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We measured diffractive scattering cross sections of al-
pha-particles on carbon, aluminium, copper and lead us-
ing the beam of the Dubna synchrophasotron at
3.64 GeV/nucleon. The data are compared with model
predictions of the Glauber-Sitenko multiple scattering
theory. Large discrepancies between experiment and cal-
culations appear at four-momentum transfers above
~0.25 (GeV /c)? Various theoretical attempts to improve
the description of high-energy alpha-scattering data are
discussed.

PACS: 24.10.Ht; 25.55.Ci

1. Introduction

The Glauber-Sitenko diffraction theory [1] of multiple
scattering processes has been the generally accepted
framework for the interpretation of the high-energy had-
ron-nucleus scattering. Meanwhile, this theory has been
extended for the description of the nucleus-nucleus dif-
fraction scattering, but until now the model predictions
have been far from being perfect even for the hadron-
nucleus scattering process.

It is often assumed that these shortcomings are mainly
due to inelastic shadowing effects, the importance of
which has been pointed out by Gribov [2]. Dakhno and
Nikolaev [3] could show up a striking disagreement be-
tween the high-energy proton-*He and pion-*He scatter-
ing data and the Glauber-Sitenko model predictions. Even
if they include elastic and inelastic shadowing effects and
a realistic “He wave function into the multiple scattering
amplitudes, clear discrepancies remained between the the-
oretical and experimental p “He and n “He total and dif-
ferential cross sections. These problems of the multiple
scattering theory for the description of high-energy p “He
scattering data have been investigated also in [4, 5].

Inelastic shadowing effects are assumed to be closely
connected with the composite quark structure of the had-

rons. Furthermore the structure of complex nuclei - the
presence of mesons, of compact multi-quark structures
etc. - may influence the scattering process. The authors
[3-5] argue that the discrepancies between theory and
experiment are due to the neglect of quark degrees of
freedom, in particular quark clusterization effects. Ac-
cording to the theoretical estimations, these effects are
expected to increase with increasing mass number of the
target nucleus.

It is beyond any doubt that the theoretical situation
becomes still harder, if not only the target nucleus but
also the projectile is a composite nuclear system. In this
case of nucleus-nucleus scattering a great many tree and
loop diagrams appear, and it is very difficult to account
for all these contributions within the framework of the
Glauber approximation to estimate the “background”
conditions of the scattering process. Note that additional
complications may arise in numerical calculations, be-
cause the Glauber formula was shown to imply a phase
transition in the nuclear matter of the colliding nuclei
into a domain-like state [6].

In recent years new calculation methods for Glauber
amplitudes [7] and inelastic shadowing effects [8, 9] have
been proposed. According to [8] corrections for shad-
owing effects might be very large for typical nucleus-
nucleus scattering data available at present. These effects
were shown to increase dramatically with the increase of
the four-momentum transfer. While for the elastic scat-
tering at 1=0 they are of the order of 5%, corrections of
20% and even up to 50% appear at || ~0.2(GeV/c)*
and 0.5 (GeV/c)?, respectively.

New high-energy nucleus-nucleus scattering data pref-
erably at large momentum transfers are necessary in this
situation to stimulate actual model calculations. While
diffraction scattering processes of the hadron-nucleus in-
teraction have been experimentally investigated up to the
highest incident energies available, experiments on the
nucleus-nucleus diffraction scattering have been rather
scarce until now. Only a few papers have been devoted
to alpha-nucleus (« — A4) scattering at energies beyond
1 GeV/N. Elastic a-scattering on lightest nuclei at
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1.05GeV/N has been investigated at the Saturne syn-
chrotron [10]. At the same incident energy the Lorentz-
invariant cross section for the inclusive scattering process
o+ C—a + X has been published [11]. At the Bevalac
energy of 2.1 GeV /N the total and the total inelastic cross
sections of the « — C interaction has been measured [12].
Finally, the diffraction scattering of -particles on C, Al,
Cu [13] and on “He [14] at 3.64 GeV/N has been inves-
tigated by using the beam of the Dubna synchrophaso-
tron. At high energies data [15] of the o —o scattering
have been obtained at the CERN ISR.

We present in this paper data of the diffractive a-
scattering at 17.9 GeV/c on carbon, aluminium, copper
and lead targets. We extend the measurements of the
differential cross sections to considerably larger values of
the four-momentum transfer squared |¢| than in [13].

In Sect. 2 we describe the experiment and the data
accumulation process. Section 3 presents the evaluation
procedure of the differential cross sections. The data are
discussed in Sect. 4 by comparing them with model cal-
culations in the framework of the Glauber-Sitenko mul-
tiple scattering theory. The conclusions are given in
Sect. 5.

2. Experimental procedure

The experiment was carried out with the extracted o-
particle beam of the JINR synchrophasotron. Every 10s
a burst of about 10° particles over a period of about 0.5 s
was available. Targets with thicknesses of the order of
5 g/cm? were used. The scheme of the used magnetic spec-
trometer with a length of about 20 m is shown in Fig. 1.
The experimental arrangement enables event-by-event
registration of the scattering and the fragmentation proc-
esses of the projectile nuclei into the forward direction.
For this experiment six multiwire proportional chambers
(MWPC) with a wire spacing of 2 mm were arranged in
3 groups to determine the particle trajectories (i) up to
the target position, (ii) between the target and the bend-
ing magnet and (iii) after the magnet. The incoming
particles were selected by 4 scintillation counters. Three
counters §,,.S,, 5, were operated in coincidence, whereas
the fourth anticoincidence counter S, - with a hole of
5 cm in the scintillator - fixed the beam spot on the target.
A AE scintillation counter hodoscope S, consisting of
5 counters enabled us to separate single- and double-

charged particles. The scintillators overlap each other to
cover completely the area of the last MWPC. To reduce
multiple Coulomb scattering effects helium bags were
placed between the detectors.

For each event the coordinate information of the
MWPC’s and the AE information of the scintillation
counter hodoscope have been stored by means of a CA-
MAC system linked to an online computer. The beam
particles with the suitable spatial and angular input pa-
rameters relative to the spectrometer axis - so-called mon-
itor particles - have been selected by the coincidence con-
dition

TR1I=S,AS,A8;AS8,

and by requiring a single-wire hit in the MWPC’s 1
and 2.

The scattering events had to fulfil additional trigger
conditions, namely

TR2=TRI a (“scattering”) A MWPC 5/6
and
TR3=TR2 a (“particle charge > 17).

The condition “scattering” has been controlled by a spe-
cialized processor linked with the MWPC’s 1, 2 and 4.
The processor allowed event recording only in those cases,
if the scattering angle exceeds some cut-off angle fixed
but the processor parameters. In the present experiment
this value was set to 8 mrad. For the scattering events it
was demanded in addition that at least one of the
MWPC’s 5 or 6 delivered a signal. The condition “particle
charge > 1” of the trigger T'R3 has been set by using the
signals of the AE-detector hodoscope. An example of
amplitude distributions for particles with charge numbers
Z=1 and 2 is presented in Fig. 2.

The event sample used for this analysis have been
obtained from the raw data after applying a data reduc-
tion procedure. These events had to fulfil additional se-
lection criteria:

(i) The trajectory of the incoming particle has the cor-
rect geometrical parameters,

(ii) the particle trajectories in front of and behind the
target converge within a distance of 2.5 mm,

(iii ) the interaction occurs within the target,

\
2
S 7 11420 /5\35
S g o S — 4
q b bending magnet <)

Fig. 1. Scheme of the experimental arrangement; S, 5,,5;,5,, S, are scintillation counters,

MWPC 1-6 are multiwire proportional chambers. For details see text
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Fig. 2. Amplitude spectra of signals from the counters 1, 3 and 5
of the AE hodoscope S,;. The peaks correspond to particles with
charge numbers Z=1 and 2, respectively

(iv) the particle must be double-charged, and

{v) the event belongs to the region of the “elastic scat-
tering” peak. (This notation is explained below).

After this data treatment about 80% of the monitor events
and about 25% and 35% of the TR2 and TR 3 scattering
events, respectively, remained.

In the following we present several characteristic event
distributions illustrating the properties of the spectrom-
eter. The momentum distribution of the beam particles,
measured with the “empty” target, is presented in Fig.
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3a. This distribution can be fitted with a Gaussian func-
tion, and one obtains g,/p,=0.007 for the momentum
resolution of the spectrometer. Within this momentum
resolution the measured differential cross sections are sum
cross sections in reality, which include besides the elastic
scattering other nuclear processes, i.e. inelastic scattering
with target-nucleus excitation, quasielastic knockout of
nucleons or nucleon clusters up to target fragmentation.
However, scattering events accompanied by pion pro-
duction could be clearly separated.

With the same data set the angular resolution (o,) of
the spectrometer was determined, Fig. 3b. This event dis-
tribution can be fitted with a Rayleigh function with
o,~0.5 mrad.

In Fig. 4 an event distribution is shown as function
of the position of the reconstructed interaction point along
the spectrometer axis in the vicinity of the target. The
bulk of events clearly comes from the target, while the
events on either side of the target peak arise from inter-
actions with the material of the MWPC’s 2 and 3. With
increasing scattering angle 6 this target spot resolution
becomes better; a linear dependence of the standard de-
viation g of the position z and the inverse scattering
angle (in rad) was found according to ¢.~0.1 cm/86.

3. Differential cross sections

To obtain the absolute differential cross sections the ge-
ometrical efficiency (¢,) of the set-up must be known,
This quantity has been calculated in a Monte Carlo sim-
ulation by means of the corresponding geometrical pa-
rameters of the spectrometer and taking into account the
spatial and angular distributions of the incoming beam.
For the angular dependence of ¢, it was found that it
changes from about 0.85 at small scattering angles down
to 0.05 at the largest measured angles of x40 mrad.

L

A T

po =179 GeV/c 1
"empty " target

Fig. 3. a “Empty”-target event

] distributions vs. momentum difference
Ap=p—p,, p being the momentum
measured by the spectrometer and p,
being the beam momentum. The
Gaussian curve represents a fit to the
data. b The same distribution vs. the
scattering angle 8. The Rayleigh curv:
. is fitted to the data. The histograms
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Fig. 8. Sum differential cross section of a-Pb diffraction scattering.
The curve represents a fit to the data with a function given in the
text

which is reminiscent of the Rutherford scattering.
The fit parameters of this cross section (Fig. 8)
are @, =0.003 b-(GeV/c)% a,=2.161b-(GeV/c)~* and
ay;=22.61(GeV/c)™ 2

In the following we compare our data with Glauber
model predictions. Calculations of the « — A4 diffraction
cross sections below | /| =0.18 (GeV /c)* were carried out
[13] for the target nuclei '*)C, Al and **Cu by using
standard assumptions of the multiple scattering theory.
With the conventional high-energy parametrization of the
nucleon-nucleon (N N) scattering amplitude the spin-in-
dependent profile function depending on the impact pa-
rameter b is given by

Fyn(P)=(a}¥/4nB)(1—ip)-exp(—h*/2B),

where g, o and B are the isospin-averaged NN total
cross section, the ratio of the real to the imaginary part
of the forward scattering amplitude and the slope param-
eter of the diffraction cone of the elastic NN cross
section, respectively. In the calculation [13] the values
ohY=42mb, o= —043 and B=7.62(GeV/c)? were
used.

For the density distribution of nucleons in the pro-
jectile nucleus a Gaussian form was assumed, and for the
target nuclei Fermi distributions were used. Coulomb ef-
fects were taken into account by adding the Coulomb
phase shifts to the nuclear ones. Corrections duc to the
centre-of-mass motion in the projectile nucleus were in-
cluded.

Calculations of the elastic & — A scattering particularly
on medium and heavy nuclei meet with considerable dif-
ficulties because many terms of slowly converging Glauber
series have to be considered. To overcome the difficulties
simplified calculation methods have been developed. The




Table 1. Parameters (da,,/dt), ., (in units of b(GeV/c)™?) and B,
(in units of (GeV/c) ?) for the calculation of the inelastic o — A4
diffraction scattering cross sections

Parameter Target nucleus
12C 27A1 64Cu

Set I*
(do,/di),—, 0.585 0.735 0.972

i 15.3 15.1 14.4
Set 1I°
(da,/dt),-, 0.677+0.120 0.593+0.184

: 20.7 £3.5 17.8 +6.0

in

* [16]
® this work, parameter values with their statistical errors

results [13] were obtained by using a so-called swarm-
projectile model [18]. Here the a« — A elastic scattering
amplitudes are expanded in terms of nucleon shadowing
effects in the projectile nucleus. Only screening effects of
nucleon pairs were taken into account, because higher-
order shadowing effects were estimated to be of the order
of 3%, and they turned out to depend weakly on the mass
number between 4 =12 and 64.

Calculations of the inelastic « — A scattering can in
principle be done as in the case of the elastic scattering.
However, this calculation procedure is rather bulky within
the swarm-projectile model. Therefore, the sum inelastic
scattering cross sections were represented [13] by using
the relation

(do[dt), =(do,[dl),—g-exp (B 1).

The parameters (do,,/dt),—,and B, (Table 1, parameter
set I) have been obtained [16] in an optical approxima-
tion.

The Glauber model predictions of the elastic and in-
elastic scattering processes are shown in Figs. 5-7. If we
sum up these two cross sections, at low || only some
minor differences between the experimental and theoret-
ical cross sections can be seen. However, the deviation
of the Glauber calculation from experiment becomes
drastic above | 7| 20.25 (GeV/c)®. The inelastic cross sec-
tions predicted in the model approximation [13] are
clearly lower than the data points, and the discrepancies
reach up to one order of magnitude at largest || meas-
ured.

Essential limitations of the approximation commonly
used to calculate the inelastic scattering cross sections are
the following: (i) Approach of large mass numbers of
the colliding nuclei and corrections evaluated only due
to the low-mass value of the projectile nucleus; (ii ) choice
of a limited number of specific diagrams of the Glauber
series; (iii ) neglect of the N N interaction range compared
with the usual nuclear dimensions. However, as shown
recently [19], this procedure strongly influences the cross
section values.

These deficiencies stimulated us to newly calculate the
inelastic cross sections by applying the Monte Carlo
method. Our procedure is equivalent to the direct cal-

culation of the Glauber series without any of the simpli-
fications mentioned. In this procedure one needs only the
corresponding parameters of the colliding nuclei and of
the NN interaction. Using a parametrization of the one-
particle density distribution of nuclei (here done for '2C
and ?’Al) and the parameters of the NN scattering am-
plitude given above, we obtained the parameter set II of
Table 1. One can establish that this prediction does not
result in an improvement of the data description. On the
contrary, the slope parameter is even larger, therefore the
disagreement at large |¢| increases.

Here we can only speculate on the reason for these
discrepancies. We feel that non-eikonal contributions and
stronger Coulomb effects as well as diffraction-type cal-
culations of the inelastic scattering processes would hardly
help in this situation. New calculations with a realistic
“He wave function should be carried out taking all cor-
rections and inelastic screening effects carefully into ac-
count as it has been done [3] for the high-energy proton
and pion scattering on *He. The authors [3] conclude
from their theoretical analysis that one has to go beyond
the nucleon level and include quark degrees of freedom
into the Glauber calculations. Particularly they found
that 12% of the twelve-quark state must be included into
the ground state of the “He wave function to describe the
differential cross sections (position of the first diffraction
minimum) and the total cross sections of the p *He and
n “He diffraction scattering.

Predictions of the Glauber-Sitenko theory for the high-
energy elastic p*He scattering were also discussed in
[4, 5,20]. Forte [4] analyzed the data by taking explicitly
into account the nucleon compositeness. Some discrep-
ancies between theory and data could be eliminated. Ma
et al. [5] proposed a hybrid quark-hadron model to de-
scribe this scattering process. Effects due to quark degrees
of freedom turned out to contribute to the same extent
as the hadronic sector does. The same data were analyzed
by Jenkovszky et al. [20] without introducing any new
degrees of freedom. They, on the contrary, emphasize the
complicated structure of the NN scattering amplitude at
high energies and discussed different choices of the “He
charge form factor.

Meanwhile ¢ —« scattering data at 126 GeV [15] were
also analyzed by applying the hybrid quark-hadron model
[5,21] and a geometrical model [22] of high-energy nu-
cleus-nucleus scattering. These two models predict a very
different behaviour of the cross sections at large momen-
tum transfers. Unfortunately, final conclusions cannot be
drawn from these results, because also the two measure-
ments [15] at | 7| £0.3 (GeV/c)* deviate from each other
by roughly one order of magnitude.

This contradictory situation is recurrent at interme-
diate energies. We mention the analysis of the elastic -
scattering on very light nuclei done by Franco and Yin
[23]. To a large extent the Glauber model description of
data [10] can be improved by phase variation of the NN
scattering amplitude using a complex slope parameter.
For the proton scattering on “He between 0.7 and 1 GeV
[24] a discrepancy of the Glauber prediction to data has
been found. Even within the diffraction cone the calcu-
lation turns out to drop more rapidly than the experi-




mental cross section independent of whether or not cor-
rections to the Glauber theory were taken into account.
Typically, at incident energy of 1GeV and
|£| =0.08 (GeV/c)?, the ratio of the experimental and
the theoretical cross section is about 1.2.

Finally, we mention the Glauber model calculation
[25], where the internal nucleon structure was explicitly
taken into account by using a non-relativistic quark-clus-
ter model. Within this model the a-C diffraction cross
section at 18 GeV/c was calculated. The authors [25] re-
duce the gap between their calculation and our experi-
mental data at large | ¢| compared with the Glauber model
predictions discussed in this paper.

5. Conclusions

We discussed in this paper differential cross sections of
the diffractive a-scattering on C, Al, Cu and Pb at
3.64 GeV/N. We measured sum cross sections of the elas-
tic scattering and inelastic processes (i.e. target nucleus
excitations, quasi-free knockout of nucleons or clusters
up to target nucleus fragmentation). The uncertainties of
the absolute normalization do not exceed 3 %. Previous
measurements [13] have been extended to considerably
larger values of the four-momentum transfer |¢| up to
0.55 (GeV /c)?; data of «-Pb diffraction scattering at this
incident energy are published for the first time.

Calculations [13] carried out with a standard version
of the Glauber-Sitenko multiple scattering theory are in
conflict with the experimental cross sections at large |¢].
New model calculations according to [7] presented here
do not change the situation. In the energy range of several
GeV/N for a-particles scattered diffractively on protons
or nuclei, non-nucleonic degrees of freedom are supposed
to appear. This problem evidently demands further in-
vestigation.

We gratefully acknowledge the support of the accelerator division
for the efficient operation of the machine. We thank also V. Bod-
yagin, A. Filipkowski, G. Vorobev for their participation in the
experiment and L. Probst for technical help. We express our grat-
itude to K.D. Hildenbrand for the careful reading of the manuscript
and helpful comments. This work was supported by the former
Ministerium fiir Wissenschaft und Technik, GDR.

References

1. Glauber, R.J.: Lectures in theoretical physics. Brittin, W.E.,
Dunham, L.G. (eds.). Vol. 1, p. 315, New York: Interscience
1959, Sitenko, A.G.: Ukr. Fiz. Zh. 4, 152 (1959)

13.

14.

15.

16.

17.

197

Gribov, V.N.: Zh. Ehksp. Teor. Fiz. 56, 892 (1969)

Dakhno, L.G., Nikolaev, N.N.: Nucl. Phys. A436, 653 (1985)
Forte, S.: Nucl. Phys. A467, 665 (1987)

Ma, W, Huang, C., Wang, D.: Nucl. Phys. A496, 729 (1989)
Braun, M.A.: Nucl. Phys. A513, 705 (1990)

Shmakov, S.Yu., Uzhinskii, V.V., Zadorozhny, A.M.: Comput.
phys. commun. 54, 129 (1989)

. Uzhinskii, V.V.: JINR report P2-81-789, Dubna 1981

Zoller, V.R.: Yad. Fiz. 47, 1356 (1988)

Satta, L., Duflo, J., Plouin, F., Picozza, P., Goldzahl, L., Ban-
aigs, J., Frascaria, R., Fabri, F.L., Codino, A., Berger, J., Boivin,
M., Berthet, P.: Phys. Lett. 139B, 263 (1984)

. Anderson, L., Bruckner, W., Moeller, E., Nagamiya, S., Nissen-

Meyer, S., Schroeder, L., Shapiro, G., Steiner, H.: Phys. Rev.
C28, 1224 (1983)

. Jaros, J., Anderson, L., Chamberlain, O., Fuzesy, R.Z., Gallup,

J., Gorn, W., Schroeder, L., Shannon, S., Shapiro, G., Steiner,
H., Wagner, A.: Phys. Rev. C18, 2273 (1978)

Ableev, V.G., Bodyagin, V.A., Filipkowski, A., Khristova, I.U.,
Nomofilov, A.A., Piskunov, N.M., Sharov, V.I., Sitnik, I.M.,
Strokovsky, E.A., Strunov, L.N., Tarasov, A.V., Vorobev, G.G.,
Zaporozhets, S.A.: Yad. Fiz. 36, 1197 (1982)

Ableev, V.G., Bodyagin, V.A., Dymarz, R., Filipkowski, A,
Inozemtsev, V.I., Nomofilov, A.A., Piskunov, N.M., Sharov,
V.1, Sitnik,. I.M., Strokovsky, E.A., Strunov, L.N., Vorobeyv,
G.G., Zaporozhets, S.A.: Yad. Fiz. 36, 1434 (1982)
Ambrosio, M., Anzivino, G., Barbarino, G., Becker, U., Car-
boni, G., Cavasinni, V., Del Prete, T., Kantardjian, G., Lloyd
Owen, D., Morganti, M., Paradiso, J., Paternoster, G., Patri-
celli, S., Steuer, M., Valdata-Nappi, M.: Phys. Lett. 113B, 347
(1982); Bell, W., Braune, G., Claesson, G., Drijard, D., Faessler,
M.A., Fischer, H.G., Frehse, H., Frey, R W., Garpman, S.,
Geist, W., Gugelot, P.C., Hanke, P., Heiden, M., Innocenti,
P.G., Ketel, T.J., Kluge, E.E., Mornacchi, G., Nakada, T., Ot-
terlund, 1., Povh, B., Putzer, A., Stenlund, E., Symons, T.J.M.,
Szwed, R., Ullaland, O., Walcher, Th.: Phys. Lett. 117B, 131
(1982)

Ableev, V.G., Bodyagin, V.A., Dymarz, R., Filipkowski, A.,
Inosemtsev, V.I., Nomofilov, A.A., Piskunov, N.M., Sharov,
V.1, Sitnik, I.M., Strokovsky, E.A., Strunov, L.N., Tarasov,
A.V., Vorobev, G.G. Zaporozhets, S.A.: Acta Phys. Pol. B16,
913 (1985)

Ableev, V.G., Dzhemukhadze, S., Filipkowski, A., Naumann,
B., Nomofilov, A.A., Piskunov, N.M., Sharov, V.1, Sitnik, .M.,
Strokovsky, E.A., Strunov, L.N., Tesch, S., Vorobev, G.G.,
Zaporozhets, S.A.: Report Zfk-607. Rossendorf: Zentralinstitut
fiir Kernforschung 1986

. Féldt, G., Hulthage, L.: Nucl. Phys. A316, 253 (1979)
. Boreskov, K.G., Kaidalov, A.B.: Yad. Fiz. 48, 575 (1988)

Jenkovszky, L.L., Polozov, A.D., Shalabanov, O.V., Strumin-
sky, B.V.: Nucl. Phys. A487, 653 (1988)

. Huang, C., Wang, D., Ma, W.: Nucl. Phys. A518, 717 (1990)
. Hiifner, J., Kitipova, V.: Nucl. Phys. A517, 571 (1990)

. Franco, V., Yin, Y.: Phys. Rev. C34, 608 (1986)

. Grebenjuk, 0.G., Khanzadeev, A.V., Korolev, G.A., Ma-

nayenkov, S.I., Saudinos, J., Velichko, G.N., Vorobyov, A A.:
Nucl. Phys. A500, 637 (1989)

. Omboo, Z., Bayarsaykhan, Ch., Ganbold, O., Tseren, Ch.: Re-

ports E2-90-20, E2-90-21. Dubna: Joint Institute for Nuclear
Research 1990




