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‘U 'S.-applied-nuclear energy program. . The material contained in these” ‘res
ports :is to be- regarded as compr1sed of 1nformal statements of_ recent d

The reports in th1s document were su

;Research and Development Adm1n1strat10n Nuclear Data“Comm ttee (ERDA-NDC)

in March 1977. The report1ng laboratorles are those having a substantial

weffort in measur1ng neutron. and nuclear ¢ross sections of relevarce to. the

The data w whlch appear in this document should" be quoted ‘only by permissio

of the contr1butor and “should be-referenced as private communication; and’

-not by this document number.. Appropriate subjects are listed as follows:f"';w

1 Mlcrosc0p1c neutron cross sect1ons relevant to ‘the
nuclear energy program, 1rc1ud1ng sh1e1d1ng.~ Inverse reactions where
pertinent “are 1nc1uded : R '

2. harged particle: cross sections, where they are
relevant to 1) above, and where relevant to developing and testing
nuclear models.

3. Gamma-ray production, radioactive decay, and theoreti=
cal developuents in nuclear structure which are applicable to nuclear
energy programs.

4. Proton and alpha-particle cross sections, at energles
of up to 1 GeV, whlch are of 1nterest to. the space program )

These reports cannot be lcgarded as-a complete summary of
the nuclear research efforts in the U.S. A number of laboratories, whose
research is less programmatically oriented do not submit reports; neither
do the submitted reports reflect all the work related to nuclear data in
progress at the submitting laboratory.

This compilation has been produced almost completely from
rnaster copies prepared by the individual contributors listed in the Table
of Contents.
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ALLE! *RES CAPT,%N@,WG S WAVE NDG
ALLEN*CAPT CS 92PC RSN, NOG
HAHRNES*G PROD,ANG UISTR,NOG,
PHYL}S¢ENDFB5 NDG,SEE ANLeNDM=27
ALLENORES CAPT,WNilyWG S WAVE,NDG
BARNES4INEL FROM G PROD,NDG,
ALLEN*CAFT CS,,2PC RSLN,NUG
BARNES+G PROD,ANG DISTR,NUG,
PHYL]SeENDFHS NOG,SEE ANLANDMe27
HALIGHT#{N,NP)CS GVN.SPECICED STATMOL
HAIGHT®{N,ND)CS GVN,SPEC CFD STATHDL
HAIGHT*{i)NA)CS GVN,SPEC CFD STATHMDL
ALLEL®RES -CAPT,WwNB,uG 5 WAVE NDG
ALLEN®CAFT C5,2PC RSLN(NDG
BARNES«G PROD,ANG DISTR,NDG,
ALLEN®RES CAPT,WNOsWG S WAVE;NOG
BARNES¢INEL FRQM G PROD,NDG,
ALLEN®CA¥T C5,,2PC RSLN,NUG
BARNES+G PKOD,ANG UISTR,NDG,
ALLEN®RES CAPT,WNUsWG S WAVE(NDG
SMITHEOENUFBS,TEP IN ANL~NDM=24,
GUENTHER®CS HMEAS(NUG,T8P NSE,
GUENTHER#CS MEAS(NDG,TBP NSE;
GUENTHER*CS MEAS,NDG,TBP NSE,
FCRRER¢TOF ,OPTMOL PARS,AHBST NP1A275,
GUENTHER®CS MEAS,NDG,TEP NSE,




ELEMENT QUANTITY TYPE ENERGY DOCUMENTATIQON LAB COMMENTS
S A MIN HAX REF  VOL PAGE UATE.

T T L L PP L L PR L P b L

DT e e L P PR T L L LY D L e L bl LIl L b Attt bbbl Ll bt ]
V 251 NONEL GAMMAY EXPTePROG 3295 2047 ERDARNICY 4¥7 477 ORL DJCKENSsDIFF C5,NDG,TRP NSE,
V 251 NONCL GAMMAS CXPTePROG 105 2u¢7 ERDApNAC=Y §¥7 477 QRL D{CKLNSeDIFF CS,NDG,TBP NSE.

vV 851 N, PROTUN EXPTCPRAG 1537 EHDAgNICS9  BY 477 LRl HAJGHT# (N NPICS GVN,SPEC CrD STATMDL
V P51 NyN PRUTGN  EXPTePROG 1%47 ERDARNIGRY BB 477 LKL HAJGHT& (%N, XP)Co GVAN,SPEC CFD STAMDL
v 251 K, DEUTEHON EXPTgFHCG 1547 ERTANOCHY 88 &77 L« HAJGLTe i NgICh GVN,SPEC CHD STAIMD,
¥ 251 MyALPHA REAC EXPTeFROG 15#7 ERDARNTIRT Cb 87, (kg RE, Ui Te{N AT GVR,BPEC CFC STATINOL
¥ 951 NgN ALFHA EXPT2PROE 1547 EACARNIC-9 30 €77 | ni HaIGT#INKA)TS GUA,SPEC TFT STATMU
GR NONER GAMMRS EXPTAFROG 1235 2047 EAnarhousy 4¥7 477 Ak SEKINGeGIFF o NDG.THP Nog,

CH @83 DIFF INELAST EXPTwi ‘JG A4e5 4pet ERDAeNOC=9 1Y 477 LT] BARNESeINEL FRQM G PROD.NOG,TBP

CR 253 N, GAMMA EXPT=FROG I5¢5 ERDApNDC=9 4V8 477 AUA KENNY®ORELA,CAPT CS,NOG

CR 250 INELST GAMMA EXPTwPROG B4¢5 4u+d ERDArNOG=9 42V 477 | T] BARNESeG PROD CS AT 12% DEG,NDG,TBP

Cr 258 N, PROQTUN EVALAPROG L1@¢¢& 42¢7 ERDArNIC=9 13Y 477 (AS AKTHUReP ALF CS+SPEC,STAINLESS STEEL
CrR 852 N, PROTON EVALePROG 1246 1297 ERDA-NOC=9 13¥ 477 | AS ARTHUReP,ALF CUS+SPEC,STAINLESS STEEL
CR 95 RESOM PARAMS EXPTmPAROG 3542 ERDApNIC=9 1Y 477 AUA KENNY®RES PARS 182 RES FRON N,G.NOG

GR 252 DIFF INELAST EXPTwPROG 84¢5 4@»d ERDA=NOCe9 339 477 | T1 BARNESINEL FROM G PROD,NUG,TBP

CR 252 N; GAMMA EXPT=PROG 35¢> ERDASNOC=9 V8 477 AUA KENNYORELA,CS MEAS,NDG

CR 252 [NELST GAMMA EXPTePROG B4e5 4940 ERDAeNDG=9 12Y 477 | T BARNES¢G PROD CS AT 125 UEG,NDG,TBP

CR @52 N, PROTON EVAL~PROG 1@¢6 1247 ERDAgNDC=% 139 477 _AS AHTHUR#P,ALF CS+SPEC,STAINLESS STEEL
CR @52 N, PROTON EVALePROG 1@¢6 1247 ERDARNDG=Y 137 477 [ AS AHTHUR®P,ALF CS#SPEC,STAINLESS STEEL
CR 252 RESON PARAMS EXPT=PROG 35¢> ERDAFNIC=9 1¥8 477 AUA KENNYSORELA,RES PARS 18GKES,NUG

CH 53 DIFF INELAST EXPTePROG R4*3 4Bed ERDAeNOC=9 129 477 | T] BARNESeINEL FRQM G PROD,NUG, TP

CR 53 N, GAMMA EXPTaPrOC 3542 ERPA=NDC=9 198 477 AUA KENNYORELA,CS HEAS.NOG

CR @53 INELHT GAMMA EXPTnPHQG 8445 4pet ERDApNIC=9 12¥ 477 | T] BARNES#G PHQD CS AT 125 DEG,NDG,TBP

CH 253 RESON PARAMS EXPT»PHOG 354> ERDA#NDC=9 1YY 477 AUA KENNY#ORLLA,RES PARS 318ERES,NOG

CR @54 DIFF INELAST EX2TaPHOG R4#5 4net ERDAsNOC=9 12Y 477 | TI BARNESeINTL FRUM G PROD,NOG,TBP

CR 254 N, GAMMA EXPT«PNQG 3545 ERDA=NOC=9 198 477 AUA KENNYSORELA,CS MEAS.NDG

CR 254 [NELST GAMMa EXPTwPMOG 8445 40+8 ERDAmNOC=9 129Y 477 | T BARNESeG PROD CS AT 125 UEG,NDG,THP

CR P54 RESON PARAMS EXPTsPHOG 3545 ERDAsNDC=9 198 477 AUA KENNY*ORiLA(RES PARS 1B@RES,NOG

MN 255 DIFF ELASTIC EXPT<PROG 1147 ERDApNDC=9 222 477 QWO FERRENSTOF ,QPTMOL PARS,iHST NP/AZ75,
MN 5% DIFF INELAST EXPTePROG 1246 3646 ERDANOC~9 100 477 [ T1 BARNES¢INEL FROM G PROD,NDG,.THP NP/A
MN @55 ABSORPTIUN EXFT«PROG *DG ERDA=NOC=9 27 477 ANC SH[TH#PRLY VAL REVISED,WEIGHTED +IT,
HN 855 [NELST GAMMA EXPTePHOG 1346 363 ERDAsNDC~Y 100 477 71 BARNESG,PHGD CSy12% DEGNDG,TBP aP,
MN 855 NUMEL GAMMAS EXPT«PNOG Z2@¢5 20¢7 ERQApNDC=9 19Y& 477 QRL MURGAN,T|FF CS5,CtD ENDF,NDO,

FE DIFF ELASTIC EXPTaPHQG 117 ERDA#NDC=9 225 477 QWO FERREHeTUF ,OPTMDL PARS,AHST NP/ig7%,

FE TOT INELAST! EXPTPHOS 2148 ERDAPNOC=9 204 477 DAL KINNEYsTUT INFL FROM ONG,NUG,THP NSt
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P PR YR SPR LIV SPSSpg PP PP

B R T Y P T TR Y P DO L DL Lt

FE OIFF INELAST cxpr-Pnuc'aawsu4awg;cénAa&nc-9" Aiiz L1 BARN;_ojNEL FROM G PROD,NDG,TBP,

FE DIFF INELAST cx;xiﬁkﬁc 214% EROAENDTS9 2€% 477 DAL KINNEY+ANG D]STR VIA DNGyNDGyTBP NSE
FE SPECT N,GAHM EXPTPROG NDG ERDA=NOC=9 207 477 QRI, WELLS*FER? G RAY LVL STUDY.CFO,NUG
FE INELST GANHA EXPTaPHOG 8B+%5 2846 ERDAnNOC=9 31 477 ANL SM1TH,BPKEV RSLNJREL UZ235.NOG,TBP

Fe [NELET GAWNMA EXPTaPROG 1547 ERDAeNOC=9 ¥4 477 RL KOQPKAN#H]GH RESOL GEeLi DET;NOG,TBC
FE INELST GAMMA EXPT-PROG BB%% 4B+8 ERDApNOCm® 10U 477 Tl BARNES2G PRQD AT 12% DEG.NOG,CFQ,TBP
FE INELET GAMMA EXPTaPROG 2198 ERDANOC*9 204 477 QRL KINNEYe3ANG,B46KEV G MAYNOG,TBP NSE
FE 'NONEL GAMMAS EXPT#PHOG B5¢% 20¢7 ERODAeNOC®9 4Y7 477 QRL CHAPFANeDIFF csgung.assf ORNLwTHY418
Ft NONE|, GARMAY EXPTePHOG 105 2847 ERDApNOC»9 A¥7 477 QRL OJCXENSeUIFF CS5,.NOG,TBP KSE,

FE 854 DIFF INELAST EXPTaFHOG 0845 4ue® ERDARNDCn9 108 477 T1 BAKNESeINEL FROM G PROD,NOG,T8P,

FE #54 N, GAMMA EXPT#FRUT 2503 Sned CRDApNDC™9 20¢ 377 AUA ALLEN®CAPT CS ,2PC RSLN,NDG

FE 054 INELST GAHNA EXPTPROG B8+5 4pet ERDAPNIC=9 10¥ 477 LTI BARNESG FAQD AT 125 DEG(NDG,CFD,TBP
FE @524 N, PHOTON  EVAL=PHOG 1@¢6 1247 ERDAPNOC9 159V 477 LAS ARTHUReP,ALF CS¢SPEC,STAJNLESS STEEL
Ft 254 NoALPHA HEAC EVALrPHOG 5046 14¢7 ERDA=NIC=9 139 477 LAS ARTHUMeP(ALF Cb-SPEC,STAINLESS STEEL
Fo 264 RESOM PARAMS EXPTaPROG 2543 5@+2 CRDAeNIC=9 20U 477 AUA ALLENSCAPT (S WAVE WNsWG STUDY,NDG,

FE P56 TOTA{ XSECT EXPT=PHOG 2444 ERDAmNDC=9 32 477 RP1 GHKIENeRPI LINAC,57MB,ANAL T8C,

FE 056 TOTAL XSECT EXPTePRUG 24¢4 ERDAaNIC=9 220 477 RP1 BICKMELL®THNS,TOF ,C58,8574~,0038

FE @56 DIFF INELAST EXPT-PNDG BB45 405 ERDARNOC»9 16¢ &77 |71 BARNESINEL FAROM G PROD,NDG,TEP,

FE @56 N, GAMMA EXPT=PROG 2543 48+> ERDArNDC*9 202 477 AUA ALLEN®RES PARS DRVD,CFD,NDG,SEE NP/A

FE ©56 [INELET GAMMA EXPT~PHOG 1447 157 ERDApNOC=9 ¥4 477 _PL KQOPHANSKING GEOM,GE=|] DET,TBL,7BC

FE 256 INELET GAMMA EXPT=PHOG BB4S &8¢0 ERDA-NOGC=9 160 477 Tl BARNEN4G PROD AT 125 DEG,.NUG,CFD,THP

FE @58 N, PROTON EVAL=PHOG 1246 12+7 ERDA-NDC=9 139 477 LAS ARTHUReP,ALF CSeSPEC,STAINLESS STEEL ,
Ft 256 NyALPHA REAC EVALaPHOG 5246 167 ERDAPNDCS9 13V 477 | AS ARTHUMeP ALF CSeSPEC,STAINLESS STEEL : }T
FE ©56 RESON PARANS EXFTePROG 2543 &A+> ERDArNDC®9 282 477 AUA ALLENS,F,0 WAVE PARS,NDG,SEE NP/&

FE 857 OIFF INELAST EXPTePROG 8845 4P+p EROARNGC=9 400 477 | Y1 HARMES4]NEL FROM G PROD,NDG.TEP,

FE 257 INELST GAMMA EXPT=PROG ABe5 4vet ERDAPNOCe9 160 477 LT] BARNESeG PROD AT 12% DEG,NGG,CFUsTEP

FE 054 SPECT N,GAMM EXPTePRDG MDG ERDAFNDC=9 24/ 477 QRL WELLS®FES® G RAY LVL STUDY,CFOD,NUG
FE CMP N, PROTGN  EXPT=PROG 15+7 TADAPNIC=9 BB 477 LRL HAJGHT#{N,NP)CS GVN,STAINLESS STEAL
FE CMP N, DEUTERON EXPTaPROG 15¢7 ERDARNIC=S 58 477 LAL HAIGHT¢{N,ND)CS GYN,STAINLESS STEAL
FE CMP  NyALPHA REAC EXPTaPHOG 157 ERDARNDC=9 88 477 AL HAIGHT(N,NAJCS GYN,STAINLESS STEAL

CO 259 EVALUATION  EVALePHOG 354 4Re7 ERDAPNIC=9 199 477 LAS AXTHUHeNEUTAQN REACTIONS CALG,NOG
CO 859 DIFF ELASTIC EXPT~PNDG 1147 ERDAFNDC~9 222 477 WO FERREK4TUF,OPTHDL PARS,ABST NP/A275,
S0 259 DIFF INELAST EXPT=PNOG 1146 33+8 ERDApNDS=9 1061 477 LTI BAHNESeL1Y LVLS,FROM G PROD,NCG,TBP,
CO @59 [MELST GAMMA EXPT¢740G 1146 3340 ERDAeNDC=9 1ol 477 LTI BARMES+G PROD,ANG DISTR,NOG,TBP,

NI DIFF ELASTIC EXPTePHGG 1147 ERDA=NDC~9 225 477 OMO FERREHeYOF ,OPTMDL PARS,ABST NP/A275,
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LEMENT  QUANTITY TYPE ENERGY  DOCYMENTATIQN LAB COMMENTS

S A MIN MAX REF VOL PAGE OATE )
-----.q-----—---------------------_---.,--.----.G--------------.----u---g------.---Q--------_------------
NI INELST GAMMA EXPT=PHOG 15+7 ERDAPNOC*9 94 477 LRL KOOPMANSH]GH RESOL GEeL] DET, NOG,TBC
NI NONE|. GAMMAS EXPTwPROG 10¢S 20¢7 ERDApNOC=9 {¥7 477 QRL DICKENS#UIFF C§,NDG,TBP NSE.

N1 N¢ALPHA REAGC EXPTPROG DG ERDAeNDC*9 303 477 (Y] ﬂ‘RNE;‘PgLsED IONI2 CHyNOG,TBD,

NI @58 DIFF INLLAST EXPTaPMOG 1446 4B+0 ERDAmNIC®9 101 477 | T] SARNESeINEL FROM G PROD TBQ,YBP,NDG
Nl 858 [NELST GAMHA EXPTaPHOG 14+6 4neb ERDAPNOC~9 101 477 | T] BARNESeG PROD AT 125 DEG,NOG,TBP

Ny 258 N, PROTON EVAL=PROG 1@%& 1247 ERDARNDC=9 189 437 LAS ARTHUNeR ALF CSeSPEC STAINLESS STEEL
NI @58 N, ALPHA REAC EVAL=PROG %@¢8 15¢7 TRDAGNDC9 139 477 LS ARTHUReR,ALF CS¢SPEC,STAINLESS STEEL
Nl 268 OIFF INELAST EXPTePRQOG 1446 4B+6 ERDArNDC=9 101 477 L T! SBARNES+INEL FRQOM G PROO 718D,78P,NDG

Nl 668 INELST GAMHMA EXPTaPRQG 1446 Abed ERDAsNDC=9 101 477 L T] BARNES+G PROD AT 123 DEG,NDG,TBP

Nl 260 N, PROTON EVAL=PROG 1@¢86 1247 ERDApNOC®9 139 477 | AS ARTHUReP,iLF CSeSPEC,STAINLESS STEEL

N1 86 N ALPHA REAC EVAL=PROG 1@¢6 1247 ERDAmNOCSY 38Y 477 LAS ARTHUR®P,ALF CSeSPEC,STAINLESS STEEL

cu NONEL GAMMAS EXPT#PKOG 12+5 2Z0*7 ERDAeNOIC-~9 197 477 ORL DICKENSeDIFF GS,NDG,TBP NSE,

Cu 263 INELST GAMMA EXPT=PROG ¢6 ERDApNDC®9 31 477 ANL SMITH,ANAL TBO,NDG,

Cu #63 N, PROTON EXPTRPHOG 1587 ERDArNICr9 BB 477 LRL HAJGHT®(N,NR)CS GVN,SPEC CFD STATMOL
CU V63 N4N PRITON  EXPTaPHOG 1547 ERDAFNOC~9 BB 477 LRl HAISHT®{N,XP)CS GVN,SPEC CFD STATMDL
Cu 863 N, DEUTERON EXPTeFHDG 15+7 ERDARNOCe9 8B 477 LAL MAJGHT®(N,ND)CS GVN,SPEC CFD STATMOL
CU 863 N ALPHA REAT EXPTRPHOG 1567 ERDAGNDC=9 88 477 LRL HAIGHT#(N,NA)CS GVN,SPEC CFD STATMOL
Cu 63 NoN ALPRA EXPTaPHOG 3547 ERDARNIC=9 8B 477 LRL HAIGHT¢(N,XA)CS GVN,SPEC CFD STATMOL
CU €8% [INELET GAMMA EXPTePHOG *6 ERDAPNOC=9 31 477 ANL SMITH,ANAL T80 ,MDG,.

Cu 265 N, PHOTON EXPTePROG 1547 ERDAGNDC»9 88 477 LRL HAJGHT#(N,NP)CS SVN,SPEC CFD STATMOL
Cu 845 N,N FROTON  EXPTaPROC 157 ERDApNDOC=9 88 477 LRL HAJGHT¢(N,XP)CS GV',SPEC CFD STATMOL
Cu @65 N, DEUTERON EXPTwPHOG 157 ERDARNDC=9 S8 477 LRL HAJGHTe(N,ND)CS GVN,SPEC GFO STATHOL
CU 865 N,ALPHA REAC EXPTaPHOG 1547 ERDARNOC=9 ©8 477 LAL HAIGHT#(N,NA)CS GVN,SPEC CFO STATMOL
CU B65 NN ALPHA EXPTaPHOG 1547 ERDAPNOC=9 88 477 (RL HAJGHT®(N,XA)CS GVN,SPEC CFD STATMOL
N INELST GAMMA EXPTsPHOG 1547 ERDAGNOIC=9 ¥4 477 (AL KOOPMEN&H]GH RESOL GE«Ll OET,NDG,TBC
EN NONEL GAMMAS EXPT=PROG 1@%%5 2047 ERDArNDG=9 197 477 ORL DICKENS#DIFF €5,NDG,TBP NSE,

KR N, GAMMA EXPTeFPHOG 1PeP 184> ERDA=NDC=9 247 477 RP] FLIGENBAUMeCAPT GS MEAS,NDG,

KR RESON PARAMS EXPTePHOG 2841 1144 ERDAxNOCe9 247 477 RP] FCIGENBAU##TBL NEW RES QHS,

KH 678 N, GAMMA EXPTePROG *IDG ERDApNDC"9 2%7 477 AP FIIGENBAYMeMELS TBD,NOG,

KR 880 RESON PARANS EXPTePHOG 1142 ERDA=NDC®9 247 477 RP] FCIGENBAUM®1ES5,9 CAPT RES 0BS

KR 282 RESON PARAMS EXPTaPROG 4241 ERDASHOG=9 247 477 RP! FCIGENBAUM+42,03 CAPT RES OBS

KR 283 RESON PARAMS EXPTeFPHOG 28¢: 23¢2 ERDARNIC=9 247 477 RP] FLIGENRAYMe28,26,232.3EV N,G RES 0BS
Y BB8 N, GAMMA EXPTePROG o3 ERDARNDC®9 110 477 _AS SILBERT,NUCLEAR EXPLO SODURGE (NDG,TBD
Y 288 N, PROTON EXPT2PROG MDG ERDANDC®9 108 477 LAS BRITYeCALC FROM GMG PARTICLE(NOG,TBC
Y 289 OIFF ELASTIC EXPTePROG 2846 EROA=NDC®9 313 477 XTY MCDANJEL*STRUGTURE $UDY,NOG
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ELEMENT QUANTITY TYPE ENERGY DOCUMENTATIQN LAE CCMMENTS

S A HIN MAX REF VOL PAGE ATE
Y @289 DIFF INELAST EXPTwPROG 2846 ERCARNDCw® 313 477 KTY MCDANIEL*STRUCTURE STUDY,NDG,

Y 8G9 Ny GAMMA EXPTePHOG 2543 104 ERDARNDCe9 1¥8 477 AUA SOLDEMAN®OHELA.CS MEAS,NOG,

Y @89 N, PROTON  EXPTaPROG 4246 34¢7 ERDApNOC=9 41¥8 477 LAS BRITTeCALC FROM CHG PART}CL.GRPH,TEC
Y @89 N,N PROTON  EXPTaPROG 4246 1447 ERDAnNOG=® 3P4 477 LAS BRITTeCALC FROM CHG PARTJCL,GRPH,TBC é
ZR 892 ODIFF ELASTIC EXPTPROG 3548 ERDARNDC=9 315 477 KTY MCOANIEL*STRYCTURE STUDY,NDG

2R 292 DIFF INELAST EXPTePROG *0G ERDAeNOC®9 226 477 QMO RAPAPORT#ISQSPIN EFFECTS,NDG, Y8R,

24 292 DIFF INELAST EXPTePHROG 35¢6 ERDARNOC=9 312 477 KTY MGDANIEL*STRUCTURE STUDY,NDG,

2R 091 TOTAL XSECT EXPT=PHDG DG ERDAFNIC=9 199 477 AUA MUSGROVE¢TRNS$CAFT,RESPARS ORVD,NDG
BR 891 N, GAMMA EXPTaPROG MDG ERDARNDC=9 199 477 AUA MUSGROVE#TRNSeCAPT,RESPAHS DRVD,NDG
ZR PPL  RESON PARAMS EXPTePHOG 2945 ERDAPNOC=9 198 477 ORL MACKLIN®292,36EV LVL,WNyWG,THP NSE,
#R 091 RESON PARAMS EXPTwPROG 2a4A ERDArNIC=9 197 477 AUA MUSGROVECTHNS®GAPT(AVG DsWG GVN,

#H 281 STHNGTH FUKC EXPTwPHOG 2048 ERDARNDC=9 199 A77 AUA MUSGROVE#SUS 36#w=,17 Sixb,74w1,0

ER 292 TOTAL XSECT EXPTPHOG "DG ERDA=NDC=9 202 477 AUA BOLOEMANSTCT €S,NDG,SEE NP/AZ6S P389

ZR 252 OIFF ELASTIC EXPT=PROG 2846 33+ FROAPNDC=9 312 477 KTY MCOANIEL*STRUCTURE STUDY,NDG

ER M92 DIFF INELAST EXPTPROG 2846 35¢& ERDAENDC~9 313 477 KTY MGDANGEL®STRUCTURE STUDY,NOG,

2R P92 DIFF INELASY EXPTwPROG 28e6 ERDARNIC*9 324 477 KTY GLASGOWsUIN FROM DNG CFG TQ QIN MEAS
ZR $92 N, GAMMA EXPTaPHOG MDG ERDARNDC=9 202 477 A A BOLDEMANSGAPT Cf,NOG,SEE NP/A263P389
EH 892 [NELST GAMMA EXPTePROG 2246 37+6 ERDAnNOC=9 317 477 KTY GLASGOW<XCIT FN,ANG DIST,BRANCH,J,

ER @92 INELST GAKMA EXPT-!ROG 32¢¢ EROApNOC=9 328 477 KTY GLASGOWeDIN FROM DNG CFD TO DN MEAS
ZR @92 RESON PARAMS EXPT.PRQOG "0G ERDAnNDC=9 22¢ 477 AUA BOLDEMAN®NDG,SEE NP/A263 P38Y

ER 092 STRANGTH FUNC EXPT~PROG MDG ERDAPNDC=9 202 477 AUA BOLDEMAN®S50,S1,M0G,SEE NP/A285 PIBY
&R 894 TYOTAL XSECT EXPT#PROG NDG ERDASNOC=9 2¢2 477 AUA BOLDEMAN®TOT C5,NDG,SEE NP/AR63 P389
ZR 294 DIFF ELASTIC EXPTaPROG 3546 ERDA¢NDC=9 31> 477 KTY MCDAKIEL¢STRUCTURE STUDRY,NOG

2R P94 DIFF INELAST EXPT=PHOG 3348 ERDAPNDC=9 312 477 KTY MGDAMIEL*STRUCTURE STUDY,NDG,

R 294 N, GAMMA EXPTaPHOG MOG ERDARNOC=9 202 477 AUA BOLDEMAN®CAPY CS,NDG,SEE NP/A263P38%
ER 294 [NELET GAMHA EXPTwPRDG 2246 3746 ERDAnNDC-9 317 477 KTY GLASGOWsXGIT FN,ANG DIST.BRANCH,y,
ZR ©94 RESCN PARAMS EXPTePROG NDG ERDARNDC=9 202 477 AUA BOLDEMAN®NDG,SEE NP/A283 P38Y

ZR @94 STANGTH FUNC EXPTePROG NOG ERDApNOC=9 202 477 AUA BOLDEMAN®SP,S1,NOG,SEE NP/A263 P38Y
NE 293 N, PROTON EXPTaPHOG NDG ERDApNDC=9 19& 477 LAS BRITT¢CALC FROM CHG PARTICLE,NDG,TBC
N8B 293 DIFF ELASTIC EXPTePROG 1147 ERDARNDC=9 229 477 QWD FERREMeTQF ,GPTMDL PARS,ABST NP/A273,
NE B93 DIFF ELASTIC EXPToPHOG MDG ERDARNDC~9 230 477 TNL PURSERONDG,SMALL ANG MEAS TBD SPHING
NB 393 DIFF INELAST EXPTePHOG NDG ERDAPNDC=7 280 477 TNL PURSEReNIG,SYALL ANG MEAS T8D SPKING

N8 B93 NONEL GAMMAS EXPT«PROG 1D¢5 2047 ERDARNOC~7 497 477 ORL DICKENSeUIFF CS,N0OG,TBP NSE,
NB P93 NONE| GAMMAY EXPTePHOG 1246 208+7 ERDAmNDC=9 204 477 DR MORGAN,129 DEG,NOG,ABST ORNLwTMe2829
N8 093 NXN REACTION EXPTmPROG 3p%& 2847 ERDArNDC=9 204 477 QRL MORGAN,129 DEG,NDG,ABST ORNL=TH=5829
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ELEMENT QUANTITY

A

TYPE

ENERGY
MIN MAX REF

DOCUMENTAT]ON

VOL PAGE UATE

LAB

COMMENTS

N8 893 N,

N8
NB
NE

MO
MO
Mo
KD
Mo
MO
MO
MO
M0
Mo
HO
MO
MO
MO
Mo
M0
MO
MO
MO
MO
HO
MO
TC
TC
TC

PO

893
293
893
293

92
292
f92
292
292
294
294
29%
29%
293
298
896
29e
096
297
297
497
298
298
g9s
o9s
100
1ze
10e
109
299
299

PROTON
NyN PROTON
N; DEUTERON
N ALPHA REAC
NgN ALPHA
NONEL GAMMAS
DIFF ELASTIC
DIFF ELASTIC
DIFF ELAST]C
DIFF INELASY
DIFF INELAST
DIFF ELASTIC
DIFF INELAST
TOTAL XSECT
N¢ GAMMA
RESON PARAMS
DIFF ELASTIC
DIFF ELASTIC
DIFF ELASTIC
DIFF INELASY
TOTAL XSECT
Ny GAMHA
RESON PARAMS
DIFF ELASTIC
OIFF
CIFF

QIFF

ELASTIC
ELASTIC
INELASY
DIFF
DIFF

ELAST]C
ELASTIC
DIFF ELASTIC
DIFF INELAST
TOTAL XSECT
Ny GAMMA

RESON PAHRAMS

TOTAL XSECY

EXPTaPROG 1527

EXPTePROG 1567
EXPTaPROG 4547
EXPTePROG 1547
EXPTeFROG 15¢7
EXFT!PRDG‘lﬂiﬁ
EXPT=PROG 117
EXPTePROG NOG
EXPTePROG 2546
EXPTaPNOG MDG
EXPTaPROG 2546
EXPTwPROG 2546
EXPTuPROG 254
EXPTePROG 2241
EXPTuPROG 2241
EXPTaPROG 16¢2
EXPTaPRAG 1147
EXPT=PROG MDG
EXPTePROG 2326
EXPTePROG 2546
EXPTafFROG 20¢31
EXPTePROG 2p¢1
EXPT=PROG 72#1
EXPTePROG 1167
EXPTePROG NDG
EXPTePROG 2846
EXPTePROG 28%6
EXPTwPROG 11¢7
EXPTmPROG MDG

EXPTaPHOG 2846
EXPTePROG 28%&
EXPTePRQOG 35#1
EXPTePROG 4pe3
EXPTePROG 21e2

EXPTePRCG 3PP

2p+7

6use

Y.
saed
6oes
104>
HULS )

9aee

GBed
6ped
1ped
10>

See2

60ep
62+0
7ie2
-[.AL}
1643

912

ERDAsNDC9
ERDAPNDC9
ERDARNOC=9 8
ERDAFNDCF9 B8
ERDARNDC=9 Yo
ERDANOGR9
ERDAeNIC=9
ERDAENIC=9 2
ERDApNOC-9
ERDARNDC9
ERDARNDC=9 3
ERDAFNDC=9
ERDAFNDC=9
ERDARNDC=9
ERDApNDG9
ERDA#NDC=9
ERDARNDCr9
ERDARNDC~¥
ERDAPNIC-9
ERDARNGC9
ERDAPNDC*9
ERDARNDC=9
ERDANIC"H
ERDApNDC=9
ERDArNIC=9
ERDARNOC=9
ERDAENDC ¥
ERDARNICY
ERDARNOC=9
ERDARNDC=9
ERDARNOC=S
ERDARNIC®Y
ERDARNOC™® 249
ERDASNIC9
ERDARNDCT9 244
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477
477
477
477

477

> 477
2 477
> 477

6 477

477

> 477
> 477

477
477

477

> 477
> 477
» 477

> 477

477
477

477

> 477
> 477
) 477
b 477
> 477
> 477
> 477

477

3 477

477
477
477

LRL
LAL
LRL
LAL
LAL
oL
L]
oWO
KTY
)
KTY
KTY
KTY
RP1
REL
RP1
ou0
cHO
KTY
KTY
RP1
RP1
RP1
W ]0]
nO
KTY
KTY
OHO
OWD
KTY
KTY
RPI
RP1
KPY
RP1

HAIGHT* (N, XP)CS GVN,SPEC CFD STATHOL

HA{GHT® (N, XP)CS GVM,SPEC CFD STATMOL

HAIGHT* (N, XD)CS GVN,SPEC CFD 3TATHOL

HAIGHT# (N, XA)CS GVN,SPEC CFD STATMOL

HATGHT#(N:XA;CS GVN,SPEC CFD STA(MDL
DICKENS#DIFF GS,NOG,TBP NSE,
FERRER¢TUF ;QPTHDL PARS,ABST NP/AR75,
RAPAPORTOPTMOL REAL,1MAG E DEP,NDG
MCDANLEL#3ES,8MEV LEG FIT GURV,
RAPAPORT#[50SPIN EFFECTS,NOG,TBP,
HGDANIEL#SES, 8 MEV LEG FIT CURY
MCDANIEL*SES, BMEV LEG FIT CURV,
MCDANIEL#3ES,6 MEV LEG FIT CURV
HOGKENBURY#TRNS (KDG ,RES PARS DRVO
HOCKENBURY#B PC ACG,NDG,RES PARS GYN
HOCTENBURY*TBL ¢ WGy WN)yMT,0,CFU CALC
FERRENeTOF (OPTHNL PaRS,ABST NP/A275,
RAPAFORT*DPTMDL REAL,IMAL E DEP,NDG
MUDANLEL*3E5,6MEV LEG FIT GURY,
MCUANIEL®3ES,5 MEV LEG FIT CuRY
HOCKENBURY*TRNS ,NDG,RES FARS QORVD
HOCKENBURY+8 PC ACC,NDG,RES PARS GVA
HOCKENBURY*TBL WG WN,WT,D4CFD CALC
FERREHe TUF ,OPTHOL PARS,ABST NP/AZ75,
RAPAPURT«OPTHMOL REAL,IMAYL E DEP,NDG
KCOANIEL*1E (NOG,

MCDANIEL*STRUGTURE STUDY,NODG,
FERREHeTUF ,QPTMDL PARS,AHST NP/AZ75,
RAPAPORT#DPTMOL REAL,IMAG E UEP,NDG
MCDAKIEL®3ES(6PEV LEG FIT GURV,
MCDANIEL*3ES,6 MEV LEG F}T CURV,
LITTLE«TRNS,USED TO NORM CAPT DATA,
LITTLE#CAPT YLD,CS GRPW,CFD ENDF
LITTLEe28 NEW RES 08S,78L,

SINGH® TRANS (NDG




ELEMENT QUANTITT TYPE  ENERGY  OOCUMENTATION LAB COMMENTS
s A MI% MAX REF VOl PAGE DATE

aogue [P sy T TR T T L P R I L PR R PR R L AR DR R L L DL S L DL Ll

PO N, GAMMA EXPTaPROG B2¢@ 91¢2 ERDAeNDC®9 244 477 RP1 SINGHeCAPT(NDGC,

PO RESON PARAME EXFT2PROG 324@ 9142 ERDArNIC®? 244 477 RPl SINGHeTOF SPEC,TBL 185,107 RES,

PO 125 TOTAL XSECT EXPTePROG NDG ERDAnNOC=9 244 477 RR] SINGHeCAPT.MEAS CFO PO 187,

PO 125 N, GAMMA EXPTPROG *iDG ERDAwNDC=9 244 477 RP1 SINGH®TANS,NOG

PO 12% RESON PARAMS EXPTePROG NG ERDARNDC™S 244 477 RPI SINGHe RELS E§ CFD PD 187,0 SAME PRED

PO 187 RESON PARAMS EXPTaPROG S52e§ 91¢2 ERDAwNIC=9 244 477 RP1 SINGH* Rg5 ES GF0 PD 123,0 SAME PRED

AG HOME{. GANMAS EXPTePROC 10¢% 2047 ERDAaNDCe=9 397 477 QRL DICKENSeUIFF GS,NOG,TBP NSE,

co JNELET GAMMA EXPTePROG 15¢7 ERDAWNDC=9 Y4 477 LRL KOOPMANeMIGH RESCL GEwl] DET,NDG,TBC
CD 117 INELST GAMMA EXFTePROG 1547 ERDARNIC=9 94 477 L KOOPMANGRING GEOM,GEs|] DET,TBL,TBC ;
€D 112 INELBT GAMFA EXPTePROG 15e¢7 EROARNIC®9 %5 477 _RL KOOPMAN®HING GEOM,GEwL] OET,TBL,T8C
CD 134 INELST GAMMA EXPTaPRGG 1547 ERDAWNDC®9 94 477 LAl KOQPHANSHING GEQM,GE~L] DET,IBi,THC .
CG 148 INELST GAMMA EXPTePROG 15¢7 ERDARNDC=® 94 477 LRL KDOPMAN&RING GEOM,GEe_] DET,Y8L,TBC,
I DIFF ELASTIC EXPTaPHOG 1167 ERDARNIC®9 2¢2 477 QHD FERREReTQF,O0PTHDL PARS,ABST NP/A27S,
IN 135 TOT INEGASTI EVALePROG “DG ERDAPNOG®9 42 477 ANL SMITH,EVAL FOR ENDFES,SEL ANLeNDMe23
§N 115 DIFF INELAST EVALsPHOG ™DG ERDAPNOC*9 92 477 ANL SM]TH,EVAL FOR ENDFB5,SEE ANLwNOMaZ6
SN INELST GAMhA EXPTaPHOG 15¢7 ERDApNDC»9 Y4 477 LAL KOOPMAN&HIGH RESOL GEsL] DET NOG,TEC
SN NONE|. GAMMAS EYPTmPHOG 1245 2847 ERDAeNDIC=9 AY7 477 QRL DICKENSeDIFF C5,NDG,TBP NSE,

SN 116 DIFF ELASTIC EXPTaPHOG 1246 ERDA¢NOC=9 330 477 KTY HARPER®14ANG,0PTMOL CALC Tan.}ac.uos
SN 118 DIFF ELASTIC EXPTePrI; "DG ERDARND (=9 222 477 QWO RAPAPORT¢{SOPIN FORBIDOEN,T8D,

SN 118 DIFF ELASTIC EXPTePHDG 1147 ERDAPNIC=9 2¢5 477 QWO RAPAPGRT#ANG DIST,OPHOL, ANAL TBO,NDG
SN 138 DIFF ELASTIC EXPTePROG 1246 ERDARNIC~Y 380 477 KYY HARPER414ANG,OPTHOL CALC TBOD,TBC,NOG
SN 118 DIFF INELAST EXPTaPHOG MDG ERDARNIC®9 222 477 OHD RAPAPORTeTOF,82,90EG,XCIT FN,NOG,

Sv 138  DIFF INELAST EXPT=FROG *IDG ERDAaNIC~9 226 477 DWD RAPAPORT4[SQSPIN EFFECTS,NOG, TP,

SN 118 N, PROTON EXPTaPRDG NDG ERDARNDG®9 2¢2 477 QHD RAPAPCRTe!SO0PIN FORBJDDEN, T8O,

SN 220 DIFF ELASTIC EXPTePROG 117 ERDARNIC®=9 22D 477 QWO FERAEMSTOF ,GPTMDL PARS,ABST NP/A275,
SN 128 DIFF ELASTIC EXPTePHOG ™0G ERDARNDC=9 223 477 QWO RAPAPORY#TOF,82,30EG,XCIT £N,NDG,

8N 120 DIFF ELASTIC EXPT=PNOG 1147 ERDAeNOC*9 222 477 yHO HAPAPORTANG DIST,OPMOL ANAL TBD,NDG
SN 127 OIFF ELASTIC EXPTePROG 1g¢6 ERDARNDC®9 3350 477 KTY HARPEM#L4ANG,OPTMDL CALC TBO,TEC,NOG
SN 122 DIFF INELAST EXPTwPHOG DG ERDAPNOCmY 2¢2 477 QWD RAPAPORT®TOF,82,50EG,XC]T FN,NDG,

SN 120 DIFF INELAST EX®TaPROG DG ERDAsNOC®9 226 477 QMO RAPAPGRT®ISOSPIN EFFECTS.NOG,TBP,

SN 122 N, PROTON EXPTePROG NOG ERDARNDOC=9 225 477 QWD HAPAPORTeISOPIN FORBIDDEN,TBO,

SN 122 DIFF ELASTIC EXPT=PROG "0OG ERDARNDC»9 229 477 QWD RAPAPORT®TOF,82,20iG,XC1T #N NDG,

SN 122 DIFF ELASTIC EXPTePHOG 1147 ERDABNOGC9 225 477 QHO RAPAPORT#ANG O]ST,OPMOL ANAL TBD,NOG
5N 122 GIFF ELASTIC EXPTePROG 1246 ERDAeNDG=9 330 477 KTY HARPERe14ANG,0PTMOL CALC TBD,TBC,NOG
SN 3122 OIFF INELAST EXPTePROG YDG ERDARNDC=9 22> 477 QHO RAPAPQRTeTOF ,82,%0EG,XCIT FN(NDG,



LEMENT  QUANTITY TYPE ENERGY DOCUMENTAT I ON LAB COMMENTS

S A “IN WX REF VOL PAGE OATE S
SN 122 OIFF INELAST EXPTePROG DG ERDAFNOC»§. 226 477AQH0 RAPAPORT¢SQSPIN EFFECTS,NDG,TBEP,

SN 122 N, PROTON EXPTaPROG NDG ERDArNDC®9 225 477 QWD RAPAPORT¢[SOPIN FORBIDDEN,TBO,

SN 124 DIFF ELASTIC EXPTaPROG DG ERDASNDC®9 229 477 DHD RAPAPORT#TOF ,82,5DEG,XCIT FN,NOG,

SN 124 DIFF ELASTIC EXPTePROG 1147 ERDArNOC=9 22> 477 QWO RAPAPORT®ANG DIST,0PMDL ANAL TBD,NDG

SN 124 DIFF ELASTIC EXPTePROG 1pe& ERDARNOC=9 339 477 KTY HARPEMeL14ANG,0PTMOL CALC TBD,TBC,NOG

SN 124 DIFF INELAST EXPTePROG MDG ERDApNOC=9 22> 477 (HQ RAPAPORTTQF ,82,30EG,XC1] FNyNDG,

SN 124 DIFF INELAST EXPT=PROG "DG ERDARNDS=9 226 477 QMO RAPAPORT[S0SPIN EFFECTS,NDG,TEP,

SN 124 N, PROTON EXPTwPRQG *DG ERDApNDC=9 222 477 OHO RAPAPORTe[SOPIN FORB[DREN.TBO,

TE 132 SPECT N,GAMM EXPT«PRQG MDG ERDARNDC=9® 22 477 gNL KOENE®STRUGTURE STUDY,LV¥L SCH,NDG,

£S 133 TOTA| XSECT EXPTePROG 2@+1 1#+> ERDApNDC=9 242 477 RPI HOCKENBURY«TRNS,NDG,RES P4RS DRYD
GS 133 Ny GAMMA EXPTePROG 2941 14+ ERDAeNDCe9 242 477 RP1 HOCKENBURY#8 PC ACC,NDG,RES PARS GVN
CS 133 RESON PARAMS EXPTePROG 4841 32e2 ERDApNOC=9 24% 477 RP1 HOCKENBUHY*TBL (NG,NN,WT,U,CFQ CALC

8a 134 SPECT N,GAMM EXPTaPNOG DG ERDAFNDC»E 32 477 BNL KOENE&STHUGTURE STUDY,LVL SCH,NDG,
CE 138 SPECT N,GARM EXPTaPHOG NOG EADABNOC®® 22 477 BNL KJENESSTHUCTURE STUDY,LVL SCH,NDG,
CE 147 N, GAMMA EXPTaPHOG “IDG ERDABNOCe® 1¥Y 477 AUA MUSGROVESGCS MEAS,NDG,RES PARS DRVO,
CE 142 RESON PARAMS EXPTwPROG SAes ERDApNDC®9 VY 477 AUA MUSGROVESS WAVE AVG D, WG GVN,

CE 144 STRNGTh FUNC EXPTePROG 69%8 [RDARNDG=9 19Y 477 AUA MUSGROVESSUS(3,1%e49)ed,

PR 141 TOTAL XSECT EXPTePROG 47o# 10+ ERDAnNDC9 247 477 RP] FE[GENBAUMeTRNS,NDG,TO NORMALIZE NG
PR 141 Ny GAMMA EXPTaPHOG @42 10+ ERDApNOC=9 247 477 RPI FEIGENBAYMeGAPT,MEAS,ANAL TBO,NDG

ND 142 N, GAMMA EX?TePHOG +3 ERDARNDG=9 499 477 AUA MUSGRCVE®QRELA,CS MEAS,NDG,TEP NP/A,
ND 342 RESON PARAMS EXPTwPHOG +3 ERDARNOC=9 399 477 AUA MUSGROVESS WAVE Wii,¥E,NUG,TBP NP/A

“y 143 TOTAL XSECT EXPTePROG 2@e1 1Pe3 ERDAGNDC=9 242 477 RP] HOCKENBURY®TRNS,NDG,RES PARS ORVD

N 5 sy GAMMA EXPTaPHOG ¢3 ERDAPNIC®9 4¥9 477 AUA MUSGROVESORELA,CS MEAS(NOG,THR NP/A,
ND 143 N, GAMMA EXPTuPROG 2@¢1 10¢> ERNAmNDCe9 242 477 RP] HOCKENBUKY+8 PC ACG.NDG.BE§ PARS GVN
ND 143 RESON PARAMS EXPTaPHOG +3 ERDARNDCw9 L99 477 AUA MYSGROVESS WAVE HNO;WG,NOG,THP NPJA

ND 143 RESON PARAFS EXPTePROG %5+1 71¢Z ERDAmNDCe9 242 477 aﬂx'ﬂucxiuaunv~TaL.H§aHNaHT.Q.QFQ CALC

ND 144 Ny GAMMA EXPTwPROG *3 ERDAnNDC®=9 199 477 AUA MUSGROVESORELA,CS MEAS,NUG,TBP NP/A,
ND 144 RESON PARAMS EXPTePROG +3 ERDARNDCr9 {93 477 AUA MUSGROVESS WAVE HNU,WG,NUG,THP NP/A
NO 145 N, GAMMA EXPTePROG 3 ERDAeNOC=9 499 477 AUA MUSGROVESORELA,CS MEAS,NDG,TEF NP/A,
ND 143 RESON PARAHS EXPTwPROG ¢3 ERDABNDCe9 {79 477 AUA MUSGROVESS WAVE WN@,WG,NOG,TSP NP/A
ND 146 N, GAMMA EXPToPHOG +3 ERDANOC=9 399 477 AUA HQSGROVEOOBELA.GS'HEAS.NQQ.TBP NP/A,
ND 148 RESON PARAMS EXWTaPHOG ¢3 ERDAGNDC=9 399 477 AUA MUSGROVESS WAVE WNU,WG,NUG,TBP NP/A
ND 148 N, GAMMA EXPTPROG +3 ERDABNOC®9 39¥ 477 AUA MUSGROVESORELA,CS MEAS,NDG,TBP NP/A,
ND 148 RESON PARAMS EXPTePROG *3 ERDArNDC»9 199 477 AUA MUSGROVE#S WAVE KNZ,WG,NOG,TBP NP/A
ND 132 N, GAMMA EXPTaPROG +3 ERDASNOC®9 199 477 AUA MUSGROVE#ORELA,CS MEAS.NDG,TBP NP/A,

- xix -
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ND 158 RESON PARAMY EXPTeFHOG ¢3 ERDAwNDC=9 39Y¥ 477 AUA MUSGROVE®S WAVE WNU, WG NDG,TBP NP/A

SM 148 DIFF INELASY EXPTuPHOG 2546 ERDApNIG"9 321 477 KTY MCELLISTYHEM#ANOMALOUS DATA SUPPORTED

M 152 DIFF INELAST EXPTePROG 25¢6 ERDApNDOC®9 321 477 KTY HCELLISTHEMeANDMALOUS DATA SUPPORTED

§M 1352 INELST GAMMA EXPT=PROG 2546 ERDAeNDC>9 321 477 KTY MOCELL ISTREMeANOMALOGUS DATA SUPPORTED 1
HC 163 SPECY NyGAMM EXPTePROG 2043 ERDARNOC®9 98 477 ENL MCCLURESRES SPECyNDG,SPIN{Pl 43PKEV, '!
HO 163 RESON PARANS EXPTePROG 2243 ERDARNDC®9? 28 477 BNL MCCLURCOSPIN,P| 43UKEVE2¢,CFU, :

ER 164 SPECT N GAMM EXPTePROG 2043 24¢4 ERDAnNDC®® DU 477 BNL GHREENWOODHFBR.G,2ES,CFD OTH,NDG

ER 166 SPECT N)GAHRM EXPTePROG 2243 24+4 ERDARNOC®9 58 477 BNL GREENWOOU+HFBR,G,2tS,CFD OTHNDG
EM 168 SFECT N,GAM™ EXPTwPHOG 2843 24¢4 ERDAPNOC™Y 58 477 BNL GREENWOOUSHFBR,G42ES5,CFD OTH NDG
EM 170 SPECT *,GAMM EXPTePHOG 2263 2444 ERDAeNIC>¥ 58 477 BHL GREENMWOODSHFBR,G,2ES,CFD OTH NDG

M 169 N; GAMMA EXPTwlPROG 3743 30¢6 ERDAmNDC=9 110 477 | AS DRAKE¢PRELIM ANAL,TBC,NDG.

LU Ni GAHMA EXPTsPR0O5 MDG ERDApNIC=9 110 477 |,AS DRAKE®NOG,TBD ORELA,

LU 173 N2N HEACTION EXPTePHOG 457 ERDAPNDC=9 91 477 | RL NETHAWAY®ISQM RATIO GVN,CFD CALC,
TA 18% COIFF ELASTIC EXPTwPHOG L1147 ERDASNIC®9 2&2 477 QWO FERRER®TUF,0PTHDL PARS,AHST NP/A27H,

TA 181 NONEL GAMMAS EXPTPHOG 1865 2Re7 ERUAANDC®9 L¥/ 477 ORL DICKENSeUIFF C5,NDG,TBP NSE,

W 182 TOTAL XSECT EXPTePHOG 1046 4P¢6 ERUA=NOC=9 3¢ 477 ANL GUENTHER®ROT,VIE XCIT,THES]S THP,NOG
W 182 ELASTIC SGAT EXPTaPROG 4046 40+6 ERDAPNOC®9 $¢ 477 ANL GUENTHER®ROT,V1B XCIT,TWESIS TBP,NDG
W 182 OIFF ELASTIC EXPTePROG 1046 4B+6 ERDAgNDC=9 SU 477 ANL GUENTHER®ROT,VIB XCIT,THESIS T8P,NDG
W 182 UOIFF INELAST EXPTePROG 1896 4@+8 ZROARNOC=§ 3¢ 477 ANL GUENTHER$RQT,VIE XCIT,TWESIS TBP nOG

W 182 SPECT N,GAMM EXPT«PROG NDG ERDAeNDC®9 27 477 BNL STCLTS#PAIR SPEC(HIGHER EXCIT,NDG

W 182 [NELET GAMMA EXPTwPROG 1846 48+0 ERDApNOC~9 S0 477 ANL GUENTHER®ROT,VIB XCIT,THESIS TBP, NDG
W 182 RESON PARAMS EXPTaPHOG N0 ERDARNOC®9 57 477 BAL STELTS#PAIR SPEC,45 SPIN STATES,NDG
W 184 TOTAL XSECT EXPTePROS 1825 4ped ERDA=NOC=9 JU 477 ANL SUENTHEReROT,VIB XCIT,THES|S TEPNUG - .-
W 184 ELASTIC SCAT EXPT#PHOG 18%6 4Bed ERDAPNDCSY 3 477 ANL GWENTHERROT,VIB XCIT,THESIS TBP,NDG
H 184 DIFF ELASTIC EXPTwPHOG 446 40¢8 ENDAMNDCe? 30 477 ANL GUENTHERSROT,VIB XCIT,THESIS TBP,NDG
W 184 DIFF INELASY EXPTePROG 1866 4p¢6 ERDARNOC=9 3¢ 477 ANL GUENTHERRGT,ViB XCIT,THESIS TBP,NOG
W 184 [NELBT GAMMA EXMTaPROG L1046 4U+d ERDAPNOC®Y S 477 ANL GUENTWNEReRQT,VIB XCIT,THESIS TBP,NDG
K 186 TOTAL XSECT EXPTwPROG 10¢6 4p+8 CRDAmNOC®9 3¢ 477 ANL GUENTWERSROT,ViB XGIT,THES]S TBP,NDG
W 486 ELASTIC SCAT EXPTePNOG 1046 4248 ERDAoNUCe? SP 477 ANL GUENTWEReROT,V{8 XCIT,THESIS 7BP,NDG
W 188 DIFF ELASTIC EXPTePKOG 1046 4D+e ERDApNOGWY SU 477 ANL GUENTHERRQT, Y18 XCIT,THES]S TBR,NDG
W 186 DIFF INELAST EXPTePROG 1246 48¢0 ERDARNDG~9 3¢ 477 ANL GUENTHER®ROT,VIB XCIY,THESIS 7BP,NDG
W 186 [NELST GAMMA EXPT=PHOG 1046 48+¢2 ERDAGNDC-9 23\477 ANL GUENTHEReROT,VIB XCIT,THESIS TBP,NDG
03 192 SPECT N,GAMM SXPTePROG 25#2 2043 ERDApNOGe? 00 477 BNL CASTENSRES FRAG NILSSON MDL(NDG,

I 191 N, GAMMA EXPTaPROC NDG ERDAwNDG=9 £1¥ 477 LAS DRAKE&NDG,TB0 ORELA,

1IN 195 N, GAMMA EXPTePROG NDG ERDAGNDC=9 314 477 L AS ORAKE®NDG,780 ORELA,
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PT 192 SPECT N,GAHM EXPTePROG 25c2 ERDARNOGr9 9V 477 BN CIZEWSKISHFBR,PT198 LvL SCHEME,NOG

PT 193 SPECT N,GAMM EXPTsPHOG 20¢3 ERDABNOC®® 29 477 BNL CI2EWSK]¢HFBR,PT196 LVL SEHEME,NODG f

AU 197 NONEL GAMMAS EXPTePHOG 1@+5 2@8¢7 ERDArNOCw9 $,¥7 477 QAL DICKENSeDIFF CS,NDG,TBP NSE,

PB INELST GAMHA EXPTePHOG 15¢7 ERDAZNOCwS 94 477 LRL KOOPMANeHIGH RESOL GE=L[ DET,NDG,TEC
P NONEL GAMMAS EXPTmPROG 1245 2047 ERDAPNOCe® 397 477 QRL DICKENSeQIFF CS,NDG,TBP NSE,
P8 284 [NELST GAMMA EXPTePROG “0G ERDARNDG=9 31 477 ANL SMITH®ANAL TBO,NDG,

PB 206 ODIFF ELASTIC EXPTwPHOG 6045 18¢b ERDAeNOCe® 30 477 ANL SMITHeCS HMEAS,MDL PRED U234 CS,NDG,
PE 286 DIFF ELASTIC EXPTePRGG 1147 ERDAgNDC=9 222 477 QWO FERREReTYOF ,OPTMDL PARS,ABST WNF/a275,
PE 207 TOTAL XSECT EXPTaPROG 4Pe> ERDAENDOCT9 203 477 QR HOREN®NDG,MAG OIPOLE ST,TEP HAP 4e77
PB 207 DIFF ELASTIC EXPTePROG 83¢5 18+t ERDAwNDC=9 3P 477 ANL SMITHeCS MEAS,MOL PRED UZ38 CS,NUG,
PB 287 ODIFF ELASTIC EXPTePROG 40> ERDAnNOC®9 20> 477 ORL HOREN®NOG,MAG OIPOLE ST,TBP HAP 477
PB 287 SPECT N,GAHM EXPTaPROG 14e8 ERDA=NDC=9 207 477 QRL RAMAN®MI;Z],E2 DATA,NOG,TBP BAP 477
PB 297 RESON PARAMS EXPTaPROG 9@¢4 13¢> ERDAZNOCS 209 477 QRL HOREN® ,WN,HG,MAG DIPOLE,TBP HAP 477
FB 288 OIFF ELASTIC EXPTwPROG &1¢5 1P¢d ERDAMNDC=9 30 477 ANL SMITHeCS MEAS,MDL PRED U238 CS,NDG,
PB 28 DIFF ELASTIC EXPTePROG MDG ERDAwNOC®9 220 477 DHO RAPAPORT¢DPTHMOL PARS,CFD P DATA,NDG
PB 288 TOT INELASTI EXRTeFHOG 4543 8246 ERDAeNOCe? 196 477 ORL DICKENS,DIN,SIH FROM DNG,NDG,TBF NSE
PE 208 DIFF INELAST EXPTePHOG ¢9e6 B85 ERDArNOC=% 3¥6 477 QRL DICKENS,DIN,SIN FROM DNGyNDG,TBP NSE
P8 208 DIFF INELAST EXFTwPROG 1177 2647 ERDAeNDC+% 227 477 QWO RAPAPORT®[NEL XCI? ANAL(NDG,TBP

FB 228 N, GAMMA EXPTaPROG MDG ERDAANIC=9 208 477 QRL MACKLINeTOF ,STELLAR T,NDG.TBP Ay,

P8 288 INELST GAHMA EXPTePHOG 496 BUe6 ERDARNOC®9 398 477 GRL DICKEMS,TOF,V0G.G SPECT,NOG,TBF NSE
PB 288 RESON PARAMS EXPTePRNG B3¢ ERDABNDCr® 200 477 QRL MACKLINSSTELLAR T,2 NEW RES,TBP Ay
Bl 209 OIFF ELASTIC EXPT=PROG 6245 126 ERDARNOC*9 3P 477 ANL SM|THeCS MEAS,MOL PRED U23% GS,NDG,
Bl 289 OIFF ELASTIC EXPTePROG 11¢7 ERDARNIC®® 222 477 QHO FERREN*TOF (OPTHOL PARS,ABST NP/A275,
E1 209 TDT IMELAST! EXPTePHOG 5446 ERDARNOC®9 $¥6 477 QRL DICKENS,SIN FROM ONG, NDG,TBP NSE,
Bl 229 [NELST GAMMA EXATePHROG %446 ERDARNOC*® 396 477 QRL OICKENS,TOF,VDG,G SPECT,NDG,TBP NSE
TH 229 FISS]ON EXPTaPROG 122 1B+l ERDAPNOCe? 69 477 COL LUERS*REL UR235,GRPM,ANAL TEC,

TH 229 "FRAG SPECTRA EXPT#PHOG NDG ERDAENOC=9 7R 477 COL LUERS*COINC FRAG E MEAS,ANAL “BD,NOG
TH 229 RESON PARAMS EXPTePROG 1p*@ 1De1 ERDAwNOGe9® 6¥ 477 COL LUERSeOm,3EV,FISS AREAS TBG,

TH 238 SPECT N,GAMM EXPTePROGC 144@ ERDAgNDCw9 33 477 gNL CMRIENe®H231 LVL STUQY,NDG
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A. DATA COMPILATION AND EVALUATION ACTIVITIES

1, A File of Actinide-Isotope Decay Data For ENDF/B: fC. W. Reich)

In recognition of the need for a commonly available base of eval-
uated nuclear decay data for use in a variety of reactor-related appliica-
tions, the scope of the Evaluated Nuclear Data File (ENDF/B) was expanded
several years ago to include such information. The first general category
of nuclides whose detailed decay data were incorperated into ENDF/B were
the fission-product nuclides; these data appeared in the Fission-Prodict
File of Version IV of ENDF/B,1 The increasing importance of the actinides
in many areas of reactor technology has led to a decision to produce an
Actinide File to be included in ENDF/B-VY. We have had the responsibil-
ity for preparing the decay data for this file.

The Actinide File contains nuclear data for 46 isotopes and 150—
metric states. The following is a 1isting of these 46:

u - 232, 233, 234, 235, 236, 237, 238, 239

Np - 236, 236m, 237, 238, 239

Pu - 236, 237, 238, 239, 240, 241, 242, 243, 244
Am - 240, 241, 242. 242m, 243, 244, 244m

Cm - 241, 242, 243, 244, 245, 246, 247, 248, 249
Bk - 249, 250

Cf - 249, 250, 251, 252, 253

Es - 253

These decay data have been worked up in the expanded data content adopted
for the Version-V ENDF/B decay data 2

(1) C. W. Reich, R. G. Helmer and M. H. Putnam, Radioactive-Nuclide
Decay Data for ENDF/B, ANCR-1157, (August 1974).

(2) C. W. Reich, R. G. Helmer and R. Bunting, Nuclear Technology
Division Annua1 Progress Report for Period Ending June 3u, 1975,

ANCR-1255 (February 1976), 25-26.




2. A File of tvaluated tecay-Scheme Data For NRC: (R. L. Bunting,
N. C. Dyer, M. A, Lee", M. H. Putman)

A data file of recently evaluated radionuclide decay data is being
prepared for the Nuclear Reguiatory Commission. This file contains data
on 111 nuclides.

It is tailored to satisfy the radionuclide decay-data needs for
the quantitative mor**oring of radionuclides associated with nuclear
power plant operations and the calculation of radiation doses from nuclear
power plant effluents.

The report contains the following data classifications.

1. Nuclide Identification
2. Half-life +
3. Decay Modes (8™, 8 5 e, a, 1T)
a. Associated branching ratios
4. Average Energy per Disintergration (electron, photon,a)
5. Gamma-ray Intensity Normalization
6 Gamma-ray Listing
a. Energy
b. Relative and/or absolute gamma-ray intensity
c. Assay flags

The associated uncertainties in the reported values are also included.

The average energy per disintegration is calculated for three
categories, electron, photon and alpha. The average electron energy in-
cludes contributions from the beta spectrum as well as conversion and
ARuger electrons. The latter two contributions are processed into the
file from known y-ray multipolarity and electron-capture data. The
average photon energy inciudes the contributions ¢f the y-spectrum and
x-rays and annihilation radiation from other decay processes. Nuclear
recoil effects are considered in calculating the average a-energy.

The y-spectra from the nuclides of interest for this file are
frequently complex. In order to present a useful y-ray 1isting, the
output Tist can be controlled by the value of the y-ray intensity code.

<
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This code indicates the height of the y-ray above background in a single
source spectrum. A summary of the intensity code is given below:

Peak-to-Background

Intensity Code Ratio (PBR)
1 PER 2 10
2 10 > PBR 2 5
3 5> PBR 2 2
4 PER < 2

Only v rays with intensity codes 1 or 2 are output for the NRC file. For
each y-ray emitting nuclide on the file, one or two y rays have been flag-
ged by the compilers as the "assay y rays." Tnese "assay y rays" will
uniquely identify the presence of the nuclide in question.

In selecting these, consideration has been given to the problem
of the existence of y rays of similar energy from the decay of other
radionuclides known (or suspected) to be present in known power plant

radionuclide sampies, which can cause problems in the quantitative assay
of these activities.

Several summary appendices are included in this report. These
summaries contain various sorts of the EY, Iy, T» and Identification
records to further aid the user of these data. 2



B.  NUCLEAR LEVEL-SCHEMES STUDIES

1. Decay of !28Cs: (R. C. Greenwood, R. G. Helmer, €. W. Reich, R.
J. Gehrke, R. A. Anderl)

As a part of our program of nuclear structure studies of neutron-
def icient isotopes off the line of stability, samples of 128Ba-Cs have
been produced at the C. P. Anderson Meson Physics Facility (LAMPF) by
irradiation of praseodymium metai with ~800 MeV protons. These targets
were shipped to the INEL where the barium fraction was chemically extracted
and the mass-128 traction was obtained from an isotope seearator. The

resui:ing samples included only the radioactive isotopes 128Ba and the
daughter 128(Cs,

Gamma-ray_spectra obtained during a continuous Ba-Cs chemical sep-
aration were usedl to identify twelve y rays associated with the 128Ba
(2.4 d) activity. The remaining vy rays are given in Table B-1 and are
associated with the 28Cs (4 m) decay.

Measurements were made of the v-vy coincidence spectra with gates
on the peaks at 442, 511, 526, 590, 1030 and 1140 keV. In addition to
establishing many vy-vy coincidence relationships, these spectra can be used
to determine the absence of many other y-y coincidences. For this par-
ticular decay scheme, the "no coincidence" result does really mean that
the vy ray does not populate any level at, or above, that denopulated by
the gating y ray. From this fact, the y-y coincidence data can be used
to place many v rays in the level scheme.

+ The v-v coincidence results are also used to determine the abso-
lute 8 branching ratios to the levels at 9569 and 1999 keV and the rel-
ative g8 intensities to the levels at 442 and 1532 keV.

The decay scheme deduced from these data is shown in Fig. B-1.
The seven transitions at the left-hand side of the figure are placed
tentatively since only one transition is seen from each level. The re-
mainder of the scheme is quite well determined. The spins and parities
of the states below 1200 keV are known from previous experiments and those
for the states above 120G keV are deducted from the electron-capture pop-
ulation and v ray depopulation of the levels.

(1) R. G. Helmer, R. J. Gehrke, R. C. Greenwood, C. W. Reich and L. D.
McIsaac, Nucl. Phys. A258, 83 (1976).



Table B-1

128Cs y-ray energies and intensities

Energy (keV) Relative intensitya Placement in scheme
442.873 + .009 100, 442 - 0
459.98 + .04 0.123 + .015 1429 - 969
511, 492,  + 15 B+
526.577 + .010 9.01 .18 G569 - 442
570.07 + .03 0.115 + .017 1999 - 1429
590.239 + .019 0.250 + .007 1033 - 442
613.473 + .012b 1.32 + .03_b 1582 - 969
688. +1. b 0.017 + 006 2272 - 1582
966.5 + .3 0.12 + .02 1999 - 1033
969.465 + .019 2.3¢6 + .05 a9 - 0
986.65 + .03 0.133 + .010 1429 - 442

1030.170 + .022 0.812 + .017 1999 - 969

1081.14 + .06 0.076 + .007 2510 - 1429
1140.05 + .03 4.26 + .09 1582 - 442

1157.61 + .12 0.031 + .004 2127 - 969

1162.00 + .07 0.036 + .004 2591 - 1429
1203.64 + .08 0.034 + .004 2633 - 1429
1239.64 + .06 0.049 + .003 2272 - 1033
1283.43 + .07 2.043 + .006 (1726 - 442)
1303.34 + .03 0.440 + .013 2272 - 969

1392.53 + .07 0.059 + .005 2361 - 96Y

1434.45 + .07 0.049 + .0G4 1877 - 442

1461.1 + .2 0.14 + .02 2430 - 969

1477.66 + .09 0.036 + .004 2510 - 1033
1512.98 + .03 0.198 + .011 2482 - 969

1541.21 + .05 0.066 + .008 2510 - 969

1556.73 + .06 0.053 + .004 1999 - 442

1600.06 + .1% 0.019 + .004 2633 - 1033
1629.67 + .04 0.498 + .014 2598 - 969

1663.61 + .04 0.094 + .004 2633 -~ 969

1684.13 + .04 0.416 + .013 2127 - 442

1804.12 + .14 0.022 + .003 2837 - 1022
1810.20 + .13 doublet 0.04

1829.86 + .10 0.025 + .002 2272 - 442

1837.20 + .17 0.013 + .002

1868.06 + .11 0.028 + .03 2837 - 969

1918.83 + .05 0.137 + .007 2361 - 447

1978.00 + .05 0.172 + .005 2420 - 442

1987.84 + .05 0.098 + .007 2430 ~ 442

2039.56 + .05 0.115 + .006 2482 - 442

2067.71 + .14 0.020 + .003 2510 - 442

2078.18 + .07 0.043 + .004 2521 - 442

2141.24 ¥ .19 0.027 + .009 3110 - 969

2148.61 + .09 0.184 + .007 2591 - 442



Table B-1 {(Continued)

Energy (keV) Relative intensity? Placement in scheme
2155.63 + .04 0.568 + .017 2598 - 442
2190.15 + .05 0.211 + .007 2633 - 442
2255.50 + .16 0.009 + .002
2275.53 + .06 0.059 + .002 2718 - 442
2314.47 + .56 0.006 + .002
2361.91 * .10, 0.22_* .02 2361 - 0
2363.6 + .4 0.043 + .011 (2806 - 442)
2394.33 + .06 0.090 + .003 2837 - 442
2416.41 + .06 0.128 + .004 2859 - 442
2430,55 + .08 0.023 + .004 2430 - 0
2466.69 + .24 0.008 + .002
2482.58 + .12 0.015 + .002 2482 - 0
2510.60 + .11 0.016 + .002 2510 - 0
2564.53 + .15 0.008 + .001
2591.43 + .10 0.024 + .002 2591 -0
2632.94 + .08 0.025 + .002 2633 - 0
265u.69 + .31 0.008 + .002 (3099 - 442)
2667.42 + .13 0.012 *+ .003 3110 - 442
2837.64 + .09 0.023 + .001 2837 - 0
2859.26 + .09 0.023 + .002 2859 - 0
2937.33 * .12 0.010 + .002
3104.05 + .26 0.008 + .001

4Absolute v-ray intensities, v/100 decays, can be obtained by rultiplying
these values by (0.258 + 0.013)

bValues are from Y-Y coincidence measurements.
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2. Half-Lives of !3%a And 132-135Ce: (R, J. Gehrke and R. G. Helmer)

The half-1ives of 13%La and 13%135Ce have been measured by means
of y-ray spectrometry with Ge(Li) detectors. A1l of the sources used
weré samples produced at the Clinton P. Anderson Meson Physics Facility
(LAMPF) by the spallation reaction with ~ 800 MeV protons bombarding prase-
odymium metal foils. The cerium was separated from the praseodymium foils
by preferentially extracting Ce(IV) out of 10 M HNG, into di-(2-ethylhexyl)
orthophoshoric acid (HDEHP). Isotopically purified”cerium samples were
produced with the INEL isotope separator. The 13%La sample was obtained
from chemically and isotopically purified 13%Ce by oxidizing 13"Ce to the
+4 oxidation state and extracting it into HDEHP leaving the 13%La in the
aqueous medium. The decay of the B"La was observed by measurements of
the gross y-ray counting rate from a Ge(Li) detector. The half-lives of
all of the cerium isotopes were determined by following the decay of the
stronger y-ray peaks in the Ge(Li) spectra. Since both chemical and
isotopic separations were carried out, the activity of each isotope was
expected to follow a pure expotential decay.

Our measured values of the half-1ives of 13%La and 132-135Ce are
given in Table B-2. The reduced-x? values for the least-squares fits are
also given in this table. They generally support the assumption of a
single component in the cases with more than five data points. The sys-
tematic errors given are intended to be reasonable estimates of the mag-
nitudes of these errors and ars based on the physical conditions of the
experiments or on the performance of the electronic circuitry. Generally,
where several previous measurements exist they are inconsistent. As an
example, previous half-1ife values of 13%Ce vary from 72.0%0.5 to 81t 2 hr.
The average (1/02 weighted) of the six previous values with assigned
errors is 73.76hr and has a reduced-x2 value of 12.5, compared to the ex-
pected value of ~ 1.0. Similarly, the previous !35Ce values vary from
17.5%0.4 to 22%0.7 hr. These gross discrepancies indicate the presence
of systematic errors in some of the experiments which were underestimated
or not taken into account. Because our cerium sources were chemically and
isotopicaily purified and because each radionuclide was counted with Ge(Li)
spectrometers to resolve the cerium y-rays from any contaminating radi-
ations, (e.g. 132La in 12Ce, 133La in 133Ce or 132Ce in 133Ce), the present
measurements should provide more accurate half-life values.




Table B-2, Half-life values for '3-La and !13°71'5Ce from the present investigation
Time y-ray peak Averaged Data
a of Data Observed (Qhserved Least-squires it Lrror Components
Isotope  Points Fit  (half-lives) [E{keV)] half-11fe Statijticzl Systematic Half-life
13s14 80 4.5 Total 0.84 6.45 * 0.06 min 0.06 min 0.10 min 5.45 1 0.16 min
Spectrum
1120e 5 11 155 4,18  3.51 £ Q.11 hr 0.05 hr 0.056 hr 3.51 Y 0.11 hr
180 3,69  3.51 £ 0,05 hr
1
e 3 7 130 0.35 4.91 0,05 hr 0.06 hr 0.33 hr 4.93 % 0.30 hr
785 1.6 5.17 2 0,26 hr
1584 0.57 4.94 % 0,18 hr
2016 0.54 4.80 0,19 hr
t:uge 11 9 51 4,96 75.80 f 0.09 hr 0.15 hr 0.76 hr 75.9 1 0.9 hr
563 0,90 76.64 ¥ 1.59 hr
604 2.12 76.23 £ 0.31 hr
135¢ce 14 2.5 206 1.02 17.731% 0.038 hr 0.13 hr 0.18 hr 17.76 ¢ 0.31 hr
265 0.93 17.756% 0,016 hr
300 1.17 17.787% 0.025 hr




3. Decay of !3%La: R. C. Greenwood, C. W. Reich, R. G. Helmer,
R. J. Gehrke, R. A. Anderl and J. D. Baker*®

The properties of nuclides in the mass region 50<Z, N<82 are of
considerable current interest because of the information which they provide
concerning the collective potential-energy surfaces and how these surfaces
vary with both proton and neutron number. In a continuing effort to system-
matically study thedecay properties of such nuclei, a source of !3“Ce-18%La
was produced by spallation in Pr-metal targets using ~830-MeV protons from
the Clinton P. Anderson Meson Physics Facility (LAMPF). After bombard-
ment, the irradiated foils were transported to the INEL for study.

The Ce fraction was chemically separated from the other spallation
products and the Pr. Following the chemical separation, the residual frac-
tion of Ce was mass separated. A surface-ionization-type ion source was

employed in these separations and a complete separation typically took
v 4-6 hours.

The spectrum of y rays emitted in thel3“Ce-13%La decay chain was
measured using the mass-separated 13Ce-13%La sample with a Ge(Li) detec-
tor. A Tisting of the average energies and intensities (relative) of the
y-ray transitions which could be associated with the B“La decay in the
present work is given in Table B-3. To assist in the determination of
absolute photon emission rates in the 13%Ce » 1343 » 134Ba decay chain, it
is necessary to know the relative intensities of the K x-radiation from
La and Ba. This was accomplished using a Si(Li) photon detector. Gamma-
ray coincidence spectra were measured for several of the strongest y-ray
Tines in the 13%La spectrum. These lines were those at 563, 604, 1211,
1424, 1483, 1554, and 1732 keV {in a 1800 geometry), as well as the
511-keV annihiTation-radiation peak (in a 900 geometry).

A decay scheme for 13%La is quite readily constructed from the data
obtained in the nresent study. The extensive y-y coincidence relationships
generally give quite unambiguous evidence as to the placement of y-ray
transistionsin the !3“Ba level scheme. These coincidence data are further
supplemented by the nencoincident y-ray transitions, which are therefore
inferred to be ground-state transitions. Since the decay energy of 13%La
is quite weli known (Q = 3720 + 25 keV) we can also infer that those y-ray
transitions with energies 2 3140 keV must populate the !3“Ba ground state,
while those transitions with energies 2 2580 keV must populate either the
ground state or the 604-keV first excited state (assuming that the second
excited state in !3“Ba is at 1167 keV). The placement of other y-ray
transitions, which were not sufficiently intense to be observed in the

*
Al1ied Chemical Corporation
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Table B-3. y-ray energies and intensities from !3%La decay.

y-ray Errar Relative y-ray Error
Energy (kev)? (kev) intensity ()
Ba K-x 7020. 8.
475.33 0.21 1.27 30.
511. (Ann) 29130. a,
563.226 0.013 86.7 2.5
592.577 0.038 3.98 7.
604.699 0.012 1215.7 2.5
659.35 0.09 0.62 10.
718.709 0.028 2.99 7.
795.997 0.032 1.83 7.
861.286 0.047 0.99 10.
920.347 0.024 4,32 5.
991.725 0.042 1.38 7.
1038.68 0.05 0.91 7.
(1103.4) 0.5 0.2 50.
1155.826 0.0z8 4.68 5.
11621 0.1 18.5 7.
1168.63 0.08 5.2 20.
1184.92 0.12 0.42 15.
1211.145 C.%26 28.59 2.5
(1243.84) 0.21 n.54 20.
{1255.0¢) N.26 0.35 40,
1307.0 0.7 0.18 50.
1320.701 0.n28 19.80 2.5
1347.34 0.05 1.18 5.
1365.96 0.07 0.74 10.
1396.730 0.029 8.55 2.5
1402.889 0.034 2.47 5.
1424.5%6 0.030 45.4 2.5
1431.35 0.13 0.54 20.
1483.516 0.031 35.9 2.5
1488.29 0.27 1.05 20.
1528.54 0.07 0.64 10.
1554.934 0.032 100.0 2.5
1560.42 0.48 1.18 30.
1579.92 0.15 1.14 20,
1591.1 1.1 , G.22 30.
1649.63 0.16 i n.29 15.
1660.57 0.07 0.73 10.
(1674.6) 0.5 0.14 40.
1683.33 0.07 0.77 10.
1719.04 0.05 1.50 5.
1732.129 0.035 56.6 2.5
1749.4} 0.13 0.34 15,
1765.71 0.22 0.53 20.
1774.353 0.036 11.55 2.5
(1800.8) 0.5 0.084 40.
1836.43 c.15 0.40 15.

- 11 -



Table B-3 (Continued)

y-ray Error kRelative y-ray Error
Energy (key)® (kev) intensityd (%)
1859.43 0.06 n.86 7.
1883.74 0.12 0.80 10.
1893.20 0.08 0.56 10.
(1918.0) 0.5 0.18 49,
1932.16 0.06 1.07 7.
1959.956 0.043 z3.55 2.5
1966.07 0.12 1.03 15.
1995.133 0.044 21.57 2.5
2029.191 0.044 9.49 2.5
2051.55 0.10 1.42 10.
(2064.4) 0.5 0.15 36.
2088.24 0.05 14.0 5.
2091.99 0.10 2.38 19.
2104.11 0.06 0.75 7.
2124.482 0.050 7.50 2.5
2143.222 0.050 3.87 5.
2156.03 0.08 1.01 10.
(2159.5) 0.5 0.06 100.
2223.781 0.n48 4.38 2.5
2240.4 0.6 0.12 30,
2246.67 0.35 n.13 37,
2282.290 0.054 2.1z 5.
2312.91 0.07 0.54 7.
2334.7 0.4 0.45 2%.
2345.56 0.21 0.155 15,
2442.68 0.26 n.104 2.
2464.15 0.13 0,174 15.
2482.24 0.17 0.145 15.
2564.84 0.07 1.36 5.
2570.87 0.054 4,56 2.5
2599.84 0.06 0.68 7.
2656.11 0.18 0.115 15.
2667.37 0.0§ 0.270 7.
2696.54 0.07 0.73 7.
2722.51 0.25 0.109 15.
(2748.1) 0.5 0.02 100.
2758.90 0.32 0.110 15.
2764.16 0.08 0.334 10.
2788.72 0.21 0.075 i5.
2803.51 0.3? 0.069 15.
2824.08 0.25 0.081 20.
2828.0% 0.28 0.082 20.
2851.05 0.12 0.268 7.
2866.44 0.24 0.057 15.
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Table B-3 (Continued)

y-ray Error Relative y-ray Error
Energy (keV)? (keV) intensityd (%)
2894.,92 0.14 0.100 10.
2938.92 0.15 0.68 7.
3027.11 0.18 0.147 10.
3061.33 0.15 0.147 10.
3086.59 0.15 0.082 15.
3160.04 0.15 0.135 10.
3245.84 0.19 0.055 20.
3327.18 0.15 0.139 10.
3449.46 9.18 9.143 10.

Parentheses around a y-ray energy indicate a tentative assignment.

b These values must be myltiplied by a Tactor 4.14 ¥ 1077 to conve-t
to absolute intensities {in /100 disintegrations). Since the
uncertainty in this conversion factor is I 4,17, this should be adde?
in quadrature to the error assigned to the relative jntersities tr
obtain the total error assigned to the absolute intensity values.

- 13 -
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Figure B-2. Proposed decay scheme for 13473, Spin and
parlty assignments are listed only for those states below
3.0 MeV,




coinnidence spectra or by the energy limits noted above, was facilitated
by the high precision attained for the y-ray energy measurements. Such
y-ray transitions could then generally be placed in the Tevel scheme from
the Ritz combination principle. The decay scheme of !3%La which was pro-
posed from the present data, using the considerations cited above, is
shown in Fig. B-2.

4. K Conversion Coeffients of y-Rays Above 800 keY From 187Ta Decay:
(R. G. HeTmer)

The ralative intensities of the K-shell internal-conversion elect-
rons above 800 keV from the decay of 182Ta (115 d) have been measured for
all of the known y-ray transitions except that at 1180 keV. These measure-
ments were made with a = v@_ iron-free magnetic spectrometer. Each K-
1ine was measured once or twice at a resclution R of 0.10% and once at
either 0.075% (for complex peaks) or 0.20% (for single lines). The results
of these measurements are shown in columns 2-5 of Table B-4. The results
from the various resolutions are reascnably consistent. The uncertainties
in the averages range from 0.5 to 20%.

Ten y-ray spectra of 182Ta were measured on Ge(Li) detectors and
analyzed to obtain the relative intensities of the high-energy lines. The
results from these measurements are given in column 6 of Table B-4. The
intensities are quoted relative to 1221-keV line and the uncertainty ir
the efficiency is taken to be zero at this energy, 0.3% within 25 keV,
0.7% within 50 keV and 1.0% elsewhere. These are the uncertainties
applied after averaging results from three source-detector distances on
one detector and two distances on another detector.

The K-conversion-electron intensities and the v-ray intensities
were normalized to give the K-conversion coefficients given in column
7 of the table. The quoted uncertainties are generally a factor of 3
or more smaller that the best previous measurements. Comparisons of these
conversion coefficients with the theoretical values for ten transitions
which have pure multiplorities show excellent agreement and indicate that
the uncertainties are realistic. The best multipolarity determinations
for the remaining twelve transitions will require a complete reanalysis
of the published angular correlation and angular distribution (Tow

temperature) results in conjunction with these internal-conversion co-
efficients.

- 15 -
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Table B-4

Summary of K-conversion-electron data for !'"°Ta decay.

y-ray Relative K-line intens‘ty

eneray {keV) R =0.75% R = 0.10% R =10.207 Average
891.961 0.32 (3) 0.33(2) 0.33(2)
927.973 3.62 (3) 3.70(3) 3.66(8)
959.709 4.54 (5) 4.69(4) 4.63(7)
1001.674 10.65 {6 10.59(8) 10.79(8) 10.6855)
1044.388 1.48 (3 1,52(2) 1.51(2)
1113.38 1.99(15) 1.94 {(5) 1.92(4) 1.97(3)
1121.276 156.9 (6) 152.9 (5) 152.9 (3) 152.9 (8) 152,7 (8)
1157.288 6.78(9) £.54 (8) 6.65(7) 6.65(6)
1158.057 1,00(33) 1.35 (46) 1.07(33) 1.10(21)
1180.76

1189.024 91.6 '9; 92.9 510) 92.5 (€) 92.4 (8)
1221.379 100.0 %5 100.3 (4} 99.7 (4} 100.0 (6} 100.0
1223,777 1.05(42) 0.88 (13) 0.72,3) 0.77%7)
1230.989 41.6 (3) 42.5 (2) 42.3 (2) 42,1 (3) 42.2 (2)
1257, 392 5.47(14) 5.23 (21} 5.32(31) 5.39(11)
1273.703 2.88(7) 2.74 (3) 2.78(3) 2.77§3)
1289.128 21.5 (7) 20.4 {9) 21.1 {6)
1342.70 0.86 (3) 0.83(3) 0.84(2)
1373.806 1.31 (3) 1.31(2) 1.31(2)
1387.7°2 0.470(15) 0.47(1) 0.47(1)
1410.08 0.150515) 0.14(2) 0.15(1)
1453.092 0.170(15) 0.18(1) 0.18(1)

Relative y-

K~-conversion
Coefficient

ray ‘ntensity

.212(25)
.30 (3)
.29 (2)
.63 (8)
.877(17)

.65 (2)
129.3 (14)

} 3.67 (4)
0.322(19)

60.3 (4)
=100.0 (8)
0.8
42,56 (20)
5.52 (4)

.41 (3)
.00 (6)
.931(12)
.812(10)
.261(5)

.149(6)
.104(4)

O~N—MNNO

—

oo [= R N X3, NN

3.94(53)
4.03(7)
9.08(20)
3.54(4)
4.36(10)

—
E-N\N O N MR N N W
P A e e v . Py

3 These two values are based on a published decomposition of the 1158-keV y-ray peak.
Based on the L-electron line intensity and an assumed K/L ratio.



5. Absoulte y-Ray Rranching And Half-Life of 2508k: (R. J. Gehrke,
R. G. Helmer, C. W. Reich, J. D. Baker")

As part of an investigation of the decay of 3.2 h 250Bk we have
measured the absolute intensity (or branching ratio) of the 989- and the
1028 + 1031 - keV y rays and the 250gk half-life. These experiments were
performed with a 4nR-y coincidence system and a Ge(Li) spectrometer whose
absolute photopeak efficiency had been determined previously.

The sources were prepared by chemically extracting the 250Bk from
the 25%Es (275.7 d) parent activity. This was accomplished by oxidation
of Bk to the +4 oxidation state using 10M HNO_-0.1M NaBrO, and extracting
into an equal! volume of 0.1 M HDEHP in heptané. Possible“traces of en-
trained Es were eliminated by washing the HEDHP once with an equal volume
of fresh 10 M HNO -0.1M NaBr0 Bk was then back extracted into 6M HNOg

containing several drops of 38% H20 . The Bk source was made relatively

massless by using successively anion-exchange and cation-exchange tech-
niques.

The 250Bk activity was deposited as a small droplet on thin con-
ducting films of VYNS and taken to dryness with a heat lamp. The VYNS
films were typically 40 ug/cm? thick with gold layers of 25 pg/cm?
thickness deposited on each side by vacuum evaporation. A1gha counting
of the residual activity (i.e. 250Cf and 25%Fs after the 259Bk decayed
indicated that the chemical separation of the 25“Es from the 259Bk was
extremely good. At the time of separation the activities of 259Bk/2°“Es
were >300,000/1. Three sets of experiments were run to determine the
absolute y-ray branch through the 989 and 1028 + 1031 - keV vy rays. For
each experiment the 250Bk source was counted with the Ge(Li) spectrometer
and the 4ng-y coincidence system.

In the first experiment the 250Bk was counted with the 4nB-y
coincidence system to determine the source disintergration rate. The
beta~ and y-ray counts were corrected for dead time and background. The
coincidence counts were corrected for dead time, background and accidental
coincidences. Tne beta chamber efficiency (i.e., ratio of y-ray and
coincidence counts) was 95.5%. The y-ray branching ratios were calculated
from the Ge(Li) y-ray peak intensities and these disintegration rates.

The second experiment employed two techniques for measuring the
sample disintegration rate. The first technique was the same as that
used in the first experiment. The chamber efficiency was 96.5%. The
second technique involved taking data with beta chamber bias from 2800
to 3300 volts. This range produced beta chamber efficiencies of *rom
57 to 97%. The source disintegration rate was then determined by extra-
polating to a chamber efficiency of 100%.

*
Al1lied Chemical Corporation



For each of these three experiments, The y-ray emission rate of
the sample was determined for ihe 989- and 1028 + 1031 - keV transitions.
This was done by counting the samples at 10 cm from a 65-cm® closed-ended
coaxial Ge(Li) spectremeter. The sample was counted in two orientations
© to minimize the uncertainty in the source-detector distance. Since the
statistical uncertainty in each of these peaks was < 2%, the ratio of
measured values was adjusted to correspond to the much more precise ratio
previously determined (from measurements with a 25%Es-250 Bk source).

The adjustments were 0.0, 0.15 and 0.5% in the three cases. The result-
ing branching ratios are given in Table B-5. Typical values of the
uncertainties considered in the individual values in Table B-5 are:
statistical error in Ge(Li) peak areas, 1-2%; source position, 0.25%;
adjustment to precise relative intensities, 0-0.25%; sample disintegration
rate, 0.2-0.3%; and decay corrections, 0.08-0.50%. After averaging the
three values, an uncertainty of 1.5% was added from the Ge(Li) detector
efficiency curve, The latter is the dominant single error and several of
the errors from the y-ray counting exceed the ervor in the disintegration
rate.

The system used to measure the 250Bk half-life consists of a 4n8-vy
proportional chamber with associated preamplifiers and fast discriminators.
Following the fast discriminator, there are two parallel electronic pulse-
processing systems. One system is a conventional 4ng8-v system with fixed
(and long) pulse width, to produce a constant dead time t. The other
system is being developed for saurces which have very high count rates
(e.g., g-rates of 100,000 c/s). With this system the pulse widths vary and
the associated dead times are measured directly by gating the pulses of
an internal 8 MHZ clock.

The 259Bk activity was followed for over 20 half-lives by counting
the scurce for a preset count time (600 s) alternately with the fixed
pulse width and the variable pulse width systems. The time between the
end of one count and the start of the next count was 300 s. The counts
were corrected for dead time and background. The rezidual activity in
the source, i.e. the background, was determined four days after the last
half-1ife ceunt was made. The data were analyzed by performing a
non-1inear least squares fit to the data with a one-component exponential.
Because of the presence of a residual activity, above the background
subtracted, the data were also fitted with the sum of two exponential
terms. The results of these fits are given in Table B-6. Fits were made
to the data from the bet. chamber for both electronic systems and to the
computed disintegration rates, No,from the fixed dead time system.

The 1/0%-weighted average of the Ny run(1l decay component only),
fixed-pulse-width Ny data (2 comporents) and variable pulse width Ng
data (2 components) gives a half-1ife of (192.40 + 0.08) m. We assign
a systematic error of ¥ 0.2 m which is intended to include possible
errors in background subtraction and fitting of the second component.
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This gives a final half-1ife of (192.40 & 0.22) m for <50Bk. The large
discrepancy between the Ny half-Tife and the NB (exponential components)
haif-1ife is believed due to the presence of a second component in the

Ny data. The large errors in these values (due to the very low y count

rates in the 4 78y system) precluded a meaningful analysis with two com-
ponents.
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Table B-5

Experimental results of y-ray branching ratio measurements
weighted reported *
250pk Y -ray branch 1st experiment 2nd experiment 3rd experiment average value
989-keV 0.450u(67) O.446k(69) 0.456(10) 0.450(3) 0.450(7)
0.405 (55) 0'401(5u) O'AIOu(57) 0.406(3) 0.406(7)

1023+1031-keV

*
Weighted average with 1.5% uncertainty in photopeak efficiency added in quadrature to uncertainty due
to v -ray peak, source position , normalization to relative y-ray intensiviies and uncertainty in the

measured disintegration rate.
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Table B-6

2508k half-life measurement with 4ng-y system

Quantity Puise-Processing Time Range Number of Data Number of Ti
Measured Systen Included in Points Included Components Used
Fit (hours) in Fit

No fixed pulse width n-28 56 1

Na fixed pulse width 0-31 62 1

Ng fixed pulse width 2.5-31 57 1

Ng fixed pulse width 0-21 a2 1

NB fixed pulse width 2.5-23.5 42 1

Na fixed pulse width 0-64.5 125 2

Ng variable pulse width 0.25-32 62 1

Ng variable pulse width 0.25-64.7 123 2

*

™

0.48
3.66
3.49
1.09

0.90

2.94,

0.83

T
{minutes)

193.15¢0,18*

192.7 .20.13
192.85%0.16
192.540.04
192.6740,06
192.38%0.04
192.70%0,10
152.39%0.04*

*

The 1702 weighted average of the half-liyes marked with an asterisk equals 192.40 m with 01nterng] = 0.03
m,

m and cayternal = 0.08 m.
results from adding in quadrature the 0.08 m uncertainty and the 0.2 m systematic uncertainty due to

possible errors in the background subtraction and fitting of a 2nd component.

cexternal = €{dinternal)-

Uncertainty in the reported half-1ife, 0.2



C. MEASUREMENT TECHNIQUES AND STANDARDS

1. High-Counting Rate 4wg-y Coincidence System : (L. 0. Johnson and
R. J. Gehrke)

A high-counting rate 4v8-y coincidence system has been designed
and built. This system is capable of determining source disintegration
rates as high as 500,000 D/S to an accuracy of £ 0.1%3. The system has
been developed to make high-precision measurements of y-ray branching
ratios of fission-product and other nuclides for applications involving
quantitative radionuclide assay.

g and vy pulse widths correspond to the length of time that the
amplifier output exceeds the discriminator level. A digital minimum-
width circuit guarantees that no pulse width wili be less that the re-
quired resolving time of 250 ns. Coincidences are determined with an
overlap coincidence circuit. The accumulative dead times of each of the
B, Y, and coincidence channels is measured and recorded simultaneously
with the raw count data. Correction equations to account for dead-time
Tosses and accidental coincidences have been developed. These equations
seem to be very straightforward.

The high-counting-rate performance of two systems were compared.
One system is a conventbnal fixed-pulse-width (t) system with t(for gandy)
=4 yusec and a coincidence resolving time of 1, = 250 x 10-2 sec. The
other system is the variable-pulse-width system gescribed above. For a
source of 556,000 D/S the percentage beta channel dead time was 65% for
the fixed-t system and 20% for the variable-t system. The deviation of
the measured activity from the activity as determined from weighed
aliquots was +6% for the fixed 1 system and -0.7% for the variable-t
system. We believe the 0.7% deviatior can be reduced to <0.1%. For
count rates below 100,000 D/S the fixed pulse width system and variable
pulse width system agree to within 0.1%.

2. Precise Relative y-Ray Intensity Measurements: (R. J. Gehrke,
R. G. Helmer, R. C. "~eenwood)

Over the past severa. years most experimer.ters have used Ge(Li),
and recently intrinsic Ge, detectors for y-ray spectrometry. Since each
oi these detectors is essentially unique, the peak efficiency must be
determined experimentally for every detector. One standard method of
measuring the energy dependence of the absolute efficiency is to make
measurements with a seiries of separate sources, each of which has a
known y-ray emission rate. A second method is to use a single isotope
(or a small number of isotopes) that provides a series of lines of known
relative intensity. This technique is much faster, although it is lim-
ited to providing only the relative detector efficiency. To aid in such
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calibrations we have made precise relative y-ray intensity measurements
for a series of isotopes that can then be used for efficiency calibration

of other detectors. These measurements have been made on two Ge(Li) de-
tector systems.

The_experimental techniques used in this work have been discussed
previous]y.l’z Special care has been taken to provide a consistent
method of analyzing the y-ray peaks including the background determin-
ation; errcrs have been treated in a well defined manner; and corrections
for coincidence summing have been made.

Measurements of the y-ray spectra have been completed for tne
following 12 samples: 56Co, 75Se, 82Br, 110 Ag, 1255p, 133Ba, 140Ba-ia,
lhhce-py, 152py, 166MYyg, 169Yh and 18273, A1l of these spectra have been
analyzed and the results have been tabulated for over half of the isotopes.
Table C-1 gives the results for eight isotopes. With this information,
it is expected that the relative efficiency of a Ge(Li) detector can be

determined to ~ 3% between 300 and 1500 keV and ~ 5% outside of this
range.

1 R. G. Helmer, J. E. Cline and R. C. Greenwood, The Electromagnetic
Interaction in Nuclear Spectroscopy, edited by W. D. Hamilton
North-Holland, Amsterdam, 1975), Chapter 17.

2

R. C. Greenwood, R. G. Helmer, JW Rogers, N. D. Dudey, R. J. Popek,
L. S. Kellogg and W. H. Zimmer, Nucl. Tech. 25, 274 (1975).
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Isotope

7559

BZBr

11 OmAg

v-Ray
Energy

{kev)

66
96
121
136
198

264
1
303
400

92
221
273
554
606

619
698
776
827

1007
1043
1072
1081
1180

1317
1474
1650
1779
1955

446
620
657
677
686

Relative y-Ray Intensities

Table C-

1

Relative y-Ray Relative
y-Ray Energy v-Ray
Intensity  Isotope (kev) Intensity
1.86 (9) 706 17.67 (12)
5.9 (3) 744 4,92 (4)
29.8 (9) 763 23.60 (16)
102.2 (30) 818 7.73 (5)
2.53 (8) 884 76.9 (5)
=100.0 (15) 937 36.22 (25)
42.4 (6) 1384 25.70 (18)
2.21 (3) 1475 4.21 (3)
19.1 (3) 1505 13.84 (12)

1562 1.250(9)
0.86 (4) 13 53 3.54 (18)
2.71 (8) 80 49.2 (26)
0.96 (3) 160 1.08 (4)
84.7 (6) 223 0.745(24)
1.421(13) 276 11.7 (4)
52.0 (4) 302 29.76 (20)
34.1 (3) 356 :100.0 (8)
=100.0 (8) 383 14.36 (10)
28.8 (2) 140 _
Ba-la 162 5.83 (20)
1.522(14) 304 3.89 (5)
32.55 (25) 328 21.4 (3)
0.086(6) 423 2.80 (3)
0.745(9) 432 3.07 (3)
0.12 (15) 437 1.72 (2)
487 47.6 (5)
31.74 (24) 537 22.00 (23)
19.53 (15) 751 4.64 (5)
0.889(€) 815 24 .85 (25)
0.136(2)
0.047(1) 867 5.89 (6)
919 2.90 (4)
3.86 (3) 925 7.41 (8)
2.93 (2) 1596 =100.0 (9)
£100.0 (7) 2347 0.981(16)
11.31 (8)
6.85 (5) 2521 3.62 (7)
2547 0.109(3)
2899 0.069(2)
3118 0.028(1)
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Table C-1 (Continued)

y-Ray Relative y-Ray Relative
Energy v-Ray Energy y-Ray
Isotope (keV) Intensity Isotope (keV) Intensity
166Mg 80 21.4 (1) 116 1.26 (&)
184 128. (a4 152 20.5 (6)
215 5.75 {16) 156 7.78 (23)
280 51.5 (16) 179 9.1 (2)
300 6.36 (20) 198 4,31 (18)
365 4.23 (4) 222 21.9 (7)
410 19.55 (13) 229 10.6 (3)
451 5.11 (4) 264 1.5 (3)
529 16.36 {12) 928 1.80 (3)
570 9.53 (7) 959 1.00 (2)
670 9.43 (7) 1001 5.90 (6)
691 2.31 (2) 1044 0.676(15)
Akl 95.3 {6) 1121 =100.0 (8)
736 5.673(10) 11572 2.85 (&)
752 21.21 (12)
1189 46.6 (7)
778 5.28 (4) 1221 77.6 (7}
810 =100.0 (8) 1230 33.0 (3)
830 16.97 (12} 1257 4.25 (4)
875 i.253(10) 1273 1.86 (2)
950 4.71 (3)
1289 3.86 (5)
1146 0.351(3) 1342 0.718(11)
1241 1.406{16) 1372 0.629(9)
1282 0.309(5) 1387 0.202(4)
1400 0.858(8) 1410 0.112(6)
1427 0.852(13)
1453 0.79 (3)
169y} 63 116. (6)
]93 7.1 24))
09 43.5 (15
18 5.31 (16) DoubTet
130 32.0 (10)
177 62.2 (19)
197  =100.0 {30)
240 0.337(17)
261 4.69 (14)
307 27.5 (8)
18214 65 15.4 (20)
67  12:.  (6)
86 7.6 {(4)
100 40.9 (12)
13 5.42 (17)
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D. INTEGRAL CROSS-SECTION MEASUREMENTS IN THE CFRMF

1. Integral Cross Section Measurements On 2%1Am in the CFRMF: (E. H.
Turk, Y. D. Harker)

A sample of 2%Am was irradiated in the Coupled Fast Reactivity
Measurements Facility (CFRMF) for the purpose of measuring this nuclide's
integral capture and fission cross sections in a fast reactor type neutron
spectrum. Post irradiation analysis of the induced activity has been
performed using gamma spectrometry to determine the buildup of 1%0La and
using alpha spectrometry to determine the buildup of 242Cm. The 140La
analysis has been completed and from tu2 measured activity and assuming
a mass 140 chain yield of 5.77% a fission cross section of 504 (* 12%)
millibarns was determined. The 2%2Cm analysis to determine the capture
cross section is still in progress.

2. Integral Cross Section Measurements on 2%2Pu in the CFRMF: (E. H.
Turk, Y. D. Harker)

A sample containing 30.21 mg 2%2Pu was irradiated in the Coupled
Fast Reactivity Measurements Facility (CFRMF) for the purpose of measur-
ing this nuclide's integral capture and fission cross sections in a fast
reactor type neutron spectrum. Post irradiation analysis of the gamma
activity was performed using Ge(Li) spectrometry. The analyses resulted
in the determination of the buildup of 2%3Pu and 1“0La. From the former
activity a capturecross section of 159 (% 10%) millibarns was determined.
From the latter activity and assuming a fission chain yield for mass 140
of 5.98% a fission cross section of 609 (¥ 12%) millibarns was determined.

Corrections for fissioning in trace contaminants of other Pu isotopes
were found to be negligible.

3. Integral r oss Section Measurements of Intermedijate Mass Nuclides:
(Y. D. Harker)

A comprehensive program to measure integral cross sections of
intermediate mass nuclides (primarily fission product class) has been in
urogress. This activity includes measurements in the Coupled Fast Reacti-
vity Measurements Facility (CFRMF) and Experimental Breeder Reactor I1
(EBR II). A summary report covering the results of this program is being
prepared and will describe the measurements (reactivity, activation and
trans mutation) performed on over 100 different samples and sample con-
figurations. The final report will be available by Dec. 1977; however,
a2 summary of these data will be submitted prior to this to those indivi-
duals giving review papers on the appropriate subject matter at the Second

Advisory Group Meeting on FPND to be held at Petten, Netherlands, Sept.
5-9, 1977.
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E. MEASUREMENT OF u FOR 252Cf: (J. R. Smith, S. D. Reeder)

A measurement of u for 252Cf, using the manganese bath method, is
underway at INEL. Two manganese baths have been set up, one a 42-in.
X 42-in. cylinder (capacity 914 titer) and the other a 20-in. diam. sphere
(65.5 Titer capacity). Piping is such that the MnSO, solution can be
pumped from either bath to a pair of on-Tine counters in a flow counting
mode or samples can be drawn from either bath to be counted in a batch
mode operation. This arrangement will make possible the comparison and
calibration of fairly weak sources, and also a search for systematic dif-
ferences between the batch ?ounting and flow counting techniques. The
NBS double fission chamber has been selected for use in the fission
rate determination. Twc of these have been loaded with 232Cf foils, .pre-
pared by Hal Adair of ORNL, using the self-transfer method. Measurements
of neutron yield have begun. Selection of electronic equipment is under-
way for fission rate determination by fission-fission coincidences, neutron
fissien coincidences, and 2 = fission counting. The value for oy/opMys
reported to the ENDC in the previous report as 0.02506, has been revised
to 0.02503 t 0.23%, based on weighted fiEting of the data. The present
results agree well with Axton's revised® value of 0.02495 T 0.35% in
terms of error overlap, but is about 0.36% higher. The higher GH/J Mn
value would raise Axton’s source measurements by about 0.15%

(1) J. A. Grundi et al, Nucl Tech. Vol 25, P 237 (Feb. 1975),

(2) E. J. Axton, Private Communication.




ARGONNE NATIONAL LABORATORY

A. NEUTRCN PHYSICS

1. The U-234, U-236, Pu-242 and Pu-239 Fission Cross Sections
Relative to U=235: (J. W. Meadows)

The U-234/U-235, U-236/U~235 and Pu-242/U-235 fission cross section
ratios have been measured from threshold to 10 MeV, The T'u~239/U-235 ratio
has been measured from 0.15 to 10 MeV. Some results have been reported.!

2. Measuremenis of the Fast Neutron Fission Cross Section of 235U
(W. P. Poenitz)

The 235U fast-fission cross section appears generally well estab-
lished to within #3% rrom 10 keV to 15 MeV (1). However, some local problem
areas and discrepancies between measurements exist:

1. Near 270 keV the data of Wasson (1) disagrees by up to 15% with
i that of Poenitz, Szabo et al. and Robertson et al. (2).

2, Data of Hanson et al. disagrees in shape between 1-2 MeV with
that of Czirr and Sidhu, Poenitz, and Szabo et al. (2).

3. Data of Szabo et al. (2) are 3-5% lower than most other sets in
the range 3-5 MeV.

4, Data of Hanson et al. appear to differ in energy scale from that
of Czirr and Sidhu and Lengers et al., (2) in the region of the
second chance fission threshold.

A series of measurements were carried out in an effort to resolve
some of these problems. The shape of the 235U fission cross section was
measured with high resolution between 200-300 keV by detecting prompt fission
gamma rays with a large liquid scintillator. Absolute measurements were
made between 0.2-8.2 MeV using an ionization chamber and a Black Neutron
Detector (BNP) (3). Two 235U samples of v 200 gm/cm? thickness were used
back to back. The mass determination was based on low-geometry alpha count-
ing and a 23%y half-life of 2.447 x 10% yrs. Three BND sizes were employed
ranging from 40 x 40 cm to 6 x 5 cm., The 7Li(p,n) reaction was used below
4.5 MeV and the D(d,n) at higher energies. The results of the present
measurements indicate that:

1 .. = . . .
The Fission Cross Section of Uranjum and Plutonium Isotopes Relative to

U-235, J. W. Meadows, NEANDC/NEACRP Specialists Meeting on Fast Neutron

Fission Cross Sections of U-233, U-235, U-238 and Tu-239, June 28-30, 1974,
ANL~76-90,
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1. No structure is present in the cross section between 200-300 keV
such as was reported by Wasson. Present results agree very well
with previous results from this group and with those of Szabo et
al. and Robertson et al.

2. Absolute cross section results below 1 MeV are 2-47% higher than
proposed for ENDF/B-V by Bhat (2). The evaluation apparently
was weighted by the Wasson results.

3. The present re: 1ts support those of Szabo et al. between 3-5
MeV. The latter are 3-5% lower than reported by Czirr and Sidhu
(normalized to the 14 MeV value of Cance (2)). The present re-
sults agree with those of Lengers et al. (2) if the latter are
also normalized to the 14 MeV value of Cance.

4, The present results are consistent with those of Hanson et al.
within the respective uncertainties however a shape difference

between 1-2 MeV and an energy discrepancy near 6 MeV could not be
ruled out.

5. The two different energy ranges (above 3 MeV and below 2.5 MeV)
measured by Czirr and Sidhu appear to have a different normaliza-
tion when compared with the present data and that of Szabo et al.

3. Neutron Total and Scattering Cross Cections of 6Li
(H. Xnitter et al. (CBENM) and A. Smith et al. (ANL))

In a jgint effort, total and scattering<cross sections have been
measured from - G.1 to 4.0 MeV at intervals of v 20 keV throughout the
energy range. Complimentary methods, samples and technjiques have been em-
ployed. The maximum of the total cross section at the v 250 keV resonance
exceeds 11 b. Inelastic scattering has been observed at the higher energies
to be larger than given in ENDF/B-IV. The results are being finally cor-

rected for a few percent ’‘Li content and then will be interpreted in the
context of the R-matrix.

4, Measured Fast Neutron Cross Sections of Titanium
(P. Guenther, D. Havel, A. Smith and .J. Whalen)

Energy-averaged total neutrcn cross sections were measured from 1-5
MeV and differential elastic and inelastic scattering cross sections from

Proc. of the NEANDC/NEACRP lpecialists Meeting, ANL-76~90.
See references of 1), above, and its supplement.

3
W. Poenitz, Nucl, Inst. Methods, 109 413 (1973).
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1.5-4.0 MeV. Cross sections for the excitation of states at 159, 889, 983,
1430, 1550, 1820, 2009, 2295, 2421 and 2615 keV were obtained. The measured
results are consistent with a model concept including vibrational collective
excitations. The results will be published as ANL/NDM-24.

5. Fast Neutron Total and Scattering Cross Sections of Vanadium
(P. Guenther, A. Smith and J. Whalen (ANL)})

Fast neutron total and elastic and inelastic scattering cross
sections of elemental varadium have been measured in the energy range 1-5
MeV, The experimental res.uiits and the associated interpretations are
described in a manuscript accepted for publication in Nucl., Sci. and Eng.

6. Comparative Measurements of Fast Neutron Interactions with
W-182, 184 and 186: (P. Guenther and A. Smith (ANL))

Total and scattering cross sections and (njn',gamma) spectra were
concurrently measured over the incident neutron energy range 1-4 MeV, The
results clearly show the effects of collective rotational and vibrational
excitations. The angular distributions of neutrons resulting from the
excitation of the ground-state rotatiomal bands are consistent with calcu-
lational results based upon the respaective B, and B, deformations. Relative
intensities of the de-~excitation gamma-rays clearly trace the vibrationmal
band heads across the three isotopes. The cross sections for the excita-
tions of states above the ground-state rotational band appear to be qualita-
tively consistent with a statistical-reaction process, The results of this
work will be published as a University of Illinois Thesis.

7. Measured and Calculated Neutron Scattering Near A=208 and

E; = 0.8 MeV: (A. Smith and P. Guenther (ANL))

The differential elastic neutron scattering cross sections of Pb-206,
207, 208 and Bi-209 were measured with relatively broad resolutions from 0.6
to 1.0 MeV. A model deduced from the energy-average of these results was
extrapolated to U-238 with only the addition of deformation. Good descrip-
tions of measured U-238 total and scattering cross sections in the few MeV
range were achievad including new measurements at 1.5 MeV explicitly made
for these comparisons. The implication of this model and the measurements
is a total inelastic scattering cross section of U-238 in the MeV range
considerably larger than commonly used in applications, Some of these re-
Ssults are available in ANL/NDM-22.

8. Average Fast-Neutron Total Cross Sections
(J. Whalen and a. Smith (ANL))

Precise (better than 1%) total neutron cross sections of a number of
structural materials have been measured with broad resolutions (e.g. 150 keV)
and varying sample thicknesses from v 1-5 MeV., In a number of instances
(e.g. titanium) these pseudo-integral results are not consistent with higher
resolution results to within large amounts (e.g. 10~-20%). The discrepancies
may be associated with the relatively very thick samples used in some of the
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high resolution measurements involving fluctuating structure far more de-
tailed than the experimental resolutions. These discrepancies are receiv-
ing further-attention using both theory and experiment.

<
9. Fast Neutron Gamma-Ray Production from Elemental Iron: E-2 MeV
(D. L. Smith)

Differential-cross-section excitation functions for fast-neutron
gamma-ray production from iron have been obtained relative to the 235y
fission cross section at 50 keV intervals to 2 MeV with 50 keV incident
resolutions. Gamma-ray angular distributions were obtained at 11 selected
incident energies. These distributions required significant fourth-order
Legendre Polynomial terms casting doupt upon the commonly employed measure-
ment approximation of &-pi times the ~ 55 (or 125) deg. cross section. The
measured results are compared with previously reported data sets. Details
of the work are reported in ANL/NDM-20.

10. Cross Sections for the 23Na(n;n',gamma)23Na Reaction
(D. L. Smith)

Cross sections for production of the 0.439 MeV gamma-ray near 55 deg.
by the 23Na(njn',gamma) reaction have been measured relative to the 23%U
fission cross section at 50 keV intervals from threshold to 2 MeV with
resolutions of about 70 keV. Gamma-ray angular distributions were deter-
mined at selected energies in the measured range. The experimental results
are compared with those in the literature and with the ENDF/B evaluated

file., A report of the work has been submitted for publication in Nucl., Sci.
and Eng.

11. 27Al(n;n',gamma)27Al and

(D. L. Smith)

63,65 65

Cu(g;n',gamv1)6J’ Cu Reactions

Experimental data has been obtained for each of these reactions to
several MeV. The results are now being analyzed.

-12. Measurements of the 2ol‘Pb(n;n'ig_gmma)zoan Reaction
(D. L. Smith (ANL) and G. C. Neilson et al. (Univ. of Alberta))

»
Prompt gamma-ray measurements have been made at both ANL and the

University of Alberta using isotopically separated samples. The results are
being analyzed.

B. CHARGED-PARTICLE REACTIONS

1. Cross Sections for Deuteron~Induced Reactions on 6Li at
Energies Below 1 MeV: (A, J. Elwyn, R. E. Holland, C. N. Davids,
L. Meyer-Schlitzmeister, J. E. Monahan, and F. P. Mooring)

The preparation of a paper detailing the experimental techniques and
the results obtained for all reaction chamnels in d + PLi reactioms at
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energies between 0.1 and 1 MeV is in progress. Absolute total and differ-
ential cross sections for the outgoing protons in the 6Li('d,p)7Li reaction,
the alpha particles in the ®Li(d,o)o reaction, and the neutrons in the
6Li(d,n)7Be reaction have been determined to absolute accuracies of 9-15%
for deuteron energies = 1 MeV. Such data is of importance to the evaluation
of ®Li~-D as a possible fusion fuel, and at the same time can contribute to
the understanding of the nuclear structure of light nuclei, the relative
importance of underlying reaction mechanisms, and astrophysical investiga-
tions. Cross sections for the three-body breakup reactions d + Bi+p+ t
+ o and d + BLi > n + 3He + o have also been investigated, and the results
and interpretations in terms of various final-state interactions will be
published separately.

2. Thermonuclear Reaction Rate Parameters for d + 6Li Reactions
(A. J. Elwyn, J, E. Monahan, and F. J. D. Serduke)

A paper with the following abstract has been submitted for publica-
tion in Nucl. Sci. and Eng.:

"Thermonuclear reaction-rate and reactivity parameters calculated as a func-~
tion of kT (for kT values from 1 to 1000 keV) are presented for all of the
outgoing channels in nuclear reactions initiated by deuterons on 6Li. The
results are based on recent experimental d + ®Li reaction cross sections,
and a newly derived cross section extrapolation expression,”

3. Interference of Direct and Compound Nucleus Processes in 6Li(d,p)
and °Li(d,n) Reactions at Low Energy: (J. E. Monahan and
A. J. Elwyn)

The angular distributions of the ground and first-excited state
neutrons in the 6Li(d,n)7Be reaction and the corresponding protons in the
6Li(d,p)7Li reaction reflect qualitatively the effects of both compound
nucleus and direct-reaction mechanisms in the deuteron energy region below
1 MeV, Traditionally, reactions of deuterons with light nuclei have been
interpreted as an incoherent sum of a direct component (calculated e.g. by
conventional DWRA methods) and a compound nucleus contribution estimated by
use of statistical theories. In the present case, however, a statistical
approach is probably unwarranted. Calculations based on a formalism in
which the stripping component determined by a DWBA method is added
coherently to an R-matrix description of the compound nucleus contribution
that involves only a few nuclear levels are being performed. Preliminary
results indicate that at least for deuteron emergies below 500 keV, such
calculations are in reasonable agreement with the data.

4. Elastic Scattering of Deuterons by 6Li at Low Energies
(A, J. Elﬁyn, R. E, Holland, C. N. Davids, and L.
Meyer-Schutzmeister)

We have recently completed the measurement of the angular distribu-~
tions of elastically-scattered deuterons by 6Li from energies near 1G0 keV
to 1 MeV. These results along with those from the recent experimental study
of the other reaction channels constitutes a complete investigation of
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d + 5Li processes at low energies. Analysis of the data is in progress.
5. The 6Li(p,aHe)a Reaction at Proton Energies Below 2 MeV
(A. J. Elwyn, R. E, Holland, C. N. Davids, and
L. Meyer-Schiitzmeister)

Cross cections for reactions between the product nuclei in the
primary d + 8Li processes and the SLi-target material are important for a
complete evaluation of d + 6.1 reactions for possible thermonuclear appli-
cations. We have recently completed the measurement of differential and
total reaction cross sections for the ®Li(p,3He)w reaction at energies
between 0.1 and 1.5 MeV. Analysis of the data is currently in progress. A
study of the equally important 6Li(3He,p)5Be reaction has been started.

C. PHOTO~-NUCLEAR PHYSICS

1. 13C Ground State Photoneutron Angular Distributions

(R. M. Laszewski, R. J. Holt, and H. E. Jackson)

Very high resolution measurements of the ground state photoneutron
cross section for the 13C(y,n )12¢ reaction were made for excitations up to
9 MeV at laboratory angles 0£°90° and 135° using the sub-nanosecond time-
of-flight spectrometer at the Argomne high-current linac. Ground state
radiation widths for resonances at 7.7, 8.3, and 8.8 MeV were determined by
an R-matrix analysis of the data.

2. Direct and Resonance Photoneutron Reactions of 17O

(R. M. Laszewski, R, J. Holt and H. E. Jackson)

The differential cross section for the l7O(Y,n )180 reaction was
measured with high resolution in the excitation energy range 4.5-7.1 McV
and at reaction angles of 30° and 135°, The unique high-current electron
linac at Argonne permitted, for the first time, the direct observation of
the non resonant component of the photoneutron cross section. The cross
section at 6 = 90° is shown in Fig. 1. The dominant features of the excita—
tion function in 170 zre the asymmetric resonance at E. = 4.56 MeV, the
broad Ml excitation at 5.08 MeV, the dip in the cross fection at 5.39 MeV
and the relatively large non resonant cross section throughout the energy
region. A preliminary R-matrix analysis of the data indicates that the
background cross section is predominately p ./, in character. In addition,
the reduced transition probability for the Sfﬁg MeV resonance was found to
+1d

be B(MI1; ldS/ 3 2) = 1.4 ui, only half the value expected for a puve
single—partlcie trénsition.

3. Search for the Giant Magnetic Dipole Resonance in 119Sn
(R. J. Holt, R, M, Laszewski and H. E. Jackson)

The photoneutron cross section for the 1198n(y,n)1189n reaction was
measured between 6.8 and 8.2 MeV. Qualitatively, the spectra exhibits a
400~keV wide peak centered at EY = 7.6 MeV. This corresponds roughly with
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the resonance structure observed at 7.8 MeV by Winhold et al? at Harwell.
The Harwell group suggested that this resonance structure might be the
collective Ml resonance which results from g /2 * g4, Proton spin;flip
transitions. In order to test the notion of an Ml {¢4nsition in ! 98n, the
photoneutron polarization was measured between 7.4 and 7.85 MeV and at a
reaction angle of 90°. The polarization vanishes if no Ml or E2 excitations
exist in the energy region of intevest. Preliminary amalysis of the data
indicate that the polarization is zero throughout this energy region, hence,
the broad resonance structure at 7.6 MeV is predominately El in nature.

2 .
4., High Resoclution Study of the 208Pb(«(,no) 07Pb Reaction

(R. J. Holt, R. M. Laszewski and H. E. Jackson)

The angular distributions of photoneutrons emitted from resonances
in 2098pb were observed with very high resolution using the unique "pico-
pulse" and sub-nanosecond time-of-fiight spectrometer at the Argonne high-
current electron linac. The photoneutron amgular distributions were
measured in the neutron energv range of 180 and 1000 keV and at reaction
angles of 90° and 135° (see Fig. 2). These data, in conjunction with pre-
vious photoneutron polarization measurements, wverify the large s-d wave
admixtures discovered! in the outgoing neutron channels of the 180-and 254-
keV resonances. The s—d-wave admixtures were deduced for ei ht resonances
in this energy region. Ground-state radiation widths were extracted ‘from
the high-resolution measurements. :

5. Evidence for Collective Ml strength in 208Pb Between 8 and ld MeV
(R. M, Laszewski, R. J. Holt, and H. E. Jackson)

Measurements of the polarization of photoneutrons from the
208Pb(Y,n0)2°7Pb reaction were made at a laboratory angle of 90° for excita-
tion energies between 8 and 10 MeV in order to investigate the distribution
of Ml and E2 transition strength. Polarizations were determined by elas-
tically scattering the photoneutrons from analyzing targets of 160 and 12¢
and energies were measured with high resolution (30 keV at E = 1.0 MeV)
using the time-of-flight technique. In order to detect the Pndividual
resonances which contribute to the measured polarization, the yield of
photoneutrons at 90° was observed with very high resoiution (6 keV at 1.0
MeV). We were able to identify seven probable 1+ rescnances at excitations

between 8.% and 9.5 MeV, These resonances have a total strength B(MI+) A&
8.5 * .5 p=,
o

1
R. J. Holt, R. M. Laszewski and H. E. Jackson, Proceedings of International
Conference on the Interactions of Neutrons with Nuclei, edited by
E. Sheldon 1. 1278,

2

E. J. Winhold, E. M. Bowey, D. B. Garher and B. H. Patrick,
Phys., Lett. 32B, €07(1970).
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% . 238
ﬁ Monoenergetic Neutron Fission qﬁ_ 3 U

ks, (:#dler, K. F. Flynn, and S. Nagy
mﬁj,ﬁ%Me %

Boere determined for fission of 238U with

yas of 1.5, 2.0, 4.0, 5.5, 6.9, and 7.7 MeV,
Srasured by Y-ray spectrometry of irradiated
238y foils and byachemiégl sep Rion of the fission product elements
followed by beta counting and/i ARl ay spectrometry. Yields and their errors
determined from these mea reme ; e available. The mass distributions are
shown in Fig. 3 with the ma%s di~ ﬂution for 14.8-MeV neutron-induced
fission of 238y algso shown' I@ison. There is little change in the
peak vields for both the 11g§* Bl vy mass groups for incident neutrons

of 1.5 through 7,7 MeV. Yleﬁg ¢ from this work for the near-symmetrical
(valley) fission products, cofoinggagtith data from the literature, are
plotted as a function of neutron &¥zy in Fig. 4. The data show clearly

the exponential increase of valley sion yields with increasing neutron
energy and the abrupt breaks in sl at the onset of second- and third-
chance fission where excitation en r is lowered by competition with

neutron emission.

Fission product actlv;ﬂges W

2. Half Lives of Plutonium Isc

s s (A. H. Jaffey and
H. E. Diamond) :

i.d on the half lives of 238Py and
ined from c~activity growth from

Measuremerits have been comp

239py. The final values for 238py -

1 =
Halderson, et al. Phys. Rev. Lette

b TAEA Fellow from Kossuth Universiﬁ_
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2'-&2Cm is

87.71 *+ 0.03 yr

Data for 23%Pu has been obtained by specific activity measurements
24126.5 * 6.5 yr

and by mass spectrographic measurement (isotope dilution) of 235y daughter
24140.5 £ 7 yrs

giving : average of 24133 % 14 yrs.

Preliminary values (subject to recalculation) have been cbtained
by specific activity measurement for 240py

657G + 6 yr

All errors indicated are one standard deviation.

E. TFACILITIES AND TECHNIQUES

1. ANL Superconducting Linac

Basic Design

The linac consists of 14 independently-phased resonators of the
split-ring type housed in 3 independent cryostats, as shown in the attached
Fig. 5. The overall length of the system is 9.5 m and the active length is
4.7 m. It is expected that the system will have an accelerating potential
of at least 14 MV and perhaps as high as 20 MV.

Status of Major Cpmponents

1., Building addition. Completed.

2. Buncher. Pretandem buncher is to be tested next week, and a
complete bunching system will be tested several months
thereafter.

3. Cryostat. Design completed. Section A is being fabricated,
with completion expected in May 1977. Fabrication of sections
C and D will start in April 1977.

4, Refrigeration. A heli-m refrigerator was ordered in January
1977. Design of a helium distribution system is in progress.

5. RF Controls. Design of resonator-control circuits is complete:
fabrication has started and will be completed during 1977. Tie
design of a computer—control system will start soom.
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6. Resonator. As reported previously, our all-niobium split-ring
resonator operated well up to an accelerating field of 3.5 MV/m,
On the basis of these gdod results, fabrication has been started
on the inner components of 12 resonators.

In order to reduce fabrication costs and to improve mechanical
properties of the resonator housing, we have developed a new
fabrication technology in which the housirg ic made of niobium
explosively bonded to copper. The first resonator made in this
way is very successful in all respects except that the Q (= 108)
is lower than desired. A series of tests aimed at identifying
the source of the power loss is in progress and will be com-
pleted by ~ February 21,

Schedule

Major parts of the accelerator system will be assembled in late
1977.

It is expected that the first useful beam will be accelerated in
April 1978.

2. Determinacion of the Energy Scale for Monoenergetic Accelerator
Used as a Neutron Source: (J. W. Meadows)

Some problems in determining the energy calibration and energy
resolution were investigated.1 The effects of beam energy spread and
straggling in thin absorbers were determined by calculation and measurement.
The energy calibration was established by the Li-7(p,n)Be-7 and B-11(p,n)C-11
thresholds and a time-of-flight measurement. The location of the 2-MeV
carbon resonance was determined to be 2078,2 * 2,8 keV,

3. Calibration of the Neutron Response of Hydrogenous Scintillators
(P. Guenther and A. Smith (ANL))

A simple method for the calibration of the neutron response of
hydrogenous scintillators relative to the standard 252¢f spectrum has been
developed ard put into routine application (see ANL/NDM-19 and 21). This
development indicated that some structure observed in prompt fission meutron
spectra can be attributed to air-attenuation effects.

F. EVALUATIONS AND SPECIAL MEETINGS

1. Evaluation of the 11SIn(n;n')llﬁmIn Reaction

(D. L. Smith)

An evaluation of the 115In(n;n')llsmln reaction for the ENDF/B-V

Determination of the Energy Scale for Neutron Cross Section Measurements
Employing Monoenevgetic Accelerators, J. W. Meadows, ANL/NDM725' .
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dosimecry file has Heen completed. It is based entirely upon experimental
data. The spectrum-averaged cross section in the standard neutron field
resulting from 235y fission was calculated from the evaluation and founé in
good agreement with the rvesults of recent integral measurements. This work
is described in ANL/NDM-26.

2. Elemental and Isotopic Titarium Evaluations
(C. Phylis et al. (Bruyeres-le-Chatel) and A. Smith et al. (ANL))

A collaborative effort is providing the elemental evaluated file for
ENDF/B-V and selected isotopic files useful in,dosimetry and gas-production
applications. The (n;p) dosimetry file has been completed and publisted as
ANL/NDM-27. The elemental file is nearing completion with particular at-
tention to the resonance region and high-energy processes of fusion interest,

2, An Evaluated Neutronic File for Vanadium
(A. Smith et al. (ANL), F, Mann (HEDL) and R. Howerton (LLL)}.

The file has been completed for ENDF/B-V and documentation will be
published as ANL/NDM-24 (in press). The primary emphasis was on the im-
provement of the high-energy region of fusion interest.

4. U-238 Evaluation
(E. Fennington, W. Poenitz and A, Smith)

A draft version of th~ ENDF/B-V evaluation has been completed with
particular emphasis on (nj;gamma), (n;f) and (n;n') reactions. Detailed
attention was given to both absolute and ratio results in consideration of
the fission and capture processes following, insofar as possible, rigorous
numerical evaluation procedures. Consideration of recent microscopic (n;n')
results led to large increases in the total inelastic scattering cross
section and major changes in the energy transfer elements. Preliminary
calculations using ZPR-6 benchmarks were used in iterative adjustment
procedures while retaining consistency with microscopic data. An improved
description of some integral parameters (e.g. k ._.) was obtained relative

to ENDF/B-IV. The evaluation and the integral ggfculations will be described

at the forthcoming Annual ANS Meeting.

5. NEANDC/NEACRP Specialists Meeting on Fast Neutron Fission Cross
Sections of “3%U, 47>y, 238y and Z3%pu, (ANL-76-90)
(W. Poenitz, A. Smith (Eds.) and P. Guenther)

This Specialists Meeting was held at ANL, June 28-30 (1976). A
keyaote session dealt with basic theoretical fission concepts and applied
needs (fast breeder). Two major technical sessions were devoted to fission-
crors—-section ratios and absolute-fission cross sections, respectively. A
special topics session included discussions of evaluatione, cross section

averages, unresolved parameters and experimental torhniques. Laboratory

Tepresentation and contributions included LLL, ANL, KFK, ORNL, LASL, NRS,
University of Michigan, CBNM, and Cadarache. Two working groups gave de-

tailed consideration to the ratio and absclute problem areas and outlined

their conclusions at the summary session. The hasis of the working group
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discussions was detailed graphical and numerical files assembled from the
contributions and from the data-center files.

Subsequent to the meeting
the extensive graphical material was assembled into a 1arge—5ca1e com-

pendium and issued as a supplement to the proceedings.
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BATTELLE - PACIFIC NORTHWEST LABORATORIES

A. DELAYED NEUTRON STUDIES WITH AN ON-LINE MASS SPECTROMETER

1. Delayed Neutron Emission Probabilities {P. L. Reeder,
J. F. Wright, and L. J. Alquist)

We have completed our measurements of delayed neutron emission
probabilities for 16 isotopes_of Br, Rb, I, and Cs and have submitted
a paper to Physical Review C.! The results are given in Table A-1.

Table A-1. Delayed Neutron Emission Probabilities

Nuclide Pn Nuclide ___Pp
oo 2.5 + .3 }ggl 8.5 + .9
898r 7.4 + .5 ]411 6.0 3.5
928r 16.9 1.7 ]42Cs .043+ .007
93Rb .012+ .002 ]43Cs .096+ .008
94Rb 1.86 + .13 ]44Cs 1.95 + .14
95Rb 13.7 1.0 ]45Cs 4.3 + .3
96Rb 11.0 =+ .8 Cs 21.8 +1.5
97Rb 17.0 1.2

Rb 35.9 2.6

For precursors close to stability the present results are in agreement
with other recent measurements, but for precursors farther from stabi-
lity, the present results tend to be significantly higher.

2. Mean Energy of Deslayed Neutrons (P. L. Reeder, J. F. Wright,
and L. J. Alquist)

The mean energy of 16 delayed neutron precursors was determined
from counting rate ratios of concentric rings of detectors embedded in
a polyethylene moderator. The results have been given in a paper suh-
mitted to Physical Review C.¢ and are listed in Table A-2.

Table A-2. Mean Energy of Delayed Neutrons

Nuclide Eay Nuclide Eav
géBr .15+.01 }2{1 .53£.05
SoBr 133+.03 143 20+.05
5aBr -7 145Cs 20+ 06
93Rb .18+.04 ]4405 .35+.01
2aRb 565,01 aacs 129:.02
55Rb (57401 Ja3cs [46+.03
SoRb - 53+ 01 Cs 53+.07
97Rb .56+.01
Rb >.72
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3. Energy Spectra of Delayed Neutrons
(P. L. Reeder and L. J. Alauist)

We have used a 3He ionization chamber to measure a preliminary
energy spectrum Yor 94Rb. Structure similar to what was reported by
Rudstam and Lund® was observed. We are developing improved thermal
neutron shielding, a pulse risetime discrimination system, and computer
codes for unfolding the neutron spectra and will soon begin measurements
on Rb and Cs precursors. If sufficient counting rates can be obtained,
we will aiso measure spectra for Br, In, and I precursors. G.L.Woodruff
and G.W. Eccleston from the University of Washington are pianning to mea-
sure the delayed neutron energy spectra below 100 keV by use of a pro-
ton recoil detector simultaneously with our experiments.

4, Delayed Neutron Emission to Excited States of the Final Nucleus
(P. L. Reeder and L. J. Alquist)

We have recently used a large Ge(Li) detector to measure gamma-
ray spectra of Rb, In, and Cs delayed neutron precursors and their
daughters. Many examples of gamma decay of excited levels of the final
nuclide after neutron emission have been observed. From this so-called
8 n y decay process we expect to obtain partial delayed neutron emis-
sion probabilities to excited states of the final nuclide.

REFERENCES

1. Reeder, Wright, and Alquist, "Delayed Neutron Emission Probabilities
of Separated Isotopes of Br, Rb, I, and Cs," BNWL~SA-5900 Rev.
(December 1976).

2. Reeder, Wright, and Alquist, "Average Neutron Energies from
Separated Delayed Neutron Precursors," BNWL-SA-5890 Rev.
(December 1976).

3. G. Rudstam 2nd E. Lund, “Ener§¥ Spectra of De]axed Neutrons from the
Precursors /?(Zn, Ga), 80Ga, SlGa, 94Rb, 95Rb, 1291n, and 130In,*
LF-77 (1976).
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BROOKHAVEN NATIONAL LABORATORY

A. NEUTRON NUCLEAR PHYSICS

1. ITmplications of Failure of Porter-Thomas Statistics for Light
Nuclides and Its Relevance to Nuclear Energy Programs
(R. E. Chrien and J. Kopecky™)

Applications of nuclear data to energy problems quite often
assume the general validity of certain fundamental laws in order to
draw conclusions for a specific application. A case in point is the
use of the Porter-Thomas width distribution. *ﬁecently a paper by
W. M. Wilson, H. E. Jackson, and G. E. Thomas™ = used the properties
of this distribution as applied to radiative transitions ‘o deduce
certain limits on the size of the radiation width for the 2,8 keV reso-
nance of 23Na. One of the properties employed was the statistical
independence (as measured by zero correlation) between widths of
neighboring resonances. The relevance arises because of the presence
of sodium as a coclant in fast reactors; hence its capture width is of
interest. TFurthermore the sodium resonance capture width can be used
as a gauge to test the ability to measure I'y when I'>Ty; such a test
indicates a woeful deficiency in present techniques, since the measured
width varies from 0.35 to 0.60 eV as reported in the literature.

The point of tiiis report is to note the drasti% failure of
Porter-Thomas statistics in a specific case, namely, --Cl(n,y)3%cl,
and thus to call into question its general validity, at least in light
nuclides. We have measured the Y-ray spectrum from the first resonance
of 39C1 at 398 ev (gresumably 4=1, with J=2 or 37) and compared it to
thermal capture in 501, which is dominated by a nearby 2% bound level.
In 36C1 there are 18 final states of known spin-parity below 4 MeV in
excitation. The transitions to these states are showr in Figs. A-1 and
A-2 for the positive and negative parity final states separately.
There are two interesting aspects to these figures: 1) The spectral
intensities are very similar; the correlation coefficient r_between
corresponding intensity pairs Ty\1f and Typof is +0.84 t8:8i8. This
result is in sharp disagreement with the Porter-Thomas hypothesis.
2) E~1's at thermal transform into M-1's at resonance and vice versa.
A very direct comparison between M-1 and E-1 strengths is thus pes-
sible, 1In disagreement with a single-particle estimate, the E-1 and
M-1 strengths are about equal. This result can be understood on the
basis of the giant dipole resonance taking away E-1 strength from the

* Visitor from FOM-ECN, Netherlands Energy Research Foundation,
Nuclear Structure Group, Petten (NH)
** Submitted to Nuclear Science and Engineering, September 15, 1976,

- 47 -




5-8 MeV region, while not affecting the M-1 strength,

Thus for light nuclides, the assumption
for neighboring resonances is questionable,
interpretation of capture spectra for light

of statistical independence
This fact may make the
nuclides much simpler,

since it may well be valid that thermal neutron capture spectra may be

and many others).

+ PARITY FINAL STATES

-~ PARITY FINAL STATES

representation of capture at higher energies (relevant to 74016, 62008,
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Figures A-1 and A-2.
parity final states fed by primary transitions from resonance

and thermal capture (2%) in 35c1,

1, (PHOTONS /100 CAPTURES)

Intensities for positive and negative

Note the change from E~1

(2,37) to M~1 and vice versa, governed by the capture state
parity, and the equality of M-1 and E-1 strengths.
resonance-~resonance correlation is obvious.
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2. Total Cross Sections of 45Sc

(H. I. Liou, R. E. Chrien, K. Kobayashi (RPI), R. C. Block
(RPI))

Because of the existence of a minimum in the total neutron
cross section of scandium near 2 keV, scandium has become widely used
in transmission filters, especially at reactor installations. From
experience at BNL and elsewhere it has become obvious that the fluxes
obtained from these filters are much lower than estimates based on
cross section measurements would predict. The cross section of Sc,
especially near the 2 keV minimum, was remeasured using the electron
linac at the Gaertner Laboratory of Rensselaer Polytechnic Institute.
A value of 710 mb was obtained, in sharp contrast to a previously
reported value of 50 mb! Extensive chemical checks on the sample re-
vealed no significant jwpurities. R-matrix curve fitting of the cross
section from 400 eV to about 10 keV has been completed, but fits are
not satisfactory, as can be seen from Fig. A-3. The best fits are ob-
t. ned assuming the J=3 channel spin dominates thermal neutron capture.
This disagrees with polarized neutron measurements. Table A-1 shows
the derived resconance parameters. Turther measurements are underway
to resolve the problem. (Request #69065)
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4SSC

s-wave level parameters: §

Table

Eo(eV) Fn(eV) J Fn(eV) J
-500 4.0 (T'n) 3 290 4
-220 0.67 (I'y®) 4 20 3
3295 75 3 26 . 4
4330 340 4 28 4
6684 130 3 5 3
8023 145 4 32 3
9092 300 3 62 4

10625 10 3 80 4

10735 6 4 710 3

p-wave level parameg;fs

&
E_(eV) gl (fi0)
460.6 0.9P22
1060.4 0..0050
7377.0 A
7458.0 g4
7548.0 0.25

cop 45
Resonance parameters ifor

Sc derived from shape fits to the
total cross section.
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3. The Neutron Cross Sections of 56Fe near 24.3 keV
(R. E. Chrien, H. I. Liou, U. Singh (RPI), R. Block (RPI))

Deep penetration of neutrons through iron has long been an
interest of shielding engineers, since iron is a common structural
and shielding material around neutron sources such as reactors or
accelerators. Iron has also been used as a transmission filter to
produce quasi-monoenergetic reactor beams at keV energies. The exis-
tence of a unique sample of 56Fe--some 27-inches long--enabled us to
measure the important cross section minimum near 24.3 keV with consid-
erable accuracy. The measurement was performed with the RPI linac.
A preliminary value for the minimum cross section of 57 mb has been ob-
tained. This compares with a value of 420 mb for natural iron. Analy-
sis of this experiment in in progress. (Request #69012, 74049)

4. Nuclear Structure Studies with the (n,Y) Reaction
(B. K. S. Koene and R. E. Chrien)

Levels for N=79

Nuclides near closed shells are of considerable interest
theoretically because they are amenable to relatively straightforward
model calculations. The Alaga-Paar model, known as the cluster-
vibrational model, has had some success in predicting the behavior of
such systems. We have attempted to test the model in the case of N=79,
or 3 holes in the N=82 shell. The nuclides studied in this program have
been 131Te, 1353a, and Ce. Measurements with the chopper time-of-
flight facility, and with filtered beams were performed. A large num-
ber of low-lying levels were observed, and spin and parities deter-
mined. In combining the present data with data from charged particle
transfer reactions, and with decay data, fairly complete level schemes
were established below an excitation energy of ~ 2 MeV.

These level schemes, with that of 133Xe (obtained from
nuclear orientation studies) are well described by the model. The
strength of the particle-vibrational interaction shows a gradual in-
crease with mass number.

In the course of these experiments, a rather striking case
of direct (potential) capture was uncovered for 130Te(n,Y)131Te. The
results show a marked correlation between (n,y) and (d,p) levels of the
2=1 type. The correlation coefficient exceeds 997 for the El energy
dependence suggested by potential capture.
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5. Actinide Level Schemes
(R. E, Chrien, B. K. S. Koene, J. A. Cizewski, R, F. Casten
W. R. Kane, G. J. Smith, M. L. Stelts (BNL); R. C. Greenwood
(INEL, Idaho); P. Jeuch{ T. von Egidy (RILL, Grenoble);
R. C. Block (RPI); J. Kopecky (ECN); S. Malik (Univ. of Rhode
Island) ; D. Breitig (Technical Univ. of Munich))

231y,

a. Levels in

The 230Th(n,y)231'rh reaction has been investigated for the
capture of neutrons in the 1.427 eV resonance of 230rh, Resonance
energy neutrons were provided by a neutron monochromator at the BNL
High Flux Beam Reactor. Interference from the decay of 8 x 10% year
230Th was winimized with the use of a very small (50 mg) target, which
was sufficient fur che experiment because of the very high resonance
capture cross section. High resolution spectra of primary and second-
ary capture gamma rays were obtained with Ge(Li) detectors. Low spin
states of 231Th have been identified up to an excitation of ~ 1 MeV.
Results obtained on Nilsson levels of 231Th will be compared with
those obtained from charged particle transfer reactions and 235y o
decay.

b. Levels in 233Th

The results of 2- and 24-keV capture spectra are being
combined with data from the (n,e”) reaction and from highly precise
low energy Y-ray data from the Reactor Institute Laue-Langevin. A
rather definitive level scheme is in preparation.

c. Low Spin States in 233y

Primary ¥ rays following neutron capture in 234y at the

5.9 eV, 31.9 eV and 48.8 eV resonances have been studied witl the Fast
Chopper at the Brookhaven High Flui Beam Reactor. Levels in 235y vere
identified to an excitation energy of 2.2 MeV. For most of the primary
transitions it was possible to distinguish between El and Ml multi-
polarity on the basis of their absolute widths at the different neutron
energies, Data from previous thermal-capture work were included in
this analysis. The resulting spin-parity restrictions for levels of

U differ in some instances with earlier rotational-band assignments
from charged-particle reactions and thermal neutron capture.

t On leave from RILL, Grenoble.
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2
d. Levels in “37U

Most of the analysis of the 236y(n,v)237y reaction on the
5.45 eV resonance has been completed and a tentative level scheme
up te 1 MeV proposed. Y-Y coincidence experiments are planned as well
as conversion electron studies to complement the (n,Y) work. Many of
the low-lying levels have been identified as to their Nilsson quantum
numbers or as low-lying phonon excitations. A number of problems re-
main in that low-lying phonon excitations complicate the structure
of many states and frequently this will fragment the Nilsson strength
into several compoments. The planned coincidence and electron studies
will help resolve these problems.

e. Levels in 239U

Several techniques involving neutron capture were used
to study the level structure of 239U. Most recently, these include
the study of degree of circular polarization of ¥y rays emitted fol-
lowing polarized neutron capture (at the Dutch High Flux Reactor,
Petten), Y-y coincidence measurements, and spectra from keV neutron
capture. A major revision in the previously accepted decay scheme--
the interchange in the spin assignments of the 739 and 746 keV levels--
has been made. The polarization data also reveal a closely-spaced
doublet in the transition near 3983, a doublet which had been unde-
tected even in the highest resolution primary (n,¥) work. A definitive
level scheme is in preparation. Spin assignments made on the basis
of these experiments are shown in Table A-2.
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The singles spectrum (below) and polarization
difference signal Wi -~ N. (above) for the 3.9 MeV doublet
for thermal capture by 238U, The lack of a negative dif-
ference signal for the 3983 transitior. which is presumed

to feed a 3/2° final state, is strong «vidence for a dou-
blet at 824 keV. - 55 -



Table A-2

Ex(kev) Previous Present Experiment

739.2 3/¢= 1/2-

745.9 1/2° 3/2°

932.5 n” 3/2°

961.9 o~ 3/2°

988.5 mt 5/2%
1025 it 5/2+, 3/2"
1066 .6 at 3/2*+
1152.5 o 5/2%
1223.3 o~ 3/2°
1237.7 wt 5/2F
1361,0 n(-) 3/2-
1416.9 mt 5/2%
1509.9 n” 3/2-

Spin assignments based on the results of circular
polarization and y-Y coincidences for levels in 239y,
The states labeled n and m are derived from the experi-
ment of Bollinger et al. (Phys. Rev. C6, 1332 (1972)).
The n refers to (1/2 or 3/2); m refers to (1/2, 3/2, or
5/2).

f. Levels in Odd-mass Plutonium Isotopes

Using mostly time-of-flight techniques for resonant cap-
ture data have been obtained for capture on 240Pu, 242Pu, and 244py
leading to levels in 241Pu, 243Pu, and 245Pu. For the latter case,

some 14 primary y-ray lines were observed in resomnance capture for a
relatively small (~ 1 gm) sample.

The work summarized in 5, a-f above, when complete, will

provide a systematic survey for low-spin states and Nilsson orbitals
throughout the mass region from A=231 to A=245.
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6. Neutron Beam Filters
(R. C. Greenwood (INEL, Idaho) and R. E. Chrien (BNL))

The properties of neutron transmission filters using scandium
and iron in combination with other materials have been studied at the
HFBR with the aid of several hydrogen-filled proportional recoil
counters. The object was to determine the optimum combination of £il-
ter materials to enhance the principal beam component (2 keV for scan-
dium and 24 keV for iron) and suppress the transmission through other,
higher energy, windows. Optimum combinations proved to be Sc + Ti + Co
at 2 keV, and Fe + Al + S at 24 keV. The characteristics of these
beams were established with the recoil counter measurements and with
Y-sensitive and thermal-neutron sensitive instruments. The results are
being checked for consistency against recent total cross section mea-
surements on the filter materials.

7. A Pair Spectrometer for Primary Capture Yy-ray Measurements at
HFBR

(M. L. Stelts, R. E, Chrien (BNL); P. Ryge*)

A three-crystal pair spectrometer (Ge(Li)-Nal) has been devel-
oped for use with the "filtered" neutron beamsl at the Brookhaven High
Flux Beam Reactor. The Ge(Li) diode is a 55-mm diameter by 20-mm
thick disc with the Y rays incident on the edge. The peak to con-
tinuum ratio exceeds 40:1 at 6 MeV y-ray energy with a system resolution
of 4.5 keV. Used with neutron beams of broad enough energy to average
over sufficient capture states to reduce the statistical fluctuations
in the partial radiation widths, it is possible to locate all levels
of a given band of spin and parity to much higher excitations than has
been previously possible. 1In a study of the 82y (n,Y) reantion, 45
states of spin (1/2, 3/2) in 183y were found htelow 2100 keV excitation
compared with 18 levels found in the most recent work on this nucleus.

Princeton Gamma Tech., Princeton, New .Jersey.

R.C. Greenwood and R.E. Chrien, Nucl. Ins‘r. and Meth. 133, 125 (1976).
R.F. Casten and W.R. Kane, Phys. Rev. C7, 419 (1973).

S
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8. Two-keV Average Resonance Neutron Capture Gamma-Ray Population
of Levels in 160Ho
(D. A. McClure (Georgia Tech.,); M. L. Stelts, R. E. Chrien)

A scandium filtered neutron beam from the High Flux Beam
Reactor at Brookhaven, characterized by a flux of ~ 3 x 107 n/cmz-sec,
a fuil width at half maximum of ~ 0.9 keV and a centroid energy of
~ 2 keV' was employed to produce an average resonance neutron-capture
gamma-ray spectrum of transitions in U6Ho, This study supports the
assignment2 of the spin and parity of the 430-keV level as 2% and is
in disagreement with a recent polarized-neutron capture study3 in which
a level at 430-keV excitation enmergy was assigned spin and parity 47F.
In addition, approximately 80 other primary transitions were observed
and the resulting spin and parity assignments wmade.

9, Svystematic Studies of Low-Spin States in 0dd-Er Isotopes from
2- and 24-keV Neutron Capture Reactions
(R. C. Greenwood (INEL, Idaho) and R. E. Chrien)

The primary Yy rays emitted as a result of 2- and_24-~keV neutron
capture in targets consisting of enriched 164Er, 166Er, 16851 and 170gr
isotopes have been measured using the filtered neutron beam facility
at the HFBR. For each of these isotopes the y-ray spectra were the
result of summing over sufficient compound-nucleus resonance states to
average out, to a considerable degree, the large fluctuations (Porter-
Thomas) in the primary Y-ray intensities. Thus, we can expect that
the primary transitions to all final states with spin values 1/2 or 3/2,
up to an excitation energy of ~ 2 MeV, are observed in these spectra.
Further, in the case of the lighter Er isotopes, the degree of averaging
is sufficient to discriminate, on the basis of Y¥-ray i.tensities, be-
tween transitions having E1 and M1 multipolarities. The results of
this work are compared to those obtained in earlier studies of nuclear
decay (n,v) and charged-particle reactions.

1 R. ¢. Greenwood and R. E. Chrien, BNL-21582.

2 1,. M. Bollinger and G. E. Thomas, Phys. Rev. C2, 1951 (1970).

33, 4. Bosman, P.P.J. Delhey and H. Postma, Neutron Capture Gamma-
Ray Spectroscopy, ed. K. Abrahams (Energy Centrum Nederland, Petten,
The Netherlands, c. 1973) 638.
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10. Level Schemes of 193Pt and 196p¢

(J. A. Cizewski®, G. 5. Smith, M. L. Stelts, R. F. Casten,
W. R. Kane, and R. E, Chrien)

The 192Pt(n,y)193Pt reaction has been investigated at thermal
energies at the BNL High Flux Beam Reactor. High resolution spectra
of primary and secondary gamma rays were recorded with Ge(Li) detectors.
Low spin states of the transitional nucleus 193p¢t have been identified
up to an excitation ¢f ~ 1 MeV. The structure of 193p¢ is compared to
that of neighboring transitional nuclei.

The 195Pt(n,y)196Pt reaction has been investigated using the
2 keV neutron beam at the Brookhaver High Flux Beam Reactor. High
resolution spectra of primary and secondary Yy rays were recorded.
Since the 2 keV neutron beam is faixly_ broad in erergy, the capture
process is spread over ~ 40 levels in 6pt. For 0°, 1- capture states,
this is sufiicient averaging of the Porter-Thomas statistical fluctua-
tions to guarantee primary transitions to all ot, 1+, 2% states up to
~ 3 MeV in excitation. In particular, about 8 levels below 2 MeV in
excitation have been cbserved, which were not seen in an earlier reso-
nance capture study. Tsually a more stringent spin limit can be placed
on the final state by studying the secondary transitions. The informa-
tion from this study will be combined with an earlier investigation of
the excited 0" states in 196p¢, Results are compared to the current
theoretical models for this region of changing deformation.

11. Accurate Transition Probabilities from Resonance Capture
(H. I. Liou, C. M. McCullagh] R. E. Chrien)

In principle, the measurement cf resonance partial widths is the
only way to obtain accurate photon strength function data from (n,Y)
experiments. In fact the lack of accurate normalizations has been the
chief difficulty in past work, which abounds in inaccurate and con-
flicting values for both E-1 and M-1 radiative strengths. Using the
accurately measured 97Au(nu\{)198Au transition intensities, and a com-
parison method originally developed by R. T. Carpenter at Argonne
National Laboratory, values for tramsition intensities (photons/capture)
for a number of targets, including 161, ~"168’17OEr, 1O5Pd, 240Pu,
236y, 234y, and 158,160Gd were established. The technique is now
routinely used for all samples run with the chopper. and will play an

important part in re-interpreting older photon strength function
experiments.

Student from SUNY-Stony Brook, New York.

%
1 J. A. Cizewski et al. BAPS 21, 558 (197€).
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12, Fragmentation of Nilsson Model States in the Hf-Os Region
(R. F. Casten; R, C. Greenwood (INEL, Idaho); M. R. Macphail
(Manchester); R. E. Chrien, W. R. Kane, G. J. Smith,

J. A. Cizewski)

As a continuation of a broad study of the breakdown of the
Nilsson model at high excitation energies (0.5-2.5 MeV) in the Hf-Os
region, the 1900s(n,Y)1%10s reaction was studied at thermal and 2 keV
neutron energies. The experiment was directed toward disclosing all
the 1/2~ and 3/2~ states below about 1700 keV. The use of the average
resonance capture technique 2t 2 keV is ideally suited to such a study
since the averaging process for the primary transition intensities
essentially guarantees the finding of all such states below some upper
limit of excitation energy (here ~ 1700 keV).

The results were analyzed together with existing data from the
(d,p) reaction. As expected, extensive fragmentation of the Nilsson
states was observed and the systematics previously developed for Hf and
W was extended. An attempt was made to continue the interpretation
in terms of large and varying hexadecapcle moments. In ? Os, analysis
showed evidence for a group of positive parity levels which originate
in the next higher shell., (This is the most conclusive evidence yet
obtained for these states in this mass region.) Their occurrence at
low energies, however, is surprising since they are expected to rise in
energy as the quadrupole deformation decreases. However, if the
hexadecapole deformation also decreases this provides a significant
lowering in energy for these states.

Though it is necessary to perform complex coupled channel cal-
culations with quasiparticle-phonon and other interactions to hope to
explain the fragmentation systematics in any detail, the series of
studies of Hf, W, and Os show that many of the trends in these system-
atics can be simulated by a simple model in which_the hexadecapole
deformation (gy) 1 i i £ 179Hf 183’1§4w d

4) grows very large in going from to an
then begins to drop in 18/y and 1910s, presumably decreasing towards
very small values near the Pb nuclei. It is suggested that any future,
sophisticated calculations should incorporate such large €y deformations
in attempting to test this region. Only with such calculations can our
simple interpretation be tested as to whether it merely reproduces
empirical trends originating in some complex interactions.
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B. NATIONAI, NEUTRON CROSS_ SECTION CENTER

1. Data Libraries

NNCSC's role as a data center was expanded in the past year to
include responsibility for compilation and evaluation of charged
particle reaction and nuclear structure data. 1In addition, NNCSC has
continued its activities in the neutron data area.

During the past year, NNCSC has continued to cover the neutron
related literature for CINDA. Data from aproximately 110 neutron
experiments has been compiled and added to the CSISRS experimental
data library. Numerous other set of experimental data compiled by
our sister centers at Saclay, Vienna and Obninsk have nlso been
added.

Work continues in preparation for ENDF/B-V. All the checking
and processing codes maintained by NNCSC have been upgraded to include
new formats and additional tests. A preliminary file of data for
the actinides has been assembled and is now being tested by Crass
Section Evaluation Working Group (CSEWG) members.

The new edition of BNL-325 Vol. II was distributed in July
1976. A handbook for radiocactivity derived from the ENDF/B-~IV fission
product data files is now in press, Planning for the 4th Edition of
BNL-325 Vol. 1, Resonance parameters has been started. Proposed
additions to the book have been circulated for comments and speci-
fications for physics checking programs have been drawn up. Request
have also been sent for latest experimental data with a cut-off date
of June '77.

A new activity in charged particle nuclear data has been
started. A bibliography of integral charged particle nuclear data has
prepared covering the literature published after termination of the work
of the Charged Farticle Data Group at ORNL. A publication will be made
in the next few months. Experimental data compiled at Karlsruhe and
Kurchatov has been received by NNCSC. The data is in the same format
as the neutron data exchanged by the four neutron data exchanged by
the four neutron data centers, making the task of maintaining
charged particle nuclear data file much easier.

Work has also started in the nuclear structure data area.

NNCSC was assigned the coordinating role for the national and inter-
national mass-chain evaluation activity. A U.S. network of evaluation
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centers was established and the responsibility for evaluation of mass-
chains apportioned among the members, 1Initially NNCSC will add an
evaluator to the center to handle 10 assigned mass-chains.

An international network has also been established. The U.S.
network has been instrumental in the encouraging the establishment
of new evaluation groups in Germany, United Kingdom, Japan, and Sweden.
Some mass-chains have been assigned to these groups. The =2ffort at
Utrecht in the low mass region will continue,

NNCSC continues to provide services to the nuclear community.

Statistics for those services provided between January 1976 and
December 1976 are attached.

2. Data Evaluation and Testing

The evaluation of 23)U(n,f) and 197Au(n,Y) as cross-section
standard has been completed in conjunction with the Normalization and
Standards Subcommittee of GCSEWG. The re-evaluation and updating of
nickel, chromium, manganese, cobalt, gadolinium and gold is nearly
complete,

A Monte Carlo study was sponsored by EPRI to analyze thermal
reactor benchmark experiments. This vse of "exact' neutronics methods
has helped to determine actual deficiencies in Uranium-238 capture data.

3. ERDA NDC Secretari:t

NNCSC is now the secretariat for the ERDA Nuclear Data
committee. As such, we are responsible for editing and publishing
committee meeting minutes, status reports and data request list. We
also are responsible for the committee documents and distribution
lists and for their coordination with the various international
nuclear data committees,




Table B-1
Request Statistics for

Experimental Information
Jan, 1, 1976 to Dec, 31, 1976

1. Requests

a) MNumber of requests 203

2. Origin of Requests

a) Government Agencies 6
b) Educational Institutions 28
c) Industry (includes CSEWG members) 18
d) Foreign 9
e) Four-Center Members 35

f) National Laboratories (includes
CSEWG members) 107

3. Mode of Requests (may be more than one
mode per request)

a) Magnetic Tapes 90
b) Computer Listing 118 o
¢) Cards 2
d) Plots 20
e) Documentation 98
f) Telephone 0
g) Teletype 1
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1.

Table B-2
Request Statisties for

Evaluated Information
Jan. 1, 1976 to Dec, 31, 1976

Requests

a) Number of requests 508

Origin of Requests

a) Government Agencies 30
b) Educational Institutions 62
¢) Industry 54
d) Foreign (includes Four=- 97

Center Members)

€) CSEWG Members 265

Mode of Requests (m2y be more than
one mode per request)

a) Magnetic Tapes 153
b) Computer Listings 101
c) CGCards 2
d) Flots 32
e) Documentation 322
f) Telephone 0
g) Teletype 0
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COTIMBIA UNIVERSITY

A. Fission Fragment Measurements, B. Luers, J.P. Felvinci, E. Melkonian,
W.W. Havens, Jr.

1. Single Fragment Pulse Heights of 235y,

In the last progress report we described our results which were also
presented at the Nuclear Cross Sections and Technology Conference held
in Washington, D.C. We also mentioned a similar experiment performed
at Geel in which no large pulse height effects were found. The run we
promised, to obtain more data and thereby improve the statistical
accuracy, took place in June-July 1975 and we obtained a 15-fold
increase in data resulting in an approximate improvement in statistics
by a factor of four. The amount of data we had was now comparable to
those at Geel,

To obtain this amount of data we had to use 3 detectors during
two separate runs. The conditions were not all the same, and we had to
normalize the pulse heights of individual detectors in order to add
them together. The experimental arrangement is depicted in Fig. 1.

The results again show statistically significant variation in
pulse height, but the expected improvement in significance level did
not cccur. The effects were localized in the same energy regions as
earlier but there seemed to be a deécrease in neutron energy resolution.
We attribute this to the increased uncertainty in pathlength arising
from the fact that the target was no longer perpendiciular to the beam
but at an angle of 25°. 1In our opinion, the Geel results did not show
the variations we saw because of their poorer neutron energy resolution.
The decrease in significance level of our new results confirm our idea
that the higher resolution is necessary.

Reviewing our data, we still believe that there are pulse height
effects, but that “hey are probably more complex than we originally
thought them to be. Many energv regions have 2.5 - 3.5 standard
deviations in the contingency tables, indicating variations in pulse
height distributions.

We also are certain that in many regions where we indicated extra
levels, there is additional complex structure. Recent evaluation of
the polarized neutron experiment by Keyworthl, and especially the
calculations by M.S. Moorez, impressively resolved the J = 3 and J = &4
levels. Some of the new resonances they secv, or are indicated on their
graphs, were also seen in our work on the variations in pulse height
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distribution. (These levels are seen at 9 eV, 17 eV, 18 eV, 26 eV,

29 aV. ate )

JE Ty TULey

The Los Alamos group obtained a combined level spacing of 0,5 eV
for the two spin states. We have earlier reported a level spacing of
n 0.3 eV which is lower than that obtained by Moore, but not much lower
than the 0.38 eV predicted by Garrison3.

In the original interpretation of our data the J = 4 levels belong
tc 2 different K values, both of which are assumed to be good quantum
numbers. The level spacing obtained from the analysis of Moore, which
is probably corrzct Tor J = 3, would not give the proper results for
J = L4 if our assumption that K is a good quantum number is correct,
resulting in two different families. Both the Dyson-Mehta A,
statistics and the assumption of & single strength function, and thus a
single Porter-Thomas distribution, for neutron widths would be in error
for the J = L set of levels. There would be more small spacings among
the J = I levels and thus more overlapping levels. Because the J = L,
K = 2 family has larger <gl 0>, it would hide many smaller J = 4, K =1
levels. n

The observationl!®2 that the fission does not go through the K = 0~
band supports our model which predicts the unavailability of this
channel. Other corroborative evidence comes from the missing y
transitions in neutron capture. Transitions in 235U and 177Hf from
the compound state to the ground sta%e rotational band seem to be quite
inhibited. This appears surprising because, if in the compound state
K has a Gaussian distribution, K = 0 would be most likely. The transi-
tions in 235U and 177Hf to the ground state band would be high energy
El transitions, which would be highly probable. The inhibition of this
transition could be explained in our model by the convservation of K,
i.e. the compound state has no K = 0 component.

At this point, in our opinion, the experimental evidence is not
sufficient to resolve the question of the level spacing for 235y, This
is one reason that we are enthusiastically concentrating on the double
energy measurements, which in combination with the polarization and

alignment experiments would be a great help toward the resolution of
this problem.

1 G.A. Keyworth, Los Alamos Report #LA-UR T6-1418
2 G.A. Keyworth, M.S. Moore and J.D. Moses, LASL Report #LA-UR T6-1318

3 J.D. Garrison, Physical Review Letters, 29, p. 1185 (1972).
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2. "Thick" Target Measurements (23°U).

We described in an earlier section of this progress report that
one of the experiments performed in 1975 was the measurement of partial
yields from a thick (7 mg/em?) 235U target.

The resuits show that the most energetic group detected, comprising
0..% of the total observed fission fragments was significantly different
from the toctal yield. Increased yield in resonances in this high energy
group correlates very strongly with assignments of J = 4, K = 1 to
these resonances in our earlier paper”. These assignments were made for
those resonances for which energy groups 3, L4, 5 (where 1 is the lowest
energy group and 8 is the highest energy group) showe& an increased yield.
One can understand this correlation if the (Ex, ) d@7~zgram derived from
double energy measurements of the fission fragments is studied®. From
this graph it can be seen that the most energetic fragments with the
longest range will correspond to the masses 90 - 96. The complements of
these masses, 140 - 146, are included in the groups (3, 4, 5) menticned
above.

Thece results indicate definite pulse height elfects in the 1.13 eV,

3.19 eV, T.08 eV resonances. Increased yield in the high energy group
is also indicated around 1.7 eV, where no resonance has been reported.

3. 2297n Cross Sections

We have, during the 1976 spring run, also used a thin, 20 ug/cm2
2297y target back to back with a 235U foil. This arrangement will give
us the 229Th cross sections normelized tu 23°U. The preliminary results
indicate agreement with our earlier 1970 data, but because of increased
statistics, we can identify more levels to higher energies. Figure 2
shows a usection of the yield curves to indicate the quality of data.

We have tentatively identified more levels than earlier. The present
suggested spacing is around 0.3 eV. The average fission width is
smaller in 229Th than in other fissile nuclei, and thus we can resolve
the levels easier.

The firsion areas §3T, are being calculated and will be published
as soon as possible.

Nuclear Cross Sections and Technology, p. 580, NBS Special Publication
hos,

H.W. Schmitt, J.E. Neiler and F.J. Walter, Physical Review, 1hl,
1146 (1966).
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We are also planning to investigate, as soon as feasible, pulse
height effects in the 2297 data we already have.

k. Double Energy Measurements

The coir-sident fission fragment energies have been measured for
2357 and 229Th, At this time only the 235U results have been partially
analyzed. The method of analysis was the following:

A cumulative sum was calculated for the two individual coincident
pulse heights. The 1/4 and 3/4 points were established and the data
taken at different runs were normalized to each other using their 1/L
and 3/4 points. These poinis agree very closely with the reference
points in the Schmitt calibration procedure. We then used his
constants for 235U to calculate, through the mass dependent formulae,
the single fragment kinetic energies and masses. The sum of the
coincident energies naturally gave us the total kinetic energies. The
relationship between fragment masses and energies, used here, is the
usual one which ignores the effects of neutron emission.

In Figure 3(a), the total kinetic energy distribution and in
Figure 3(b) the mass distribution is shown for all events.

In an effort to establish differences in total kinetic energy
between resonances, the average total kinetic energy was calculated
for every neutron energy. We also divided the total kinetic energy
distribution intoc two equal parts of lower ard higher energies and
calculated the averages for those. These results for the lower half
of the total kinetic energy distribution are shown for the 8.5 to 9.5 eV
neutron :mergies on Figure 4(a). The x2 for the points is 68.81 for
36 degrees of freedom, resulting in a 0.1% probability that they have
the came average. Notice the positive deviations at 9.35 and 8.5 - 8.55
and the negative deviation at 9.27. These are the regions where we
claimed levels with J = 3 and J = 4 spins in our paper.

We also plct the average total kinetic energy (TKE) for this
region, Figure 4(b). The positive deviations for the average are at
places where we assumed (3,1) levels exist and there is indication
in Keyworth papers for this effect. The negative deviations come at
the position of the (kL,1) levels as expected.

5. Preparations for the 1977 Experiments.

A new data acquisition system based on the PDP-11 computer has
been acquired and tested.
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The new TOF unit is a 100 MHz CAMAC scaler, preceded by a gate
generator, which will allow the 80 MHz clock to be counted between the
start and stop pulses. The ACC is a 2048 channel CAMAC octal unit.
The ADC and TOF units are connected through a CAMAC interface to the
PDP-11 and a 9-track magnetic tape. While the computer is waiting for
events, in these low count-rate experiments, it will display the
sorted incoming data and will also do some preliminary analysis using
the associated disc. This procedure should speed up data analysis
considerably as well as improve monitoring during the acquisition of
data.

The experimeni to be performed will be the double energy
measurements from thin deposits of 229Th, 233y, and 239py;,
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B. Multilevel Fits Using the Modified MULTI Code, F. Cohensedgh,
J:P&Felvincis Ei*MelkonianyW. WosHavensy Jr.

A study was made toward determining the use and applicability of
the Los Alamos developed code MULTI in analyzing the results of the
recent Columbia University fission cross section measurement experiments
at ORELA. MULTI is a FORTRAN code for least squares fitting of neutron
cross section data using the Reich-Moore multi-level formalism, It
is expected that the use of this code will establish the limits of the
statistical accuracy of the experimental data and hence attempt to
test the validity of the recent assumptions regarding dependence of
fission cross section data on fragment energy. This determination may
be made by considering the degree of consistency among the set of
fission cross section resonance parameters obtained from the multi-
level fitting of each set of data corresponding to a partial spectrum
cut. Of special interest will be the comparison of resonance parameter
sets corresponding to the cuts at the main light peak with those at the
shoulder of the light peak which suggest a mode of tission different
from the mode of the main peaks. i
Since MULTI is written to be run on CDC-6/00 or T600 computers,

use will be made of the NYU/CDC-6600 facilities, which are available
to us.
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AMES LABORATORY-ERDA

A. DECAY STUDIES OF GASEQUS FISSION PRODUCTS AND THETR DAUGHTERS

1. Decays of 88Kr and 88Rb (R. L. Bunting, W. L. Talbert, Jr.,

J. R. McConnell, and R. A. Meyer)

The y rays following the decays of 88Kr and 88Rb have been
studied using Ge(iLi) detectors and coincidence techniques. 1In 88kr
decay 81 y rays were observed ar.d 74 were placed in a level scheme for

8Rb. In 88Rb decay 27 Y rays were observed and all were placed in a
level scheme for 88sr. This work has been publishedl in Phys. Rev. C.

9

2. Decays of 91Kr and le (M. D. Glascock, W. L. Talbert, Jr.,

and C. L. Duke)

The Yy rays following the decays of 91Kr and 91Rb have been
studied using mass-separated sources produced by the TRISTAN facility.
In S1kr decay 220 Yy rays were observed and 218 were placed in a level
scheme for 91Rb. In 91Rb decay 109 of the 125 observed transitions were

placed in a level scheme for 91Sr. This work has been published2 in
Phys. Rev. C.

3. On-Line Y-Y Angular Correlations of Transitions in 140Ba

(L. J. Alquist, W. C. Schick, Jr., W. L. Talbert, Jr., and
S. A. Williams)

Using sources of mass-separated 140CS, angular-correlation meas-
urements were made on 12 direct cascades and 5 skip cascades in 140ga,
Definite spin assignments were made for eight levels and tentative spin

assignments for five levels. This work has been published3 in Phys. Rev.
c.

4. Decay of 93Kr, 93Rb, and 938r (C. J. Bischof and W. L. Talbert,

Jr.) \

1Using mass-separated sources obtained at TRISTAN the decay of
93kr, 93Rb, and 93Sr to levels in 23Eb, 93Sr, and 93Y respectively was

observed. In 93Kr decay 203 out of the 217 y rays observed were placed

1 Bunting, Talbert, McConnell, and Meyer, Phys. Rev. C 13, 1577 (1976).
2 Glascock, Talbert, and Dnke, Phys. Rev. C 13, 1630 (1976).

Alquist, Schick, Talbert, and Willijams, Phys. Rev. C 13, 1277 (1976).
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in the 93Rb level scheme. For 93Rb decay 231 out of 243 Yy rays were
placed and for 935r decay 143 out of 162 y rays were placed. This work
has been scheduled to appear in the February 1977 issue of Phys. Rev. C.
Tables of y energies and intemsities are too long to reproduce here but
have been forwarded to ERDA-NDC.

5. Decay of 137Xe (4. R. Western, John C. Hill, W. L. Talbert, Jr.,

and W. C. Schick, Jr.)

The decay of 137%e to levels in the N=82 nucleus 137Cs was stud-
ied. Of 94 vy rays observed 83 were placed in a 137¢cs 1evel scheme.
Tables of y energies and intemsities are too long to reproduce here but
have been forwarded to ERDA-NDC. This material has been accepted for
publication in Phys. Rev. C and is scheduled to appear in the March 1977
issue.

143 . .
6. Decay of Ba (J. C. Pacer, John C. Hill, D. G. Shirk, and

W. L. Talbert, Jr.)

A study at TRISTAN of the decay of 143Ba to levels in 143La has
been completed. Of 69 y rays attributed to 1434 decay 59 have been
placed in the 143La level scheme. This material will be submitted to
Phys. Rev. C shortly. The Yy ray energies and intensities are too long
to be given here but have been forwarded to ERDA-NDC.

B. DECAY STUDIES OF NON-GASEQUS FISSION PRODUCTS

1. Decay of 138I (4. R. Western, John C. Hill, W. C. Schick, Jr.,

and W. L. Talbert, Jr.)

We reported the first decay scheme for 1381 to levels in 138Xe.

The iodine was obtained using the "old" TRISTAN target system. A total-

of eight y rays observed were placed in the level scheme. This work has
been published4 in Phys. Rev. C.

2. Decay of 136I (W. R. Western, John C. Hill, W. L. Talbert, Jr.,

and W. C. Schick, Jr.)

A total of 142 rays were uvbserved in the decay of the 45- and
85-sec isomers of 1361, Of these 116 were placed in a level scheme for
136Xe consisting of 50 excited levels up to 6624 keV. Strong § population
was observed to states above 3.5 MeV which are interpreted as neutron
particle-hole states. This work has been subritted for publication to

Western, Hill, Schick, and Talbert, Phys. Rev. C 14, 275 (1976).
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Phys. Rev. C. Tables of y energies and intensities are too long to re-
produce here but have been forwarded to ERDA-NDC.

3. Decay Studies of Ag, Cd, and In Fission Products with New In-Beam
Ion Source (John C. Hill, T. K. Li, D. R. Margetan, M. L. Gartner,
R. L. Gill, and W. L. Talbert, Jr.)

A new in-beam ion source has been developed at TRISTAN and is now
on-line for studies of nongaseous fission products. Separated Leams of
Br, Kr, Rb, Sr, Ag, Cd, In, Sn, Sb, Te, I, Xe, Cs, and Ba have been ob-
served. The ion source consists of a hot graphitz cylindrical anode con-
taining 235U oxide. Fission products diffuse from the graphite (at 1500
O0C) into a plasma where they are ionized prior to acceleration and mass
separation. We present below preliminary results from y singles measure-
ments of the decays of Ag, Cd, and In fission products. Detziled analy-
sis is now in progress. The errcrs on the y energies are no more than
1 keV and the intensity errors for strong peaks are no more than 20%.

a. Decay of llaAg

L 118 . .
Preliminary results from Ag singles measurements are given
in Table B-1. This about triples the present knowledge concerning its
transitions.

Table B-1. y-rays from llSAg decay.

Energy (keV) Relative Intensity Energy (keV) Relative Intensity
487 100 1939 3.3
678 38 2101 6.2
771 9.6 2278 1.5
781 3.8 2694 1.5
798 6.4 2737 1.6

1060 11 2778 5.8
1127 1.0 2789 9.5
1269 3.0 2894 1.6
1428 1.5 3225 8.0
1535 1.6

120

b. Decay of Ag

Preliminary results from lZOAg singles measurements are given
in Table B-2. The 203 keV y ray is from the 120Ag isomer whose half-1life
is 0.4 sec.
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Table B-2. y-rays from 120Ag decay.

Energy (keV) Relative Intensity Energy (keV) Relative Intensity
203 16 1492 1.1
506 100 1588 5.2
555 3.3 2347 3.5
697 41 2995 2.7
817 15 3044 2.3
830 2.7 3053 1.1
925 8.0 3537 1.3

1323 6.2 3881 1.1
1532 17 5526 1.3
13,1 4.3 6345 1.1
1407 2.6 6391 1.1
1456 1.0

126

c. Decay of ~77Cd

126 No information exists in tlhie literature on the y decay of

Cd and nothing is known about excited states in 126In. On the basis
of a preliminary analysis we have associated 15 y rays with 126Cd decay.
The results are given in Table B-3.

»

Table B-3. y-rays from 26Cd decay.

Energy (keV) Relative Intensity Energy (keV) Relative Intensity
227 3.0 1032 1.1
260 17 1496 0.7
365 2.5 1594 0.5
428 100 1602 0.7
556 4.9 1687 1.0
653 1.1 2371 0.8
667 1.6 3284 0.9
688 4.9
126

d. Decay of In

The only information zvailable on levels in the semi-magic
nucleus 126sn is from the 124sn(t, p)126Sn reaction. We have observed 19
Y rays from the decay of 126In to levels in 126Sn. No decay y's from
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126In have been reported in the literature. Our results are given in

Table B-4 below.

Table B-4. Y-rays from 126In decay.

Energy (keV) Relative Intensity Energy (keV) Relative Intensity :
269 4.4 1571 2.5 2
316 6.4 1637 3.9
632 4.0 2106 1.5
909 27 2111 2.3
970 22 2204 1.9

1024 4.1 3247 2.3
1053 2.4 3345 40
1141 1000 3888 2.6
1230 1.9 3964 1.6
1378 4.2

e. Decay of 1281

n
The decay of 1281n to levels in 128Sn is of special interest
since Sn can be described in terms of a doubly-magic 1328n core plus

four neutron holes. Unfortunately no information is available on excited
states in 1288n. We have observed 20 Y r ;s from 128In decay. Prelimi-
nary values of their energies and intensities are given in Table B-5.

Table B-5. Y-rays from l281n decay.

Energy (keV) Relative Intensity Energy (keV) Relative Intensity
68 5.2 1170 100
120 15 1587 3.6
248 5.4 1867 18
257 4.3 1961 3.3
321 8.6 1974 11
832 27 2104 8.9
857 6.2 2258 3.9
869 5.8 3519 19
936 12 3954 5.0

1090 12 4296 14
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C. GROUND-STATE B BRANCHING OF FISSION PRODUCTS (F. K. Wohn, M. D.
Glascock, W. L. Talbert, Jr., S. T. Hsue, and R. J. Hanson)

The ground-state B branchings for several mass-separated Kr fission
products and their daughters have been measured at TRISTAN. These meas-
urements are needed for calculation of fission reactor decay heats. The
doduced values of the ground-state R branching expressed as a percentage
of decays are: 88%ur, i4 * 4; S8Ry, 7o.C £ 1.2; S%Lr, 23 + 4; 89Rb,

25 + 53 90Ky, 29 *+ 43 I0Rp2, 37 + 5; 91Rr, 10 + 4; 91Rb, 5 + 5. This
material has been publishedd in Phys. Rev. C.

3 Wohn, Glascock, Talbert, Hsue, and Hanson, Phys. Rev. C 13, 2492 (1976).
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1RT CORPORATION

*
MEASUREMENTS QF FISSION-PRODUCT DECAY HEAT FOR 235U AND 239Pu

Friesenhahn and N. A. Lurie)

(s. J.

The thermal neutron fission-product dc.21y heat of 235U and 239Pu has

been measured for cooling times of 1 to 10° seconds. Irradiation times
were 1,000 seconds, 20,000 seconds, 24 hours and 35 days for 235U and
1,000 seconds, 20,000 seconds and 24 hours for 239Pu. The neutrons for
the irradiation are provided by spontaneous fission in 10 milligrams of
252Cf, The fission neutron spectrum is thermalized by a water and poly-
ethylene assembly surrounding the terminus of a pneumatic transfer
(rabbit) system. The fission sample is encapsulated by cementing
betwes;. two layers of 0.002-inch mylar. Several tests have indicated
that t:is encapsulation is completely effective in preventing the escape
of volatile fission products such as 135Xe. The fissionable material is
in the form of 0.00l1-inch-thick metallic foils.

The fission foil assembly is mounted on the end of a polyethylene
rabbit, and at the end of irradiation the rabbit is pneumatically trans-
ferred to the center of a very large scintillator. The scintillator
consists of 45 liquid-filled plastic cylinders containing a total of
4,000 liters of scintillating solution. At the center of the liquid
scintillator is located a 6-inch-diameter NE-110 plastic scintillator.
The plastic scintillator was constructed with a reentrant hole to serve
as the second terminus of the rabbit system.

The plastic scintillator is directly exposed to the fission foil
assembly so that it can record the beta component of the decay heat with
high (85 to 92 percent) efficiency. The large mass of the scintillator
provides a high (90 to 92 percent)} detection efficiency for the gamma-
ray component of the decay heat.

The entire system is operated under computer control. The computer
determines ambient backgrounds and calibrates the response of the scin-
tillator using a NBS 60Co standard source for which the gamma energy
emission rate is known with a precision of *2 percent.

The fission rate during irradiation is determined in an auxiliary
experiment in which an ion chamber is used to directly measure the fis-
sion rate in a very thin (100 microgram/cm?) deposit on a thin (0.00005-
inch) nickel foil substrate. The thin substrate allows high bias
efficiencies to be obtained (95 to 97 percent) which contributes signifi-
cuntly te the precision of the fission rate determination.

-

"Work sponsored by the Electric Power Research Institute.
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After the fission rate in a foil is determined, it is covered with
0.002-inch mylar to contain the fission products and is returned to the
chamber to be irradiated for a time identical to that used for the more
massive foils. Since the signal level from these foils 1s quite small,
they are measured with only the plastic scintillator to reduce the
effects of ambient background. These data are then normalized to
special data points taken with the thick foils using the plastic scin-
tillator only. In this way, the fission rate in the thick foil is
determined with high statistical precision.

As of this date, normalized results have been obtained for 24-hour
irradiation of 235y only. Comparisons of these results with calculations
by Spinrad et al. at Oregon State University based on the ENDF library,
are illustrated in Figure 1. As can be seen, the calculations under-
predict the decay heat for times less than about 10 seconds. The
agreement is quite good up to approximately 2,000 seconds at which time
the experiment drops below calculations by about 10 percent. I[ssen-
tially identical results were found when comparing the present experi-
ment with the calculations of England of Los Alamos Scientific Laboratory.

By performing measurements with and without an iron absorber inside
-he plastic scintillator, the beta and gamma components of the decay heat
are resolved. It appears that the major portion of the disagreement with
calculation at long cooling times is in the gamma component. The normal-
ization of the 235U data taken for irradiation times other than 24 hours,
is in progress, and it is hoped that these data will shed some light on
the source of the disagreement. In addition, beta and gamma-ray spec-
trum measurements are underway to identify specific isctopes which may
be responsible for the disagreement.

The normalizaticn of the 23%Pu data is being delayed by the lack of
evaporated ion chamber deposits. We expect to receive these within the
coming month. Examination of the unnormalized data reveais rather large
discrepancies in the shape of the cooling curve, which is undoubtedly
due to the inferior knowledge of fission-product yields for this isotope.

Further details on experimental techniques are given in report EPRI
NP-180 (February 1976).
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LAWRENCE BERKELEY LABGRATORY
Nuclear Science Division

DATA COMPILATION - Table of Isotopes (C.M. Lederer)

Completion of the 7th edition is planned for the current fiscal year.
As of this writing, compilation and evaluation is completed, and final
review is well underway. Production of final materials for layout, de-
layed pending installation of a high-resolution COM camera, has just
begun; page layout will be started within a month.

The estimated size of the 7th edition is 1200 pages. The project
involved a total of about 42 man-ycars: 60% of the effort was spent on
actual compilation-evaluation work, 20% on data entry, bibliographic
work, art work, and other support functions, and 20% on computer proc-
gramming, development, and managerial tasks.

Future activities of the project will be closely tied to the newly-
formed Nuclear Data Network (NDN). LBL has been assigned responsibility
for compilation of mass chains 146-152 and 163-194, and has been asked
tentatively to take editorial responsibility for the Radicactivity
Handbook. Work on the first mass-chains is expected to begin this sum-

mer, with full effort devoted to the national program beginning in FY
1978.
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LAWRENCE LIVERMORE LABORATORY

A. STANDARDS

-3

1. High-Precision Neutron Flux Monitor. (J. B. Czirr ard D. W.
Shosa)

A totally-absorbing time-of-flight neutron detector was designed to
permit flux measurements of standards accuracy in the 1 keV to 1 MeV
energy range. The efficiency of the detector is calculaied to be a con-
stant over the energy range within % 2%. Neutrons are moderated and
captured in 4 m3 of compressed 6LiH and the capture distribution is
sampled with thin slabs of bLi-glass scintillator. The mean capture
time is calculated to be approximately 100 nsec. See UCRL-79089 for
further details.

B. NUCLEAR DATA APPLICATIONS

1. Studies of (n,xp), (n,xd) and (n,xa) Cross Sections at 15 MeV.

(R. C. Haight, S. M. Grimes, J. D. Anderson, K. R. Alvar,”
H. H. Barschall®™ and R. R. Borchers®)

We have continued measurements of hydrogen- and heliumproducing
reactions of interest to the Division of Magnetic Fusion Energy. A
summary of the cross sections measured to date is given in Table B-1.

The spectra of the emitted charged particles have been compared
with statistical model calculatibns. The agreement is particularly sen-
sitive to several parameters of the calculation, namely nuclear level
densities, optical model parameters, angular momentum effects and gamma-
ray strength functions.

From the measured alpha particle specirum and angular distribu-
tion, we can infer the spectrum of recoils from (n,xo) reactions. These
particular recoils constitute the high energy part of the spectrum of
recoiling nucle. and hence are important in discussions of displacement
damage. The inferred spectrum of recoils in stainless steel 316 from
(n,xa) reactions at En = 15 MeV is given in Figure B-1. Using the ex-
perimental data, we avoid making assumptions, which were previously
necessary, abont the alpha particle angular distributions and spectra.

oe. - - =y . - - -
*University of Wisconsin, Madison, Wisconsin
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Table B-1
Cross Sections at 15-Mev Neutron Energy

" Cross Sections (mb)

Materdal (n,xp) {n,xd) (n,xa) Reference
2':IAl ug5 + 60 13 £+ 8 121 % 25 1
U6, ..

Ta. 669 * 90 9+ U 98 + 18 1
48y 85+16 7+3 28+ 6 1
S.-316 and 304 252 * 38 8 +2 ug + 7 2
)

“~Cu 320 + ub <10 56 %+ 10 3
65

Cu 86 + 12 <10 13.5 + 2.6 3

v 9] + 14 7 2 17 + 3 L

Nb 51 + 8 8 £ 7? 15+ 3 L

“S. M. Grimes, R. C. Haight and J. D. snderson, "Measurement of Sub-
Coulomb Barrier Charged Particles Emitted from Al and Ti Bombarded by
15-MeV Neutrons," UCRL-78314 (1976) - to be published in Nucl. Sci.
Eng. (Feb. 1977).

2R. C. Haight, S. M. Grimes and J. D. Anderson, "Hydrogen and Helium
Production Cross Sections for 15-MeV Neutrons on Stainless Steels 316
and 304," UCRL-78785 (1976) - to be published in Nucl. Sci. Eng.

3 .
In preparation.

1 preparation.
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2. Isomer Ratio for the 175Lu(n,2n)17”Lu Reaction at 14.8 MeV
(D. R. Nethaway and D. G. Gardner)

The ratio of the 142-day isomer to the 1204-day ground state of
17414 produced by the (n,2n) reaction of 175Lu with 1%.8 MeV neutrons
was measured by following the relative growth and decay of varicus 17410
gamma-rays, and by absolute gamma-ray counting. The results were,
respectively, 0.47 + 0.04 and 0.45 = 0.03. These results are consistent
with the recent LASL valued of 0.u475.

The reaction was studied in the incident neutron energy range of
8-16 MzV via statistical model and coupled-channel calculations. We find
that the Tirst few rotational bands in 17%Lu must be enumerated up to
spins of 12 or 13 in order for the calculations to fit the experimental
data. This required about 90 levels in 17%Lu, so that each band might
span the entire spin distribution produced by the 14.8 MeV neutrons.
The calculations for various sets of 174Lu lesels are shown in Figure
B-2. These suggest that even the high spin band members are relatively
pure, and that once a gamma-ray cascade is initiated xithin a band it
continues with very little crossing until the lower levels are reached.
It is also clear that attempts to extract spin-cutoff parameters from
isomer ratio data involving deformed nuclel will yield questionable re-

sults, unless a very large number of final levels are considered in the
gamma-ray cascade.

3. Radiation Doses from Iron, Concrete and Water as a Function of
Mean-free-Path for 14-MeV Neutrons. (L. F. Hansen, T. T. Komoto,
C. Wong and B. A. Pohl)

The extensive use of iron, concrete and water as shielding mate-
rials in fast and fusion reactors suggests the importance of being able
to predict with accuracy the characreristics of the transmitted neutron
and gamma-ray fluxes through these materials. Comparison of these pre-
dictions with pertinent experimental results assures their reliability,

The gamma spectra from the interaction of 14-MeV neutrons with
0.9, 2.9 and 4.8 mfp™ of iron, 2 and 4 mfp of concrete, and 1.1 and 1.9
mfp of water have been measured using the sphere transmission and time-
of-flight techniques. These measurements have been compared with calcu-
lations using TARTNP, a coupled neutron-photon Monte Carlo Transport
code. The ENDF/B-IV and ENDL libraries for neutrons and gamma rays were
used in these calculaticss. Earlier neutron spectra measurements on all
these spherical assenblies were recalculated with TARTNP. These re-
sults were in very good agreement with those obteined earlier with TART,

where only neutrons were included in the Monte Carlo Transport calcula-
tions.

SB. Bayhurst et al., Phys. Rev. C12, 451 (1975).
“mfp-mean { -ee path.
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The discrepancies between the gamma measurements and calcula-
tions for these materials range between 10 and 25%, with both libraries
giving similar results. From the neutron and gamma fluences, the radia-
tion doses in tissue hove been calculated as a function of mfp for these
materials. (This raper was accepted for presentation at the 5th Inter-
national Conference on Reactor Shielding to be held at Oak Ridge
Nationai Laboratory April 18-22, 1977.)

4. Transport of 14-MeV Neutrons Through Fissionable Materials.
(L. F. Hansen, T. T. Komoto, C. Wong and B. A. Pohl)

The neutron and gamma spectra resulting from the interaction of
14--MeV neutrons with 232Th, 235U, 238U and 239Pu have been measured us-
ing the sphere transmission an¢ time-of-flight techniques. Because
these materials are being used in the design of hybrid reactors (fusion-
fission), it is of interest to have assurance that the calculations give
a good representation of the interaction of the 14-MeV neutron with
these materials.

: Sgherical assenblies of 1 mfp Th, 0.7 and 1.5 mfp 235U, 0.8 and
2.8 mfp 238U, and 0.7 mfp 239Pu were bombarded with the 14-MeV source
positioned at the center of the spheres. The neutron spectra were
measured with improved time resolution over earlier measurements. The
present results agree well with these earlier measurements. The 239Pu
and 235U time spectra showed the presence of delayed gamma radiation
presumably from fission fragment iscmers, the effect being most pro-
nounced in 235U. The measurements are being compared with TARTNP calcu-
lations (coupled neutron-photon Monte Carlo transport code) for neutrons
and gamma rays. Preliminary results indicate that the calculaticns

?ggrestimate the gamma production, the discrepancy being largest for
Pu.

5. Investigation of Gamma-ray Strengths Following Inelastic Proton
Scattering on Even- Even Vibrational Nuclei. (R, P. Koopman,
L. F. Hansen, and F. S. Dietrich)

A gystematic survev of cross-sections for gamma rays de-exciting
the low-lying levels of even-even vibration-like nuclei following ine-
lastic proton scattering has been completed. The purpose of these
experiments was to provide detailed information on the gamma decays which
could be used to test nuclear-modeling codes intended to predict the
yields of neutron-induced reactions. It was also desired to test the
hypothesis that the production cross-section for the lowest excited-
state gamma decay in this class of nuclei is closely equivalent to a
measurement of that portion of the inelastic events which is not followed
by particle decay. Using the LLL cyclograaff acceleratcor and Ge(Li) de-

tectors, gamm'is were detected following 7- to 26-MeV proton bombardment
of 56Fe, b2Ni, 64zn, 103pg, 110,114,116¢q, 116,120sn, and 206ph. The
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excitation function for the low-lying gamma decays of 96Fe is shown in
Fig. B-3; qualitatively similar results were found for all of the
targets. The 0.847-MeV gamma cross section is in good agreement (310%)
with a value obtained by integrating measured (p,p') spectrab over
energy and angle. Preliminary nuclear-modeling calculations (including
collective excitation) show that pre-equilibrium reactions are reguired
to explain the data at high bonbarding energies (g 14 MeV), and that

isospin effects must be included to reproduce the correct magnitudes of
the cross-sections.

6. Measurement of (n,n'y) Cross Sections Induced by 14-MeV Neutrons
on Even-Even Vibration-like Nuclei. (R. P. Koopman, F. S.
Dietrich a L. F. Hansen)

A series o. (n,n'y) experiments was performed at the Livermore
RTINS facility, using ring geometry and Ge(Li) detectors. Pulsed-beam
timing techniques were used to eliminate asynchrorious backgrounds and
fast-neutron events. Measurements were made on rings of natural Fe, Ni,
Zn, Cd, Sn, and Pb; the high resoiution of the Ge(Li) detector allowed
identification of gammas from the various isotopic constituents of the
samples. Data were taken at angles near 50° between the incident neu-
trons and the gammas for all samples, and additionally near 800 and 125°
for several samples. A partial list of cross sections measured for Fe
and Cd is given in Table B-2. Because neutron energy varies with angle
in a ring-gecmetry experiment, the data must be corrected to a common
energy .f the angular distributicn is to ke inferred. If the total
cross section is assumed to behave linearly over the energy range
13.6-14.8 MeV, the cross section and angular dependence of the 2+»0%
tran31tlon in 56Fe are in good agreement with the results of Abbondanno
et al.”, but not those of Lachkar et al. 8 The systematic behavior of the
relatlve strengths of transitions between the low-lying levels is very
similar to that observed in (p,p'y) reactions on the same nuclei.

®A. Sprinzak, et al., Nucl. Phys. A203, 280 (1973).
;

U. Abborndannc et al., J. Nucl. Energy 27, 227 (1973).
8J. lachkar et al., Nucl. Sci. and Eng. 55, 168 (1974).
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Table B-2.

Differential cross sections in mb/sr for (n,n'y) reactions
producing various gamma rays in Fe and Cd samples.

Energies in MeV.

Nucleus

g

Ey 2t-ot ytoot It
56
Fe | 12u0 0.847 65%3 3141 3,341
800 43+3 21#1 2.6%1
510 5043 25%1 4,041
1005 | ugo 0.658 | 14946 7541 842
112 ° .
ca | uo 0.617 | 1146 59%2 749
Leg 490 0.558 y5+7 12%2 10+1
11804 | ygo 0.514 39412 35%7 246
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7. High Energy Fission Cross Section Ratio Measurements.
(J. W. Behrens and J. C. Browne) 5o

We have completed neutron-induced fission cross section measure-
ments on a series of thorium, neptunium, plutonium, and americium iso-
topes using ionization fission chambers at the LLL 100-MeV electron
linear accelerator. Ratios of the cross sections of 232Th, 237Np, 24U4py,
and 241Am relative to 235U have been measured as functions of neutron
energy over the range .00l to 30 MeV, except where limited by low cross
sections on the threshold isotopes. We normalized the results independ-
ent of other measurements by using the threshold cross section methcd.
These ratio measurements 9-11 were obtained in a manner similar to the
series of uranium (i.e., 233,234,236,238y) and plutonium (i.e., 239,240,
241,242py) isotopes which were presented at the NEANDC/NEACRP Special-
ists Meeting on Fast Neutron Fission Cross Sections, June 28-30, 1976.12
Preliminary results for the 241Am/235U and 237Np/235U ratios are shown
in Figure B-U4 and are compared to ratics {line) obtained using the
ENDE/B-IV evaluated fission cross-section files.

8. 24lpy Fission Cross Section. (G. W. Carlson, J. W. Behrens and
J. B. Czirr)

We have completed a measurement of the fissicn cross section of
241pu from 8 eV to 70 keV. The incident neutron spectrum measurement
was obtained with a thin “Li-glass scintillator. The data were normal-
ized to accepted values near thermal energies. The data exhibit signi-
ficant discrepancies when' compared to the ENDF/B-IV evaluated cross
section. See UCRL-78696 for further details.

SJ . W. Behrens and J. C. Browne, Measurement of the Neutron-Induced
Fission Cross Section of 241Am Relative to 239U from 0.001 to 30 MeV,
Lawrence Livermore Laboratory, Rept. UCID-17324 (19706).

10J. W. Behrens, R. S. Newbury, J. C. Browne, and G. W. Carlson, Measure-
ment of the Neutron-~Induced Fission Cross Section of 244Pu Relative to

235U from 0.2 to 30 MeV. Lawrence Livermore laboratory, Rept.
UCTD-173u1 (1976).

117, w. Behrens, J. W. iiagana, and J. C. Browne, Measurement of the
Neutron-Induced Fission Cross Section of 237Np Relative to 235U From
0.02 to 30 MeV, Lawrence Livermore laboratory, Rept. UCID~17370 (1977).

123. W. Behrens and G. W. Carlson, Measuremenrts of Neutron-Induced
Fission Cross~Section Ratios Involving Isotopes of Uranium and
Plutonium, Proc. NEANDC/NEACRP Specizlists Meeting on the Fast Neutron
Fission Cross Sections of U-233, U-235, U-238, and Pu-239, Argonne
National Laboratory, June 28-33, 1976, Argonne National Laboratcry,
Rept. ANL-76-90, p. u47.
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9. 2450p Fission Cross Section. (J. C. Browne, R. W. Benjamin,”
and D. G. Karraker™)

The fission cross section of 2L‘LSCm has been measured from 0.01
eV to 35 eV at the LLL 100-MeV linac. By normalizing to previous inte-
gral data, a thermal fission cross section of 2143 +58 b is obtained.
The cross section below 1 eV is non-1/v due mainly to a slightly bound
level. The recommended thermal value of 2020 b (BNL-325) differs from
our result because it was obtained under the assumption of a 1/v energy
depandence. Resonance parameter analysis has been completed and a paper
is being prepared for submittal to Nuclear Science and Engineering.

10. A New Isctope of Curium: 251Cm. (R. W. Lougheed, J. F. Wild,
E, K. dulet, J. H. Landrum, R. W. Hoff)

We produced this new isofcpe by neutron capture on 2500 at the
Livermore LPTR reactor. The prinar¥ identification was by chemical
milking of its beta-decay daughter 2°1Bk  1ts beta-halflife is
16.8+0.2 min, and measured beta-endpoint is 1.42 MeV. We have found a
total of thirteen gamma rays from 2 1cm, which we have fitted into a
consistent decay scheme (Fig. B-5). According to this scheme, Qg_ is
also 1.42 MeV. As a by-product of these experiments, an approximate
thermal cross-section of 80 barns at a cadmium ratio of 2.84 was
measured for neutron capture on 250Cm.

11. A New Isotope of Californium: 255Cf. (R. W. Lougheed, E. K.
" Hulet, J. Evans, B. Qualheim)

We produced this new beta-emitter by neutron capture on 25UCf at
the Vallecitos reactor. We identified and measured 299Cf by chemically
milking its daughter, 299Es, at periodic intervals, and subsequently
alpha-pulse-height analyzing its granddaughter 255Fm. 255Fm (r1/=20-hr
alpha) reaches equilibrium in a few days with its parent, 29°Es (19 /9=40-d
beta). Our measured beta halflife for 295Cf is 90+30 minutes. '

C. NUCLEAR DATA FOR SAFEGUARDS

1. FPhotofission Studies with Monoenergetic Fhotons. (B. L. Berman,
R. A. Alvarez, P. Meyer, J. T. Caldwell,™ and E. J. Dowdy"¥)

Prgliminary analysis of data acquired to date in this LLL~LASL
collaborative program has yielded (Y:ngotal): (y,n), (y,2n) and (y,f)
cross sections for 232Th, 235y, 236y, 237Np, and 238y, Lorentz curves
have been fitted to the 0(Y,ntqtg1) data in the giant-resonance region,
and the parameters extracted. Similar data have been obtained for 233U
and 234U which are presently being analyzed. Figure C-1 shows some

.3

v~

avannah River Laboratory, Aiken, South Caroli
ok . . > in4a.
Los Alamos Scientific Laboratory, Los Alamos, New Mexico
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representative photofission data for 238U where the cross section has
been decomposed into first- and second-chance fission. The prompt
fission neuiron multiplicity, v, has also been extracted as a function
of incident photon energy. Shown in Fig. C-2 are the v results for 236y
along with the evaluated V for 235U + n for comparison. Fig. C-3 shows
the delayed neutron fraction obtained in the present measurement com-
pared with previous results. Further analysis of these photofission
data for the actinides is continuing.

D. NUCLEAR DATA COMPILATION

1. Atlas of Photoneutron Cross Secticns. (B. L. Berman)

The Bicentennial Edition of the Atlas of Photoneutron Cross
Sections Obtained with Monocenergetic Photons has been issued s UCRL-
78482. 1In addition to the graphs of the cross-section data, tables of
giant-resonance properties and comparison informstion from bremsstrahlung
data, together with reference lists, are included as well. Figure D-1
shows the current scope of giant-resonance data obtained with mono-
energetic photons. The compilation is current as of December, 1976.
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LOS ALAMOS SCIENTIFIC LABORATORY

A. NEUTRON CROSS SECTIONS (DIRECT AND INDIRECT)

1. 3#(a,bLi)n Reaction at Zero Degrees (Brown, Haglund, Jarmie,
Ohlsen)

We have completed a set of measurements aimed at resolving the
long standing discrepancies in the various measurements of the L1(n a)T
reaction. This has been done by studying the inverse reaction T(a, L1)n,
as follows.

Excitation functions for the reaction 3H(a,®Li)n at 0° (lab)
were measured in the energy range covering the resonance corresponding
to the 5/2-state in ‘Li at 7.46 MeV of excitation, An o-particle beam
bombarded a target consisting of a thin Ti-tritide layer on a Ni back-
ing, and, after being spatially separated from the beam in a magnetic
field, the ®Li reaction products at 0° were detected by a thin solid-
state detector Data at 14 bombarding energies were obtaired for detec-
tion of the 6Li group emitted at 9. p, = 0°, and data at 11 energies
were obtained for the SLi group emitted at 6, = 180°, These reaction

data were normalized by measuring. 31mu1taneously with the reaction, the
yield of the elastically recoiling tritoms at * 15° and * 30° (lab).

To obtain absolute differential cross sections from the normalized reac~

tion data, we also measured, in a separate gas-target experiment, excit-
ation functions for 3H(a,t)l‘He at 15° and 30° (lab),

The final zero degree data are given in Table A-1 and shown in
Fig. A-1 as solid circles. The crosses are from the measurements of
Overley et al.,1 and tbhe solid curves are based on an R-matrix fit of
the present and other relevant data. S

2. Total Cross Section of 9Be 10,115 apd 12,13¢ From 1.0 MeV to

‘TMW(Mwmm%hR%m'SthudmmwmthmmD,
HiIl (ORNL))

ngh-resolutlon and high-accuracy MeV neutron total cross sec-
tions of 9Be, 10s11p and 12,13¢ have been measured at the LASL Tandem
Van de Graaff accelerator using the %Be(d,n) reaction to produce a
"white" source of neutrons. Fast, nanosecond tlme—of-fllght techniques
were used to determine the energy eof the neutrons. The Be 10, 11B and
3¢ data cover the energy region from 1,0 MeV to 14 MeV and the 12¢ data
the energy region from 1.5 MeV to 14 MeV, The statistical umcertainty

1 3. c. overley, R, M. Sealock, and D, H. Ehlers, Nucl. Phys. A221, 573
(1974).
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Table A-1 Excitation functions for 3H(a,®Li)n at 0° (lab)., The data
are presented as c,m, differential cross sections o, p,,
along with their total standard deviations A, for the
reaction SLi(n,t)"He at c.m, angles of 0° and 180° and at
lab neutron energies E;, The uncertainty in E; is * 3 keV,
The data have been corrected for multiple scatterlng and
beam energy spread.

= Q° ) = 180°
C, 1, c,m,

En Gc.m. A Gc.m. A
(ke"} (mb/sr) ¢3) (mb/st) (%)

87 90.9 3.0 —_— —
113 103.9 3.2 _— _—
140 122.9 2.6 31.0 5.7
165 179.4 2.6 1.8 3.7
191 259.8 2,3 159.0 3.0
204 341.8 2,7 210.6 2.9
218 ’ 409.9 1.8 268.2 2.3
232 496,1 2,0 348.6 2.4
244 499.8 2,8 380.6 3.1
257 438.1 2,8 375.6 2.9
270 371.2 2,8 345.8 2,9
296 233.5 2.4 232.3 2.8
322 175,7 2.4 148,3 2.9
398 84,1 2.7 _— —
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of each datum point varied from a few percent at the ends of the region
to approximateiy 0.5% in the middle of the region. The systematic error
is £+ 1,7%. The neutron energy resolution achieved is approximately 1.4
E3/2 and the accuracy of the neutron energy scale is given by * 0,060 Ex
V1,79 E + 0.75 keV where E is in MeV. The data have been corrected for
the minor isotopic impurities present in each enriched sample. These
data have been forwarded to the National Neutron Cross Section Center

at Brookhaven.

The high statistical accuracy of, for example, the B has
revealed fine structure (peak to valley fluctuations of a few percent)
at high excitation energy (around 9 MeV) that correlates with structure
observed in charged-particle measurements, The 11B data are presented
in Fig. A-2. There are also indications of additional structure that
have not been previously seen in the 12g compound nucleus at this exci-
tation energy.

3. Simulation of (n,p) Cross Sections lUsing Charged Particle
Reactions (Britt, Gavron, Goldstone, Schoemmackers, Wilhelmy)

We have begun a study of the feasibility of using direct charged
particle reactions as a method for generating simulated neutron induced
cross sections. To date our efforts have centered on the n,p reactiomns.
We have measured the probability of proton emission, P,, as a function
of nuclear excitation energy for 2!wb, 20Y and 89y, These excited
nuclei have been produced using the (t,a) reaction on the appropriate
targets. The recorded o particle energy defines the residual nuclear
excitation energy and the simultaneous measurement of an evaporated
proton enables us to determine the probability that the nucleus, from a
particular excitation energy, will deexcite by proton emission, The
measured proton emission probabilities as a function of nuclear excita-
tion energy are then converted to equivalent n,p cross sections by sim-

ply multiplying by the appropriate nonelastic neutron reaction cross
section,

The initial reaction studied was the 92M’o(t a)gle *. The
nucleus %Wb is a very favorable case for proton emission since it has
a high neutron binding energy (12.1 MeV) and a low proton binding energy
(5.2 MeV), In the excitation energy region between 5.2 and 12.1 MeV,
neutren emission is energetically forbidden and the only substantial
de-excitation mode availabie to the nuclei a2 gamma decay and proton
emission. 1In this case the proton emission probability reaches the very
high level of P, ~ 0.35 at excitation energies near the neutron binding
energy. At erergies above B, the neutron channels begin to be important
and there is a decrease in the value of P_,., The results obtained from
this reaction along with earlier measurements for the 91Zr(3He,t)2lNp*
reaction are shown in Fig, A~3. This is a case of possible practical
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importance for determining structural damage in fuslon reactor environ-
nents. To obtain further information that may be of value in calcula-
tions of radiation damage effects, we are also able to record the proton
emission spectrum as a function of nuclear excitation energy.

We have also measured the proton emission probability from the
90y nucleus. The neutron and proton binding energies in 30y are very
similiar and therefore the Coulomb barrier causes proton emission to be
inhibited. Howaver, the nucleus 89y has a neutron binding energy which
is 4.4 MeV above its proton binding energy, Therefore, a reachable
"proton window" in 20Y corresponds to excitation energles which allow
the evaporation of a neutron from 30y to the excitarion energy gap be-
tween Bp and B, in 89y, 1In this case the QIZr(t,a)QOY*g direct reac-
tion simulates the 89Y(n,p)83Sr cross section which has been measured
radio-chemically. However, as can be seen in ¥ig. A=-4, the '"proton
window' really exists for proton emission from 8§Y to form 98Sr. Thus
the 89Y(n,np)%Sr reaction dominates the groton emission process. Un-
fortunately, the more abundantly formed 885y can not be measured radio-
chemically since 88gr is a stable isotope.

Figure A-5 shows our measured proton emission probability for
the excited nucleus 20y, One important thing to note is that even with
the very low proton emission probability below 16 MeV excitation energy
we are able to obtain adequate statistical accuracy. Once above 16 MeV
excitation there is a rise in the P_ value up to the highest excitation
energy measured. We have translateg these P determinations to equiva-
lent 89Y(n,p+ np) cross sections by multiplygng P_ by optical model cal~

? . ;P
culated nonelastic neutron reacticn cross sections. The results are
shown on the bottom of Fig. A-5 along with the experimentally measured
89Y(n,p)egsr data. The comparison is very gratifying in that it gives
experinental credibility to this general charged particle simulation
approach. At the lowest region of data overlap the simulated and direct
neutron measurement agree. However, as the equivalent neutron bombard-
ing energy is increased the charged particle simulated values diverge
from the direct neutron measurements, possibly indicating that at the
higher equivalent neutron bombarding energies a substantial fraction of
the proton emission probability is coming from what would be the
89Y(n,np)88Sr reaction. We have also used the 07r (t,0)8%* reaction
to directly produce the excited 8%Y nucleus. In this case the energy
difference between the proton and neutron binding energies is 4.4 MeV
(as compared with 6.9 MeV for Ilmb) and, therefore, the proton emission

probability only reaches a peak of ~ ,05 as compared with the value of
~ .35 in 9INb,

We believe that these results demonstrate the feasibility of
using the (t,o) rea:tion for gemerating simulated neutron cross sections
in medium mass nuc 2i. Further experiments are planned to try to extend
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the energy range of the measurement, by using higher energy tritoms.

We alsoc plan to study other targets of practical interest and to care-
fully study a few cases where o(n,p) is known so that the absolute reli-
ability of the technique can be “evaluated.

5. Planned Neutron Capture Cross Section Measurements on Highly-
Radiocactive Samples by Means of a Nuclear Explosion Source
‘(Silbert)

We have been exploring methods of measuring neutron capture
cross sections of small (™~ 1 mg) and highly radioactive samples,
Accordingiy, plans are belng made to measure the capture cross section
of a small (1 mg) bighly-radioactive (14 Ci) sample of 88y (T1 107 d)
in the keV region by employing a nuclear explosion as an 1ntense,
single-pulse source at a 15-m flight path, by the time-of-flight tech-
nique.2 If backgrounds can be supressed sufficiently, such an experi-
ment utilizing fluor-photomultiplier detectors should be possible., The

Y sample emits two hard gamma rays per decay, and laboratory measure-~
mer:ts would be overwhelmed by this intrinsic gamma-ray flux, In addi-
tion, the small size of the available sample would preclude the use of
conventional neutron sources.

It is hoped that this techrique can alsc be applied to a small
sample of 2%2aAm (Ty, = 152 yr), in which the capture measurement would
be carried out in competition with the neutrons and gamma rays emitted
by the (n,f) reaction, which is expected to bave a larger (perhaps 10 x)
cross section than the capture cross section.

6. Neutron Capture Cross Sections (Drake, Malanify)

In collaboration with R, L. Macklin (ORNL) we are analyzing Tm
capture cross sections for neutrons from 3.7 keV to 3 MeV. We have
preliminary results for the continuum part of this neutron energy range.
Samples of lutetium, 1%l1r, and 1931r are being fabricated and beam time

has been scheduled at the Oak Ridge Electron Linear Accelerator (ORELA)
for similar measurements on these isotopes.

7. Uncesolved Resonance Parameters for 23 (Keyworth, Moore,
Moses; Dabbs and Hill (ORNL)

Several statistical analyses of the fission cross section of
3507 have suggested that the well-knowm fluctuations are due to inter-
mediate structure in fission, If this is the case, then each of the

2 nrime-of-Flight Neutron Spectroscopy Using 20-Meter Flight Paths to a
Nuclear Device," L, Forman, M., G. Silbert, and A. D. Schelberg, Nucl.
Instr, Meth. 128, 607 (1975).
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intermediate structure fluctuations should be characterized by a defin-
ite compound nucleus spin, as demonstrated by Keyworth, et al.? for
237y

p.

Data cbtained on the ORELA in 1974, using the polarized-
neutron and polarized-target technique, have been reduced to obtain
spin-separated fission cross sections of 2357 pelow 30 keV, The re-
solved resonance region has been analyzed by shape and area analysis to
obtain an improved set of resunance parameters for each spin state,
Using the average parametars obtained from the resolved resonance
region, we have analyzed these data and capture and fission data meas-
ured by others from 0.1 to 30 keV to obtain unresolved s-wave resonance
parameters. The average fission widths <Tgg> and <T 4> are shown, as a
function of neutron energy, in Figs. A-6 and A~7. The non-random be-
bavior of the fluctuations suggests that intermediate structure may be
important in both spin states. The analysis is not unique, however,
and the results depend strongly on plausible assumptions about the rela-
tive constancy of the neutron strength functions for the two s-wave
spin states.

8. Measurements of 238U(n,3n) Cross Sections (Veeser)

We have measured the 2381(n,3n) cross sections from 14,7 to
27.0 MeV using a liquid scintillator tank with 707 efficiency to detect
the emitted neutrons., The method is similar to that which we have uszd
in measuring other (n,2n) and (n,3n) cross sections® except that a s’z-
able background from fission events emitting thres neutrons must be
measured and subtracted. The circles in Fig. A-8 show the results.
Also shown are the results of a similar measurement® done in France at
lower energies (closed symbols) as well as our measurements of :the
238U(n,lm) cross section at 21 and 22 MeV (triangles).

9. Fission Cross Section of Bk-249 Between 0.7 and 3,0 MeV
‘(Silbert)

Data obtained by LASL experimeiters from the underground
nuclear explosion Physics-8 have been reduced to yield the

3 ¢, A. Reyworth, J. R, Lemley, C, E. Olsen, F. T, Seibel, J, W, T.
Dabbs, and N, W, Hill, Phys. Rev. C8, 2362 (1973),

* 1. R. Veeser, E. D, Arthur, and P. G. Young, to be published.

5 J, Fre2haut and G. Mosinski, Nuclear Cross Sections and Technology
(National Bureau of Standards Special Pub. 425, U,S, Govermwent Print-
ing Office, 1975) p. 855.
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neutron-induced fission cross section of 2“9Bk over the threshold re-
pion, 0.7 to 3.0 MeV. Fission in the 100 pg sample (prepared and
assayed by R. W. Hoff and coworkers at LLL) was measured relative to
235U(n,f). The fission cross section of 2%9Bk rose from 0,1 b at 0.7
MeV to a plateau of 1.4 b between 1.7 and 3.0 MeV, The half-height
position of the threshold was 1,05 MeV., Possible subthreshold fission
in 249Bk was obscured by the presence of 2.5 ng of its fissile daughter,
249¢f. A paper on this measurement is scheduled for publication in
Nuclear Science and Engineering in May, 1977.

10. Complexity of the Potential Energy Surface for Fission for 238y
(Britt, Gavron, Goldstone, Schoemmackers and Wilhelmy)

For some time we have bzen puzzling over the interpretation of
data on fission probabilities (Pf) for 238y, As discussed in our last
report to the Nuclear Data Committee, this is a unique case where we
have data from three independent experiments (1) 23°U(t gf) which shows
subbarrier resonance structures for K = OF bands; (2) 5 8u(y,£) data
which shows subbarrier resonances for J = 1, K = 0 states and
(3} 2387(y,f) data which gives P¢ data in the excitation energy range
7-11 MeV. Using our previous hypothesis that fission proceeds through
an axially asymmetric first barrier and a mass-asymmetric, axially sym-
metric second barrier we discovered that resonance fits to the data from
(1) and (2) completely determined the barrier parameters. When we then

ried to predict the high excitation energy values for Py we found the
calculated valaes were ™~ four times lower than the measurements from
(3). This suggestaed the possibility of additional collective enhance-
ments which would be consistent with an axial deformation at the second
barrier.

We communicated this result to the theoretical group of §. G.
Nilsson and S. E. Larson at Lund, Sweden and asked them to look into the
axial stability of the second barrier. The Lund group has now looked
in further detail at the theoretical potential energy surfaces in the
vicinity of the second saddle point. The result was rather surprising
in that it showed the normal mass asymmetric saddle point was stable
toward axial deformatioms and, thus, could not contribute enough collec-
tive enhancement to explain our results, but there appeared an addi-
tional second saddle point about 500 keV higher which was axially de-
formed and prebably close to mass symmetric. "hese two saddle points
can be traversed in parallel with the first one dominating the low
energy bebavior and the second one dominating the high emergy behavior.
Figure A~9 shows the results of our statistical model calculations with
and without the assumption of an additional second saddle point, EB(Z

It is seen that this concept explains the experimental results very
nicely,
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These results are another indication of the complexity of the
potential energy surface associated with fission. Because of the many
parameters associated with the theoretical calculations it is not pos-
sible for the cheoretical groups to completely explore the potential
surface and previous calculations had not thought to lcok for am addi-
tional second saddle of this type until the insight gained by attempting
to analyze all data in a =self consistent manner appeared.

11. Prompt Neutrons from Fission of 237Np (Veeser)

We bave measured v,, the number of prompt neutrons per event,
for neutron-induced fission of 237Np, We used a spiral fission chamber
to identify the fissions and a liquid scintillator tank with 70% effi-
ciency to detect the fission neutrons. Measurements of v, at six ener-
gies between 1.0 and 14.7 MeV have an accuracy of about * 27. A least-
squares fit to the results gives 3% = 2,634 + 0,148 E..

12. Alignment of 235y in the Anti-Ferromagnetic Compound USbH
(Moses, Keyworth, Moore, Olsen)

We are planning to measure the anéular distribution of frag-
ments from the neutron induced fission of SU for resonances below 100
eV, Tie purpose of the measurements is to determine the K quantum num-
ber, or the mixture of K, for individual resonances. Such measurements
bave been carried out in the past, notably by Pattenden and Postma,®
but the interpretation of their results is ambiguous due to poor energy
resolution and limited nuclear orientation in their target.

We hope to produce a very highly aligned 235 target by the
interaction of the hyperfine field of the anti-ferromagnetic compound
USb with the magnetic moment of 235y nuclei at low temperatures, We
are presently pursuing targets in the form of foils thin enough to
allow fission fragments to escape. We hope to measure the degree of
nuclear alignment produced in such foils by detecting alpha particles

from 2357 at low temperatures.

If this approach is successful we will fabricate a target con-
sisting of a number of foils, each ~ l-mg/cm? thick, and a number of
solid state detectors. The actual measurements using neutron induced
fission will be made at the new Weapons Neutron Research (WNR) Facility
at the Los Alamos Meson Physics Facility. The unusually high neutron
fluxes available with relatively long pulse lengths (.25 to 1 us) at
the WNR Facility will be particularly beneficial in this low count rate
experiment. The measurements will be made using a neutron flight path
of 35 meters.

6 N. J. Pattenden and H, Postma, Mucl. Phys. A167 (1971) 225.
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13. Tritium Production from 5Li(n,a) and “Li(n,n'a) Reactions
‘(Ragan, Hemmendinger, Shunk, E1lis)

We have performed integral measurements of the tritium produc-
tfion in SLi and “Li samples positioned at various radii in a 30-cm rad-
ius SLiD(95% OLi) sphere., The sphere was irradiated by ~ 1016 14-Mev
neutrons produced at the center by the T(d,n) reaction. The tritium
analysis, done by Teledyne Isotopes, Westwood, NJ, was accomplished by
heating crushed ampules and converting the evolved hydrogen to water.
The water was subsequently converted back to hydrogen and the tritium
decay rate determined in a gas proportional counter. The processing
included quantitative separation of the water sample intc several parts
so that a number of independent counts could be made. We established
Teledyne's accuracy of tritium content in LiH contained in gmartz
ampules both by test irradiations in a known thermal-neutron fluence
and by two cross-checks with the NBS Radiation Standards Section.

Preliminary results for both 1ithium isotopes appear in Table

A-2, which shows specific tritium production as a fuaction of radius in
the spherical assembly of SLiD surrounding the 14-MeV source.

Table A-2

Tritium Production in LiH in a Spherical Assembly of 6LiD

Surrounding a Point Source cf 14-MeV Neutrons

Tritium Production

Radius r [471r2 x 10722 atoms * (atom Li)~! « (neutrom) !]
[ ] 61.1(95,50%) 71.1(99,91%)
50.0 0,344 0.309
76.15 0,504 0,301

126 0,823 0.252
200 0,793 0,209
300 0,308 0.121
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B. Other Nuclear Data

1. Accurate Measurement of the Proton—Proton Elastic Scattering
at 19.700 MaV (Jarmie, Jett)

Proton-proton scattering cross sections have been measured at
19.700 £0,015 MeV with a relative error of about 0.4% and a scale error
of 0.4%., Thirteen measurements were made in a range of center-of-mass
angles of 20° to 90°. The results are presented in Fig. B-1, together
with the earlier data of Yntema and White.!

2. H(t,t)H Scattering at Low Energies (Haglund, Fick, Schmelzbach,
Ohlsen, Jarmie, and Brown)

We have measured angular distributions og the differential
cross section and vector analyzing power for H + t elastic scattering,
at center-of-mass energies 1,26, 1.68, 2,19, 2,70, 3.21, and 3.71 MeV.
A preliminary phase shift analysis of the data confirms the importance
of the tensor and add spin-orbit nucleon-nucleon forces in model calcu-
lations for the “He system in this energy range.

3. “He(t,t)“He Elastic Scattering (Jarmie, Ohlsen, Hardekopf,
Brown, Haglund)

We have investigated multiple scattering corrections for the
cross section and analyzing power experiments anc the analysis of our
data is now complete. In addition to the cross section data presented
last year, we have measured analyzing powers as shown in Figs. B-2, B-3,
and B~4. The accuracy of these data is *0.007. The combined set of
cross sections and amalyzing powers will be used to investigate the
properties of the ®Li(n,a)T reaction near the 240 keV resonance by means
of an R-matrix analysis. This reaction is of importance in fusion reac-

tor design as well as a neutron standard. A preliminary report of our
work has been published,? ~

4, Analyzing Power in t + 3He Elastic Scattering (Jarmie, Hagiund,
Brown, Hardekopf, and Ohlsen)

As part of a study of the mass-6 system, we hive measured angu-
lar distributions of the vector analyzing power Ay in t + %He elastic
scattering at lab energies of 9.02, 11.05, 13.02,715.02, 16.05, and

1 3. L. Yntema and M. G. White, Phys. Rev. 95 1226 (1954),

2 R, A. Hardekopf, et al., Los Alamos Scientific Laboratory report
LA-6188.
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17.02 MeV for c.m. angles between 25° and 155°, Alse, excitation func-
tions over the range 14.40 to 17,20 MeV were obtained at c.m, angles

45°, 75°, 105°, and 135°. The experimental method was as follows. A

3He gas target was bombarded with 77% polarized tritons from the LASL
polarized-triton source.3 Scattered tritons were detected in AE-E tele-
scopes while recoil 3He particles were simultaneously detected by record-
ing the singlesspectra of the AE detectors.

5. Scattering of P larized Tritons by 98e and !2c (Schmelzbach,
Hardekopf, Haglund, and Ohlsen)

N The differential cross section and the analyzing power Ay for
9Be(t,t)IBe and 12¢(t,t)12C elastic scattering have been measured at 15
and 17 MeV over the angular range @y, = 17.5°-165, The data in the
forward hemisphere have been analyzed with a standard optical model, A
large depth and conventional geometry parameters for the spin-orbit
potential have been found. The results of this analysis are in general
agreement with previous work involving polarized tritons and heavy tar-
get nuclei, but show important differences with investigations of the
scattering of polarized helions on light nuclei. The observed analyzing
powers are shown in Figs. B-5 and B-6.

6. States in !?5Sb Populated in the R Decay of 105-yr 126gy
(Smith, Bunker, Starner, Orth, L&bner)

We have investigated" the low-energy level structure of tha
odd-odd nucleus 126sp by studying the radioactive decay of the long-
lived fission product 126sn (10° yr). 1In the simplest version of the
shell model, in which all residual interactions are ignor-~d, the multi~-
plet of states in an odd-odd nucleus that arise from a given proton and
neutron configuration are degenerate in energy., However, an effect of
both the long-range collective interactions and the short-range neutron-
proton interaction is to break this degeneracy, and it is therefore
important to establish the systematic trends in the energy ordering of
the lowest levels in these nuclei in order that various theoretical for-~
mulations of the residual-force interactions can be tested against exper-
iment.

_ Based on our conversion-electron and y-ray singles data, vy-y
and y-e prompt and delayed coincidence measurements, and complemen:ary

3R, A, Hardekopf, Proc. 4th Int. Conf. on Pclarization Phenomena in

Nuclei, Zurich, Sept. 1975 (Bukhouser Verlag, Basel and Stuttgartl976)
p. 865.

% H, A, Smith, Jr., M, E., Bunker, J, W, Starmner, C, J, Orth, and K, E.
G. L&bner, Phys. Rev. C13, 387 (1978).
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y-ray energy and intensity balance arguments, an essentially complete
decay scheme for 126gn has been deduced. Also, firm spin and parity
assignments have been made for all six of the observed 126gp levels,
significantly extending the systematics of the low-lying energy levels
of tne odd—~odd antimony (Z=51) nuclei.

Aside from its basic nuclear structure value, accurate knowl-
edge of the datsy radiztions of a long-lived fission praduct such as
126gn is of value to those concerned with nuclear waste processing and
storage, as well as with associated long~range envirommental effects.
The 128Sn daughter activities, 126gh(12.4 d) and 126SpM(19.0 m) are also
under study.

7. Fvaporation Residues from the 7Li,a Reaction on 197Au and 232Th
(Britt, Gavron, Goldstone, Schoenmackers, and Wilhelmy)

Considerable effort has gone into the measurement of fission
probabilities Pp = <rf/(rf+r +T )> as a function of excitation energy.
In these experiments Teactions such as (3He,d) were used to-produce com-
pound nuclei with exc1tat10n energies up to ~ 12 MeV, and the ratio of
the coincidence (3He ,df) cross section toc the singles (3He ,d) cross sec-
tion defined the fission probability. The data yield a d1rect determina-
tion of T /Pf as a function of excitation energy; furthermore, an anal-

ysis of Pf with a statlstical model allows a determination of the fis-
sion barrier parameters,

Recently we attempted to extend the measurements of Py above
~ 12 MeV excitation by using reactions induced by Li ions, such as
(%1i,a) or (7Li,a). These measurements are difficult since at excita-
tion energies above the second chance fission threshold, particularly
for targets with Z > 92, P; approaches 1; systematic errors of the order
10% such as present in the previous measurements5 then lead to large
uncertainties in Pn/rf' Preliminary results using 39 MeV 611 and “Li
beams indicated additional experimental problems. In particular, the
measured fission probabilities for (®Li,af) and (7Li ,af) reactions were
mich lower than expected, indicating that Coulomb breakup and/or reac~
tions on non-fissionable contaminants 1n the targets generated large
contributions to the measured singles (6Li ,&) and ( Li,a) cross sectioms.

5 A. Gavron, H. C. Britt, E. Konecny, J, Weber, and J. B, Wilbelmy,
Phys. Rev. C 13, 2374 (1976).

6 A, Gavron, H. C. Britt, P, D, Goldstone, R, Schoenmackers, J, Weber,
and J, B, Wilbelmy, to be published.
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It is, however, possible to determine Pg and Fn/Ff accurately
if the cross sections for both fission and neutron evaporation are meas-—
ured. Then for the (7Li,a; reaction, for example, ©,/T¢ can be simply
obtained from the ratio o( Li,uxn)/c(7Li,af). We have performed initial
experiments to measure the cross sections for evaporation residue produc-
tion following the (7Li,o) reaction on 197Au, 2327h, and 236y at
E7Li = 34 MeV, The gold target was chosen since at the obtained excita-
tion energies Pg = 0; thus the "evaporation residue probability," P,
defined as the ratio o(’Li,axn)/o(7Li,a) should be unity.

The measured angular correlation of the evaporation residues is
roughly gaussian and centered about the recoil angle determined by the
kinematics of the (7Li,a) reaction. Typical angular correlations from
the 197Au(7Li,axn) reaction are shown in Fig. B~7 for three excitation
energy bins in the excited cowpound nucleus 200yp, The evaporation
residue cross secticn is obtained for each excitation energy bin simply
by integrating the angular correlation, For each of the three excita-
tion energy bins shown in Fig. B-7 we obtain a value of P _ = 0.98 * 0,05,
indicating that (1) breakup contributions to the singles spectrum are
wmimportant at this bombarding energy, and (2) the efficiency for detect-
ing the low-~energy recoiling heavy ions is very close to unity. (The
distributions in Fig. B-7 bave different peak values but also have dif=-
ferent widths and thus all integrate to the same value,) For 232Th, the
analysis is not so straightforward, since for higher excitation energies
the singlies spectrum contains contributions from the (".i,a) reaction on
the carbon backing of the target, and the P, defined by a ratio of the
coincidence and singles cross sections is more difficult to interpret.
However, for low excitation enevgies (10-15 MeV) where the contaminants
are negligible we obtain P . = 0,65 * ,05. This is consistent with_the
value of P_. = 0.69 obtained if Tn/Tf values takc from systematics’ are
assumed. In this case we plan also to measure the 232Th(’Li,af) cross
section to uniquely determine T /T¢ for the higher excitation emergies.

8. Angular Distribution of Fission Fragments from the Spontaneous
Fission of “°°Es (Moses, Keyworth, Hoffman)

The angular distribution of fission fraguents from a state of
lmown total angular momentum I and magnetic quantum number M can be
expected to give a value (or distribution of values) of K, the projec~
tion of I on the nuclear symmetry axis. For a nucleus in its giound
state I is of course knowm, and the value of M can be restricted by
nuclear orientation techniques. To study the role of K in spontaneous

7 R, Vandenbosch and J. R, Huizenga, Nuclear Fission (Academic Press, New
York, 1973) p. 227.
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fission, we are attempting to measure the angular distribution of frag~
ments from the spontaneous fission of oriented 253Es,

We have produced highly aligned Es nuclei by substituting them
into the surface layers of a crystal of neodymium ethyl-sulfate, and
cooling the crystal to temperatures below 109 wK.in a 3He~"He dilution
refrigerator. The degree of alignment is monitored by observing the
change in the rate of alpha-particle emission along knowm crystal axes
as the sample is cooled. We will detect fission fragments from these
sources by exposing a polycarbonate (Lexan) film to the cooled sample,
then etching the film to render the tracks visible under a microscope.
This technique gives nearly perfect discrimination against the back-
ground of alpha particles, and is highly efficlent, since it permits us
to detect essentially all of the fragments emitted into 2w steradians.

9. Muonic X-Ray Measurements of Nuclear Charge Radii in the Mass-
60 Region {(Shera, Wohlfahrt)
r
The x rays emitted when a negative muon is captured by an

atomic nucleus provide a very sensitive tool for investigating the nu-
clear charge distribution, As part of a continuing muonic x-ray pro-
gram, the muonic 2p3/2 - 151/2 and Zplé + lsq )9 transition energies for
the 16 separated isotopes Fe—54,56,57,_§i Co—%é, Ni-58,60,61,62,64,
Cu-63,65 and Zn-64,66,68,70 have been measured in the stopped-muon chan-
nel of 1TAMPF, Subsets of three different nuclides were measured simul-
taneously fo extract precise values of isotope and isotone shifts. Equi-
valent-charge~radii differences between isotopes were determined from
the Ford-Wills radial moments <rl:55> with accuracies of about * 10 3
fm. Details of the measurements, together with results for all iso-
topes, appear in Ref. 8. 1Isotope shift data for all the nuclei studied
are summarized in the lower half of Fig, B-8, in which values for the
differences in charge radii, AR}, between isotopes differing by both
An=1 and An=2 are plotted. The isotope shift values are plotted below
the isotope pairs (in the upper half of the figure) to which they corre-
spond. Two effects are readily apparent: 1) The isotope shifts between
even nuclei (An=2) form an approximately linear sequence--strikingly
independent of Z~-as n increases from 28 to 40, The cause of this sys-
tematic behavior is not presently understood. 2) A pronounced even-odd
staggering exists for the An=1 shifts. This effect, which has been
observed in other ortical and muonic isotope shift studies, is also evi-
dent in our isotone shift data. Detailed Hartree-Fock predictions of

the nuclear charge distribution of these nuclei are also presented in
Ref. 8,

8 E. B. Shera ef al., Phys. Rev. Cl4, 731 (1976),
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c. EVALUATIONS

1. Light-Element Standards (Hale, Stewart, and Young)

The evaluation of the neutron cross sections for 10B has heen
modified somewhat to accommodate changes in the preliminary 108(n,av)
cross—section measurements of Schrack.! The main effect of the changes
is that the calculated 19B(n,cy) cross section decreases less rapidly
with energy above 500 keV. We are currently preparing complete ENDF/B
files for both 1B and 6Li that incorporate the R-matrix results, and
which contain detailed covariance information for the cross sections
elow 1 MeV,

A report has been issued? that describes in detail the light
element standard cross sections included in Version IV of ENDF/B,

2. “He System (Hale and Dodder)

In addition to containing several reactions of interest in
applicaticns [3He(n,p)T, D(d,n)3He, and N(d,p)T], the “He system is of
interest theoretically since many of its reactions are related by
charge symmetry and therefore provide a test of the charge independence

of nuclear forces when the data are analyzed in a charge-independent
framework,

Ve have begun a charge-independent R-matrix analysis of reac-
tions in the "He system at low energies that uses the isospin 1 (T=1)
parameters from an earlier analysis of the “He system,3 allowing only a
single shift (~400 keV) of the level energies tr allow for Coulomb dif-
ferences between “He and “Li. Our present fiit, obtained bv searching
over fewer than 20 T=0 parameters, accounts for most of .ie measured
data available for the T(p,p)T, T(p,n)3He, 3He(n,p)T, and >He(n,n)3He

R, A. Schrack, G. P, Lamaze, O, A. Wasson, and A. D, Carlson, "The
10B(n,ay) 1.4 Cross Section from 5 to 800 keV," Proc. of the Inter-
national Conference on the Interactions of Neutrons with Nuclei,"
Lowell, Mass., CONF-760715-P2 (1976) p. 1345.

G. M. Hale, L. Stewart, and P, G. Young, "Light Element Standard Cross
Sections for ENDF/B Version IV," Los Alamos Scientific Laboratory
report LA-6518-MS (1976).

G. M, Hale, J. Devaney, D, C, Dodder, and K, Witte, "An R-Matrix
Analysis of the p-3He Scattering Below Ep = 19,5 MeV," Bull. Am. Phys.
Soc. 19, 506 (1974).
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reactions at energles corresponding to E_ below 5 MeV, The well-
established 0% resonance at ~20,3-MeV excitation energy, along with its
associated threshold effect, shows up clearly in our fits to the T(p,p)T
data (see Fig. C-1). In addition, we also confirm the existence of 0
and 27 T=0 levels at somewhat higher excitations and see evidence of
higher 1% and 2% levels above the energy range over which data are cur-
rently being analyzed. We expect to obtain firm information about these
levels as the energy range of the analysis increases. Figure C-2 shows
the fits to preliminary new 1H(t,t)IH cross section and polarization

data' taken recently with the Los Alamos Scientific Laboratory polarized
triton source. -

Data for the D(d,n) and D(d,p) reactions at deuteron energies
below 1 MeV have been added to the two-channel analysis described above.
While the cross-section and polarization data for the proton branch of
the Md reaction are adequately represented, the charge-independent fit
bas difficulty reproducing the larger cross section and 0 to 90° cross-
section asymmetry observed for the neutron branch above Eq = 100 keV,.
Although we are able to ~btain a slight enbancement of the neutron
branch at energies near 1 MeV due to the presence of isospin-one levels,

it is not as large as measurements indicate. We are continuing study
¢ this problem.

3. n + 9Be Evaluation (Young and Stewart)

An evaluation of n + %Be cross-section data has been completed ,
with particular emphasis on adequate vepresentation of secondary neutron
spectry as measured recently at Los Alamos.5 Because the present ENDF/L
formats and procedures do not permit accurate representation of energy-
angle correlations in emitted neutrons from the 9Be(n,2n) reaction, we
were required to devise a special format. The multigroup processing
code NJOY will be modified appropriately to permit processing of data
in the revised format. The new evaluation will be available for com-
parison with the offical ENDF evaluation.

R, F. Haglund, Jr., D. Fick, P. A, Schmelzbach, G. G, Ohlsen, N.
Jarmie, and R. A. Brown, "IH(t,t)!H Scattering at Low Energies," Bull.
Am. Phys. Soc. 21, 989 (1976); and private communication.

D. M, Drake, G. F. Auchampaugh, F, D, Arthur, C. F. Ragan, and P. G.
Young, "Double Differential Beryllium Neutron Cross Sections at Inci-
dent Neutron Fnergies of 5, 9, 10.1, and 14.2 MeV," Los Alamos Scien-

tific Laboratory report LA-6257 (1976); to be published in Nucl. Sci.
Eng.
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4. Reaction Theory Model Code Development (Arthur and Young)

We have continued development of the statistical-preequilibrium
nuclear model code GNASH. Emphasis has been placed on evaluating the use—
fulness of different global optical model sets, improving level density
and gamma-ray strength parameterizations, and incorporating mass tables,
decay chains, =tc. into the code so that complicated calculations up to
energies of 40-50 MeV require minimal input.

We have calculated charged-particle cross sections and spectra
induced by 15-MeV neutrons on stainless steel 316 in order to compare
with the recent measurements of Halght et al Proton and alpha spectra
were calculated for ““Fe S6re, uCr 52Cr 58yi, and 60n1 using global
parameters and combined appropri ately for SS 316 (see Fig. C-3), For
protons our calculations indicate a low—ener%y shoulder at approximately
1.4 MeV resulting from (n,np) reactions on Fe and °2Cr. Because of
the thickness of the stainless steel foil usad in the measurements (6.7
mg/cm }, and because an E-AE detector system was used, we believe the
threshold for proton detection would have been too high to see this
effect. (The calculated proton spectrum is dashed in *he region where
uncertainties exist in the measurement due to finite target and AF
detector thicknesses.) The alpha spectrum compariscn indicates a need
for more accurate transmission coefficients in this mass region.

As part of a Cross Section Fvaluation Working Group model-code
comparison effort, we have calculated neutron-induced reactions on >2Co
from 35 keV to 40 MeV, 1In addition, we bave calculated (n,n'), (n,2n),
(n,3n), (n,p), (n,a), and (p,n) reaction cross sectioas for comparison
with experimental data on a variety of other nuclei.’*® Shown in Fig.

R. C. Haight, S, M. Grimes, and J. D. Anderson, "Hydrogen and Helium
Production Cross Sections for 15 MeV Neutrons on Stainless Steel 316

and 304," UCRL Preprint 78783 (1976); to be published in ™ucl. Sci.
Eng.,

E. D. Arthur and P. G, Young, "Calculations of (n,2n) and (n,3n)
Spectra and Cross Sections," Proc. of the International Conf. on the
Interactions of Neutrons with Nuclei, Lowell, Mass,, CONF-760715--P2
(1976), p. 1453.

F. D. Arthur and P. G. Young, "A New Statistical-Preequilibrium
Muclear Model Code,” Trans. Am. Nucl. Soc. 23, 500 (1976).
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C-4 .re comparisons of measured® 12 and calculated (p,n) cross sections
for “5Sc, egY, 169Tm, and 197Au, These results support our conclusion,
reached in other studies,7’3 that cross section calculations using
global neutron and proton parameters in the present model are generally
accurate to * 20-257 up to projectile energies near 25 MeV. We plan to
test the models at energies above 25 MeV by further use of charged-
particle~induced measurements.

5. Distribution of Fission-Product Yields (Madland, England)

a. Pairing Influence

The existence of a significant (¥ 207, or larger) even-odd
Z pairing influence on 2357 ana 233u independent thermal fission yields
is now well knowm. In preparation for Version V of ENDF/B, which will
contain yield data for at least 11 fissionahle nuclides at one or more
neutron fission energies (& 20 yield sets), we have developed a model
for including even-odd 7 and N pairing effects in fission-product
yields.!3 235y jndependent yields at 2 neutron energies (see Fig. C-5
for pairing effects at thermal energy) were used to develop the model
parameters. The pairing effects were calculated for 17 fissionable
nuclides at 7 neutron energies up to 14 MeV,

3 R. G. Thomas, Jr. and W. Bartolini, "Neutron Production in Ag, Ta,
Au, Pt, and Pb by the Interactions of 7.5-14 MeV Pr~.ons,” Phys. Rev.
159, 1022 (1967).

10 T, McGee, G. L. Rao, G. B, Saba, and L, Yaffee, "Nuclear Interactions
of %5Sc and 687n with Protons of Medium Energy," Nucl. Phys. Al50,
11 (1970).
11 ¢, Birattari, E. Gadioli, E. Gadioli Erba, A, M, Grassi Strini, G.
Strini, and G. Tagliaferri, "Pre-equilibrium Processes in (p,n)
Reactions," Nucl. Phys. A201, 579 (1973),

12 1, F, Hansen, R. C. Jo son, Hans Mark, and C. D, Swift,
"Taml(p,n)w181 and Au 97(p,n)Hg197 Excitation Functions between &
and 13 MeV," Nucl. Phys. 30, 389 (1962),

13 p, G. Madland and T. R, England, "The Influence of Pairing on the

listribution of Independent Yield Strength in Neutron~Induced Fis-

sion," Los Alamos Scientific Laboratory report LA-6430-MS (July

1976); D. G. Madland and T, R. England, "Pairing Effects on the

Distribution of Fission-Product Yields," Trans. Am., Nucl. Soc. 24,

462 (1976, -
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b. Isomeric State Yields

In the absence of measurements and a model, the independ=-
ent vield for each Z,A had previously been equally distributed between
isomeric and ground states in FNDF/B evaluations. A simple one-~
parameter model has been constructed using, primarily, experimental
data from 131,1337e ang 133,135¢e for estimates of the parameter value
and its energy dependence. 7Yield branchings were calculated for 144
nuclides having isomeric states (Tb = 0,1 s), at three neutron fission
energies.!* TFigure C-6 shows a model comparison with the remaining
(limited) experimental data, as well as with the Te and Xe measurements
used to parameterize the model.

6. Fission-Product Data and Source Terms (England, Stamatelatos,
and Wilson)

a. Data Libraries

Cross Sectionst A basic 154-group neutron absorption
library for 181 fission products was processed from ENDF/B-IV using the
NJOY Code.!5 This library bhas been collapsed to various few-group
structures and combined with other decay parameters. A report on the
library is being prepared; a basic 4-group library for use in thermal
reactors is included in a report prepared for the Electric Power Re-
search Institute,l6

Decay Parameters and Spectra: Decay parameters, except for
spectra, have been processed from ENDF/B-IV and tabulated into an ex-
tremely compact form!7 for 711 nuclides. The tabular listing also

includes o22pp and resonance integrals for 181 nuclides including 113

% p, G, Madland and T. R. Fngland, "Distribution of Independent Fis-
sion Product Yields to Isomeric States,’' Trans. Am, Nucl. Soc. 24,
461 (1976) and los Alamos Scientific Laboratory report LA-6595-MS
(Nov, 1976).

15 R, E. MacFarlane and R. M, Boicourt, "NJOY: A Neutron and Photon

Cross Section Processing System," Trans. Am. Nucl. Scc. 22, 720
(1975). —

16 T, R. England, W, B. Wilson, and M. G, Stamatelatos, "Fission Product

Data for Thermal Reactors Part 1," and "Fission Product Data for

Thermal Reactors Part 2," to be issued by Flectric Power Research
Institute.

17 7, R. England and R. E. Schenter, "ENDF/B-iV Fission-Product Files:
Summary of Major Nuclide Data," Los Alamos Scientific Laboratory
report LA-6116-MS (ENDF 223) (Sept. 1975),
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that are stable for a total of 824 nuclides having tabular data. 180
nuclides have beta end-point energies, gamma energies and intensities.,
For these, a 75-group beta and 150-group gamma library have been con-
structed.18

b. Source Terms

The above libraries have been used to construct an exten-
sive chain library for CINDER-10, which is an extended version of
CINDER-7 19 being developed for a variety of applicatioms.

Figures C-7 and C-8 show recent comparisons of beta spec~-
tra after several hundred seconds of cooling and an initial irrad-
iation of 15 me and 8 h,20 Figure C-9 shows a typical comparison
with the recent gamma spectra measured at LASL (E, Jurney, measurements
are preliminary and unpublished),

Decay heat calculations have been compared with recent
benchmark measurements at ORNL,2! IRT,22 and LASL.23 Data reduction

18 7, R. England and M. G. Stamatelatos, "Multigroup Beta and Gamma
Spectra of Individual ENDF/B-IV Fission Product Nuclides," Los Alawmos
Scientific Laboratory report LA-MITREG-6622-MS (Dec. 197b6).

19 ¢, R, England, R. Wilczynski, and N, L, Whittemore, "CINDER-7: An

Interim Report for Users," Los Alamos Scientific Laboratory report

1.A-5885-MS (April 1975).

20 , Tsoulfanidis, B. W, Webring, and M, E, Wyman," Measurements of

Time-Dependent Uranium-235 Fission Fragments," Nucl. Sci. Eng. 43,
42 (1971), e

21 3, K. Dickens, T. A, Love, J. W, McConnell, R, M. Freestone, J. F.

Fmery, and R, W, Peelle, "Fission Product Beta and Gamma Fnergy

Release Quarterly Progress Report for July-September 1976,'" Oak

Ridge National Laboratory report ORNL/MNUREG/TM-~65 (December 1976).
22 g, J. Friesenhahn, et al,, "23%y Fission Product Decay Heat From 1 to

105 Seconds," Flec. Power Research Institute report FPRI NP-180 (Febr.
1976).

23 3, L. Yarnell and P, J. Rendt, "Decay Heat from Products of 235U
Thermal Fission by Fast-Response Boil-Off Calorimetry," Los Alamcs

Scientific Laboratory report LA-NUREG-6713 (Draft 1/15/77).
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from the measurements is still in progress but essentially final. 1In
general, the calculations agree with measurements within 2 to 3% over
the cooling range of 20 to 10° s.

Photoneutron spectra from 9Be and 2H have been calculated
and reported in Ref. 24, and absorption buildup comparisons are given
in Ref. 16,

7. Neutron Transport Cross Sections for Radiotherapy Applications
(Wilson, Foster, and MacFarlane)

A 60~group cross—section library bas been developed for use in
fast neutron (< 60 MeV) radiotherapy shielding and in-phantom transport
calculations. The P5 library combines processed ENDF/B~IV data and
medium energy cross—section data calculated with the intranuclear-
cascade and evaporation code CROIX. The 60-group structure was based
on sensitivity studies with iron shielding. Tke library2?S includes H,
B, C, ¥, 0, Si, Fe, and W,

24 M, G, Stamatelatos and T. R, England, "Fission-Product Gamma-Ray
and Photo-Neutron Spectra and Fnergy-Integrated Sources." Los

Alamos Scientific Laboratory report NUREG-0155 (LA-NUREG-9345-MS)
(Dec. 1976),

25y, B, wilson, J. B. Smathers, D, R, Harris, D, G. Foster, Jr., R, E.
MacFarlane, "Neutron Multigroup Cross Sections for Radiotherapy
Shielding Applications,” Trans. Am. Nucl. Soc. 23, 633 (1976).
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D. Sources, Facilities, and Applications

1. The T(d,n)“He Reaction as a éalibrated Polarized Neutron Source
and the Analyzing Power of “He(n,n)“He from 20 to 30 MeV
(Lisowski, Walter, Duke Univ,; Ohlsen, Hardekopf)

Experimental results for the zero-degree analyzing power and
for the longitudinal vector polarization transfer coefficients for the
reaction 3H(d,n)%He have been obtained.! These data and unique proper-
ties of the reaction 3H(3,H)“He initiated by longitudinally polarized
deuterons allowed a calibration of the neutron polarization to an abso-
lute accuracy of * 2%. Measurements of the analyzing power of “He at
8 = 69°, 807, and 128° (c.m.) were taken tsing the calibrated neutron
beam for E, in the range 20 to 30 MeV.

2. Accurate Neutron Source Reaction Cross Sections (Jarmle and
Jett)

Accurate differential cross sections have been measured for the
reactions 2H(d,3He)n at 12.305 MeV, for 3H(p,3He)n at 13.600 MeV, and
24(t,He)n at 20.000 MeV. The center—of-mass angular range of the data
is 25°-100°, The relative error for most of the data is on the order of
1% and the scale error is less than 1%. The data are used to give abso-
lute normalizations to the measured neutron source reaction spectra from

these reactions?s3:%s5 and will be useful in the analysis of mass-4 and
mass-5 systems.

! p, W. Lisowski, R, L. Walter, G. G, Ohlsen, and R. A, Hardekopf,
Rhys. Rev. Letters 37, 809 (1976),

D, K., McDaniels, M. Drosg, J, C. Hopkins, and J, D, Seagrave, Phys.
Rev. C7, 882 (1973).

D. K. McDaniels, . Drosg, J. C, Hopkins and J. D. Seagrave, Phys. Rev.
£6, 1593 (1972),

M. Drosg and D. M. Drake, Los Alamos Scientific Laboratory report
LA-5732-MS (1574),

M, Drosg, R. K. Smith and R. Woods, Los Alamos Scientific Laboratory
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3. Intense Neutron Source Facility - Status (Emigh)

A description of possible uses of the INS facility for obtain-
ing nuclear data using 14-MeV neutrons was presented in USMDC-7, These
objectives remain part cf the experimental program associated with the
vperation of the facillty. Funds for the INS facility have been author-
ized and appropriated for construction, and Title I Architect-Engineering
activities began in January 1977, The schedule calls for the facility
to become operational early in 1981. The facility will contain two
14-MeV neutron sources, each capable of producing 1015 neutrons/s with a
maximum flux of ~ 10" neutrons/cm? s on a continaous basis.

4, Decay Heat from Products of 235U Thermal Fission by Fast-
Response Poil--0Off Calorimetry (Yaraell, Bendt)

A major reactor-safety design problem is the avoidance of core
melt-down following a loss-of-coolant accident. 1In principle, the heat
flux in the core as a function of time ofter such an accident can be
calculated by taking into account the B and y energy released (as a
function of time) by the decay of the fission products present in the
fuel. FHowever, these complex calculations need to be tested experi-
mentally.

At the (mega West Reactor, decay heat from the products of ther-
mal fission of 235y, for an irradiation of 2 x 10% s at conmstant flux,
and for cooling times from 10 to 19° s, has been accurately measurad
with a cryogenic boil-off calorimeter. The P and y radiations which
compose the decay heat were absorbed in a 52-kg copper block, and this
heat was used to evaporate liquid helium. The flow of bpil-off gas was
used to calculate the decay heat. The timz constant of the calorimeter
was 0.85 s. The number of fissions in the 23U camples was determined
radiochemically. The energy loss due to y leakage from the absorber was
found to be <-7374; a correction for this loss wes made by Monte Carlo cal-
culations bused on experimentally determized y spectra. The overall
uncertainty (1 o) in the experimental data is < 2% except at the short-
est cooling times, where it rises to about 4%, The data agree within
the errors with summation calculations based on the FNDF/B-IV data base.
The experimental data were extended to the case of infinite irradiation
by means of summation calculations. The extended data for infinite
irradiation are in good agreement with the summation calculation. TFor
short cooling times, the results are = 77 below the current ANS Decay
Heat Standard. The uncertainty of this experiment is an order of magni-
tude smaller than that assigned to the ANS standard.

Figure D~1 shows the éﬁpérimental and calculated decay heats

for 2 x 10% s irradiations, and Fig. D-2 shows their ratio. Figure D-3
shows the extended experimental data, the calculation, and the present
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ANS Decay Heat Standard, for the infinite irradiation case, This stand-
ard plus 207 is curreatly used in reactor safety evaluatioms.

5. Analysis of Uranium and Plutonium ix Urine by Delayed Neutron
Counting (Mincr, Ide, Moss, and Campbell)

One of the required radiation monitoring procedures carried out
by the Health Division at LASL is the quantitative determination of
uranium and plutonium in urine samples. A new method of performing such
assays, based on delayed-neutron cou.ting, has been initiated at the
Omega West Reactor. The counting system was developed mainly for use in
ERDPA's National Uranium Resource Fvaluation (NURE) program, The method
has the advantages of being fast, inexpensive, and nondestructive to the
sample.

Forty cubic centimeters of urine are placed in a plastic tube

and irradiated for one minute in a thermal neutron flux of 1.2 x 10!
n/em3 s. After a 30-s delay, the delayed neutrons emitted by certain
fission products are counted for 60 s with an array of e proportional
counters embedded in a cyllnder of polyethylene. The sensitivities
observed for 238y, 235y, and 23%uy ave: 0.5 pg/liter, 0.5 d/m/liter,
and 300 d/m/lLter, respectlvely. Since thermal neutrons cause fission
of 233y, 35U and 23%9py and the detector cannot distinguish between
these isotopes, assumptions based on operational conditions must be made
to determine the individual's exposure. Aside from this Iimitation, the
technique i1s invaluable for screening large numbers of samples, with
only the high values being checked by the traditional (and more costly)
wet chemistry assay methods. -

6. Instrumental Epithermal MNeutron Activation Analysis (Gladney
and Hensley)

A limited number of applications of instrumental epithermal
neutron activation analysis (IEKAA) have been reported over the past 10
years, The principal advantage of using IENAA is the drastic reductiom
relative to thermal neutron activation of §ross act1v1ties resulting
from (n,y) reactions on isotopes such as 23Na and 27A1. 1In addition the
epithermal (n,y) cross section for some other isotopes is increased
relative to thermal neutron cross sectiens (e.g. U, Th, As). Normally
these irradiations are conducted in the thermal column of a reactor in
Cd lined containers. At the Los Alamos Omega West Reactor (OWR) a spe-
cial epithermsl irradation facility was constructed several years ago
which uses an Al~-B alloy to enciose the end of the rabbit tube and to
reduce the thermal flux to low levels, Thi. epithermal racility is

superior to Cd wrapping since short-lived activities may be more easily
studied.
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The OWR epithermal facility has been used for measuring As, Sr
and U in soils and vegetation. This instrumental procedure has greatly
enhanced accuracy, precision and detection limits for all three elements
relative to those obtained using thermal neutron activation analysis.
Unlike delayed neutron counting for U determination, IENAA method can be

used to measure U abundances in matrices containing variable U isotopic
abundances.

7. Pulsed Neutron Facility -~ WNR

The WNR facility is approaching a state of operational readi-
ness. An 800 MeV proton beam has been transported from LAMPF toc the end
of the 200 m channel which serves the facility and tuning tests are
being conducted in a target area at this location. The 90° vertical
bend system which directs protons onto the main neutron production tar-
get is approaching completion, as are the target facilities themselves.
Two neutron flight paths for fast and resonance neutron experiments are
under construction, ard a third for experiments using thermal neutrons
is in the design stage. The present schedule anticipates tuneup beam on
the neutron production target by the end of April, 1977, and the exper-
imental program beginning by July 1. Much of the initial effort will
be concerned with a determination of neutron spectra and backgrounds
for various target and moderator configurations.

8. Determination of Sulfur in Environmental Materials (Curtis,
Gladney, Jurney) ’

Conventional analytical techniques for sulfur usually prove to
be complicated and time consuming. Because the cross section for pro-
ducing a radioactive product is low, neutron activation analysis is not
sufficiently sensitive to be useful in many practical cases. We have
investigated the quantitative determination of S in complex matrices by
thermal-neutron-induced prompt gamma rays using NBS and Illinois State
Geological Survey standard samples. The technique provides a rapid,
non—-destructive analysis for as little as 100 pgof S.
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NUCLEAR PHYSICS GROUP
UNIVERSITY OF LOWELL

Faculty Staff: B.K. Barnes, L.E. Beghian, G.P. Couchell, J.J. Egan,
P. Harihar, G.H.R. Kegel, S.C. Mathur, T.Y. Marcella, A. Mittler,
D.J. Pullen, W.A. Schier, and E. Sheldon.

Research Assistants: A. Bird, J. Chang, J. Correia, D. Donati,

P. Karatzas, R.V. LeClair, Y. Liu, J. Nardini, N. Sullivan,
S. Traiforos, J. Wang.

A. NEUTRON SCATTERING CROSS SECTION MEASUREMENTS™

The University of Lowell nuclear physics group is continuing its pro-
gram of elastic and inelastic neutron scattering cross section measure-
ments for elements primarily involved in the fuel, cladding, structural
and coolant materials of LMFBR reactors. For the lighter elements (Na,

Si, Ti, Cr, Mn, Fe, Co and WNi) the neutron cross sections are inferred

from gamma-ray production cross sections obtained with the (n,n'y) reaction,
whereas in the case of U measurements are made using both the (n,n') and
(n,n'y) reactions.

1. (n,n'y) Studies

In most of the studies described in this section the absolute
gamma-ray differential cross sectinns were measured at only one angle.
The angle integrated cross sections were deduced from these using theore-
tical angular distribution shapes calcuiated with the code MANDY, which
is based on a statistical compound nuclear model. The inferred neutron
scattering cross sections are corrected for neutron multiple scattering
and for neutron and gamma-ray attenuation effects. Except for the urani-
um study, the sample scatterers were right circular cylinders, typically
2_.54 em in diameter and 5 cm high. For uranium, a disc-shaped scatterer
was used having a thickness of 0.53 cm and a diameter of 1.91 cm.

a. 23Na(n,n'y)

Gamma-ray production cross sections have been measured for ten
gamma transitions over the incident neutron energy range 0.52 to 4.23 MeVv,
and from these the neutron inelastic scattering cross sections have been
inferred for six levels in 23Na. Gamma-ray angular distributions were
also measured at several incident energies and from these the magnetic
substate populations were evaluated for tne LL0O-keV(5/2%) and 2072-keV(7/2%)

“This project is supported in part by the National Science Foundation.
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states in 23Na. Comparisons have been made between the distributions and
magnetic substate populations calculated from compound-nuclear and direct-
interaction theories, the former yielding better agreement in the inter-
pretation of experimental results.

This work has been submitted for publication in Phys. Rev. C.

b. 28$i(n,n‘y)

The neutron scattering cross section for the 1780-keV(2*) first
excited state of 2857 has been deduced from the gamma-ray production cross
section measured at 125° in the incident energy range E, = 1.97 to 4.18 MeV.
Even with a relatively course energy resolution of approximately 100 keV,
considerable structure is evident in the excitation function.

c. Ti(n,n'y)

Production cross sections have been measured at 125° for the
following gamma-ray transitions in the naturally occurring titanium iso-
rgpes: 889 keV in 46Ti; 160 keV in 47Ti; 983-, 1312-, and 1438 keV in
b Ti; 1623 keV in 9Ti; and 1554 keV in SOTi. Neutron scattering cress
sections have been determined for the following states: E, = ﬁ 9 keV(2%)
in 46Ti; E, = 983 keV(2%), 2295 keV(4+), and 2421 kev(2+) in *8Ti; and
Ey = 1554 keV(2%) in 50Ti. The energy ranges are from threshold to
En = 3.4 MeV.

d. crin,n'y)

Gamma-ray production cross seciions have been measured at 125°
for over 20 gamma-rays produced by neutron scattering from chromium in the
incident energy range 0.84-3.97 MeV. Neutron inelastic scattering cross
sections have been deduced for 22 levels in the four natural chromium iso-
topes 50,52,53,54Cr, These data have recently been reanalyzed and will
supersede earlier results sent to the NNCSC (EXFOR 10492.006, .007 May
1975). The earlier results did not include corrections to the angle inte-
grated gamma production cross sections resulting from gamma-ray angular
distributions with contributions from Legendre polynomial terms Aj, Py,
(cos 8) with n > 1. For some transitions such higher order terms are
found to be significant, especially near the threshold region, In addi-
tion, several new transitions were found which were missed in the original
analysis, and also the effective neutron energy for each measurement has
been adjusted downward (3 keV at low incident energies to 24 keV at high
energies) to account for the kinematic energy spread of incident neutrons
produced by the T(p,r)3He reaction. In many cases the deduced level cross
sections are in good agreement with the ENDF/B-1V evaluation for chromium.
In most cases where there is significant disagreement, our results are
lower. Such discrepancies are usually most pronounced in the threshold
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region of the excitation function. The most notable, if not the largest,
discrepancy was observed in the threshold behavior of the 1434-kev(2%)
first excited state of 52Cr (83.76% abundance). Below 2 MeV incident
neutron energy the ENDF level cross section is generally 20-50% higher

than our results. Considering that this level accounts for more than half
the inelastic scattering cross section in natural chromium over this energy
region, this difference is rather significant in neutron slowing down cal-
culations. The present results are being prepared for publication and will
be submitted to the NNCSC.

e. SSMn(n’n|Y)

Gamma-ray production cross sections (at 125°) have been mea-
sured for 19 transitions from levels up toand including Ex = 2429 keV in
55Mn over the incident energy range Eh = 1.0-3.6 MeV. Angular distribu~
tions were also measured for 6 of these transitions. Total neutron ine-
lastic scattering cross sections have been extracted for 12 levels up to
Ex = 2429 keV. Comparisons with calculations using the statistical com-
pound nucleus theory provide good agreement with the accepted JT-assign-
ments for the first four levels at 126 keV(7/27), 984 keV(9/27), 1292 keV
(11/27), and 1530 keV(3/2~), and narrows the range of probable JT-values
for eight levels above 1.8 MeV excitation to at most two values in each
case.

This work has been submitted to Nuclear Physics for publication.

f. Fe(n,n'y)

Neutron inelastic cross sections for levels in natural iron
have been deduced from measurements of the gamms-ray production cross
section at 125° over the incident neutron energy range 0.88-3.97 MeV.
Level cross sections were obtained for the first ten excited states of
56Fe (Ex = 847 keV to 3450 keV) as well as for the first four excited
levels of SlFe and the 367-keV level in 57Fe. Eariier results of this
study were sent to NNCSC (EXFOR 10519.003, .005). These data are now
being revised to include contributions to the gamma-ray angular distribu-
tion of Ay Py,(cos 8) terms with n>1 as well as a small adjustment in the
effective incident energy arising from kinematic effects {see chromium).

Our measured cross sections have been compared with the ENDF/
B-!V compilation for natural iron. In most cases the agreement is good.
One notable exceptjon is the excitation function for the B47-keV{(2*¥) first
excited state of 26Fe (91.66% abundance)}. In the first 1 MeV above thres-
hold our measurements are generzlly 10-35% Tower than ENDF., Our estimated
uncertainty in this region is no more than + 10%. Between 1 and 2 MeV
incident neutron energy this level accounts for at least 90% of the total
inelastic neutron scattering cross section of iron. The revised results
are being prepared for publication and will be submitted to the NNCSC.
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g. 22o(n,n'y)

Total neutron inelastic scattering cross sections have been
extracted for 19 levels in 59Co up to Ex = 3.0 MeV in the incident energy
range En = 1.11-3.32 MeV. These were deduced from measured gamma produc-
tion cross sections for 36 transitions. Excitation functions were
measured at 90° and 125°, and angular distribution measurements were made
at Ey = 1.41, 1.76, 1.91, 2.32 and 2.83 MeV. Comparisons with compound
nucleus statistical model calculations provide good agreement with pre-
vious J7 assignments for the first nine levels, and suggest nrobable J7-
values for ten levels between Ex = 2.1 and 3.0 MeV.

h., Ni(n,n'y)

Gamma-ray production cross sections (at 125°) have been mea-
sured for 15 transitions from levels up to E, = 3420 keV in 58Ni and 3123
keV in ,oNi,-over the incident energy range E, = 1.4-3.9 MeV. These data
are currently being analyzed to extract total inelastic meutron scattering
cross sections for 13 levels,

i. 238U(n,n‘Y)

A study Is in progress to determine total inelastic neutron
scattering cross sections for levels near 1 MeV excitation or higher in
238y using the (n,n'y) technique. Very little experimental data is availa-
ble for inelastic scattering close to the thresholds for these higher
excited states. In view of the high level density in this region it is
difficult to resolve these states in (n,n') time-of-flight measurements,
and furthermore the TOF technique does not have the sensitivity to clearly
resolve low energy neutron groups fror the background at high incident
energies. Our preliminary measurements of the {n,n'y) reaction in the

range E, = 1.0-1.5 MeV have established the feasibility:of this technique
to this excitation region in 230y,

2. 238U(n,nf) Studies

a. Low Energy Measurements

A detailed study of neutron inelastic scattering from 238y at
low incident neutron energies (E, 5 0.2 MeV) has recently been initiated!
at this laboratory using a high resolution time-of-flight spectrometer
and a disc-shaped scatterer. The 45-keV(2%) first ex~ited state is mainly

See, e.g., Couchell et al, Proc. int. Conf. on the Interactions of
Neutrons with Nuclei, Univ. of Lowell, 1976, U.S.E.R.D.A. Report
CONF-760715-P2, p. 133Z.
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responsible for inelastic scattering in this energy region, and is the only
contributor below the threshold for the 148-keV(4%) second excited state.
Feasibility studies have shown that the L5-keV group can be clearly resolved
from the elastic peak in scattered neutron time-of-flight spectra at inci-
dent energies as low as 0.1 MeV. A five-point excitation function for this
level has been measured over the region 0.10 MeV < E, < 0.15 MeV. Measure-
ments have been corrected for finite sample effects which are rather large’
in this energy region. The inelastic cross section has been placed on an
absolute scale by normalizing the measured elastic yield to the differen-
tial elastic cross section listed in ENDF/B-1V. Uncertainties in the
inelastic measurements are estimated to be + 15%. A comparison of these
preliminary results with inelastic cross sections given in ENDF indicates
our measursments to be about 20% higher at 0.1 MeV and about 60% higher

at 0.15 MeV, with a suggestion of structure in the excitation function in
the vicinity of the latter energy.

We plan to modify the present experimental arrangement before
proceeding with more detailed studies. The repetition rate of the pulsed
beam will be reduced from the present value of 5 MHz to 1-2 MHz in order
to allow longer flight paths without low-energy wrap-around in the time-
of-flight spectrum. Longer flight paths will also permit more subst ntial
shielding of the neutron detector to reduce problems with neutron die-
away in the present shielding arrangement. New commercially available
scintillators having a greater light output for low energy neutrons will
also be tested in order to improve the system time resolution. Improve-
ments in this area will help to resolve the inelastic and elastic peaks at
perhaps lower energies than the present measurements.

b. High Energy Measurements

Neutron scattering cross sections for the ground and first two
excited states in 238y have been measured at incident energlies in the range
En = 0.9-3.1 MeV. Corrected excitation functions and preliminary uncorrec-
ted angular distribution data have already been presented.! The latter
data are currently being corrected for multiple neutron scattering and for
neutron attenuation effects. The final resuits will shortly be submitted
for publiication and to the NNESC.

3. . Future {n,n') and (n,n'y) Studies

We plan_to extend these neutron cross section measurements to
include 2327h, 239py, and possibly 235U, The level spacing in 2327h s
similar to that in 2350 and its study should be straightforward. In 239y

TEgan et al, Proc. Conf. on Nuclear Cross Sections and Technology, Wash-
ington, D.C., 1975, N,B.,S. Special Publication 425, p. 950; also
Proc. int. Conf. on the Interactions of Neutrons with Nuclei, Univ.
of Lowell, 1976, U.S.E.R.D.A. Report CONF-760715-P2, p. 1331,
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our resolution will not be adequate to separate the ground state and first
excited state (E,=8 keV). However, neutron groups from the next four
states should be well resolved for incident neutron energies up to 2 MeV.
Substantial improvements in energy resolution will be necessary before
undertaking a study of 235y, However, we expect these improvements to be
realized during the next twelve months.

B. (n,a) REACTION STUDIES

We have recently initiated studies of the (n,a) reaction on the alloy-
ing elements ol stainless steel. In a reactor environment this reaction
is known to lead to the formation of helium in sufficient quantities to
cause swelling and the formation of "'bubbles' in stainless steel. A clear
understanding of this effect requires a knowledge of the energy dependent
(n,a) cross section. A moderate resolution, high sensitivity pulse ioni-
zation chamber has already been constructed for measuring these cross
sections. Preliminary results for nickel should be available within the
next few months.

C. 1RRAD!ATION-INDUCED CREEP MEASUREMENTS

We propose to expand our program to include studies of neutron irradia-
tion-induced creep in reactor structural materials, as well as those inten-
ded for first wall applications in fusion devices. Neutron irradiation
will be simulated using proton bombardment, and the proposed method involves
incorporating the target directly into the wall of the irradiation chamber
to provide effective cooling. The sample creep will be measured using a
laser interferometer with the irradiated sample as one of the reflecting
surfaces. Some advantages of this method are, i} the sample temperature
can effectively be maintained at a predetermined constant value, or alter-
natively can be provided with a controlled, time-dependent behavior to
simulate reactor accidents caused by coolant loss, ii) the samples are
exposed to biaxial stress, i1ii) the creep sensitivity is high, and iv) the
sample creep is monitored continuously during irradiation,
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THE UNIVERSITY OF MICHIGAN

A. TINTRODUCTION

The cross section project at The University of Michigan continues to
stress the measurement of absolute neutron cross sections. Since our
techniques do not rely on the input of any other fast cross section
data, we intend to provide absolute normalization points for relative
data provided by linacs and other TOF facilities.

All our measuremeris are conducted relative to the secondary
national neutron standard source NBS-II. Our measurements also stress
the use of limited solid angle counting for reaction products in which
the counting efficiency is determined by accurate geometric measure-
ments. Since our neutron sources are small, they are easily calibrated
in The University of Michigan manganese bath facility. ‘the source is
normally positioned between dual target foils during the measurement
of the reaction rate te minimize the dependence of the summed recction
yield on small geometric uncertainties in the actual position of the

source. These techniques have largely been detailed in previous pro-
gress reports.

We feel that the value of the data given in this report is enhanced
by the fact that each individual measurement is part of a larger set of
data which incorporates many of the same measurement techniques. For
example, the same manganese bath calibration facility has been used
for all the measuremen:s reported here. Similarly, the target foils
and standard source NBS-II are common to many of the measurements.

Each additional data point therefore adds to the background information
against which prior measurements must be evaluated. It is particularly
significant that this report includes a description of a measurement
of nu-bar for 252Cf. Since our reported value is based on the same
NBS-II normalization as our other cross section data, any systematic

error in its assumed emission rate would be reflected in both measure-
ments.

B. FISSION CROSS SECTION MEASUREMENTS USING PHOTONEUTRON SOURCES
(M. C. Davis, G. F. Knoll, J. C. Robertson)

We have now completed a set of diffevential fission cross section
measurements on 235U and 239Pu using each of four photoneutron sources
(Na-Be, La-Be, Na-D, and Ga-D). Some of these results have been given
in previous reports, but the entire set will be reproduced here for
completeness. These values include the measurement for 235U at 964
keV which was carried out primarily by D. M. Gilliam.
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Fission events were accumulated with the source positioned symmetri-
cally batween two identical foils (1.1 mg cm~2 thickness) and detectors
in an experiment package suspended in a low albedo laboratory. Fission
fragments passing through limited solid angle apertures were vrecorded
on polyester track-etch films. The accumulated tracks were displayed
on the screen of a projection microscope and counted by hand. The
masses of the foil deposits were determined by microbalance weighings
and confirmed by thermal fission and alpha counting. The neutron flux
a2t the targets was calculated from the experimental geometry and by
using a manganese bath to compare the source yield with the standard
source NBS-II. Considerations of scattering, target thickness, and
angular and spaiial distributions in neutron production were included
in the vacuum streaming calculaticns. Careful analysis of the kinetics
of manganese activation and mixing delays were required in comparing
relative source strengths in the bath. The room-scattered flux contri-
bution to the total flux was determined from different source-detector
spacing runs. These backgrounds typically contributed less than 1% of
the total fission rate at the closest source-target spacings used in
the measurement. Neutron spectra were calculated by Monte Carlo for
each photoneutron source, and the cross section reduced to the median
source energy by using published data on the cross section shape.

Values of 1.471 + 0.024, 1.274 + 0.020, 1.162 + 0.022 and 1.210 +
0.025 barns were obtained for the 235U fission cross section at nomimal
neutron energies of 140, 265, 770, and 964 keV. Corresponding values
of 1.469 + 0.041, 1.515 + 0.035, 1.670 + 0.037 and 1.643 + 0.033 barns
were obtained for 239Pu.” Subsequent fission ratios of 0.999 + 0.031,
1.189 + 0.30, 1.437 + 0.040 and 1.358 + 0.032 are free of any source

and
ylclu ucchuGﬂCles

These results were presented at the NEANDC/NEACRP Specialicts
Meeting on Fast Fission Cross Sections held at Argonne Nation:i Labora-
tory on June 28-30, 1976. Further details are giver in the Proceedings
of this mceting (NEANDC (US) - 199/L, 225).

2
C. FISSION CROSS SECTIONS OF 222y AND 2°%pu AVERAGED OVER 2°2cf

Neutron Spectrum (M. C. Davis, G. rF. Knoll) -

A series of measurements have been carried out to derive values for
the spectrum-averaged fission cross sections of 235U and 239pu for 252Cf
fission neutrons. Values of 1.215 + 0.017 barns for 235U and 1. 790 +

0.034 barns for 239Pu were obiained for the fission cross sectiors,
corresponding to a ratio value of 1.473 + 0.033.
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The same target foils and general experimental configuration used
for our earlier photoneutron measurements were also applied to this
determination. These include registration of fission fragments on
polvaster track-etch films through limited solid angle apertures, and
calibration of the 252Cf source against NBS-II in our manganese bath.
Latent tracks in the films were etched and manually counted using a
projection microscope. Separate runs were made with different source-
foil spacings to permit evaluation of the room-scattered flux contri-
bution at the center of the low-albedo laboratory.

The deposit masses were uncertain to an estimated + 0.5% for 235U
and 1.4% for 239Pu. Other significant uncertainties included + 0.8%
associated with track counting statistics, reproducibility, and dis-
crimination between fragment tracks and alpha pits. Uncertainties in
the angular distribution of fission fragmeut emission weighted over
the 252Cf spectrum amounted to *+ 0.7%. Neutron calibration by the man-
ganese bath technique required corrections with residual errors for
absorption in the source dry well and in the source itself (0.6 + 0.2%),
fast capture by 3ZS(n,p) and 160(n,a) reactions (0.7 + 0.2%), and neu-
tron streaming and penetration (0.2 + 0.1%).

Table 1 gives a comparison of this work with that of Heaton, et al.,3
and various differential data weighted over the Cf spectrum. Spectrum-
averaged measurements of thic type can serve as a useful check on vari-
ous data sets, particularly in terms of their normalization level in
the 0.5 to 5.0 MeV range. Since many features of the present measure-
ments (target foils, counting apertures, manganese bath, etc.) are in
common with previous measurements at Michigan, they also support_the
validity of results reported earlier using photoneutron sources.'s

1D. M. Gilliam and G. F. Knoll, A. of Nucl. Energy, 2, 637 (1975).

M. C. Davis and G. F. Knoll, "Absolute Measurements of 235U and 239Pu
Fission Cross Sections with Photoneutron Sources', NEANDC/NEACRP Spec.
Mtg. on Fast Neutron Fission Cross Sections, Argonne (1976). NEANDC
(us) - 199/L, 225.

2

3Heagon, Gilliam, Sgiegel, Eisenhauer, Grundl, "Fission Cross Sections
of 2OE‘U, 238U, and 239y Averaged Over the 252Cf Neutron Spectrum',
NEANDC/NEACRP Spec. Mtg. on Fast Neutron Cross Sections, Argonne (1976).
NEANDC (US) - 199/L, 333,
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Table 1
Comparison of “bch Spectrum-Averaged Cross Sections

Cross Section Values

(barns) Ratio
INTEGRAL 235 (n, £3 239, (n, 5 239p,,235y
This work 1.215 + 0.017 1.790 + 0.034 1.473 + 0.033
Heaton 1.205 + 0.027 1.208 + 0.045 1.50C = 0.024
ENDF/B-111 1.239 + 0.002% 1.819 1.468
ENDF/B-1V 1.241 1.789 1.442
ENDF/B-V 1.233 -- -

a. Error due only to the uncertainty in the Cf spectrum.

D. NU-BAR OF 2%2g§ (H. Bozorgmanesh, G. F. Knoll)

A measurement of the average number of neutrons per fission (nu-bar)
for the spontaneous fission of 252Cf has been completed. Results were
presented at the meeting of the Standards Subcommittee of CSWEG in
October of 1976, but this report constitutes the first publication of
the final result.

The measurement was carried out by independently detecrmining the
absolute fission rate and absolute neutron yield from a small platad
foil of Californium. The neutron source emission rate was obtained in
The University of Michigan manganese bath. The nature of the back-
ground, the statistical error associated with the bath, and the desired
accuracy of the measurement (V0.5 percent) required a source with a
neutron emission rate of 10° per second. The associated fission rate
(2.7 x 10° per second) and decay rate (8.1 x 100 per second) clearly
were too high for accurate 2m geometry counting of the fission fragments.
Therefore, fragments were counted using a ~estricted solid angle near

barrier detector behind variable defining apertures. For this purpose

a fission chamber was designed so that all angular and axial positioning
and all aperture changes were performed remotely. The source to aper-
ture distance could be observed directly to within 10-4 inches.
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Table 1

2
Comparison of 2S“Cf Spectrum-Averaged Cross Sections

Cross Section Values

(barns) Ratio
INTEGRAL 235 (1., £) 239y (n, £) 239p,/235%
This work 1.215 + 0.017 1.790 + 0.034 1.473 + 0,033
Heaton 1.205 + 0.027 1.808 + 0.045 1.500 + 0.024
ENDF/B-III 1.239 + 0.002% 1.819 1.468
ENDF/B- 1V 1.241 1.789 1.442
ENDEF/B-V 1.233 -- --

a. Error due only to the uncertainty in the Cf spectrum.

252

D. NU-BAR OF Cf (H. Bozorgmanesh, G. F. Knoll)

A measurement of the average number of neutrons per fission (nu-bar)
for the spontaneous fission of 252Cf has been completed. Results were
presented at the meeting of the Standards Subcommittee of CSWEG in
October of 1976, but this report constitutes the first publication of
the final result.

The measurement was carried out by independently determining the
absolute fission rate and absolute neutron yield from a small plated
foil of Californium. The neutron source emission rate was cbtained in
The University of Michigan manganese bath. The nature of the back-
ground, the statistical error associated with the bath, and the desired
accuracy of the measurement (V0.5 percent) required a source with a
neutron emission rate of 106 per second. The associated fission rate
(2 7 x 10° per second) and decay rate (8.1 x 106 per second) clearly
were too high for accurate 2m geometry counting of the fission fragments.
Therefore, frag-ents were counted using a restricted solid angle near
the normal to the plane of deposit and using a heavy-ion silicon surface
barrier detector behind variable defining apertures. For this purpose
a fission chamber was designed so that all angular and axial positioning
and all aperture changes were performed remotely. The source to aper-
ture distance could be observed directly to within 10-4 inches.

- 167 -



Potential competing process2s which can lead to pulses in the low
amplitude tail of the fission fragment distribution are:

a. multiple pile-up of decay alpha particles
b. low-angle scattering of fission fragments
c. energy loss of fission fragments with the source

d. long range alpha (LRA) particles from tertiary fission (3.27 x
per binary fission)

Multiple alpha pile-up into thie energy region of interest was elim-
inated by restricting the solid angle, such that the corresponding alpha
rates were less than a few hundred per second. Fragment scattering was
minimized by tailoring the shape of the aperture edge and by zvoiding
observation angles near the plane of the foil. The thin deposit (1.5
ugm/cmz) and evaporated gold cover (50 ugm/cm ) led to minimal fragment
ene-gy loss in the direction of the aperture.

The LRA energy spectrum was recorded separately by stopping the
fission fragments and decay alphas in an aluminum foil of approximately
S mg/cm2 thickness. Pulse height analysis of the transmitted long-
range alphas produced a broad peak centering around 16 MeV (corrected
for energy loss in the aluminum absorber). The count rate of LRA was
then obtained from this integrated spectrum. The aluminum absorber
was removed and the complete spectrum was recorded under the same geo-
metri.. 1 conditions. The fission rate was determined from the inte-
grated rfission spectrum (all counts above the upper tail of LRA),

By changing both the aperture diameter and the foil-to-aperture
distance, a series of 44 independent fission rate measurements were
carried out. The solid angle for counting fission fragments ranged
from 2 x 1075 to 60 x 105 steradians over this set. The self-
consistency of this data was used as a gauge of geometric uncertainties
in the fission counting.

The manganese bath source-comparison technlque was used to deter-
mine the neutron emission rate of the 252Cf source. The calibration
of the manganese bath was performed by observation of the saturated
activity induced by the standard NBS-IT photoneutron source. The neu-
tron emission rate of NBS-II has been established by the absolutely
calibrated manganese baths at ANL, NPL, BIPM, and NBS.

The correction factors for neutron rate determination in The
University of Michigan manganese bath were then theroughly examined.
A long counter was employed to directly determine the neutron leakage
rate of the NBS~-II photoneutron source, as well as a 5 ugm 252¢f source.
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The efficiency of the long counter was experimentally exauined by the
source comparison technique. ANISN modeling of the bath and the 252cf
source resulted in a leakage correction factor in goocd agreement with
the experimental value. A portion of the Californium neutron spectrum
consists of fast neutrons with energies above the thresholds for charge
particle reactions 160(n,a)13C and 225(n,)29Si. Since neutrons cap-
tured in these charged particle reactions do not contribute to the
measured activity of 6Mn, corrections must be made for '"oxygen loss"
and "sulphur loss".

These parasitic absorptions in the bath, as well as source and
support self-absorption corrections, were calculated with the transport
code. These values were compared to published results under similar
conditions. Several neutron emission rate determinations were con-
ducted prior, after, and in the course of fission rate determination
period. A consistent value of neutron emission rate relative to NBS-II
was obtained within statistical uncertainty.

The average number of neutrons per fission of 3.744 + 0.023 was

obtained from the ratio of independent measurements of absolute neutron
emission rate and absolute fission rate.

E. 6Li(n,a) CROSS SECTION (J. C. Engdahl, J. C. Robertson)

We have made significant progress toward a new 6Li(n,a) cross section
measurement at 24 keV. Methods have been developed for the registration
of reaction product tracks on cellulose nitrate film with essentially
100% efficiency. A Sb-Be source similar to our previous photoneutrcn
sources has been constructed and irradiated for the first time.

In order to eliminate dependency on angular distribution informartion,
multiple targets and detector orientations will be used to average out
reaction product anisotropy.

First measurementsat 24 keV will take place shortly. Additional
measurements using our other sources will follow.
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NATIONAL BUREAU OF STANDARDS

A.  NEUTRONS

1. International Neutron Flux Intercomparison (M. M. Meier,
0. A. Wasson, and K. C. Duvall)

The NBS Van de Graaff Laboratory participated in the inter-
national Tlux intercomparisen sponsored by BIPM in December 1976. Seven
national standards laboratories measured the efficiencies of a BFjy
counter imbedded in a polyethylene sphere and a 3He proportional counter
at their respective neutron flux facilities. The NBS participated at
250 and 565 keV and monitored flux with the "black" detector. The re-
sults will be presented by V. D. Huynh at the International Specialists
Symposium on Neutron Standards and Applications.

2. Black Detector Calibration (M. M. Meier)

The differential efficiency as a function of pulse height for
the black detector has been measured using the associated particle tech-
nique at neutron energies of 870, 700, and 500 keV. A Monte Carlo pro-
gram written by Poenitz! which calculates the same function has been mod-
ified to include the effects of the Poisson statistics of photoelectron
production. A comparison of the experimental and calculated response is
shown in Fig. A-1. The efficiencies calculated at the bias levels shown
agree to better than two percent. This work is being continued with a
somewhat improved experimental design in expectation of reducing this
discrepancy tc the one percent level and extending the energy range to
250 keV.

3. Nanosecond Wide Pulses of eV Neutrons (K. C. Duvali, O. A.
Wasson, M. M. Mejer, and C. D. Bowman)

We have repeated the (p,n) experiment of Lefevre and Ross2 on
the target ®“Ni which was reported to yield 100 n/microcoulomb within
a 4° half angle in a 400-700 eV wide band. The reaction is of particu-
lar interest owing to the effective kinematic collimation, the relatively
high yield, and the short pulse width which is limited cnly by the
capabilities of the accelerator. The collimation reported by Lefevre
and Ross has been verified, but our preliminary results on yield indicate
nearly three times d4s many neutrons as they report.

1 W. P. Poenitz, Argonne National Laboratory Report No. 7915 (1972).

z H. W. Lefevre and E. W. Ross, Phys. Rev. Ci3, 2083 (1975).
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4. High Resolution T -al Cross Sections (H. T. Heaton II,
C. D. Bowman, and A. D. Carlson)

Attempts to use a single vrf pulse from the NBS electron linear
accelerator in conjunction with the 200 meter flight path to make high
resolution ( ~15 keV at 20 MeV) neutvon total cross section measurements
have not been as successful as initially anticipated primarily due to the
small amount of charge evailable when operating in this mode. To date the
best which has been achieved is a linac pulse containing three micro-
structure pulses with a relative charge distribution of 1.0 to 3.4 to
1.1 and an average current of ~ .15 pA. Using the gamma flash incident
on a 3 cm thick plastic scintillator to measure the timing resolution,

a 450 psec resolution has been achieved using the center 2.5 cm portion
of a 12.5 cm photomultiplier tube as shown in Fig. A-2. This resolution
increases to about 700 psc when using 10 cm Jof the phototube. Current
attempts to achieve high resolution data invoive developing suitable

techniques for unfolding a pulse containing many microstructure pulses
from the data.
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Figure A-2. Measured time resolutiom.

5. A Measurement of the 6Li{n,e)T Cross Section from 3 - 800 keV
(G. P. Lamaze, 0. A. Wasson, and R. A. Schrack)

The 6Li(n,c)T cross section has been measured frem 3 to 800
keV neutron energy at the NBS Linac above ground neutron tima-of-flight
facility. The experiment was conducted along the 200 meter drift tube.
The ®Li(n,c)T events were detected at 69.25 m in a 0.5 mm thick ®Lj
loaded glass scintillator (NE912) coupled to an RCA 8850 photomultiplier
tube. The neutron flux was monitored at 200 m with a 5.08 cm x 60.96 cm
hydrogen filled proportional counter. Both pulse height and flight time
were recorded for each event in each detector. The peak cross sectior
was determined to be 3.15 = .09 barns at 241 + 3 keV. The results have
been included in the ENDF-B/V evaluation and are in excelient agreement
with an R-matrix analysis of the 7Li system performed by G. Hale of LASL.

A paper has been prepared for submission to Nuclear Science and Engineer-
ing.

6. A Measurement of the 235y(n,f)/bLi(n, )T Cross Section Ratio
from 6 eV to 30 keV (G. P. Lamaze)

The 235Y(n,f) cross section has been remeasured from 6 eV to
30 keV relative to 6Li(n,o)T at the 20 m flight path of the NBS linac
above ground time-of-flight facility. The fissior events were detected
in a 10.16 x 17.78 cm parallel plate fission chamier with a total mass
of 173 mg of 235y, The 6Li(n,@)T events were detected in a .5 mm
thick ®Li loaded glass scintillator. Background was measured continually
with resonance filters of 238U, Na, and Al. The data are currently being
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analyzed and the results will be compared with a previous NBS 2235U/6Li
ratio measurement reported at the Proceedings of the NEANDC/NEACRP
Specialists meeting of Fast Neutron Fission Cross Sections of 233U, 235y,
238y, and 239y held at Argonne (June 1976).

7.  235(n,f) and 237Np{n,f) Cross Section Measurements in the MeV
Energy Region (A. D. Carlson and B. H. Patrick)

Relative measurements of the 22°J and 237Np fission cross sec-
tions in the energy range from about 0.7 to 3.5 MeV are nearing comple-
tion. These measurements are being carried out at the 60 m flight path
of the linac neutron time-of-flight facility. The uranium and neptunium
are contained in separate parallel plate jonization chambers with
deposits of =100 ng/cm? on each side of five plates. The neutron flux
is determined using a Si(Li) detector to record recoil protons from
neutrons which scatter in a thin polyethylene film. The detector is
shielded from the direct beam by a thick tapered lead cylinder. The
data from the flux detector and the fission chambers are obtained dur-
ing the same linac run using a multiexperiment, 2-parameter (time and
pulse height) data acquisition system. The data already coliected are
in the process of being analyzed. The measurements on 235U will provide
a tie in with the recently completed NBS measurements from 5 to 800 keV
neutron energy. The present measurements are the first phase of a pro-
gram for the determination of the 235U and 237Np fission cross sections.
The second phase will extend the energy region up to =20 MeV.

8. Kerma Factors for 19 Elements or Nuclides up to 30 MeV
(R. S. Caswell, J. J. Coyne, and M. L. Randolph, ORNL)

Tables of calculated kerma factors for neutrons (kerma per unit
neutron fluence, where kerma is the energy transferred to secondary
charged particles) have been completed for 19 elements or nuclides:

H, 6Li, 7Li, B, C, N, 0, F, Na, Al, Si, P, S, Cl, Ar, K, Ca, and Fe.
The chief source of nuclear data is the Evaluated Nuclear Data File
ENDF/B-4 up to 20 MeV. From 20 MeV to 30 MeV reaction cross sections
have been extrapolated from lower energy cross cections using total
cross section information and optical model cross sections as a quide.
The kerma factors will appear in a report, Neutron Dosimetry for Biology
and Medicine of the International Commission on Radiation Units and
Measurements (ICRU, in press). It is intended to publish a more com-
plete description of the calculations and underlying assumptions in the
near future. Comparison will be made to cther calculated kerma factors.
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9. Chemical Effects on Uranium Fission (R. A. Schrack,
D. M. Gilliam, G. P. Lamaze, C. D. Bowman)

A reported chemical effect on the neutron induced fission cross
section of 235U prompted an attempt to observe the effect using the NBS
double fission chamber.! The fission foils of the NBS chamber are .005"
platinum discs with a deposit of U0,(99.7% 235U) about 500 ug/cm® thick
covering an area of about 1 cm? in the center of the fission foils. Two
foils of approximately equal mass were chosen. One of the fission foils
was baked to oxidize it to Us0z. The fission yields were measured using
the external thermal beam of the NRS reactor. The fission chamber was
rotated to remove any effects due to chamber asymmetries. The ratios of
U;0g to U0, yield cbtained were:

.9794 + .00085
.9795 + .00029
with a weighted average of .97948 + .00027

+
+

The other U0, foil was then removed and baked in the same manner as the
first and the ratios of U30q to U30g yield were than obtained:

.9774 + .00022

9763 + .00025
.9763 + .00025
with a weighted average of .9767 + .00014

To eliminate the effect of the mass difference of the two

foils, the ratio of the above yields gives the relative yield of
U308/U02 =

197948 + 00927 _ 4 g028 + .00032

.67670 + .00014

A11 errors are from counting statistics only. Systematic errors are not
known but are believed to be significantly greater than the statistical
errors. A measure was made of the w-particle yields from the foils to
determine any mass difference. The ratio of this mass difference before
and after the second baking is 1.0011 + .002 and is thus not sufficiently
accurate to determine if there was any mass loss or not. If any mass

1 J. A. Grundl, D. M. Gilliam, N. D. Dudey, R. J. Popek, Measurement of
Absolute Fission Rates. Nuclear Technology 25, 237-257 (1975).
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were lost however in the U0, -+ U305 conversion, the observed effect would
have been increased. Other systematic errors have not been investigated.
Samples of U30g and U0, are now being prepared for further measurements
that will measure the relative yield of fission products by measuring

vy ray and delayed neutron yields.

10. Absolute Measurement of the D(t,n)He“ Thick Target Yield in
Deuterium for £, = 191.3 KeV (R. F. Fleming, R. B. Schwartz,
and M. P. Unterweger)

We have developed a technique for the measurement of thick
target yields for charged particle reactions using a thermal neutron
beam. The technique has been applied to the D-T fusion reaction by using
a deuterium proportional counter with a small addition of He-3 gas. When
placed in a thermal neutron beam, 191.3 KeV tritons are produced by the
reaction He3(n.=)T. As these tritons slow down in the deuterium gas the
D-7 reactions rake place procducing an energetic alpha particle. The
thick target yield is just the ratio of the alpha count rate to the He-3
count rate,

The corrections for detector end effects, pulse pileup, etc.
are now being made. If accurate data for the stopping power of hydrogen
jons in deuterium can be obtained, our result will provide an absolute
normalization for the D-T cross section.

11. Personnel Dosimetry Program ({R. B. Schwartz and I. G. Schroder)

The three beam filters, producing neutron beams of 2, 25, and
144 keV, have been installed at the NBS Reactor. Al1l three are in tain-
gential beam tubes: the scandium filter (2 keV) views a manganese
resonant scatterer, and the iron (25 keV) and silicon (144 keV) filters
view a graphite scatterer. This arrangement reduces the gamma-ray
background and the contamination with “wrong" energy neutrons, at the
cost of Tower intensity. The beam characteristics are given in Table 1.

] The beams are being used primarily for neutron dosimeter cali-
brations. ;n the case qf the 25 keV and 144 keV beams, there is good
agreement with calibrations obtained using accelerator neutron sources*.

(There are, of course, no appropriate accelerator sources of 2 keV
neutrons.)

* D. E. Hankins, private communication.
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Table 1 Neutron Beam Characteristics

% of other Y
En Filter diam, Intensity energy intensity
(keV) material (cm) (n/sec) neutrons mR/hr
2 110 cm sc 1.7 6 x 10° 3% 8
1 cm Ti
24 30 cm Fe 2.5 1 x 108 0.3% S
30 cm Al
144 136 cm Si 2.5 2.2 x 108 ~0 40
2 cm Ti

12. Absolute Measurement of the 235U Mass in a Large Volume
MuTtiplated Fissijon Ionization Chamber (0. A. Wasson,
M. M. Meier, D. M. Gilliam, and R. B. Schwartz)

It is essential to know tiie 235U mass contained in the large
volume, 10 deposit, fission ionization chamber used in measurements of
the absolute 235U neutron fission cross section at the NBS Van de Graaff.
The absolute mass of the approximately 200 mg 233U in the chamber was
measured relative to two standard 235U fission deposits mounted in the
NBS double fission ionization chamber! by means of tailored, 1a-ge
diameter, uniform thermal neutron beam frc. the thermal column at the MBS
reactor. The neutron flux was uniform within + 0.75% throughout a 30 cm
diameter which irradiated both chambers. The relative neutren induced
fission rates of both chambers were measured at the same position. The
mass measurement was independent of the geometrical area and density
variations of the deposits, the absolute neutron flux, the neutron energy
distribution, and the neutron cross sections. The 235U in the large

chamber was 173.1 mg with a one standard deviation systematic error of
1.8%.

1 J. A. Grundl, D. M, Gilliam, N. D. Dudey, and R. J. Popek, Nucl.
Technol. 25, 237 (1975). I
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13. Neutron Irradiation and Calibration Services (V. Spiegel)

The following activation detectors were irradiated at the
252¢f jrradiation facility to a maximum fluence of about 1013 neutrons:
three irradiations of sulfur disks; one irradiation of nickel, titanium,
and aluminum disks; three irradiations of transistors, and one irradi-
ation of 235y, 238U, 237Np, and 232Th dnsimeters, Six routron sources
weie calibrated during tne past year at the Manganese Sulfate Bath
facility.

4. Compendium of Benchmark Neutron Fields for Reactor Dosimetry
(3. A. Grundl and C. M. Eisenhauer)

The identification of neutron fields with proper characteris-
tics for referencing reactor neutron dosimetry measurement methods is in
progress under a new program initiated by the IAEA. An international
survey to compile information on such benchmark neutron fields is
compiete and a first-round report has been prepared. It summarizes for
each benchmark in the form of a compendium a physical description of the
facility, characteristics of the neutron field, assigned neutron spec-
trum, selected reaction rate ratios both measured and predicted, and
availability of the field for dosimetry referencing irradiations.

The first compilation is restricted to standard and reference
neutron fields understood within the context of the following character-
istics:

1. Simple and well-defined geometry
2. Adequate nsutron fluence and stable flux density

3. Reproducible and accurately characterized neutron spectra
based on spectrum measurements and/or reliable calculations

4. Sustained availability for measurements.

The compendium was presented at the IAEA Consultants Meeting on Integral
Cross Section Measurements in Standard Neutron Fields for Reactor
Dosimetry held in Vienna, November 1976. Manuscript copies are available.

15. A Californium-252 Fission Spectrum Irradiation Facility for
Neutron Reactioun Rate Measurements (J. A. Grundl, V. Spiegeél,
C. M. Eisenhauer, H. T. Heaton II, D. M. Gilliam, and
J. Bigelow (ORNL))

_ Spontaneous fission sources of 252Cf 1ightly encapsulated and
with neutron source strengths approaching 101° n/sec, have been developed
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especially for integral cross section measurements and neutron reaction
rate calibrations. An irradiation facility at the National Bureau of
Standards makes use of these sources in two well-investigated geometries.
A free-field neutron flux in the range of 107 n/cm? sec and fluences of
up 1013 n/cm? are established at the facility based only upon a distance
measurement and the absoulte source strength of the national standard
Ra-Be photoneutron source. The error in the -52Cf source strength

(£ 1.1%) dominates the total free-field flux uncertainty of + 1.4% (10).
Neutron scattering effects in the source capsule and support structures,
ant¢ neutron return from concrete and earth boundaries have been calcu-
lated and investigated experimentaily. In the worst case they contribute
+ 0.7% to the total flux response uncertainty for all observed neutron
reaction rates, including those with sensitivity to low-energy neutrons.

Fission cross section measurements with 252Cf fission neutrons
have be n carried out with double fission chambers and the NBS set of
reference and working fissionabie deposits. Recentiy completed fission-
able deposit isotopic mass intercomparisons and comparisons of observed
and calculated anisotropy of source capsule transmission provide an up-
dated experimental result for the fission cross section of 235U:

5¢(235U,x.4) = 1205 + 27 mb,

This value falls below that calculated with the 235U(n,f) energy depen-
dent cross sections of ENDF/B-IV by 3.0%. The error in this cross
section validation measurement attributable of 252Cf fission spectrum
uncertainties is less than * 0.27%,

Calibration irradiations in the Big Ten Critical Assembly at
Los Alamos, a benchmark for breeder reactor fuels and materials dosimetry,
have been monitored with the NBS double fission chambers. One component
of these measurements was to establish a neutron flux Tevel in such an
environment by means of a direct flux transfer from the NBS 252Cf fission
neutron field. The transfer to the central Big Ten field, accomplished
with a ?33Pu-loaded fission chamber, does not depend significantly upon
any neutron reaction cross section. Since the 23%Py fission cross
section is largely independent of energy for both spectra, the spectrum
correction for the flux transfer, cf(239Pu,fo)/6 (?23%Pu, Big Ten}, is
close to unity; the calculated value is 1.117+ 0.015, The neutrcen flux
Tevel for Big Ten irradiations of high-power activation dosimeters was
established at 8.2 x 100 n/cm? sec with a total error exclusive of
cavity perturbations of less than + 2%% (1¢).
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An absolute spectrum-averaged cross section for 238U(n,f) may
be obtained on the basis of this flux transfer measurement. For the
center of Big Ten the cross section determined with a 238U fission
chamber containing a naturai uranium deposit of kiown mass is

cf(238U, Big Ten) = 50.7 + 1.5 mb

The coiputed value for the Big Ten spectrum based on new calculations
using ENDF/B-IV cross sections is 52.3 mb vs a previous computed value
of 46 mb based on ENDF/B-III cross sections. The new inelastic cross
sections for 238y in ENDF/B-IV have removed a long-standing disagreement
between integral cross section measurements and the results of neutron
transport calculations in a basic reactor physics critical.

16. A Gamma Ray Laser Using Existing Technologay (C. D. Bowman)

In exploring the influence of solid state on neutron physics
several unexplored phenomena were recognized which have an analog with
the influence of solid state on the physics of y-ray interactions and
transport. From these studies has emerged a concept for a y-ray laser
based on nuclear transitions and using the above phenomena for control
(focusing, dispersion, reflection, background reduction) of the laser is
based on the 9.3 keV transition in 83Kr which apparently can be pumped
either by (y,n) or (n,y) reactions with our most intense presently
available laboratory sources of neutrons and bremsstrahlung or by nuclear
explosions. Since the concepts based on nuclear explosions and labora-
tory sources are entirely different, two reports are being prepared
describing approaches along thase two lines.

17. Doppler-free Neutron Spectroscopy (C. D. Bowman and
G. P. Lamaze)

For many years the obtainable experimental resolution in
neutron spectroscopy has been much finer than the broazdening introduced
by thermal motion of target nuclei. The purpose of this work is to de-
monstrate that the Doppler effect can be avoided by three different
techniques--none of which have been theuretically or experimentally
explored. Al1T three methods invelve the measurement of elastic scat-
tering. The first is simply small angle forward scattering at angles of
about 159 or less. At these angles. the nuclear recoil energy is small
enough that Mosszuer-1ike binding of the nucleus in the lattice can take
place. The second is by coherent scattering at neutron resonances. Near
the resonances the coherent scattering can become very large. The atoms
acting coherentiy and therefore without recoil scatter neutrons strongly
at the Eracg angle. The third is by resonance "tote1" reflection which
takes place at the interface of two media when the index of refraction
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(which depends on the scattering length at resonance) of the two media
differs. These three effects exist also in the nuclear scattering of
y-rays.

Experiments at the NBS linac to positively identify these
effects have not yet been successful. Studies of the small angle scat-
tering had initially led us to conclude that the requirad combination of
neutron intensity and resolution could not be obtained at NBS. However
recent studies into the details of phonon transfer show that the exper-
iment was not properly designed. Meanwhile Poortmans at BCNM has
reported effects in total cross section measurements on 238y which he
believes can only be associated with this effect. Owing to special
laboratory geometry at the LLL linac, it appears possible tv do a feasi-
Ble experiment on the second (coherent scattering) method. Finally, a
tungsten reflector has been polished for an attempt at NBS to verify the
total reflection concept.

18. Influence of Molecular Vibratiors on the Shape of Neutron
Resonances in Gases (C. D. Bowman and R. A. Schrack)

We have performed calculations showing that the shape of
neutron resonances in gaseous samples is influenced not only by the
usual Doppler effects but also by molecular excitations. We frllow the
approach taken by Lehtohov (Phys. Rev. A12, 1954 (1975)) in calculating
such effects for nuclear absorption or scattering of y-rays and apply it
to neutron reactions with molecules of the form XYg for the atom X
Tocated at the center of mass of the molecule,

These molecules have two normal modes involving the X atom.
For UFg these modes carry an energy of s#w = 23 and 78 meV. For a
molecule in the ground state, the probability of exciting these vibra-
tions in various combinations is given by

(a1tagtasg) (py+p,*P3) -(Z,+Zp)
z z Pe

p o Qa Bo By = 1' = :

a’ “zs @381, P2,F3 T 73 a1l ao. ajz. BI: ﬁzz

"Blaztp,*1/2, a1+a2+51+ﬁ2+1) B (aptBat1/2, oytp +1/2)

where the o; are quantum numbers associated with one normal mode and £
are the quantun numbers associated with the other normal mode. The
quantities Zy and Z, are constants involving the mass and force constant
associated with the ngrmal mode and the nuetron energy. The B term is
the Beta function.
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The influence on resonance shape has been calculated for
several resonances in 238U, The result for capture in the 20.9 eV res-
onance is compared in Fig. A-3 for a selid and for UFg gas at room
temperature. The effects are manifested in the shape and also in the
position of the resonance which is shifted somewhat higher in energy.
1t appears that this effect would be easy to observe in comparative
transmission experiments on uranium metal and UFg.

L
238UF6

1200— 1
Ey, = 20.9 eV
hw, =23 meV
" hw,= 78 meV

800}

400—

CAPTURE RATE, ARBITRARY UNITS

0.32 [oR 3] 0.0 C.16 Q32
NEUTRON ENERGY, eV

Figure A-3. Shape of 20.9 eV resonance.

19. Phonon Transfer Effects on Low Energy Fission Cross 3ections
{C. D. Bowman and R. A. Schrack)

The influence of phonon transfer on low energy neutron recction .
cross sections for solid materials has been calculated for the speciel
case of T=0 and for arbitrary temperatures. At T=0 the Debye approxi-
mation to the phonon spectrum was used and at higher temperatures the
Einstein {delta function) approximation was assumed. At higher iemper-
atures the cross section can be represented by the expression

?(n,f) n 2 g Tle W (E) n/2 1/2
W) = eP(2a¥)r for (@) V2 1) 12 aar))

n=-m (E-Eg*ne)? + 1%/

where b = nE/Me, T is the imaginary bessel function of the first kind,
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a = [exp(e/kT)—l ]"] and ¢ is the average energy of the phonon trans-
fered. This equatiaon can be transformed to the same form as given in
the Jackson and Lynn paper with the exception of an apparent typograph-
ical error in their expression. Note that the phonon transfer can be
expressed simply as the sum of a number of unbroadened B-W relations
displaced by the energy ne and weighted with the proper coefficient.

In Fig. 1 the comparison of the fission cross section for 235y
is shown with and without phonon transfer by displaying their ratio.
Several different temperatures are shown with kT expressed in meV. The
value for ¢ was taken to be 14 meV although the results are relatively
insensitive to the value of €. The effects appear to be small at thermal
energies but not entirely negligible compared to presently claimed
accuracies. At higher energies, the effects increase into the 0.5 to 1%

range. Note the relatively large difference predicted between T=0 and
T=25 meV.

CcT

1010} -

T (meV) =235, 375,50, /’\

_ 2%, FissioN
€ = 14 meV

=]
0
Ir
|
l}

FRACTIONAL PHONON EXCHANGE EFFE

Ll Ll
0% 100 1000
NEUTRON ENERGY (meV)

Figure 1. Effect of phonon exchange in 233U.

For 239py the effects as shown in Fig. 2 at thermal energy
appear to be entirely negligible, but near the 0.3 eV resonance differ-
ences of about * %% are encountered. The dashed line shows the effect
of Doppler broadening at T=25 meV calculated using the usually applied
gas model. WNota that not only are the magnitudes incorrect, but the

cross section on the Tow energy side is even changed in the opposite
direction from our calculation.

During the coming year we hope to conduct experimerts veri-
fying these prediction,
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Figure 2, Effect of phonon exchange in 23%py,

These calculations do not include the effect of phonon
exchange cn_the energy dependence in the neutron entrance channel
(r. =19 JE)}). The effects of including this term are now beirg cal-
cuTated"and are expected to be negligible in the several hundred

millivolt range, but below 50 meV should be as Targe as several tenths
of one percent.

20. Measurement of the Neutron-Flux at the APFR Pulsed Reactor
(E. D. McGarry, D. M. Gilliam, A. H. Rozi, and G. S. David)

A flux-transfer technique has been used to measure the total
neutron flux to an accuracy of 5% at the Army Pulse Radiation Facility
(APRF) fast pulse reactor.! Use was made of 23%Pu-Toaded fission cham-
bers deve]oged by the National Bureau of Standards (NBS) and calibrated
against a 252Cf source at NBS. Advantages of the method were that it
ysed a standard source for calibration, that is was independent of
errors in fission foil masses, and that the effects of cross-section
errors were minimized by the need to use only cross-section ratios.

1 E. D. McGarry, A. H. Rozi, G. S. David, D. M. Gilliam, "Absolute
Neutron-Flux Measurement at Fast Pulse Reactor with Calibration Against

Californium-252," IEEE Conf. on Nuclear and Space Radiation, San
Diego (July 1976).
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The results show that previous dosimetry was 18% toc high in
the APRF in-core irradiation facilities, and 21% too high at core sur-
face. Flux calibrations have also been made by using 237Np, several
uranium isotopes, and the 32S(n,p)32P reaction. Fluxes from all mea-
surements agreed to 7%. The (>10 keV/>3 meV) flux ratios determined for

the ‘glory holes' and leakage spectra were 8.4 + 0,6 and 7.3 + 0.5,
respectively.

21. Intercomparison of Fission Rate Measurements: Karlsruhe
Reactor Physics and Los Alamos Radiochemistry (D. M. Gilliam
and J. A. Grundl)

Fission rate measurement scales at two laboratories engaged
ir quite different branches of nuclear energy development have been
intercompared via NBS initiative and cooperative execution. The Reactor
Phy<ics Group at GfK (Gesellschaft fur Kernforschung) in Karlsruhe,
Germany, submitted fissionable deposits for direct comparisons with
NBS reference deposits, and the Radiochemistry Group at Los Alamos
participated in joint fission rate measurements with NBS at Los Alamos.
For the basic uranium fissionable isotopes, both laboratories are with-
in 2% of the NBS fission rate measurement scale. This is marginally
adequate for some programmatic goals; more serious, however, is a

discrepency between Los Alamos and NBS of nearly 6% for 239Pu fission
rate measurements.

With the cooperation of Dr. Werner Scholtyssek of GfK, fis
sionable deposits of 235U, 239Py, and normal uranium were sent to NBS
for comparisons with the corvesponding NBS reference deposits. The

mass assay of the NBS reference deposits has been described in detail
by Grundi, et al.l

Table 1 shows the results of the comparison and the estimated
uncertainties. The largzst uncertainties were the quoted errors (1.2%
tc 1.5%) for the NBS reference deposits themselves.l Other systematic
errors contributed about 0.5% uncertainty or iess.

1 J. A. Grundl, D. M. Gilliam, N. D. Dudey, and R. J. Popek,

"Measurement of Absolute Fission Rates," Nuclear Technology
25, 237 (1975).
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Table 1 Comparison of results

Mass Mass Mass Scale
Principal Determined Determined Ratio
Isotope by NBS by GTK GTK/NBS
ug Hg
238y 325.1 + 1.6% 325 0.9997
235y 309.4 + 1.3% 311 1.0052
23%py 28.62 + 1.37% 28.98 1.0126

The intercomparison of absolute fission rate measurements
between NBS and the Radiochemistry Group responsible for weapons diag-
nostics at Los Alamos Scientific Laboratory (LASL) was carried out at
LASL. After calibrations and temperature effects testing at the
National Bureau of Standards Reactor, double fission chambers developed
at NBS were operated in the BIG-10 critical facility at LASL simulta-
neously with the irradiation of an activation fission foil pack which
was later destructively analyzed by the Radiochemistry Group. Tabie 2
shows the results of the comparison. The striking discrepancy in 23%Py
fission rates is receiving careful study by both groups.

Table 2 Fission rates (per nucleus) in BIG-10 Test C-LASL
Isotope Studied
23SU 238U 2378 239pu
P

NBS Measurement  110.4+1.5% 4.14+1.8% 35.2+41.97  132.3+1.6%
(10715 sec 1)

LASL Measurement 112 +1.6% 4.21+3.8%  35.3+5¢ 140 +2%
(19715 sec 1)
LASL/NBS 1.014 1.017 1.003 1.058
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22. Fast Reactor Fission Yields (D. M. Gilliam and J. A. Grundl)

The Interlaboratory LMFBR Reaction Rate (ILRR) program! has
achieved accuracies in the range of 1.9% tc 2.5% in the measurement of
selected fission product yields which are of interest in fuels and
materials dos1metry for fast breeder reactors. For fast neutron induced
fission in the major fuel isotopes 23%Pu and 238U, results are reported
for the fission products 95Zr(t, =64d), 103Ru(t, ~39d), and *“OBa(t =12.8d).
Since some energy de?endence was indicated in €he y1e1d of 103Ru 3from
235U, only 957r and 1%9Ba yields are reported for 235U fission. Accura-
g;es i, the range of 3.6% to 5% were achieved for fission yields from

Np.

The ILRR fission yield results are summarized in Table 1.
Table 2 gives the decay schem data used in deriving the resutls of
Table 1. Taken together, these two tables provide a consistent basis for
fission rate measur. _nts which is independent of the gamma-ray intensity
data.

Table T Recommended Fission Yields for a Fast Reactor Spectrum

Principal Isotope of Fission Foil
ILRE Yield

and Total Error 235 238y 239py, 237Np
357r 0.0647 0.0521 0.0480 0.0593

+2.2% +2.6% +2.3% +5.0%
passton 103Ry | Energy de-| 0.0635 | 0.0708 || 0.0592

Nuclide pendance +2.5% +2.3% +4.3%
140pg 0.0606 0.0599 0.0530 0.0571

+1.95 | +2.2% +2.0% +3.6%

! W. N. McElroy, Nuclear Technoiogy, Vol. 25, Feb 1975, p. 177.
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Table 2 Decay Scheme Data and Errors

Fission | Hal®-1- Te* Gamma-Ray*| Gamma-Ray Resultant
Product (&a‘si Energy Intensity* Yield Uncer-
Nuclide y (kev) (%) tainty (%)
5571 54,1 + 0.3 724.179 | 44.1 + 0.5 } 1.1
756.710 | 54.6 + 0.5
103Ry 39.43 + 0.10 497.08 | 89.0 + 1.0 1.2
14083 12.789 + 0.006 537.35 | 24.4 + 0.3
0.2

14013 1.6775 + 0.0008 1596.18 195,40 + 0.08

Tabie 3 shows the differences in the resutls from two differ-
ent fast neutron spectra which were employed in these measurements.
BIG-10 is a very well characterized fast critical facility at the Los
Alamos Scientific Laboratory. The fast neutron field in the CFRMF!
critical facility is achieved by means of a zoned-core configuration
with a water-moderated thermal neutron dirver. In Table 3, the 2.4%
difference for the 193Ru yield of 2350 is significantly large with re-
spect to the experimental precision; therefore, no single precise value
can be stated for that case. A1l of the other differences are within
the experimental error.

1 W. N. McElroy, Muclear Technology, Voi. 25, Feb 1975, p. 177.

* These data (in columns 2, 3, and 4) were given in a private communi-
cation from R. G. Helrer, Nuciear Physics Branch, Aerojet MNuclear
Company, Idaho Nationa! Engineering Laboratory, Sept. 1, 197€. An
earlier review by Helmer and R. C. Greenwood was published in Nuclear
Technology, 25, No. 2, February 1975., p. 258.
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Tabel 3 Ratio of Fast Fission Yields: CFRMF/BIG-10

CFRMF Yield - 1 Principal Isotope of Fission Foil
BIG-10 Yield 235 238y 239py, 237Np
957r 0.1 % 0.8 % 0.3 % 4.5 %
Fission 103 _ 9 _ 9 _ 9 _ 9
Prodgct Ru 2.4 % 1.0 % 0.6 % 0.5 %
Nuclide 1408, 0.22 | -0.7% | 0.6% 1.3 ¢

23. Intermediate-Energy Standard Neutron Field (ISNF)
{D. M. Gilliam, J. A, Grundl, and C. M. Eisenhauer)

a. Physical Bescription

The initial ISNF has been set up in the graphit thermal
column of the NBS reactor. A square opening, 30 cm x 30 cm provides
access to the center of the graphite column {parallelepiped
1.4 x 13. x 0,94 meter, density 1.71 g/cm3). Split graphite blocks
containing the ISNF cavity and cylindrical access penetrations may be
inserted through the biolcgical shield of the reactor and into the
thermal column opening with the reactor at full power. A detailed
schematic cross section of the ISNF arrangement within the cavity is
shown in Fig. 1.

Fission neutrons from the fission converter disks are
partially moderated in the surrounding graphite. Those which return to
the cavity are transmitted by the toron-10 shell (along with an un-
collided component from the source disks) to produce the ISNF neutron
field at the center of the cavity.
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Figure 1. 1ISNF geometry.

b. Neutron Flux and Fluence

The thermal neutron flux in the cavity is
~1 x 1011 cm-2sec™! and each disk operates at a fission power of about
one watt. Eight disks are used in normal operations so that the total
rneutron source strength in the thermal column cavity is about

6 x 1011 sec~l, The resultant flux and fluence at the center of the
cavity are as follows:

Total neutron flux intensity: ~1 x 102 n-cm™2.s~!
Typical maximum fluence: ~1.5 x 101*p.cm™2
Neutron Field gradient: ~2% over 4 cm

Average and median neutron energies: 1.0 MeV and 0.56 Mev
respectively

Spectrum energy range: 907% between 8 keV and 3.5 MeV

Response range of 1/v-detector: 90% between 0.5 keV and
1.5 MeV
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Specific neutron fiux intensities are established by flux transfer from
the NBS 252Cf source using 23%Pu{n,f) as the transfer reaction.

c. Neutron Flux Monitoring

Flux monitoring for routine irradiations will be accom-
plished by means of fission chambers and/or activation foils located
‘nside of the boron-10 shell.

d. Neutron Spectrum

Assignment of the ISNF spectrum is based solely on
neutron transgort calculations which are subject to sensitivity studies.
The cross sections used in calculations carried out at NBS through 1976
are based on ENDF/B-III spectrum averaged in a 40-group energy structure.
The spectrum at the center of the ISNF was calculated with the discrete
ordinates code ANISN (S8, P3 approx.) and is shown in Fig. 2.
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10 e (e e e
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-s¥___ ] . Sq Py 90 GROUP COMPUTATIONS (ENIF/BTI)
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- :
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Figure 2. Neutron components.
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The sensitivity of the calculated spectrum to variations
in several parameters has been investigated. For example, a 1% increase
in graphite density increases the flux around 10 keV by about 1%. An
uncertainty of about 7% ir source position produces only 1% uncertainty
in the flux below 200 keV. Effects of uncertainties in the angular
distribution of scatter in graphite and perturbations due to aluminum in
the system have also been investigated. Uncertainties due to cross
section data and energy-group Sstructure are currently under invectigation
by means of new 240-group calculations. The latest calculations make use
of ENDF/B-IV cross sections,

e. Unique Features

The ISNF was designed so that the spectrum at tne center
could be calculated to arbitraty accuracy. This was accomplished by
designing it as a one-dimensional spherically symmetric configuration
containing mainly 198 and C, whose cross sections are among the best
known of all materials.,

f. Results of Initial Experiments

Flux (by transfer from calibrated 2°2Cf field):
0.3 x 10° neut/cm?sec

at a nominal reactor power of 10 MW

Fission Cross Section Ratjos:

5.6(?3%Pu)/5(2350) = 1.15 + 4¢
5¢(2%80)/5.(2250) = 0.093 + 47

B. FACILITIES

1. Installation of Standard Neutron Beam Line on the 3 MV
Van de Graaff 0. A. Wasson, M. M. Meier, and K. C. Duvall)

An additional beam line to be used for the production of
standard neutron beams in the energy region from 100 keV to 2 MeV has
been installed in the NBS Van de Graaff laboratory. 7The nzutrons from
the 7Li(p,n) or 3H{p,n} reactions are collimated to a cone shaped beam
with a 4.59 half angle by means of a removable insert in a large movable
shield as is shown in Fig. B1. The shicld is mounted on an 2ir bearing
to permit rapid access to the end of the bear pipe for target changes.
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The neutron flux is measured by the Black Neutron Detector which is
described in an accompanying report and is positioned in a separate
shield behind a precision collimater located 5.6 m from the neutron
source. The beam diameter at 120 cm is 18.9 cm with a non-uniformity of
less than 1%. For a 20 keV thick 7Li target the neutron flux for a 4 vuA
proton beam is & x 103 n/cm?sec for 500 keV neutrons with 0.1% epithermal
neutron and 0.1 mR/hr y ray background. The facility became operational
in December 1976 and is being used for standard neutron cross section
measurements and “-r neutron dosimetry.

MOVABLE SHIELD BLACK
BEAM T "EMI%‘E‘:'{S PRECISION DETECTOR
PIPE T wax T . NEUTRON BEAM COLLIMATOR MONITOR

t2 ©03 e / 45 HALF ANGLE

==

SECONDARY ~~-._ \J{/’ o DETECTOR Pb -~ SHIELD

MONITORS
=
(1]

LONG COUNTER

o ‘NEUTRON SOURCE

- -
25 cm

Figure Bl. Standard neutron beam line geometry.

™~

3 MV Positive Ion Van de Graaff (M. M. Mejer, K. C. Duvall,
and 0. A. Wasson)

Machine operatior has been satisfactory. The primary source
of down time is routine maintenance associated with ion source replace-
ment. A third beamline is now instrumented and in use for cross section
and dosimetry experiments.

The computer system for data acquisition and analysis has now
been upgraded to include two magnetic tape units, a 2.7 10® byte: disc,
high speed teletype and 32 K of core. New CAMAC instrumentation includes
a 1024 channel MAC and a two parameter multiplexer. A second multiplexer

is under construction, so that two two-parameter experiments can be done
simultaneously.

3. A Tagging System Using Positron Annihilation Radiation,
(E. Hayward, W. R. Dodge, and B. H. Patrick)

A tagging system for producing monoenergetic photons, using
the twc-photon annihilation-in-flight of high energy positrons, has been
developed at the NBS Linac. This has been used to study the response
functicn of a large 10" x 10" NaI(T2) spectrometer with NE 110 anti-
ceincidence shield. A smaller 5" x 5" NaI{Tz) crystal located at 20°
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to the incident, momentum-analyzed positron beam detected the lower
energy (5-7 MeV) photons. The larger spectrometer viewed the Be
annihilation target through a series of well-defined collimator holes
located at angles in the range 4° -110 to the incident beam direction.
At these angles the background bremsstrahlung is much less important
than in the forward direction. The pulse height analyzer associated
with the large spectrometer was gated on by a coincidence between the
two detectors. Figure B2 is the pulse height distribution produced by
31 MeV photons incident on the spectrometer. The lower histogram repre-
sents those photons rejected by the anticoincidence shield. Similar
distributions have been obtained for 9.4 and 15.1 MeV incident photons.
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Figure B2. 31 MeV y ray spectrometer response.

In principle, the efficiency of the large NaI(T2) spectro-
meter can be calculated simply by using the absorption coefficients of
Nal(Tz) and of all the filters in front of it. This allows the
efficiencies of less well-understood detectors to be determined when
they are also gated on by a coincidence with the smaller detector.

C DATA COMPILATION

1. X-Ray and Ionizing Radiation Data Center (J. H. Hubbell)

A low-Z evaluation and compilation "Photon Mass Attenuation
apd Mass Energy-Absorption Coefficients for H, C, N, 0, Ar and Seven
Mixtures from 0.1 keV to 20 MeV" was accepted for publication by
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Radiation Research for the April 1977 issue. The seven mixtures in-

clude air, water, polystyrene, methacrylate, polyethlene, bakelite, and
amber,

This Data Center also responded tc 160 requests for data or
information in 1976.

n

2. Photonuclear Data Center (E. G. Fuller, H. M. Gerstenberg)

The major effort over the last year has been to complete work
on a compilation of evaluated photonuclear reaction cross section data
vor the p-shell nuclei. Of the nine stable nuclides to be included in
the final compilation, preliminary evaluations for all except 13C and
14N have been completed and are undergoing internal review. Barring
unforeseen complications, the complete evaluation should be submitted
for publication to the editor of the Journal of Physical and Chemical
Reference Data by the end of June 1977.

At the time of the Gordon Photonuclear Conference in August
1976, the Data Center issued an interim draft index "New Photcnuclear
Data, January 1973-May 1976." In addition *o indexing the data published
since the cutoff date for inclusion in NBS Special Publication 380,
Photonuclear Reaction Data, 1973, this report contains a complete index
to the 1100 data sets now in the Center's digital cross section library.
This report is an interim version of the first supplement to NBS SP-380
which will include an index te data publishing through 1%76. This is
planned for publication in late spring.

The Center has contirued to respond to an average of about
1.5 requests per month from various segmerts of the scientific and
technological community for information from its files. During the last*
year, the results of a calculation based on data provided as a result of
one of the more unusual requests, were publiskad in The Astrophysical
Journal 205, 638 (1976). The paper, by J. L. Puget, F. W. Stecker, and
J. H. Brec:kamp of the NASA Goddard Space Flight Center, givesthe re-
sults of a calculation of the interaction of ultrahigh energy cosmic
ray nuclei (°%Fe and lighter) with the intergalactic radiation fields.
These fields, when Lorentz-shifted into the rest frame of the nuclei,

contain appreciable fluxes of photorns capable of inducing photonuclear
reactions.
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D.  RADIQACTIVITY

1. *utonium-239 Half-L;fe Measurement (L. L. Lucas
and J. R. Noyce)

The Radioactivity Section participated in a Safeguards-related
program in which plutonium-239 sources, prepared from a plutonium sample
whose isotopic composition was similar to that found in nuclear fuel,
were sent to several laboratories and intercompared. OQOur measurements
of total-aipha-particle specific-activity, combined with the isotopic-
abundance and calorimetric measurements carried out elsewhere, will be
used to resolve a previous discrepancy between half-life values measured
by calorimetry and alpha counting.

2. Measurement of Gamma-Ray Probabilities Useful for
Detector Calibrations or Activity Determinations
(Radioactivity Section)

Calibrated germanium and silicon detectors have been used to
measure the emission rate of selected gamma rays and x rays from activity-
calibrated sources of 1231, '27Xe, 198ay, 145pm, 20177, 99Mp, !52Fy and

208T1.  This direct determination of the probability per decay, PY,

eliminates any dependence on other nuclear decay parameters. Differences
of 20% from tabulated values for PY were observed in some cases.
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0AK RIDGE NATIONAL LABORATORY

A. CROSS SECTION MEASUREMENTS

1. Gamma-Ray Production Data

During the reporting period the following gamma-ray pruduction data
obtained at ORELA were released: :

a. Neutron-Induced Gamma-Ray Production in 2°®Pb for Incident-Neutron
Energies Between 4.9 and 8.0 MeV, and in “°°Bi for Incident-
Neutron Energy of 5.4 MeV* (J. K. Dickens)

Interactions of neutrons with 2°8Pb have been studied by measuring
photon production cross sections. y-ray spectra were obtained at incident-
neutron encrgies of 4.9, 5.4, 6.4, 6.%5, 7.45 and 8.0 MeV with a y-ray
detector system utilizing a 48-cc Ge(Li) detector. Nearly monoenergetic
neutrons were obtained from the D(d,n) reaction using deuterons obtained
from the (pulsed) Oak Ridge National Laboratory 5-MV Van de Graaff accel-
era*ar. Time of flight was used to discriminate against pulses due to
neutrons and background radiation. Extracted differential and total
inelastic cross sections have been compared with previous comparable mea-
surements and with data from the ENDF/B evaluation with generally satis-
factory results. New information on the level structure of 2°8Pb is
reported.

Data were also obtaired at E, = 5.4 MeV for a sample of natural
bismuth, and new information on the Teve] structure of 2°°Bi was obtained.
Differential y-ray production cross sections were obtained, and the total
inelastic cross section at En = 5.4 MeV was deduced from these data.

b. The Mn(n,xy) Reaction Cross Section for Incident Neutron Energies
Between 0.2 and 20.0 MeV**»+ (G. L. Morgan)

Differential cross sections for the neutron-induced gamma-ray
production from natural manganese have been measured for incident neutron
energies between 0.2 and 20.0 MeV. The Oak Ridge Linear Accelerator
(ORELA) was used to provide the neutrons and a Nal spectrometer to detect
the gamma rays at 125°. The data presented are the double differential
cross section, d?c/dQ, for gamma-ray energiec between 0.22 and 10.6 MeV
for coarse intervals in incident neutron energy. The integrated yield of
gamma rays of energies greater than 220 keV with higher resolution in the
neutron erergy is also presented. The experimental results are compared
with the Evaluated Neutron Data Files (ENDF).

*Submitted for publication in Nuclear Science and Engineering.
**Abstract of ORNL/TM-5531.
+Relevant to request No. 74287.
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¢. A Re-Measurement of the Neutron-Induced Gamma-Ray Production
Cross Sections for Iron in the Energy Range 850 keV < Ej <
20.0 MeV*>** (G. T. Chapman, G. L. Morgan and F. G. Perey)

Values of the gamma-ray production cross sections for neutron
interactions with iron as reported by previous investigators have dif-
fered by as much as a factor of 1.5 or more at neutron energies greater
then about 5 MeV. Because of this discrepancy, the measurements have
been repeated at ORNL using the ORELA as a pulsed source of neutrons
with enargies between 850 keV and 20 MeV. The data were obtained using
a NaI(T1) gamma-ray spectrometer oriented at an angle of 125 degrees to
the incident neutron beam. The sample was positioned in the beam at a
distance of 47.35 meters from the neutron source. The resulting date
presented as differential cross sections (d?c/dQdE) for gamma rays
between 0.7 ana 10.5 MeV, show good agreement with some previously
published data, but are significantly different from previous CRNL
measurements for neutron energies greater than 7 MeV.

d. Cross Sections for Gamma Production by Fasi Neutrons for 22
Elements Between Z = 3 and Z = 82F.% (Dickens, Morgan, Chapman,
Love, Newman and Perey)

Cross sections for the production of gamma rays with 0.3 < E <
10.5 MeV have been measured as a function of neutron energy over the
range 0.1 < Ej; < 20.0 MeV. Results were obtained for 22 elements which
are commonly encountered in the calculation of radiation effects. The
measurements were made using a heavily shielded Nal detector in conjunc-
tion with the white neutron spectrum from the Oak Ridge Electron Linear
Accelerator. Incident neutron energies were determined by time-of-flight
over a 47-m flight path while gamma-ray energy distributions were obtained
from pulse height unfolding techniques. Elemental differential cross
sections are presented foi Li, C, N, F, Mg, Al, Si, Ca, V, Cr, Fe, Ni, Cu,
In, Nb, Mo, Ag, Sn, Ta, W, Au, and Pb.

*Abstract of ORNL/TM-5416.
**%Retevant to request No. 66022.
tAccepted for publication in Nuclear Science and Engineering.

FRelevant to request Nos. 62020, 63003, 63004, 66022, 72037, 72052,
74111, 74224, 74230, 74304 and 74313.
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2. Capture Cross Sections

a. Neutron Capture by the Chromium Isotopes*>** (M. J. Kenny,t _
B. J. Allen,T A. R. de L. Musgrove,t R. L. Macklin and J. Halperin)

Capture cross sections of the chromium isotopes have been measured
up to 350 keV using the capture cross section facility at the 40-m station
of the Oak Ridge Electron Linear Accelerator. Resonance parameters have
been derived for 180 resonances. A moderate correlation (n0.45) is
observed between reduced neutron width and radiative widths for s-wave
resonances. Calculations ot valence widths show that valence capture can
only account for a fraction of the observed radiative widths. An addi-
tional mechanism such as a 2p-ih doorway state must therefore be occuring.

b. Resonance Neutron Capture in the Isotopes of Titanium* (Allen,t
Boldeman,* Musgrove® and Macklin)

The neutron capture cross sections of "£:"%7,%8,%3,%0T] have been
measured from 2.75 keV to 300 keV with ~0.2 per cent energy resolution.
The reduced neutron widths and radiative widths of the s-wave resonances
exhibit correlations which, with the exception of “’Ti, are consistent
with the calculated magnitudes of the valence component, assuming the
radiative widths contain an additional uncorrelated part. In "’Ti a
significant correlation is observed for J=3- resonances, although the
calculated valence component is small.

c. The Neutron Capture Cross Section of ®°Y* (Beldeman,t Allen,t
Musgrovet and Macklin)

The resonance neutron capture cross section of ®%Y has been
measured between 2.5 and 100 keV with the neutron capture facility at the
40-m flight station on ORELA. A strong valence contribution to the p-wave
cross section has been identified which is similar in magnitude to that
estimated using the optical inodel formalism of the Valence Theory.

d. The 292.4-eV Neutron Resonance Parameters of Zirconium-91F,1
(R. L. Macklin, J. A. Harvey, J. Halperin and N. W. Hiil)

Resonance parameters, particularly the radiative width of the
292.36-eV s-wave level in ®'Zr + n, have been reinvestigated. The spin
assignment J = 2% is suppo.ted. The neutron width Tp = (866 + 11) meV
and radiative width T, = (86.8 + 2.2) meV indicate less neutron capture
than do parameters derived from earlier studies. This lower capture,

however, is more compatible with integral measurements and a lead slowing
down spectrometer measurement.

*To be submitted for publication in Nuclear Physics.
**Relevant to request Nos. 65006, 55007 and 72035.

tAustralian Atomic Energy Commission, Lucas Heights, NSW, Australia.
tNucl. Sci. Eng. 62, 174 (1977).

fRelevant to request Nos. 69155, 69156 and 72065.
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e. High Resolution Neutron Transmission and Capture for A el
(Musgrove, Boldeman,* Allen,t Harvey and MackTin)

The neutron transmission through *'Zr was measured at both 80-m
and 200-m stations of ORELA and in combination with a capture measurement
at the 40-m station, has resulted in resolved resonance parameters below
20 keV bombarding energy. The average resonance parameters obtained were
as follows: <D>g = 6401120 eV, 10%Sg = 0.36+0.10, <FY>S = 140+8 meV;

<D>p = 300+50 eV, 10"Sy = 5.7:1.0, <FY>p = 200+12 meV.
A correlation between p-wave reduced neutron widths and radiative widths
is found which is attributed to valence neutron transitions.

f. Non-Statistical Neutron Capture in '“"Cet (Musgrove,t Allen,+
BoTldemant and Macklin)

The radiative neutron capture cross section of '“°Ce has been
measured with high resolution (AE/E < 0.2%) at the 40-m station of ORELA.
Resunance parameters have been extracted below 60 keV bombarding energy.
The average s-wave parameters deduced from the data are as follows:
<D> = 1.77%0.45 keV, Sg = 3.120.9) x 10 *, <Iy>g = 7 #10 meV. A signifi-
cant correlation p(I'y,T) = 0.6:0.2 is found between reduced neutron
widths and total radiative widths indicating the presence of valence
neutron capture. However, evidence for energy dependence of the radia-
tive widths is not reflected in the neutron widths and points to a fur-
ther non-statistical process in neutron capture.

g. Non-Statistical Effects in the Radiative Capture Cross Sections

of the Neodymium Isotopes*.% (Musgrove,* Allen,* Boldeman* and
MackTin)

The neutron capture cross sections of the stable neodymium isotopes
have been measured with high energy resolution in the keV region at the

40-m station of ORELA. Average resonance parameters are extracted for
S-wave resonances.

Significant positive correlations are found between Fg and I for
all isotopes. The magnitude of the observed correlation coefficient! par-
ticularly for '“2Nd (n = 0.9), cannot be explained in terr: of valence
neutron capture and additional mechanisms are discussed.

*Submitted for publication in Nuclear Physics.

**ReTevant to request Nos. 69155, 69156 and 72065.

tAustralian Atomic Energy Commission, Lucas Heights, NSW, Australia.
TAccepted for publication in Australian Journal of Physics.
“Relevant to request Nos. 67034-38 and 74094.
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The average s-wave radiative widths for the odd-A isotopes were
markedly greater than for the even-A isotopes, while thg p-wave radiative S
width for '“2Nd was considerably less than the s-wave width. -+

h. Neutron Capture by 2’fPb at Stellar Temperatures* (R. L. Macklin,
J. Halperin and R. R. Winters*¥*)

Neutron capture cross section data for isotopically enriched 2°8Pb
were taken at the Oak Ridge Electron Linear Accelerator time-of-flight
facility and analyzed for nuclear resonance capture parameters up to 825
keV. Two new capture resonances at energies (43.29 keV and 47.26 keV)
near stellar interior temperatures were found. The resonance parameter
data lead to improved values for *°%Pb neutron capture probabilities
calculated for a wide range of stellar interior temperatures.

i. 232Th(n,y) Cross Section from 2.6-800 keVt+.F (Macklin and Halperin)

Neutron capture by isotopically purified 232Th was measured at the
Oak Ridge Electron Linear Accelerator. The pulse height weighting method
was used with small liquid scintillators to measure the prompt gamma-ray
energy release following neutron capture. Resonance parameters were
derived up to 10 keV. The average radiative width was (19.8 * 0.2 statis-
tical + 0.4 systematic) meV for 50 resonances in the 2.6-4.0 keV interval.
Strength functions 10" S, = 0.365 + 0.024, 10* Sy = 1.078 * 0.057,
10" S» > 0.842 + 0.084, I‘Y/D0 = 0.0198/{(13.24 = 0.71) were found to fit
the avuzrage cross section well (to 105 keV) when allowance was made for
p-wave inelastic competition above the ~50-keV threshold. Recent evalu-

ations of the cross section range from 8 to 50 percent higher than the
present results.

J. Valence Neutron Capture in °“Fe%,§ (AHen,+ Musgr‘ove,+ Boldeman®
and Macklin)

The neutron capture cross section of *“Fe has been measured with
0.2 per cent energy resolution from 2.5 to 500 keV. A large and signifi-
cant correlation is observed between the s-wave reduced neutvron widths
and the corresponding radiative widths. The valence model readily accounts

for this correlation as well as the magnitude of the s-wave radiative
widths.

*5Submitted for publication in Astrophysical Journal.

**Denison University, Granville, Ohio.

t+Submitted for publication in Nuclear Science and Engineering.
fRelevant to request Nos. 62034 and 74204.

To be submitted for publication in Nuclear Physics.

§Relevant to request Nos. 72039 and 74040-42.

+Australian Atomic Energy Commission, Lucas Heights, NSW, Australia.
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k. The Neutron Total and Capture Cross Sections of °Z>%"Zr*»**
(Boldeman,t Musgrove,t Allen,T Harvey and Macklin)

The neutron total and capture cross sections of ®2>°"Zr have been
measured at the 80- and 40-m flight stations, respectively, on the Oak
Ridge Electron Linear Accelerator. Resonance analysis of the total cross
sections gave values of s, ps:/2 and p; . strength functions. Strong
intermediate structure was observed in’ the pj/. cross section of °?Zr.
Significant single particle transitions identified in the p-wave capture
- cross section indicate the importance of the valence process for both
nuclei. It is noted that the intermediate structure in the ps/, total
cross section leads to enhanced valence effects in the capture cross
section. The effect of non-statistical E1 transitions following particle-
hole annihilation in the compound states was not observed in either the

%27¢ or °“Zr capture cross sections as they had been in that for ?°Zr.

2. Resonance Neutron Capture in °°Fe¥,7 (Allen,t Musgrove,t
Boldeman,t Kenny® and Macklin)

The neutron capture cross section of 3°Fe has been measured with
0.2-0.3% energy resolution from 2.5 keV up to the inelastic neutron scat-
tering threshold. Results are compared with recent total cross section
data and average parameters are derived for s-, p- and d-wave resonances.
The low correlation coefficient observed between the s-wave reduced neu-
tron and radiative widths is consistent with the minor contribution of
the valence capture mechanism as calculated in the framework of the opti-
cal model. Broad E1 and M1 doorway states for s-, p- and d-wave reson-

ances are postulated to explain the cross section data and y-ray spectra
up to 1 MeV.

m. Odd-Even Effects in Radiative Neutron Capture by “?Ca, “>*Ca and
**Cat»+ {Musgrove,t Allen,t Boldeman,* Chan++ and Macklin)

The neutron capture cross sec-tions of “2-"*Ca have been measured
with high resolution (AE/E % 0.2%) at the 40-m station of the ORELA.
Resonance parameters have been extracted for levels below 230 keV in
“ZCa, below 40 keV in “3Ca, and below 165 keV in ““Ca. The average s-
wave resonance parameters obtained from our data are as follows: <D> =
8.6 + 1.7 keV, 1.5 + 0.2 keV and 16 + 2 keV for “2-“35"*Ca respectively.
The corresonding s-wave radiative widths for the even-A isotopes are
considerably greater than for “3Ca. In addi*ion, p-wave radiative
widths in the even-A isotopes are anomalously small.

*Nucl. Phys. A263, 389 (1976).

**Relevant to request Nos. 69142, 69159, 69160 and 69162.
+Australian Atomic Energy Commission, Lucas Heights, NSW, Australia.
Fucl. Phys. A509, 170 (1976).
TRelevant to request Nos. 74046-48.
EAccepted for publication in Nuclear Physics.
*Relevant to request Nos. 74029-30.

++Melbourne University, Parkville, Victoria, Australia.
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3. Total Cross Sections

a. Measurement of the Neutron Tote' Cross Section of Fluorine from
5 eV to 20 MaV*s** (Larson, Johnson, darvey and Hill)

Neutron transmissions through Teflon (CF:) and carbon have been
measured to provide high resolution transmission and cross section¢ for
fluorine from 5 eV to 20 MeV. The Oak Ridge Electron Linear Accelerator
was used for the neutron source. The 80-m fiight path with a °Li glass
detector was used for the low-energy measurements, and the 200-m flight
path with a NE-110 detector was used for the higher energy measurements.
The various background contributions were carefully studied and are dis-
cussed in detail. The 2389 resulting values are tabulated and conpared
with the current ENDF/B-IV evaluation.

b. Measurement of the Neutron Total Cross Section of Sodium from
32 keV to 37 MeV+s#+ (D. C. Larsor, J. A. Harvey and N. W. Hi1ll)

The neutron transmission through a 8.1-cm sample of pure sodium
has been measured for neutron energies tetween 32.5 keV and 37.4 MeV.
The ORELA was used to provide the neutrons, which were detected at the
200-m flight path by a NE-110 proton recoil detector. The experimental
results are tabulated and compared with the total cross section in the
ENDF/B-IV file for sodium.

¢c. Measurement of the Neutron Total Cross Section of Silicon from
5 eV to 730 keY9.% (Larson, Johnson, Harvey and Hill)

Neutron transmission through natural silicon samples has been
measured for neutron energies between 5 eV and 730 keV. The ORELA was
used to provide the neutrons. The 80-m flight path with a ®Li glass
detector was used for the low energy measurement, and the 200-m flight
path with a NE-110 detector was used for the higher energy measurements.

The 1.488 resulting values are tabulated and compared with the current
ENDF/B-1IV evaluation.

*Abstract of ORNL/TM-5612 (October 1976).
**Relevant to Request No. 74168.

TAbstract of ORNL/TM-5614 (October 1976).
FTRelevant to request Nos. 74010 and 74011.
TAbstract of ORNL/TM-5618 (November 1976].
:Relevant to request No. 74171.
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4. Scattering and Reactions

a. High Resolution Fast Neutron Gamma-Ray Production Cross Sections
for Iron up to 2100 keV*:** (W. E. Kinnayt and F. G. Perey)

High resolution gamma-ray production cross sections for the 846-keV
gamma ray of iron have been measured up to an incident neutron energy of
2100 keV. The measurements were performed using the Oak Ridge Electron
Linear Accelerator as the neutron source and obtained by a ratio measure-
ment to the 7Li 477-keV gamma-ray cross sections. Three NE-213 detectors
were used at 30, 90 and 125° to derive the total inelastic cross sections
and the angular distributions. The 1250 angular distributions measured
with about 0.1 nsec/m resolution show considerable fluctuations as a func-
tion of energy over the resonances seen in the inelastic cross sections.
The results are compared to the ENDF/B-IV evaluation, high resolution data
at 125° and, after suitable averaging, with recent monoenergetic neutron
source data which average over the structure experimentally. The general
consistency of the data with recent measurements, using different tech-
niques and normalization procedures, indicates that our knowledge of this
important cross section for fission reactor applications may now be known
to an accuracy better than 10%. This is a significant achievement in view
of the wide scatter of earlier data on such a fluctuating cross section.

b. Cross Sections for the Nb{n,xn) and Nb(n,xv) Reactions Between
1 and 20 MeV+ (G. L. Morgan)

Differential cross sections for the production of secondary
neutrons and gamma rays from neutron interactions in niobium have been
measured at 129 deg. (lab) for incident neutron energies in the range 1
to 20 MeV. An electron Linac was used as the white neutron source.
Incident neutron energies were determined using time-of-flight techniques
for a source-to-sample distance of 48 m. Secondary spectra were deter-
mired by unfolding the pulse-height distributions observed in a NE-213
scintillation counter. The results are compared to the current evaluated
data file (ENDF/B-IV, MAT 1189).

¢. Angular Momentum Determination of Resonances in *“Mg + n by
Elastic Neutron Scatteringt (Horen, Harvey and Hill)

The angular momentum values of fifteen resonances in *"Mg + n
have been determined by elastic neutron scattering. The change in shape
of the differential cross section [i.e., oyy(E,08)] versus angle has been
observed for most of these resonances. Assignments of 2 = 2 for five
resonances could be made on the basis of their aistinct interference
pattern in the 90° cross section data.

*Submitted for publication in Nuclear Science and Engineering.
**Relevant to request Nos. 66016-17.

tDeceased.

tAbstract of ORNL/TM-5829; relevant to request No. 74309.

1To be published in Physical Review C.
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d. Giant Magnetic Dipole States in *°®Pb* (D. J. Horen and J. A. Harvey)

From total and elastic neutron cross section measurements up tc E, =
400 keV on 2°7Pb, a large concentration of p-wave strength was observed at
1120 keV indicating the presence of a duorway state. This corresponds te an
excitation energy of 7.49 MeV in 2°%Pb and is mainly contained in five J" =
1% resonances as tabulated. The position of this doorway state and its
radiative width (T,q = 7.2 eV) is in remarkable agreement with the predic-
tions of Ring and Speth for ane component of the giant M1 resonance (i.e.,
Ex = 7.50 MeV and I = 9.3 av).1

£ (kev) J" I _(ev) qu_igxl_z
90.17 1t 272 2.05
115.17 1t 923 1.54
127.91 1t 613 2.51
130.23 (1)* 874 11
132.18 (1+) 55 ‘

e. Measurement of the °Li(n,x) Cross Section in the Region of the 244-
keV Resonance** (Cleide Renner, J.A. Harvey, N.W. Hill and K. Rush)

The °Li(n,u) cross section has been measured at several discrete
neutron energies from ~-100 to ~400 keV using a 1.7 cm dia. beam at the
80-meter flight path at ORELA. The neutron beam was filtered through 8"
or 12" of armco iron to eliminate the gamma flash and produce several
monoenergetic groups of neutrons (2 keV wide). Of particular interest
are the Fe-window neutrons at 219, 244 and 274 keV.

The °Li(n,«)T events were detected either by a 1 mm thick 25.4 mm
dia. piece of °Li glass or a 12.7 mm thick, 111 mm dia. piece of .i glass.
The °Li content of the 1 mm piece of ®Li glass was determined from the 1/v
slope of the total cross section measured from ~.0.05 to 100 eV. The fLj
content of the 12.7-mm piece was obtained from op measurements from ~10 to
1000 eV. Both pieces of °Li glass were scanned with a narrow neutron beam
and showed that the °Li content was uniform to $1%. Pulse height distribu-
tions were measured for 20 neutron groups and backgrounds for most groups.
Although the efficiency for a neutron interacting in the “Li glass detector
is quite low, the probability of observing the (n,u) events which have taken

place in the °Li glass scintillator is very high (99%) and it can be deter-
mined accurately.

The neutron flux was measured with an NE-110 detector either 7.5
or 2.0 cm thick. The pulse height distributions for the same ~20 neutron
groups and backgrounds were measured for both NE-110 detectors. For the

*Paper to be presented at the Washington APS Meeting, April 25-2¢, 1977.
**ReTevant to request Nos. 69009-11 and 72003-9.
Al1en and Macklin, Proc. Third N=utron Cross Section and Tech. Conf.,
Knoxville, Tenn., March 1971, CONF-710301, p. 764.
ZP. Ring and J. Speth, Nucl. Phys. A235, 315 {1974)
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7.5-cm thick NE-110 flux monitor, the efficiency for a neutron interaction
in the detector is very high (99% at 220 keV) and can be determined
accurately vs neutron energy, but the probability of producing enough
light to produce a measureabie pulse may be only ~90% and drops sharply
below V150 keV. For the 2-cm thick NE-110, the efficiency for a neutron
interaction is lower (+70% at 240 keV) and it can also be determined
accurately vs neutron eneigy, but the probability of detecting the event
is higher for the lower energy neutron groups. To determine the overall
detection efficiencies of these two monitors detailed comparisons must be
made with calculated responses using Monte Carlo techniques. Monte Carlo
calculations for the NE-110 detectors and the experimental conditions

used in this experiment were made by G. L. Morgan, ORNL, and M. M. Meier,
NBS.

f. Angular Distribution of Neutron-Proton Scattering at 27.3 MeV*.**
{(J. L. Fowler, J. A. Cookson,i M. Hussian,¥ C. A. Uttleyt and
R. B. Schwartzf)

Using the 12 MV Harwell Tandem Generator and the t(d,n)o reaction
to produce 27.3-MeV neutrons, we have measured the relative differential
cross sections for forward scattering of neutrons. We recorded proton
recoils in a small scattering scintillator of plastic in coincidence with
the scattered neutron pulses detected by & large NE-102A scintillator at
7 argles between 17° and 57.9° to the incident neutron beam. We measured
the absolute efficiency of the large detectur using the associated parti-
cle method. In addition to the usual corrections for multiple scattering
and for loss of protons from the edges of the small scintillator, we also
corrected for effects of the '2C{n,n'v) reaction. Our relative cross
sections combined with measurements of others for backward scattering of
neutrons give a complete differential cross section curve at 27.3 MeV
which is in agreement witin the prediction of Binstock! based on n-p scat-
tering phase shifts.

*Paper presented at Chicago ANS Meeting, February 7-10, 1977.
**Relevant to request No. 72001.
FAERE Harwell.

FAERE Harwell, on leave from University of Dacca, Bangladesh.
TAERE Harwell and NBS, Washington, D.C.
TPhys. Rev. C 10, 19 (1974).
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5. Capture y-Rays

a. Location of Dipole and Quadrupole Strengths in *°°Pb via the
207Pp(n,y) Reaction*.** (Raman, Mizumoto, Macklin, Slaughter,
Morgan, Halperin, Chapman and Winters)

He have carried out a detailed investigation of the 2%7Pb(n,Y)
reaction in the neutron energy region up to 1 MeV with Ge(Li), NaI(Te)
and total energy detectors. One aim of this study was the identifica-
tion of primary E2 transitions which are rarely encountered in (n,y)
reactions. At least seven E2 transitions were observed. Radiation
widths were also obtained for a large number of dipole transitions to
the *“#Pb ground state. They were subdivided into M1 and El1 transi-
tions on the basis of parity assignments from recent transmission and
scattering measurements.! In the 7.37-7.73-MeV excitation region we

neve located 17% of the M1, 0.3% of the E1 and 0.6% of the E2 strengtks
in 2%8Pb.

b. Neutron Canture Gamma-Ray Studies of Levels in °’Fe and *°Fe*.+
(J. C. Wells, Jr.,# S. Raman and G. G. Slaughter)

We have performed y-ray measurements on natural Fe and enriched
*8Fe iorgets following resonance neutron capture. From the 1.167-keV
1/2= resonance of “®Fe we have observed 14 primary and 23 secondary 7
rays in ®’Fa. Of these, 28 have been incorporated into a level scheme.
The relative intensities of the primary v rays are in good agreement
with the results of Chrien ¢ : .2 However, the £507-keV transition
reported in Ref. 1 was absent in our spectra. We have observed 6 pri-
mary and 20 secondary 7 rays from the 230- and 359-eV neutrcin reson-
ances of *“Fe. Of these, 17 have been incorporated into a level scheme
for *°Fe, which includes a nunber of levels known from {t,p) and (d,p)
reaction studies by McLean 2+ 27.3 and {n,v) studies by Bogdanov =t ..
The neutron separation energy of “"Fe was determined to be 6580.8 =
2.0 keV.

*Paper to be presented at the Washington APS Meeting April 25-28, 1977.
**Relevant to request No. 74186.
TRelevant to request Nos. 66022 and 74184.
FTennessee Technological University, Cookeville.
1D. J. Horer, J. A. Harvey and N. W. Hill, Physics Div. Annual Rept.,
ORNL-5137 (1976) and private communication.
R. E. Chrien <t :/., Phys. Rev. C 1, 973 (197C).
3K. C. Mc'ean -: : ., Nucl. Phys. AT9%, 417 (1972).

4a. p. Bogdanov =2 :'., Yad. Fiz. 14, 909 (1971} [Sov. u. Nucl. Phys.
14, 509 (1972)7.
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6. Actinides

a. High Resolution Measurement of the 2%fU to %35y Fission Cross
Section Ratio Between 2 MeV and 25 MeV*-** (F. C. Difilippo,t
R. B. Perez, G. de Saussure, D. Olsen and R, Ingle)

There are persistent discrepancies among recent measurements of
the 23%U fission cross section in the region from threshold to about 30
MeV.1-5 Some of those discrepancies may be due to errors in the energy
calibration of the measurements.

This paper descvibes a measurement of the “*®U/23°U fission cross
section ratio. Particular attention was paid toc the energy calibration
of the data. The results of the measurement ara2 provisionally normalized
to an evaluated value at 2.5 MeV,6 but further experiments are in prograss
to obtain an independent absolute normalization.

*Paper presented at Specialists Meeting on Fast Neuiren Fission Cross
Sections of 2%3y, 23%U, 238y, and 23°Pu, June 28-3C. 1976, Argonne
National Laboratory.

**Relevant to request Nos. 67203 and 69416.

TIAEA Fellow, on assignment from Comision Nacicnal de Energia Atomica,
Argentina.

F. C. Difilippo. "SUR, A Program to Generate Error Covariance Files,"
ORNL/TM-5223 (1976); this document contains a complete list of refer-
ences on the measurements of the *38U fission cross section.

J. W. Behrens, G. W. Carlson, and R. W. Bauer, "Neutron Induced Fis-
sionh Cross Sections of 2?3U, 2°*U, 235U, and 2°°U with Respect to 23°y,"
Proc. Conf. Nuclear Cross Sections and Technology, NBS Special Pub. 425
(1975), vol. II, p. 591. Also UCRL-76219 (1975) and private communica-
tion.

33. W. Meadows, Nucl. Sci. Eng. 49, 310 (1972) and Nucl. Sci. Eng. 58,
255 (1975). o
M. S. Ccates, D. B. Gayther, and M. H. Pattenden, Proc. Conf. Huclear
Crogs Sections and Technciogy, NBS Special Pub. 425 (1975), vol. II,
p. 568.

SWe are i:debted to J. W. Behrens for KFK data obtained by private

6communication from S. Cierjacks (1976).

W. P, Poenitz, letter to the participants of the CSEWG Task Force
Meeting, March 16, 1976.
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b. Precise Measurement, 0.52 to 4000 eV, and Analysis, 0.52 to 108/
eV, of Neutron Transmissions Through Seven Samples of ?ZZU*»**
(O1sen, de Saussure, Perez, Silver,t Difilippo, Ingle and Weaver)

The transmissions of 0.52 to 4000 eV neutrons through 3.62, 1.08,
0.254, 0.0762, 0.0254, 0.0127, and 0.0036-cm~thick samples of depleted
238)) have been measured at 42 m with a 1.0-mm ®Li-glass detector using
the Oak Ridge Electron Linear Accelerator puised neutron source. In
order to obtain resonance parameters, these seven transmissions from 0.52
to 1086.8 eV have been simultaneously least-squares shape-fitted with a
multilevel Breit-Wigner cross section formalism with "picket fence" terms
to account for truncation effects. This simultaneous fit yielded a ¥°
per degree of freedom near unity. Averaged over this energy range, an
s-wave strength function of .968 * .036 x 10~" and an effective radius
of .944 + .005 x 107'% cm were obtained. In addition these transmission
data yielded an average radiation width of 23.1 = 1.0 meV for the 12
lowest-energy s-wave resonances with radiation widths of 23.0 = 0.8,
22.86 + 0.8, and 22.9 + 0.8 meV for the 6.67, 20.9, and 36.8-eV reson-
ances, respectively. The derived radiation widths for these three
resonances are shown to depend on the cross section formaiism employed.

c. Neutron Capture Cross Section of 2“°Pu¥»¥ (L. W. Weston and
J. H. Todd)

The 2*°Pu average capture cross section was measured from 200 eV
to 350 keV. The cross section was normalized at thermal neutron energies
(0.02 to 0.03 eV) and this normalization was confirmed at the 1.06 eV
resonance by the black resonance technique. The Oak Ridge Electron
Linear Accelerator was used as the source of pulsed neutrons. The cap-
ture gamma-ray detector used was the "total energy detector" which is a
modification of the Moxon-Rae detector. The shape of the neutron flux
was measured relative to the '°B(n,a) cross section up to 2 keV and the
*Li{n,a) at higher neutron energies. The results of the measurement
define the average capture cross section ¢f 2“°Pu over a wide neutron
energy range to an accuracy of about 8% which is significantly better
than previously known. The results indicate that the ENDF/B-1V evalua-
tion is about 25% Tow above 30 keV neutron energy. The cross section is
important in fast Pu-fueled reactors.

*Accepted for publication in Nuclear Science and Engineering.
**Relevant to request Nos. 69420-22 and 74123.

tInstitute for Energy Analysis, Oak Ridge, Tennessee.
tSubmitted for publication in Nuclear Science and Engineering.
fRelevant fo request Nos. 67194, 69390 and 72137.
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d. Measurement of the *°°U Subthreshold Fission Cross Section for
Incident Neutron Energies Between 0.6 and 100 keV* (Difilippo,
Perez, de Saussure, Olsen and Ingle)

We have measured the neutron-induced ?*®U subthreshold fission
cross section in the neutron energy range between 0.6 and 100 keV.
Twenty-eight fission clusters were identified. The well-known clusters
at 721 and 1210 eV appeared resolved into their Class I components.

Average 238U subthreshold fission cross sections were determined
and compared with available results in the literature.

We interpreted the measurement in terms of fission doorway
(Class II levels) arising from the assumption of the existence of a
double-humped fission barrier for the **°U + n compound nucleus at
large deformations. On the basis of this model several fission barrier
parameters were determined.

e. The Thermal-Neutron Capture and Fissisn Cross Sections and
Resonance Integrals for 243Cm* (C. [. Bemis, Jr., J. H. Oliver,
R. Eby and J. Halperin)

The thermal-neutron capture cross section and capture resonance
integral for 2“3Cm have been measured in Co monitored reactor irradia-
tions of nearly isotopically pure 2*3Cm (99.94%) using cadmium filter
techniques. The thermal nautron absorption (capture + fission) cross
section and corresponding resonance integral for ““3Cm have also been
measured in a separate experiment relative to 7*®Cm. Values of
52200(N,v) = 130.7 * 9.6, Ga200(n,f) = 609.6 * 25.9, I(n,y) = 214.7 =
20.3 and I(n,f) = 1575 + 136 barns are reported.

f. Measurements on ?“*Cm Fission Cross Section** (J. W. T. Dabbs,
C. E. Bemis, Jr., N. W. Hi1ll and S. Raman;

Measurements on the neutron fission cross section of 2“°Cm have
been repeated using a new and much improved ®Li{(n,a) neutron beam monitor.
This monitor was developed and used in the recently completed measurements
on ?“3Cm reported at the ICINN Conference. The measurements on 2*°Cm
extended over several months and used the same sample (~10 ug) as the
previous measurements. A normalization procedure is being developed to
utilize both sets of measurements in obtaining the cross section, thus
improving the statistical accuracy of the results. Recently proposed
ENDF/B-V standards for ®Li and 23°U will be used in reducing the data on
both Cm isotopes to cross sections. This work is underway.

*Accepted for publication in Nuclear Science and Engineering.
*%Relevant to request No. 67145,
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A new fission chamber using 3" dia. parallel plates and a honey-
comb separator is being prepared for tests in connection with the measure-
ment of the neutron fission cross section of 2“!'Am. A computer simulation
of the behavior of this chamber configuration indicates that pileup of
alpha pulses can be iolerated at least to 10° a/sec in each section of the
chamber and with presently available amplifiers. New low pileup ampli-
fiers are under development with the goal of increasing this Timit.

g. The Neutron Total Cross Section of *°°Cf (J. A. Harvey, R. W.
Benjamin, N. W. Hi1l and S. Raman)

Transmission measurements have been made upon two small samples
containing 70% 2*°Cf and ~30% 2*°Bk. These are the same two samples
which were measured 18 months eariier when the sample was 98% °*°Bk and
only ~2% 2“3Cf. The transmission measurements were made using a 110-cm
diameter, 1.3-cm thick “Li glass scintillator located at a 17.8-meter
flight path. Some measurements were made with samples cooled with liquid
nitrogen and some were made at room temperature. The measurements covered
the energy range from 0.005 eV to w1000 eV with an energy resolution of

~0. 3%.

0f the twenty-four resonances observed up to 20 eV, sixteen are
due to 2°°Bk still present in the sample. The largest resonance in **°C¥
is the known one at 0.70 eV. The present data will be analyzed in con-
junction with the earlier ?“°Bk total cross section data and the ORELA
fission cross section data of 2®Cf measured by Dabbs <z al.
h. Decay Heat of “°°U Fission Products by Beta- and Gemma-Ray
Spectrometry*s** (Dickens, Love, McConnell and Peelle)

Gamma-ray energy-release data for thermal-neutron fissioning of
the fuel eiement “*°U were obtained for wa’ring times 2 < ty < 14000 sec.
These data were processed to give modest-resolution gamma-ray energy
spectra vs t,. The resulting spectra have been integrated to give inte-
gral gamma-ray energy-release data. Beta-ray data obtained were pro-
cessed to give beta-ray energy spectra for waiting times 2 < t_, < 14000
sec. Some of these spectra have been cumpared with existing data; the
quality of agreement varies between poor and very good. The beta-ray

spectra have been integrated to give integral beta-ray energy-release
data.

Total energy-release data were obtained by summing the gamma-ray
energy-release data with the beta-ray energy release data. The total

*Paper presented at 4th Water Reactor Safety Infnrmation Meeting,
September 27-30, 1976, Gaithersburg, Maryland.
**Relevant to request No. 70029.
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energy-release data have been compared (a) with the current ANS Decay Heat
Standard, (b) with results of computations using current best files of
fission-product data, and {(c) with results of other recent experiments.
These comparisons suggest iikely improvement to the current standard for
ty < 400 sec, as well as reduction of the uncertainties assigned to the
standard.

7. Integral Measurements

a. Secondary Neutron Spectra from Neutron Interactions in a Thick
Carbon Sample*.** (G. L. Morgan)

The spectra of secondary neutrons produced by neutron interactions
in a thick (3 mean free path) sample of carbon have been mezsured as a
function of the incident neutron energy over the range 1 to 20 MeV. A
linac (ORELA) was used as a white neutron source with a 48-m flight path.
Incident energy was determined by time-of-flight, whil2 secondary spectra
were obtained through pulse-height unfolding techniques. The results of
the measurement are compared to calculations based on the current evalua-
ted data file (ENDF/B 1274).

8. Experimental Techniques

a. Transport Calculations of Neutron Wave Experiments in Subcritical
Assembliest (F. C. Difilippo)

A recent neutron wave experiment in a thermal multiplying assembly
with and without centrol rods has been analyzed numerically in terms of
transport theory. The code TASK was used for this purpcse. The present
study dealing with a highly enriched, compact multiplicative system indi-
cates that the dispersion law of the assembly is very sensitive to trans-
port effects and to the estimation of the leakage of the fast neutron
population, The present calculations of neutron wave propagation in
multiplicative systems show that this technique can be used as a highly
sophisticated experiment for integral checks of neutron cross section sets.

b. A Simple Method for "etermining Absolute Disintegration Rates for
some Radionuclides J. K. Dickens)

A method is described for determining absolute disintegration
rates for certain electron-capture isotopes using x-ray-gamma-ray summing
in a single high-resolution detector. The method does not require know-
ledge of detector efficiencies nor of gamma-ray branching ratios. Results
obtained for “*Zn are presented in which a source of 10500 disintegra-

tions/sec was calibrated to an estimated accuracy of 0.9% using a 200 mm?
intrinsic Ge detector.

*Abstract of ORML/TM-5814.

**Relevant to request Nos. 74175-6, 74255 and 74270-1.
tSubmitted for publication in Nuclear Science and Engineering.
TSubmitted for publication in Nuclear Instruments and Methods.
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c. A Review of Radiation Energy Spectra Unfolding* (D. K. Trubey)

On April 12-13, 1976, the Radiation Shielding Information Center of
ORNL convened a seminar-workshop on unfolding radiation energy spectra.
More than 20 papers were presented. They describe theoretical approaches
and practical experiences in determining neutron and gamma-ray spectra from
responses of detectors, such as NE-213, and Nal scintillators and neutron
activation detectors. They represent a description of the state of the art.

B. DATA ANALYSES

1. Theoretical Calculations

a. Charged Hadron and Lepton Currents Produced by Low-Momentum
(< 3 GeV/c) Charged Pions in Al, Fe, and Pb Targets**
{0.”S. Beiser,t T. A. Gabriel and J. D. Amburgey)

Calculations have been carried out to determine the spatial
dependence of charged hadron and lepton currents produced by 1ow-momentum
{< 3 GeV/c) charged pions in Al, Fe, and Pb targets. Even at the lowest
momentum values considered (0.5 GeV/c), there is little difference
between incident positive pions and negative pions with respect to the
average spatial dependence of the charged current.

b. Neutron Kerma Factors for H, C, M, O, and Tissue in the Energy
Range of 20 to 70 MeVs# (R. G. Alsmiller, Jr. and J. Barish)

Calculated kerma factors (kerma per unit fluence) in the energy
range of 20 to 70 MeV based on nonelastic charged-particle-production
cross-section data obtained from the intranuclear-cascade model of
nuclear reactions are given for H, C, N, 0, and tissue.

c. The Spatial Variation of the Damage Energy and Gas Production in
the Experimental Volume of a Li{D,n) Neittron Radiation Damage
Facility? (R. G. Alsmiller, Jr. and J. Barish)

Calculated results are presented of the variation with position
in the experimental volume of a Li(D,n) neutron radiation damage facility
of the damage energy and helium and hydrogen production in copper and in
niobium when this volume is partially filled with experimental samples.
The neutron nonelastic cross-section date at the higher energies (2 15-20
MeV) needed to carry out the transport calculations were obtained rrom
the intr - nuclear-cascade model of nuclear reactions.

*Abstract of ORNL/RSIC-40.

**Abstract of ORNL/TM-5677 (December 1976).

+ORAU undergraduate research trainee, Eckerd College, St. Petersburg, FL.
tAbstract of ORNL/TM-5702; submitted for publication in Health Physics.
fAbstract of ONRL/TM-5554; su.nitted for publication in Nuclear Technology.
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d. Comparison of Measured Neutron Spectra with Predictions of an
Intranuclear-Cascade Model* (Aaron Galonsky,** R. R. Doering,**
D. M. Patterson,** and H. W. Bertini)

Neutron spectra resulting from bombardment of targets of “°Ca,
207y, 1295, and 2°8Pb with 45-MeV protons have been measured at many
angles between 0° and 160°. Intranuclear-cascade, Monte Carlo calcula-
tions predict too many high-energy neutrons in the forward direction and
too few neutrons, particularly high-energy neutrons, at angles greater
than 45°, Beyond 90° the underprediction is by factors of 10 to 100.
For angle-integrated spectra, however, there is reasonable agreement
between theory and experiment.

2. ENDF/B Related Evaluations

a. Requirements on Experiment Reporting to Meet Evaluation Needs+t
(R. W. Peelle)

To define the requirements placed by the evaluation of nuclear
cross sections upon the reporting of experimental results, a model of
part of the evaluaticn process is presented. The model is a straight-
forward application of nondiagonal weighted least-squares estimation
to average cross sections in the energy regions where the shape of the
cross section is not given by theory. To combine in a logical way the
existing evaluated information with one or more n~w sets of experimental
results, the estima*ed covariance matrix of each e. rerimenter's results
needs to be known on an appropriate mesh. The likelihood that each
experimenter may underestimate the uncertainties in his results does not
remove the need for him to record for users the estimated magnitudes and
correlation ratterns of these uncertainties.

b. An Evaluation for ENDF/B-IV of the Neutron Cross S5ections for
235y from 82 eV to 25 keV# (R. W. Peelle)

Capture and fissjon cross sections for 23°U in the "unresolved
resonance” energy region were evaluated to permit determination of local-
averagde resonance parameters for the ENDF/B-IV cross section, file.
Microscopic data were examined for infinitely dilute average fissicn and
capture cross sections and also for intermediate structure unlikely to be
reproduced by statistical fluctuations of resonance widths and spacings
within known Taws. Evaluated cross sections, averaged over lethargy
intervals greater than 0.1, were obtained as an average over selected

“Phys. Rev. C 14, 748 (1976).
**Michigan State University, East Lansing, Michigan 48824.
+NEANDC/NEACRP Specialists Meeting on Fast Neutron Fission Cross Sections

of 2?3, 235y, 238y, and 23°Pu, June 28-30, 1976, Argonne National
Laboratory.

FORNL-4955, ENDF-233 (May 1976).
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data sets after appropriate renormalization. Estimated uncertainties

are given for these evaluated average cross sections. The "intermediate"
structure fluctuations common to a few independent data sets were approx-
imated by straight lines joining successive cross sections at 120 selected
energy points; the cross sections at the vertices were adjusted to repro-
duce the evaluated average cross sections over the broad energy regions.
Data sources and methods are reviewed, output values are tabulated, and
some modified procedures are suggested for future eval.atjons.

Evaluated fission and capture integrals for the resolved resonance
region are also tabulated. These are not in agreement with integrals
based on the resonance parameters of ENDF/B versions III and IV.

3. Validation of ENDF/B Evaluation Through Integral Measurements

a. Analysis of a Neutron Scattering Integral Experiment on Iron for
Neutron Energies from 1 to 15 MeV* (S. N. Cramer and E. M. Oblow)

Monte Carlo calculations were made to analyze the results of an
integral experiment with an iron sample to determine the adequacy of neu-
tron scattering cross-section data for iron. The experimental results
analyzed included energy-dependent NE-213 detector count rates at a scat-
tering angle of 90 deg and pulse-height spectra for scattered neutrons
produced in an iron ring pulsed with a 1- tu 20-MeV neutron source. The
pulse-height data were unfolded to generate secondary neutron spectra at
90 deg as a function of incident neutron energy. Multigroup Monte Carlo
calculations using the MORSE code and ENDF/B-IV cross sections were made
to analyze all reported results. Discrepancies between calculated and
measured responses were found for inelastic scattering reactions in the
range from 1 to 4 MeV. These results were related to deficiencies in
ENDF/B-IV iron cross-section data.

b. Analysis of a Neutron Scattering and Gamma-Ray Production Integral
Experiment on Oxygen for Neutron Energies from 1 to 15 MeV**
(S. N. Crauer and E. M. Oblow)

Monte Carlo caiculations were performed to analyze an integral
experiment on a liquid oxygen sample to determine the adequacy of the
neutron scattering and gamma-ray production data for oxygen. The experi-
mental results included energy- and angular-dependent NE-213 detector
count rates and secondary pulse-height spectra for scattered neutrons and
gamma rays. The sample was a spherical dewar of liquid oxygen pulsed with
a 1- to 20-MeV neutron source. Pulse-height data were unfolded to
generate secondary neutron and gamma-ray production spectra as a function
uf angle in broad incident neutron energy bins. Analysis of all the

*Abstract of ORNL/TM-5548 (November 1976).
**Abstract of ORNL/TM-5535 (September 1976).
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reported data was based on multigroup Monte Carlo calculations using the
MORSE code. Results indicate that the current ENDF/B-IV neutron and
gamma-ray production data for oxygen above 1 MeV appear to bhe in good
order. The only major discrepancy uncovered was related to neutron scat-
tering and gemma-ray production from first level inelastic scattering
interactions. Calculated results for the production of 6-MeV gamma rays
from the 6-MeV first inelastic Tevel in oxygen appear to be Tow by around
50% at energies above the inelastic threshold. Likewise, calculated
secondary neutron spectra for incident neutron energies above & MeV are
uniformly low at energies corresponding to neutrons having had first
level inelastic scattering events in oxygen. Additional deficiencies in
the oxygen cross-section data are iidicated for inelastic scattering from
the cluster of discrete Tevels in the 12-13 MeV range and for elastic
scattering at very small angles at energies above 2 MeV. The size of the
inelastic discrepancies is larger than the 20-30% order of error indi-

cated for these cross sections in the ENDF/B-IV uncertainty files for
oxygen.

4. Sensitivity Studies

a. Neutronics Calculations for the Oak Ridge National Laboratory

Tokamak Reactor Studies* (R. T. Santcen. V. C. Baker and J. M

Barnes)

Neutronics calculations have been carried out to analyze the
nuclear performance of conceptual blanket and shield designs for the
Tokamak Experimental Power Reactor (EPR) and the Tokamak Demonstration
Reactor Plant (DRP) being considered at the Qak Ridge Naticnal Labora-
tory. These reactor designs represent a sequence in the conmercializa-
tion of fusion-generated eiectrical power. A1l of the calcuilations were
carried out using the one-dimensional discrete ordinates code ANISN and
the Tatest available ENDF/B-IV coupled neutron-gamma-ray transport cross-
section data, fluence-to-kerma conversion factors, and radiation damage
cross-section data. The calculations include spatial and integral
heating-rate es-imates in the reactor with emphasis on the recovery of
fusion neutron energy in the blanket and 1limiting the heat-deposition
rate in the superconducting toroidal field coils. Radiation damage due
to atomic displacements and gas production produced in the reactor
structural material and in the toroidal field coil windings were also
estimated. The tritium-breeding ratio when natural Tithium is used as
the fertile material in the DRP blanket and in the experimental breeding
modules in the EPR is also given.

*Paper presented at thz 9th Symposium on Fusion Technology, Garmisch-
Partenkirchen, Federal Repubiic of Germany, June 14-18, 1976.
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b. Monte Carlo Analysis of the Effects of Shield Penetrations on
the Performance of a Tokamak Fusion Reactor* (R. T. Santoro,
J. S. Tang, R. G. Alsmiller, Jr. and J. M. Barnes)

Calculations have been performed using the Monte Carlo radiation-
transport code MORSE to estimate the effects on the performance of a D-T
burning Tokamak fusion reactor resuiting from radiation that streams
through penetrations in the blanket-shield assembly. The number of pene-
trations, as well as the size of some of these penetrations, is appre-
ciable, so the capability of the blanket and shield in attenuating the
plasma neutron and secondary-gamma radiation is reduced. The radiation
that streams through these penetrations can lead to intolerable nuclear
heating and radiation damage in vital reactor components, particularly
the cryogenic toroidal-field coils that surround the reactor and the
cryopumping surfaces inside the injector.

This paper summarizes the results of Monte Carlo calculations
that were carried out for a representative fusion reactor having a
rectanguiar neutron-beam-injector port (30 x 70 cm?) passing through the
blanket and shield.

The nuclear heating and radiation dainage to the toroidal-tield
coils adjacent to the injector port were estimated using forward and
adjoint Monte Carlo methods. The presence of the neutral-beam-injector
port leads to increases in both the nuclear heating and radiation damage
in the toroidal-field-coil windings by factors of 50 to 100 over the came
responses in fully shielded windings.

c. Fast Reactor Shieid Sensitivity Studies for Stecli-Sodium-Iron
Systems* (E. M. Oblow and C. R. Weisbin)

A sensitivity analysis of a number of integral measurements on a
heterogeneous 6-m steel-sodium-iron fast reactor shield mock-up was per-
formed to determine the adequacy of the basic nuclear cross section data
for sodium and iron. The study was based on a fine group ENDF/B-IV
neutronins cross section library and utilized the complete sensitivity
analysis capabilities of the FORSS code system. Preliminary ENDF/B-V
error files for sodium and iron were also used to determine <alculational
uncertainties fer the analysis.

*Paper to be presented at the 5th International Conference on Reactor
Shielding, Knoxville, Tennessee, April 18-22, 1977.

- 217 -




d. “Applicaticn of FORSS Sensitivity and Uncertainty Methodology to
"Fast Reactor Benchmark Analysis* (Weisbin, Marable, Lucius,
ObTow, Mynatt, Peelle and Perey)

FORSS is an analytical tool used to study the relationships
between cross sections and their uncertainties, integral experiments and
their uncertainties, and performance parameter predictions and their
uncertainties. This paper presents the first results n¢ applying FORSS
to the analysis of fast reactor benchmark. Specifical.y, for a variety
of assemblies (ZPR-6/6A, ZPR-6/7, and GODIVA) and perfc "mance parameters,
the nuclear data sensitivity is tabulated as a function of nuclide,
reaction type, and energy. Nuclear data induced uncertainties are quan-
tified, and results of integral experiments are incorporated in a consis-
tent fashion resulting in improved uncertainty estimates of reactor per-
formance for devices being designed. Aithough there has been consider-
able work in this field, many of the resuits to date have been of
limited utility because of the paucity of covariance information for
nuclear data, the Tack of comprehensive libraries of sensitivity coeffi-
cients derived consistently from a récognized nuclear data base (e.qg.,
ENDF/B}, and the lack of documented uncertainties (including correlatiors
as well as statistical and systematic errors in the integral experiments.

e. Determining the Accuracy Required of Nuclear Data to Meet
Specified Reactor Performance Criteria** (Marable, Weisbin,
Oblow and Peelle)

The purpose of this work is to determine the accuracy required of
multi-group nuclear data to ensure at minimum cost a giver accuracy in
calculated reactor performance parameters. To determine this, as previous
studies of this type have shown, both correlation information and cost
functions for proposed measurements are required. Detailed energy-
dependent correlation information, orly recently developed in a prelimi-
nary way, has been incorporated into this present work. The optimization
calculation finds the standard deviations required of the experimental
measurements in order to find a minimum cost subject to the constraints
imposea by performance parameter accuracy requirements.

f. Performance Parameter Uncertainties for a lLarge LMFBRT
{J. H. Marable and C. R. Weisbin)

This paper reports uncertainties in performance parameters of a
large LMFBR which result from uncertainties in both nuclear data and
relevant integral experiments. The current effort is the first analysis
of this type actually applied to a realistic two-dimensional model of an
* LMFBR using evaluated covariance files based upon ENDF/B-1V.

*Abstract of ORNL/TM-5563; paper presented at ANS Meeting, Washington,
ND.C., November 15-19, 1976.

**Paper presaented at ANS Meeting, Washington, D.C., November 15-19, 1976.
+Paper to be presented at ANS Meeting, New York, June 12-17, 1977.



Conclusions to be drawn from this study ace: (1) Integral’
experiments are presently required in the design of large LMFBR-type
reactors in order to achieve acceptable standard deviations in perform-
ance parameters, (2) Error analyses of the integral experiments are
extremely important and have a direct bearing on the standard deviations
of the calculated performance parameters, and (3) Based on current esti-
mated covariance files for differential and integral data and based on
our calculated 2-D sensitivity coefficients, the uncertainties in k and
BR performance for the 1200 MWe LMFBR model are 1% and 3%, respectively

g. Sensitivity Analysis of TRX-2 Lattice Parameters with Emphasis
on Epithermal 238U Capture (E. T. Tomlinson, G. de Saussure and
C. R. Weishin)

Overprediction of epithermai “*°U capture in water moderated
lattices using ENDF/B data has been a long standing problem basic to
the prediction of neutron economy and conversion ratio in light water
reactors.

The objective of this paper is the determination of a reconmended
representation of tha “?fU capture cross section based upon available
differential and specific integral data and the quantitative determina-
tion of the sensitivity of thermal uranium lattice (TRX-2) performance
parameters to the cross section shape, magnitude, and representation with
emphasis on the first four resolved s-wave resonances. Sensitivity pro-
files and covariance matrices developed for “3*%U and ?®°U fission permit
a quantitative assessment of performance parameter uncertainties due *o
concomitant uncertainties in nuclear data.

The main conclusions of this study are that the rusults of recent
measurements suggest a modification of the ENDF/B-IV representation of
the Tow energy cross sections of ?*%U; calculations of TRX-2 performance
parameters made with the recommended cross sections yield results in rair
agreement with the measurements; and uncertainties due to methods are as
large or larger than those due to nuclear data.

h. Actinide Transmutatiou: Cross Sections, Methods and Reac
Sensitivity Studies (G. W. Morrisen, T. J. Burns and C.
Weisbin)

toi
R.

One of the potential techniques of disposal of long-lived radio-
active actinide wastes from fission reactors is the transmutation of
these nuclides into fissile isotopes in a reactor. Subsequent fission
yields Rignly radioactive but relatively short-iived fission products
which can be disposed of using conventional storage tecnniques. In order
to evaluate the feasibility of this method of disposal, one needs to
quantify the effect of the transmutation on the actinide hazard and the

sensitivity of the fission reactor performance parameters to the actinide
recycle.
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The effect of actinide recycle on reactor operating performance
parameters was analyzed using the generalized linear perturbation capa-
bitity of the FORSS system. The effect of both the quantity of recycled
actinides and their placement within the "transmutation" reactor were
considered.

C. NUCLEAP DATA PRGJECT ACTIVITIES — 1976
(R. L. #uple,* J. R. Beene, F. E. Bertrand,* Y. A, Ellis, W. B.
Ewbank, M. L. Halbert,* J. Halperin,* B. Harmatz, M. J. Martin,
M. R. Schmorak, K. S. Toth,* and M. P. Webb*)

1. Evaluated Nuclear Structure Data File (ENSDF)

The coverage of ENSDF has been extended considerabty during the
last year to include new evaluations by the Nuclear Data Project as well
as some older data from the Nuclear Data Sheets. As of January. 1977,
ENSDF contains the following data sets:

1571 Adopted levels
1251 Decay schemes
1910 Other data sets (mostly nuclear reactions).

Another 550 data sets are being held in our working file for evaluations
in preparation.

At its meeting in Vienna, May 1976, the IAEA Advisory Group on
Nuclear Structure and Decay Data adopted the ENSDF formats as a prelimi-
nary standard for computer encoding of nuclear structure and decay data.
In support of the international evaluation effort, the Nuclear Data Pro-
ject has prepared two tape copies of the complete ENSDF master file
(dated 7/76 and 1/77) for distribution through NNCSC in Brookhaven.
Subsets from the master tape have also been sent to a few individual
users at their request. The second master tape (1/77) is copied from an

improved ENSDF master file, thanks to the added data checking done by
these ENSDF users.

The ENSDF formats are also being used by other projects to pre-
pare decay data for specific applications (e.g., a revised NCRP handbook
of radioactivity, NRC assessment of environmental effects of radiation).
These data are then being used to augment the master file. The NDP pro-
gram MEDLIST is used to generate standard tables of atomic and nuclear
radiations from the standard ENSDF data sets.

*Part-time assignment to Nuclear Data Project.
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2. Data Evaluation Networks

An international network for evaluation of nuclear structure data
js in the initial stages of organization. The network will lead to a
wider distribution of responsibility for evaluated data.

Commitments from other US and non-US Taboratories have reduced
the evaluation responsibility for the Nuclear Data Prcject from 220 A-
chains to ~100 A-chains. Evaluation of data for this smaller range of
nuclei is scheduled for completion over a three-year period. Combined
with non-NDP efforts, this should lead to a maximum time of about four
years between successive evaluations for data on each nucleus.

In support of the data evaluation network, NDP provides data
listings and reference printouts, and acts as a clearinghouse for standard
programs to help with the evaluation. NDP will also assume a major role
in establishing uniform standards for evaluation of data and for estab-
lishing review procedures for evaluated data submitted for addition to
ENSDF.

3. Nuclear Structure References (NSR)

During 1976, over 5000 references to new nuclear structure measure-
ments and caiculations were indexed and added to the NDP master file. New
entries into the master file are published three times each year in
"Recent References" issues of Nuclear Data Sheets.

Requests for special bibliographies from the NSR file continue to
be processed at a rate of 2-3 per month. Monthly printouts of new refer-
ences on specific topics are being sent to 10-15 nc -NDP data evaluators,
in support of the nationil and international progrun.

A special bibliography for even-even nuclei was prepared for a
US-Japan compilation project, as a test of several selection procedures.
The bibliography contained 425,000 references sorted by nucleus, and con-
sisted of 5000 computer pages compressed to only 21 sheets of microfiche.

A tape copy of the master NSR file was sent to the Kurchatov
Institute (USSR), as part of US participation in an international exchange
of nuclear structure information. The tape was successfully procassed in
Moscow and a dialog is being established to develop a format for routine
exchange of indexed bibliographic information. A tape containing keyword
abstracts for results reported at three recent Russian conferences was
received from the Soviet Union. These references (in a standard ORNL-
ADSEP format) are being merged onto the NSR file.



QHIO UNIVERSITY ACCELERATOR LABORATORY

A. STRUCTURE STUDIES OF LIGHT NUCLEI

1. OSLi+n (H. Knox, R. White, R. Lane)

A good understanding of neutron interactions with 6Li is of great
importance to the entire nuclear energy program both because of the use
of this material in proposed fusion reactor blankets and its use as a
standard for flux normalization. Measurements of the differential cross
sections of neutrons scattered from 6Li for hsEns7,5 MeV were reported
earlier.! Analysis of these data has been completed. This provides new
information in a region where only sparse data existed before. An R-
matrix analysis of these and other relevant data will be underway shorily.

With the arrival of new highly enriched scattering samples, mea-
surements of inelasti¢c scattering of neutrons from 6Li will be underta-
ken. Our studies on PLi are relevant to Request Nos. 74210 and 84250.

2. 7Li+n (H. Knox, R. White, R. Lane)

Measurements of the differential cross section (elastic + 0.478
MeV level) of neutrons scattered from /Li were reported earlier in the
same range of energies. The analysis of these data including finite
geometry, air scattering, minor isotope and multiple scattering correc-
tions has been completed. Though neutrons inelastically scattered from
the 478 keV level were never completely separated from the elastic group,
the cross sections for scattering to this level have been extracied by a
curve fitting method.

In the neutron energy range studied here, all reaction channels
oiher than the elastic and inelastic to the 478 keV level are particle
unstable and result in the production of a triton. Subtracting our inte-
grated elastic and inelastic cross sections from the total cross section,
values of the important 7Li(n,n')at reaction cross section can be obtain-~
ed. Evaluations of existing total cross section measurements are under-
way currently in order to obtain the best available values.

Further measurements of inelastic cross sections are planned upon
arrival of new highly enriched scattering samples. Our work on 7Li is
relevant to Request Nos. 74211, 74251, and 74252.

i
H. D. Knox, R. M. White, and R. 0. Lane, Proc. of the Intl. Conf. on_the

Interactions of Neutrons with Nuclei, E.R.D.A. CONF-760715-P2, p. 1307.

- 222 -




3. 10B+n (H. Knox, R. White, R. Lane)

Final analysis of the !0B+n differential cross scction data re-
ported earlier has been completed. Analysis of these data was complica-
ted by the presence of a 4% oxygen contaminant in the scattering sample.
These final data are somewhat different from the earlier Aldermaston
dataz, especially at forward angles. A new highly enriched and chemi-
cally pure 10B scattering sample has been obtained and further measure-
ments of both elastic and inelastic neutron scattering are plarned.

Wwork on '0B is relevant to Request Nos. 74003, 74004, 74005, and 74006.

4. 11B+n (R. White, R. Lane, J. Cox, J. Adams, H. Knox)

Recent measurements of elastically scattered neutrons from ]]B
at Ohio University have extended neutron differential cross section
measurements from 4 to 8 MeV. The entire energy region of 0.1 to 8 Mev
is being analyzed for the first time with a multichannel, multilevel R-
matrix program using j-j coupling. Results of this analysis have con-
firmed previous assignments up to 2 MeV and have suggested some possible
changes in assignments in the 2 to 4 MeV region. Between 4 and 8 Mev
several new JT assignments have been made. Further R-matrix analysis and
additional measurements of inelastic neutron scattering are planned. The
work on 118 is relevant to Request Nos. 74003, 74004, 74005, and 7L006.

B. ELASTIC AND INELASTIC SCATTERING®

1. Nucleon Scattering on T=0 Nuclei {J. Rapaport, R. W. Finlay, D.
Bainum, T. Cheema, and J. D. Carlson)

Neutron elastic scattering on Si, S and Ca has been measured at
11, 20 and 26 MeV using the Ohio University 1i-MeV Tandem Van de Graaff.
A time-of-flight technique was used and the angular distributions covered
an angular range from 15° through 155°. The measured cross sections were
corrected for dead time, source anisotropy, detector efficiency, finite
geometry, neutron flux attenuation, and multiple scattering. Individual
as well as global fits to the data using an optical model search code are
presented. The comparison of the optical model anﬂ]ysis to the neutron
and proton elastic scattering data in the case of t0ca allows an empiri-
cal determination of the Coulomb correction term which may be parameter-
ized as 0.48 Z/A'/3. it is also shown that the elastic scattering

Supported in part by the National Science Foundation.

2
R. Batchelor and J. Towle, Nucl. Phys. 47, 385 (1963).
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and inelastic scattering to the 2% states in 28Si and 32S may be fitted
using the same optical model parameters obtained for “9Ca using the
coupled-channel formalism.

Abstract of paper to be submitted to Nuclear Physics.

2. The lsospin Term; lts Real Part V; (J. Rapaport, R. W. Finlay,
D. Bainum, 1. Cheema, and J. D. Carlson)

In the proposal a study of the radial dependence of V| was indi-
cated. Does elastic scattering prefer a volume Woods-Saxon or a surface
derivative Woods-Saxon? 1tn all analyses it is assumed to have a volume
form factor. The optical model search code GENOA (1) was modified to in-
clude in the real part of the potential a term with a derivative Woods-
Saxon form factor. The nesutron analysis on Ca (T=0) was first completed
to obtain a central geometry that could be used for other ciosed-shell
nuclei. This geometry rg = 1.152 ag = 0.692 was subsequently used to ana-
lyze the %2Mo(n,n) and 2U8Pb(n,n) data at 11, 20 and 26 MeV. A search was
done on the strength of the derivative Woods-Saxon farm factor that could
be interpreted as € V,(E). The preliminary results are quite ambiguous
and need further study. Results with a volume Woods-Saxon form factor
are indicated in the next sub-section.

3. The Energy Dependence of V, {J. Rapaport, R. W. Finlay, D. Bainum,
T Theema, and J. U. Carison)

The following (n,n) elastic scattering data were selected for this

study:
a) Ca E, = 11, 20 and 26 MeV
b) 92,96,98,1004, E, =7, 9, 11, 20 and 26 MeV
c) 208pyp E, =7, 9, 11, 20 and 26 MeV

Individual fits at each energy gave an average geometry which
subsequently gave an overail average geometry which was used in the glo-
bal optical potential fit to all the 28 cases simultaneously. The resul-

tant value of the isospin V] (E=0) = 22 MeV indicated a linear (assumed)
energy dependence of -0.18E.

it should be noted that values V; = 6% 1 MeV wei'e used in the
analysis of quasi eiastic transitions at 94 MeV from a series of targets
from ¥ to Pb by Thurlow. This is in very good agreement with the value

v, (E=94) = 5 MeV obtained from the present results. A paper describing
these results is in preparation.
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4. Comparison of (n,n) Data and (p,p) Data at Energies Such that
Ep = Ep + OE,

(J. C. Ferrer, J. D. Carlson, and J. Rapaport)

The analysis of elastic scattering of neutron and proton data on
the same nuclei at E, = E; = E + AE_ in terms of the optical model has
yielded isospin dependent potentials with isospin parameters Vg = 22.7
1 0.6 MeV and Wy = 12.7 T 0.8 Mev.

Abstract of a paper published in Physics Letters 62B (1976) 399.

5. Neutron Scattering on the Mo isotopes (J. Rapaport, R. W. Fin-
lay, D. Bainum, T. Cheema and J. D. Carlson).

Individual and global fits to the 22,96,98,100Mo (n,n) data have
been obtained. The energy dependence of the reai and imaginary parts

have shown interesting results which are described in a paper in piepara-
tion.

6. Neutron Scattering on the Sn lsotopes {J. Rapaport, R. W. Finlay,
D. Bainum, T. Cheema and J. D. Carlson).

Differential elastic scattering cross sections have veen measured
at 11 MeV for the isotopes 118,120,122,124¢,  Apgular distributions over
the angular range from 15° to 150° in the laboratory were obtained for
each sample. Data analysis will be completed for these samples in the
near future and an optical model analysis will be performed. The Sn sam-
ples were also used in a preliminary effort to observe anomalies in the
excitation function for elastic and inelastic neutron scattering in the
vicinity of the doubly-forbidden isobaric analog resonances. Time-of-
flight spectra werc taken at laboratory scattering angle of 82.5° in
steps of 50 and 25 keV. Preparations are being made for the measurement
of singly~isospin-forbidden (n,p) reaction on the same target nuclei.

7. Neutron Eiastic Scattering at 11 MeV and the lsospin Dependence of
the Neutron-nucleus Optical Potentjal (J.C. Ferrer, J. D. Carlson
and J. Rapaport)

Elastic scattering of 11 MeV neutrons from Mg, Al, S, Ca, V, Mn,
Fe, Co, Ni, Nb, 92,96,98,100n4q |, 12055 Ho, Ta, 296Pb and Bi have been
measured with the Ohio University Tandem Van de Graaff accelerator.” The
required neutrons were produced by the D{d,n) 3He reaction. Standard
pulsed beam time-of-flight techniques were employed with a muttiple de-
tector system which included five large area liquid scintillators and

The tabulated cross sections are available as a supplement to the paper
and have also been stored in the CSISRS files.
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plastic scintillator monitor. Measurements of the incident flux at zero
dcarees were used to normalize the differential cross sections. Energy
resolution was approximately 360 keV (fwhm). The measured cross sections
were corrected for dead time, detector efficiency, attenuation, multiple
sc2ftrering, finite geametry, neutron source anisotropy, contaminants and
compound elastic contribution. Relative and normalization uncertainties
in the measured cross section are 3-5% and approximately 3.5% respective-
ly. A search for an average set of optical model potential parameters
based solely on the measured (n,n) data for the isotopically pure sam-
ples and for which inelastic contributions to the elastic data are in-
significant yield isospin dependent potentia}l strengths, Vg = [47.14 -
22.50 (N-Z)/A] MeV and Wp = [12.16 - 2.03 (N-Z)/A] MeV.

Abstract of paper published in Nuclear Physics A275 (1977) 325.

8. Neutron Elastic Scattering on 298pb (J. Rapaport, R. W. Finlay,
D. Bainum, T. Cheema and J. D. Carlson).

A paper is in preparation which will describe the neutron opti-
cal model potential parameters obtained. A comparison with the results
of the p + 298pp optical model analysis obtained by van Oers et al. be-
tween E, = 15 and E_ = 1000 MeV will be described in terms of potentual
strengtﬁs as well as volume integral per nucleon.

9. Inelastic Neutron Scattering of Single-Closed-Shell Nuclei {J.
Rapaport, R. W. Finlay, D. Bainum, T. Cheema and J. D. Carlson,
with J. R. Comfort [University of Pittsburgh]).

Theoretical predictions of isospin sensitivity of core polariza-
tion effects in inelastic nuclear scattering to the first 2% states in
single-closed-shell nuclei have been investigated by means of the (n,n')
reaction on N = 50 nuclei (%9Zr and 92Mo) and Z = 50 nuclei (118,120,122
12|+Sn) Analysis of the Sn measurements is not yet complete, but the
90Zr and 92Mo results were presented at the ICINN at Lowell. Preliminary
results indicate that the anticipated affect (Bnn"s 1) is indeed ob-
served for these nuclei, but the conclusion is clouded somewhat by the
rather wide range in values of B ' WhICh is found in the literature.

We are currently reanalyzing 9‘Mo? l data at 12 and 15 MeV. New mea-
surements in the N= 50 region are pianned and should shed considerable
light on the question. An enriched sample of 88Sr has been ordered from
ORNL. In the meantime, analysis of the Z=50 data continues. Since in
this case the theoretical predictions call for Bnn'<8pp' an additional
sensitive test will soon be available.

A brief report on the preliminary findings is being prapared for
publication.
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10. Inelastic Neutron Scattering on Double-Closed-Shell Nuclei {J.
Rapaport, R. W. Finlay, D. Bainum, T. Cheema and J. D. Carlson).

Inelastic excitation of collective states in"UCa and20BPb by
11, 20, and 26 MeV neutrons has been measured in this laboratory and ana-
lyzed by W. G. Love (University of Georgia) in terms of a fully micro~
scopic model of inelastic scattering. The effects of direct and exchange
amplitudes, imaginary components in the effective interaction and density
dependent forces have been examined. A manuscript reporting the results
of this study is being prepared for publication.

11. High Energy (p,n) Experiments Conducted at the Indiana Univer-
sity Cyclotron Facility (IUCF) C. D. Goodman, Oak Ridge Natiunal
Laboratory; B. Anderson, A. Baldwin, J. Knudson, T. Whitten and
R. Madey, Kent State University; C. C. Foster, Indiana Universi-
ty; M. B. Greenfield, Florida AgM; and D. E. Bainum and J. Rapa-
port, Ohio University.

A program has been undertaken to study the isospin composition
of the giant resonance by comparing (p,n) and p,p') cross sections on
self-conjugate nuclei. Experiments are being performed at the Indiana
University Cyclotron Facility usinn 62 MeV protons and a 20 meter flight
path. Spectra of the {(p,n) reactions on 9Be, 1?C, and ?3Si have been
taken using the Ohio University Very Large Detector (BNL NCS-21501,247
May 1976) which demonstrated an overall time resolution {£ 1.5n sec)
.omparable to that of smaller, less efficient conventional detectors.
Further experimental work is planned at Ep = 135 MeV.

C. NEUTRON SPECTROMETRY AND 0ODD-0DD Ag NUCLEI

1. Mass Measurements of 10%Ag, 10faqg (C. Brient, K. Devan)

The masses of 10%Ag and 19¢Ag were determined from the !04%,106pg
{(p,n) reaction Q-values. An absolute time scale was established by mea-
suring the neutrons from the 89y(p,n) reaction. The relative time scale
was determined by using a precision pulser. The Q-values for the !0°Pd
(p,n) reaction measured, relative to the ground state Q-values of 2% (p,n)
(-3.6166 MeV) reaction ° js -3.7555 ¥ .01 MeV and that of the '°“Pd(p,n)
reaction measured for the first excited state in 10%Ag, in comparison
with the third excited state in "%Zr (-5.0684 MeV) is -5.060 ¥ .01 MeV.

2. 104,106pd(p,n,y) 10%,100Ag fnergy Levels (K. Devan, C. Brient,
R. Finlay, J. Rapaport)

The gamma-ray spectra from the 10%,106pd(p, n,y) reactions were
measured from the thresiold to an excitation energy 1400 keV in steps

3

Wapstra, Gove, Nuclear Data Tables A, Vol. 9, 1971.
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of 20 keV in the case of 10%ag and 50 keV in the case of 10%Ag. Smaller
steps of the order of 5 keV were taken whenever further distinction of
the threshold was necessary. These measurements were done with three
Ge(Li) detectors of different active volumes, namely, two co-axial detec-
tors of volume 35 cm3 and 80 cm> and a 5 m.m. thick Low Energy Photon
Spectrometer (LEPS). The energy calibration of these detectors was done
with the 226Ra, !5%Eu, 2%lam, %7Co and 22Na sources. The relative effi-
ciency of the 80 cm?® detector was determined from the known relative in-
tensities of the gamma rays from the 22°Ra and !°%Eu sources” corrected
for the= active volume. A list of gamma-rays, their relative intensities
and the uncertainties in the relative intensity measurements at excita-
tion energies 784 keVv (10%Ag) and 1400 keV (196Ag) are shown in Tables |
and 2. Gamma-Gamma Coincidence Measurements were performed with the 80
cm3 detector in conjunction with the 35 cm3 detector for 12 energies at
Ep = 5.9 Mev (10%Ag) and Ep = 5 Mev (106Ag).

Table 1

Gamma Rays from the '0%Pd(p,ny) Reaction

Gamma Ray R amm
keV t ot ° kzvRay : .
74.0 8.54 0.81 323.0 4. .89 0.44
83.7 100 10.03 332.5 .57 0.31
91.0 0.30 0.13 335.8 10.51 1.02
123.8 88.03 L .ol 341.2 92.85 5.02
139.0 11.84 0.62 351.0 1.44 0.31
145.9 1.99 0.16 356.4 3.11 0.61
150.5 1.57 0.15 362.2 6. 44 0.42
159.1 11.98 0.70 377.6 10.01 0.72
179.0 1.77 0.16 389.8 30.88 2.02
185.3 7.12 0.50 404.3 8.12 0.63
192.3 1.47 0.40 422.3 6.02 0.62
212.1 15.67 1.10 426.8 22.26 1.4]
218.6 1.70 0.40 489.0 9.69 0.90
2244 25.68 1.52 Loy 8 0.79 0.16
249.0 0.51 0.11 528.1 5.62 0.4
252.1 16.02 1.01 54t .9 0.64 0.12
257.59 1.07 0.21 563.8 20.11 1.32
265.4 8.88 0.53 572.7 5.71 0.42
265.7 7.31 0.45 583.3 6.2¢ 0.50
276.3 8.81 0.50 €45.2 3.31 0.42
296.7 12.07 0.85 668.6 3.42 0.35
303.0 6.32 1.03 709.6 13.66 0.95
305.8 1.39 0.41 740. 4 8.71 0.62
g H. L. Kernell et al., Nucl. Phys. A 176 (1971) 65
P. D. Kunz, Modified by J. R. Comfort (private communication)
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Table 2
Gamma Rays from the 106Pd (p,ny) Reaction

Gamma Rav

1 8T Gamma Ray I ST
keV kel
87.3 1.47 0.15 363.4 15.11 0.95
95.0 33.34 3.50 384.3 10.31 0.65
110.6 100 10.02 394.3 1.95 0.16
122.0 1.36 0.12 416.6 13.09 0.85
139.6 1.57 0.13 461 1 0.58 0.16
147.7 2.44 0.18 L7k 4 5.43 0.35
154. 1 9.75 0.65 486.2 5.75 0.36
158.6 0.65 0.13 Ly2.b 4.76 0.33
165.4 1.52 0.13 524.3 2.43 0.20
181.9 0.86 0.11 533.9 4,88 0.31
205.6 1.98 0.16 545.9 1.67 0.17
234.7 9.94 0.60 585.9 1.36 0.15
239.1 13.34 1.02 640.9 4.52 0.30
243.3 5.54 0.45 649.1 1.53 0.13
253.7 11.49 0.71 681.4 5.22 0.30
277.0 83.04 L4.82 688.9 1.59 0.12
288.0 0.86 0.13 751.6 1.35 0.11
297.0 0.59 0.14 817.5 0.55 06.13
301.5 1.03 0.16 828.7 1.94 0.13
305.9 8.51 0.51 858.1 0.53 0.11
341.3 10.03 0.61 876.7 6.53 0.41
320.0 3.85 0.25 898.5 0.72 0.11
325.8 9.02 0.55 939.4 1.39 0.12
333.8 2.49 0.21

3. 104,106p4(p,n) 104,100, Spin, Parity and Structure Studies (K.
Devan, C. Brient)

Pulsed proton beams with energies between 5.9 MeV and 6.75 MeV
with repetition rates 1.25 and 2.5 MHz were used to measure (p,n) time-
of-flight spectra and angular distributions from rolled foils (500 ugm/
cm?and 260 upgm/cm?) of 104,106p4  (Microfoils - Argonne, I11inois.)

The lccations of th 5/2+, ]/2+ and 3/2+ isokaric analogue reso-
nances in ‘9%Ag and the 5/27 and 1/2° resonances inlU7Ag were determined
from the (p,n) excitation functions, measured with & '"long counter."

The neutron time-of-flight spectra were taken on, above and below each
resonance for 105’107Ag leading to final states in IOL‘yloaAg. See Fig-
ures 1 and 2. The relative (p,n) cross sections were determined by cor-
recting the neutron yield for relative efficiency, air scattering and
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vacuum changer thickness. The neutron enhancements were determined by
subtracting the average off-resonance relative cross section from the
analogue on-resonance relative cross section.

Angular distributions of the !0%Pd (p,n) 109%Ag reaction are shown
in Figures 3 to 6. The on-resonance angular distributions are the t.»
curves and the off-resonance distributions are the lower cgr¥eé. The
on-resonance curves were calculated from the relationship “*/°
o (8) = SeN (8) + n Ziojo uJO(G) where

UCN(G) is the Hauser Feshbach cross section
wjol8) = In, (ipip 1495) n, (oo Ido) Pp (cos 1)

where n,, are the Satchelor coefficients.9 T are the

0]
transmission coefficients calculated from the computer

code - DWUCK.IO O0ff-resonance Hauser Feshbachll Cross-

sections were calculated with the code ”Helene."‘2

The spins and parities of the energy levels in !0%Ag were as-
signed on the basis of (1) the enhancements from three isobaric analogue
resonances of different spins; (2) the angular distributions of neutrons
from the decay of 2/2% and 3/2% analogue resonances; (3) off-resonance
relative cross section in comparison with the Hauser Feshbach calcula-
tions; and (4) off-resonance angular distributions in compariscon with the
Hauser Feshbach calculations. in the case of 105Ag the neutron energies
involved were higher and hence the resolution of the time-of-flight
spectra was poor for flight path less than nearly 7 m which was the or-
der of flight path available in the angular distribution experimental
set-up, therefore no angular distribution measurement was pe~formed for
106A9. In this case, the spin and parity assignments were .tade from
(1) the enhancements of neutrons from the 5/2% and /2" re.onances and
{2) off-resonance relative cross sections in comparison w:th the Hauser
Feshbach calculations.

The energy level diagrams and the spins and parities assigned
are shown in Figures 7 and 8.

6 G. Doukellis et al., Nucl. Phys. A 229 (1974) 47
JH. J. Kim and R. L. Robinson, Phys. Rev. 151 (1966) 920

H. J. Kim and R. L. Robinson, Nucl. Phys. A 167 (1971) 73
?OR.L. Kernell et al., Nucl. Phys. A 176 (1971) L49

P. D. Kunz, modified by J. R. Comfort (private communication)
14, Hauser and H. Feshbach, Phys. Rev. 87 (1952) 366

S. K.Penny, ORNL-TM-2590
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The structure of these levels can be understood from a detailed
study of the odd silver isotopes ranging from!9°Ag to '!'!Ag. In this
isotope chain the Iowest 1/2° and 9/2* states could be single quasi-
particle states I{ /2 )2 P|/2 and ligg/p . The 7/2% state has bee?3
interpreted as a th ee~quUasi proton state %g by Talmi and Unna.
The one phonon-coupled to quasi-particle sta?es are at higher excitation
and are not required in the interpretation of the low lying states. The
coupling of nautrons to form the odd-odd nuclei 10fAg - 112Ag would ac-
count for most of the spins and parities observed here.

D. HIGH NEUTRON FLUX TARGET (D. Bainum, C. Brient, D. Sturbois, J.
Matthews)

A Hich neutron flux target f{about 1012 n/sec strad) has been de-
veloped at this laboratory. The target uses a beryllium entrance foil
and a volume of heavy water in which the beam is stopped and which also
acts as a coclant for the entrance foil. The neutron spectrum from this
target is nearly identical to that projected to be seen by the first
containment wall of a CTR vessel except for the absence of the 14 MeV
componant {(which would be much smaller than the lower energy continuum).
Up to 50 pamps of 8 MeV deuterons have been applied to this target.
Local personnel shielding is currently being improved in order that high-
er beam currents can be run. This system will be used in studies of
sputtering on first wall materials.

E. STUDIES OF MAGNETIC FLUX AND CRITICAL CURRENT DISTRIBUTIONS NEAR THE
SURFACE IN PROTON TRRADIATED TYPE i! SUPERCONDUCTORS™ (R. Rollins)

The goal of this research is tc study the effect of various de-
fects and surface treatments on the critical current density near the
surfacz of type Il superconductors. An ac technique develcped here is
used to study the flux pinning strength (which is fundamentally related
to the critical current) as a function of depth from the sample surface.
In particular, the effect of irradiation of superconducting materials
with 1-8 MeV protons on the critical current density near the surface is
being carried out, utilizing the Ohio University Tandem van de Graaff
accelerator. The results of the observed flux pinning are then related
to calculations based on various models of flux pinning by defects re-
sulting from the irradiation damage. Some of the irradiated samples
have been studied using a transmission electron microscope in order to
characterize the damage structure. The aim is to characterize the

i Supported by the Air Force Office of Scientific Research.
31. Talmi and 1. Unna, Nucl. Phys. i9 (1960) 225.
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effect of irradiation damage on the critical current and to increase the
basic understanding of critical current and flux pinning mechanisms in
superconductors.

F. ELECTRONICS DEVELOPMENT (D. Carter)

A high-speed minicomputer to be used in an on-line data acqui-
sition system has been designed and built. The design objective was to
build a high quality on-line system at minimum cost. To meet the above
design objective the standard TTL 7400 logic family was chosen.

The system architecture is designed around an 8k by 20 bit memory
allowing integer operations in excess of | million and all one-word in-
struction formats. Four general purpose registers are available to the
programmer and can be used as index registers, loop counters, accumula-
tors or for temporary data storage. All total instruction execution
time are 1 microsecond or less, allowing data input rates in excess of
300 kilohertz when used as a multi-channel analyzer. The instruction
set includes 49 basic instructions and has proven highly efficient and
easy to use. The four general purpose registers in conjunction with
memory-accumulator, register-register and register-memory indexed opera-
tions greatly simplify complex programs. Two instructions specifically
included in the instruction set for data accuisition purposes are In-
crement Memory and Increment Memory indexed. Total instruc’ion execu-
tion time for these complex instructions is also 1 microsecond. 0One level
of interrupt has been provided. The interrupt may be software masked and
unmasked. This one level of interrupt may be software vectored for an
uniimited number of interrupts on the level. Eight twenty-bit input
ports and eight twenty-bit output ports are available.

The total system parts cost, including 8K of 20 bit memory and a

user interactive panel for initial program development, was approximately
$1,500.

G. ACCELERATOR IMPROVEMENTS (D. Sturbois)

The transmission of the Ohio University Tandem Van de Graaff Ac-
celerator has been significantly increased by the use of very thin car-
bon stripper foils produced at this laboratory. These foils are less
than 2 micrograms per square centimeter and are produced by a method
employing an extremely light carbon coating on glass with an iso-amyl
acetate coating to facilitate installation. With these foils target

currents of 80 ua of deuterons and 150 ua of protons are easily obtain-
able.
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UNIVERSITY OF PENNSYLVANIA
*
PROGRESS REPORT ON GRANT EY-76-5-02-2785. 000

Principal Investigator: Dr. Fay Ajzenberg-Selove, Professor of Physics

[{This progress report covers the period from March 1, 1976 to February
28, 1977.]

A. REVIEW AND EVALUATION WORK

1. A manuscript of A = 13-15 was published in Nuclear Physics as
“Energy Levels of Light Nuclei, & = 13-15" by F. Ajzenberg-Selove,
Nuclear Physics A268 (1976) 1-204.

2. Preliminary versions of manuscript on A=16 and A=17 were sent to
about 200 nuclear physicists for their comments in July 1976 (PPP-3-76)
and September 1976 (PPP-4-76). After incorpor..ting comments and new
data, the final manuscript on A = 16~-17 was submitted to Nuclear Physics
in December 1976. It has been accepted for publication in 1977.

3. A preliminary version of A=18 has been sent to 200 colleagues in
February 1977 (PPP 1-77). We plan to complete the manuscript on A =

18-20 by the late fall of 1977. We then plan to begin on the nuclei
with A = 5-10, agei:. working toward a four-year cycle.

B. ZXPERIMENTAL RE3SEARCH

1. Completed Research

a. At P-9, Los Alamos Scientific Laboratory

Published:

6
"Energy Levels of 2Co" by F. Ajzenbero-Selove, E. R. Flynn,

C. Hansen, J. D. Sherman, N. Stein and J. W. Sunier, Physical Review Cl4
(1976) 767-771.

_ 34 .
"Scates ot P" by F. Ajzenberg-Selove, E. R. Flynn, S.
Orbesen and J. W. Sunier, physical Review Cl5 (1977} 1-3.
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Accepted for publication:

"Ctates of 54V and SBMn" by E. K. Flynn, J. W. Sunier and
F. Ajzenberg-Selove, Physical Review (1977).

L. At 88" Cyclotron, Lawrence Berkeley Laboratory

Published:

12
"Energy Levels of N" by C. F. Maguire, D. K. Scott, J.
Mahoney and F. Ajzenberg-Selowe, Physi. =1 Review Cl13 (1976) 933-936.

c. Older work from Penn Tandem

Published:

"lOB(lOB,q)lGO Reaction" by F. Ajzenberg-Selove, R. R.

Betts and D. J. Crozier, Physical Review Cl4 (1976) 357-360.

o)

2. Research Under Way

1. At P-9, Los Alamos Scientific Laboratory

We have completed a first araft of a manuscript on the
mass and on the excited states of 1221n,

We are completing a study of the (t,p) reactions on the
light nuclei.

3 .
We have proposed a number of (t, He) experiments to the P-9
group hopefully te be carried out this spring or summer.

2. At the 88" Cyclotron, Lawrence Berkeley Laboratory

We have had three runs this past vear to study nuclei far
off the stability line. In the most recent of these experiments we
have studied the 160 (a,8He)1l20 and 2ONe(a,BHe)le‘Ne reactions. This

paper will be presented at the 1977 Washington meetings of the APS by
G. Kekelis et al.
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Feb. 1877

RENSSELAER POLYTECHNIC INSTITUTE

A. NEUTRON CROSS SECTION MEASUREMENTS

.. 95 97
1. Neutron Capture and Transmission Measurements on Mo, Mo,

133CS and lu3Nd

(R. W. Hockenbury, W. Yip and R. H. V. Gallucci)

Neutron capture and transmission measurements have been made on
enriched samples of 95Mo, 97Mo, 133cg and 143Nd from about 20 eV to 100
keV. The keV capture cross sections were determined to within + 8%.
Some resonance parameters are given in Table A-1.

The keV data wera fitted using the methods of Lane and Lynnl.

Initial values of R, T , So_gnd sl were taken from various sources.

The average level spaclng, D, was taken from our own capture data.
These parameters were then adjusted until reasonable agreement was ob -
tained between experiment and theory. In the fitting process, certain
parameters (specific to each isotope) were not allowed to vary excess-
ively depending on their quality. The sensitivity of the final result
to the parameters, T'_, D, , s® ans st varies with energy. The most im-

portant quantities are T and D, Generally the calculations are less

sensitive to S° and Si, %hus thcse values have a greater uncertalnty
when determined in this manner. The results to data are given in Table
A-2. These values are obviously not unique but represent "best" values
as judged by the somewhat subjective fitting process.

Mo A satisfactory fit was obtained for the parameters listed
in Table A-1. The experimental results are also ianair agreement with
the theoretical results of Schmittroth and Schenter“. However, the data

of Kapchigashev and Popov3 are about 10-30% higher proceeding from 10 to
50 keV.

Mo At low energies, there is reasonable agreement between cal-
culation and experiment, however, at high energies, the calculated
values do not decrease as fast as the experimental points. Our data
ares about 10% lower than Ref. 3 at 10 keV and overlap at about 50 keV.

Again, our data are in fair agreement (10%) with Schmittroth and
Schenter.

133
Cs The calculated curve follows the experimental results

fairly well except for the three highest energy groups. At 10 keV, our
results are about 10% higher than Popov and Shapirou.

143, . . . . . .
Nd At this time, no reasonable fit has been obtained and to
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our knowledge, there are no other data with which to compare. The mag-

nitude of the cross section is consistent with our previous results for
145Nd (Ref. 5).

a

1. A. M. Lane and J. E. Lynn, Proc. Phys. Soc. A70, 557 (1957).

2. F. Schmittroth R. Schenter, "Fast Neutron Capture Cross Sections
for Fission Product i1sotopes".

3. S. V. Kapchigashev and Yu. P. Popov, Conf. on Int. of Neutrons with
Nuclei, Dubna, Report No. 1845, 104 (196u4).

4. Yu. P. Popov and F. L. Shapiro, Soviet Phys.-JETP 15, 583 (1962).

5. R. W. Hockenbury, W. R. Koste and R. Shaw (Tc be submitted for

publication). Pertinent to Request No. 72072, 74074,

2. Neutrcn Capture Cross Section Measurements of 997¢ Up to
80 keV

(R. C. Littie and R. C. Block)

Capture and transmission measurements were carried out -.pon
99Tc using the 1.25-m-diam. liquid scintillator tank and the 10B-Nal
detector respectively. The sample consisted of 10 grams of 99T¢ metal
in a double sealed aluminum container. The transmission data were us-
ed to normalize the capture yield in the low energy region, and the
capture data were reduced to capture yields.

Adamchuk et al.l have reported 99T¢ rescnance parameters up to
1.1 keV. There was good agreement with their data in this region.
Eight new resonances were observed below 1.1 keV. There were also 21
new resonances observed above 1.1 keV. They were resolvable up to 1.6

keV. The energy levels and integrated yields of the new rescnances
are listed in Table A-3.

The capture yield divided by sample thickness is plotted vs.
neutron time of flight in Fig. A-1. The method of Schmitt? was ap-
plied to the data to correct for self-shielding and neutron multiple
scattering in the sample, from which the capture cross secticn was de-
duced from 4 keV to 80 keV. These results are plotted in Fig. A-1
along with the ENDF/B-IV evaluated data. Errors in these results are
approximately 10%, largely from uncertainties in norralization. It

may be seen that the ENDP data underpredicts the cross section by about
15%.

$—

Yu. V. Adamchuk, Yu. G. Shchepkin, G. V. Muradyan, ¥. A. Voskanyan,
Conf. Kiev 2, 1972 (May 1972).

H. W. Schmitt, "Sample Scatterirg Corrections in Heutron Beam Ex-
periments", Oak Ridge National Lab. (1360).
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Table A-1

Neutron Widths from Transmission Data Analysis

Isotope Resonance E_(eV) FY(meV) Fn(meV) T'{meV) :
Mo-95 898.2 161. 300. 461. j
Mo-95 680.4 161. 1020 1180
Mo-95 554.2 161. 127. 288.
Mo-95 358.2 161. 230. 391.
Mo-95 159.4 161. 4.2 175.
Mo-97 557.5 128. 538. 666.
Mo-97 396.9 128. 76.0 204,
Mo-97 285.8 128. 119. 247.
Mo-97 70.8 128. 21.0 149.
Cs-133 295.5 118. 120. 239.
Cs-133 220.6 119. 28.5 148, :
Cs-133 201.3 119. 22.8 in2.
Cs-133 146.2 113. 22.8 1u2.
Cs-133 94.2 119. 28.1 1u47.
Cs~133 82.7 119. £.70 126.
Cs-133 47.5 119. 21.4 140.
Nd-1u43 708.3 72.8 366. 438.
Nd-143 57.7 72.8 456. 528.
Nd-143 306.1 72.8 791. 86u4.
Nd-143 158.3 72.8 1240 1310
Nd-1u43 55.2 72.8 42.1 115
3. Neutron Total and Capture Cross Section Measurements on Fission
Product Pd.

(U. N. Singh, Y. Nakagome, R. C. Block)

Neutron total and capture cross secticn measurements on elemen-
tal and fission product Pd have been made using the Gaerttner Laboratory
electron linear accelerator. The sample (9.254 grams) was obtained on

loan from the Petten laboratory, The Netherlands. The cheaical analysis
of the fission product sample showed:

louPd - 1.41%, lO‘)Pd -~ 48.82%, l06Pd-22.38, lO7Pd - 15.70%,
1
108pg _ g gus, YCpg - 2.75%
These measurements were undertaken due to the absence of datal for
107
Pd.

The mecasurements used the capture tank detector at 25.63 meters
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Table A-2

Samp 2 Muclear Target Radiacion Observed s-wave p-wave
Radius Nuclear Width (eVv) Spacings Str. Ftn. Str. an.

{em) Spin (eV) (ev) 2 (ev)-=

R KR ST R 7 0.0728 1.6 .9 x 1073 .2 % 1073
SERT ;oworomlz 5 0.1€ 50 w107t L7 w1073
Moo Co T 5 0.128 29 21075 LB x 1073

2
-1 SRR 0115 20 3w 1074 7w 1073

r\Jl\;,

Badiation wiith
OQbser e’
Stel Ten.

1

s=-Wau o

::'A—Wav»z str. Ptn. L Bes

SracingoiRLE
sat Titting Value
t Fitting Value

sAveraged BNL Values

Data




Table A->

ar

New Pesonances Observed in  Tc

¥ S
2oar (b- 2
m dt (b-eV) ?

Energy (eV)

510, 3

465, 8 e
5751 .o
7504 15.77
Qle.l .
Gl T » i
982.0 i
1010.5 R
1138.3 b o
1180.8 o
1203.0 el
1215.7 B
1268.7 o
128 74,71
10097 e
1310.8 o
152%.7 o200
1533.5 b
12467 oo
1370.7% s
1805.1 o
L4265 8.2
luby.g o

Lty 151.92 -

1782 166.86 =
1533.9 B
1150.7 e
1564, 7 B
1598.6 b
119.05
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and the 10B_NaI traucrission detector at 28.32-m flight path. Farlier
measurements? were made at R.P.I. on a Pd sample enriched in 10%Ed
{(94.51%) under similar conditicns. These earlier cap*ure measuarements
are plotted at the top of Fig. A-2 and are compared with the present
fission product Pd capture msasurements shown at the bottom of the fig-
ure. We have tentatively assigred all resonances not reported in Refs.
1 and 2 to 107pd, and these are listed in Table A-4 and some of these
are labeled in Fig. A-2.

According to the Table A-4 16 resonances are assigned to 107Pd
below 200 eV, an znergy above which we seem to be missing levels. Ref.
1 reports 17 resonances in 105Pd below 200 eV. Since 105Pd and 107pd
have similar binding energies and the same spins and parities, it is
expectad that these two target nuclei would have similar level densi-
ties, in agreement with the present measurements.

Pertinent to Request Nc. 67020, 74084,

4. C(apture Cross Section Measurements of Pr and Kr
(P. S. Feig:baum, H. T. Maguire, Jr., U. N. Singh,
Y. Nakagome and R. C. Block)

Capture measuremernts have bzen carried out from a few eV to
over 100 keV upon elemental samples of Pr and Kr. A 0.073-cm-thick
metallic sample of Pr was used for the Pr measurements, and a 30-cm-
long by 7.62-cm-diam. aiuminum cell filled with Kr at appruximately
2.5 atm pressure was used for the Kr measurements.

The Pr data has a geod signal-to-background ratic up to =100
keV, so that the keV capture cross section can readily be obtained up
to this energy. HNeutron transmission measurements have alsc been made
for Pr to enable the capture data to ke normalized to low-en.rgy res-
onance capture in Pr

The Kr data are characterized by many isolated resonances up
to several keV, and nany new resonances have been chserved. “hese Kr
resonaaces are listed in Table A-5. These data will be comb:ad with
future measurements upon isotopically-enriched 78kr; the 78Kr zample
is scheduled for mesurement during the Spring of 1977.

1. Neutron Cross Sections, vols. I and II, Brookhaver MNational Labora-
tory Report No. BNL-32% (third editicn).

2. R. W. Hockenbury, private communication.
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Table A-L

107

Neutron Resonance energies (below 1 keV) assigned to Pd
EgleV) En(ev) Eq(eV) E,(ev)
5.20 114.9 211.4 472.3
6.83 126.5 232.6 489,72
41.33 132.2 272.0 518.7
58.95 140.5 292.1 587, %
(72.43) 152.4 325.3 (877.3)
84.20 172.7 369.2 (900.2)
88.u8 181.7 376.3 (907.6)
100.6 196.3 380.7
Table A-5
K Resonances
Lo(eV) BNL-325 Assigned Nuclide
28.06 27.5+0.3 83y
40.05 39.8+40.5 32Kr
105.9 10642 80hyr
232.2 (triplet) 23346 83Ky
513.9
(451.8)
(477.0)
514.9 519420 8y,
6u3.4 640+25 (78yr )80y
711.7
808.8
918.7
983.6
1098
(1169)
1413

1478 (triplet)
1556
1609
1677 {(triplet)
1927
2123
2230
2410
2794
(34L0)
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abvle 7=-5 (Cont'd)

Assigned

Fo (eV) BNL~325 Nuclide

5329

5651

eu7u

tB79

3||r
11480

Pertinent to Reguest No. 74092.

L

5. 2380(n,f) Heasurements Below 100 keV

(R. E. Zlovacek, D. S. Cramer, and ©. B. Bean (FAPL) and
J. R. Valentine, F. W. Hockenbury arnd K. C. Rlock)

This work is now complete and a paper describing this research
has been accepted for publication in Nuclear Science and Engineering.
The abstract to the paper is as follows:

The 238y (n,f) cross section has been measured from 2 eV to =100
keV with the RINS 75-ton lead slowing-down spectrometer at the Gaerttner
Laboratory. Four fission ionization chambers containing a total of =0.8
gm of 238U (u.1 ppm 235%) werc used for ths measurements. The fission
widths of the 6.87, 20.9, and the 3£.8 eV resonances were measured as
(10 + 1), (56 + 57, and (1z + 2) nanoelectrorvolts respectively . By
combining these fission results and published resonauce parameters, the
2380 thermal Fi551 T ¢cross section contribution from positive energy res-
orances was determined to be 2.7 + 0.3uk. The reconance fission inte-
gral trom O.Ll eV to 100 keV was determined to be (1.39 + 0.15) rb.

237 .
5. ZTh(n,f) leasurements in RINS

(R. C. Block, Y. Makagc , P. A. Bizknell, and R. E. Slovacek)

New measurements have been carried out In the RINS 753-ton lead
slowing down spectrometer with several additional Th fission chambers.

Measurements were carried out with bare and ByC shielded Th, 238U and
2350

-

deteccrs to shed light upon what background effects may be prezent
in the Th fission data. In the 1 to 100 eV region, where the 5,0 <f-

fectively removes all low-energy neutrons from reaching these detectors,
we rtserved that the 237Th and 238U fiscsion counting rates are in the ra-
tio of their pkotofisiion cross scotlons for 7 ¥eV pamma rays. we con-
cluie that this it caused by DPhiu,y) zamma ravs, and in the 1 to 100 eV
region this is prelsminantly 297pi(n,y) capture which produces a

single
gamma ray of 7.:168 MeV to the grounl state.
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The photofission counting rate in the L to 10C eV region is
equal to (36 + 9) % of the Th fission counting rate. Correcting for
this background, we obtain, below 100 eV, a l/v neutron-induced fission
cross section of 56 ,70.0253/E ub with an error of approximately + 20%.
This is in good agreement with the older thermal fission cross section
measurements carried out at Dubnal and Mol? but not in agreement with
the recent measurements from Grenoble.

1. KXorneev, Skobkin and Flerov, Sov. Ph. JETP 1C, 23 (1960)

2. M. Neve de Mevergnies and P. del Marmol, Proc. of Neut. Sections
and Tech. Conf., Wash. D.C., March 1968, NBS Spec. Publ. 299, Vol. I.
pg. 6ll.

3. Wagemans, D'Hondt, Deruytter, Emsallem and Ashgar, Nucl. Phys.
A-259, 423 (1976},

7. A lission Chamber for Cross -Cection Measurements with < 1 ug
Samples

(P. A. Bicknell, R. C. Block, Y. Nakagome and G. Krycuk, RPI)

A small ionization chamber has been developed for fission cross
section measurements with the RPL 7b5-ton lead siowing-down neutron
spectrometer. The extremely high neutron flux obtained with this spec-
trometer enables measurements to be made with < 1 pg of highly alpha-
active fissile samples. The chamber consists of a 0.64-cm-dia. inner
hemisphere of stainless steel and a 1.10-cm-dia. outer hemisphere of
aluminum, and is operated at 200 Volts and at 1 atm prescure of meth-
ane. A charge-sensitive preamplifier was designed for this chamber to
cperate inside the linac room and drive a 50-ohm cable. Since the cham-
ber and preamplifier must operate in the intense gamma flash produced
when the ele_tron beam strikes the photo-neutron target inside the
spectrometer, a test for electronic gain shift was carried out under
operating conditions with a chamber coated with = 1 pug of 252Cf. The
gain of the system recovered to within 1% of normal gain in less than
1 us. Thus measurements can be made up to 100 keV neutron energies.

Neutron Total Cross Cection Measurements of the 2 keV Minimum
in %93c and the 24 keV Minimum in 9°bfe

(R. C. Block, U. N. Singh (RPI), K. Kobayashi (KUR),

R. E. Chrien (BNL) ard H. I. Liou (BNL) )

Accurate measurements of the neutron total cross section near
the resconance-potential interference minima are required to optimize
the design of filtered reactor beams.

- 250 -




Neutron time-oi-flight transmission measurements were carvied
out at the Gaerttner Linac Laboratory with kg quantities of 455c and
56Fe samples which were obtained from the filters for the Brookhaven
National Laboratory HFBR reactor. The 49Sc (99.9% pure) measurements
were carried out both with and without a thick %5Sc filter in the neu-
tron beam, and transmission samples of N-1 = 0.922, 1,844, 11.7, 50.8
and 152.5 barns/atom were used. For the major minimumn near 2.0 keV,
we obtain a minimum cross section of 0.71 + 0.02 barn, in sharp con-
trast to a previously reported value of «0.05 barn. The 56Fe measure-
ments were carried out with an Fe filter in the beam and a %bie
{99.8%) transmission sample of N-1 = 0.174 barns/atom. The cruss sec-
tion at the 24.4 keV minimum is 0.057 + 0.003 barn. The results of
this experiment provide vital information for the design of high-flux
filtered beams using these extremely expensive filter materials. Z
Pertinent to Request No. 74037-9. :

9. Temperature-Dependent Self-Indication Measurements in 238y% .
(K. Kobayashi (KUR), D. R. Harris, S. H. Him and R. C. Block) 2

Self-indication measurements have been completed for the shield-
ing sampie at 779K, 2939K and 873°K and with the self-indication sam-
ple at 293°K. All data have been reduced to capture yields and
analysis is concentrating upcn determining from these data the rec
ance parameters of the five lowest energy s-wave resconances at 6.6
20.9, 36.8, 66.15 and B80.9 eV. The experimental yield data {for the
three lowest energy resonances are shown in Figures A-3 to A-5, where
the thickness and temperature of the shielding sample is indicated upon
each figure. The effects of Doppler broadening and resonance interfer-
ence are quite apparent in the widths of tne 'blacked' out central re-
gions and the asymmetry of the peaks on either side of the central re-
gion. In Fig. A-6 the experimental yield for the 20.3-eV resonance is
compared to the prediction of the ILHDI/B-1V rescnance parameters using
a multilevel formalism. It is apparent that the ENDF/B-IV data gen- o
erally predicts too large a capture yield for all shielding sample '
thicknesses and that the resonanceparametsrs must be changed.

+
th
€

n_
I

~ O 0

kl

Preliminary analysis with the 779K and 293°K data indicates
that the radiation width of the three lcwest energy resonances should
be reduced below the ENDF/B-1IV values.

Pertinent to Request No. £928g-09,

Supported by the Llectric Fower Pesesrch Institute
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Figure

Figure

Figure
Figure
Figure

Figure

A-1

A-2

A-b

A-5

A-6

\

\ Figure Captions

NeutroN capture cross-section vs. time of flight. The
straigh® line is ENDF/B-I1IV data, while the histcgram
is RPI daxa.

\
A comparison of neutron time of flight data between
channels 3000 and 4000 for earlier 105Pd measure-
ments (upper figure) and present fissior product Pd
measurements (lower figure).

e . . 238
The self-shielded capture yield of U,

The self-shielded capture yield of ZaDU.

The self-shielded capture yield of 238U.

A comparison of the measured self-shielded capture

yield of 298y with the prediction of a multilevel
formalism using ENDF/B-IV resonance parameters.
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CAPTURE CRO-S-SECTION (barns)
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Figure A-1, Neutron capture cross-section vs. time of
flight. The straight line is ENDF/B-IV data, while the

histogram is RPI data.
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A comparison of neutron time of flight data
surements (lower figure).

between channels 3000 and 4000 for earlier !

Figure A-2.
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B. INTEGRAL CRO3S SHCTIOL CALTULATIONS AND THEORY

1. Sensitivity Analysi. for Shielding Data Evaluation by Inter-
active Grephics Computing
(A. Parvez and M. Becker)

Sensitivity studies are being carried out to determine the im-
pacts of cross section uncertainties on the results of neutron trans-
port experiments for several ma*erials.

A very simple and direct approach has been adopted at RPI where
a parametric variation of the input cata is carried out to determine
the consequences of data uicertainties. The problem of data handling
and manipulation has been overceome through the devel. aent of a sorhis-
ticated interactive graphic analysis svstem. The syctem operctes on a
PDIF-15 computer associated with a View Tube. To increase the inter-
active capabilities of the system,a Hardware Dialogue Unit (HDU) has
been interfaced o the PDP-15(1) Hardware ard zoftware for the systun
modifications were designed and implem=nted at RPI.

Tiie processed data (normally SUPERTOG(J) output) is transferred
directly from a large remote computer to the local coruter. .Tho in-
teractive graphic program automatically creates displayable files from
this data and allows the user to displzy, manipulate, and modifv any
crocs section on the screen at the selczction of push Luttons irom the
HDU. Alongwith the original da*a the errors or uncertainties asso-
ciated with the data alse are displayed.

In addition to displaying and modifying *he indiviiiel cross
sections, the prosram also provides th. r-oability to interact: e
modify tne secondary distributicn on a zeloctive basis or *Fosurckh
variety of pre-defined gross adjustment schemes.

The usefulness of the system is increasea through the develop-
ment of approximate but viable calculational ncdels (continuous s’ ow-
ing down theory(3) in thiz case) to allow a rupid survey by caloulating
the results FfFollowing a data change, and graphically comparag them
with the Integral measurementz. Initie conclusions reached on the
basis of the approzimate model ar: then tested Ly carrying cut a pre-
cise calculation at the remote computer,

By using thi~ strategy, we have successfully interpretod the
di:crﬁpgncies betwsern the calculated and measured sreetrs in uran-
1um,('vd) where both the total inelastic cross ssciion awd the zecond-

—_— y

ary distribution have been modifled (comrared 1o
the calculation in 1.r: with :

LOrLrent.
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Efforts are convinuing to analyse and interpret the integral
measurements in iron and sodium. For iron the ENDF/B-IV data appears
+n yield generally satisfactory results, but work is continuing in con-
nection with the uncertainty in multigroup constants where the cross
sections show substantial structure, and the impact of rthis uncertainty
on the details of the final spectrum. Tnvestigations recently have
been initiated relative to sodium.

1. M. Danchak, W. R. Moyer and M. Becker, "The Rensselaer Interactive
Graphic Analysis System," Trans. Am. MHucl. Soc. 18, 153 (1974).

2. R. Q. Wright, J. L. Lucius, N. M. Greene and C. W. Craven, Jr., é
"SUPRTUG, A Progran to Generate Fine Greup Constants and P Scat-

tering Matrices from ENU'I/E," ORNL-TM-2679, Oak Ridge National Lab-
oratory (1969).

3. F. E. Dunn and M. Becker, "lmprovements to Neutron Slowing Down
Theory for Fast Reactor,"Nuc. Sci.Eng. 47, 66 (1972).

4. A. Parvez and M. Becker, "Direct-Data Adjustment for U238 by Inter-
active Graphic Computing," Trans. Am. Nucl. Soc., 22, 717,(1875).

5. A Parvez and M. Becker, "Sensitivity of Uranium Spectra to Inelas-
tic Matrix Perturbation," Trans. Am. Nucl. Soc. 23, 505, (1978).
2. Assessment and Evaluation of Sodium Cross Sections on the
Basis of Integrzl Flux Measurements
{A. Parvez and V. Becker)

At RPI and elsewhere neutron flux measurements have been carri-
ed out in iniivigual materials to provide a benchmark in assessing neu-
tronic data. (1,2 For sodium, the neutron spectral flux has been meas-
ured by Mallen (3), and the preliminary calculations with earlier ENDI/E
files have been carried out by Malaviya et al.(4)

In this summary, we present the results of an analysis based
on ENDF/B-TV where direct data adjustment has been made to improve the
theory-experiment agreement.

For this work tha multigrou%ssross—sec:ions have been generated
by ucing the computer code SUPERTOG . The weighting spectra employerd
in these calculations is based on Bn approximation(B). A discrete ordi-
nate, one-dimensional solution o the Boltzmann equation is obtained
+hrough the DTF-IV code. (7) Figure B-1 shows the results of these cal-
culations against the measured spectra.

a sross disagreement between the calcula-

Above 2 iev, there iz
The nature of disagreement varics with the

ted and weasurad results.
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direction and loczation =f measupement an. 5 typically the same as the
one found in ‘rcn(8). Rather small sensitivities obtained from a sen-
sitivity analysis on angular distribution of elastically scattered ncu-
trons leave the perturbation caused by reentrant hcl.es in the experi-
mental assembly as the possible cause oY these discrepancies. Further
investigar_.ons along this direction appear warranted, particularly in-
cluding the application of Monte Carlc techrniques tc celve the Boltz-
mann equation.

In the energy region below 2 4eV, the overall azreement bhetween
the measured and calculated spectre i, by and large acczptable, but
some discrepancies exist in predicting the details of <the spectram.

To get a better perspective, another calculation was performed
by using a group structure which placed most of the croups betwesn 100

keV und 1 Mev. The thecry shows satisfactory compa iscon with ewperi-
ment except arcound 700 keV and between 25C and 100 .eV. The Interactis

s . . . Q
data adjustment facilities(9) develcped at RPI were used to perform a
sensitivity analysis and lock for suitable data changes to resolve
these discrepancies.

The investigations pointed out that a decrease in the elasvic
cross sectior in a particular group increases the flux in that proup
and at the same time results in a decrease in the

% in the lower

e £roUL

sroup because fewer neutrons are slowing lown to t
szcondary ef{fect is more pronounced in sodium thaa
iite uranium or Iron. It does not come as
iz a low atemic weight material and neutrons
gle elastic collision with scdium than the
certain situaticns, it appears more d-ei
in a particular rrour

highe» greuns. T

-. This

n other

riae becaitce ~nodi

WIle eneryy o Linoa sin-

Trenoor owranium. In
e manipulate the flux

7 changing the

dewn-ccatter g

CU Ty Lo 2l LmnGryiant s Lelire

: FRTRES T

the elastic crouss section
The adjusted ¢ the
CHLE/B-IV values. lea ad-

justed c¢ross sections from LDNDE/B-1V
differentlal measursements peocent
here that this ene

wement with
noted

Tt
reactors.  Thic A
measurement and e
areas wnere tho rooan o RS TS ST S S S ROC OO SRS SONL A S S o F0%
ENDE/E-IV. :
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N. N. Kaushal, B. K. Mulaviya, M. becker, k. T. Lbarns, and E. R.
Gaerttner, "Measurement and Analysis of Fast Neutron Spectra in
Uraniun DCHLetLL in the Yranium-235 Isotope,"” Hucl. Sci. Eng.,47,
330 (1972).

K. E Macv}gr, F. J. HMuckenthaler, and E. L. Childs, "Ti= ORNL
Benchmark Lxperiment fc» Heutron Transport in Thick Sodium,™
liclear Technelogy, 22, 275 (19745,

AL N. Mallen, "Meacurement and Analysis of Tast and lntermediate
ieutron Spectra in o Sodium Assembly," Ph.D. Thesis, Rensselaer
belytechnic InLrituve, Troy, (1373).

dalaviva, 2. 5. Gaerttner, Ao M. Mallen, and N. N. Fauchal,
ament and Analysis of Faot NLUEFOH Spec*ra ir Sodium,"
tacl. Coe., 16, 04, (1973

K. (. Wright, et al., "SUPLRTOG, A Program to Generate Fine Group
Constants and Pn Scattering Matrices ivor ENDE/B ORNL-TM-2674,
Dak Ridge tliational Laboratory, (19¢9).

, "Intluence of Tiep Minima on Multigroup Cross Section
n," Hu-l. Sci. Lng., 57, 75 (1975).

4. Beclker

ratio
¥. D. nathrop, "DTF-1v, A Tortran IV Program for Solving the
Hultigroup Grancport Equations with Anistropic Scattering,' LA-
3373, Los Alamos Unientific  Laboratory (1965).

A. Farvez and M. Becker, "An Assessment of FNREF/B-1V for Iron

Based on Integral Mea.urements,' Trans. Am. Nucl. Soc. 24, 454
(1976:.

A. Parvez and M. Becker, "Direct Data Adjustment for u238 by In-

teractive Jraphics Computing," Trans. Am. Nucl. Soc., 22, 717
(1975).

P. H. Brown, B. L. Quan, J. J. Weiss, R. C. Block, "Measurement
¢ ¥ Neutron Total Cross-3Section of Sodium Near Minima,'" Trans. Am.
Nucl. Soc., 21, 5C5, (1975).

3. An Assessment of ENDEF/B-IV for Iron Based on Integral Measure-
ments

(A. Parvez and M. Becker)

Fast-neutron spectra in iron have ber~n measured at RPI! and
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elsewhere.?2 The experimental results are then coumpared with theoretical
predictions to help evaluate nuclear data and calculational techniques.
Previous papersl-3 have discussed analysis and interpretation of these
experiments with early ENDF/B files. This paper describes an assess-
ment of ENDF/B-IV data based on comparison with the integral measure-
ment.

The calculatiuns are carried out by approximating the experimen-
tal assembly with a sphere and employing the one-dimensional transport
theory code DTF-IVH in 51 quadrature. Cross sections are in a 49-group
structure with Py approximation f~r differential cross sections. The
multigroup cross sections and the 8 terms of Legendre expansion are
generated from ENDF/B-IV through SUPERTOG. °

The choice of a proper weighting functlon is important in the
generation of effective multigroup constants for iron. This is particu-
larly true because of th- better resolution that has been achieved in
ENDF/B-IV to describe the high keV scattering resonances and the 25-keV
s-wave minima. Under these circumstances a weighting spectrum based on
B, approximation and given by

1
¢(u) = -———sz
0+2.B_
t Nw
has been found to give “etter results6’7 than the generally used
3 1
a{u) =
o+ DBZ/N

weighting spectrum. The pointwise total cross section (3.) used in the
weighting function was obtained from LNDF/BE-IV Ly using the RESEN 8
ccde and was Doppler broadened to room temperwture through the progranm
5IGMAL.Y

To facilitate interpretation of ditcrepancies observed between
detailed transport calculations and measured results, use is made of
the interactive graphic system developed at RPI for this purpose and
applied previously to assessment of uranium data.l10,11

Figure B-3 shows the ENDF/B-1V predi-*e¢ spcctra against the
measured spectra in three different (forward, transverse, and kackward)
directions at a distance of 10 in. frcm the source.

The figure shows that the high-energy (>4MeV) agreement is sat-
isfactory onlv in the forward direction, wt le in the backward and the
transverse 1irections the calculatiorns unc restimate the flux. The
good agreement in the forward dilrecticn implies that the high-energy
multigroup scattering cross sections and the average cosine of the
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scattering ancle (u) are acceptable.

The only other regular systematic discrepancy is the overpre-
diectien of calculated spectra at each dip in the multigroup elastic
cross section, pointing towards the fact that the effective multigroup
cross sections do not adeguately represent the rescnance behavior.

The interactive'analysis,lo in which infer .nces are drawn on
the basis of continuous slowing-down tbheory, has revealed that Letter
agreement can be obtained by using decreased tluctuation ratios in the
multigroup elastic-scattering cross sections.

The same interactive analy:is also indicates that the overall
shape of the total inelastic cross section is satisfactory and, ap-
parently, there is no reason to believe that any disagreements might
have been caused by the uncertainties in the inelastic cross section.

In summary, an evaluation of ENDF/B-IV data for iron has been
made on th= basis of RPI integral measurements. The group cross sec-
tions generated from ENDF/B-IV provide a satisfactory overall agreement.
Further :ork appears required in defining group constants for resonance
cross sections, and in treatment of anistropy at high energies.

1. B. K. Malaviya, N. N. Kaushal, M. Becker, E. T. Burns, A. Ginsberg,
and E. R. Gaer+tner, "Experimental and Analytical Studies of Fast
Neutren Transport in Iron," Nucl. Sci. Eng., 47, 329 (1972).

2. Is vo Kimura et al., "Assessment of Neutron Group Constants for

Irc¢ and Stainless Steel Through Measurements and Analysis of Energy
and Space Distribution oi Neutrons in test Assemblies," Proc. Conf.
leutron Cross-Section and Technology, Vol. I, p. 184, Washington
(1975).

3. B. K. Malaviya, N. Kaushal, M. Gelay, and E. R. Gaerttr2r, "In-
tegral Test and Evaluation of Cross-Section Data from Studies of
Fast Neutron Transvort in Bulk Media," Proc. Conf. Neu*ron Cross-
Section und Technology, 3rd. Vol. 1, p.91, Knoxville, Tennessee
(1971).

. Lathrop, "DTF-IV, A Fortran-IV Program for Sclving the Multi-

ouL Transport Eguations with Anisctropic Scattering," LA-3373,

Loz Alamos Scientitic  Laboratory (1965).

. Wright, J. L. Lucius, N. M. (reene, and C. W. Craven, Jr.,

PLRTCO, A Program to Generate Fine Group Constants and Pn Scat-

tering Matrices from L MT/B, MORNL-TM-2679, Dak Ridge National

Laboratory (1963).
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L. M. Becker, "InTluence of Deep Minima on Multigroup “ross-Section
Generation," Nucl. Sci. Eng., 57, 75 (1975).

7. R. F. MacFailane and M. Becker, "Self-Shielding of Elastic Transfer
Matrices," Trans. Am. Nucl. Soc., 22, 717 (1975).
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Odelli Ozer, "Program RESEND,"™ BNL-17134, Brookhaven National Lab-
oratory (Jan. 1972).

3. D. E. Cullen, "Program Sigmal (Versicn 74-1)," UCID-16426, Lawrence
Livermore Laboratory.

. . 38 -
10. .. Parvez and M. Becker, "Direct Data Adjustment for 299y by Inter-
a_tive Craphic Computing,'" Trans. Am. Nucl. Soc. 22, 717 (1975).

11. A. Parvez and M. Becker, "Sensitivity of Uranium Spectra to Inelast-
ic Matrix Perturbation," Trans. Am. Nucl. Scc., 23, 505 (1976).

4. Fuel Cycle Sensitivity Analysis System for Light Water Reactors®
(M. Becker, D. R. Harris, J. Parillo, A. Parvez and J. M.
Ryskamp)

A sensitivity analysis system has been developed for assessing
the economic implications of uncertainties in nuclear data and methods
for light water reactors. This sensitivity irnformaticn can be used to
indicate directions fcr worthwhile improvement in data and methods.

The overall structure of the sensitivity analysis system is de-
terriined both by the complexity of the nuclear design process and by
the large number of relevant nuclear data. The system relates nuclear
data to ccsts by two sequences of operations broken at the few-group
cross section ievel. 1In Path A, the basic nuclear Jata are processed
to multigroup cross sections and collapsed to few-group cross sections.
In Path B, the few-group cross sections are used in depletion of a
fuel batch at batch power levels determined by a nodal cAlculation, and

the fuel cycle cost is determined from computed nuclear inventories
before and ufter exposure.

Cost implications of uncertainties at the few-group level are
determined first by Path B surveys facilirated by use of the RPI in-
teractive graphics system.l Then Path A investipations relate basic
data and methods tc the few-group cross sections that are found tc be
important from Path B. Here we report Path B dircct methceds and results.

sponscred by Eleciric Power Reseavch Institute
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A nenlinear perturbation theory technique for Path B was reported ear-~
lier.? For both techniques [ew group, exposure-depeident microscopic
cross sections are provided by a reference LASER,3 CHEETAH,% or
EPRICELL® calculation.

Iirect Path B investigations are carried out by cedes FASTCELL,
FASTZORE, and CO3T. FASTCELL utilizes the few-group microscopic cross
sections provided by the reference calculation to compute few-group
fluxes and nuclide inventories during batch exposure. For an assumed
batch power history, FASTCELL provides ko and migration area to a few-
node FASTCORE. FASTCORE computes batch power sharing for given core
power demand in the equilibrium fuel cycle. The new batch power his-
tory is reintroduced into FASTCELL and the process is repeated to con-
vergence. Preexposure and discharge inventories then are used to com-
pute fuel cycle cost and unit power cost by the code COST. COST com-
putes the present worths of cost components6 for ore purchase, conver-
sion, enrichment, fabrlcation,reprocessing, and credits, assuming fixed
payment schedules. Present worths are referred to center-of-exposure
for a single fuel batcn or to a reference year for a reactor or class
of reac*tors. These codes are fast, for example, FASTCELL costs less
than $1 for a full PWR batch exposure in contrast to about $700 for
the reierence LASER run on an IBM-36C/50. Path B codes are operable
on the RFI interactive graphics computing system.l This fact enables

us to make effective surveys and obtain answers to a variety of sensi-
tivity questions.

Some illustrative results of Path B sensitivity calculations are
shown in Table B-1. Column 1 shows changes imposed on selected indi-
vidual few-group cross-sections. Columns 2 and 3 show the changes in
annual front end and back end present-worthed expenditures that result.
The net change is given in Column 4. When the changes of Column 1 are
imposed, equilibrium cycle enrichment is changed so as to maintain
cycle length. The material and separative work charges associated with
this enrichment change make up the front end costs.

Designers sometimes adjust certain parameters, such as the neu-
tron yield in fission v, so as to force their input data to predict
mock-up critical experimonts. Columns 5-7 provide resulis analogous
to those of Columns 2-4 for the situations where the data changes of
Column 1 are replaced by small {< 1%) compensating chuuges in V. Com-
pensation is based on preserving fresh fuel multiplication factor,

since critical experiments generally are essentially free of fission
products and plutunium.

Two observations may be made regarding the specific cases in
Table R-1. First, it is possible for ret changes to be small differ-
ences of large numbers associated with front-end and back end costs
and credits. Changing circumstances (e.g. to a throwaway cycle) could
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Table B-1

Sensitivity of 1980 PWR Fuel Mycle Expenditure to Changes in Nuclear Data

Uncompensated Compensated by v Changes
Column 1 Column 2 Column 3 Column 4 Column 5 Column 6 Column 7
Data 'ront End Back End Net Cost Front End Back End Net Cost
Change Cost Change Cost Change  Change Cost Change Cost Change  Change
+ 5% in
Grous 2
(1.855-5530 eV) $867,900. -5102,900. $16:1,000. -$1,089,700. -5$36,300. ~-$1,126,800.
238 (65%) (~4.,u4%)
u* Capture
+ 10% in
Group 2 $104,700. -%30,300, 368,u4C0. $300. -$1,200. ~5800.
Zr Capturu
+ 10% in
Croup 1 $23,100. $o,u0n, 320,700, $1,000. £5,400. $6,400,
(> 5530 eV)
U235Fission
+ 1% in
Group 3
(< 1.855 eV) -$191,000. $8,100. -5102,000. 5$284,700. -$71,100. $213,600.

U235Fission




affect assessment of imporctance of a particular change. %econd, it is
possible for implicit error compensation to lead to cost implications
larger in magnitude than the original and possibly even oppositz in
sign. Compensation is most suspect when applied to data that affect
the depletion and conversion processes significantly. Lut can be ef-

fective when applied to data whose impacts are relatively constant,
as with zirconium.

[

M. Danchak, W. R. Moyer, M. Becker, "The Rensselaer Interactive
Graphics Analysis System,” Trans. Am. Nucl. Soc. 18, (1974).

2. D. R. Harris and M. Becker, "Nonlinear Perturbation Technique for
the Nuclear Fuel Cycle," Trzns. Am. Nucl. Soc.,23, 534 (1976).

3. 2. (. Poncelet, "LASER, a Depletion Program for Lattice Calculations
Base1 on MUFT and THERMOS," WCAP-€6073 (196f).

4. “CHEETAH-P," Nuclear Associates Corporation (1974).

wn
.

C. Ozer, private communication.

6. K. E. Assurussen, F. Broglie, and B. W. Southworth, "Manual on
Fuel Cycle Cost Calculations, the GACOST Code," GA-10593 (1971).

. Analysis of Sensitivity of PWR Fuel Cycle Costs to Uncertainties
in Nuclear Data®

(M. Becker, D. R. Harris, A. Parvez and J. M. Ryskamp)

A sensitivity analysis system has been developed {or assessing
the economic implications of uncertainties in nuclear data and methods
for light water power reactors.l=3 We report here the results of a
comprehensive analysis of sensitivity of PWR fuel cycle costs to nu-
clear data at the few group level. This sensitivity information is
used to indicate directions for worthwhile improvement in data and
methods. Benefits from improvements in data and methcds are related

to reduction of margins that are provided to ensure meeting reactor
and fuel objectives.

Sensitivities are calculated using the code system TASTCELL-
FASTCORE~COSTR linked for interactive application.l=3 The cell code
FASTCELL deplates a fuel batch, FASTCORE determines overall core prop-
erties in the equilibrium cycle, and COSTR computes reactor costs. A
cross section or other parameter is changed from a base case, and a
corresponding change in fresh fuel enrichment is determined as required

“Sponsored by Electric Power Xesearch Institute
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to maintain core reactivity at end ol a cvycle of fixed length at de-
mand power. Exposure dependent microscopic few group cross sections
were suppl_=d to FASTCELL from a LASERY computation for a pressurized
water reactor. Power sharing among batches loaded into the core was
obtained for FASTCORE “rom an analysis of PWR power distributions.

Sensitivities of fuel cycle cost through the year 2000 were de-
termined with respect to some ninety nuclear parameters both for a
fuel cycle with reprocessing and for a throwaway Tuel cycle. Tables
B-2 and B-3 show computed sensitivites of fuel cycle cost (with re-
processing) for 1% changes in few group capture and fission cross sec-
tions. These costs are for 1980 in 1980 dollars for a PWR batch of
30,000 KgU costing $27.M. Sensitivity coefficients 0/ - 6Cfcyc/60
are listed in parenthesis. Computed sensitivities rangeyw1de1y, the
larger values indicating econcmic justification for improvement in data
ard methods. Particularly important data include thermal capture and
fission cross tections and fission energy yield for PU233 and U235,
and fast fission and resonance capture cross sections for U238.

1. M. Becker, D. R. Harris, J. Parillo, A. Parvez and J. M. Ryskamp,
"Fuel Cycle Sensitivity Analysis System for Light Water Reactors"”
Trans. Am. Nuc. Soc. 24, 216 (1376).

2. D. k. Harris, "3ensi+tivity of Nuclear Fuel Cycle Costs to Uncertain-
ties in MNuclear Data and Methods", Ph.D. Thesis, Rensselaer Poly-
technic Institute, Cctoker 1976,

3. J. M. Ryskamp, "PESICELL, a Code for Pact Computation of Reactor
Cell Characteristics Over a Fuel ¢ycle', M. 7. Thesis, Rensselaer
Polytezhnic Institute, December 1277

4. C. O. Poncelet, "LASER, a Depletion rrogram for Lattice lalculaiions
Based on MUFT and THRERMZZY, WCAP-6073 (196k).

Table B-2
Table B-Z Changes in Fuel (vcle UCost Per Batch for 1%
Tncreazes in leutron Uapture Cross Joctlons
. Fa. - Heutron ROSONarnCs el 1 Theyma) N -
apturing 4.7 Reutron Feslhance el 1ron saermal Hetaron
Yaterial “roup (RL T L) o (L. €7-5557 2V) Sroup(<L & 2Vl
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U-238 311,299 $35,108 $11,833

(0.u2) (.130) (.ou48)
Pu 239 $ Plhu $25,873 $198,0u46
(.003) (.099) (.733 )
Pu 240 $ - 31 $  -652 $ 1,950
(- .000) (- .002) ( .007;
Pu 241 $ 362 $ 4,031 $28,061
(.001) (.015) (..om)
Pu 242 S 3u $ 3,098 $ 155
(.000) (.012) (.001)
¥e 135 $ 0 S 0 $ 7,378
(.000) (-000) (.027)
Sm 149 4 0 $ 0 $ 6
(.000) (.000) (.000)
Fission S 0 $16,915 $ 31,664
Products (.000) (.063) (.117)
E 10 $ 24 S u66 $ 3,963
(.0G0) (.002) (.015)
Hydrogen 50 1vl 5 2,739 $ 29,051
(.000) (.010) (.108)
Oxygen $14,52u $ 0 $ 36
(.055) (.000) (.000)
Zirconium 5 6,625 S 6,460 3,479
(.025) (.024) (.013)
Table B-3

Changes in Fuel Cycle Cost per Batch for 1%
Increases in Fission Cross Sections

. Fast Resonance
Flss%onlng Neutron Suron
Nuclide Group(>5530 eV) Group(l.8 eV- Thermal Neutron
5530 eV) Group (<1.R eV)
U 235 - S u,716 - 524,181 - $100,910
(. 017) (- .085) (- .373)
U 236 - $ u,784 ) 0
(- .o1%) (0.) (0.)
U o228 - 591,999 0 0
(- .340) (0.) (0.)
(cont'd)
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Pu 23¢ - L e, il - L IR,106 - 5036,277
(- .018) {- .low) (- .874)
Py 240 - ¢ 1,005 -5 25 0
(- .004) ( .000) (0.)
Pu 24l - 41,126 - $10,583 - % 41,665
(- .o04) (- .039) (- .154)
Pu 2u?2 - % 1uQ 0 0
(- .o01) {0.) (0.)

TUIERMAL HYDRAULICES STUDIES

(@]
-

1. Two-"hase Flow Phenomena in Nuclear i.eactors

( R. T. Lahev)

Al extensive research program is underway to: (1) develop
accurate and reliable two-phase flow instrumertation, (2) develop an
in-depth understandiung of phase separation and distributicn phenocmena
in nuclear reactor geometrics, and, (3) investigate transient parallel
channel effects during hypothetical nuclear reactor accidents.

The datz, analysis and instrumentation developed should make
a significant contribution to the understunding of nuclear reactor
performance and safety.
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Figure Captions

Fig. B-1 Comparison of measured spectra in sodium with DTF~IV
calculations using ENDF/B-IV.

Fig. B-2 Sodium elastiz cross section adiustments on the basis
of integral measurements.

Fig. B-3 Comparison between the measured and calculated angular

flux at a radius of 10 in. from the source and in dif-
ferent directions.
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Figure B~1. Comparison cf measured spectra in sodium
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Figure B-2. Sodium elastic cross section adjustments
on the basis of integral measurements.
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TRIANGLE UNIVERSITIES NUCLEAR 1LABORATORY

A, INTRODUCTION

This report to the ERDA Nuclear D:ota Committee is a summary of
research at TUNL in areas of particular interest to the Nuclear Data
Committee at the present time. It has generally been excerpted from
the TUNL annual progress report dated 31 December 1976, but where addi-
tional data are now available appropriate sections have been revised to
reflect the new work. Those interested in other aspects of research
being carried out at TUNL are referred to the ainual report whose
table of contents is attached as appendix 1.

B. NEUTROW AND FISSION PHYSICS

1. Fast Neutron Differential Cross Sections (F.0O. Purser, C.R.
Gould, P.W. Lisowski, L.W. Seagondollar, C.E. Nelson, P. Von
Behren, W. Tornow, H.H. Hogue, S.G. Glendinning, Sadig El.
Kadi, E.G. Bilpuch, H.W. Newson)

A, Experimental
(1) New Neutron Detector

During this report period design work was completed
and construction has begun on an additional neutron Jetector and shield
for use in the neutrcn time-of-flight program. The massive new shield
will contain 2700 kg of a 50/50 lithium carbonate and paraffin mixture,
600 kg. of copper, and approximately 900 kg of lead. The collimator is
of the Langsdorf double truncated cone design adapted for a 12.7 cm.
diameter NE~213 detector.

The angular carriage for the new detector is under
construction by a local contractor. The carriage is designed to allow
neutron flight paths ranging from 2.0 to 6.0 meter- with an angular
range from 0° to 165°. The carriage will traverse an elevated iron
track similar in design to that in use with our 4 meter detector. The
4 meter track is being extended to cover a full 360° to allow operation
with this detector or either side of the target beam line. Delivery
of the new angular carriage is anticipated in January of 1977, with
final installation of the new detector scheduled for mid to late
Spring.

(2) Tritium Gas Target Capability
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Evperimental requirements for some of the CTR related
measurements planned dictate use of the T(p,n)jﬂe reaction as the mcono-
energetic neutron source., A tritium gas handling system and a system
of safeguards to allow use of tritium targets in a university environ-—
ment has been designed. The system :ncorporates [asi acting vaives to
isolate tritium spills to the beam line, LNp-activated charcoal trapp-.ng
cf pumping stations with vacuum pumps exhausted to an external exhaust
stack, and additional air handling equipment in target rooms to allow
emergency evacuation in the event of a room spill. Vented storage
capacity for tritium contaminated parts and a vented glove box for re-
pair of essential tritium contaminated beam 11 € components are pro-
vided. Tritium wonitors in the exhaust stack and target room will be
installed with remote readouts and permanent tritium level recording in
the control room.

. CTR Related Measurements
(1) Natural Carbon

These data have been published in Nucliear Science
and Engineering, vol. 61, page 521, December 1976.

(2) Beryllium 9

The elastic and inelastic data are being prepared
for publication and will be submitted to Nuclear Science and Engineering.

Additional measurements on Beryllium were undertaken
during this report period to measure the continuum neutron production
cross sections at incident neutron energies of 7.0 and 7.5 Mel. For
these measurements the bias level of the detector was set at 1/10 the
pulse height cf the 13/¢q gamma or approximatelw 450 kel neutron energy.
Analysis of these data and application of various self consistency
checks is in prcgress.

(3) Lithium 6

Sevel. elastic and inelastic (¢4 = -2.18) cross section
angular distributions have been measured for incident neutron energies
of 7.5, 9.0, 10.0, 11.0, 12.0, 13.0 and 14.0 MeV. Preliminaryv data are
shown in Fig. 1. Final data analysis has now been completed and the
dat: have been forwarded to the NNCSC. Integrated cross section re-
sults for the elastic and inelastic groups are given in Figure 2,

(4) Lithium 7

Eight elastic plus first inelastic (0 = -0.478) and
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Figure 1. Elastic and inelastic (Q = -2.184 MeV) neutron

scattering angular distributions for bLi. The large error
bars assigned to the inetastic data at back angles are due
to large background subtraction uncertainties.
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second inelastic (Q = -4.63) cross section angular distributions have
been measured. The preliminary data are shown in Figs. 3 and 4. Final
data analysis has now been completed and the data have been forwarded
to the NNCSC. Integrated cross section results as a function of energy
are given in Fig. 5.

(5) Oxygen 16

Twelve elastic scattering angular distributions for
160 have been measured for incidenc neutron energies from 9.25 MeV to
15.0 MeV. The scattering sample used is a 3/4" diameter by 1" high
cylinder of Bel. Backgrounds were measured and the effect of the beryl-
lium removed from the spectra ty using a cylinder of pure beryllium as
the "out" count scatterer. Prciiminary data at a few energies, uncor-

rected for geometric and multiple scattering effects are shown in Fig.
6.

(6) Boron 10 and Boron 11

Scattering samples for these isotopes are on hand.
Data accumulation will begin in February 1977.

{(7) Small Angle Measurements

This program has been inactive for the present report
periovd. However, the data acquisition electronics set up has been modi-
fied to be more compatible with the high levels of raw counting rates
associated with this type of measurement. A scattering sample of 93Nb
has beer provided by A.B. Smith of ANL and small angle measurements
(30 < 81, < 159) of this isotope are scheduled for Spring 1977.

¢. Search for States of High Excitation (>13 MeV) in 11
{P. Von Behren and C.E. Helson)

Neutron elastic and inelastic differential zross sections
to the first excited state in OLi are being measured to determine the
existence or a possible broad (>4 MeV) state in /Li at 16.8 MeV ex-—
citation energy. Excitation functions at two angles, 89° and 108° in
the laboratory, have been measured in 250 keV steps from E, = 10.5 to
13.0 MeV. The elastic data showed no structure at the backward angle
and at 89° the structure was indeterminate due to background problems.
The inelastic data at beth angles show a pesk at approximately 11.2 MeV
incident neutron energy which corresponds to an excitation energy of
16.9 Me' in the 7Li system. The indicated resonance width is uncertain
but is greater than 1.0 MeV, The excitation energy of 16.9 MeV agrees
well with the value .f 16.8 MeV observed in (y,n) data.
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Therc are predictions of possible levels_at these aigher
excitation energies in /Li., R-matrix calculations suggest 1/2%,
3/2% and 5/2% states in the region of interest while resonating group
theory calculations?) predict a 1/2% resonance in neutron elastic
scattering from 61.i ar 11.7 MeV incident neutron energy. It is impor-
tant to the understanding of the structure of 7Li to determine if such
levels do exist. We plan to improve the neutron energy resolution of
measuremenis and extend cur data to both higher and lower excitatien
energies in TLi.

d. Computer Program Development for Neutron Data Correction

Neutron scattering studies generally employ relatively
large scattering samples to obtain adequate c-unting rates. Thus the
measured data must be corrected for such effects as finite angular re-
solution, flux attenuation and multiply scattered neutrons, Monte Carlo

simulaticn techniques are usually emplcyed to calculate the necessary
corrections for these effects.

The program Mulcat previously used at TUNL to make these
corrections was originally written to correct neutron scattering data
for relatively heavy elements. For these cases, due to the negligible
kinematic energy loss in scattering, the simplifying assumptions were
made that: (1) the angular distributions of all scattered reutrons were
constant with energy; and, (2) that 2l1 neutrons scattered irto the de-
tectors were counted. These assumptions are invalid for scattering from
light elen=nts, when kinematic erergy losses can be substantial, and are

totally inappropriate for measurements in which the continuum neutron
spectra are of interest.

The following approach has beca used at TUNL to attack this
problem.

First: the program Mulcatl) has been extensively rewritten
to incorporate all kinematic energy loss effects exactly. A library of
up to 80 distinct angular distributions covering the kinematic energy
range applicable has been incurporated, together with appropriate inter-
polation procedures. In addition, simulated data are accumulated in a
time ¢f flight presentation so that the calculation can utilizz the
energy windows and/or bins corresponding to those used in the experiment,

Final data analysis for OLi, ’1i and 9Be is now in process utilizing

DR Hale, private communicatien

2) W, Laskar and B. Remaud, L~ Journal de Phvsique, vol. 34, p. 783(1973)
)

1)

W.E. Kinnev, Nucl. Instr. and Meth. 83 (1970) 15



this revised code.

Second: A new and faster version of the computer code MONTE
SAMPLE”» has been acquired which contains the above mentioned require-
ments. In addition, this Monte Carlo code embodies a true analog of
the scattering experiment without the assumptions inherent in the Mul-
cat logic. It is presently being modified to incorporate a finite, ex-
tended, non-isctropic neutron source routine and due to the longer com-

puter running tim2s required will be used to spot check results from
Mulcat.

Third: A completely new Monte Carlo code similar in logic
to MULCAT, except that all collisions are forced, has been developed.
Tt has the features that the total calzulation has been divided into
saveral smaller caiculations which permits the code to be run on our in-
house off-line computer. The code is also designed to handle multi-
element scattering samples, Results from this code have been exhaus-
tively checked against results from MULCAT and are in excellent zgree~
ment. Data reductiocn with this code will produce substantial fiscal
savings over analysis with MULC~T, which requires the use of off-site
computer facilities.

2. Resolved Negg;on Total Cross Sections and Intermediate Structure
(J. Clement,” B.-H. Choi,”" W.F.E. Pineo’, M. Divadeenam,¥F
H.W. Newson)

The paper entitled "Intermediate Structure in the 283i + n Re-
action: R-Matrix Interpretation of Experimental Data" will appear in
Vol. 102, No. 2 (1977) of Annals of Physics as Part Xf(i) of our series
"s- and p-wave Neutron Spectroscopy'. The revised abstract follows:

"A multi-level R~matrix analysis of Si neutronm
cross section data measured at NBS has been performed
up to about 4.5 MeV neutron energy. Only a small fraction

2Y"P. Guentner, A.B. Smith, J. Whalen, Phys. Rev. 12 (1975) 1797
3)

A.B. Smith, private communication

* . . .
Rice University, Houston, Texas
*% . . . .
Pacific Lutheran University, Tacoma Washington
+ Meadville, PA.
++

Brookhaven National Laboratory, Upton, New York
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of the p- and s-wave s.p. strength is observed, but
both exhibit local concentrations ol strength indic-—
ative of doorway structure around 1 MeV and 0.2 MeV
resRectively. Besides the well known 180 keV, strong,
1/27 resonauce, the s-wave resonance structure is of
moderate strength and widely distributed. The f- and
d-wave assignments are not unambiguous, but J > 3/2
resopances show strong signs of intermediate structure
at least for d-waves. A possible correlation between
neutron and gamua decay channels and the connection be-
tween the states observed in {(n,n), {d,p), (n,y) and
(y,n) channels is discussed. A core-particle doorway
interpretation for s~ and p-waves is presented in the
same issue of the Annals of Physics."

3. Theoretical Investigation of Neutron Cross Section Measurements
(M. Divadeenam, ' ® S. Kamavatarum,'t B. Castel, ' D, Halderson,’t
H.W. Newson)

S- and P—gave Neutron Spectroscopy: Part Xi(ii) Intermediate
Structure in the 2853 + n Reaction: Docrway State Calculation. The
abstract follows.

"A core-particle calculation developed to de-
scribe the low-lying structure of “7Si is extended
above neutron threshold energy to yield information
on the structure of doorway states indicated by the
2951 + n reaction. The recent experimental evidence
for a J = 3/2~ doorway state common to the 28Si + n
and the 29S8i + y channels is supported by the cal-
culation which also reproduces correctly the mag-
nitudes of the neutron escape widths and the El
radiative strengths of the 1/27 and 3/27 doorway states."

4. A Selectively Excited and Distorted [Liquidl Drop (SEXDD)
Fission Model (F.W. Newson)

These Selection Rules have been <implified as follows:

I. THE EXCITED NUCLEONS AT SCISSIGis ARE DISTRIBUTED I[N THE
ORBITS STATISTICALLY FAVORZD FOR DEFORMABLE FRAGMENTS,
TF {AT LEAST FOR SPONTANEOUS FISSION)

F+  Brookhaven Natiomnal Laboratory, Upton, New York

T+ : :
Universite de Lavral, Quebec, Canada
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II. THE FINAL BARRIER SELECTS IN TLE TWO INCIPIENT FRAGMENTS
THE MAXIMUM COMBINED NUMBER:
a) OF FILLED MAJOR SHELLS WHICH ARE CONSERVED SELECTIVELY
BY KINEMATIC EFFECTS AND
b) OF PAIkS OF NUCLEONS MOST OF WHICH ARE EFFECTIVELY CON-
SERVED IF

I1I. THE LIQUID DROP MODEL (LDM) DESCRIBES THE COLLECTIVE ASPECTS
OF THE FTSSION PROCESS ADEQUATELY, AT LEAST AFTER THE FINAL
BARRIER.

Rule III should certainly be acceptable to the conventional wisdom,
and it inclvdes, of course, the statice of the collective states. Since
individual nucleons in excited orbits can not be ruled out, consideration
of their statistics as in Rule T is necessary. Note that, unlike ref-
erences 1 and 2, Rule T does not assume a_priori that the spherical
shell model is applicable at scission. Rule IIb is reasonable to the
extent that pairing of all nucleons should help tc penetrate the fission
barrier and a complex potential implies a slow breakup of pairs relative

to the fast transition between barrier and scission predicted by the
LDNM.

However, Kule Ila is radical in that it imnlies a spherical shell
effect at a saddlepoint which we visualize as highly distorted and con-
servation even of the pairs (e.g., 51/2, pl/z, a3/2y with lower pairing
energies than some of the valence nucleons. Since we d=fine Rule II
for very imprcbably barrier penetrations we have assumed only a residual
shell effect, and some of the closed subshells (e.g., g9/2, hil 2, etc.)
should be very strongly conserved, but if Rule IIa is to be useful, it
should be a valid approximation for thermal neutron, as well as, spon-
taneous fission.

We have therefore devised a simple test: If Rule Ila is valid at
all excitation energies, the average, median, and/or maximum fission
yield should neve:r be less than 50 + 82 = 132 in the heavy fragment
since Rule Ila requires that the 82N and 50Z shells be filled in the
majority of heavy fragments. Also if Rule IIb is valid, there should
be sufficient events in which all nucleons are paired in one slightly
excited fragment to observe fine structure since the even-even fragments
which most nearly satisfy the equaticn AL/AL = Ay/Zy are energetically
favored and are known to be the most prolific primary fragment in each
even mass chain. One primary fragment in all odd mass chains satisfies
<UCD>» so well that little fine structure is expected in them.

Data3) taken Ly the ORNL group have been reanalyzed to form a

family of adiabatic ~urves which give the yield as a function of mass
at various total oxcitation energies (both fragments) varying between
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about N2 MeV and A5 MeV. These were formed from the published contour
diagrams by plotting the empirical Q(A) on the same scale, displacing
it downward by various amounts between 3 and 50 MeV, and plotting the
intersectior of the displaced Q values with the contour lines. Since
the excitation energy, EX(A) = Q(A™) - Ep(A) (the total kinetic energy
of both fragments) all points on any resulting yield curves are at tha
same Ey. The adiabat of the lowest excitation energy is very narrow
with a median corresponding to the product 1%%Sn82 with no detectable
heavy fragments lighter than l%OSn. As excitation energy increases the
median and maximum values move toward larger Ay and at E, = 25 MeV the
curve is very similar to the total fission yield curve. At higher ex-
citation energies inferred from the more accurate empirical Q, the
effect reverses, the median value goes to cmaller Ay as excitation
energy increases, but the median value does not sink below Ap~132 as
predicted by Rule IIa. This treatment of thermal fission of U233, y235,
Pu239, pPu24l, and Cf252(sf) all showed the same effect.

The above treatment averaged out all signs of fine structure in
the yields. 1In order to eliminate the point scatter in the empirical Q
value, Seeger's mass formula was used in a more detailed treatment.
This analysis gave adiabats in Ey steps of 6 MeV and showed the expected
(Fig. 7c) fine structured peaks at Ay = 134, 138 and 144 but ncne for
odd fragments (Fig. 7a). This effect has already been reported using
thet) fairly good approximation Q(A)=~ Q(134). As excitation energy in-
creases (Fig. 7a) this fine structure nearly dies out before L, = <Ey>
& 20 MeV. At higher excitation energy the smocoth behavior persists
(Fig. 7b) up to E, = 30 MeV (which includes nearly all of the fission
yield) while the median Ay decreases. However, strong fine structure
also reappears over a wider range (Fig. 7d) and the adiabat at greatest
observable excitation energies (E, > 45 MeV) is very similar to that at
E, < 5 MeV. Since fine structure should be most easily observable when
all nucleons in one fragment are paired, (a condition which is prebable
only at low excitation energies), this behavior shows that not only are
the major shells at 28, 50, 3nd 82, but also pairs are effectively con-
served as predicted by Rule II when one of the fragments is slightly ex-
cited. The statistics of Rules T and 11T modified by Rule IT predict
little fine structure when (Ey)1Zl(Ey)y2Ey/2 but at sufficiently high

1) "H.W. Newson, Phys. Rev. 122 (1961) 1224

2) P. Fong, Phys. Rev. 102 (1956) 439

3y E. Pleasonton, Phys. Rev., 174 (1968) 1590 and previous ORNL data

4) J. Punick, et al., Physics and Chemistry of Fission (1973) Vol. II,
p. 19
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€ (E L+ (Ex) ) one fragment should be much more excited than the
other whlch uhoqu then ba capable of exhibiting obvious fine structure.
These statistical arguments <:e similar to those used in Ref. 1.

Caption Fig. 7: Adiabats (a family of curves of yield as functions of A)
for various excitation energies (<Ey>) & Ey ‘(EX)I + (E )H . Since
marked fine structure is expected only for even fragments the curves for
lower E, were interpreted by connecting every other point with a solid
line and the remaining points with dashed lines which generate rather
smooth curves. We interpret the latter as the odd mass chains. The
points connected by solid lines show sharp peaks where fine structure
peaks are expected in Fig. 7¢ which is a plot of the empirical charge
distribution expression: 1/ Epo(Z ~zeven)2 (where 7p—(]236/92)/AevenJ -1y=
AGVeN/2 65 and Zeven ig the nearest even Z to Z_ for a given A. Since
relatively few primary fission fragments have no unpaired nucleons, the
curve in (c) epproximates only the most favorable case where Ey approach-
es zero and even then it should be compared to the difference between

the solid and the dashed curves. (b) and (d) show the same interpreta-
tion of the data whem (<Ey>) < E,. Note that in the upper curves of

both (a) and (b) there is also ev1dence for fine structure, but not much,

5. Charged Particle Fission (F.O0. Purser, D.H. Epperson, H.W.
Schmitt, E.G. Bilpuch, H.W. Newson)

In order to unfold contributions of sequential fission channels
in the fragment mass and kinetic energy distributions of 236Np for ex-
citation energies ranging from subthreshold to 27 Mel it is necessary to
have an accurate estimate of the total fission probability as well as
the fission probabilities for first, second and third chance fission as
functions of excitation energy. The total fission probabilitv was ob-
tained by dividing the experiuental fission cross sections of Boyce*
et al., by the proton total reaction cross sections as calculated by an
optical model. Due to the lack of optical model parameters for heavy
nuclei at low proton energies it was not surprising tl.at the resulting
probabilities in the low energy region did not compare favorably with
the direct measurements in the first chance region by Gavren?) et al.

In order to get reasonable agreement in this excitaticn energy region
it was necessary to assume that uranium has an effective charge of 94,92

in the spherical optical model formulation utilized to calculate the
reaction cross scctions.

L) J.R. Boyce et al., Phys. Rev. C10, 221 1974)

2)

Gavron et al., Phys. Rev. C13, 2374 (1976)
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The neutron partial decay width rﬁ calculated by Weisskopfj) uses
neutron reaction cross sections. In Boyce's work, these crcss sections
were calculated with the optical model and were assumed identical for
all isotopes of Np. It was observed that the experimental cross scc-
tions of the uranium isotopes, demonstrated a strong Ef - B, dependence.
A table of neutron cross sections independent on Ey - B, was generated
for the Np isotopes as follows: A searcl. of the ENDL"/ library of neu-
tron cross secticns for the actinides yielded cross section.. for nuclei
close to Np on the chart of nuclides with similar neutron binding ener-
gies and fission barrier heights. From these nuclei a set of neutron
cross sectione displaying the same Ef - B, dependence as does the uran-
ium set was obtained and incorporated into the statistical decay model
calculation of the first, second and third chance fission probabilities
and produced improved agreement with the data.

A comparison of the statistical decay model calculation of the
fission probabilities with the Gavron cata revealed that at low excita-
tion energies (3-9 MeV) the model was not giving a good approximation.
The agreement is good from 9 MeV to 12 MeV where the Gavron data stops.
The poor agreement is probably due to the inadequacy of the Gilbert and
Came *on”’ form of the level density at the saddle point of the fission-
ing nucleus. The calculation was revised to use the experimental fission
probabilities of Gavron et al., in the excitation energy rauge from

3-9 MeV and to match these smoothly with the calculated values from
9-30 MeV.

The reduction of the kinetic energies of correlated fission frag-
ment mass pairs is currently near completion. From these spectra, frag-
ment mass and kinetic energy distributions for a single fissioning nu-
cleus (236Np) as a function of excitation energy will be extracted using
the previocusly described fission probability calculations to unfold con-
tributions of other than 1lst chance fission.

3T V.F. Weisskopf, Phys. Rev. 52, 295 (1937

4) The LLL EvaluatediNuclear Data Library, UCRL-50400 Vol. 15 Part C
(1976)

3)

A, Gilbert and A.G.W. Cameron, Can. J. Phys. 43, 1440 (1965)




C. APPLIED TECHNIQUES

1. Neutron Spectra from Deuteron and Proton Bombardment of Thick
Lithium Targets (C.E. Nelson, F.0., Purser, P. Von Behren,
H.W. Newson)

The suitability of thick lithium targets as sources of fast neu-
trons for cancer therapy has been investigated. Incident particle-
energy combinations available to the small, "medical' cyclotron source
used to determine if such beams when used to bombard lithium targets,
lead to an improvement, vis a vis tissue penetration, in the resultant
LaSt neutron spectra. Previous measurements were either non-existznt
( Li + p) or yielded conflicting results (’Li + d). 1-3)

The relative energy sensitivity of the TUKNL neutron time-of-
flight facility main neutron detector was measured frem 0.7 MeV to
24 MeV neutron energy using the well-known T(p,n) He and T(d, n)4He neu-
trons at several charged particle energies, 4) and by scatterin: icittrons
from hydrogen. The absolute efficiency was obtained by normalizing this
relative efficienty curve at E; = 4.0 MeV to a Monte Carlo calculation
of the efficiency of the detector done at Oak Ridge National Labora-
tory.

Fig. 8 shows the neutron energy spectra obtained at zero degrees
for 8, 12 and 15 MeV deuterons and 15 MeV protons incident on the thick
lithium target. These spectra were integrated for E, > 1.0 MeV to ob-
tain the neutron yield versus laboratory angle data shown in Fig. 9.

Calculations of the average neutron energy for each zero degree
spectra showed E, = .44Eq for the deuteron reactions while E = 4.7 MeV

* Supported by Natioral Cancer Institute Research Fellowship No.

1 F22 CA00332-01
1) a. Pinkerton, et al., Radiclogy 96 (1970) 131
2) F.M. Edwards, et zl., Medical Physics 1 (1974) 317

3) A.N. Goland et al., Proceedings of the Charged Particle Accelerator
Conference, Washlngton, D.C. 1975, IEEE N521

4) D.K. McDaniels et al., Physical Review C (1973) 882

5) 6. Morgan, private communication
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for the proton reactiop. The results of Weaver®) indicated that

E, = .42 E; for deutercns on beryllium. Thus the lithium target offers
essentially no improvement over beryllium with respect to average neu-
tron energy. Since an average neutron energy of at least 8 MeV is re-
quired for adequate tissue penetration, the lithium ta. jet small cyclo-
tron combination appears to be unsuitable for fast neutron cancer
therapy.

This work has been sumbitted for publication to Physics in Medi-
cine and Biology and has been presented at the following conferences:
Interaction Conference on the Interactions of Neutrons with Nuclei,
Cniversity of Lowell, Lowell, Mass., July 5-9, 1976; Fourth Intermational
Conference of Medical Physics, Ottawa, Canada, July 31-Aug. 4, 1976.

2. Develcpment of a Facility for Production of 15q (C.E. Nelson,
H.W. Newson, Robert H. Jones')

A facility for the productica and transport of short lived
radicactive tracers is being developed in response to Duke University
Medical Center interest in pulmonary-cardiovascular research., A speci-
fic interest is the use of the Oxygen-15 labelled carbon dioxide ror
tlie non-invasive detection of left tc right cardiac shunts.

Recent work!) at the University of Wisconsin has shown the
feasibility of producing 150 via the 14N(¢d,n)150 reaction with Eq=8 MeV
in suf{ficient quantities such that it can be transported over substan-

tial distances (up to 1/3 mile) if careful attention is paid to gas
transport.

Relative yield measurements of the 511 keV coincident gamma
rays have been mcde using the TUNL tandem Van de Graaff. The results
iudicate that 150 vields simiilar to those cbtained at tne University cf
tisconsin can be obrvained with the 3.5 MeV deuteron beam of the 4 MeV
Var de Graaff opcrating wich beam currents of 20 to 25 uA.

In order to improve the operation o7 the 4 Mel Van de Graaff
particularly at such large beam currents, the former mercury diffusion

pump has been replaced with a 10" o0il diffusicn pump, comp.ete with a
freon coecled baffle.

Assistant Proufesecr, Department of Surgery, Duke University Medical
Center

6) K.A. weaver, et al., Nuclear Science and Engineer.ing 52 (1973)

35

Y R.IL Siekles. bull. am. Phvs. Soc. 17 (1972) 137
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Preliminary work, including the testing of various foil-pressure-
cell geometries is scheduled for Spring 1977. Also planned are studies
done rear the pruduction site using animals and counting equipment
supplied by Duke University Medical Center.

Further suppoct for this work, including funds to extend gas cap-
illaries to the Duke University Medical Center from the 4 MeV Van de
Graaff laboratory are being sought by DUMC via a National Institute of
Health Trauma Center Grant.

3, Continuation of PIXE Development for Multielemental Analysis
with 3 MeV Protons (R.D. Willis, W. Gutknecht, R. Shaw,
R.L. Walter)

Qur effort to study the competitiveness of proton-induced X-ray
emission (PIXE) as a multielemental analytical tool has continued, but
at a reduced pace. The cooperation with the departments of medicine
and chemistry and the USEPA and NIH still exists, but because of impend-
ing personnel changes, the project will be in a "hold" status for a
period this Spring. uvetails of somz of our findings, results, and
innovations were presented at the First International Conference on
PIXE held at Lund, Sweden. Four reports titled: (1) Proton-Induced
X-Ray Emission Anaiysis of Thick and Thin Targets, (2) Wavelength Dis-
persion Analysis of PIXE Spectra, (3) The Application of Proton-Induced
X-Ray Emission to Bioenvironuental Analyses, and (4) Computer Analysis
of Proton~Induced X-Ray Emission Spectra. Expanded versions of these
talks will appear in Nuclear Instruments and Merhods. The main direc-
tion for 1977 will probably be in animal toxicitv studies and the flow
of elements from mothers to fetuses, the accumulation of metals In
human lung tissue, element balance for intravenouslyv fed (Lyvperalimenta-
tion) patients, and microprobe developments.

D. DEVELOPMENT

1. High Resolution Development on the Tandem Accelerator (M.E.
Bleck, D.A. Nutlaw, W.K. Wells, F.0. Purser. H.W.
E.G. Bilpuch, G.E. Mitchell, T.B. Clegg)

Newson,

a. Terminal Stabilizer

Development work on the cnergv stabilization svstem for the

TUNL tandem Van de Graaf? acceler:itor describhed in the 1975 progress

Department of Chemistryv, buke Universitv



report has continued during the past year. The neutral beam target
correction technique has been abandoned in favor of the system shown
in Fig. 10. 1In this configuration the control beam. which is also the
target beam, is momentum analyzed by the 90-90 magnets. The focussing
properties of these magnets render the control signal derived at the
image slits insensitive to position fluctuations of the beam at the
object slits. 1In addition, the superior analyzing power of the system
increases the sensitivity of the control loop. It has been found that
the control slits must be offset along the beam axis in order to pre-
vent electron crosstalk which overloads the slit preamplifiers.

An isolated 5/2~ resonance with [ = 65 eV in the 54Fe(p,p)
reaction has been measured with this system and fitted with an asymme-
tric resolution function (FWHM - 375 eV). The result is chown in Fig.
11. The contribution to the overall resolution due to beam energy
fluctuations is estimated at 250 eV or less.

b. 90-90 Analyzing Magnets

A computer controlled system for stepping the beam energy in
a uniform manner i:as been developed in conjunction with the terminal
stabilizer project. T[he remote master reference '"fine" current poten-
tiometer is driven, through a set of reduction gears, by a stepping
motor commanded by the computer. The potentiometer is part of a voltage
divider that provides a reference signal to the analyzing magnet power
supply by scaling the voltage from a set of mercury batteries. These
batteries reside in a styrofoam case to minimize temperature drifts.
This system steps the master reference much more precisely than was
possible by hand. However, preliminary analysis of 9OZr(p,p) data
taken over a period of several days indicates that significant drifts
in the beam energy, with periods of a few minutes to several hours and
with amplitudes of a kilovolt or more, may occur when the magnets are
in the current regulated mode. The most attractive solution to this
problem is to derive from the NMR fluxmeter a feedback correction sig-
nal for the magnet supply. In this wa:, the magnetic field would be
regulated in addition to the current. The stability of such a system
depends upon the stability of the RF oscillator which drives the NMR
cavity. The existing fluxmeter and power supplies can be operated in
this way, so a precision frequency synthesizer accurate to 1 part in
108 was obtained on loan for a system test. The beam energy at a given
frequency was found to vary .o more than * 150 eV over a period of two
days. Stepping the RF in 100 Hz increments provided 70 eV increments
in beam energy. The frequency synthesizer is externally programmable

and can be computer controlled, although this feature was not used in
the test.
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UNIVERSITY OF WASHINGTON

A. DELAYED NEUTRON SPECTRA

1. Equilibrium Spectrum (G.W. Eccleston and G.L. Woodruff)

Mzasurements of delayed neutron spectra at the University of
Washington have used a cyclical irradiation-delay-counting sequence
thac produced a mix of precursors that were close to the equilibrium
values.l These measurements produced spectra with a large (207%) frac-
tion of delayed neutrons below 100 keV that were significantly softer
than a set of equilibrium measurements recently reported by Evans and
Krick.2 Evans has suggested that the inclusion of more of the shorter
half life precursors in their measurements, which may have higher mean
energies, in comparison to our near—equilibrium cycle may partially
explain the spectral differences.

Recent improvements to the beam monitoring equipment in addition to
medifications to the electronic system have enabled measurements using
pulsing cycles at the University of Washington which provide an equili-
brium mix of delayed neutron precursors. A comparison of the delayed
neutron group yields between the original near-equilibrium cycle, the
new equilibrium cycle and the cycle used by Evans is listed in Table A-1.
In the near-equilibrium cycle ore percent of the short half-life pre-
cursors, group 6, compose a measured spectrum due to group 6 neutrons.
Even though there is a large difference in the group 6 contribution
between our nrevious measurements and an equilibrium measurement, such
as Evans, the overall percentage difference between the spectra due to
group 6 is not large, less than 1.5 percent. Therefore, the relative
dif ferences in the group 6 contributions shou’d not have a strong effect-
on the overall shape of measured spectra.

The equilibrium delayed neutron spectrum between 20 and 1500 keV has
been collected from a 233U sample and is shown in Figure A-1. The peak
at 41 keV is decreased by several percent from previous measurements,
however the data still show a significant fraction (20 percent and more)
of delayed neutrons in the lower energy (< 150 keV) regions.

1

G.W. Eccleston and G.L. Wondrufry, Nucl. Sci. Engr., in press.
2

A.E. Evans and M.S. Krick, Trans. Am. Nucl. Soc., 23:491 (1976).
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Measurements of separated precursors by Rudalph, et 31.3 have
found delayed neutrons at energies as low as 16 keV for the longer half-
life precursors with a large portion of the spectrum residing at the
lover energies. The results of their measurements in conjunction with
ours indicate that delayed neutron spectral measurements should be ex-
tended to lower energies than has jenerally been done.

Table A-1

Comparison Between Delayed Neutron Yields for an Equilibrium
Cycle and the Cycles Used in Measurements

Previous New
Equilibrium Evans Near-Equilibrium Equilibrium

Group ___Yields Cvcle Cycle Cycle
1 0.038 0.038 0.040 0.038

2 0.213 0.213 0.224 0.213

3 0.188 0.188 G6.197 0.188

4 0.407 0.407 0.421 0.408

5 0.128 0.126 0.108 0.128

6 0.026 0.025 0.010 0.05

27
2. 4OPu Delayed Neutron Spectra

Composite equilibrium delayed neutron spectra have been measured
for all nuclides of interest with the exception of 240py, The results
of all existing delayed neutron spectral measurements are in reasonable
agreement for energies above approximately 150 keV. however, at lower
energies significant differences exist and recent precursor spectra in
addition to our composite rements indicate a significant fraction
of delayed neutrons exist t 7 150 keV. Presently, a 60 gram sample
of 240py ig being clad at Oak Ridge which will be used to measure the
composite equilibrium delayed neutron spectrum between 10 and 1500 keV.

3. Separated Delayed Neutron Precursors

Calczulations of cemposite delaved neutron spectra have recently

3 W. Rudolph, e: al., NEANDC(E)-172U, Vol. 5, July 1976.
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been accomplished bv Saphier, et 31.4 using as input measured spectra
from separated delaved neutron precursors together with the appropriate
P, (neutron branching ratios) and yield data. The importance of these
spectra in reactor calculations were evaluated but are limited due to
lack of spectral precursor data below 100 keV.

Measurements are planned with a group at Battelle-Northwest Labora-
tories (BNW), under the direction of Dr. Paul Reeder to obtain data in
the lower energy region from separated precursors. Presently, precursors
of Rb and Cs are being separated and the vield values mav be suffi~ient

to permit measurements to be obtained from 93Rb to 96Rb and 142cs to
ldbeg,

B. EFFECTS OF LEAD SHIELDS ON NEUTRON SPECTRA

Measuremeuts of neutron spectra are usually complicated by intense
gamma fluxes and generally require lead shielding to improve the neutron/
gamna -atio at the detector, especially at lower energies (< 1030 keV).
Possible shield bias results from differences in the neutron interactiuc
cross-section with energv and may depend upon both the geometry and the
amount of lead in the shield. Previous measurements indicated the
effect of spectral bias between 80 and 500 keV was minimal for symmetric
lead shields up to 5 cm thick that surround the detector.” A tiicker
(7 cm) lead shield, described previcusly,? is presently in use at the
University of Washington to enhance measuremeits of delaved neutron
spectra between 10 and 1500 keV. The effects of thi- cave shield, and
a shadow shield of similar geometry, to neutron spec.ra have becn
investigated using both Monte Carlo calculations and wmeasurements from
an Am-Li source.

Measurements of the neutron spectrum from the Am-Li source were
obt tined with and without the lead shields using a proton-recoil spectro-
metry system over an energy range between 10 and 1500 keV. Detected
neutron and gamma events were separated based on pulse shape discrimina-
tion. Effects of the tw» shields on the unshielded source spectrum were
also calculated using a three dimensional Monte (arlo code; SAM-CE.8

4 . T o

faphier, [lbery, %halev, & Yiftah, Trans. Am. Nucl. Soc., 22:671-672 (1975).
5. : ; . ; : -

Fieg, Lalovic & Woodruff, MNucl. Sci. Engr., 38:260 (1975).
6

G.W. Ecclerton & .1, Woodruff, Nucl. Sci. FEngr., in press.

~1

G.J. Feeles ron & L. Woodruff, Trans. Am. Nucl. Soc., 23:19-21 (1976).

RSIC Computer Code Collection. CCC-187/SAM-CE, Uak Ridge National
l.aboratorv, Qak Ridwue, TX.
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Computations based on the experimental geometry and lead-detector com-
positions were completed for 5000 case histories for each shield.

Plots of the spectral data and Monte Carlo calculations correspond-
ing to the two shields are shown in Figure B-1l. The source spectrum for
Am-Li is significantly softer than reported by others.9,10 This may be
due in part to both the large size and the experimental orientation of
the source which would tend to increase the number of scattering events
in the source, for neutrons that reach the detector, and could notice-
ably snften the spectrum. The shadow shield data for energies below
about 200 keV are smaller in magnitude than the source spectrum indicat-
ing a signiticant bias results with this shield. No bias effects are
apparent above 20 keV in the cave shield data with the exception of a
noticeable shift {one to two per cent) of the small peaks toward lower
encrgies. The accuracy of the Monte Carlo calculations, while not
sufficient to confirm differences between the shielded and unshielded
measurements, indicate that bias effects are small for the cave shield
and not negligible at the lower energies for the shadow shield.

Thick (7 cm) lead shadow shields will introduce a bias to measure-
ments by decreasing the magnitude of the spectrum between about 8 and
30 percent reiative to the source spectrum for energies below about 200
keV. This bias can be minimized for energies above 20 keV if the shield
geometry is altered to form a cave by placing additional lead (3 cm) on
the sides and behind the detector. An additional benefit obtained using
this cave shield appears to be an increase in the neutron count ra‘e,
compared to the seven centimeter shadow shicld, resulting from the

additional lead which provides an added increase in the neutron-to-
gamma ratio. :

C. NEUTRON-GAMMA PULSE SHAPE DISCRIMINATION

Separation of neutron-gamma events in proton-recoil and NE-213
counters is presently being studied using a new method based on an
analog divider and biased amplifier arrangement. This system permits a
constant fraction bias signal to be formed, independent of the energy
pulse, from the amplitude dependent pulse rise time signal, enabling
improved neutron-gamma separation to be rbtained.

The analog divider is a commercial ruclear inst.ument marketed by
Ortec,* termed a Position-Sensitive Detrctor Analyzer (PSDA), that

*

9
Reactor Development Program Progress Report, . NL-7017, p. 39, Argonne
National Laboratories.

Ortec, Inc., 100 Midland Road, Oak Ridge, Tennessee 37830.

10
. Werle, Karlsruhe Nuclear Research Center, External Report, INR-4170-
25, Feb. 1970.
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normalizes a positicn input signal by au energy signal. The normalized
output signals can be routed directliy into a multichannel analyzer. If
the position input is fed by a rate-of-rise signal, such as the fast
bipolar output {with appropriate RC time constants) from an Ortec 450
Amplifier, the 1SDA will form a specific ionization ratio that directly
provides the separation index between neutron and gamma events. This
instrument allows several advantages to be realized: (a) Only two basic
nuclear instrument modules are required to collect pulse height data
and separate it in terms of gamma neutron interactions. These modules
are an Ortec 450 Amplifier and an Ortec 464 Position-Sensitive Detector
Analyzer. (b) Coupling the ovutput of the PSDA (i.e., the specific )
ionization ratio) to a biased amplifi:- permits selection and expansicn
of events particular to a specific range of rise time values. The net
effect is an ability to increase the separation index between neutron
and gamma events. (c) Increased neutron and gamma separation allows

a larger dynamic range of data to be collected, particularly in situa-
tions where the range is limited by inadequate separation.

Measurements are presently underway to provide comparison data
between the system using the analog divider and previous methods of
pulse shape discrimination. Results to date indicate superior separa-
tion is achieved using the analog divider in comporison to a digital
division technique or to the method based on the commercial pulse
shape analyzing module sold by Ortec. However, one limitation does
exist with the aralog divider. This unit requires a 10 microsecond

conversion time and cannot be used in applications with excessive count-
ing rates.
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YALE UNIVERSITY

A. FAST NEUTRON PHYSICS

1. A Global Analysis of n-"He Elastic Scattering Data up to 20 MeV
(J. E. Bond and F. W. K. Firk)

An analysis of all recent n-"He data up to 20 MeV has been
carried out using the R-matrix formalism. Particular attention has been
pald to the relationship between the formal and physical parameters
obtained. A phase shift analysis indicates small but statistically
significant differences for the d-wave phases compared with those
obtained in an earlier analysis.1 Our work has been submitted for
publication in Nuclear Physics.

2. Polarization of Neutrons in n-fLi Elastic Scattering Between
1.5 and 6 MeV (Y. -H. Chiu and F. W. K. Firk)

Additional measurements of the asymmetries of polarized neutrons
elestically scattered from bLi at energies between 1.5 and 6 MeV are
being made. Thesc are essential if we are to improve upon he earlier
analysis of our polarization data made at four angles.? So far, results
at six new angles have been obtained. The available flux of polarized
neutrons has been doubled usi.g a thicker graphite polarizer with no
appreciable loss of polarization. Monte Carlo calculations are underway
to derive the point analyzing powers from the values observed using a
new 400 g cylindrical-shell-target of "Lij.

3. Polarization of Neutrons in n-"Be Elastic Scattering Between 1.5
and 6 MevV (P. Mcfuire and F. W. K. Firk)

The asymmetries of polarized neutrons elastically scattered from
9Be are being measured between 1.5 and & MeV at six angles. In addition,
the differential cross section will be mcasured under identical experi-
mental conditions. When combined with our earlier preliminary results,
sufficient information will bhe available to carry ocut a definitive
analysis of n-9Be scattering throughout the MeV-region.

Th. Stammbach and k. L. Walter, lucl. Phys. AL8D (1972) 22¢

,
R. J. Holb et al., MNucl. Phvs. A237 (1977} 111



B. BICMEDICAL APPLICATIONS*

1. Measurement of X-ray Spectra from High Energy Electron Medical
Accelerators (R. Nath** and R. J. Schulz**)

A clinicallv suitable methocd for the mcasurement of x-ray
spectra from high encrqv electron medical accelerators has been
developed using the Yale electron LINAC. This precise and practical
method uses photonuclear reactions to produce radioactivit es in differ-
ent materials which are sensitive to different photon enery - ranyg '«.

2. Measurement of X-ray Spectral Quality in the Range 4 to 30 MoV
(R. Nath)

A sensitive and straightforward method for obtaining an index of
¥-ray spectral quality in the 4 to 30 MeV range has becn developed. The
method is a clinically feazible solution to an outstanding problem in
the dosimetry of high energy x-ray beams used in radiotherapy of cancer “

3. A Study of Possible Methods of Enhancemnnt of the Radiation Dnse
to the Tumor Using High Energy Electrons (R. Nath)

A method for enhancing the dose to a tumor using high enerqy
electron beams and strong magnetic fields is being developed. A positive
result would lead to better localization of the dose to the tumor volume
and would be of great interest in the clinical practise of radiot!~rapy
with electron beams. This experiment has been sct up using the defunct
clectron scattering beam line at the LINAC.

Work supported by NCI grant CA-06519

School of Medicine, Department of Therapeutic Radiology, Yale Un‘-
versity.

Medical Physics, 3 (1976) 139.

4 . .
tledical Physics, i (1977} Part I and II.
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UNIVERSITY OF KENTUCKY

A. NEUTRON SCATTERING

1. The Elastic and Inelastic Srattering of Neutrons by
Isotopes of Mclybdenum and Zirconium. (McDaniel¥,
Sinram**, Chung, Brandenbergert, Well, McEllistrem,
Glasgowtt, and Robertsontt+)

This work includes part of an extensive study of
neutron elastic and inelastic scattering in the mass region
A~90-100 which has been in proarcss at this laboratory for
secveral years. The immediate qoals of this study are the
determination of the level and decay schemes and other
nuclear structure properties in this mass recion, and
accurate measurement of elastic and inelastic differential
neutron scattering cross sections at ceveral incident
energies. The first of the papers dealing with nuclear
structure has been presentedl first paper describing scat-
tering cross scction measurements has also been presented,?
and reports measurements at 1.5 MeV incident energy for Mo
and Zr isotopes. The other work includes the results of
three sets of measurements carried o.t over a perind of
three years at incident enercies betweca 2.5 and & MeV. The
experiments were performed at different times because of
limitations on the availability of the isotopically enrichcd
Zr and Mo samples.

Several questions were to be studied throu n these
measurements. First, the beohavior of the eclastic scattering
cross sections as a function of nentron excess in a series
of isotopes, and the complementary question of the relation-
ship of Zr and Mo cross sections for nuclei with the same
number cf neutrcns. The variation over a limited number
of nuclides was not o¢xpected to be great, particularly
since all of these nuclei should be spherical, near semi-
magic 902r. But with sufficiently precise measurementcs,
the influence of changes in Z and N should be discernible.
The second question was a related one, whether a consistent
complex potential model would fit all of the measurements
well. The measurements included are those for ncutron
elastic and inelastic scattering from 92Mo, 94Mo, and 26mo
at an_incident cnergv (En) of 2.52 Mav, from 89y, 2Zzr, 98mo,
and 19%Mc at En=2.75 Mev, and frem 902y, 227y, 947y, 92mgo,
94Mo, °6Mo, lU0Mo at 3.5 Mev, and from 92Mo, 94ms, and
100mMo at 6.0 Mev.
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The experimental apparatus has been presented in
detail elsewhere.2 The scattered neutron yields were
measured using a dynamically biased time-of-flight (TOF)
spectrometer developed at the University of Kentucky” to
reduce backgrounds in wide dynamic range neutron detection.
A beam of protons pulsed at a repetition rate of 2.0 MHz
and bunched to a pulse width of <1.0 nsec was produced by
the University of Kentuc:. s Van de Graaff acceleartor and
Mobley beam deflection system. The beam entered a 3.0 cm
long gas cell filled with 3H to 1.0 atm through a 0.0003€ cm
Mo foil. The proton energy losses in the foil and gas were
180 and 60 keV respectively. The average energy of neutrons
produced at 0° was 2.75 MeV with an enerqgy spread of 60 keV
full width at half maximum (fwhm). These neutrons were
incident on a cylindrical scattering sampie mounted with
its axis perpendicular to the reaction plane and about 6-8
cm from the center of the neutron source. Scattered
neutrons were detected in a heavily shielded and collimated
ligquid organic scintillator (NE218) mounted between 2 and
4 m from the sample.

Complex potential models and the statistical model
were used to obtain fits to the differential elastic scat-

Now at North Texas University, Denton, Texas

** Now at II, Institut fur Experimental Physik, 2-Hamburg-
Bahrenfeld Luruper Chaussee-149, W. Germany

Now at Los Alamos Scientific Laboratory, Los Alamos,
New MeXico

4+ AT,

Low at Department of Radiology, Washington University,
5t. Louls, Mo.

*+*+ Now at Prestonsburg Communiity College, Prestonsburg, Ky.

McEllistrom, Brandenberger, Sinram, Glasgow, and Chung,
Phys. Rev. C9, 690 (1574).

[~

MeDaniel, Brandenberger, Glasgow, and Leighton, Phys.
Rev. CJ0, 1087 (1974). )

LI

J. 2. Brandenberger and T. B. Grandy, Nucl.

: Instr.
Meth. 93, 495 (1971). and
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ing cross sections and the total cross sections. Striking
similarities were found in the data for 90Zr and 92Mo, and
also between the data for 22zr and 94Mo. The analysis did
require a definite i-spin dependence for the real potential,
of the form V-VQ-Vl[N—Z]/A. The coefficient V1 was V25,
comparable to that regquired for glc:al fit analyses of pro-
ton scattering and some limited neutron scattering surveyc.
The elastic and inelastic scattering cross sections measured
at 6 MeV incident energy are shown in Figs. 1 and 2. The
curves shown with the meacured points are least squares fits
of Legendre Polynomial expansions to the measured cross
sections.

. .92 94 A .
Z. Structure Studies 1in Zr Zr {Glasgcw, McDaniel,
)

7
Well, Brancenberger and McEllistrem

The nuclear level structures of 9"'Zr and 9L*Zr are of
especial interest kecause of the proximity of these isotopes
in the periodic table to 90Zr, which 1in its ground state has
protons filling the Zpj /o sub-shell at Z = 40 and a closcd
neutron lgg,/p shell at §“= 50. The level structure of 92zr
and 24zr have previously been studied in transfer reactions,
inelastic scattering, f£-decay, and thermal neutron capture.
The results have been compiled by Wood!, Kocher and HorenZ,
and Kocher3.

2 . . - 32 . .

Kncher and Horen's™ compilatinn for Zr 1ncludes a
recently up-dated level schewc. The eneraies ir %eV, and
spin-varities of the levels below 2.0 MeV, & opted by the
compilers?, are: 034.16, 2%; 1383.0, 0%; 1495.6, 4%; and
1847.35, 2%,

kKocher and Horen2 note that awvove 2.4 MeV, the
correspondence between the levels observed in various exper-
iments is neot good, primarily because of imprecise eneray
determinations in the reaction studies. Spins have been
tentatively adopted2 for four of the levels above 2.4 MeV.
While many ““Zr de-cxcitation v-ravs recently have been
identified, excitation functions have bezn mcasured only
for the nine ~-rays originating rom the levels below 2.4
MeV.  Nene have been measured for the .-rayvs rrom the levels
zbove this energy Aaha no “-ray anaular distrinution data
ONiIsts.



Kocher's3 recently released compilation for 94Zr in-
dicates a similar situation for this isotope. The energies,
in keV, and spin-parities of the levels of 942r adopted by
Kocher3, are: 918.24, 2+; 1299.99, 0+; 1468.34, 4%; and

1668.74, 2t. only two spins are known3 for levels above
2.4 Mev,
L. . .92 94 .
An additional interest in Zr and Zr stems from
the use of zirconium as a structural material in nuclear re-
actors. The need for zirconium neutron inelastic scattering
cross sections stimulated the recent (n,n'y) measurements on
S50zr, 91zr and %94zZr by Tessler, Glickstein, and Carrol.4
Neutron time-of-flight studies at Kentucky have recently
F2en made of neutron elastic and inelastic scattering cross
sections for 20zr, 922y and %42r at 1.5, 2.75, and 3.5 MeV.
These neutron time-of-flight experiments provide the most
direct measure of the neutron inelastic scattering cross
sections, :ut finite energy resolution prohibits the measure-
rent of cross sections for closely spaced levels. Inelastic
scattering cross sections inferred form (n,n'y) studies pro-
vide the best cross section information about the scattering
to closely spaced energy levels. This technique can be
validated by comparing the inferred values to the cross
sections of well-resolved levels measured in time-of-
fiight experiments.
. , 92 94
This work includes the results of Zr and Zr

(n,n'y) experiments performed to determine th=» energies, ex-
citation furctions, angular distributions, and branching
ratios of tne de-excitation y-rays of these isotopes. These
experiments consisted of y-rays excitation function measure-
ments on each isotope using neutrons with energies from 2.22
MeV to 3.70 MeV and angqular distribution measurements at
incident neutron energies of 3.20 MeV and 3.70 MeV for 927r
and at 3.10 MeV for 9%zr. Using this information, the

Zr and 242r level structure near and above 2.4 MeV has been
investigated and the spins of certain levels uniquely deter-

mined or limited to a few choices. Multipole mixing ratios
were also determined for many of the y-rays. These results
are compared to previously reported results. Neutron in-

elastic scatterirg cross sections inferred from the present

measurcinents are compared to other measurements of these
crcss sccotionsg.,

The ~"7r excitation function experiment identified
51 y-rays, several of whicn were previously unreporied, from
26 levels through 3472.0 keV. Two new levels, 2903.8 keV and
3407.9 keV, were discovered in this study. The remainder of
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the level energies measured agree best with tho;g yeported by
Fanger et al.l? ana Ehis agreement aids in clarifying the
level structure of 2“Zr. The °22zr 3.20-MeV angular distri-
bution study yielded 24 angular distributions of y-rays from
the levels through 3056.5 keV while the 3.7G-MeV study yield-
ed 39 angular distributions of y-rays from the levels through
3370.9 keV. The analysis of these distributions resulted in
the following unigque or limiting spin assignments (level
energies in keV are followed by the acceptable J values):

2398.0, 3, 4; 2485.1, 5; 2742.6, 4; 2818.0, 2, 3; 2B63.6,
3-5; 2903.8 0; 2909.0, 2, 3; 3056.5, 2 3124.4, 1-3;

3177.2, 2-5; 3190.8, 2-5; 3236.2, 2-5; 3262.2, (2); 3275.9,
1-3; 328R.7, 2-4; 3370.9, {(1); 3407.9, 2-4; 3452.2, 2-4; and

3472.0, 2-4. Gamma-ray level branching ratios were measured
and the y-ray multipole mixing ratios were obtained for the
indicated spin assignments.

The 94Zr excitation studies identified 28 y-rays, 15
of which were previouslyv unreported, from 20 levels below
3361.2 kevV. A previously reported ambiguity concerning 7
and 41 levels in the 2320 keV to 2365 keV energy -cegion has
been resolved. We have shown that there are two y-decaying
levels in this energy region; a J = 4 level at 2329.0 keVv
and a 2%+ level at 2365.4 keV. New levels were discovered at
2507.6, 2698.0, and 2825.2 keV, and tentativcly, 25859.8 keV.
The 2.10-Mev 947Zr angular distribution experiment yielded 18
angular distributions of y-rays from the 24zZr levels through
2887.0 keV. Unique or limiting spin assignments were made
to the following five levels of 2472r for which the spins were
previously unknown: 2507.6, 3; 2698.0, 0-3; 2825.2, 2-4;
2859.8, 4(1); and 2887.7, 0-3. The y-ray multipole mixing
ratios were obtained as well as y-ray level branching ratios.

1 J. L. Wood, Center for Nuclear Research, Karlsrube, Ger-
many, External Report 1/72-1 (1972).

2 D. C. Kocher and D. J. Horen, Nucl. Data B7, 299 (1972).

3 D. C. Kocher, Nucl. Data AlO0, 264 (1973).

4 G. Tessler, S. S. Glickstein, and E. L. Carroll, Jr.,
Phvs. Rev. C2, 2390 (1970); S. S. Glickstein, G. Tessler,
and M. E. Goldsmith, Phvs. Rev. C4, 1822 (1971).

5. McEllistrem, Brandenberger, Sinram,

Glasgow, and Chung,
Phys. Rev. C9, 690 (1974).
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3. Low Energyv Neutron Inelastic Scattering (McEllistrem,
Coope, Tripathi, and Schell)

This report extends and supportes a recent Physical
Review Letter which announced anomalously large neutron
inelastic scattering cross sections in certain deformed
nuclei. The first publication of these remarkable cross
sections was by D. F. Coope, M. C. Schell, S..N. Tripathi,
and M. T. McEllistrem. The experimental results are
cross sections for inelastic scattering from several even-A
Sm isotopes at an incident neutron energy of 2.5 MeV. What
is remarkable about these results is evident in the three
figures and Table of Ref. 1. Angular distributions_of neu-
trons scattered to the first excited 2% levels of 148gm
and deformed 1528m are shown in Fig. 1. The approximately
isotropic results for 148gm are typical of neutron inelas-
tic szattering angular distributions from many experiments
with many nuclei throughout the periodic table. Experiments
in several laboratcries confirm that, with the exception of

scattering to 0+t cxcited levels, scattering to other levels
showed modest
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Figure 1. Inelastic scattering cross sections from the
first 2+ states of !“®Sp and !°2Sm for an incident neu-
tron ere~gy of 2.47 MeV. The cross sections are plotted
in center-of-mass coordinates. Solid lines are Legendre
polynomial fits to these data; dashed curves represent
theoretical calculations described in the text.

anisotropies at low bombardin? energies, i.e., for En ¢ 3
MeV. The data in Fig. 1 for 1523m show a quite differont
pattern, with very pronounced anisotropy. Plctting that data
on a semi-log scale, as is done in Fig. 1 of Ref. 1. tends to
reduce the appearance of the anisotropy; but one notes that
the cross secctions vary over a ratio of 3 to 1. A sirongly
anisotropic distribution such as this is unmistakablc o

evidence of the dominancz of a direct interacticon pProcess,

even at this low incident eneragy. What is remarkable abou-



those inelastic cross sections is made even more evident in
Fiq. 2 and Table I. A y-ray spectrum gives the relative
strengths to several levels with excitation energies above
that of the first excited level. One sees strong excitation
of a 6t "evel, which is extraordinary, and weak evidence of
the 8+ level in about channel no. 580

For many vyears discernible direct reaction contribu-
tions were inferred as being present in neutron inelastic
scattering cross sections, even at low bombarding energies.
These contributions were estimated in several publications
as being at the 20 to 30 percent level for incident energies
from 2.5 to 3.5 MeV. The contributions at low incident
nautron energies were difficult to 2stimate at best, and
even the existence of them could be questioned. During the
last year we have seen clear evidence of the dominance of
direct reactions at 2.5 MeV incident energy clearly estab-
lished in several experiments with deformed nuclei. The
dominance shown for scattering in 132sm is, we believe, the
first publication of the importance of deformations for low
energy neutron inelastic scattering.
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Figure 3. (n,n'y) photon spectra for the rotational nu-
cleus !°2Sm. The peaks in the spectrum can be identified
with rotational and vibrational tiansilLions in the level
scheme shown.
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TABLE 1. Measured inelastic scattering cross sec-
tions for 152sm compared with CC and WHF calcula-
tions. Calculations are described in the text.

Measur zd Theory
Level {n,n") (n,n'y) cc WHF CC+WHF
2+ 600240 - 450 i40 590
4+ 250%30 262+30 70 90 160
£+ fee 6010 12 21 33
g8+ ... 10+4 ca 1 ce

not marked on the drawing. The 8%+6% transition is more
evident in other spectra.

The statistical model (WHF) failzs to account for the
cross sections by factors of 3 and 4. The coupled-channels
model (CC), which should give an excellent description of
the direct interaction excitations, fails by similar factors
except for the first excited 2% level. Except for the first
excited 2t level, even combining the two models fails by a
factor of two. Moreover combining them as done in Table I
violates unitarity - the WHF values should be reduced at
least 25% to correct those values for the cross sections
attributed to direct processes with the CC calculations.

4. Sample Size Corrections and Comparisons of (n,n')
Cross Sections from n and y-ray Detection (Glasgow, McDaniel,
Weil, Brandenbercer, McEllistrem)

As noted above, the neutron inelastic scattering cross
sections op inferred from the results of the (n,n'y) cxperi-
ments can be compared to those measured directly in (n,n')
experiments. These two types of neutron experiments nor-
mally have different objectives and usually are not under-
taken at the same incident neutron energies. The excitation
functions measured in the (n,n';} studies can be used to
extrapolate the angle integrated y-ray production cioss
sections oy to the prorer energy so the inelastic neutroa
cross sections can be inferred and compared to the directly
measured values. 1If the inferred cross sections arc to
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agree with the directly measured ones, certain criteria must
be satisfied. The range of the extrapolation should not be
large. because the anisotropies of the y-ray angular distri-

" butions can change rapidly with energy. All y-rays cascad-
ing to and emitted from a level must be identified and their
angle integrated cross sections accurately measured. Failure
to include even one strong y-ray introduces serious error.
‘Based on excitation function data, 4HOY(90°) cross sections
often can be sued to approximate the cross sections of those
y-rays for which angular distributions were not obtained.
However. this approximation intorduces additional uncertain-
ties intc the inferred neutron inelastic scattering cross
sections. Consistent and similar sample-size corrections
must be made to the data from the (n,n') and (n,n'y) experi-
ments.

The effects of these corrections for the (n,n'y)
measurements on the apparent cross sections are shown in
Fig. 1, which shows apparent cross sections for Fe and Pb
scatterers as a function of sample diameter. FEach panel
indicates the element, observed y-ray energy, and the incident
neutron energy, E,. The height of each sample was equal to
its diameter. The upper curve and open points correspond to
data corrected only for neutron flux attenuation in the
sample. This causes an appaient cross section which increases
w.th sample size, meaning that ignoring multiple processes
leads to a severe overestimate of flux removal from the
sample. The lower open points and curves show data not
corrected for flux attenuation, but corrected for multiple
scattering only, which leads to net sample in scattering.
Since no allowance for attenuation hus been made, the apparent
cross section decreases with sample size. The solid points
and middle curves show data corrected both for flux attenua-
tion and multiple scattering, with results essentially sample
size independent. We note that the upper and lower curves
have positive and negative shapes almost the opposite of
each other, which means the two corrections approximately
cancel. This is a point made by R. B. Day twenty y=ars ago.

The angle integrated y-ray production cross sections
obtained from the 4r 3.20 MeV angular distribution experi-
ment satisfy these criteria and have been extrapolated to
2.75 MeV. Table I compares the inelastic neutron cross
sections inferred from these results to those measured
directly from an (n,n') experiment at 2.75 MeV, an exp2riment
referred to above. The inferred and directly measured neu-
tron inelastic cross sections for the 934.1- and 1381.9-keVv
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levels agree veiy well. The cross sections for the remaining
three levels agree within their respective uncertainties.

The difference between the measured and inferred values for
the levels at 1846.4 keV and 2066.1 keV result from insuf-
ficient energy resolution to separate the two neutron groups
in the (n,n') study. The sum of the inelastic cross sections
of these two levels agrees with the sum of those inferred
from this study. This is an example of the situation of
closely spaced levels mentioned in the introduction, in which
the (n,n'y) techique gives more precise values of the in-
elastic cross sections than does a direct (n,n') measurement.

Table I. A comparison of 92Zr inferred and
directly measured neutron inelastic scattering
cross sections at 2.75 MeV. The energy above
each column is the incident neutron energy in
each experiment.

Level Neutron Inelastic Scattering Cross
(kev) Sections, in (mb), at 2.75 MeV
(n,n'y) (n,n')
3.20 MeVv 2.75 MeV
934.1 633 *+ 68 606 * &4 -
1381.9 ~ 108 = 12 109 + 28
1494.8 183 ¢ 22 254 + 46
1846.4 240 + 26 340 = 72
2066.1 240 + 25 160 + .7
B. DETECTION METHODS

1. A Secondary Standard Neutron Detector for Measuring
Total REaction Cross Sections (Sekharan, Laumer,
and Gabbard)

A neutron detector has been constructed and calibrated
for the accurate measurement of total neutron-production cross
sections. The detector consists of a polyethylene sphere of
24" diameter in which 8-10BF2 mounters have been installed
radially. The relative efficiency of this detector has
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been determined for average neutron energies, from 30 keV to
1.5 MeV by counting neutrons from 7Li(p,n)’Be. By adjusting
the radial positions of the BF3 counters ia the polyethylene
sphere the efficiency for neutron detection was made nearly
constant for this energy range. Measurement of absolute
efficiency for the same neutron energy range has heen done
by counting the neutrons from 51v(p,n) 5lcr and 57Fe(p,n)>7
Co reactions and determing the absolute number of residual
nuclei produced during the measurement of neutron yield.
Details of absolute efficiency measurements and the use

of the detector for measurement of total neutron yields

from neutron producing reactions such as 23Na(p,n)23Mg

are available.

The detector effitiency is flat to within 2% for neu-
trons with energies between 30 keV and 1.56 MeV. Tests of
detector resnonse at higher energies are encouraging, but
presently incomplete. The efficiency of the detector as a
function of neutron energy is shown below.

SPHERE COUNTER ® Absolute Measuremenr
o Relative Measurement
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Figure 2. Detector efficiency versus neutron energy.
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E. ODD-ODD NUCLEI NEAR A = 90

1. 98Tc Energy Levels (D. E. Miracle, E. C. Hagen, and

B. D. Kern) -

As a continuation of our study of (p,n) reactions
and the structure of odd-%, odd-N nuclei, the 98Mo(p,n)98Tc
reaction has been studied through observation of the sub-
sequent Yy rays.

The results of the analysis of y-rays singles spectra
and y-y coincidence spectra are summarized in Fig. 1. The
energg lavel diagram is consistent with levels deduced from
the 9BMo(3He,t)9%8Tc and the 97Mo (3He,d)98Tc reactions.

There are several differences from the results of a concurrent
{put previcusly published) (p,n) study.3

An inter~sting feature of the 98Tc Y~ray transitions
is that they are divided into two groups - cne decaying
directly or by cascade to the §5.5-keV level (probably even
parity) and the other decaying to the 14.€ sec isomeric

90.9 -keV level (probably 2-). T-e principal conflguratlon +
of these lev;l _s 1?terpreted as being [1{g9%9/2) 3“ d5/2 1J
; T ) l )

and [.(q9/2 (p3/2) (d5/2 1,7 respectively.

Future internal-conversion electron measurements
will be made with the objective of determining the spin-
parities of the low-lying levels.

2. Low-lying Levels of 94Nb (E. C. Hagen, D. B. Kern,
F. D. Snyder, and D. E. Miracle)

Through the (.,n) reaction it is possible tc produce
ruclei which are typically not easily produced by other re-
actions. Their structure can be studied by measurements on
the outgoing neutrons by the time-of-fl:iaht method, or by
the acquiring of gamma-ray spectra. With an even-Z, even-N
target, this reaction produces odd-7Z, odd-N niclei which
typically have many low-lying levels. Althouga the descrip-
tion of these levels is more difficult than that for levels
of odd-A nuclei, there is theoretical interest in describing
the states available to the odd proton and the odd neutron,
and the interaction between them.

Computed Hauser-Feshbach (p,n) cross sections have
been compared to the cross sections deduced from y-ray yields

and spin-parities assigned on the basis of best fits to the
data.
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The low-lving low-spin levels of 94Nb have been in-
vestigated; these levels were populated via the 247r (p,ny)94Nb
reaction with a separate isotope 942r foil target (96% 943zr).
Excitation functions of y rays were obtained at incident proton
energies from i.688 to 3.700 MeV. v~y colincidences were
observed at Ep = 3.0 MeV. The existence of additional
levels at 301.5, 450.3, 666.2, and 785.0 keV has been estab-
lished. Computed Hauser-Feshbach {p,n') cross sections have
been fitted to experimental cross sections deduced from the
y-ray data with the resulting best-fit spin-parities:
140.4-keV level, 2—-; 301.5, 2-; 334.2, 3%; 29¢6.3, 4-; and
450.3, 3+.
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Figure 3. Low lving levels of 93xb.
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4. Neutron Scattering from Separated Tin Isctopes
(Harper, wWecil, and Brandenberger)

The differential cross section for elastic scattering
of 1.0 MeV neutrons from five separated isotope even-A tin
targets has been measured at fourteen scattering angles be-

tween 30° and 150°. The scattering samples of
116,118,120,122,124gn are all of greater than 90% purity in
the major isotope and contain 0.2 to 0.4 moles ~ach. Time-

of-flight techniques were used to collect the ta and to
eliminate background.

The scattered neutron yields have been corrected for
multiple scattering, finite geometry, and neutron produc-
tion anisotropy and attenuation in the scatters. They

have been normalized to carbon scattering, which was also
measured.

Within the limits of the experimenrtal errors, there is
a regular progression in the shapes of the curves with in-
creasing mass number. Tn particuvlar, the cross section at
the minimum near 120° decreases with increasing mass number,
while at very forward and backward angles the heavier iszo-
topes have the larger cross sections. Optical model
calcrlations are being made to determine a potential which
fits the data. It is planned to make additional measurements
at higher bombarding energies to determine the neutron excess
dependence of the real and absorptive potentials.
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