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Azimuthal angular correlations between projectile fragments and light particles have been measured in ~80 induced reactions 
on 58'64Ni and 197Au targets at E/A = 84 MeV. Neither sequential projectile decay nor evaporation from an equilibrated target-like 
recoil can explain the observed correlations. The data are well described in terms of a sideways-moving source suggesting emission 
of midrapidity light particles from a subset of nucleons which carries a major part of the transverse recoil momentum imparted 
by the projectile fragment. 

Nucleus-nucleus collisions at intermediate ener- 
gies, E/A,,~ 20-200 MeV, are equally controlled by 
individual nucleon-nucleon collisions and collective 
mean field effects [ 1,2]. The concept o f  statistical, 
random emission from highly excited subsets o f  
nucleons [ 3 ] has been rather successfully used to 
systematize the emission spectra of  non-compound 
light particles [4].  Fission-frament-light-particle 
correlations [ 5 ], y-polarization-light-particle cot- 
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relations [ 1 ] and light-particle-light-particle corre- 
lations [ 2] suggest in addition an ordered transverse 
mot ion in the enetrance channel reaction plane. In 
the present work we investigate the interplay between 
random and collective mechanisms in peripheral 
reactions characterized by a projectile-like fragment 
emerging at forward angles. The observed azimuthal 
anisotropies o f  coincident light particles with respect 
to the leading projectile fragment can be parame- 
trized in term of  a sideways-moving source which 
carries a major  part o f  the transverse recoil momen-  
tum imparted by the projectile fragment. 

The experiment was performed at the CERN-SC. 
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58Ni, 64Ni and 197Au targets of  1.1, 0.4 and 0.6 
mg/cm 2 areal density, respectively, were bombarded 
with ~80 ions of  E/A=84 MeV incident energy. 
Fragments emitted into an angular range of 
2 ° ~< 0 ~< 20 o were detected in a zero-degree hodoscope 
(ZDH).  The inner part, 0~<6.5 °, consisted of 18 
plastic AE-scintillators of 5 m m  thickness which were 
arranged in 3 concentric rings around the beam axis. 
Because of the narrow velocity distribution of pro- 
jectile fragments emitted in this angular range [ 6,7 ], 
the energy loss signals were sufficient to determine 
the atomic number of  the detected particles. The 
angular range from 6.5 ° to 20 ° was covered by 36 
phoswich detectors (2 m m  CaF2 and 100 mm plastic 
scintillator). Particles detected in this part of  the 
ZDH were identified by the AE-E technique with an 
energy threshold rising from 23 MeV for protons to 
E/A-~47 MeV for ~80 nuclei. Coincident light par- 
ticles emitted in the angular range 23 ° ~< 0 ~< 78 ° and 
105 ° ~< 0 ~< 157 ° were detected in an array of 10 posi- 
tion sensitive 10 m m  thick scintillators; the energy 
threshold was approximately E/A ~ 3.5 MeV. This 
light-particle hodoscope (LPH) covered a large solid 
angle of  about 5.6 sr but did not allow particle iden- 
tification. Isotopically resolved light particle distri- 
butions were measured with 5 telescopes positioned 
at 0 = 4 0  °, 51 °, 63 °, 73 ° and 120 °. Each telescope 
consisted of three Si detectors ( 50 ~tm, 300 ~tm, 1000 
~tm) and a 10 mm thick BGO crystal. 

We define the azimuthal correlation function, 
R(A¢), in terms of the single and coincidence cross 
sections: 

R(AO) = Cr~, 5~ ar.~p (1) 
' ~'~ O'f" O'£p " 

Here, ar denotes the production yield of  a fragment 
(f) integrated over energy and solid angle of  the cor- 
responding detector element in the ZDH; a~p is the 
integral light particle (£p) yield measured in one LPH 
element and ar.~p is the corresponding coincidence 
cross section. For each laboratory angle of  the frag- 
ment detector, Of, the sums in eq. (1) were per- 
formed over all detector pairs corresponding to a 
given azimuthal angle difference between the frag- 
ment and the light particle, A¢. Cr,~o is a normali- 
zation constant which was determined by the 
constraint ( R ( A ¢ ) )  = 1. 

Fig. 1. shows azimuthal correlation functions for 
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Fig. 1. Azimuthal correlation functions between fragments meas- 
ured in the zero-degree hodoscope and particles detected in the 
light particle hodoscope for 180 induced reactions on ~8,64Ni at 
E/A=84 MeV. The curves are fits with eq. (2). 

several atomic charges and laboratory angles of the 
projectile fragments measured in reactions on Ni tar- 
gets; in order to improve the statistics the data of the 
reactions on 5SNi and 64Ni were  added together. To 
enhance the contributions from peripheral reactions 
only events with an observed associated charged par- 
ticle multiplicity, M~p ~< 2, were selected in our anal- 
ysis. The enhancement of  the light ejectiles in the 
reaction plane, but in azimuthal direction opposite 
to the projectile fragment, A¢ = 180 °, is apparent in 
all cases displayed in fig. 1. The magnitude of the 
enhancement is increasing with increasing charge and 
scattering angle of the leading fragment. To quantify 
these observations the correlation functions were fit 
with a function of the form 

R(A~5) = 1 - a  cos(A¢) . (2) 

The trends shown in fig. 1. suggest a relation between 
the enhancement, i.e., o~, and the transverse momen- 
tum of the projectile fragment, p± =flfArmN sin(0f), 
where fir and Af denote the frament velocity and mass 
number, respectively, and mN is the nucleon mass. 
Since Af and fir were not directly measured in the 
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Fig. 2. Asymmetry parameter a [eq. (2)] as a function of the 
average transverse momentum of the projectile fragment. 

experiment, we assumed the fragment mass to be 
given by A r = 2 Z f  and approximated the (average) 
fragment velocity by ~f=flbeamg(0f). Here flbeam 
denotes the beam velocity and g(0f) is a correction 
factor which takes the angular dependence of the 
mean fragment velocity into account (see e.g. ref. 
[7]). Consistent with the velocity distributions 
measured in the outer part of the ZDH we adopted 
in our analysis a simple linear relation 
g(0f) = 1 -  0~100, where Of is given in degrees. Fig. 
2. shows the asymmetry parameter a as a function 
of p±. Within the experimental uncertainties the 
relation between a and p .  is linear and independent 
of the target nucleus. 

The independence of the observed asymmetries on 
the size of the target nucleus already indicates that 
evaporation from equilibrated target-like recoils 
cannot explain the data: Because of the larger mass 
of the gold nucleus, its recoil velocity should be 
smaller for a given transverse momentum and, there- 
fore, the anisotropy less pronounced. Another strong 
argument against target recoils being the main source 
of the observed asymmetry is given by the shapes of 
the coincident light particle spectra. As an example, 
the upper parts of fig. 3 show proton and a-particle 
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Fig. 3. Upper parts: Spectra of protons (left) and a-particles 
(right) measured at 0~p=40 ° in coincidence with fragments of 
6~<Zf~< 8 in the zero-degree hodoscope for same side (A~=0 ° ) 
and opposite side (A~= 180 ° ) emission. The solid and dashed 
lines are fits with the sideways-moving source parametrization of 
eq. (4). Lower parts: Opposite-side to same-side ratio. The curves 
are calculations with eq. (4). The numbers denote the values used 
forfl±/Tin MeV -1. 

spectra measured with the Ni targets at 0~p=40 ° in 
coincidence with projectile fragments, Zf= 6-8. The 
shapes of these spectra are deafly inconsistent with 
the assumption of a single source having a temper- 
ature < 10 MeV. The ratio of opposite-side to same- 
side emission (lower parts of fig. 3) show, that the 
major part of the azimuthal anisotropy is caused by 
apreequilibrium component which dominates at high 
energies. 

To address the question whether the high energy 
part of the light particle spectra and hence the 
observed asymmetry is connected to the decay of 
excited projectile fragments we performed Monte 
Carlo calculations simulating the sequential decay of 
projectile fragments. The momentum distributions 
of the primary fragments were parametrized as [ 8,9] 

dfi 3 - 2#~ ,/ 2#ll / " 

For simplicity, the average longitudinal momentum, 
Po, was fixed at a values corresponding to 95% of the 

441 



Volume 196, number 4 PHYSICS LETTERS B 15 October 1987 

beam velocity. The decay was assumed to be iso- 
tropic in the rest frame of the primary fragment; the 
decay energy spectrum was described in terms of 
a Maxwell-Boltzmann distribution p(E) 
oc x /~  exp ( - E / T f ) .  For a given temperature param- 
eter Tf the primary longitudinal and transverse 
widths, #ll and #1, were adjusted in order to repro- 
duce the secondary longitudinal momentum width 
[ 6,9,10] and measured angular distribution of the 
projectile framents. 

The dashed lines in fig. 2 indicate the results of 
these simulations for nucleon emission from mass 13 
fragments. Temperature parameters of  the order of  
Tf>~ 10 MeV are necessary in order to obtain anisot- 
ropies of  similar magnitude as the experimental ones 
(cf. solid squares in fig. 2). Even higher tempera- 
tures are required in the case of a-fragment coinci- 
dences: e.g., a relative energy of at least 90 MeV is 
necessary to detect coincidences between a-particles 
at 0~p= 40 ° and beam velocity 12C fragments in the 
ZDH for AO = 180 o. These rather high temperatures 
together with the fact that for a given temperature 
the predicted azimuthal asymmetry decreases with 
increasing transverse momentum suggest that the 
observed correlations are not dominated by sequen- 
tial decay of projectile fragments. 

In order to determine the characteristics of  the 
preequilibrium source we refer to a moving source 
parametrization. The light particles were assumed to 
be emitted isotropically in the rest frame of a source 
moving with a velocity fls = ~ +f12, where fl Jl and 
f l l  denote the velocity components parallel and 
transverse to the beam direction: The differential 
multiplicity spectrum in the laboratory system is then 
given by 

d2M _ N  EX/~_E~ 
dEd£2 

× e x p { -  [E-Ec  + E s - 2 x / ( E - E c ) E s  cos q/]/T}. 

(4) 

Here E, Ec and Es= 1A~pmNfl2s a r e  the laboratory 
energy of the light particle, the Coulomb repulsion 
by the target residue, and the energy due to the source 
velocity, respectively. ~t denotes the angle between 
the source velocity and the velocity of  the light par- 
ticle and N is a normalization constant. The oppo- 
site-side to same-side asymmetry, Z = ( d2M/dE dg2) 

(180 ° ) : (d2m/dEdO)(0 ° ), then reads 

x=exp[x/2A~pmN(E-Ec) sin(0~p) fl±/T] . (5) 

Eq. (5) demonstrates that the anisotropy is mainly 
determined by fl 1/T. The solid lines in the lower parts 
of  fig. 3 show Y as a function of the energy calculated 
for different values of f l l /T .  According to the exper- 
imental conditions, the calculations were averaged 
over a A¢ range of 60 °. This A¢- averaging resulted 
in about 15% lower asymmetries as compared to eq. 
(5). It was verified that the choice offl jj has virtually 
no effect on Z. For simplicity, we neglected the Cou- 
lomb energy. Therefore, we will focus in the follow- 
ing discussion only on the high parts of  the spectra, 
where this omission has no significant effect. Values 
of f l l / T  which are consistent with the observed 
asymmetries are listed in table 1. 

In order to determine the temperature parameters, 
we fit the high energy parts of  the light particle spec- 
tra with eq. (4). Unfortunately, the coincidence count 
rate in the more backward telescopes was too low to 
determine all parameters of  the sources simultane- 
ously. We, threfore, used the longitudinal source 
velocities which were extracted from a fit to the 
"inclusive" light particle spectra gated only on a light 
particle multiplicity M~p ~< 2 [ 11 ] and neglected the 
Coulomb shifts. We then determined the tempera- 
ture parameters and the normalization constants by 
fitting the high energy parts of  the coincident light 
particle spectra at 0~p=40 ° and using the relation 
betweenfl± and Tf rom table 1. The solid lines in the 
upper part of fig. 3 show the resulting fits; the 
extracted fit parameters are summarized in table 1. 

Assuming that the transverse momentum imparted 
by the projectile fragment, p±, is distributed among 
As nucleons representing the light particle source, the 
transverse velocity component of  this source, fl ~, and 
p± are due to momentum conservation [2] related 
according to 

P l =AsmNfl ± • (6) 

Using the angle averaged transverse momenta of  
Zf= 6-8 fragments which were detected in coinci- 
dence with high energy particles (Ep > 15 MeV and 
E~> 50 MeV) and the transverse velocities listed in 
table 1, we can estimate the number of  recoiling 
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Table 1 
Parameters of the sideways-moving source [ eq. (4)] for protons and a-particles emitted in ~so induced reactions at E/A = 84 MeV. p ± is 
the average transverse momenta of the coincident projectile fragments with Zf= 6-8 and As denotes the apparent source sizes estimated 
with eq. (6). 

Target Particle fl±/T(MeV -~ ) T (MeV) fill fl± p± (MeWc) As 

58'64Ni p (2.4+0.6) × 10 -3 15___2 0.18_+0.02 0.036_+0.010 350_+40 10_+3 
u (2.0_+0.5) × 10 -3 13_+2  0.16_+0.02 0.026_+0.008 360+_40 15_+5 

197Au p (2.5+_0.8)×10 3 18+2 0.21+0.02 0.045-+0.015 340+40 8+3 
ct (1.2_+0.4) X 10 -3 17+2 0.14+0.02 0.020_+0.007 370+40 20+_7 

nucleons * 1. For intermediate-rapidity light particles 
(average) source sizes between 8 and 20 nucleons 
are found. Very similar values have recently been 
reported for 14N induced reactions at E / A =  35 MeV 
[ 12 ]. These small numbers  are in line with the lon- 
gitudinal source velocity for midrapidi ty  light par- 
ticles which typically amounts  to half  the beam 

velocity [ 111. Both, the longitudinal  and the trans- 
verse source velocities reflect the lacking ability of 
the target nucleus to absorb the incident  m o m e n t u m  
flow: Intermediate  energy light particles seem to be 
emitted after only a few nuc leon-nuc leon  interac- 
tions. There are, however, several problems which 
must  be addressed in a more detailed and  more 
quant i ta t ive discussion: (i) In  each reaction a sig- 
nif icant  part of  the transverse m o m e n t u m  may be 
t ransmit ted via the Coulomb force between the 
incoming projectile or the outgoing fragment and  the 
target-like nucleus. Due to the long-range nature  of 
this interact ion this transverse m o m e n t u m  will be 
distributed among the majori ty of all nucleons. (ii) 
Proximity effects, such as absorption phenomena  
[ 13 ] and Coulomb final state interactions [ 14 ] could 
modify the light particle distribution. However, we 
do not expect that more detailed calculations which 

~ For simplicity, we assume that eq. (6) also holds for the aver- 
age values, i.e. <p± > = <A~ )mN (fl±). 

include these effects will lead to a qualitative change 

in the interpretat ion of the observed correlations 

between projectile fragments and midrapidi ty  light 

particles in peripheral nucleus-nucleus  collisions in 

terms of the restriction of a significant part of the 

imparted transverse m o m e n t u m  to a subset of 

nucleons at the point  of emission. 
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