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Abstract:

In—plaﬁe angular Eorreldtions of the 2O8Pb(l6O,Ca)
.reaction at.315 MeV incident energy pfovide evidence fér the
déminance'of posigive and negative classical deflection angles
for qu;gi—elastic and deeply-inelastic reactions, respeétively.
The data exhibit features which are qualitatiﬁely consistent with

a fast projectile fragmentation process combined with neutron

pick-up by the heavy fragment.

The occurrence of two broad peaks in the energy spectra of particles
produced in peripheral heavy-ion reactions has been established for a large
. ' : - ' . 8,9 .
variety of entrance channels. In a classical model, the high energy
("quasi—elastic")‘peak is believed to originate from "grazing" trajectories,
corresponding to. the Coulomb rainbow of the deflection function. The low .

cnergy  ("deeply-inciastic”) peak, on the other hand, has been attributed to

more penctrating trajectories, corresponding to either the nuclear rainbow
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8,10

of the deflection fur;ctiori9 or'toforbiting. The observation of highly
energetic iight parfiéles resulting from direct (non-compound) processes,
éhould yield differént light particle—heavy particle correlations for different
particle trajectories and, consequently, for the quasi-elastic and the deeplyf
inelastic Components»of the energy spectra. 1In this letter, we ;eport the
first expérimental measurement’ of different correlations between heavy and
ligﬁt réaction_prodﬁéts associated with quasi—elastic‘and deeply-inelastic proc-
esées, which were induced by 16O ions on 2OBPb at 20 -MeV/A incident enecrgy.
These correlations preseht convincing evidence for the occurrence of negative
deflection angles in deeply-inelastic processes.

The experimenf was performed at the Sé—Inch Cyclotron of the Lawrence

Berkeley Laboratory. A 208Pb target of 4 mg/cm2 thickness was bombarded by

1606+ ions of‘3l5 MeV inqident energy. The heavy reaction products (Li to 0)
were ideﬁtified with a solid-state detector telescope (AE,E= 70 um, 3000 um)
positioned at laboratory angles of OC = 13°_and 2007 Using a second
solid-state detector telescope (AE, E = 306 um, 5000 pm), coincident 1ight
particles (H to Li) were detected.in the reaction plane. Fast coincidences
between the télescopes were determined with a time-to-amplitude converter.
Five-parameter events (two AE and E signéls, and the timiﬁg Signal) were -
stored on magnetic tape and analysed off-line. Thé accuracy of the absolute
. magnitude of the cross sections is within * 15%. The reiative error bars
are statistical and include errors due to the subtraction of random events.

. The largest heavy particle-light particle coincidence cross sections

208_. 16 . s .
arce observed for the Pb( O,Cn) reaction. Cross sections for the reactions

208 208

16 6 ' :
Ph ( )O,Na) and Pb(])0,0u) arc smaller by factors of about 6 and 50,
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réspectively.' Since the singles cross sections for C and N are df-comparable
magnitude, this enhancement of C-a coincidences suggests'thatfa reaction .
mechanism related to projectile fragmentation plays a significant role at
20 MeV/A. On the other hand, integration over the alpha particle cross-section
L . . 13 12
in the reaction plane yields the same ratio of C to C cross .sections
' . . o o 12
(approximately 0.6). as observed in the single particle inclusive experiment.
N 12 13 e
The observed similarities of the C-o and C-a angular correlation .implies
that the same primary production mechanism holds for.both carbon_isotopes..
. . 13, .. 13
Since the cross sections for = C-1 coincidences are smaller than for 7 C-a
208 . 16 o '
by a factor of 10, the Pb(" 0,Ca) reaction therefore does not proceed by a
pure projectile fragmentation mechanism. It is conceivable that a significant

neutron pick-up by the heavy-ion from the target nucleus occurs during the’

reaction.

Energy spectra observed for coincident carbon and alpha particles at
two representative pairs of angles (QC = 13°, Oa = *+ 28°) are shown in Fig. 1.
(For coincident particles detected on opposite sides with respect t0'the beam,

a negative sign is used for Oa)' ‘Here, EC and Ea denote the laboratbry energies

of the carbon and alpha particles. For comparison, Fig. 2 shows the singles

carbon.spectra7 observed at the laboratory angles of OC‘= 15° and 25°.
Several points are worth noting:

(i) The carbon spectrum observed in coincidence with u—particles'a£ Qa-i 28°
is dominated by a large quasi-elastic peak, whereas thé deeply—inélqs£ic
component of thé spectrum appears as a rather structureless contiﬁuph. ;Tﬁe
singles spectra at.forward angles exhibit similér features. Howeverf féf

0 =-28", the quasi-elastic and deeply—inelastic'components df the édinqidént

o

carbon spectrum are of comparable magnitude.



—4- . LBL-5821

(ii)"Both the carbon energy spectrum;EC; and the summed energy spectrum,
EC + E“; are dominated by a very sharp quasi-elastic peak fof Oa = 28°.

About 50% of the coincident events correspond to energy losseé to the
bresidual nucleus of less than 20 MeV; fof Ou =-28°, on the otﬂéf hand, no
dominanﬁ quasi-elastic peak 'is observed and more than 50% of the coincident
events correspond to energy losses of more than lOb MeV.

(ii1) The energy. spectrum of coincident a;particles extends to higher
. energies for ®a= 28° compared to Oa= ~28°. At both angles, ﬁhe a—pérticle
energies are higher than expected for evaporatioh processes from an equilibrated
target reéidue. _
In-plane angular correlations for coincident carbdn and alpha particles
arc shown in Figs. 3 and 4 for OC = 13° and 20°, rgspecﬁively. The co:relations
are presented for the three aifferent energy intervals indicated on Figqg. l;
'm“ + EC£> 290 MeV (group I), E_ + E_ = 215 - 290 MeV (group IT) and'm(x + E,
< 215 MeV (group III). The followingbpoints are of interest:

(i) The angular correlations are not symmetric ébout the direction of the
outgoing heavy particles (see, in particular, the correlation for group I
shown in Fig. 3). .This ésymmetry can not be reconciled with the formation of
aﬁ excited projectile in statistical equilibrium which subsequently decays

on a time scale long compared to the interaction time. Therefore the light
particle emission must occur in the field of the target nucleus.

(ii) The angular correlétions are peaked in néfrow angular intervals

suggesting that the coincident a-particles are produced on a time scale even

shorter than the rotational period of the di-nuclear complex.
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(iii). It is already evident from Fig. 1 that different aﬁguiar‘éorrélations
are observed for éuasi—elastic.events (re?resented byvgroups i'and>£i)'and
deeply—ineiastic events (group iII). For Quési;eiastic events; fhé-aﬁgular
correlations exhibit maxima at positive angles. For deeply—inelaStié eﬁents,

on the other hand, the maxima ofvthe anqular cofrela£ions-are loéétédiétisignif—
icantly smaller or even negative angléé;' This effect is pafticﬁlafly evident

for the correlations shown in Fig. 4. (Although in this letter we discuss only

C-a coincidences, similar results were obtained for the angular correlations

of a variety of different 1ightvana heavy reaction products detected in
coincidence. A detailed discussion will be given in a forthéoming'paper).

The observed.anguiar cprrelatiqns provide experimental support'fof
the hypofhesess'g that quasi-elastic processes correspond to qrazinq tréjectories
(i.e. to the region of the Coulomb rainbow of the clésSicai_defléction function)
and that dééply—inelastic processes correspond to more penetréting tréjectories
thch'ére deflected to smaller angles by the attractive nuclear éoténtial.14
In particular, the correlations shown in Fig. 4 present.experiﬁental eVidence
for the association of negative deflectién ang1e58 with deeplyfinelaétic,
heavy-ion collisions. Such evidence can not be directly obtained from sinéle
particle inqlusive experiment59 in which positive and,negativerdefleétiOn
angles arc indistinguishable. |

In conclusion, we have shown that a measurement df‘thé‘angular
correlation between 1igﬁt and heavy reaction products 1ends;strong_supbort
for the association of negative deflectidn angles with deeply;inelagfic
collisfons and positive deflection angles with quasi~elasfic-céllisions;.

At the incident energy of 20 MeV/A, our coincidence experiments imply a
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reaction mechanism closely related to projectile fragmentation, in whiéh,
however, there is evidence for neutron pick-up by the heavy fragment.
The majority of the light particles observed in coincidence with a heavy ‘

fragment appear to be produced on a_time scale commensurate with direct ‘ -

reactions.
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At relativistic energies, nucleon pickup processes are expected to be
of negligible importance. The importance of neutron pickup from the
208 ’ '
Pb target (N/Z = 1.5) at 20 MeV/A could, e.qg., be related to the

.12 . . .
observation of larger relative cross sections for neutron-rich
isotopes at 20 MeV/A as compared to 2.1 GeV/A.
The diffractive spreading of the wave packets is, however, still an
important effect.
The present interpretation relies on the assumption that the light
particles are produced on a time scale short enough to retain some "memory"

of their point of origin. It should, however, be kept in mind that the

light particle can equally well be deflected in the nuclear field of

- the taiget nucleus. Although such an interpretation of the angular

correlation patterns for quasi-elastic and deeply-inelastic scattering

“can not be éategorically ruled out, we believe it less likely since the

difference between the coincidence a~-spectra (see Fig. 1) are less

dramatic than for the carbon spectra, and in addition, the position of

the maximum a-particle coincidence cross section decreases from Oa - 59

to 0 = - 20° for an increase of the detection angle for deeply-inelastic
a

carbon nuclei from GC = 13° to OC = 20° (compare Figs. 3 and 4).
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Figure Captions

1. Summed energy spectra, Ea + Eé, carbon energy spectra, EC, and

alpha-particle energy spectra, Ea' observed for the reaction :

208 16 L . .
Pb({ 0,Ca) at 315 MeV incident energy. Outgoing carbon nuclei
were detected at the laboratory angle OC = l%f in coincidence with
alpha particles observed at the angles of @u = + 28°.
. 208 16 : L
2. Energy spectra for the reaction. Pb( "0,C) at 315vMeV incident
energy measured at the laboratory angles of 15° and 25°.
. ; . 208 i6
3. In-plane angular correlations of the reaction Pb( "O,Ca) at
315 MeV incident energy. Outgoing carbon nuclei were detected at the
laboratory angle of OC = 13°.
- . ) 208 16
4. In-plane angular correlatlons of the reaction Pb{ O,Ca) at

315 MeV incident energy. Outgoing carbon nuclei were detected at

the laboratory angle of OC = 20°.

LBL-5821
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