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Fifteen neutron activation cross sections for (n,2n), (n,p), (n,n'p) 

and (n,a) reactions producing short-lived nuclei have been measured in 

the energy range of 13.4 to 14.9 MeV for N, P, V, Fe, Ni, Cu, Sr, Zr, 

Mo and In. Cross sections for 58Ni(n,t), 92Mo(n,n'a) and 11+1Pr(n,t) 

reactions were also measured. 

Half-lives of 13N, 18F, 28A1, 3 7S, 38K, 't2K, 52V, 62Cu, 9i+mNb and 
116mIn were measured with relative uncertainties of 0.05 to 0.8 percent. 

These short-lived nuclei were produced by 14 MeV or thermal neutron 

irradiations. 

Keywords: Activation, Cross Section, 14 MeV Neutron, Short-lived 

Nucleus, Half-life, Measurement 
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1. * 

^tt^Kfcf-f 3g-@5ciiS©KJTB1S©T- ? tifHffiif & x - t t l T t ttbbti, ©^©fljffl , 

^S^'JpOlFmfC)A<ffl^btLT^So 4 * ? x ^ * * - # 1 4 M e V t t i ! i T ? W : ( n , 2 n ) , (n , 

p ) , ( n . n ' p ) , ( n , o ) ^ © S ^ i E £ «9 , ttftOMMfc • fl«^©»^^P«3®»C tt 5 Pltg 

tt***50 ^ S l l l ^ T - - ^ © / d : ^ i i ^ ( i a ^ © * T ^ ( t a o ^ / c i t ^ ^ f f l ^ b t i T ^ . 5 o Ltziji 

o T, ^Jt^Pgi9?liJSL/cr- *£&&+?> C t (ilt»^-S©ff$lttl^]±fc fcafl^S *>©£$ 

^ $ n 5 o cnt-eSiEi>*.)5£^^'2o^fSEiii±©i:bi5WS^^©7-"-^(i, s i a a ^ i s ^ ^ p 

^ P J ^ I ^ £ £ £ M * ^ I ^ £ ©teftffi&KJ: 0 &&Wttfl'J3£a* 26 5c3&£>tf& i LT 110 

S J S i C o ^ T f t ^ ^ t l ^ , M£»9Slff£ft-C£;fco ftfc&. ¥«83a*20#gKJilTK:ttS£fgifr 

t(Dm%^te^l&Ti-*>\'*:-ft\?>AMeV frt> 14. 9MeV ©IBBfC*)*:*) N, P , V, Fe, 

Ni, Cu, Sr, Zr , Mo, In <DU,Pt\Z.<i$t Z> ( n , 2n ) , ( n , p ) , ( n . n ' p ) , ( n , a ) 

KJE© 9 % 15 ©@^4££i£R&»r®1B£i&iJj£ Lfco t < K /3+IH^T- r | ^ S i ^ ifSfcS* Ltt 

& £ # & # - ? * 5 C££?iJffiU B?EM©/h$^ 5 8 Ni(n, t ) , 9 2Mo(n, n' a ) , l 4 l P r ( n , 

t )KJE»rS3!fcffl!l5£Lfco S^*£@©¥Mffl/fl'J;££l3N, l 8F, 28A1, 37S, 38 K, 42K, 52V, 
62Cu, 94mNb, u 6 m I n ® 1 0 i I l t o ^ T m i o f c o Table 1 <h Table2 IcSiJ^LfcKJSt^S 

2. Mm$rWfoiiJ£ 

2.1 H i^^ j i 

2.1.1 Sfe^kS 

L/co 2:©i|££a>&&©j£T-»rE8K " ) £fc £#>§£ £#-*?# -So 

C = N ^ £ f I r { 1 - e x p (-Hi ) } exp (- J t c ){ 1 - e x p ( - / i t m )}/<* (1) 

c : rmm 
N : m&vm^mm. 
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f 
£f 

h 
X 

t i 

t c 

t m 

*tt?3s£ 
r m^mm 
mm&tz<o(Drmmiiim 
£.&®<Dffimmm 
mitimrs 
fttflBfra (mMW&frbfflmmtetx*<Dtif®) 
SIJ^IBFPB^ 

2.1. 2 ^'tt^ra^t 

(i) wM&m 
* t t ^ I $ l ^ i * K S * ^ I ^ © 8 i ^ 14 MeV *P®L=?X¥M^W. ( OKTAVI AN )T ' t r ^o 

-eg D M f t & S E L U t L f c o ^ i i a t ^ f i g 0 ©*#£(*& 5 U>, fe i* «3 (±«^ 2 0 > T * O fc0 

f u l l e d 4 " . t r - A | c * f L ; 0°, 45°, 70°, 95°, 120°, 155° CD 6 ^|S], * t t i ^ x * ^ * * - {C 

^ ® LT. 14. 9 MeV ^ b 13. 4 MeV ©F^T t ^ t t ^ x * ' i ' * * - RUPBsWi # 3 | L < U5 J; 9 ic L T 

ISML/co Jf8l«f&0&MS?©;fci& -95° #|S] ft fcl^g L/co 

d + t* - A© JQJIX * ;!/**-# 300 keV , MMl* 5 mA ©i§£(C 15 cm © ( i l T 0 t t t f $ 

« ( 2 ~ 5 ) x 107n/cm2 -sT'ibofco 

(2) *P&=F*-9-

* t t ^ x ; j w b * ' - ( i 9 0 Z r ( n , 2n ) 89Zr ( T^ 2 = 3.27d) Kfc2) t93 Nb ( n , 2n ) 
92mNb ( 10. 15d)SJ5E 3 ) ©»rSM©^^^^- te# t t©a^^^Jf f lLT*fe /c (Zr /Nb&) 4 )

0 

BT®fiUti i*^**-©KI^ J&Fig.l l t :^ ' to JniiWtBS©^K©fM(i£^©-cTli*©{I(i 

ffl^^^T-d+ f - i f f l i 7 * + ' - (Ed ) * ^ ° 7 ^ - i ' - t LTffi*H&Wff3SceSfe«fc<—Sfe 

"T5 Ed ©te*#a&, ZtiKig-Ji ^ t t ^ x * ^ - ^ ^ K T O ^ t t i ^ x ^ u ^ ' - i : ltza 

Fig.2lca-&ftS«fc-5K E d= 130keV#«fc < 1boCt&tiiPZ>o 

# j g l I c g ^ O d x ^ ^ + ' - J C ^ I - S + t t ^ ^ * ^ * " - © ^ * ^ ^ §Sf4©J£^ ( 1cm 

x lcm ) KJ; .5x*. ; i /**-©*fi |£$l i± 30keV*MK ( 95° #|£] I r S ^ i # 5 ) fctt£0 

* t t ^ * - ^ - i L t ( i , C©^ |^e ( i 2 7 Al(n , p)27Mg( 9.46m ) Rj&©»rE8£l°|B# 

(Cfc#S27Al ( n , a ) 24NaSJ!E5) *gipJC LT*IS«t < * J 6 T * - * - S i B t Lfco C 

© f l l l © t i J £ f t i m f i # ^ ^ © T - i I ^ f f l ^ b t l 3 9 3 N b (n, 2n ) RfE*i«fc t£27 Al ( n , « ) 

R l E J l ^ - ^ - i L T ^ a i i - c a b S o l $ i L t f f l ^ / ; 2 7 A ^ ( n , a )RjE©»r®8t0teH:Table 

3ICLJ6-TO *fc, C n f c S ^ ^ T ^ ^ / c ^ - ^ ^ fTy^ |§ ; -eo 2 7 Al ( n , p ) Rift ©Ml! ft 

^«£BrSflfil«Table4li:^LT*5o M^JClt 1 cm x 1 cm x 0. 2 cm© T ;u * 35-eRB*f5$*4 

*«$* , 2ec0T;i/$ig*>e)*j6fcci3tt^s©¥^flii&a*4&g©*tt:fstL, *na>& 
#»S5JE©»r®1B£#i&fco g ^ R a £ j & R & © J § £ K { i * t t : y - S f c * - * - f t 92Mo (n , 

n'a ) 88Zr KfEKUi 93Nb ( n , 2n ) Rjfc 3) £ffl l.\ 58Ni (n, t ) 56Co R^fC«|H|I^ICj|g 

<l§58Ni (n , p )RJE 1 ) £, l 4 l Pr (n , t ) l39Ce R^(tte[^B$&JE© 141Pr ( n , p ) £ffl^ 
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tz0 tztfL, i 4 i P r ( l l ) p ) S J S O l I « * t o T 9 3 N b C n , 2n )KJE£g*pK:LT&£Lr t :o 

MMtp(Dip&=¥-M<?>*$?3&.W}l*7 < y * a >iJ V y 9->£:Rlii\ 3g>£ fcti 6 f ^ © - 7 ^ ^ x 

>P_ y y ^ - e * © H - & £ 1 2 ® U *©it&£ffl^TffiIEL;fco 

(3) JlJftSm 

ISft&*4{i3^&*&j£0fc©, £fc(i»SilnHif*:( Separated Isotope, S.I. ) &ffl^fco 

£ T O ( ± l c m X l c m © I E ^ ( J ¥ $ : 0 .1~0 .3mm).©^T\ t ^ S W t e M i t H M £ T 

1 cm^©IE^fl5!c-aA/Tffl^/Co Table 5 fc J; (/Table 6 ttSjsfcg, m^btUt'^T^tc 

2. l. 3 ^a*]&tJt6©Sij;£ 

(1) Ge t£fcbgs 

( i T a b l e 7 I C ^ L T * . 5 o ^tii§5©5feSic(i /3$H£K<-fcJ6(t 5 mmJ¥©T * 'J ^ £ £ o # T 

* 5 o ^ H i l 5 ± " e © ^ f 4 © l i ^ © ^ t h » ! ) ^ ^ © f ^ ^ i i ^ 5 / c J 6 ( C )
 8 5 S r £ 5 £ f t ( 1cm x 1 

c m ) f c - 1 i ( C L ^ j l A * * / c ^ J g ^ ^ d i ^ ± T ^ ^ J C l i ^ L T ^ H h ? ^ ^ i a ^ / ' C c F i g . a i c * 

©ISm^/^-to C t l ^ b t ) ^ 5 J : o ^ g ^ ^ © i e M ; £ - ± 0. 3 m m a r t i t f t l l g l « 0 . 3 ^ 

--fey hiiirt-es>5o 
* £ t H 5 W ± 5 c m © & g - e 2 4 N a , " C o , l 3 3 Ba, l 5 2 Eu, l54Eu£ffl<^-OfcSLfco ^ 

f - ^ O f f i E t i f T ^ o T & S o $J^©!£M(i300keVii(±-e, 1 .5 '*--fevh, . 80keV*>b 

300keV©RSJ-*?3'*--te v h , 80keVJilTT?5'*--b v H I E £ # X . b n 5 o H M ^ ' H ^ 

£ £ li&i$£&tH3&©;g® 0. 5 cm©{iST7liJS L/Co t ©i§£JC(i 5 cm <h 0. 5 cm T |3] — & 

^ T - x ^ ^ ^ - © | g ^ i LT^Hj^J^©J:b^*i6S^-ft6 )T-Sifj^©SIE ;&fcC^o/-c0 Fig.4 

l c * © $ § £ £ ^ - 0 E | ip0 | |*Ui 2 4 Na©1368keV©r8l© 4 #£-C ! =M y > f y x t i ( O g | 

A**5o C © ^ - S i c j ; ^ ^ ^ ^ l E © | e M t i l . 0 ^ o - - t e y h f I ^ - e * S o 3KSig#ifc*£a0fl'J£ 

lcji$xyug!Getfeiti?!§J&ffl^rt:o IsUfcHilg©* h ^ © f t g T - O ^ J i f M g 2 ic^f-«fc o t c ^ 

®Kg^;fc££KIt^T5fgJiU:©3!l$;&**§t>ft;fco # h A © f t g T © f £ ! ± i S ^ t i ± - c ? a ^ / c 

^F^-e5cm©{4gicS!)$SIEL/-Co r i | t ° - ^ ® ^ ( i m ^ 7 ^ x ^ y^«k«9 fe1tS[©«t^Sn 

*.&*>•£& 6- 7> 8) JC«t - ,T*i6fco 

(2) js +iJc*fS©ffliJ^?i 

^BRtSao^^JCJi iEICfi iS^O^-^&tJt l -f 5fe©***So ^ © i i ^ J C i i i S S - ^ 10 mm © 

T * 'J ^ « - c t i 3 ^ M : F £ i t a & & £ . - f S ? 8 S r $a£S'J£ LT£i&»£#J&rt :o c © r * 'J 

^ ^ © 1 ? * * * + ^ * ^ - 5 ^ 5 I ^ J 6 S f c J 6 f c : , fil^x.t 511 keV © r B « r $0tfctfi3&$£fii] 

£ L / ; (F ig .5# j fS )„ / 9 + © £ * x * 7 U * * - # 3 M e V £ T t e + # ± * S t £ a * * > # > - 5 o £tz, 

J8 + ©£A*D © ' C T ^ I I ^ S f c i b i e 20 m m © & g ( (5(M§if> t•*.^-fr 5 ) £ 0. 5 cm © f i g 

•?©tfcffl3&^©J££ Em.x©KI»<>: LTrfJ^L/-Co l t K © f c f e t t i A / ^ © ^ r l i ^ t L t 
8 5 S r © 5 1 4 k e V © r H ^ f f l ^ ^ o M S £ F i g . 6 K^-To C ©f£JH;0> £ j9(RJK:R£E^tttf 1 '* 

- 3 -
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2.1.4 mmr-v 

imtuotz®mt*-*-SIO^SM cT 1 / 2 ) t rm*-*^**- C E O , ria&tb^ ( 
I r ) £ Table 8 {CTJ^O 

2.1.5 ffil 

tp&=?mM, mmmimom^mitemjEimTo&B-e&Zo 
i) ^ . ^ ( D n r n m t , 
2) tfea*ttiF©^», 
3) 3-f y v-r 'y x-tf A , ^ y y ' A - t A , 

4) ^*4oi¥*-»c<fc5ffliJ^{4lof!n, 

5) H*4Jc<t«r«|o@BiRiR, 

6) 4S^RfE:»c<fc5ffinc*o 

(1) * t t^m©a#r B ^m 

(2) tfea+tt^o^g 
ffe£. L fc+tt? *** t> <o ©fifiitf TH£§L£ tirfgx * yiz+'-^tt? t ft o ra*4ic^fc 5 c 

i * i * S o d +f-A(c^LT70°^fS]-eZlSH
a

Hf t iCj; l9?IiJS$n/c*t4^x^^ h^ 9 )£Fig. 

8 i c ^ t o 10MeVJaTlctfcft©f2g#*5>ftSo lOMeVli lT^^gL+t t^ iLTl i lE-rSo 

fi|IE(± 12 C (n , n ') © t ° - * ^R&^THiCTK^ ? tt*^* h /He:§#^x .T»:S t r^#OSJ 

£ ( F C ) £!,«*> ofco 

I * ( E i ) • o ( E i ) 
FC = 

( l ^ ( E i ) ' » ( E i ) + f 
•(2) 

( K i O ^ b lOMeV t T - © f n ^ i 5 ) 

56 ( E i ) : x ^ u ^ ' - E i - e © * ! * ^ ? 

^ x . ^ x : ^ g L ^ t t ^ f i X ^ ^ ^ ^ / c g x ^ ^ ^ - ^ ^ ^ ^ i x ^ ^ ^ - x (cm* 

L T ^ 5 k © £ * t t L f c * t t ^ S £ R f £ ; » r ® f l ! 

* .y ^ 7 1 7 - * + - ( £©j§£(± lOMeV ) ©ftfe>!n?t©FCti:30''f--fe v hSSE©^ 

f s = 
{ 1 - F C ( n , x ) } 

{ 1 - F C A . (n, a ) } 
•(3) 

tCT 'FC ( n , x ) , FCA. (n , a.) {***&&«**£ tfg^© 27A1 ( n , a ) RlE© FC 

•Ci-So <£x*yi/+*-feBr®i»flij^f-4'©*Sfe0|c-3^T{iFC**«i>fco ££!l£Table 

- 4 -
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8 t^^J Fig, 9 KfRto miE<D—mtL-Z27h\ (n,p ) 27Mg ©*!£©££!!£ Fig. 10 KTK 

to ffilEOSSHlilkeda^OlgJIt—Sc-i-So 
(3) 3 ^ y - / f > X + A, yyfA-V-A 

tt£®.m®]mfr&^<D'CSiMn, "Co, 65Zn, l37Cs £ffl^T/I;£ L/c ( Fig. 11 #Jfc) o 

Hfgfi^ffic r I^^AI^-rs hot LT/!iJ£/6(£&^-£/cftJiMlT-& So C | i ^ b 5 cm «|ft 

T^Tfe 1 ~2^°--fe v h O t A a ^ J 5 C i A * ^ 4 o ^A^j^^^-«b^feS(i2 4Na, 
56Co, 62mCo, 62gCo, 88Rb-e&3o I t ^ ^ ^ l k c p s J^±(C/ i5 i7 yy'A^AicJ;^^0 

^ ^ • y r o x f f i l t f ^ o l37Cs <t^°^*-T7lJ^Lfc^M^T.y7°nx©^lJ^Fig. 12 

(4) ai40j?*fc«fc5aiĵ fi[M©-fn 

BT©&ajw©ji;&>s>i£$&&«i (xo) 6):&%i6mmim~mmi ^otz^hot L T & S 

frz>mJE{&m(fi)ZitW-^bttbtz0 

( 4. 90 + 0. 5 t + x0 )
2 

fa = (4) 
( 4. 90 + x o ) 2 

C C tr, t tti$1^©J?& ( mm ) , x 0 JiHS&E§0l ( mm ) , 4. 90 ( mm ) itMfo 0. 5 cm 

ommum ( m m ) - ? & £ „ %-&rmm-fwm&Fig.13 K^-r,, 
(5) ^ 4 ( c J ; 5 g B K i K 

1§£ 100mg/cm2 JaTtt0T&£TlitIE&&£#J&fco 

fa = 1 / ( 1 - 0 . 5^ At ) (5) 

»Jiiflftoffig, MiMSSi&tfc10), t {i^^©l^*T?*5o ^©^MfiffiiE*© 20 

(6) JS^RtBKiSgltnc* 

giJttKJE£ga LTgWiK<»:|iI-©iKa***.fi5c$nsJi^^ffliJ^feSi|o|-© r tiLZWUM-

5:K§#£j£3ft5JfJ£N:Ji, *©fi|E«:-r-5i£^Ai*So fc£ *.#, 98Mo ( n, n'p)97mNb 

©flij^©i^ic, 9 8 M o m m m m * i & n ^ t n z > { p m ( D 9 7 M O K U ; < 5 9 7 M O (n, P ) 97mNb s 

J&WEt*), £)&&*» &{id©MRJE©K8iJ#o;frte^©-e, . t © ^ ^ * ^ * * * * . . 

2. l. 6 I£M©l¥ffi 

<V = K2 + K2 (6) 

£LT*a6fco JjrRc*5*5«fc*©li&*-to 

- 5 -
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(1) l i i i ^ e 

s&n®n&: o. i % 
* t t ^ ^ © B # r B ^ i ) : <0 . l % ( f f i I E S © f t 2 0 % ) 

^ i t i l M : 0. 5 - 4 0 % ( 2 7 M g © g t t m ^ £ ^ t r ) 

t ° - ^ ® ® o i ± i L ^ " : 0.5% 

IfetUSft^ : 1. 5% ( E r ^300keV ) , 3 % ( E r : 300 

80 keV ) , 5 96 ( E r < 80 keV ) 

0. 5 cm t 5 cmT©$&^RIE : 1.0 96 

zi j >i/T'V*•*)•£. : < 0.5 96 

? y ^ A + A : <0 . 5% 

IS^Ojp^OffilE : 0.5 96 

r lSSogaiRiK: 0 - 1.0 % (JBIES ©ft 20 % ) 

f f c S L * t t ? 0 M : If IE*© 30 96 
27 Al ( n , P ) 27Mg SiE»rff i«: 0. 5% ( | & I t i l M © ^ T - J ^ ) 

(2) S f - ^ K i t 4 i i ^ r ( % ) 
27 Al ( n , a ) 24Na SjEWfEfc : 3.0% 

rmmam ( i r ) : 0-20% 
¥-mm : 0 - 5 96 

£i t (1) + (2) : 3.6-40% 

+#t tg t i t i^£/h£ < -e# -s^^ictinm^M 2.0 %, ^SUM 3.6 xm.g.T'iBimmtifc'fc-c* 

2.2 fflSIS^ 

S^^K5fef i£SiEWfS«aiJ^©em* Table 9fc«fcCJfFig.l4 KTK+O ^ < f t S £ f i £ £ J E » r E 

» ( i Table 10 £ Fig . 15 ( t ^ T o Table 9, 10it(±<5e, <5 r fc J; t M t £ , Fig . 14, 15 (C(i 

^ e O ^ ^ L t * 5 o M 3 fC 1 4 M e V ^ f t ^ T \ ^ $ f t / c f S f 4 ^ b © r £ I U ^ Y)\y^7Tsto 

K W { b H f ® S © S i J S © ^ ( c ^ g ^ ^ r - ^ © — s f c ^ J & R O ^ S B l ^ & ' S o #flBft-e{± 14MBV 

3. 1 £ R 5 £ 

c i n ^ T 1 c $ g ^ $ n T ^ 5 M ^ ^ ^ © % M f f i © J l ( c ( i i f i M © $ a l l ; & ® x . T f f i 5 ( c - r t i T ^ 5 ^ 
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(1) ^ t J © ? I A 

(2) ^^fifPH, - M .^T-y 7 " © f f i I E W + 5 } T f e 5 a 

(i)o^l>6t)©rIA^o(,>T(i, ¥ M f f l © $ i J £ © x - ? m i i A < h M 9 7 5 ^ ^ © * ^ x - ? - e 
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Tab le 1 Measured a c t i v a t i o n c r o s s s e c t i o n s 

R e a c t i o n Ti/2 R e a c t i o n TU2 

9 .96m 

2 . 5 0 m 

2 . 2 4 1 m 

5 . 7 6 m 

8 .51m 

1 0 . 4 7 m 

1 3 . 9 1 m 

1.50m 

6 3 C u ( n r a ) 6 0 m C o 

8 8 S r ( n , p ) 8 8 R b 

9 4 z r ( n , p ) 9 4 Y 

9 2 M o ( n , 2 n ) 9 1 g M o 

M o ( n , p ) Nb 

9 8 M o ( n , n ' p ) 9 7 m N b 

H 3 T ,„ - »112mT„ I n ( n , 2 n ; i n 

10 , 

17 

18 , 

15 

1 

1 

20 

.47m 

.8m 

.7m 

.49m 

.0m 

.0m 

.9m 

N i ( n , t ) 5 6 C o 7 7 . I d 1 4 1 P r ( n , t ) 1 3 9 C e 1 3 7 . 6 6 d 

M o ( n , n ' a ) 8 8 Z r 8 3 . 4 d 

Tab le 2 N u c l i d e s of h a l f - l i f e measurement 

1 3 N , 18 F > 2 8 A 1 , 
3 7 s , 

N u c l i d e 

3 8 K, ^ K , 5 2 V , 6 2 C u , 9 1 t mNb, 116m I n 

N ( n , 2 n ) 1 3 N 

3 1 P ( n , 2 n ) 3 0 P 

( n , a ) 2 8 A l 

5 1 V ( n , p ) 5 1 T i 

5 4 F e ( n , 2 n ) 5 3 g F e 

6 0 N i ( n , p ) 6 0 m C o 

6 2 N i ( n , p ) 6 2 m C o 

( n , p ) 6 2 g C o 

- 10 -
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Table 3 Cross section of the 
27Al(n,a)2ltNa reaction 

En(MeV) Cross Section(mb) 

1 4 . 

1 4 . 

1 4 . 

1 4 . 

1 4 . 

1 4 . 

1 4 . 

1 3 . 

1 3 . 

1 3 . 

1 3 . 

1 3 . 

9 

9 

8 

7 

5 

3 

1 

9 

8 

6 

5 

3 

6 

2 

4 

1 

3 

2 

0 

5 

1 

8 

5 

3 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

2 

2 

2 

2 

2 

2 

3 . 

3 . 

4 . 

6 . 

8 . 

1 . 

3 . 

5 . 

5 . 

6 . 

7 . 

8 

4 

9 

9 

6 

9 

2 

6 

0 

9 

7 

6 

5 

2 

3 

7 

5 

7 

8 

3 

2 

3 

7 

2 

0 

± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 

3 . 

3 . 

3 . 

3 . 

3 . 

3 

3 . 

3 . 

3 

3 

3 

3 

4 0 

4 2 

4 5 

5 0 

1 4 

6 4 

7 1 

7 5 

7 8 

8 0 

8 3 

8 6 

Table 4 Conventional cross section 
of 27Al(n,p)27Mg reaction 
at OKTAVIAN Facility 

En(MeV) Cross Section(mb) 

1 4 . 8 7 6 6 . 8 2 

1 4 . 6 4 6 9 . 4 0 

1 4 . 3 5 7 2 . 6 6 

1 4 . 0 2 7 6 . 3 6 

1 3 . 7 0 7 9 . 9 5 

1 3 . 4 0 8 3 . 3 2 

* not corrected for the scattering of neutron 

* error within 0.5 % 
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Tab le 5 Samples of n a t u r a l abundance 

Sample P u r i t y Weight R e a c t i o n 

(%) (mg) 

N 

P 

V 

Cu 

Sr 

Zr 

In 

Ni 

Mo 

Pr 

99.99 

99.999 

99.99 

99.9 

99.999 

99.8 

99.99 

99.7 

99.95 

99.999 

70 

60 

80 

90 

80 

65 

70 

2600 

1000 

200 

14N(n,2n) 

31P(n,2n),(n,a) 

51V(n,p) 

63Cu(n,a)60mCo 

88Sr(n,p) 

94Zr(n,p)94 Y 

113In(n,2n)112mIn 

58Ni(n,t) 

92Mo(n,n'a) 

141Pr (n,t) 

Tab le 6 Samples of s e p a r a t e d i s o t o p e 

S . I . E n r i c h m e n t Weight R e a c t i o n I m p u r i t y 

(%) (mg) (%) 

5 4 F e ( n , 2 n ) 5 3 g F e 5 6 ( 2 . 7 5 ) , 5 7 ( 0 . 0 5 ) , 
5 8 ( < 0 . 0 1 ) 

6 0 N i ( n , p ) 6 0 m C o 5 8 ( 0 . 2 9 ) , 6 1 ( 0 . 0 3 ) , 
6 2 ( 0 . 0 3 ) , 6 4 U 0 . 0 8 ) 

6 2 N i ( n , p ) 6 2 m , g C o 5 8 ( 3 . 4 5 ) , 6 0 ( 6 . 1 2 ) , 
6 2 ( 1 . 4 0 ) , 6 4 ( 0 . 2 0 ) 

9 2 M o ( n , 2 n ) 9 1 g M o 9 4 ( 0 . 8 6 ) , 9 5 ( 0 . 5 4 ) , 
9 6 ( 0 . 4 3 ) , 97 ( 0 . 2 6 ) , 
9 8 ( 0 . 5 1 ) , 1 0 0 ( 0 . 4 0 ) 

9 7 M o ( n , 2 n ) 9 7 m N b 9 2 ( 0 . 2 2 ) , 9 4 ( 0 . 2 4 ) , 
9 5 ( 0 . 5 9 ) , 9 6 ( 1 . 3 4 ) , 
9 8 ( 3 . 0 7 ) , 1 0 0 ( 0 . 3 0 ) 

9 8 M o ( n , n ' p ) 9 7 m N b 9 2 ( 0 . 1 4 ) , 9 4 ( 0 . 1 ) , 
9 5 ( 0 . 2 2 ) , 9 6 ( 0 . 3 4 ) , 
9 7 ( 0 . 5 8 ) , 1 0 0 ( 0 . 3 1 ) 

54Fe 

60Ni 

62Ni 

92Mo 

97Mo 

98Mo 

97.20 

99.65 

97,01 

97.01 

94.25 

98.3 

70 

70 

40 

70 

50 

70 

- 1 2 -
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Table 7 Ge detectors 

Detector Efficiency Resolving Object of 

(%) power(keV) measurement 

Short-lived nuclei 

Al monitor foil 

,2mNb, "Zr(for energy) 

,2mNb, 8,Zr(for energy) 

Long-lived weak activity 

Vertical HpGe 

Horizontal HpGe 

Horizontal Ge(Li) 

Vertical HpGe 

Well type Ge 

12 

16 

10 

23 

25 

1 

2 

. 1 

2 

2 

75 

00 

92 

00 

14 

Table 8 Nuclear data used for the present measurement 

Reaction 

27Al(n,a)24Na 

(n,p)27Mg 
14N(n,2n)13N 
31P(n,2n)30P 

(n,a)28Al 
51V(n,p)51Ti 
54Fe(n,2n)53gFe 

Ni(n,p) Co 
62Ni(n,p)62mCo 

(n,p)62gCo 
63Cu(n,a)60mCo 
88Sr(n,p)88Rb 
94Zr(n,p)94 Y 
92Mo(n,2n)91gMo 
97Mo(n,p)97mNb 
98Mo(n,n'p)97mNb 

In (n, 2n ) In 
5 8 N i ( n , t ) 5 6 C o 
9 2 M o ( n , n ' a ) 8 8 Z r 
1 4 1 P r ( n , t ) 1 3 9 C e 

T l / 2 

14.959h 

9.46m 

9 .96m 

2.50m 

2.241m 

5.76m 

8.51m 

10.47m 

13.91m 

1.50m 

10.47m 

17.8m 

18.7m 

15.49m 

1.0m 

1.0m 

20.9m 

77.Id 

83.4d 

137.66d 

E (keV) 

1368.6 

843.8 

511* 

511* 

1778.7 

319.7 

377.9 

58.6 

1163.5 

1129.1 

58.6 

1836.0 

918.8 

511* 

743.4 

743.4 

155 

2598.4 

393.7 

165.9 

I (%) 

99.994(3) 

73(1) 

199.62 

200 

100 

93.0(4) 

42(8) 

2.0(1) 

68.1(14) 

11.3(7) 

2.0(1) 

21.4 (12) 

56(3) 

187.4 

97.95(10) 

97.95(10) 

12.8(4) 

16.95(8) 

97.3(1) 

79.99(16) 

Q(MeV) 

-3.13 

-1.83 

-10.55 

-12.31 

-1.94 

-1.69 

-13.38 

-2.46 

-4.48 

-4.46 

1.69 

-4.53 

-4.10 

-12.68 

-1.89 

-8.39 

-9.60 

-11.07 

-5.61 

-5.93 

F.C. 
(%)** 

2.1 

6.2 

0 

0 

2.4 

0 

0 

0 

0 

0 

* annihilation gamma-ray 

** contribution of scattered neutron 
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Table 9(a) Formation c ross s ec t i on of s h o r t - l i v e d n u c l e i 

, 4 N ( n , 2 n ) I 3 N (9.96m) 

En(MeV) a (mb) ffe(X) 8r(%) 8 t(%) 

14.87 7.20 2.6 3.0 4.0 

14.64 7.28 2.8 3.0 4.1 

14.35 7.07 2.9 3.0 4.2 

14.01 5.84 3.0 3.0 4.2 

13.70 4.63 3.3 3.0 4.5 

13.40 3.59 2.7 3.0 4.0 

3 1 P ( n . 2 n ) 3 0 P (2.50m) 

or(mb) 5e(X) 5r(X) 5 t « ) 

15.0 5.0 3.0 5.8 

13.2 4.5 3.0 5.4 

11.1 4.6 3.0 5.5 

6.0 5." 7 3.0 6.4 

3.0 8.8 3.0 9.3 

1.1 13 3.0 20 

3 , P ( n , a ) 2 B A l (2.24m) 

En(MeV) a (mb) 5e (X) S r « ) 5t(%) 

14.87 116 3.6 3.0 4.7 

14.64 116 3 .5 3.0 4.6 

14.35 126 3.4 3.0 4.5 

14.01 134 3.4 3.0 4.5 

13.70 130 3.5 3.0 4.6 

13.40 135 2.6 3.0 4.0 

5 , V ( n , p ) s l T i (5.76m) 

cr(mb) 5 e U ) 5r(%) 5 t(X) 

30.8 5.3 3.0 6.1 

33.0 4.9 3.0 5.7 

33.8 4.9 3.0 5.7 

33.8 4.6 3.0 5.5 

32.3 5.0 3.0 5.8 

34.4 4.1 3.0 5.1 

S 4 F e ( n , 2 n ) " ' F e (8.51m) 

En(MeV) a (mb) 8 eCO 5r (%) St(%) 

14.87 10.9 5.4 19 20 

14.64 9.0 5.5 19 20 

14.35 5.3 6.4 19 20 

14.01 2.1 9.8 19 21 

13.70 0.22 80 19 90 

13.40 

8 0 N i ( n , p ) 8 0 - C o (10.47m) 

a(mb) Se(%) 5 r « ) 81(%) 

74 8.0 5.9 10 

95 8.0 5.9 10 

100 8.0 5.9 10 

* cV.: e x p e r i m e n t a l e r r o r , cVr: e r r o r of n u c l e a r d a t a , 

<? t
2 = 6.' + S r2 

* e r r o r of n e u t r o n energy i s e s t i m a t e d as about 50 keV 
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Table 9(b) Formation cross section of short-lived nuclei 

S ! N i ( n , p ) 6 2 " C o (13.91m) 

En(MeV) a (rab) fie(X) 8 r(X) 5 t (X) 

14.87 19.5 6.9 3.6 7.8 

14.64 18.3 7.1 3.6 8.0 

14.35 16.7 6.5 3.6 7.4 

14.01 17.5 5.2 3.6 6.4 

13.70 11.9 11 3.6 12 

13.40 13 .1 5.3 3.6 6.4 

! 2 N i ( n , p ) " ' C o (1.50m) 

o(mb) Se(%) $ r « ) 51(%) 

26 17 6.9 19 

33 23 6.9 24 

25 19 6.9 20 

21 16 6.9 17 

17 40 6.9 41 

16 15 6.9 17 

a 3 C u ( n , a ) 6 0 - C o 

En(MeV) a (mb) 

14.87 8 

14.64 11 

14.35 8 

14.01 9 

13.70 14 

13.40 9 

(10.47m) 

5 e « ) 

31 

30 

40 

34 

21 

22 

S r « ) 

5.9 

5.9 

5.9 

5.9 

5.9 

5.9 

< 5 t « ) 

32 

31 

40 

35 

22 

23 

" S r ( n , 

a (mb) 

23 

20 

22 
18 

12 

14 

P) 
8 8 R b (17.8m) 

Se{%) 

12 

11 

10 

11 

21 

11 

SrCO 

6.4 

6.4 

6.4 

6.4 

6.4 

6.4 

fft(X) 

14 

13 

12 

13 

23 

13 

9 4 Z r ( n , p ) 
En(MeV) 

14.87 

14.64 
14.35 

14.01 

13.70 

13.40 

i4Y (18.7m) 

a (mb) 

6.6 

7.7 

5.6 

5.7 

5.3 

4.2 

SeCO 

12 

10 
12 

11 

12 

10 

5 r « ) 

6.1 

6.1 
6.1 

6.1 

6.1 

6.1 

cUCO 

13 

11 
13 

12 

13 

12 

" M o ( n , 

a (mb) 

221 

203 
176 

136 

89 

46 

2 n ) s l " M o 
5e(%) 

3.2 

3.1 
3.1 

3.0 

3.3 

3.3 

(15.49m) 
5 r ( » 

3.0 

3.0 
3.0 

3.0 

3.0 

3.0 

StCD 

4.4 

4.3 
4.3 

4.2 

4.5 

4.5 

1 
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Table 9(c) Formation c ross sec t ion of s h o r t - l i v e d n u c l e i 

"Mo(n,p)97"Nb (1.0m) 

En(MeV) a (mb) 8 e«) 8 r{%) <5t«) 

14.87 4.9 12 6.7 14 

14.64 3.4 20 6.7 21 

14.35 4.2 19 6.7 20 

14.01 3.4 17 6.7 18 

13.70 3.3 21 6.7 22 

13.40 3.6 20 6.7 21 

18Mo(n,n'p)s'"Nb (1.0m) 

a(mb) 8e(%) <5r«) 5t(%) 

1.2 30 6.7 31 

1.0 35 6.7 36 

0.5 40 6.7 41 

1 1 3 I n ( n , 2 n ) 1 1 2 ° I n (20.9m) 

En(MeV) a (barn) S e « ) ffr(X) 5 t (X) 

14.87 

14.64 

14.35 

14.01 

13.70 

13.40 

1.41 

1.39 

1.32 

1.24 

1.32 

1.06 

8.1 

6.3 
7.0 

10 
7.2 

6.1 

4.3 

4.3 
4.3 

4.3 
4.3 

4.3 

9.2 

7.6 
8.2 

11 
8.4 

7.5 

- 1 6 -



JAERI-M 89-083 

Table 10 Formation cross section 
of long-lived nuclei 

58Ni(n,t)56Co 

En(MeV) o(ub) 6e(%) 6r(%) 6t(%) 

14.87 

14.63 

14.43 

14.16 

30.7 

24.8 

17.8 

11.6 

18 

19 

21 

25 

4.7 

4.7 

4.7 

4.7 

19 

20 

26 

26 

* based on the cross section of the 58Ni(n, p)5SCo reaction 

* error of the neutron energy is estimated as about 100 keV 

92Mo(n,n'a)88zr 

En(MeV) a(yb) 6e(%) <5r(%) 6t(%) 

14.87 

14.64 

14.38 

14.08 

151 

111 

94 

56 

13 

19 

16 

25 

3.0 

3.0 

3.0 

3.0 

14 

20 

17 

25 

* based on the cross section of the "Nb(n,2n)"BNb reaction 

141Pr(n,t)139Ce 

En(MeV) a(yb) 6e(%) <5r(%) 6t(%) 

14.87 332 15 4.5 16 

14.67 358 14 4.5 15 

14.44 276 14 4.5 15 

14.19 240 14 4.5 15 

13.89 203 16 10 19 

13.43 150 18 6.2 19 

141Pr(n,p)141Ce 

o(yb) .6e(%) 6r(%) &t (%) 

9.73 3.4 3.0 4.5 

10.10 3.4 3.0 4.5 

9.65 3.4 3.0 4.5 

9.31 3.4 3.0 4.5 

8.72 9.5 3.0 10 

7.86 5.4 3.0 6.2 

* The cross section of the (n,t) reaction is based on the 

141Pr(n,p) reaction, and that of the (n,p) reaction on 

the "Nb(n,2n) reaction 
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Table 11 Result of h a l f - l i f e measurement 

Nucl ide P r o d u c t i o n y - r a y T 1 / 2 

28A1 Al(n,T) 177g 2.239(9)m 2.2H06(5)m 
2o, 

reaction. E (keV) _ _ . A 

Y Present Ref.11 

13N 1%(n,2n) 511 9-962(20)m 9.965(4)m 

1 F 19F(n,2n) 511 109-lJ8(8)m 109-77(5)ra 

27 

Si(n,p) 

3 7S 37Cl(n,p) 3027 H.96(4)m 5.05(2)m 

3 8K 39K(n,2n) 511 7.569(3M)m 7.636(l8)m 

41 
H2K

 K ( n ^ ) 1525 12.3W6;)h 12.36'0(3)h 
from Ar 

55 
5 2 v Mh(n.a) ^ ^ 3 . 7 5 7 ( 5 ) m 3 . 75 (1 )m 

5 1 V ( n l Y ) 

62Cu 6 3 Cu(n ,2n ) 511 9-722(39)m 9.7*K2)m 

9l*mNb 9 3 Nb(n ,y ) 871 6.232(28)m 6.26(1)m 

1 l6m I n 1 1 5 I n ( n > Y ) 1 2 g l , 5 n . 1 2 ( 6 ) m 5 l .15(6)m 

- 18 -
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# § S 2 Detection efficiency of the Well-type Ge detector 
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f t i i 3 Gamma-ray spectra of samples irradiated by 14 MeV neutron 

EXPLANATION 

Sample: BN 

Time: 600s-58s-600s 

• : 14N(n,2n)13N 

Det.: 12% HPGe 

Source Distance: 0.5cm 

Absorber: 7#!)J!/ 1. Ocm 

=>® 
=>® 
=><D 
=>© 

CD Sample 

(2) Irradiation time, cooling time, time of measurement 

(3) Reaction 

@ Detector 

© Source distance of measurement 

© Absorber for measurement of positron 

* Neutron energy: 14.9 MeV 
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(a) 
1. I l - 5 l i r B K # ( 4 m j ^ 5 US, S I S 

S S f f i © 1985^fi)fTlc<t5o titfL, l e V 

i i i t f l u Offlli CODATA © 1986 ^ f i ^ 

2. S4IC( i?gM, / ? ! • , T-y i / , ^ J J 

3. b a r l i . J I S T ( i » ! t < * © E ^ * S ^ - r i i 

^lc|5gi9 * 2 © * x 3 ' 'J - icftm$ n t l ' 

4. E C f e 1 J S a * ^ f g ^ T i i b a r , barnfcj ; 

t>' TlfilEE©|l&J ramHg*i2ffl*73'iJ 

^1 N( = 105dyn) 

1 

9.80665 

4.44822 

kgf 

0.101972 

1 

0.453592 

lbf 

0.224809 

2.20462 

1 

tt S lPa - s (N- s /m 2 )=10P(*TX ' ) (g / ( cm-s ) ) 

f j t t l l 1 m2 /s= 104St( x h - y x ) ( cm7s) 

E 

^ 

MPa( = 10bar) 

1 

0.0980665 

0.101325 

1.33322 x 10"' 

6.89476 x 10'3 

kgf/cm2 

10.1972 

1 

1.03323 

1.35951 x 10"3 

7.03070 x 10-2 

atm 

9.86923 

0.967841 

1 

1.31579 x 10"3 

6.80460 x 10"2 

mmHg(Torr) 

7.50062 x 10' 

735.559 

760 

1 

51.7149 

lbf/in2(psi) 

145.038 

14.2233 

14.6959 

1.93368 x 10"2 

1 

X 

JV +' 
1 

i± 

B 
Si 

J( = 10'erg) 

1 

9.80665 

3.6 x 106 

4.18605 

1055.06 

1,35582 

1.60218x10-" 

kgf'm 

0.101972 

1 

3.67098xl05 

0.426858 

107.586 

0.138255 

1.63377 x lO"20 

k W ' h 

2.77778 x 10'7 

2.72407 x 10"6 

1 

1.16279 xlO'6 

2.93072 x 10"' 

3.76616 x 10"' 

4.45050 xlO-26 

c a l ( l t a S ) 

0.238889 

2.34270 

8.59999 x10 s 

1 

252.042 

0.323890 

3.82743 x 10"20 

Btu 

9.47813 x 10-' 

9.29487 x 10"' 

3412.13 

3.96759 x 10"3 

1 

1.28506x10"' 

1.51857xl0"22 

ft • lbf 

0.737562 

7.23301 

2.65522 x 106 

3.08747 

778.172 

1 

1.18171 x l O - 9 

eV 

6.24150 xlO' 8 

6.12082xl0'9 

2.24694x10" 

2.61272 x 10'9 

6.58515 x 102' 

8.46233x10" 

1 

1 cal = 4.18605 J ( I t » ( * ) 

= 4.184 J mit¥) 

= 4.1855 J (15 " O 

= 4 . 1 8 6 8 J ( B K ^ M a ) 

i±mm i PS aLmti) 
= 75 kgf-m/s 

= 735.499 W 

m 

Bq 

3.7 x 10" 

2.70270 x 10" 

1 

JR 
Gy 

1 

0.01 

rad 

100 

1 

m C/kg 

2.58 x 10-' 

R 

3876 

1 

Sv 

1 

0.01 

rem 

100 

1 
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