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Freeze-out time in ultrarelativistic heavy ion collisions from Coulomb effects
in transverse pion spectra
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The influence of the nuclear Coulomb field on transverse spectra‘ofind 7~ measured in PbPb
reactions at 158 GeV has been investigated. Pion trajectories are calculated in the field of an expanding
fireball. The observed enhancement of the/#" ratio at small momenta depends on the temperature and
transverse expansion velocity of the source, the rapidity distribution of the net positive charge, and mainly the
time of the freeze-ou{.S0556-28187)00109-X]

PACS numbdis): 25.75.Gz, 24.10.Pa, 25.70.Pq

In heavy ion collisions at ultrarelativistic energies, nuclearsystem at a proper time: sufficiently large that the violent
systems with a total net positive charge of arouhd 160  stage of the collision has ceased, i.e., close to freeze-out.
can now be created and studied. It has recently been olflready at this time a certain charge separation has occurred
served[1] in central PB-Pb collisions at CERN-SPS ener- during the equilibration phase due to the inhomogeneous
gies (158 GeV) that the ratio of negative pions to positive Coulomb field. However, the m_ain Coulomb aqceleration_ef-
pions is significantly increased at low transverse massefCt occurs after freeze-out during the free motion in the field
(m, =m_+50 MeV) for central rapidities. A possible cause ©Of the source. At this time the pions already have a spectrum
for this effect is the Coulomb interaction between the pro-Yery similar to that measured in experiment, since only the
duced pions and the positive charge from the reaction parl(_Zoulomb field leads to a further significant modification of

ners. Such effects are already known in reactions at intermt{*he spectrum shape, partl_cularly for slowly moving particles.
diate energie?]. We assume that the pions can be described by a thermal

. o . distribution(characterized by a temperaturg that is super-
If the two incoming ions pass through each other without :
) > . imposed on a collective outward flow of the matter charac-

stopping, the combined electromagnetic field of the two, . - )

s o . terized by a four-velocity fieldi*:
moving ions has only a minimal effect on the motion of the
pions that are produced around midrapidity. On the average,
a charged pion experiences at timeand transverse distance
R a momentum change 6f Ze’R/(y. m71)?, WhereZ is the

u#=(y, costy’,y,sinby’,u,),y, =vyi+ uf,

combined charge of the target and projectile nuclei and _ r
Yem. is the Lorentz faptor. This effect is inversely propor- u(r)= \/EE @
tional to the bombarding energy. On the other hand, if the B

colliding ions are strongly deceleratéthrge nuclear stop- o ) i i ) S
ping), the total charge stays together for a sufficient amount his field describes slices which move with rapidjtyin the

of time to accelerate or decelerate the produced chargd@ngitudinalz direction (i.e., along the beam ajisWe as-
pions significantly. Under such conditions distortions of theSUme that the reaction zone has an axially symmetric cylin-
pion spectra can occur, leading to nonuniform pion yieldd”Ca| shape and that the transverse four-velouityscales
ratios. linearly with the radial distance, from the axis. The trans-

In this paper we report on a study within a dynamicalverse velocity8 describes the motion of a characteristic ra-
model of the enhancement of the /7™ ratio as a function diusR.
of the properties of the patrticipant fireball and investigate the Assuming that the rapidity slices follow a Gaussian dis-
sensitivity to dynamical features such as the total participantribution centered at the center-of-mass rapigity, the pion
charge, the transverse expansion velocity, and the temporaburce distribution at freeze-out reads
and spatial extent of the source.

In relativistic heavy ion collisions at SPS energies most of deN (Y —Yerm)?
the pions are produced rather late in the collision history. ﬁ~f dy’ex -
They are formed either directly from strings or in the decay dydp;dzd? 24y
of resonances. In a dense medium they undergo several col- r
lisions so that the pionic ensemble comes close to thermal X 8(z— Tfsinry’)F(—l)
equilibrium, as can be deduced from properties of measured R
transverse spectra. As a result of the long range nature of the U Dk
Coulomb force, the details of the production mechanism are % uP '
not very important for our purpose. We thus consider the exqu,(p“—eA")/T]-1

@
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wherep#, e, andA* denote the pion momentum, charge, and ‘ ' ‘ ‘

electromagnetic four-potential of the source, respectively. | (0) 158 AGeV Pb+Pb | (b) 200 AGeV S+Pb

The distribution is a function of the rapidity, the transverse 1.8 | A -+ : .
. . plons plons

momentump, , and the longitudinal and transverse exten- b

sionsz andr, . In the spirit of the Bjorken picture the lon- ‘

gitudinal distancez is related to the rapidity’ of the cells

via an effective freeze-out time; although in reality there

will be a distribution of freeze-out times. The widtty is

taken from experiment. For the transverse density profiles}

F(r, /R) we find that two different profiles of the transverse

pion distribution—a sharp cutoff at radius=(r,) , L | |

~0O(1-r,/R) and a Gaussian distribution exp2r?/R?), (c) 200 AGeV S+S (d) 158 AGeV Pb+Pb

both with the same mean square radius—give similar pion 1.8 pions T kaons

ratios within a few percent. As a result of the Coulomb po- 16 - -+ .

tential A#, the shapes of the distributions are different for oo NA44

positively and negatively charged pions.

The subsequent motion of the pions in the expanding 1.2
electromagnetic field created by the net charge is describec 1
by the four-velocityw” which satisfies the equation of mo-
tion in the electromagnetic potentiat:

N—
-

N
N—

Z
=
2z

¢} 1(‘30 2(|)O 300 1C‘)O 2(‘30 300
d m,-m,_ (MeV) m,-m, (MeV)
MW= ew, (A4 =A%), 3 . _ j |
dr FIG. 1. Experimentalm—/«* ratios [1] for the reactiong(a)
] ) ) Pb+Pb, (b) S+Pb, and(c) S+S as a function of transverse mass
wherer denotes the proper time andlis the pion mass. The  compared to calculatiorisolid line using the dynamical Coulomb
final spectra are obtained by sampling over a set of differenfnodel with a best-fit freeze-out time of 7 fea/The dotted lines
initial conditions using Eq(2). show the results for a detector located exactly at midrapidity. Panel
The potentialA* is obtained from the current distribution (d) shows the predicted arbitrarily normalize&d /K * ratio for the
of the (positive) net charge. Most of this charge is carried by Pb+Pb reaction.
the baryons which are not fully stoppg8 4] and, thus, may . ) -
have a wider rapidity distribution than the pions which arePotential depends somewhat on the particle composition of
preferentially produced at midrapidity. In the case of sym-the charged zone since the thermal velocity of the particles
metric reactions we parametrize the charge distribution as depends on their masses. We have included a 10% excess of
negative pions over positive pions compensated by the posi-
[{ (y—Y1)2> tive kaon net charggs].
- In Figs. 1@-1(c) we compare the result of the calcula-
28Yen tions to recent data from the NA44 experiment for+Hb
1 collisions atE=158A GeV and for S-Pb and S-S at 20\

fen(y) :Zcentm ex
ch|

2
+exp(_ (y+y1)

> GeV[1], all for central collisions and rapidities 33/<4.0.
2Aych

The calculations take the actual NA44 detector acceptance
[1] into account. In addition, we also plot calculations corre-
+28(y =y +2p8(y ~Yp), (4 sponding to a detector located exactly at midrapidity. Since
absoluterr /7™ ratios are not available, we normalize our
calculated ratios to unity in the region 200 MeV
m_<400 MeV, as is done for the experimental re-

describing the participant net chardege in the fireball as

two distributions of widthAy, centered at rapidities y, in B

the center-of-mass system. For noncentral collisions the res?u'?é

chargesz; , of the target and projectile continue to move ’ . . :

with %heirtygriginal rapigitiew ar?dyj Lead data were taken with a trigger selecting 15% of the
t p-

The participant zone further expands due to the collectivéOtal. Interaction cross section. In a s_harp C.UtOff model this
transverse flow(1) and the random thermal motion. We implies an average charge Bfe,~ 122 in the fireball. In the

model the time evolution of the charge distribution by acalculations we fix the charge of the participant zone to this

Monte Carlo sample of charged test particles. These test pa alue. We transform the transverse area into a _C|rcle of
geori=9.8 fm. At freeze-out we take a radius of

ticles move on straight trajectories with initial conditions el
given by Eq.(2) but now with the longitudinal distribution R=R(7r) = Rgeom™ B7¢/2 assuming the linear increase of the
(4) instead of the single Gaussian distribution. The potentiafransverse velocity. The widths of the pion rapidity distribu-
A* is then calculated by summing up the retarded potential§ons were chosen to biy= 1.3 corresponding to measure-
of the test particles. As a result of the large retardation efments in S-S and S-Pb[6] and with measured transverse
fects, an essential part of the electromagnetic potential i§nergy spectra in PbPb collisions[7]. We use a tempera-
generated by the charge distribution prior to freeze-out. Weure of T=120 MeV andB= 0.62 corresponding to a mean
describe this situation between<@G< 7, by the hydrody- transverse expansion veloci{y3)=0.42. These parameters
namic flow (2) of the matter. During this period the trans- are well compatible with the values obtained from a system-
verse flow is assumed to increase linearly with time. Theatic analysis of measured transverse K, and p spectra
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T T T T dinally expanding system with Bjorken scaling the freeze-out
2 I (a) charge Ti(b) radial flow 7] time is related to the longitudinal HBT radius by
18 | T 7] 7t=R;ym,_/T. From the NA44 dataR,=5.5 fm [10] we
1.6 LTl L Zgii%iz T estimater;=8 fm/c. From transverse HBT radii we obtain
I S R=2R,=10 fm. Comparing tRR=Ryeon+ B71/2 we deduce
12 mt=8 fm/c; this value should, however, be corrected for
"g ! < ' transverse flow which affects the HBT radii. We conclude
g o8 I 1 I l that both freeze-out times extracted from the longitudinal
g 2 [ (¢) temperature T (d) break—up timé] and transverse HBT radii are compatible with the one we
R T ] find from 7~ /7*. We also remark that calculations using
16 |y - EEZOOMM‘S:V N T :?I??i | the relativistic quantum molecular modéRQMD) predict
14 P\ T=200 Mev - ’ substantially larger values of=15 fm/c [11].
12 b T A simple estimate of the Coulomb effect can be made
1k el BRSNS from the retarded electric field resulting from a net charge
0.8 | ! | ! distribution,dN"/dy, which is approximately constant in ra-
0 100 200 O 100 200 pidity. Such a longitudinally streaming charge distribution
m -m; (MeV) m,-m, (MeV) generates in the transverse direction an electric field

E=2e(dNdy)r, /(tR?). Here,t is the time after collision
FIG. 2. Comparison of the sensitivity of the calculations to and R is the transverse size of the charge distribution. On
variation of the main parameters. Solid lines represent the best faverage this field leads to a momentum change ofrtheoy
calculations for the PbPb reaction shown in Fig. 1. Variation of
(@) total participant charg&..,; and width of rapidity distribution, op, 2dNCh 2f
(b) average transverse expansion velogig), (c) temperature at p dy mR
freeze-out, andd) freeze-out timer; . +

o _ . for small transverse momenta. The facfors of order the
from Pbt+Pb data[8], where a definite anticorrelation be- jnverse of the average proton velocity but also depends on
tween extracted temperature and transverse velocity was efire freeze-out time and the transverse expanfl@h As-
tablished. RecendN/dy vs y data from the NA443] and  syming a thermal transverse momentum distribution at
NA49 [4] experiments provide us with the rapidity distribu- freeze-outd N/dp? ~exp(—m, /T), as has been used for the
tion of protons which can be characterized by the paramete@pectra[s], we obtain, for small transverse momenta after

Ay,=0.84 andy,;=1.1, implying a rapidity loss of 1.7. correcting for the Coulomb effect of E¢p),
Using these values a good description of the experimental

data[see Fig. 1a)] was obtained using a freeze-out time of 7 . — 42 -~
fm/c. Figures 1b) and Xc) show a comparison for lighter NCar ): AN /dp: ~1+4A| 1— M. m+ RN
systems. Here we use a higher temperature of 130 MeV and N(7") dN*/dp? T

a smaller velocity 8)=0.29[6,9]. A fit to the S+S data[6]

indicates a smaller rapidity loss of 1.3, leading to This approximate result shows that the linear decrease of the
Ay=1.25,y,=1.7. For the asymmetric SPb reaction a ratio takes place on a scalemwf, — m=T. The enhancement
good description of the data is obtaingzke Fig. lb)] by  for Pb+Pb collisions at midrapidities can be estimated using
assuming that 30 protons from the Pb target and all protondN®/dy=35 [4], R=10 fm, andf=2 to be A=0.6. This
from the projectile participate in the fireball decelerated toapproximate value and E@6) are in qualitative agreement
their respective rapiditieg, in Eq. (4). with the pion ratio in Fig. 1.

The temperatures, transverse flow, and charge distribu- We have also calculated the kaon ratio/K ™ in Pb+Pb
tions used in Fig. 1 were obtained from best fits to experi-collisions using the same parameter set as used for the pions
mentalp, and rapidity distributions. The effect of varying [Fig. 1(d)]. As the kaon is heavier we expect the correspond-
the various parameters is exhibited in Fig. 2. The magnitudéng K~ /K™ ratio to be smaller by a factor ahy/m_~3
of the enhancement clearly scales with the total participanaccordingly to Eq(5).
charge and diminishes if the charge is distributed over a In summary, we have found that the observed/n™"
wider rapidity rangdFig. 2(a)]. If the system expands fast, ratios can be qualitatively explained as resulting from the
the slower pions are overtaken by the expanding potentigdCoulomb acceleration of pions by the positive participant
and experience a smaller net charge. This can be caused blgarge in a rapidly expanding system. We have demonstrated
increasing collective flowFig. 2(b)] or by increasing ther- that a measurement of this charge ratio in large systems
mal motion[Fig. 2(c)] and results in a decrease of Coulomb supplements the standard HBT analyses, providing an inde-
effects. A stronger effect is observed when the freeze-oypendent constraint on the freeze-out time scale, the flow, and
time 7; increaseqsee Fig. 2d)], reflecting a more diluted the transverse size. The charge ratio is mostly influenced by
charge distribution. The profile of the rapidity distribution of the freeze-out time. The quantitative agreement with experi-
the net charge also plays a role. Further, we remark that thmental Pb-Pb data requires a relatively short freeze-out
pion ratio decreases slightly from 1.60 to 1.55 if the nettime of about 7 fm¢ assuming a mean transverse flow ve-
charges of kaons and pions are not taken into account.  locity of (8)=0.42 and a temperature of 120 MeV. Such

Hanbury-Brown—-TwisgHBT) analysis provides two in- values are compatible with analyses of transverse pion, kaon,
dependent comparisons of the freeze-out time. In a longituand proton spectra. Larger freeze-out times require less
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amount of flow. The freeze-out time obtained is compatiblemidrapidity are expected to be smaller, and consequently we
with freeze-out times and source sizes extracted in HBTpredict[see Eq.(5) and Fig. 2a)] correspondingly smaller
analyses. Coulomb effects.

Finally, we note that the magnitude of the Coulomb ef-
fects in pion spectra is sensitive to the degree of stopping and We acknowledge fruitful discussions with Dr. Nu Xu
the resulting distribution of the positive charge. At RHIC and(Los Alamos. The support of the German BMBF and the
LHC energies the stopping and in particular the net charge ddanish Natural Science Research Council is appreciated.

[1] NA44 Collaboration, H. Bggild, Phys. Lett. B372 343 (1994; J. Bahleret al, Phys. Rev. Lett72, 1419(1994.
(1996. [7] T. Alber et al, Phys. Rev. Lett75, 3814(1995.

[2] W. Benensoret al, Phys. Rev. Lett43, 683(1979; K. G. [8] NA44 Collaboration, I. G. Beardegt al, Phys. Rev. Lett78,
Libbrecht and S. E. Kooninbid. 43, 1581(1979. 2080(1997).

[3] NA44 Collaboration, |. G. Beardeet al, Phys. Lett. B388 [9] P. Braun-Munzinger, J. Stachel, J. P. Wessels, and N. Xu,
431(1996. Phys. Lett. B365 1 (1996.

[4] NA49 Collaboration, S. V. Afanasiest al, Nucl. PhysA160,  [10] NA44 Collaboration, I. G. Beardeet al, Nucl. Phys.A160,
76¢(1996. 240c(1996.

[5] NA49 Collaboration, S. V. Afanasiest al,, Nucl. Phys A160, [11] H. Sorge, Phys. Lett. B73 16 (1996.
188¢(1996. [12] H. W. Barzet al. (unpublishegl

[6] NA35 Collaboration, D. Rbrich et al., Nucl. Phys A566, 35¢



