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’ antiproton—nucleds potential.

- contamination of pions and kaons whatsoever.

¥ it i s com

The elastic scattering of antiptotons on light nuclei provideé
valuable information for
interaction,

investigation of @ the antiproton-nucleus
of the
Since a reliable description of the
elastic scattering is a necessary condition for any adequate model of
pA -scattering, information on the differential elastic
scattering cross sections serve as a test for the various models of
pPA -interaction. Besides this, the data on elastic scattering on the
lightest’ nuclei can be used for determining the parameters of the
elementary amplitude of antiproton interaction with neutrons which,
owing to the absence of good antineutron beams, are not well known.

At present data are .available on the elastic scattering of
antiprotons on deuterium [1,2], on 12 40Ca and 208Pb at 300 and 600
MeV/c [3,4], 160 and 18O at 600 MeV/c [5] as well. We have
measured the d1fferent1a1 cross section of elasfié scattering of
antlprotons on He nuclei at 607.7 MeV/c (T = 179.6 MeV). ,No data on
p He elastic scattering at intermediate energles are exist. Earller ve
have published the data on the cross
annihilation and inelastic breakup of 4He

for example, for determining the parameters

any new

and on

sections for
[6,7].

antiproton

1. THE EXPERIMENTAL APPARATUS; SCANNING AND MEASUREMENT OF EVENTS

Measurements were performed in the LEAR antlproton beam at CERN
using a in a magnetic field. The LEAR
antiproton beam is characterized by high intensiﬁy (105—106 p/sec),
small momentum spread (4p/p = 1073)  and total absence of any

streamer chamber placed

The beam is "= 1 cm in
diameter. . » '

The experimental setup is shown in Fig.l. The apparatus was
triggered by coincidence signals from the counters C2 and C4 ‘and

anticoincidence signals from the counters of the "live" collimator C1

‘and €3 and from the pounter C5 situated after the chamber. Therefore,

a trigger occurred, when an antiproton entered the chamber , but did

not hit counter C5 at the exit window.
The (90x70x18) cm3

self-shunting mode

streamer chamber, operated in the
filled. with  helium at
The chamber was. placed in a magnetic field of 0.8 T. A
detailed description of the experimental apparatus can be found in
ref. [9]¢

[8], was atmospheric

pressure.
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Layout of the experimental apparatus. EM electromagne

Fig.1
8C - streamer chamber; HVPG - high voltage pulse generator,
travelling platform, ES -

Ci-6 ~

TP - pulse generator; TP -
electrostatic screening; wcl_2 -
. counters; My _g - thin walls.

wire chambers;

scintillation
The sensitive volume of the streamer chamber was photographed
280 mm apart. Each

with parallel optical axes
using two cameras P oo

picture of only a single

photograph represented a

interaction event with helium. . .
pictures were scanned in search of elastic

. PP
'Approx1mately 10 o

"In all = 3500 two-prong events were found,

scattering events. bt

were treated as candidates to elastic scattering events
‘ recording of events a fiducial region 54 cm long was cho

n
beam direction. Besides this, to avoid difficulties in distinguishing

between recoil a- particle tracks directed alon
the chamber and spurious tracks of discharges, o
events with angles between the vertical direction ads the p
determined by recoil nucleus and beam directions [d] = 307. .
a
The scanning efficiency was determined from the result o
It turned out to be 96%.

we have discarded all

double scanning of 774 two-prong events.

: ice
Measurements were performed using a PUOS [10] measuring devi

he events
w1th a coordinate registration precision of 2.5 um. 92% of t

sen along the
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detected in the scanning were successfully measured.

Geometrical reconstruction of the measured events was performed.
with the aid of program written within the HYDRA system [11]. The
geometrical reconstruction procedure was successfully applied to 89%
ofjthe events. * :

The precision with which kinematical characteristics of events

depended on  four input parameters, with the aid of which the
measurement errors. were calculated. These parameters were the
following measurement errors: of coordinates of the vertex

projection, av H of the last point on the track of a stopping

; of an arbitrary point on a track pro;ection, 8 ; and
of the length of the reconstructed track of a stopping particle, &:

particle, Bs

L
These quantities were obtained from the results of multiple
measurements of a set of events under the . condition ,that the

calculated errors be equal to the ones determined from repeated

measurements. The following 1nput parameters were obtained: av = 0.05
cm, &, = 0.17 cm, ap = 0.14 cm, &, = 0.70 cm.
In Fig. 2 the momentum distribution is shown for the beam

The average momentum in this distribution is. 604.4 % 4.9

antiprotons.

MeV/c. This value is in good agreement with the nominal beam momentum
(607.7 ¢ 1.4) Mev/c.

0
03 04 .05 :06 0.7 08 0.9
Momentum (GeVv/c) :

2.IDENTIFICATION OF ELASTIC SCATTERiNG_EVENTS

Among the two-prong events with a ‘single negatively charged
particle, that were chosen for selecting elastic scattering events,
there are also .present background events of annihilationless breakup
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reactions such as

P +*He —>p+n+ 34e (2.1)
and of annihilation reactions on a neutron with the production'of a

single m.(K )- meson and several neutral pions (kaons) such as the -

following:
p + ‘e — 1~ + 34e + m n° (2.2)
p+4He-—)K + k% + 3He + n n° (2.3)

where m = 0,1,

For identification of elastic scattering events we compared the
of ' the secondary. particles scattering
angle, range etc.) for each event with the corresponding quantities
calculated assuming elastic scattering kinematics: The following

characteristics (momentum,

criteria were adopted : ;
1) Angular co:relations. The correspondence between the angle of the
recoil nucleus and the expected value.

2) coplanarity. Since elastic scattering events are coplanar, the

Fig.3. Distribution of events
difference
o(8)

and calculated,

over normalized

400 (eexp_ eth) / between
measured, eexp'
eth' values of the angle of the

recoil nucleus. eth . was

calculated from the measured

scattering angle,

scattering

antiproton
elastic
og(8) 1is the

experimental measurement error.

assuming

Number of events

kinematics.
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computed copianarity angle must be zero. The coplanarity angle is
defined as the angle between the incident antiproton track and the
plane in which lie the recoil nucleus and the secondary negative
particle tracks.

3) Correspondence between the measured path of the recoil nucleus and
its calculated value. This criterion was app11ed for recoil nuclei

stepping in the chamber.

4

When the recoil nucleus did not stop in the’”

g

. e e

'89.8% of all the measured events.

chamber, its measured momentum was cempared with its expected value.

4) Correspondence between the measured momentum of the scattered
antiproton and its computed .value. ) '
' all the criteriaA were

standard measurement deviations.

:
An event was considered elastic, if

satisfied within three The : most
restrictive criterion turned out to be the first one, i.e. taking into
account recoil nucleus angular correlations, it was satisfied by
| (For comparison, the second
91.9%, the third by 94.2% and the
fourth by 96.3% of all ébents). In Fig.3. the distribution of the
difference A8 = (O eth) / o(8) is shown,where 8 ~and eth

exp exp
are the measured and calculated recoil angles,respectively,and o(8)

criterion alone was satisfied by

is the measurement error. .
As a result, 84.1 % of the two-prong events satisfying all four )

criteria were ‘identified as elastic scattering events (1607 events).
For estimation of the-background from inelastic scattering the

It turned out

that only 0.5% of the background reaction events satisfied the adopted

simulation of the reactions (2.1)-(2.3) was performed
criteria. We note that for identification of elastic scattering the
background condition§ were quite favorable, since at our energy the
cross section of reaction (2.1) amounts to 4..2 * 13 mb [7] and of
reactions (2.2) and (2;3) to 9.3 ¢+ 1.4 mb [6], which is nearly by an
order of magnitude lower, than the elastic scattering cross.section
(see: below). Besides this, the elastic scattering events are mainly
scattering angles . (9cm < A20° ),
certainly not true for the inelastic events [7].

concentrated at - small which is

3. EVALUATION OF THE DIFFERENTIAL CROSS SECTIONS

could hit the
(see Fig.l),resulting in the event not

Antiprotons scattered at small angles
anticoincidence counter C5
being recorded. The dependence of the reglstratlon efficiency ecs

the p scatterlng angle is presented in Fig.4. This ‘efficiency depends

upon

not only on the scatterlng angle but alsc on the position of the
interaction vertex inside the fiducial volume. So, for evaluation of
we performed simulation of elastic events distributed throughout
The loss -of events due to

€
tgz entire fiducial volume 54 cm long.
scattered antiprotons hitting the anticoincidence counter C5 was taken
into account by introduction of a weight Wi'= 1/ €p5(1) for each event
of scattering angle 9 . For calculation of the cross section events
were utilized with scatterlng angles correspondlng to an efficiency

€ not lower than 80%.
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Fig.4. Dependence of
registration efficiency, due - 1.00
to the presence of counter CS, ’
on the -elastic scattering
- angle of the p. The curves
correspond to registration
efficiencies calculated for
two different diameters of
counter C5: 8 cm (solid line)
and 13 cm (dashed line). 77%
of the experimental data were

efficiency
.o .
[8,]
o
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scattering angle (degrees)

obtained with an 8 cm C5

counter.

pifferential cross sections were calculated by the formula

o, - LW,

do_ . __,3_,_2_____._, , (3.1)
da €+ C - AR

where ¢ = (N ~p-I.)_1 (N, «23-108 is the number of, antiprotons that
B i in i
. " is the amount of %He nuclei per unit volume,

traversed the target, p _ oo
L = 54.6 cm is the mean length of the path travelled by p throug. e
: scanning,

. fiducial volume ), ¢ is the overall efficiency of
0.79), C =

measurements and geometrical reconstruction of events (€=

2/3 is a coefficient taking into account the cut in the recoil nucleus

i i s in the angular
direction (see section 1), wi are the weights of event g
interval AQ.

The obtained differential . cross sections are presented in

Table. v
For determination of the to
section the differential cross ‘section was

al pHe elastic scattering cross
approximated by the

following expression:

1

2 .2
do/dQ = | Fcoul(e) + Fnucl(e) | (3.2)

I g on in form:
where the nuclear amplitude Fnucl(e) was taken in the

anucl(a) = Utotk(;+p)-exp(-B t/2)-(1—t/to)/4n. (3.3)

Here k is the c.m. momentum of 5, t = 2 kz(l - cos @) is the
square momentum transfer, %ot is the total §4He scattering cross
section, p=Re Fnucl(o)/lm Fnucl(o)' B is the slope parameter in da/dn,_
to is a complex parameter ,corresponding- to the =zero of the
scattering amplitude,and Re t, is determined by the position of the

minimum in do/4Q, while Im t° is related to the value of do/dQ at the

minimum.

Table. Differential cross sections of elastic §4He scattering (in
the centre-of-mass system). In the column écms indicated is
the weighted mean value of the cms scattering angle in the
respective angular bin

ecms Angular do/dQ _ ecms Angular do/dQ
{deg) bin (mb/sr) (deq) bin (mb/sr)

9.0 ( B8.,10.) 369.115 ¢ 32.373 32.7 (32.,35.) 6.177.+ 1.498
10.9 (10.,12.) 345.906 * 25.095 36.2 (35.,38.) 1.330 + 0.665
13.0 (12.,14.) 260.394 + 19.302 39.3 (38.,41.) 0.620 + 0.439
15.0 (14.,16.) 221.025 + 16.250 42.7 A(41.,44.)_ 1.448 = 0.647
16.9 (16.,18.) 163.111 + 13.018 42.7 (41.,44.) 1.448 t 0.647
i9.0 (18.,20.) 117.354 * 10.373 45.0 (44.,47.) 2,221 ¢+ 0.785
20.9 (20.,22.) 83.291 * 8.329 49.1 (47.,52.) 1.092 ¢+ 0.413
23.0 (22.,24.) 62.183 * 6.867 54.0 (52.,57.) 1.020 * ,0.385
25.1 (24.,26.) 48.736 + 5.825 59.6 (57.,62.) 0.410 +  0.237
27.0 (26.,28.) 39.610.+ 5.071 63.6 (62.,67.) 1.053 + 0.372
29.0 (28.,30,) 15.177 ¢+ 3.035 68.5 (67.,77.) 0.127 + 0.090
30.7 (30.,32.) 12.106 * 2.642 86.2 (77.,97.) 0.059 £+ 0.042

- 107.8 (97.,117.) 0.062 * 0.044

The Coulomb amplitude FCou
the finite dimensions of the 4He nucleus and of the antiproton
applying the method described in ref.[12]:

l(9) was evaluated taking into account

Feoul(®) = Fpoint‘ F

Born'(l - fp(t).fHe(t)).' A ) (3'4)

where the Coulomb scattering amplitude on a pointlike particle,
Fpoint' is

Fooint = Feorn® exp(-(2i ¢ { + ¢ 1n( (1-cose )/2))). (3.5)



Here C is the Euler constant, C = 0.5772 , { is the Coulomb parameter:

ZI' Z2- o (S - (m2 + Mz))
¢ = : , (3.6)
(s - (m+m?21Y/2 . (s - (n - m)?2/2

= 1/137 , 8 1is the total energy of the §4He system, and m

are the p and 4He masses, respectively,

FBorn = - (3.7)

The helium and the antiproton form factors were taken in the Gaussian

2:Ck / t.

form : -
£ (t) = exp (- r2-t/6)
p 2 (3.8)
f40(t) = exp (- R*-t/6),
where r = 0.8 fm, R = 1.67 fm .
To determine the parameters of the amplitude Fnucl(e)' we

proceeded in two steps. First, we considered all parameters in (3.3)
for Fnucl(e) to be free parameters and determined them by fitting the

cross section in the whole angular range of our
The quality of the fit is put in evidence in Fig.5 , it -~

. However, the parameters Oiotr P and B

differential
measurements.
turns out that xz/NDF'= 1.18
To reduce the correlation effects we try to fix

some of ° the parameters by applying experimental
Thus, using Fnucl(e) from the best fit, we can de;ermine

are correlated.
additional

information.
the total elastic cross section:

- 2 -
oy = j [Py (8)1° a0 = (120.9 * 2.5) mb. (3.9)
From (3.9) -one may obtain the total §4He interaction cross
section:
%ot - R + Oo1 = (360.1 £ 5.6) mb (3.10)
Here op is the cross section of all inelastic §4He reactions measured
in our previous work, oy = 239.2 £+ 5.0 mb [6].

For better determination of the p and B parameters that depend on
the Fnucl behavior in the forward direction we fixed in (3.3) the
value of Trot from (3.10) and fitted do/dQ only for a small
scattering angles région (6 = 22°) by (3.2) , but without the factor
(1-t/t ). The following results were obtained:

= 58.7 + 1.4 (Gev/c) 2
= 0.22 + 0.05

(3.11)

D W o

and M

R ST

10*3
—
—
L 105
o
£
e
c
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~ ]
© 1
© ]
10 '3
10 ey
. 80
cms scattering angle (degrees)
Fig.5. Fig.6.
Fig.5. Differential elastic §4He cross section at 607.7 MeV/c. The
line corresponds to a fit by the formula '(3.2).
Fig.6. The inelasticity parameter 71 versus angular momentum 1. Curve 1
- m obtained with the amplitude (3.3) without the factor (1. -
t/t ); curve 2 corresponds to a fit with the amplitude (3.3)
(Im t < 0); curve 3 - the same as curve 2, but with Im t> 0 ;
1
curves 4 - for n *He scattering with two zZergs in the amplltude,
the corridor contains all 4 solutions; .curve 5 - for p 4ye
scatterlng with 4 2zeros in the amplltude (all Im t.>0 and
i
max<120 ). Arrows indicate the 1a (RHe+ R,), where R,
and Fp are the charge radii of “He and of the scattered
particle, respectively.
4. DISCUSSION OF THE OBTAINED DaTjp
Knowledge of the parameters of the amplitude F 1(9) in (3.3)
allows to perform partial wave pro;ectlon and to determlne the
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séattering phases 61 and the inelasticity parameters n;:

x 21 + 1

; j Fruc1(8) Pjlcose) d(cose), (4.1)

where fl = (nlexp(Zisl)—l)/Zi are the spin-averaged partial amplitudes
and Pl(cose) are Legendre polynomials,

The fit for determining the amplitude was performed for the
entire angular interval with ot Set equal to the
value given by eq.(3.10) and, also, with and without the factor

(1—t/to). The same fit was done for the elastic scattering on 4He of

pions_[13] and also of protons [14] at comparable energies.
In Fig. 6 the inelasticity parameter n,; (from eq. 4.1) is plotted
versus angular momentum 1 for antiprotons (curves 1 - 3), pions (the
- corridor dencted by 4) and protons {(curve 5). We recall that ,if only
"the elastic channel is open, n; = 1. It is clearly seen that n4He
scattering exhibits the characteristic maximum in the P-wave, in p4He
,el@stic'scattering‘none of the partial waves are singled out in such a
manner.

From the results presented in Fig. 6 it follows that at -our
energy the P,D and F -waves are dominant,although a large number of
partial waves, practically up to 1=6-7, is required for describing the
P ‘ge elastic scattering. As 1 increases from 1=3 to 1=6-7, the
inelasticity decreases (nl — 1). Im fl turns out. to be significantly
greater than Re fl' This is typical of hadron scattering in the
presence of strong absorption.

The above can also be verified by the analysis of these p 4He
elastic scattering data in terms of a simple "fuzzy black disk model",
i.e. a black disk with a diffuse boundary [15]. This particular model
proved very successful in the phenomenological analysis of antiproton
elastic scattering on different nuclei [16]. The scattering amplitude
for a black disk is given by . : :

J,(x) . '
£(8) = kr® —_—, O (4.2)
where x = 2kR sin(6/2).

The effect of surface diffuseness on -a black disk is taken into

account [15] by tHe function :

2,2

D(8). = exp(-A k sinz(q/z)) (4.3)

and therefore the scattering cross section is given by

2
JT(x)
ao/an = (kR%)? L exp(-28%k?sin®(e/2)). (4.4)
x .

10
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ig.8
Fig.7 Fig.8 -

s -4
Black disk fit of the differential elastic Pp He cross

Fig.7. with diffuseness

section. Solid curve - best fit

parameter A = 0.95 fm. Dashed -line - calculations'for a

black disk with sharp edge (A=0). 4
differential cross section do/dt for p’He
0 MevV (circles) with -do/dt for
[14] and

Fig.8. comparison of
elastic scattering at T=18
p4He elastic scattering at T=200 MeV (squares)
with that for m ‘He at T=174 Mev (triangles) [13].

Two parameters are present in (4.4): R, the black dist.rifiuS'
and the diffuseness parameter A. The radius R depends essentially :2
the location of the minima in the do/dn and A'depends ?n t:ed:7:gab
slopé of the angular distribution. With the alé of a fit of - 0 by
(4.4) we averaged the calculateq cross sec?lo
angular distribution. The typical black dlSF s : e re e
smoothed out. The result of the fit is shown 1n Fig.7, where

1ine shows the result of fitting expression (4.4) and the br?ken line
black disk formula without a

ns over bins of the
harp minima. are thus

i ‘the
rresponds to calculation Dby ! .
2 . One can see that even. the naive black disk

'dj function. . i
diffuseness jon of the experimental

approach provides a not too bad descript

- s ons R
differential cross section. The addition of the realistic assumption

11



concerning the diffuseness results in quite a good agreement with the
experimental data, practically the same as in the case of antiproton
elastic scattering on heavy nuclei (16]. ’

The obtained value R = (2.38 * 0.02) fm is in good agreement with

1/3 found

the value following from the simple parametrization R = 1.5A
in ref. [13] for heavier nuclei. The diffuseness parameter A = ( 0.95
t 0.03) fm turned out to be the. same as for other nuclei (A ~ 1 fm)
[13]. This is a consequence of the large effective radius of pA
interaction. )

It is instructive to compare the elastic scattering of
antiprotons with that of pions. In Fig.8 shown are the differential
cross ‘sections of antiproton, pion and proton elastic scattering on
“xe ve:sus the momentum transfer t. One can immediately observe the
striking similarity between the. pion and antiproton do/dt
distributions. This, at first sight, unexpected result merely reflects
the fact that in the region of the Ay, ‘

. 4 . . . .
cross section of n He interaction approaches its maximum

resonance the inelastic

(approx1mate1y 220 mb [17]) which incidentally coincides with %inel

inel = 239.2 + 5.0 mb [6]). The equally strong
absorption exh1b1ted in the case of pions and antiprotons, with

for p He interaction (o

inelastic cross sections that happen to be the same leads to similar
differential elastic scattering cross sections. The above similarity
should be destroyed, for instance, at iow energies where the’nA cross
section decreases, yhereas the pA cross section increases.

CONCLUSIONS

We have measured the differential cross section for antiproton
elastic scattering on 4He at 607.7’Mev/c. The angular dependence. of
da/d exhibits the diffraction pattern typical of scattering on a
strongly absorbing disk. Simply taking into account diffuseness of the
disk provides good egreement of calculations with the experimental
data. ’ l o

From the measured total elastic cross section Ue1‘= (120.9 £ 2.5)
mb and the P He reaction cross section, 05 measured previously, the
total p He interaction cross, section is determined to be ot = (360.1
+ 5.6) mb . From a fit of the forward-scattering data the. parameter
p=Re Fnucl(o)/Im'Fnucl(o) turns out to ?; p = 0.22.t 0.05, and the
slope parameter is B = 58.7 * 1.4 (GeV/c) “. .

Partial wave projection of antiproton— nucleus amplitude reveals
that the P,D and F -waves are dominant, although a largevhumber of
pariial waves, practically up to 1=6-7, is required for describing the

12

P 4He elastic scattering at' our energy. The imaginary parts of the
partial amplitudes are significantly greater, than the real ones. This
is characteristic of hadron scattering in the presence ’

of strong absorption. ‘

The LEAR and South . Hall - CERN Are; - teams are gratefully
acknowledged for their continuous support during data taking. The
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Barycos I0.A. u ap. . 4 E1-90-328
Ynpyroe paccesHHe aHTHNPOTOHOB Ha He
npu 600 MaB/c

"UsmepeHo pubdbepeHnHalbHoe ceuyeHUHe YIIPYIr'oro paccesHHus
aHTHINPOTOHOB Ha 'He mnpu umnynbce 607,7 MaB/c. OmnpeneneHo
NIOIHOE CedeHHe YNpyroro paccesHus 0Jg1 = (120,9 % 2,5) M6
H TNONIHOe ceueHHe B3aUMOHAEHCTBHA Oror = (360,1 + 5,6)M6.
[lapuyanpbHO-BOMHOBOM aHalIM3 NoKasbBaeT, yTO paccesHue
HgeT, B OCHOBHOM, H3 P, D u F cocrosaHuil, YrioBasa 3aBHCH-
MocTh do/df oGHapyxuBaeT mnoBegeHHe THUNUYyHoe ONaA gHbpakK-—
UMM Ha CHJIbHO NOIJIoWapmeM AHCKe., YueT pasMblTOCTH Kpasa
yepHOro OHcka ofecneuHBaeT Xopollee corJjlacHe pacyeToB C
9KCTIePUMEeHTANbHbBIMH A aHHbIMH ,

Pa6oTa BpimonHeHa B JlaGopaTopuu spepHeiX npoGiem OHAU .

Ipenpusnt O6bennHEHHOr0 HHCTUTYTa ANEPHBLIX HCCnenoBanui. ly6ua 1990

Batusov Yu.A. et. al. E1-90-328
Elastic Scattering of Antiprotons
on “He at 600 MeV/c |

The differential cross section for antiproton elas-
tic scattering on %4He at 607.7 MeV/c is measured. The
total elastic cross section.ael (120.9 ¥ 2.5) mb and
the total p4He interaction cross section Orot = (360.1 t
+ 5.6) mb are determined. Partial wave analy81s reveals
that the P, D and F-waves are dominant in the scatter-
ing. The angular dependence of do/dQ exhibits the dif-
fraction pattern typical of scattering on a strongly
absorbing disk. Simply taking into account diffuseness
of the disk provides good agreement. of calculations
with the experimental data,

The 1nvest1gat10n has been performed at the Laborato—
ry of Nuclear Problems, JINR.
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