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A signature SjJ of isoscalar spin-transfer strength has been tested in the inelastic scattering of
400 MeV deuterons from 1 3C. It was then applied to the study of 40Ca ovei an angular range
from 3° to 7° (momentum transfer range from 0,26 to 0.8 fm - 1 ) and an excitation energy range
from 6.25 to 42 MeV. This is the first study of isoscalar spin strength in the continuum. Spin
excitations were found in the 9 MeV region, and over a broad range in the continuum with a cluster
of strength around 15 MeV. The results are compared with spin-flip probability measurements in
proton scattering. In contrast to the total relative spin response, which is strongly enhanced at high
excitation, the isoscalar relative spin response is roughly consistent with non-interacting Fermi gas
values.

simplicity in the interpretation of these spin-transfer experiments.
A



I. INTRODUCTION

Collective AS=O (i.e., spin transfer 0) excitations have been extensively studied both theoreti-
cally and experimentally during the seventies [I]. Since 1980 Gamow-Teller, isovector spin-dipole,
andisovector spin-quadrupole strengths have been localized by charge-exchange (p,n) and (3He,t)
reactions [2-5]. Many I + states have been studied both by electron [6] and proton inelastic scat-
tering [7, 8]. Proton inelastic-scattering spin-transfer experiments have localized spin-dipole and
spin-quadrupole strength [9-12] and have shown that AS=I states are shifted to high energy com-
pared to isoscalar AS=O states. Inelastic proton scattering excites isovector as well as isoscalar
states, while in the electromagnetic interaction the isoscalar spin force is small. In the nucleon-
nucleon interaction, the isoscalar spin force is less than 1/3 of the isovector spin force [8]. Then,
even if the isoscalar and isovector spin transition densities are of the same order, the isoscalar spin-
flip cross sections are always much smaller than the isovector ones. Therefore very few isoscalar
spin states are presently known, none of them in 40Ca. The continuum spin response in the AT=O
channel is essentially unknown.

As deuteron inelastic scattering can excite only isoscalar transitions, it would be the simplest
and best probe for such states, if a clear signature for AS=I excitations could be found. In a
previous work [13] the validity of such a signature was tested on different states of 12C. This
signature is used in the present work to detect isoscalar spin strength in 40Ca. The present results
are compared to the total spin strength localized by (p,p') scattering [9,10,14]. Measurements
were performed between 3° and 7° (for a momentum transfer q between 0.26 and 0.8 fm"1) and for
excitation energies ranging from 6.25 to 42 MeV. Preliminary results have already been given in
Ref. [15]. In section II expressions for the spin observables that were derived in Ref. [13], and the
microscopic description of deuteron-nucleus scattering are given. Section III contains the details of
the experimental set-up and the procedure that was followed to extract the spin observables. The
experimental results are given and discussed in section IV; the conclusion presented in section V.

II. SIGNATURE FOR SPIN-FLIP TRANSITIONS

In (p,p') scattering [16] it has been shown that the spin-flip probability Snn is, at intermediate
energies, a good signature for spin excited states since S7171 ~ 0 for AS=O transitions and can reach
0.6 for a AS=I state such as the .F=I + 15.1 MeV state in 12C. A signature similar to S7171 for
deuteron scattering has been reported in Ref. [13]. It should, however, be noted that the spin-
transfer probability for a proton projectile is equal to the same observable for the target nucléons,
due to the symmetry of the interacting system. This relationship is not so direct for a deuteron
projectile; it will be discussed in a forthcoming paper.

Following the Madison convention [17] and the formalism of Ohlsen [18], we recall the definition
of the observables for a vector- and tensor-polarized deuteron beam along the y-axis normal to the

The ratio /10//00 obtained from the R°s values measured in the present experiment is shown
n



scattering plane: Ay and Aw are the vector and tensor analyzing powers of the reaction, P" and
pyV a r e the vector and tensor polarizing powers of the reaction, and K '̂ and K^y

y' the vector and
tensor spin-transfer coefficients (the lower indices refer to the incident-beam frame; the upper to
that of the scattered beam).

For a deuteron beam, three spin-flip probabilities S0, Si, and S2 may be denned; they are the
probabilities for a change of 0, 1, or 2 units of the spin projection along the j/-axis. The Si
probability is similar to Snn in (p, p') scattering.

50 = ^ ( 2 + 3K|f + K# ' ) (2.1)

51 = ^ ( 4 - A W - P « V _ 2 K S V ) (2.2)

52 = -L(4 + 2kyy - 9K*' + 2pyy' + Ktf) (2.3)

It has been shown [18] that in the plane wave approximation, Si=O for AS=O transitions. As
for Snn in (p,p'), it is expected that Si remains small for AS=O transitions, even in the presence
of distortion. For AS=I transitions Si is expected to be positive. For pure AS=O states we
necessarily have S2 = 0 and Ay2, = Pv'y>. For other transitions, in a one-step process, S2=O if only
the S state of the deuteron is considered and if the effective interaction is obtained from the N-N
interaction by a folding procedure. By assuming that Ayy = P^ v> is still valid, and that S2 = 0,
we can approximate Si by S ,̂ defined as

SS = § + | A O T - 2KJJ1 (2.4)

The only polarization measurement in the focal plane of the spectrometer required to determine
Sv

d is the vector-polarization coefficient K '̂. Tensor polarization transfer measurements are much
more time consuming. The only tensor quantity required for Sj is Am, an analyzing power which
can be measured easily.

A. Microscopic description of deuteron-nucleus scattering

It has been shown in a previous (d, d!) experiment at 400 MeV [19] that the angular distribution
of the vector analyzing power Ay for different transitions in different nuclei, when plotted as a
function of q, is very similar to that measured in 200 MeV (p,p') scattering. This is one indication
that it is reasonable to assume that (d, d') scattering at 400 MeV is dominated by one-step N-
N interactions and can be described in first order by the impulse approximation like 200 MeV
protons.

The free nucleon-nucleon (N-N) scattering amplitude, M(E,q), at an incident energy E and for
a momentum transfer q, is usually written in the coordinate system of Wolfenstein as

M( E, q) = A + Baiha'jfl + C(<rih + <r'jh) + Sa^- + Ftr^ (2.5)

where A, B, C, £, and !F, which are functions of q and of the isospin transfer T, are deduced from
the Arndt phase shifts [20]. The indices i and j stand for the incident nucléon and the target
nucléon, respectively.

of collectivity in this channel which is consistent with previous indications of a weak particle-hole
- - sition of the "isoscalar" I + state at



Here it is convenient to express M(E, q) in a standard basis [21] as

M0(E, q) = £ d%(r = 0)<rV (2.6)

for the isoscalar part and

AAVt-'

for the isovector part. The dfy(r) are linear combinations of the .A, B, C, S, and J7 terms; <rA

and erv are spin operators for a spin transfer AS = A in the projectile and AS = X' in the target,
respectively.

If we assume that, for the reaction A(a, 6)B, the deuteron-nucleus interaction is the sum of the
interactions of each nucléon of the deuteron with each nucléon of the nucleus, then the deuteron-
nucleus amplitude is proportional to:

E J
m'm'

J^S U (2.8)
m'bm'a

with

< | } (2.9)

Here the sum runs over all the nucléons in the nucleus. The isoscalar part M0(E, q) of the free N-N
scattering amplitudes is taken at an energy E — Edeuteron/2.

The $"• (£i,£2)^12) and $,b
b(£i,£2)^12) are the deuteron wave functions in the incoming and

outgoing channels, respectively, as a function of the internal coordinates £1 and £2 of the nucléons
in the deuteron and their separation ^12; the deuteron wave function calculated from the Paris
potential [22] (94.3% S state and 5.7% D state) is used. V1Jf* and tyf^ are the nuclear wave
functions for the target and residual nucleus; r is the distance between the center of mass of
the deuteron and the center of mass of the nucleus; pi is the distance of the struck nucléon in
the nucleus to the center of mass of the nucleus. All the calculations in the present paper were
performed in plane waves, so the momentum transfer q = kb — ka, the \ wave functions are simple
plane waves, and the summation on m'a and m'b disappears.

The spin Jj transferred to the deuteron can be 0, 1, or 2 as |sa — 3b\ < Jd < sa + sb. Then three
cross sections (T0, Cr1, and <r2 can be associated with these transfers, and three ratios 1I0, 1I1, and
1I2 can be defined as

nJd = ^ i - . (2.10)

For the target nucléon there are only two possible values for the spin transfer: 0 or 1. Thus we
can similarly define two cross sections and two ratios, nj, and W1. It should be noted that the
signatures S0, S1, and S2 defined above give the probability that the projection of the deuteron
spin changes by 0, 1, or 2 units, while the ratios Jljd give the probability that J j units of spin itself
are transferred.

It can be shown that Sj=S1+4S2 if Ay9 = PB'!/' (which is true for the scattering from a free
nucléon). If the D state is omitted in the deuteron wave function, S2 = 0 and Ŝ  is equal to S1.
For a 400 MeV deuteron scattering on a free nucléon, the signatures S1 and Sj, plotted in Fig. 1,
are very close in the range of the present experiment (q < 1 fm"1).

References
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FIG. 1. Si and SjJ calculated with the free deuteron-nucleon interaction as a function of g (fm ' ) .

In this range of momentum transfer the non-spin-flip part of the interaction dominates (see
Fig. 2), giving values for Sy

d smaller than 0.1.
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Let (TQ0 and crA
0 be the isoscalar cross sections for a spin transfer of 0 and 1 to the nucleus. Following

the method given in Ref. [14] for {p,p') scattering, we can define an aA coefficient by

Sy = (crA aA)/((TA + aA ). (2 11)

For a pure AS=I transition ((TA
0 = 0), aA=Sj.

By making the same approximations as in (p,p') [14] and assuming that these approximations
are valid in the same range of momentum transfer in the present experiment, we can replace aA

by afr" calculated in the free deuteron-nucléon (d-N) scattering and factorize the cross sections as

«•» = N<ff / » *£" (2.12)

Here Ntg is the effective number of participating nucléons (supposed to be the same in both
channels), /;0 the isoscalar nuclear response in the spin channel i, and crf̂ " the <f-N scattering
cross section calculated for the q value of the deuteron nucleus inelastic scattering. Then

JOO ^00 / \^*^"/

with cr*" = S2(Aee)/ni(/ree).
This factorization method is a rough approximation expected to be valid at high energy loss and

for q less than 1 fm"1. For a state whose structure is known, the calculation can be performed
without this approximation.
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FIG. 3. Spin response R°s.

The relative isoscalar spin response is defined as

Ro = _Jio_
Ao + /oo

(2.14)



in analogy with the corresponding isospin-averaged quantity Rs measured in proton scattering.
With the above factorization approximation, and with the assumption that distortion corrections

are the same in both spin channels,

Sv
d(measured) Ilg(free)

Rl = Sy
d(mea$ured)\n'0{fTee) - W,{free)] + Sv

d{free) (2.15)

where II'0(/ree) and IT1 [free) are calculated for deuteron scattering on a free nucléon. In Fig. 3 R°s

is plotted as a function of Ŝ  for q =0.5 fm"1. For small Ŝ  values, the slope of the curve is large,
leading to a large uncertainty on R^. From the above relations

(Tin — —; ;TSJ( tneasuved) (2.16}
l u «.free J O » l ' \ " •"•"/

where ^ = + <r̂ 0 is the experimental cross section.

III. EXPERIMENTAL SET-UP AND PROCEDURE

The measurements were performed with the 400 MeV polarized deuteron beam at the Labora-
toire National Saturne (LNS). The data were taken at the high resolution energy-loss spectrometer
SPESl [23] using the vector polarimeter POMME [24, 25] and the acquisition system described
in Ref. [26]. The thicknesses of the carbon scatterer and of the iron absorber that gave the best
figure of merit [25] for 400 MeV deuterons were respectively 7.2 and 4.1 cm. A schematic view of
the experimental setup is given in Fig. 4.

Incoming Deuteron '!earn

FIG. 4. Experimental set-up.

Using a 44 mg/cm2 12C or a 46.5 mg/cm2 40Ca target the energy resolution was 200 keV (FWHM).
Good background rejection was obtained by setting horizontal and vertical windows on target and
focal-plane variables of the scattered deuterons.



A. The deuteron polarized beam

Two different types of polarized deuteron beam were used. In the first mode, the beam is
vector and tensor polarized, in four different states called 5, 6, 7, and 8 in the notation of [27].
The polarization state changed with each beam pulse. The vector and tensor polarizations pz

and pzz in this reference become py and pyy in the Madison convention used for our experiment.
The Pj, and pyy values were measured regularly with the low-energy polarimeter [27]. They were
found to be stable within a statistical uncertainty of 3% and equal to py = 0.312 ± 0.010 (giving
a polarization efficiency of 93.6%) and pyy = 0.830 ± 0.020 (83% efficiency), the errors being
only statistical. An absolute -mcertainty of 2.5% comes from the calibration of the low-energy
polarimeter; furthermore, a correction for the dead time of its electronics must be added [28].

This polarized beam has been used to measure:

Ay = (^) (JV 5 -N6+ N7- N8)Z(N5 + N6+ N7 + N8) (3.1)
3P

Aw = (—)(JV8 + N6-N7- N8)Z(N5 + N6+ N7 + N8) (3.2)
Pyy

and

A0 = (JV6 -N6-N7 + N8)Z(N5 + N6+ N7 + N8) (3.3)

where JV5, JV6, N7, and N8 are the counts for each of the four states of polarization of the deuteron
beam. Due to the polarization of the beam in each state [27], A0 must be zero.

In the second mode, the beam is only vector polarized, with states 2 and 3 of Ref. [27]. The py

value was regularly measured and found equal to 0.598 ±0.008, thus giving a polarization efficiency
of 89.7%. With this beam

v~HPJN3 + N2
 (3A>

B. Tests of the beam polarization and of the polarimeter POMME

As a test of the accuracy of the beam polarization measurement and of the POMME calibration,
time-reversal invariance properties in elastic scattering Ay=Py and S^=Si=O were checked in
40Ca at 6°. In order to satisfy these equations, the beam polarization had to be renormalized by
1.040±0.005 and the analyzing power of POMME divided by 1.045±0.005. These corrections were
traced to dead time corrections in the electronics of the low-energy polarimeter which were not
included during the POMME calibration [28]. These new values are used for the analysis of the
present data. We also checked that Ay as measured with the 2-state beam was the same as Ay

measured with the 4-state beam, and that it was independent of whether or not the focal-plane
polarimeter was included in the trigger.

The spatial extension of the focal plane of the spectrometer which can be used with the po-
larimeter POMME was determined by setting the elastic peak at different positions in the focal
plane. For each position it was verified that Ay remained constant (Ay=0.603 ± 0.006) and equal
to Py' (0.593 ± 0.008) measured at the same time and that Ŝ  is consistent with 0 (0.017 ± 0.020).
It is then deduced that, for a deuteron energy of 400 MeV, POMME may be used for an excitation
energy range of 19 MeV, the systematic error on Ŝ  being less than 0.02.



C. Experimental method

The measurements were performed in two steps. First the four-state vector- and tensor-polarized
beam was used to measure the cross sections and the vector and tensor analyzing powers Ay and
Ayy, using only the first three proportional wire chambers Cl, C2, and C3 of POMME triggered
by the Pl and P2 plastic scintillators (see Fig. 4). The intensity of the beam was measured
with two monitors Ml (located at an angle of 60° in the vertical plane) and M2 (located in the
scattering plane at an angle of 45°). It was verified that the ratio of the counting rates of the
monitors remained constant to ±6% during the whole experiment. The absolute calibration of
these monitors was performed with the carbon activation method [29].

Accounting for the uncertainties in the activation analysis and the efficiency of the wire chambers,
the absolute error on the cross sections is estimated to be ± 15%. As a test of the corrections
on the electronic dead time, it has been verified that Ao=O within the statistical uncertainty of ±
0.004.

In the second step, the vector-polarized deuteron beam was used, essentially because the value
of py is twice as large as the value that could have been obtained with the four-state polarized
beam. Moreover the pyi values are measured with a statistical error half of that which would have
been obtained in a four-state measurement in a comparable time. To reject the Coulomb multiple
scattering in the carbon block, only particles scattered at an angle larger than 4.5° were accepted.
Accounting for the angular acceptance of POMME, the efficiencies of the rear wire chambers,
and the different tests on the events, the total efficiency of the polarimeter is about 2.5%. This
efficiency is shown in Fig. 5 as a function of the difference between the energy of the scattered
particles and the central rays. The shape of the curve is essentially due to geometrical effects of
the "cone test" rejection [30].

- 1 0 -S 0
Au (MeV)

10

FIG. 5. Detection efficiency of the polarimeter POMME along the focal plane of the spectrometer (see text).

Measurements of K '̂ and of the signature Ŝ  were also performed with a four state vector- and
tensor-polarized deuteron beam; the results were consistent with those obtained with the two-state



polarized beam. As all the relations between -py< and the observables Py' and K '̂ are different in
the two cases, we are made confident about the method.

D. Extraction of the Pv and Ki) values

The Ky' and Py' values are related to Ay and to the polarization of the scattered beam pyl and
•p , for the two states of polarisation 3(T) or 2(|) of the incident beam as follows:

K» = ^ b J - - Pi' + |p«Ay(pi, + Pi,)] (3.5)

P*' = ^ + ^ + ^ ^ , - ^ ) ] (3.6)

The analysis of the data to extract the values of j> , and pyl was done in the following way. Each
event was stored in a multi-parameter spectrum as a function of the beam polarization state, of the
excitation energy u) in the target (in 0.1 MeV bins), of the target scattering angle 0, (in 0.1° bins),
and of the polar and azimuthal scattering angles 0C and $ c in the carbon analyser (in 1° and 10°
bins, respectively) for 0,. between 4.5° and 19.5°. For each value of w, 0 t , and polarization state, a
two-dimensional spectrum N(0C,$C) was plotted. The origin of $ c is taken in the scattering plane
of the first reaction. For each value of 0C, N(QC, $c) is expanded as a function of <I>C:

N(ec,^) = iVo(0c)[l+acos(#c) + 6cos(2$c) + csin($c) + dsin(2$c)] (3.7)

Due to the symmetry of the incident beam, the coefficients c and d should be zero; they were
evaluated by a Fourier analysis of the iV(0c,$c) distribution and were generally found to be
compatible with zero. In the cases where those values were not zero, the measure was rejected.
The coefficients iVo(0c), a and b were extracted by a x2 minimization method with c = d = 0 for
each polarization state of the beam and each ©c bin.

The parameter a is directly related to the vector polarization of the scattered deuterons:

£ l3-8)
where iTu is the vector analyzing power of the polarimeter [25] at the energy E,nc — u> for the
scattering angle 0C. The weighted average of the results so obtained gives the final polarization
Pyi inserted in the above formulae.

When the cross sections were extracted from the measurements performed with th; whole
POMME set-up, they were corrected by the efficiency of the polarimeter as given in Fig. 5.

IV. EXPERIMENTAL RESULTS A N D DISCUSSION

A. Test of the signature in (d,d') scattering on 1 2C

The first results on 12C reported in lief. [13] have to be slightly modified due to the re-analysis
of the data with the corrected values for the incident beim polarization and for the POMME
analyzing power. For the AS=O states we get Ay=Py ' (to an accuracy of ± 0.023 for the 2+ state)
as predicted by plane wave calculations using the Cohen and Kurath wave functions [31]. In these
calculations for AS=I states we obtained Ayy=Py'H', supporting our approximation Ŝ  =Sj.

The results on 12C obtained at 4° are plotted in Fig. 6 as a function of the excitation energy.
The signatures for the AS=O states at 4.44, 7.65, and 9.64 MeV are compatible with zero, while
the AS=I, I+ state at 12.71 MeV and the 2" state at 18.3 MeV have strong signatures.

10
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FIG. 6. Results on 12C at 4° lab as a function of the excitation energy.
a) The Sj signature.
b) Spectrum in 100 keV bins.
c) Same spectrum summed over 500 keV bins.
d) Product (do-/dCldE)Sy

d (in arbitrary units).

In the Table are given the experimental values of Ŝ  at 4° and 6° for four states, and the values
evaluated in the impulse approximation as described in section II A.

TABLE I. Signature for the three AS=O states 2 + , O+, 3~" and for the spin-flip state at
12.71 MeV in 12C measured at 0 = 4° and 6°. The theoretical values for S* are calculated using
the model of Ref. [31].

u (MeV)

4.44

7.65

9.64

12.71

Experimental
4° 6°

0.03±0.04

O.O5±O.O6

O.O2±O.O4

O.33±O.O5

-0.01±0.04

-O.O6±O.O5

O.03±0.03

O.3O±O.O5

Theoretical
4° 6°

0.002

0.001

0.472

0.004

0.002

0.299

Rc Response
4° " 6°

0.94±0.03 0.99±0.O3

The 12C wavefunctions for the different excited states were taken from Ref. [31]. The values of the
spin response R° are also given for the 12.71 MeV state.

For a pure spin-flip transition, in the plane wave limit, Sj=afree=0A8 for the scattering on a
free nucléon at q=0.465 fm"1 which corresponds to the excitation of the 12.71 MeV level at 4°. If
this state is described by the Cohen and Kurath wave function, Ŝ  = 0.47; these nearly identical
values confirm the validity of the approximation aA = otfree.

11



From equation 2.15 R°s=0.94±0.03 for the 4° experimental value S^=0.33±0.05. This can be
explained by a small non-spin-flip continuum underlying the 12.71 MeV peak.

B. The 40Ca nucleus

The spin signature Ŝ  was measured at the laboratory scattering angles of 4° and 6° (from
q=0.28 to q=0.8 fm"1), each measurement covering an angular range of ±1°. Use of two different
magnetic field settings permitted the study of excitation energies from 6.25 to 42 MeV. There is
no background at the low-energy setting and less than 7% in the 24 to 42 MeV range. At 6° and
8° the signature cancellation was checked on the 3.74 MeV 3" level to an accuracy of ± 0.04; this
shows that distortion effects on 4S=O transitions may still be neglected for 40Ca at q — 0.9 fm"1.

The results were extracted at 4° and 6° in 1 MeV bins between 6.25 and 10.5 MeV, in 1.5 MeV
bins up to 12 MeV and in 2 MeV bins between 12 and 42 MeV. The signatures Ŝ  are shown in
Fig. 7 for 4° and 6°.
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FIG. 7. Experimental data on 40Ca.
a) spectrum at 6°.
b) signature Ŝ  at 4°. The curve (dashed line) is the isoscalar spin signature as calculated in Ref. [33] for 319 MeV protons.
c) signature Ŝ  at 6°.

The errors include the statistical uncertainty which comes essentially from the uncertainty on K*j'.
The absolute uncertainties on the vector and tensor polarization of the beam are also included in
the error bars. The strongest signature is seen in the 9 MeV region at 4° where it reaches about
0.13. Values elsewhere range between about 0.05 and 0.10 at both angles. Except at the lowest
energies, these values are much lower than the values of Snn measured in (p,p') at 319 MeV, where
the values reached about 0.40 at 40 MeV. But they are comparable with the free values of Sy

d

shown in Fig. 1, and they suggest the presence of a broad distribution of AS=I, AT=O strength
over this region.

Because of the statistical errors on Sy
d, smaller energy and angular bins cannot be studied simul-

taneously. The excitation energy region from 8 to 10 MeV has been studied in 100 keV bins for
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3° < 0 t < 5°. The results are plotted in Fig. 8; two maxima of Sj appear at 8.4 and 9.2 MeV with
RPo values of 0.8.

4 0 C o ^

BA 9 0.5
u (MeV)

FIG. 8. Excitation energy region torn 8 to 10 MeV studied in 100 keV energy bins for 3° < 0 , < 5°
a) signature.
b) spin cross sections (open circles) and non-spin cross sections (crosses).

0.3

FIG. 9. Angular distribution for w between 8 and 10 MeV.
a)for S».
b) for the spin cross sections (open circles) and non-spin cross sections (crosses). The angular distribution plotted (solid line)
is for the 2~ state at 6.77 MeV [32] normalized to the experimental data.
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The spin-flip cross section for a 2 MeV bin centered at 9 MeV, given in Fig. 9, agrees roughly
in shape with the angular distribution of a 2~ state; the calculations were performed ;n plane
wave impulse approximation with the wave functions of the two main 2~ states predicted by
B.A. Brown [32] which give the same shape. One can conclude that there is significant isoscalar
spin-flip strength at this energy which was unknown until now.

Brown [32] predicted strong 2~, T=O states at 6.77 and 11.606 MeV and several others around
15 MeV. The computed values for S^ are about 0.5, close to the afT" value. W. Unkelbach and
J. Wambach [33] have calculated the cross-sections and S71n values for the scattering of 319 MeV
protons at 7° (q=0.53 fm"1) on 40Ca. They also found a strong isoscalar 2~ state at 7 MeV and
two other weak states near 8 MeV.

For the region of the continuum, the R^ values and the <TQ0 and a^0 cross sections are given as
functions of w at 4° and 6° in Fig. 10 and Fig. 11, respectively. As expected the giant quadrupole
resonance appears near 18 MeV in the <rfi0 cross section.
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FIG. 10. Results extracted on
a) spin response R°s.
b) non-spin cross section.
c) spin cross section.

0Ca at 4°. FIG. 11. Results extracted on 40Ca at 6°.
a) spin response R°s.
b) non-spin cross section.
c) spin cross section.

At 4°, there is a concentration of spin strength with a maximum near 15 MeV and then the strength
is spread between 20 and 42 MeV. These results are in qualitative agreement with the predictions
of Ref. [33]: 2~ states are predicted between 13 and 20 MeV and 3+ states are essentially localized
between 20 and 33 MeV. In Fig. 7b our experimental Sj values at 4° are compared with the
isoscalar spin-flip probabilities calculated in Ref. [33] simply by switching off the AT=I strength
in the theoretical calculation of Snn. This comparison is not unreasonable because the alr" obtained
in d-N at 400 MeV is close to afr"= 0.49 obtained in p-N at 319 MeV. The isoscalar spin-strength
distribution is well predicted. The attenuation due to the giant quadrupole resonance around
20 MeV seems to be underestimated and, in contrast to the proton results, the experimental
spin strength is weaker than the one predicted between 35 and 40 MeV. This comparison, which
neglects the difference between distortions in the two channels, is another indication of the apparent
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simplicity in the interpretation of these spin-transfer experiments.
The angular distribution of <r̂ 0 for 2 MeV bins centered at 15, 27, and 35 MeV is given in Fig. 12;

there is a slight shift of the maximum to larger scattering angles when u> increases, suggestive of
the presence of higher multipolarities at higher w.
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FIG. 12. Angular distribution.
a) for SJ.
b) for the spin and non-spin cross sections for 2 MeV energy bins centered at 15 MeV, 27 MeV and 35 MeV.

The (p,p') experiments performed at 319 MeV on 40Ca [14] at q ~ 0.5 fm"1 give the total spin
response called Rs- The spin responses /0 and Z1 defined in Ref. [14] are averages over isospin:

Ji — fnt , /ret (4.1)

where the first index indicates the spin channel and the second index the isospin channel, the
being proton-nucléon cross sections.

' fiofoo\
T^X r I + T fne
Ii /oo/ii/ o-

/ oo ' /OI

olio / H

(4.2)

with fff ^" = ofr + o$:
Each <Tij can be calculated exactly; <T^"/"OO" is small and nearly constant between 319 and

800 MeV (0.039 and 0.032, respectively, at q = 0.5 fm"1 ). It may be shown that {(%"lo%"){h\l fix )
can be neglected if /oi is smaller than half the total strength. With this condition the second term
in the denominator is (/io//u)(/oo//io)-

For given values of the /y and for different momentum transfers, the energy dependence
of R5 on the a**" cross sections is predicted to be very weak as found experimentally [34]:
£s(800 MeV)/Rs(319 MeV) is 0.98 for q=0.5 fm"1 and 0.94 for q=0.9 fin"1.
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The ratio fio/foo obtained from the R°s values measured in the present experiment is shown
in Fig. 13a; the values fu/foo and fw/fn deduced from R3 and R% are shown in Fig. 13b and
Fig. 13c, respectively.
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FIG. 13. Relative spin strengths.
a ) /10//00 extracted from the present {d,d') data.
b) /11//00 obtained using the relative spin responses R% (present data) and fis ((PiP') at 319 MeV).
<0 /10//11 ratio of the AT=O to the AT=I strength in the spin channel.

The ratio fn/foo increases with w showing a very important contribution of the isovector spin
strength at high excitation energies. Except in the 20 MeV region where the giant quadrupole
resonance leads to a minimum, /10//00 remains almost equal to one which is expected for a non-
interacting isoscalar Fermi gas. This shows that the collective effects in the continuum are much
weaker in the isoscalar channel than in the isovector one. Up to 18 MeV the ratio /10//11 is
greater than one, showing the dominance of the isoscalar spin strength relative to the isovector
spin strength in this region. For u> greater than 30 MeV, where Rs was found to be larger than
80%, the isoscalar spin strength is less than 25% of the total spin strength.

V. CONCLUSIONS

This first exploration of the isoscalar spin response of a nucleus via the measurement of Sj in
400 MeV deuteron scattering on 40Ca has yielded many interesting features. As predicted, the
measured values of the spin-flip probability are smaller than for proton-induced reactions and,
as a consequence, they may be more affected by experimental systematic errors or theoretical
uncertainties. Nevertheless, the results clearly show the presence of the isoscalar spin component
of the nuclear force. In particular, localized isoscalar spin strength was observed in the 9 MeV
region. A wide bump located around 15 MeV is roughly 60% spin strength; its angular distribution
is consistent with preliminary calculations for a spin-dipole excitation. Little significant structure
was observed in the spin-flip cross section at higher energies. The signature Ŝ  was roughly
consistent with its free value in this region. A simple interpretation of the results suggests a lack

16



of collectivity in this channel which is consistent with previous indications of a weak particle-hole
(p-h) force in the AS=I, AT=O channel [35], such as the position of the "isoscalar" I + state at
5.845 MeV in 208Pb [36]. On the other hand, it is inconsistent with the calculations of Ref. [37],
where the distribution of spin strength was roughly independent of isospin.

In analogy with previous work on spin-transfer in proton scattering, a relative spin response
R5 was defined. Its values were determined from the Sj data with simple assumptions like those
made to determine Rs for protons. In contrast to the proton results, where a large enhancement
in the spin response relative to the total response was observed at high excitation energy, the
values of R°s generally fluctuate around the Fermi-gas value of 0.5. Attempts to explain the
proton data have focussed on the exhaustion of the AS=O sum rule strength at low excitation
energy (thus increasing the relative strength of AS=I at high excitations) and on the repulsive
nature of the residual interaction in the AS=I, AT=I channel (thus increasing the AS=I strength
at high excitation) [38]. The argument based on the exhaustion of AS=O strength would apply
equally well here for the deuteron data, predicting an enhancement at high excitation which is not
observed. Indeed the various fa ratios in Fig. 13 suggest that the proton data should be better
explained by an enhancement in the spin channel at high excitation. Recent DWIA analysis
of measurements of the longitudinal and transverse components of the spin response to protons
indicate large corrections in the longitudinal response due to distortions, and the effects on Snn

itself [39] are not negligible as previously supposed. This would suggest that Rs might be modified.
The distortion corrections are due to both absorption and to the effects of the spin-orbit potential.
The effects of distortion on Ŝ  have not yet been evaluated in (d,d') scattering, except, as noted
in the text, that Ŝ  is experimentally found to be zero for a AS=O transition in 40Ca. In addition,
the agreement shown in Fig. 7b between the calculation made for the T=O component of proton
scattering with the present deuteron data for Ŝ  suggests that distortion corrections should not be
very large; however, complete DWIA calculations are needed.
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