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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 termA(fEep’)A* inelastic scattering
not only can excite the normal parity states, but also can excite the abnormal parity states. It also induces a
polarizationP¢(#) at the inelastic scattering. In the framework of DWIA, we derive and calculate the inelastic
scattering cross section afg( ) for the 12C(p,p’)*2C* with 2%, 37, and 1" 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 thé hbnormal parity state can be explained by a spin orbit term. Such
a term generates a sizable inelastic scattering polarizd&h56-28189)06310-4

PACS numbd(s): 24.10.Ht, 13.75.Cs, 21.30.Fe

[. INTRODUCTION orbit interaction term as it does derive from the free
antinucleon-nucleon force.

The nuclear force depends not only on the relative sepa- The paper is organized as follows. In Sec. Il the antipro-
ration of the two nucleons, but also on their intrinsic degreegon optical potential including the spin orbit term is defined,
of freedom, such as their spin, their charge, etc. The spithereby the differential cross section and polarizafg(6)
orbit coupling has been introduced into the optical potentiaPf the antiproton-nucleus system are derived. In Sec. Il the
in order to describe the polarization phenomena in the elastigsults for the**C(p,p’)C'* reaction are calculated. The
scattering of particles with spifil]. However, the study of last section contains a discussion.
medium-energy antiproton-nucleus interactions in terms of
the optical potential is a topic of current interg2}. It can be Il. THE OPTICAL POTENTIAL OF THE p-NUCLEUS
seen from the datf3—7] that the differential cross sections INTERACTION WITH THE SPIN ORBIT TERM
reveal a pronounced diffractive behavior. These data already

provide evidence for the strong-absorptive aspect of the- In the fr_amewo_rk of .DWIA’ th_e optl_cal pot_entl_al of the
p-nucleus interaction. p-nucleus interaction with the spin orbit term is given by

One then expects the free antinucleon-nucleon force to 22 _.1d
have a spin-orbit component that is confirmed by meson- U(OP‘):V(r)+iW(r)+(—> (0-1)= =—=[Vso(T)
exchange calculationg8]. The real part of the spin-orbit mc rdr
force is of relatively short range and relatively sméio- +HiWe(N], 1)

pion exchange or vector meson exchan@» at small mo-
mentum transfetsmall angle the polarization is small. Be-
cause of thes parity going from the nucleon-nucleon force
to the antinucleon-nucleon forcgeal parj there is some
cancellation ofp and w spin-orbit contributior{ 10] which is
further argument why the spin-orbit interaction has bee
very often neglected.

Nevertheless the polarizatiod;(#) has been measured

whereg is the Pauli matriced, the operator of angular mo-
menta, andn the nucleon mass. Then the=JL subwave of
the distorted wavex(")(k-),x{(k-F) [superscript(+)
(—)) indicates the incomingoutgoing waveg satisfies the
ollowing equation:

2
[9] in the elastic antiproton nucleus scattering. In the experi- d 2_ L(L+ 1)_ 2m (opY _
. . X . +k (UOPY+V (r)) |x5.(kr)=0,
mental spectrum of inelastic scattering of antiproton on | dr2 r2 %2
even-even nucleus, there are spin flip states of the target 2

nucleus, in addition to the excited normal 2nd 3~ states.
If the spin of the target nucleus flips, according to DWIA, thewhere V.(r) is the Coulomb potential. In DWIA, the
antiproton-nucleus optical potential should have some spif-matrix elements of inelastic scattering may be written as
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" D=\ = () (+) and the final nucleus, respectively. Due to the wave function
(g FITIE ey =X, o (A Sl o (AX, ), (3 of antiproton distorted byghe spir¥orbit force, its spin orien-
where tation may be changed, therefore e u' matrix elements
in Eqg. (3) are not zero. In order to simplify the matrix ele-
A ment, theT-matrix element may be written as
s=2, () @ ) L
= (ki T T k) = (ki tonl k) P £ (6), (5)
is the operator op-nucleon interaction in the nucleus(j), . R
the two-body collision matrix in the approximation of DWIA where (ki{tg|kp) is the two-bodyt matrix element in the
andaJiMi(A), anMf(A) are the wave functions of the initial p-nucleus center-of-mass system and

! 3 AN M,
Pt (9= 2 JDLGVIDCIG S, ©®
My - My p=M=pu'
Sj’ﬁjf(a)_Lzb ﬁjflﬂroLbP'-b (6), @)
M, VA Ll 1 . L0 J Jpu—M J "l
J'Iﬂ'ilﬂLfaf_“bL (i)t LbLaLb‘JbW(‘JbELLa'Lb‘Ja)'CLZOLO'CnglIZM.CLZMM,u’l/2p.’.c~]:l/jMLM.I!]aL;JbLb
P a a
(Ly—le—M—p')!
e (8)
(Lpt+|[p—M—=p'])!
= f dr X% (ko) e (N ey (NXG (k). ©)
A A —_ * AA/"V'\/ 1 N U HUEH LO
Du(J1']1) =2 B3, By "] W12 51 YWIILI 330 Ciroio (10

o ) F is the matrix of corresponding to E(). It is the matrix
with 1=v2I+1. LaJ4,LpJ, are the numerical values of the gjament of the state space of the magnetic componpeiis,

distorted subwavel; and1’j’ are the orbital angular mo- he jnitial state density matrix. If the initial state magnetic
menta and the total angular momenta of the excited ”“CIeOEOmponent is not anisotropic, then

in the target nucleus, respectivelyis the total angular mo-
mentum of the excited target nucled, (j'1'jl) is a factor
related to nuclear structurés,Jj is the numerical values re- pi==
I
lated toJ andj, W and C are Clebsch-Gordan coefficients, 223+1
IJJ"L"'JbLb is the integral of the distorted subwave and the ra-
a@ wherel is the unit density matrix, thus, the differential cross

dial wave function of the excited nUCIGOW‘M(H) Is Leg- section of antiproton-nucleus inelastic scattering is given b
endre functionu,u’ are spin values of the antiproton at the P 9159 y

initial and the final states. Using density matrix theory, the

1 1

1, (12)

v 2
density after scattering is given by ( do| kg kpn[ AE’ ( dcr) 1(6), (13
0l == lgal- _ o),
pi=FpiF™, (12) dQ/ . kpko | E ) 1dQ/50 5y
TABLE |. Antiproton-'?C optical potential parameters.
E; VO WO Rv RI ay a Vso Wso Rs as

MeV MeV MeV fm fm fm fm MeV MeV fm fm

46.8 —-20 —-111 2.29 2.4 0.52 054 -6.6 —6.6 2.52 0.56
179.7 —41 —217 2.577 2.0 0.52 052 -4 —4 2.15 0.571
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where

_2Jf+1 1 S 2icMu’ p 2
|o(¢9)—T > ,mmL(J VDS (o],

LMup
(14)
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section,E’ is the total energy of the two-body systekjs

the total energy of the scattering system, &Bgkpy ks, ks,
are the incident and the outgoing momentas of the antipro-
ton, respectively.

For even-even nuclel; =0, thenL=J;. The polarization

transfer from the state:j,(F) to the statapj,|,(F), may be

and do/dw)pN— pN is the free two-body differential cross written as

Im E (SFML/2L/2( g) M —(1/2)1/2( 0)+ SMW2-12 )M —(1/2)—1/2( 0))
M

P:(0)=

(15

M ’
ROk
oz

Ill. DIFFERENTIAL CROSS SECTION AND
POLARIZATION

Using Eq.(13) and Eq.(15), we calculate the differential
cross section and the polarization of inelastic scattering. Th
optical potential that includes the spin orbit term is given by

the Woods-Saxon formula

. 1
V(r)+|W(r)—Vo—1+e(r_Rv)av + W0—1+e(T—R|)/a| ,
(16)
_ B 1
VSO(r)+IWSO(r)_VSO:L_'_e(r,RS)/aS—{_ Sol+e(r7Rs)/as,
17
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FIG. 1. The differential cross sections for tHéC(p,p’)**C*

(2%, 4.44 Me\) reaction aEy=179.7 MeV. The solid curve shows

the calculated results, the experimental points are from [Réf.

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

ik 1—i
o opn(I7Te) 19
4

whereaory is the total cross section of the two-body systems,
e is the ratio of the real-to-imaginarp—N amplitudes,
which is neglected in the calculation due to the strong anni-
hilation phenomena in the antiproton-proton collision. We
use for oy values obtained in Ref.11] from a Glauber

10!

dq/dQ(mb/sr)

1n-?

' '0c-.m.(deg)

FIG. 2. As in Fig. 1, but for thé’C(p,p’)*?C* (37, 9.6 MeV)
reaction.
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FIG. 3. The differential cross sections for tHéC(p,p’)**C* _ _ _ o
(1, 12.7 MeV) reaction aE;=179.7 MeV. The solid curve shows ~_ FIG. 4. The differential cross sections fof*C(p,p’)**C*
the total calculated results and the dashed curve expressés the(2',3  state$ reaction atE;=46.8 MeV. The solid curve shows
=0, S=1 calculated results. the calculated results of the tate, the dashed curve expresses the
calculated results of the 3state, and the experimental points are
model analysis of elastic scattering datapobn *°C, %0,  from Refs.[3] and[7].

and “°Ca at 47 and 179 MeV, i.eqpy=210 mb(for 46.8

MeV) and oy =145 mb(for 179.7 MeV). It is very impor-  target can be excited to the normal parity states, as2

tant to choose in a proper way the nucleon wave function fostates. In these states the spin of the nucleon does not flip in
calculating the antiproton-nucleus inelastic process. For thighe process. Therefore, no matter whether the optical poten-
reason, in the calculation below we do not use the harmoniga| of the distorted wave includes the spin orbit term or not,
oscillator again but use the bound state wave function, whiclese states can be excited. However, the polariz&i¢s)

is obtained by solving exactly E() with the Woods-Saxon  ¢oyid be formed only by the optical potential including the

optical potential. We calculate in this way the differential spin orbit term, where the orientation of the spin of the out-

cross section and the polarization 'of inelastic scattermggoing antiproton is not left and right symmetric. In REf3],
There are no other free parameters in our model.

Al calculated  differential - cross  sections  for V& found the polarizatioR;(#)=0 for the central potential.
2C(p,p’)*?C* (the final states are™2 37, and 1") are

given in Figs. 1-6. The ground state ¥t is taken to be the b
closed P, the 2" state is pz3pP1)2, the 3~ state is
(p3ds), and the 1 state is pz3p1):. These are the
main configurations of 2, 37, and 1" states. In Figs. 1 and
2, our results are drawn as solid curves, fit well the experi-

mental data of Refl7]. However the differential cross sec- ’g
tion in the 3~ state(Fig. 2) lies above the data both in the 30 ~ 10
and 50° regions. In Ref7] the fit to the 3 overshoots also e
the data, mainly in the 50° region. A reason for this disagree- S
ment is the possible existence of a vibrational state. \G/
These results are obtained based on a reisedck [12] O |
com ' ) i SN g0
puter program. Each partial wax§(kr) is calculated b
by the optical potential which includes the spin orbit team. ©

The bound state wave functiogs; (r) are obtained by solv-
ing a Schrainger equation with Woods-Saxon potential, the
integrationlﬂ;'L'i'JbLb is completed, and finally thSl.N,'lf‘,'jfl‘(e)

are exactly calculated in the framework of DWIA.

IV. DISCUSSION 'Gc.m.(deg)

Now we investigate the calculated results in two aspects FIG. 5. As in Fig. 3, but aE;=46.8 MeV. The two experimen-
from the nuclear structure concept. On the one hand, th&l points are from Ref.7].
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. ' On the other hand, the target can also be excited to the
abnormal parity states, namely, the spin of the nucleon

.31 flipped in the process, e.g.,"1psap12): State, where the
0.2} A state of the nucleon was excited frgmy, into p,,,, and its
N N \ © spin was changed. For examjifg. 5), the inelastic differ-
- r\ r\ ential cross sections in the forward direction only have two
S NS I\ data points in the experimental resui{=46.8 Me\). The
& 20 0 EA calculated results fit the experimental data quite well. It
—0.1r- ‘\ should be pointed out that the excited abnormal parity state
-0,2\ Y] is much weaker than the normal parity state—about two or-
‘l‘ v ders of magnitude smaller. The reason is that the transition
=03 i ‘u form factorD | (j'l"jl) for the abnormal parity state is much
= “: ¥ weaker than that of the normal parity state. Further we ana-
i _ lyzed the inelastic scattering of the" Istate. In Figs. 3, 5,
o6 - ¥ and 6, the dashed curves show the result only considering an
0.4k L=0 contribution, because=0 is the dominant contribu-
b - tion. TheL =2 contribution to the differential cross sections
- o2r [\ is much smaller. It contributes only in the peak and dip of the
E ol4 (RN W T VNN Y S differential cross section as can be seen in Figs. 3, 5, and 6.

—-04F flip, therefore, the calculation givesl¢/d();;=0.
Antiproton-proton LEAR experiments have shown that
polarization observables are quite sizable in the elastic pro-
cess and also in charge excharidd]. For free two-body
spin 1/2—spin 1/2 scattering the polarization is redl,e in
terms ofJ. (Bystricky et al. amplitudes a, b, c, d, and &5].)
On the other hand, the only contribution to taamplitude

0.6 @ comes from a spin-orbit terfil6], so if a spin-orbit term is

0.4} absent one has effectively a zero polarization. Iteration of a

. tensor term can generate a spin-orbit t¢d].

0-2\ /\0 A spin-spin term does induce a nonzero inelastic differ-
1 1 1 } ! ] 1

AN
o 2 40 60 8 On the contrary, if the antiproton optical potential does not
—0.2 "‘ include the spin orbit term, the spin of the nucleon does not
~0.6}

E— é ential cross section into an abnormal parity state at small
_ 2 \‘}" \J w0 angles and the tensor term at large andi2éd7]. On the
~0.2r . other hand, the possible importance of the spin-orbit term, in
-0.4F particular at large momentum transfer, has also been consid-
-6l ered by Doveret al.[18,19.
If one can generate with spin-spin and/or tensor force
13c.m.(deg) transition to an abnormal state, there is so far no experimen-

L tal evidence that a spin-orbit term ip nucleus plays an
FIG. 6. The polarizatiorP(6) for **C(p,p’)**C* reaction at  important role. Nevertheless, as seen in Fig. 6, the presence
E;=179.7 MeV.(a) The solid curve shows the calculated results of of g spin-orbit term generates a sizable polarization in the
the 3~ statesjb) the sol_id curve expresses the calculated results foling|astic scattering not only to normal"2and 3~ states but
the Zi state;(c) the solid curve represents the calculated results o150 to the abnormal 1 state.
Eht_eol Ss_ta:xlte and the dashed curve shows the calculated results for A present, the polarizatioR;(6) [9] in an elastic channel
R is being measured by CERN, and the abnormal parity states
in the inelastic channel have been observed by Gaetesh
From Fig. 6 we found in the 2 and 3~ states a sizable [3] and Lemaireet al. [7]. These experimental data reveal
polarization as was found in the elastic case in R&8], that the spin-orbit term in the antiproton optical potential
although the only existing experimental ddfef. [9] for  could play an important role. We hope to see the correspond-
elastic scattering; there is no data, so far, for inelastic scaing experimental data, for example, the polarizaiq6) of
tering gives small polarization at small angles. The resultthe inelastic channel, the differential cross sections of the
has aroused concern among experimentalists. abnormal parity states, etc., in the near futiz@).
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