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Combined effects of nuclear Coulomb field, radial flow, and opaqueness on two-pion correlation

H. W. Barz
Institut für Kern- und Hadronenphysik, Forschungszentrum Rossendorf, Postfach 510119, D-01314 Dresden, Germany

~Received 25 June 1998!

Correlations of two like charged pions emitted from a hot and charged spherically expanding nuclear system
are investigated. The motion of the pions is described quantum mechanically using the Klein-Gordon equation
which includes Coulomb field and pion absorption. Flow modifies the radial distribution of the source function
and rescales the pion wave functions. The radii extracted from the correlation functions are calculated in
sideward and outward direction as a function of the pair momentum. Comparison with recent measurements at
bombarding energies of 1 GeV and 11 GeV per nucleon is made.@S0556-2813~99!02504-2#

PACS number~s!: 25.75.Gz, 25.75.Ld
s
th
e
n
o

la
ion
io
o
a

si
n
th

t
to

ce
ly
ob
g

o
a
ho
d
e
st
ic
or

io
s
ec
u

s

re-

y-
he
ons.
nta

the

ely.

e

u-
tial
cor-
one
I. INTRODUCTION

Measurements of correlations of pions and kaons a
function of their relative momenta are used to determine
source radius in heavy-ion reactions at intermediate and r
tivistic energies. On the basis of the Hanbury-Brown a
Twiss effect~see@1,2#! the correlation function is related t
the source radius viaR05\c/Dq, whereDq is the width of
the correlation function. However it is well known@3,4# that
the correlation is a complicated function not only of the re
tive momentum but also of the total momentum of the p
pair. The correlation is determined by the size of the reg
from which pions are emitted with roughly the same m
menta. This has the consequence that for collectively stre
ing matter this region is smaller than the total source due
the strong correlation between the momenta and the emis
points of the particles. A further modification of the appare
source size arises if pions are often rescattered within
source. Thus, for pions the source is opaque@5#, and their
emission points lie within a thin surface layer.

On the other hand, the central Coulomb force changes
momenta of the particles while moving towards the detec
This latter effect was investigated in Refs.@6,7#. Pions with
small momenta are mostly influenced by the Coulomb for
which act quite differently on positively and negative
charged pions. Indeed quite different radii have been
served recently in collisions of Au on Au at bombardin
energies of 1 GeV@8# and 11 GeV per nucleon@9# at the SIS
and AGS accelerators, respectively.

The aim of this work is to study the combined effects
central charge, opaqueness, and flow on the extracted r
As a model we consider the emission of pions from a
spherical nucleonic system, the expansion of which can
scribed by radial hydrodynamical flow. To ease the nec
sary numerical calculations we use a spherical spatial di
bution while for the momentum distribution a relativist
Boltzmann distribution is used. Starting from a covariant f
malism for two particle emission~Sec. II! we derive the
source function in Sec. III and obtain a concise express
for the matrix element for the emission of two particle
Once we have obtained the matrix element the standard t
nique is applied to calculate the correlation function. Co
lomb field and opaqueness are included via mean field
PRC 590556-2813/99/59~4!/2214~7!/$15.00
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calculating the distorted waves for the pions. Numerical
sults are finally discussed in Sec. VI.

II. BASIC EQUATIONS

Here, we briefly review the formulation of the Hanbur
Brown and Twiss effect which allows us to incorporate t
mean fields between the source and the two emitted mes
At asymptotic distance the two mesons move with mome
p andp8. Each meson is described by a wave functioncp(x)
which satisfies an equation of motion which contains
mean field, andp5(v,p) and x5(t,r ) denote1 the four-
momentum and the position in time and space, respectiv
It is customary to introduce a source termJ(x) from which
the wave functioncp is generated. With these definitions on
can express@1,10# the probability for the emission of two
meson in terms of the source operatorsJ1(x),J(x) as

vv8
dN

dpdp8
; E d4x1d4x2d4x3d4x4cp* ~x1!

3cp8
* ~x2!cp8~x3!cp~x4!

3^J1~x3!J1~x4!J~x1!J~x2!&. ~1!

The basic assumption for applying interferometry to n
clei is the chaoticity of the source i.e., the absence of ini
correlations between the two emitted pions except those
relations coming from the Bose-Einstein statistics. Thus,
writes

^J1~x3!J1~x4!J~x1!J~x2!&5^J1~x4!J~x1!&^J1~x3!J~x2!&

1^J1~x3!J~x1!&

3^J1~x4!J~x2!&. ~2!

This allows one to express Eq.~1! as products of density
matrices

vv8
dN

dpdp8
; r~p,p!r~p8,p8!1ur~p,p8!u2 ~3!

1The convention\5c5kBoltzmann51 is used.
2214 ©1999 The American Physical Society
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PRC 59 2215COMBINED EFFECTS OF NUCLEAR COULOMB FIELD, . . .
with

r~p,p8!5E E d4xd4x8cp* ~x!cp8~x8!^J1~x8!J~x!&,

~4!

which contains the one-body source term. This term can
connected to a classical source functionS(k,x) via a Wigner
transformation

S~k,x!5E d4x8eikx8^J1~x2x8/2!J~x1x8/2!&, ~5!

which describes the creation of a meson at spacetimex with
four-momentumk.

The problem is further essentially reduced by assum
that the interactions do not depend on time. This assump
allows the use of stationary solutions forcp(x)

5exp(2ivt)cp(r ) with v5p05Am21p2. Inserting these
functions into Eq.~4!, using definition~5! and integrating
over the variablet2t8 we obtain

r~p,p8!5E E drdr 8cp* ~r !cp8~r 8!

3E dk

~2p!3
eik~r2r8!E dtei ~v2v8!tS

3F S v1v8

2
,kD ,S t,

r1r 8
2 D G . ~6!

In the interference term forpÞp8 the energy of the pion in
the source function is fixed to the mean energy of the
served pions. If plane waves are used the integration ove
differencer2r 8 can be carried out which fixes thek momen-
tum to half the pair momentum leading to the standard fo
@3# of the matrix element.

Now, the correlation functionC2 is defined as the two
particle emission function normalized to the product of t
one-particle emission functions which is given by the fi
part in Eq.~3!. It is convenient to introduce the average p
momentumK and the relative momentumq via

K5
1

2
~p1p8!, q5p2p8. ~7!

Then, the correlation function reads

C2~K ,q!511
ur~K2q/2,K1q/2!u2

r~K2q/2,K2q/2!r~K1q/2,K1q/2!
.

~8!

For completeness we mention that the final-state inte
tion @11,12# between the two outgoing mesons has not b
considered. Inclusion of this interaction would require
placing the product of the two outgoing wavescp(x)cp8(x8)
in Eq. ~1! by a correlated wave functionC(x,x8). Including
the interaction with the source the functionC(x,x8) is, how-
ever, the complicated solution of a genuine three-body pr
lem. As a first approximation one could assume that
source interacts mainly with the center-of-mass of the p
while the final-state interaction is a function of the relati
e
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distance between the outgoing particles only. As a con
quence the functionC could be split up into a product lead
ing to the standard expression

C2~K ,q!final state5P~q!C2~K ,q!, ~9!

where the factorP(q) is in the simplest case the Coulom
penetrability. In the case of the Coulomb interaction such
approximation means that the quadrupole and higher
menta which influence the relative motion of the pair a
neglected. Alternatively, one can try to factorize the wa
function C as it has been done in calculating proton-prot
correlations@13#.

III. HYDRODYNAMICAL PICTURE

Now we restrict ourselves to a simple situation. We co
sider a hot spherical source from which pions are emitt
Since the source expands the problem is not stationary. H
ever, we circumvent this difficulty by considering only m
sons which move with sufficiently large velocities. Tho
mesons are essentially outside the source and always fe
time independent Coulomb potential. Having in mind a c
lision of Au on Au nuclei at a fewA GeV generating a
source of a temperature of about 100 MeV, the thermal
locity of the protons in the source is about 0.4c embedded in
a flow field of an average velocity of about 0.3c. Thus, the
model may be applicable for pion velocities larger than 0.c
corresponding to pion momenta above 100 MeV/c or kaon
momenta above 300 MeV/c. However, if the particles are
released in the center of the source they stay a while wi
the decreasing part of the Coulomb potential. Within o
model the only way to treat this problem is diminishing t
central charge in a heuristic manner. Such modifications
the effective charge have been observed@14# in describing
the p2/p1 ratio.

For ultrarelativistic energies the system does not exp
spherically but is preferentially stretched in the longitudin
direction. Since our treatment neglects this dimension we
not consider the longitudinal correlation function. Due to t
longitudinal expansion the Coulomb force decreases w
time. As an approximate measure of the Coulomb action
can replace the central chargeZ with twice the rapidity den-
sity 2(dN1/dy2dN2/dy) of the net charge as was show
in Ref. @15#.

In the hydrodynamical approach the momentum distrib
tion is defined by a local temperatureT and a velocity field
given by the four-vectorum with umum51. Here we use
typical parameters for a heavy-ion reaction: constant te
peratureT, radial mean velocitŷ b&, and radial sizeR0.
Thus, we start with the source function

S~k,x!5
1

4p2R0
3t

e2ku/T2r2/2R0
2
2t2/2t2

. ~10!

The pions are radiated off during the emission timet. The
thermal distribution of the momenta within a fluid cell
coupled viaku5k0u02ku to the four-velocityum of the
cell. We assume that the source function is obtained fr
Eq. ~5! and can be taken off-shell. For large pion density o
should replace the Ju¨ttner or relativistic Boltzmann distribu
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2216 PRC 59H. W. BARZ
tion with a Bose distribution. A spherically expanding sy
tem can described by the flow velocity field

um5~u0,u!, u05A11u2, u5b0r /R0 , ~11!

where the four-velocity scales with the distance from
center. The parameterb0 is related to the mean flow velocit
^b&5^uuu/u0& averaged over the density~10! which leads to
^b&5A8/pb0 in the limit of small b0. Sinceb0 character-
izes a four-velocity it does not have an upper bound, contr
to ^b&,1. In the Appendix we discuss the case of a ha
sphere density distribution together with a linearly increas
velocity field as a function of the radius which is often us
to describe transverse momentum spectra.

Inserting the source function~10! into Eq. ~6! and inte-
grating over the time we obtain

r~p,p8!5
1

~2p!9/2R0
3

e2~v2v8!2t2/2

3E drdr 8cp* ~r !cp8~r 8!

3E dkeik~r2r8!eku/T

3e2~r1r8!2/~8R0
2
!2~v1v8!A11u2/~2T!, ~12!

where the velocity fieldu is proportional to (r1r 8)/2. In the
range of the convergence of this integral the integration o
k leads to ad function d(r2r 82 iu/T) which allows one to
carry out the integration over (r2r 8). Thus, the final expres
sion reads

r~p,p8!5
1

~2p!3/2R0
3

e2~v2v8!2t2/2

3E dr @cp~ar !#* cp8~ar !

3e2r2/~2R0
2
!2~v1v8!A11~b0r /R0!2/~2T!. ~13!

The factora512 ib0 /(2TR0) rotates the integration pat
for the distorted-wave functionscp into the complex plane.

Using Eq. ~13! we obtain the correlation function from
Eq. ~8!. Since the system is spherically symmetric we inv
tigate the correlation as a function of the the momentu
difference vectorqout pointing in the direction of the averag
pair momentumK andqside being orthogonal toK . It turned
out that the correlation functionC2 can well be approxi-
mated by

C2511exp~2qside
2 Rside

2 2qout
2 Rout

2 !, ~14!

where the Hanbury-Brown and Twiss~HBT! radii Rside and
Rout characterize the extension of the source in and perp
dicular to the direction of the pair momentumK .

IV. CASE OF ZERO CHARGE

Before we turn to the full problem let us discuss the ca
of a negligible potentialU. The distorted waves in Eq.~13!
-
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g
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-
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e

can be replaced by plane waves

@cp~ar !#* cp8~ar !5exp@2 i Re~a!qr12 Im~a!Kr #
~15!

using the definitions~7!. To discuss the main effect it is
instructive to find an analytical approximation. Expandi
the integrand in Eq.~13! for small flow velocities up to order
b0

2 and usingv2v85Kq /m̃ for small momentaq one ob-
tains from Eq.~8! the result

C2511expH 2q2F S uau2
R0

2

11b0
2m̃/T

D 1S qK

qm̃
D 2

t2G J
~16!

with m̃5Am21K2.
Comparing the last equation with Eq.~14! one identifies

the first expression in the round bracket with the sidew
radius while the whole square bracket is the outward rad
with uK u/m̃ being the pair velocity. The value ofuau2 ex-
ceeds unity by at most a few percent for realistic values
flow velocities. Equation~16! contains the well-known resul
@3# that the radial flow reduces the observed radiusRsidewith
increasing pair momentum and decreasing temperat
From the approximate behavior of the radi

R0 /A11b0
2m̃/T one recognizes that the dependence on

pair momentum is essentially a relativistic effect that
caused by the change of the relativistic pion massm̃. Equa-
tion ~16! also contains the fact that the outward radius
larger for a finite pion emission timet. However, the effect
of mean fields could violate this statement as shown in
following.

V. NUMERICAL TREATMENT

To incorporate the mean field for the pion with ener
v5Am21p2 we solve the Klein-Gordon equation

F2
]2

]r2
2~v2U !21m2Gcp

~2 !~r !50. ~17!

The boundary conditions are chosen such thatc behaves
asymptotically like an outgoing wave in the direction ofp
with incoming spherical waves. This is indicated by the u
per index ~2!. We mention that functions with outgoin
spherical waves can also be used to calculate the matrix
ement~4! applying the relationcp

(2)5c2p
(1)* .

The potentialU

U56Z
e2

r
FS r

A2R0
D 1 i

p

v

1

2l
, ~18!

contains the Coulomb potential of the Gaussian source~10!
with charge numberZ, and the quantityF denotes the error
function. Further we include the possibility that the pio
might be absorbed within the source. For this purpose
have also introduced an imaginary part which depends on
mean free pathl. The positive imaginary part ensures th
the wave functioncp

(2) increases in the direction of the ou
going momentump. The potential~18! is only a rudiment of
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PRC 59 2217COMBINED EFFECTS OF NUCLEAR COULOMB FIELD, . . .
the standard pion potentials used in calculating pion-nuc
scattering and is usually derived as part in a Schro¨dinger
equivalent equation, see e.g., Refs.@16,17#. However, the
simple form of Eq.~18! suffices for the study of the effect o
opaqueness which arises from the absorption and reemis
of pions in the matter.

The solution is numerically obtained by expanding t
distorted wave into partial wavesf l

cp
~2 !~r !5

4p

pr (lm i le2 is l f l~r !Ylm* ~p!Ylm~r !, ~19!

where the quantitiesYlm denote the spherical harmonics a
the symbolss l are the Coulomb scattering phases. In ord
to use the nonrelativistic standard method known from o
cal model calculations the numerical integration was
tended to large radiiRmax to render the termU2 in Eq. ~17!
negligible. Once the correct radial function has been
tained it is analytically continued by integrating the rad
differential equation fromr 5Rmax to r 5aRmax. The value
obtained at this point is used to normalize the funct
c(ar ) obtained by integrating the radial equation along
pathar .

VI. RESULTS AND DISCUSSION

We study the model for a situation which is typical for
collision of Au on Au nuclei at bombarding energies of
GeV per nucleon. In nearly central collisions a system
chargeZ5120 is formed which a temperature of aboutT
580 MeV for pions and a flow velocity of about̂b&
50.32 @18,19#. We use a source radius ofRh510 fm which
corresponds to the parameterR05Rh /A5.

The correlation function~8! has been calculated for var
ous pair momentaK as a function of the relative momentu
q. In all cases the obtained correlation function has near
Gaussian shape and is fitted to Eq.~14! in the region ofC2
51.5 to obtain the HBT radiiRout andRside.

In Fig. 1 the ratios of the fitted source radii to the tr
radius are displayed as a function of the averaged pair
mentum uK u for two extreme values of the flow velocit
^b&50 and ^b&50.5. Compared toR0 the observed radi
Rside are increased for negatively charged pions and dim
ished for positively charged pions in comparison to the t
radius. An opposite but smaller effect is seen for the ra
Rout. These changes are significant for pions with mome
below 300 MeV/c. Results for pair momenta smaller tha
100 MeV are not shown since the stationary approach is
justified. Below the Coulomb threshold the behavior of t
radius changes drastically, see Ref.@6# for details. For com-
parison we have inserted into the right-hand panel of Fig
the sideward radius extracted forp0 mesons. This curve
nearly averages the lines for the charged pions. Compa
the curves for the two flow velocities one recognizes that
corrections arising from the Coulomb field and the flow fie
add up nearly independently. Figure 2 shows the ra
RHBT /R0 for a duration of the emission oft54 fm/c which
leads to the expected increase of the outward radius.

Differences between extracted HBT radii for positive
and negatively pions have been measured at AGS@9# in the
projectile rapidity region. A ratio ofRside(p

2p2) to
us
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Rside(p
1p1) of (5.660.7) fm/(3.960.8) fm51.460.3

has been found which agrees with our predictions. The r
of the outward radii of (5.860.5) fm/(6.560.5) fm50.9
60.15 is smaller than unity although the relatively large
ror bars do not allow a definite comparison. These meas
ments also qualitatively agree with the ratio of 1.260.4 of
the sideward radii observed by Pelteet al. @8#. In those mea-
surements the same increase was found for the radiusRout
contradicting our predictions.

Now we investigate the effect of opaqueness of
source. In Ref.@5# a drastic change of the HBT radii wa

FIG. 1. Ratios of sideward and outward HBT radii to the tr
radiusR0 of a Gaussian-shaped source as a function of half the
momentumK. The ratios have been calculated without~left panel!
and with ~right panel! radial flow of mean velocitŷb&.

FIG. 2. Ratios of sideward and outward HBT radii to the rad
R0 of a Gaussian-shaped source with radial flow for an emiss
time of 4 fm/c.
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2218 PRC 59H. W. BARZ
predicted. Pions with momenta aroundk05270 MeV/c
have a large total cross section with nucleons excit
strongly theD resonance. Therefore, those pions have th
last interaction points within a thin surface zone near
direction of their momenta. The thickness of this zone
determined by the mean free pathl of the pions. The inverse
path length is estimated to be

1

lp6

5nS sn
p6 N

A
1sp

p6 Z

AD , ~20!

which is proportional to the baryonic densityn and the total

cross sectionssN
p6

of pion-nucleon collisions averaged ov
the thermal motion of the nucleons. Due to isospin coupl

the cross sectionssn
p2

5sp
p1

are by a factor of 3 larger tha
the remaining two. This creates an isospin asymmetry of
mean free path in neutron-rich matter. The thermal mot
widens theD resonance toG5240 MeV and reduces th
maximum cross section by about a factor of 2 resulting i

value of 100 mb forsn
p2

. At normal nuclear matter densit
of n050.16 fm23 one obtains for heavy nuclei like Au va
ues oflp1

0
51.05 fm andlp2

0
50.85 fm. Similar values are

known from Boltzmann-Uehling-Uhlenbeck calculatio
@20#. Now we can simulate the opaque source by introduc
the momentum and density-dependent mean free patl
5l0n0 /n@11„2(p2k0)/G…2# into the potential~18!.

Figure 3 shows the effect of the opaqueness for
Gaussian density distribution~10! with Rh510 fm for posi-
tive and negative pions without considering the elec
charge. The opaqueness increases the radiusRside while the
radiusRout decreases as a consequence of the relatively
middle part of the half-moon shaped source region@5#. The
curves reflect the resonance shape of the absorption. An

FIG. 3. Ratios of sideward and outward HBT radii to the tr
radiusR0 affected by flow and opaqueness of the source as a
sequence of the small mean free path of pions within the sourc
g
ir
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sential effect of the opaqueness is that the differenceRout
2Rside could become negative which may compensate
positive contribution from the emission time. In the ultrare
tivistic regime one should also add the effect of thep2p1

scattering since the pion density is large and the cross sec
could reach values up to 15 mb for pion momenta arou
200 MeV/c.

A strong dependence of the side correlation on the pi
pair momentum has been found for the collision of Au on A
at a bombarding energy of 1.06 GeV per nucleon in Ref.@8#.
A comparison to that data give us a good opportunity
illustrate how the different effects discussed so far cha
the true radius. We employ the parametersT580 MeV and
^b&50.35 as before, however, we reduce the central cha
to Zeff560 to diminish the Coulomb effect trying to corre
for the expansion during the pion emission. Using a ha
sphere radius ofRh58 fm and an emission time oft
54 fm/c the obtained sideward and outward radii a
shown together with the measurements@8# in Fig. 4.

We do not intend to fit the data to our parameters sin
our simple model lacks essential features, especially the t
evolution of the collision treated in recent dynamical mode
Figure 4 shows however that essential deviations from
true radius are to be expected and high precision meas
ments are needed to gain insight in the dynamics of nuc
collisions. For negative pions it is clearly seen that the m
sured sideward radius depends stronger on the pair mom
tum than one would expect from calculations using a fix
radius. This means that indeed the fast pions come from
earlier more compressed stage of the matter while the l
energy pions are emitted from a zone with a larger size.

VII. CONCLUSIONS

The nuclear Coulomb field increases~decreases! the ob-
served HBT radii extracted from sideward correlations

n-
.

FIG. 4. Comparison of measured sideward and outward radii@8#
to calculated HBT radii affected by flow, central Coulomb field, a
opaqueness as a function of half the pair momentum. The la
extension of some of the horizontal error bars indicates that the
range of pair momenta has been used to extract the radius.
calculations are carried out with a fixed source radius ofRh58 fm
which cannot fully explain the momentum dependence of the m
sured sideward radius.
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PRC 59 2219COMBINED EFFECTS OF NUCLEAR COULOMB FIELD, . . .
negatively~positively! charged pions. The influence is opp
site and smaller for the outward correlation. This effect is
largest for small momenta and is superimposed on the o
all reduction caused by the radial flow. The opaqueness
to pion rescattering leads to a decrease of the outward ra
and an increase of the sideward radius. The decrease c
compensate the general increase of the outward radius d
the duration of the emission process.
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APPENDIX: EFFECT OF A HARD-SPHERE DENSITY
DISTRIBUTION WITH A LINEAR VELOCITY PROFILE

Here we investigate the consequences of using a diffe
breakup profile with a sharp surface atr 5Rh

S~k,x!;e2~ku/T!2~ t2/2t2!Q~Rh2r ! ~A1!

instead of Eq.~10!. Now the three-velocityv5bhr /Rh scales
with the radius whileu5u0v with u051/A12v2. The pa-
rameterbh denotes the surface velocity and which is rela
to the average velocity viabh54/3̂ b&. In the absence o
any distortion as flow or potential the square-well profi
leads to the correlation function C22159@sin(x)
2xcos(x)#2/x6, x5qRh which behaves very similarly to th
Gaussian profile as it has a width at half maximum ofqRh
51.815 compared to the value of 1.862 for the Gauss
profile with R05Rh /A5.

Since the step functionQ is not an analytical function the
potential U in Eq. ~17! resulting from Eq.~A1! cannot be
continued into the complex plane. To overcome this di
culty we replace the step function by

Q~Rh2r !→Qa~r !5
1

11exp@~r 22Rh
2!/2Rha#)

, ~A2!

which behaves analytically for any finite value of the diffus
ness parametera and tends to the step function in the lim
a50. ~In the following calculations we use a value ofa
50.1 fm.! The special choice~A2! allows us to calculate the
Coulomb potential as

UCoul~r !56Ze2
aRh

E dr8r 82Qa

1

r E0

r

dr8

3 lnF11expS Rh
22r 82

2Rha D G , ~A3!

and Eq.~13! takes the form
C

rt
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d
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-

-

r~p,p8!;e2~v2v8!2t2/2E dr @cp~ar !#*

3cp8~ar !Qa~r !e2~v1v8!/[2TA12~bhr /Rh!2] .

~A4!

Now the factora512 ibh /@2TA12(bhr /Rh)2# depends it-
self on the distancer which bends the trajectory in the com
plex plane. We have found that this effect is not very imp
tant as the imaginary part ofa is usually smaller than 0.1
Therefore, the main effect results from the radial profi
function ~A2!.

In Fig. 5 we compare the extracted HBT radii obtain
with the two different profiles~10! and ~A1! for negative
pions with a flow velocity of^b&50.35 andRh510 fm.
Comparing the thick and thin lines one recognizes the la
difference for the outward correlation. An important featu
of a Gaussian profile is that it is separable within the Ca
sian coordinates. This fact has the result that in the pla
wave limit the sideward and outward radius do not differ
a function of the mean pion momentum fort50 and small
flow velocities, see Eq.~16!. The profile with a sharp surface
however, decreases the outward radius stronger than
sideward radius as a function of the mean momentum. A
for an opaque source essentially the outward correlatio
sensitive to the shape of the profile. The effective thickn
of the source appears relatively smaller for the hard-sph
distribution due to its more compact surface. These calc
tions show that a quantitative analysis depends to a cer
degree on the breakup profile.

FIG. 5. Comparison of extracted radii calculated with two d
ferent density and velocity profiles for negatively charged pio
Thin lines are calculated with the Gaussian profile~10! while thick
lines are obtained using a hard-sphere density-distribution~A1!
with a velocity linearly increasing as a function of the radius.
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