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The azimuthal angular correlations of light charged particles and light intermediate mass fragments
emitted from the reactiof®Ar + “’Au at E/A = 50 MeV are found to be reducible to the angular
distributions of individual fragments. Thermal scaling is also observed in the coefficients of the angular
correlations. Furthermore, the observed scaling with fragment mass seems to imply secondary emission
from relatively small A = 15-30) primary fragments. [S0031-9007(96)00701-6]

PACS numbers: 25.70.Pq, 24.60.Ky

Intermediate-mass-fragment (IMF) emission probabili-ing particle yields from different events selected by identi-
ties and IMF charge distributions were recently shown tccal cuts onE; and@; C is a normalization constant chosen
be reducible to the corresponding one fragment quantitieso that the yields of andY’ integrated ovei ¢ are equal.
Furthermore, a strong thermal scaling was shown to conAll azimuthal correlation functions presented in this Letter
trol the energy dependence of the same quantities [1—5]were constructed from particles detected at 31°-50°.

The multifragmentation scenario painted by these exSoftware energy thresholds @;/A = 3 MeV were ap-
perimental observations is that of a process controlled bplied to all particles [16]. Pairs of particles extending from
a largely independent emission of individual fragmentsprotons to carbons were considered.
which in turn is dominated by phase space. Figure 1 shows azimuthal correlation functions of

Fragment-fragment angular correlations have been usqghrticle pairs of He nuclei (solid circles) [17] and mixed
to study the space-time extension of the emitting sourcepairs consisting of He and Be (open circles) detected for
In particular, small angle repulsion (the Coulomb hole)four windows of E, from the reaction’®Ar + “7Au at
has been interpreted in terms of the Coulomb repulsion of /A = 50 MeV (details of the experiment can be found
fragments emitted near each other, in both space and timm Ref. [14]). Consistent with previous observations in

We will show that, except at small angles, the particle-somewhat different systems [8-13,15], the azimuthal
particle angular correlations and their dependence onorrelation functions exhibit a slightly distorted V-shape
excitation energy are interpretable in terms of nearly indepattern with a clear minimum ak¢ = 90°. At larger
pendently emitted fragments whose angular distributiongxcitation energies (assumed proportional i) the
are controlled by phase space. Thus we show that theorrelations become progressively damped.
angular correlations amreducibleandthermally scalable. In an effort to understand the evolution of the correla-
A mass scaling of the angular correlations will also betion functions of Fig. 1, we have considered the exactly
demonstrated and its possible implications discussed. solvable problem of thermal particle emission from a ro-

The evidence presented illustrates the role in multifragtating source. The classical probability of emitting a par-
mentation of angular momentum, a variable not yet exticle with reduced masg from the surface of a rotating
plored either experimentally or theoretically. system (of angular momentuty moment of inertiaS,

In pursuit of these ideas, we have explored the azimuthaemperaturd’, and distanc&® between the two centers of
correlations between emitted particles [6—15] defined by the “daughter” and emitted nuclei) in a direction given by

polar angled (in the center of mass frame) and azimuthal

Y(A¢) angle¢ (measured with respect to the reaction plane that
— = C[1 + R(A . 1 s
Y'(Ad) lok, [ (Aé)lo.z, @) is perpendicular td) is [18]

P(6, ¢) = exd—Bsirtgsit¢], (2)

Here,Y (A ¢) is the coincidence yield of two particles emit-

ted with relative azimuthal angld¢ at a polar labora- where
tory angled, and selected by the total transverse energy RI> uR> E uR?
of an event £, = 3, E; sin*6;, whereE; and 6; are the s s
kinetic energy and polar angle of partialen the event 23T 3 + pR T S+ uR
[14]); Y'(A¢) is the background yield constructed by mix- andE,, is the rotational energy of the source.
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BAr 119700 E/A=50 MeV To avoid the uncertainty in the reaction plane determi-
L4 | | ‘ ' | | | nation [15,20], we use the azimuthal correlation function
o p_ 3 ] [Eq. (1)] which is proportiona}l to the jpint probability of
T 130150 Mev I ] 230-250 MoV + | observing two particles at a fixed relative angle.
L2 QY Te 52 If the fragments are emitted (nearly) independently of
g ] Q\ 3 oo | one another, the joint probability of observing two particles
10l 3 £ 4 at a given polar angl@ and different azimuthal angles
N\ \%\ . and¢ + A¢g is P(0,p,Ad) = P(6,9)P(0,¢ + Ag).
o sl \w i 1 ) ] The resulting probability distribution must be averaged
4 ' <R T over the different directions of arising from different
oS L4 premapreee e SRR AR AN orientations of the impact vector. Averaging over the
: direction of7 is equivalent to integrating oves,
1ol 330-350 MeV 1 430-450 MeV ]
= 1 2
f\ —@? . ) &1 P(@,A(ﬁ) o f 7-rd¢ e*ﬁsinz(?sinquefﬁsinzﬂsin’{¢+A¢).
1ofo Toldue . o ¥t ¥ 0
] i ] (6)
® He-He
08F0 He-Be 1 o B This integral can be performed exactly, and one finds

0‘ B 45 B I90‘ ‘ IlIBf; IiBéE)I - 45 B I90I ‘ ‘1I3I5‘ ‘iB(‘)T A
+
A¢(degrees) P(6,Ad) = 10(3 sirfo /%) @)

FIG. 1. Evolution of the azimuthal correlation functions of

two He particles (solid circles) and He and Be particles (ope . i .
circles) emitted aiy,, = 31°—50° for four different cuts on Where I, is the modified Bessel function of zeroth

the transverse energ¥,. The solid lines are fits of the form order [21]. _ ' _ _
given in Eq. (12). These equations, which hold for like particles, can be

generalized to unlike particles,

The singles distribution of Eq. (2) comes from an exten- B2 1 32
sion of the angular distributions for fission. As in fission,P(6, A¢) = 10<M
particle emission in the angular momentum frame follows 2
. 2818
P() = ¢ BT, (4) X smze\/l + W cosZAgb), (8)

whereK = I cosy is the projection of on the separation

axis of the scission configuration and where 8; and B, are calculated via Eq. (3) for particles

of reduced masg; and w.,, respectively.
2 — K2 K2 It is useful to consider the Taylor expansion/gfz)
Eo = s T n (5)
231 23 %zz (%12)2 (%22)3
I(z) =1+ + + +---. (9
0le) (12 7 @p G ©)

with I, = J, + uR? and3; = J,. A straightforward
transformation of Eq. (4) into a frame where thexis
coincides with the beam direction (so that a particle’sFor smallz we can keep only the first three terms of
direction is specified by polar angfeand azimuthal angle the expansion and find that the joint probability (for

¢) gives Eq. (2). | Bi=B=B)is
P(O,A¢p) = 1 + _D CORA ¢ + _D coS2A ¢ (10)

’ 1+ D/2 (D + 2)?
=1+ ACcoRA¢d + A4C0S2A ¢, (11)

whereD = (B2sirnt9)/8.
The first two terms of Eqg. (10) have the familiar form

of 1 + A, co2A ¢ often used to describe rotational fea- determined by\, (for D = 0.5, A4 < A;). Generally a

tures of azimuthal correlations [14,15,22]. Positive val-term A; cosA ¢ is also included in the fit to describe ei-

ues of A, produce the V-shaped signature of the data irther the kinematic focusing from a recoiling sourdg K

Fig. 1. The third term can be considered a small perd) or directed flow effects X; > 0) in the azimuthal

turbation to the general shape of the correlation functiorcorrelations [15,22].
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Fits of the form 0.57‘-..‘.".|.‘.%,.[L.‘..l‘..‘l.m |
D j like pairs | V : mixed pairs ]
- - 41— O < —— O pHe —
PO,Ap) « N<1 + A coAgp + 1+ D)2 CORA ¢ 04: ° S}; I/T 1 _SHe .
D2 N O tt / T O t He . /Q:
- - 0.3~ @ HeHe —1— ®LiHe S/ =
t co§2A¢) a ot T/% b |
L

are shown in Fig. 1. Equivalent fits are produced if one 0=

uses the Bessel functiofy instead of its approximation -
in Eg. (12). The fits have been limited ¢ = 45° in o1
an effort to remove the sensitivity of the fit parameters K
to st_rong resonanceéE(e I 2a) fand to the Coulomb re- %000 0.002 0004 0006 0.000 0.002 0004 0.006
pulsion between the particle pair. Both may strongly af- 1/E, (Mevh) 1/E, (MeV!)
fect the correlation in the region of small¢. Extracted
values ofA; are small, typically a factor of 10 smaller FIG. 2. Mass and “temperature” dependence [of Lezft
than the values ob, and show no strong dependence on?anel: The fit parameteD as a function ofl/E, (= 1/T7)
. . . - .~ for the indicated identical particle pairs. Solid lines are linear

E_t [14]. The quality of the fits using Eq. (12) is suffi- fiis 1 the data. Right panel: Same as left panel but for particle
ciently good that the parameteis and D may be used pairs of different masses.
to characterize the main features of the evolution of the
azimuthal correlations with increasing excitation energy.

According to Eq. (3), the parametér is predicted to The strength of the correlation in Fig. 2 increases with

have a specific temperature dependence increasing mass of the particle pair. This is consistent
5 with previous observations [8—-12,14,19,23-26] where
D x B% o« (@) u? (13) the azimuthal anisqtropies show a strong dependence on
r the mass of the emitted particles.

which can be explored in this data set. In previous work Accordin% to Eq. (13) one would expect the quantity
[2—4] we have used the transverse energy of an event 4q have au” dependence (for identical particles) on the

the transverse energy, is proportional to the excitation
energy one expect® « 1/7? « 1/E,.

Aplotof D as afunction ol /E, is given in the left panel
of Fig. 2 for identical emitted particles. The correlations

a nearly linear scaling with is observed in Fig. 3 where
we have plotted the extracted slopes from Fig. 2 as a

are remarkably linear. We are not limited in this analysis LA B B L B
to particle pairs of equal mass [see Eg. (8)]. The right L lightest member / .
panel of Fig. 2 show® as a function ofl /E, for particle 150 —°2 P /’ —
pairs of different masses (one member of the pair is a He - ; d / 1 1
nucleus), where, again, the thermal scaling is evident. [ o :{e / o
In order to verify the robustness of the procedure we i ) ! i

) M A L oL i

have also extracte® by settingA; = 0 and limiting the 100 | * Be ]
angular range td ¢ = 75°. The two procedures produce © | +B 1
comparable results. & L xC i

The simplest explanation for the observed linear behav- o N
ior is that the fragmenting system attains an average rota ©@ L
tional energy which is largely independent Bf. While 50 —
this assumption is not intuitive, it is supported by the con- -

A

source -

stant slope Arrhenius plots of Refs. [2,3]. The slopes of i o 280 T
the Arrhenius plots in those works are proportional to the g i
effective barrier for fragment emission, and are found to R
be independent of;. This may indicate that collective %.0 25 5.0 w5 100 125
rotation does not change significantly with. (A1A2)1/2

While this is the simplest explanation, the observed
linear trends of Fig. 2 could instead come from a moreFIG. 3. Slope ofD (see Fig. 2) as a function ofA,A, for
complicated dependence of the rotational engigy and  particles with mass numbers between 1 and 12. The most
of the temperaturd on E,. The observation of a finite abundant isotope in the periodic table is assumed for the mass

. numbers of the indicated elements. The lightest member of
intercept (the data do not extrapolate to zero at ldfge the particle pair is indicated by the different symbols. The

indicates the presence of open questions with regard tlid (dashed) line is a prediction of the mass scaling assuming
this effect. emission from a source of siz&yuce = 20 (200).
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function of the geometric mean of the mass numbers o€lear Physics, Nuclear Physics Division of the U.S.
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for all mass combinations ranging from protons to carborv6SF00098 and by the National Science Foundation un-

nuclei. These data show a nearly linear dependence ater Grants No. PHY-8913815, No. PHY-90117077, and

JVA1A, (as opposed ta A14). No. PHY-9214992.
One possible way of resolving this contradiction is to

assume that the mass of the emitting source(s) is very

small, of the order ofi,urce = 15-30. In this caseu? is

approximatelylinear Wit_h the mass of the emi_tted fragment  «present address: Department of Chemistry, Indiana
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’ - ’ Present address: Physics Department, Hope College,
By adding three or more sources to the simulation, each  pojjand, M1 49423.

rotating with its share of the total angular momentum  *present address: Brookhaven National Laboratory, Upton,
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