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Isoscalar spin strength in 2C measured in 400 MeV deuteron inelastic scattering
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The isoscalar spin strength in '?2C has been studied in the inelastic scattering of polarized
400 MeV deuterons. The measurements were carried out over an angular range from 3° to 7° and
an excitation energy range from 11 to 58 MeV (momentum transfer range from 0.34 to 0.92 fm™!).
Previously unknown spin excitations were found in the 20-MeV region and over a broad range in
the continuum with a cluster of strength around 30 MeV. The results are compared with spin-flip
probability measurements in proton scattering. Below 35 MeV of excitation energy, the isoscalar
relative spin response is strongly enhanced above the noninteracting Fermi gas value of 0.5. Above
35 MeV of excitation the spin response drops below 0.5.

PACS number(s): 25.45.De, 21.10.Hw, 27.20.+n

I. INTRODUCTION

The study of spin degrees of freedom in nuclei has been
an area of intense activity and interest, both theoretical
and experimental, since the beginning of the past decade.
Nuclear spin excitations have been induced and studied
via a number of different reactions. Charge exchange re-
actions such as (p,n) and (3He,t) are purely isovector in
nature and have successfully located isovector dipole and
quadrupole spin strength in many nuclei [1-4]. Spin ex-
citations have also been measured both by electron [5]
and proton inelastic scattering [6-11]. The (p,5"’) exper-
iments [8-11] have successfully localized spin dipole and
quadrupole strength in several nuclei. The electromag-
netic interaction excites both isospin channels, but the
isoscalar spin component is suppressed relative to the
isovector one by at least an order of magnitude. Inelas-
tic proton scattering also excites both isospin channels,
and again the isoscalar spin-flip cross sections are gener-
ally significantly smaller than the isovector ones. As a
result, very few isoscalar spin states are presently known
and the isoscalar spin strength in the continuum has re-
mained essentially unexplored.

Recent work has demonstrated that (J, d’ ") scattering
at 400 MeV is an efficient tool for isolating the isoscalar
spin channel in the nuclear excitation spectrum. A reli-
able signature (SY) for isoscalar spin-flip transitions was
developed and tested on low-lying levels in 12C [12]. This
signature was first used to measure the isoscalar spin re-
sponse in 4°Ca, for excitation energies up to 42 MeV [13].
These results were combined with the (7,7’) data taken
at similar momentum transfers on “°Ca in order to re-
solve the total spin response into its separate isospin com-
ponents.

The current work represents the second experiment in
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an ongoing program in which ((i: d’ ) scattering is used to
map out isoscalar spin strength in the continuum. The
initial tests of the signature on '2C suggested the possi-
bility of significant AS=1, AT=0 strength above 20 MeV
of excitation energy [12]. Measurements were performed
for excitation energies ranging from 11 to 58 MeV and for
angles between 3° and 7° (momentum transfer ¢ between
0.34 and 0.92 fm~!). The present results are compared to
the total spin strength observed in (7, p’) scattering [14].
In Sec. II expressions for the spin observables that were
derived in Ref. [12] are given and the effect of distortion
on the signature is discussed. Section III contains a brief
description of the experimental set-up and the procedure
that was followed to extract the spin observables. The
experimental results are given and discussed in Sec. IV;
the summary and conclusions are presented in Sec. V.

II. SIGNATURE FOR SPIN-FLIP TRANSITIONS
A. Description of the signature

The (p,p’) studies [8-11] were carried out by measur-
ing, as a function of excitation energy, the quantity S,,,
which is close to zero for AS=0 states but is generally
large for spin transitions. The quantity Sy, is the proba-
bility that the proton undergoes a spin-flip during the re-
action. For a deuteron beam, three spin-flip probabilities
So, S1, and Sz may be defined; they are the probabili-
ties for a change of 0, 1, or 2 units of the spin projection
along the y axis, which is taken perpendicular to the re-
action plane. The expressions for all these probabilities
are given in Refs. [12,13]. Only the S; probability, which
is analogous to S, in (p,p’) scattering, will be given
here:
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Sp=3(4— AW pvv _2KYY).

=3 (2.1)

Following the Madison convention [15] and the formal-
ism of Ref. [16], A, and Ay, are the vector and tensor
analyzing powers of the reaction, P¥" and P¥'¥' the vec-
tor and tensor polarizing powers of the reaction, and K} '

and K;’;y' the vector and tensor polarization transfer co-
efficients. The lower indices refer to the incoming beam,
and the upper, primed indices to the outgoing beam.

It has been shown [16] that, in the plane wave approx-
imation, §3;=0 for AS=0 transitions. For AS=1 tran-
sitions S; should be different from zero. The quantity
S1, however, is not so readily measured as S,,,, since one
needs to measure the tensor polarization of the scattered
deuteron, a difficult measurement requiring a suitable
tensor polarimeter. We can get around this difficulty by
considering the observable SY = §1+453+ 1(Ay, —PY"').
Plane wave calculations performed in the impulse approx-
imation predict that at low momentum transfer (g less
than 1 fm~1) 4,, = P¥Y and S; = 0 for pure AS=0
transitions. For other transitions, S; ~ 0and 4,, = pyv'y
are good approximations [13]. We then have S% =~ Si,
S does not depend on tensor polarization measurements
and can be written as [12,13]

v (2.2)

The only polarization measurement in the focal plane
of the spectrometer required to determine S% is the
vector-depolarization coefficient Kg'. The only tensor
quantity required for S is A,,, an analyzing power which
can be measured easily.

Recently, some of the assumptions used to derive the
SY signature have been tested in '2C on the 12.7 MeV, 17
state at 4°, with the tensor polarimeter POLDER [17,18].
Within error bars, A,, was found to be equal to pv'y',
A value of 0.43 + 0.05 was measured for the S; spin
flip probability which is consistent with our present value
SY= 0.38 + 0.03 measured with the vector polarimeter
POMME [19,20].

Ishida et al. have recently shown that the S; prob-
ability can be directly obtained for a specific transition
via the (d,d'y) reaction, provided the y-decay branching
ratio to the ground state is known [21]. This requirement
seriously limits the use of this very nice technique.

A probability for AS=1 spin transfer in magnitude
(and not in projection like $Y) to the deuteron has been
derived by Suzuki [22]. However, due to the spin-orbit
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distortion, it does not always vanish for AS=0 transfer
to the target. Therefore this observable is not suited for
an unambiguous search for AS=1 strength in nuclei.

B. Distortion effects

The signature S3 has been tested in previous experi-
ments and shown to be generally compatible with zero
for natural parity states, while clearly positive for spin
transitions. Furthermore, the signature’s ability to re-
liably gauge the presence of isoscalar spin strength in
the continuum has been established [13]. It was, how-
ever, necessary to check the effects of distortion on all
our assumptions and on the signature in particular. The
microscopic impulse approximation calculations given in
Ref. [13] have been extended to include distortion in both
incoming and outgoing channels. The S and D states in
the wave function of the deuteron were included. The
optical potential parameters used in this paper were ob-
tained by refitting the elastic scattering data of Ref. [23].
These parameters as well as the details of the distorted
wave calculations are discussed in Ref. [24] and will be
further described in a forthcoming paper. The main re-
sults are that in the range of momentum transfers in-
volved in our experiment (¢ < 1 fm~1), S, is compatible
with zero (S < 0.004) and A,, ~ P¥¥ within a few
percent, making SY almost equal to S; for all purposes.
Distortion effects do not modify significantly the signa-
ture SY (at least for ¢ < 1 fm™'). This is illustrated in
Table I, in which the measured values of SY for the nat-
ural parity states at 4.44 MeV and 9.64 MeV and for the
spin-flip state at 12.7 MeV are compared to the predicted
plane wave and distorted wave values. The calculations
were done using the Cohen and Kurath [25] wave func-
tions. The measured values for the 4.44 MeV and the
9.64 MeV states are from a previous experiment [13].
The values for the 12.7 MeV state are from the present
experiment done with much higher statistics; they are
compatible within error bars with our previously pub-
lished values [12,13].

The differential cross sections, analyzing powers, and
spin observables for the 4.44 and 12.7 MeV states are
compared to plane wave and distorted wave calcula-
tions in Figs. 1 and 2, respectively. The experimental
points are from previous experiments [12,23]. The dis-
torted wave calculations (solid lines) generally improve
the agreement with the data. The main result is that,
in the presence of distortion, the signature SY remains

TABLE I. Signatures for the AS=0 states at 4.44 MeV (27%) and 9.64 MeV (37) and, for the
AS=1 state at 12.7 MeV (1) in '?C measured at § = 4° and 6°. The theoretical values for S¥ are
calculated using the model of Ref. [24] and the wave functions of Ref. [25].

Experimental Plane waves Distorted waves

w (MeV) 4° 6° 4° 6° 4° 6°
4.44 0.03+0.04 -0.01+0.04 0.002 0.004 0.010 0.007
9.64 0.0240.04 0.03+0.03 0.001 0.002 0.027 0.009
12.71 0.3840.03 0.30%0.03 0.472 0.299 0.456 0.277
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close to zero for the 4.44 MeV state and is significantly write

different from zero for the 12.7 MeV state. One can con-
clude that SY is indeed a robust signature that remains
compatible with zero for AS=0 states, while it is clearly
positive for spin transitions.

C. Relative spin response

The signature S is an effective tool for indicating the
presence of isoscalar spin strength. For a meaningful
study of the AT'=0 spin response in the continuum, how-
ever, a more quantitative variable is needed. For the sake
of clarity we will briefly recall some definitions. For a
complete derivation and discussion the reader is referred
to [13].

Let o4 and o{} be the isoscalar cross sections for a
spin transfer of 0 and 1 to the nucleus. Following the
method given in Ref. [26] for (p,7’) scattering we can

A A A A

54 = (010 @) /(790 + 10); (2.3)
where a4 is defined as SY for a pure AS=1 transition

A
(050 = 0).

By making the same approximations as in (p,p’) [26],
we can replace a by off*¢ in free deuteron-nucleon (d-N)
scattering and factorize the cross sections as

A free
00 = Neg fio Oi0 -

(2.4)
Here Ny is the effective number of participating nucleons
(supposed to be the same in both spin channels), f;o the
isoscalar nuclear response in the spin channel 4, and offe
the d-NV scattering cross section calculated for the ¢ value
of the deuteron nucleus inelastic scattering in the same
spin channel. Then

54 = (fio o6 a™)/(f10 016° + foo 065°).  (2.5)

Q) (mb sr™?)
3

da[d
9
N

10—3
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lyzing powers, and S} for the 1%, 12.7 MeV
state are compared to plane wave (dashed
line) and distorted wave (solid line) calcula-
tions using the CK wave function [25].
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The relative isoscalar spin response is defined as

f1o
RY = =%
57 fio + foo

in analogy with the corresponding isospin-averaged quan-
tity Rs measured in proton scattering.

From the above relations, the AS=1 cross section is
given by

(2.6)

A 1 do

oo = aEESg(measured),

(2.7)
where 92 = g4t + o1} is the experimental cross section.

It should be noted that if af®® is larger than a? for
a particular transition, then the spin cross section o}
would be underestimated. The remaining strength would

. . A
therefore appear as nonspin cross section o§.

III. EXPERIMENTAL SET-UP AND
PROCEDURE

The experimental set-up and techniques for this experi-
ment remain essentially the same as described in the 4°Ca
paper. What follows is a brief review; for a detailed de-
scription of the experimental set-up and techniques used
to obtain the polarization of the beam and experimental
efficiencies the reader is referred to Ref. [13].

The data were taken at the Saturne National Labo-
ratory, using the facility’s 400 MeV polarized deuteron
beam and the high-resolution magnetic energy-loss spec-
trometer SPES1 [27]. The polarization of the scat-
tered deuterons was measured with the large focal plane
acceptance polarimeter, known by its French acronym
POMME. The use of POMME as a vector polarimeter
for deuterons is described in detail in [20]. The energy
resolution in the focal plane of SPES1 was of the order
of 200 keV (FWHM) using a 44 mg/cm? 2C target.

The experiment made use of two different modes of
beam polarization. In the first mode (the “four-state”
mode), the beam is vector and tensor polarized in four
different states, the polarization state changing with each
beam pulse. In the second mode (the “two-state” mode),
the beam is purely vector polarized and alternates be-
tween “up” and “down” polarization states. The “four-
state” beam was used in order to measure the tensor
analyzing power A,, in expression (2.2). Determination
of analyzing powers does not require measuring the po-
larization of the scattered particles, so data were taken
rapidly in this phase. When enough data were acquired
to determine A, for each angle and range of excitation
energy to be studied, the “four-state” beam was discon-
tinued. The remainder of the experiment was run using
the “two-state” mode, which doubled the vector polar-
ization of the incident beam. The intensity of the beam
was on the order of 10! deuterons/sec. The vector po-
larization of the beam p, was measured regularly and
found to be stable within a few percent throughout the
whole experiment. The p, value in the “two-state” mode
was equal to 0.611 + 0.006, giving a vector polarization
efficiency of 91.7%.

Good background rejection was obtained by setting
horizontal and vertical windows on target and focal-plane
variables of the scattered deuterons. It was shown that,
for a deuteron energy of 400 MeV, POMME can cover
an excitation energy range of 21 MeV. The systematic
error on SY is less than 0.02. The absolute error on the
cross sections is estimated to be +£15%.

IV. EXPERIMENTAL RESULTS

Data were taken at spectrometer angles of 4° and 6°.
The angular acceptance of SPES1 is 2°, so the entire
angular range between 3° and 7° was covered. At each
angle, three different, partially overlapping zones of exci-
tation energy were studied, each covering approximately
21 MeV of the focal plane, and centered at 22, 35, and
48 MeV. These data were combined with results from
the initial test of SY on 2C on low-lying states to in-
clude the entire range of excitation energy up to roughly
58 MeV (g= 0.34 — 0.92 fm~!). The low energy region up
to 12 MeV has been extensively discussed in a previous
paper [12].

Figure 3 shows the measured missing mass spectra for
12C at 4° and 6°. The natural parity states at 4.44 (21),
7.65 (07), and 9.64 (37) MeV are clearly visible. The
9.64 MeV state is superposed onto the broad 0% state at
10.3 MeV; the other broad structure at 15.4 MeV is a
known 2% state. Several known isoscalar spin states are
also observed in the present experiment. The 1% state
at 12.7 MeV and the 2~ state at 18.3 MeV are among
the strongest excited states. The 2~ state at 11.83 MeV
is very weakly excited and barely visible in both spec-
tra. The well known 15.1 MeV 1% state, which is quite
prominent in (p,p’) spectra at forward angles, is totally
absent here due to its isovector nature. Above 20 MeV of
excitation energy, several structures, with widths rang-
ing between 1 and 5 MeV, are observed at 20.5, 21.9,
23.8, 25.1, 26.5, 30, and 35 MeV. Most of them are un-
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FIG. 3. Missing mass spectra at 4° and 6° (lab) in

counts/100 keV.
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known if we refer to the most recent published energy
levels of 12C [28]. In the tables only one T'=0 transition
is reported at 21.6 MeV. All of these structures are ex-
cited at both angles, except the 5 MeV wide structure
at 35 MeV which is seen only in the 4° spectrum. After
optimizing background rejection, all of our excitation en-
ergy range was virtually background free except the 37—
42-MeV region at forward angles, where, in the empty
target run, some experimental background (of the order
of 5% of the full target counting rate) remained. The
empty target measurements are poor in statistics and,
although no specific structure was observed at 35 MeV,
the present situation does not allow us to ascertain be-
yond any doubt that the 35 MeV structure observed in
the full target runs at forward angles is a real excitation
of the 12C nucleus.

The raw missing mass spectra have to be summed in
larger size bins in order to get reasonable statistical un-
certainties on the calculated signature S3. One chooses
the size of the bins in such a way as to have enough statis-
tics in each bin while at the same time preserving as much
as possible the shape of the structures. The analysis of
the data both with equal size bin and variable size bins
leads to the same results. Equal size bins work well for a
structureless continuum, but will partially wash out some
narrow structures. One has to check the effect of binning
on the position and width of narrow structures. This
is crucial in particular for the 16-25-MeV region of ex-
citation energy, where a decomposition of the spectrum
into different overlapping structures has been carried out.
The binned missing mass spectrum at 4° is shown in Fig.
4(a). As a result of the binning, some structures are less
visible than in the raw missing mass spectrum.

Figures 4(b) and 4(c), respectively show the signature
SY and the response function R% calculated for each bin

o T T

T **c(d,d’), E;=400 MeV, 4°
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S ath E ! E
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FIG. 4. Results on '2C at 4° (lab) as a function of the
excitation energy. (a) The missing mass spectrum binned in
energy and normalized to give mb/sr MeV; (b) the signature
S¥; (c) the relative spin response RZ.

across the entire range of excitation energy. The sig-
nature for the 12.7 MeV state reaches nearly 0.4, com-
parable to the values of S, measured in (7,p’) experi-
ments for AS=1 states. The signature is also large for
the 2~ state at 18.3 MeV and for the 20.5 MeV bin
where no isoscalar spin levels are known. The relative
isoscalar spin response R% shows values near unity for
the 12.7 MeV (96%) and the 18.3 MeV (90%) states, as
expected for pure spin states. The 20.5 MeV bin has a
relative spin response of 92%, indicating an almost pure
spin state. Below the 12.7 MeV state, the signature is
compatible with zero, therefore giving null values of R%
with large error bars. The large errors are due to the
fact that small uncertainties in small values of SY lead
to large uncertainties in R2, as was shown in Ref. [13].
Therefore the relative spin response is given only for ex-
citation energies above 12 MeV, where it is different from
zZero.

The 18.3 and 20.5 MeV peaks appear superposed on
a broad, resonancelike structure, several MeV in width,
and centered around 20 MeV. The relative spin response
for this structure is mostly above 70%. In our original
paper on 12C [12], a sharp minimum (compatible with
zero) was observed in the spin-flip spectrum at 19.8 MeV
which led us to conclude that a large structure under-
neath the 18.3 MeV state was unlikely. The reanalysis
of these data [13] with the corrected values of the inci-
dent beam polarization and for the POMME analyzing
power made this minimum less pronounced and compat-
ible with the presence of a wide structure at 20 MeV,
discussed below.

Another much wider concentration of spin strength
appears centered near 30 MeV. The signature here is
slightly weaker than in the 20 MeV structure and cor-
responds to a relative spin response of 60%. Beyond the
30 MeV structure, no further significant concentration of
spin strength is discernible. The value of Sy at higher
excitation energies is small and fluctuates around 0.05.

There are more isoscalar spin structures at higher ex-
citation energies than was the case with *°Ca. These
structures lead to a relative isoscalar spin response higher
than in #°Ca up to ~35 MeV. Beyond this excitation en-
ergy and up to 58 MeV the isoscalar spin response, at 4°,
is weaker than in °Ca for the same domain of excitation
energy. The isoscalar spin response R never rises above
about 0.5 beyond 35 MeV, and thus behaves differently
from Rgs as determined in (p,p’) measurements.

The measured differential cross section (Total) and the
deduced nonspin (AS=9) and spin (AS=1) cross sections
at 4° are given in Fig. 5. The spin cross section is com-
patible with zero below the 12.7 MeV state. The known
spin states at 12.7 and 18.3 MeV are clearly seen in the
spin cross section. A previously unknown spin state at
20.5 MeV, although partially washed out in the binning of
the total cross section, clearly stands out in the spin cross
section on top of the 20 MeV bump. The 30 MeV struc-
ture is also visible, although less prominently. Above
40 MeV of excitation energy, the spin cross section is
very small.

Below 17 MeV of excitation energy, all of the structures
in the nonspin cross section correspond to known natural
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FIG. 5. AS=0and AS=1 extracted cross sections (oo and
010) compared to the total measured cross section at 4°.

parity transitions. Above 18 MeV, only one sharp struc-
ture is visible around 18 MeV. This isoscalar AS=0 state
appears in the binned spectrum at the same excitation
energy as the strongly excited 2~ spin state. Follow-
ing the remark at the end of Sec. II, we calculated the
coefficient a? for the 2~, T'=0 state, using either the Co-
hen and Kurath wave function [25] or the extended shell
model of Unkelbach [29]. For the range of ¢ transfers in-
volved in the present experiment, a4 was found be equal
or slightly larger than aff*¢. Based on these results we can
say that the existence of this structure is not due to our
underestimating the spin cross section for the 2~ state
at 18.3 MeV. In the table of energy levels of 2C [28],
there is a 3= (T'=1) state at 18.35 MeV which cannot
be excited in this experiment and a 3~ (T unknown) at
18.6 MeV. The present data suggests the presence of a
AS =0,T =0,and AL > 1 transition around 18.3 MeV.
Clear evidence for a natural parity, likely 2%, transition
at 18.4 £ 0.2 MeV was observed in the inelastic scatter-
ing of alpha particles from '2C at 172.5 MeV by Kiss et
al. [30]. These authors commented that their data ap-
peared inconsistent with the 2~ assignment of Jones et
al. [31]. Our data suggest that both states are present,
and so reconcile the two observations. The ratio of cross
sections for the AS=0 18.3 MeV state and the 4.44 MeV
2% state in (d,d’) are roughly consistent with the ratio
of (a, ') cross sections seen by Kiss et al. In addition,
although no AS=0 peak was observed near 18.3 MeV in
the proton work [14], the AS=0 cross section observed in
this region with protons is roughly consistent in magni-
tude and angular distribution with the (a, a') and with
the present work.

There is a concentration of AS=0 strength between
22 and 36 MeV that cannot be easily separated into indi-
vidual structures. At comparable momentum transfers,
the giant dipole resonance is strongly excited in (7,p")
scattering, and is clearly visible in the nonspin cross sec-
tion in the region between 17 and 30 MeV. The marked

T T T T T

2c(d,d'), Eq=400 MeV, 6°]

(a)

w (MeV)

FIG. 6. Results on '>C at 6° (lab) as a function of the
excitation energy. (a) The missing mass spectrum binned in
energy and normalized to give mb/sr MeV; (b) the signature
SY; (c) the relative spin response Rg.

absence of this resonance in the (zf, d "} spectrum is con-
sistent with the fact that the GDR is strongly, if not
totally, isovector in nature and that the Coulomb excita-
tion of this resonance is negligible. At higher excitation
energies, the nonspin cross section is essentially flat and
featureless.

The signature and response function for the 6° run are
shown in Fig. 6. The behavior of both is largely similar
to that of the 4° case, although the wide structures at 20
and 30 MeV are not so clearly resolved. The largest val-
ues of SY are still obtained for the states states at 12.7,
18.3, and 20.5 MeV. The measured differential cross sec-
tion spectrum, together with the deduced nonspin and
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FIG. 7. AS=0and AS=1 extracted cross sections (oo and
010) compared to the total measured cross section at 6°.
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spin cross-section spectra at 6° are given in Fig. 7. In
the spin cross-section spectrum, only the 12.7 and the
18.3 MeV peaks are clearly visible. The 20.5 MeV peak
has strongly decreased and is barely visible on top of the
20 MeV structure. The nonspin cross-section spectrum
is essentially identical to the 4° spectrum. The isoscalar
AS=0 state at 18 MeV is clearly seen and the concentra-
tion of AS=0 strength between 20 and 36 MeV is slightly
more pronounced than at 4°.

The 16-25-MeV region where narrow and large struc-
tures overlap has been binned in equal size steps of
500 keV. In order to take into account the effect of the
position of the bins with respect to the raw spectrum we
have generated five histograms by each time shifting the
bins by 100 keV. By overlapping in the same figure (Fig.
8) all the generated histograms represented with different
symbols, one can see the effect of the position of the bins
on the width and shape of the structures. One clearly
sees two sharp peaks at 18.3 and 20.5 MeV on top of
a broad structure. The decomposition of this region was
carried out assuming Gaussian shaped peaks. In order to
see if our present data are compatible with the observa-
tion by Bland et al. in forward angle pion scattering [32]
of a 3 MeV wide spin structure at 20 MeV, we have forced
our fit to have a broad structure (at least 3 MeV wide)
centered at 20 MeV. The best fit obtained at 4° is shown
as a continuous line in Fig. 8; the dashed line represents
the individual structures that the fit has found. The re-
sult of our best fit obtained at different angles clearly
shows the existence of the 20.5 MeV state with a width
equal to that of the 18.3 MeV state. Furthermore, our
data are compatible with the excitation of a 3 MeV wide
structure at 20 MeV. More structures are needed in order
to fit the spectrum, especially between 22 and 25 MeV.
However from the present data, one can confidently give
spin cross sections only for the two narrow structures
and the remaining strength integrated between 16 and
25 MeV.

The angular distributions for the different structures
observed in the spin cross-section spectra are presented
in Fig. 9. For the 12.7 and 18.3 MeV levels, the measured
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FIG. 8. The AS=1 binned spectrum at 4° between 16 and
25 MeV of excitation energy. The decomposition into indi-
vidual structures is shown as the dashed line histogram. The
solid line represents the best fit to the total spectrum. For
the different symbols in the histogram, see text.

differential cross sections are compared to our recent mi-
croscopic DWIA calculations [24]. The dashed (solid)
curve represents the plane (distorted) wave calculations
using the wave functions of Ref. [25]. The distorted wave
calculations substantially improve the agreement with
the measured cross sections. It should be stressed that
no normalization coefficient is used in the present cal-
culations. For the 12.7 MeV state, the distorted wave
calculation still overpredicts the differential cross section
by 50%. The sharp T=0 spin state at 20.5 MeV has a
forward peaked angular distribution slightly steeper than
that of the 12.7 MeV state. Nevertheless, the shape of
the calculated angular distribution for the 12.7 MeV state
(dotted curve) reproduces quite well the measured angu-
lar distribution of the 20.5 MeV state, suggesting a 17"
assignment.

The integrated spin strength between 16 and 25 MeV
(minus the cross sections for the 18.3 and 20.5 MeV
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®w 5.0 P e <20 MeV> [oN FIG. 9. Angular distributions of spin cross
'g F- - ® o 2 section o019 for the three narrow AS=1 states
E 1o /L’—"‘“\ 01 . at 12.7 MeV (known 1*), 18.3 MeV (known
c 05 f L d10.0 g. 27), and 20.5 MeV (new 1) and the two
5] 18.3 MeV 50 9@ large structures centered at 20 and 30 MeV.
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states) and between 25 and 35 MeV, are, respectively,
labeled (20 MeV) and (30 MeV). The measured an-
gular distributions of the differential cross sections for
(20 MeV) and (30 MeV) have a slight maximum around
6°. The limited angular range and the poor statistics
which result from smaller angular bins do not allow
definitive multipolarities to be extracted. Nonetheless,
the shapes of the angular distributions are close to that
of the 18.3 MeV level (dotted curve) and therefore com-
patible with AL=1 transitions. The (20 MeV) region
thus seems to contain the AL=1, AS=1, AT=0 reso-
nance previously suggested in (m,7’) [32], which appears
to be the isoscalar component of the spin dipole reso-
nance. The centroid of the spin dipole resonance is ob-
served around 22 MeV in (§,p’) [14] and at 22.7 MeV
in backward angle electron scattering experiments [33],
which are sensitive primarily to the isovector compo-
nents.

Using the 318 MeV (7, p’) results of Ref. [14], the spin-
isospin response ratios were generated for 2C as they
were for “°Ca in Ref. [13]. These ratios were calculated
only for a limited range of excitation energies because no
(P,P') data are available above 43 MeV. The behavior of
these ratios can be seen in Fig. 10 and is very similar to
that of “°Ca. The concentration of mainly L=1 isoscalar
spin strength close to 20 MeV clearly appears in the ratio
f10/ foo. In the same region of excitation energy a cluster
of isovector spin strength appears in the ratio fi1/foo.
Beyond 20 MeV of excitation energy, the behavior of all
three ratios is strongly reminiscent of the response ratios
of %°Ca, steadily increasing for (fi1/foo), and steadily
decreasing for (fi0/f11). More AS=1, AT=1 strength
appears at high excitation energy than AS=1, AT=0
strength and beyond about 25 MeV the isovector spin
strength dominates.

V. SUMMARY AND CONCLUSIONS

The 12C (d,d’) studies have yielded several interesting
results. The AS=1 state at 18.3 MeV, dominated by the

(1ds/2, 1p3, /12) transition in the Cohen-Kurath descrip-

tion, has been identified as a J"=2" spin-flip isoscalar
state in (p,p’) experiments [31]. The present results
confirm this designation. Data from inelastic pion and
electron scattering [34] experiments have also identified
27 strength in this region. Of course if the 18.3 MeV
state were purely isoscalar in nature, it would scarcely be
noticeable in electron scattering, but the results appear
consistent with the isospin mixing measured in the pion
studies [31]. In the nonspin cross-section spectra, a state
of similar width is observed around 18 MeV. It appears
that this state corresponds to a 2% state at 18.4 MeV
observed clearly in 172.5 MeV alpha scattering by Kiss
et al. [30]. It suggests that two states of the same total
spin and opposite parity overlap near 18 MeV.

A relatively sharp peak is observed in the spin cross
section near 20.5 MeV. This previously unknown state
has been tentatively identified as an isoscalar (1%) spin
state. Comparison of the data for this state with theo-
retical expectations is currently being pursued.

The concentration of AT'=0 spin strength near 20 MeV
is compatible with the approximately 3 MeV wide spin
structure observed in forward angle pion scattering and
identified there as the 1~ component of the spin dipole
resonance [32].

An additional broad structure at 30 MeV contains sub-
stantial spin strength (RS of the order of 60-70 %) with
an angular distribution compatible with AL=1. Little
significant structure was observed in the spin-flip cross
section at higher energies. The signature S¥ was roughly
consistent with its free value for excitation energies above
35 MeV.

The enhancement of Rg at high excitation energies
that was observed in proton scattering has no analog in
(lf, d’ ), where R fluctuates below its Fermi-gas value of
0.5. The lack of enhancement of RS in the continuum (as
previously observed in 4°Ca) is consistent with a weakly
repulsive residual particle-hole interaction in the § =1,
T = 0 channel. Theoretical predictions for the value of

f1o/foo

fll/fOO

FIG. 10. Relative spin strengths. (a)
fi0/foo extracted from the present (d,d")
data; (b) fi1/foo obtained using the rela-
tive spin responses R% (present data) and
Rs ((p,p') at 318 MeV); (c) fio/ f11 ratio of

f10/f11

the AT=0 to the AT'=1 strength in the spin
channel.

w (MeV)
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the Landau-Migdal parameter go vary widely. Simple
7- and p-meson exchange models, for example, predict a
rough parity between go and g{ [35]. Although some the-
orists have used weak repulsion in this channel [36], the
lack of any experimental constraint provided no incen-
tive to assume a weakly repulsive residual interaction.
The present results together with the “°Ca results are
consistent with the conclusions previously deduced from
the observation of the dominantly isoscalar spin state at
5.845 MeV in 298Pb [37]. Experimental evidence is grow-
ing in favor of a weakly repulsive residual particle-hole
interaction in the S = 1, T = 0 channel.

Preliminary microscopic DWIA calculations are com-
pared to PWIA calculations and show substantial im-
provement in the agreement with measured cross sections

and analyzing powers. The details of these calculations
will be given in a forthcoming paper. The most impor-
tant result is that the signature SY remains a good sig-
nature even in the presence of distortion.
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