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Spin Decomposition of theD Resonance Cross Section
Using the12Csss $p, $nddd Reaction atEp 5 795 MeV
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The first sp, nd polarization-transfer measurements for delta production on a nuclear target are
presented for the12Cs $p, $nd reaction at 0± and 795 MeV. Polarization observables are used to extract the
spin-longitudinal, spin-transverse, and spin-independent partial cross sections. In the spin-longitudinal
channel, fair agreement is found between experiment and a model which includes a strongly attractive
residual interaction. A large unexpected enhancement in the spin-transverse cross section is observed.
[S0031-9007(96)00416-4]
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A prominent feature of double differential cross se
tion spectra resulting from thesp, nd and s3He, td reac-
tions at sufficiently high beam energies is a broad pe
attributed to excitation of theD resonance [1]. This peak
appears at a significantly smaller value of energy lo
v, the difference between projectile and ejectile energ
for nuclear targets compared to the proton target. Th
charge exchange reactions excite both the isovector s
longitudinal (S ? q̂) and spin-transverse (S 3 q̂) nuclear
responses. In contrast, electromagnetic probes excite
D resonance through a predominantly spin-transverse c
pling. Cross section data taken using these probes re
little energy shift in theD resonance peak position in nu
clear targets compared to the proton. This suggests
collectivity in the spin-longitudinal channel, arising from
an attractive pion field [2] could be responsible for the sh
seen using thes3He, td andsp, nd reactions [3,4]. This in-
terpretation is also supported by recent theoretical res
[5,6] and by several experiments which are discussed
low. Measurements that can isolate the spin-longitudi
component of the nuclear response forD production will
contribute significantly to our understanding of meson
fields in the nucleus [1].

Details of the nuclear spin response may be inve
gated through measurements of polarization-transfer (
observables [7]. We report the first measurement ofs $p, $nd
PT observables for theD resonance in nuclear targets [8
from which separate spin-longitudinal and spin-transve
partial cross sections have been extracted.

The data were taken with the neutron time-of-flig
(NTOF) Facility at the Los Alamos Meson Physics F
cility. The PT observablesDNN andDLL were measured
4488 0031-9007y96y76(24)y4488(4)$10.00
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for the s $p, $nd reaction on natural C (98.9%12C) and CD2.
Differential cross section spectra were measured for C2,
CD2, C, and7Li. The proton beam energy was 795 Me
with a beam current between 20 and 40 nA and a typ
polarization of 0.65. The scattering angle was 0± and the
neutron flight path was 200 m. Cross section measu
ments were normalized to the7Li sp, nd7Besg.s.1 0.43-
MeVd transition at 0± [sc.m.s0±d ­ 27 mbysr] [9].

A formal definition of the expressions we use to e
tract the partial cross sections from our data is set fo
in Refs. [10,11]. These cross sections are defined with
spect to a set of center-of-mass unit vectors and repre
the cross section for flipping the nucleon spin along e
of these vectors. The vectorn̂ is normal to the scatter
ing plane,q̂ is in the direction of momentum transfer, an
p̂ ­ q̂ 3 n̂. At 0± these partial cross sections may be o
tained from the PT observables and the unpolarized c
sectionsIud according to

I0 ­
1
4 Ius1 1 2DNN 1 DLLd , (1)

Iq ­
1
4 Ius1 2 2DNN 1 DLLd , (2)

Ip ­ In ­
1
4 Ius1 2 DLLd , (3)

whereI0, Iq, Ip, andIn correspond to the spin-independen
spin-longitudinal, and two spin-transverse partial cro
sections, respectively. [These relations can be obta
from Eqs. (12)–(15) in Ref. [10] by settingup ­ py2.]

We compare our data to the results of a finite-nucle
calculation that uses the distorted waves impulse
proximation (DWIA) [7]. Delta production is treate
© 1996 The American Physical Society
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using the isobar-hole model, and nuclear correlatio
are accounted for in the Tamm-Dancoff approximati
through a particle-hole residual interaction (yph) based
on the “p 1 r 1 g0” model also used in calculation
of quasielastic responses [12]. The residual interac
contains delta-holesDN21d couplings withg0

NN ­ 0.6 and
g0

DN ­ g0
DD ­ 0.4. The calculated residual interactio

in the spin-transverse (rho) channel is mildly repulsiv
which results in a decrease in the magnitude of the ca
latedD resonance spin-transverse cross section (Ip 1 In)
and produces a small shift in the peak of this cross sec
to higher energy loss. The spin-longitudinal (pion) inte
action is strongly attractive causing an increase in the m
nitude of the calculated spin-longitudinal cross section (Iq)
and a shift in the location of the peak of theD resonance
to lower energy loss. The correlations considered in
spin-longitudinal channel are closely associated with
presence of an enhanced pion field in nuclei [2].

For the distorted waves calculations the following for
for the nucleon-delta transition amplitude has been use

tNN ,ND ­ b00s ? n̂S ? n̂ 1 ´00s ? p̂S ? p̂

1 ds ? q̂S ? q̂ , (4)

whereS is a vector spin operator for the transition of a sp
1
2 target nucleon to a spin-3

2 delta and is a generalizatio
of the Pauli matrices. We have used´00 ­ b00 ­ d ­
t0
NDJpNDfsL02

p 2 m2
pdysL02

p 2 v2 1 q2dg2 and JpND ­
800 MeV fm3. The strength parametert0

ND and the cutoff
massL0

p are adjusted to reproduce the1Hsp, nd double
differential cross section measured during this experim
The theoretical results displayed in all the figures w
calculated with the value oft0

ND set to 0.69 and the valu
of L0

p set to 650 MeV. The values ofDLL and DNN

from 0± PT measurements of the1Hsp, nd reaction [13] are
very close to2

1
3 . This value can only be obtained from

Eq. (4) if ´00, b00, andd are equal in magnitude [7]. Suc
a transition is a purely central spin-dependent excitat
with one spin-longitudinal and two spin-transverse part

In a recent calculation, Ray [14] has indicated additio
terms to those in Eq. (4) may contribute significantly
the spin-independent and spin-transverse cross sect
Of these additional amplitudes, the magnitude of the sp
independent term is the largest and is as large as the m
nitude of each of the vector amplitudes shown in Eq. (
Application of Eqs. (1) and (2) to the hydrogen data fro
Ref. [13] may provide a test of this assertion. In Tabl
we show the fractional contribution from each spin cha
nel to the hydrogen and carbon cross section summed a
the peak of theD resonance. Each of the spin-depend
partial cross sections contributes about1

3 of the cross sec-
tion. The spin-independent carbon cross section is q
small implying only a weak contribution from this add
tional term. The strength of the additional spin-depend
amplitudes cannot be assessed; however, these ampli
s
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TABLE I. The ratio of partial cross sections,Ik , to unpolar-
ized cross section,Iu, over a 100 MeV bin around the delt
resonance peak as determined through Eqs. (1) and (2) fo
hydrogen data from Ref. [13] and for our carbon data.

Ratio 1H C

IqyIu 0.318 6 0.004 0.284 6 0.006
IpyIu 0.326 6 0.002 0.310 6 0.004
InyIu 0.326 6 0.002 0.310 6 0.004
I0yIu 0.030 6 0.005 0.100 6 0.006

are effectively included in the two transverse terms, in
cated by the double primes on the coefficients in Eq. (

The dependence of the polarization observables on
relative strengths of the partial cross sections can
obtained from Eqs. (1) and (2). A purely spin-longitudin
cross section (Iu ­ Iq) would yield values of11 for DLL

and 21 for DNN , while a purely spin-transverse cros
section results in values of21 and 0 forDLL and DNN ,
respectively.

The carbon and hydrogen cross section data are show
Fig. 1(a). The solid curve represents the full DWIA finit
nucleus calculation for carbon [7]. The difference in t
peak position between carbon and hydrogen is 55 M
To produce the shift in the peak of the calculated carb
spectrum the value ofg0

DD in the residual interaction wa
set to 0.4. This is larger than the value of 0.33 used p
viously in Ref. [7]. The value of 0.4 is, however, still i
agreement with an analysis [15] of the exclusive pion p
duction cross section measured in the12Cs3He, tp1d12Cg.s.
reaction [16]. The latter reaction is very sensitive to t
spin-longitudinal response function. While in Fig. 1(a) t
shape and peak position of theD resonance cross sectio
are well reproduced by the result of the calculation,
magnitude of the calculated carbon cross section is sig
cantly smaller than what is observed.

The measured and calculated PT observables for ca
are compared in Figs. 1(b) and 1(c). The solid cu
represents the full DWIA calculation while the dotted lin
2

1
3 , corresponds to the calculation performed witho

nuclear correlations (yph ­ 0). For bothDLL and DNN

around 200 MeV energy loss, a significant differen
exists between the results for the full calculation a
the results obtained from the calculation with no resid
interaction (yph ­ 0). This difference arises from th
increase in magnitude of the calculated spin-longitudi
response with respect to the spin-transverse resp
resulting from the effects of the residual interaction us
in the full calculation. However, the experimental P
observables are not described well by the results of ei
calculation in this region of energy loss.

A possible reason for the disagreement between the
and the results of the full calculation can be seen by co
paring the measured and predicted partial cross sect
The spin-transverse cross section shown in Fig. 2(b) is
4489
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FIG. 1. In (a) the double differential cross sections
12Csp, nd (dark histogram) and1Hsp, nd (light histogram) are
shown. Below this appears the values for (b)DLL and
(c) DNN for 12Cs $p, $nd. The dark curves presented in the
figures correspond to the result for the full (correlated) DW
calculation that includes the residual interaction described in
text, while the dotted line in (b) and (c) represents the re
from the same calculation with the residual interaction se
zero (uncorrelated).

reproduced by the results of either our full (solid) c
culation or by our calculation performed withyph set to
zero (dotted). The peak of this partial cross section
pears at 30 MeV lower energy loss than the prediction,
the magnitude of the cross section is substantially sma
than the prediction. Conversely, the shape and magni
of the observed spin-longitudinal cross section are re
duced reasonably well by the results of the full DWIA c
culation, although the calculated cross section at an en
loss greater than theD resonance peak is too low by abo
15%. The partial cross section data therefore reveal
the larger-than-expected cross section in Fig. 1(a) ca
4490
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FIG. 2. The (a) spin-longitudinal and (b) spin-transver
partial cross sections for carbon are compared to the res
of the DWIA calculations with (solid line) and without (dotte
line) correlations.

attributed mainly to extra strength in the transverse ch
nel. The extra transverse strength also tends to domi
the spin observables,DNN and DLL, and thus masks the
expected signature of correlations in the spin-longitudi
channel.

A study of deuterium and carbon using thes $d, 2pd reac-
tion determined the ratio of the isovector spin-transvers
spin-longitudinal partial cross section [17]. The ratios
deuterium and carbon were1.71 6 0.09 and2.99 6 0.23,
respectively, and were reported to be constant over the
gion of the energy loss spectrum dominated by theD reso-
nance. In a 35 MeV bin at the peak of theD resonance,
we find a ratio of1.68 6 0.14 for our deuterium data and
2.15 6 0.06 for carbon [8]. The ratio for the2Hs $p, $nd
reaction is consistent with that of the2Hs $d, 2pd reaction.
However, for our carbon data, this ratio rises substanti
with decreasing energy loss.

The results presented here for theD resonance are
closely related to and consistent with a recent report on
spin decomposition of thequasielasticscattering cross sec
tion using thes $p, $nd reaction [18]. In that article, the spin
longitudinal and spin-transverse responses were comp
to results of a DWIA calculation that employed resi
ual interactions based on thep 1 r 1 g0 model. The
calculated spin-longitudinal response was found to ag
reasonably well with data, while in the spin-transve
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channel the measured response was larger than the
diction by as much as a factor of 2. Contrary to pre
ous conclusions [10,19], these data were thus judged t
consistent with theoretical predictions for the pion chan
and do not rule out the existence of an attractive pion fi
in nuclei.

A more positive statement can be made concerning p
correlations in the excitation of the spin-longitudinal com
ponent of theD resonance. As in the experiment conce
ing quasielastic scattering just discussed, the agreem
between the spin-longitudinal data and the results of
full DWIA calculation is only fair. However, it must also
be noted that these data are consistent with the inter
tation of exclusive measurements of coherent pion p
duction performed at SATURNE and KEK [16,20]. Th
coherent pion production cross section [21,22] is well d
scribed by the same model [7,15] to which we comp
our data. The combination of both experiments is qu
suggestive of pion correlations.

The unexpectedly large spin-transverse cross sectio
also of high interest. Indeed, the spin-transverse cha
dominates the cross section in the region of energy
between 50 and about 200 MeV known as the “dip”
gion. The cross section in this region is not reproduced
the results of the calculation and probably arises from p
cesses that are beyond the one-particle-one-hole (1p
response assumed in the model [7].

Similarly, experimental studies of theD resonance
using the12Cse, e0d reaction also show a significant spin
transverse cross section in the dip region [23], which
been attributed to 2p-2h excitations [24]. In additio
the results of exact calculations for quasielastic scatte
using the4Hese, e0d reaction are in excellent agreeme
with data and show a strong enhancement in the transv
channel due to meson-exchange currents [25]. S
processes may account for the excess cross section i
spin-transverse channel we observe in our data. M
theoretical work on the role of 2p-2h excitations a
meson-exchange currents in hadron reactions is need
help understand these data.

Together the quasielastic and quasifree delta reson
data present a consistent picture. In both sets of data
longitudinal response is fairly well described by resu
of DWIA calculations that include an attractive residu
interaction in the pion channel. On the other hand, in b
data sets, more cross section in the spin-transverse cha
is observed than expected. This consistent effect see
both quasielastic scattering and quasifree delta produc
should stimulate some reevaluation of the roles played
mesonic fields in nuclei.
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