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The S(p,n) Cl reaction was studied at 135 MeV by the time-of-flight technique. The overall

energy resolution obtained was about 270 kev. The forward-angle spectra are dominated by the

excitation of 1+ states with characteristic AL =0 angular distributions peaked at 0. The 1+ spec-

trum is described well by distorted-wave Born approximation calculations with full S-D shell-

model wave functions and a normalization factor of 0.60. The strengths of the 1+ excitations are

interpreted as being equivalent to Gamow-Teller strengths excited in beta decay. The (p,n) cross

sections are converted to reduced transition probabilities, 8(GT), by means of a "universal" rela-

tionship obtained from other nuclei where analog beta decay measurements are available. The

general distribution and total strength so obtained are represented well by full S-D shell-model cal-

culations with Gamow-Teller matrix elements adjusted to reproduce the strengths of Garnow-

Teller beta decays of S-D shell nuclei. The 1+ (p, n) cross sections are interpreted also in terms of
magnetic-dipole (Ml) strength and compared with inelastic-electron scattering measurements of
such strength in S. The strength observed in individual states is seen to vary considerably be-

tween the two reactions; these diff'erences are ascribed to orbital-current contributions in the

electron-scattering reaction not present in the (p,n) reaction. The (p,n) measurements extend to
higher excitation energies than the electron-scattering measurements.

I. INTRODUCTION

The quenching of Gamow-Teller (GT) strength in nu-
clei is a topic of high current interest. This quenching
has been observed both directly in beta decay and also
via various nuclear reactions, especially the (p,n) reac-
tion at medium energies. One of the first indications of
GT quenching was seen in the renormalization of the
GT matrix elements required to reproduce the rnagni-
tudes of observed beta decay strengths in the 5-D shell.
Using full S-D shell-model wave functions, Brown et al. '

found that GT matrix elements are quenched systemati-
cally relative to the values required for consistency with
the decay of the free neutron. In a recent analysis,
which includes all of the S Dshell Ii-decay d-ata, the ex-
perimental GT decay strength was found to be 60% of
the calculated value. Beta decays usually have small Q
values so that only the lowest few levels of the residual
nuclei are sampled. The strong spin-Rip nature of GT
excitations is expected to push much of the GT strength
to excitation energies characteristic of the spin-orbit
splitting, namely 7—10 MeV; as a consequence, beta-
decay studies sample only a fraction of the total
strength. Thus, one possible explanation for the

"quenching" of GT strength observed in the beta decays
of the S-D shell is that more of the GT strength is
pushed to higher excitation energies, where it is inacces-
sible in beta decay, than the shell-model calculations pre-
dict.

Insofar as the (p,n) reaction proceeds predominantly
via one-step processes, transitions to 1+ states from
even-even nuclei must proceed via the isovector spin-
transfer term of the nucleon-nucleon effective interac-
tion. At low momentum transfer, the strengths of these
transitions are similar to those of GT beta decays. The
usefulness of (p,n) studies of GT strength lies in the fact
that the (p, n) reaction is not limited by Q-value restric-
tions and can excite the entire profile of GT strength.
Thus the (p,n) reaction provides a more complete sam-
pling of the distribution of GT strength. The distribu-
tion of strength will be directly related to the
configuration mixing in the residual nucleus, so that this
mixing must be addressed in the theoretical calculations.
In earlier work, Anderson et al. and Madey et al.
presented detailed comparisons of the experimental 1+,
GT spectra in the ' O(p, n)' F and Mg(p, n) Al reac-
tions at 135 Me V with distorted-wave-impulse-
approximation (DWIA) calculations based on the SD-
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shell-model wave functions of Wildenthal et al. In
both of these studies, generally good agreement between
the experimental results and the theoretical predictions
was observed with an overall normalization factor of
about 0.60 required, similar to that required for the beta
decay comparisons in the S-D shell ~ The general distri-
bution of GT strength was in good agreement with the
shell-model predictions.

We present here an analysis of the S(p,n) Cl reac-
tion similar to the earlier analyses of the (p, n) reaction
on ' 0 and Mg. In the simple shell model, the S nu-
cleus has orbitals filled up through the 2s, &2 orbital so
that, similar to the earlier studies, positive-parity excita-
tions should be dominated by the S-D shell degrees of
freedom. Both ' 0 and Mg are T = 1 nuclei, so that
the (p, n) reaction (with AT=1) can excite T =0, 1, and
2 strengths in the residual nucleus. The overall agree-
ment of the theoretical predictions with the experimental
results was good in both cases; however, it is dificult to
make unambiguous isospin assignments for the high-
lying excitations where the different isospin components
are expected to overlap. Because S is a self-conjugate
nucleus, the (p, n) reaction will excite only T =1 strength
in the residual nucleus, Cl. Thus, the study of GT
strength in the S(p,n) Cl reaction nicely extends the
earlier studies on ' 0 and Mg; it provides not only
another test case in the S-D shell, but also a somewhat
simpler spectrum for theoretical analysis.

The GT strength distribution in Cl was studied re-
cently by Bjornstad et al. via the beta decay of Ar.
By comparison with an earlier version of the S-D shell
wave functions, they concluded that they observed
49+5% of the expected GT strength within the kine-
matic window available. Although this particular beta
decay has a relatively large kinematic window, it still
cuts off at about 8.75 MeV of excitation in ' Cl. It will
be important to compare the (p, n) results with these
measurements as well as to the (p, n) measurements on
the other S-D shell nuclei.

A subject closely related to the excitation or GT
strength is the excitation of AT = 1 magnetic dipole
(M 1) strength. The latter has been studied extensively
via backward-angle inelastic electron scattering and has
been observed also to be quenched relative to simple ex-
pectations; for example, Burt et al. show that the total
M1 strength observed from inelastic electron scattering
on the four self-conjugate S-D shell nuclei Ne, Mg,

Si, and S is between 57 and 76% of the Kurath
energy-weighted sum rule. Note that it is important to
keep in mind that GT and M1 excitations are inherently
different, although related. A true GT transition, such
as GT beta decay, involves only spin-transfer strength,
whereas inelastic electron scattering can involve orbital-
current contributions also. Insofar as the (p, n) reaction
is dominated by spin-transfer strength, it is more analo-
gous to beta decay than to inelastic electron scattering.
In an earlier study, ' it was shown for various S-D shell
nuclei there is not a simple one-to-one relationship be-
tween 0' (p,n) cross sections and B (Ml) values obtained
from electron scattering. In fact, the comparison of 0
(p, n) cross sections with B (Ml) values can be used to

identify experimentally the presence of significant orbital
contributions. The earlier work showed that shell-model
predictions for a number of relatively strong M1 transi-
tions in the S-D shell were in reasonable agreement with
the observations. Thus, it is important for the present
work to compare the 0' (p, n) measurements with the
B(M1) values obtained by Burt et al. from electron
scattering on S. In particular, they note that the total
B (M 1) strength observed in S is a significantly smaller
fraction of the expected strength than for the other self-
conjugate nuclei in the S Dsh-ell. The (p, n) measure-
ments can provide a related determination of this
strength.

II. EXPERIMENTAL PROCEDURE

The experiment was performed at the Indiana Univer-
sity Cyclotron Facility with the beam-swinger system.
The basic experimental arrangement and data-reduction
procedures were similar to those described previous-

11, 12

Neutron kinetic energies were measured by the tirne-
of-flight (TOF) technique. A beam of 135 MeV protons
was obtained from the cyclotron in narrow beam bursts
with a duration of typically 350 ps. Neutrons were
detected in three detector stations at 0, 24, and 45' with
respect to the undetected proton beam. The Aight paths
were 125.2, 133.6, and 80.9 m, respectively. For the
purposes of this work, only measurements from the 0'
and 24' stations were considered. The neutron detectors
were rectangular bars of fast plastic scintillator 10.2 cm
thick. Three separate detectors each 1.02 m long by
0.51 m high were combined for a total frontal area of
1.55 m in the 0 station. Two detectors were used in
the 24' station, one was 1.02 m long by 1.02 m high and
the other was 1.02 m long by 0.51 m high, for a com-
bined frontal area of 1.55 m . Each neutron detector
had tapered Plexiglas light pipes attached on the two
ends and coupled to 12.7 cm diam phototubes. Timing
signals were derived from each end and combined in a
mean-timer circuit' to provide the timing signal from
each detector. Overall time resolutions of about 800 ps
were obtained, including contributions from the beam
burst width ( —350 ps) and energy spread ( -400 ps), en-

ergy loss in the target (-450 ps), neutron transit times
in the detectors ( —530 ps), and the intrinsic time disper-
sions of each detector ( —300 ps). (Note that these con-
tributions are not all Gaussian and do not combine sim-

ply in quadrature. See Ref. 14.) This overall time reso-
lution provided an energy resolution of about 270 keV.
The large-volume neutron detectors were described in
more detail previously. '

The S target was a 43.8 mg/cm self-supporting foil
of Li2S, which was made by pressing Li2S powder in a
specially prepared steel die. ' The S(p,n) spectra were
obtained by subtraction of TOF spectra obtained with a
40.8 mg/cm Li-foil target. The TOF spectra from the
LiS and Li targets are shown in Fig. 1. The Li subtrac-
tion was normalized to the strong ~Li(p, n) Be(g.s. +0.43
MeV) transition observed in the spectra. The Li(p, n) Q
value is —1.64 MeV compared to —13.98 MeV for the
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seen from the comparison of the 6' spectrum with the 0'
spectrum shown in Fig. 3. Gamow-Teller strength has
bL =0 and is known to be peaked at 0 in the (p, n) reac-
tion at this energy. ' The entire spectrum above 6 MeV
is seen to increase at the wider angle. The strength
above the QFS calculation can be described by a slightly
skewed Gaussian and the angular distribution for this
strength is consistent with that expected for AL = 1 tran-
sitions. We note that this result is different than that ob-
served in the case of Ca(p, n), where the continuum im-
mediately above the giant GT resonance is actually
peaked at O'. One expects, on general grounds, that
there may be some GT (l+) strength in the continuum
in the S(p, n) reaction also. As the first step in deter-
mining GT strength in Cl, we consider only the peaks
seen in the (p,n) spectrum. Because the peaks in the
6—12 MeV region are broader than the low-lying peaks,
they were fitted with Gaussians whose widths were al-
lowed to vary. The location of the peaks in energy were
chosen to provide consistency from angle to angle.
From these fits, angular distributions were extracted.
These angular distributions were then analyzed to ex-
tract AL =0 strength at O'. Only a few peaks in this re-
gion were observed to have obvious AL =0 (i.e., peaked
at 0') angular distributions. Several other transitions
were seen to be complexes apparently involving some
AL =0 strength.

The extracted AL =0 cross sections at 0', associated
with peaks in the entire 0—12 MeV range of excitation
energy, are listed in Table I. The uncertainties presented
for each peak are relative uncertainties only. For transi-
tions up to 6 MeV, the uncertainties are taken from the
error matrix of the fitting code. Above 6 MeV, because
of the additional uncertainty in the fitting procedure, an
estimated uncertainty of +30%%uo is indicated for each
transition. For a few of the smaller peaks, the transi-
tions appear to be mixed complexes of AL =0 and 1

transitions; in such cases we extracted the AL =0 contri-
bution by fitting the angular distribution with "stan-
dard" AL =0 and 1 shapes. The total amount of GT

Q l ) I ) I ) 1 ) I f I i I ) I ) 1 ) I ) I ) 1 l 1 ) I ) I ) 1 ) 1 l 1 ) I ] I ) I ] I1
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spectra from the S(p,n) Cl reaction at 0' (histogram) and 6'

(data points). The vertical scale is increased from Fig. 2.

TABLE I. Experimental S(p,n)' Cl(1+) cross sections at
135 MeV.

E,
(MeV)

0.00
1.15
2.79
3.73
4.06
4.58
5.41
6.06
6.29
6.65
7.36
7.72
8.30
8.60

10.00
10.30

o-~,(0.2 )

(mb/sr)

0.07 (0.04'
1.64 (0.02)
0.34 (0.01)
0.12 (0.03)
4.78 (0.03)
1.47 (0.02)
0.41 (0.01)
0.16 (0.01)
0.10 (0.03)
0.32 (0.11)
0.28 (0.09)
0.26 (0.09)
0.14 (0.04)
0.15 (0.05)
0.15 (0.05)
0.13 (0.04)

o.~~(q =0)
(mb/sr)

0.09
2.18
0.45
0.16
6.36
1.96
0.55
0.21
0.13
0.43
0.37
0.35
0.19
0.20
0.20
0.17

B „(GT)

0.014
0.344
0.071
0.025
1.005
0.310
0.087
0.033
0.021
0.068
0.058
0.055
0.030
0.032
0.032
0.027

g =10.52 (0.20)

(1.58)

14.00 2.212

'Individual uncertainties are relative only (see text).
Net uncertainty includes scale uncertainty (see text).

strength obtained from such mixed transitions is small,
less than 5% of the total, and is not sensitive to the
"standard" shapes assumed. The net relative uncertain-
ty in the sum is seen to be only about 2%%uo of the total. It
is so small because 75% of the total sum is in the three
largest peaks and these are fit very well; only 15% of the
total strength is above 6 MeV. To the relative uncer-
tainty we must add a scale uncertainty of +12%%uo, arising
from uncertainties in the target thickness, beam integra-
tion, and detector efficiencies (see above). Also if we al-
low as much as a 33%%uo error in the total strength above
6 MeV because of the choice of background in this re-
gion, we have a net uncertainty in the total 1+ "peak"
strength of about +15%.

IV. THEORETICAL ANALYSIS
AND INTERPRETATION

We will consider the theoretical analysis of the (p,n)
measurements in three separate ways. For the reaction
considered here, no reliable analog beta decay is avail-
able for normalizing 0 (p,n) cross sections in units of
B(GT) (such as was possible for the earlier studies3 on
' 0 and Mg). There does exist an experimental logft
value for the beta decay of the ground state of Cl back
to the ground state of S; however, because this transi-
tion is highly hindered, it is not reliable for this purpose.
(For example, the logft value of the analog P decay
of P to the ground state of S differs significantly. )

Also, since there is no transition to the isobaric analog
state (IAS) of the target ground state, one cannot com-
pare the strength observed to 1+ GT states with the Fer-
mi strength assumed to be concentrated in the IAS tran-
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sition, similar to the analysis performed for the
Ca(p, n) Sc reaction. ' [This latter analysis is based on

the determination by Taddeucci et al. ' of the ratio of
isovector spin-Aip to non-spin-Hip strengths in the
nucleon-nucleon central interaction, (t, lt, ). ]

We will begin by simply comparing the experimental
results with 0WIA calcu1ations using full S-D shell
structure wave functions. In the second analysis, we wi11
obtain a "universal" relationship between 0' (p, n) cross
sections and B(GT) values from several other reactions
where reliable analog beta decays exist. With this rela-
tionship we can convert the (p, n) cross sections directly
to B(GT) values and compare with values expected from
shell-model calculations. Finally, in the third analysis
we will compare the 0' (p,n) cross sections with B (Ml)
values obtained from inelastic electron scattering. As
discussed in the Introduction, such comparisons may be
especially useful to identify orbital-current contributions
in the M 1 transitions.

A. Comparison with DWIA calculations

As discussed above, we begin by considering only GT
strength in the observed peaks; we will return later to
discuss possible contributions from the background and
continuum. The 1+ experimental cross sections at 0'
(from Table I) are shown in the top half of Fig. 4. The
bottom half of Fig. 4 shows the result of DWIA calcula-
tions, with full S-D shell wave functions, for 1+ excita-
tions in the S(p,n) Cl reaction. The DWIA calcula-
tions were performed with the computer code Dw81,
the nucleon-nucleon effective interaction at 140 MeV of
Franey and Love, and the global optical-mode1 param-
eters of Schwandt et al. Harmonic-oscillator wave
functions were assumed for the single-particle orbitals
with an oscillator parameter b =1.88 fm, consistent with

that required to reproduce the rms charge radius of
S. The general agreement between the predictions

and the experimental spectrum is seen to be good. The
locations of the three strongest excitations are described
well and the gradual falloff of strength between 5 and 10
MeV is indicated. Although the predictions have the
relative strengths of the two strongest excitations (near
E =4 MeV) reversed from that observed, this is not so
significant because the mixing between two states less
than 1 MeV apart is sensitive to small details of the
structure wave functions; however, one might hope that
this defect will be removed in future generations of S-D
shell wave functions. The general agreement between
the theoretical calculations and the experimental results
shown in Fig. 4 would be observed also if we compared
the measurements with the earlier S-D shell-model calcu-
lations for GT strength in S due to Muller et aI.
These calculations were based on the S-D matrix ele-
ments of Wildenthal and Chung which do not repro-
duce the total set of S-D experimental parameters as well
as the later "universal" S-D matrix elements of Wil-
denthal used in the calculations presented here.

The experimental angular distributions of the three
largest excitations are shown in Fig. 5 compared with
DWIA calculations for these transitions. All three are
peaked at 0 and have shapes which are described well
by DWIA calculations for transitions to 1+ states in

Cl. The individual normalization factors vary and are
sensitive to the details of the configuration mixing in the
shell-model wave functions. The strength summed over
all final states is much less dependent on the details of
the fina-state wave functions. From Table I, the total
1+ strength observed in this experiment is 10.5+1.6
mb/sr. The full S-D shell model calculations predict 30
1+ states between 0 and 10.2 MeV with a total strength
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calculated in the DWIA to be 17.6 mb/sr at O'. Thus
the observed ratio of experimental to theoretically pre-
dicted 1+, GT strength in this reaction is 0.60+0.09.
This ratio is consistent with that observed for the
quenching of beta-decay strengths in the S-D shell and
also in the (p, n) reactions on the S Ds-hell nuclei ' 0 and

Mg reported earlier. '

The total observed strength might be increased slight-
ly by consideration of possible GT strength in the back-
ground and continuum. In an analysis of the

Ca(p, n) Sc reaction at this same energy, ' it was found
that the background under the Gamow-Teller giant reso-
nance (GTGR) and the continuum just above the GTGR
displayed angular distributions consistent with there be-
ing a significant amount of GT (i.e., b,L =0) strength in
these regions. Such contributions appear to be much
weaker in the S(p,n) Cl reaction. First of all, the GT
strength in this reaction is concentrated primarily in
three discrete transitions seen between 1 and 6 MeV of
excitation. The background in this region is small and
clearly dominated by the wrap-around neutron and
cosmic-ray backgrounds; the level of this background
can be seen below the ground state in Fig. 2. No
significant amount of GT strength can be ascribed to
this background.

As seen in Fig. 3, the continuum region above 6 MeV
is peaked away from 0, consistent with strength dom-
inated by AL =1 transitions. This is the region where
we expect the EL=1 giant resonance to appear, and
indeed, this region can be fit by a broad (skewed) Gauss-
ian with an angular distribution consistent with that ex-
pected for AL =1 transitions. As discussed above, this
reaction appears to be different than the Ca(p, n) reac-
tion, where the continuum just above the giant GT reso-
nance is actually peaked at 0, indicating the presence of
a significant amount of GT ( 1+ ) strength. ' For

Ca(p, n) it was found that about 70% of the continuum,
above the QFS background could be considered to be
GT strength. Note that the QFS calculation is con-
strained to fit the continuum in the region of the peak
observed in the calculations, viz. , about 20 MeV above
the giant GT resonance; therefore the GT strength ex-
tracted for the continuum this way is confined to this re-
gion. For the S(p,n) reaction, where there appears to
be less evidence for such strength in the continuum, we
estimate that no more than one-half of the background
above the QFS contribution could be considered to be
GT strength, analyzed in a manner similar to that for
the Ca(p, n) reaction. If we use one-quarter of this "re-
sidual" background as our rough estimate, we obtain the
result that the GT strength in the continuum, up to
about 20 MeV of excitation, is 1+2 mb/sr. (The uncer-
tainty reAects both the uncertainty associated with the
assumed fraction for the "residual" continuum and the
uncertainty associated with the QFS subtraction. ) Note
that this contribution from the continuum is a small
fraction of the total observed in discrete peaks. The re-
sults observed in the S(p,n) Cl reaction seem to be
more like those observed in the (p,n) reaction on the SD-
shell nuclei 0 and Mg. ' Typically, the GTGR is ob-
served to be primarily in discrete peaks in light nuclei;

and in a broad, coherent resonance in heavy nuclei. The
GTGR in the Ca(p, n) Sc reaction appears to be an in-
termediate case where the discrete peaks are moving to-
gether and overlap considerably. The GT strength dis-
tribution observed in the S(p,n) Cl reaction appears
more like that observed in light nuclei.

B. Gamow-Teller strength

Because many reservations exist about a DWIA
analysis, we wish now to present an alternative analysis
which converts the 0' (p, n) cross sections more directly
to B(GT) values. The basic idea is that we can use the
cases where reliable analog beta decays exist to establish
a "universal" relationship between a 0' (p,n) cross sec-
tion and a B(GT) value. This method is similar to the
earlier analysis performed by Goodman et al. To re-
view the argument, recall that in the factorized DWIA,
the (p, n) cross section can be written as

kf
B(GT)

~
V,(q) ~, (1)

l

o.Gr(0') = 8vrND
2A

where ND is a distortion factor, kf and k, are the final-
state and initial-state wave numbers, and V, is the
strength of the spin-transfer, isospin-transfer term in the
nucleon-nucleon effective interaction. The GT matrix
element, B(GT), contains the nuclear-structure overlap
integral and is the same as the matrix element sampled
in beta decay. The beta decay matrix element can be ob-
tained from the experimental ft value using the relation-
ship for a pure GT transition

B (GT)= (2)

+DW(0
ND ——

~pw(0') ' (4)

where the distorted-wave (DW) and plane-wave (PW)
cross sections are calculated with a standard DWIA
code. If we take the comparison of the

Mg(p, n) Al(1.06 MeV, 1+) reaction with the analog
beta decay of Si(P+) Al(1.06 MeV, 1+) to determine
the value of the constant in Eq. (3), we obtain
CzT ——0.0640, as indicated in Table II. Using this value,
we then obtain the other three results presented in Table
IE, which involve relatively strong GT transitions and
for which analog beta-decay measurements are available.

In order to obtain a universal relationship, we extrapo-
late the (p, n) cross sections to zero momentum transfer
because then we always involve the same value of
V (q =0), and kf/k, =1. Then, from Eq. (1), we ob-
tain

cr „(q =0)
B „(GT)= CoT,

ND

where CzT is a "universal" constant to be obtained from
comparison with the analog beta decay results. This
"constant, " of course, depends on energy; however, the
present analysis will be only for 135 MeV. The distor-
tion factor ND can be estimated in the usual way from
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TABLE II. Comparison of 0' (p,n) cross sections with analog beta decays.

P decay logft Bti{GT)' (p, n)
~ (0)

(mb/sr)
o (q=0)
(rnb/sr) ND a,„(GT)'

26S1(p+ )26A1

12N(p+ )12C

140(p+ ) 14N

"Ne(P+ )"F

3.550
4.119
3.15
3.088

1.09
0.885
2.74
3.16

Mg Al
12C~ 12N

14C 14N

18O 18F

7.43
5.90

19.96
23.92

7.80
7.54

20.95
25. 11

0.458
0.527
0.518
0.495

1.09
0.916
2.59
3.25

'Bti{GT)=3874/ft (see Ref. 4).
b
ND =~Dw/o pw

'B~„{GT)= [o~„{q=0)/ND ]0.0640.
0.885 =0.295 & 3 for detailed balance for inverse reaction.

The comparisons are seen to be excellent; all four agree
to better than 7%. In addition, we note that if the
relationship of Eq. (3) is used to convert the

Ca(p, n) Sc(1+) peak cross sections reported earlier, '

one obtains B „(GT)=10.7, which is 44% of the simple
3(X —Z) sum rule for Ca. This result agrees with that
obtained for this nucleus in the analysis performed in
Ref. 12, where the GT strength is considered relative to
the observed Fermi strength assumed to be concentrated
in the 0+ isobaric analog state. Similarly, results ob-
tained using the universal conversion of Eq. (3) for
several heavy nuclei, including Pb, are in good agree-
ment with the analyses performed by Madey et al. ,
which also uses the comparison with the observed Fermi
strength [viz. , about 50 to 60% of the 3(N —Z) sum
rule is observed in these nucleij. Thus, Eq. (3) does ap-
pear to be generally valid.

The above comparisons are all for relatively strong
transitions from even-even target nuclei. Certain other
cases may not be described well by Eq. (3). Certainly the
(p,n) reaction, mediated by the strong nuclear force, is
not identical to p decay. Weak transitions are naturally
suspect. Two-step processes may be significant in such
cases and these processes may be quite different in the
two different reactions. The case of the ground-state
transition in the S(p,n) Cl reaction discussed above is
a good example of such difficulties in a weak transition.
Additionally, there may be certain singular transitions
which deviate significantly from Eq. (3), even for relative
strong transitions. Watson et al. showed that such de-
viations may be observed in the strong GT transitions in
the A =15 and 39 systems. Thus, one might use Eq. (3)
only as a starting point, keeping in mind that it may not
be a truly "universal" relationship.

Accepting the caveats of the above paragraph, we ap-
ply Eq. (3) to the S(p,n) Cl cross sections. The results
are presented in Table I. The total B „(GT) is seen to be
2.21. If one assumes the simple shell model for S, the
standard GT matrix elements predict B(GT)=9.60. If
one uses a shell-model calculation involving the full S-D
model space with the matrix elements of Wildenthal
and a GT transition operator consistent with the beta
decay of the free neutron, one obtains a prediction of
B(GT)=4.00. If one uses the full S Dmodel space with-
the matrix elements of Wildenthal and the renormalized

beta decay operator of Brown and Wildenthal, ' which
was adjusted to reproduce the magnitudes of beta decay
B(GT) values in the S Dshel-l, then one obtains a predic-
tion of B(GT)=2.11, which agrees with the experimen-
tal B „(GT) in Table I.

Note that the total GT strength observed is only a
small amount of that expected in the simple shell model.
Using a full S-D model space calculation reduces the
amount predicted by more than a factor of two. Finally,
using the renormalized GT operators empirically deter-
mined from beta decays in the S-D shell reduces the pre-
dicted amount by almost another factor of two. The
final prediction is in good agreement with the amount
observed, both in terms of total strength and the distri-
bution of this strength in excitation energy. This agree-
ment is illustrated in Fig. 6 where the differential and in-
tegral distributions of experimental strength are corn-
pared with theory.

The GT strength function in Cl was studied also via
the beta decay of Ar. It is worthwhile to compare the
(p, n) results with the beta decay results; however, it is
necessary to realize that this beta decay is not the simple
analog of the S(p,n) Cl reaction. The Ar and ' S
ground states have completely different, independent,
wave functions, with T =2 and 0, respectively. The p+
decay of Ar to Cl is a 5T = 1 transition from a T, =2
nucleus to a T, = 1 nucleus which can populate T = 1, 2,
and 3 states. The S(p,n) Cl reaction is a AT=1 tran-
sition from a T =0 nucleus and populates only the T =1
states in Cl. Thus, the (p,n) reaction is expected to
populate only a fraction of the states observed in the
beta decay. The p+ decay of ' Ar to Cl is somewhat
unusual in that the kinematic window allows the decay
to excite a large fraction of the expected distribution of
GT strength in the residual nucleus, viz. , up to 8.75
MeV of excitation in Cl. By comparison with an ear-
lier version of the S-D shell-model calculation,
Bjornstad et al. reported that they observed 49+5% of
the amount of GT strength expected up to this excita-
tion energy. Using the later version of the
S-D wave functions, we find that the beta decay rnea-
surements see approximately 69+10% of the expected
strength; furthermore, the shape of the calculated
strength distribution is in qualitative agreement with the
experimental distribution. The new S-D wave functions
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forward-angle (p, n) cross sections with B (M 1 ) values for
several transitions in various S-D shell nuclei reported
earlier. ' Ratio differences of up to an order of magni-
tude were observed and were in general agreement with
S-D shell-model predictions which considered explicitly
the effect of orbital-current contributions; however, even
though one does not expect a one-to-one relationship, it
is still useful to make the comparisons between the (p, n)
cross sections and B(M1) values obtained from elec-
tromagnetic excitations. The differences indicate direct-
ly the transitions with significant orbital- or exchange-
current contributions. If one hopes to understand these
contributions quantitatively, such comparisons are im-
portant.

Perhaps the most direct way to convert the forward-
angle (p,n) measurements to B (Ml) values is to use the
simple relationship between the M1 and GT operators
obtained by assuming pure spin-transfer transitions as
expected for the (p, n) reaction. In terms of spherical
tensors, these operators have the forms

e~, = ' " &3f4rrrj &',
2

1.0—
Experiment

Theory

m —1

v'2 (6)

The ratio of the corresponding reduced transition proba-
bilities for isovector (b.T = 1) transitions is therefore

I r 1 I I r I I I I 1 I 1 r 1 r 1 r

4 8» 16 20
Excitation Energy (Me V)

FIG. 6. (a) Comparison of the experimental Bp„(GT) distri-
bution function with the theoretical B(GT) distribution func-
tion obtained with full S-D shell-model wave functions and an
empirical GT operator adjusted to fit P-decay strengths. (b)
Comparison of the integral experimental and theoretical B(GT)
distribution functions.

B„„(M1)(JfTf~J, T, )

B „(GT)(JfTf~J, T; )

8rr (TfTf
l

ly 1 T( T()''
3(Pp —P„) (Tf Tf l

1,0;T, T;)
For T, =0, the ratio of the isospin Clebsch-Gordan
coeScients is unity, ' thus for the case considered here,
viz. , S, we have

appear to describe the general distribution of strength
observed in both beta decay and the (p,n) reaction
reasonably well ~

C. M1 strength

It is worthwhile also to consider the relationship of
the forward-angle (p, n) cross sections to Ml strength,
which can be measured with electromagnetic probes;
however, the relationship of the forward-angle (p, n)
cross sections to M1 strength is more complicated than
the relationship to GT strength. Electromagnetic excita-
tion of M1 strength can involve orbital- and exchange-
current contributions not expected in the (p,n) excita-
tions. These additional contributions can interfere either
constructively or destructively with the spin component
and with each other; the result is that there is not a sim-
ple one-to-one relationship, even to first order, between
forward-angle (p,n) cross sections and B (M 1) values ob-
tained from electromagnetic excitations. These
differences were seen clearly in the comparisons of

B„„(M1)= B „(GT)=2.643 B „(GT) .
3(p, —p„)'

(8)

Hence this rescaling of the B(GT) values will give the
corresponding contribution to B(M1) strength. Values
of B(M1) from electromagnetic excitations that differ
from those in Eq. (8) signal the importance of orbital or
exchange contributions.

In Table III we compare the B~„(M1)values obtained
by using Eq. (8) to rescale the B „(GT) values of Table I
with B„(M1 ) values obtained from inelastic-electron
scattering by Burt et al. The (p,n) data extend to
higher energies than the (e,e') data because the (p, n)
measurements have smaller backgrounds and a relatively
clear experimental signature for spin-transfer strength,
viz. , the peaking at 0 of the hL =0 angular distribu-
tions. Note that the three strongest excitations observed
in the electron-scattering experimental (at E = 8. 11,
11.12, and 11.63 MeV) are the analog states of the three
strongest excitations seen in the (p,n) experiment (at
E = l. 15, 4.06, and 4.58 MeV). The B„(M1) and
B „(M1) values are comparable for these three transi-
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TABLE III. Comparison of (p,n) and (e,e') 8 (M1) values.

E
(MeV)

(e,e')

B„(M1)
(po)

E
(Mev)

(p,n)

Bp„(M1)
(po)

7.00 (0.00)
8.11 (1.11)
9.68 (2.68)

10.05 (3.05)
11.12 (4.12)
11.63 (4.63)

( (0.09)
1.14
0.69
(0.57)
2.40
1.26

g = 5.49

0.00
1.15
2.79
3.73
4.06
4.58

0.037
0.909
0.188
0.066
2.656
0.819

g= ' 675

5.41
6.06
6.29
6.65
7.36
7.72
8.30
8.60

10.00
10.30

0.230
0.087
0.056
0.180
0.153
0.145
0.079
0.085
0.085
0.071

Total g =5.846

tions: both experiments see the state at 11.12/4. 06 MeV
as the strongest excitation and the B(M1) values agree
to within 10%. However, note that the 9.68/2. 68 MeV
transition has a B „(Ml ) value only about —' of the
B„(M1) value, suggesting significant orbital- or addi-
tional exchange-current contributions in the electromag-
netic excitation of this state.

It is significant that the (p, n) measurements can extend
the spin-transfer measurements to higher excitation ener-
gies. Burt et al. note that the total B„(M 1 ) strength
they observe in S is significantly lower than that ob-
served for other S-D shell nuclei. The additional
strength observed in the (p, n) measurements above the
highest state reported in the (e,e') measurements is about
25%. If approximately this amount is also present (but
unable to be extracted) in the electron-scattering experi-
ment, the total strength would be in good agreement
with the results for the other S-D shell nuclei.

We find that the total B „(M1) strength listed in
Table III is 58% of that obtained from a full S-D shell-
model calculation of Ml strength with orbital contribu-
tions removed. This, of course, is just the same result as
for the comparison of experimental and theoretical GT
strength since both the experiment and theory are sim-
ply rescaled by the factor 2.643 of Eq. (8). We note that
the S-D shel1-model calculations predict a total B„(M1)
for the first six states of 6.31 po and a total B „(Ml ) of
6.51 po; the fact that the calculations yield a slightly
larger result for the B „sum than for the B„sum is in
contrast to the experimental results which show that the
B

p
sum is somewhat smal ler than the B„sum. Since

the calculations consider orbital contributions, the
difference is probably due to the neglect of exchange
terms, which can be different for the two reactions.

V. CONCLUSIONS

We measured the strength and distribution of 1+ exci-
tations in the S(p,n) Cl reaction at 135 MeV. This
strength dominates the forward-angle spectra and is
clearly identifiable from the characteristic AL =0 angu-
lar distributions which are peaked at O'. The 1+
strength is seen to be fragmented into at least 16 states
from the ground state up to 10.3 MeV of excitation in

Cl; however, 75%%u' of the 1+ strength (i.e., cross section
at 0 ) is concentrated into three states at E =1.15, 4.06,
and 4.58 MeV. The strength above E =6 MeV is rela-
tively weak and is in the presence of increasing strength
from quasifree scattering (neutron knockout) and the
broad AL = 1 giant resonance, which is seen to increase
at wider angles. The observed distribution of 1+
strength is described well by DWIA calculations with
full S-D shell-model wave functions. The total 1+
strength is 60+9% of that predicted by these DWIA
calculations.

The 1+ strength observed in the S(p,n) Cl reaction
is interpreted as being (essentially) equivalent to GT
strength excited in beta decay. The measured 0 (p,n)
cross sections were converted into units of B „(GT) by
consideration of other (p,n) reactions for which analog
beta decays exist. Using the universal relationship [Eq.
(3)] so obtained, the total GT strength observed in the
peaks of the S(p,n) Cl reaction is found to be 56% of
that predicted using the same fu11 S-D shell-mode1 wave
functions considered for the DWIA comparison and GT
matrix elements consistent with the beta decay of the
free neutron. The normalized GT matrix elements of
Brown and Wildenthal, which were adjusted to describe
GT beta decays in the S-D shell nuclei, yield theoretical
predictions of GT strength in good agreement with the
experimental results. If we consider possible GT
strength in the background and continuum just above
the strong 1+ excitations, we estimate that there is, up
to 22 MeV, less than 20% of the GT strength observed
in the peaks. This is in contrast to the case for the

Ca(p, n) Sc reaction where significant continuum
strength can be seen, but more similar to light nuclei
where the GT strength appears primarily in the discrete
peaks.

We considered also the interpretation of the 0' (p,n)
cross sections in terms of magnetic dipole (M 1)
strength. Similar to an earlier analysis for other targets
in the S-D shell, it is found that there is not a simple
one-to-one correspondence between 0' (p, n) cross sec-
tions and B (M 1) values obtained from inelastic electron
scattering. The electron-scattering process can involve
orbital- and exchange-current contributions which can
be significant in some transitions. The comparison of
the B „(M1) values with B„(M1)values from inelastic
electron scattering on S is seen to be good for the
strongest excitations; however, one sees significant
differences for some of the weaker excitations. Clearly,
orbital contributions, which can interfere either con-
structively or destructively, are significant.

The (p,n) experiment is able to probe higher excitation
energies than electron scattering because the (p,n) exper-
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iment has smaller backgrounds and a distinct signature
for I (Ml) excitations, viz. , strong peaking at O'. Al-
though each of the I+ transitions above about 5 MeV (in

Cl) are weak, in total they add 25% to the amount of
strength observed. This additional strength observed in
the (p, n) reaction suggests that a more sensitive
electron-scattering experiment might find more M 1

strength at higher excitation energies.
It is significant that the normalization factor required

to make the DWIA calculations fit the experimental
cross sections, viz. , 0.60, is essentially the same normali-
zation factor required to make the shell-model predic-
tions for the total B(GT) agree in magnitude with the ex-
perimental results if the operators assumed are the so
called free-nucleon operators. This consistency between
normalization factors required for DWIA calculations
and for other methods of measuring the amount of GT
strength observed is found also in several other nuclei.
For i8O and Mg, where analog beta decays are avail-
able to normalize the 0' cross sections in units of B(GT),
the same normalization factor (to within 5%) for the
DWIA is required as for the predicted B(GT), if the
same wave functions are used. For Ca, where the ob-
served GT strength was compared to the observed Fermi
strength, assumed to be concentrated in the IAS transi-
tion, again the same normalization factor is required for
the DWIA as required to explain the observed ratio of
GT to Fermi strength. The general result seems to be

that the normalization factor required to describe GT
strength in these various nuclei is about the same wheth-
er one uses the method of normalizing to analog beta de-
cay strengths, compares with the observed Fermi
strength, or simply uses the DWIA normalization. In
the present case of S, we see that the normalization re-
quired for DWIA calculations, for the observed total GT
strength normalized by means of a "universal" conver-
sion factor, or for the observed M1 strength, are all
about the same, viz. , about 0.55 —0.60 of predictions
based on full S-D shell wave functions. This result is
consistent also with that observed for GT or M 1

strengths measured in other S-D shell nuclei, and even in
heavier nuclei. It would appear that this normalization
factor for strength observed in peaks is, to first order,
universal.

In conclusion, the (p, n) reaction on S is seen to pro-
vide a good measure of the GT and M1 strengths in the
3 =32 system. Although neither of these strengths ob-
tained from the (p,n) measurements are identical to the
GT or M1 strengths measured with the other probes
(i.e., beta decay and electron scattering), the (p, n) results
are clearly related and can provide important comple-
mentary information. The (p, n) results are seen to be in
good agreement with the total strength predicted using
full S-D shell model wave functions with GT matrix ele-
ments adjusted to reproduce beta-decay strengths for
S-D shell nuclei.
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