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The inclusive inelastic scattering of a particles on *H, *He, and “He has been measured at 7.0
GeV/c incident momentum, between 2° and 15° in the laboratory. The momentum spectra of the
recoiling o particles are richly structured, suggesting that scattering takes place, at least partially, on
nuclear substructures. The differential cross sections for the three reactions show a diffractive
behavior comparable to that of the corresponding elastic processes.

I. INTRODUCTION

Experimental investigation of the hadron—light nucleus
scattering is a powerful tool with which to obtain infor-
mation on the light nuclei structure, nucleon-nucleon in-
teraction, and reaction mechanisms. As a matter of fact,
the small number of nucleons involved permits a detailed
description of data by theoretical models which are still
easy to handle.! .

Experimental and theoretical efforts up to now have
concentrated on the elastic scattering. However, it should
be noted that a more direct access to the nuclear wave
function is given by the study of the nuclear fragmenta-
tion in the momentum transfer region up to the opening
of # production channels. A full experimental exploita-
tion of this process requires a detailed knowledge of the
final states, which can be obtained by using large angle
detectors (~4ar), typically bubble chambers.?

A somewhat different approach to the inelastic dif-
fusion can be reached through inclusive experiments, by
measurements of angular and momentum distributions of
the recoiling projectile.>* Then, the data can be analyzed
either by wsing inelastic sum rules that involve only the
nucleus ground state properties, or by models taking into
account detailed microscopic description of the scattering
process.* ™7

In this paper we present the measurement of the in-
clusive cross section for the reactions

a’H—aX , (n
a*He—aX , (2
a*He—aX (3)

performed at 7.0 GeV/¢ incident alpha momentum at the
Saturne II synchrotron at Saclay. It is worth noting that
the data have been collected for the different nuclei in al-
most the same momentum transfer interval, so that any
theory has to work consistently for the three processes.
The data concerning the elastic scattering have already

(%]
Py

been published.®

We stress that, to the best of our knowledge, no other
set of measurements exists in the intermediate energy
domain, exploring the so called quasielastic region simul-
taneously for three nuclei up to transferred momenta of
~4 GeV?/c?,

II. EXPERIMENTAL SETUP

The experimental setup, shown in Fig. 1, consisted of
an « beam extracted from the Saturne synchrotron at Sa-
clay, a set of liquid targets which could be put alternative-
ly in the beam, and the double focusing magnetic spec-
trometer SPES IV. The a beam, with an intensity of 10!
particles per pulse (one pulse every 2.5 sec, 500 msec long)
and a momentum of 7.0 GeV/c¢ had, at the target, a
Gaussian profile with an 11 mm and a 3 mm full width at
half maximum - (FWHM) in the vertical -and in the hor-
izontal plane, respectively, visualized by wire chambers
along the beam line. The relative intensity monitoring
was provided by three scintillation counter telescopes, two
of them viewing a thin plastic target placed downstream
the extraction point, and one looking at the target at a
fixed angle of 70°. The monitors’ stability was within 1%.
The absolute intensity value was derived by activation of a
thin carbon target through the reaction 2C(a,X)''C with
a ~ 5% precision.

The *“He, *He, and *H targets were contained in dif-
ferent titanium cylinders 3.8 c¢m long with walls of 28
pm, boused together with an equal empty cylinder, in a
vacuum chamber with two internal aluminum windows 6
um thick, and one external window of 50 ym havar ma-
terial.

The SPES IV spectrometer is composed of four analyz-
ing identical magnetic dipoles, six focalizing quadrupoles,
and two sextupoles. The diffused a particles accepted by
the spectrometer were first focused on seven 1 mm thin
scintillation counters placed in the intermediate image,
and then defocused on a hodoscope at the final image.

1416 ©1987 The American Physical Society
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Four plastic scintillator planes, 1 cm thick, comprise the
hodoscope; the first, divided in 44 strips 1.4 cm wide
placed side by side, provides Ap/p~0.2%. The other
planes each consist of one of seven scintillation counters,
1 cm thick. The total momentum acceptance was of
~8%. The momentum analyzed particles were identified
by time of flight between the two images on a basis of 16
meters, and by energy loss in the counters. The contam-
inating particles were limited to less than 1% of the
secondary o beam.

At the spectrometer entrance, 3.2 m from the center of
the target, a lead collimator defined a solid angle
AN =2.47x107*% sr. The angular region explored by the
spectrometer ranges between 0° and 28° with an angular
precision of ~0.1°. The angle setting is obtained by mov-
ing the target along an axis perpendicular to the beam line
and then deflecting the incident beam onto its center.
Wire chambers monitored the whole operation. The nom-
inal angle is related to the central trajectory, correspond-
ing to the central counter of the first scintillator plane at

PRI T
0 Sm

_INTERMEDIATE IMAGE

-SPESIV-

FIG. 1. The SPES 1V spectrometer. The time of flight basis for particle identification between the counters placed at the inter-
mediate and final image is 16 m.
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FIG. 2. A typical momentum spectrum of the recoiling o for
the o *He—s>aX reaction. The arrows indicate the kinematical
position of the elastic peak and the threshold for the target nu-
cleus. fragmentation. This spectrum does not cover the whole
quasielastic region up to the pion production threshold.

the final image. A linear relation gives the displacement
of each lateral counter from this nominal value, with a
maximum of 0.14°.

IIIl. DATA TAKING

Diata have been taken in about 300 runs, alternating the
different liquid targets and the empty one on the beam.
For each angular setting the momentum distribution of
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FIG. 3. The same spectrum of Fig. 2, after the subtraction of
the elastic peak.

-3

the detected @ was explored from the elastic peak to the
one pion production.

Data have been reduced to cross sections in different
steps. Empty target contribution was normalized to the
same incident a flux and subtracted; in addition, correc-
tions for nuclear absorption effects and individual counter
efficiency were applied.

As an example, in Fig. 2 d?0/dQdp is shown as a
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FIG. 4. The effect of the angular correction described in the
téxt on the spectrum of Fig. 3 is shown in panel (a). The net ef-
fect of the correction is to.lower the experimental points at the
smaller momenta and to raise those at higher momenta. Panel
(b) shows the auxiliary spectrum employed for the correction.
The two spectra are less than 0.5° apart.
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.FIG. 5. Twelve a’H—aX momentum spectra. ‘The arrows indicate the nuclear fragmentation and 7 production thresholds. The
angular evolution of the subprocesses constituting the quasielastic scattering is rather clear.

(xlo4‘ o’ He—;ax o’ He —ax X
GI T 1° 1 IJ,'_(xIO) — : T I‘LI gl T 1T T T 1] (XHOI)‘ I R B A
2.1 6l 447 . 7I17° .'"I" . B ||‘Ill'| 9 5p0 -
B " | B "y .I' N ™ ""l 5 -
. I 'u [ 4 " | — ‘4_.. " -
2 L [ 2 N v: ] N " | .u“
2 [ e W (3 [ ol 1 1 1 oLt 1 | L
[ 2N \ N -]
A XIO) T 1 T y (xl(z) T ] I ;T T T T (xlO) T T T T T
o ' - A — ! - 20 ]
ole 3| %3 - S.ie W Tele iy o
El > - BT - f - -
[T} " ', ' n W
] L -+ 0L ' ] it I L 'Il| -
el f ' !
b _g ' L ! | B ll . N 2 - \ — B i
- Q. I' 1 ' I1 1 -
PP ool e’ 1 gl olL b 1 1 1 Ol .1 1 1 |
3, i
XIO)=T 1 1 T LT S L R A €4 10] I N I A
343° ! T el2e N - 7 el | 3270
B In ] 40 - 2 ' - 2 11(1‘111'"‘ 836° | 6 , 1313 7e ]
P o A |"
| o4 Coom Ty T ! .
- |I I'ull 1 — - lil -
L .! J— 20 ,I' i Iul|"ll ' ? — 'I "||I|]| P}
oLl 1 st | L1 oL+ 1 1 | [ | "‘. T
6.2 6.6 7 6.2 .6 7 6.2 6.6 7 © 6.2 6.6 7
Pa(GeV/c) Po(GeV/c) P.(GeV/c) P.(GeV/c)

FIG. 6. Thesame momentum spectra of Fig. 5 for the a *He-—aX reaction.
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FIG. 7. The same momentum spectra of Fig. 5 for the o *He—aX. The difference between the structures appearing in the quasi-

elastic region is less pronounced with respect to the lighter nuclei.

function of the laboratory momentum for the a *He reac-
tion. Beginning from the right hand side, the arrows
show the position of the elastic peak and the inelastic
threshold. The opening of the 7 production channel at
this particular angle is at 6.35 GeV/c. The different pro-
cesses involved clearly stand out; furthermore, the quasi-
elastic region presents a structured behavior.

The first step of the analysis consisted of the evaluation
and subtraction of the elastic peak. Due to the collimator
acceptance and the spectrometer finite resolution, the elas-
tic peak and the threshold of the inelastic process partially
overlap. The separation has been obtained by taking into
account the characteristics of the spectrometer and the
kinematical constraints. In Fig. 3 the same spectrum of
Fig. 2 is shown, after the subtraction of the elastic scatter-
ing.

Since in the same spectrum different momenta are re-
lated to slightly different angles, as noted in Sec. II, we
developed an interpolation method to reduce each point of
the inelastic spectrum to a fixed angle corresponding to
the central momentum. Points in different spectra having
almost the same momenta and a close angle have been
used. This correction is always small. Figure 4 shows the
spectrum of Fig. 3, with all the points related to the same
angle, together with the auxiliary spectrum used for the
interpolation.

IV. EXPERIMENTAL RESULTS

In Figs. 5, 6, and 7 the cross sections for the quasielas-
tic scattering of o on 2H, *He, and *He are presented at 12

different angles. The kinematical positions of the elastic
scattering and the nuclear fragmentation and pion pro-
duction threshold are indicated by arrows. Where the mo-
menta corresponding to elastic scattering and the quasi-
elastic threshold are very close, only the last one is indi-
cated.

Different structures appear in the kinematical position
of the elastic scattering of a particles on nucleon clusters
in the target nucleus, broadened by Fermi motion. All
these structures exhibit a pronounced angular dependence.
For momenta below the pion prodiction threshold, at
several angles, the cross section shows an additional struc-
ture whose peak value is about 50 times smaller than the
quasielastic one. This enhancement corresponds to the
coherent one pion production on a single nucleon, already
observed in the dp and ap interactions.” Figures 8—10
show a few experimental spectra on a logarithmic scale,
plotted in three dimensions. The angular evolution of the
structures is quite evident.

To compare the angular dependence of the quasielastic
cross section with the elastic scattering, d’c/dQdp has
been integrated over the momentum of the detected a at
fixed angle. To avoid arbitrary extrapolation of data, only
the spectra extending to at least the pion production
threshold have been used. The coherent pion production
has not been subtracted, since its contribution to the in-
tegral is negligible. The do/d( obtained for the three
nuclei, shown in Figs. 11—13, together with the corre-
sponding elastic cross sections, span 6—7 orders of magni-
tude. The general trend follows the elastic one, with less
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FIG. 8. Momentum spectra for the o *H—aX reaction, plot-
ted on a logarithmic scale in three dimensions, to underline the
global angular evolution of the quasielastic-scattering.

pronounced dips. The higher value of the inelastic cross
section at large angles with respect to the elastic reflects
the richness of the multiple scattering contributions on
the different clusters.

The full collection of data are available from the Phys-
ics Auxiliary Publication Service of AIP.!> Table I gives
an index of the measurements performed.

V. MODELS AND CONCLUSIONS

Theoretical models for inelastic scattering at medium
energy are very few, perhaps because of the lack of experi-
mental data. An interpretation of the aa inclusive
scattering in the framework of the model of independent
nucleons has been proposed by Fujita and Hiifner,’
evaluating analytically the Glauber-Matthiae series!! for
the inclusive hadron-nucleus scattering. Their calculation
gives for our previous aa data an absolute and
parameter-free prediction of the integrated cross section

do/dq?, but fails to reproduce the shape. Krimm et al.®
improved this calculation by including quantum mechani-
cal corrections and using a more sophisticated parametri-
zation of the ap cross sections.

A further approach to the interpretation of the same
data has been proposed by Malecki et al., based on the in-
elastic sum rule in the framework of multiple scattering
theory.” All these models reproduce reasonably the quasi-
elastic angular distribution.

A phenomenological analysis of the first aa data has
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TABLE I. Summary of the measurement of the inclusive @ “H—aX, a *He—aX, and aa—aX reactions.

& (deg) Pun (GeV/0) Pmax (GeV/0) 0 (deg) Pmin (GeV/c) Pmax (GeV/c)
aH—aX a*He—aX
2.09 6.615 6.992 4:83 6.565 6.926
2.34 6.602 6.980 5.06 6.555 6.929
2.43 6.716 6.991 5.11 6.547 6.920
2.89 6.601 6.991 519 6.553 6.914
3.11 6.591 6.967 5.34 6.537 6.911
3.52 6.573 6.949 5.40 6.533 6.906
3.96 6.735 6.940 6.12 6.531 6.903
4.32 6.722 6.941 6.69 6.233 6.702
4.36 6.654 6.920 7.17 6.498 6.842
4.55 6.706 6.925 7.61 6.475 6.832
4.58 6.532 6.918 7.70 6.206 6.674
495 6.567 6.900 8.36 6.139 6.601
4.99 6.558 6.905 9.52 6.426 6.727
5.15 6.556 6.903 " 11.10 6.358 6.733
3.17 6.548 6.908 13.27 6.251 6.506
5.41 5.534 6.894
5.45 6.539 6.872
6.15 6.532 6.838 ac—aX
6.69 6.235 6.704
6.92 6.504 6.843 2.11 6.614 6.991
7.30 6.499 6.764 211 6.733 6.996
770 6.476 6.767 234 6.602 6.966
7.70 6.207 6.676 243 6.715 6.963
8.12 6.455 6.718 3.09 6.600 6.963
§.25 5.963 6.412 3.38 6.590 6.953
§.26 6.293 6.703 3.63 6.572 6.949
8.36 6.141 6.602 4.12 6.734 6.953
9.12 6.453 6.637 4.33 6.721 6.940
9.52 6.281 6.614 4.55 6.531 6.930
9.99 6.293 6:626 4.88 6.566 6.927
10.24 5.963 6.412 5.09 ' 6.558 6.918
10:26 5.632 6.056 5.16 6.555 6.929
11.08 6.171 6.498 5.25 6.547 6.921
11.17 6.117 6.478 5.38 6.533 6.920
11.47 6.101 6.500 5.42 6.538 6.925
12.07 6.052 6.458 6.10 6.531 6.904
13.24 5.929 +6.291 6.69 6.234 6.703
14.26 5.798 6.152 ' 6.98 6.503 6.914
15.74 5.765 6.035 7.70 6.206 6.675
7.62 6.475 6.846
8.03 6.454 6.849
8.25 5.962 6.411
a’He—aX 8.26 6.291 6.765
8.36 6.140 6.601
2.11 6.613 6.991 8.36 6.729 6.798
3.34 6.601 6.978 8.94 6.453 6.781
7,43 6.715 6.989 9.56 6.427 6.793
3.11 6.600 6.962 10.26 6.290 6.738
3.17 6.590 6.966 . 1026 5.631 6.055
3.43 6.572 6.961 11.15 6.346 6.708
3.95. 6.733 6.953 11.97 6.290 6.713
426 6.520 6.945 13.16 6.251 - 6.658
4.35 6.720 6.939 14.05 6.205 6.609
4.47 6.704 6.937 14.26 5.897 6.341
4.54 6.530 6.930 15.82 6.122 6.471
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FIG. 10. Same as Fig. 8 for the a “He—aX reaction.
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FIG. 12. Same as Fig. 11 for the a *He—aX reaction.

been reported in the original experimental paper, which
gives a fit of the experimental spectra.* It was based on
the incoherent addition of elastic collisions of the a pro-
jectile on the different substructures in the target o nu-
cleus. This interpretation is applied to the new data by
one of the authors of the present work.!° The assump-
tions used in the first analysis are expanded to the dif-
ferent light targets and for all the angles measured.
Discrepancies appear and they are interpreted as arising
from double scattering.

The main trends of the first experimental spectra are
also reproduced by the calculations of Krimm et al.® The
present data on different light nuclei and covering a large
angular and momentum interval bring new constraints on
all theoretical interpretations of nucleus-nucleus col-
lisions.
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FIG. 13. Same as Fig. 11 for the o *He—aX reaction. The
structures appearing in the elastic angular distribution are less
pronounced for the inelastic reaction.
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