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The distribution of Gamow-Teller strength in the ' O(p, n)' F reaction was studied at a
bombarding energy of 135 MeV. Five 1+, T=0 states are identified below E„=7MeV and

a concentration of 1+ states of presumed T=1 character is observed between E„=9.5 and
12 MeV. Approximately 82% of the 1+ strength is concentrated into the ground-state tran-
sition and only 5.5% is seen in the T=1 component. Normalization of the ground-state
transition to the known Gamow-Teller matrix element from the analogous beta decay of
"Ne allows the (p, n) cross sections to be related to the Gamow-Teller strength. The result-

ing total Gamow-Teller strength observed in the (p, n) reaction is about two-thirds of the
minimum value required by the sum rule for a T=1 nucleus. This result is in reasonable

agreement with the total Gamow-Teller strength predicted from a shell-model calculation
which uses empirically renormalized single-particle Gamow-Teller matrix elements. The
concentration of the T=0 strength predominantly into the ground state and the observed

ratio of T= 1 to T=0 strength also are consistent with these calculations.

NUCLEAR REACTIONS ' O(p, n)' F, E =135 MeV; neutron spectra
measured in -3' steps between 0' and 69', angular distributions extracted
for separate transitions. Strengths of forward-peaked transitions corn-

pared with shell-model predictions of Gamow-Teller strength.

At energies from about 100 to 500 MeV, the iso-
vector nucleon-nucleon effective interaction is dom-
inated at low-momentum transfer by the spin-
transfer term. ' Goodman et al. ' confirtned that
forward-angle (p, n) spectra are dominated by such
spin-transfer transitions and showed that the cross
sections to different final states are proportional to
the squares of the corresponding Gamow-Teller
(GT) matrix elements as determined from beta de-
cay. GT type transitions that are energetically inac-
cessible to beta decay can be studied with the (p, n)
reaction; thus, the (p, n) measurements extend the
types of spectroscopic studies which are typified by
beta decay.

In the present work, we analyze the forward-angle
spectra for the '

O(p, n)' F reaction at 135 MeV, ex-

tract absolute cross sections for the states observed,
and determine the location and intensity of the GT
strength in ' F. We find that the GT strength is
concentrated predominantly in the T =0 ground
state of ' F, and that only a small fraction of the
strength is seen in the T=1 isospin component.
These results are similar to those observed in the

Ca(p, n) Sc reaction by Goodman et al. The to-
tal GT strength observed, normalized to the known
analog beta decay of the T =0, 1+ ground state of
' F, is approximately two-thirds of the minimum
strength required by the GT sum rule. This fraction
is larger than that reported for various medium and
heavy nuclei, but is consistent with that seen in the
'

C(p, n)' N reaction.
The experiment was performed at the Indiana
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FIG. 1. Excitation energy spectrum at 0' for the & O(p z) I8F reaction at 135 MeV. (a) vertical scale adjusted to display
the sizes of the states relative to the strong ground-state transition, and (b) vertical scale expanded to display weaker transi-
tions to states at higher excitation energies.
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University Cyclotron Facility with the beam-
swinger system. Neutron energies were measured by
the time-of-flight technique. The neutrons were
detected in large-volume, mean-timed neutron
counters with a 90.9 m flight path. Overall timing
resolutions of about 0.5 ns provided energy resolu-
tions (for —120 MeV neutrons) of about 320 keV.
The target contained 38.8 mg/cm Si02 with 95.7%
' O. The silicon was natural in abundance with
4.7% Si and 3.1% Si. [Sometime after this ex-
periment, the target was found to contain a substan-
tial amount (-43%) of H20, hygroscopically ab-
sorbed by the Si02.] Absolute cross sections were
extracted using calculated neutron detector efficien-
cies. The procedure was checked by measuring the
' C(p, n) ' N ground-state (g.s.) reaction cross section,
which was compared with the analog ' C(p,p')' C
(15.11 MeV) cross section. The experimental ar-
rangement and data reduction methods are described
in more detail by Fazely et al. The Si and ' 0
backgrounds were subtracted, channel-by-channel, in
the time-of-flight (TOF) spectra using Si(p, n) and
' O(p, n) TOF spectra obtained during the same ex-
perimental run. The Si subtraction was normalized
to the strong transition to the 1+ state at E„=2.1
MeV in P, and the 0 subtraction to the strong
transition to the 2 state at E„=0.42 MeV in ' F.
These normalizing transitions are observed in the
'

O(p, n)' F spectra at excitation energies in 'sF of
14.9 and 14.3 MeV, respectively. The absolute cross
section measurements are estimated to be accurate to
+ 15%, as discussed below.

Figure 1 is the excitation energy spectrum at 0'.
The excitation energy above E„=13MeV involves
large Si and 0 subtractions and is probably unreli-
able. Since no Si or ' 0 contaminant peaks exist
below E„=12.7 MeV, the spectrum is a reliable rep-
resentation of the states in ' F up to this excitation
energy. The peak observed at an excitation energy
of about 15.7 MeV is attributed to the
' C(p, n)' Ns, transition arising from (-5%) car-
bon contamination in the target. This peak provided
a useful check on the energy calibration, which was
established relative to the strong 1+ ground-state
transition in ' F.

The transition to the 1+ g.s. is seen to dominate
the spectrum of Fig. 1. Separate transitions to four
other known' T =0, 1+ states, as well as the T =1,
0+ isobaric analog state (IAS) at E„=1.04 MeV, are
seen also. No 1+ states above E =7 MeV are re-

ported in the ' F compilation. ' Figure 2 shows the
extracted differential cross sections for the 1+ g.s.
The curves represent the result of a DWIA calcula-
tion described below. Even though this 1+ transi-
tion is very forward-peaked, the differential cross
section could be extracted out to about 45 deg, be-
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FIG. 2. Comparison of the measured angular distribu-

tion for the '
O(p, n)' F g.s. transition with a DWIA cal-

culation (see text).
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FIG. 3. Meaured angular distributions for the three
bumps observed in the ' O(p, n)' F reaction at excitation
energies between 9.5 and 12 MeV.
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cause the transition was resolved cleanly in this ex-
periment. At higher excitation energies, we observe
strength in the 0' spectrum distributed among three
broad bumps between 9.5 and 12 MeV. Figure 3
shows the angular distributions extracted for these
three bumps. Although these distributions do not
decrease with angle as rapidly as that for the
ground-state transition, they are peaked at O'. The
strength observed at wider angles is apparently from
other structures in the nuclear continuum, which
competes with the decreasing strength of the 1+
transitions. The forward-peaked strength observed
near 10 MeV indicates either 0+ or 1+ states in ' F.
The dominance of the spin-flip term in the nucleon-
nucleon effective interaction at these energies would
make these likely candidates for the T=1, 1+
strength. These states cannot be T=2 excitations
because the first T =2 state in ' 0 (the analog of the
ground state of ' N) is known' " to be at
E„=16.38 MeV, which would correspond to about
17.4 MeV in ' F. Thus, T =2, 1+ strength must be
at least 5 MeV higher than the forward-peaked
strength observed between 9.5 and 12 MeV.

Absolute cross sections at 0' are presented in
Table I for transitions peaked at O'. These cross sec-
tions are estimated to be accurate to +20%. The
dominating source of uncertainty is the target thick-
ness (+15%). This uncertainty arises because the
target was found to contain water absorbed hygro-
scopically by the original Si02 target. Although the
target was weighed immediately after preparation,
we checked the possibility that some water might
have been absorbed before weighing by comparing
extracted cross sections for the strongly-excited 6
state in the Si(p, n) P reaction with a natural Si
target' with the Si02 target. This comparison indi-
cated that the extracted cross section from SiOz was
accurate to +15% and verifies the amount of SiOz

to that accuracy. Other sources of uncertainty are
estimated to be relatively small, including the effi-
ciency determination ( 8%), beam normalization
(+5%), and neutron attenuation corrections (+5%).
The relative accuracy of the 0' cross sections in
Table I is estimated to be +5~o. This uncertainty
includes counting statistics ( & 3%) and background
subtractions (-5%).

The angular distribution for the g.s. transition is
presented in Fig. 2 and compared with a DWIA cal-
culation, performed with the code DwBA70. The
calculation used harmonic-oscillator bound-state
wave functions [with an oscillator parameter
b =(film co) ' = l.75 fm]. The optical model
parameters of Comfort and Karp' for ' C at 135
MeV were extrapolated to ' 0 on the basis of an
A '~ dependence. The effective interaction assumed
was the 140 MeV interaction of Love and Franey, '

and the one-body transition density matrix elements
were taken from the shell-model calculation
described below. The agreement in shape is seen to
be good. A normalization factor of 0.34 is required
to make the calculations agree in magnitude with
the experimental results.

The strength observed in the 1+ excitations can be
normalized to the available analog beta decays to the
first two 1+ states. The '

O(p, n)' F reaction is the
analog of the ' Ne(P+)~' F beta decay. The ac-
cepted values of logft for the beta decays to the
ground and 1.7 MeV states of ' F are 3.088+0.003
and 4.38+0.05, respectively. ' On the basis of the
relationship from Wilson et al. ' between Fermi (F)
and Gamow-Teller (GT) matrix elements and ob-
served ft values, viz. ,

/
Mp

( + 1.56
[ MoT

f

it is possible to extract the GT matrix element for

TABLE I. Experimental 0' cross sections and predicted Gamow-Teller strength distribu-
tions.

Final state
E„(MeV)

Experimental
o(0')

(mb/sr) B,„(GT)

Wildenthal and Chung
Final state
E„(MeV) J;T Bf (GT) B p(GT)

0.00
1.04
1.70
3.72
4.35
6.26
9.9

10.9
11.9

1+ 0
0+;1
1+;0
1+;0
1+;0
1+0

(1+;1)
(1+;1)
(1+ 1)

13.59
1.49
0.82
0.78
0.37
0.26
0.25
0.37
0.27

3.23

0.195
0.185
0.088
0.062
0.059
0.088
0.064

+=3.9&1

0.00

4.01
6.32
9.36

15.01

10.69
11.34

1+ 0

1+;0
1+;0
1+'0
1+'0

1+;1
1+.1

5.463

0.005
0.047
0.030
0.018

0.421
0.013
6.000

3.260

0.003
0.080
0.0005
0.008

0.202
0.006
3.560
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these decays (which are pure GT). In this way, we
obtain B(GT)[= ~Mor

~

]=3.23 and 0.165 for the
beta decays to the ground and 1.7 MeV state transi-
tions, respectively. We note that Eq. (1) is expressed
in units such that the value B(GT)=3 for the free
neutron.

The ratio between the cross sections of the 1.7
MeV and the ground-state (p, n) transitions (listed in
Table I} agrees well with the ratio of the GT
strengths B(GT) for the beta decays to these two
states obtained from Eq. (1), viz. , 0.060(+0.004)
from (p, n) versus 0.051 (+0.006) from beta decay.
If we normalize all our 0' (p, n) cross sections for 1+
states so that the ground-state cross section yields
the B(GT) value of that state in beta decay, we ob-
tain the B,„~(GT}values listed in Table I. Thus, the
0' (p, n) spectrum implies QB(GT)=g(1+)=3.97.

Now the sum rule for Gamow-Teller beta decay
is"

Sp —Sp+ ——3(N —Z) .

Since no P+ transitions are possible for two neu-
trons outside a closed core, we would obtain

S&+
——0 and 3(N —Z) =S& ——QB(GT)=6 .

(3)

We note that there can be contributions from core
excitations in ' 0 to the observed 1+ strength.
Transitions to three 1+ states were observed in the
' O(p, n)' F reaction, in agreement with (e,e') and
(p, y) experiments' ' to the analog states in '60.
The observed (p, n) cross section of 0.81 mb/sr to 1+
states in ' F corresponds to B(GT)=0.19, still as-
suming the relationship between a 135 MeV, 0' (p, n)
cross section and the B(GT) for the ' F g.s. transi-
tion. The correction to the sum rule indicated by
the observed 1+ strength in ' F would be small (viz. ,
-3%); however, the effect of the core correlations
really remains uncertain. The two extra neutrons in
' 0 likely produce additional polarization of the ' 0
core, so that the estimate of core polarization effects
based on '60 may be unreliable. The effects of the
additional core correlations are ambiguous.

In Table I, we present the peak locations and ex-
perimental B(GT) values for the observed 1+ spec-
trum compared to theoretical predictions obtained
from the shell-model calculations of Wildenthal and
Chung. These shell-model calculations employ a
complete s-d basis and an effective Hamiltonian de-
rived from adjustments of the Kuo A =18 s-d shell
Hamiltonian ' to obtain a best fit to energy levels of
the A =18—24 nuclei. Thus all states in ' F are
two-particle states and are either T =0 or T=1.

The theoretical B(GT) values were calculated by
summing the products of each j~j' transition den-
sity with the corresponding reduced single particle
matrix ~l~~~~t~ &j'll

I OGrll I
j&.

strengths labeled Bf„(GT)were obtained by using the
"free-nucleon" operator OG& ——0.~, while the
strengths labeled B, ~(GT) were obtained by using
the empirical "single-particle" GT matrix elements
determined by Brown, Chung, and Wildenthal by
fitting to 54 known GT P-decay strengths in s-d
shell nuclei.

The "free-nucleon" predictions necessarily agree
with the sum rule of Eq. (3). The "empirical" pre-
dictions do not, because the operator o.~ has been
multiplied by a nonunity coefficient for each possi-
ble sd-shell one-body transition. The rationale for
introducing this "effective" GT operator is that the
agreement between experiment and the shell model
is markedly better in relative terms than in absolute
terms. Specifically, the theoretical predictions based
on the half-life of the free neutron yield strengths
which are systematically larger than observed; i.e.,
experimental GT beta decay strengths are
"quenched" relative to "free-nucleon"-based shell
model predictions. This quenching can be attributed
in various degrees to the effects of restricting the
model space to only one major oscillator shell and
restricting the model constituents to be only and al-

ways neutrons and protons.
The "empirical" GT operator is particularly

model dependent in that it is based on a normaliza-
tion to data from the low-lying levels accessible to
the Q values available in natural beta decay. Except
for mass 17 and mass 18, the dominant GT strength
tends to lie above the Q-value windows. Hence, the
deduced empirical GT operator could merely be a
compensation for the Chung-Wildenthal shell model
wave functions incorrectly moving too much
strength into the low-lying states. The (p, n) reac-
tion, by virtue of its freedom from Q-value con-
straints, allows this possibility to be checked.
Agreement between the complete B(GT) spectrum
provided with the (p, n) study and the predictions
based on the empirical GT operator can be taken not
only as a confirmation of this theoretical approach,
but also as confirmation that there is not a signifi-
cantly greater amount of strength in the higher-
lying states than predicted by the shell mode1 calcu-
lations.

From Table I we see that the calculations predict
that the GT strength is largely concentrated in the
transition to the T=0 ground state and that only
about 6% will be seen in the T=1 component.
These predictions agree well with the measurements.
Experimentally, about 82% of the total 1+ strength
is in the g.s. transition (compared to 91% predict-



1392 B.D. ANDERSON et al.

ed). We observe about 5% of the total 1+ strength
in what we assume to be T =1 components near 10
MeV, which is in good agreement with the predicted
fraction. The excitation energies of these observed
(assumed) T=1 states also agree reasonably well
with the predictions. The largest differences be-
tween the predicted GT strengths and the observed
1+ spectrum are for the strength and location of the
T =0, 1+ states other than the g.s. The shell-model
prediction indicates that about 3% of the total
strength will be in these states, and that they will
range in excitation energies up to 15 MeV above the
g.s. Experimentally, we see about 13% of the total
1+ strength in these states and that they range in ex-
citation energies only up to 6.3 MeV. (It cannot be
ruled out, of course, that either of the forward-
peaked states seen near 10 MeV is, in fact, T =0.)
The spectrum of positive parity states in ' F is much
more dense than can be legitimately produced by
(sd) excitations alone. In particular, the 1.70
MeV 1+ state seems clearly based on 4p-2h configu-
rations and the importance of such excitations in
treating many of the observed higher-lying 1+ states
is also crucial. The present experimental results in-
dicate that the strength of the dominant ground-
state transition is not only more spread into the oth-
er (sd) 1+ states than is predicted, but that it also is
mixed into the basically core-excited states to an
equivalent degree.

The near degeneracy of the centroids of the GT
strength and the Fermi (IAS) strength together with
the strong dominance of the T =0 component over
the T =1 component observed here in the '

O(p, n)
reaction is similar to that observed recently in the

Ca(p, n) reaction. As noted in Ref. 5, these
features suggest the net effects of spin-orbit cou-
pling are much less important than those expected
from an independent particle j-j coupling shell
model. The shell model calculations of Chung and
Wildenthal predict (with the free-nucleon GT opera-
tor) a ratio of 1 to 13 for +8(GT), T =1 relative to
+8(GT), T=O, while the j-j coupling limit of

(dqzz)J Oz &
for ' O yields a ratio of .1 to 2.7. If

the T=1, 0+ target state were described by I.-S
coupling with only the (n)J, o s 0 configuration,
then all the GT strength would reside in T=O
states T. he observed ratio of 1 to 18 for gg(GT),
T =1 to +8(GT), T=0 in the 'sO(p, n) reaction
suggests that ' O g.s. wave functions are dominated
by I.=0, S =0 coupling. The configuration of the
1+ state receiving the GT strength would then be
largely I.=0, S =1 with the total spatial symmetry
preserved. In this context, the near degeneracy of
GT and Fermi strength is suggestive of an SU(4) su-

permultiplet for spin-isospin excitations. For the
'

O(p, n) reaction, about 80% of the GT strength is
observed within one MeV of the Fermi strength; this
result contrasts with most other light- and medium-
weight nuclei where the centroids of GT and I'
strength are split by several MeV.

In summary, we find that the total GT strength
observed in the '

O(p, n)' F reaction is about 67% of
that expected from the simple sum rule. This frac-
tion is higher than that observed in similar analyses
for medium- and heavy-weight nuclei, but is con-
sistent with that measured for the '

C(p, n)' N reac-
tion. The GT strength is approximately 80% con-
centrated in the g.s. of ' F, with a relatively small
fraction (-S%) observed in the T =1 component.
%e note that the s-d sheH model predictions give a
satisfactory description of both the relative strengths
and locations of the centroids of the T =0 and T = 1

components of the GT strength. The (p, n) reaction
shows that there is not a significantly greater
amount of GT strength in the higher-lying states
than indicated by the shell-model calculations.
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