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carrying out such an experiment. Clearly, this
and other types of correlation studies wi].l do
much toward improving our understanding of the
central collision processes.

It is hoped that the results of the present com-
munication will add further stimulus to both the
experimental study of relativistic central nuclear
collisions and the much needed complementary
theoretical development.
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In coincidence with tritons from the Pb( He, t}' Bi reaction. proton spectra corres-
ponding to decay into definite final states in Pb have been. measured. The coincidence
yield is described as exclusively coming from the decay of two resonances, the isobaric
analog state {IAS} and the Gamow-Teller (GT} resonance. An analysis in terms of a for-
mation cross section. times a branching ratio gives a good description for the IAS and for
the shape of the GT resonance. The yieM from the GT resonance is, however, an order
of magnitude larger than calculated.

PACS numbers: 21.60.-n, 24.30.-v, 25.40.+ k

Recent (p, n) experiments" have demonstrated
that a significant part of the total Gamow- Teller
(GT) strength in heavy nuclei is collected in a
state with an energy somewhat above the isobaric
analog state (IAS) and a width around 4 MeV. The
structure of the state is believed to be character-
ized by a. coherent sum of proton-particle-neu-
tron-hole states. In this paper we report on the
decay of the GT state in "'Bi. The l state is
formed in the 20'Pb('He, t)"'Bi reaction. In coin-

cidence with the tritons measured at 6 = 0', we
measure the emitted protons leaving the "'Pb nu-
cleus in definite final states.

The experiments were yerformed at the cyclo-
tron facility of the Kernfysisch Versneller Insti-
tuut, Groningen. The 'He beam energy was 81
MeV, the highest energy practical for bending the
relevant tritons in the QMG/2 magnetic spectro-
graph. ' The tritons were recorded in the focal-
plane detector' with the spectrograph placed at 0,
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=0' with a solid angle of 7.5 msr. The protons
were detected in two 4E-E telescopes with solid
angles of 70 msr each and p1.aced at 0~=130' and
155 and in a separate run at 0~= 90 and 130'.
The target was a self-supporting foil of "'Pb of
around 0.5 mg/cm'. The energy resolution for
the tritons was 50 keV and for the protons around
250 keV. The 'He beam was stopped inside the
first dipole of the spectrograph several meters
from the target, and this allowed a beam current
of -100 nA mainly limited by a proton count rate
from the ('He; xp, yn) reaction in the target. The
data were recorded event by event to facilitate
further analysis.

The decay into definite states in "'Pb is charac-
terized by events where E,+E~ is constant. Fig-
ure 1 shows the yield of I-p coincidences for pro-
tons at 8& =130 . The data are obtained in several
independent runs with different field settings.
The data shown in Fig. 1 correspond to a collect-
ed charge of 20000 pC or around 80 h of effective
beam on target. The contribution from random
coincidences fulfilling the different conditions for
being accepted as protons decaying into definite
final "Pb states is very small, and the error
bars given in the figure are mostly statistical.

We note that all the one-hole states in "'Pb up
to and including the h,i, hole state are populated,
the yield for decay into the h, i, hole state at E„
= 3.4 MeV being an upper limit since the present
proton-energy resolution does not allow a separa-
tion of yield into near-lying levels.

The data are consistent with an assumption of
formation and subsequent decay of two resonances
in "Bi, namely the 0+ IA.S at E„=15.2 MeV and a
1+ GT resonance at 15.6 MeV with I' = 4.1 MeV.
The latter numbers are from recent "apb(p, n)-
"'Bi experiments by Horen et al, ' with proton en-
ergies E~ = 120-200 MeV. The singles spectrum
given in Fig. 1 shows that in the ( He, t) reaction
at this energy the GT resonance is completely
buried in the continuum. This is similar to the
situation for (p,n) reactions below E~=45 MeV, '
whereas the GT resonance in (p,n) spectra at E~)120 MeV is large compared to the continuum.

Part of the continuum in the triton spectra
comes from elastic breakup of 'He followed by a
(d, t) reaction and such a. process will also con-
tribute to a t-p coincidence yield, but this yield
will be extremely forward peaked. ' In the coinci-
dence proton spectra with 6~ = 90 we do observe
a nonresonant yield especially in the decay into
the —,

' and 2 hole states in "'Pb, and this favor-
ing of low-angular-momentum states is consis-
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FIG. 1. Singles and coincidence spectra. In the
singles spectrum a resonance is shown with a width of
4.1 Mev (Ref. 2) and an area of 3 mb/sr. In the coin-
cidence spectra this resonance is used as the common
formation cross section (dashed) . The full drawn
curves are obtained as the formation cross section
folded with the single-particle widths, and normalized
in accordance with the numbers in Table I. The bottom
part shows a coincidence spectrum projected onto the
proton energy axis for triton energies corresponding
to E„( Bi) 17—25 MeV (i.e., not including IAS).
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tent with assigning this nonresonant yield to the
breakup process. At 0~ = 130' and 155' the nonres-
onant yield is very small, and we shall in the fol-
lowing analysis assume that it can be neglected or
rather that interference effects with possible non-
resonant amplitudes are small. In this connection
we note that the neutron decay from low-spin com-
pound states in the excitation region considered
is favored over proton decay by a factor larger
than 300. It is therefore the special particle-hole
structure for the IAS and GT resonances that fa-
vors the decay into the hole states in "'Pb.

The angular correlation for the protons relative
to the tritons (observed at 0') is 1+A P, (0) for a
1 state, and the data are within statistics consis-
tent with this assignment. For the decay from the
O' IAS we observe isotropy for the decay protons.
The yield at ()~ =130' (where P, -O) for decay into
a definite hole state

~ i) is written as a product of
a formation cross section and a branching ratio:

d'~"'(E„) d'~(E„) 1 Qr, (E,)
dEQQ/, dQ~ dEQQ) 4m I'„,

Here the indices m and i label the different parti-
cle-hole components of the GT resonance; the
widths I„,we write as I',

z (m)a„,' corresponding
to emission of a proton particle with an amplitude
a;. For decay, e.g. , into the i»/, ' state, the
significant contributions are from the ~i»/, vi] /p

and mi„/, vi„/, ' components of the 1' state. The

single-particle widths I',
p (m) are calculated from

scattering in a real potential well, with parame-
ters determined from elastic scattering data. '

The amplitudes a,. we calculate in a Tamm-
Dancoff (TD) approximation with a particle-hole
interactiong, 'o, ~ 0',v, v, 6(r, —r,). If we adjust

g, ' to reproduce the GT resonance energy we find

g, ' = 245 MeV fm' and the particle-hole amplitudes
as given in Table I. These amplitudes also deter-
mine the coefficients A, in the angular correlation
The measured angular correlations are consis-
tent with the calculated numbers but the poor sta-
tistics and the nonresonant yield at 90 do not al-
low a more quantitative analysis.

With use of Eq. (1), the full drawn curves in
Fig. 1 have been obtained as a product of the com-
mon formation cross section (dashed curve) and

the single-particle widths. The latter quantity
varies strongly in the energy region in question
through the dependence of the penetrability on de-
cay energy and orbital angular momentum but the
figure shows that the shapes of the experimental
spectra are well reproduced. The normalizations
of the individual curves have been adjusted to cor-
respond to the numbers in column 4 of Table I.

The present experiment is only sensitive to the
high-excitation-energy part of the resonance, but
the shape of the formation cross section is consis-
tent with the (p,n) results. ' We can rewrite Eq.
(1) as

d'o" ' 1
4m

dEQQ//dQ, r, ~(E/, )

r dEpQ,
" "'

TABLE I. Particle-hole structure and decay of GT resonance.

+ma 4mJ(d3a(')/dE dQp dQq) 'I',
p ~(Et,)dE„ I' ~Z a~; ~J(d~o/dF. „dQq)dE,

P 3/2P j./2
P j. /2P 1/2fs/~f 5/~

~ 3/2P 3/2
P j. /2P 3/2 "1
~ j3/24 g3/2
'~ j./2' j 3/2fy/2f 7/2fs/zf s/s
h g/2k'/2
~S/2@«/2 '

0.091
—0.034

0.144
—0.094

0.111
—0.104

0.232
—0.588

0.142
—0.195
—0.182
—0.562

0.009

0.030

0.023

0.40

0.058

0.032
0.32

0.02 + 0.01

0.12'+ 0.04

0.03 + 0.02

6.6+ 1.5

0.27 + 0.09

& 2.0

0.03x10 '

0.09x 10 ~

0.07x 10 '

1.2x 10

0.17x10 '

0.09x 10 i

The numbers in this column have been obtained from the experimental triple differential cross section by nu-
merical integration of this expression. The unit is mb/sr MeV.

"Calculated with d~(1', e = 0)/dQ = 3 mb/sr and I = 4.1 MeV.
The values for the decay to the f, /, ' and P,/, ' hole states are based on a separation in the energy region

17-20 MeV. In Fig. 1, only the summed yield is shown.
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TABLE II. Decay of IAS.

ami = &&2j + &&/' &0 ~ +mi ~s.p. QeV) 1 & (expt)/Zl& (expt) I'& {expt) (keV)

&1/2P &/2

P 3/2P 3/2

0.213
0.369
0.302
0.42

46
27
49

6

54b

28
66

0.36+ 0.03C

0.18+ 0.04
0.43 + 0.04

0.023 + 0.003

51+ 6
26+6
61 +8

3.3+ 0.5

C s p calculated from scattering in a real well; parameters from Ref. 6.
Calculated, from Ref. 9.
Uncertainties are smaller on the relative widths.

The left-hand side can be obtained from the ex-
perimental data by numerical integration, while
the right-hand side is calculated from the forma-
tion cross section, the width, and, in addition,
the amplitudes a,. with which the different proton-
particle-neutron-hole components occur in the
GT wave function. Values obtained for the left-
and right-hand side quantities are listed in Table
I. For the calculation of the latter a formation
cross section of 3 mb/sr has been assumed. This
is an upper limit. If it had been larger, the GT
resonance mould have been visible in the singles
spectrum above the background. The width has
been taken to be 4.1 MeV in accordance with Ref.
2. The coefficients g i are from our time-de-
pendent calculation. They are listed in Table I.
In calculating I',

& (E~) we have assumed that the
emitted protons have the same orbital angular
momentum as the neutron hole state in 'Pb to
which the resonance decays. It is assumed that
only these 1p-1h components are important.

It is seen from Table I that there is an order of
magnitude discrepancy between the values based
on the left- and right-hand side of Eq. (2). This
discrepancy can only be removed by assuming an
integrated formation cross section of about 30
mb/sr which undoubtedly would stand out in the
singles spectrum.

The larger coincidence yield could possibly
come from a process where the transferred pro-
ton in a ('He; d, t) or ('He; a, t) reaction is emit-
ted again from the surface region. The transmis-
sion probabilities could therefore be larger than
the ones entering the I; &'s in Eqs. (1) and (2).
The ('He; d, t) reaction gives in a finite-range
second-order distorted-wave Born approximation
a significant contribution to the ('He, t) cross sec-
tion' and does probe the one-particle, one-hole
structure of the final state. A more quantitative
estimate of the coincidence yield has not been at-
tempted.

Another possible contribution to the coincidence

yield especially at excitation energies higher than

E„=17.0 MeV may come from the IAS of "'Pb.
Although these are expected to be weakly excited
at 0' because of their high-spin values, they can
nevertheless favorably proton decay because of
their particle-hole and isospin characters to the
high-spin hole states of "'Pb with low-angular-
momenta protons (thus having large penetrabili-
ties).

We note that the decay of the IAS is a very nice
built-in calibration in this experiment. We find
do(0', 8=0 )/d0=1. 29+0.25 mb/sr for the forma-
tion cross section and I 'QI"~ = 0.61+ 0.06 in
agreement with resonance measurements. ' ' In
Table II, we give the ratios together with widths
calculated by the procedure described above.
These numbers are in fair agreement with values
obtained by a more elaborate model. " We men-
tion that this is the first measurement of I

& /~7/2
(IAS), the decay width intoP+ 'Pb(f, y, ').

In conclusion, we have measured the decay of
the GT resonance and IAS in "'Bi using the ('He,
t) reaction. The coincidence yield into the one-
hole states in "'Pb can at backward angles be de-
scribed as exclusively coming from the decay of
the two resonances. An analysis in terms of a
common formation cross section times a branch-
ing ratio gives a good description for the shape of
the GT resonance, and points to the special sig-
nificance of the iyg/2 hole component in the reso-
nance. The yield is however much larger than
calculated.
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