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Isoscalar spin excitation in Ca

SEPTEMBER 1992

M. Morlet, (1) E. Tomasi-Gustafsson, ~ ~ A. Willis, ~ J. Van de Wiele, ~ ~

N. Marty, ~ ~ C. Glashausser, ~ ~ B. N. Johnson ~ ~ F. T. Baker, ~ ~

D. Beatty, ~ ~ L. Bimbot, ~ ~ C. Djalali, ~ ~ G. W. R. Edwards, ~ &

A. Green, (s)" J. Guillot, & ) F. Jourdan, ( ) H. Langevin-Joliot, ( )

L. Rosier, ~ ~ and M. Y. Youn~ ~

i'~Institut de Physique Nucleaire, Orsay, Boite Postale No 1,. 91/06, Orsay, France
i ~Iaboratoire National Saturne, Centre d'Etudes Nucleaires Saclay, 91191 Gif sur -Yve-tte CEDEX, Prance

Rutgers University, ¹mBrunswick, New Jersey 08908
i ~Department of Physics and Astronomy, University of South Carolina, Columbia, South Carolina 89808

~ ~ University of Georgia, Athens, Georgia 90608
i iDapnia SPN, -Centre d'Etudes Nucleaires Saclay, 91191 Gif sur Y-vett-e CEDEX, Prance

(Received 5 March 1992)

A signature S& of isoscalar spin-transfer strength has been tested in the inelastic scattering of
400 MeV deuterons from ' C. It was then applied to the study of Ca over an angular range from
3' to 7' (momentum transfer range from 0.26 to 0.8 fm ) 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 strength around
15 MeV. The results are compared with spin-Hip 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 noninteracting Fermi gas values.

PACS number(s): 25.45.De, 21.10.Hw, 27.40.+z

I. INTRODUCTION

Collective AS=0 (i.e. , spin transfer 0) excitations
have been extensively studied both theoretically and
experimentally during the seventies [1]. Since 1980
Gamow-Teller, isovector spin-dipole, and isovector spin-
quadrupole strengths have been localized by charge-
exchange (p, n) and (sHe, t) reactions [2—5]. Many 1+
states have been studied both by electron [6] and pro-
ton inelastic scattering [7, 8]. Proton inelastic-scattering
spin-transfer experiments have localized spin-dipole and
spin-quadrupole strength [9—12] and have shown that
AS=1 states are shifted to high energy compared to
isoscalar b, S=O states. Inelastic proton scattering excites
isovector as well as isoscalar states, while in the electro-
magnetic 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. There-
fore very few isoscalar spin states are presently known,
none of them in Ca. The continuum spin response in
the AT=0 channel is essentially unknown.

As deuteron inelastic scattering can excite only isosca-
lar transitions, it would be the simplest and best probe

'Present Address: Los Alamos National Laboratory, Los
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for such states, if a clear signature for b,S=1 excita-
tions could be found. In a previous work [13] the va-
lidity of such a signature was tested on different states of
~2C. This signature is used in the present work to detect
isoscalar spin strength in Ca. The present results are
compared to the total spin strength localized by (p, p')
scattering [9, 10, 14]. Measurements were performed be-
tween 3' and 7' (for a momentum transfer q between
0.26 and 0.8 fm ~) and for excitation energies ranging
from 6.25 to 42 MeV. Preliminary results have already
been given in Ref. [15]. In Sec. II expressions for the spin
observables that were derived in Ref. [13], and the mi-
croscopic description of deuteron-nucleus scattering are
given. Section III contains the details of the experimen-
tal set-up and the procedure that was followed to extract
the spin observables. The experimental results are given
and discussed in Sec. IV; the conclusion is presented in
section V.

II. SIGNATURE FOR SPIN-FLIP TRANSITIONS

In (p, p') scattering [16] it has been shown that the
spin-flip probability S„„is, at intermediate energies, a
good signature for spin excited states since S„„Ofor
AS=0 transitions and can reach 0.6 for a LS=l state
such as the J =1+ 15.1 MeV state in C. A signature
similar to S„„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 nucleons, due to the
symmetry of the interacting system. This relationship is
not so direct for a deuteron projectile; it will be discussed
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in a forthcoming paper.
Following the Madison convention [17] and the formal-

ism of Ohlsen [18],we recall the definition of the observ-
ables for a vector- and tensor-polarized deuteron beam
along the y axis normal to the scattering plane: A„and
Ayy are the vector and tensor analyzing powers of the

I I I

reaction, P" and P» are the vector and tensor po-
I I I

larizing powers of the reaction, and K& and K» the
vector and tensor spin-transfer coefficients (the lower in-

dices refer to the incident-beam frame; the upper to that
of the scattered beam).

For a deuteron beam, three spin-flip probabilities Sp,
S&, and Sz may be defined; they are the probabilities for
a change of 0, 1, or 2 units of the spin projection along
the y axis. The S& probability is similar to S„„in (p, g7')

scattering.

Sp = —(2+3K„" + K„"„"), (2.1)

Sg ———(4 —A„„—P" " —2K„"„"), (2.2)

Sz (4+2Ayq 9K'" +2P~~ +K~~ ) (23)

It has been shown [18] that in the plane wave ap-
proximation, Sq=0 for b,S=O transitions. As for S„„
in (p, p'), it is expected that Sq remains small for b,S=O
transitions, even in the presence of distortion. For b.S=l
transitions Sq is expected to be positive. For pure b, S=O
states we necessarily have Sz = 0 and A„„=P II tI . For
other transitions, in a one-step process, S&=0 if only the
S state of the deuteron is considered and if the effec-
tive interaction is obtained from the N-N interaction by
a folding procedure. By assuming that Az& ——P& 'II is
still valid, and that Sz = 0, we can derive the following
expression for Sq, called from now on S& .

4 2 I

(2 4)

The only polarization measurement in the focal plane
of the spectrometer required to determine S& is the

I
vector-depolarization coefficient KtI . Tensor polariza-
tion transfer measurements are much more time consum-
ing. The only tensor quantity required for S& is Azz, an
analyzing power which can be measured easily.

A. Microscopic description of
deuteron-nucleus scattering

Mp(E, q) = ) d"„„",(7. = 0)o "o"
AA'vv'

for the isoscalar part and

My(E, q) = ) d"„" (7 = 1)o"o"r, rz
AAI vv'

(2.6)

(2.7)

for the isovector part. The d„"",(r) are linear combina-

tions of the A, 8, C, 8, and E terms; cr" and cr" are
spin operators for a spin transfer AS = A in the projec-
tile and AS = A' in the target, respectively.

If we assume that, for the reaction A(a, b)B, the
deuteron-nucleus interaction is the sum of the interac-
tions of each nucleon of the deuteron with each nucleon
of the nucleus, then the deuteron-nucleus amplitude is
proportional to

2 )
7AQ m

with

, (r, kb) Z y+, (r, k, )drdq (2.8)

It has been shown in a previous (d, d') experiment at
400 MeV [19] that the angular distribution of the vector
analyzing power A„ 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) sc-attering 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+ 8 o,„- o „- + C(o,„- + o,'„-)

+ to,qo,'q + Ho~go,'p, (2.5)

where A, 8, C, 8, and P, which are functions of q and of
the isospin transfer w, are deduced from the Amdt phase
shifts [20]. The indices i and j stand for the incident
nucleon and the target nucleon, respectively. Here it is
convenient to express M(E, q) in a standard basis [21] as

Z = (C„'((q, (z, rqz)4'& ]) Mp(E, q)e' ' ~' "'~ l~@&„"C,. ((q, (z, rq2)). (2.9)

tion ry2, the deuteron wave function calculated from the
Paris potential [22] (94.3% S state and 5.7% D state) is

used. 4&„" and 4J ~ 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; p. is the distance of the struck nucleon in
the nucleus to the center of mass of the nucleus. All the

Here the sum runs over all the nucleons in the nucleus.
The isoscalar part Mp(E, q) of the free N Nscattering-
amplitudes is taken at an energy E = Ed,„t„„/2

I I

C'8. ((q, (2, rqq) and C»'((q, (2, rqz) are the deuteron
wave functions in the incoming and outgoing channels,
respectively, as a function of the internal coordinates (&
and (2 of the nucleons in the deuteron and their separa-
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calculations in the present paper were performed in plane
waves, so the momentum transfer q = kb —k, the g wave
functions are simple plane waves, and the summation on
m' and mb disappears.

The spin Jd transferred to the deuteron can be 0, 1, or
2 as (s~ —sb( & Jg & s + sb. Then three cross sections
o'p, op, and oq can be associated with these transfers, and
three ratios IIp, IIy, and II2 can be defined as

o.e O.B

0.6

0
65

0.4
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0.4
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o.o
0 0,5

&LI ~a~wla & i i t
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n'o
—IT1

—0.2

I. . . oo
1 1.5 2 2.5

Sd (+10 n )/(+00 + alp)' (2.11)

For a pure AS=1 transition (az+z ——0), n+=S&.
By making the same approximations as in (g7, p') [14]

and assuming that these approximations are valid in the
same range of momentum transfer in the present exper-
iment, we can replace n+ by n '" calculated in the free

0.8 I I
i

I I 1 i

(

t 1 1

(

I

For the target nucleon there are only two possible val-
ues for the spin transfer: 0 or 1. Thus we can similarly
define two cross sections and two ratios, IIo and II1. It
should be noted that the signatures Sp, S1, and Sq de-
fined above give the probability that the projection of
the deuteron spin changes by 0, 1, or 2 units, while the
ratios II~, give the probability that Jg units of spin itself
are transferred.

It can be shown that Sz ——S1+4Sz if A» ——P"'"' (which
is true for the scattering from a free nucleon). If the D
state is omitted in the deuteron wave function, Sz ——0
and S& is equal to S1. For a 400 MeV deuteron scattering
on a free nucleon, the signatures S1 and S&, plotted in
Fig. 1, are very close in the range of the present experi-
ment (q ( 1 fm ). In this range of momentum transfer
the non-spin-fiip part of the interaction dominates (see
Fig. 2), giving values for S& smaller than 0.1.

Let opp and o.
&& be the isoscalar cross sections for a

spin transfer of 0 and 1 to the nucleus. Following the
method given in Ref. [14] for (g7, p') scattering, we can
define an o.A coefficient by

q (frn ')

FIG. 2. II ratios. (a) For the deuteron projectile; (b) for
the target nucleon as a function of q (fm ').

deuteron-nucleon (d N) scat-tering and factorize the cross
sections as

A freea,p
= Neir f'o a,p (2.12)

with nr"' = S& (free)/II1(free).
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 approxima-
tion.

The relative isoscalar spin response is defined as

~p flo
(2.14) (2.14)

in analogy with the corresponding isospin-averaged quan-
tity Bp measured in proton scattering. With the above
factorization approximation, and with the assumption
that distortion corrections are the same in both spin
channels,

Here N, g is the effective number of participating nucle-
ons (supposed to be the same in both channels), f~p the
isoscalar nuclear response in the spin channel i, and a,o"
the d Nscatter-ing cross section calculated for the q value
of the deuteron nucleus inelastic scattering. Then

Sq = (f1o a1o n )/(f1o aro +foo a'oo ) (213)

0S I—

0.0
0

s,

——-s"

s (

0.5 I 2.5

Sg(measured) IIp(free)

S& (measured) IIo(free) —II1(free) + Sg(free)

(2.15)

where IIp(free) and II1(free) are calculated for deuteron
scattering on a free nucleon. In Fig. 3 R& is plotted as a
function of S& for q =0.5 fm . For small S& values, the
slope of the curve is large, leading to a large uncertainty
on a~.

From the above relations

q (fm ')
a 1p

—
S& (measured), (2.16)

FIG. 1. Sq and 8& calculated edith the free deuteron-
nucleon interaction as a function of q (fm ). where ~ ——opp + o-&p is the experimental cross section.
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Two diferent types of polarized deuteron beam were
used. In the first mode, the beam is vector and tensor
polarized, in four difFerent states labeled 5, 6, 7, and 8
in the notation of [27]. The polarization state changed
with each beam pulse. The vector and tensor polariza-
tions p, and p„ in this reference become p„and p» in
the Madison convention used for our experiment. The p&
and p» values were measured regularly with the low-

energy polarimeter [27]. They were found to be sta-
ble within a statistical uncertainty of 3% and equal to
p& ——0.312 6 0.010 (giving a polarization efficiency of
93.6%) and p„„=0.830 6 0.020 (83% efficiency), the er-
rors being only statistical. An absolute uncertainty of
2.5% comes from the calibration of the low-energy po-
larimeter; furthermore, a correction for the dead time of
its electronics must be added [28].

This polarized beam has been used to measure

III. EXPERIMENTAL SET-UP AND
PROCEDURE

A„= (2/3p„)(Ns —Ns+ Ny —Ns)/(Ns+Ns+ N7+ Ns),

(3.1)

The measurements were performed with the 400 MeV
polarized deuteron beam at the Laboratoire National Sa-
turne (LNS). The data were taken at the high-resolution
energy-loss spectrometer SPES1 [23] using the vector po-
larimeter POMME [24, 25] and the acquisition system de-
scribed in Ref. [26]. The thicknesses of the carbon scat-
terer 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 experimen-
tal setup is given in Fig. 4. Using a 44 mg/cmz izC

or a 46.5 mg/cmz 4PCa target the energy resolution was
200 keV (FWHM). Good background rejection was ob-
tained by setting horizontal and vertical windows on tar-
get and focal-plane variables of the scattered deuterons.

A» ——(2/p»)(Ns+ Ns Nz —Ns)/(N—a+Ns+N7+ Ns),

(3.2)

and

Ap = (Ns —Ns —Ny + Ns) /(Ns + Ns + Ny + Ns),

(3.3)

where Ns, Ns, Nq, and Ns 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], Ap must
be zero.

In the second mode, the beam is only vector polarized,
with states 2 and 3 of Ref. [27]. The p„value was reg-
ularly measured and found equal to 0.598 6 0.008, thus
giving a polarization efficiency of 89.7%. With this beam

Ay = (2/3p„) 3+ 2
(3.4)

Og
~~I

Pg~~

eter

rget Incoming Deuteron Beam

FIG. 4. Experimental setup.

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

As a test of the accuracy of the beam polarization mea-
surement and of the POMME calibration, time-reversal
invariance properties in elastic scattering A„=P~ and
S& ——Si=0 were checked in Ca at 6'. In order to sat-
isfy 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 dur-
ing the POMME calibration [28]. These new values are
used for the analysis of the present data. We also checked
that A„as measured with the 2-state beam was the same
as A& measured with the 4-state beam, and that it was
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independent of whether or not the focal-plane polarime-
ter was included in the trigger.

The spatial extension of the focal plane of the
spectrometer which can be used with the polarirneter
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 6
0.006) and equal to P" (0.593 + 0.008) measured at
the same time and that S& 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 8& being less
than 0.02.

3.0

2.0

1.5

10

I-oo' I . . . , I . . . , I

-10 —5 0

A~ (MeV)

I I I I

5 10

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%%uo

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 anal-
ysis and the efficiency of the wire chambers, the absolute
error on the cross sections is estimated to be 6 15%%uo. As a
test of the corrections on the electronic dead time, it has
been verified that Ac=0 within the statistical uncertainty
of + 0.004.

In the second step, the vector-polarized deuteron beam
was used, essentially because the value of p& is twice as
large as the value that could have been obtained with
the four-state polarized beam. Moreover, the p„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%%uo. 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].

/

Measurements of K„" and of the signature Sd 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
relationsbetween p„andtheobservables P" and K„" are
different in the two cases, we are made confident about
the method.

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

D. Extraction of the P" and K„" values

The Kyy and P" values are related to A„and to the

polarization of the scattered beam p~, and p, for the two
u v

states of polarization 3(f) or 2($) of the incident beam
as follows:

1
Ky" —— [py, —p„, + 2&y Ay(p„, + p„,)],

I 'g
(3 5)

1Py LT+ I+I A(&T (3.6)

+ csin(C, ) + d sin(2C, )]. (3.7)

Due to the symmetry of the incident beam, the coeffi-
cients c and d should be zero; they were evaluated by a
Fourier analysis of the N(O„C,) distribution and were

generally found to be compatible with zero. In the cases
where those values were not zero, the measure was re-

jected The coeff. icients No(O, ), a and b, were extracted
by a g minimization method with c = d = 0 for each
polarization state of the beam and each 0, bin.

The parameter a is directly related to the vector po-
larization of the scattered deuterons:

The analysis of the data to extract the values of p,
and p~, was done in the following way. Each event was
storeZin a multiparameter spectrum as a function of the
beam polarization state, of the excitation energy ~ in
the target (in 0.1 MeV bins), of the target scattering
angle Oi (in 0.1' bins), and of the polar and azimuthal
scattering angles 0, and 4, in the carbon analyzer (in
1' and 10' bins, respectively) for e, between 4.5' and
19.5'. For each value of ur, Oi, and polarization state,
a two-dimensional spectrum N(O„C, ) was plotted. The
origin of 4, is taken in the scattering plane of the first
reaction. For each value of O„N(O„C,) is expanded as
a function of 4,:
N(O„C', ) = No(O, )[1+o, cos(O, ) + bcos(2C, )
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1 6
v3iTgg'

(3 8)
I

'
I

"c(d,d) 8„,=4

where iTii is the vector analyzing power of the polarime-
ter [25] at the energy E;„, u—for the scattering angle 8,.
The weighted average of the results so obtained gives the
final polarization p& inserted in the above formulas.

When the cross sections were extracted from the mea-
surements performed with the whole POMME setup,
they were corrected by the efficiency of the polarimeter
as given in Fig. 5.

0.0

~ 10000—
0
V

0
1000—

C

500—
D

I 0.25

IV. EXPERIMENTAL RESULTS AND
DISCUSSION

A. Test of the signature in (d, d') scattering on i~C

OI ~

100—

T

I

10
~ (Mev)

15 20

The first results on i C reported in Ref. [13]have to be
slightly modified due to the reanalysis of the data with
the corrected values for the incident beam polarization
and for the POMME analyzing power. For the AS=0
states we get A„=P" (to an accuracy of 6 0.023 for the
2+ state) as predicted by plane wave calculations using
the Cohen-Kurath wave functions [31]. In these calcula-
tions for AS=1 states we obtained A» P"",sup——porting
our approximation SI ——S& .

The results on izC obtained at 4' are plotted in Fig. 6
as a function of the excitation energy. The signatures for
the b,S=O states at 4.44, 7.65, and 9.64 MeV are compat-
ible with zero, while the b,S=1, 1+ state at 12.71 MeV
and the 2 state at 18.3 MeV have strong signatures. In
Table I the experimental values of S& at 4' and 6' for
four states are given, and the values are evaluated in the
impulse approximation as described in Sec. II A. The izC

wave functions for the different excited states were taken
from Ref. [31]. The values of the spin response Rz are
also given for the 12.71 MeV state.

Equation (2.13) can be used to predict the value of
S& in the plane wave limit for a pure spin-Hip transi-
tion (foo = 0, fio = 1): Sz ——n '". The excitation of the
12.7 MeV state at 4' corresponds to a momentum trans-
fer q = 0.465 fm and leads to Sd ——0.48. This value is in
very good agreement with S&

—0.47 calculated using the
Cohen-Kurath wave function. These nearly identical val-
ues confirm the validity of the approximation a = a "'.

FIG. 6. Results on ' C at 4' lab as a function of the
excitation energy. (a) The S& signature; (b) spectrum in 100
keV bins; (c) same spectrum summed over 500 keV bins; and

(d) product (do/dA dE)S& (in arbitrary units).

From Eq. (2.15) R&——0.94+0.03 for the 4' experimental
value S& ——0.33+0.05. This can be explained by a small
non-spin-fiip continuum underlying the 12.71 MeV peak.

B. The Ca nucleus

The spin signature Sv& was measured at the laboratory
scattering angles of 4' and 6' (from q = 0.28 to q = 0.8
fm i), each measurement covering an angular range of
+1'. Use of two different magnetic field settings permit-
ted 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 b,S=O transitions may still be neglected for
40Ca at q = 0.9 fm

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 S& are shown in Fig. 7 for 4' and 6'. The
errors include the statistical uncertainty which comes es-

TABLE I. Signature for the three ES=O states 2+, 0+, 3 and for the spin-flip state at
12.71 MeV in C 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

40 6'

0.03+0.04

0.05+0.06

0.02+0.04

0.33+0.05

-0.01+0.04

-0.06+0.05

0.03+0.03

0.30+0.05

Experimental

0.002 0.004

0.001

0.472

0.002

0.299

Theoretical
40 60

0.94+0.03 0.99+0.03

A~ Response
40 6'
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FIG. 7. Experimental data on Ca. (a) Spectrum at 6'.
(b) Signature Sz at 4'. The curve (dashed line) is the isoscalar
spin signature as calculated in Ref. [33] for 319 MeV protons.
(c) Signature S~x at 6'.

sentially from the uncertainty on K~& . The absolute un-
certainties 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
S„„measured in (p, )7') at 319 MeV, where the values
reached about 0.40 at 40 MeV. But they are compara-
ble with the free values of Sd shown in Fig. 1, and they
suggest the presence of a broad distribution of ES=1,
ET=0 strength over this region.

Because of the statistical errors on S&, smaller energy
and angular bins cannot be studied simultaneously. The
excitation energy region from 8 to 10 MeV has been stud-
ied in 100 keV bins for 3' ( Oi ( 5'. The results are
plotted in Fig. 8; two maxima of S& appear at 8.4 and
9.2 MeV with R& values of 0.8. The spin-flip cross sec-
tion for a 2 MeV bin centered at 9 MeV, given in Fig. 9,
is compatible with the angular distribution of a 2 state;
the calculations were performed in plane wave impulse
approximation with the wave functions of the two main
2 states predicted by Brown [32] which give the same
shape. Nevertheless, in this case, the shape of the an-
gular distribution is not enough to unambiguously deter-
mine the J nature of this structure. However, the large
values of B& in this energy region strongly suggest the
presence of signiFicant isoscalar spin-flip strength which
was unknown until now.

Brown [32] predicted strong 2, T = 0 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 ex-
pected value for a pure spin-flip transition obtained us-

ing Eq. (2.13). Unkelbach and Wambach [33] have cal-
culated the cross sections and S„„values for the scatter-
ing of 319 MeV protons at 7' (q=0.53 fm ') on 4oCa.

They also found a strong isoscalar 2 state at 7 MeV

B.S 9
v (MeV)

FIG. 8. Excitation energy region from 8 to 10 MeV stud-
ied in 100 keV energy bins for 3' ( ez ( 5'. (a) Signature.
(b) Spin cross sections (open circles) and non-spin cross sec-
tions (crosses) .
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FIG. 9. Angular distribution for ~ between 8 and 10 MeV.

(a) For S~z, (b) for the spin cross sections (open circles) and
nonspin cross sections (crosses). The angular distribution
plotted (solid line) is for the 2 state at 6.77 MeV [32] nor-

malized to the experimental data.

and two other weak states near 8 MeV. Although the
present measurements cover the excitation energy region
between 6 and 8 MeV, the small values of S& due to the
large excitation of known b, S=O states do not allow us
to draw any conclusions regarding the presence of narrow
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spin-flip states in this region.
For the region of the continuum, the Ro& values and

the ooo and o lo cross sections are given as functions of u
at 4' and 6' in Figs. 10 and 11, respectively. The di8er-
ence in the spin-flip strength distribution shown in these
figures is due to a faster decrease of the measured spin-
flip cross section in the lower excitation energy region
and the large binning in angle (+I') used to produce
these figures. The analysis of the data was done with
smaller angular bins (+0.25') and showed a smooth an-
gular dependence for the spin-flip strength distribution.
As expected the giant quadrupole resonance appears near
18 MeV in the oooo cross section. At 4', there is a concen-
tration 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 pre-
dictions of Ref. [33]: 2 states are predicted between 13
and 20 MeV and 3+ states are essentially localized be-
tween 20 and 33 MeV. In Fig. 7(b) our experimental
S& values at 4' are compared with the isoscalar spin-flip
probabilities calculated in Ref. [33] simply by switching
off the b,T=1 strength in the theoretical calculation of
S„„. This comparison is not unreasonable because the
nfree obtained in d Nat 400-MeV is close to nfree= 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 re-
sults, the experimental spin strength is weaker than the
one predicted between 35 and 40 MeV. This compari-
son, which neglects the difference between distortions in
the two channels, is another indication of the apparent
simplicity in the interpretation of these spin-transfer ex-
periments.

The angular distribution of trio 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
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FIG. 11. Results extracted on Ca at 6'. (a) Spin re-
sponse R&. (b) Nonspin cross section. (c) Spin cross section.

when u increases, suggestive of the presence of higher
multipolarities at higher u.

The (p, g7') experiments performed at 319 MeV on 4oCa

[14] at q 0.5fm give the total spin response denoted
Rg. The spin responses fo and fr defined in Ref. [14) are
averages over isospin:

f. &free + f, &free

&free + &freeil iO

(4.1)

where the first index indicates the spin channel and the
second index the isospin channel, the o','" being proton-
nucleon cross sections,
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FIG. 10. Results extracted on Ca at 4'. (a) Spin re-
sponse Rs. (b) Nonspin cross section. (c) Spin cross section.

FIG. 12. Angular distribution. (a) For 8&., (b) for the
spin (circles) and nonspin (crosses) cross sections for 2 MeV
energy bins centered at 15, 27, and 35 MeV.
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Each o,~ can be calculated exactly; opf'ie'/apf'pe' is small
and nearly constant between 319 and 800 MeV (0.039
and 0.032, respectively, at q = 0.5fm ). It may be
shown that (ere'i /ao'o )(fpi/fir) can be neglected if for is
smaller than half the total strength. With this condition
the second term in the denominator is (fip/fii)(fop/fip).

For given values of the f,~ and for different momentum
transfers, the energy dependence of Rs on the ar'" cross
sections is predicted to be very weak as found experimen-
tally [34]: Rs(800 MeV)/Rs(319 MeV) is 0.98 for q=0.5
fm and 0.94 for q = 0.9 fm

The ratio fip/fpp obtained from the Rp& values mea-
sured in the present experiment is shown in Fig. 13(a);
the values fii/fop and fio/fii deduced from Rs and R+
are shown in Figs. 13(b) and 13(c), respectively. The
ratio fi&/fM increases with ~ showing a very important
contribution of the isovector spin strength at high excita-
tion energies. The ratio fip/ fop is essentially equal to one
at all excitations energies as expected for a noninteract-
ing isoscalar Fermi gas. The small decrease in the value
of this ratio around 20 MeV is due to the excitation of
the giant quadrupole resonance in the fpo channel. This
shows that the collective effects in the continuum are
much weaker in the isoscalar channel than in the isovec-
tor one. Up to 18 MeV the ratio fip/fii is compatible
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FIG. 13. Relative spin strengths. (a) fop/fpp extracted
from the present (d, d') data. (b) fqq/fpp obtained using
the relative spin responses Rz (present data) and Rs [(p, p')
at 319 MeV]. (c) fop/fqq ratio of the AT=0 to the AT=1
strength in the spin channel.

with one and decreases beyond this energy. 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 S& in 400 MeV deuteron
scattering on 4 Ca has yielded many interesting features.
As predicted, the measured values of the spin-flip proba-
bility are smaller than for proton-induced reactions, and,
as a consequence, they may be more affected by ex-
perimental systematic errors or theoretical uncertainties.
Nevertheless, the results clearly show the presence of the
isoscalar spin component of the nuclear force. In par-
ticular, 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 signa-
ture S& was roughly consistent with its free value in this
region. A simple interpretation of the results suggests a
lack of collectivity in this channel which is consistent with
previous indications of a weak particle-hole (p-h) force in
the ES=1, AT=0 channel [35], such as the position of
the "isoscalar" 1+ state at 5.845 MeV in zosPb [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 pro-
ton scattering, a relative spin response R& was defined.
Its values were determined from the S& data with simple
assumptions like those made to determine Rs for pro-
tons. 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 val-
ues of R& generally fluctuate around the Fermi-gas value
of 0.5. Attempts to explain the proton data have focused
on the exhaustion of the h, S=O sum rule strength at low
excitation energy (thus increasing the relative strength of
AS=1 at high excitations) and on the repulsive nature
of the residual interaction in the AS=1, AT=1 chan-
nel (thus increasing the AS=1 strength at high excita-
tion) [38]. The argument based on the exhaustion of
AS=0 strength would apply equally well here for the
deuteron data, predicting an enhancement at high ex-
citation which is not observed. Indeed the various f,~

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 measure-
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ments 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 S„„itself [39] are not negligible as previously
supposed. This would suggest that Ag might be modi-

fied. The distortion corrections are due to both absorp-
tion and to the eKects of the spin-orbit potential. The
eÃects of distortion on S& have not yet been evaluated in

(d, d') scattering, except, as noted in the text, that Sd is

experimentally found to be zero for a ES=O transition in

Ca. In addition, the agreement shown in Fig. 7(b) be-
tween the calculation made for the T = 0 component of
proton scattering with the present deuteron data for Sd

suggests that distortion corrections should not be very
large; however, complete DWIA calculations are needed.
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