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Spin decomposition of the responses of Ca and Ca to 300 Mev protons
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Angular distributions of the double-difFerential cross section d o /dQ dE {o ) and the spin-flip proba-
bility S„„have been measured for inclusive proton inelastic scattering from Ca at 290 MeV and from
'Ca at 318 MeV. Excitation energies up to about 50 MeV for ~Ca and 40 MeV for 'Ca have been in-

vestigated over the laboratory angular ranges of 3' to 12' for Ca and 3' to 9 for Ca. Multipole decom-
positions of angular distributions of both the spin-Rip cross section o.S„„and the estimated cross section
for AS =0 transitions have been performed. Distributions of strengths were deduced for hL = 1, hS =0
{the giant dipole), AL =2, AS =0 (the giant quadrupole), AL =0, AS = 1 {the magnetic dipole), hL = 1,
AS =1 {the spin dipole), and AL =2, ES =1 {the spin quadrupole). The ES =0 summed strengths for

Ca are lower than for " Ca and 'Ca. The spin-dipole summed strengths are found to be approximately
independent of A. For Ca, essentially all M1 strength observed was in the 10.23 MeV 1+ state; for

Ca, M1 strength was observed to be fragmented over a range of 7 to 18 Mev.

I. INTRODUCTION

Until recently, studies of the nuclear continuum and of
giant resonances using proton inelastic scattering were
hindered by difhculties in determining the spin-transfer
(bS) decomposition of the measured cross sections. For
example, the giant dipole (GDR) and giant quadrupole
(GQR) resonances generally appear above an apparently
featureless continuum; this has been treated as a smooth
"background" which is then subtracted to obtain the res-
onance strengths. Virtually nothing was known about
AS =1 resonances or about the relative AS =1/b, S=0
response of the continuum as a function of excitation en-
ergy (co) and momentum transfer (q). The advent of
focal-plane polarimeters, however, has changed this situ-
ation. Now the spin-Aip probability S„„canbe measured
along with the cross section d o /d Q dco(o ), and the spin
decomposition of the "background" can be estimated.
Under the assumption that S„„is relatively insensitive to
such things as distortions, Fermi motion, relativistic
e8'ects, etc., the fraction of the total nuclear response
which is due to AS =1 transitions, R„has been shown
[1,2] to be approximately determined by S„„.At momen-
tum transfer near 0.5 fm ' and for high co( ~ 30 MeV),

R, has been determined [1—3] to be very large, more than
80%%uo, for a wide range of targets and projectile energies.
In the giant resonance region, the "background" has been
shown [4] to be mostly b,S= 1 strength with considerable
resonance structure.

The spin-flip cross section os„(—:o S„„)is, to an excel-
lent approximation, due only to AS=1 transitions be-
cause S„„=Ofor AS =0 transitions at intermediate ener-
gies. A recent paper [5] describes the analysis of crs„ for
a 319-MeV proton scattering from Ca. There, the first
clear determination of the distribution of spin-dipole
strength relative to sum-rule predictions was described
and a spin-dipole resonance (SDR) approximately ex-
hausting the sum rule was observed. Similar multipole
decompositions for Fe have been performed [6] which
deduce both SDR and M1 strength distributions. Here,
similar analyses are presented for Ca and Ca; the
summed SDR strength is found to be quite independent
of A for the calcium isotopes.

For AS =0 transitions there is no simple cross section
with contributions only from ES=O transitions analo-
gous to o.sz for the AS=1 transitions. The cross section
for b,S=0 transitions only may be written [4] as

o.o=a —(o sF/a),
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where a is the spin-flip probability for the hS = 1 transi-
tions. Clearly, then, a is model dependent and depends
on the nucleon-nucleon (NN) force, the nuclear structure,
and the reaction mechanism. While considerable pro-
gress is being made [7] in random-phase-
approximation/distorted-wave impulse-approximation
(RPA/DWIA) calculations, sophisticated estimates of a
are not presently available. Previous results for GDR
and GQR strengths in" Ca [5] and Fe [6] assumed that
o, may be determined approximately from the appropri-
ately isospin-averaged free NN force (determined from
the Love-Franey t matrix [8,9]). The analyses presented
here for Ca and Ca are also based on this assumption.
The AS=0 summed strengths for Ca are found to be
surprisingly smaller than for ' Ca.

II. EXPERIMENTAL DETAILS

The Ca(p, p ') experiment was performed at TRI-
UMF using the medium-resolution spectrometer (MRS)
and an incident proton energy of 290 MeV. The

Ca(p, p ') experiment was performed at LAMPF using
the high-resolution spectrometer (HRS) and an incident
proton energy of 318 MeV. The details of the focal-plane
polarimeters and of the experimental facilities have been
previously described [10—12].

For Ca, the MRS focal-plane acceptance permitted
acquisition of data for energy loss ~ up to approximately
50 MeV with a single magnetic field setting at each
scattering angle. The target, enriched to 98.78% of Ca,
had a thickness of 53.5 mg/cm . Data were acquired for
laboratory scattering angles 3', 5', 7', 9', and 12
(q =0.26, 0.38, 0.50, 0.64, and 0.84 fm ' at co=20 MeV).
Absolute normalization of the o. data was achieved from
the knowledge of the target thickness and integrated
beam current; the uncertainty is estimated at 10%. The
cross-section data were taken at a later time than the
spin-flip probability data which presented the following
problem: a change in hardware made acquisition of 0.
data at 3', an angle where S„„had been measured, not
possible. Absolute cross sections at 3' were therefore es-
timated by linearly extrapolating measured cross sections
at 3.5 and 4.5'.

S„„data were also measured for ~ up to about 80 MeV
in Ca for 0=7' in order to verify that R, remains large
with increasing co. These data have been published [2]
and will not be discussed here.

For " Ca, four magnetic-field settings per scattering an-
gle were required to obtain data for the approximate en-
ergy loss range of 6 MeV + co ~40 MeV. The target, en-
riched to 99%, was 150 mg/cm thick. Data were ob-
tained at laboratory scattering angles of 3', 5', 7', and 9'
(q =0.26, 0.39, 0.53, and 0.67 fm ' at co=20 MeV). The
absolute normalization of the data was somewhat more
problematical than for Ca because the size of the target
was small enough that the entire beam did not strike it.
However, careful comparison of yields for the four ener-

gy bites at each angle show that relatiue cross sections
could be reliably measured. The elastic-scattering yields
were therefore measured at small angles and absolute
normalization was achieved by normalizing these to an

optical model calculation at 318 meV for Ca using the
experimentally determined [13] optical model parameters
for 334-MeV proton scattering from Ca. This pro-
cedure yielded cross sections for the 10.23-MeV 1+ state
which were in excellent agreement with previous mea-
surements [14,15].

III. SYSTEMATIC FEATURES OF DATA FOR
Ca ISOTOPES

Shown by the dots (triangles) in Figs. 1 —5 are the data
for the cross section 0., the spin-flip probability S„„,the
spin-flip cross section o.s„, the approximate cross section
for ES=O transitions O.o, and the analyzing power A,
respectively, for" Ca ( Ca). The relative spin responses
R„determined from the S„„data, are shown in Fig. 6.
Examination of Figs. 1 —6 reveals interesting comparisons
between "Ca and" Ca. Figure 1 shows that o. is, for the
most part, larger for Ca than Ca in the giant reso-
nance region around co-20 MeV; the o data [5] for Ca
are quite similar to those of Ca. However, differences in
S„„(Fig.2) are such that os„(Fig. 3) is, except for low co

at 3, virtually identical for both nuclei. As will be dis-
cussed in Sec. V B below, the reason for the difference in
the low co data at 3' is the different distribution of M1
strength in the two nuclei. Thus the differences in o. are
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FIG. 1. Spectra of double-difterential cross sections for the
Ca(p, p') reaction at E~ =290 MeV (dots) and the Ca(p, p')

reaction at 318 MeV (triangles). Spectra are labeled by labora-
tory scattering angles.
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'Ca at a laboratory scattering angle of 5'.

FIG. 6. Spectra of relative spin responses presented as in Fig.

apparently due mainly to differences on oo (Fig. 4).
These large differences will obviously have significant irn-

pact on the deduced strengths for the AS=0 transitions
as will be seen in Sec. V A below. It is di%cult to under-
stand this discontinuity in o.obetween Ca and Ca.

Except at low co at 3, the values of R, determined from
the S„„data for Ca and Ca are very similar to each
other as illustrated in Fig. 6. In the giant resonance re-
gion, where AS=0 correlations are expected to be dom-
inant, R, is still only slightly less than 0.5 at most angles.
At high excitation, R, rises to 0.80 and larger. These
features have been seen in Ca and a number of other nu-
clei, as discussed recently in Ref. [2].

Shown in Fig. 7 are the spectra of o.zF for Ca, Ca,
and Ca at a laboratory scattering angle of 5', spectra at
other angles are comparably similar. This constancy of
o.s„, is, at first, surprising, for two reasons. First, data for
the Ca(p, n ) reaction [16] has continuum cross sections
which are approximately half those for the Ca(p, n ) re-
action. Second, one would expect the addition of eight
f7/2 neutrons to the 2 =40 core to have a significant im-

pact on the inelastic scattering of protons. However,
some reAection allows a qualitative understanding of the
(p,p') and (p, n) data. No (p, n) transitions possible
from the Ca core will be blocked by adding neutrons
but new transitions from the vf7/2 orbital will become
possible; therefore the cross section for (p, n) should in-
crease as neutrons are added. For (p,p'), however, add-

lng vf 7/2 particles will block some transitions possible in

Ca, thereby decreasing the cross section; an added cross
section due to new transitions from the vf 7/2 orbital evi-

dently balances this loss of cross section. It is interesting
that the schematic model, described in Sec. IV B and in
Ref. [5], predicts near constancy for the cross sections for
all three Ca isotopes.

These qualitative arguments are further corroborated
by our continuum RPA calculations for Ca and Ca.
The technique that we have adopted is similar to the one
described in detail by Bertsch and Tsai [17] which is
based on a coordinate space representation of the Green
functions. The method has been widely adopted since it
is easily amenable to the use of the Skyrme interactions.
BrieAy, the first step is a calculation of the unperturbed
Green function as a function of excitation energy, co,
from the Hartree-Fock wave functions P&. The results of
this calculation are used to generate the RPA Green
function. The transition density for giant excitations of
spin character at a particular excitation energy is then
determined from the imaginary part of the RPA Green
function. The calculations predict a ratio of cross sec-
tions for Ca(p, n )I Ca(p, n ) of 0.56 in good agreement
with experiment [16] an near equality for the 4OCa(p, p')
and Ca(p, p') cross sections, quite consistent with our
results and schematic-model calculations.

IV. ANALYSIS

A. Analysis of pro data

The cro data were analyzed in a manner similar to that
described in Ref. [4]. Angular distributions for a given
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angular momentum transfer L were calculated using
Ecis79 with the optical potential of Ref. [13] at an arbi-
trary coL for 100% exhaustion of the energy-weighted
sum rule (EWSR) at coL. These calculations used a mac-
roscopic model for the excitation, including the full Tho-
mas spin-orbit term, Coulomb excitation, equal deforma-
tions for all potentials, and relativistic kinematics. The
GDR calculations were done as in Ref. [4]; the isovector
potential was determined by scaling the optical potential
using the volume integrals of the two-body interaction in
the isovector and isoscalar channels as obtained using the
Love-Franey t matrix [8,9]. The strengths of the contrib-
uting multipoles were determined by fitting o.o(q) of each
energy bin with a y minimization routine. This routine
calculates search errors which include the effects of
correlations among the parameters; it is these errors
which are shown in figures showing extracted strengths.
As in Ref. [4], angular distributions for hL =1, b,L =2,
and AL =4 were used, since our data do not have
sufhcient angular range to reliably separate AL =2 and
EL =3; the angular distributions predicted for Ca for
coL =20 MeV and 100% exhaustion of the EWSR are
shown in Fig. 8(a). No significance can be attributed to
the extracted AL =4 strength which is assumed to simu-
late contributions from all multipoles with AL & 3.
Monopole transitions were neglected since there is evi-
dence [18,19] that they are weak in this region, and, in
any case, they would be very di%cult to distinguish from
the GDR. If extraordinarily large GDR strengths are de-
duced, one possible explanation could be contributions
from monopole strength. The calculated angular distri-
butions (as functions of momentum transfer since q de-
pends on to as well as 8) were used but multiplied by
coL/co so that the resulting summed strength represents
the fraction of the EWSR exhausted.

AL=1

0
I I I I I I I I I I I I I I

10

FIG. 8. Angular distributions used in the rnultipole decom-
positions of Ca. AS=0 transitions are shown in (a), AS=1
transitions are shown in (b).

B. Analysis of o.» data

Analysis of O.sF data here is very similar to the analysis
of Ca data previously described [5]. There an extended

version of the schematic model of Boucher et al. [20] was
used. For a AS=1 transition with AL =L, AJ=J, and
AT=T, crsF can be written in terms of the nucleon-
nucleon t matrix:

2

( (e)e)eeer= or&r)()+r(q)l (& X r;'Qe( r +()oT) r'"e0)
l

2

+Dr(E, (q)l (J ger; q(()ro+T'r;, )e '
0)

l

(2)

where

q=(k+k )ilk+k'I,
(3)

ET and FT are the longitudinal and transverse coefFicients

of the Love-Franey t-matrix [8,9] and DT' are approxi-
mate corrections for distortion effects. The normaliza-
tion factor, N, was calculated relativistically as in Ref.
I:5].

The matrix elements in Eq. (2), which are L and J
dependent, were calculated as in Ref. [20]:
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2j ger; Qe '
0) =Ache Jr +'je(qr) dr

2
(4~)2

L
1 /( r2

&

(
2j Xe; qe '

0) =AeC. Jr + je(qr) dr
dl"

0

'2

p(r)=pa(l+wr /c )/[1+exp[(r —c)/a]I, (7)

where po is chosen such that

Here, p is the nucleon density and taken to be a three-
parameter Fermi distribution,

where coL is the energy of the resonance and

(r'&=4m J pr'dr . (10)

The constants BJ(CJ) are 0, —,', —,', —,', —,', and —', , ( —,', 0,
—,', —,', O, and —', ) for J ofO, 1,2, 1+, 2+, and 3+, re-
spectively.

There are three revisions which must be implemented
for Ca and Ca. The Grst of these revisions is required
because the Suzuki [22] sum rules are valid only for spin-
saturated nuclei. Suzuki [23] has given expressions for
corrections for the sum rules for the case of spin-dipole
transitions: the sum-rule sums should be multiplied by
1+5(J ) where

4~f pr dr= 3 . (8)
5(0 ) =25(1 ) = —25(2 )

For Ca the results [21] from electron scattering were
used, m= —0.3 fm, c=3.7369 fm, and a=0.5245 fm.
For Ca we used m= —0.0569 fm, c=3.7027 fm, and
a =0.5524 fm determined by interpolating between " Ca
and Ca electron-scattering results [21].

The factors Dz" of Eq. (2) used to approximate the
effects of distortion were assumed to be the same as those
determined [5] for Ca, 0.735, 0.200, 0.171, and 0.227 for
D i, D &, Do, and Do, respectively.

As in Ref. [5], only spin-dipole (L = 1, J =0,1,2 )
and spin-quadrupole (L =2, J =1+,2+, 3+) states have
been included in the calculations. The constants AL are,
for 100%%uo exhaustion of the EWSR, given by

y (Olt slo& .
3A

Assuming L Scouplin-g, 5(0 ) is 0.182 for Ca and 0.333
for Ca. We then multiplied the calculations by the ap-
propriate factors 1+5(J"). This correction leaves the
sum o(0 )+cr(1 )+cr(2 ), which is used in the fitting
of our data, almost unchanged. No corrections of this
type were made for the spin-quadrupole calculations.

The second required revision relates to the relative
contributions of isoscalar and isovector transitions to the
total cross sections. In Ref. [5], ET=0 and b.T= 1 cross
sections were simply added; this is appropriate for a
T=O nucleus like Ca. However, for Ca and Ca, the
appropriate isospin average must be performed:

(fr»(q&lee=)q I)'(q)(l'(I j ger; qe' " 0)(l'+IZ(q&(l'(I j ger, qe' " 0)P
1 l

(12)

The isospin-averaged r matrix coefficients in Eq. (12) are
given by

IE(q ) I'=D I IE g(q ) I'+Do IE()(q ) I'

—2(N —Z)qv/D', Do Re[EO(q )E f (q )]/2
(13)

and

IF(q ) I'=D', IF, (q ) I'+Do IFO(q ) I'

—2(X—Z)q(qj/DIDO Re[Fo(q)F f (q)]/2 .

(14)

The angular distributions predicted for the SDR
(b,L =1) and SQR (bL =2) for Ca for coL =20 MeV are
shown in Fig. 8(b).

Finally, the present analysis differs from that for Ca
in that for Ca and Ca contributions from M1 transi-
tions are not negligible. Thus angular distributions were
calculated for pure (vf7&2)"~(vf~&2)" '(vf~zz) 1+
transitions where n =4 for Ca and n =8 for Ca; these
were included in some of the y minimization calcula-
tions as described in Sec. V. The predicted 1+ angular
distribution (AL =0) for Ca is shown in Fig. 8(b).

V. RESULTS

This revision also leaves the total predicted angular dis-
tributions used in fitting the data almost unchanged corn-
pared to simply adding the ET=0 and ET=1 angular
distributions.

A. Results for o.o

Since the details of how the calculations for o.o were
done here differ from how the calculations for Ca were
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done in Ref. [4], we have reanalyzed the Ca o.
o as de-

scribed in Sec. IVA so that all three isotopes can be
meaningfully compared.

The results for the distributions of EL=1, AS=0,
b, T= 1 strength, the giant dipole resonance (GDR), are
shown in Fig. 9. All three nuclei show a well-defined res-
onance near 20 MeV. At high co the deduced strength is
uniformly rising. It should be noted that, since the cross
section for 100% EWSR at a given co decreases like co

as co increases, this rise is not necessarily indicative of ris-
ing GDR cross section; in fact, the distributions of GDR
cross sections for co~25 MeV are approximately Hat.
Since this behavior has not been observed in any of the
many experiments examining the GDR in nuclei, it cer-
tainly appears to be unphysical. Several possible explana-
tions for this discrepancy exist: Fig. 4 shows that at high
co, o.

o is quite small and the results are therefore quite
sensitive to the details of the analysis. A small instru-
mental background at small angles could result in extrac-

tion of too large strengths. Since momentum transfer in-
creases with increasing co for a given angle, if the predict-
ed angular distributions were less accurate at larger
momentum transfers (as might be expected where 0 o be-
comes less dominated by Coulomb excitation), errors
could be expected. It is also necessary to recall that our
method of estimating o 0 is only approximate and there-
fore particularly subject to errors when o.

o «o.&. In view
of the difticulties at high co we present here the summed
strength up to 25 MeV: for Ca, (130+17)%%u~', for" Ca,
(96+12)%%uo', and for Ca, (157+14)%. The summed
strength is substantially smaller for Ca; this could have
been expected since, although as„ is quite constant for all
three nuclei as noted in Sec. III, Fig. 4 shows a substan-
tially larger o.

o for Ca than for" Ca. In view of the fact
that none of the summed GDR strengths are unreason-
ably large, our neglect of possible monopole transitions is
probably justified. The reason for the anomalously low
GDR strength in Ca is not understood.
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The results for the distributions of AL =2, AS =0,
b, T=0 strength, the giant quadrupole resonances (GQR),
are shown in Fig. 10. In all three isotopes a well-de6ned
GQR peaked between 15 and 20 MeV is clearly seen.
There is a tendency at high cu for the extracted strength
to be negative indicating again, as suggested above, that
the solutions for the multipole decompositions of o.

o are
unphysical at higher ~. The very large uncertainties for

Ca are due to the restricted angular range of the data
(8(9'). The summed strengths for 10 MeV ( co (25
MeV are for" Ca, (86+11)%;for "Ca, (68+12)%; and
for Ca, (89+27)%. Within the uncertainties, these are
all comparable although there is an indication that, as is
the case for the GDR strength the GQR strength for

Ca may be smaller.

B. Results for o»
Since our data extend only in to 3, determination of

b,L =0 strength is dificult, particularly in the region of
strong spin-dipole strength. As co increases, q at a given
scattering angle also increases thereby rendering this
determination increasingly dificult at high excitation en-
ergies. After numerous exploratory calculations it was
decided that the hL =0 angular distribution should be
included in the y minimization searches only for co (20
MeV; for larger co, nearly all searches yield hL =0
strengths consistent with zero and with large errors and
hL =1 strengths with significantly larger uncertainties
than obtained without the b L =0 angular distribution in-
cluded.

Shown in Fig. 11 are the distributions of M1 strength
[as fractions of the (vf7&2)"~(vf~&2)" '(vf5&2) DWIA

cross sections] for Ca and Ca. For Ca there is little
evidence of Ml strength other than in the well-known
10.23-MeV 1+ state; our measured strength for this state,
(30+3)%, is in good agreement with previous measure-
ments [14,15,24]. For Ca the deduced Ml strength is
not concentrated in an isolated state but is fragmented
among many states. We find, for 7 MeV ~co & 11 MeV,
(36+9)% of the (vf7&2) ~(vf7&2) (vf~&2) predicted to-
tal cross section in good agreement with previous high-
resolution (p,p') measurements [25]. For 7 MeV ( co ( 13
MeV, (53+12)% of this cross section is observed in good
agreement with (e,e') results [26]. Above 13 MeV the
uncertainties become large; the total Ml strength mea-
sured for co ( 19 MeV is (94+30)%.

Figure 12 shows the deduced spin-dipole strength dis-
tributions for Ca, Ca, and Ca. The distributions of
spin-dipole strengths are qualitatively similar for all three
nuclei. The summed spin-dipole strengths (for co(40
MeV) are (160+19)%for" Ca and (156+15)% for Ca.
Since the Ca summed strength [5] is (154+17)%, the
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TABLE I. Summed strengths determined in the present work and in Ref. [2]. The strength units are,
except for EL=0, percentage of the EWSR. For EL=0 the strength units are percentage of the
DWIA predictions for the (vf7/p)"~(vf7&2)" '(vf, ~2) transitions.

1

1

1

2
2
0
0
0
0
1

1

1

2
2

1

1

1

0
0
0

1+0
1+0
1+0
1+0
1+0
1+0

Target

Ca
"Ca

Ca
4'Ca

Ca
" Ca

Ca
4'Ca
"Ca
4'Ca

Ca
44Ca

Ca
Ca

44Ca

'Ca

Integration
range (MeV)

6—25.4
3—25
7-25

9.6—25.4
9-25
10-25
7 —11
7-13
7—19

9.5-10.5
6—38.9
3—41

7—40.5
6—38.9
3—41

7—40.5

Strength

130(17)
96(12)
157(14)
86(11)
68(12)
89(27)
36(9)

53(12}
94(30)
29(3)

154(17)
160(19)
156(15}
256(26)
235(26)
155(24)

total spin-dipole strength is quite independent of
across the calcium isotopes (as could have been predicted
from the constancy of crsF at 5'). As noted in Ref. [5],
one expects the Suzuki sum rule to underestimate the to-
tal strength since meson-exchange contributions are not
included. One can therefore argue that a large fraction of
the total spin-dipole strength is concentrated in a broad,
collective resonance peaked near co=20 MeV. In Ca
Horen et al. [27] observed significant quenching of spin-
dipole strength; however, they only observed strength in
the region 13~co~18 MeV. Shell-model calculations
[28] including coupling to two-particle —two-hole (2p-2h)
excitations accounted for this quenching. The missing
strength is just pushed up to higher ~ by 2p-2h mixing;
hence, the fact that we observe most of the spin-dipole
strength in the region m~40 MeV could be consistent
with the results of Ref. [27].

The distributions of spin-quadrupole strength suggest-
ed from the multipole analysis are shown in Fig. 13. The
summed strengths, for co ~40 meV, are (235+26)% for
""Ca and (155+24)% for Ca; they may be compared to
the Ca results [5] of (256+26)%. These uncertainties
depend on the statistical errors of the data and the search
errors, but there are additional uncertainties as discussed
below. We see no evidence for a predicted [29] large in-
crease in spin-quadrupole strength for Ca. [It should be
noted that this prediction is for (p, n ) cross sections, but
the arguments seem equally applicable to as„ for proton
scattering. ]

The spin-quadrupole strength distributions must be
taken less seriously than those for the SDR because, pri-
marily of the neglect of higher multipoles in our analyses.
In addition, the approximations used to simulate the
efFects of distortions may be less reliable than for the
spin-dipole transitions [5]. Another possible contributor
to apparent spin-quadrupole strength might be spin-
monopole transitions [30]. Boucher has recently shown
[31] that, in the schematic model, the angular distribu-
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FIG. 13. Deduced distributions of hL =2, ES=1 strength,
the spin quadrupole, for Ca, Ca, and Ca.
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tion for a spin-monopole transition would be indistin-
guishable from that of a spin-quadrupole transition, we
have performed DULIA. calculations for the ld ~2d,
AS = 1, AI. =0, 5T= 1 transition in Ca and find,
indeed, a strong peak in the predicted angular distribu-
tion near 10' which is near where the spin-quadrupole an-
gular distribution peaks. To determine more accurately
the distribution of spin-quadrupole strength and to study
higher multipole strengths will require acquisition of data
for larger angles, but even this will probably not resolve
the spin-quadrupole strength from possible spin-
monopole strength.

VI. CONCLUSIONS

co. The spin-dipole resonances in Ca and Ca are very
similar to the spin-dipole resonance previously observed
in Ca: all three nuclei have a resonance, centered near
co=20 MeV and a width of about 20 MeV, which ex-
hausts approximately 150% of the Suzuki sum rule [22].
Results for the spin-quadrupole resonance must be con-
sidered unreliable due to probable contributions from
other multipoles.

The analysis of o.o, the approximate cross sections for
AS=0 transitions, yielded a summed strength for the
GDR in Ca which was significantly smaller than the
corresponding summed strengths for Ca and Ca; simi-
larly, the GQR is somewhat less strongly excited in Ca.

The summed multipole strengths determined for the
calcium isotopes are summarized in Table I. For Ca,
we have found no evidence for Ml strength other than in
the well-known 10.23-MeV 1+ state. In Ca, M 1

strength was observed to be distributed from 7 to 13 MeV
with some indication that strength may extend to higher
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