w 1w 1w 1w w10
Fig. 2 Fission cross section of Am-241. Neutran Energy {aV)

Fig. 3 Fission cross section of Am-242m,
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In contrast to this, the evaluation shows a tendency to be higher below 0.3 eV. The JEF-2.2
data are obviously low except for the big resonance region.

23" Np(n, v ¥*Np cross section{16]

Figure b shows the measured and the existing experimental/fevaluated data which are
broadened by the resolution function of the KULS. The data by Weston et al. are in good
agreement with those by Kobayashi et al.[16]. However the data by Hoffman et al. are

markedly lower. The evaluated data in ENDF/B-VI and JENDL-3.2 agree well with the
Kobayashi's.

—— = JENDL-3.2 T T T v ey —— ENDF/BM
= e g L —— JENDL32
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5 1. 1 5
5 .
-g;- ... \\ -g_ »
2 1oe S w_/l | S )
[ . T . . 10 [ETRTTTT EERA R R Y117 M BN RTITY MO RN 17T JONS B SETTH
0 100 10 1 R 1 10t 10 w0 10 1° 1o 0 e
Neutron Energy (6V) Neutron Energy (eV)
Fig. 4 Fission cross section of Am-243. Fig. 5 Capture cross section of Np-237.

3.2. Measurements with the RINS
28,8 and " Pu(n,) cross sections(7,17] -

Making use of the RINS, the 2%¥U(n,f) cross section was measured relative to the
#U(n,f) cross section from 3 eV to ~100 keV with 2.2 cm diam. cylindrical ionization chamber
coated with highly enriched U-238[7]. Fission in the lowest energy U-238 resonance was
clearly resolved for the first time.  The fission cross section of Pu-238 was measured in the 0.1
eV to 100 keV[17], which was the second reported measurement below ~2 eV.  The

ENDF/B-VI data are generally in poor agreement with the measurement in the resonance
structure region[17].

22Cm(n, 0, **Cm(n ), #Cm(n,b, * Cm(n,f) and **Cm(n,f) cross sections/17-19]

Alam et al. made the first fission cross section measurement of Cm-242 from 0.1 eV to
100 keV[17]. Maguire,Jr et al. measured the fission cross sections of Cm-244, Cm-246 and
Cm-248{18]. These data were the first measurements between 0.1 and 20 eV. Figure 6
shows the ***Cm(n,f) cross section comparing with the ENDF/B-V data[18]. The evaluated
data for these even curium isotopes are generally in poor agreement with the measurement.
Danon et al. measured the *’Cm(n,f) cross section from 0.1 eV to 80 keV[19], and this was the
first measurement at the energy range of 0.1 to 20eV.  In the energy range from 20 eV to 100
keV, the shape of the cross section agrees with the fission cross section measured by Moor and
Keyworth, but higher by about 30 % above 150 eV[19)].

..49_



200fn, £ and **Es(n,f) cross sections{19]

These cross sections were first measured in the energy range of 0.1 eV to 80 keV.
The Cf-250 cross section has only one resonance at 0.53 eV and has an average cross section of
the order of ~4 b in the 17 to 76 eV energy rangefl9]. Es-254 showed only very little
structure possibly because of wide fission widths and small level spacing{19].

3.3. Measurements with the Kurchatov Spectrometer
297 Np(n, D), 256239241 Pu(n, f), #M42m Amn, D, *# Cm(n, D) and *° Cf{n,f) cross sections[9,10]

Making the correction procedure for the resolution function with the Kurchatov
spectrometer, the MA fission cross sections were obtained. ~ For Np-236, Pu-236, Pu-239, Pu-
241, Am-242m and Cm-245 isotopes, the results were published elsewhere[20,21]. The data
‘for the Np-236 and Pu-236 so far remain the unique experimental evaluations of the fission
cross section in the over-thermal neutron energy region. The fission cross section of Np-237
measured by Gerasimov et al.[10] seems to be close to that by Yamanaka et al.[11] although a
little discrepancy are seen in the peak or valley structure region due to the different energy
resolution between the spectrometers.  For the Pu-239 measurement, good agreement is seen
between the results using the RINS and the Kurchatov spectrometer. The Kurchatov data of
the *'Am(n,f) and 2*Am(n,D) reactions are in very good agreement with the measurements
with the KULS[13,14], i-espectively. Figure 7 show the **Cm(n,f) cross section measured by
Gerasimov et al.[9]. RPI group has not measured this cross section, although the group has
measured some other Cm fission cross sections with the RINS.
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Fig. 7 Fission cross section of Cm-245,

Fig. 6 Fission cross section of Cm-246.

4, Summary
The present review of the recent MA nuclear data measurements are summarized as
follows:

(1) Making use of the KULS, the fission cross sections of Np-237, Am241, -242m and -243 and
the capture cross section of Np-237 have been measured in the energy range of about ~0.1
eVio 10keV.

(2) The RINS has been used to measure fission cross sections of U-238, Pu-238, -239, Cm-242, -
244, 246, -247, -248, Cf-250 and Es-254 between about 0.1 eV and ~100 keV.

(3 With the Kurchatov spectrometer, the fission cross section of Pu-238, -238, -239 -241, Np-
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237, Am-241, -242m, Cm-245 and Cf-249 have been measured below 40 keV.

The fission cross section of Pu-238 has been measured with the RINS and the Kurchatov
spectrometer, and those of Np-237, Am-241 and Am-242m have been measured with the KULS
and the Kurchatov spectrometer. It is said that the MA nuclear data measured with these
Spectrometers are in general agreement with each other. However, discrepancies can be still
seen between the evaluation and measurement or among the measurements for some MA
puclear data. It is expected in future that more experimental studies with MA nuclides are
carried out with the pure sample-.
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Abstract

A lead slowing-down spectrometer coupled to a 46 MeV electron linear accelerator (linac) was instalied at Research
Reactor Institute, Kyoto University (KURRI). The size of this Kyoto University Lead Slowing-down Spectrometer (KULS)
is 1.5 X 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 predlcted
values by Monte Carlo calculations using the MCNP code. 1) The slowmg-down constant K in the relation E = K/1*
between the neutron slowing-down time ¢ and energy E is 19022 (keV ps 2y for the bismuth hole and 156*2 (keV ps ) for
an ordinary lead hole, respectively. The K 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 €V to 20 MeV and the
spatial distribution 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 ¢V to about 10
MeV by the neutron time-of-flight (TOF) method. The measured results are compared with the calculated ones in which we
have used the three evaluated nuclear data JENDL-3, ENDL-85 and ENDF/B-IV for lead. Through the comparison a check

on the nuclear data has been performed.

1. Introduction

Lead is one of the heavy mass elements and it has no
inelastic scattering cross section below about 600 keV,
where the neutron total cross section mainly consists of
elastic scattering cross section, since the absorption cross
section is very small. Thercfore, when pulsed fast neutrons
are put into the central region of a large lead assembly, the
nentrons 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 corresponding
to the slowing-down time [1]. There exists a relation
E=K/f* between the mean energy E in keV of the
slowing-down neutrons and the mean slowing-down time ¢

* Corresponding author.
' Present address: Hitachi Works, Hitachi Ltd., Saiwai-cho,
Hitachi-shi, Ibaraki 317, Japan.

in ps {1], where K is the slowing-down constant. The
energy resolution of the slowing-down neutrons is theoret-
ically given at full-width-at-half-maximum (FWHM) by
1]

(AEIE)FWHM =235X (AO'IO’)GN“;.“
=235%(8/34)'* =27%,

where, (A7), i, 15 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
applicable as a neutron spectrometer and practically used
by Bergman et al. [2] for the first time, Since that, in some
laboratories or universities, iead slowing-down spectrome-
ters coupled to a D-T pulsed neutron source by a
Cockcroft-Walton accelerator have been instalted and
widely applied to measurements of neutron capture and
fission cross sections in the intermediate and/or resonance
neutron energy region [I1-7].

0168-9002/97/$17.00 Copyright ©® 1997 Elsevier Science BV. All rights reserved
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Most of electron linear accelerators have been developed
in 1960s as an intense neutron source and neutron time-of-
fiight (YOF) 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 measvrement 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 neutrons can be
detected at the distance of tens of centimeters from the
pulsed neutron source in the lead slowing-down spec-
trometer, higher neutron intensitiecs 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-
ous 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 disiributions 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
Iead is useful to understand the characteristics of a lead
slowing-down specirometer.

2. Lead slowing-down spectrometer

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

1) The KULS is a cube of 1.5X1.5% 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 neatron TOF measurement is made, as shown in Fig.
1.

2) The number of the lead blocks used was about 1600
(each size: 10X 10X20 cm?, and purity;: 99.9%). Each
block was carefully cleaned with alcohol 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 shield low energy neutrons
scattered from the surroundings.

3) Two types of photoneutron targets were employed:
one was a cylindrical lead block (8 ¢m in diameter and 5
cm thick) casted with an aluminum pipe for air cooling,
and the other was a tantalum target assembly (8 cm in
diameter and 6 cm in effective thickness), which was made
to set 12 sheets of tantalum plates in all (1 to 5 mm 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 beam power on the target was about 200 to 500 W.

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

i 18Qcm
Cuble..,_w’ 7
Lead—__| | _{ 8F; Moniter
Tentolum | Cadmium Flote
Target ~——| -]
Linge_4- E 1. g
./ N g
Fisslon Chamber J
Experimsntal
H?I’g P /Flulform
Bismuth — —;
Cable =~ == T
10cm
Codmium Piate 150cm
W \\\& 1 ead
X
TontolumTarget \\\\\\ Bismuth
Lina ‘\\“ \\'\\:\\\\\\\§ \\‘;‘ ! ~
\ b \‘ S 3
Exparimental \\\\\\\\ \\\\: :E §
Hele \ {g *
by
o \ |_-Platform
s iF
, ]

Fig. 1. Cross sectional view of Kyoto University Lead Slowing-
down Spectrometer, KULS.
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holes (10X 10 cm® 55 or 45 cm in depth) to the spec-
trometer which were originally designed at Untversity 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 MdV) 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 cm behind the photoneutron target, a through hole of
8§ cm in diameter is provided at a right angle 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
trradiation 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
mm 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 Iead 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 measurernent.
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 f, is constant for the zero time
correction.,

Output pulses from the BF, or the Ar gas counter were
transmifted 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 500 ns

Table 1
Resonance filters: and their main resonance energies used in the
present measurement

Material Energy [eV] Thickness [mm] Form
In 1.46 0.2 foil

Te 2.33 7.0 powder
Ta 4.28 6.2 foil

Ta 10.4

Au 491 0.05 cylinder
Ag 5.19 05 cylinder
Ag 16.3

Cd 27.5. 03 cylinder
Mo 449 7.0 powder
Co 132 0.3 cylinder
Cu 230 1.0 cylinder
Cu 579

Mn 336 7.0 powder

was selected. Another 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 BE, 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 balf maximum (AE/
E)pwnm = 2.35(A070) g 0 s0iae USINg the standard deviation.
in the transmission measurement with a resonance filter,
corrections 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 resomance 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 eV,
respectively.

3.3. Neutron spectrum and flux distribution measured by
activation method .

With the photoneutron target of lead placed near the
center of the KULS, we have irradiated eleven kinds of
activation foils at the distance of 12.5 cm behind the target,
as seen in Fig. 1. During the irradiations, lead plugs were
put into the through hole. Table 2 shows the activation
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 a mixed radioactive stan-
dard source. The linac operations were performed with a
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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 7 Au(n,y)' " Au 2694 d 0412 95.5

2 **Mn(n,y)**Mn 2579 h 0.847 98.93

3 *Co(n,v)*"Co 5271y 1.173 99.50

4 Wy W 2385 h 0.686 29.3

5 *Mg(n,p)**Na " 1466 h 1.369 100.0

6 ¥ Al(n,p) Mg 9462 m 0.844 73.0

7 7 Aln,a)**Na 14.66 h 1.369 100.0

8 “*Ti(n,p)**Se 8383 d 0.889 99.98

9 **Ti(a,p)"'S¢ 3.341 d 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 Zxn(n,p)**Cu 1270 h 0.5t1 35.8

14 *“In(n,n')'*"In 4486 h 0336 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 spectrum 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 &V w0
16.4 MeV, inciuding 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 distribution in the KULS was measured in
the radial imadiation holes and the through hole. Nickel
wires of 1 mun in diameter were radially set in the
experimental holes to measure fast neutron fluxes by the
*5Ni(n,p)**Co reaction. Gold foils, each of 5 mmX 10 mm
and 50 p.m thick, were put on the nickel wire in every 10
cm distance for the measurement of slow neutrons by the
7 Au(n,y)'*"An 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=88:12, 12.7 mm in
diameter, 0.2 mm thick), cadmivm ratio measurement (Cd-
cover: (.5 mm thick) was made in the bismuth and the lead
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 g =0 (8 =90°) to the incident
electron beam was measured from a few eV to 10 MeV by
the neutron TOF method. The experimental arrangement is
shown in Fig. 2. A horizontal through hole of 8 ¢m 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 r=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
¢m thick) scintillation detectors at the 22 m station and the
other was '°B-vaseline-plug Nal(T1) (12.7 cm in diameter
and 5.08 cm thick) scintillation detectors at the 24 m
station. When the '°B-vaseline-plug Nal{Tl) 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 ns to 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 Linac

KULS le‘ beam

hole

L1000

21430

unit: mm

Fig. 2. Experimental arangement for the linac TOF method. (1) KULS, (2) Pb collimator, (3) Pb shield, (4) U-filter, (5) Heavy concrete (6)
Cd-filter, (7) Pb+B,C colflimator, (8) Concrete wall, (9) Pb collimator, (10) Flight tube, (11) B,C collimator, (12) Pb collimator, (13)
Concrete wall, {14) Wali of measuring house, (15) Detector shield of Pb, (16) “Li glass detectors, (17) Concrete shield, (18) Cd shield, (19)

Pb shield, (20) '*B-vaseline-plug Nal(T1) detectors, (21) Rotary pump.

the experimental runs. An uranium filler 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 continucus energy Monte Carlo code 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 107° 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
10X10X10 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 pulsed 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 abeut 1% at hundreds of keV. There was scarcely
difference in shape between the scalar neutron flux and the
angular neutron 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-IV [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 f in s and the average neutron energy E in keV
is summarized in Fig. 4. By the least squares fitting with
these measured data, the slowing-down constant X ap-
peared in the relation of E = K/(t, + f)* 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 pus®) for the bismuth experimental hole and
1562 (keV ps”) for the lead one in the KULS, respec-
tively. For both experimental holes, the constant f, was
derived to be 0.2 to 0.3 ws. 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
KURRL 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 K for the
bismuth hole was derived as 191%3 (keV us®), which was
in excellent agreement with the experimental results
mentioned above. In the same manner, the constant X for
the lead hole was obtained with the calculations. The
resuftant value for the lead hole is 157%4 (keV ps?),
which is in good agreement with the present experimental
vajue and that measured by Wakabayashi et al.

3.2. Energy resolution

After the neutron transmission data measured by the BF,
counter were comrected 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 ¢V 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 €V 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 Iead 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 aiso fitted with a Gaussian fanction. The
resultant energy resolutions at FWHM are summarized in
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Fig. 5. Energy resolution measured by resonance filters in Bi hole
of the KULS. (————O———) npeutron transmission method
using the BF, counter. (- - -[]---) capture gamma-ray measure-
ment using the Ar gas counter (Error lines are indicated).

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 agreement can be
seen between the measured energy resclutions 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.

3.3. 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 specira obtained by the activation data analysis for
the lead photoneutron source.

spectrum for both analysis codes has been taken from the
MOCNP 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 results 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 KULS
Measurements Calculations
Energy BF, couater Ar gas counter Energy MCNP code
[eV] Bi hole Bi hole Pb hole fev] Bi hole Pb hole
1.46 51+3 3.02 357
4.9 40+2 356 37.4
104 38+1 10.0 28,5
275 382 37x2 11.6 316
49 33x1 298 28.2
132 3942 338 35.7
230 38+3 40*3 99.1 208
336 403 113 34.5
579 42+3 42+4 208 33.7
2370 533 339 38.3
930 38.1
1091 43.2
2988 503
3208 518 -

_58..



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

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 flux 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 1.8X10” to
7.1X10° n/cm®/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 flux
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 =0 was meh-

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

20 . —  E—— AR R
- + T
'é 15 ]
=] 3 A ! o p
20 ]
— r T
5 [ = ]
x 10| 2 m -
2 &, e i
= | o ]
2 L é" .
5 sf :
+

= - 2] ]
[ ™TAu {n,gamma)?® Ay reaction & ]
r + ]

) L | ) | 1 | ) {

0 20 40 50 80

Distance from target {cm)

Fig. 7. Spatial distribution of epi-thermal neutrons. measured by
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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
'°B-vaseline-plug Nal(TI) 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 calculated by
the MCNP code. By the MCNP calculations, we have also
found that the angular neutron fluxes and scafar 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

.l G A S AAi Al maa i mea s U SR S
JENDL-3

- ENDL-85

I 8

s END F/B-IV

16°

Flux per unit lethargy {Arh-unit}

07 F o
shae O glass scintiator
r -~
10 il diiiid 1l 1 " 4
o® 1g® 1g* 102 10° i0?

Neutron Emergy [Mev]

Fig. 9. Neutron spectra measured with °Li glass scintillators and
calcilated with the MCNP code for the Ta photoneutron 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 those calculated with the evalvated nuclear
data libraries of JENDL-3 and ENDL-85, - while the
ENDF/B-1V spectrum is higher below 100 keV than the
measured and the other calculated spectra. The difference
is about 25% around 10 keV and 50% arcund 100 eV,
respectively, for both °Li glass and '°B-vaseline-plug
Nal(T1) detectors’ measurements. It has also been found
that- the agreement is good between the experimental
results by the detectors. This fact implies that the sys-
tematic uncertainty in the measured 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 nentron fiuxes near 10
eV may be due to 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
MCNP 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-IV spectrum below
about 100 keV is -also higher than that analyzed by the
activation data, as scen in Figs. 9 and 10, although large
deviations are observed among the spectra. From the
comparison of the results in Figs. 6, 9~11, good agreement

0|

Neutron Flux / Lethargy
g

/r NEUPAC adjustment

2 P DU PPN AP PR I PR PP S | A
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Neutron Energy ( ¢V )

10

Fig. 11. Comparison of neutron flux spectra analyzed by the
NEUPAC code ang 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 agresment 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 XKULS is larger than 27% for the theoretically
predicted value at FWHM {1,2]. Making use of the MCNP
code, we have mare 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 1.5X1.5X15 m’ (effective radius = 93.1
cm) but also in lead slowing-down spectrometers of 1.2X
1.2X1.2 m* (effective radius = 74.4 cm), 1.8X1.8X 1.8
m® (effective radius = 112 em) and 2.0%2.0X2.0 m’
(effective radius = 124 cm) as typical cases of the spec-
trometer size, respectively. At the radial positions of more
than 10 cm 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 energy 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 eV, respectively. From
the point of the spectromeler size, one can see that the
energy resofution 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 ps”). In the KULS, 10 to 15 cm
thick layers of bismuth blocks are partially used and those
blocks may make the slowing-down constant larger than
that made by lead material only. One may be able to
understand the reason why the slowing-down constant K 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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B ——0—— 12meabic
T ——%—— 1Smeubic
W e B 1.8 m cubic
® =--~0---= 2.0 m cubic 4
Al L -
E 4
' EENN I I R S R
167! 1 10° 10 10 10" 10*

Neuiron Energy ( eV )

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,0
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
bave 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 neatrons are widely spread after a few interactions
with lead, and the slowing-down time spectrum may
become similar to that from the Ta photoneutrons. 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-scatiering neutrons may also 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 resolution 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 neatron 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. 4. Calculation of time dependent neutron spectra in the KULS driven by 500 keV neutrons.

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

7. Conclusion

The characteristic behavior of neutrons in the Kyoto
University Lead Slowing-down Spectrometer, KULS of
1.5X1.5X1.5 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/t* was experimentally determined to be 1902
(keV pus?) for the bismuth hole and 156+2 (keV ps®) for
the lead hole, respectively. The encrgy 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.

Monie Carlo calculations using the MCNP code were
also performed to determine the relation between the
neutron slowing-down time and its average encrgy and to
obtain the energy resolation and the neutron spectrum in
the KULS. The calculated 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 €V to 20 MeV. The angular neutron

spectrum was also measured by the TOF method from 4
&V 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-1V 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 o the square root of energy in the slowing-
down neutron energy region and show similar spectral
tendency to the TOF measurement and the activation
analysis. Since there exist scarcely thermal neutrons in the
KULS, the neutron field there would be expected to be a
quasi-standard field for intcgral measurements in the epi-
thermal/resonance neutron energy region.
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