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Using a density matrix approach to describe the process of coalescence, we calculate the coalescence
probabilities and invariant momentum spectra for deuterons and antideuterons. We evaluate our expressions
with a hydrodynamically motivated parametrization for the source at freeze-out which implements rapid
collective expansion of the collision zone formed in heavy ion collisions. We find that the coalescence process
is governed by the sanlengths of homogeneityhich can be extracted from Hanbury Brown—Twi{stBT)
interferometry. They appear in the absolute cluster yield viaffective voluméactor as well as in a quantum-
mechanical correction factor which accounts for the internal structure of the deuteron cluster. Our analysis
provides a new interpretation for the parameters in the popular phenomenological coalescence model and for
the effective overlap volume in Hagedorn's model for cluster productiomppncollisions. Using source
parameters extracted from a recent HBT analysis of two-pion correlations, we successfully describe deuteron
and antideuteron production data from+PBb collisions at the CERN SPS as measured by the NA44 and
NA52 Collaborations. We also confirm the recent finding by Po#eil. that the different measured slopes of
nucleon and deuteron transverse mass spectra require a transverse density profile of the source which is closer
to a box than to a Gaussian shaf®0556-28139)06102-9

PACS numbgs): 25.75.Ld, 25.75.Dw, 25.75.Gz

[. INTRODUCTION freeze-out such as those which are generated by the collec-
tive expansion of the hot and dense collision zone. This dy-
Ultrarelativistic heavy ion collisions are used to study in namical aspect is very important since, once identified and
the laboratory nuclear matter at extreme energy density anguantitatively analyzed, it carries valuable information about
temperature. For such conditions lattice QCD predicts thehe early equilibration processes and the resulting build-up of
transition from a hadron gas to a quark-gluon plasma. Théhermodynamicafisotropio pressure in the reaction zone, as
only observables of the hot, central reaction z¢feball) well as on the time-integrated action of the equation of state
created in the heavy ion collision are the energies and thef the quark-gluon and/or hadronic matter during the expan-
momenta of the produced particles. Most of these are hadsion stage.
rons which, due to their strong interactions, decouple only The production of deuterons, antideuterons, and larger
late from the collision fireball and therefore carry direct in- nuclear clusters via coalescence(ahtinucleons at freeze-
formation only about this so-called “freeze-out stage.” Di- out can be viewed as a particular type of phase-space corre-
rect signals from the earligfpresumably much hotter and lation among the particles in the final state. The similarity of
densey stages of the collision are carried by electromagnetiche physics of coalescence and of other types of final state
(photons, dileptonsand “hard” probes(jets, J/) which  momentum correlations was stressed before byvidaynski
are, however, more difficult to study due to their much[1] who pointed out that similar source information can be
smaller cross sections. Developing a clear and unique picturextracted from the analysis of both types of correlations. In
of the interesting early stages of ultrarelativistic heavy ionthe present paper we carry the analogy significantly farther
collisions will thus require the combination of such direct by extending the investigation to systems with strong collec-
signatures with an extrapolation backwards in time of thetive dynamics. We show in particular that the same “lengths
information extracted from the spectra of the bulk of pro-of homogeneity in the source[2] which can be extracted
duced hadrons. For such a back extrapolation to be usefulrom two-particle Bose-Einstein correlationfHanbury
the analysis of the measured hadron spectra should permitBrown—Twiss(HBT) interferometry{3]] determine the coa-
more or less complete reconstruction of both the geometriescence probability in the cluster formation process. This
and the dynamics of the source at the point of freeze-out. means that the effects of source expansion enter the “HBT
For this reason the last few years have seen a growingadii” and the cluster yields in a similar way. For this reason
effort to understand the final state of heavy ion collisionsnuclear cluster spectra provide an important and complemen-
guantitatively from the measured hadron spectra. In thigary check for the source reconstruction from single-particle
project a crucial role is played by two-particle momentumspectra and two-particle momentum correlations of elemen-
correlations. Such correlations, whether due to final state intary hadrons.
teractions or quantum statistics, are sensitive tophase- As a point in case we demonstrate that we can success-
space distributiorof the particles in the source at freeze-out fully reproduce the measured cluster yields and spectra for
and thus carry information not only on the momentum-spaceleuterons, antideuterons, tritons, aftde in Pb+ Pb colli-
structure of the source, but also on its size and shape isions at the CERN SP®,6—8 with a source model whose
coordinate space. In particular, they are sensitive to correlggarameters were determingj10] from a combined analysis
tions between the momenta and positions of the particles af pion spectra and two-pion correlations. We further show
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that the shapénverse slopgof the measured deuteron trans- such an understanding. As in the static model calculations
verse mass spectfd,8], when compared with that of the before, it is based on a quantum-mechanical density matrix
proton spectra, yields additional constraints on the shape diigner function approach. It thus allows for a proper treat-

the transverse source distribution in space which remove ment of energy-momentum conservation and to exhibit the
specific ambiguity left open by the analysis of pion spectradependence d, on the phase-space structure of the source,

and correlations. i.e., on its longitudinal and transverse size and collective
Historically, cluster formation has been characterized inflow, and on the internal cluster structure.

terms of the “invariant coalescence factoB,, defined The paper is organized as follows. In Sec. Il we review

through the invariant cluster momentum spectra via theshortly the classical thermaflow model approach to cluster
equation production in which clusters are viewed as pointlike elemen-
tary particles without internal structure which are produced
dN dN.\ 2 an N by thermal emission from an expanding source. While poorly

A p n . . . . . .

Eam = A( i N3 . justified theoretlcally, this approach has enjoyed con3|de_r-
d°Pa d°Pp d°Py, Py=Py=PalA able phenomenological success. The results of Sec. Il will

1.2 serve as a benchmark for the discussion of the quantum-
mechanical density matrix approach presented in the follow-

It relates the cluster spectrum to the invariant momentuni"d Sections. We will discover strong formal similarities
spectra of the coalescing nucleons at the same velocity. Tnihich S|multane0u§Iy provide a theoretical justification for
correct physical interpretation oB, has been a long- the phen_omenologl_cal success of the thermal approach and
standing problen{1,11-2. The relative fragility of the yield an |nterpretat!on of the thermal model parameters .fo.r
nuclear clusters implies that only nucleons with small relath€ cluster spectra in terms of the phase-space characteristics
tive momenta contribute to cluster formation; this led early©f the underlying nucleon source. This is described in Secs.
researcher§l1—13 to an interpretation 0B, in terms of a Il and IV where we discuss the quantum-mechanics of th_e
momentum space coalescence volupagametrized in terms coalesc_:ence process and ca_llculate a guantum-mechanical
of a maximal relative momentum, between the coalescing correction factor for the_ cla_ssmal thermal qluster spectrum.
nucleons. This interpretation appeared to be confirmed by thi/€ show that the latter is given by a very simple expression
approximate constancy of tHg, values observed in heavy |nvc_).ly\'/|ng only the size pf the cluster and the homogeneny
ion collisions at the BEVALAC with beam momenta up to "adii” of the source which can also be measured with HBT
about 1 GeV/nucleon, independent of the beam energy arfgterferometry. In Sec. V we extend this discussion from
the size of the colliding nuclei. In the sudden approximationtwo-nucleon clustersd andd) to three-nucleon clusters,

[14] and the thermodynamid5] models, on the other hand, and *He. In Sec. VI we express tf#, value in terms of the
Ba~VA s inversely related to the fireball volume @o-  HBT radii and show how cluster yields can be used for an
ordinate spaceln such a picture the decrease of tBg analysis of thechemicalcomposition of the fireball at the
values with increasing beam energy, observed in nuclear copoint of thermal nucleon freeze-out. This complements the
lisions with large ions at beam energies above 1 GeVfehemical analysis of elementary hadron yields which deter-
nucleon(for a recent compilation see R¢R27]), can be eas- Mmines the(usually much earligrpoint of chemicalfreeze-

ily understood in terms of collective expansion of theout. A comparison of our results with heavy ion data is pre-
collision zone before break-up. Good reviews of these earlygented in Sec. VII, and our conclusions are presented in Sec.
approaches can be found in Ref$6,19,26. VI

Later work began to stress more explicitly tip@ase- We will use natural unité =c=kg= 1. We denote byn,
spaceaspects of the coalescence process, starting from @, and p; the rest mass, transverse mass, and transverse
quantum-mechanical approach based on the density matriomentum of a nucleorM, M, andP, denote the respec-
of the source or the equivalent Wigner function formalismtive variables of a cluster. For a cluster Afnucleons we
[17,18,20,22,2B and its classical phase-space analogdiave in good approximatiom=Am, P=Ap, P=Ap,
[21,24. In this approach the size of the cluster itself enters agnd M;=Am,. We denote by¥=y—y, . the longitudinal
an additional dimensionful quantity into the calculation of rapidity of a particle relative to c.m. frame of the fireball.

B,, and it allows to address the problem of energy-
momentum conservation in the coalescence process.

None of the existing model calculations accounts, how-
ever, properly fordynamical expansionof the source and the Clusters are no elementary hadrons. Their binding ener-
resulting correlations between the momenta and positions ajies B= —2.25 MeV for a deutergnare small compared to
the particles at freeze-out. These correlations can be includaglpical collision energies in the fireball created in a heavy
numerically by applying a density matrix or Wigner function ion collision, and this makes them very fragile objects. While
based “coalescence afterburner” to the output of classicathe spectra of elementary hadrons decoupling from a ther-
microscopic phase-space simulations such as the intranucleavalized fireball along a freeze-out hypersurfac€R) with
cascadg 18], ARC [28], or RQMD [26,29,3Q. While such nu- normal four-vector d30'#(R) can be described by the
merical simulations may succeed or fail to reproduce theCooper-Frye formul@31]
experimental data, in neither case they provide a clear con-
ceptual understanding of the physics entering into the calcu- BN 2341
lation of B, . In this paper we present an analytical approach, 1= =
based on an explicit source parametrization, which provides dep  (2m)°

Il. THERMAL CLUSTER SPECTRA

L P-d3c(R)f(R,P), (2.1
f
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wheref;(R,P) is a local equilibrium distribution four-vectoru(R) describing the average particle velocity at
) point R and T(R) parametrizing the randori‘thermal”)
f(R P)={exp( P.u(R)—Mi(R)) +1} 2.2 local momentum fluctuations around their average valtie
e T(R) - ' =mu*(R). The local chemical potential;(R) and the local
fugacity \;(R) = exg ui(R)/T(R)] parametrize the local den-
with local temperatureT(R), local chemical potential sity of particle species at pointR.
©i(R), and local flow four-velocityu#(R) (normalized to For heavy particlesnucleons and nuclear clustgrat
u-u=1), a similar expression for nuclear clusters cannot bechemical potentialsu;<M; (see below Eg. (2.2) can be
justified: clusters do not preexist as particles with thermalvery well approximated by a local Boltzmann distribution.
ized momentum distributions in the collision fireball, but are For simplicity we will assume freeze-out at constant tem-
only created by final state interactions among the nucleonperatureT;(R)=T=const.(General arguments based on the
during the freeze-out process. kinetics of the freeze-out proce§41,42 show that this is
The absence of preformed nuclear clusters in the collisiogenerally a good approximatignthe fugacityn;(R) is split
zone of a relativistic heavy ion collision at AGS or SPSinto a constant, particle-specific term=exp(y;/T), and a

energies is easily seen: Nuclear fragmentation of the targelommon density profiled(R) for all particle species. This
and projectile nuclei can be excluded as the origin of clustefmplements the assumptions of local chemical equilibrium
production if clusters made from antinucledesg.,d or H) among the various particle species at freeze-out and simulta-
are selected. For clusters with positive baryon number neareous freeze-out of all particle species which seem reason-
the midrapidity region it was estimated in RE32] (see also  able for nucleons and nuclear clusters.

Ref. [33]) that the probability for a nuclear fragment to ab-  While in Pb+Pb collisions in the initial state neutrons

sorb the necessary longitudinal momentum transfer of sevgytnumber protons by a factor of 1.54, the raii@ orﬁlﬁ

eral GeV to several 10 GeV per nucleon without gettingin the fireball at freeze-out is unknown. Due to particle pro-
destroyed can be neglected. On the other hand, by applyingiction an unknown fraction of the initial isospin asymmetry
Levinson's theoren{34] to the two-particle terms in the in the nucleon sector may be transferred to other particle
virial expansion of the grand canonical potential, it Wasgpecies. We introduce separate chemical potentigland
shown in Refs[35,36 that thermal cluster production inside w., for protons and neutrons and define the chemical poten-

the fireball is exponentially suppressed when the binding engg| of a cluster byua=Zu,+Nu,. The values ofu, and
ergy of the cluster is much smaller than the fireball temperay, must be extracted fron}]) a fit to the data. P

ture. We consider only very centrglmpact parameteb~0)

In a very simple-minded approach to cluster formation alg|jisions. The fireball is then azimutally symmetric with re-
nucleon freeze-out one may postulate that a clusteA of spect to the beam axi&longitudinal” or z axis), and the

=Z+N nucleons with total momentur® is emitted when-  ansverse coordinates are conveniently chosen pas

ever Z protons andN neutrons of identical moment®/A  _ 42337 anq the azimuthal anglé. Ultrarelativistic kine-
happen to be at the same plegeThis results in a general- 1 4tics in the beam direction suggests the longitudinal proper

ized Cooper-Frye formula for clusters: time 7=t?— 2% and the longitudinal space-time-rapidity
3 =arth(z/t) as appropriate longitudinal and temporal coordi-
d°Np  2J5+1

PP (2m)° L P-d3o(R)f3(R,PIA)TL(R,PIA), nates:
f

2.3 R*=(rcoshn,p cos¢,p sing, rsinhy). (2.9

wheref , , are given by Eq(2.2). This formula agrees, up to The particle momenta are parqmetrized by thgir rapidity
a quantum mechanical correction factor which will be dis-= arth(Pz/E) along the beam direction and their transverse

. _ 2 .
cussed below, with the Hagedorn model for cluster produciassM = yM“+ P¢:

tion in high-energypp collisions[37]. In spite of its naivety _ . .
it has been quite successfiB7,3§. It will be one of the P#=(M, coshY,P; cos®,Psin® M, sinhY). (2.9

main points of the present paper to explain why this is SOrhg fiow four-velocity is conveniently parametrized in terms
For this purpose we f'.rSt analyze EQ.3) fo'r the specific . of longitudinal and transverse flow rapidities and »;, re-
source model which will later form the basis of our quanti- spectively:

tative comparison with data.
u#(R) = (coshmn, coshy,,sinhy, cos¢,sinhzy, sin ¢,

A. Analytical model for an expanding fireball sinh7, coshyp,), 2.6

There is mounting evidence from phenomenological
analyses of existing datg89,3,9 as well as from micro- where tanhy;=v;, i=I,t, defines the corresponding flow
scopic simulations of the collision dynamip$0] that during  velocities. In the spirit of Bjorkefi43] we assume a scaling
the early stages of a relativistic heavy ion collision the reacvelocity profile v,=2z/t in the beam direction while taking a
tion zone approaches a state of local thermal equilibriumpower-lawrapidity profile in the transverse direction which
The resulting thermal pressure causes a collective expansiaos independent of andt:
of the system via hydrodynamic flow. It thus makes sense to
parametrize the momentum distributions of the hadrons just

p o
before decoupling by Eq2.2), with the local flow velocity m(rmp) =7, nlrm.p)= 77f<A_p) ' 27
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HereAp characterizes the transverse size of the fire(saié [H(7,p) = (2l H(7,p) differs from Eq.(2.8) only by
below, while 7 represents the strength of the transversgne normalization. The present choice is more convenient for
flow; the powera of the transverse flow profile is generally ;5 pecause it absorbs some constant terms in the cluster spec-
chosen asy=1, except for some tests with=0.5 anda {3 pelow which would otherwise scale with the nucleon
=2 as noted in the text. number. However, it affects the interpretation of the total

As the fireball expands the scattering rate of the particle & oo :
decreases until finally the thermalization of the system%reba" volume Veo,= V2/mVeo), and of the fugacity factor

breaks down and the particles freeze out. Consistently witﬁXpWT)' In the_ case.o_f Ref9], w/T is the_fL_Jgacr[y aver-
. . aged over the fireball; in the present case it is the fugacity at
the aboveansatzfor the expansion flow profile we assume

. , oo ; R=(79,R=0).]
that this happens at a fixed longitudinal proper timeand The functionJ(7) implements a smearing of the freeze-

setﬁ(R)= H(7,p) 8(7— 7). For the longitudinal and trans- hypersurface arount; the choice in Ref[9] is
verse shape of the density proft(R) we take Gaussians

with widths A » and Ap, respectively.

With these ingredients the distribution functions in Eq. 1 (7= 70)2
(2.3) take the form ()= exp( 0 ) _ (2.12)
f — alti [Ta—P-u(R)/IT - Ar\2m 2(Am)?
i(R,P)=eti""e H(R), i=p,n, (2.8a
2 2
H(R)=H(7;,p)=exp(— p___ T i General conditions forJ(7) are [dr J(7)=1, [dr7I(7)
2(Ap)* 2(Am)? =19, andA7<17,. The last one ensures that one can tfeat

(2.8D  andH asr-independent, and that freeze-out times0 play

The density profile is normalized to a total covariant freeze1© Physical role. . . _
out volumeV,y,: For single-hadron spectd(7) can be immediately inte-
grated over, reducing the space-time integral over the emis-
sion function to the Cooper-Frye form E®Q.1) with Eq.
(2.8). A nonzero duration of particle emissiod {>0) has,
however, an effect on cluster formation and on other two-
particle correlations. In Ref.9], two-pion correlation data
from Pb+Pb collisions at the SPS were fitted withr
=1.5 fm/c, although with considerable uncertainfg4].
This value appears to be small enough to be able to neglect
the 7 dependence of the parametersfjrand H; since esti-
mates in Ref[45] have shown that the effect @f7>0 on

In Ref.[9], instead of a Cooper-Frye integral over a three-cluster formation should then be small, we will continue to
dim freeze-out hypersurface, invariant spectra are calculategse the simpler Cooper-Frye formalig&3) also for cluster
as a space-time integrgld’R S(R,P) over an emission spectra.
function

Vcov:f d'R HR)=(2m) ¥ (Ap)*(An) 7o, (2.9

where d*R=7d7p dpdznd¢. For freeze-out at constant
longitudinal proper time, the integration measure in €3
over the freeze-out hypersurface is given Byd3c(R)

=79 M, p dp cosh@z—Y)dn de¢.

B. Nonzero emission duration

i C. Cluster spectra from the model source

S(RP)= 22T\, cost - V)l PURITE (5 0)3(7).
(2m)®

Inserting the expressions from Sec. Il A into EZ-3) one
(2.10 is led to the following integral:

ANy 20541 . -
EW: 2m)° erA TOMtJ' dnpdpdedcosin—Y)
M, cosh 7—Y)coshn(p)— P, sinhn(p)cosp  Ap? Arn?
T 2(Ap)= 2(An)

The integration overd=¢—P can be done analytically, We may thus expand the hyperbolic cosine and sine terms in
yielding a modified Bessel function, but this is not very help-the exponent, keeping only the leading terms:

ful for further analytical progress. More useful is the follow-
ing observatiori2,46,47: for fireball temperatures below the
deconfinement temperature of about 150 MeV, the ratio
M,;/T=6A in the exponent is large, and the integral will
receive contributions only from narrow intervais and p.

cost{p—Y)coshp~1+31(n—Y)?+317?;, (2.133

~ X
cos¢ sinh 7~ an—p. (2.13bp
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This decouples the longitudinal and transverse flow, and th& ~A. This is in contradiction with experiments both at the
7 integration can now be done analytically. Note that theAGS and the SPS which show considerably flalkitgrslopes
“saddle point approximation’(2.13 becomes unreliable for for deuterons than for protori$2—-54. In order to under-
large P; and/or »; [48]. The remaining integrations are easy stand the possible origins of this discrepancy one must re-

and give member that Eq(2.16) rests not only on nonrelativistic ki-
(hamMIT nematics, but also on the Gaussian transverse density and

dNa 2Ja+1 Veo M €44 linear transverse flow rapidity profiles. These were selected

d°P  (2m)° [(MT) 2+ AINMIT) (A7) 2+ A in Refs.[2,3,9,44,47 for technical convenience, and we have
kept them here for ease of comparability. It was pointed out,

% cos?‘( AY however, by Polleret al.[55] that the Gaussian density pro-

(M{T)(A 7;)2+A file gives too much weight to the center of the fireball where

(Ap)2i2 the transverse flow is weak. Since according to K883

and (2.3 the profile functionH(p) enters the expression for
nuclear cluster spectra with th&th power, the region of
Ptznf/(ZTz) A Y2M, /(2T) weak transverse flow _receives_ the more yveight the heayier
Xex 2 A (MUT)I (A2 A the cluster; for Gaussian profiles this divides the effective
(M /T) 75+ (M Y strength of the transverse flow exactly by a fac&d55] and
(2.143  thus causes tha independence of the cluster slopes.

As we will show in Sec. VII B this cannot be compen-
sated by decreasing the powerin the transverse flow pro-
file (2.7) even though this does lead to a more rapid increase

) of the transverse flow rapidity at small valuespofPhenom-

M,—M  AY : - :

xexg — 5 (2.14h enological consistency with the observAddependence of
™  2(An) the clusterM, slopes can only be achieved by selecting den-

sity profilesH(p) which, when taken to théth power, do

xXe

N M T A7)+ A

2J,+1
AT elraMITM V(A M)

(2m)

with not lose weight in the relevant region of large transverse
flow. A transverse box profiléor a smooth version of )it
3/2 2
Ver(AM,) = (2m) " (Ap) (An)7o satisfies this requirement and is shown to work well in Sec.
[(MJT) 92+ AIN(MIT)(Ap)?+A VII B.
(2.15 The Gaussian transverse density profile is problem-
and atic also for a different reason: in combination with the

transverse flow profil€2.7) it leads to acausal behavior for
M heavy particles with large transverse velocitigs Due to
T*=T+—77$. (2.1  the Boltzmann factor exXp-P-u(R)/T] in the integrand of
A Egs.(2.1) or (2.3), which gives strong weight to space-time
points R with u(R)=P/M (the more so the largeM/T),
such particles are emitted mostly from fluid cells at large
transverse radip, i.e., in the tail of the Gaussian density
distribution. Such matter should not exist, however: a cold
Pb nucleus with an rms radiys,,s=5.5 fm [56], corre-
sponding to a hard sphere radipig= \/5/3p;ms, can expand
in time 7, at most to a maximum transverse radiusp@f.,
=po+ 7o (even less, if the transverse expansion velocity is
<¢). Thus, no matter should exist at ragi> pnax. In our
case nucleons with transverse velocitigs 0.6¢ tend to be
emitted from causally forbidden regioné-or the lighter
pions the problem is much less severe due to the larger ther-
The relation(2.16 (with M/A replaced by the hadron mal smearing.
massm) was suggested by Nu Xet al.[50,5]] as a basis for For the Gaussian density profi(2.8h we will therefore
a systematic separation of collective flow;j from thermal restrict our attention to nucleons and clusters with
motion (T) using single-particle spectra. It has recently be-<0.6c, i.e., 1.0=M;/M=<1.25. For a proper description of
come very popular, especially since in heavy ion collisions atlusters with larger velocities the Gaussian transverse density
the AGS and SPS the measundd spectra of most hadronic profile must be modified, either by cutting it off by hand or
species seem to follow it quite nicely by showing, at suffi-by replacing it with a causally consistent box profile. Unfor-
ciently low P, , inverse slope parameters which rise linearlytunately, this forfeits the simple analytical expressions
with the hadron rest mag§]. This has been interpreted as (2.14—(2.16) and the direct comparability with the published
strong evidence for the existence of transverse collectiveesults from HBT analyses of two-pion correlatidi?s9,44.
flow [39,50,51. As for the longitudinal rapidity spectrum of clusters, we
When applied to nuclear clusters, however, E2.16 expect from Eq.(2.14 for its width a decrease with YA
predicts exactly the same slope for all mass numBesgce  compared to nucleons.

In going from Eqgs(2.143 to (2.14h we replaced the terms
in the second and third lines on E.143 by 1 and as-
sumed nonrelativistic transverse cluster velocities
=P,/M<1. [Equation(2.16 should thereforenot be ap-
plied to piong49].] V.(A,M,) is the effective volume con-
tributing to the emission of clusters with mass numhemnd
transverse mashl; [47] (see Sec. Il E T* is the inverse
slope(“effective temperature’ of the transverse momentum
spectrum.

D. Slope of theM, spectrum
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E. Effective source volumeV . and relation to HBT rectly extracted from two-pion HBT measurements at very

The Boltzmann factor in Eq(2.8a couples the particle Nigh p; such that the transverse mads would be the same.
momentum to the flow vectan(R). This causes a correla- Unfortunately, this is an artifact of the saddle-point approxi-
tion between the velocity and the spatial coordinates of thénation (2.13 [48]; a numerical evaluation shows that
partide’ with a “Coup”ng constant'M/T which increases scaling of the HBT radii is broken by transverse ﬂOW, albeit
with the particle mass. Particles inside the fireball are thugveakly [57,3]. Appropriate care must thus be taken before
sorted with respect to their velocities, and particles of giverusing Eq.(2.18 to compare the effective volum¥; in
momentum are localized in regions of the fireball where thecluster formation with the homogeneity volumg,,,, ex-
flow velocity is close to the particle velocity. tracted from HBT measurements with pions or kaons.

Thus only a fraction of the total fireball volumé,,, is
able to emit particles with given momentum. It is this “ho-
mogeneity volume”V,,.(m;) which is accessible through F. Parameters for central Pb+Pb collisions
HBT measurements3]. The HBT radiiR(m) andR, (m;)
which can be extracted from the two-particle correlation
function in the YKP parametrizatiofb7] describe the corre-
sponding longitudinal and transveremgths of homogeneity

inel

in the source. They can be evaluated for the md@d) as total inelastic cross section,; , corresponding to impact

s_pace-t;me variances of the source using the general expregérametersbs&S fm), the analysis of pion spectra and
sions given in Ref[57]. If these variances are evaluated in

. L ; two-pion correlations from NA4910,58,59 led to the fol-
the saddle-point approximatid.13 one finds[46,57] lowing estimates for the model parametd@44;: A

~1.3,Ap~7 fm, 7p=9 fm/c, A7=1.5 fm/c, 7;~0.35,

We close this section by specifying the model parameters
to be used later in the calculation of cluster yields and spec-
tra. In Pbt Pb collisions at 158 GeV per nucleon, midrapid-
ity is aty. »,=2.91. For very central collisiong-5 % of the

R, (my)= L, (2.174 andT~130 MeV. To estimate the effects of possible errors
V1+(m/T) 7t in T and 7¢, we will additionally test the T, »;) combina-
tions of (100 MeV, 0.43 and (168 MeV, 0.28, which also
ToA 7 describe the slope of the single partiake spectrum of
Ry(my) = (2179 negatively charged hadrorimainly pions, but not the be-

5.
VL+H(m/T) (A7) havior of the transverse HBT radiuB 7(m;). The effects

These are just the factors occurring in the effective volumedf uncertainties in the determination @f and Ap, which

(2.15 for A=1: may also be important, have not been studied. From
the above parameter values we calculate a total covariant
Ver(1my) = (2)*2Ry(m)R T (my) = (27) ¥V o my). fireball volume (2.9) of V,,~9000 fn?, homogeneity

(2.18 lengths of Rj(1 GeV)~(3.2£0.4) fm andR, (1 GeV)

) ) ~(5.1+0.8) fm, and an effective volume for nucleons of
Thus the effective volum¥ « in the cluster spectrurt®.14 Veir(1,m) ~ (0.15+ 0.06)X V.

is very closely related to the homogeneity volume extracted

from HBT measurements with pairs of identical hadrons: |, 1,2 QUANTUM-MECHANICS OF COALESCENCE
Vo AM Ver(1,my) (277)3/2\/ 2.19 A. Reference frames
My)=——=|— m). (2. o
el A.My A32 A o ™) So far we have treated nuclear clusters as pointlike par-

ticles without internal structure. This is not realistic: the deu-

For deuterons this implies an effective volume which isteron, for example, has already an rms radius of almost 2 fm
about 1/3 that of the nucleons. [60] which is not much smaller than the homogeneity radii

Since at AGS and SPS energieg=1 (see Sec. Il F the  given above. A proper inclusion of finite size effects and the
longitudinal flow term~ (m,/T)(A 7)? in Ry dominates over internal cluster wave function in the description of the coa-
the geometric term-1. In the transverse direction the flow lescence process is therefore mandatory. This requires a
term ~(m,/T) 77f2 is much smaller, and the two terms com- quantum-mechanical treatment. In this section we will con-
pete with each other, depending on the valueypf Higher  centrate on the two-body problem, i.e., the coalescence of
temperature increases, larger transverse flow decreases tl@at)deuterons.
lengths of homogeneity. For fixed, »; the homogeneity Due to its small binding energy, only nucleons with small
lengths decrease with increasing transverse massAc-  relative momentum can form a deuteron. In the deuteron rest
cording to Eqs(2.18 and (2.19 this implies for fixed par- frame (d frame the relative motion of the two nucleons and
ticle momenta a decrease Ws(m;) with the particle rest their coalescence into a bound state are thus described by
mass roughly ad ~%2. Due to the non-negligible geometric nonrelativistic quantum mechanics. A relativistic formula-
contribution in R, the decrease is actually somewhattion is needed, on the other hand, to describe the motion of
weaker; for realistic parametefsee belowthe combination the deuterongi.e., of the center of mass of the nucleon pair
M,V in Eq. (2.140 turns out to be practically independent in the fireball rest framef(frame).

of M1 MVer(A,M)~MV4(A,M). In the f frame, we denote the deuteron’s momentum and
Equations(2.179—(2.19 indicate perfectn, scaling of the ~¢.m. space-time coordinates bP4=(E4,Ps) and Ry
HBT radii and the effective volume. If true, the valuesaf, = (R,Ry), and the momenta and space-time coordinates of

to be used in Eq(2.14b for nuclear clusters could be di- its two nucleons byP.. and Rt=(R‘i ,R.). In thed frame,
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the four-momenta, .. of the two nucleons are given in terms =(t,r,) and their relative distance”=(0r) as r.=rqy

of their relative momentung by +1r. Note that in thed framer has a vanishing zero com-
q" :(\/mz—Jrqz +q). (3.1) ponent, consistent with the equal-time nature of nonrelativ-

istic quantum mechanics. The deuteron’s four-velocity in the

Their space-time coordinates = (t4,r.) in thed frame can  f frame we denote bip* = (b° b) =P)/my. The matrixL for
be expressed in terms of thieframe c.m. coordinatesy;  a boost from thd frame into thed frame is then given by

by by by b,
b, g b2 _ byby _ b,
1+bg 1+bg 1+bg
L= b,b, L bJ _ byb, . (3.2
Y 1+bg 1+b, 1+bg
_p _ bbe _bb, b
z 1+b, 1+b, 1+b,

The matrixL ~* for the inverse boost follows by substituting dNg 1 s 3 s B s o

b;«< —b; for i=x,y,z. d3_Pd~§f d®xy d°X, d°X d°X; g (X1,%2) Pal(X1,X3)
We consider thd-frame coordinate®.. andR.. as func-

tions of thef-frame c.m. coordinate®, and Ry and the Xt (x5 1) T (X t) (X t) (X0, ). (3.5

d-frame relative coordinatesg andr:
The correct spin and isospin factors will be added later after

R = (L™ Yrry + ,=Ri= F(L™YHrrr (3.39 introducing Wigner functions. A rigorous ansatz with projec-
tion operators that select the correct spin and isospin state for
P4=(L"Y)*q, ,. (3.3p the deuteron from the two-particle density matrix can be

found in Ref.[29].

For the internal(relative wave functiongy of the deu- In the detector the deuteron is observed as a free momen-
teron we will consider both the Hulthen form with the pa- UM €igenstate. Its wave function is therefore given by a
rameters @=0.23 fm %, =161 fm !, and the wave plane wave for the c.m. motion nlugllgplled. by the internal

wave function ¢q: dg(X1,%5)=(27) exdiPy- (X1 +X5)/
2]p4(X1—X5). The two-nucleon density matrix in the fireball
is not known and has to be approximated. We assume that at

) /a,g(a+ B) e @ —e A 0.0 freeze-out the nucleons are uncorrelated:
r = y .
ol 2m(a=p)° (x5, D) BT (X1, 1) h(Xq ) Ph(Xa, 1))
r2 :<¢T(Xé!t)lll(Xth)><lr/lT(lel_!t)d/(xlit)>' (36)
ey(r)= (md?)~34 eX% - Ez) . (3.4b

function of a spherical harmonic oscillator with the size pa-
rameterd=3.2 fm (r=|r|):

The one-particle density matrix can be expressed through the

. i . . - -body Wi functi 61,6
While the first choice gives a better description of the deu—One ody Wigner function 2 2

teron ground state, the second one is technically advanta-

3 ’

geous since it allows for a largely analytic evaluation of the (1//T(X’,t)z,/1(x,t)>=f d’p fW< pit, Xtx )
coalescence factor below. Both wave functions reproduce the (27)3 2

measured rms radius of 1.96 f[B0]. Please note that the . ,
variabler describes the diameter and not the radius of the xexip- (x—=x")]. 3.7
relative wave functions such that the rms radius is given byl_ , i )

2 — 43 (r/2)2 2 o evaluate the integrdB.5), we introduce new coordinates
Mrms Jdr(r/2) |<Pd(r)| .

Fe=3(X1txq), r-=3(%+X3), E=X1— X1~ (X2—X3),
and p=3(x;—X;+X,—x5). The first two are the classical
coordinates of the coalescing nucleons and will be further
According to the rules of statistical quantum mechanicgeexpressed by, andr. For the momentum vectorsy and
[61] the number of created deuterons with momentyris p, introduced via Eq(3.7) we define the relative momentum
given by projecting the deuteron density matrix onto the two-g=3(p;—p,) and the total momentunPy=p,+p,; the
nucleon density matrix in the fireball at the freeze-out timeidentification with the deuteron’s momentum is due to a cor-
ts: responding § function for three-momentum conservation

B. The density matrix formalism
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which arises from thel®p integration. Thed3¢ integration dNg  —3i o o [ APy dp,
leads to a term which we recognize as the Wigner transform PP 2?3 drgd ff 2m* 2m)?
of the internal deuteron wave function d
P1—P2
~ ¢ ¢ ><(27r)45“(Pd—p*—pz)D(r. )
D(r,q)=J d*¢ ey r+ S| r=5), (3 . 2

X[E;(DI ,r+)fxv(p2,r7)
" +35(pY r (P2 r )], (312
q
3 = | &3 o* =
f d rf (2w)3D(r’Q) fd Fea(eaN=1. B9 here the term& S fy and 2} give equal contributions.
The rateX 5 (p*,x) for producing a nucleon with off-shell

For the deuteron spectrum we thus obtain four-momentump* at pointx is given by the scattering of
the nucleon with a third particle:

which has the following normalization property:

dNg 3 Jd3 Jd3q d3rD
@,y (2] 1) mr Y €4 & o
—iZN(p*,x)=
X fpa. rofaaro), (3.10 N (P7) 2 (2m)* (2m)3 (27)3
whereq. ,r. are functions of the integration variables ac- X(2m)**(p* +q—p'—a")[Myj_njl®

ding to Egs(3.3.
cording to Eqs(3.9 < W(p’ 0T’ L1~ ¥ X)].

C. The problem of energy conservation (3.13

Since in Eq.(3.5) the two-nucleon density matrix is pro-
jected on the density matrix of an energy eigensttite free
deuterom, energy is clearly conserved. On the other hand,
we were to replace the Wigner functions in E§.10 by
classical distribution functions of on-shell nucledas done,

e.g., in Ref[21]) we would violate energy conservation: due With the four-dimensiona functions in Eqs(3.12 and

to the deuteron binding energy two free nucleons cannot co% 13 now explicitly accounting also for energy conserva-
lesce into a deuteron without help of a third body. In othertio'n we proceed o aporoximate the Wianer distributi6fls
words, one or both of the Wigner functions in £§.10 are ' P pp 9 i

probed off-shell, and the nucleons in this expression cannd-{1 these equati_ons by the classical thermal Qistributiqn func-
be considered as free particléBor free distinguishable par- ta'ims* (2.8). l,Jsmg the momentum—co_nser\_/lng function
ticles in a thermalized system the Wigner function is identi- (p*+a-p’—q’) we then have the identity
cal to the Boltzmann distributiof61].) . .
. . . —u-p'IT —u-p*/T

A formalism which makes the conservation of energy dur- € / L1 e ( 1+ 1
ing coalescence more explicit by including the scattering eu4q’/T11\ TeudTEq) eu-q/Til\ TeudiTEq
with a third body and which thereby gives more control over (3.14
the replacement of the Wigner functions by classical distri-
butions was developed by Danielewicz and Schi@¥. In- 514 hence
stead of Eq(3.5) they start from63]

d3q
dN , 1 1 (21 (o1 —i33(p*,x)~fy(p*,Xx f—f- X
dspdd: fim TT' E T dth' dt,f d3X1 d3)(2 N(p ) N(p )EJ: (277)3 J(q )

Referencd 23] considers a gas of nucleons only, and there-
iffore there is no summation over particle spegies in Eq.
(3.13. Our fireball, however, mainly consists of pions, and
all particle species with large cross sections with nucleons
must be accounted for in the production rate.

T,T -

X d®; d®x; Bt % (x1,%0) (X1, X5)
Xt (x5, )T (X] ) (X, ) (%0, 1)). (3.1

They then consider the equations of motion for the cor-
relator (T (x5,t") T (X1, t") (X1, t) h(X2,1)). These include XMy a1+ F1(9%)]
interactions with third particles which can put one of the two = :
nucleons slightly off-shell. This nucleon can then form a
deuteron with an on-shell nucleon without violating energyThe term in square brackets is the scattering cross section
conservation. It is convenient at this point to introduce atimes the relative velocity betweefff-shell) nucleons of
four-vector notation, with momentum four-vectors which canmomentump and particlesy with momentumg, averaged
be either off-shellindicated by an asteriglor on-shell(no  over the thermal distributiong:- - - ]=(oyjunj(p,a)). The
asterisk: p;=(E;,p;), pf=(w,p), andr;=(t;,r;). For the remaining integral oved®q and summation ovgrthen gives
evaluation of Eq(3.11) we refer to Ref[23]; the result is the total scattering rate or inverse scattering time of a
[see Eqs(16) and(19) in [23]] nucleon with momentunp at pointx:

d3 ’ d3 ’
% f p q
(2m)® (2m)°

X (2m)*s*(p*+q—p'—q’)

. (3.19
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* d3q d°r f(Ry,P,)f(R_,P_)
—iiﬁ(p*,X)=fN(p X) Cd(Rd,Pd)=f -

m. (316) (277)3 D(r!q) fZ(Rd,Pd/Z)

The production rat& y (p*,R) is therefore just given by the
(off-shell) nucleon distribution functiorfy(p*,R) divided
by the scattering time of nucleons.

A deuteron has twice the scattering rate of its constituen
nucleons. Since a scattering event is likely to break up thd
deuteron, and since we have by assumption free streami
particles after freeze-out &t, the time integrationt, in Eq.
(3.12 should start at;— 75,2 and end at; . Further assum-
ing that we may treat the distribution functions as constan
over this time interval, the inverse scattering time in Eq.

. ) . i =1,
d
(3.16 cancels against the time integration, and we are IefF As we will see, thay dependence of the distribution func-

(3.20

Up to the quantum mechanical correction factiyrthis is
identical with the classical formul@.3). C4(Ry,Py) is an
'ptegral over the internal phase-space coordinates and pro-
ides a measure for the homogeneity of the nucleon phase-
ace around the deuteron c.m. coordinalgs P4/2). For a
omogeneous nucleon phase sp@tatic and very large sys-
temg the second factor under the integt&l20 (which we

ill call “homogeneity factor’) approaches unity and Eq.
3.20 reduces to the normalization integrd.9), yielding

with tions f(R, ,P,) and f(R_,P ) in Eq. (3.20 is much
dN 3 d dq weaker than that of the deuteron Wigner densitfr,q)
3_d:_3f dsfdf D(r,q) which is peaked nean=0. The distribution functions can
d°Pq  (2m) (2m)* thus be pulled outside thgintegral, yielding

XTo(qy,r ) fa(g;ro). (3.17) f(R, ,Py/2)f(R_,Py/2)
. . . . Cd(Rdan)%f d’r 2 l@a(n]?.
The difference between this expression and BdL0) is that f5(R4,Pd/2)
the Wigner distributions have been replaced by classical dis- (3.21

tribution functions(2.8) one of which is off-shell §*) so
that a deuteron may be formed without violating energy con
servation. The energy component gt follows from the
conditionq, +g* =(my,0) implied by thes function in Eq.

This expression is now very similar to the Hagedorn model
for cluster production inpp collisions [37]. According to
Hagedorn, the probability of finding a cluster with certain
) guantum numbergmassM, spin, etc) is equal to the prob-
(3.12: ability to find a really elementary particle of the same quan-
PN ) tum numbers, times the probabilifythat the cluster is con-
g% =(m+a.q), tained inside the reaction volunte:

q*#=(myg—Vm?+q’, —q). (3.18

Equation(3.17) is also a good basis for studying the quanti-
tative effects of energy conservation on the coalescence pro- o _
cess, for example, by replacing the off-shell momentim For pp collisions Hagedorn assumga7] that the reaction

czf |o|? dV. (3.22
Q

by its on-shell limit. volume was given by the pion Compton wavelength,
=47/(3m3), resulting inC~0.17 for the deuteron and
D. Coalescence in the highly relativistic fireball ~0.28 for *He or *H. This is consistent with the homoge-

neity radii extracted from two-pion HBT correlations jop

We now return to the relativistic motion of the particles in qiisions which are also of the order of the pion Compton
the fireball frame. In Eq(3.10 or Eq. (3.17 we need the wavelength(64].

arguments of (p,x) in thef frame, so we substitute, and
q- by R. andP. using Eq.(3.3). After performing thed®r
and d3q integrations in thed frame, we reexpress th#r 4
integration over the deuteron’s c.m. coordinate at timin

the d frame in covariant forme, d*rq=Py-d’c(Ry). The In this section we evaluate the coalescence fa€jofor
integral d*o(Ry) extends over the freeze-out surfag  the source model discussed in Sec. Il and relate it to the

which is characterized by a relatidR{ ((Ry) between the homogeneity radiiR; which can be extracted from HBT
deuteron freeze-out time and point in thieame. In this way  measurements.

IV. THE QUANTUM-MECHANICAL CORRECTION
FACTOR

we obtain
A. Integration over relative momenta
dNy B 3
Eddﬁpd_(zw)§ Efpd'd 7(Rq) The explicit dependence of the coordinates in Eq.

(3.20 onr is given by Eq.(3.3):

Xt

Py Py
Ry, 7) fn( Ry, 7) Cq(Ry,Py)
(3.19

with From R. one must calculate

1
b’f, Rt:Rd—_

0
RO .

R+

N

b'rb) (4.1)
+b% )" '

r+
1



1594 RUDIGER SCHEIBL AND ULRICH HEINZ PRC 59

1 RU+R., d3r p( pi+p2_—2p§)
+=zIn— 4.2 Cyq(Rq,P =f exp —
/B 2 R(_): _ th ( @ d( d d) (deﬁ)yz 2(Ap)2
. i+ 02 =275
= T oA
p.=RL,+R:,, (4.2b 2(A7n)
rr m 0,,0 0
Te= (Rt)z_Rtv (4.20 X ex —g—?(uﬁru,—Zud)
2
which enter the density profilé$(R..) and the flow vectors _ Ber  (Ui—uo)
) ) ) X ex i (4.6
u(R.). Since the Lorentz transformatiof8.3) mixes the T 4-|-20|§ff

components of, the functionsn.(r), p-(r), 7(r), and
thus the integrand of Eq3.20 are in general complicated Here the two parametemgﬁz d2+(u9_iu(l)/(2mT) and

functions of the integration Variab|€§, ry, andrz. Beff: B(ugiug)/z depend again on how we deal with en-
The argumenti(R..) - P of the Boltzmann factor can be ergy conservation.
evaluated in any frame. It turns out to be most convenient to
transformu(R-.) andu(Ry) from thef frame tou.. andug in B. Integration over relative coordinates
thed frame:
When trying to perform the integration ovefr one en-
counters subtle causality problems which require some dis-
ub=L*"u,(Rs), ug=L""u,(Ry). (4.3 cussion. The integration in E¢3.19 runs over the freeze-

out hypersurfacery=75. The hypersurface spanned by the
3 . . . . . . .
Under the assumption that over the effective integration dod " Integration at constant tinig in thed frame is given in

main the flow and chemical potential can be approximated a@ef frame by
constants we find

R°=RJ+ (R—Ry)-b/b°, (4.7
f(R.,P)f(R_,P.) which follows by substitutingo- R.. into R% in Eq. (4.1).
f2(Ry,P4/2) This hypersurface is inclined relative to the freeze-out hyper-
surface, and it also cuts thE=|R,| half-planes which are
g,-u,+q_- u,—2mug tangent to the light cone originating from the collision point
=expg — T of the two nuclei. Therefore, when integrating o\ in

Eq. (3.20 looking for nucleons which may form a deuteron,
the coordinateRR. leave the freeze-out hypersurface and
even the light cone which contains all produced particles.
It turns out that this problem is much less severe than it
(4.9 first appears. First, contributions near the longitudinal light
cone are suppressed by the fact that on the light cone the

Since in thed frame the relative momentumis small, the  longitudinal proper timer=(R°%)?—R; vanishes, leading

energy componentg®. can be expanded nonrelativistically: to & diverging flow velocityu whose temporal and longitu-

B dinal components are given IR’/ andR,/ 7, respectively,
and, correspondingly, to a vanishing Boltzmann factor
exf —p-u(X)/T]. This constrains the effective integration do-
main in the longitudinal direction to a region well inside the
light cone.

In the transverse directions we must constrain the integra-
tion domain by hand to the inside of the light cone, sife®

4.5 discussed in Sec. Il Dour source parametrization does not

' automatically ensure consistency with causality of the pro-
duced particles’ positions and velocities. Fortunately, this is
where B=my—2m. The two signs refer to two different not a serious interference: both the deuteron Wigner density
treatments of energy conservation: the lower sign applies ind the “homogeneity factor” in Eq(3.20 are peaked at
one of the two nucleonghere,q_) is off-shell as prescribed small values ofr. The latter is the more peaked the more
by Eg. (3.18, the upper sign refers to the case where westrongly the system expands, i.e., the larger the flow velocity
simply neglect energy conservation and take both nucleongradients are. As we will see, the integration domain aver
on-shell as in Eq(3.1) (in this case the term-B vanisheg s, to the extent that it is not already restricted by the finite

With harmonic oscillator wave functions the Wigner densityrange ofD(r,q), again given by the homogeneity rad;

of the deuteron is a Gaussiarf)(r,q)=8 exp(r?/d?> discussed in Sec. Il E. Fortunately, these are smallest for

—@?d?), and the integration oved®q in Eq. (3.20 is  deuterons with large transverse masses where the causality

straightforward: problems are expected to be most serious.

><exp< _PiHp2-2p5 7i+ 7t —2nj
2(Ap)? 2(Ap)?

2
q
qs-Us+qg_-u_=mul+u’)+ %(uﬁtug)

B
—qg-(up—u_)+ E(u?lug),
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In view of their minor numerical effects, we refrain from TABLE I. The quantum-mechanical correction fact6f] for
giving a detailed account of the technical implementation ofHulthen and harmonic oscillator wave functions calculated with Eg.
these restrictions into the numerical evaluation of @g6), (3.2, for different fireball parameters at nucleon freeze-fat
referring instead to Ref45]. In practice, the following ana- details see text
lytical estimates turn out to be sufficiently accurate even on &

quantitative level. 7o [fm/c] 9.0 6.0
T [MeV] 168 130 100 168 130 100
C. Analytic approximation of the correction factor 7 028 035 043 028 035 043
Since the measured deuteron momentum spectra do not
contain information on the point of deuteron formation, the Hulthen 086 084 080 080 078 0.74
relevant quantity is thaveragecorrection factor harm. osc. 084 081 076 076 072 0.66

3 2
J Pa-d"o(Rq) T(R4,Pd/2)Ca(Ra,Pa) Eq. (4.6) depends only weakly on? . Sinceu® (r)=1 for

b=u(Ry) and small|r|, we usedZs~d?+1/mT and B

=0, or dﬁﬁwd2 and B.4~B, respectively, depending on
(4.8 whether or not energy conservation is taken into account.

With these approximations E¢4.6) turns into a product of

<Cd>( Pd) =
de~d3a(Rd) f2(Ry,P4/2)

vy deg

for a special combination dRy and P4 [given by Eq.(4.9
below] and then argue that the result, cal@g, is actually a o 1 [d)\3 Best
exp —|, (4.119
T
We first concentrate on deuterons with zero transverse . > 5
momentum which are at rest in the fluid cell where they are _ |
: . _ YL 1+ . (4.11b
created, i.e., whose four-velocity* agrees with the flow 2R, (m) 2TAp

We will first calculateCy(Ry,Pg) in analytic approximation  Gaussian integrals in, , ry, andr,, with the result
very good approximation ofCq)(P4). Numerical studies Cq
[45] confirm the validity of these arguments.
four-velocity at the production poinb=u(Ry):
2 1 2
_(ZTTd) . (4.1109

d
=1/1+
bM:Ti(Rg,O,ORdZ), (4.9) i \/ (2R|(m)
d

For the source parameters given in Sec. Il F the last terms
under the square root i, ,y; are negligible. They originate
from the coupling termg- (uy—u_) in Eq. (4.5 and the
resulting termju, —u_|? in Eq. (4.6). They would thus be

In the d frame the fireball neaR, can then be described
nonrelativistically as long as the longitudinal flow velocity
gradients are sufficiently small. As long @s 74 the nonrel-

ativistic approximation is very good in the relevant region jpcant if we had started from the approximati@r2d) in-

r;=d where D is nonzero. Sinceb,=by=0 the Lorentz  geaq of Eq(3.20. The smallness of these terms is a good
transformationg3.3) and (4.3 do not mix longitudinal and check of the accuracy of E¢3.22).

transverse directions, and the integrand for the coalescence Tpq |ast two factors in Eq4.113 deviate from unity by
factor has the same axial symmetry as the fireball. Then |oqs than 2% for temperaturd@sbetween 100 and 170 MeV

" if energy conservation is properly accounted for; if not, the
z

N~ Pyt om0, (4.103  deviations have the opposite sign, but remain below 5%.
27y Given the high accuracy of E3.21), we can use it for a
(242 check of the sensitivity o€ on the choice of the internal
2 o IxTlhy deuteron wave function. A numerical integration of Eq.
p==pPat 4 *(KRaxt1yRay), (4.10D (3.21) with the Hulthen wave functior3.439 y?elds values |
for 3 which are somewhat larger than those for harmonic
rf oscillator wave functions. For the source parameters given in
T=TaT g (4.100  sec. Il F we obtain for the harmonic oscillator wave function

€%=0.81"5% and for the Hulthen formC3=0.84"3%2
after a nonrelativistic expansion of E.2). Further, the [Where the upper and lower limits indicate the effects from

flow u. follows from u(R.) by a simple shift in the longi- the estimated uncertainties iffi () ]. The numbers in Table
tudinal rapidity: | show that the differences are sensitive mainly to the trans-

verse and longitudinal flow gradients; they remain on the
L*"u,(R) level of a few percent for weakly expanding sourcksit-
) 2 5 most coll_er)l, become stronger for more rapidly expanding
14 (7—=Yq) 7iP” iR mRy sourcegrightmost colump, and can reach a factor of 2 or 3
2 2(Ap)%" Ap ' Ap T ) in systems with very small interaction volume g colli-
sions.
where we have already used the saddle-point approximation The origin of the difference is readily understood: while
(2.13. For the given values al andmT the value ofdg in both wave functions provide the same rms radius, the maxi-
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mum ofr?|q(r)|? is atr~1.5 fm for the Hulthen form and with coordinates;, r,, andrz, we introduce the c.m. co-
atr~3 fm for the harmonic oscillator. Since the “homoge- ordinatesR= (r,+r,+r3)/3 and the relative coordinatgs
neity factor” in Eq. (3.21) peaks at small values of espe- =(r;—r,)/\2 andA=(r,+r,—2r3)/\/6. With this choice
cially for strongly expanding systems with small homogenewe have ri+r3+r3=R?+p?+\?> and d%,d%,d%,
ity radii, the integral is larger for the more realistic Hulthen =3%?d®R d®p d®\. As before we approximate the internal
wave function than for the harmonic oscillator one. wave function by a spherical harmonic oscillator solution
Numerical calculations show thég(Ry,P4) varies much  [65]:
less as a function oRy than f2(Ry,P4/2). On the other
. .= . = . 0 2 2
232%,;2% iirrtrlgzlar poirRy with u(Rd) b at whichC 3 was o(r1.sra) = (3720 -3 expl — p N . 51
ponds to the maximunCgfRy,Py), to the 2p2
maximum of the Boltzmann part df(Ry,P4/2), and thus

approximately to the maximum of inteErand in the numeratofrpis wave function is normalized and has the rms radius

of Eq. (4.8. We can therefore pully(Ry ,Pd)=(33 in front

of that integral and thus hav@y)~CJ. A numerical check 42 13 3 5

gave(Cq)(P4=0)=0.79 instead ot =0.81. f 3% d% d\e(ry,r2.13)[*= 1, (5.29
For a boost-invariant source, where every comoving ob-

server has identical surroundings, we expégiRy,P4) to p2+ 22

depend only on the difference between the local flow veloc- rfms=f 3%2.d3p d3\ 3 lo(rq,15,r3)|2=Db2.

ity and the deuteron’s velocity4(Ry,P4) =Cy[U(Ry) —b],

and(Cy) to be independent d?. In our fireball longitudinal

aOOSt mve:cnar:rc]:e és bro_ken byﬂthe dsnhsny pr?ﬁR)' Both clusters are spi-fermions, and the binding energies

otV\t/evber,inchjr end ?:SS;?; pdro Iterui? | r?@?t> 3”'1 Ilimsidit and rms radii are approximately 8 MeV and 1.75 fm.
out to be independent of tn€ deuteron's fongrtudinal rap y'fNote that this rms radius is smaller than for deuterofle
In the transverse direction we have no boost invariance at all,

) : . i5 somewhat more loosely bound thdhl, but we neglect
As a consequence we find a slight decreas€d} with this difference here.

increasing transverse velocity of the deuteron. Deuterons . 0 301/3 .

with nonzero transverse velocity see the fireball Lorentz con- f ;Lo (fa_stllr)nahtect.tr:or a “H/ tHr?Pc_luzterst_rgst w:jthe center
tracted in their direction of motion; this decreases the corre? di € tlrseRé ’FE’X'R_moomen u I_(tn:j, =0) an ”c.m. co-
sponding length of homogeneity and thi@). In the region ordinatesR=(R",R=0), we evaluated numerically

m,/m=1.25, i.e.,v;=0.6¢, to which we restrict our discus-

(5.2b

sion in the case of Gaussian transverse density prafies c?~f 3¥2d3%p d3\|@(ry,r2,r3)|?
the discussion at the end of Sec. II, Ehis effect is small and
(Cy) is approximately constant. _ o f(Ry,P/3)f(Ry,PI3)f(Rs,PI3)
We can summarize the results of this section in the fol- X (5.3

3 )
lowing approximate formula for the quantum-mechanical F(R,PI3)

correction factor in terms of the deuteron size parameter
and the longitudinal and transverse lengths of homogeneit
for nucleons:

ree nucleons. The resul&’=0.78"3% for 7,=9 fm/c

and C?=0.67"335 for 7,=6 fmic, respectively, are not
much smaller than the corresponding values for the deuteron.
1 Whereas one would generically expect larger flow effects for
( ( d )2) ( d )2' three than for two nucleons, the three nucleons in the
+ +

?/here R;=(R%r,) are the space-time coordinates of the
h

(Cq)=~

3H/3He clusters occupy a smaller and therefore more homo-
geneous region around their center of mass.
(4.12 As for the deuteron we expect théf’ provides a good
) ) o __estimate for the average correction fac{6f). A more rig-
This expression does not depend on the longitudinal rapidityrous calculation must, however, take into account the bind-
and, for small transverse velocities, only weakly on the transing energy which is larger and thus more important than that
verse momentum of the deuteron. Applying this expressiony the deuteron. Unlike deuterons, tritons afide can be
to p+p collisions and inserting correspondingly for the ho- formed via an excited state by coalescence of three nucleons

mogeneity lengths about 1 fm each one obtalf~0.15in  without requiring additional particles for energy-momentum
good numerical agreement with Hagedorn’s va(B&2). conservation.

2R, (M) 2R (m)

V. LARGER CLUSTERS: {H AND 3He VI. EXTRACTING PHYSICS FROM MEASURED
CLUSTER SPECTRA
In this section we give a quick estimate of the quantum
mechanical correction factor for clusters made of three
nucleons, i.e., for’H and 3He. Clearly, for three nucleons According to Eq.(3.19, the invariant cluster spectra are
the internal wave function and its Wigner transform is muchgiven by Eq.(2.14 multiplied by the quantum-mechanical
more complicated than for deuterons. For the three nucleornsorrection factof Cp)(P):

A. The invariant coalescence factorB 5
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dN, 20,+1
EdSP %Mt (277)3 e(l“A M)/T<CA>(P)Veﬁ(A!Mt)
" M—M  AY? 6.1
ex T 202 6.9

For the invariant coalescence fac®x defined by Eq(1.1)
we thus find

C2J,+1 Ver(AMY)[  (2m)°

A-1
BA_ 2A < A> Vef‘f( 1rmt) \ mtvef'f(l!mt)) '
(6.2

The factorA arises fromM /mi*=A/m?~1. (In case of a
static, nonexpanding fireball the homogeneity voluviag in
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ever, be different, and they will also differ froB, . If the
initial neutron excess of the cold Pb nuclei were still present
at freeze-out, we would expect for PIPb collisionsB}
~1.5Bd~2.383, i.e., quite large differences. Of course, it is
not likely that the large net isospin remains in the neutron
channel until freeze-out; a considerable fraction is expected
to boil off with other produced particles. Nevertheless, there
may be a visible effect of.,# u, on B3 and especially on

B3 for 3H (which contains two neutropsas well as a char-
acteristic difference in th8% values for®H and *He.

B. Cluster fugacities

From the ratio of particles to antiparticles the fugacities
can be calculated:

this expression would be replaced by the total fireball vol-

umeV,, [15].) With V¢ given by Eqs(2.18 and(2.19), we
can writeB, as

B 3’7T3/2<Cd>
2mR 2 (M) Ry(my)

2 (6.3

Note that the last exponential factor in E§.1), which de-

EA(dNA/d3P,)
EA(dNA/d3Py)

2
=ex;{#)=)\i. (6.6)
PA=Px

Using the proton fugacity ,=exp(u,/T) from the ratiop/E
and t@ deuteron fugacityy= exq (u,+un)/T] from the ra-
tio d/d one can in principle extract the neutron fugacity

pends strongly oM, andY, has cancelled in the ratio. With =exp(u,/T). Once the temperature is knowsee below
(Cy) given by Eq.(4.12, B, can thus be expressed com- the separate chemical potentials of neutrons and protons can
pletely in terms of the deuteron sizkand the homogeneity thus be determined. In practice, however, the uncertainties in

lengths(“"HBT radii” ) R, ,R;.

Equation(6.3) implies that, in the model of Sec. IB, is
almost momentum independent: bathV(1,m,) and(Ca)
depend only very weakly om; andY. An important precon-
dition for this weakm, dependence oB, is, of course, the

cancellation of the exp{M,/T*)-factors; as discussed in

thep andEspectra from insufficiently well knownA andA
decay contaminations and the large statistical error bars on

theaspectrum limit the usefulness of such an analysis.

C. Freeze-out temperature from cluster ratios

Sec. Il D, the latter is due to the Gaussian form of the trans- 1he thermal freeze-out temperature for pions was deter-

verse density profile itd(R) which according to Eq(2.16)
causes identical inverse slope parameférdor all clusters.

mined from a simultaneous analysis of their spectra and two-
particle correlations, see Sec. Il F. The same freeze-out pa-

We have mentioned before that this is inconsistent with thé2Meters appear to also describe quite well the proten
measurement&ee Sec. VII B beloyy and that more boxlike spectra[66]. An independent determination of the proton
transverse density profiles are phenomenologically preferred/€Z€-out temperature uses the chemical composition rather

In this case Eq(6.3) must be amended as follows:

312
_ 377%(Cq) e2(M—m)(UTy ~1/T5)

= (6.4
2mtRi(mt)R\|(mt)

2

Equationg4.12 and(6.4) are the most important theoretical

results of the present paper.

than the shape of the momentum distribution at freeze-out. In
particular one can try to analyze the ratio

fleg

d3P,
of the invariant spectra at zero momentum of two different

(6.7)

Pa=Pa =0

Since neutrons are hard to measure, experiments usuallypes of clustergincluding nucleonsA=1). To investigate

do not provideB,, but rather

dN,
oi-Engaps | (€

N —
=By exp(—(ﬂn_l_ Mp)) .

de Z+N
Pd3P,

P,=PalA

(6.9

Here possibly different chemical potentials for neutrons and
protons are important: If nucleons and antinucleons have the

such a possibility is suggested in particular by the data from
the NA52 experiment at CERfN67] and from the E864 ex-
periment at the AG$68] which measure cluster yields only
very close toP,=0. With Eq.(6.1) this ratio is given by

_20,+1 X:
2Jp+1 P

—Zpry Na—Np/ r_
A AT LA )\nA A e(A A)(M/T)

y (Ca)  AVei(A,Mp)
(Car) A'Ver(A",Mp/)

(6.9

same temperature, flow and freeze-out density distribution,
as we have assumed, our model yields identical coalescengghich for known fugacities., , is easily solved for the tem-
factorsB, andBj for clusters made of matter and antimatter. peratureT. [For antiparticleZ andN must be taken negative

For u,# up the corresponding value; and Bf will, how-

in Eq. (6.9).]
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The main error of such a determination of the temperature B,(d/p?) (GeV?)
does not arise from the correction factd€s), which do not preliminary
vary much in our parameter range, but from the sometimes 10 2| or=0, y=3.75
substantial uncertainties of the experimental valueSgf, p corrected for A decay
and of the fugacities. Furthermore, the temperature value de-
termined from the yield ratio at a certain point in momentum 3 ¥
space rather than from the ratio of total yields depends on 10 f ¥
model assumptions about the shape of the spectra. For ex- I our prediction
ample, we already mentioned that a box profile for the trans- .
verse density distribution gives better results for the slope o 1
systematics of the transverse cluster spectra than the Gauss- BA(3/F) (GeV) 9en (born)
ian profile from which Eq(6.1) was derived(This change 10 2L =0, y=3.75
does not affect the rapidity specirédjusting the box radius pcorrected for Adecay 1
such that the same rms radiusp is reproduced dpoy
=2Ap), we find instead of Eq(6.8) the same expression 1
multiplied by a factorka/x, Where 10 ¢ -»}( ! I
x ' | our prediction
T
1+ —2) . (6.9 '

m s 1 gy (barn)

-#-

2
Kp= (1_ e*ZMAnf/T)

[We used the same saddle-point approximation as in the deri- FIG. 1. B, for deuterons and antideuterons in 25&eV Pb
vation of Eq.(6.1), see Sec. Il. We also kept the strength of +Pb collisions as a function of the centrality, measured by NA52
the flow 5;/Ap fixed when switching from the Gaussian to [4]. (The vertical scale has a systematic error-e#0%.) With
the box profile] For sufficiently large transverse flow oi®~8.2 barn in Ph-Pb, the left-most data points correspond to a
m2>'|'/m this x, is just a factor 1 without any Consequences_centrality of about 4%r,,. The dashed lines show our prediction

In the opposite limit, however, lim_ kx=2A, i.e., the in- for B, at 4%0 (see text

tercept of the invariant spectrum Bt=0 is changed by a their analysis in the framework of the present model is dif-
factor 2A. Similarly, changing the Gaussian longitudinal den-ficult: the assumed axial symmetry of the source applies only
sity distribution into a box does not matter much for systemgo central collisions, and also the model parameters given in
with strong longitudinal expansion, but yields another factorSec. Il F were extracted from very central-PBb collisions.
JA for static systems. For static systems this just compenFor this reason only the impact parameter selected data from
sates the factoA™ % from Eq. (2.19, which is intuitively ~ the 4% most central PbPb collisions will be really useful
correct since for static fireballs with constant density the effor_us. At the Quark Matter 97 conference preliminary
fective volumeV4 must coincide with the total fireball vol- A,A-corrected particle ratiosp/p, d/d, By(d/ p?), and
ume, independent dA. B,(d/p?) were presented foy=3.75 as a function of cen-
Parametrizing the last factors By, as trality [4]. They were recently amended by a correction to
the proton spectra from decayd69].
From NA44 we have theM; spectra ofp, d, and
' (6.10 B,(d/p?) [7,8] as well as arM-integrated raticd/d~ (0.4
—1.5)x 10 3 [70] in the rapidity range 18y=<2.3 for the
we thus find— 3 < y=1, with the upper limit reproducing the 20% most central collisions. Finally, we have dataBgrand
behavior for a static, homogeneous fireball and the loweBs from Au+Au collisions at the AGS with similar central-
limit corresponding to rapidly expanding systems or systemdY (4% oo, but for the considerably lower beam energy of
with a Gaussian transverse density profile. For the sourckl-5 GeV/nucleoi32]. Comparison with these data requires

parameters given in Sec. Il F we expect to be closgto & rza?jﬁstment of the sotl\J,\sce p?;ametersa data i ol
—1. However, in order to allow for this kind of model de- ull comparison between theory and data IS possibie

) only for the cluster spectra taken in very centfabout
gﬁgﬁlﬁjﬂﬁg’p|f£tetzéeaggtmstmze$%?s extracted i, 4% oy, Pb+Pb collisions, since the model parameter set of

Sec. Il F describes this class of collisions only. The one data
point at this centrality provided by NA52 can therefore only
VIl. COMPARISON WITH EXPERIMENT be used to test the absolute normalization of @) or the
value Eq.(6.2) of B, and does not give information on the
In this section we discuss the presently available clustegpectral behavior. On the other hand, tie shape of Eq.
data from PB-Pb collisions at the CERN-SPS, taken by the(6.1) can be tested qualitatively with the NA44 data al-
NA52 and NA44 Collaborations. The NA52 experiment doesthough, due to the weaker centrality cut, the normalization
not trigger on collision centrality and measures particlesand the slope parameters may be somewhat different from
close toP;=0, with different rigiditiesP/Z of the spectrom- what we expect on the basis of the parameters from Sec. Il F.
eter magnets providing data at various rapidities. Recently,
the minimum bias data were reanalyzed to extract the cen- A. NA52 data
trality of the collisions. Although the minimum bias data  From the parameters given in Sec. Il F and from our val-
contain information omp, d, ®H, °He, p, d, and®He[67], ues (C4)=~0.8 and (C)~(Caue)~0.7 for the quantum-

A X

Ka AVe(AMa) [ A
A/

Kar A,Veff(A, ' MA’)
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0 ' ' range ofu/T at thermal nucleon freeze-out and the resulting
uncertainties for the temperature are due to the experimental
errors on the particle ratios. Please note that the different
values for y cause a difference of almost 20 MeV in the
extracted temperature. For a purely thermal model with
=1 and(Cy)=1, NA52 give a freeze-out temperature bf
p ~(115+10) MeV [4], taking all uncertainties into account.
L = sl For a transverse box and longitudinal Gaussian density pro-
0 (1A 0.2 0.3 0.4 ] 0.1 0.2 0.3 . . . -

MM [GeV] MM [GeV] file (as will be motlvated.beIoWwe havey~0.5, apd using

again{Cq)=0.8 we obtainT~(125+=10) MeV. Given the

’ " Deverons (b} systematic uncertainties, all these values are consistent with
W' ] the model parameters given in Sec. Il F.

B, [GeVY

E (d*N)/(dP®) [Gev™)

B. NA44 data

E (@®NydP®) [Gev

In Fig. 2 we show theM, distributions of protons, deuter-
< ons, andB, from our model. These figures grew out of an
B analysis of preliminary data by the NA44 Collabor-
MM [GeV] ation which were made available to us by Murf@}, but
_ _ have so far not been publishédhich is the reason why no
FIG. 2. Fits to the protomm, SpeCtrUQW(a) and predicted deu-  data are shown A fit of the M, dependence of the invariant
teronM, spectralb) and the ratid,=d/p* (c) for different models  proton and deuteron momentum spectra with the function
for the transverse density profile. The analysis was performed wittéxp:_(M —M)/T*] yielded effective temperaturesT*
preliminary datainot shown from the NA44 Collaboratiof8] for ' * : ; P
. - . .- ~250 MeV andTy~350 MeV, respectively, i.e., a consid-
20% oy, Pb+Pb collisions at 158 GeV in the rapidity range
erably larger value for deuterons than for protons. As a con-

1.9<y=<2.3. Lines 1-4: box profile for the transverse density with th . ithM. by about a fact
linear transverse flow profile; lines 5—-7: Gaussian transverse derptguence, the measurgd rises wi t Py about a tactor

sity profile with power law transverse flow profiles, with exponents 23 in the transverse mass regiog/m=1.00—-1.25. Higher
a=0.5, a=1.0, anda=2.0. The preliminary data lie close to line values ofT* for deuterons than for protons have been repeat-

2 For details see text. edly observed52-54 and are in clear contradiction with the
prediction of identical slope parametés16) from a Gauss-

mechanical correction factors, we estimate the invariant codan source model.

lescence factor8, in 4% o, Pb+Pb collisions by using Recently, several possibilities were suggested to account
Eq. (6.2): for this discrepancy55]: a transverse flow profil€.7) with
a=0.5, a box profile for the transverse density distribution,
B,~(6.5)X10 % Ge\?, (7.1a  and surface emission of clusters. We have analyzed the first
two possibilities.
By~(2;3) X107 GeV*. (7.1b Starting from Eq(2.12) with a linear transverse flow pro-

] o file «=1 and the source parameters of Sec. Il F, we first
Figure 1 shows the preliminary NAS2 daid] for B, as &  selected different combinations off (;,4/T) which all
function of collision centrality, with the most central colli- gave good fits to the proton spectrfig. 2@)]. The lines
sions on the left. The agreement with our estimate is Veryoy the deuteron an8, spectra in Figs. () and Zc) follow
good, both ford andd, but we should note that it deteriorates then self-consistently from the parameters used in the proton
somewhat if the recently reportel-corrected preliminary spectrum without further adjustment. Line No. 6 in Figé)2
data[69] are used for the comparison. A small neutron ex-and 2c) corresponds to the parameter tripigi40 MeV,
cess at nucleon freeze-out may explain the systematicallg.34, 1.75; it clearly fails to reproduce the deuteron aBg
slightly lower B, values for antideuteronfsee Eq.(6.5].  spectra. Combinations with larger temperatures and lower
Figure 1 shows an increase®$ by up to a factor 8 for more transverse flow rapidities and vice versa lead to deuteron
peripheral collisions, in qualitative agreement with the naivespectra with the same slope, but somewhat different normal-
expectation of decreasing homogeneity lengths and a smallézations. The problem of differert andd slopes cannot be
effective volume in less central collisions. resolved in this way. Please note that there is only a small

From the preliminaryp/p andd/d ratios aty=3.75[4]  temperature window for which the fugacigy/T needed to
and a preliminaryd/p ratio [6] in the most central (4% ;) reproduce the normalization of the proton spectrum com-
impact parameter bin we tried to determine the freeze-oupares well with the value 15u/T=<2.0 from the experi-
temperature using EQq(6.8). If we assume a common mentald/d ratio; due to the high nucleon mass, the nucleon
nucleon fugacity corresponding @/T=1.5, we obtainT  and cluster yields are highly sensitive to the temperature.
~(144+5) MeV for Gaussian density profilexx&—0.5)  The fits tend to underestimate rather than overestimate the
and T~(124+4) MeV for a weakly expanding homoge- deuteron yields; this eliminates the simple suggestion that
neous fireball £=1, but still with (C4)=0.8). For a larger deuterons from the center of the fireb@llhich tend to have
nucleon chemical potential of/T=1.9 we find T~(135 smallerP,) are absorbed by rescattering, leaving only a thin
+5) MeV andT~(118+4) MeV, respectively. The given surface shell contributing to the observed deuteron yield, be-
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cause this would further aggravate the normalization probprofiles. Other transverse density profiles like a Woods-
lem. Saxon or a doughnut profile may work similarly well or even
In a second step, we tested for fix@d=140 MeV and better; on the other hand, the HBT analysis of pion correla-
wnlT=1.75 different transverse flow profile®.7). For «  tions has so far provided no hint for opagueness of the source
=0.5 anda=2 good fits for the proton spectrum can be[9]. A good discussion of different profiles, based on the
obtained with#;=0.38 and#n;=0.24, respectively. The ef- analysis of EB02 data from $iAu collisions, can be found
fects of the modified flow profile on the deuteron aBgd  in Ref.[55].
spectra are small: lines No. 5 correspondate 0.5, which
results in a weak, but insufficient rise &, with M;; « C. Au+Au data from the AGS
=2 (lines 7 made things worse.
Finally, we fixedu/T=1.75 and tested transverse box pro-
files with different radiip,o for the functionH(R) at differ-

Although the size of a cold Au nucleus is about the same
as that of a cold Pb nucleus, the lower beam energy at the

ent lifetimesr . As before. the remaining parametdrand AGS will require different fireball parameters than those

are ad'uszg(.j to rovidé ood fits to t%e? roton ectrumgiven in Sec. Il F, even if only collisions taken at the same
K ! P g ; proton sp 4% o centrality are considered. A few simple checks with
Lines 1—-4 correspond to the following combinations &f ,(

T ). respectively[values of 7, refer to E our theoretical results can nevertheless be performed.
Poox: 1, 7t 1), TESpeclivelylvalu 7t 9 For E877, Johnson provides for the invariant coalescence
(2.7) with fixed Ap=7 fm):

factors in the lowestP; bin the valuesBy=(1.5+0.5)

(1) (7 fm/c, 10 fm, 142 MeV, 0.40, 1.75 X102 Ge\?, Bsy=(1.19+0.29)x10 GeV*, and Bsy,

(2) (7 fm/c, 12 fm, 136 MeV, 0.34, 1.75 =(1.25+0.23)x 10" % GeV* [32]. B4 is thus about a factor
(3) (8 fm/c, 12 fm, 134 MeV, 0.36, 1.75 2 larger than expected for central PBb collisions at the
(4) (9 fmlc, 14 fm, 126 MeV, 0.28, 1.75 SPS and seen by NA52. Using E&.2) and assuming that

the correction factorgC,) do not differ much between

All four data sets reproduce the slope of the preliminarypthLPb and AurAu collisions, we expect
deuteron andB, data very nicely. They differ somewhat in (Bz(AquAu) 2 ( Vei(Pbt+Pb) |2 Bz(Au+Au)

the normalization of the deuteron spectrum. The preliminary ~ ~ .
data are located between curves 1 and 3, close to curve 2. Bo(PbtPD) Ver(Au+AW) Bs(PbtPD) (7.2
The parameter choic@l) seems to be the most appropriate '
with respect to the Gaussian parameter set of Sec. Il F, sinCehese relations work out quite nicely when the+#®b esti-
Pbox=2(Ap)~14 fm for the box radius leads to the same mates(7.1) and the above experimental values for+A8u
transverse rms radius of the soukgenich is the observable are inserted. The E877 value 8% is consistent with the

determined from pion interferomejnas the Gaussian pro- preliminary result8,=(1.8+1.0)xX 103 Ge\2 from E878
file. HOWeVer, it underestimates the y|e|d of the deuteronqor central Au+ Au collisions aty: 1.7 andez(OGi 04)

and the value oB,, indicating too large an effective source x 1073 Ge\? from E864 for 10%r,,, Au+Pb collisions at
volume for nucleongdsee Sec. IIE and Eq6.2)]. Better y—1 9[gg].
results are obtained with somewhat smaller valuegaf

and 7y [curves 1-3 in Figs. ®) and(c)]. This is not neces-

sarily in contradiction to the parameter set of Sec. Il F, which Vill. SUMMARY

was extracted from very central PPb collisions. For the We have presented an analytic treatment, supported by
less central NA44 collisions somewhat smaller valuespf numerical checks, of the coalescence of two- and three-
and/orAp may indeed be expected. (antinucleon clusters in a relativistically expanding fireball.

Given the preliminary nature of the data we did not makeWe showed that coalescence of nuclear clusters and two-
a big effort to optimize our fit to the data, e.g., make a com-particle correlations between the final state momenta of pairs
bined fit to both proton and deuteron spectra. However, asf identical particles can be characterized by sheneset of
minimum consistency requirements the lifetimg and the  effective source parameters, the “lengths of homogeneity.”
flow velocity 7 must be large enough to allow for the trans- The only additional scale entering the coalescence probabil-
verse expansion from the cold Pb hard sphere ra@irsfm) ity is the intrinsic size of the cluster. We made the connec-
to the freeze-out radius,,. This is an additional reason to tion between coalescence and HBT interferometry explicit
reject parameter choidd). with the help of a simple, but phenomenologically successful

The outcome of this study is that Gaussian transverse demparametrization of the expanding source which was already
sity profiles cannot consistently reproduce both the protorextensively studied in connection with two-pion HBT inter-
and deuteron spectra, irrespective of the form of the transferometry. For this model most calculations can be done in
verse flow profile. A transverse box profile for the densitygood approximation analytically.
works quite well, both with linear¢=1) and nonlinear ¢ Starting from the quantum mechanical definition of the
=0.5 and 2 transverse flow profiles. The source parametersleuteron momentum spectrum as a projection of the two-
needed to reproduce the deuteron yields and spectra are camicleon Wigner density of the fireball at nucleon freeze-out
sistent with those extracted from HBT interferometry with on the deuteron Wigner function, we used the formalism
pions. developed by Danielewicz and Schy@3] to bring the deu-

The physical interpretation of these results is that the datéeron momentum spectrum into the fot119 of a modified
require more nucleons at higher transverse flow than th€ooper-Frye formula. Except for the “quantum-mechanical
Gaussian density profile can provide even with steep velocitgorrection factor’C(Ry,Pq4) this formula looks exactly like
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a thermal spectrum of elementary particles with the mass of Unfortunately, the Gaussian mod@gbaussian transverse
the deuteron, where the deuteron phase-space distribution density profile with linear transverse flow rapidity profile
given by a product of thermal neutron and proton phaseteads to identicaM, slopes for clusters of all sizes and there-
space distributions. The factdly is given by the integral fore to B, values which are essentially momentum indepen-
(3.20 of the deuteron Wigner density over the homogeneitydent. This is contradicted by experiment. We found, in
volume of the nucleon source; for each deuteron momenturggreement with Pollerét al. [55], that the flatter deuteron
Pq it is peaked at the valuRy at which the flow velocity than proton spectra require a density profile which gives for
equals the deuteron velocity. We showed that the peak valugger clusters more weight to regions of larger transverse
for deuterons at rest in the fireball frame is a good approxifiow, We found that a transverse box profile works very well
mation for(Cy), the average ofy over the freeze-out hyper- 4nqg successfully reproduces the measured slope of prelimi-
surface, which is the relevant quantity for the shape of thenary datg7,8] for the deuterorM, spectrum in Pk Pb col-
deuteron momentum spectrufd) can be expressed by the |isions. The consequence is a momentum dependenBg of
very simple formulg4.12) in terms of the ratios between the \ynich now rises as a function o, according to the simple
deuteron s!zei and the longitudinal and transverse lengths Ofgeneralized expressids.4).
homogeneity for nucleons at res;(m) and R, (m), re- It is interesting to observe that in this way the cluster
spectively. In our expanding fireball mod@f) tumns out to  gpecira provide additional information about the source
be essentially momentum independent for clusters of aljyhich cannot be extracted from HBT measurements. The
sizes, and is of orde{C)~0.7-0.8 for two- and three- |atter constrain only the rms radii of the effective source, but
nucleon clusters formed in 180GeV Pbt Pb collisions.  not the shape of its spatial distribution. In the meantime,
~ The shape of the deuteron momentum spectrum is thugowever, it has been found that a combined analysis of pion
given by the thermal model ansat2.3), with (C) leading  spectra and HBT correlations also prefers a transverse box
only to a modification of the normalization. For our Gaussianprof"e over a Gaussian one because the former gives a larger

source parametrization the single particle spectrum can bgta| pion yield than the latter, as required by the datH.
written, up to trivial factors, as a produ¢®.14b of an ex-

ponential inM; with inverse slopég“effective temperature’
T* (2.16, a Gaussian in rapidity with widthA(z)?/A, and
an effective volumé/ 4(A,M,) which is again given by the
homogeneity lengthp47], see Eq(2.19. This allows us to The authors want to thank S. Kabana, R. Klingenberg,
express the invariant coalescence fa@&grfully in terms of  and M. Murray for discussing with us their preliminary data
the deuteron size and the lengths of homogeneity, see Egrior to publication. This work was supported by GSI,
(6.3. BMBF, and DFG.
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