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The azimuthal angular correlations of light charged particles and light intermediate mass fragm
emitted from the reaction36Ar 1 197Au at EyA  50 MeV are found to be reducible to the angular
distributions of individual fragments. Thermal scaling is also observed in the coefficients of the ang
correlations. Furthermore, the observed scaling with fragment mass seems to imply secondary em
from relatively small (A ø 15 30) primary fragments. [S0031-9007(96)00701-6]

PACS numbers: 25.70.Pq, 24.60.Ky
il

ti
o
5
e

t

s
rc
le

im
le

d
o

b

a
e

th

t-

r

x

ti-
n

er

m

of
d
for

d
in
al
e

a-
tly
o-
r-

f
y
al
hat
Intermediate-mass-fragment (IMF) emission probab
ties and IMF charge distributions were recently shown
be reducible to the corresponding one fragment quanti
Furthermore, a strong thermal scaling was shown to c
trol the energy dependence of the same quantities [1–

The multifragmentation scenario painted by these
perimental observations is that of a process controlled
a largely independent emission of individual fragmen
which in turn is dominated by phase space.

Fragment-fragment angular correlations have been u
to study the space-time extension of the emitting sou
In particular, small angle repulsion (the Coulomb ho
has been interpreted in terms of the Coulomb repulsion
fragments emitted near each other, in both space and t

We will show that, except at small angles, the partic
particle angular correlations and their dependence
excitation energy are interpretable in terms of nearly in
pendently emitted fragments whose angular distributi
are controlled by phase space. Thus we show that
angular correlations arereducibleand thermally scalable.
A mass scaling of the angular correlations will also
demonstrated and its possible implications discussed.

The evidence presented illustrates the role in multifr
mentation of angular momentum, a variable not yet
plored either experimentally or theoretically.

In pursuit of these ideas, we have explored the azimu
correlations between emitted particles [6–15] defined b

YsDfd
Y 0sDfd

Ç
u,Et

 Cf1 1 RsDfdgju,Et . (1)

Here,YsDfd is the coincidence yield of two particles emi
ted with relative azimuthal angleDf at a polar labora-
tory angleu, and selected by the total transverse ene
of an event (Et 

P
i Ei sin2ui, whereEi and ui are the

kinetic energy and polar angle of particlei in the event
[14]); Y 0sDfd is the background yield constructed by mi
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ing particle yields from different events selected by iden
cal cuts onEt andu; C is a normalization constant chose
so that the yields ofY andY 0 integrated overDf are equal.
All azimuthal correlation functions presented in this Lett
were constructed from particles detected atu  31± 50±.
Software energy thresholds ofEtyA  3 MeV were ap-
plied to all particles [16]. Pairs of particles extending fro
protons to carbons were considered.

Figure 1 shows azimuthal correlation functions
particle pairs of He nuclei (solid circles) [17] and mixe
pairs consisting of He and Be (open circles) detected
four windows of Et from the reaction36Ar 1 197Au at
EyA  50 MeV (details of the experiment can be foun
in Ref. [14]). Consistent with previous observations
somewhat different systems [8–13,15], the azimuth
correlation functions exhibit a slightly distorted V-shap
pattern with a clear minimum atDf ø 90±. At larger
excitation energies (assumed proportional toEt) the
correlations become progressively damped.

In an effort to understand the evolution of the correl
tion functions of Fig. 1, we have considered the exac
solvable problem of thermal particle emission from a r
tating source. The classical probability of emitting a pa
ticle with reduced massm from the surface of a rotating
system (of angular momentumI, moment of inertiaI,
temperatureT , and distanceR between the two centers o
the “daughter” and emitted nuclei) in a direction given b
polar angleu (in the center of mass frame) and azimuth
anglef (measured with respect to the reaction plane t
is perpendicular to$I) is [18]

Psu, fd ~ expf2b sin2u sin2fg , (2)

where

b 
h̄2I2

2IT
mR2

I 1 mR2 
Erot

T
mR2

I 1 mR2 (3)

andErot is the rotational energy of the source.
© 1996 The American Physical Society
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FIG. 1. Evolution of the azimuthal correlation functions o
two He particles (solid circles) and He and Be particles (op
circles) emitted atulab  31± 50± for four different cuts on
the transverse energyEt . The solid lines are fits of the form
given in Eq. (12).

The singles distribution of Eq. (2) comes from an exte
sion of the angular distributions for fission. As in fissio
particle emission in the angular momentum frame follo

Pscd ~ e2ErotsKdyT , (4)

whereK  I cosc is the projection ofI on the separation
axis of the scission configuration and

Erot 
I2 2 K2

2I'
1

K2

2Ik

, (5)

with I'  Ir 1 mR2 andIk ø Ir . A straightforward
transformation of Eq. (4) into a frame where thez axis
coincides with the beam direction (so that a particle
direction is specified by polar angleu and azimuthal angle
f) gives Eq. (2).
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To avoid the uncertainty in the reaction plane determ
nation [15,20], we use the azimuthal correlation functi
[Eq. (1)] which is proportional to the joint probability o
observing two particles at a fixed relative angle.

If the fragments are emitted (nearly) independently
one another, the joint probability of observing two particl
at a given polar angleu and different azimuthal anglesf
and f 1 Df is Psu, f, Dfd  Psu, fdPsu, f 1 Dfd.
The resulting probability distribution must be averag
over the different directions of$I arising from different
orientations of the impact vector. Averaging over th
direction of $I is equivalent to integrating overf,

Psu, Dfd ~
Z 2p

0
df e2b sin2u sin2fe2b sin2u sin2sf1Dfd.

(6)

This integral can be performed exactly, and one finds

Psu, Dfd ~ I0

√
b sin2u

s
1 1 cos2Df

2

!
, (7)

where I0 is the modified Bessel function of zerot
order [21].

These equations, which hold for like particles, can
generalized to unlike particles,

Psu, Dfd ~ I0

√p
b2

1 1 b2
2

2

3 sin2u

s
1 1

2b1b2

b
2
1 1 b

2
2

cos2Df

!
, (8)

whereb1 and b2 are calculated via Eq. (3) for particle
of reduced massm1 andm2, respectively.

It is useful to consider the Taylor expansion ofI0szd

I0szd  1 1

1
4 z2

s1!d2 1
s 1

4 z2d2

s2!d2 1
s 1

4 z2d3

s3!d2 1 · · · . (9)

For small z we can keep only the first three terms o
the expansion and find that the joint probability (fo
b1  b2  b) is
Psu, Dfd ~ 1 1
D

1 1 Dy2
cos2Df 1

D2

sD 1 2d2
cos22Df (10)

 1 1 l2 cos2Df 1 l4 cos22Df , (11)
-
l
i
r

i-
whereD  sb2 sin4udy8.
The first two terms of Eq. (10) have the familiar for

of 1 1 l2 cos2Df often used to describe rotational fe
tures of azimuthal correlations [14,15,22]. Positive v
ues ofl2 produce the V-shaped signature of the data
Fig. 1. The third term can be considered a small p
turbation to the general shape of the correlation funct
-
n
-
n

determined byl2 (for D # 0.5, l4 ø l2). Generally a
term l1 cosDf is also included in the fit to describe e
ther the kinematic focusing from a recoiling source (l1 ,

0) or directed flow effects (l1 . 0) in the azimuthal
correlations [15,22].
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Fits of the form

Psu, Dfd ~ N

µ
1 1 l1 cosDf 1

D
1 1 Dy2

cos2Df

1
D2

sD 1 2d2 cos22Df

∂
(12)

are shown in Fig. 1. Equivalent fits are produced if o
uses the Bessel functionI0 instead of its approximation
in Eq. (12). The fits have been limited toDf $ 45± in
an effort to remove the sensitivity of the fit paramete
to strong resonances (8Be ! 2a) and to the Coulomb re
pulsion between the particle pair. Both may strongly
fect the correlation in the region of smallDf. Extracted
values ofl1 are small, typically a factor of 10 smalle
than the values ofD, and show no strong dependence
Et [14]. The quality of the fits using Eq. (12) is suffi
ciently good that the parametersl1 and D may be used
to characterize the main features of the evolution of
azimuthal correlations with increasing excitation energ

According to Eq. (3), the parameterD is predicted to
have a specific temperature dependence

D ~ b2 ~

µ
Erot

T

∂2

m2 (13)

which can be explored in this data set. In previous w
[2–4] we have used the transverse energy of an even
a measure of its total excitation energy. Assuming t
the transverse energyEt is proportional to the excitation
energy one expectsD ~ 1yT2 ~ 1yEt.

A plot of D as a function of1yEt is given in the left panel
of Fig. 2 for identical emitted particles. The correlatio
are remarkably linear. We are not limited in this analy
to particle pairs of equal mass [see Eq. (8)]. The rig
panel of Fig. 2 showsD as a function of1yEt for particle
pairs of different masses (one member of the pair is a
nucleus), where, again, the thermal scaling is evident.

In order to verify the robustness of the procedure
have also extractedD by settingl1  0 and limiting the
angular range toDf $ 75±. The two procedures produc
comparable results.

The simplest explanation for the observed linear beh
ior is that the fragmenting system attains an average r
tional energy which is largely independent ofEt . While
this assumption is not intuitive, it is supported by the co
stant slope Arrhenius plots of Refs. [2,3]. The slopes
the Arrhenius plots in those works are proportional to
effective barrier for fragment emission, and are found
be independent ofEt. This may indicate that collective
rotation does not change significantly withEt.

While this is the simplest explanation, the observ
linear trends of Fig. 2 could instead come from a mo
complicated dependence of the rotational energyErot and
of the temperatureT on Et. The observation of a finite
intercept (the data do not extrapolate to zero at largeEt)
indicates the presence of open questions with regar
this effect.
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FIG. 2. Mass and “temperature” dependence ofD. Left
panel: The fit parameterD as a function of1yEt (~ 1yT 2)
for the indicated identical particle pairs. Solid lines are line
fits to the data. Right panel: Same as left panel but for parti
pairs of different masses.

The strength of the correlation in Fig. 2 increases wi
increasing mass of the particle pair. This is consiste
with previous observations [8–12,14,19,23–26] whe
the azimuthal anisotropies show a strong dependence
the mass of the emitted particles.

According to Eq. (13) one would expect the quantityD
to have am2 dependence (for identical particles) on th
mass of the emitted particles. For a sufficiently massi
sourcem2 , A2 (see the dashed curve of Fig. 3). Instea
a nearly linear scaling withA is observed in Fig. 3 where
we have plotted the extracted slopes from Fig. 2 as

FIG. 3. Slope ofD (see Fig. 2) as a function of
p

A1A2 for
particles with mass numbers between 1 and 12. The m
abundant isotope in the periodic table is assumed for the m
numbers of the indicated elements. The lightest member
the particle pair is indicated by the different symbols. Th
solid (dashed) line is a prediction of the mass scaling assum
emission from a source of sizeAsource  20 (200).
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function of the geometric mean of the mass numbers
the emitted particles [27]. We have also included d
for all mass combinations ranging from protons to carb
nuclei. These data show a nearly linear dependencep

A1A2 (as opposed to~ A1A2).
One possible way of resolving this contradiction is

assume that the mass of the emitting source(s) is v
small, of the order ofAsource ø 15 30. In this casem2 is
approximately linear with the mass of the emitted fragme
in the mass range considered here. The solid curve sh
in Fig. 3 is calculated assumingAsource  20.

It is important to point out that such a tantalizin
explanation requiresmultiple sources of sizeAsource, all
corotating (rigidly) with the same angular velocity.
singlesmall source would give rise to strong recoil effec
(the correlations would be suppressed atDf  0± and
enhanced atDf  180±), washing out the V-like signature
in the azimuthal correlations [9]. With a simple simulatio
for a single small source, we have studied this effect
preferred emission to opposite sides of the beam a
By adding three or more sources to the simulation, e
rotating with its share of the total angular momentu
[28], the contamination to the correlation function fro
kinematic focusing of the recoiling source is strong
diminished and the V-like signature of rotation becom
quite pronounced.

In this regard it is interesting to notice that a varie
of instabilities, like the Rayleigh instability relevant t
the rupture of necklike structures, or the sheet instabi
associated with disklike objects, or even the spino
instability predict the early formation of several sma
fragments. A recent calculation [29] demonstrates tha
spinodal breakup would produce several excited prim
fragments of nearly equal size (Z  10 20) which then
undergo statistical sequential decay. The observed m
scaling (Fig. 3) is consistent with such a prediction a
may be a surviving signature of such dynamical proces

In summary, the following conclusions may be mad
(1) Particle-particle azimuthal angular correlations a
reducibleto independent particle distributions. (2) The c
efficients of these angular distributions show a depende
on Et consistent with the expected temperature dep
dence (thermal scaling). (3) A mass scaling is obser
in the azimuthal angular correlation coefficients. (4) T
above mass scaling is consistent with theoretical exp
tations under the assumption that the (several) rota
emitting sources are objects of sizeA , 15 30.

These observations of thermal angular distributio
combined with the previously observed thermal IMF em
sion probabilities [1–3] and thermal charge distributio
[4], add to the body of evidence illustrating the strong ro
of phase space in describing multifragmentation. Ho
ever, the observed mass scaling (along with the poss
interpretation of multiple small sources) may indicate t
important role of dynamics as well.
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