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Antiproton-nucleus elastic and inelastic scattering at intermediate energies

Zhang Yu-shurt? Liu Ji-feng? B. A. Robsort and Li Yang-gud
1CCAST (World Laboratory) Center of Theoretical Physics, P.O. Box 8730, 100 080 Beijing, China
2Institute of High Energy Physics, Academia Sinica, P.O. Box 918(4-1), 100 039 Beijing, China
3Department of Theoretical Physics, Research School of Physical Sciences and Engineering, The Australian National University,
Canberra, Australian Capital Territory 0200, Australia
(Received 27 November 1995

Using the experimentgbN 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 offC, 0, 4%Ca, and®*®Pb and the inelastic data of the 180 MeV antiproton
on '2C 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 antiprototf®non %0, 4°Ca, and?*%b and
the inelastic scattering of 180 to 1833 MeV antiprotd@ are predicted.

PACS numbds): 13.75.Cs, 25.43:t, 24.10.Ht

I. INTRODUCTION Il. THE OPTICAL POTENTIAL OF THE p-NUCLEUS
INTERACTION
With the operation of the CERN Low-Energy Antiproton
Storage Ring LEAR, differential cross sections were mea-
sured for the elastic and inelastic scattering of antiprotons at
energies ofT=179.7 MeV on the nuclei’C, *Ca, and
20%h. From the datpl—5] it can be seen that the differential t A
cross sections reveal a pronounced diffractive behatitor U%p=<lﬂo|2 ton(i)] o), 2.1
contrast with proton-nucleus scattering at the same engrgies =t
These data already provide evidence for the strong-
absorptive aspect of the-nucleus interaction. In Ref6] it  where yy, is the wave function of the ground statgy, the
was found that the potentials are well determined at the matrix of the antiproton-nucleon interaction, corresponding
nuclear surface around the strong-absorption radius, whete the pN scattering amplitude determined by antiproton-
the imaginary part of the potentisV(R) is at least twice as nucleon scattering experiments, and fi¢ elementary am-
large as the real paM(R). It is obvious that all data favor plitude is of the form
the D-type potential (strong imaginary and weak real
strength$ over the S-type potential(strong real and weak
imaginary strengthq7]. =
The study of medium-energy antiproton-nucleus interac-
tions in terms of the optical potential is a topic of current

interest8]. The aim of the present work is to obtain antipro- The values forrgy , the totalpN cross sectione, the ratio of

ton optical potentials at incident energies from 180 to 180GQye real-imaginanpN forward amplitude, angB, the value
MeV with the impulse approximation, by usingN two-  qf the diffraction-slope parameter, and experimental param-
body elementary amplitudes from microscopic con&deraﬂoneters[lo,lﬂ are listed in Table I. Using the relation between

By using these op'iical ﬁOtngials’ thezoelastic data of the 18@ (2.1) and thet matrix, with the impulse approximation,
MeV antiproton on'’C, %0, “®Ca, and***Pb and the inelas- he optical potential of the-nucleus interaction can be writ-

tic data of the 180 MeV antiproton oA’C are analyzed tgp as follows12]:
within the framework of the eikonal approximation. The
nuclear excitation is described in terms of the collective
model with the adiabatic approximation. Further, the differ-
ential cross sections of elastic scattering of 180-1833 MeV(; .tic Momentum  o— B2 W

antiprotons on*?C, %0, 4%Ca, and?°%b and inelastic scat- T(MeV)  (MeVic) (rr:)t’;) e (Gevi)? (Mei/)
tering of 180—-1833 MeV antiprotons offC are predicted.

The optical potential of thep-nucleus interaction with
ultiple scattering theory can be written in the foffi

|kO?N
4

(1—ie)e B2, 2.2

TABLE I. The data ofpN amplitude[13—-15.

The paper is organized as follows. In Sec. Il the optical 179.7 607.8 149 0.2 22.2 129.6
potential of thep-nucleus interaction corresponding to the 294.8 800 132 0.25 16.2 137.3
impulse approximation is derived. In Sec. lll we discuss the 508 1100.5 110 0.22 15.2 133
elastic and inelastic processes in the framework of the eiko41070 1775 92  0.14 13.2 131
nal approximation with the collective model. The last section 1833 2607 81 0.04 13.1 122

contains a conclusion of the results.
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27h . opn(l-ie) 0
U () = == fan(0)p(r) =ifivg——5——p(r)
- _25 -
=V(r)+iW(r), (2.3
-50 - = —50 -
where v~ is the velocity of the antiproton angd(r) the 2 Y
nuclear density] p(r) is normalized to the number of nucle- 2 ~™F E %‘75 ]
ons in the nucleu$.The nucleus density is given by the %’ ook ] ‘E’_wo 1
Woods-Saxon formula = =
p(N)=pofj (j=v orw), (2.4 3 1 ™ ;
_ L ) 1 1 1 _ [ 1 1
with radial form factors of the Woods-Saxon type, i.e., BT T T e % 2 4 6
r—R.J1 -1 r{fm) r(fm)
f.= 1+exp{ ' ] (2.5
] a. . . — . -
j FIG. 1. Optical potential fop“C scattering aff;=179.7 MeV.

_3 _ 13 ) The solid curves are our results; the dot-dashed curves show the
po=0.16 fm~* and Rj=r;A™", whereA is the number of heoretical potential corresponding to the Glauber amplitude
nucleonsyr; is the radius, and; is the diffuseness param- [Rev,(r)=0 sincee=0] calculated in Ref[6]. The dashed curves
eter. Then the optical potential of the antiproton-nucleus inshow the phenomenological potential from ReX).

teraction can be expressed as
Ill. ELASTIC AND INELASTIC SCATTERING

U2(r)=—Vof, (1) —iWofu(r), 2.6
P ") of (1) oful") @8 In the present work, we shall assume that the antiproton-
where nucleus interaction is described by an optical poterllﬁ%t’it
which is, in general, nonspherical. We assume that the de-
Ve ﬁvg@ pose 27 formed optical potentiaU%pt can be expanded as
- U (N=Uo(n) =X AUy, 3.1
wozﬁrpT"po. (2.8 #
where
The optical potential depthg, andW, are determined defi- q
nitely by thepN elementary amplitude. ¢ N p
From thep-N experimental data listed in Table 1, it can Us=Ro g Uo(NDuo(0)Yru(6,¢). 3.2

be seen thairgy has played an important role in the depths

V, andW,, and we can get the optical potential strengthS.HereDfLO(ai) is a rotation matrix and; stands for the Euler
Accordingly Eq.(2.8) allows us to calculate the imaginary angles between the body-fixed and space-fixed coordinates.
part of the potential, listed in the last column of Table I. The  For rotational nuclei there exist a large number of low-
results show the imaginary paf, in the interval from 180 Ilying levels easily excited by a medium-energy projectile.
to 1833 MeV fluctuating around 130 MeV. TherefoW, in  These states must be summed over in both the intermediate
our calculation can be considered a constant theoreticallygnd final states. To accomplish this we use the closure ap-
taken as 135 MeV. From Table | it can be seen also that thproximation, which implies that the orientation of the
ratio of |Vo|/|W,| is equal toe. ThereforeW, is at least nucleus is not changed during the scattering process. For an
fourfold times larger thaiV,. As a result, such an antiproton axially symmetric nucleus with quadrupole deformation
optical potential is strongly absorptive. Using E¢®&.7) and A =2, a further hypothesig=0 is made; then the operator
(2.8), the calculated reaVy and imaginaryW, potentials at  for the scattering amplitude between the nucleus and antipro-
180 MeV are given in Fig. 1, as solid curves. The dot-dashedon may be written agl6] (in the eikonal approximation
curves show the theoretical potential corresponding to the

Glauber amplitudd ReVy(r) =0 sincee=0] calculated in . ) ik o G )
Ref.[6]. The dashed curves show the phenomenological pof (4:®")= ﬁJ d*be {1 —exf — xo(b) — x2(P)t(P")]}
tential from Ref[2]. In Fig. 1, it can be seen that the results (3.3
we get are the same as the calculation carried out above in

the Glauber approximation in Rd6]. where

At the same time, the magnitude and signVgfand W,
are determined by the behavior efand oy for the pN i[>
elementary amplitude, and these two parameters have been Xo(b)= ﬂj_deUo(f), (3.4
determined by the experimental d4tD,11]. Therefore the
realVy and imaginaryW, of the potential in our calculation {B.R. (= q 1/ 5|12
are not only the most convenient to calculate but also with- b)= 152Ro dz—U il 3
. x1(b) z——Uq(r) . (35
out any adjustable free parameter. 2k J-w dr 4\4m
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3 I )
t(d')=1+ ;cos{Z(D’), (3.6 Xoo(b)z—#ﬁdeUo(f), (3.13

wheret(®') will depend only on® — ¢, the difference be- i B4R, = d
tween the nuclear azimuthal coordinate and the projectile, by Ya, (D)= — Of dz—Uy(r)P5,(0), (3.14
virtue of our choice of z axis. i S 27RJ) - dr D03k
In an exclusive scattering we must project theperator
of Eqg. (3.3) onto nuclear states of definiteM. Since the O if (3—u)=2S+1

target states are in the ground stdteN] =0,0), we can only P,,(0)= 7(3— w)! Y2 (254 2p)!

go to the excited statel(even. In this case, we can also ~ ** (—)stm | 35 '

write Y, v(6)=P_u(0)€™¢. If we change the variable to Am(@+u)t] 27l (st )t
O'=P—¢p andb’';(0,P'), the scattering amplitude may be ,

expressed formally as if 3—p)=2s (3.19

with B the octupole deformation parameters. Using the for-
FLM(Q):ik(i)MJ da,iYLM(eli)YOO(a,i)f b db Ju(qb) mulas of Baker, Campbell, and Hausdorff, we obtain the
scattering amplitude between the zero-phonon ground state
X{1—exd — xo(b)— x1(b)t(Pr)]}. 3.7 and the one-phonon excited stald]

On the other hand, if the target nucleus is spherically o0 (D)
symmetric, but is susceptible to vibration around that spheri- FLM(Q)ZKJ0 b db Ju(gb)x m(b)e"™~"?,  (3.16
cal shapeR may be expressed as

where
R: RO

1+ ay,Yaul 6,(,0)), (3.9
A xn(b) = xod(b) + xcp(b), (3.17

assuming that the target interaction to which an incident par- 1
ticle is subjected is described by an optical potential XCp(b)ZEiE xeu(0), (3.18
UZ(r). Then we can expandJ2(r) in powers of LM
Znunu Y, 1o get[17] and for elastic scattering,
d
URAN=Uo(N =2 RogrUo(N) ey, Yaul(6,0).
o
(3.9

Now we consider a nucleus with a set of octupole vibrations N€ first term in Eq(3.17) depends only on the ground state
and the relation between, and phonon operator can be density of the target. The second tegmg,(b) describes the

Foo(b)=ikJ’:b bd J(qb)[1—e'Xn]. (3.19

written as effect of coupling the elastic with th@ne-phonohinelastic
channels on the elastic phase in which the target nucleus
Bs makes a virtual transition to an excited state and then decays
a,=—=[b,+(—)*bx ], (3.10  back to the ground state.
V7 Now, we begin with the incident energy 179.7 MeV,

S where there exisp-nuclei interaction experimental data. We
We shall assume that the nuclear excitation is smaljye the valued/, and W, calculated from formulag3.?)
enough compared with the energy of the incident particlegq (3.19, and then adjust,, a,, r,, anda, to fit the ex-
that it can be ignored. In such cases, the operator for thgerimental data. The solid curves in Figs. 2—7 are our theo-
scattering amplitude between the nucleus and antiproton Maytical results. The experimental data are also given. We find

be represented as that the optical potential given above can describe all of the
. experimental data. Hence from these results we are con-
ﬁv(q)zif d2peid-b vinced that the optical potential determined by the above
2 considerations can be used to predict the elastic and inelastic
scattering differential cross sections at higher energies.
}, All of the optical potential parameters are considered as
the following.Wj is chosen as 135 MeW/, is dependent on
(3.11) € and decreases as the incident energy is higher than 1 GeV.
SinceW, is almost constant,,, anda,, are the same values
where as at 179.7 MeV. We list all of the optical potential param-
' _ eters at higher energies and the deformation parameters in
B,=b,e*¢ B,=bl e ¥ (3.12  Table Il
All calculated differential cross sections are given in Figs.
Here we have assumeggﬁzxgw and 2-7. The antiproton energies 294.8 and 508 MeV, which are

X

6fi—ex+)(00(b)+i2 X3.(B,+B,)
M
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FIG. 2. Differential cross section fop elastic scattering on FIG. 4. Differential cross section fop elastic scattering on
12C, —— 179.7 MeV - - - - 294.8 MeV, ..... 508MeV, —.—.—.  “*%Ca. The curves have the same meaning as in Fig. 3.
1070 MeV, and ... ... ... 1833 MeV.

Antiproton inelastic scattering to th&C 4.43 MeV 2
the existing LEAR beam energig¢48], correspond to mo- state is treated in the framework of the usual rotational
menta 800 and 1100 MeV/ respectively. Because the maxi- model. As suggested from the analysis of proton inelastic
mum energy of LEAR can reach the GeV region, we alsoscattering21] only a quadrupole deformation was taken into
calculated the differential cross section at 1.07 and 1.8&ccount and no hexadecapole deformation was included. The
GeV. Our prediction shows that as the incident energy inbest fits so obtained are displayed as the solid curve in Fig. 6.
creases the diffraction patterns are more condensed. As tfide experimental data are from Rg5]. Simultaneously the
detection techniques are improved these patterns will be oiheoretical results at higher energies are predicted.
served, at least in the region before the second or third mini- To describe the 3 (9.6 MeV) level, a calculation has
mum. We have assumed theneutron ancp-proton interac- been done in the framework of the octupole vibrational
tions are the same. At the higher energies considered in thi®odel. The results are displayed as the solid curve in Fig. 7
paper, one may expect the Coulomb interaction to be smafor the 179.7 MeV data, this corresponds to the parameters
and we omit it from the calculations. given in Table Il. The angular distribution of the 3tate is
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FIG. 3. Differential cross section fop elastic scattering on FIG. 5. Differential cross section fop elastic scattering on
160, —— 178.4 MeV. The other curves have the same meaning aé&®®b. —— 180.3 MeV. The other curves have the same meaning

in Fig. 2. as in Fig. 2.
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FIG. 6. Differential cross section of inelastic scattering of anti-  FIG. 7. Differential cross section of inelastic scattering of anti-

proton to the 4.4 MeV, 2 excited state measured at 179.7 MeV Proton to the 9.6 MeV, 3 excited state measured at 179.7 MeV
incident energy. —— 179.7 MeV - - - 294.8 MeV, ... ... 508MeV, incident energy. —- 294.6 MeV. The other curves have the same

-.—.—.1070 MeV, and ... ... ... 1833 MeV. meaning as in Fig. 6.

. . V. NCLUSION
not very well described at backward angles where it clearly CONCLUSIo
exhibits too much diffraction. Simultaneously the theoretical Let us enumerate the main results of this investigation.
results at 294.6, 508, 1070, and 1833 MeV energies are pre- (1) The antiproton optical potential is derived from mul-
dicted. tiple scattering theory and the impulse approximation. The

TABLE Il. Optical potential parameters and deformation parameterpfouncleus elastic and inelastic

scattering.
Ep Wo Vo My ry ay a, B2 B3
Nucleon (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
2c 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
%0 508 135 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
“Cca 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
208pp 508 135 35 1.15 1.3 0.7 0.6
1070 135 20 1.15 1.4 0.7 0.6

11833 135 10 1.15 15 0.7 0.6
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optical potential strengths are determined iy scattering Therefore the antiproton optical potentials obtained are quite
experimental data. It is found that the imaginary partdependable. _ .

strengthsW, of the optical potential are nearly constant at . (3) At low energies(e.g., 179.7 Mey, the optical poten-
incident energies from 180 to 1833 MeV. The imaginary partt'al. obtained can fit all of the-A elastic and inelastic scat-

. . tering data. The clear diffraction patterns, the absolute val-
s_trengthsWO of the optical potential are at least fourf_old ues, and positions of the differential cross section at the
times larger than the real part strength and decrease with  peaks and dips of the angular distributions can be seen from
increasing energies. Therefore the antiproton optical potenthe figures. Because the theoretical results fit very well the
tial is a strong absorption. experimental data at 179.7 MeV, we believe that the theo-

(2) The magnitude and sign of the real pat§ and the  retical curves at higher energies are close to the experimental
imaginary partW, are determined by the behavior efand ~ tendency.

opy for thepN elementary amplitude, and these two param-  We would like to thank X. Y. Shen and Y. B. Dong for
eters have been determined from the experimental datéheir assistance with the computational program.
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