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Spmqsospm exmtatmna m nttcle: ha:  e been studmd by means of the (SHe,t) xeact:ons 
at 450 MeV The Gamo~:-Telle: (GT) resonances ale found to be strongly exc:ted A 
fine stx uc tme of the giant Gan:ox~ Telle: resonances in medmm-heax 3 nuclm is obserx ed 
~x :th an ene:g3, : esolut:on of 130 keV The ~olume mtegz als of the ettect:~ e rote: act:ons 
J ~  and J< have been dete:lnlned expm:mentall~ The m:po: tance  of h:gh :esolutmn 
ol>e:~atmn of the (SHe t) xeactlons at lntetmedmte enexg:es, both, to study the double/~ 
deca3 p:oceases and to measme the detect:on senslt:x ,t:es for sola: neu t :mo experiments 
:s d:scussed 

1.  I N T R O D U C T I O N  

Oxet the last fifteen yea1% ¢ollect:~e sp:n-p~ospnl e-:cltat:on~ 1:: nucle: ha : e  l~een 
extenalx, ely studmd h) (p n) :ea: t lons at nt te:med:ate  ene:gms since the d:sco~e: 3 of 
the Gammx-Telle: (GT) :esonance~ m the late 70's [1-3] The GT le~onances ~:e:e 
theo:et:cally p:ed:cted t l m t y )  ea:s ago to explain the : e t a :da tmn  of Galnow-Telle: d- 
deca3 s con:pared to smgle-pa:t:cle estlnmtes [4, 5] The spm-fl:p A L = I  resonances ~e,e,  
subsequentb,  pted:cted to explain the teta:d~ztmn of fi :st-fo:b:dden '3-decay [6] 

The sl)m-:sospm ex(: tat :ons m nude:  have been one of the interesting subjects of 
expetm:ental  and theo:et:cal  mvest :gatmns fo: a long tnne The :tossing s t :ength of 
the Gamoxx-Teller e'cmtatmns > st:ll an unresol: ed problem, the solutmn of whmh may 

0375-9474/94/$07 00 © 1994 - Elsevmr Scmnce B V All nghts reserved 
SSD! 0375-9474(94)00345-9 



44c M Fuflwara et al / Spm-tsosptn excttattons m nuclet 

, equne  detmled mfcnmatmn on nuclear short xange co, ielatlons as well as on exclta- 
tmns of the nucleon itself On the othe, hand, the detailed m f o n n a t m n  on the nucleal 
,esponse functmns fox the ope, atmq a r  and ~rr,Y1 is xer~, useful fm the apphcatmn of 
nuclear phymcs to othe, fietdq The Gamm~-Tellel and fi, st-folb~dden t r ansmon  matrix 
elements for specific nuclei a,e ( ,uclal  input  fm xanous fundamenta l  ~tudles such at the 
detectmn et~cmnc3 fm solar neut imos  [7], xx inch is at pIe~,ent one of the most lmpo, tant  
subjects m astloph~slc~ as well as m pa,tlcle ph~ ~lcs, wh~(h ~s ,elated to the p~oblem 
oI n e u t n n o  o~cfllatmn~ The ~tud~ of the ~l)UX-~bospm ,ebponse ~, of nucle~ including 
the Gamox~-Telle, ,esonances ~s also nnpo,  tant  to check the vahd~t 3 of theories for the 
double ~3 1),oce'~,es, ~ l n ( h  ~s ,elated to the piesence of massive electron n e u t n n o  oI 
the Majo, ana t3 pe neutr ino At p,e~ent, these studies xequne the deep undexstandmg 
of the mw,oscop~c s t ,uc tmes  of the spmqsospm excltatmns m nuclei, fox which h~gh 

,esolut~on measmements  at mtennedmte  enelgms are ebsentml 
The Gammx-Telle, xesonances haxe been studied b? various cha, ge-exchange leac- 

lions such as (~He t) and ("LL "He) which take advantage of high xesolutmn and high 
detectmn efficwn(3 In pa, tlcula, the (SHe,t) xeactxon has been used to obsexve the GT 

stxengths at va~lotts bombs ,drag  cnelg~es E<_100 MeV/u  [S 14] It is no~ cleat that the 
extraction ot GT st ,engths f~om the (3He,t) c~()ss sectmns at loxx-hombatdmg ene, gles 
~s mo, e difficult than fin the (p n) ,eactlon~ at E>_100 MeV due to the dominance of 

the two-step ~eactl()n inechamsms and of non-cent ,a l  mte~act~ons hke tenso~ fmces 
Hou ex ex, the (~He t) tea(t~on Becomes a x e~ 5 stutable alte, nat~x,e to mx est~gate the 

spmqsospm ex¢~tahons u h e n  the 1)omba,dmg ene, gles exceed 100 MeV/u  Tlns has 
been expernnenta l ly  demoust ,a ted  b3 the (3He t) uoxk at Sacla 3 [15], and mo, e xecentl} 
at RCNP [16] In pa, t~culal, suc(essfld ope~atlon of the nexx lngh ,esolutlon spect,ome- 
re,, G, and Ralden [18] at R CNP enables the adx antageous apphcatmn of hlgh-,es()lutlon 
spect,osC()l)l( stu(hes t() imthe ,  tile Ulx(hu~tandmg of spm-lSOSlXm ,nodes ()t e 'c(ltatmn 

m nuclei Neu atteml)t~, of stud5 mg the si)ul-p, OSl)ln e'ccltatl()n~ 1) 3 the (SHe t) ,eactmn 
a,e now m p, ogless 1) 3 taking ad~ enrage ot select~ e ex(~tatlons of the Gamm~-~l'ellel 
,esonance at z(,() deg,, e and at the hxgh bombaxdmg ene, g3 E=450 MeV ~ , th  h,gh 

esolut ~()n 

2. E x p e r i m e n t  

The plesent  expe lnnen t  xx as ca lned  out at the Ring Cyclotlon faclht} of the Re~ealch 
Centel  fol Nuclem Ph)~1c~ ~ l th  a 450 MeV 3He beam, and ~\lth a ne~ spectlometer 
G land  Ralden [1S] The 450 MeV ~He 2+ beam uas  dlspelslveh t l a n s p m t e d  flora the 
( ) c l o t m n  to the sca t tenng  dmmbel  u l thout  an) enelgy-deflmng qhts m index to xeduce 
the beam halo Tlle dlsl)e, qlon mat chnlg techmque u as apphed to obtain hlgh-,esolutlon 
(3He t) specna  at 0 ° The ta,gets used ~e ,e  metalhc fells xxlth the thlcknesse~ of 4~7 
mg /cm 2 The ~ e, tlcal and horizontal defimng angles we, e ,espectlvely, set at =t=20 nn  

The 3He 2+ beam passing t lnough the ta,get enteled the spect ,omete, ,  and was 
stopped in a specml Fa,ada 3, cup pxepa,ed at an reside wall of the vacuum chambe, 
of the first &pole (D1) nmgnet The outgoing t tm)ns  were momen tum analyzed ~ l th  
the spect ,omete,  and detected b 3 the focal-plane counte, s}stem, which consisted of 
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two 2-&mensmnal  posltmn-~enslhx e m u l n - w n e  duff chambexs (MWDC) and two AE- 

scmtfl latmn countexs fox pamcle  ldentlf icatmn The best iesolutmn of about  130 keV 
~as  achieved In a d d m o n  to t u t o n  peaks due to the (3He,t) reactmn, a stxong peak 
due to ~He + events x~as observed at the lngh-momentum side of the focal plmle The 
SHe + pamcles  wexe measmed smmltaneously with the tu tons  and xx exe used to cahbxate 
both the energy and the sca t tenng  angle~ of the detected m t o n s  The honzontM and 

veltlcal  sca t teung  angles at the tmget could 1)e de teumned  b 3 xay-tlacmg techmques 
u~mg mfouna tmn  on the mclden(e angle of txlton~ at the focal plane The obtained 
data at 0 ° ~ l t h  the ~ohd angle of 1 6 rest ~xe~e fmthex (h~lded rote data u~th m & ~ d u a l  
n a n o w  (ones at small sca t tenng  ane~le~ m oxde~ to e~tunate the angulm distr ibutions 

at ~eL\ fox~\md angles 
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Flgme 1 Singles 0 ° '9°Zl(3He t) ~pectxmn taken at E=450 MeV ~xth the spec- 
t lometel  GIand  Ralden The lsobau( analog state (IAS) at 5 1 MeV and the 2 3 
MeV 1 + state axe strongly excited A fine s t l uc tme  of the giant Gamow-Tellex 

xesonance at S 9 hie\" has been ( lemly demonst la ted  

F lgme 1 shows an example of the lngh lesolutlon (3He,t) spectla taken at E=450 
NIeV In a smnlaI wa 3 to the (p,n) measulement  at Et~=120 Me\ '  at IUCF [3] om 
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meabmement  at 150 MeV/u  sho~s a cleat enhancement  of excltat:onb of the GT states 
Th:s mmflanty :s leasonable since the latu~ of spin-flip to non-spin-flip contr ibut ion 
( j ~ / j ~ ) 2  m the (3He t) :eact lon :s behe:ed  to be close to that  m the (p,n) :eac tmn at 

the same bombs :d rag  enmgy pe: nucleon [15] Ev:dently a fine stxuctme of the GT 
:esonance m 9°Nb :s obsmved Free s t luc tmes  of the GT :esonances are also observed 
m the (SHe,t) spect:a fo: othel hear? target nuclm hke Sb isotopes An open question 
to be addxessed :s the investigation of ~x h3 tlna kind of fine s t l uc tme  stdl e-c:sts fm the 
GT lesonance 111 tile lngh excitation enelg 5 legion ahoxe tile paitlcle deca) thleshold 
whele the:e ~s an extremely h~gh 1 + level denser) 

3 D I S C U S S I O N  

3.1. V o l u m e  I n t e g r a l s  o f  t he  effect ive  i n t e r a c t i o n  
Taddeuccl et al [19] and B e l g q ~ t  et al [15] ha~e ~houn that the ratio of the 0 ° 

moss sections m the cha:ge exchange leactmn fol t lans:tlon~ to the g :ound  ~tate of 12N 

and to the 3 51 MeV 3 /2 -  state 111 I~N is a good measme to check the snnphcl ty  of the 
O'(12(--12aV((J ~')) ohtamed f1(>m the pleqent l e a c t l o l l  n ] . e c h a l l l S l l l  Tile C 1 0 % q  % ( ~ C t l O l l  l d t l o  ~ ( ~ ' C - - ~ " N ( 3  ~ 1  

expeument  at 450 hie\-  uas  a¢tuall3 about 0 72 at 450 MeV [16], m ag:eement u l t h  
the : s lues  flora the (3He,t) leactmn,, at h:ghel enelg, ma This fact mdlcate~ that the 
single ~tep process > p :edonmlant  fo: the (SHe,t) :eactmn at 450 MeV It 1~ therefme 
leasonable to assume that the 0 ° (:oss sectums ale p :opo : tmna l  to the GT fl-decay 
st lengtha B(GT)  and to the Feum t :ans: t lon ~t:engtl>, B(F) 
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Flgme 2 P :opoi t ,ouah t )  of nmasmed 0 ° (aHe,t) moss sectlon~ to Feum and 
Gamou-Tel lm t l ans : tum ~tiengths The d>to l t lon  effects ale consldmed in teHn~ 
of the dis to: t lon facto: N=e-cp(-0 7A}) 

The c:oss sect:ons of tile Gamm~-Telle: state and tile IAS can thu~ be ~ n t t e n  as [3] 
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(d~-~c.7)(q~0) = \Trh2] \~,jNoT( 2B(GT) (2) 

~he, e the volume lntegxals of the centlal  pal t  of the effective mte lac t lon  are JT and 
J~T, Iespectlvely The d l s t omon  fa(toxs ale factorized b} N~, and N.~ whmh may be 
appxo-~mmted by the fun( tmn  e'cp(-xA½) [19] The value :~ is given b~ ~=2#Wp0/h2/c  
whexe \VI is the depth of the m~agmmy pal t  of the optical potentml  The dlstoxtmn 
factms ate es tmmted flora the cxoss section x atms calculated 111 the &st in ted  and plane 
v, a\ e applo'.:lxnatlOllS 

0 "DH (0 ~- 0 °) 
: v  - ( 3 )  

a p*' (0 = 0 °) 

Since thele 1~ plesently nelthe, xehable optical potentml  pmametexs fox 3He scattexmg 

nol lellahle effe(tl~ e mtexactlons at 450 Me\  r, ~e  apply an empnlcal  method to extlact  
the xolume mtegxals of the effectlxe mtmac tmn  The closs sectmns of the IAS fox 
~atmu~ tmget nuclei ~e le  (h~lded l)) the (h~tottmn factol N=e'cp(-xA~), ~he le  the 
fitting pmamete l  2 ~x as de te lnnned  so a~ to get a llneax x elatmnslnp l)etxx een B(F) and 
tlle c~o~,s sections (h~l(led 1)', N=e-:p(-~A ~-) Hexe B(F) ~s ~ell known to be exactl 3 
N-Z flora tile Felml Mtlln_ xttle The xesult~ ale shox~n m F~gtue 2 Wi th  z=0 7, the 
zexo degxee (hffetent~al (xos~ sections ale pxopmt~onal to the Fenm and Gamm~-Tellex 
t~anslt~on stxengths xespe(t~el3 The ~ahchtx of the pxebent experimental  xelatmnshq) 
fox tile cxoss se(tmns of the IAS and GT states should be xe(onfl~med m fu tme  woxk 

W~th a~elage ~ alnes of z=0 7 and the ~x ell knm~ n B(GT) and B(F) x alues fl on3. \ axlous 
tmget  nuclei, tile axelage xalues ot tile xolume lntegxalb of the effect~xe mtelact~ons 

thus obtamed ale J~=53±5 MeV-hn 3 and J~.~=172q-17 MeV-fin ~ tespect~vel 3 The 
xatm ( j . . / ] , ) 2  ~s thelct(ne 10 3q-0 5 Tile xalues J~=S9 MeV-fm ~ and Jo~=168 MeV- 
flYl 3 ~\ele o])talned :honl tile (p,n) exl)eXllllent at 120 MeV at IUCF [3] The J . .  ~alue 
obtained flora the (3He,t) xeactmn at 150 MeV/u  is compatible w~th that  obtained 

flora the (p,n) xeact~on The J~ ~alue ~ shghtly smallel than that obtained flora the 

(p,n) work at 120 MeV Taking lllto a(count  that  the spin-dependent  t r  centxal foxce 
has a ~ e ak enexg3 (lependence and the sp~n-mdependent centx al foxce decxeases w~th 
mcxeasmg bombaxdmg enexgles to~axd 150 MeV/u,  the plesent  xalues fi~r the ~ olume 
mtegxals of the effect~ e mtexactmn~ ale qmte consistent Th~s means that  the (3He,t) 
xeactlon at 450 MeV lq a poxxexful and xehable plobe fin e'ctxactmg GT atxengths ~x~th 
the follmx mg three adx,lntages, ~ e high xe~olut~on loxx 1)ackgxound and h~gh detection 
effl( 1Olt( ) 

3 . 2  G a m o w - T e l l e ~  s t r e n g t h  fo~ n e u t r i n o  d e t e c t i o n s  

In the solm neutxmo m(as tuement  m Homesteak Mme by Da~ is [20], 3rC1 ~s used at 
a lletltllnO detectox tmget to m\e~t~gate the nu(leax flts~on pxocesses m the Sun Since 
the mea~mement  of tile l leutl lno fill'.: horn the Sun xepoxted a s~gmflcant leduct lon 
f iom the ~alue expected ~m the S t andmd Solm Model [7], many  contlovexsms and 
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n.e~,~, expelmlenta l  nleasulements  follox~ed Tins leduct lon of the neutr ino flux is called 
"Solar Neu tuno  Pwblem"  Among manx theoletlcal explanatmns,  one of the most 

interest ing ideas is the pied1( tmn of the neutlmO oscillation by the MSW process [21] 
The examinat ion  of tins Mea 1~ a cmlen t  subject of pamcle  physics Therefore, several 

l)l()jects pzopo~mg to check the neu t lmo  flux flora the Sun ale m plogless Among them, 
t uo  pzojects called GALLEX [22] and SAGE [23] use the 71Ga nucleus as a neutr ino 
detectol,  and a slgmhcant  leduct lon of the neu tun o  flux is lepozted 

In all ca~es using nuclem ~l)ecle~ as neu t lmo  detectors, it 1~ nece~azy to est imate the 

n e u t n n o  detection sen~ltl~lty thlough the (hinge cmzent pzoce~ A(p,e) The Gamow- 
Tellez lespon~e functions mediated b3 the opelatoz err ale, in pnnclple,  measuled by 
(halge-e'cchange le,lttl(m cxpcluuent'~ Fol a long time the (p n) e 'cpelunents at IUCF 
has 1)la3ed an mq)ol tan t  lolo m tit t e lnn lnng  l leutlnlo a])solptlon ClO~ ~ectxons, because 
el a good lesolutlon at n~tellne(h,~te enelgles and a slnlple leactK)u lnechamsln 
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F1p~ule 3 A ()0 71Ga(3He,t ) spo : t lun :  at 450 hIeV An enla:ged displa) fl): the 
leol()n Et_~446 MoV :s ,hox:n A ((>nt,mlmatlon peal, at the light slcle of the 
peak iol the %lound stat(' m 7JGe is due to the backg:()und 1)3 the atomic chmge 
e\(  hang(' 1)lOCe~,~ oi ~Ho 2+ ---+ ~Ho + 
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As men tmned  above, the (3He,t) :eactmn at 450 MeV :s a v:able complement  to 

the (p,n) leactaon~ because of high :esolutaon and lo~ backg:ound Flgme 3 shows 
a 71Ga(3He,t)r:Ge spect :um as one such example The :elat:ve shape of the present 
(3He,t) ~pectrum :s qmte smnlal  to tile (p,n) ~pect:um taken at 120 MeV [24] The 
exc:tataon s t :ength  of the 3 / 2 -  state at 0 175 MeV m 7:Ge is found to be ~ery small, 
wh:ch as consistent :x~th the (p,n) :esult b 3 I,hofcheck et al [24], but  ~s not consistent 
xxltl: the low-ene:g5 (p,n) :esult  [25] The telata~e strengths for the 0 0- and 0 175- MeV 
state~ ale est :mated 155 fitting the peaks at E~_<0 7 MeV with Gaussmn shapes The 
bt :ength of the 0 175 hie\" 3 /2 -  state is a facto: of about  10 amalle: than that  fo: the 
g :ound state 

B) using the k n m : n  B(GT) ~alue for the g:ound ~tate an rage, ~\e could ext:act  the 

p : e lnmna :y  B(GT)  :alue~ fo: the excited ~tate~ The B(GT) :esults a:e summa:lzed 
an Table 1 and u: l l  be used to es tnnate  tile sola : -neut :mo captme c:oss-sect:on in the 
7aGa experiment The summed B(GT)  ~ alue oboe:\ e(l behm the 7 4 MeV pa:t:cle deca 3 
th:eshold :b 3 1, uha(ll  ~s ~malle: than the (p,n) :esult b3 I,hofcheck et al [24] 

Table 1 
GT st :engths obtained b~ the 71Ga(3He,t)71Ge leactmn Tile B(GT) value measmed 
flom the /J deca) expe:nnent  fin the g:ound btate [26] x~ab used ab a calablat:on pomt 
re: the p:ebent expe:ament 

E , ( M c I ' )  B(GT) 

0 0 0 091 

0 17 0 00SS 
0 5 0 019 
0 $3 0 025 
1 16 0 024 
1 36 0 020 

1 4~7 42 2 9 
total sun: (E,_<7 42 MeV) "-~ 3 1 

4.  C O N C L U S I O N S  

The ('~He,t) :ea( t :on  ha~ been measmed at 450 MeV at 0 ° on se :e :a l  ta:get nuclei 
We aclneved a :esolnt :on of 130 keV fin th:s (3He,t) :eact lon The hlgh-:esolutxon 
(3He,t) measu:enwnts  at 450 MeV can be a :e:~ useful tool :n nmppmg the detmled 
GT t :an~lt :on ~t:ength~ m nucle: St:ong e: adence fol the exastence of fine ~tructule in 
the GTI2 of 9°Nb has been she:: n The : ohune mteg:als  of the ~p:n-:~osp:n and lsospm 
cent:al  fl):ces asso(lated xx ath the (3He t) :eactlons at 450 Me\:  a:e empnacall5 deduced 
to be Jo~=172+17 MeV-im 3 and J~=53q-5 MeV-fln 3 :espectlvely The Gamow-Telle: 
~t:ength ftlllctl¢)ll In 71Ge has been measu:ed,  ~: Inch will enable a bette:  estnnataon of 
the abao:ptaon (:(>ss se(tlon of sola: n¢'ut:mos b) 71Ga 
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