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The microscopic structure of both the Gamow-Teller resonance (GTR) at E~ = 15 6 
MeV and the spin-flip A L = I  resonances at higher exeltatmn energies in 2°SB1 has been 
investigated by observing their direct proton decay to the 3pl/~, 2fs/2, 3p3/2, lZla/2 and 
2fT/2 neutron-hole states in 2°;Pb, following their excltatmn vm the 2°Spb(3He,t) reaction 
at E(aHe) = 450 MeV Decay protons were measured at backward angles in coincidence 
with tritons detected at very forward angles including 0 = 0 ° The total widths of 
the resonances as well as total and partial proton escape widths were determined and 
compared to theoretical estimates for the G T R  Using the same experimental set-up and 
condltmns proton decay of the spin-flip A L = I  resonances in 1:C was also measured 

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

Thirty years have passed since the Gamow-Teller resonance (GTR) in nuclei was 
predicted to explain the retardation of Gamow-Teller transitions in fl-decay compared to 
single-particle estimates [1,2] Similarly, the spin-flip A L = I  resonances were predicted 
to explain the strength of first-forbidden 3-decay [3] Although some evidence for the 
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GTR was found as early as 1975 [4], these charge-exchange collective excitations were not 
observed until the early elghtms, when the study of the (p,n) reactmn at mtermedmte 
bombarding energies (100 MeV < Ep < 500 MeV) became possible [5-7] At these 
energms the (p,n) charge-exchange reaction preferentmlly excites spin-flip states [8- 
12] Even though our knowledge of the systematlcs of the GT strength has improved 
considerably over the last decade, very little is known about the microscopic structure 
of either the GTR or the spin-flip A L = I  resonances 

The microscopic structure of A T z = - I  charge-exchange modes, whmh can be described 
as a coherent superposltmn of one-proton particle one-neutron hole configurations, can 
be Investigated by studying their proton decay The (aHe,t~)) reaction has already been 
used at bombarding energies of _~ 30 MeV/u to study the structure of the non-spin-flip 
isobaric analog resonance (IAR) in heavy nuclei [13-15] and the charge-exchange A L = I  
modes in hght nuclei [16,17] At intermedmte energms (>_ 100 MeV/u), the (3He,t) 
reaction preferentmlly excites spln-lsospin-fllp modes [18,19] This allows, m conjunction 
with proton decay, the study of the mlcroscopm structure of charge-exchange spm-lsospin 
modes Such a study ~s not practmal with the (p,n) reaction at intermediate energms 
because of the relatively low neutron detection efficiency, yielding very low coincidence 
rates m (p,n~) experiments, and the relatively poor resolution achieved In detecting high 
energy neutrons (E~ > 100 MeV) The typically poor neutron resolution, combined with 
the poor proton resolutmn resulting from the thick targets needed to obtain significant 
rates, yield typically more than 1 MeV total resolution for the final-state in the residual 
nucleus 

2. E X P E R I M E N T A L  P R O C E D U R E  A N D  D A T A  A N A L Y S I S  

The experiments were performed at the Research Center for Nuclear Physics (RCNP) 
In Osaka A 450 MeV 3He++ beam extracted from the ring cyclotron was achromatically 
transported without any momentum defining slits onto a 2°SPb target of 5 2 mg/cm 2 
thickness and of 99 86% isotopic enrichment The ejectlle tritons were detected in the 
spectrometer Grand Raiden [20], whmh has a K-value of 1400 MeV The spectrometer 
was set at -0 3 ° with vertical and horizontal opening angles of 40 mrad each The 
3He++ beam, having lower magnetic rigidity than the tritons, was fully Intercepted by 
a specially designed Faraday cup in the first dipole magnet of the spectrometer The 
aHe+ particles, whmh are formed in the target and have about the same rigidity as the 
ejectlle tritons, served as a cahbration for the energy as well as for the scattering angle 
since they define the 0 ° spectrometer angle 

The ejectile tritons were detected with the focal-plane detection system which has two 
2-dimensional position-sensitive multi-wire draft chambers (MWDC) backed by two AE- 
scintillation counters for pamele identification The horizontal and vertical scattering 
angles at the target were determined by ray-tracing techmques from the horizontal and 
vertical positions determined in the two positron-sensitive detectors with uncertmnties 
of less than 2 mrad and 10 mrad, respectively Because of the characteristic angular 
distributions of the IAR, GTR and spin-flip A L = I  resonances at angles near 0 °, software 
cuts on the deduced seattermg angles can be used in later off-line analyses to enhance 
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the relative contr ibut ions  of these resonances in the spectra 
Recently, the results for the G T R  and IAR determined from our experiment  have been 

published [21] In this paper,  it was shown that  the characteristic angular  dis t r ibut ion 
of A L = 0  transit ions,  which is sharply peaked at 0 °, could be used to enhance their 
contr ibut ions an spectra relative to those of t ransi t ions of higher mult lpolar l ty  and /o r  
cont inuum background due to the quasi-free, charge-exchange process Transi t ions of 
higher mult lpolar l ty  have min ima  in their angular  distr ibutions at 0 °, and the con t inuum 
due to the quasi-free charge-exchange process has a rather  flat angular  dis t r ibut ion near 
0 ° By s tudying the proton decay of the IAR and G T R  in coincidence with tr i tons at 
these very forward angles, at was possible to determine their microscopic s tructure 

Figure 1 shows a singles spectrum where the t r i ton scattering angles have been se- 
lected by ray-tracing to be centered at 1 ° The software gates define horizontal  and 

vertical opening angles of 14 mrad and 20 mrad,  respectively In this spectrum the 
3He+ peak as absent  and, moreover, the contr ibut ions of the IAR and G T R  are reduced 
in agreement with expectations based on their angular  distr ibutions [21] However, the 
relative contr ibut ions from the A L = I  spin-flip excitations (denoted by SDR) are en- 
hanced These resonances are superimposed on a non-resonant  con t inuum background, 
which is assumed to result from quasi-free charge exchange The figure displays the 
decomposit ion into the GTR,  IAR, SDR and the non-resonant  background The contin- 
uum background (dash-dotted curve) has been calculated according to the prescription 
given in ref [22] The total  width of the G T R  was determined from fitt ing the G T R  
in the 0 ° spectrum [21] to be F = 3 75 + 0 25 MeV, and its excitat ion energy to be 
15 63 + 0 07 MeV The total  width of the SDR was determined from fitt ing the IAR, 
G T R  and SDR in the 1 ° spectrum to be F = 8 9 + 1 4 MeV, and its excitat ion energy 
to be 21 01 + 0 05 MeV The parameters  for the IAR, G T R  and quasi-free con t inuum 
determined from this spectrum were in agreement with those determined from the 0 ° 
spect rum 

Protons from the decay of the IAR, G T R  and SDR were measured in coincidence 
with t r i tons in eight sohd-state detectors (SSD) arranged in two rings containing 4 
SSD's each The detectors in the outer ring were at 0 = 132 °, whereas those in the 
inner  ring were at 157 ° The SSD's in both rings were positioned at ¢ = 45 °, 135 °, 225 ° 
and 315 ° The detectors in the outer and inner  rings were collimated to subtend solid 

angles o f /kQ = 57 8 and 47 0 msr, respectively 
Time-of-flight spectra were generated for each SSD by star t ing and stopping a time- 

to-digital convertor with t iming signals from the focal-plane scintil lator and the SSD, 
respectively The t ime spectra (not shown here) had a ratio of prompt  to random events 
of about  10 Two-dimensional  scatter plots of proton energy measured in SSD versus 
excitat ion energy in 2°SBi were generated for prompt and random events by gating 
on prompt  and random peaks in the t ime spectra These 2-dimensional spectra were 
generated with gates on solid angles centered at 0 ° and 1 ° A prompt  2-dimensional 
spectrum obta ined for a gate on the solid angle centered at 0 ° was shown in Fig 2a of 
ref [21] The loci for decay of the IAR, G T R  and higher-lying resonances to the ground 

state (g s ) and the low-lying neutron-hole states in 2°TPb (1 e 3p:/2, 2fs/2, 3p3/2, lz13/2, 
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Figure  1 Tr i ton  energy spec t rum from 
2°SPb(3He,t)2°SB1 ob ta ined  at  E(3He) = 450 
MeV and at  0 = 1 ° The  dashed,  dot ted ,  
solid and dash-do t t ed  hnes represent  fits ob- 
t a ined  for GTR,  IAR,  spm-filp A L = I  reso- 
nances (denoted  by SDR) and non-resonant  
background,  respect ively 

Figure 2 Tr i ton energy spec t rum at 0 
= 1 ° ga ted  on pro ton  decay to neutron- 
hole s ta tes  in 2°TPb after  subt rac t ion  of 
r andom coincidences The  dashed,  dot- 
ted, and solid hnes represent  the fits ob- 
ta ined  for GTR,  IAR,  and SDR, respec- 
t ively (see also Fig  1) 

2fr /2)  could be observed The  to ta l  resolut ion of the pro ton  and t r i ton  sum energy was 
about  400 keV This  was not  sufficient to complete ly  resolve the decay to the 1st and 
2nd exci ted s ta tes  of 2°rPb This  could also be seen in the f inal-s tate  spec t rum obta ined  
by pro jec t ing  the loci on the exmtat lon-energy axis of 2°TPb This  was shown in Fig 2b 
of ref [21], which was ob ta ined  by gat ing on the combined region of the  G T R  and 
IAR The various peaks corresponding to decay to neutron-hole  s ta tes  in 2°Tpb could 
be clearly observed The  branching  rat ios and par t ia l  pro ton  escape widths  could be 
de te rmined  from these spec t ra  as discussed m ref [21] and below 

A f inal-s ta te  spec t rum obta ined  by gat ing on the solid angle centered at  1 ° and on 
the region of the SDR m the singles spec t rum (not shown here) shows tha t  the  decay 
pa t t e rn  for the SDR is different than  that  for the G T R  A relat ively weaker popula t ion  
of the  3pl/2 and s t ronger  popula t ions  of the 1113/2 and 2f7/2 neutron-hole  s tates  are 
observed for the SDR 

A t r i ton  energy spec t rum is shown in Figure 2 It was ob ta ined  by ga t ing  on decays to 
the neutron-hole  s ta tes  in 2°TPb and subt rac t ing  r andom coincidences It is wor th  noting 
tha t  in this spec t rum the yield of the SDR relat ive to tha t  of the G T R  is even bigger 
than  m the singles spec t rum Fur thermore ,  the cont inuum due to quasi-free charge 
exchange,  leading to emission of protons  at very forward angles, is s t rongly suppressed 
(and therefore can be safely neglected) because coincidence Is required with protons 
emi t t ed  at  very backward  angles Thus  the  spec t rum contains  only the cont r lbutmns  of 
the IAR,  G T R  and SDR 

The  pa ramete r s  for the 12C exper iment  were s lmdar  to the above-ment ioned condi- 
t ions for the 2°spb exper iment  A na tu ra l  12C target  with a thickness of 4 1 m g / c m  2 
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Figure  3 Top) two-dimensional  sca t te r  plot 
of pro ton  energy versus t r i ton  energy [or ex- 
c i ta t ion energy in 12N] at E(aHe) = 450 MeV 
and at  0 = 0 ° The  loci mdmate  pro ton  
decay to final s ta tes  m 1]C Bot tom)  the 
f inal-s tate  spec t rum of n c  ob ta ined  from 
pro jec t ing  loci of top figure onto the n c  
exclt at]on-energy axis 

Figure 4 Tr i ton  energy spec t ra  from 
n C ( 3 H e , t ) n N  ob ta ined  at  E(3He) = 450 
MeV and at  0 = 0 °, singles spec t rum 
(top) ,  and spec t ra  ga ted  on pro ton  de- 
cay to 3 / 2 -  g s (middle)  and  1 / 2 -  first- 
exci ted s ta te  (bo t tom)  of n C  after  sub- 
t rac t ion  of r andom coincidences 
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was used In Figure 3, a 2-dimensional spectrum (top) of proton energy versus t r i ton 

energy (excitation energy in 12N) is shown Here, no cut on the sohd angle was made 
to enhance L=0  t ranmtmns at very forward angles, as it is known that  amde from the 
strongly excited 1 + g s of 12N htt le other spm-fhp s trength of positive p a n t y  is ex- 
pected Loci assocmted with decay to varmus states m 11C can be clearly seen The 
final-state spect rum obtained by projecting this 2-&menslonal spectrum is shown m the 
bo t tom,of  Figure 3 The final states populated m HC are evident with the 3 / 2 -  g s 
and 1 /2 -  first-excited state, which can be conmdered as lp3/2 and lpl/2 neutron-hole 
states, being the most prominent  

In the top of Figure 4, a l~C(3He,t)I2N singles spectrum is shown which was obtained 
at E(3He) = 450 MeV and at 0 = 0 ° In addl tmn to the 1 + g s  of l2N,  structures are 
observed extending from 3 to 15 MeV excitation energy Most of these structures may be 
associated with the spin-flip A L = I  resonances, except possibly for some weak excitation 
of the non-spin-flip dipole resonance In the middle and bo t tom of Figure 4, two spectra 
are shown whmh are gated on the peaks due to populat ion of the lp3/2 and lpl /2 neutron-  
hole states in 11C Two feature~ are worth men tmmng  Firstly, the nuclear cont inuum 

due to knock-on charge exchange underlying the resonances is strongly suppressed in 
both coincidence spectra, as has been observed in the case of 2°SB1 Secondly, the 
resolved structures observed around 6 4 MeV and 7 4 MeV in the singles spectrum 
decay to different neutron-hole states indicating different mlcroscopm structure 

3 .  R E S U L T S  A N D  D I S C U S S I O N  

The total  width of the IAR, G T R  or SDR can be wri t ten as F = F T + F 1 , where 

r I is the spreading width In heavy nuclei, thin leads to neut ron  decay Statistical 
decay in the G T R  region in 2°SB1 favours neutron to proton decay by about  three orders 
of magni tude  as a consequence of the high Coulomb barrmr F 1 is the escape width 
conne~ed  with the microscopic, one-proton particle, one-neutron hole s tructure of the 
G T R  Thin leads to &rect proton decay to the neutron-hole states of 2°TPb and n C  m 
the two reactions stu&ed here The escape width can thus be wri t ten as 

r T =  Fp T = E F I p ,  , (1) 
s 

where Fp r, is the partial  proton escape width associated with decay to the zth neutron-  
hole state of ~°TPb or 11C The ratio of P l to the total  width F can be ob tamed from the 
ratios of the coincidence double-differential cross sections to the singles cross section as 

_ _  d2av AO A d2aP~ 
r~p, f ~ ' ' p  --Tr d~td~p 

- - -  (2) da do" F d~t d~'lt 

Here, it is implicitly assumed that  the double-differential and singles cross sections 
have been integrated over the excitat ion energy of the resonance Since the decay of 
the G T R  and IAR is expected to be lsotropm, integrat ing the double-dlfferentml cross 
section yields a factor of 47r (right hand side of Eq 2) In the case of the SDR one has 
to integrate over the observed angular  correlation pa t te rn  
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3.1.  2°SBi 
The  par t i a l  pro ton  escape widths  of the I A R  and the G T R  m 2°SB1 to the 3pl/~, 

2fs/2, 3p3/2, and 2fr/2 neutron-hole  s ta tes  m 2°TPb were de te rmined  from the measured 
branch ing  rat ios  The  l a t t e r  were de te rmined  from the peak  areas of the  IAR and 
G T R  m spec t ra  similar  to tha t  in Fig 2 ob ta ined  by gat ing on the various final hole 
s ta tes  m 2°TPb as descr ibed above For  the  G T R  the pro ton  escape widths  are given 
m column 7 of Table 1 Since the resolut ion was not  sufficmnt to separa te  the decay 
to the  2fs/2 and 3p3/2 neutron-hole  s ta tes  in 2°TPb, the  sum of the pa r tml  decay widths  
is given This  was also the  case m the earher  exper iment  [13] The  present  results  for 
t h e I A R  5 1 4 4 - 5 6 k e V ( F p T / 2 )  , 7 9 4 4 - 9 4 k e V ( F ~ , / 2  +FpT3/2) a n d 3 5 4 - 1 6 k e V  (F},/2) 

are m very good agreement  with the earher  exper imenta l  values [15] of 51 9 4- 1 6 keV, 
(26 44-2 0 + 6 4  74-3 4) keV and 4 24-0 6 keV, respect ively This race agreement  for the 
values de te rmined  for the IAR lends credence to the ex t rac ted  values for the G T R  which 
are m complete  d isagreement  with the earher  exper imenta l  results  hs ted  m column 6 
Thin confirms [23] tha t  the  earher  measurement  [13] was not  able to rehably  measure 
the decay of the G T R  due to the weak exc i ta tmn of the G T R  (no G T R  bump could be 
observed)  and to pro ton  emissmn from compet ing  react ion processes 

Table 1 
Theore t ica l  and  exper imenta l  par t ia l  and  to ta l  (escape) pro ton  w~dths, F 1, and  E,FI , ,  
in keV for the decay of the G T R  in 2°SB1 into neut ron-hole  s ta tes  in 2°rPb 
neutron-hole  Ex theor  ~) theor  b) theor  c) exp a) exp e) 

s ta tes  in 2°TPb [keV] 
3p~-]2 0 123 7 114 1 33 570 +70 58 4 4-11 2 

2f~) 1 570 192 8 108 7 18 lncl in P3/2 incl m P3/2 
3P3-/1 898 239 5 181 1 21 1130 4-300 101 5 4-15 6 

lz~-~/2 1633 7 1 6 3 0 04 1780 4-500 8 3 4-9 2 

2f~)~ 2340 16 6 4 8 0 02 850 4-300 15 6 +7  4 

lh~]~ 3413 7 9 2 9 0 26 

to ta l  587 6 421 9 72 --~ 4330 184 4-49 

~) ref [23] ob ta ined  with SGII  in teract ion b) ref [23] ob ta ined  with SIII  in terac t ion  
c) ref [24] d) ref [13], see also ref [23] e) Present  exper imenta l  results  

Columns 3-5 display theoret ical  predict ions  Columns 3 and 4 hst the  pa r t i a l  proton 
escape widths  ca lcula ted  by Van Glai  et al [23] in the  Tamm-Dancoff  a pp romma t lon  
with  explici t  couphng to the cont inuum These calculat ions were per formed within the 
f ramework of a self-consistent microscopic theory where the s ingle-part ic le  s ta tes  and the 
residual  par t ic le-hole  in terac t ion  are der ived from the same Skyrme force Two different 
forces were considered,  but  only tha t  used for the  calculat ions of column 4 yielded an 
escape width  for the IAR compat ib le  with the exper imenta l  value All theoret ica l  results  
for the  GTR,  including those ob ta ined  by  Muraviev  and Urln [24] in RPA with coupling 
to the  con t inuum (column 5) do not  reproduce  the d a t a  Only the theoret ica l ly  predic ted  
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dominance  of the  decays into the  three lowest s ingle-neutron hole s ta tes  is confirmed by 
the new d a t a  However, it is wor th  not ing tha t  recent calculat ions bo th  by Udagawa et 
al [25] and  Van Glai  et al [26] showed respect ively good to reasonable  agreement  with 
the  exper imenta l  results  

For  the decay of the  SDR in 2°SB1, the par t ia l  pro ton  escape widths  to the  various 
neut ron-hole  s ta tes  in 2°TPb have not  been de te rmined  nor have the various spin com- 
ponents  (2 - ,  1-  and  0 - )  of the SDR been disentangled using their  angular  correlat ion 
pa t t e rns  However, one can infer from the f inal-s tate  spec t ra  (not shown here) tha t  the 
popu la t ion  p a t t e r n  of the various neutron-hole  s tates  is different for the SDR than  tha t  
for the  GTR,  an tha t  the lz13/2 and 2f7/2 are more s t rongly and the 3pl/2 more weakly 
popu la t ed  Fur thermore ,  the to ta l  pro ton  decay branching  ra t io  has been de te rmined  
from the coincidence spec t ra  to be 14 6 + 1 3% If assumed to be due to decay of one 
single resonance with a width  of 8 9 MeV, this would lead to a to ta l  pro ton  escape width  
of 1 30 + 0 23 MeV However, the SDR bump consists of three spin components ,  i e 2 - ,  
1-  and  0 -  Even if one considers tha t  the to ta l  proton escape width  de te rmined  above 
should be divided among these three components ,  the resul t ing pro ton  escape width  
per  component  as still  considerably larger than  for the G T R  This has to do with the 
increase of the pro ton  energy avmlable above the Coulomb barr ier  and  also the average 
decrease of the angu la r -momen tum barr ier  for the decay protons as compared  to the 
G T R  Indicat ions  also appea r  for proton decay to the lh9/2 broad neut ron  deep-hole 
s ta te  in 2°TPb 

3.2.  12N 

The angular  d is t r ibut ions  of the various resonance s t ructures  between 3 and 15 MeV in 
12N m the very forward angular  region (0%1 5 °) indicate p redominan t ly  L = I  transfer,  
implying the exci ta t ion  of the spin-flip A L = I  (2 - ,  1- and  0 - )  resonances in 12N In 
addi t ion ,  the non-spin flip 1-  charge-exchange dipole resonance may  also be weakly 
excxted at  this 3He bombard ing  energy 

Compar ing  the 12N singles spec t rum with the coincidence spec t ra  ga ted  with decay 
to the  lp3/2 and 1pi/2 neutron-hole  s ta tes  in 11C (shown in Fig 4) one can clearly 
observe different popula t ion  of these hole s ta tes  from the two resolved s t ructures  at -~ 6 4 
MeV and 7 4 MeV excxtation energy m 12N This clearly indicates  different microscopic 
s t ructures  for these two resonances It is t empt ing  to assign p redominan t ly  J ~ = 2 -  to 
the  s t ruc ture  at  6 4 MeV This would be consistent  with its observed steep angular  
correlat ion for pro ton  decay to the 3 / 2 -  g s of iaC, which is very similar  to tha t  of the 
known 2-  resonance at about  4 2 MeV exci ta t ion energy Evidence for a 2-  ass ignment  
from (d,2He) and (12C,i2B) measurements  made  at RIKEN for a resonance around this 
energy were presented  at  this conference The  higher resonance at about  7 4 MeV would 
most p robab ly  have J ~ = l -  because of its favored decay to the 1 / 2 -  f i rs t-exci ted s ta te  
of l lC,  and  because of its less steep angular  correlat ion pa t t e rn  for pro ton  decay to the 
3 / 2 -  g s of i iC  

The  angular  correlat ion for pro ton  decay to the 3 / 2 -  g s of l lC  of the resonance 
s t ruc ture  at  a round  10 MeV is within the uncer tmntms isotropic,  which is consis tent  
with a 0 -  spin ass ignment  for this s t ructure  Al though this may  not  be a sufficient 
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condition to make a defimte spin assignment, theoretical calculations [27] predict 0- 
strength at about this energy A detailed comparison with angular correlations based 
on microscopic DWBA calculations is necessary before a more defimte assignment can 
be made It is mterestmg to note, however, that this is the only structure observed 
to decay to the 1/2 + state at 6 34 MeV mllC, whmh may be connected with the 
mlcroscopm structure of the 0- resonance 
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