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Spin effect of antiproton-nucleus inelastic scattering
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If the antiproton optical potential includes the spin orbit interaction term, theA( p̄,p̄8)A* inelastic scattering
not only can excite the normal parity states, but also can excite the abnormal parity states. It also induces a
polarizationPf(u) at the inelastic scattering. In the framework of DWIA, we derive and calculate the inelastic
scattering cross section andPf(u) for the 12C(p̄,p̄8)12C* with 21, 32, and 11 states at antiproton energies of
46.8 and 179.7 MeV. Our model fit well the available experimental data. The 46.8 MeV measurement of the
inelastic differential cross section to the 11 abnormal parity state can be explained by a spin orbit term. Such
a term generates a sizable inelastic scattering polarization.@S0556-2813~99!06310-4#

PACS number~s!: 24.10.Ht, 13.75.Cs, 21.30.Fe
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I. INTRODUCTION

The nuclear force depends not only on the relative se
ration of the two nucleons, but also on their intrinsic degre
of freedom, such as their spin, their charge, etc. The s
orbit coupling has been introduced into the optical poten
in order to describe the polarization phenomena in the ela
scattering of particles with spin@1#. However, the study of
medium-energy antiproton-nucleus interactions in terms
the optical potential is a topic of current interest@2#. It can be
seen from the data@3–7# that the differential cross section
reveal a pronounced diffractive behavior. These data alre
provide evidence for the strong-absorptive aspect of
p̄-nucleus interaction.

One then expects the free antinucleon-nucleon force
have a spin-orbit component that is confirmed by mes
exchange calculations@8#. The real part of the spin-orbi
force is of relatively short range and relatively small~two-
pion exchange or vector meson exchange!. So at small mo-
mentum transfer~small angle! the polarization is small. Be
cause of theG parity going from the nucleon-nucleon forc
to the antinucleon-nucleon force~real part! there is some
cancellation ofr andv spin-orbit contribution@10# which is
further argument why the spin-orbit interaction has be
very often neglected.

Nevertheless the polarizationPf(u) has been measure
@9# in the elastic antiproton nucleus scattering. In the exp
mental spectrum of inelastic scattering of antiproton
even-even nucleus, there are spin flip states of the ta
nucleus, in addition to the excited normal 21 and 32 states.
If the spin of the target nucleus flips, according to DWIA, t
antiproton-nucleus optical potential should have some s
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orbit interaction term as it does derive from the fr
antinucleon-nucleon force.

The paper is organized as follows. In Sec. II the antip
ton optical potential including the spin orbit term is define
thereby the differential cross section and polarizationPf(u)
of the antiproton-nucleus system are derived. In Sec. III
results for the12C(p̄,p̄8)C12* reaction are calculated. Th
last section contains a discussion.

II. THE OPTICAL POTENTIAL OF THE p̄-NUCLEUS
INTERACTION WITH THE SPIN ORBIT TERM

In the framework of DWIA, the optical potential of th
p̄-nucleus interaction with the spin orbit term is given by

U ~opt!5V~r !1 iW~r !1S \

mcD
2

~sW • lW!
1

r

d

dr
@Vso~r !

1 iWso~r !#, ~1!

wheresW is the Pauli matrices,lW the operator of angular mo
menta, andm the nucleon mass. Then them[JL subwave of
the distorted wavexm

(1)(kW•rW),xm
(2)(kW•rW) @superscript ~1!

„~2!… indicates the incoming~outgoing! waves# satisfies the
following equation:

F d2

dr2
1k22

L~L11!

r 2
2

2m

\2
„U ~opt!1Vc~r !…GxJL~kr !50,

~2!

where Vc(r ) is the Coulomb potential. In DWIA, the
T-matrix elements of inelastic scattering may be written a
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^kW P̄
8 , f uTu i ,kW P̄&5^xm8

~2 !fJf M f
~A!uSufJi Mi

~A!xm
~1 !&, ~3!

where

S5(
j 51

A

t p̄~ j ! ~4!

is the operator ofp̄-nucleon interaction in the nucleus,t p̄( j ),
the two-body collision matrix in the approximation of DWIA
andsJi Mi

(A), sJf M f
(A) are the wave functions of the initia
e
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and the final nucleus, respectively. Due to the wave funct
of antiproton distorted by the spin orbit force, its spin orie
tation may be changed, therefore themÞm8 matrix elements
in Eq. ~3! are not zero. In order to simplify the matrix ele
ment, theT-matrix element may be written as

^kW p̄8 , f uTu i ,kW p̄&5^kW p̄8ut p̄NukW p̄&FM f Mi

m8m ~u!, ~5!

where ^kW p̄8ut p̄NukW p̄& is the two-bodyt matrix element in the
p̄-nucleus center-of-mass system and
FM f Mi

m8m ~u!5(
LM

ĴiDL~ j 8l 8 j l !CJi MiLM
Jf M f S

j 8 l 8 j l

Mm8m~u!, ~6!

S
j 8 l 8 j l

Mm8m~u!5(
Lb

b
j 8 l 8 j lL b

Mm8m PLb

m2M2m8~u!, ~7!

b
j 8 l 8 j lL b

Mm8m 5
A4p

kP̄k
P̄
8 (

JaJbLa

~ i !La2LbL̂aL̂bĴbwS Jb

1

2
LLa ;LbJaD •CLb0L0

La0
•CLa01/2m

Jam
•C

Lbm2M2m81/2m8

Jbm2M
•CJbm2MLM

Jam
•I JaLaJbLb

j 8 l 8 j l

3A~Lb2um2M2m8u!!

~Lb1um2M2m8u!!
, ~8!

I JaLaJbLb

j 8 l 8 j l 5E dr xJbLb

~2 !* ~k
P̄
8 r !w l 8 j 8

* ~r !w l j ~r !xJaLa

~1 ! ~kp̄r !, ~9!

DL~ j 8l 8 j l !5(
j

BJj 8
* BJj

l̂ l̂ 8 ĵ ĵ 8W~ j 1/2L j 8; l j 8!W~JiJL j8; jJ f !•Cl 80l0
L0 , ~10!
tic

ss
by
with l̂[A2l 11. LaJa ,LbJb are the numerical values of th
distorted subwave,l j and l 8 j 8 are the orbital angular mo
menta and the total angular momenta of the excited nuc
in the target nucleus, respectively.J is the total angular mo-
mentum of the excited target nucleus.DL( j 8l 8 j l ) is a factor
related to nuclear structure,BJj

is the numerical values re
lated toJ and j, W and C are Clebsch-Gordan coefficient

I JaLaJbLb

j 8 l 8 j l is the integral of the distorted subwave and the

dial wave function of the excited nucleon,Pl
umu(u) is Leg-

endre function.m,m8 are spin values of the antiproton at th
initial and the final states. Using density matrix theory, t
density after scattering is given by

r f5Fr iF
1, ~11!
n

-

F is the matrix of corresponding to Eq.~6!. It is the matrix
element of the state space of the magnetic component,r i is
the initial state density matrix. If the initial state magne
component is not anisotropic, then

r i5
1

2

1

2Ji11
I , ~12!

whereI is the unit density matrix, thus, the differential cro
section of antiproton-nucleus inelastic scattering is given

S ds

dV D
f ,i

5
kP̄
8

kP̄

kP̄N

k
P̄N
8 S AE8

E
D 2S ds

dV D
P̄N→ P̄N

I 0~u!, ~13!
TABLE I. Antiproton-12C optical potential parameters.

EP̄

MeV
V0

MeV
W0

MeV
Rv
fm

RI

fm
av
fm

aI

fm
Vso

MeV
Wso

MeV
Rs

fm
as

fm

46.8 220 2111 2.29 2.4 0.52 0.54 26.6 26.6 2.52 0.56
179.7 241 2217 2.577 2.0 0.52 0.52 24 24 2.15 0.571
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where

I 0~u!5
2Jf11

2
(

LMmm8

1

~2L11!
uDL~ j 8l 8 j l !u2uSj 8 l 8 j l

Mm8m
~u!u2,

~14!

and (ds/dv) p̄N→ p̄N is the free two-body differential cros
l
Th
by

s

05461
section,E8 is the total energy of the two-body system,E is

the total energy of the scattering system, andkP̄,kP̄N ,k
P̄
8 ,k

P̄N
8

are the incident and the outgoing momentas of the antip
ton, respectively.

For even-even nuclei,Ji50, thenL5Jf . The polarization
transfer from the statew j l (rW) to the statew j 8 l 8(rW), may be
written as
Pf~u!5

Im (
M

„S* M ~1/2!1/2~u!SM2~1/2!1/2~u!1S* M ~1/2!21/2~u!SM2~1/2!21/2~u!…

(
mm8

uSj 8 l 8 j l
Mm8m

~u!u2
. ~15!
-
in
en-
e

l
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e

III. DIFFERENTIAL CROSS SECTION AND
POLARIZATION

Using Eq.~13! and Eq.~15!, we calculate the differentia
cross section and the polarization of inelastic scattering.
optical potential that includes the spin orbit term is given
the Woods-Saxon formula

V~r !1 iW~r !5V0

1

11e~r 2Rv!av
1 iW0

1

11e~r 2RI !/aI
,

~16!

Vso~r !1 iWso~r !5Vso

1

11e~r 2Rs!/as
1 iWso

1

11e~r 2Rs!/as
,

~17!

FIG. 1. The differential cross sections for the12C(p̄,p̄8)12C*
(21, 4.44 MeV! reaction atEp̄5179.7 MeV. The solid curve show
the calculated results, the experimental points are from Ref.@7#.
e

From Ref.@2#, we found that using the optical potential pa
rameters obtained by fitting the elastic experimental data
the inelastic case at the same incident energy, the experim
tal data are fitted very well. Therefore, in this paper using th
results of Ref.@2#, the antiproton-nucleus optical potentia
parameters are listed in Table I. We are also using thep̄N
two-body forward scattering amplitude

t P̄N5
iks p̄N~12 i«!

4p
, ~18!

wheres p̄N is the total cross section of the two-body system
« is the ratio of the real-to-imaginaryp̄2N amplitudes,
which is neglected in the calculation due to the strong ann
hilation phenomena in the antiproton-proton collision. W
use for s p̄N values obtained in Ref.@11# from a Glauber

FIG. 2. As in Fig. 1, but for the12C(p̄,p̄8)12C* (32, 9.6 MeV!
reaction.
8-3
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model analysis of elastic scattering data ofp̄ on 12C, 16O,
and 40Ca at 47 and 179 MeV, i.e.,s p̄N5210 mb ~for 46.8
MeV! ands p̄N5145 mb~for 179.7 MeV!. It is very impor-
tant to choose in a proper way the nucleon wave function
calculating the antiproton-nucleus inelastic process. For
reason, in the calculation below we do not use the harmo
oscillator again but use the bound state wave function, wh
is obtained by solving exactly Eq.~2! with the Woods-Saxon
optical potential. We calculate in this way the different
cross section and the polarization of inelastic scatter
There are no other free parameters in our model.

All calculated differential cross sections fo
12C(p̄,p̄8)12C* ~the final states are 21, 32, and 11) are
given in Figs. 1–6. The ground state of12C is taken to be the
closed 1p3/2, the 21 state is (p3/2

21p1/2)2 , the 32 state is
(p3/2

21d5/2), and the 11 state is (p3/2
21p1/2)1 . These are the

main configurations of 21, 32, and 11 states. In Figs. 1 and
2, our results are drawn as solid curves, fit well the exp
mental data of Ref.@7#. However the differential cross sec
tion in the 32 state~Fig. 2! lies above the data both in the 3
and 50° regions. In Ref.@7# the fit to the 32 overshoots also
the data, mainly in the 50° region. A reason for this disagr
ment is the possible existence of a vibrational state.

These results are obtained based on a revisedDWUCK @12#
computer program. Each partial wavexJL

(6)(kr) is calculated
by the optical potential which includes the spin orbit tea
The bound state wave functionsw l j (r ) are obtained by solv-
ing a Schro¨dinger equation with Woods-Saxon potential, t

integrationI JaLaJbLb

j 8 l 8 j l is completed, and finally theS
j 8 l 8 j l

Mm8m(u)

are exactly calculated in the framework of DWIA.

IV. DISCUSSION

Now we investigate the calculated results in two aspe
from the nuclear structure concept. On the one hand,

FIG. 3. The differential cross sections for the12C(p̄,p̄8)12C*
(11, 12.7 MeV! reaction atEp̄5179.7 MeV. The solid curve show
the total calculated results and the dashed curve expressesL
50, S51 calculated results.
05461
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target can be excited to the normal parity states, as 21, 32

states. In these states the spin of the nucleon does not fl
the process. Therefore, no matter whether the optical po
tial of the distorted wave includes the spin orbit term or n
these states can be excited. However, the polarizationPf(u)
could be formed only by the optical potential including th
spin orbit term, where the orientation of the spin of the o
going antiproton is not left and right symmetric. In Ref.@13#,
we found the polarizationPf(u)[0 for the central potential.

e

FIG. 4. The differential cross sections for12C(p̄,p̄8)12C*
(21,32 states! reaction atEp̄546.8 MeV. The solid curve shows
the calculated results of the 21 state, the dashed curve expresses
calculated results of the 32 state, and the experimental points a
from Refs.@3# and @7#.

FIG. 5. As in Fig. 3, but atEp̄546.8 MeV. The two experimen-
tal points are from Ref.@7#.
8-4
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From Fig. 6 we found in the 21 and 32 states a sizable
polarization as was found in the elastic case in Ref.@13#,
although the only existing experimental data~Ref. @9# for
elastic scattering; there is no data, so far, for inelastic s
tering! gives small polarization at small angles. The res
has aroused concern among experimentalists.

FIG. 6. The polarizationPf(u) for 12C(p̄,p̄8)12C* reaction at
Ep̄5179.7 MeV.~a! The solid curve shows the calculated results
the 32 states;~b! the solid curve expresses the calculated results
the 21 state;~c! the solid curve represents the calculated results
the 11 state and the dashed curve shows the calculated result
L50, S51.
o,
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On the other hand, the target can also be excited to
abnormal parity states, namely, the spin of the nucle
flipped in the process, e.g., 11(p3/2

21p1/2)1 state, where the
state of the nucleon was excited fromp3/2 into p1/2, and its
spin was changed. For example~Fig. 5!, the inelastic differ-
ential cross sections in the forward direction only have t
data points in the experimental result (EP546.8 MeV!. The
calculated results fit the experimental data quite well.
should be pointed out that the excited abnormal parity s
is much weaker than the normal parity state—about two
ders of magnitude smaller. The reason is that the transi
form factorDL( j 8l 8 j l ) for the abnormal parity state is muc
weaker than that of the normal parity state. Further we a
lyzed the inelastic scattering of the 11 state. In Figs. 3, 5,
and 6, the dashed curves show the result only considerin
L50 contribution, becauseL50 is the dominant contribu-
tion. TheL52 contribution to the differential cross section
is much smaller. It contributes only in the peak and dip of t
differential cross section as can be seen in Figs. 3, 5, an
On the contrary, if the antiproton optical potential does n
include the spin orbit term, the spin of the nucleon does
flip, therefore, the calculation gives (ds/dV) f ,i[0.

Antiproton-proton LEAR experiments have shown th
polarization observables are quite sizable in the elastic p
cess and also in charge exchange@14#. For free two-body
spin 1/2–spin 1/2 scattering the polarization is real,a* e in
terms ofJ. ~Bystricky et al.amplitudes a, b, c, d, and e@15#.!
On the other hand, the only contribution to thee amplitude
comes from a spin-orbit term@16#, so if a spin-orbit term is
absent one has effectively a zero polarization. Iteration o
tensor term can generate a spin-orbit term@17#.

A spin-spin term does induce a nonzero inelastic diff
ential cross section into an abnormal parity state at sm
angles and the tensor term at large angles@7,17#. On the
other hand, the possible importance of the spin-orbit term
particular at large momentum transfer, has also been con
ered by Doveret al. @18,19#.

If one can generate with spin-spin and/or tensor fo
transition to an abnormal state, there is so far no experim
tal evidence that a spin-orbit term inp̄ nucleus plays an
important role. Nevertheless, as seen in Fig. 6, the prese
of a spin-orbit term generates a sizable polarization in
inelastic scattering not only to normal 21 and 32 states but
also to the abnormal 11 state.

At present, the polarizationPf(u) @9# in an elastic channe
is being measured by CERN, and the abnormal parity st
in the inelastic channel have been observed by Garretaet al.
@3# and Lemaireet al. @7#. These experimental data reve
that the spin-orbit term in the antiproton optical potent
could play an important role. We hope to see the correspo
ing experimental data, for example, the polarizationPf(u) of
the inelastic channel, the differential cross sections of
abnormal parity states, etc., in the near future@20#.
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