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Gamow-Teller strength in the Pb(p, n) Bi reaction at 134.3 MeV
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The excitation-energy distribution of transition strength to 1+ states was measured for the
Pb(p, n) Bi reaction at 134.3 MeV for excitation energies up to 38 MeV. Structures observed in

neutron time-of-Aight spectra with forward-peaked (EI. =0) angular distributions were identified as
1 states, except for the transition to the 0+ isobaric analog state. The 1+ strength in these struc-
tures was extracted by normalizing the yield above a fitted polynomial background to the Fermi
transition strength localized in the isobaric analog state. The Gamow-Teller strength observed in
the 1+ peaks is 56% of the 3(N —Z) sum rule when the strength of the P+ transitions is assumed to
be zero; 45% of 3(N —Z) is observed in the giant resonance and 10% is observed in structures
below the giant resonance. Based on a multipole decomposition analysis, an upper limit on the 1

strength in the apparent continuum to 38 MeV of excitation energy is estimated to be 37% of
3(N —Z). These results are compared with predictions from a shell model that includes a pairing
force and a long-range Cxamow-Teller force in both the parent and daughter nuclei.

I. INTRODUCTION

The (p, n) reaction at intermediate energies is an im-
portant tool in the investigatiori of the Gamow-Teller
(GT) strength function. The neutron spectrum at 0 from
a (p, n) reaction on a 0+ target is dominated by transi-
tions to 1+ states with AJ =1, AI. =0, and AS =1; these
quantum numbers are the same as those for an allowed
GT transition in /3 decay. The majority of the observed
strength is found in a broad resonance peak, the GT giant
resonance (GTGR). Many (p, n) reaction studies on 0+
target nuclides have shown that the yield in the GTGR
above an apparent continuum contains only 50—60%%uo of
the strength predicted by a general model-independent
sum rule' for an allowed GT P decay; hence, the GT
strength is labeled "quenched. " ' Theoretical studies
have produced a variety of models to explain the quench-
ing, usually by suggesting a movement of strength from
the GTGR to higher excitation energies through the
inhuence of the tensor force, the 5 resonance, meson-
exchange currents, or ground-state correlations.

Previous studies " of the Pb(p, n ) Bi reaction at
intermediate energies achieved only modest energy reso-
lution and thus concentrated mainly on the large isobaric
analog state (IAS) and GTGR transitions. In this study,
we achieved an energy resolution of -430 keV (FWHM)
with large-volume plastic scintillator detectors' which
allowed observation of structure in the neutron time-of-
Aight spectra below the GTGR. As such, we extracted
the 1+ strength in the GTGR, in the structures at excita-
tion energies below the GTGR, and in the apparent con-
tinuum underneath and above the GTGR up to —38

MeV of excitation energy.
All structures in the 0' spectrum that exhibited a

forward-peaked (bL =0) angular distribution were inter-
preted as 1+ transitions, except for the transition to the
0+ isobaric analog state. The GT strength in each of
these 1+ transitions was extracted from the cross section
of the peaks above a fitted polynomial background; in
addition, the background was examined through a
multipole-decomposition analysis to estimate the cross
section of the 1+ strength found there. These di6'erential
cross sections were normalized to the Fermi transition
strength concentrated in the IAS transition, which ex-
hausts the (N —Z) sum rule for Fermi transitions, in or-
der to extract reduced transition probabilities.

As measured by the reduced transition probability
B(GT) [where B(GT)=3 for the beta decay of the free
neutron], the GT strength observed in discrete peaks ex-
hausts 56% of the 3(N —Z) sum rule when the P+
strength is assumed to be negligible. The 56% of
3(N —Z) observed in discrete states (GTGR plus low-
lying structures) is consistent with previous measure-
ments of GT strength in medium- and heavy-mass target
nuclei. ' A multipole-decomposition analysis suggests
B(GT) =49.5 as an upper limit on the 1 strength in the
apparent continuum to 38 MeV. The distribution of the
observed strength [iri B(GT) units] includes (i) 60.8 in the
GTGR, (ii) 12.7 in the structures below (smaller excita-
tion energies) the GTGR, (iii) 1.5 in the apparent contin-
uum below the GTGR (0—10 MeV), (iv) 12.3 in the ap-
parent continuum underneath the GTGR (10—20 MeV),
and (v) 35.7 in the continuum above the GTGR (20—38
MeV). The B(GT) strength extracted from the continu-
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um has large uncertainties associated with the extraction
method as will be described in Sec. IV 8.

II. KXPKRIMKNTAI. PROCEDURE

The measurements were carried out at the Indiana
University Cyclotron Facility with the beam swinger sys-
tem. ' The neutrons were detected in meantimed, ' NE-
102 plastic scintillators' located in a detector station
85.8+0.2 m from the target along the zero degree line.
The detector array consisted of three detectors, each 1.02
m by 0.508 m by 10.2-cm thick, with a frontal area of
1.55 m . Anticoincidence detectors in front of and above
the array rejected cosmic rays; the anticoincidence detec-
tor in front of the array also vetoed charged particles
from the target. The details of the data acquisition sys-
tem are similar to those described previously. '

Unpolarized protons with an energy of 134.3 MeV
were incident on a 51.4+2.8 mg/cm thick Pb (98.7%)
target. Neutron energies were measured by the time-of-
fiight (TOF) technique with an energy resolution
(FWHM) of 430 keV for neutrons of 129 MeV. Time-of-
Aight spectra were measured at average laboratory angles
of 0.3, 4.0', and 8.4', Spectra from each detector in the
array were recorded at many pulse-height thresholds
ranging from 25 to 90 MeV EE (MeV of equivalent-
electron energy). A Th source (which emits a 2.6 MeV
y ray) and a calibrated fast amplifier were used to cali-
brate the pulse-height response of the detectors; periodic
checks showed that the calibration drifted by as much as
10%%uo during the ruri. The deviations about this drift were
on the order of 5%%uo. Absolute cross sections extracted at
several thresholds ( —30, 40, 50, and 60 MeV EE) were
the same within statistics.

The energy resolution of 430 kev (FWHM) corresponds
to an observed time dispersion of 825 ps. We estimate
the contributions to the overall time dispersion to be as
follows: (i) the intrinsic time dispersion of the neutron
detectors ( —300 ps), (ii) the beam-energy spread of
0. 15%%uo (-405 ps), (iii) the finite thicknesses of the target
( —520 ps) and detectors (-440 ps), and (iv) the disper-
sion in the timing signal obtained from the cyclotron ra-
dio frequency ( —350 ps). The contributions from the
thicknesses of the target and the detectors are rectangu-
lar distributions; the other three contributions are as-
sumed to have Gaussian distributions. Because the stan-
dard deviation of a rectangular distribution is equal to
the width divided by (12)', the FWHM of an equivalent
Gaussian is 352 ps for the contribution from the target
thickness and 298 ps for the contribution from the detec-
tor chickness. The quadrature combination of these five
contributions yields a resolution of 768 ps FWHM, which
assumes that the resultant distribution is Gaussian.

III. DATA REDUCTION

Presented in Fig. 1 is a neutron time-of-fiight (TOF)
spectrum measured with a 50 MeV EE threshold at 0.3
from the Pb(p, n) Bi reaction at 134.3 MeV. The
dominant features of this spectrum are the large narrow
peak resulting from the excitation of the 0+ IAS transi-
tion superimposed on the large, broad bump which re-
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FIG. 1. Neutron time-of-Aight spectrum at 0.3' from the
Pb(p, n) Bi reaction at 134.3 MeV. The inset axis is excita-

tion energy in the final nucleus calibrated from the peak pro-
duced by prompt y rays.

suits from the excitation of the 1 Gamow-Teller giant
resonance (GTGR); in addition, there are six narrow
peaks at low excitation (&6 MeV), a broad-structured
bump in the region from 7 to 12 MeV and a broad bump
above the GTGR. All of these structures lie on top of a
background which is comprised of a combination of the
cosmic rays that leak through the anticoincidence detec-
tors, the so-called "wraparound" or overlap neutrons
from earlier beam bursts, and continuum neutrons from
processes such as quasifree neutron knockout. The peak
from prompt y rays (which was observed with only
hardware thresholds) was used as a reference to convert
this neutron-TOF spectrum to a neutron-energy spec-
trum. A kinematic transformation from neutron energy
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FIG. 2. Neutron time-of-Aight spectrum at 0.3 from the
Pb(p, n) Bi reaction at 134.3 MeV after subtraction of the

cosmic ray and wraparound backgrounds. The solid lines are
the results from the peak-fitting code ALLFtT as discussed in the
text. The peaks containing GT strength are labeled with their
excitation energies.
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to excitation energy was used to produce the energy scale
of Fig. 1.

The computer code ALLFIT (Ref. 16) was used to fit the
TOF spectrum with both a polynomial background and
several peaks (simultaneously) as shown in Fig. 2. The
contributions to the background from cosmic rays and
overlap neutrons were subtracted from the spectrum in
Fig. 1 to produce the spectrum in Fig. 2. The polynomial
background was required to account for the continuum
in the region above 30 MeV of excitation energy. A simi-
lar background was shown' ' for the Mg(p, n) Al and

'" Ca(p, n) reactions to be in good agreement with a
normalized plane-wave calculation for quasifree neutron
knockout. A similar calculation of the quasifree continu-
um was not possible for this work because of the lack of
knowledge of neutron separation energies for the energy
shells of interest here. The line shape chosen for the
peaks was an asymmetric hyper-Gaussian of the form

t H exp[(x —xo )r /2o 2+]I,
with 0, xo, y, and o.+ allowed to vary. Here, H is the
height, xo the position, and o+ (o ) the width in the
positive (negative) x direction. Common shape parame-
ters (y, o +) were used for all of the peaks; therefore, the
line-shape determination was dominated by the large sta-
tistical weighting of the IAS and GTGR peaks. The
low-lying narrow peaks were fitted with equal (time)
widths because their widths should be due primarily to
instrumental factors. The broad-structured bump below
the GTGR was fitted with five peaks of equal width, and
the broad-structured bump in the region above the
GTGR was fitted with three peaks of equal width; the
choice of five and three was determined subjectively. Be-
cause the choice of the number of peaks used to fit the
broad bumps is not determined well, the fit to the spectral
shape is not unique; however, any equivalent fit with a
different number of peaks will produce the same general
distribution of strength, which is determined solely from
the spectral shape. The excitation energies of the peaks
were determined from the fit to the 0.3 spectrum. This
determination of excitation energies in the final nucleus is
accurate to about 100 keV.

The excitation-energy distribution of the cross section
is presented in part (a) of Fig. 3. Absolute cross sections
were extracted from the known target thickness, the
beam-charge integration, the (Monte Carlo) calculated
neutron-detection e%ciencies, ' and the measured solid
angle. Corrections to these cross sections were made for
the attenuation of the neutron Aux in transit and for the
computer live time. The beam charge was measured with
a well-shielded Faraday cup 1ocated approximately 10 m
downstream from the target; it is estimated to be accu-
rate to +5%. The uncertainty in the calculated detection
efBciencies is estimated to be about 11%;this is the quad-
rature sum of 5% uncertainty from the Monte Carlo code
and 9%%uo uncertainty in efficiency from the 5% uncertain-
ty in the threshold. The uncertainty in the solid angle is
less than 0.5%, which is due largely to the 0.2 m uncer-
tainty in the measured Aight path. The attenuation cal-
culation introduces an uncertainty in the cross section of

The total GT strength observed in this reaction was ex-
tracted by normalization of the cross section for observed
1+ GT transitions to the cross section for the Fermi tran-
sition to the 0+ IAS. Because this normalization pro-
cedure was described previously, only a review is given
here.

For each of the observed sources of GT strength, the
ratio of the GT cross section to the Fermi cross section in
the IAS transition can be written in the (factorized, zero-
range limit) distorted-wave impulse-approximation
(DWIA):

~o,(q,„) B(GT)kfo'ND(GT)IV, I'

~,(e;„) B(F)kf'ND(r)l V.,I'

where B(GT) and B(F) are the reduced transition proba-
bilities for GT and Fermi transitions, kf and kf are the
wave numbers of the outgoing neutron for GT and Fermi
transitions, ND(GT) and ND(F) are the distortion factors
from the integration of the distorted waves for GT and
Fermi transitions, and

~ V, ~
and

~
V

~
are the volume

integrals of the effective interactions V,(r)(r, ~~) and
V,(r)(o, .o z)(r, rz), respectively.
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FIG. 3. Excitation-energy distribution of Gamow- Teller
strength for the Pb(p, n) sBi reaction at 134.3 MeV. Panel (a}
is the c.m. cross section distribution for the background-
subtracted yield. The solid lines in panel (b) are values of B(GT)
extracted from the discrete peaks in the spectrum in panel (a);
the dashed lines are the estimated values of B(GT) extracted as
described in the text from the apparent continuum described by
the polynomial background in Fig. 2.

less than +5%%uo. The estimated systematic uncertainty in
the cross sections is +13%%uo.

IV. GAMOW-TEI. LER STRENGTH
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TABLE I. Center-of-mass cross sections at 0.3 and the associated reduced transition probabilities
B(GT) for the 5L =0 transitions observed ~jth the Pb(p, n ) Bi reaction at 134.3 MeV.

Excitation
energy

E (MeV) o.(0.3 ) o~T(q =q;„)

Center-of-Mass cross section
(mb/sr)

o gT(0. 3')

Reduced transition
probability

8(GT)+68(GT)'

0.84
1.78
2.72
3.13
3.92
4.61
5.70
7.13
8.19
9.16

10.38
11.77

LAO
1+
2
mixed
mixed
mixed
mixed
mixed
1 +

1+
1+
1+

0.12
1.17
0.66
0.59
1.00
0.61
2.06
1.94
3.11
2.90
3.86
2.75

1.17

0.56
0.94
0.43
0.74
1.61
3.11
2.90
3.86
2.75

1.19

0.58
0.99
0.47
0.80
1.80
3.57
3.42
4.72
3.52

0.70+0.12

0.34+0.07
0.58+0.11
0.27+0.06
0.48+0.14
1.08+0.22
2. 14+0.39
2.06+0.39
2.86+0.54
2. 14+0.44

Sum (0—12 MeV) 12.65+2.31

15.10 (IAS)
15.23 (GR)

{8.13)
67.41

(8.13)
67.41

(11.85)
98.29 60.84+ 13.67

Sum 73.49+15.18

19.92
22.56
25.27

LAO
LAO
LAO

5.38
7.20
3.63

'Includes contributions from the peak-fitting process and the extrapolations of o.&T and o.«s to q;„.

E (MeV)
55.0+0.4 (2)

For this measurement D ( 134.3 MeV) =5.96+0.08.
The sum rule for allowed 0+, Fermi (bL =O, bS =0)

In Eq. (1), cr(q;„) is the cross section extrapolated to
q;„, the kinematic-minimum momentum transfer (0.038
fm '). This extrapolation was performed with a shape
for a AL =0 transition to the ground state that is calcu-
lated in the DWIA (Ref. 21) with the effective interaction
of Franey and Love and the optical potentials of
Schwandt et al. There is a model dependence to this
extrapolation from differences in shapes produced by
different wave functions. Several calculations with
differing particle-hole contributions were averaged to
produce the actual AL =0 shape used for the extrapola-
tion. This averaged AL =0 shape provided a good
description of the momentum-transfer distributions of
the transitions labeled 1 in Table I. The deviations
from the average shape were less than 20% at the
momentum transfer of the CxTGR and proportionately
less for the lower-lying states; hence, the estimated uncer-
tainty in the 8(GT) from this extrapolation is less than
20%%uo for the GTGR and less than 10% for the states
below 10-MeV excitation energy.

Taddeucci et ah. ' determined the following relation
from comparison of (p, n ) reactions with associated p-
decay transitions:

transition strength' relates the neutron excess of the tar-
get to the difference in the strength of p and p+ transi-
tions:

S (F) S+(F)=X——Z . (3)

The strengths S + (F) are the sums of the reduced transi-

tion probabilities 8 (F+ ) for p—
tra. nsitions to all possible

final states,

Sp+(F)= +8(F:i~ ~f)= g g rk i
f f k=1

(4)

with

S +(GT)= +8(GTi~ ~f)P— f

~k +k
f k=1

The reduced transition probabilities are defined such that
8(F)=1 and 8(GT)=3 for the beta decay of the free
neutron. These sum rules are independent of the struc-
ture of the ground state and are based on the assumption
that only spin and isospin degrees of freedom are impor-

Similarly, the sum rule for allowed 1+, GT
(b L =0,b S = 1) transition strength is

S (GT) —S ~(GT)=3(X —Z),
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tant in the nucleus. From the Pauli exclusion principle,
one might assume that because the P+ transitions within
the same major shell for this nucleus (with a large neu-
tron excess) are blocked or nearly blocked, the P+
strength is likely to be small for both Fermi and GT tran-
sitions; however, this assumption neglects ground-state
correlations which have been shown to be important for

Pb. MacFarlane predicts that ground-state correla-
tions produce S&~ strength between 25% and 60% of
3(N —Z) (these are suggested as lower and upper limits)
which requires S strength significantly greater than
3(N —Z) to satisfy the sum rule for the Pb(p, n) reac-
tion; in the region of the GTGR, he suggests that this in-
crease wi11 be offset approximately by fragmentation of
the GT strength which pushes 10—30% of the strength to
higher excitation energies (30-70 MeV).

The Fermi transition strength is concentrated in the
IAS so that from Eqs. (3) and (4) with S +(F)=0,

S (F)=N —Z =B(IAS) .
P

This result can be used with Eqs. (1) and (2) to yield

k IAS ND(IAS) V
B(GT)= oT B(IAS)

~i~s(e;. ) kf ' ND«»

or

~GT dmin f (N Z)k IAS

crIAS(q;„) kfoT 5.96
(9)

The reduced transition probability B(GT) for each GT
transition is calculated from Eq. (9) in terms of the extra-
polated cross sections. The ratio of kf /kf is in the
range from 0.937 for the ground state to 1.001 for the
GTGR.

A. GT strength in observed peaks

The center-of-mass cross section extracted at 0.3' from
each of the observed peaks is listed in the third column of
Table I, whereas the fourth column lists the amount of
this cross section associated with a AL =0, CiT transi-
tion. For each of the peaks, average (as just described for
the extrapolation) b,L =0 and b,L =1 shapes were fitted
to the angular distribution of the differential cross section
to determine the hL, =0 strength. The peaks labeled 1+
in Table I were fit best with no hI =1 contribution,
while those labeled "mixed" required some hL = 1

strength to fit the cross-section distribution. The fifth
column of Table I contains this extracted GT cross sec-
tion extrapolated to q;„as described previously. The re-

TABLE II. Center-of-mass cross sections at 0.3' and the associated reduced transition probabilities
B(GT) for the 51.=0 portion of the apparent continuum observed in the Pb(p, n) 'Bi reaction at
134.3 MeV.

Excitation
energy

E„(MeV) o.(0.3 )

Center-of-mass cross section
(mb/sr)

o.~T(0.3')

Reduced transition
probability

B(GT)+AB(CsT)'

2.0-4.0
4.0-6.0
6.0—8.0

8.0—10.0

0.09
0.35
0.75
1.29

0.09
0.35
0.75
1.03

0.09
0.37
0.83
1.21

0.05+0.01
0.22+0.04
0.50+0.10
0.73+0.14

Sum (2-10 MeV) 1.50+0.23

10.0-12.0
12.0—14.0
14.0—16.0
16.0—18.0
18.0-20.0

2.02
2.78
3.77
4.88
5.83

1.57
1.88
3.09
3.32
3.26

1.95
2.50
4.45
5.22
5.64

1 ~ 19+0.25
1.53+0.34
2.75+0.67
3.26+0.87
3.55+ 1.08

Sum (10—20 MeV) 12.28+3.35

20.0—22.0
22.0—24.0
24.0—26.0
26.0-28.0
28.0—30.0
30.0—32.0
32.0—34.0
34.0—36.0
36.0—38.0

7.16
8.32
9.33

10.40
10.67
10.91
7.59
5.79
6.26

3.56
3.41
3.42
3.33
2.54
1.89
0.83
0.50
0.36

6.84
7.34
8.30
9.19
8.02
6.85
3.47
2.42
2.01

4.35+1.50
4.71+1.85
5.38+2.42
6.02+3.06
5.31+3.03
4.58+2.91
2.34+1.62
1.65+1.23
1.39+1.09

Sum (20—38 MeV) 35.73+13.8
Sum (2—38 MeV) 49.51+15.4

Includes contributions from the multipole decomposition and the extrapolations of a&T and cr&As to
qmin
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duced transition probabilities from Eq. (9) and estimated
uncertainties are given in the last two columns of Table I.
The excitation-energy distribution of the 8(GT) strength
observed in the peaks is plotted as the solid lines in panel
(b) of Fig. 3. The sum of the 13 strength in the observed
peaks, S (GT) is 73.5; the strength in the GTGR is 60.8
and the strength in the low-lyirig peaks is 12.7. This sum
is 56% of 3(N —Z), in accordance with previous mea-
surements on medium- and heavy-mass nuclei. '

B. GT strength in the apparent continuum

The 1+ strength in the fitted polynomial background
was extracted by first binning the yield into 2 MeV wide
bins. The time-of-fIight spectra cover a range of excita-
tion energy up to 38 MeV. The yield in each bin was con-
verted to a differential cross section, and the angular dis-
tribution of the cross section from each bin was fitted to
average shapes (as above) calculated in the DWIA at 5,
15, and 25 MeV excitation energy for AL =0 and b L = 1

transitions. Because the momentum-transfer distribu-
tions for the low (2—14 MeV) excitation-energy bins are
peaked in the forward direction, the extracted B(GT)
values are not sensitive to the ambiguities in this
(bL =0, 1) decomposition. We estimate the uncertainties
from the decomposition to be on the order of 15% and
the uncertainties from the extrapolation to be less than
10%. For the larger (14—38 MeV) excitation-energy bins,
the AL =1 contributions at 0' are significant and the
differences in the shapes for AL =0 and AL =1 become
less distinct so that there is increased sensitivity to the
shape ambiguities; we estimate uncertainties on the order
of 30% from the decomposition in addition to uncertain-
ties from 15% to 60% from the extrapolation. Moines-
ter provides a detailed discussion of these shape ambi-
guities in connection with a multipole decomposition
analysis of the Zr(p, n) reaction at 200 MeV. We ob-
serve in Table II that most of the strength in the fitted
polynomial background at excitation energies below the
GTGR exhibits a AL =0 shape, while above the GTGR,
a large fraction of the strength is from b,LAO transitions.
Similarly, measurements of spin-Aip probabilities for
the Ca(p, n) and Ca(p, n) reactions suggest that there
is only a small amount of 1+ strength in the continuum
from 30 to 45 MeV excitation energy from the excess
neutrons in Ca. The strength in the continuum is dom-
inated by transitions with multipoles of AL, 1.

%'e assign all of the AL =0 strength to GT transition
strength in accordance with the conclusion of Osterfeld,
Cha, and Speth that the forward-angle (p, n) spectra are
the result of direct one-step processes only. Because this
assignment neglects possible contributions from quasifree
scattering, our estimate should be considered an upper
limit. The center-of-mass cross section extracted at 0.3
for each of the bins is listed in Table II; also listed are the
reduced transition probabilities from Eq. (9) together
with the estimated uncertainties. The excitation-energy
distribution of the GT strength observed in the continu-

um is plotted as the dashed lines in panel (b) of Fig. 3.
The sum of the P strength observed in the apparent
continuum at low (0—10 MeV) excitation energies is 1.5,
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FIG. 4. Comparison of the experimentally observed and pre-
dicted excitation energy distribution of GT strength for the

Pb(p, n) Bi reaction at 134.3 MeV. The solid lines in panel
(a) are the values of 8(GT) extracted from the discrete peaks.
The solid lines in panel (b) are values of 8(GT) from the shell-
model predictions of Grotz et al. (Ref. 27) discussed in the text.

the strength underneath the GTGR (10—20 MeV) is 12.3,
and the strength in the background just above the GTGR
(18—38 MeV) is 35.7. These values correspond to 1%,
9%, and 27% of 3(N —Z), respectively. Thus, an upper
limit on the total GT strength observed in the discrete
peaks plus the continuum in this reaction is 93 23% of
3(N —Z).

A similar analysis' of the " Ca(p, n ) reaction at 134
MeV reported observing 43% of 3(N —Z) in the discrete
peaks and an additional 26% in the residual continuum
background (from 4.5 to 30 MeV), which was obtained by
subtracting calculated contributions from quasifree
scattering. An analysis of spin-Aip probabilities for the

Ca(p, n) Sc reaction at 0' reveals that the apparent con-
tinuum underneath and adjacent to the GTGR is pri-
marily 1+ strength. The estimated total GT strength
from a multipole decomposition of the entire continuum
background (to 36 MeV) was 47% of 3(N —Z); thus, a
total of 90% (with large uncertainties noted for the
decomposition) was estimated as an upper limit for the
total GT strength in the peaks plus continuum for

Ca(p, n). An analysis of the Ge, Se, ' ' Te(p, n) re-
actions at 134 MeV reported similar strength distribu-
tions. The GT strength observed in the peaks as a per-
centage of 3(N —Z) was 55%, 51%, 56%, and 59% with
an additional 10%, 7%, 16%, and 12% observed in the
continuum background underneath the GTGR for As,

Br, and ' ' I, respectively. Measurements of GT
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strength at 13S MeV on lighter targets, with no attempt
to estimate the GT strength in the continuum back-
ground, showed 67% and 74% of 3(N —Z) in the ob-
served peaks for ' F (Ref. 29) and Al (Ref. 17), respec-
tively. The larger percentage of 3(N —Z) observed in the
peaks for these lighter nuclei is due probably to S + be-

ing significant for these nuclei because ground-state
correlations are likely to be important. Madey et al. '

estimate a lower limit of S + =0.72 in the Mg(p, n) Al

reaction, which means the percentage of the GT sum-rule
strength in the peaks is at most 66%. If we assume that
S + =25% of 3(N —Z) for Pb (as suggested in Ref.p+
26), then +8(GT)=123 is 75%%uo of the GT sum-rule
strength.

V. COMPARISON
WITH SHELL-MODEL CALCULATIONS

The Gamow-Teller strength function can be calculated
with a variety of nuclear models that include extensions
to the simple 1p-1h shell model. The calculations
presented here are based on the model of Grotz, Klapdor,
and Metzinger, which includes ground-state (g.s.) corre-
lations in the target nucleus. This model, described else-
where, ' includes deviations from simple shell-model
ground-state configurations by approximating the distri-
bution of nucleons around the Fermi levels with occupa-
tion amplitudes calculated by means of the Bardeen-
Cooper-SchrieFer (BCS) theory of superAuid pairing
correlations of nucleons. ' In an earlier work, it was
demonstrated that the GT strength distribution in Bi is
sensitive to small occupations of high-lying neutron or-
bits and small vacancies in proton orbits. Pairing corre-
lations lead to a coherent contribution of many shells to
the transition matrix elements. The 1+ states in the re-
sidual nucleus are calculated in the Tamm-DancoA' ap-
proximation which confines the calculation to 1p-1h
configurations. The wave functions of the 1+ states in
the residual nucleus are obtained by diagonalizing a
Hamiltonian with a long-range residual neutron-proton
interaction in the spin-isospin channel. The calculations
were performed in a basis large enough to include al-
lowed transitions with unperturbed strength down to
about 1% of that for a single-particle transition.

In Fig. 4, we compare the experimental distribution in
panel (a) with the strength predicted by Grotz et al. in
panel (b). In the excitation-energy region below the
GTGR (from 0 to 12 MeV), the sum of the observed GT
strength in the peaks is 12.7, which is 140/o of the sum of
the predicted strength. The strength observed in the

GTGR is 60.8, which s 50% of the sum of the predicted
strength (122.3). Adding the strength in the continuum
background underneath the GTGR (from 10 to 20 MeV)
increases the strength to 73.1, which is 60% of the pre-
dicted strength. The result of this calculation indicates
that the quenching of GT strength observed in previous
measurements of the (p, n) reaction at intermediate ener-
gies is consistent with the expectation of the model of
Grotz et al. that the quenching is associated with the
giant resonance and not with the low-lying strength.
This quenching is consistent also with the sugges-
tions ' ' that part of the GT strength from the region
of the GTGR is pushed to excitation energies well
beyond that predicted by the 1p-1h model.

VI. CONCLUSIONS

Based on a detailed analysis of the GT strength distri-
bution in the Pb(p, n) Bi reaction at 134.3 MeV, we
estimate that an upper limit on the total GT strength ob-
served below 38 MeV of excitation energy is 93+13% of
3(N —Z). This result includes 10% in transitions below
the GTGR, 46% in the GTGR transition, and an esti-
mate of (up to) 37%%uo in the continuum background up to
38 MeV of excitation. These results are additional evi-
dence that the strength observed in 1+ transitions at exci-
tation energies below the GTGR and the 1+ strength in
the continuum background contribute significantly to the
total observed strength. The strength distribution is in
general agreement with a shell-model prediction, except
that the strength in the region of the GTGR is quenched
in the sense that only 60% of the predicted strength is
observed. The strength in the low-lying transitions ap-
pears not to be quenched, in agreement with a prediction
concerning the e6'ect of 6's in the nucleus. We note
also that configuration mixing with multiparticle-
multihole states in the continuum ' causes the GTGR
to be quenched more than the low-lying states. The 93%
total strength observed is in agreement with other mea-
surements on medium-mass nuclei ( A =76 to 130)
when the continuum strength is included. An estimate
that S + ~25% of 3(N —Z) then indicates that the total
observed GT strength is less than 75% of the GT sum-
rule strength.
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