
PHYSICAL REVIEW C VOLUME 45, NUMBER 4 APRIL 1992
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Double differential cross-section angular distributions covering 0' & 8l b & 40' have been mea-
sured for the Ca(n, p) K charge exchange reaction. With the white neutron source at LAMPF-
WNR, we were able to study not only the angular distribution but also the energy dependence of
this charge exchange reaction covering simultaneously incident neutron energies between 60 and 260
MeV. The identification of Gamow-Teller (GT) transitions and L = 1 dipole resonance was car-
ried out using a multipole decomposition technique. The empirically deduced GT strength in the

Ca(n, p) K reaction evaluated up to 15 MeV excitation energy is compared to theoretical val-
ues. We have used a simple one-particle —one-hole shell model calculation to study the excitation of
the giant dipole resonance and the giant spin-dipole resonance, which are compared with empirical
results.
PACS number(s): 25.40.Hs, 27.40.+z

I. INTRODUCTION

We use the nucleon charge exchange reactions for prob-
ing the spin and isospin characteristics in nuclei because
of their abihty to filter out the very dominant isoscalar
features in scattering reactions and thus to enhance the
isovector response. In this paper we report results from
the" Ca(n, p) I& reaction, in particular on the distribu-
tion of Gamow-Teller (GT) (b, L = 0, AS = 1, b, J = 1)
strength, and the non-spin-flip (AS = 0) and spin-flip

(AS = 1) L = 1 dipole resonances which are referred to
as the giant dipole (GDR) and giant spin-dipole (GSDR)
resonances, respectively.

Although for T = 0 t,argets, as is in this case, the
(n, p) and (p, n) results should be similar, the study of
the Ca(n, p) I& reaction has certain advantages over
the study of the Ca(p, n) Sc reaction at intermediate
energies. In particular, the ground state Q value for the
(n, p) reaction is —0.53 MeV compared with —15.1 MeV
for the (p, n) reaction. Thus, at forward angles we are
able to reach lower momentum transfer, q, values with
the (n, p) reaction and therefore are more sensitive to
locate GT transitions which peak at, q = 0. Also, the
three-body breakup continuum in Sc begins at an exci-
tation energy of 0.37 Mev, while in ~ Ik it starts at 7.83
A'IeV excitation energy. Therefore, the interpretation of
the GDR and GSDR should be easier in the (n, p) reac-

tion without a large contribution from the continuum.
Results obtained from the present 4oCa(n, p)4oK data
are compared with results from published 4oCa(p, n)4oSc
data.

In a simple shell model, the 4oCa ground-state wave

function is considered to have nucleons filling the
Ids~2, 2sq~2, and Ids~2 subshells, thus no GT strength
is predicted. Since the observed [1—3] GT strength in
this nucleus is due entirely to particle-hole (p-h) corre-
lations in the target ground-state wave function, empir-
ical studies are important in the comparison with more
sophisticated shell model calculations. One such calcu-
lation has been reported by Adachi et al. [4] using a
second-order perturbation theory. These authors split
the total Hamiltonian into an unperturbed part Ho and
perturbing interaction V. Ho is a one-body Hamiltonian
with an uncorrelated ground state. It defines the sin-
gle particle spectrum from which the intermediate 2p-2h
states are built. Adachi et al. choose V to be Bertsch
and Hamamoto [5] interaction to study GT strength in

the Zr(p, n) reaction. This interaction contains central
and tensor components which the authors choose to eval-
uate separately. Within this model, the authors report a
large theoretical GT strength in the low excitation energy
region (E ( 25 MeV), but they conclude that the ma-
jor part of the strength lies at higher excitation energies.
The present results are compared with this calculation.
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Moreover, recently there has been an active interest
in determining the occupation probabilities N„~z of nu-
cleon single-particle orbits in Ca, from nucleon elastic
scattering data, using a dispersive mean field analysis
[6, 7]. As indicated by Macfarlane [8], the ground-state
occupation probabilities determine the total non-energy-
weighted strength such as GT, observed in isovector ex-
citations.

On the experimental side, Chittrakarn et nl. [1] and
Taddeucci e7 al [2]. have reported on the excitation of
two J = 1+ states in Sc at E = 2.7 and 4.3 MeV. In
Ref. [2], the authors estimated the GT strength for the
transition to the 2.7-MeV state by comparing the forward
angle cross sections for the Ca(p, n) Sc(2.7 MeV) and
the Ca(p, n) Sc(0.611 MeV) transitions. The latter
one has a, GT strength that may be obtained from beta
decay values. In addition to these measurements, transi-
tions to a. 1+ (T = 1) state at E = 10.32 MeV in Ca
have been observed in inelastic electron [9—12] and proton
[3] scattering, and in a gamma-ray resonance fluorescence
experiment [13].

The GDR and GSDR were recently studied on Ca
via (p, 71), (T, ri), (p, 73 ), and (77, 77 ) reactions. The G DR
and GSDR were identified in the (p, n) data at 45 MeV
[14] and 160 MeV [15], respectively. The location of the
nonspin resonance was uniquely shown with (p, n) data
[16]. The spin-dipole strength in " Ca was examined by
comparing 500 MeV (p, p') data to 160 MeV (p, n) data
with good agreement [17]. In addition, the evidence of
spin-dipole strength was observed in the (77, p') spectra
at 319 IvleV [18].

The differential cross section angular distributions are
calculated with the distorted-wave impulse approxima-
tion (DWIA) calculations using the code DW81 [19]. In a
multipole decomposition analysis, these calculations are
used to evaluate the concentration levels of the angular
momentum transfers (L) in each excitation bin of the
observed spectra. The detailed multipole decomposition
technique is described in Refs. [20, 21]. From the mul-

tipole decomposition analysis, we are able to identify L
transfers 0 through 3 in the excitation energy region be-
low 35 MeV. The extracted L = 0 cross sections are used
to obtain GT strength which is then compared with that
of the oCa(p, n)4oSc data. In a simple one-particle —one-

hole (1p-lh), the shell model code OXBASH [22] is used

to generate the one-body density-matrix elements (OB-
DME) which are then put into DW81 to calculate the
angular distributions for the L = 1 excitations, i.e. , J
= 0, 1, and 2 states. These I = 1 calculations are

compared with the L = 1 cross sections obtained from
the multipole decomposition analysis.

At large angles (|7 ) 15') and high energies (E„)150
MeV), the dominant feature of the observed spectra is
a broad bump that is identified as the quasifree (QF)
scattering peak. We use an interactive Fermi gas model
developed by Brieva [23] to evaluate this cross section.

II. EXPERIMENTAL CONSIDERATION

The double differential cross sections were measured
in the angular range between 0' and 40' covering the
incident, neutron energy from 60 to 260 MeV using the
WN R white neutron sou rce at L A M P F. When a 7.5-cm-
thick tungsten target located at, TARGET-4 is struck by
800-MeV protons delivered from the LAMPF linear ac-
celerator, spallation neutrons with a continuous energy
distribution are produced. A more detailed description
of this facility is present, ed by Lisowski etal. [24],. The
X(n, p) experimental setup ['25] is located approximately
90 m away from the neutron production target and 15'
left of the proton beam line. Two experiment, al setups
were used for this experiment: the "small-angle" setup
for measuring the cross sections in 0' & o~~b & 14', and
the "large-angle"" setup for covering the angular range
of 10' & O~, b & 40'. The neutron beam was collimated
to a size of 10 x 10 cm, approximately the dimensions
of the targets used in this experiment. A multitarget ar-
ray similar to the one described by Henderson et al. [26]
was used. It consisted of four targets separated by four
single-plane multiwire proportional counters (MWPC's).
In addition, two veto MWP(. ,"s were placed in front of
the multitarget array to veto charged particles produced
in the neutron flight path. The four targets that were
simultaneously studied are listed in Table I.

Each ""Ca target (see Table I) was enclosed by 0.5 mm
stainless steel windows and the volume between the win-

dows was filled with argon gas. The fourth target, posi-
tion was always occupied by a CH2 target for an absolute
cross section normalization. All veto and target cham-
bers were filled with a gas triixture of 70/o argon, 30%%uo

CO~, and 0.2%%uo freon to reduce the hydrogen background
contribution [27]. Four drift chambers filled with a gas
mixture of 65%%uo argon and 35'%%uo isobutane were used to
obtain information to calculate the scattering angle and
to do the tracebacks of charged particles leading to the
CsI detectors. In the small-angle setup, a dipole magnet
(0.5 T) was used to deflect the forward-scattered charged

TABLE I. Four targets that were studied simultaneously in the "small-angle" and "large-angle"
setups. The fourth target position was always occupied by a CH2 target to allow for an absolute
normalization using H(n, p) cross section. The ' Ni(n, p) [29] and S(n, p) [50] reactions are
subjects of other studies.

Ta,rget position "Sma.ll-a.ngle" setup

""Ca (200 mg/cm, 97% Ca., 12.5 x 12.5 cm )
Ni (each 150 mg/cm, 7.5 x 5 cm ) [29]""S ('200 mg/cm, 95%%u S, 12.0 x 12.0 cm ) [50]

CHq (7G.1 mg/cm, 12.0 x 12.0 cm )

"I arge-a. ngle" setup
natC
net

nat g
CH2
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FIG. 1. Background subtracted histograms for the 120 &
E & 140 MeV (n, p) data, at 14' & 8i b & 16': (a) H(n, p)
signal and normalized background in shaded area, (b) H(n, p)
signal and blurred-normalized background in shaded area,
and (c) Ca(n, p) I& signal and blurred-normalized back-
ground in shaded area.

particles out of the neutron beam and into the detector
array. A large plastic AE scintillator (30.5 x 50.8 x 0.5
cms) was positioned in front of the CsI(T1) detectors E to
determine the incident neutron energies using the time-
of-flight technique as well as to provide particle identifi-
cations. The energy of detected protons was measured
with 15 CsI crystals (each 8.9 x 8.9 x 15.2 cm ) that were
stacked up in an array of three rows and five columns. For
the large-angle setup, the multitarget array was moved
downstream closer to the CsI detectors to cover the an-
gular range between 10' and 40'. No dipole magnet was
used in this setup. This increased the solid angle as well
as the angular range, and provided an overlap with the
data obtained between 0' and 14'. The overall energy
resolution was 1.0 to 3.0 MeV depending primarily on
the values of the incident neutron energy E„and reac-
tion angle 0. All data were normalized to the H(n, p)
cross section obtained from the sM88 phase-shift solution
of Amdt et al. [28].

The multitarget array chambers operated at a level of
93—97Fo efficiency. Therefore, the excitation spectra for
targets 2, 3, and 4 had to be corrected for misidenti-
fied events, i.e. , events incorrectly associated with a, tar-
get downstream of the trut.. t, arget, . The technique used
to correct for misidentified events has been recently re-
ported by Ling et at. [29].

It was found at an early stage in the data analysis that
the energy resolution of the signal (target-in) histogram

was different from that of the measured background with
empty target to an extent that the difference could not
be neglected especially for the data representing the an-
gular region larger than 10'. As can be seen in Fig. 1,
the signal histogram has a much broader H(n, p) peak
than that of the background histogram. Thus the back-
ground was subtracted from the signal histograms after it
was blurred. If this blurring is not done, the background
subtracted histogram will not only show artificially cre-
ated peaks but also over/under subtracted peaks. The
blurring was done by overlaying a number of identically
normalized-background histograms at fixed intervals un-
til the desired resolution was achieved [21].

In the small-angle setup, the required magnetic field
resulted in an energy dependent solid angle. The Monte
Carlo simulation program GEANT [3()] was used to calcu-
late the solid angles. The procedures as well as outputs
of GEANT for the present setup are documented in Ref.
[21]. For large-angle data that, were measured without a
dipole magnet, a simple but very effective Monte Carlo
simulation code MAGPLT was used [25, 31].

III. RESULTS

In this section, we present the comparisons between
the theoretical and experimental work including the tech-
niques and results of a multipole decomposition analy-
sis, and comparisons between the present Ca(n, p)40K
and previous 4oCa(p, n)" Sc results at Ep —134 MeV
[1] and Ep —160 MeV [2]. First, we survey the inputs
required for doing the distorted wave impulse approxi-
mation (DWIA) calculations using the code DW81: (a)
the Franey and Love t-matrix [32] form of the effective
free nucleon-nucleon (NN) interaction; (b) Schwandt's
phenomenological global optical-model parameters [33]
obtained from proton elastic scattering data in the 80
to 180 MeV energy range; (c) harmonic oscillator single-
particle wave functions with an oscillator parameter b

1.94 fm [34]; (d) depending on how the calculations
are to be used, the nuclear structure coeKcient, Z, is
estimated accordingly. In the multipole decomposition
analysis we have assumed 1p-lh single-particle transi-
tions. Because coe%cients of the cross sections for dif-
ferent multipolaritIes are determined by a least-squares
fit method [35], only shapes for the different multipo-
larities are needed. A second set of DULIA calculations
has been carried out in order to find the absolute cross
section of a given excited state. The shell model code
OXBASH [22] is used to generate the one-body density-
matrix elements (OBDME) for the corresponding 1p-
1h configura. tions. The OXBASH calculations are done
in the sDpF shell-inodel space: 1d5~2, 1d3~2, 2s&g& holes
and 1f7~2, 1fs~~, 2ps~z, 2pt~2 particles assuming Ih~ ex-
citations. The transition densities are obtained from the
calculated wave functions using the Millener and Kurath
[36] form of interaction.

For incident neutron energies E„below 100 MeV we
have binned the data in 10-MeV intervals, whereas for
E„greater than 100 MeV we have binned the data in 20-
MeV intervals to increase the statistics. For instance, the
130-MeV Ca(n, p) I& data, represent the data. between
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120 & E„& 140 MeV. We have done DW81 calculations
at E„=95, 130, and 170 MeV. The choice of E„=95
and 170 MeV was made to provide enough energy sep-
aration to be able to observe the energy dependence of
the spin-flip and non-spin-flip cross sections. In addition
to having comparable energy resolution in both 95- and
170-MeV data, we could use Schwandt's optical-potential
parameters which cover the same energy range. As in-
dicated in Ref. [37], there is a. strong energy dependence
for the ratio of spin transfer to non-spin-transfer charge
exchange cross sections in the 60—200 MeV region. Thus,
as large an energy separatiori as possible is preferable
to identify these two modes of excitations. However, we
have decided on the two energies mentioned above be-
cause of the poor statistics for the data in the E„)200
MeV region.

A. Multipole decomposition analysis

In order to identify the L contributions in each exci-
tation bin, a multipole decomposition analysis [20] was
performed. In this approach center-of-mass double dif-
ferential cross-section data, binned in 1 MeV excitation
energy steps, were fitted with DW81 outputs also prepared
in 1-MeV energy intervals using a least-squares fit tech-
nique. The choice of I-Me V excit, ation energy binning
was made to have a bin size smaller than the experimen-
tal energy resolution in order to distinguish the peaks of

(a) J"=1+ (L=O)

1.00

0.50

0.10

0.05

0 5 10 15 20 25 0 5 10 15 20 25
(«I)

(c) J"=1 (L= 1) (d) J =2 (L= 1)

1.00

0.50

0.10

interest. At E„= 170 MeV, the observed energy resolu-
tion is about 1.5 MeV.

Since the shapes of the calculated angu lar distri-
butions are characterized by AJ transfers, cr(8)
all possible 1p-1h configurations for the J states
1+,0,1,2, 2+, 3+,3, and 4 have been investigated.
Some of the DW81 outputs obtained at E„=170 MeV for
these 1p-1h configurations are shown in Fig. 2. The cal-
culated angular distributions in this figure have similar
shapes for a given J state assuming different p-h con-
figurations. However some exceptions can be found, for
example: (I) In Fig. 2(a), it is shown that the Ids~zld~&'2

p-h configuration for a 6J = 1+ transition has a second
maxima. at about 20', we assumed that this p-h config-
uration may have a. large I, = 2 contribution; (2) the
shape for the 4j = 2, 1fs~22s&&2 p-h transition peaks
at around 20' as can be seen in Fig. 2(d), whereas other
1p-1h configurations for the same AJ transfer peak at

7'; again this particular transition may have a large
L = 3 component.

The strength of each 1p-1h configuration for a tran-
sition to a. gi ven eigenstate was calcu lated with the
OXBASH shell model code. Based on this calculation, we
have chosen the p-h configuration with the largest ampli-
tude to represent each AJ" transition for the multipole
decomposition analysis. In Table II, we list the p-h con-
figurations used to represent the respective AJ transi-
tions in the multipole decomposition analysis. The shape
of 0(8) changes smoothly with increasing excitation en-
ergy E,. . . Therefore, we have done DW81 calculations in
5 MeV E,. intervals between 0 and 35 MeV, for each p-h
configuration representing the J state of interest, . An
interpolation routine is used to supply necessary shapes
in steps of 1 MeV.

The shapes of the calculated angular distributions are
characterized by 4J t, ransfers, but the difference in
shapes among the menabers of a. giveri AL transfer were
not large enough to determine indi vid u al A J contr i-

butions from the present experimental data. Therefore,
we prefer to report the results of the multipole decom-
position analysis by grouping all AJ transitions that
correspond to a. given AL transfer. As such we assume
AL = 0 for the AJ = 1+ transition, AL = 1 for AJ
= 0,1, and 2 transitions, AL = 2 for AJ = 2+
and 3+ transitions, and AL = 3 for 4J = 3 and 4
transitions.

In doing the multipole decomposition analysis, the ob-
served angular distributions for. each excitation energy
bin are used in the fitting rout, ine. In the present study,
cross sections at 10 angles are used between 0' and 20'

0.05 TABLE II. The particle-hole confiigurations used in the
mnltipole decomposition analysis for the Ca(n, p) I& data. .

0 5 10 15 20 25 0 5 10 15 20 25
(«g)

FIG. 2. Arbitrarily normalized DW81 cross-section angu-

lar distributions of the J = 1,0, 1, and 2 at E~ = 17'0

MeV for the Ca(n, p) K reaction.
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in 2' steps: 6 angles from the small-angle setup data
(0' & 01 b & 12') and 4 angles from the large-angle setup
data (12' & 01 b & '20'). Although the small-angle setup
data extend out to 14', the last portion (12' to 14' scat-
tering angle) is not used because of the poor statistics
that resulted from a rat, her small acceptance. It would
be ideal to be able to deduce the strength distribution
of each 4J transition listed above. However, y~ proce-
dures limit the number of parameters that we can use in
fitting 10 cross sections. Therefore, in the present multi-
pole decomposition anaysis, we used a set of five Atting
coefficients to describe the experimental data

( )
i ) cr rrDW81(g)

dQ j
and the result of doing a least-squares fitting with five
coefficients are stored, and the set of coefficients giving
the minimum error is chosen out of the positive a co-
efficients. The positive coefficients ensure that we have
positive cross sections.

In Figs. 3, 4, and 5, we show the multipole decomposed

E = 95 MeV Ca(n, p) K

spectra for the 95, 130 and 170 MeV 4oCa(n, p)4ni& data
at various angles. Since the acceptance was angle, target-
position, and F dependent, we note that the angles used
in the figures presented here are those of median and not
weighted angles. In most cases, we work with q rather
than 8 and therefore the median angles are used only to
represent the angle segments from which respective spec-
tra were gathered. The excitation energy spectra (E
$5 Mev) were decomposed with five 0(8) shapes to
represent four multipolarities, namely, L = 0, 1, 2, and

3 transfers: 1+ for L = 0 transfer, 1 and 2 for L = 1

transfer, 3+ for L = 2 transfer, and 4 for I. = 3 transfer.
These choices of J states to match the data were done
with the overall ys smaller being the obvious choice.
The calculated angular distributions for the J = 2+

and 2 states were not too diHerent, and the present
4nCa(n, p)4sK data with less than ideal energy resolu-
tion were not sensitive enough to distinguish properly
between these two transitions. Thus, the present results
for isovector quadrupole strength may not be very reli-

able. The results of the multipole decomposition analysis
are shown in Figs. 3, 4, and 5 for data obtained at 95,
130, and 170 MeV, respectively, and a fairly good agree-
ment is observed with the measured cross sections. Al-

though we estimated all the 4J transitions mentioned
above, the AJ = 1+,1,2, 3+, and 4 transitions as

2.4
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FIG. 3. Multipole decomposed spectra for the 95-MeV
Ca(n, p) I( reaction at various angles. Experimentally ob-

served cross sections are displayed with error bars represent-
ing the statistical uncertainties. Cross sections characterizing
the I transfers of 0, 1, 2, and 3 a.re shown. The hydrogen
contamination is visible near E 0 MeV at forward angle
spectra.
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FIG. 4. Multipole decomposed spectra for the 130 MeV
Ca(n, p) K at various angles. See Fig. 3 caption.
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presented in these figures seem to ma/ch the data rea-
sonably well. AVe have not included the 0 contributions
to the cross section. Using the results of the 1p-lh shell
model analysis, we calculated the 0 differential cross
sections to be rather small. In multipole decomposition
analysis, we concluded that its inclusion did not influence
the outcome of the fitting. In these spectra, the presence
of the 2 state at E~ = 0.8 MeV is more apparent at 170
MeV than 95 MeV, because of its spin-dipole nature. As
expected, the cross sections for the quadrupole and oc-
tupole states show strong influence at larger angles or
momentum transfers. At forward angles and excitation
energies below 25 MeV, the differential cross section is
dominated by dipole aild spin-dipole states.

B. CT transitions

Two J = 1+ states have been identified in the
~0Ca(p, n)~0Sc reaction. The transition to the lower state
at E = 2.7 MeV in ~0Sc has been identified by Taddeucci
et al. [2] as a GT transition. In order to evaluate the GT
strength, the authors compared the cross section to the
zCa(p, n)4zSc(0.61 MeV) cross section measured under

the identical experimental conditions. The latter tran-
sition is analogous to the zTi(P+) Sc(0.61 MeV) beta
decay, for which the B(GT) value is known. By taking
the ratio of the (p, n) cross sections of the 40Sc(2.7 MeV)

and 42Sc(0.61 MeV) transitions, a B(GT) = 0.21 + 0.04
was deduced for the transition to 40Sc(2.7 MeV). The
unit chosen for B(GT) values in this paper is such that
in the decay of the free neutron B(GT) = 3. The au-
thors also indicated that a transition to a neutron group
located at E = 4.3 MeV in the Ca(p, n) Sc was char-
acterized by an L = 0 transfer. However, no B(GT) value
was assigned to this transition. The 40Ca(p, n)~ Sc reac-
tion has also been studied at 134 MeV by Chittrakarn ef
a&. [1] who reported that the peak located at 4.3 MeV is
primarily a 1+ state, and that at forward angles it has
approximately the same diR'erential cross section as the
transition to the 2.7-MeV state. Although the authors of
Ref. [1] did not report B(GT) values, for the discussion
that follows we assign B(GT) = 0.20 to the transition to
a 1+ state at 4.3 MeV.

The Ca targets used in this experiment had a hydrogen
contamination. As a result we observed a small proton
group in the spectra, which follows the kinematics of the
H(n, p) H reaction. With this in mind, we put more con-
fidence on the B(GT) deduced for the group at 4.3 MeV
than the one deduced for the group at 2.7 MeV.

We have obtained B(GT) values from the L = 0 cross
sections deduced from the multipole decomposed spectra.
VVe used the expression

(2)

2.4

E = 170 Mev 'Ca(n, p) 'K
where ~ is the energy transfer and the values for the
unit cross section o were determined from the universal
relationship

"
{A E) 0 1 x 1 (01. 58+5.00101 E2—0.08A r')

1.2-

0.0 '

—1 5 11 17 23 29 35

E (MeV)

L=o (&)
L=& (1-, r)
L=2 (3')
L=3 (4 )

FIG. 5. Multipole decomposed spectra for the 170 MeV
Ca{n, p) K at various angjes. See Fig. 3 caption.

This empirical u»iverscct relationship was obtained for
X(n, p) reactions as a function of E„ for medium mass
targets [38], and is valid in the neutron energy region
between 70 and 220 MeV. The unit cross section cr is a
proportionality factor that depends on both the nucleus
of interest. and the iilcident nuc]eon energy. The empirical
values were obtained by taking the ratio of the q = 0 ex-
trapolation of the measured forward angle differential GT
cross section and the corresponding GT strength B{GT)
known for the corresponding transitions from beta decay
measurements. The o(A, E) assumed to be a smooth
function of mass number A and energy E, represented
by Eq. (3), may be used in transitions for which the GT
stiength is llot, known.

Using Eq. {3) we calculate o = 5.3 + 0.3 and 5.9
0.3 mb/sr unit(GT) at 130 and 170 MeV for the

Ca(n, p) K cross sections, respectively. This may be
compared with o = 5.5 + 0.2 mb/sr unit(GT) at E„=
160 MeV from the published Ca(p, n) Sc result [2].

In I'ig. 6, we show the multipole decomposed 170-MeV
Ca(n, p) K data spectrum at 0, = 1.0' and the ex-

tracted I. = 0 cross section. The 2 state at F = 0.8
MeV, whose diH'erential cross section is comparable to
that of the 1+ state at E = 2.7 MeV [1, 2], is not well

recognized in this figure. This may be due to the hy-
drogen contamination in the target. To extrapolate to
q = ~ = 0, the I = 0 cross sections were multiplied by
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the factor
DW81

o (q = 0,~ = 0)

. o '(0 = 0', q, ~)
(4)

In our case the value of the expression in brackets is equal
to 1, 1.25, and 3.25 at E = 0, 10, and 35 MeV, respec-
tively. This correction presents a rather delicate situa-
tion in evaluating B(GT) values at higher excitations.
Even small errors in the evaluation of the L = 0 differ-
ential cross sections get magnified by more than three-
fold at about 30-MeV excitation energy. Furthermore,
the extracted L = 0 cross sections are susceptible to the
choices of the 1p-1h configurations used to represent the
transitions to the unbound region in the multipole de-
composition analysis. Therefore we limit the discussion
of our analysis only up to 15 MeV excitation energy.

We estimate that between E = 0 and 15 MeV, the sum
of the L = 0 cross sections after extrapolation to q = 0
fm i are about 8.5 + 0.5 and 9.0 + 0.5 mb jsr from the
multipole decomposed 130 and 170 MeV ~ Ca(n, p) oi&

data, respectively. Thus, we estimate P& o' B(GT)
values of 1.6 6 0.1 and 1.5 + 0.1 for the 130 and 170
MeV data, respectively. The uncertainties are just of
statistical nature.

From the multipole decomposed spectrum of the 170
MeV 4oCa(n, p)~oK data, we obtain o o~ = 0.8 6 0.1 and
1.0 6 0.1 mb/sr for the proton groups at E = 2.7 and
4.3 MeV, respectively. With these cross sections and the
a given above for the 170-MeV ~oCa(n, p)4 I& reaction,
we estimate B(GT) = 0.14 + 0.02 and 0.17 + 0.02 for

2.4
H L=O (1')
H I-=1(1, 2) 40 40

the two proton groups located at F. = 2.7 and 4.3 MeV
in the (n, p) data, respectively. The B(GT) for these
two states represent about 20'%%uo of the P& z' B(GT)
in the 170-MeV Ca(n, p)~ I& data. These values are
in good agreement with B(GT) = 0.21 + 0.04 and 0.20
for the F = 2.7 and 4.3 MeV states from the 160-MeV

Ca(p, n) Sc measurements.
This large B(GT) value from the multipole decom-

posed oCa(n, p) oi& data up to 15 MeV excitation en-

ergy can only be explained with 2p-2h and higher ground
state correlations in which 0+ ~ 1+ transitions are not
blocked. It has been shown [6, 7] that the occupation
probabilities N»t& of the proton single-particle orbits in

Ca, that are estimated using the dispersive mean field,
for If7~, Idsgq, 2si~~, Idsg2, Ipig, lps~2, and Isiy. sub-
shells are 0.14, 0.85, 0.87, 0.88, 0.91, 0.92, and 0.93, re-
spectively. The single-particle orbits that lie in (above)
the Fermi sea are not fully occupied (are not entirely
empty) because of the residual NN interaction. The
N„i~ of 0.85, i.e. , 85% occupancy, for the Ids~z subshell
alone indicates that 2p-2h and higher excitations are pos-
sible. Transitions involving other subshells would un-
doubtedly produce additional GT transitions. Adachi et
al. [4] have used a second order perturbation calculation

8
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L=1(1, 2)

fg L=2 (S')
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FIG. 6. The multipole decomposed 170-Me V
Ca(n, p) K spectrum at 8, = 1.0', and the isolated plot

of the L = 0 cross section. Hydrogen contamination is shown
in shaded area.

5 10 15 20 25 30

E (M.V)

FIG. 7. The multipole decomposed 170-Me V

Ca(n, p) K and the 160-MeV Ca(p, n) Sc [2] spectra at
8, = 5.2'. The (p, n) and (n, p) data were multipole de-

composed with excitation energy bins of 0.5 and 1 MeV, re-

spectively. The same choices of a(8) 's were used in the

multipole decomposition analysis of both spectra. In both

(n, p) and (p, n) spectra at this angle, we observe almost the

same amount of GT strength and nearly the same higher L
transfer contributions with a good overall agreement between
the two spectra.



1798 B. K. PARK et al. 45

with Bertsch and Hamamoto interaction [5] to estimate
the GT strength that extends out to high excitation en-
ergies. The contribution of the central (Vc) and tensor
(VT) terms in the interaction to the GT strength values in
4 Ca are estimated to be substantial: P& a

' B(GT)
= 0.825 and 1.786 assuming the perturbation interaction
to be the central (Vc) and tensor (VT) interactions of
Bertsch and Hamamoto, respectively. If the calculations
are extended to include J = 1+ states up to about 60
MeV, the value increases to Q& s

' B(GT) = 1.26 and
4.66 from V~ and VT terms, respectively. As pointed out
by the authors, these results are highly dependent upon
the choice of the interaction, and it remains to be seen
how they would change if one calculates with other real-
istic interactions.

A similar situation has been reported in the analysis
of the isO(n, p) tsN data [39] measured at 298 MeV. The
'sO (N = Z = 8) target is also a doubly magic nucleus,
and in the independent, -particle shell model it is described
by the 1s&~2, 1p3~2, 1p&~2 double-closed shells. This de-
scription excludes L = 0 transitions because it forces the
charge exchange transit, ion into the s-d shell orbits. The
nonzero CT strengths observed in the ' O(n, p)' N are
due to particle-hole correlations in the ground state and
4h~ [40] nuclear shell model calculations seem to repro-
duce the observed GT strengths to a. reasonable level.

The PE &'M, v BGT reported in Ref. [40] is about, 0.6
unit. It is interesting to note that Adachi ef al. [4] also
report a value of 0.6 unit for the GT strength in ' 0,
assuming only the central 5'&- term for the perturbation
interaction and including 1+ states up to 80 MeV of ex-
citation. The separate contribution of the tensor inter-
action is 3.18 units for the GT strength.

It would be interesting to obt, ain the energy distribu-
tion of the calculated (lT strengt, h in Ca and to com-

pare with the empirical results shown in Fig. 6 as was
done in Refs. [39, 40] for the ' 0 nucleus. The present

Ca(ni, p) oK results indicate good agreement for the GT
strength observed in the (p, n )reaction to. the 2.7 and 4.3
MeV states. We also have done a multipole decomposi-
tion to the 160-MeV Ca(p, n)~ Sc data [2] (see Fig. 7).
We have obtained P& o'M, v BGT = 1.7 + 0.1, which is

in very good agreement with the 1.6+ 0.1 value obtained
in the present Ca(n, p) K analysis.

C. Dipole strength distribution
in the Ca(nf, p) K reaction

As indicated in the above section, the GT (L
0) strength in spin-sat, urated nuclei, such as Ca, is40

strongly suppressed. Thus, these nuclei are ideal cases
to study the dipole and spin-dipole (L = 1) giant reso-
nances. As such, in recent years several studies have been
published. The excitation of the GDR is uniquely deter-
mined in photonuclear react, ion and has been studied by
Ahrens ef al [16]. Seveta. l a.uthors report on the excita-
tion of the GSDR observed in Ca(p, p') [17,41—44] and

Ca(p, p') [l8] reactions at intermediate energies. Horen
ef al. [17] have compared the spin-dipole cross sections
obtained from the 500 MeV 4 Ca(p, p') reaction with the

1
10 ~T i

"Ca(n,p) 'K(0.8 Mev, 8 )

0.2 DW81 (2 )
-1

"(=I 10

10
0 5 10 15

angle (deg)

L LJ

FIG. 8. Angula, r distribution for the proton group ob-
served at F = 0.8 MeV with 170 MeV incident neutrons
for the Ca(n, p) I& reaction. The curve shown is a 1 f7y2
particle —ld3g2 hole and 2 = 2 DWIA calculation normal-
ized by 0.2.

charge exchange Ca(p, n) Sc cross sections obtained
at 160 MeV [2]. The results appear to be in reasonable
agreement.

The observed centroid of the GSDR is about 3 MeV
below the centroid of the GDR estimated from the

Ca(p, n) results [16]. An analysis of the present data,
indicates a. separation of about 2—3 MeV, which is in

good agreement with the above value. This analysis is
reported in Ref. [21].

In Fig. 7 we present, t, he mult, ipole decomposed 170
MeV Ca(n, p) K and 160 MeV Ca(p, n) Sc spec-
tra at 0, ~ = 5.2'. The (p, n) data had better en-

ergy resolution than the ~OCa(n, p)~ K data, and there-
fore we performed a multipole decomposition with ex-
citation energy binning of 0.5 MeV. Consequently, the
2 state at E = 0.8 MeV is better recognizable in the

Ca(p, n)"0Sc data. Furthermore, in the (p, n) data, we

observe somewhat more detailed structure of the L = 1

excitation, and the higher multipole transfers are bet-
ter represented in a sense that smaller uncertainties were
obtained in the multipole decomposition analysis than in
the (n, p) data. However, the overall agreement between
the multipole decomposed spectra of the Ca(n, p)" I&

and Ca(p, n) Sc data at this angle is quite reasonable.
We observe almost the same amount of GT strength and
nearly the same higher L transfer contributions below 20
MeV excitation energy.

Assuming a, simple lp-1h model, we have used the shell
model code OXBASH to calcula, te the excitation energies
and OBDME for the dipole and spin dipole states in

Ca. The DW81 calculations were then carried out for
each excited state. The 2 state at E = 0.8 MeV was
easily distinguishable in the multipole decomposed spec-
t, ra. for the 170-MeV ~ Ca(n, , p) I( data at various angles.
In Fig. 8 we present the angular distribution for the pro-
ton group observed at E~ = 0.8 MeV determined from the
multipole decomposed spectra. The curve shown in this
figure is a J = 2, assuming a pure I f7~q Ids&'~ DW-IA
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30 ~ l
~

l
~

l
I t

I

E = 170 MeV 8 = 7.2'

calculation normalized by a factor of 0.2. A good agree-
ment is observed. The same normalization factor was
used to describe the angular distribution of the 2 state
at E = 0.8 MeV in the 160 MeV 4 Ca(p, n)4uSc data.
The M2 strength for the analogous 4 Ca(e, e') Ca(8.43
MeV) transition has been measured by Richter ef al. [45].
A value B(M2) t' = ('235 6 20)tuN fm is quoted for

the transition. A pure 1f7/2 Id&&-z transition yields a re-

sult of about 6 times larger, B(M2) t'= 1495@tv fm [2].
Thus in the absence of significant orbital contribution to
B(M2) t', this normalization is consistent with the nor-
malization of 0.2, between the calculated and measured

(n, p) cross sections.
In Fig. 9 we show the integrated sum of the L = 1, 1p-

1h cross sections from DW81 calculations for E„= 170
MeV at 0, ,„=7.2' and that of the multipole decom-
posed spectrum for the 170 MeV oCa(n, p)4 K data at
the same angle. The calculations use OBDME from a
simple 1p-1h model, and include 21 (j = 0,1,2 )
states for the L = 1 transfer between E = 0.8 and 16.55
MeV. In Fig. 9 only about a fifth of the cross section
calculated with the 1p-1h wave functions is empirically
observed up to 16 MeV. This factor of 0.2 is the same
normalization that we used to compare the calculated
and measured cross sections of the J~ = 2 state at E~
= 0.8 MeV. This may be compared with the ' O(n, p)
study [39] in which approximately 50% of the cross sec-
tion, also calculated with a lp-1h shell model, is experi-
mentally observed. In Fig. 10 we present the calculated
dipole cross sections at q 0.4 fm ', close to the L = 1

peak location, for the Ca(n, p) I& reaction at E„
95 and 170 MeV. In this figure, the excited states corre-
sponding to J = 0, 1, and 2 states are shown with
dot-dashed, dashed, and solid lines, respectively. The cal-
culated cross sections are shown in Gaussian distribution
with 1 MeV full width at half maximum to match the
energy resolution of the experimentally observed spec-
tra. In Fig. 11 these calculations are superimposed on

2.0
: 8, =7'
. q=0.38 (1/fm)
. E~ = 170 MeV
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FIG. 10. The calculated 1p-1h dipole difI'erential cross
sections a.t q 0.4 fm, for the Ca(n, p) I& reaction at
E„= 95 and 170 MeV. The excited states corresponding
to J = 0,1, and 2 states are shown with dot-dashed,
dashed, and solid lines, respectively. Three J" = 0 cross
sections are very small and cannot be easily seen in this fig-
ure. The largest 0 cross section (0.159 mb/sr) is calculated
at E = 16.55 MeV for the 170 MeV Ca(n, , p) K, and all
others are less than 0.05 mb/sr.

L = 1 cross sections from t, he multipole decomposed
170-MeV 4 Ca(n, p) K da. ta. at. 0, ,„=5.1'. The sim-
ple 1p-1h model predicts spin-dipole strength only up to
16.55 MeV. The observed I = 1 strength seems to ex-
tend to about 30 MeV in excitation energy. These simple
1p-1h calculations, which are normalized by a factor of
0.2 to resemble the experimentally observed data, show
a fairly good agreement with the observed L = 1 dipole
excitations. The 1p-1h results seem to predict reason-
ably well the shape and location of L = 1 cross sections

20 2.4
"Ca(n,p) K

= 5.2'

E = 170 MeV

10

0
0 5 10 15 20 25 30 35

E (MeV)

'a

b

16

E (MeV)

ll
li

II II
il1 2

I il
T

00"0 4 8 12 20

FIG. 9. Running sum of the L = 1 differential cross sec-
tion (da/dA) obtained from the multipole decomposed spec
trum at 170 MeV and 8, = 7.2'. Calculated cross sections
are normalized by a factor of 0.2 and are shown in the shaded
area.

FIG. 11. Normalized lp-1h DWIA clifferential cross sec-
tions are superimposed on the I = 1 spectrum from the mul-

tipole decomposed 170 MeV Ca(n, p) IC data at 8, ~
5.2'.
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220

30

FIG. 12. 3D plot (E, E„, d n/dAdE) of Ca(n, p) I& data at g~, a
——7'. A smooth increase in strength is observed for

the 2 state located at E = 0.8 MeV with increasing neutron energy. The strength of the lower part of the L = 1 dipole
resonance at approximately E 13 MeV appears to increase with neutron energy, consistent with its 2 character and the
energy dependence of t, he spin-Hip and non-spin-flip nature of the L = 1 resonance.

below E = 16.55 MeV. A more sophisticated calcula-
tion with larger p-h configurations show the spreading
of the spin dipole strength to higher excitation energies.
Specifically, Wambach, and Unkelbach [46) have shown
that DULIA calculations with a "second random-phase-
approximation" (SRPA), which includes 1p-lh as well as
2p-2h excitations, produce better agreement with spin
excitations in the (p, p') [18] reaction.

In Fig. 12 we present a 3D plot of (E~, E„,d 0'/dQ dE)
for the Ca(n, p)40K data at O~ab = 7'. As the neutron
energy increases above 110 MeV, we observe the GSDR
to have a very distinct peak that is well separated from
the GDR. On a relative scale, the upper excitation en-
ergy region (E ) 12 MeV) is more strongly populated at
the lower beam energies than the lower excitation energy
region. This also can be seen in Figs. 3 and 5 between
the 95 and 170 MeV 4oCa(n, p)4 K spectra. The strength
of the spin-flip 2 state at E = 0.8 MeV handsomely
increases with the incident neutron energy. Calculated
transitions to states with J = 1 may have contribu-
tions from spin-transfer (AS = I) as well as non-spin-
transfer (AS = 0) components. This creates difficulty in
separating how much of the observed A J = 1 transi-
tion strength belongs to the GDR or GSDR [46, 47]. On
the other hand, transitions to either 0 or 2 states are
pure GSDR transitions. Thus the overall increase in the
2 state strength (see Fig. 10) with increasing beam en-

ergy makes the GSDR more prominent at higher beam
energies.

As discussed above, for Ca the GDR is uniquely ex-
cited in the (p, n) reaction [16]while the GSDR has been
studied with the (p, p') reaction [17] at 500 MeV. For
qualitative comparisons, we present in Fig. 13 the arbi-

3.5
Ca(n, p) K

MeV

0.0

3.5

2.3

"Ca(n,p)"K

E = 710 MeV

1.2

0.0
0 5 10 15 20 25 30

E (MeV)

FIG. 13. Qualitative comparison of the 75 MeV (210
MeV) Ca(n, p) I& spectra, (not multipole decomposed) at
ti& i, = 5' and GDR (GSDR) from (7, n) [500 MeV (p, p')j
data. Arbitrarily normalized GDR~~'" and GSDR(~'" ) spec-
tra are superimposed on t, he present (n, p) results. Both

GDR ~'" and GSDR~"'" are shifted by —7 MeV ln E . A

fair overall agreement is observed in this comparison.
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trarily normalized GDRi'r "1 and GSDRf&" & spectra su-
perimposed on our (n, p) results at Oi b = 5' for E„=75
and 210 MeV, respectively. The 75-MeV 4oCa(n, p)4oK
data look very much like the GDR(~ ") in the excita-
tion energy region between 10 and 20 MeV. The obvious
presence of excitation of some spin-dipole states in the 75
MeV 4oCa(n, p) K data should account for the difference
found in the F = 5 to 10 MeV region. We also observe
a good agreement between the 210-MeV OCa(n, p)4 I&

data and the spin-dipole spectrum obtained at the 500-
MeV 4oCa(p, p') reaction [17]. These comparisons help
support the argument that a considerable portion of the
dipole strength at lower beam energies is from the GDR,
whereas the GSDR is more prominent at higher beam
energies.

D. Quasifree scattering contribution

At intermediate nucleon energies the nuclear response
at small momentum transfers (q ( 1 fm ) is dominated
by giant resonances of low multipolarities (L = 0, 1, 2).
At larger momentum transfer the main characteristic of
the inclusive spectra is a broad peak at energy transfer

q /2M, where M is the nuclear mass. The individ-
ual giant resonances are not strongly excited. The energy
transfer for the broad peak corresponds to the kinemat-
ics for NN scattering from a nucleon at rest and the
width of the peak is attributed to Fermi motion of the
struck nucleon. This peak is usually referred to as the
quasifree (QF) peak. We have observed this peak in the
oCa(n, p)~ol& reaction at energies above 150 MeV (see

Fig. 14). Recently there has been interest in the location

of this peak and in the evaluation of the observed cross
section. Horowitz and Murdock [48] use a relativistic
approach to estimate the QF cross section. However, ex-
periiiiental support for the relativistic description of QF
scattering has mainly been confined to analyzing power
or induced polarization [49]. We compare the present
cross-section data to the nonrelativistic model of Brieva
and Love [23]. Their code based on an interacting Fermi-
gas model, and the following assumptions to calculate the
inclusive QF scattering cross section: (1) eikonal plane
waves for initial and final states, (2) nuclear matter den-
sity for target structure, as derived from electron scat-
tering data, (3) uncorrelated polarization propagator and
absorption for particle states, (4) efi'ective NN force such
as Franey and Love interaction, (5) finite size eff'ects in

a local-density approximation, and (6) relativistic kine-
matics. In Fig. 14, we present, the calculated diff'erential
cross section normalized by 0.75 at 0~ b ——25' as com-
pared with the data. The location of the QF peak cal-
culated with Brieva's code is at the free NN kinematic
energy. A shift of 14 MeV was needed in the calcula-
tion to match the location of the observed QF peak. The
calculation seems to indicate that below 15-MeV excita-
tion energy, the QF contributions are rather small. A
similar agreement is observed at higher angles not pre-
sented here. It may be noted that in Fig. 14, above 60
MeV of excitation, the measured cross section is higher
than the calculation. To some extent this may be an arti-
fact of the data that have been binned in a 2' scattering
angle interval; however, calculations taking this into ac-
count did not show a much better agreement than the
one presented in Fig. 14. A calculation done with the

1.0

8 = 24' —26'
lab

E = 160 — 180 MeV

"Ca(n,p)4oK

b

0.0
0 20 40

E (MeV)

60 100

FIG. 14. The QF cross sections from the calculations of Brieva [23] for the 170-MeV Ca(n, p) K reaction at Hi~b = 25'
superimposed on the observed excitation spectrum.
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relativistic code of Horowitz improve the agreement only

slightly when compared with the data.

IV. CONCLUSIONS

Double differential cross-section angular distributions
were measured for the 40Ca(n, p)40K charge exchange re-
action with a multitarget array and the LAMPF WNR
spallation neutron source. With a "detection wall" made

up of 15 CsI detectors, simultaneous measurements over
incident neutron energies between 60 and 260 MeV were
carried out covering the scattering angle range of 0' &

b & 40'.
A sizable GT strength [B(GT) = 1.6 + 0.1] is observed

below 15-MeV excitation energy in the Ca(n, p) K
data. A large GT strength has been previously reported
in the (n, p) reaction on the light spin-saturated nucleus

O. The p& 0'M,v BGT for O(n, p) N reaction re-

ported in Refs. [39, 40] is about 0.6 unit. The impli-
cation of the observed GT strengths, whose value lie
between the simple shell model prediction [B(GT) =
0] and a second-order perturbation calculation [4) [for

Ca, QE 0 B(GT) = 0.825 and 1.786 from V~ and

VT, respectively], is that better theoretical work is very

much in need because the closed nuclei such as 0 and
4 Ca are ideal for studying the correlations in nuclear

ground state wave functions. In order to not only con-

firm the present findings but also to reduce the uncertain-

ties related to B(GT) values, additional (n, p) measure-

ments need to be made preferably at selected energies

and momentum transfers. For the I = 1 excitations, the

1p-1h shell model calculations were performed with the
OXBASH shell model code. Generated OBDME were then

used in DWIA calculations. The results were reasonable
in predicting the dipole distribution for the 40Ca(n, p)40K

reactions.
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