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Abstract : The reaction 45Sc(n, P)45Ca has been studied at an energy of 198 MeV with energy resolution
of about 1 MeV. Measurements were carried out at nominal angles 0°, 3°, 6®, 9®, 12°, 15°, 18" and
spectra obtained up to -40 MeV excitation energy in 45Ca . Significant Gamow-Teller strength is
observed at an excitation energy of about 7 MeV, somewhat higher than predicted by shell-model
calculations . The strength observed is in agreement with calculations using gA/g .̀ =1 . The spin-
dipole giant resonance is seen with centroid at about 15 MeV excitation and total cross section of
25 mb/sr at an angle of 6° .

E

	

NUCLEAR REACTION 45Sc(n, P)45Ca, E =198 MeV; measured o,(E,, 0). Deduced GT
strength, spin-dipole o, Shell model comparison.

1. Introduction

The distribution of Gamow-Teller (GT) strength for positron emission (or
equivalently for electron capture) is of considerable interest for nuclei in the mass
region A= 56, since electron capture on such nuclei is an important process in late
stages of pre-supernova stellar evolution ' ) . It has been shown that the (n, p) reaction
at intermediate energies provides a qua.ititative estimate of GT' strength), and
results have been reported for the 54Fe(n, p) [ref. 3)] and 4gTi(n, p) [ref. 4)] reactions.
Similar information is needed for many more (fp) shell nuclei, however, including
unstable species, and for excited states of the target nuclei which may be strongly
populated at the high temperatures involved in supernova formation .

Since GT+ strength distributions are unlikley to be measured for unstable targets
or excited states, it is important to have reliable model calculations of these distribu-
tions . Calculations have been carried out for comparison with the measurements
noted above, but they have provided only qualitative agreement with measured
strength distributions . The problem stems from the fact that in general it is not yet
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feasible to carry out calculations in the full model space of the (fp) shell

	

so that
some truncation is required . As a result, a suitable nucleon-nucleon effective interac-
tion is not as well determined as for the (sd) shell -"), where calculations are routinely
carried out in the full model space .

he primary motivation for the present measurement comes from the fact that
45 SC is the simplest (fp) shell nucleus with non-vanishing first-order GT' strength .
or this particular case, it is possible to carry out calculations in the full (4) shell
odel space ; a comparison of such calculations with experiment will then be helpful

in defirting a suitable effective interaction for the (fp) shell. Given such an interaction,
it will be interesting to study the effects of truncating the model space in calculations
of GT strength for heavier (fp) shell nuclei.

9

Measurements were carried out using the TIUMF charge exchange facility in
the (n, p) mode 6) . The primary neutron beam was produced by the 'Li(n, p)'Be
reaction at a nominal beam energy of 200 MeV. Four scandium targets of purity

% (Johnson- Matthey chemicals Ltd.) were mounted in a segmented target
chamber 7), which also carried a polyethylene target in one position to provide a
normalization of neutron flux via the 'H(n, P) reaction . The scandium targets were
2 .5 cm x 5 cm in size, with two targets 74 mg/cm2 in thickness, and two of thickness
148 mg/cm2. The spectrum of reaction protons up to an excitation energy of about
40 MeV in 45Ca was measured at spectrometer angles of 0', 3", 6', 9*, 12', 15' and
10 Because a the finite target size and finite spectrometer acceptance, reaction
protons were recorded for a range of scattering angles of about :±2' about the
nominal spectrometer setting . Data were recorded event by event, and the distribution
of scattering angles was measured at each spectrometer angle. The mean scattering
angle (c.m.) at each spectrometer angle was measured to be 1 .8', 3.4', 6.0', 9.1*,
12.1', 15.1' and 18.2' .

ypical raw spectra at 0' and 6' are shown in fig . 1 . The overall energy resolution
is about I MeV. The peak near bin 12 in the 0' spectrum is a clear indication of
T strength . The peak at bin 6 arises from the 'H(n, p) reaction on hydrogen in

the wire chamber windows of the segmented target box'). The intensity ofthis peak,
plus other background due to counter gas and other materials in the chamber, was
determined from background measurements with empty target frames in place of
the scandium targets, and this background was then subtracted to yield the spectra
due to scandium only, as shown in fig . 2 . The subtraction removes the hydrogen
peak at zero excitation, but otherwise has little effect on the spectrum. It should be
not.ed that any hydrogen absorbed on the surface of the scandium targets would
give a signal that would not be removed by this subtraction . Since the ground state
-value for the 45Sc(n, P)45Ca reaction is 0.53 MeV, any signal due to residual

hydrogen would be superimposed on that due to reaction protons leading to states

2 . et
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Fig. 1. Raw spectra for the "Ca (n, p)4'Ca reaction at spectrometer settings of 0° and 6° at i98 MeV.
The peak at channel 6 in the 0° spectrum arises from the ' H(n, p) reaction on hydrogen from Mylar in
the wire chamber windows. The spectrum extends over a range of about 40 MeV of excitation in 4;Ca.

J

up to about 2 MeV in 45Ca. Thus the data in this energy region provide only an

upper limit to the cross section of interest .

Two further corrections to these spectra are required . The first arises from vari-

ations in spectrometer acceptance across the focal plane. These were determined

by measuring the relative intensity of the proton peak from the 'H(n, p) reaction

as a function of position as the magnetic field of the spectrometer was varied . The

second correction is required because of the low-energy continuum in the neutron

spectrum from the 7Li(p, n)'Be reaction . This reaction yields a peak from the

transitions to the ground and 0.43 MeV state of 7Be, plus a continuum arising from

transitions to unbound states which has an intensity of about 1% per

	

eV relative

to `he (g.s . +0.43

	

eV) peak. The erect of the continuum is readily deconvoluted

from the data if it is assumed that the reaction cross section at a given excitation
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Spectra of fig . 1 after background subtraction . Except for the hydrogen peak the background
does not make a significant contribution to the cross section .

energy is independent of neutron energy . Final spectra will all corrections are shown
in fig. 3.

s noted earlier, absolute cross sections were determined using a polyethylene
foil in the target stack to monitor the neutron flux on the scandium targets. The

(n, p) cross section was calculated to be 53.6 mb/sr at 1 .801abusing the program
SAID ") . A more detailed discussion of data analysis using this system is given in
ref. 3) .

The zero degree spectrum. in fig. 3 shows a clear peak at about 7 MeV excitation,
indicating the presence of GT' strength . That peak is superimposed on a strong
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Fig. 3. Proton spectra from the 45Sc(n, p)45Ca reaction after correction for momentum dependence of
spectrometer acceptance, and deconvolution of the contribution due to the continuum in the neutron
source spectrum . The data have been rebinned into energy bins of 1 MeV width. The angle shown is the

mean scattering angle over the MRS acceptance, transformed to the c.m. frame.

continuum however, which shows a maximum cross section at about 15 MeV
excitation in the six-degree spectrum, suggesting the , esence of the isovector spin
dipole giant resonance . In order to obtain quantitative estimates of GT+ and
spin-dipole strength, and to separate these from other contributions to the spectra
a multipole decomposition 9) was carried out by fitting measured spectra to a sum
of shapes obtained by DWIA calculations for the L and .l transfers expected to be
significant in the data . To carry out this analysis, data at each angle were summed
in energy bins 1 MeV in width, and the angular distribution for each bin was then
independently fitted to a weighted sum of DWIA angular distributions using a
least-squares fitting procedure to determine the fitting coefficients . For the fitting,
the DWIA calculations were first convoluted with the measured angular acceptance
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of the spectrometer in order to provide theoretical angular distributions directly
comparable with the data .

In order to select a reasonable set of DWIA angular distributions to be used for
the fitting, it was necessary to investigate the dependence of the theoretical distribu-
tions on several parameters of the DWIA calculations . For all values of angular
momentum transfer AJ" = 0-, 1, 2, 3% calculations were carried out for a number
of particle-hole configurations expected to be important . Fermi transitions with
P = 0' were not considered since such transitions are forbidden in first order for

nuclei with N > Z. The calculations were not extended to larger values ofAPI since
the measured angular distributions contained only seven data points, and it was
felt that the number of shapes used in the fitting should be limited to no more than
our.

ForW = 1', 2', 3' calculations were carried out for Oh-to excitations, assuming
the initial proton to be in the f7/ :! shell model state. Angular distributions for ®J' =1+
and 2' were not very sensitive to the final state assumed for the neutron, and could
be characterized as i.1L = 0 and AL= 2 transitions, respectively . For 3' transitions
the angular distributions were more sensitive to the neutron state, presumably
reflecting the effect of AL=4 contributions in this case . Optical-model potentials
used in the calculations were derived from the Franey-Love effective interaction 10 )
using a folding model . In addition, calculations were carried out for several particle-
hole combinations using two different empirical potentials derived from elastic
scattering data ""). The shapes of the calculated angular distributions showed very
little dependence on the optical potential used in the calculation, although the
magnitudes varied by as much as 50% for different choices . All calculations for the
final analysis were carried out using the microscopic potentials derived from the
Franey- Love interaction .

Similar calculations were carried out for AJ' = 0-, F, 2 -, 3 - assuming particle-
hole transitions with I hw excitation. The specific excitations assumed were (2s I d) ->
(fp) and f7/2 -4 QW2,3s2dh For each of the W, I -, and 3- transitions the calculated
angular distributions showed ~Iharacteristic shapes which did not depend strongly
on the assumed particle-hole configuration, while 2- transitions showed large
variability because of the interference between AL= I and AL = 3 contributions to
the transition amplitude .
The angular distributions calculated for several different particle-hole configur-

ations for JJ' = I - are shown in fig . 4 . All are characterized by a peak cross section
in the angular region of 6* to 7.5' with differences at smaller and larger angles where
the cross section is relatively small. Comparable results were found for AP =1 + ,
2+ and 3- for which the peak cros, se --tion occurs at 0, 11'-12' and 16*-18',
respectively .
The initial multipole analysis was carried out with the assumption that the data

could be fitted with a superposition ofshapes for AP =1 +, 1 - , 2+ and 3 - , correspond-
ing to AL= 0, 1, 2, 3 . Specific particle-hole combinations used in the DWIA

W.P Allord et A14"Sc(n, P)45Ca
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Fig. 4. Calculated angular distributions for AJ' = I - (IL =1) transitions for different particle-hole
excitations. The DWIA results have been convoluted with the measured angular acceptance of the

s*"^ :~ .rometer and have all been normalized to the same peak cross section.

calculations were: 1 + , 2+(7r-'f,,2, vf512 ) ; 1 - , 3-(7r-'d3,2, vf5/2) . The choice for the
positive-parity transitions was influenced by the fact that both RPA calculations '3)

and shell-model calculations reported here show that this is the most important
component of the transition amplitude. There was no compelling reason for the
choice for the negative-parity transitions, but the configuration chosen was judged
to give a reasonable average representation of shapes resulting from a variety of
different particle-hole combinations. As noted earlier, the calculated DWIA shapes
were all convoluted with the measured angular acceptance of the MRS before
comparison with the data.
The result of the multipole analysis for spectra at mean scattering angles of 1.8°,

6.0° and 12.1° is shown in fig . 5 where the contribution to the cross section for each
J ' transfer is shown for each energy bin . An alternative representation of the result
is shown in fig . 6 . Here the magnitude of the fitting coefficient for each 'IJ' is gvien
as a function of excitation energy, along with the least-squares estimate of the
uncertainty in each coefficient . Thus the data from fig . 6 provide an indication of
the significance of the cross-section contributions shown in fig . 5 .
From fig . 6 it is seen that the GT strength is concentrated near 7 MeV excitation,

with an indication of strength between 10 and 20 MeV but with large systematic
uncertainty. Above 20 MeV uncertainties in the analysis become so large that the
significance of any ®J" =1+ contribution in this region is questionable . ®J' =1-

strength is well identified up to 20 MeV, and defines a giant resonance with centroid

at about 15 MeV and width of 15 MeV. No significant cross section for 'A.ï' = 2+ is

found below 20 MeV, with some indication of a poorly defined giant resonance
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Mg. 1 Results of multipole analysis ofthe spectra at 1.8', 6.0° and 12.1'. The DWIA calculations assumed
particle-hole excitations Ohto, (-,, -'fz :!, 1'f{/2) for AJ ' = 1', 2'(AL =0, 2) and I ho), (7r- d3/2, Vf{12) for

between 20 and 30 MeV. Finally, there is a clear contribution for transitions with
JJ_- = 3 - which increases roughly linearly with excitation energy over the whole
energy range of the data .

It should be noted that the multipole analysis is of questionable validity at high
excitation in any case, since it is expected that 2hw excitations for even-parity
transitions and 3hw %r odd should begin to become important in this region. Some

ort to include such excitations in the analysis was made, but with inconclusive
results. A very large number of "Ode-hole configurations become possible, and
WIA shapes W a given AJ' may depend strongly on the configuration assumed.

At the same time, the experimental angular distributions show little structure in



0 10 20

WR Alford el al. / 45Sc(n, p)45Ca

OL=2
AJA=1+,2+.3`

0 10 20 30 40

E.. (MeV)

11

i I
I
1

il III
]J~

30 40

105

Fig . 6 . Multipole fitting coefficients from the analysis shown in fig . 5 . The bars on the points are an
estimate of the uncertainty in the coefficient determined by the least-squares fitting program.

contrast to the data at lower excitation, where well-defined multipole contributions.
are identified . A realistic comparison with the data in this region would require
DWIA calculations based on transition amplitudes generated by large-scale structure
calculations such as those 14,15) which assume excitations over several oscillator
shells . In the following discussion, only results for EX_ 20 MeV will be considered
further.
An aspect of the analysis which is brought out in fig. 5 is that the fit to the

measured angular distributions is relatively poor over the energy range from 11 to
16 MeV excitation. At 1.8°, the fitted cross section is consistently greater than the
data in this range, while at 3 .4° (not shown) and 6.0® it is consistently less . Several
attempts were made to obtain a better fit using other combinations of particle-hole
excitations for the DWIA calculations but no improvement was obtained .
DWIA calculations for ®J' = 0- show a characteristic shape with a peak cross

section in the range 4° to 5°, so that an analysis including a 0- contribution might
be expected to improve the fit . Consequently a multipole analysis was carried out
assuming contributions from ®J' =0-, 1 + , 1 -, 3- . The DWIA calculation used a
particle-hole configuration (,r - 'd5î2 , vf5/2 ) for 0-. The component for AJ' = 2+ was
not included since the first analysis showed that it did not contribute below 20 eV
and was of questionable significance at higher excitation.
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e result of this second analysis for the fit to the data at 1 .8° and 6.0° is shown
in fig. 7, where it is seen that the fit is unchanged, except in the region between
11 and 16

	

eV excitation where a significantly better fit is obtained . The fitting
coefficients for this analysis are shown in fig . 8, and their significance is discussed
in the following sections .

-I .1 . GAMDW-TELLER STRENGTH

The cross section for

	

,l °` = 1 + transitions which defines the GT strength is clearly
concentrated in a peak near 7

	

eV excitation . There is a small amount of strength
at low excitation, although the apparent cross section below 2

	

eV excitation might
include some contribution from hydrogen in the targets, as noted earlier . In the first
analysis shown in figs . 5 and 6 there was some indication of GT strength above
10

	

eV excitation, but the significance of this is questionable . As shown in fig. 5,
the fit to the angular distribution at 0® is relatively poor between 11 and 16

	

eV
excitation . Furthermore, fig . 6 shows that the uncertainty in GT strength estimated
in this region is generally about the same magnitude as the fitted strength itself. The

ssi

E x (MeV)
Fig . 7 . Results of the multipole analysis of the spectra at 1 .8° and 6.0° using DWIA shapes for 4J' = 0-,
1 +, 1 - , 3- . The particle-hole excitations for 1+, 1 - and 3- were the same as for fig . 5 . For 0- it was 1 hw,

(7r-tds/2, vt512) .
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second analysis, which includes ®J'r = 0- contributions, does not identify significant
GT strength above 11 MeV. The uncertainty in measured strength is estimated to
be about 15%, arising from statistical uncertainties in the data plus a contribution
of about 10% from the fitting procedure in the multipole analysis .
The GTstrength corresponding to the measured cross sections was obtained using

the relation â = T(q= w = 0)/ BST=6.07 mb/sr. This value was determined by fitting
experimental values of 41^r to an expression of the form Q(A, E) =
C,(1 + C2/Ep+ C3/Ep)(1 + C4A'/3+C5A2/3 ) [ref. 16)] . This is consistent with the
value dr = 5.3 mb/sr resulting from a comparable analysis in ref. "). Values of
a(q = w = 0) corresponding to the experimental data were obtained by using the
DWIA calculations to determine the ratio a(q = w = 0)/ a(® =1 .8°, (o 94- 0) . The
definition of GT strength used here implies a value BST= 3 units for the decay of
the free neutron.
A calculation of GT+ strength in 45Sc(n, P)45Ca has been carried out using the

full (fp) model space with an effective interaction derived by fitting energy levels
in this mass region 18,19 ) . In this calculation, almost 90% of the strength is concen-
trated in two transitions to states with J'T = 2- at energies of 5.29 MeV (84%) and
5 .55 MeV (6%). The total predicted strength is 0.72 units, extending up to 13 eV
excitation.
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comparison between measured and calculated GT strength distributions is
shown in fig . 9 . The measured strength which results from the multipole analysis
assuming a AJ' = 0- component is concentrated in the energy range between 6 and

eV, with a total strength of 0.46 units in this region . If this peak is compared
with the peak predicted by the model calculations the results suggest a quenching
of GT strength by a factor of 0.73, in agreement with usual estimates of quenching.
owever, additional strength amounting to 0.24 units is distributed more or less

uniformly over the rest of the energy range up to I I MeV, to give a total measured
strength of 0.70 units with centroid at 7.6 MeV. This is very nearly equal to the total
predicted strength, implying no quenching of the total strength, a result which has
not been previously reported .

9

4.2 . SPIN-DIPOLE STRENGTH

rom the results of the multipole decompositKn using DWIA shapes for .A.i' =1+
,

F, 2+, 3 - as shown in fig. 6, the I - contribution is clearly defined up to an excitation
energy of 20 MeV, with an indication of significant additional strength extending
up to about 30 MeV. It should be noted that in this analysis the F contribution is
assumed to provide an estimate of contribution from all AL = I spin-dipole com-
onents, i.e . ,J-*'=O- , F and 2-. This overall strength distribution appears as a

giant resonance with a centroid energy of 13.6 MeV for transitions below 20 MeV

0 .8

0 .6

+ U

	

0 .4

0 .2

0 .0
0 2

	

6 8 10 12

E x (MeV)
Fig. 9 . Comparison of measured and calculated results for the distribution of Gamow-Teller strength

for 4-5Sc(n, p)45Ca.
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eV if the less certain strength up to 30 MeV is included . The energy-
integrated cross section at 6° is 18.7 mb/sr up to 20 MeV and 24.8 mb/sr up to
30 MeV. The uncertainty in the total cross section up to 20 MeV is determined
largely by the statistical uncertainty in the data, and is estimated to be about 10%.
At higher excitation, the multipole analysis is subject to larger systematic uncertain-
ties as noted earlier, and it is difficult to assign a total uncertainty to the cross-section
estimate in that region . However, only about one-quarter of the total cross section
lies above 20 MeV, so that the uncertainty in the overall sum is probably about 15
to 20%.

In the second analysis assuming contributions for ®J' = l+, 0-, 1 - , 3-, the total
cross section for ®L =1 transitions is divided into two components. The component
with ®J' = 0- has an energy-integrated cross section at 6° of 5.6 mb/sr with a
centroid energy of 12.1 MeV. The ®J' =1 - component which is assumed to account
for contributions with ®L= l, ®J' =1 -, 2- has a cross section of 14.2 mb/sr with
centroid energy of 13.6 MeV. If, in spite of systematic uncertainties, the analysis is
extended to 30 MeV excitation, the 0- cross section is almost unchanged, increasing
from 5.6 mb/sr to 6.0 mb/sr. The 1 - cross section increases by the same amount as
in the first analysis, from 14.2 mb/sr to 20.1 mb/sr with centroid energy of 17.2 MeV.
The total cross section for ®L=1 transitions at 6° is then 26.1 mb/sr, in good
agreement with the earlier estimate of 24.8 mb/sr.

Estimates of the distribution of spin-dipole strength in medium-mass nuclei have
been made by Bertsch, Cha and Toki 2°) using a Tamm-Dancoff approximation and
by Auerbach and Klein 13) using a random-phase approximation . Both calculations
conclude that the strength of 0- and 1 - excitations should be fairly well localized
in excitation, while the 2- strength should be more widely distributed . They also
conclude that the centroid of the 0- strength should be located a few MeV above
that of the sum of the 1 - plus 2- strength . This conclusion is not very sensitive to
details of the structure calculation and mainly reflects the influence of the spin-orbit
part of the effective interaction . This is in disagreement with the results of the present
analysis which finds the centroid of the 0- strength lying well below that for the
other ®L =1(®J ' =1 - and 2-) transitions .

In support of the experimental result, we note that the 0- contribution to the
multipole analysis was not included arbitrarily, but was introduced in order to
account for the shape of the measured angular distributions in a well-defined,
restricted region of excitation . The resulting analysis indicated the presence of 0-
strength in this region, as part of a fixed total strength for L =1 transitions .
Conclusions regarding strength for 1 + transitions were not affected in the region of

excitation below 12 MeV, where our estimate of GT strength is clearly signilllear t

and reliable. The present result probably represents the best that can be done in

trying to separate different J transfers for a given ®L, based on cross sections alone.

Further progress in this direction will most likely require measurements of spin
observables, as proposed for the (d, 2He) reaction for instance 2 ' ,22 ) .
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4.3 . TRANSITIONS WITH L-_2

The present measurements do not identify significant L = 2 strength at excitation
energies below 20 MeV. There is an indication of some strength at higher excitation,
but it is poorly determined, with very large uncertainties in its magnitude. This
result suggests that if JL=2 transitions are present they are the result of 2hw
excitations generated 13) by an operator of the form l ; r;( y2007; ) J7), while 0hw
excitations are not important.

There is a clear indication of strength with L = 3 (actually L :-:- 3) throughout the
whole spectrum. The strength below 20 MeV is presumably the result of I taw
excitations, analogous to the spin-dipole. Above 20 MeV it may be expected that
3hw excitations will also contribute to the cross section. For this reason, no further
analysis has been attempted, even though the multipole fitting coefficients indicate
the presence of significant high-spin strength at high excitation .

5. Conclusio S

multipole analysis of the spectra reported here has provided a quantitative
measurement of the distribution of GT' strength in 45Ca. Although the result was
obtained with a particular choice of particle-hole configurations in the DWIA
calculations, the resulting distribution was found to be almost unchanged for other
plausible choices. The results have been compared with predictions of a shell-model
calculation using the full (fp) model space. The observed strength distribution is
peaked at an excitation energy of 7 MeV, and is spread over several MeV, in contrast
to the calculation which places about 90% of the predicted strength in two 2 states
between 5 and 5.5 MeV. Measured strength in the peak near 7 MeV is quenched by
a factor of 0.73 relative to the calculated peak. The total strength over the energy
range to I I MeV is very nearly equal to the total calculated strength .
The initial multipole analysis provided clear evidence of a spin dipole giant

resonance with a centroid near 15 MeV excitation and width of about 15 MeV. This
analysis also showed some disagreement with experiment in the energy region
between 10 and 15 MeV excitation, suggesting that transitions with AJ' = 0- could
be important in this region. A second analysis then indicated that the spin dipole
cross section could be reliably separated into two components, one with AJ' = 0-
and one with AJ ' =1 - representing the remaining AL = I strength . The sum of the
cross sections for the two components was very nearly equal to that for I - transitions
in the first analysis, and the measurement of GT+ strength was unchanged. The
centroid of the 0- strength was found to lie about 3 MeV below that of the 1 -
strength, in disagreement with results of RPA calculations .
The analysis showed no significant cross section with JL = 2 below 20 MeV

excitation . While there was some indication of such strength at higher excitation,
it was not felt that the analysis was reliable in that region. Finally, the cross section
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for transitions with AL :-:- 3 increases more or less linearly with energy, but no attempt
was made to model this behaviour.
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