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Antiproton-nucleus elastic and inelastic scattering at intermediate energies
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Using the experimentalp̄N amplitude and multiple scattering theory, we obtained the antiproton optical
potential at incident energies from 180 to 1800 MeV with the impulse approximation. It is found that the
imaginary parts of the optical potential strengths are nearly constant between 130 and 140 MeV. The elastic
data of the 180 MeV antiproton on12C, 16O, 40Ca, and208Pb and the inelastic data of the 180 MeV antiproton
on 12C are analyzed within the framework of the eikonal approximation. The collective excitations to one-
phonon levels are treated using the antiproton optical potential with the adiabatic approximation. The differ-
ential cross section of elastic scattering of 180 to 1833 MeV antiproton on12C, on 16O, 40Ca, and208Pb and
the inelastic scattering of 180 to 1833 MeV antiproton12C are predicted.

PACS number~s!: 13.75.Cs, 25.43.1t, 24.10.Ht
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I. INTRODUCTION

With the operation of the CERN Low-Energy Antiproto
Storage Ring LEAR, differential cross sections were m
sured for the elastic and inelastic scattering of antiproton
energies ofT p̄5179.7 MeV on the nuclei12C, 20Ca, and
208Pb. From the data@1–5# it can be seen that the differentia
cross sections reveal a pronounced diffractive behavior~in
contrast with proton-nucleus scattering at the same energ!.
These data already provide evidence for the stro
absorptive aspect of thep̄-nucleus interaction. In Ref.@6# it
was found that the potentials are well determined at
nuclear surface around the strong-absorption radius, wh
the imaginary part of the potentialW(R) is at least twice as
large as the real partV(R). It is obvious that all data favor
the D-type potential ~strong imaginary and weak rea
strengths! over theS-type potential~strong real and weak
imaginary strengths! @7#.

The study of medium-energy antiproton-nucleus inter
tions in terms of the optical potential is a topic of curre
interest@8#. The aim of the present work is to obtain antipr
ton optical potentials at incident energies from 180 to 18
MeV with the impulse approximation, by usingp̄N two-
body elementary amplitudes from microscopic considerati
By using these optical potentials, the elastic data of the
MeV antiproton on12C, 16O, 40Ca, and208Pb and the inelas-
tic data of the 180 MeV antiproton on12C are analyzed
within the framework of the eikonal approximation. Th
nuclear excitation is described in terms of the collecti
model with the adiabatic approximation. Further, the diffe
ential cross sections of elastic scattering of 180–1833 M
antiprotons on12C, 16O, 40Ca, and208Pb and inelastic scat
tering of 180–1833 MeV antiprotons on12C are predicted.

The paper is organized as follows. In Sec. II the optic
potential of thep̄-nucleus interaction corresponding to th
impulse approximation is derived. In Sec. III we discuss t
elastic and inelastic processes in the framework of the e
nal approximation with the collective model. The last secti
contains a conclusion of the results.
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II. THE OPTICAL POTENTIAL OF THE p̄-NUCLEUS
INTERACTION

The optical potential of thep̄-nucleus interaction with
multiple scattering theory can be written in the form@9#

Up̄
opt5^c0u(

i51

A

t p̄N~ i !uc0&, ~2.1!

wherec0 is the wave function of the ground state,t p̄N the
t matrix of the antiproton-nucleon interaction, correspondin
to the p̄N scattering amplitude determined by antiproton
nucleon scattering experiments, and thep̄N elementary am-
plitude is of the form

f p̄N5
iks p̄N

4p
~12 i e!e2b2q2/2. ~2.2!

The values fors p̄N , the totalp̄N cross section,e, the ratio of
the real-imaginaryp̄N forward amplitude, andb, the value
of the diffraction-slope parameter, and experimental para
eters@10,11# are listed in Table I. Using the relation betwee
Eq. ~2.1! and thet matrix, with the impulse approximation,
the optical potential of thep̄-nucleus interaction can be writ-
ten as follows@12#:

TABLE I. The data ofp̄N amplitude@13–15#.

Kinetic Momentum s p̄N b2 W0

T~MeV! ~MeV/c! ~mb! e ~GeV/c!22 ~MeV!

179.7 607.8 149 0.2 22.2 129.6
294.8 800 132 0.25 16.2 137.3
508 1100.5 110 0.22 15.2 133
1070 1775 92 0.14 13.2 131
1833 2607 81 0.04 13.1 122
332 © 1996 The American Physical Society
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Up̄
opt~r !5

2p\

m
f p̄N~0!r~r !5 i\v p̄

s p̄N~12 i e!

2
r~r !

5V~r !1 iW~r !, ~2.3!

where v p̄ is the velocity of the antiproton andr(r ) the
nuclear density.@r(r ) is normalized to the number of nucle
ons in the nucleus.# The nucleus density is given by th
Woods-Saxon formula

r~r !5r0f j ~ j5v or w!, ~2.4!

with radial form factors of the Woods-Saxon type, i.e.,

f j5H 11expF r2Rj

aj
G J 21

~2.5!

r0.0.16 fm23 andRj5r jA
1/3, whereA is the number of

nucleons,r j is the radius, andaj is the diffuseness param
eter. Then the optical potential of the antiproton-nucleus
teraction can be expressed as

U p̄
opt~r !52V0f v~r !2 iW0f w~r !, ~2.6!

where

V05\v p̄
s p̄N

2
r0 ,e ~2.7!

W05\v p̄
s p̄N

2
r0 . ~2.8!

The optical potential depthsV0 andW0 are determined defi-
nitely by thep̄N elementary amplitude.

From thep̄-N experimental data listed in Table I, it ca
be seen thats p̄N has played an important role in the dept
V0 andW0 , and we can get the optical potential strength
Accordingly Eq.~2.8! allows us to calculate the imaginar
part of the potential, listed in the last column of Table I. T
results show the imaginary partW0 in the interval from 180
to 1833 MeV fluctuating around 130 MeV. Therefore,W0 in
our calculation can be considered a constant theoretica
taken as 135 MeV. From Table I it can be seen also that
ratio of uV0u/uW0u is equal toe. ThereforeW0 is at least
fourfold times larger thanV0 . As a result, such an antiproto
optical potential is strongly absorptive. Using Eqs.~2.7! and
~2.8!, the calculated realV0 and imaginaryW0 potentials at
180 MeV are given in Fig. 1, as solid curves. The dot-dash
curves show the theoretical potential corresponding to
Glauber amplitude@ReVN(r )50 sincee50] calculated in
Ref. @6#. The dashed curves show the phenomenological
tential from Ref.@2#. In Fig. 1, it can be seen that the resul
we get are the same as the calculation carried out abov
the Glauber approximation in Ref.@6#.

At the same time, the magnitude and sign ofV0 andW0
are determined by the behavior ofe and s p̄N for the p̄N
elementary amplitude, and these two parameters have
determined by the experimental data@10,11#. Therefore the
realV0 and imaginaryW0 of the potential in our calculation
are not only the most convenient to calculate but also w
out any adjustable free parameter.
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III. ELASTIC AND INELASTIC SCATTERING

In the present work, we shall assume that the antiproto
nucleus interaction is described by an optical potentialU p̄

opt

which is, in general, nonspherical. We assume that the
formed optical potentialUp̄

opt can be expanded as

U
P̄

opt
~r !.U0~r !2(

lm
blUlm , ~3.1!

where

Ulm5R0

d

dr
U0~r !Dm0

l ~u i !Ylm~u,w!. ~3.2!

HereDm0
l (u i) is a rotation matrix andu i stands for the Euler

angles between the body-fixed and space-fixed coordinat
For rotational nuclei there exist a large number of low

lying levels easily excited by a medium-energy projectil
These states must be summed over in both the intermed
and final states. To accomplish this we use the closure
proximation, which implies that the orientation of th
nucleus is not changed during the scattering process. Fo
axially symmetric nucleus with quadrupole deformatio
l52, a further hypothesisz.0 is made; then the operato
for the scattering amplitude between the nucleus and antip
ton may be written as@16# ~in the eikonal approximation!

F̂~q,F8!5
ik

2pE d2beiq
W
•bW$12exp@2x0~b!2x1~b!t~F8!#%

~3.3!

where

x0~b!5
i

2kE2`

`

dzU0~r !, ~3.4!

x1~b!5
ib2R0

2k E
2`

`

dz
d

dr
U0~r !

1

4 S 5

4p D 1/2, ~3.5!

FIG. 1. Optical potential forp̄12C scattering atTp̄5179.7 MeV.
The solid curves are our results; the dot-dashed curves show
theoretical potential corresponding to the Glauber amplitu
@ReVN(r )50 sincee50] calculated in Ref.@6#. The dashed curves
show the phenomenological potential from Ref.@2#.
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t~F8!511
3

p
cos~2F8!, ~3.6!

wheret(F8) will depend only onF2w, the difference be-
tween the nuclear azimuthal coordinate and the projectile,
virtue of our choice of z axis.

In an exclusive scattering we must project theF̂ operator
of Eq. ~3.3! onto nuclear states of definiteLM. Since the
target states are in the ground state (L,M50,0), we can only
go to the excited state (L even!. In this case, we can also
write YLM(u i)5PLM(u)e

imw. If we change the variable to
F85F2w andu8 i(u,F8), the scattering amplitude may be
expressed formally as

FLM~q!5 ik~ i !ME du8 iYLM~u8 i !Y00~u8 i !E b db JM~qb!

3$12exp@2x0~b!2x1~b!t~F8 !#%. ~3.7!

On the other hand, if the target nucleus is spherica
symmetric, but is susceptible to vibration around that sphe
cal shape,R may be expressed as

R5R0S 11(
lm

almYlm~u,w! D , ~3.8!

assuming that the target interaction to which an incident p
ticle is subjected is described by an optical potent
U

P̄

opt
(r ). Then we can expandU

P̄

opt
(r ) in powers of

(lmalmYlm to get @17#

U
P̄

opt
~r !.U0~r !2(

lm
R0

d

dr
U0~r !almYlm~u,w!.

~3.9!

Now we consider a nucleus with a set of octupole vibratio
and the relation betweenam and phonon operator can be
written as

am5
b3

A7
@bm1~2 !mb2m* #, ~3.10!

We shall assume that the nuclear excitation is sm
enough compared with the energy of the incident partic
that it can be ignored. In such cases, the operator for
scattering amplitude between the nucleus and antiproton m
be represented as

F̂v~q!5
ik

2pE d2beiq•b

3H d f i
2expF ix00~b!1 i(

m
x3m~Bm1Bm

1!G J ,
~3.11!

where

Bm5bme
imw, Bm

15b2m
1 e2 imw. ~3.12!

Here we have assumedx3m
1 5x3m , and
by
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x00~b!52
i

2kE2`

`

dzU0~r !, ~3.13!

x3m~b![
ib3R0

2A7R
E

2`

`

dz
d

dr
U0~r !P3m~0!, ~3.14!

P3m~0!5H O if ~32m!52S11

~2 !s1mF 7~32m!!

4p~31m!! G
1/2 ~2s12m!!

23s! ~s1m!!

if ~32m!52s ~3.15!

with b3 the octupole deformation parameters. Using the fo
mulas of Baker, Campbell, and Hausdorff, we obtain th
scattering amplitude between the zero-phonon ground s
and the one-phonon excited state@16#

FLM~q!5kE
0

`

b db JM~qb!xLM~b!eixN~b!, ~3.16!

where

xN~b!5x00~b!1xcp~b!, ~3.17!

xcp~b!5
1

2
i(
LM

xLM
2 ~b!, ~3.18!

and for elastic scattering,

F00~b!5 ikE
0

`

b bd J0~qb!@12eixN#. ~3.19!

The first term in Eq.~3.17! depends only on the ground stat
density of the target. The second termxcp(b) describes the
effect of coupling the elastic with the~one-phonon! inelastic
channels on the elastic phase in which the target nucle
makes a virtual transition to an excited state and then dec
back to the ground state.

Now, we begin with the incident energy 179.7 MeV
where there existp̄-nuclei interaction experimental data. W
take the valuesV0 andW0 calculated from formulas~3.7!
and ~3.19!, and then adjustr w, aw, r v, andav to fit the ex-
perimental data. The solid curves in Figs. 2–7 are our the
retical results. The experimental data are also given. We fi
that the optical potential given above can describe all of t
experimental data. Hence from these results we are c
vinced that the optical potential determined by the abo
considerations can be used to predict the elastic and inela
scattering differential cross sections at higher energies.

All of the optical potential parameters are considered
the following.W0 is chosen as 135 MeV.V0 is dependent on
e and decreases as the incident energy is higher than 1 G
SinceW0 is almost constant,r w andaw are the same values
as at 179.7 MeV. We list all of the optical potential param
eters at higher energies and the deformation parameter
Table II.

All calculated differential cross sections are given in Fig
2–7. The antiproton energies 294.8 and 508 MeV, which a
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the existing LEAR beam energies@18#, correspond to mo-
menta 800 and 1100 MeV/c, respectively. Because the maxi
mum energy of LEAR can reach the GeV region, we al
calculated the differential cross section at 1.07 and 1.
GeV. Our prediction shows that as the incident energy
creases the diffraction patterns are more condensed. As
detection techniques are improved these patterns will be
served, at least in the region before the second or third m
mum. We have assumed thep̄-neutron andp̄-proton interac-
tions are the same. At the higher energies considered in
paper, one may expect the Coulomb interaction to be sm
and we omit it from the calculations.

FIG. 2. Differential cross section forp̄ elastic scattering on
12C. —– 179.7 MeV, - - - - 294.8 MeV, . . . .. 508MeV, –.–.–.
1070 MeV, and . . . . . . . . . 1833 MeV.

FIG. 3. Differential cross section forp̄ elastic scattering on
16O. —— 178.4 MeV. The other curves have the same meaning
in Fig. 2.
-
so
83
in-
the
ob-
ini-

this
all

Antiproton inelastic scattering to the12C 4.43 MeV 21

state is treated in the framework of the usual rotational
model. As suggested from the analysis of proton inelastic
scattering@21# only a quadrupole deformation was taken into
account and no hexadecapole deformation was included. Th
best fits so obtained are displayed as the solid curve in Fig. 6
The experimental data are from Ref.@5#. Simultaneously the
theoretical results at higher energies are predicted.

To describe the 32 ~9.6 MeV! level, a calculation has
been done in the framework of the octupole vibrational
model. The results are displayed as the solid curve in Fig. 7
for the 179.7 MeV data; this corresponds to the parameter
given in Table II. The angular distribution of the 32 state is

as

FIG. 4. Differential cross section forp̄ elastic scattering on
40Ca. The curves have the same meaning as in Fig. 3.

FIG. 5. Differential cross section forp̄ elastic scattering on
208Pb. —– 180.3 MeV. The other curves have the same meaning
as in Fig. 2.
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not very well described at backward angles where it clea
exhibits too much diffraction. Simultaneously the theoretic
results at 294.6, 508, 1070, and 1833 MeV energies are p
dicted.

FIG. 6. Differential cross section of inelastic scattering of an
proton to the 4.4 MeV, 21 excited state measured at 179.7 Me
incident energy. —– 179.7 MeV, - - - - 294.8 MeV, . . . .. 508MeV,
–.–.–.1070 MeV, and . . . . . . . . . 1833 MeV.
rly
al
re-

IV. CONCLUSION

Let us enumerate the main results of this investigation.
~1! The antiproton optical potential is derived from mul

tiple scattering theory and the impulse approximation. Th

ti-
V

FIG. 7. Differential cross section of inelastic scattering of ant
proton to the 9.6 MeV, 32 excited state measured at 179.7 MeV
incident energy. —- 294.6 MeV. The other curves have the sam
meaning as in Fig. 6.
TABLE II. Optical potential parameters and deformation parameters forp̄-nucleus elastic and inelastic
scattering.

Nucleon

EP̄ W0 V0 r w r v aw av b2 b3

~MeV! ~MeV! ~MeV! ~fm! ~fm! ~fm! ~fm! @19# @20#

179.7 135 35 1.05 1.2 0.54 0.54 0.33
294.8 135 35 1.05 1.2 0.54 0.54 0.40

12C 508 135 35 1.05 1.2 0.54 0.54 0.592 0.36
1070 135 20 1.05 1.3 0.54 0.54
1833 135 10 1.05 1.4 0.54 0.54

178.4 135 35 1.05 1.2 0.54 0.54
294.8 135 35 1.05 1.2 0.54 0.54

16O 508 135 35 1.05 1.2 0.54 0.54
1070 135 20 1.05 1.3 0.54 0.54
1833 135 10 1.05 1.4 0.54 0.54

179.8 135 35 1.15 1.25 0.6 0.55
294.8 135 35 1.15 1.25 0.6 0.55

40Ca 508 135 35 1.15 1.25 0.6 0.55
1070 135 20 1.15 1.4 0.6 0.55
1833 135 10 1.15 1.45 0.6 0.55

180.3 135 35 1.15 1.3 0.7 0.6
294.8 135 35 1.15 1.3 0.7 0.6

208Pb 508 135 35 1.15 1.3 0.7 0.6
1070 135 20 1.15 1.4 0.7 0.6

11 833 135 10 1.15 1.5 0.7 0.6
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optical potential strengths are determined byp̄N scattering
experimental data. It is found that the imaginary pa
strengthsW0 of the optical potential are nearly constant a
incident energies from 180 to 1833 MeV. The imaginary pa
strengthsW0 of the optical potential are at least fourfold
times larger than the real part strengthV0 and decrease with
increasing energies. Therefore the antiproton optical pot
tial is a strong absorption.

~2! The magnitude and sign of the real partV0 and the
imaginary partW0 are determined by the behavior ofe and
s p̄N for the p̄N elementary amplitude, and these two param
eters have been determined from the experimental d
rt
t
rt

n-

-
ta.

Therefore the antiproton optical potentials obtained are qu
dependable.

~3! At low energies~e.g., 179.7 MeV!, the optical poten-
tial obtained can fit all of thep̄-A elastic and inelastic scat-
tering data. The clear diffraction patterns, the absolute v
ues, and positions of the differential cross section at t
peaks and dips of the angular distributions can be seen fr
the figures. Because the theoretical results fit very well t
experimental data at 179.7 MeV, we believe that the the
retical curves at higher energies are close to the experime
tendency.
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