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Neutron Capture Cross Section Measurement of 1-129
with Lead Slowing-down Spectrometer

Katsuhei Kobayashi

Abstract

Making use of the neutron time-of-flight (TOF) method with an electron linear acceler-
ator (linac) and of a lead slowing-down spectrometer (KULS), we have measured nuclear
data of minor actinides (MAs) and/or long-lived fission products (LLFPs). In the present
study, we have carried out the capture cross section measurement of '°I by the linac TOF
method as a part of experimental series for LLFP.

At first, the experimental data and the evaluated data (EN'DF/B-VI JENDL-3.2, and
JEF-2.2) of 12 have been reviewed. As a result, it has been found that the present status of
the 1291 data is not enough in quality and quantity.

Secondly, by using the Nal-129 sample, the 1**I(n, 7 )**%I cross section has been mea-
sured from 0.004 ¢V to 10 keV relative to the 'B(n, & ) reaction with a pair of CsDs scin-
tillation detectors. After the background subtraction and the self-shielding correction, the
cross section has been normalized to the well-known reference cross section (27.04 b) at
0.0253 eV. The data measured by Macklin from 3 to 400 keV and the data evaluated in
ENDF/B-VI are in good agreement with the present measurement in general. However, the
evaluated values from a few eV to about 60 ¢V in JENDL-3.2 and JEF-2.2 are obviously
low comparing to the measurement and the ENDF/B-VI values.

We could provide the interesting and the useful data for the 2I(n, 7 }*'I reaction in the
lower/resonance energy region.

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

INC Liaison: O-arai Engineering Center, System Engineering Technology Division
Reactor Physics Research Group.

* Research Reactor Institute, Kyoto University
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4. FLOLESBORE

4.1 &8
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Measurement of Neutron Capture Cross Section
of 237Np by Linac Time-of-Flight Method and with
Linac-driven Lead Slowing-down Spectrometer

Measurement of Neutron Capture Cross Section
of 99Tc Between 0. 007 eV and 47 keV

Neutron Capture Cross Section Measurements of
Tc-99 and Rh at Energies below 40 keV by Linac
Time-of-Flight Method
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3 A
CINDA (1935-1987) Ic#BEDT—%

53 Iodine 129
Quantity Energy (ev) Lab  Type Documentation Author, Comments Data
Min  Max Ref Vol Page Date
Evaluation 1.0-3 1547 AUAEval Rept AAEC/TM -549 Jun 70 Cook. TOT,EL,INEL NONEL.CAPT SIGS,NDG +
Rept AAEC/E-214 Jun 71 Bertram+GROUP SIGMAS SAME QUANTS.NDG
Rept AAEC/TM - 587 Mar 7t DESCRIPTION OF LIBRARY
1.0-3 1.5+7 Data AUSTR-DFN 110. Nov 71 POINT(223) AND GROUP(127) SIGMAS
Evalvation 1.0+3 1047 BOL Eval Rept CEC(71)-2 T Benzi+ STAT-+EVAP MDS.INELN2N,NG.TBL +
1.0+3 1.0+7 Data BENZ]-DFN 540A Mar7l 4 QUANTITIES. UK FORMAT
Evaluation 1.0+2 1547 JAE Eval Rept JAERI-M-5752 Jul 74 lgarasi+ INDC FPND WG.TOT.EL.N'CAP
Evaluation 1.0-5 1547 JAE Eval Rept JAERI-1268 Feb 81 Kikuchi+TOT,SEL,SIN,NG,RESJENDL -1 +
Jour NST 14 16} Mar 77 lijima+ STAT+OQPTMOD.EVALS COMPARED.
Conl 75Wash. 320 Mar 75 Igarasi+ EVAL METHOD.MODEL PARAMS.
1.0-5 15+7 Data JENDL~1 Nov 77 TOT.EL.INEL.NG.AV SCT ANGLE.RES 1
. Ewvaluation 10-5 1547 JAE Eval Data JNDC-FFP-WG Jul 77 TOT.EL.INEL,CAPTURE,AV SCT ANGLE +
Evaluation 1.0-3 1.5+7 RCNEval Rept ECN-33 Oct 77 Gruppelaar.RCN -2 EVL.VOL 2.FP.TBL. +
1.0-3 L5+7 Data RCN-2 Apr 78 DATA FILE KEDAK FORMAT
Evaluation 1.0-3 1547 RCNEval Rept RCN-3 82 Gruppelaar+ DATA FILE, KEDAK FORMAT
Evaluation -5 2.0+7 FEI Eval Book BROND i1% 86 Ignatyuk+ SUMMARY OF EVALUATION +
Rept INDC{CCP) - 283 Mar 88 ENGL. TRANSLATION OF BROND - SUMMARY
-5 2047 Data BROND - 539! 85 COMPLETE EVALUATION
Evaluation +0 20+7 RCNEval Rept ECN-86-152 86 Van Der Kamp+ NEW EVAL FOR JEF-2
Total 20-2 45-2 ORLExpt Jour NSE § 112 Aug 60 Block+,FC S1G{.0253EV)==35+ - 4B TABLE +
-2 1042 Conf{ 58BGeneva 16 150 Sep 58 Harvey+ PPR67I,TRANSMISSION CURY GVN
20-2 45-2 Data EXFOR12024.003 Jun 76 24 FTS. SIGMA,
Total 1.0-3 i.5+7 AUAEval Data AUSTR-DFN 110. Nov 7! COOK +POINT(223)+ GROUP(127)SIG.CF EVL +
Total 1.0-3 1547 RCNEvat Rept ECN-~-33 Oct 77 Gruppelaar.RCN -2 EVL.VOL 2.FP.TBL. +
1.0-3 1547 Data RCN-2 Apr 78 DATA FILE.KEDAK FORMAT
Total 10-5 1.5+7 JAE Eval Rept JAERI-1263 Feb 81 Kikuchi+TABLE AND FIG GIVENJENDL -1
Elastic 1.0-3 1.54+7 AUAEval Data AUSTR-DFN 110. Nov 71 COOK+POINT(223)+GROUP(127)8IG.CF EVL +
Elastic 1.0-3 1547 RCNEwval Rept ECN-33 Oct 77 Gruppelaar.RCN -2 EVL.VOL 2.FP.TBL. +
1.0-3 1547 Data RCN-2 Apr 78 DATA FILE,KEDAK FORMAT
Elastic 1.0-5 1547 JAE Eval Rept JAERI- 1268 Feb 81 Kikuchi+TABLE GIVEN
Tot Inelaste 2.8+4 1.047 BOL Eval Rept CEC(71)-2 7! Benzi+ STAT MODEL. TBL GIVEN. +
28+4 L1047 Data BENZI-DFN 540A Mar7l 51 PNTS
Tot Inelastc  5.045 1.547 AUAEval Data AUSTR-DFN 110. Nov 71 COOK+POINT( 1)+ GROUP(127)81G.CF EVL +
Tot Inelastc Fast NIG Revw Conf T1AEA-213 ] 279 78 lijima. 3LIBRARS.2FORMULA.VALUES GVN
Tot Inelastc  2.8+4 1.5+7 JAE Eval Rept JAERI- 1268 Feb 8! Kikuchi+TABLE AND FIG GIVENJENDL-1
Diff Inelast 28+4 1.0+7 BOL Eval Rept CEC(71}-2 71 Benzi+ DISCRETE INELASTIC. | LVL +
2.8+4 2045 Data BENZI-DFN 540A Mar7l ST LVL +ANGDIST+E DIST
2045 1.0+47 Data BENZI-DFN 540A Mar7l TO CONTINUUM, 39PNTS+ANGDIST+E DIST
Diff Inelast 1.0-3 1547 RCNEval Rept ECN-33 Oct 77 Gruppelaar, RCN -2 EVL.VOL 2 FP.TBL. +
1.0-3 1547 Data RCN-2 Apr 78 DATA FILEKEDAK FORMAT
Nonelastic 1.0-3 £5+7 AUAEval Data AUSTR-DFN 110. Nov 71 COOK+POINT(223)+ GROUP(127)S1G.CF EVL +
Absorption 25-2 ORL Expt Jour NSE 8 112 Aug 60 Block+.FC 31+ - 4B SIG(TOT)-SIG(SCT) +
25-2 Data EXFOR12024.002 Jun 76 | PT. SIGMA. TOT - SEL.
Absorption 41-1 10+7 GA Eval Rept GA- 2451 Aug 61 Joanou+.68GROUP DATA FOR GAM -1
Absorption 1.0-3 1047 JUL Eval Rept JUEL-678-RG Jul 70 Liu. EVALUATION+CALC.GRPH,FN OF E
Absorption 25-1 HI Eval Conf 77Kiev 4 94 Apr 77 Fedorova+ RECOM SIG+ERROR GIVEN
Res Int Abs  5.0-1 CRC Expt lour CJC 36 1424 COct 58 Roy+ ACT NRX CD RATIQ, =36+ -4B +
Conf 58Geneva 16 54 Sep 58 SUPERSEDED
50-1 Data EXFOR12005.004 Jun 76 |} PT.
Res Int Abs  None ORL Eval Rept ORNL - 2869 Mar 60 Nephew.1/¥ UP +TOI00EV.ALSO 3 ES- UP
Res Int Abs +3 +5 BOL Theo Conf 61Vienna 1 179 Aug 6} Benzi+.PPRIILVAL GVN,L=0L=1 .CAPT.
Res Int Abs  50-1 RBOL Eval Conf 61Vienna 1 179 Aug 61 Benzi+ TBL TOTAL CAPT RES INTS.
Res Int Abs 55-1 GA Eval Jour NSE 12 115 Jan 62 Garrison+,Rl= 394+ - 10 B,FROM RES.PAR
Res Int Abs  Maxwl +2 ORL Expt Jour NSE 17 371 Nov 63 Pattenden.22+4+ —-7B
Res Int Abs  None CRC Eval Rept AECL-2111 Nov 64 Walker. REDUCED RESONANCE INTEGRAL
Res Int Abs 50-1 BOL Eval Rept RT/FI-4 Jan 67 Palmueci. CALC FROM (N.G) RES PARAMS
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53 lodine 129
Quantity Energy (ev) Lab  Type Documentation Author, Comments Data
Min Max Ref Vol Page Date
Res Int Abs  None GA Eval Rept GA- 12071 Sep 71 Mathews+, RECOMMENDED VALUES
.Res Int Abs  5.5-1 CRC Eval Rept AECL-3037 | Jan 72 Walker.REDUCED RES INT.DETAILED TBL
Res Int ‘Abs  5.0-1 AUAEval Rept AAEC/TM -619 Sep 72 Claylon.CALC FROM SIG LIBRARY,TABLE
Res Int Abs  4.6-1 10+6 RCNTheo Rept RCN-19] Jul 73 Lautenbach.CAPT INT FROM GROUP SIGMA
Res Int Abs  5.5-1 +6 SAC Revw Conf IAEA-169 1 235 74 Ribon.CAPTURE,STATUS CFD REQUEST.TBL
Res Int Abs +0 +5 WIN Revw Conf IAEA-169 3 163 74 Pope+ DATA FILE CALC CFD XPTAL VALUE
Res Int Abs  5.0-1 JAE Ewval Jour NST I4 161 Mar 77 lijima+ RES INTEGRAL.CAPTURE. +
None Coaf 75Wash. 320 Mar 75 lgarasi+ TBL.REC CAPTURE INTEGRAL
50-1 Rept JAERI-M - 5752 Jul .74 - + CAPTURE INT. {/V+RES TERMS
50-1 Data JENDL -1 Nov 77 1PNT.CAPTURE
Res Int Abs  5.5-1 MUNComplour JRC 42 181 Jan 78 Gryntakis+,12 VALUES+STANDARDS GIVEN
Res Int Abs  5.0-1 IAE Eval Book OKAMOTO 199 Apr 87 Gryntakis+.ACTIV.TBL:INCLUD 1/V PART
(n,y) Pile LAS Expt Jour PR 7] 826 Jun 47 Katcoff.FROM U FISS,AND [131 ACT.
(ny) Maxw| DURExpt Jour CIC 34 293 Mar 56 Purkayastha+ NRX 35B +
Maxwl Data EXFOR21393.002 Feb 80 |PNT.SIGMA.
(n,y) Maxwl 2.5-2 CRCExpt Jour CIC 36 1424 Oct 58 Roy+ ACT 26.7 AND 27.7B EFFECTIVE +
Conf 58Geneva 16 54 Sep 58 Eastwood+
Maxwl Data EXFOR12005.003 Jun 76 1 PT. SIGMA.
(ny) +3 +5 BOL Theo Conf 61Vienna 1 179 Aug 61 Benzi+.PPRI1,TABLE FOR 3ES
(n,y) 25-2 ORL Expt Jour NSE 17 371 Nov 63 Pattenden.28.0+ - 2B +
25-2 Data EXFOR2025.006 Jun 76 1 PT. SIGMA. FROM FIT TO TOT.
(n,1} Maxwl CRC Eval Rept AECL-2111 Nov 64 Walker.
(n,y) Maxwl WIS Expt Jour JCP 44 970 Feb 66 Wilkey+ +
Maxwl Data EXFOR12014. Jun 76 3 PTS. S1G TO GND,META,ISOM RAT M/G
(n,y) 25-2 BOL Eval Rept RT/FI-4 Jan 67 Palmucci. CALC FROM RES PARAMETERS
{n,y) Maxwl AUATheo Jour NSE 3| 234 Feb 68 Cook+ STATISTICAL CALC CFD EXPT
(n,y) 5043 1.045 AUAExTh Rept AAEC/E - 198 May 69 Musgrove.S+P+D WAVE SIGMAS CALC,TBL
(ny) 1043 1.0+7 BOL Eval Rept CEC(71)-2 71 Benzi+ OPTMOD EVAL.TBL GIVEN. +
Conf 66Paris 1 537 Oct 66 - +,PPR.IISSTATIST MOD +XPF DWG
Jour NC 38 216 Jul 65 - + THEORY FOR CAPTURE EVALUATION
1.O0+3 1047 Data BENZI-DFN 540A Mar?7] 62 PNTS
(n,y) Maxwl GA Eval Rept GA- 12071 Sep 71 Mathews+. RECOMMENDED YALUES
(n,y) 10-3 1547 AUAEvai Data AUSTR-DFN 116. Nov 71 COOX+ POINT{(223)+ GROUP(127)SIG.CF EVL +
(n.y) Maxwl CRC Eval Rept AECL-3037 1 Jan 72 Walker. RECOMMENDED SIG,DETAILED TBL
(n,y) 25-2 AUAEval Rept AAEC/TM -619 Sep 72 Clayton.CALC FROM SIG LIBRARY,TABLE
{n,y) 1.147 RCNTheo Rept RCN-I9 Jun 73 Lautenbach. GRQUP CONSTANTS TBL
(n,y) Fast MTRExpt Prog USNDC-9 6 Dec 73 Harker+.ACT. CFRMF. NO DATA GIVEN.
(n.y) 25-2 3.0+4 SAC Revw Conf IAEA-169 1 235 74 Ribon.STATUS S1G CFD REQUESTS,TABLE
(n.y) Maxwl Fiss  WIN Revw Conf JAEA-169 3 163 74 Pope+ MAXW+FIS-SPEC AVG DATA CFD XPT
Fiss Conf IAEA-169 3 137 74 Dean. POINT DATA AVG OVER STAND SPEC
(n,¥) [.0+3 1046 SAC Eval Rept CEA-N-1832 Dec 75 Ribon+ EXP+TH ANAL,STAT MOL.CURVE
{n,y) Fast RCN Expt Rept ECN-10 Oct 76 Veenema+ STEK REACTIVITY WORTHS TBL.
{n.y) '10-3 1547 RCNEval Rept ECN-33 Oct 77 Gruppelaar.RCN-2 EVL.VOL 2.FP.TBL. +
10-3 1147 Rept ECN-30 Oct 77 Dekker. ADJ.RCN-2A.YOL 2.FP,TBL,GRPH
Fast Jour ANS 27 876 77 Gruppelaar+ AVG SIG,RCN-22A CF END4
1.0-1 1.0+7 Prog ECN-7 10 Nov 76 ~ ,RCN-2 EVALUATION GRPH
10-3 1547 Data RCN-2 Apr 78 DATA FILE,KEDAK FORMAT
{n,y) 25=2 I3 Eval Conf 77Kiev 4 94 Apr 77 Fedorova+ RECOM ACTIV SIG4+ERROR GIVN
{n,y) 1.0-3 1147 RCNEval Rept ECN-28 Aug 77 Dekker+ STEK +CFRMF ADLDATAFP.TBL.
{n.y) 10-1 1.04+7 RCNRevw Rept ECN-~24 Sep 77 Gruppelaar+ IMPACT INTEGR.DATA SIG.
{n.y) Fast RCN Revw Conf 1AEA-213 2 627 78 Bustraan+ SNR - 300 SPEC.EVAL SIGS,TBL
Rept ECN--27 Sep 77 - + REVIEW INTEGRAL DATA
n,y) Maxwl CAD Revw Conf IAEA =213 1 139 78 Fort. COMPARISON OF EVAL DATA,TABLE
1.0+3 4.0+6 Conf JAEA-213 1 139 78 Fort. EVALS COMPARED,NO EXPTS.GRAPH
(n.y} Fast NIG Revw Conf 1AEA -213 1 279 78 lijima. 2REACT - SPECS.EVAL S1GS, TABLE
3.0+4 Conf IAEA-213 1 279 78 -~ . EVAL VALUES COMPARED,TABLE
(n,y) 25-2 MUNComplour JRC 42 181 Jan 78 Gryntakis+, 5§ VALUES FOR GND + META
(n.y) Fast JAE Revw Conf 79Bologna 317 Dec 79 lijima+ 1 GROUP JENDLi/ENDF4/CFRMF
(n,y) 1.0+0 4.0+2 KIL Expt Conf 79Bologna 77 Dec 79 Priesmeyer+ FAST CHOPPER RES ANALYS
(n,y) Fast RCN Revw Conf 79Bologna 299 Dec 79 Gruppelaar+ | GROUP RCN2/C- IV/CEA
(n,y) 1.0-5 1.5+7 JAE Eval Rept JAERI- |268 Feb 81 Kikuchi+TABLE AND FIG GIVENJENDL -1 +
Maxwl Jour NST 14 161 Mar 77 lijime+ CAPTURE XSECTION. TBL.
Conf 75Wash. 320 Mar 75 lgarasi+ TBL REC VALUE
1.0-5 2.0+7 Rept JAER]-M -~ 5752 Jui 74 - 4+ THERMAL VAL AND EVAL CURVE
1.0-5 1.547 Data JENDL-1 Nov 77 iPNT.THERMAL VAL + D/DE
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53 Todine 129
Quantity Energy (ev) Lab  Type Documentation Author, Comments Data
Min Max Ref Vol Page Date
(n,y) 1.0+3 16+6 FEI Eval Jour AE 57 243 84 Belanova+ SIG(E),H-F-M MDL CALC,GRPH
Conf 83Kiev 2 92 8 ~ + THEO MDL CALC,GRAPH.CFD
Jour SJA 57 694 Apr 85 ENGLISH OF AE 57 243
(n,y} 25-2 MUNExpt Jour RCA 33 4 177 83 Friedmann+ ACTEIVATION METHOD .
(n,y} 3043 5045 ORLExpt Jour NSE 85 350 Dec 83 Macklin.TBL. AVG.SIG,GRPHS. +
3.0+3 5045 Data EXFORI12806.005 May83 16 PTS. AV SIGMA.
{n,y} Fast FE! Eval Jour AE 57 243 84 Belznova+ ESTIMATE FROM POINTSIG.TBL
Jour SJA 57 694 Apr 85 ENGLISH OF AE 57 243
{n,y) 6.0+3 40+5 HEDEval Rept DOE-NDC-33 46 Apr 84 Mann+ GRPH. CFD MEAS. CS.
{n.y) Fast RCNTheo Conl 858anta Fe 2 1537 May 85 Gruppelaar+ TBL CFD EXPT.(E/C) VALUE
Jour RE 96 195 Mar 86 IDENTICAL TO 85 SANTA.
{n,y) 1.0-5 2047 RCNRevw Rept ECN-~ 176 Nov 85 Janssen+ COMPARISON OF INTEG VALUES
{n,y) 1.0+3 1046 FEI Eval Jour YK 198713 Mar 87 Ignatyuk + SIG(E),EVALS,GRPH,CFD
(n,y) 25-2 1AE Eval Book OKAMOTO 199 Apr 87 Gryntakis+.ACTIV.TBL:2200 M/S SIG
(n.Y) 1.0+4 5.0+4 KFK Eval Jour AND 36 41i May 87 Bao+ GRPH,TBL.30 KEV MAXW.AVG.SIG.
Spect (n,y) Pile LIN Expt Conf 86Kharkov 101 * . 86 Egorov+ G-SPEC,TBL
Conf 85Leningrd 83 8 - 4 G-SPEC,GRPH
{n.,2n) Fiss CRC Eval Rept CRC-1003 Dec 60 Roy+,ESTIMATED AVG SIG—1.0MB
{n,2n) 8946 1.0+7 BOL Eval Rept CEC(71)-2 71 Benzi+ STAT+EVAP MODELS.TBL GIVEN. +
89+6 1047 Data BENZI- DFN 540A Mar71 4 PNTS +ANGDIST+E DIST
(n,2n) 1.5+7 STR Expt Jour RRL 15 29 Sep 73 Kuhry+ D-T NS, REL CUG3(N2N). +
1.5+7 Data EXFOR20365.002 Sep 74 IPNT.SIGMA.
(n,2n) 1.4+7 1547 FElI Eval Rept YK~ 35(4) 21 79 Bychkov+ EXPTL+RECOMMENDED SIG TABLE
Rept  INDC(CCP) - 146 Jul 80 PG 123.ENGLISH OF YK -35(4) 21
{n,p) Fiss CRC Eval ‘Rept CRC- 1003 Dec 60 Roy+,ESTIMATED AVG SIG=0.05MB
{n,a) Fiss MUNCompJour IRC 52 219 Jan 79 Gryntakis., ] YALUE GIVEN.
Reson Params 6.6+1 1.5+2 ORL Expt Conf 58Geneva 16 150 Sep 58 Harvey+.PPR673,PARAMS FOR 6 RESONNCS +
6.6+1 1.5+2 Data EXFORI12012.004 Jun 76 6 RES, EQ,WNOD
Reson Params 2.0+1 1.74+2 ORL Expt Jour NSE 17 371 Nov 63 Pattenden. +
7.2+1 L5+2 Data EXFOR12025.004 Jun 76 5 RES, EOWNOD
Reson Params GRNExpt Jour NP 66 323 May 65 Pancholi. = | DATA INDEX LINE
Reson Params +3 +6 AUATheo Jour AUJ 20 477 Oct 67 Cook. TBL OF AVG LVL SPFACING D,L=0,)
Reson Params None AUATheo Rept AAEC/E -211 Nov 70 Musgrove. CALCULTD D+GAM WIDTH GIVEN
Reson Params 1.0+3 1.0+6 SAC Eval Rept CEA-N-1832 Dec 75 Ribon+ EXP+TH ANAL.RES PAR.TBL
Reson Params 1.04+5 CAD Revw Conf IAEA-213 1 139 78 Fort. SHORT REVIEW.TABLE AVG D,G-WID
Reson Params 1.0+5 NIG Revw Conf TAEA-2!3 ]| 279 T8 lijima. IS - WAV),G - WID.EVALS CFD,T8L
Reson Params +2 KIL Expt Prog NEANDC(E)-2i2 Jun 80 Priesmeyer+P5 P.41. TRANSMISSN, 5RES
2041 1.0+3 Conf 79Bologna 77 Dec 79 - <+ FAST CHOPPER,TBP.
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53 Jodine 129

Quantity Energy (ev} Lab Type Documentation Author, Comments Data
Min Max Ref Vol Page Date
Evaluation 1.0-5 2.0+47 HED Eval Priv SCHENTER Feb 80 Schenter+ EVAL FOR ENDF/B WITH RCN +
LO-5 2.047 Data ENDFB-6-5331 Feb 90 FISSION PRODUCT
Evaluation +0 2.0+47 RCN Eval Rept ECN-86-152 86 Van Der Kamp+ NEW EVAL FOR JEF-2 +
1.0-5 2.046 Data  JEF-2-5331 89 COMPLETE EVALUATION,ALL SIGS
Evaluation -5 2.0+7 FEI Eval Book BROND 119 86 Ignatyuk+ SUMMARY OF EVALUATION +
Rept INDC(CCP)-283 Mar B8 ENGL. TRANSLATION OF BROND-SUMMARY
1.0-5 2.0+47 Data BROND-2-5329 Sep B3 IGNATYUK-.
=5 2047 Data BROND-5391 85 COMPLETE EVALUATION
Evaluation 1.0-5 2047 NDC Eval Data JEF-14534 Jun 90 ENDF-5 FMT,RES.PARAMS+POINTWISE DATA +
Evaluation 1.0-5 2047 JAE Eval Data JENDL-3FP5302 Jan 91 FISS PROD FILE,FULL EVAL,ENDF-5 FMT. +
Absorption  2.0+7 1.0+48 OIE Theo Jour AE 73300 Oct 92 Konobeev+ TRANSMUTATN CS CALC TBL
Jour AET73813 Apr 93 ENGLISH OF AE 73 300
{(n.y) 1.0+5 2.0+6 RI Eval Jour YK 1989363 Sep 89 Trofimov. SYSTEMATIC,SIG(E),GRPH
{n,y) L.5+7 OSA Expt Conf JAERI-C-97-004 Mar 97 Murata+ P177.ACT 8IG=32+-3 MB. +
Conf JAERI-C-97-005 Mar 97 Nakano+P216.ACT.SIG=13+-2 MILLIBARN
1.5+7 Data EXFOR22347. Nov 97 2PTS SIG
Spect (n,y) 2.5-2 ILL Expt Jour NP/A 49436 Feb 89 Sakharov+TBL ENERG,INTENS MLTPOLAR +
Maxwl Data EXFOR22149. Sep 90 241 PTSEG
Spect (n.y) 2.5-2 LIN Expt Jour NP/A 49436 Mar 89 Sakharov+ G ES,INTS,LVL SCHEME
{n,2m) LO+7 3.047 OIE Theo Jour AE73300 Oct 92 Konobeev+, MOD CALC TBL
Jour AEfT 73813 Apr 93 ENGLISH OF AE 73 300
(n,2n) 1.5+7 OSA Expt Conf JAERI-C-97-004 Mar 97 Murata+ P177.ACT SIG=1.1+-0.1 BARN. +
Conf JAERI-C-97-005 Mar 97 Nakano+P216.ACT.SIG=0.92+-0.1] BARN
1.5+7 Data EXFOR22347. Nov 97 5 PTS SIG
(n,2n) 1.4+7 OSA Expt Prog INDC(PN)-177U Mar 97 Murata+.ACT SIG=0.92+-0.1 IBARN
(n,2n) 1.3+#7 15+7 OSA Expt Prog INDC(JPN)-181U Mar 98 Murata+ ACT METH.SIG GIVEN
(n,2n) 1.4+7 15+7 OSA Expt Conf JAERI-C-98-003 Mar 98 Nakano+.P210.ACT SIG(E) IN TBL+FIG +
‘ Conf 97Trieste 21338 May 97 Murata+. OKTAVIAN,ACTIV, SIG TBL
1447 1547 Data EXFOR22398.002 Aug 98 3 PTS SIG )
(n,xn) x>2 1.747 4.0+7 OIE Theo Jour AE73300 Oct 92 Konobeev+ N3N CS MOD CALC,TBL
Jour AET73813 Apr 93 ENGLISH OF AE 73 300
{n,xn) x>2 20+ 5047 FEI Theo Jour YK 199224 Nov 92 Lunev+ EXC.FUNC.CALC. X=1,5.TBL,GRPH
(n.p} 6.0+6 50+7 FEI Theo Jour YK 199224 Nov 92 Lunev+ CAL NKPXN,K=1,3,X=0,5,TBL FIG
(np) 1.447 RI Eval Jjour AE7533 Jul 93 Trofimov. MDL EVAL,SIG=4.5+0.6B
{.n) 9.0+6 2.5+7 FEI Ewval Jour YK 19952157 Apr 96 Shubin+EVAL (GAMMA,N) SIG,TBL,GRPH
(y.n) 9046 S5.047 1 Theo Conf 96Budapest2797 Ocat 96 Safar.GRPH CALC SIG FOR (G, XN),X=1-5




AUTHOR
INSTITUTE
REFERENCE
TITLE
METHOD
MONITOR
DATA

AUTHOR
INSTITUTE
REFERENCE
TITLE
DETECTOR
DATA

AUTHOR
INSTITUTE
REFERENCE
TITLE

SAMPLE
FACILITY
METHOD
DATA

AUTHOR
INSTITUTE
REFERENCE
TITLE

FACILITY
SAMPLE
SAMPLE
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NE=3

129](n,gamma) K CH ERE DO EER 7 — 7 DFIR
= EXFOR X958l ===

(J.ROY, D.WUSCHKE)

(1CANCRC)

(J,CJC,36,1424,58)

NEUTRON CAPUTE CROSS SECTION OF 1129 AND 1130
(ACTIV)

(27-CO-59(N,()27-C0-60,,81G~ (27-CO-59(N,(3)27-CO-60,,RD)
EV : B B(ERR)

0.0253 26.7 +20

(D.D.WILKEY, J.E.WILLARD)

(1USAWIS)
(J,JCP,44,970,66)
ISOMER OF 1130
(NAICR)

MEV B
2.53-08 24.
(N.J.PATTENDEN)
(1USAORL)

(J,NSE,17,371,63)

NEUTRON CROSS SECTION MEASUREMENTS ON FISSION
PRODUCT :
SAMARIUM AND IODINE

(CHOPF) FAST CHOPPER AT ORR

(TOPF) TIME-OF-FLIGHT

EV B B
0.0253 28. *2.
(R.L.MACKLIN)

(1USAORL)

(J,NSE, 85,350,8312)

NEUTRON CAPTURE CROSS SECTIONS AND RESONANCES OF
TIODINE-127 AND IODINE-129

(LINAC) ORELA

FISSION PRODUCT IODINE (83 PERCENT 129-1) IN PB()2
20.2+-0.6 WEIGHT PERCENT 129-1 WITH SIGNIFICANT
AMOUNTS OF PBC(0)3, PBS(0)3 AND PBS(0)4. SAMPLE WAS
PRESSED TO 26X52X1.6 MM AND WEIGHED 18.76 GRAMS.
NATURAL PB(D2 SAMPLE WAS 26X52X1.6 MM AND WEIGHED
11.91 GRAMS.
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METHOD
DETECTOR

MONITOR

021

(TOF) 40.12 METER FLIGHT PATH

(S8CIN) 2 NON-HYDROGENEQUS LIQUID SCINTILLATORS FOR
GAMMA RAY DETECTION (SCIN) 6-L1 GLASS SCINTILLATOR
FOR NEUTRON DETECTION

(3-LI-6(N,T)2-HE-4,,51G)

CORRECTION DATA WERE CORRECTED FOR DEAD TIME, BACKGROUND,
ELECTRONIC GAIN SHIFT AND GAMMA LOSS IN SAMPLE.

CORRECTION DATA WERE CORRECTED FOR 127-1, PB AND S IMPURITIES,
FOR RESONANCE SELF-PROTECTION AND PB(I)2 ELASTIC AND INELASTIC

SCATTERING
ERR-ANALYS

STATISTICAL UNCERTAINTIES LESS THAN.9 PERCENT BELOW
500 KEV.

SYSTEMATIC UNCERTAINTIES ARE 5 PERCENT BELOW 200 KEV AND 6
PERCENT FROM 200 TO 500 KEV,
DATAREGION 38~400keV

AUTHOR
INSTITUTE
REFERENCE
TITLE

FACILITY
INC-SOURCE
SAMPLE

METHOD
DETECTOR

CORRECTION .

ERR-ANALYS
MONITOR
DECAY-DATA
DATA

AUTHOR
INSTITUTE
REFERENCE

TITLE
FACILITY
INC-SOURCE

(B.C.PURKAYASTHA, G.R.MARTIN)

(2UK DUR)

(J,CJC,34,293,56)

‘-THE YIELDS OF I-129 IN NATURAL AND IN NEUTRON
INDUCED FISSION OF URANIUM -.

(REAC) BEPO REACTOR AT A.E.R.E. HARWELL

(REAC ) REACTOR NEUTRONS AND SPONTANEOUS FISSION
JODINE EXTRACTED FROM PITCHBLENDE AND FROM PILE
[RRADIATED URANIUM METAL

(ACTIV) ACTIVATION

(GEMUC) GEIGER-MULLER TUBE

CORRECTED FOR CONTAMINATIONS WITH SIMILAR HALF-
LIVES SUCH AS NA-24, K-42 ETC. ALSO CORRECTED FOR
LOSSES DUE TO FINITE RESOLVING POWER OF COUNTER,
SELF ABSORPTION IN SAMPLE, RADIOACTIVE DECAY, AND
CHEMICAL YIELD IN SEPERATION PROCEDURES.

NO ERRORS GIVEN

(29-CU-63(N,(3)29-CU-64,,SIG, MXW) FOR FLUX MONITOR
(53-1-130-G,12.6HR,B")

EV B

2.5300E-02 3.5000E+01

(D.NAKANO, I.MURATA, A.TAKAHASHI)

(2JPNOSA) DEPARTMENT OF NUCLEAR ENERGY
(S,JAERI-97-004,177,199604)

(S,INDC(JPN)-178fU,177,199604-))

MAIN REFERENCE - PROCEEDINGS OF THE 1-ST INTERNET
SYMPOSIUM ON NUCLEAR DATA, APRIL 8 - JUNE 15, 1996,
JAERI

DATA ARE GIVEN ((S,JAERI-98-003,210,199711),

(S, INDCWPN)-180/U,210,199811))

MEASUREMENT OF REACTION CROSS-SECTIONS OF FISSION
PRODUCTS INDUCED BY DT NEUTRONS

(CCW,2JPNOSA) THE INTENSE 14 MEV NEUTRON SOURCE
OKTAVIAN AT OSAKA UNIVERSITY.

(D-T) THE NEUTRON SOURCE IS DC-LINE OF OKTAVIAN
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INC-SPECT
SAMPLE
METHOD
DETECTOR
MONITOR
DECAY-DATA
CORRECTION
ERR-ANALYS
DATA

DATA

THE MEAN NEUTRON FLUX AT THE SAMPLE POSITION
APPROX. 1.0E+9 N/ICM2/SEC

THE EFFECTIVE NEUTRON ENERGY WAS DETERMINED WITH
ZR/NB REACTION ACTIVATION RATIO

1.3 CM OF DIAMETER, 1.5 CM THICKNESS,3.7 KILO-BQ

OF I-129 WITH CADMIUM FILTER AND WITHOUT IT

(ACTIV) FOIL ACTIVATION METHOD

(HPGE )

(18-AL-27(N,A)11-NA-24,,SIG)

(53-1-129,1.6E+07YR,DG,39.6)

CORRECTION FOR NEUTRON MULTIPLE SCATTERING AND
GAMMA-RAY ATTENUATION WERE MADE

(ERR-T) TOTAL ERROR CONSISTING OF QUADRATIC SUM OF
CONSTITUENTS

MEV B B
14.8 3.200E-02 3. E-03
MEV B B

14.6 0.013 0.002
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H52C

REKFHZARZ b A —%

1. 88AR7 batA—F 70 Y

HOIIILEVHETH-> T, TOPHRFRINFEENDNEOEFETETLBEREY
FR (A 1.O~2m) AN ZRPEFETEAL L, PRFTRIEAZEISHRAERN
HHI LR, BHBREAEZEIE LA SBEL T, Z0BE. HE M- HITHEX
NAEEN/NI D, ZHOMOREEFHEDET R T, HEMBEL velocity group 04
FA5MBERLAEN S, " AT LA BOBERM & EiTgrouplt Lt FOFEH
FIWVE—DTH T, 19504 H. Lazarev & Feinberg 2. 29 LA-BEBIZE A L.
INEFARTIPA-SELTHRBATERONEEZ 12/1/, Bergnans (3. 195508 1
EY2x—TRFAFNAHABERSECE T, D THEERRY boA—% (Fik
BIlI#ARI PoA—% £EHE)) OFRBEERERI>WTHBELTLWA/L/, #
hilg, HREETEODLOB|ARS bo A —FRFEINLN, SHEHREICH D L
D, KEDOL VA5 -ITRAFQRPIDORING/2/. O TOINLF %+ F 7WELL Y —O
AN oA —F/UREHEBEENEEDR S, :

RELREEFROFEFPRBIAILIKEEPRFFTEAENE L, BRIPHEFERIR
BEEINS O H. PHEFEEESEE (0.57 ¥eVRI L TR EFURELE VB DH)
TBRUVEBLBEL T, B2 aF—HoPEFREINLIEL XX —F %S oH.
I RINF—-D focus BMBHREI D, 50~100keV LI FTOPHF I B &, BESE IS
LTREAVAGHARECTZRANTF - FHEFODEIIICNSZ, TOEHIYFIRLF
HRESFEOERICREMATABHE L THEINS/LL 4/, B#EEPDvelocity grouptp
HFRFOIANF—SFE (FEE) 3. AR oA —FEEOEBTEHICLD
30~3REEMN>TWB/ 4/, COENFBARS b A -9 BRKOEHREEZ 2, LI
Uy AR pOXA—FORROFEIEE., PETFRI Y EIMI0cnDER TERNTZ 2
ZELH-T. MNP URFRIEBONEIETH B, fIlAE. BEORTHREIINER
KN, PRFRESHTELNS 1 HE (RTEN5mOBE) KbH3EEbh TS
/2/c CORIKHEBLUT. RPI TREIART boA—FF2HT, kel FARICHIF 2 U-23
8 ¢ sub-threshold BiA BB OBIE/Z/. 100 keVELI T TO MY T A, F 20 & AL
TAY Y2827 ARG IEARECHEEORE/S-83/BITbh T3, Thoo
KBICE TR, RISHEHED I -7(ub)dA —-FEhE ., ThRBEBRABOAF
BERABHTHEIN I3 EOEREAFEEFHTICS > THHENTEETH - 72, BlockZ%
BEBZARY oA — s A BOTEARGERARES 284, BIEREE L B RIBRE&HE

— 39—
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LTTl1legbl EEIEREFE-TWVE/2/, 1L, 1uglllozxBdrdbhidl bo
BAREAROMESTRETHY. 1 gl LoRBRSNIE 1 £ b O SFME TN
AREELE—-D2DEREFL TS, afifi. FHEEH O, EBR L0y 755 L Fm
BARBTI/FFA FHE, AHRE+TAAFTERCFPEBE. MEBO/ NI BB
OBT—FBE. WHOassay EOEMHEHEICHLTH, BARZ bt —Fid. 2
DRHEZEILUTHERHEINR T 5/2,5-10/,

£1 FHFBEELTOKULS. Linac. KUR® &

7 H KULS Linac KUR
e Linac® /<L 2 BIENELE 95U EES
D EE PHFREEER EBZEMNICEB L WXy 3
HhEFERE
hHEFRED Linac/S7 — % BEFOmMEREE w iR THEE
B HET S 2 4] £ RIS & % H1
i F I A AN SROA-Y A MNEL IR
AL D R ZE(ERA) #110cnx I0cm #160cmx 60cm
x [0cniR X 60cnig B
i FRED Linac/s 2o SN EHEMICRE
B [ 19 4 48 REICRL ERHEDEE EEPETFIR
P koL F— 0.1eV~100keV BREFIS BPHETHS
X7 M 318 47 35 MeVEEEL & T MeVEE IR S T
T R LinacZ & FH#~1012n/s ~10%4n/cn? /s
EEBBIZL B ~10'8n/n° b3
10 ~10%n/cm?/s
FIRTE 3 s T D fth Y
Vi€ ik BF.BF. v X E
¥R BF—4. TOFEE . & FHFESE
Hik. B BiZ r a4 F— 4. B, . BE—LsE
assay A, Bt B, HEE. RI
BEFHE. 13
RIS &

FRFELLUTEIHE. RTEBSFERICAVC S EROAYEIFERFOST
MEMEL (Linac: BEEF TR F—46MeV)/11,12/. BFFPH FEE LTO 5 HD
HBRFWRERBRFF (KURY/13/. Linacl B4 DU TRBI N R EHN 22y
PEX—% (KULSHM/KD2OTHEBEL. TN oD EMEE 1 IKE L7z, KUL S
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BT RUF—-FFRO S TLinacRITER SN RICHELII RTINS, EREQHE
FREFTEORINH S, LI, PRHEFROTEIHSEI) &, KURRBKUL S
EELD—BRERBLY., EETRHFETCHLAOBERNK LI RALF - It E N 318
BRESBRTHE, ChoOPRFHICR. 2 FIEENS-T. Chotdd Li-aE
MEWVHARID—BRELIAMEOXITHIARTE S,

2. AR bOXA—FDEHE

ik, HFESH 82, HEHN207. 26 AEWHETH B0, THIINEDFRIT
Lo THRIANF—ZTHRETH0ORE (1 HRELUADO LY U— DOTIgHME : £ =
0.0006) . ZHEOFHREZHEIETI LB (AAE. 1 HeVD B FA0. leVic L & %
T 1680M) o Fho. ROPRFHER LA ENEIFER (RERFITILID) TH
D, PRFERRFEEI/NEOIcn (BRAPHTFT 0.17Tb). KEHBERICSLIBOS
BAEFITERATNEE. DL THPRTRBAETRNINE = E54LC . ERM S
DENBIR LD, FPRFIGCEARECHT - T, 20T R FTEREBEBRBE 1 3
1 OHEHEKRERBEDNS, BRI AF—F THREIATIL,
BHEENCTSATNABTEFTETFORMMNARIBECE. KOLIHBERKERES
BRICI-TEZ 6N 5/4/:
dn(v, t) v dv’
__—dt =-vi.nv, t)+ P Zen(v,t) =
BEROHEBEOABTE, MBEREI L > CRELTH PR TFOFEExE v &4 5
ELFEREFORERME tIZ. KO LI ICEIN B /4/:
1 i AA A

t = 43 x ( - Y= = (2
' Vo v V2 s

(1

CSOT VeRHFHRFONMES | ASHIABEOERY. 2RI OFEHARARE. T,

HBENARTH S,
1 I A K
mv? = mo( ) =
2 t T t?
ER>T, FRFOFHIRAF~E(keV i3, HEBE ()0 B FITRILAT 3 = &b
A b, KIBEBEBRERTH S, EBEORZLH TR, RENBO CoBRBESt .
BALD. DARLBOT—BHCELIIRD-T t+ 1 MALLGHZ, TRAF—
SRERTUEFREEOLNY (H48) KI-TRE D,
st‘ <EZy - <E>? 8

)% = =
E <E2> 3A %

E:

(3)

(




JNC TJ9400 2001-021

TEZoNnB/4/ ¥EERERFEEAE/EDLBETHEIM S, AR b A -5 1T
ABBMAZHETTOIRIVF— S8 (BHEE) X27% &#iF 5,

3. FEAE BXRZ hoA—%
3.1 REXREHARNZ bot—%, KULS

RHMREETFFERMIIARINTOL ISR boA—Fid, 7. EEAFILELR
CRESh (B4E) . 20%. AAZEFNBAHEL Yy —cBE s [9mA
BRIy boA— & (LESP)J /15/% . 19914 (FHSE) KR - THHBASE BT FEH
FOFIKED R bO T, 46HeVETHBMER (Linac) & A EDELRBRED (K
H) RRZ PoA—% (KULS) ELTEBRKERINBI EEH-12/14/ (REE) ,

FBRRY oA iE. 10x10x20 cn’ DRSS EHOBMEROGI. 8%)T Dy 7 %
WIERS FR. 1IN 5ndh bR Y F U TREREIHNIOL L THE, B 1I0BR
R POA—SOWERAEFRT, BT 0y 7 4RAB LT AL S, EHOBRMLEDHS. K
AERETBRD. TV FR—APIA YT IV TIAFOTECHEL, 24 ) — AT
T REEBEEToT A,

FHARI oA —FKUSORBICY oy, o DT ERMPMA S /147,
OFAKEFFERFETHEMER(Linac)D s —F o NEIB R boA— 52 RE
(B2) 23L&, BEDOEDTEREROEXBUCTABZES. ¥—F v FrZOKE
ODHWATEETL. RERRGEELNEEO LB TBHTE5 X510 L,
@LESPICiE. FLEI BB, TOBRBELRICSERANS - 7chs. B3 IRzt &5
K. SEHBESIE8 »Pic AR (BE 10x10 cn®) EBA (BFX50cn~60cn) 25
#® L7,

OHBERAON., | » R TOELEEI10~15 cnO ¥ v R BCTES HiE & L,
i AODPHETFHEyRIEIE~THVEFS O OICE~N, FXTZ2DZHI13H 4 HeV &KL,
B ABRAEREOERTE. WO OB AP HTFHERICL 0. ERAMICHFRE
AB GEEAE) BRIAZEABIBLDIE SEBELTE 2v XERALER Y 7o,
QUULSOFEFRFIEEY I V5 —F v PEBOLT, SV ARBEEFUFARES ¥

S, Linac® FY 7 FF a2 —T7TR@ARZ o A—F AV OFETE L. Linacflo B %
N ERRIL-TEHZINBZBART LI RPUFERS v F L5 -5y b 25 LM
S MEETV B,

LinacOBEFHITL > T, =5 v MZITBAZTN BT —[Z500WETIZ S 7T B A8,
ERERERT/AFTRALEID S —F vy b r—AOREREE20CUT EL B LS Iy
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Measurement of Neutron Capture Cross Section of 2’Np by Linac Time-of-Flight
Method and with Linac-driven Lead Slowing-down Spectrometer

Katsuhei KOBAYASHI", Samyol LEE, Shuji YAMAMOTO, Hyun Je CHO' and Yoshiaki FUJITA
Research Reactor Institute, Kyoto University, Kumatori-cho, Sennan-gun, Osaka 590-0494
{Received September 13, 2001 and accepted in revised form December 12, 2001)

The neutron capture cross section of »'Np has been measured refative to the ®B(z, &) standard cross section by
the neutron time-of-flight (TOF) method in the energy range of 0.005eV to 10keV using a 46 MeV electron linear
accelerator (linac) at the Research Reactor Institute, Kyoto University (KURRI). In order to experimentally prove the
tesult obtained, the supplementary cross section measurement has been made from 0.15eV to | keV using the Kyoto
University Lead slowing-down Spectrometer (KULS) coupling to the linac. The relative measurement by the TOF
method has been normalized to the reference value (181 b} at 0.0253 eV and the KULS measurement to that by the TOF
method.

The existing experimental data and the evaluated capture cross sections in ENDF/B-VI and JENDL-3.2 have been
compared with the current measurements by the linac TOF and the KULS experiments. The energy dependency of the
KULS data is close to that of the TOF data which are energy-broadened by the resolutior: function of the KULS.

It has been found that the data measured by Weston and Todd and evaluated in ENDF/B-VI and JENDL-3.2 are in
general agreement with each current measurement, although those data are systematically lower by about 15% above

about 0.2¢V. However, the data by Hoffman et al, are low obviously in the relevant energy region.

KEYWORDS: neptunium 237, neutron capture cross section, measurement, 0.005 eV to 10keV energy range,
time-of-flight method, neutron reactions, "’B(n, «) cross section, lead slowing-down speciromeier, CoDyg liguid

scintillators, argon-gas counter

1. Introduction

The neptunium-237, which is abundantly produced in
spent-fuels of light water reactors (LWRs), is one of the minor
actinides with a long half-life." The nuclear data are of great
importance for investigating the production and the burn-up
characteristics of Z7Np in LWR cores. Neutron captire by
Z7Np produces an intense a-emitter of 23¥Py through the 8-
decay of ¥ Np. In order to decrease an undesirable inher-
itance or a risk of these high level radioactive materials, in
recent years, a great interest has been taken in the nuclear
transmutation using conventional or advanced reactors and
accelerator-driven subcritical reactors.® The fissicn and the
capture cross sections for 227Np are indispensable to research
and development of the nuclear transmutation technology.

The fission cross section of **’Np shows a few barns in the
MeV region and is about 10mb below about 200keV.? To
the contrary, the capture cross section is higher, and the ther-
mal neutron cross section is 181 b at 0.0253 eV and the res-
onance integral is 655 b, according to the ENDF/B-VI file.}?)
Most of the cross sections for the 27Np(n, y)**Np reaction
have been measured in the higher energy region above about
100keV,*V although some of the cross sections have been
obtained at 0.0253 eV before.'? A few experimental groups
have measured the capture cross sections in the €V or reso-
nance energy region. Hoffman ef al. measured the capture
cross section from 20V to 0.255MeV by an underground
nuclear explosion using & Moxon-Rae detector.’® Weston

*Corresponding auther, Tel. 4-81-724-51-2346, Fax. +81-724-51-
2602, E-mail: koba@ri.kyoto-u.ac.jp

YPresent address: Korea Atomic Energy Research Institute, PO.
Box 105, Taefeon 305-600, Korea

and Todd measured the cross section between 0.01eV and
210keV by the neutron time-of-flight (TOF) method using an
Oak Ridge electron linear accelerator (linac) and NE-226 lig-
uid scintillation detectors.'” Very recently, the experimental
group of Igashira et al.'> measured the capture cross sections
at energies of 22 to 60keV making use of a 3 MV Pelietron
accelerator and a large anti-Compton Nal(T1) y -ray spectrom-
cter at the Tokyo Institute of Technology (TIT) in Japan.

The evaluated capture cross sections of **"Np are compiled
in ENDF/B-VI'® and JENDL-3.2.'9 Both of the cvalvated
data are close to each other and are in general agreement with
the data by Weston and Todd'? and the TIT group.!s! The
data by Hoffman et al.'® are obviously lower in general than
the experimental and the evaluated data.

Since a lead slowing-down spectrometer can give us an
intense neutron flux/spectrum in the eV or resonance en-
ergy region, a good signal-to-noise ratio can be achieved
in the cross section measurement using even radioactive
materials.”® However, the energy resolution of the spec-
trometer is poor and about 30 to 35% at full width at half
maximum (FWHM).'8-1%) Recently, lead slowing-down spec-
trometers have been successfully applied to the cross section
measurements for ¥ Tc, ! Am and 23 A, 17.20.21)

In the current study, we measure first the neutron capture
cross section of Z’Np from 0.005eV to 10keV by the neu-
tron TOF method using a 46 MeV linac at the Research Re-
actor Institute, Kyoto University (KURRI). A pair of CgDg
liquid scintillators is used for the capture y-ray measure-
ment, and a natural-boron (B) plug is utilized for the neu-
tron flux/spectrum determination using the °B(n, o) stan-
dard cross section. For the experimental investigation of the
result obtained, the cross section measurement is also per-
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formed from 0.15 eV to 1 keV with the Kyoto University Lead
slowing-down Spectrometer (KULS)'® coupling to the linac.
In this experiment, an argon (Ar)-gas proportional counter is
applied to the capture y-ray measurement from the sample,
and a BF; proportional counter to the neutron flux/spectrum
measurement. The relative measurement with the CgDg de-
tectors is normalized to a reference value of the thermal neu-
tron cross section at 0.0253 ¢V, and the result measured with
the KULS is normalized to the energy-broadened TOF mea-
surement in the relevant energy region. Both of the current
measurements are compared with each other and with the ear-
lier experimental data and the evaluated ones in ENDF/B-VI
and JENDL-3.2.

II. Experiment by Linac Time-of-Flight Method

1. Experimental Arrangement

The neutron capture cross section measurement for 2'Np
has been carried out by the TOF method using the linac at
KURRL The experimental arrangement is shown in Fig. 1.
The flight path used in the experiment is in the direction of
135° to the Jinac electron beam, Bussts of fast neutrons were
produced from a water-cooled photoneutron target,?2 which
was set at the center of a water tank, 30¢m in diameter and
'35 cm high, as a neutron moderator. A lead block, 5cmx5cm
and 10cm long, was placed in front of the Ta target to re-
duce the y-fiash generated by the electron burst from the tar-
get. The neutron collimation system was mainly composed of
B,C, LizCO; and Pb materials, and tapered from about 12 cm
in diameter at the entrance of the flight tube to about 2cm in
diameter at the capture sample, which was placed at a distance
of 12.04:0.02 m from the Ta target. ‘

2. Samples and Detectors

Nepmnium oxide (NpO3) powder of 1.13 g, whose sample
was packed in an aluminum disk container of 30mm in di-
ameler and 1.4 mm in thickness, was purchased from Amer-
sham. The purity of the sample is 99.6% by weight and the
major impuritics are Ga, K, P, Rb and S of about 4 mg in total
weight. The y-rays of 86.5 keV from Z7Np and 300, 312 and

KURRI LINAC
(Pulsed electron beam)

K. KOBAYASHI et al,

- 341 keV from 2*Pa, which was produced through the ar-decay
of Z7Np, were measured with a high-parity germanium de-
tector (HPGe). No peak from the impurities was found in the
pulse height distribution data.

A pair of CsDy liquid scintillators, each 11 cm in diame-
ter and 5 cm thick, was used for the measurement of capture
y-rays from the sample, which was put in the neutron beam
between the scintillators, as seen in Fig. 1. The detectors are
adequate to the present capture y-rays measurement because
of less sensitivity to scattered neutrons. Moreover, the dis-
crimination level was set at about 400keV not to detect the
y-rays from the 2*Pa isotope in the ?’Np sample, although
the 478keV y-ray from the ®B(n, @) reaction can be mea-
sured with the detection system.

For the measurement of the incident neatron flux/spectrum
on the capture sample, a B plug of 1.8cmx1.8cm, 0.5cm
(1.102 g/cm®) in thickness, which was made of natural boron
powder and encapsulated in a thin aluminum case, was in-
serted into the neutron beam instead of the Z*Np sample,

3. Electronics and Data Taking

In the case of the capture y-ray measurement with the
BTNp sample, we have employed a coincidence method be-
tween the C¢Dy detectors to reduce the background counts, al-
though the counts from the B plug have been measured with
an anti-coincidence method. Signals from the CgDy detec-
tors were fed into the time digitizer, which was initiated by
the linac electron burst, through the amplifiers and the dis-
criminators. The data acquisition system stored two sets of
4096-channel TOF data: one was for the measurement with
the Z¥"Np sample or the B plug and the other was for the neu-
tron intensity monitor with a BF; counter during the TOF ex-
periment.

The linac was operated in two different modes: one was
for the measurement below about 10 eV with a repetition rate
of 30 Hz, a pulse width of 3 us, a peak cumrent of 0.4 A and
an electron energy of 30MeV using a channel width of 4 us
in each set of the 4096-channel measurement, and the other
is for the measurement above about 0.2 &V with a repetition
rate of 100 Hz, a pulse width of 33 ns, a peak current of 3 A

CDe
Liquid
scintillatiop

L
;

120m

Fig. 1 Experimental arrangement for the time-of-flight method with the KURR] linac
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and an electron energy of 30 MeV using a channel width of
0.5 its in each 4096-channel measurement. The total amount
of measuring time was about 26 h for the low energy runs and
about 24 h for the high energy runs, respectively.

4. Cross Section Measurement and Corrections

The relative capture yield for the Z'Np(n, ¥) reaction to
that for the *®B(n, ) reaction is obtained by the following
relations: 202

Cup(E
Yup(B) = C":’é))rs(m. W
= (1 — expl—Nia! (B} } — 0L EY
FE) = (1~ exp(-Neof (B}

(@i=Np.B), (2

where the subscript “i” means neptunium (Np) or boron (B)
data. Cnp(E) and Cp(E) are the counting rates at energy £
for the **'Np and the B plug samples, respectively, Y (E) is
the energy dependent capture yield for the '°B(n, ) standard
cross section, N; is the atomic density of the sample, o/ (E)
is the neutron total cross section, Y is the sample thickness,
of (E) is the neutron capture cross section, and Fc;(E) is the
correction function for neutron scattering and self-shielding
in the sample.?” When #; is thin enough, Eq. (2} can be as-
sumed as Y;(E)=N;of (E); and Fc¢;{E)=1.0. The reference
cross section values of o/ (E) and of(E) for the correction
calculation were taken from ENDF/B-VL.!?

In a neutron capture cross section measurement, the effect
of single and/or multiple neutron scattering in the sample is
quite important for determination of the capture cross sec-
tion. 2% Instead of the calculation with Eq. (2), we have em-
ployed the Monte Carlo code MCNP? to perform the de-
tailed calculations considering the neutron transport in the
sample. Then we rewrite Eq. (2} as follows for the deriva-
tion of the Z"Np capture cross section:

c - ¥ Np(E)

o lE) = - Fory(E). 3)
where Feyy(E) is obtained by the Monte Carlo calculation.
"In the calculation, we have assumed that the capture sample
1§ irradiated by the collimated neutron beam. The correction
function cbtained is shown in Fig. 2. The random history
number of the Monte Carlo calculation was 3,000,000, 1t is
found that the correction is larger at the resonance peaks and
is smatler before and behind the resonance. The comection
function for the B sample was calculated by using Eq. (2).2

The background measurement has been made with an
empty capsule/plug of aluminum for each of the Z*Np and
B samples. The background level has been confirmed by
using the notch-filters of Ag, Co and Mn and by the block-
off method with a thick '°B plug (4.54 g/em?) in the neutron
beam. In addition, since graphite has a very small capture
cross section and its scattering cross section takes major part
of the total, the background level due to nevtrons scattered
by the sample has been experimentally investigated with the
graphite sample and has been corrected using the scattering
cross section equivalent to that of the 22"Np sample.
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Fig. 2 Correction functions for the neutron muitiple scattering
and/or self-shielding in the Z7Np sample
: Correction function for the TOF experiment
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(energy-broadened by the resolution function)

IIL. Experiment with Lead Slowing-down Spectrom-
eter

1. Lead Slowing-down Spectrometer

Lead (Pb) is one of the heavy mass elements and most of
its neutron total cross section is the elastic scattering cross
section below a few MeV. When pulsed fast neatrons are
put into the central region of a large Pb assembly, the nen-
trons exhibit convergence behavior and keep an asymptotic
form at each energy corresponding to the slowing-down time.
There exists a relation E==K/t? between the mean neutron
energy E in keV and the slowing-down time ¢ in ps,2-26)
where K is the slowing-down constant. The energy resolu-
tion of the slowing-down spectrometer is theoretically given
as the FWHM by!%-25.28) :

(AE[E)rwing = 2.35(A0/0 ) gaussizn = 2.35(8/(3 A0}
= 26.7%, 4)

where (Ag /0 }Gayssian 15 the standard deviation in a Gaussian
function and A is the atomic mass (207.2) of Pb.

The KULS was installed in coupling to the 46 MeV linac
at KURRI, and Pb blocks were piled up to make a cube of
1.5x1.5x1.5m’ (about 40t in weight) without any structural
materials,'® as shown in Fig. 3. At the center of the KULS, an
air-cooled photoneutron target of tantalum (Ta) is set to gen-
erate pulsed fast nentrons. One of the experimental holes in
the KULS is covered by bismuth (Bi) layers of 10 to 15cm in
thickness to shield a detector from high energy capture y-rays
(6 to 7 MeV) produced by the Pb(n, y) reaction in the spec-
trometer. '®

Characteristics of behavior of neutrons in the KULS have
been studied by the Monte Carlo calculations and the experi-
mental method using resonance filters.'® Figure 4 shows the
calculated time-dependent nevtron spectra in the Bi hole after
the pulsed neutrons were driven into the neutron production
target.'® The slowing-down time constant X was determined




JNC TJ9400 2001-021

BFs monitor
180 /

Cable =g

i

5
T

/ Cadmium plate

| Tantalum target -...@__

K. KOBAYASHI et al.

1501 N
A A
[ Lead

x

Li - A
nac e _&___}

Bismuth

Y

o =
o
Linac e~ _&..«/ .................. =4 N
\\NS\ "/ Experimental 2 ?3
IR 2 hole  —————
\ q \":__"' ’/ g \
\\ Ne
\Q\\“ \ N
% %k R T~ ! N v
Cable vl i e i 1 A {Ar}-gas proporlional A
[777TT7iLL A counter o
2]
>l ©) © ©
10 Platform
Unit : cm
(a) Top view (b) Side view
Fig. 3 Cross sectional view of the KULS
we T T T 7 T
2y 7.7p9 44us 27ps :.5“5
107 | 5 us £1ps f:"s &~ _-“; .:.I* ~.o""'" ]
b 13055 AV e et d e A
23:""5 :'i' c"‘ * '. * .Q ¢ .. :. ’f: :" 'a’ % .”
L S £ U B A '.' e f. KT A A -
T OOF v h oty LS TR L ‘{ t
B by b g gl *
2w ! ot oo -
RIS Pkl )
T .
ot |- l : \ . ﬂ . . i
-12 2 { s ] . I L 1 . 1 a
00 107 w* 107 0* 10" 10°

Energy [MeV]

Fig. 4 Calculated time-dependent neutron spectra in the Bi hole of the KULS after the pulsed neutrons were produced

to be 1902 (keV-us?) in the relation of E=K /12, The en-
ergy resolution for the experimental hole was also deduced to
be about 40% from the measured and the calculated data. The
details are described in the literature, '8

2. Samples and Detectors

We have used the same Z7Np sample as used in the linac
TOF experiment, and an Ar-gas proportional counter has been
employed for the measurement of capture y-rays from the
sample in the Bi hole. The counter, which was filled with
a mixed gas of 97% Ar and 3% CO, at a pressore of 0.1 MPa,
was of a cylindrical type, 12.7 mm in diameter and 6.3 cm in
effective length. The Z'Np sample was put together by side
of the counter at the distance of about 45cm from the neu-

tron target. A BF; proportional counter, 12.7 mm in diameter
and 5.8 cm in effective length was also used to measure the
neutron flux/spectrum in the Bi hole. In order to monitor the
neutron intensity during the experimental rua, another BF;
counter was placed in an experimental hole of the KULS.

3. Electronics and Data Taking

The signals from the Ar-gas counter were fed into the time
digitizer through the amplifiers and the discriminators as done
in the linac TOF measurement. For the relative measurement
to the "B(#, o) standard cross section, a BF; counter was
employed for the neutron flux/spectrum monitor instead of
the Ar-gas counter, and the data obtained were stored in al-
most the same way as for the measuremnent with the CgDyg
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detectors. Two sets of 4096 channels with a channel width
of 0.5 us were allotted to the measurements for the Ar-gas
counter or the BF; counter and another BF; counter for the
neutron intensity monitor during the experiment.

The linac 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 30MeV. A background run was carried ont
by using an empty aluminum disk container without the NpO;
powder. We have assumed that we may neglect the back-
ground due to nentrons scattered by the sample, because the
Ar-gas counter is practically insensitive to neutrons. The total
amount of the linac operating time was about 54 h.

4. Cross Section Measurement and Corrections

The relative measurement of the capture cross section was
made with the relations of Egs. (1) to (3). The counting rate
Cup(E) was obtained from the Z"Np sample measurement
with the Ar-gas counter and Cg(E) from the BF; counter for
the neutron flux/spectrum measurement. The correction func-
tion for nentron scattering and self-shielding has been also ob-
tained by the Monte Carlo calculation. The calculation proce-
dure is the same as that for the measurement by the linac TOF
method except that the capture sample is isotropically irradi-
ated in the Bi hole of the KULS. The correction function,
which is already energy-broadened by the resolution function
of the KULS, is also shown in Fig. 2. It is scen that the cor-
rection is larger in the resonance region.

IV. Results

Making vse of the linac TOF method and a pair of CsDg
liquid scintillators, the nentron capture cross section of 27 Np
has been measured relative to the '“B(n, ) standard cross
section at energies from 0.005eV to 10keV. The measure-

ment from the high energy run has been normalized to that
between 0.3 eV and 3 €V in the low energy run, whose result
obtained was normalized to the reference value of 181b at
0.0253eV in the ENDF/B-VI file. The current measurement
is shown in Fig. 5. The experimental vncertainties are in the
range of 4.2 to 75% and summarized in Table 1. We had
poor counting statistics, especially in the resonance region
where the cross section curves showed up and down sharp
resonance/non-resonance structures. The major uncertainties
are due to the statistical errors of about 0.8 to 75% and the un-
certainties of about 2% (deviation from the 1 /v form) for the
reference cross section, about 1% caused by the background
subtraction and 1.7 to 1.9% in the corrections for the neutron
self-shielding and/or the neutron scattering effects in the sam-
ple. We have assumed that the uncertainty for the data nor-
malization is 3%, because the standard deviation among the
reported thermal neutron cross section values is about 3%.12

The existing experimental data for the 2"Np(n, y)***Np
reaction are compared with the current measurement in Fig. 5.
We have divided the relevant energy region into four energy
sections and have calculated the average values of the mea-
sured and the evalvated cross sections to compare them with
the current measurement in each energy section. Table 2
shows the ratios of the average values from the data measured
by Weston and Todd!® and/or Hoffman et al.'* to the aver-
age value from the current measurement. As seen in Fig. 5
and Table 2, general agreement can be seen between the cur-
rent measurement and the data by Weston and Todd, although
the values by them seem to be lower at energies more than
0.2 eV. The values measured by Hoffman et al. are obviously
low comparing to the current measurement. The data obtained
by the Igashira group!” may be close to the extrapolated val-
ues of the current data in the higher energy region. Figure 6
shows the current measurement and the evaluated cross sec-
tions in ENDF/B-VI and JENDL-3.2. The ratios of the av-
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Fig. 5 Comparison of the experimental capture ¢ross sections of Z’Np with the current measurement obtained by the
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Table 1 Experimental uncertainties for the comrent measurements

Experimental error (%)
Uncertainties due to
TOF KULS
Statistical etror E, (min) Error (%) E,(min) Error (%)
0.04ev 0.8-3.4 0.1eV 8.1-49
0.2eV 3.3-38 0.3eV 1.9-7.2
23eV 3.9-75 2.3eV 0.7-6.3
100eV 8.4-17 35eV 0.6-1.5
10keV — 1keV —
Normalization to the reference value 3 3
Deviation from the 1 /v form in ~2 ~2
the "*B(n, ) cross section
Background subtraction ~1 ~1
Correction for the neutron self-shielding 1.7-19 4.4-5.6
and/or neutron scattering effects
Total uncertainty 4.2-75% 5.849%

Table 2 Comparison of the ratios of the average values with the
data by Weston and Todd'# and Hoffman et al.™ to that with the
curent measurement in each energy section

Table 3 Comparison of the ratios of the average values with the
evaluated data of ENDF/B-VI'® and JENDL-3.2'9 to that with
the current measurement in each energy section

Ratio of the integrated data Ratio of the integrated data
Energy range (£V) ‘Weston and Todd Hoffman et al. Energy range (V) ENDEF/B-V] JENDL-3.2
Current (TOF} Current (TOF) Current (TOF) Current (TOF)
0.01-0.2 1.02 — 0.01-0.2 131 1.16
02-3 0.383 —_ 0.2-3 0.868 0.873
37300 0.876 0.430 3-150 0.896 0.892
300-10,000 0.840 0.387 150-10,000 0.752 0.825

% 206V in case of Hoffman er al.'®

erage value of the evaluations to that of the measurement are
shown in Table 3. The evaluations are in general agreement

" with the measurement, although both of the evaluated files
show lower values in the higher energy region. This tendency
is same as the relation between the current measurement and
the data by Weston and Todd.

In order to experimentally prove the measurement obtained
above, the supplementary capture cross section measurement
of Z"Np has been also made relative to the °B(n, «) cross
section with the linac-driven lead slowing-down spectrom-
eter, KULS, making use of quite a different experimentai
method. An Ar-gas counter was used for the measurement of
prompt capture y-rays from the sample. Figore 7 shows the
measured result from 0.15eV to 1 keV. In case of the KULS
experiment, we could not get enough counts with the counter
below 0.1eV and above 1keV because of its low detection
efficiency and less neutron fluxes in the lower and higher en-
ergy regions.'® The experimental uncertainties are summa-
rized in Table 1 and the total uncertainties are in the range of
5.8 to 49%. We have considered the uncertainties due to the
statistical error, the normalization value, the reference cross
section, background subtraction and the data corrections, as
we took them into account in the TOF experiment. The data
obtained by the linac TOF method are energy-broadened by
the resolution function of the KULS and are also shown in the
figure. The KULS data have been normalized to the energy-

broadened TOF data by integrating the data from 0.15eV to
1keV. The energy-broadened data obtained by Weston and
Todd and by the TOF method are in general agreement with
each other except for the higher energy region. The data by
Hoffman et al. are clearly lower than the others in the relevant
energy region. Both of the current results by the KULS and
the TOF method are practically close to each other, although
slight discrepancies are found between them in the resonance
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Fig. 6 Comparison of the evaluated capture cross sections of 27Np
in ENDF/B-V] and JENDL-3.2 with the current measurement ob-
tained by the linac TOF methed
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The data in ENDF/B-V1 and JENDI.-3.2 and the linac TOF data
are energy-broadened by the resolution function of the KULS.

structure region. In Fig. 8, the energy-broadened evaluation
data of ENDF/B-VI and JENDL-3.2 are illustrated and com-
pared with the KULS and the energy-broadened TOF data.
Both of the evaluated data are in good agreement with each
other and are close to the KULS and the TOF measurements
in general, although the evaluations seem to be a little lower
than the measurements above 35 eV. The discrepancies in the
Iresonance siructure region are in the same tendency as the re-
lation between the TOF data and the KULS data, as seen in
Fig. 7.

V. Discussion

It is said that the efficiency of a small scintillation detector
may be sensitive to the fluctuation in the spectrum and mul-
tiplicity of the prompt capture y-ray cascades.”™ Since we
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have applied the C¢D; liquid sciatillators (11cm in diame-
ter and 5 cm in thickness) to the relative measurement of the
BTNp(n, ) cross section using the linac TOF method, we
have tried to measurc and check the pulse height spectrum
from the *"Np sample using the following neutrons: (1) neu-
trons from 0.01 to 0.2 eV, (2) nentrons from 0.2 to 1 eV in the
first resonance region of 2"Np, (3) nevirons from 1 to 3 eV
in the second resonance region and (4) neutrons from 0.01
1o 1,000eV in the relevant energy region. These measure-
ments were performed by setting the time-gate comesponding
to each energy region. The pulse height distributions obtained
are shown in Fig. 9. As seen in the figure, the respective
spectrum shapes are in good agreement with each other, al-
though the counting rates are different and a little distortion is
observed in the pulse height spectrum above about 4.5MeV.
Making use of the weighting function of the CgDg detectors?®
and the pulse height weighting technique,?”) we have esti-
mated the effect of the pulse height spectrum problem. As
a result, it can be said that the effect of the puise height dis-
tortion may be less than about 5%, which is within the range
of the statistical error. In addition, the capture cross section
obtained with the CsDg detectors, as seen in Fig. 7 or 8, is
close to that measured by the Ar-gas counter, which is said
to have sensitivity proportional to the incident capture p-ray
energy.>®

Neptunium-237 is 2 radioactive isotope emitting 86.5 keV
y-ray, and 2°Pa, which is produced through the a-decay of
“"Np, radiates intense y-rays. Most of the y-ray energies

- from **Pa are in the range of 300 to 341 keV. To reduce the

y-1ays’ background, we have set the discrimination level at
about 400keV for the current measurements with the CzDg
detectors and the Ar-gas counter. In case of the TOF exper-
iment, good signal-to-background data could be obtained by
the intense linac bursts and the signal coincidence method be-
tween the scintillators, although the counting rate was low.
The KULS was also applicable to the current measurement
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Fig. 9 Pulse height spectra from the ®"Np sample measured with
the CsD; liquid scintitlators using the following neutrons;
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since intense neutron fluxes could be available!® because of a
short distance (about 40 to 50 cm) between the neutron source
and the counter/sample. Then we could perform the cross sec-
tion measurements by the TOF method and with the KULS.

In the data processing of the current measurement, it may
be important to correct the effects cansed by the neutron self-
shielding or the neutron scattering in the capture sample. The
comection calculations have been performed with the Monte
Carlo code, MCNP.?? The uncertainty for the correction has
been also obtained from the MCNP calculations. In the case
of the backgrourd due to the fission y-rays from Z'Np, it
could be neglected because the subthreshold fission cross sec-
tion is much lower comparing to the capture cross section in
the relevant energy region. With the KULS experiment, more-
over, the ®"Np sample was inserted into the Bi hole to reduce
the background due to the photo-fission events.'®

We have compared the KULS data with those obtained
by energy-broadening the TOF and the evaluated data us-
ing the resolution function of the KULS. We have employed
a Gaussian function for the energy-broadening procedure.'®
Though it may be difficult to discuss the adequacy of the func-
tion, general agreement can be seen between the XULS data
and the energy-broadened TOF data, as shown in Fig. 7 or
8. However, agreement between the KULS and the energy-
broadened TOF or evaluated data is not always satisfied in the
neuiron energy regions of the cross section minimum and the
tesonance peak. The discrepancy would be due to the fact that
the resolution function may not be appropriate to reproduce
the KULS measurement.?® Although the energy-broadening
problem remains in the comparison of the energy-broadened
data with the KULS data, the energy-broadened TOF or eval-
uated data and the KULS data are in practical agreement with
each other within the experimental error. Then it could be
said that a significant systematic error may not exist in both
of the current results.

Kobayashi et al. have measured the thermal neutron cross
section and the resonance integral for the ®"Np(n, y)2®*Np
reaction by the activation methed.'? They pointed out that
the thermral nevtzon cross section of 181 bin ENDE/B-VI was
larger by about 15% than their measurernent, although the res-
onance integral in ENDF/B-V] was in good agreement with
theirs. Instead of the ENDF/B-VI value of 181D, if we take
the normalization value of 158+3b at 0.0253 eV obtained by
Kobayashi et al.,'? the current measurement becomes sys-
tematically Jower by about 15% and is close to the data by
Weston and Todd and in ENDF/B-VI and JENDL-3.2 above
about 0.2 eV. Then the ratio values in Tables 2 and 3 will be
improved to be larger by about 15% and be closer to unity
except for the energy region below 0.2eV. That means that
there are something wrong with the values of the energy de-
pendent capture cross sections by Weston and Todd and both
of the evaluated data below about 0.2¢V and they are larger
by about 15% than the currently measured data which are nor-
malized to 158 b at 0.0253eV. If we try to normalize the in-
tegral value of the linac TOF measurement from 0.2¢eV to
10keV to that of the ENDF/B-V] values, the current value at
0.0253 ¢V becomes 160b.

K. KOBAYASHI et al.

V1. Cenclusion ‘

The neutron capture cross section of *"Np has been mea-
sured relative to the '°B(n, o) standard cross section from
0.005eV to 10keV by the linac TOF method using a pair
of CgDg detectors. The relative measurement has been nor-
malized to the reference value of 181b at 0.0253eV in
ENDF/B-VI. The experimental data obtained by Weston and
Todd and the evaluated data in ENDF/B-VI and JENDL-3.2
seem to be lower by about 15% in the energy region above
about 0.2 eV, although good agreement is seen below 0.2 eV,
The data by Hoffman er al. are lower by about 60% in the
relevant energy region.

If we normalize the TOF data to the recent value of 158b
at 0.0253 eV, the data by Weston and Todd and the evalvated
data mentioned above are in better agreement with the cur-
rent measurement, except for the energy region below 0.2eV.
In other words, it may be said that the values of the capture
cross sections by Weston and Todd and the evaluated data
have something wrong below about 0.2 eV and are higher in
general by about 15% in the relevant energy region.

The supplementary cross section measurement has been
also made from 0.15eV to 1keV with the lead slowing-
down spectrometer, KULS, whose energy resolution is 35 to
40% at FWHM, and the result has been normalized to the
TOF data. The KULS data are close to both of the energy-
broadened TOF data and the energy-broadened evaluation
data in ENDF/B-VI and JENDL-3.2. The tendency between
the KULS data and the previons experimental and evaluated
data is almost same as that for the TOF measurement. It has
been found that the energy dependency of the KULS data is in
agreement with that of the energy-broadened TOF data within
the experimental error. Therefore, there may not be a system-
atic problem between the current results.
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The nuclear cross section data of long-lived fission products (LLFPs) are of great importance for the
assessment of reactor safety and the investigation of fuel-burn-up characteristics. In recent years, a great
interest has been taken in the capture cross sections of LLFPs from the points of research and development
of the nuclear transmutation technology.”

Althoungh the cross section of the 99Tc(n,'\f) reaction has been measured by a few experimental groupsz'5>
no data has been reported below 3 eV, except for the data at the thermal neutron energy."™ Chou and
Werle have measured the data from 3 eV to 50 keV by using a lead slowing-down spectrometer.?
Resonance peaks of the cross section are energy-broadened due 1o the poor enmergy resolution of the
spectrometer. In the keV energy region, Little and Block™ and Macklin® measured the cross section by the
neutron time-of-flight (TOF) method using an electron linear accelerator (linac). Au experimental group of
Igashira has also obtained the data with a Pelletron accelerator.” Very recenﬂy, the capture cross section has
been measured from 3 to 400 €V at the Institute for Reference Materials and Measurements (IRMM) using
the Geel linac GELINA and the resonance parameters obtained have been analized.*'® The evaluated cross
section of the *Te(n,y) reaction has been compiled in ENDE/B-VI™Y, JENDL-3.2'? and JEF-2.2"%.

1. Experimental

The capture cross section measurement has been carried out by the neutron TOF method using a 46 MeV
linac at the Research Reactor Institute, Kyoto University (KURRI). The experimental arrangement is
shown in Fig. 1. The neutron collimation system was mainly composed of B4C, Li,CO5 and Pb materials
and tapered from 12 cm in diameter at the entrance of the flight tube to about 2 cm in diameter at the
capture sample. The experimental arrangement is similar to the previous one.*

Technetium sample was made of oxide powder (TcOj, chemical purity of Te: 95%) of 72.8 mg, which

was packed in an aluminum disk-container of 30 mm in diameter and 1.9 mm in thickness. No other -1y
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peak has been observed from the sample with a high purity Ge detector. A boron (B) plugof 1.8 x 1.8 em’,
0.5 cm in thickness (1.102 g/cm?) was used for the neutron flux/spectrum measurement.

A pair of the C¢Dj liquid scintillators (11 ¢m in diameter and 5 cm in thickness), which was placed at a
distance of 12.0 * 0.02 m from the pulsed neutron source of Ta, was employed for the capture cross section
measurement of **Tc, and the sample was put in the neutron beam between the scintillators. The scintillators
are less sensitive to nevtrons inscattered from the sample/surroundings. The background measurement has
been made with an empty disk-container for the sample. The background level has been also confirmed by
the block-off method with a thick °B plug (4.54 g/em®) putting into the neutron beam.

‘We have employed a coincidence method between the CsDg detectars to reduce the background counts,
although an anti-coincidence method has been applied to the B measurement. Through the amplifiers and
the discriminators, signals from the detectors were fed into a time digitizer, which was started by the Jinac
electron burst. The discrimination level was set at about 200 keV to detect the 7 -rays from the *Tc and
the B samples. Two sets of 4096 channels witha 0.5 /s channel-width were allotted to the CsDg¢ detectors
and a BF; proportional counter as a neuiron intensity monitor during the experiment. These signals were
stored in a data-acquisition system for each measurement.

The lipac was operated in two different modes: one was for the measurement below about 20 eV with a
repetition rate of 50 Hz, a pulse width of 3 it s, 2 peak current of 0.4 A and an electron energy of 30 MeV,
and the other is for the measurement above about 2 eV with a repetition rate of 200 Hz, a pulse width of 100
1S, a peak current of 6 A and an electron energy of 30 MeV.

The relative capture yield for the **Te(n,y) reaction to that for the ®B(n, @) reaction is obtained by the

following relations: '

Y, (E)=%%-YB &) - )

where the subscripts X and B are for the *Tc and the B samples, respectively. Cy{E) and Cg(E) are the
counting rates ai energy E for each sample. Y3(E) is the energy dependent caphure yield for the mB(n,cx)
standard cross section. There is a following relation between the capture cross section & F) and the yield
Y(E):MD

o (E)

_oe®) | @
o1 (E)-Fe(E)

Y(E) ={ 1—exp(-N o (E)-¢ )}

where @ o(E) and & {E} are the neutron capture and the total cross sections, N and ¢ are the atomic density
and the thickness of the sample, and Fc(E) is a correction function for the neutron scattering and/or
self-shielding in the sample. In the current data analysis, we have employed the Monte Carlo code MCNP*®

to derive the correction function Fc(E).
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Using a lead slowing-down spectrometer, the capture cross section can be also obtained in principle with
the above Eqgs.(1) and (2), although the energy resolution is broadened to be about 35 %.' We have made a
supplementary measurement of the 99Tc(n, 7) cross section by the Kyoto University Lead slowing-down

Spectrometer (KULS)™ using an Ar-gas proportional counter for the capture 7 -ray measurement, as we
have measured before.'

2. Results and Discussion

Making use of the CsDs detectors and the 46 MeV electron linac at KURRI, the capture cross section of
*Tc has been measured relative to that of the 10B(n,cr.) reaction from 0.007 eV to 47 keV and the result has
been normalized to the reference cross section value of 19.57 b at 0.0253 eV in ENDE/B-VL The
measurement of the high energy run has been normalized to that between 3 eV and 10 ¢V in the low energy
run. The major uncertainties are due to the statistical error, which is especially larger in the resonance region
and the worst case is more than 100 %, deviation from the 1/v form in the 10B(n,on) standard cross section,
the data normalization with the reference value and the error related to the corrections by the neutron
self-shielding and/or inscattered neutrons, as shown in Table 1. The correction for the neutron self-shielding
and/or the neutron scattering in the capture sample was made by using the Monte Caro code MCNP, as we
did before."” In the off-resonance energy region, we have summed up some of the channel-data to give
better statistics. However, we have not added the measured data in the resonance peak region to keep the
energy resolution better. As we have done before.”, we have investigated the detection efficiency of the
CeDs detection system, by measuring the pulse height spectra with neutrons (1) from 0.007 to 2 eV, (2) from
21015 eV in the first resonance and (3) from 15 1o 150 eV. The results processed by the weighting function
method showed that the effect on the relative efficiency might be 3 % to 10 % at most in the resonance cross
section region and that the factor was within the experimental uncertainty.

The capture cross section obtained by the linac TOF method is presented in Fig. 2. Since the data
measuared by Chou and Werle? are energy-broadened by a lead slowing-down spectrometer, we canmot
directly compare the data with the TOF measurement. However, their data are discrepant from the
energy-broadened evaluation values and the current data at the resonance energy region. Above 200 eV, the
cross sections measured by Chou and Werle?, Little and Block®, Macklin® and the Igashira’s group” are
close 1o the current measurement in general, although it seems that the data by Little and Block are a little
higher at energies of 4 to 30 ke'V and that the data by Chou and Werle are 2 little Jower above 10 keV. The
evaluation data in ENDF/B-VI™, JENDL-3.2"? and JEF-2.2" are almost similar to each other. They are in
general agreement with the current measurement in the relevant energy range. In the cross section minimum
regioﬁ from 10 eV up to 200 eV, the measured values are close to the evaluations, aithough the statistical
errors are pretty larger. The uncertainties may be caused by poor signal-to-background ratio due to the
limited amount of *Tc sample.

The supplementary capture cross section of the 99Tc(n.,~() reaction has been also measured relative to the
1013(11.,, @) cross section, using the KULS™. Figure 3 shows the measured result from 0.3 eV to 1 keV, The
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experimental uncertainties, which are mainly due to the statistical ones, are from 0.3 to 23 %. The KULS
data have been normalized to the energy-broadened TOF data by integrating them in the relevant energy
region. The data by the KULS are practically close to the energy-broadened TOF data, although slight
discrepancies are found between the data in the resonance structure region. As we bave discussed before™?,
the discrepancies would be due to the fact that there may exist some problems in the resolution function to
reproduce the KULS measurement. In the cross section minimum region, the data by Chou and Werle seem
to be higher compared to the KULS data and the energy-broadened TOF data, which are closer to the
energy~broadened evaluations in ENDF/B-VI and JENDL-3.2.

3. Conclusion

The existing experimenta] data by Little and Block, Macklin and the Igashira’s group and the evaluation
data in ENDF/B-VI and JTENDL-3.2 are close in general above 200 eV to the current measurement from
0.007 eV to 47 keV by the linac TOF method. In the resonance energy region, the supplementary
measurement has been also made from 0.3 €V 10 1 keV with the lead slowing-down spectrometer, KULS,
and the result is close to the data by Chou and Werle and to the energy-broadened TOF and the evaluation
data, although some discrepancies among them are seen in the resonance cross section minimum region. We

could provide the interesting data for the capture cross section, especially in the Jower or resonance energy
Tegion.

This study was performed by the Grant-in-Aid (No.:13680588) for Scientific Research from the Ministry
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Table 1. Experimental uncertainties for the current
time-of-flight measurement.

Uncertainties due to Experimental Error (%)

Statistical error E, (min) Error (%)
0.07 eV 58 ~ 6.7
1.0eV 3.8 ~ 25
7.0eV 8.0 ~ >100
300 eV 17 ~ 47

47 keV
Nommalization to the reference
value 3
Deviation from the 1/v form
in the ""B(n,o0) cross section ~2
Background subtraction ~1

Correction for the neutron
self-shielding and/or neutron

scattering effects 15 ~ 23
Total uncertainty 56 ~ 5100 (%)
CD- |
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Figure 1 Experimental arrangement for the linac time-of-flight method.
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Neutron Capture Cross Section Measurements of Tc-99 and Rh
at Energies below 40 keV by Linac Time-of-Flight Method
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The neutron capture cross sections of **Tc and Rh have been measured relative to the YB(n, @) standard cross
section at energies below about 40 keV by the neutron time-of-flight (TOF) method using a 46 MeV electron linear
accelerator (linac) at the Research Reactor Institute, Kyoto University (KURRI). A pair of CgDy scintillation
detectors has been used for the relative measurement of the E'g‘Tc:(n;,') cross section, and the result has been normalized
to the reference cross section value (19.57b) at 0.0253 eV in ENDF/B-VL A total energy absorption detector, which
was composed of 12 pieces of Bi,Ge;0y; (BGO) scintillators, was employed for the absolute capture cross section
measurement of Rb. Both of the measured cross sections have been compared with the existing experimental data and

the evaluated data in ENDF/B-VI, JENDL-3.2 and JEF-2.2.

KEYWORDS: capture cross section, Te-99, Rk, neutron time-of-flight, measurement, C¢D; scintillators, BGO
scintillators, iotal energy absorption detector, | °B(n,a) standard cross section

I. Introduction

The nuclear cross section data of long-lived fission
products (LLFPs) are of great importance for the
assessment of reactor safety and the investigation of
fuel-burn-up characteristics. In recent years, a great interest
has been taken in the capture cross sections of LLFPs from
the points of research and development of the nuclear
transmutation technology.

Although the cross section of the **Te(n,y) reaction has
been measured by a few experimental groups®®, no data
has been reported below 3 eV, except for the data at the
thermal neutron energy.*” Chou and Werle have measured
the data from 3 eV to 50 keV by using a lead slowing-down
spectrometer.? Due to the poor energy resolution of the
spectrometer, the rescnance peaks of the cross section are
energy-broadened. In the keV energy region, Little and
Block” and Macklin® measured the cross section by the
neutron time-of-flight (TOF) method wusing an electron
linear accelerator (linac). Recently an experimental group
of Igashira has obtained the data with a Pelletron
accelerator.” The evaluated cross section of the *Ten,y)
reaction has been compiled in the ENDE/B-VI®, the
JENDL-3.2” and the JEF-2.2' files.

Most of the reported experimental cross sections of the
Rh(n,y) reaction are in the energy range of keV to MeV.5”
Macklin and Halperin'”, Hockenbury et al.*?, Fricke and
Carlson'” and Moxon and Rae'" measured the cross
section by the linac TOF method. Block et al.’? used a fast
chopper and Poenitz'® made the measurement with a fast
neutron generator. Refio et al.’®, Bokhovko et al.'® and

*Corresponding author, Tel. +81-724-51-2346, Fax. +81-724 —
51-2602, E-mail: koba@rri kyoto-v.ac,jp

Wisshak et al.'” obtained the data with a pulsed Van de
Graaff accelerator. However in the lower or resomance
energy region, the capture cross section is rather deficient
except for the thermal nentron energy data®”, In the relevant
energy region, Popov and Shapiro measured the data from
0.4 eV to 34 keV with a lead slowing-down specirometex
and the energy resolution was pretty poor.”” No other
expetimental data have been reporied below 100 eV. The
evaluated data of the Rh(n,y) cross section are compiled in
ENDEF/B-VI?, JENDL-3.2” and JEF-2.2*%.

An electron linac is a powerful tool to measure an energy
dependent cross section in the wide energy range from a
milti-electron-volt to hundreds of kilo-electron-volts, and is
usable for the present measurements. Making use of the
linac TOF method, the capture cross section of Tc is
measured with a pair of CsDg liquid scintillators, and the
cross section of the Rh(n,y) reaction is measured with a total
energy absorption detector which is composed of 12 pieces
of Bi,Ge;0y; (BGO) scintillators”??, The incident newtron
flux/spectrum is determined with a boron (B) plug using the
“*B(n,o) standard cross section. Both of the cross sections
obtained are compared with the previous measurements and
the evaluated data in ENDE/B-VE, JENDL-3.2 and JEF-2.2.

I. Experimental Method

1. Experimental Arrangement

The capture cross section measurements have been carried
out by the neutron TOF method using the 46 MeV linac at
the Research Reactor Institute, Kyoto University (KURRI).
The experimental arrangement is shown in Fig. 1. Pulsed
nevirons were produced from a water-cooled Ta target in a




JNC TJ9400 2001-021

KURRI LINAC
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Fig. 1 Experimental arrangement for the capture cross section
measurement using BGO detectors. In case of the
measurement with CeDg detectors, they were set at 12.0
m instead of the BGO detectors.

water tank as a neutron moderator. A lead block, 5 cm x 5
cm and 10 cm long, was placed in front of the Ta target to
reduce the y-flash by the electron burst. The neutren
collimation system was mainly composed of B,C, Li,CO;
and Pb materials and tapered from 12 cm in diameter at the
entrance of the flight tube to abont 1.8 x 1.8 cm?® at the
capture sample. The experimental arrangement is similar to
the previous ones. 222

2. Samples and Detectors

Technetium oxide (TcO,) powder of 72.8 mg, whose
sample was packed in an aluminum disk-container of 30
mm in diameter and 1.9 mm in thickness, was purchased
from the Amersham. The purity of the sample is more than
95 %. No other y-ray peak has been observed from the
sample with a high purity Ge detector, except for the 1461
keV y-ray peak due to “’K. In case of the Rh sample, we
used a thin foil (18mm x 18mm, 0.25mm thick). Rk powder
(purity:99.98%), which was packed in a plug of 18mm x
18mm, 10mm thick (4.31 g/em®), was also utilized for the
measurement in the capture cross section minimum region
from a few eV to ~100 eV. A boron (B) plug, which was
made by natural boron powder packed in a thin aluminum
case, was used for the neutron flux/spectrum measnrement.

A pair of the CsDj liquid scintillators (11 cm in diameter
and 5 cm in thickness), which was placed at a distance of
12.0 £ 0.02 m from the Ta target, was employed for the
capture cross section measurement of **Te, and the sample
was put in the nentron TOF beam between the scintillators.
The scintillators are less sensitive to neutrons inscattered
from the sample/surroundings. For the measurement of the
Rh(n,y} cross section, twelve picces of BGO scintillators
were assembled and used as a total emergy absorption
detector to measure the absolute capture cross section using
the neutron flight-path of 12.7 £ 0.02 m from the neutron
source. The detection efficiency of the BGO assembly is
described in the literatures.?*%2

3. Electronics and Data Taking
Through the amplifiers and the discriminators, signals

from the C;Dydetectors or the BGO detectors were fed into
a time digitizer, which was started by the linac electron
burst. Two sets of 4096 channels with a 0.5 s channel
width were allotted to the CgDy detectors or the BGO
detectors and a BF; counter as a neutron intensity monitor
during the experiment. These signals were stored in a
data-acquisition system for each measurement.

The typical operating conditions were as follows. The
pulse repetition rate was 50 to 100 Hz, the pulse width was
3t00.1 s, the electron peak current was 0.5 to 6 A and
the electron energy was ~30 MeV for the ®Tc cross section
measurement with the CgDg defectors. The operating
conditions for the Rh cross section measurement with the
BGO detectors were almost same as those for the *Tc
measurement.

4. Cross Section Measurement and Corrections
The capture yield for the **Te(n,y) or the Rhn,y) reaction
is obtained by the following relation:

v, (Ey=2Ey (),

Ca(E) »

where the subscripts X and B are for the **Tc or Rh and for
the B sample, respectively. CA{E) and Cp(E) are the counting
rates comsidering the detection efficiency at energy E for
each sample. Y(E) is the encrgy dependent capture yield for
the “B(n,0)) standard cross section. There is a following
relation between the capture cross section & (E) and the
yield Y(E) for each sample: 2

y(E)= =N ENjo. BEE) ;)
or(E)

where, Oc{E) and o (E) are the neutron captuore and the
tota]l cross sections, respectively, N and 1 are the atomic
density and the thickness of the sample, and Fc(E} is a
correction function for the neutron scatiering and/or
self-shielding in the sampie. In the present data analysis, we
have employed the Monte Carlo code MCNF?? 1o derive the
correction function Fe(E).

The background measurement has been made with an
empty disk-container or plug for each sample, The
background level has been also confirmed by using the
notch-filters of Ag, Co and Mn and by the block-off method
with a thick B plug (4.54 g/cm?) putting into the newtron
TOF beam.

O, Results and Discnssion

Making vse of the CsDg detectors, the measurement of the
»Te(n,y) reaction has been made from 0.01 eV to 40 keV
and nermalized to the reference cross section value of 19.57
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b at 0.0253 eV in ENDF/B-VL. In the off-rescnance region,
the TOF channel data have been summed up to improve the
statistical error. The major uncertainties are due to the
statistical error (0.7 to ~200 % because of poor signal-to-
background ratio in the cross section minimum region),
deviation from the 1/v form in the "*B(n,c) standard cross
section, the data normalization with the reference value and
the error related to the corrections by the neutron self-

10°

.

‘shielding and/or inscattered neutrons. The total uncertainties

are in the range of 5.6 to 200 %, and the result obtained is
shown in Fig. 2. The efficiency of the C¢D; defection system
has been experimentally investigated as we have done
before™, and it has been found that the effect on the relative
efficiency may be 3 % to 10 % at most in the resonance
energy region and that the factor is within the experimental
uncertainty.
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Fig.2 Comparison of the present measurement and the experimental/evaluated cross sections of the ®*Te(n,y) reaction.

Since the data obtained by Chou and Werle are
energy-broadened by the lead slowing-down spectrom-
eter, we cannot directly compare the data with the present
measurement. However, their data show higher values,
especially at the big resonance region. Above 100 eV, the
cross sections measured by Chou and Wegle, Little and
Block, Macklin and the Igashira’s group are close to the
measurement in general,> although it scems that the
data by Little and Block are a little higher in the lower
energy region and that the data by Chou and Werle are a
little lower in the higher energy region. The evalnated
data in ENDF/B-VI, JENDL-3.2 and JEF-2.2 are almost
similar to each other. They are in general agresment with
the present measurement, although it seems that the
experimental values are rather smooth compared with the
evaluated data in the sharp resonance region, due to the
finite experimental energy resclution.

The cross section of the Rh{n,y) reaction has been
measured from 0.003 eV to 40 keV with the total energy
absorption detector.”™ The experimental errors are caused
by almost the same factors as mentioned in fhe **Tc
measurement, and the total uncertainties are 3 to 58 %.
Most of the previous measurements have been made
above about 100 eV, and they are in general agreement
with the present measurement in the range of the

uncertainties.""™” It may be said that the data by

. Bokhovko et al.'™® and Wisshak et al.*? are lower a little
than the measurement. The energy-broadened data by
Popov and Shapiro™ are pretty higher than in the
resonance energy region of 3 to 100 eV, as shown in Fig,
3. Good agreement can be seen between the present
values and the data in ENDF/B-VI, JENDL-3.2 and
JBF-2.2, although it seems that the evaluations in
JENDL-3.2 and JEF-2.2 are a little lower in the cross
section minima.

IV. Conclusion

The neutron capture cross sections of **Tc and Rh have
been measured from 0.01 eV to 40 keV and from 0.003
eV to 40 keV, respectively, by the linac TOF methed. For
the *Te(n,y) reaction, no data have been reported below
3 keV before, except for the measurement from 3.2 eV to
50 keV with the lead slowing-down spectrometer by
Chou and Werle. For the Ri(n,y) reaction, no data have
been obtained below about 100 eV before, except for the
measurement from 0.4 eV to 34 keV with the lead
slowing-down spectrometer by Popov and Shapiro. We
could provide the interesting data for both reactions,
especially in the lower or resonance energy region.

—75—
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Fig. 3 Comparison of the present measurement and the data measured by Popov et al. and evaluated in the files,
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