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Experimental data on the nuclear spin-isospin response in the quasifree region, measured with
the charge-exchange reaction (d,2p['So]) at Laboratoire National Saturne, are presented. The use
of a tensor-polarized beam enables us to separate the tensor analyzing powers T3¢ and T2. The
present publication is intended to serve as a compilation of the complete set of quasifree data with
the (c{, 2He) reaction at 1.6 GeV bombarding energy. Data for '>C are compared to calculated cross
sections and tensor-analyzing powers. The cross section in the high-energy end of the quasielastic
peak is underestimated, whereas the polarization observables are reasonably well reproduced. The
distortion effects are, however, found to be large, suggesting that the ((Z, ?He) reaction is not sensitive

to spin correlations in the continuum.

PACS number(s): 25.45.Kk, 24.70.+s, 24.50.+g, 25.40.Kv

I. INTRODUCTION

The present paper is a contribution to the understand-
ing of the response of a nucleus to the pion field in
the quasifree region. The reaction used is the charge-
exchange spin-transfer reaction (d—', 2p [*So]), also called

(d-., 2He). This reaction selectively probes the spin-isospin
structure of nuclei. At low energy transfer, e.g., bound
states and low-lying resonances, the probe provides an
appropriate tool to separate the nuclear response in in-
dividual spin channels. However, as will become clear in
the following, the probe is, unfortunately, and contrary to
expectations, to a large extent masked by distortion and
not able to separate the individual spin channels of the
nuclear response function in the continuum. We present
for the first time a complete description of the spin struc-
ture of the (d_: 2He) reaction at intermediate energy.
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The isospin channel of the nucleon-nucleon interaction
is strongly spin dependent.! When the momentum trans-
fer is larger than the pion mass, the spin-longitudinal and

!The strong spin dependence of the interaction is due to the
pseudoscalar nature of the one-pion exchange. The OPE is
purely spin longitudinal: the Pauli operator o acting in the
spin space of the nucleon acts “along” the momentum transfer
q. However, even the large spin-transverse components of the
isospin channel are determined by the pion exchange mecha-
nism: they result from a screening of the OPE at small impact
parameters. This holds for the two prototype reactions of the
isospin channel, the excitation of the A (1232 MeV) isobar in
N+ N — N+ A and the elementary charge exchange reaction
n +p — p+ n [21,40,41]. This means that the spin-isospin
channel of the nuclear response is determined by the structure
of the pion-nucleon vertex.
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the spin-transverse amplitudes even have opposite signs.
Similar contrast between the longitudinal and transverse
spin channel was expected in the residual interaction.
After Alberico, Ericson, and Molinari pointed out that
a random-phase approximation (RPA) calculation of the
nuclear response in the continuum leads to a downward
shift (softening) of the spin-longitudinal response versus
an upward shift (hardening) of the spin-transverse re-
sponse [1-3], much interest was devoted to this subject,
experimentally as well as theoretically.

Only hadronic probes are sensitive to both the spin-
longitudinal and the spin-transverse response. Electron
scattering is sensitive to the spin-scalar and the spin-
transverse nuclear response. (The spin-scalar response is
in the electron-scattering community called the longitu-
dinal response.) A recent analysis of electron-scattering
data on “He suggests that part of the contribution from
the one-body operator of the probing field is shifted to
high excitation energies, leading to an apparent down-
ward shift of the strength in the quasielastic region [4].
This refers then to strength associated with one-particle—
one-hole excitations of the correlated ground state and
the shift is found for both the spin-scalar and spin-
transverse strength. The two-body part of the probing
field (e.g., probing meson exchange currents in the nu-
cleus) gives, however, a significant contribution to the
spin-transverse cross section, to give a net enhancement
of the spin-transverse part.

We note that the corresponding analysis for hadronic
probes, i.e., including also two-body operators in the
probing field, has not been performed. In the hadron
case we furthermore expect contributions from two-step
processes on the projectile-target level.

The experimental study of the quasielastic excitation
of nuclei with the (*He,¢) reaction results in a disper-
sion relation deviating substantially from that on a free
nucleon [5]

2

Wiab = Iy (1)
At large momentum transfers, of order 2-3 times the
Fermi momentum, the quasielastic peak is shifted sub-
stantially downwards, whereas it qualitatively agrees
with the value given by (1) at momentum transfers close
to the Fermi momentum. The observed dispersion rela-
tion corresponds rather closely to distributing the avail-
able momentum transfer on two target nucleons. With
the (d, 2He) probe, as will be shown in the present paper,
the same behavior is seen. One major reason for study-
ing the spin-isospin excitation of nuclei in selected spin
channels is to determine whether these shifts might be re-
lated to a polarization of the nuclear medium. Notably,
the (p,p’) reaction follows the free dispersion relation,
whereas for the (e,e’) and (p,n) reactions there is an
upward shift by a constant [5-8].

In the (d,?He) reaction, the interference between the
351 and the 3D, state in the deuteron projectile gives rise
to a preference for spin-longitudinal excitation [9-12]. A
similar effect is present in (*He,t). In combination with
the softening and enhancement of the spin-longitudinal
response predicted at momentum transfers ¢ ~ 1.7 fm™!

in RPA calculations [2,3], this has been thought to be
the reason why the shift occurred specifically in charge-
exchange reactions with composite probes. In this light
it is surprising to observe that the downward shift is ac-
companied by a very strong enhancement of the spin-
transverse cross section in (d,>He) [13,14].

The prediction of an enhancement of the spin-
longitudinal over the spin-transverse response is contra-
dicted by the investigation of the spin-isospin response
with the (p,p’) experiment [15,16], and more recently in
an experiment with the (9, 77) probe at LAMPF [8,17-19].
In these experiments a slight suppression of the ratio of
spin-longitudinal over spin-transverse cross sections is ob-
served in nuclei at 1.7fm™' momentum transfer. The
origin of this unexpected strength in the spin-transverse
channel is a current issue of debate [20]. We note that
the recent model calculations of the one-body operator
part of the spin-transverse response do not predict an
enhancement.

At Laboratoire National Saturne, we have used the
high quality tensor polarized deuteron beam to study the
nuclear response with the charge-exchange probe (cf, 2p).
Concerning spin observables, it provides the same rank of
information as the (7,7 ) experiment. In the (d,2p['So])
reaction the isospin transfer in the probe serves to select
the isospin channel. Further, the spin transfer in the
probe helps to exclude the spin-scalar reaction channel.
With this probe, we are thus directly in the spin-isospin
channel. With the use of a tensor polarized deuteron
beam we obtain data from which spin-longitudinal and
spin-transverse cross sections can be extracted. Partial
results have previously been reported [13,14,21,22].

Further, we present a detailed calculation taking into
account the nuclear distortion on the two probe nucle-
ons separately, and show that distortion effects lead to
an enhancement of the transverse over longitudinal cross
section in (d, 2He) as observed at 1.7 fm ™ 'and larger mo-
mentum transfers. Further, the same calculation indi-
cates that distortion can explain the observed enhance-
ment of the spin-longitudinal over spin-transverse cross
section at ¢ = 1.3fm™ .

II. EXPERIMENT

The (J, 2p) experiments were performed using the po-
larized deuteron beam at Laboratoire National Saturne.
Since the upgrade with the MIMAS preaccelerator Sat-
urne delivers up to 10'! deuterons per burst [23]. The ion
source delivers an 85% tensor polarized beam whose po-
larization remains practically unchanged during the ac-
celeration [24]. This means that the experiment was per-
formed with beam polarization pyo = 0.61 + 0.01 quan-
tized along the symmetry axis of the synchrotron, to be
compared to a maximal theoretical value of 1/4/2. Fur-
ther, by precessing the deuteron spin in a superconduct-
ing solenoid before the target, it was possible to obtain
other beam polarizations. Data were recorded at bom-
barding energies 1.6 GeV and 2.0 GeV.

In order to minimize background from sequential
breakup of two deuterons, the two protons were required
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FIG. 1. Spectrum of the measured difference in time of ar-
rival of the two protons at the intermediate focal plane. The
true events fall inside the peak representing two protons arriv-
ing “simultaneously.” Consecutive breakup of two deuterons
gives the flat background. This background is minimized,
setting a software gate around the peak as indicated. The
remaining background can be subtracted by setting a gate of
the same size in the flat region and subtracting the events
falling in this gate from the events inside the true gate.

to arrive in coincidence (~ 2ns time window) in plas-
tic scintillators at the intermediate focal plane 16 m after
the target. As shown in Fig. 1, by setting the coincidence
window a few ns off, a background spectrum is obtained.

The two protons were detected individually in the spec-
trometer SPES4 [25]. The cuts from the 1.7°x2.6° colli-
mator and from the spectrometer restrict the relative mo-
tion of the 2p system to the 1S, state with high efficiency
[26]. This serves to select the spin-transfer channel.

The measured spectrum of the relative momentum of
the two detected protons is shown in Fig. 2. Also the
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FIG. 2. The distribution of the relative momentum of the
two protons of the outgoing unbound ?He at bombarding en-
ergy Tiab = 2 GeV, 2.3° laboratory scattering angle, and col-
limator 1.7°x3.4°. The observed spectrum is compared with
the calculated taking into account the cuts from the spec-
trometer and the collimator.
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calculated distribution, taking into account the cuts from
the collimator and from the spectrograph, is shown.

As reference and test tar%ets we have used liquid
H; and D, (100-300mg/cm®). The yield from the
“empty” target consisting of Ti and Mylar foils (total
of 30 mg/cm?) was subtracted. The nuclear targets for
which we have performed the most detailed studies were
12C and 4°Ca foils of thicknesses 50-500 mg/cm?.

The spectrograph was run in a mode where it covers
+3.5% around the central momentum setting. In (d, 2p),
however, the efficiency falls off rather fast when the ex-
treme momenta are approached. In order to have suf-
ficient overlap of field settings only the central +2.5%
were used. Spectra covering energy transfers from 0
to 500 MeV could thus be obtained from 7 magnetic
field settings each taking typically 30 min. Spectra were
recorded at 5 angles allowing us to cover a momentum
transfer from 0 to 2.4 fm™?'.

III. ANALYSIS
A. Observables

The observables are the differential cross section and
the tensor analyzing powers. The normalization of the
scattering matrix M is such that

d% 1 1 i
dido = 36dnpz MM, (2)

where F' = (p1p2 — m1m2)§ = |P11ab|Mtarget is Mgller’s
invariant flux factor. The tensor analyzing powers

tr(M 7a, MT)
Do = tr(MAMT) ®)

refer to the Madison frame, i.e., z axis along the beam
and y axis along the normal p;xXps to the scattering
plane [27]. The operator 7 acting in the spin space
of the deuteron is normalized as (1M'|7y,|1M) =
V2X+1 (1M Ap|1M'). The restriction from parity con-
servation of strong interactions implies the symmetry re-
lation Ty, = (—)*"#Th_, for the tensor analyzing pow-
ers [28]. This leaves only T3¢, T2;, and T3 as independent
rank two analyzing powers.
For a beam with spin density

1 o1 t
pP= 25+ 1 ZpAuT,\” = mzh—/\l‘)'r)““ (4)
Ap Ap
the cross section is
do = (do)o Y pauTy, - (5)

Ap

The polarization of the beam coming out of the syn-
chrotron is along the symmetry axis of the acceleration
ring. Precessing the deuteron spin in a superconducting
solenoid makes it possible to obtain other directions of
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polarizations of the beam on the target. Thus, it has
been possible to determine combinations of T34 and T34
of the form

da eam eam
(do_) 912)0 Tb

1 3
= pheam <5 M + \/; cos 2<,0T2A2'I>
beam 1 M 3 M
~ Pag By Ty + 2 (cos2p) Ty | - (6)

The polarization of the beam, along the internal polar-
ization axis, was p5s®™ = 0.61 + 0.01. In the following,
the analyzing powers refer to the Madison frame [29]. At
finite scattering angles, the angle ¢ between the normal
to the reaction plane and the beam polarization direction
could be varied between 0° and 45°.

For readers more familiar with the Cartesian tensor
analyzing powers, the transformation goes as

1 3
Age = —V2 (5 T30 — \/;Tn) ) (7)
= /2 ( Too + \/%Tzz) . (8)

B. The (d,?He) form factor

>
&
|

The deuteron wave function consists of a 35; and a 3D,
wave part. The radial wave functions U and W shown in
Fig. 3 are taken from the Paris parametrization [30]

M=0

S+ (k,
<Mi5(k,q)|M>={ (k.0)

57 (k,q)

/uk(s)j()(q—zs)U(s)ds + ﬁ/uk(s)j2<‘12—s)W(s)ds
/uk(s)j0<q2—s) s)ds — m/uk(s ((12_3) W (s)ds,

The difference between the longitudinal and transverse
form factors arises from the interference between the 35,
and 3D, states of the deuteron.

It has proven possible to describe the transition in the
probe by effective form factors which depend on the four-
momentum transfer only,

¢d(5) — U(S)

Yoo(s) | (33)1M)
W(s)

+ (Yz(s)l(%%):l))(zl)lM ) (9)

The 1S, state of the 2p system is described by the wave
function

ban(s) = 2 ¥ (s) [ (2100, (10)

where the radial wave function uy is the regular solution
of the Schrodinger equation

2

1 d? e? k
= : e - . a1
( o ds? + VReia(s) + S ) ur(s) m ug(s) (11)

VReid 1s the Reid soft-core parametrization of the isospin
triplet, spin singlet nucleon-nucleon interaction [31]. wug
is normalized to
Vam
ug(s) ~ 3

sinfks —nln(2ks) + o0+ 48] ,

as s — oo (12)

corresponding to the plane wave box normalization
(k' |k) = (2m)%6B) (K’ — k) (u = reduced mass, 7 =
pe?/k, oo = Coulomb phase shift, § = nuclear phase
shift [32]).
The (d,2He) form factor, which is calculated in the
probe Breit frame where t = —q?2, is then
(p1|S(k,q) | M) = et 1/2 | d1M ).

(13)

(2p[*So]| o},

If we quantize along the momentum transfer it becomes
diagonal [11],

(longitudinal)
M = +1 (transverse)

M=0
(14)
M = +1
[
oo Si(k’ ) 2
5% (1) / ( ) Si(k’;’) 2dk, (15)
AGREEE
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with tg = —1fm™2. Here the typical theoretical k dis-

tribution, represented by |S*(k,%0)|?, is divided out and
replaced by the experimentally allowed distribution as
calculated taking into account the cuts from the collima-
tor and the spectrograph SPES4 shown in Fig. 2. The
choice t; = —1fm ™2 has been checked not to be crucial:
the detailed & dependence of the form factors is not im-
portant. Finally, the form factor is normalized to unity
at t = 0fm™2.

The form factors may, when /—t < 2.4 fm™!, be
parametrized as

S7(t) = 1.31 exp (—1.38 fm /1)

—0.31 exp (—7.30 fm v/—1), (16)
S*(t) = S™(t) exp (—0.13 fm? ¢t), 17
F(t) = gtg; = exp (—0.26fm?¢) . (18)

The ratio F(t) expresses the emphasis the (d, ?He) probe
puts on the longitudinal channel. At typical values of the
four-momentum transfer it can be of appreciable magni-
tude, for example F'(—4fm~2) = 2.8. Thus the unpolar-
ized cross section can be dominantly longitudinal even
when the nucleon-nucleon interaction is predominantly
transverse. :

If we choose k = 0.12fm™ !, the form factors S*(k,t)
are, apart from normalization, almost identical to the ef-
fective form factor (15). In this sense the choice k =
0.12fm™ !, corresponding to an excitation energy of the
diproton of E3, = 0.6 MeV, represents the average value
of the relative momentum of the two ejectile protons
for the experimental setup used in the results presented
here. In the calculations including absorption it has been
checked that the absorption does not change the &k dis-
tribution: The absorption is effectively independent of &
for the range of k of interest here.

C. Efficiency correction

The integral over the relative momentum k of the two
protons in (15) is done once and for all, using a typical
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FIG. 3. Diproton 'S, wave function ux
corresponding to k = 0.12fm™', dashed
curve, units on the right axis. Paris
parametrization of the deuteron 3S; and 3D,
wave functions, units on the left axis.

experimental distribution of k as represented by the cal-
culated curve in Fig. 2. In doing so, we have neglected the
|P2p| dependence of the experimental cuts from the spec-
trograph: as the momentum of the diproton decreases,
the cuts from the spectrograph become narrower. The
cuts scale like |pyp| for each of the three dimensions of
k. In all, this calls for a geometric efficiency correction
|p2p|~3. In the quasifree region, this correction is not
very dramatic; as an example, at 1600 MeV bombard-
ing energy it amounts to 13% at the quasielastic peak at
2.4fm™' momentum transfer.

The correction comes on top of the efficiency correc-
tion within the 7% acceptance of each momentum setting
of the spectrograph. The efficiency, within the 7% mo-
mentum acceptance of the spectrograph, was measured
by stepping the central spectrograph momentum around
the elastic peak value in the p(d,2p)n reaction, keeping
the scattering angle fixed.

Both corrections have been done in all shown spectra.
By performing the integral over final state phase space
with the cuts from spectrometer and collimator imposed
on the integration region, averaging over initial momenta
as emitted by the synchrotron, |psp| ~3-correcting the re-
sult, and then comparing with the effective form factor
result, the efficiency correction procedures have proven
valid on the 2% level. The polarization response is formed
as a ratio of cross sections and is insensitive to these pro-
cedures.

D. Reference targets

The proton and deuteron targets serve as reference tar-
gets. In the plane wave impulse approximation (PWIA)
the cross section is expressed

do _ 1 (ma)" 4
dt = 3 \mpy 647w F2
< {(BI* + le]* + W) IS~ (@) + 1812 [S* (1)}
(19)
in terms of the nucleon-nucleon isospin amplitudes [12].

F = |piabl/mpy is the incoming flux. The spin-
longitudinal amplitude § is multiplied by the spin-
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longitudinal form factor. The spin-transverse amplitudes
B and e, and the spin-orbit amplitude v are multiplied
by the spin-transverse form factor. [See Egs. (29) and
(30) for a definition of the amplitudes.]

In Fig. 4 the measured angular distributions on pro-
ton and deuteron targets are shown. The distribution
predicted in the plane wave approximation is seen to re-
produce very well the data all the way out to momentum
transfer of 2.4 fm™*.

In PWIA, the tensor analyzing powers are given by

oy L P HIOP ARG 2P o
2 =75 B +[eP + 1+ 0P F@)

V3 1B+ 12— 18P F(t)
2 B +elP+ P+ 182 F(t)

Since, phenomenologically, the transverse amplitude ¢
and the spin-orbit amplitude v are small, at the bom-
barding energy in question, T2 gives a quite good sep-
aration between the spin-longitudinal 4 and the spin-
transverse 8. The simple picture is that T2 is large pos-
itive for a transverse reaction mechanism, and large neg-
ative for a spin longitudinal reaction. T3¢ will be close to
the maximal value, and is not sensitive to relative changes
between the spin-longitudinal § and the spin-transverse
€. At two scattering angles, we have only measured A,,.
However, —A,,, being the weighted sum (8) of T3, and
T2o, is almost as sensitive to the balance between spin-
longitudinal and spin-transverse cross sections as is T2.

In Fig. 4 the plane wave calculation is compared to
the measured tensor analyzing powers. The measured
polarization response is quite well described in the plane
wave description at low momentum transfers. At larger
momentum transfers the agreement is not so impressive.
However, a Glauber calculation which includes scattering
of the spectator in the spin-scalar channel gives a much
improved description of the data, lending us confidence
in our understanding of the probe.

Another interesting quantity to form is the ratio of
cross section with unnatural-parity exchange divided by
cross section with natural-parity exchange

2+ AM
S 1-AMC

M = (21)

(22)

FIG. 4. The measured tensor polarization responses —Alj*; s
TM and T on proton and deuteron targets are shown in
the upper three panels. The dashed line is the plane wave
prediction using the phenomenological nucleon-nucleon am-
plitudes at 800 MeV laboratory bombarding energy [36]. The
solid line includes rescattering in the Glauber approach on
the proton target. The measured differential cross section on
proton and deuteron targets is shown in the lower panel. The
proton data have been normalized to the Glauber calculation
at ¢ = 0.7fm™?, corresponding to 0.85 times the PW normal-
ization. Disregarding the zero degree point where the cross
section is reduced on the deuteron because of Pauli blocking
of the final state, the ratio between cross section on deuteron
and proton targets is 0.68 & 0.04.



The PWIA calculation on the proton target is given by

pw [ef” + 192 F(t)
N+ B2

The spin-transverse ¢ being small, R is very sensi-
tive to the balance between spin-longitudinal and spin-
transverse cross section. It can be independently normal-
ized to the reference target for data and calculation. The
ratio between cross section with unnatural and natural
parity exchange has previously been used as a measure
of collectivity in the (9, 7) reaction [33].

R

p(d,2He)n (23)

E. Distortion calculation

For the composite (d,2He) probe, the product of the
incoming and outgoing distorted waves is written

X}(rl, r3) Xi(r1,12) = '@ E1F/2 D, (b)) Dy (by)
Xiﬁ;p(l‘z—l‘l) Ya(ra—r1), (24)

with distortion functions D; and D, acting on the probe
nucleons separately. It is assumed that the distortion can
be factorized, an approximation discussed for the (3He, ¢)
reaction by Dmitriev [34]. In the eikonal limit of Glauber
theory the distortion function for the spectator is

Dy(b) = e 7P®) = exp (—’V/p[(bzﬂ—zz)é] dZ) . (25)

The nuclear density distribution p(r) is taken from elec-
tron scattering data [35]. For the particle undergoing
charge exchange the nuclear thickness 5(b) is multiplied
by (A—1)/A to take into account that it has the chance
of being rescattered on one target nucleon less than the
spectator. At 800 MeV bombarding energy per nucleon
the distortion parameter is 5 = (2.1 4 40.3) fm?® [36]; in
the optical limit this corresponds to off%, = 2Rey =
42mb. The distortion functions are transformed to mo-

J
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FIG. 5. Eikonal limit of the distortion function for the spec-
tator in momentum space for the 2C target at 800 MeV bom-
barding energy per nucleon. The dashed line is the imaginary
part. When taking into account the phase space factor pro-
portional to the distorting momentum §, we see that the typ-
ical distorting momentum transfer is of order 1fm™!.

mentum representation

D(8) = (2m)? 6@ (8) + D—1(6)
— (2m)2 6@ (8) + / & e (D(b)—1)

- (27r)26(2)(6)+27r/J0(66) (D(b)—1)bdb, (26)

where the distorting momentum transfer § = qex—q is
perpendicular to the probe momentum. The range of
D—1is inversely proportional to the nuclear radius; for
12C it is of order 1fm ™. The distortion function for the
12C target at 800 MeV is shown in Fig. 5.

With the above approximations the scattering matrix
reads

) <n l 5;—1 o2p2 (qex—(s) lﬁ> . (27)

This is an integral over distorting momentum transfer of the product of the probe weight function f, the driving force

t, and the target form factor i (n| JT(q) |0).
The probe weight function f(qgex,d) in (27) is

(11] F(Qex, 8) | M ) = (2m)26@ (8) (1| S(Qex) | ) + D11(8) (1 | 5(Qex) | M) + Da1(8) (11 | S(qex—28) | M)

A%y —
*/ @mz

The first term is the plane wave contribution. The second
term represents rescattering of the reacting nucleon, and
is symmetric around the probe momentum. The third
term is a term where the spectator is rescattered. The
fourth term represents rescattering of both projectile nu-
cleons. The terms with rescattering of only one probe

(16—82]) Do1(82) { 1 | S(aex—282) | M) . (28)

nucleon are predominantly interfering destructively with
the plane wave term, the term where both projectile nu-
cleons are rescattered is interfering constructively. The
terms involving rescattering of the spectator are asym-
metric: they are large when the momentum transfer is
shared by the two probe nucleons. There is a delicate
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competition between the three rescattering terms and the
plane wave term. In all four terms of (28), the difference
between the momentum transfer on the particle undergo-
ing charge exchange and the momentum transfer on the
spectator enters in the (d,?He) form factor S(q).

The driving force is resolved in spherical tensor compo-
nents, the rank 0 = 0,1 and the component 4y = —o,...,0
of the interaction is specified at both vertices.? In a co-
ordinate system with axes defined by the CM momenta
along —q = ky—k;, k;xkys and k;+ky it reads

(pn|t™(q) 7172 |np)

=2[a+60;a§—i7(a;+U§)+5aiai+saiaf]

Z tgivlul T2p2 (q) Ulll‘l 0'(1;2“2 * (29)

o141
o212

Only the isospin-transfer channel contributes. In the
calculation the phenomenological on-shell amplitudes of
Bugg were used [36,37]. The normalization is

do oM
E(np - pn) VYD) Z ta'lu.l o2z (q)lz (30)

with incoming flux F = [(k1kz)? — m%]2.

The transformation from the nucleon-nucleon CM sys-
tem with y axis along k;xky to the laboratory frame
with y axis along p;xXps3 is to a good approximation a
rotation ¥g = @q — @q., = Pq — ™ around the z axis along
the laboratory probe momentum

]

g

Gex

FIG. 6. The total momentum transfer q is shared between
distortion & and charge exchange q = Qex—6. Thus the direc-
tion of the underlying charge exchange is altered in direction
and magnitude. As discussed in the text, the magnitude of

the distorting momentum transfer is of the order 1fm™'.

torpu oame () = et ¥a (atra) tillwllvl o2p2 (q) - (31)

The distorting momentum transfer is of order 1fm™?.
Thus, as illustrated in Fig. 6, the rotation angle can be
large. Since the amplitudes t$Y; {4, = %(6 — f3) which
have |p1+p2| = 2 dominate in the region where the spin-
longitudinal is attractive, the effect of the rotation is
large. The approximation (31) assumes that the momen-
tum transfer along Z is much smaller than the perpen-
dicular component.

The nuclear spin-isospin response function was calcu-
lated in the continuum RPA framework described in [3].
It is defined as

R 94 (a,d,w) =3 (0]jrvon(@) | n)0(w = (En — Eo)) {n| 5Ly oy (@) |0) (32)

n;é()

with the spin-isospin current

A
Irvou(q) = iZTiv U(];u et (33)
Jj=1

The nuclear states |n) are eigenstates of the Hamiltonian
H=H,+V (34)

including the residual interaction V. If the particle-hole interaction V is turned off, the response is referred to as
uncorrelated. The effective particle-hole interaction was parametrized as

2

Viaw) = (L) e Kg - tI‘ﬁ(t)) (") (o™q) + (g' - Cp;n?—_trim) <alxq>~(a2xq)] (33)

™ ™

with m, = 139 MeV, m, = 770 MeV, C, = 2.18, and f, = 1.008. Cut-off masses in the monopole form factors I, and
I', were 1300 MeV and 2000 MeV, respectively [2,3]. The Landau-Migdal parameter g’ was set to 0.6. Coupling to the
A (1232 MeV) with coupling constant f} = 2.0f, was included in the calculation. In the calculations, the universality
ansatz gy = gna = gaa Was assumed. The coupling to the A enhances the spin-longitudinal cross section. The
validity of the universality is a current issue of debate [38].

Finally, in order to calculate the cross section (2) and polarization response (3) in the (d_: 2He) reaction, we need
the traces

2Here 000 = 1, 010 = 0, 0141 = F(0x ii"y)/\/i
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IV. RESULTS AND DISCUSSION

The results of the measurements on the 2C target are
shown in Figs. 7-14, as are results of the above calcula-
tion.

Looking first at the cross section data, the position of
the quasielastic peak follows a dispersion relation differ-
ent from that on a free nucleon given in Eq. (1) and indi-
cated by the arrow in the figures. The observed peak po-
sition corresponds qualitatively to distributing the avail-
able momentum transfer on two target nucleons. Neither
the PWIA nor the DWIA calculation shows a signifi-
cant effect of correlations for the position of the peak.
In the calculation, the spin-longitudinal component is
moved downwards in energy transfer relative to the spin-
transverse one, which is moved a bit upwards. But the
total cross section remains practically unchanged both
in magnitude and position. Particle-hole correlations do
not help us in trying to understand the downward shift
of the quasielastic peak at large momentum transfers.

At energy transfers larger than the Fermi energy, only
part of the observed cross section is reproduced by the
DWIA calculation. We take this as an indication that
part of the observed cross section in the upper end of the
quasielastic peak could come from higher order processes.

Now turning to the polarization responses: In the
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[
plane wave limit, the measured quantity Tss gives
a rather good separation between spin-longitudinal
and spin-transverse responses [26,10-12]: Pure spin-
longitudinal cross section has negative T2, and spin-
transverse has positive T53.

For scattering angles 2.7° and 9.3° only A,, was mea-
sured. Since Ty is insensitive to the ratio of longitudinal
to transverse cross section, and Ay, is the weighted sum
(8) of T22 and T3, Ayy is equally sensitive to correlations
as T22.

At momentum transfer ¢ = 0.7 fm ™" (2.7°), shown in
Fig. 7, we observe a large polarization response (—Ay,).
This is consistent with the spin-longitudinal amplitude
in the driving force having a zero crossing at this mo-
mentum transfer.

The plane wave calculation in Figs. 8-11 demonstrates
how correlations lead to a softening and enhancement of
the longitudinal response versus a hardening and quench-
ing of the transverse response, i.e., a preference for longi-
tudinal response in the lower end of the quasielastic peak.
The tensor analyzing power T, becomes an increasing
function of the energy transfer over the quasifree region.

At the smallest scattering angles, 2.7° and 5.0°, the po-
larization response at the peak of the quasielastic bump
is in fair agreement with the free response represented
by the deuteron target in Fig. 4, though with a slight

120(d, 2p['So]) Tiab = 1600 MeV 6 = 2.7°

FIG. 7. Cross section and tensor polar-
ization response in 2C(d, 2p[*So]) at bom-
barding energy 1600 MeV and 2.7° scatter-

7 ing angle. The momentum transfer is around
0.7fm™'. The arrow indicates the position
of the free response, i.e., the response on
a proton target. The curves on the right
plot are PW RPA (full) and PW uncorre-
lated (dash), the calculated PW cross sec-

1 tions have been divided by 4. The curves
on the left plot are DW RPA (full) and DW
4 uncorrelated (dash). At such a small scat-
tering angle, the large aperture causes a sig-
nificant spread in the angle of the scatter-
ing plane. Thus, expressing the analyzing
power in the laboratory in terms of those in
the Madison frame, the measured quantity is
A¥Y = 0954 + 0.054% = —V2(iTH

+4/2 0.90 7).
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tendency towards more longitudinal response. At larger
scattering angles, the measured cross section is system-
atically much more spin transverse than on the deuteron
target. An enhancement, though smaller, of the spin-
transverse over the spin-longitudinal cross section in nu-
clei is observed by Carey et al. with the (p,p’) reac-
tion [16,15] at momentum transfer 1.7 fm™', and more re-
cently by Taddeucci et al. in (p,7) [18,19] at momentum
transfers 1.7 fm ™! and 2.5fm™!. In the latter experiment
a slight enhancement of the spin-longitudinal over trans-
verse is observed at the quasifree peak at ¢ = 1.2fm™?*.
Despite the qualitative similarity between the results
with the composite probe (d-; 2He) and the elementary
probes, (p,7) and (p,p’), the explanation could be quite
different.

Turning to the DW calculation. Here two effects come
into play: First, and most important, the distortion
mixes the spin-longitudinal and spin-transverse channel.
Second, due to the fact that the reaction is somewhat

120(d, 2p[*So])  Tiab = 1600 MeV
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surface peaked, thus selecting low densities, the effect of
nuclear correlations is damped. Both effects damp the
difference between correlated and uncorrelated response
at the level of the observed quantity. In Figs. 7-11 we
see that, in the continuum region, there is only little dif-
ference between the correlated and the uncorrelated po-
larization response.

A striking effect of distortion on T3, is the change of
slope of the response over the quasielastic peak. Let us
for a moment ignore the rotation of reference frame (31)
and turn off all amplitudes but one, in the driving force.
The w dependence of the absorption factor is rather dif-
ferent for the individual amplitudes: At small w the
response function prefers the smaller effective momen-
tum transfers; at large w the response function prefers
the larger effective momentum transfers. The absorption
is due to the interference between the plane wave and
rescattering terms, where the plane wave is evaluated at
gex and rescattering is preferably evaluated at ¢ < gex for

Blab = 8.0°

T 1 T T T

05 4 r

PW

05 - A= 1 F

-05 | 4 F

FIG. 10. As in Fig. 8, but at 8.0° scat-
tering angle where the momentum transfer is
around 2.1fm™'.
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12C(d, 2p[*So]) Tiab = 1600 MeV 6y, = 9.3°

Wy (MeV)

120(11-: 2He)
Tlab = 1600 MeV Hlab =2.7°

T T

R(“CY/R('H)

d*o/d0dw (ub/sr MeV)

8

&

lzc(d" 2He)
Tlab = 1600 MeV 613,, = 5.0°

T T T

FIG. 11. As in Fig. 8, but at 9.3° scat-
tering angle where the momentum transfer
is around 2.4fm~'. The measured quantity

here is AM, = —v/2 (%Tzﬂg + \/g Tzz\g)

FIG. 12. Top left: The ratio of un-
natural to natural parity exchange at 2.7°
scattering angle normalized to the result
on the 'H target. The momentum trans-
fer is around 0.7fm™!. Note, that at
this momentum transfer the zero crossing
of the spin-longitudinal driving interaction
makes R inappropriate as a measure of
spin-longitudinal collectivity. This angle is
thus shown mainly for completeness. Thin
curves are plane wave calculations, thick
curves include distortion. Solid curves are
with correlations, dashed curves are uncor-
related. Plane wave calculations are normal-
ized to the plane wave calculation on the pro-
ton target. Distorted wave calculations are
normalized to the Glauber calculation on the
proton target. Bottom left: Differential cross
section at 2.7°. The position of the calcu-
lated response, has been shifted 5 MeV to re-
produce the position of the J™ = 4~ state
at w = 18 MeV. Top right: The ratio of
unnatural to natural parity exchange at 5.0°
scattering angle normalized to the result on
the 'H target. The momentum transfer is
around 1.3fm™'. Bottom right: Differential
cross section at 5.0°.
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the smaller w and at ¢ > gex for the larger w. The absorp-
tion factor therefore becomes an increasing function of w
for amplitudes whose magnitude is a decreasing function
of ¢ and vice versa. This explains that the slope of Ts2
appears already in the cross-section-weighted sum of the
polarization response for the individual amplitudes.

The mixing of the spin-longitudinal and spin-
transverse channels through the rotation (31) from the
nucleon-nucleon CM frame to the external frame and the
interference effects between amplitudes affect the magni-
tude of the polarization response, but have little effect on
the slope. Furthermore, it reduces the difference between
the correlated and uncorrelated response.

We saw, in the discussion on the elastic distortion,
that the rescattering distributes the momentum trans-
fer on the two probe nucleons. This is also intuitively
clear, since the two protons are required to be in a quasi-
bound state. The same argument applies for the case of
inelastic rescattering. Thus, when the energy transfer is
so high that the final state Pauli blocking is not impor-
tant, inelastic rescattering may carry a large component
of the cross section. At smaller energy transfer the two-
step inelastic process is highly blocked and its cross sec-

120(d“’ 2He)
711ab = 1600 MeV Glab = 6.5°
T T

12C(p, )
Tiab = 495 MeV glab = 18.0°
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tion is expected to describe only a minor fraction of the
observed. This may explain why the distortion calcula-
tion, which only accounts for rescattering in the elastic
channel, underestimates the cross section at large energy
transfers, and may further explain that the quasielastic
peak is shifted down in energy transfer at large momen-
tum transfers.

In Figs. 12-14 the results are shown as the ratio be-
tween the cross section with unnatural-parity exchange
and the cross section with natural-parity exchange given
in Eq. (22). In order to minimize uncertainties from the
elementary charge-exchange amplitudes used in the cal-
culation, the ratio is normalized to the result on the pro-
ton target for the data and the calculation independently.

Let us take a look at Fig. 13 where the result obtained
with the (J, 2He) probe is compared with that obtained
in (p,7) at LAMPF [18]. From the PWIA calculations
(thin curves) we see that the suggested ratio is indeed
sensitive to correlations: the ratio of unnatural over nat-
ural parity exchange is enhanced in the lower end of the
quasifree peak. In the DWIA calculations, we see that
the sensitivity to correlations survives in the (p,n) reac-

T FIG. 13. Top left: The ratio of unnatural
to natural parity exchange in '2C(d, ?He) at
bombarding energy 1600 MeV and 6.5° scat-
tering angle normalized to the result on the
'H target. The momentum transfer is around
1.7fm™'. Thin curves are plane wave calcu-
lations, thick curves include distortion. Solid
curves are with correlations, dashed curves
are uncorrelated. Plane wave calculations
are normalized to the plane wave calcula-

T T
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T tion on the proton target. Distorted wave
calculations are normalized to the Glauber
calculation on the proton target. Bottom
left: Differential cross section in 2C(d, ?He)
7 at 6.5°. The position of the calculated re-
sponse has been shifted 5 MeV to reproduce
the position of the J™ = 4~ state in '’B
at w = 18MeV. Top right: The ratio
of unnatural to natural parity exchange in
12Q(p, i) at bombarding energy 495 MeV and
18° scattering angle normalized to the result
on the ?H target. The momentum transfer
. is around 1.7fm™!. Thin curves are plane
wave calculations, thick curves include dis-
tortion. Full curves are with correlations,
dashed curves are uncorrelated. The data
7 points are from Ref. [17] and the calculation
from Ref. [33]. Bottom right: Differential
cross section in '2C(p,n) at 18°. The cal-
culations were shifted 10 MeV to reproduce

the position of the 4~ state in **N.
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tion, whereas in (d,2He) the sensitivity to RPA correla-
tions is destroyed resulting in practically identical results
for correlated and uncorrelated ratios. We note that in
(p,7) only the uncorrelated calculation shows agreement
with data.

At larger momentum transfers shown in Fig. 14 the
picture is similar. The experimentally observed differen-
tial cross section is only accounted for at small energy
transfers. In the PWIA the ratio R between unnatural
and natural-parity exchange is sensitive to RPA correla-
tions. Distortion brings the correlated as well as the un-
correlated calculated ratio in qualitative agreement with
data.

At ¢ = 1.3fm™" (5.0°) shown in Fig. 12 the observed
ratio indicates an enhancement of R. Since also the RPA
calculation shows an enhancement of R in the lower end
of the quasielastic peak, we could be tempted to con-
clude, that the predicted collectivity were to be found
here. However, when we look at the DWIA calculation,
we again find that the correlated and uncorrelated calcu-
lations are essentially identical, and both in qualitative
agreement with data.

The smallest momentum transfer ¢ = 0.7 fm ™' (2.7°),
also shown in Fig. 12, is shown mainly for completeness.

DC(d—: 2He)
Tlab = 1600 MeV 0lab = 8.0°

IZC(J, 2He)
ﬂab = 1600 MeV Hlab =9.3°

Here the spin-longitudinal driving force vanishes. Thus
R measures the ratio between the transverse along the
beam and the transverse perpendicular to the scattering
plane [see Eq. (22)].

V. CONCLUSION

Experimental data on the nuclear spin-isospin re-
sponse in the quasifree region, measured with the charge-
exchange reaction (d,2p [1So]) at Laboratoire National
Saturne, have been presented.

A careful analysis of the whole process including distor-
tion of the two projectile nucleons has been made in the
eikonal limit. Effects of absorption are found to be large,
bringing the calculated tensor analyzing power closer to
the observed. In regions where the cross section is repro-
duced, i.e., at small energy transfers, also the observed
analyzing power is in qualitative agreement with the cal-
culation. Distortion effects are found to seriously dilute
the sensitivity to a possible medium polarization.

At larger momentum transfers the present model calcu-
lations underestimate the cross section in the high energy
end of the quasielastic peak, indicating significant contri-

T T T T T

T

2+ e 2+
= =
g 15 ',l“ - "!E 15
) o
o / & ar
= ' =
05
t t t FIG. 14. Top left: The ratio of unnatural
to natural parity exchange at 8.0° scatter-
ing angle normalized to the result on the 'H
25 | i target. The momentum transfer is around
2.1fm~!. See Fig. 12. Bottom left: Differ-

d0/d0dw (ub/sr MeV)

ential cross section at 8.0°. Top right: The
ratio of unnatural to natural parity exchange
at 9.3° scattering angle normalized to the re-
sult on the 'H target. The momentum trans-
fer is around 2.4fm™'. See Fig. 12. Bottom
right: Differential cross section at 9.3°.




butions from higher order processes. A recent analysis of
electron scattering data suggests that contributions from
two-body operators in the probing field are quite large in
the spin-transverse channel. Inclusion of higher order ef-
fects like two-body contributions and two-step processes
together with distortion effects are, however, quite com-
plicated for hadronic probes and awaits further theoreti-
cal progress.
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