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Measurements of the (n, p) reaction cross section on ' ' Ni have been made at 198 MeV
for 0i b ——0—20 in 4' steps. Multipole analyses have been performed on the resulting spectra and
Gamow-Teller (GT) strength distributions have been obtained. These GT distributions have been
found to occur as strong peaks at low excitation energy in the final Co nuclei and extend weakly up-
wards to 30 MeV of excitation. Comparisons of the data with renormalized shell-model calculations
show reasonable agreement at low excitation, though the calculations predict very little strength at
excitation energies above about 6 MeV.

PACS number(s): 25.40.Kv, 24.30.Cz, 27.50.+e

I. INTRODUCTION

Nucleon charge exchange reactions have provided an
important probe of the spin-isospin response of nuclei.
For incident energies above 100 MeV, the isovector
spin-flip component of the efI'ective interaction has been
shown to be most important [1,2], so that reaction cross
sections arise mainly from spin-isospin transitions. In
particular, for small momentum transfer, q (forward an-
gles and low excitation energies), Gamow-Teller (GT)
transitions, with AL = 0, LS = 1, LJ = 1+, will
dominate the spectrum, and it has been shown that the
AI = 0 cross section, extrapolated to Aq = 0, for (n, p)
[(p, n)] reactions is proportional to the P+ (P ) decay
strength for GT transitions between the same states [1].
In this work, we have measured differential cross sec-
tions for the ' ' 4Ni(n, p) reactions at 198 MeV, and
have used the results to determine the distribution of
GT strength in the final nuclei ' ' Co.

Knowledge of the GT strength distributions in fp-shell
nuclei is required for znodel calculations of presupernova
stellar collapse [3—6]. In the precollapse stellar core the
pressure of the degenerate electron gas provides much of
the support for the outer layers of the star. However,
as the temperature of the core increases, the electron
energies increase until electron capture on core nuclei,
mainly via GT transitions, becomes important. Eventu-
ally the mass of the core exceeds the Chandrasekar limit,

M = 5.8 Y M„where M, is the solar mass and Y, the
ratio of electrons to nucleons in the core. At that point
the core becomes unstable against gravitational collapse,
and the ensuing collapse may result in creation of a su-
pernova. Since the core is composed mainly of nuclei
in the iron region just before collapse, GT strengths for
fp-shell nuclei are required to permit the calculation of
electron capture rates on these nuclei [7]. The present
measurements provide a direct determination of the dis-
tribution of GT strength for the electron capture on the
isotopes ' Ni.

For cases of astrophysical interest which cannot be
measured directly, such as unstable nuclei, GT strength
distributions must be estimated by model calculations.
The present results are also of interest for comparison
with model calculations in order to provide a basis for
judging the reliability of calculated distributions.

A quantity which is required in determining GT
strengths from charge-exchange measurements is the
cross section per unit GT strength [1],crGT(E, A), which
connects measured cross sections with GT transition
strengths

o~T (E, A) = o (q = 0) /BGT

For certain cases in which the P-decay strength is known,
the unit cross section has been determined experimen-
tally. Prom these data, the energy and mass dependence
of the unit cross section has been obtained as a fit to the
expression [8]
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oGT (E, A) = Cj (1+Cze+ Cse )(1+C4A

+C,A'~')

(where Cq ——6.26 mb/sr, C2 ——0.079 MeV, Cs
—0.035 MeV z, C4 ——0.574, and Cs ———0.167; e = E(in
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MeV)/100. 0—1.0). Values of o obtained from the reac-
tions Li and C(n, p) and ~2C ~sO ~ F Mg 27A1,

K, Ca, and 4Fe(p, n) at medium energies were fit-
ted to determine the above coeKcients. This expression
for o. is seen to vary slowly with incident energy E, and
with atomic number A. Once measured for a nucleus in
a given mass region, the unit cross section can be used to
extract BGT &om cross section measurements for other
nuclei of comparable mass. Currently the behavior of o
for A ( 40 is better determined than for fp-shell nuclei.

The (n, p) reaction on Ni presents an opportunity to
measure the unit cross section for fp-shell nuclei. The
P decay of Co(g.s.) to 4Ni(g. s.) is the strongest GT
transition between nuclear ground states in the fp shell,
with log(ft) =4.27+ 0.02 [9,10]. This is related to the GT
strength [1] by

GT
6166+2 s = 0.209 + 0.012,

(gA/gV)' f&

~h~~~ (g~/gv) = 1.260+0.008 from the beta decay of the
free neutron [11],for which BGT = 3. The value of BG+T
required for comparison with the (n, p) measurements is
related to BGT by detailed balance [12]

BGT —— BGT ——0.627 + 0.0362'+ 1
GT 2J + 1 GT (4)

where J, and Jf are the spins of initial and final states
in the (n, p) reaction.

II. EXPER.IMENT

Measurements presented here were mad. e at the TRI-
UMF charge exchange facility [13] using neutrons pro-
duced by the 7Li(p, n) reaction on a target of thickness
110 mg/cm . The proton beam of nominal energy 200
MeV was momentum dispersed, and the width of the
target was chosen to give a beam energy spread of about
400 keV on target. This reaction produces neutrons with
similar intensity for transitions to the "Be ground state
and. first excited state at 0.43 MeV. There is also a con-
tinuum of neutrons produced up to about 60 MeV in ex-
citation with an intensity of about 1%/MeV of that for
the discrete states. Incident proton currents of 500—600
nA were typical, producing a neutron Hux of 10s/cm~ s
for 2 x 5 cm target areas.

Targets were housed in a target box [14] which allows
up to six targets to be measured simultaneously, with

up to three stacks of six targets in the box at a given
time. For a given stack, the six targets are separated by
proportional wire chamber planes to allow target iden-
tification for each proton event detected. Position and
direction information for each proton event is provided.
by two drift chambers positioned after the target box,
and momentum analysis is done with the medium res-
olution spectrometer (MRS). Spectra were obtained for
MRS angles of 0, 4', 8, 12, 16, and 20 with angu-
lar acceptance +2 . Mean c.m. scattering angles were
measured for each target position in the target box. For
the Ni target, which was the Ni target furthest down-
stream, mean c.m. scattering angles were observed to be
1.6, 4.4, 8.3', 12.2, 16.0, and 19.9 . Target positions
further upstream ( ' Ni) yielded slightly larger mean
c.m. scattering angles than for Ni, more evident at
larger spectrometer angle settings. Proton spectra were
recorded up to excitation energies of about 35 MeV. The
energy resolution was 750 keV as measured for a CH2
target in the furthest downstream position F. Due to
proton straggling in subsequent targets, the resolution
was found to be slightly poorer for the Ni targets, with
l'(FWHM) 930, 860, and 800 keV for the Ni, Ni,
and. Ni targets, respectively. Target configurations and
densities are shown in Table I. The CH2 target was used
to observe protons from the H(n, p) reaction. A com-
parison of the measured count rate with the cross sec-
tion calculated &om nucleon-nucleon phase shifts using
the program sAID [15] provided a measurement of inci-
dent neutron Aux on the target box. The graphite target
was used to permit subtraction of the contribution &om
the ~2C(n, p) reaction to the observed spectrum from the
CH2 target. This provided a measurement of the true
spectrum of incident neutrons which is required in order
to deconvolute the effect of the neutron continuum in
the measured spectra. Two other stacks were employed.
One contained six CH2 slabs and was used to check the
relative neutron Aux and proton detection e%ciency vs
target position. The other stack consisted of five empty
slots with one CH2 target in position F, which was used
to monitor background and also for target box wire cham-
ber efBciency tests.

Spectra obtained with this system must be corrected
for background arising mainly from the ~H(n, p) reaction
occurring in the cathode planes of the target box cham-
bers plus some contribution &om other components. Pre-
sented in Fig. 1(a) is a raw spectrum for s4Ni taken at
OMRs = 0 and in Fig. 1(b) the spectrum after back-
ground subtraction. The most obvious change is the

TABLE I. Target stack arrangement and areal densities.

Position
A
B
C
D

Target" 'C (graphite)
Ni (metal foil)
Ni (metal foil)
Ni (metal foil)
Ni (metal foil)

CH2 (polyethylene)

Dimensions (cm )
5.0 x 2.5
9.5 x 2.5
9.5 x 2.5
7.5 x 5.0
7.5 x 5.0
5.0 x 2.5

p (mg/cm )
147

147.5
147.5
150.5
145.6
44.8

Enrichment (%%uo)

96.72
96.72
99.07
97.93

Position A is upstream.
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FIG. 1. (a) Raw spectrum for Ni(n, p) measured at
0, . = 1.6'; (b) same spectrum after background subtrac-
tion.

removal of the peak near channel 13000 which arises
from the ~H(n, p) reaction. After background subtrac-
tion, spectra were corrected for spectrometer acceptance,
and the incident neutron continuum was deconvoluted
from each. The normalized 's 's4Ni(n, p) spectra were
then binned in 300 keV bins and are shown in Figs. 2—4.
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FIG. 2. Binned spectra at the indicated c.m. angles for
Ni(n, p) Co plotted vs excitation energy. The spectra have

been binned in 300 keV steps.
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FIG. 3. Binned spectra at the indicated c.m. angles for
Ni(n, p) Co plotted vs excitation energy. The spectra have

been binned in 300 keV steps.
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FIG. 4. Binned spectra at the indicated c.m. angles for
Ni(n, p) Co plotted vs excitation energy. The spectra have

been binned in 300 keV steps.
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III. RESULTS

A. Unit cross section

1
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FIG. 5. Differential c.m. cross sections (mb/sr) for the peak
near Z = 0 MeV in Ni(n, p) Co. The solid line is a DWIA
curve normalized to the data as described in the text.

For the s Ni(n, p) reaction we have extracted cross sec-
tions (Fig. 5) for the peak near E = 0 MeV. The for-
ward peaking of the measured cross sections indicates
the importance of the GT transition to the J = 1+
ground state of Co. However, with the experimental
energy resolution of about 800 keV, the cross sections
may include contributions from transitions to excited
states as well as the ground state. Measurements of the

Ni(t, He) Co reaction [16] identified seven levels be-
low 1 MeV excitation but provided no spin assignments.
The P+ decay of s4Fe [17] populates the ground state of

Co, plus a state at 0.311 MeV which is identified as a
1+ state. This state is probably the same as the state ob-
served at 0.296 MeV in the (t,sHe) measurements. These
results would suggest that the cross sections of Fig. 5
could include a contribution &om a GT transition to the
0.311-MeV state.

The experimental resolution precluded the separate de-
termination of peak areas for the Co g.s. and 0.311-
MeV (1+) state by a fitting procedure. Instead, the
degree of contamination &om the excited state was ob-
tained by an analysis of the Q value of the "g.s." peak,
which occurs as an isolated structure (Fig. 4). The Q
value for the centroid of' the peak was determined by
comparison of the peak location relative to that for the
H(n, p) and C(n, p) reactions at the MRS angle of 0'.

Accurate determination of a Q value depends on
knowledge of incident energy, outgoing energy (momen-
tum), and energy loss in the target(s). Given an absolute
momentum calibration of the spectrometer system, posi-
tions of the H and C peaks determine the beam energy
and mean scattering angle. Location of the Ni peak
then determines the Ni Q value, after correcting for tar-
get energy loss. In this method, exact knowledge of mean
scattering angle is not required. Another method works

if the relationship between momentum and focal-plane
channel number is known to be linear. In that case, the
calibration is not needed, because we have three peaks—
known H, C Q values and the unknown s4Ni Q-value
lying roughly halfway between the other two. This deter-
mination of the unknown Q value is relatively insensitive
to the beam energy, but does depend on knowledge of
the mean scattering angle, because kinematic shifts are
considerably difFerent for the three target nuclei. An un-
certainty of 0.1' in mean scattering angle makes a 10 keV
change in the 4Ni Q value, and we think that we know
the mean scattering angle to at least this accuracy.

Both methods depend in the same way on target en-
ergy losses. In the present case, H and C are in the
same CHq target, and (n, p) events correspond to protons
having traversed, on average, one-half of the CH2 target.
Protons &om events in Ni traverse, on average, one-
half the Ni target, one additional wire chamber plane
and all of the CH2 target. In the actual targets used, our
energy-loss calculations give 491 and 225 keV for total
thicknesses of Ni and CH2 targets, respectively, and
10 keV for the energy loss in one wire chamber plane.
Thus LE~ „——368 keV with an estimated uncertainty of
5 keV for s4Ni(n, p) events with respect to (n, p) events
occurring within the CH2 target.

Using a spectrometer focal-plane channel-to-
momentum calibration determined for this experiment
and measured H, C, and Ni peak locations gives

Q( Ni)= —6.662 + 0.031 MeV. The method of linear in-
terpolation results in Q( Ni) = —6.636+ 0.031 MeV. For
both methods the same energy loss correction was made,
and all uncertainties have been added in quadrature. It
is gratifying that the two numbers agree so well. The
spectrometer calibration is not linear, but the quadratic
term is small. The final value we quote, —6.649 + 0.031,
is the average of the two values above, and we retain the
common uncertainty. The most recent estimate of the
Q value for the ground-state transition from the known
nuclear masses [18] is Qs, ———6.5245 + 0.0202 MeV.
The comparison of these Q values implies that the peak
includes a contribution from the 0.311-MeV excited state
transition which is 40% + 16% of the "g.s." peak.

The (t, He) measurement reported a cross section to
the 0 296-MeV (0 311-MeV) state to be 27% of the
g.s. However, because that experiment was performed
at low energy the relevant interpretation is uncertain.
In particular, the momentum transfer in the (t, He)
experiment is greater at smaller angles than for this
work. The P decay strengths of s4Fe are not rele-
vant to the Ni(n, p) Co process, and hence do not aid
this analysis. Inelastic proton scattering at 200 MeV
on o 2 Ni [19] measured angular distributions to
analogs of the parent states which appear as low-lying
GT peaks in this (n, p) experiment. The analog of the

Co g.s. is computed to lie at about 15.68 MeV of ex-
citation in Ni. The (p, p') experiment, with superior
resolution to this work, identifies a Tp + 1 component of
the M1 resonance at 15.62 MeV of excitation in Ni. A
strong state 0.311 MeV above this Ml is not observed
which would suggest little or no contribution &om an
excited state to the Co g.s. cross section.
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o(q=O) =a.,„p(8-+0)x ~DWsi (0 = o, Q = o)

ODwsl ~ —0~ Q Q(n, p)

(5)

In order to calculate oay from measured cross sec-
tions it is necessary to extrapolate the cross section back
to q = 0. This was done using distorted-wave impulse-
approxiination (DWIA) calculations for a transition of in-
terest. For this work we have used the program DWsl [20]
with entrance and exit channel optical potentials gener-
ated by folding the Franey and Love interaction [21] with
a nuclear matter distribution using MAINXs [22]. Single-
particle states in the transition amplitude were harmonic-
oscillator states with oscillator parameter b =1.9 fm, and
the transition was assumed to take place between shell-
model states mOfqg2 —+ vOfsgz T.hese calculations were
thus identical to DWIA calculations used in analyses of
measurements of (n, p) reactions on other fp-shell nuclei
[23—25].

Curves were calculated, one with no energy loss in the
reaction, and one with the 4Ni reaction Q value (—6.52
MeV). The latter curve was fitted to the measured cross
sections at the two most forward angles. The normalized
curve along with the data are shown in Fig. 5. This curve
was then used to extrapolate the measured cross sections
back to 0 = 0', o,„p(0—+ 0). This procedure results in
o(0 ) = 2.943 + 0.131 mb/sr. A final extrapolation to
obtain cr(q = 0) has been made as for [1]:

calculated using the DWIA code DW81 assuming single
particle transitions (vrOfqy2) (v0fsy2) for AL = 0, 2,
and (n0fq~2) (vOgs~2) for DL = 1, 3. Single-particle
states and optical potentials were as described in the ear-
lier discussion of unit cross sections.

For the multipole analyses, the raw data were summed
in bins of width 1 MeV. For each bin the resulting angular
distribution was then fitted to a sum of DWIA shapes for
the appropriate excitation energy using a least-squares
procedure. The resulting fits are shown in Figs. 6—8 for
the three targets studied. The error bars shown in these
figures represent the statistical uncertainties in the data
only.

It is seen that the fit to the data is generally good,
except at the largest spectrometer angle where the pre-
dicted cross section is too small. This probably indicates
the need for a component with AL & 3 in the analysis. In
addition, in the fits to the data at 6tMRS ——4', the analy-
sis consistently underpredicts the measured cross section
in the vicinity of 8 MeV excitation. A possible explana-
tion for this is that transitions with 4J = 0, for which
the angular distributions are more forward peaked than
for AJ = 1, might be stronger than expected. This
is considered unlikely though since RPA calculations for
soNi [28] predict that the centroid of 0 strength lies near
16 MeV, above that for 1 strength. Another possible
explanation is that the DWIA calculations for AL =1
transitions predict a forward angle cross section that is

The latter factor in Eq. (5) was calculated to be 1.14 so
that o (q = 0) = 3.35 + 0.15 mb/sr. Using BGPT as given
in Eq. (4), we get o~T = 5.34 + 0.39 mb/sr. This value of
0. assumes no contribution &om an excited state at 0.311
MeV, and is consistent with LAMPF measurements [26]
at nearby energies which would also include any excited-
state contributions.

A value for o which includes the large systematic un-
certainty in the excited state contribution &om our Q-
value analysis would be o. = 3.2 + 0.9, where all errors
have been added in quadrature.

B. Gamow- Teller strength distributions
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At the most forward angle, substantial strength was
observed in peaks at low-lying excitation energies for
these measurements (see Figs. 2—4)—an indication of GT
strength. At higher excitation, as well as larger angles,
it is expected that L ) 0 multipole contributions will
be important. In order to estimate GT strength from
the results it was necessary to determine these contri-
butions. This was accomplished via a multipole decom-
position analysis [27] of the measured spectra using rep-
resentative angular distributions for each L transfer ex-
pected to be important. Following the approach used
in analyzing earlier measurements of (n, p) cross sections
for fpshell n-uclei [23—25], it was assumed that the data
could be satisfactorily represented by a superposition of
only four "typical" angular distributions for transitions
with AL = 0, LJ = 1+; AL = 1, LJ = 1;LL = 2,
~J = 2+; LL = 3, LJ = 3 . Theoretical shapes were
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FIG. 6. Results of the multipole decomposition analysis for
the Ni(n, p) data with multipole contributions shown. Error
bars are statistical only.
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slightly smaller than the experimental data, as found for
a recent (p, n) experiment at 394 MeV on ~sO and ~sO

[29].
The cross section for the AL =0 component of the

multipole decomposition at 1.6 is shown as a function
of excitation energy for each target in Fig. 9. In this
Ggure, the error bars again represent the statistical un-
certainty only. At low excitation energies, where the
measured angular distributions are strongly peaked in
the forward direction, the AL =0 component extracted
from the analysis is insensitive to the assumed shapes for
LL ) 0, and the error bars provide a reasonable estimate
of the overall uncertainty. At higher excitation energies
however, above about 8 MeV, the measured angular dis-
tributions are not as forward peaked, and the AL =0
strength extracted is sensitive to the details of the shape
of the DWIA predictions for AL =1 transitions at for-
ward angles. Thus the estimate of AL =0 cross sections
above about 8 MeV excitation is subject to systematic
uncertainties which are difficult to specify quantitatively,
but which may be quite large.

The analysis indicates the existence of AL =0 strength
up to high excitation energies, and some would be ex-
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FIG. 7. Results of the multipole decomposition analysis for
the Ni(n, p) data with multipole contributions shown. Error
bars are statistical only.
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tions at 0, = 1.6 for the AL =0 components of the reac-
tions shown.
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sums

"g.s." peak, where we have included an estimated 10%
uncertainty in the global determination of o. This value
of tr(exc) is consistent with the value from the Q(g. s.)
analysis.

The experimental running sums, g& +&f (Q ),
are plotted in Fig. 10 for the full range in excitation
energy of this experiment (0—30 MeV). As noted earlier,
the measured cross sections and consequently estimates
of GT strength were subject to large systematic uncer-
tainties above about 8 MeV excitation energy. Because
of this, a model comparison, to be discussed below, was
restricted to data in the range of excitation energies up
to 8.5 MeV, the upper edge of the data in the 8 MeV
bin. These total strengths are 3.11 + 0.08 units for Ni,
2.53 + 0.07 units for Ni, and 1.72 + 0.09 units for Ni,
where errors are statistical only.

Experimental distributions of GT strength have been
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f
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1

pected as a result of mixing of 0~ GT states with two-
particle —two-hole excitations. In addition, 2k' transi-
tions with AL =0 may be excited. Thus there should
be some high-lying LL =0 strength, but the total un-
certainty in the quantitative estimates of this analysis is
considerably greater than indicated in Fig. 9.

The measured cross sections shown in Fig. 9 have been
extrapolated to zero momentum transfer. This extrapo-
lation [Eq. (5)] is a slowly increasing function of Q value
below 8.5 MeV of excitation (increasing about l%%utt/MeV),

and was determined for each Ni isotope over the range
in excitation energy of the data with the code DW81 [20].
These extrapolated cross sections were then converted
to GT strengths using cr = 4.49 for Ni, 4.29 for Ni,
and 4.08 for Ni, as determined. by measured values of
o Btted to Eq. (1). We can use our measured unit cross
section for the "g.s." peak for Ni, together with the
global value of o, to estimate the possible excited-state
contribution. The result is o (exc) = 23% + 10% of our
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FIG. 11. Theoretical running B(GT) sums for the FPC8
interaction (solid) and for the FPVH interaction (dashed) for
the Ni nuclei shown.

FIG. 12. Experimental GT strength distributions below 8.5
MeV for ' ' Ni(n, p) compared with theoretical predictions
from the shell model. Calculations employing the FPC8 in-
teraction (solid) and for the FPVH interaction (dashed) have
been broadened to match the experimental resolution. The-
oretical strengths have been renormalized by factors equal to
those in the last two columns of Table II.
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TABLE II. Experimental and calculated sums of BG,T strength.

Target

58N
60 N.
62N.
64N.

Experimental
0—8 MeV 0—30 MeV
3.8 + 0.4

3.11 + 0.08'
2.53 + 0.07'
1.72 + 0.09

Shell
FPC8
12.171
9.795
7.671
5.101

model (0—8 MeV)
FPVH
12.281
9.859
7.294
4.569

Exp/Th (0—8 MeV)
FPC8 FPVH
0.312 0.309
0.318 0.315
0.330 0.347
0.337 0.376

Quoted uncertainties are statistical only. Systematic uncertainties may be quite large.
From [25]. Includes a statistical uncertainty of 0.12 and a systematic uncertainty in o of 0.38.

'Quoted uncertainties are statistical only.

compared with results of shell-model calculations car-
ried out using the code OXBASH [30]. For these
calculations a truncated vector space was used with
iiutial state (f7/2) (fs/2ps/2pi/2) ' ' and final state

(f7/2) (fs/2ps/2pi/2) ' ' for Ni, Ni, and Ni, re-
spectively. Two effective interactions were used in the
calculation. The first (FPC8) was obtained by fitting a
large number of binding energies and excitation energies
for nuclei in the mass range 41( A (66 [31]. The second
calculation used the FPVH interaction [32]. Theoreti-
cal running sums, g@ o BGT (E ), for both interactions

and for the nuclei ' ' ' Ni are presented as curves in
Fig. 11. Both calculations predict a strong concentration
of GT strength at low excitations, i.e., prominant peaks
of GT strength as are observed experimentally. No sig-
nificant strength is predicted above 5 MeV excitation,
evident as a saturation in the running sums which oc-
curs in about 1.5 MeV intervals with decreasing A. By
contrast, Fig. 10 shows that the experimental GT run-
ning sums do not saturate in this manner, but increase
smoothly to high excitation energy.

For comparison with the data, calculated strengths
were broadened to match the experimental resolution and
renormalized to the sum to 8.5 MeV excitation of mea-

)
0 I I I I

I
I I I l

CD

0.8
C3

u 0.6
CQ

0.40

FPC8

o FPVH

QO

0.2 I-j Experimental

O 0 0 & & ~ & I & f ~ ~ I & I ~ t I I

58 60 62 64 66
CY

Target A (Ni isotopes)
FIG. 13. Ratios of the suxn of GT strength up to 8.5 MeV

for Ni isotopes A =60, 62, and 64 to the sum for Ni. Shown
are both shell-model predictions and data derived from the
multipole decomposition.

sured. strengths. These renormalized results are shown
in Fig. 12 for both effective interactions used in the cal-
culations. A summary of measured strengths and renor-
malization factors is shown in Table II. The agreement
between theory and experiment in the general distribu-
tion of GT strength with excitation energy is fair for the
strong, low-lying GT peaks. However, it is clear that the
calculations predict a total strength three to four times
greater than is measured at low excitation energies while
they fail to account for strength at excitation energies
above 8 MeV. It should be noted here that similar calcu-
lations employing an expanded vector space [33] showed
some spreading of strength to higher excitation and an
overall decrease in total strength. The main features of
the resulting distributions were similar to those obtained
with the more restricted vector space, however.

Figure 13 plots vs A the running-sum ratios

the two interactions. Experimental values of this ratio
are also given. In the simple shell-model space used here,
in which both the Of7/2 neutron and proton orbitals are
fully occupied, there is an exact relationship between the
summed GT strength and the Ofs/2 neutron vacancy in
the target. Because all GT transitions are then of the
type irOf7/2 -+ vOfs/2 the two are simply proportional to
one another. In Ni, with most shell-model interactions,
the Ofs/2 neutron vacancy is about 5.7 (out of a maxi-
mum of 6), and for other even Ni isotopes, it decreases
reasonably smoothly. In Fig. 13, we note that the ex-
perimental and theoretical ratios behave similarly. We
repeat that the relationship is exact for the shell-model
results.

Koonin and Langanke [34] have suggested that, for
even-Z nuclei, the sum of GT strength to 8.5 MeV is
proportional to the product of the numbers of valence
protons and total fp neutron holes for mid- fp-shell nu-
clei. They state that they expect their relationship to be
valid for nuclei from Ti to Ge, i.e. , for 22& Z &32
and 26& N &38. We would be very surprised if this
conjecture were true. We note that for our present Ni
results, their expression gives a total y that is 3.4 times
as large as the assumption of uniform quenching. More,
and better, experiments should be able to test their hy-
pothesis. Their conjecture might hold better in the 0fs/2,
1p3y2, 1p&~2 subspace, if generalized seniority is a good
approximation.

Whereas the distribution of GT strength to 8.5 MeV
calculated with the FPC8 interaction agrees well with
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experiment for the nearby nuclei Fe, Mn, and Fe,
it has been shown that the disagreement is large for Ni
[25]. This result is quite sensitive to the details of the
single-particle Hamiltonian [34]. Table II illustrates that
the quenching factor is roughly constant down the Ni
isotopic chain.

IV. CONCLUSIONS

We have measured di8'erential cross sections for the
(n, p) reaction on ' 4Ni at 198 MeV in order to de-
termine Gamow-Teller strength distributions as a func-
tion of excitation energy. The cross section per unit GT
strength, oc~, was estimated for the nucleus Ni, sub-
ject to the possibility that a low-lying 1 state may con-
tribute to the measured cross section. If the excited state
is not populated, we have 0. = 5.3 + 0.4 mb/sr. If its
strength is 40% +16% of the g.s. , then cr = 3.2 6 0.9.
A better determination of o would require measurements

with superior energy resolution than could be achieved
in the present experiment.

The measured GT strength distributions have been
compared with shell-model calculations. Predicted
strength distributions are too large overall by a factor of
about 3 but reproduce the basic trend of measured GT
strength below 6 MeV. At very low excitation energies
and above about 6 MeV, the renormalized calculations
underestimate the data. Model comparisons of this sort
are useful to assess the confidence which may be placed
on predictions for GT strength in cases which may not
be determined by measurement.
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