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Coalescence of deuterons in relativistic heavy ion collisions
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We explore the process of coalescence as a way to create deuterons, antideuterons, and other composite
particles in protor-nucleus and nucledsucleus collisions. We discuss several approaches to coalescence
calculations, and describe in detail some work using an extension to the transport theoretical approach RQMD.
We compare our calculations to measured yields of composite particles produced in+gratbeus and
nucleus-nucleus collisions.
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I. INTRODUCTION to them, “the proton-neutron pair interacts with the static
nuclear optical potential which, together with the uspai
The creation of novel states of nuclear and possibly quarlstrong force, allows them to bind together to form a deu-
matter using relativistic heavy ion collisions has interestederon.” Their calculation used second-order perturbation
many scientists over the past several yddis In order to  theory to obtain a relation between the density of deuterons
understand the properties of the collision region, it is imperain momentum space and the density of protons and neutrons
tive that experiments be able to give us information on itsin momentum space. The key result is that, on account of
lifetime and thermodynamic attributes such as temperaturesimple momentum phase space considerations, the deuteron
volume, density, and entropy. In particular, a transition ofdensity in momentum spacd3N4/dK?, is proportional to
nuclear matter to quark matter is expected to result in dhe proton density in momentum spadéNp/dk3, times the
strongly interacting region that lives for a long time, and thusneutron density in momentum spaa#N, /dk3, at equal
expands to a large volume with large concomitant entropymomentum per nucleorK(=2k), and can be expressed as
production.

We discuss below some ways by which one can calculate d3Ny d®N,\ ([ d°N,
the abundances of deuterons produced in heavy ion colli- YIRE ~ Z(YW ydT)' (1)

sions via the mechanism of coalescence. Our initial interest

in such calculations was to investigate the dimensions of th%ince many experiments measure protons but not neuterons

collision volume at freeze-olR]. Our success in describing i ful t ite thi i ina th i q
the yields of deuterons prompted us to investigate how wellt IS uselul to rewrite this equation assuming the neutron an

our techniques applied to studies of the antideut¢8dnOur proton densities to be identical:
work has resulted in an improved understanding of some of
the subtleties in doing coalescence calculations. A study of d*Ny dsz 2
. . . : . — = — | , 2
the production of light nuclei should enable us to obtain TS 2( Y dk3)
information that constrains the temperature, baryon density,
entropy, and lifetime of the collision volume at “freeze out.” Where
We attempt to elucidate some of our ideas in this paper.

We discuss the shortcomings of the simple coalescence 5
and thermal models, and how they can be remedied through Bo=|Vol“k
use of a coalescence extension to a transport model. We will
investigate the effects of source expansion and hydrodyrerem is the nucleon mass2/m=2.225 MeV is the bind-
namic flow on the erIdS of CompOSite partiCleS. We ComparQng energy of the deuterom\/d is the depth of the Optica|
the predictions of phenomenological and wave function appotential, andJ(«R) is a dimensionless function depending
proaches to coalescence calculations and compare our resujg the optical potential of the target nucleus. Schwarzchild
with data for light and heavy colliding systems. and Zupanic extended this phase space relation to describe
the production of various light nuclei in nucleus-nucleus col-
lisions [5]. However, the constant coefficiel®, was no
longer thought to represent an admixture of the binding en-

In 1963, Butler and Pearson developed a model for deuergy of the deuteron and the nuclear optical potential of the
teron formation in proton-nucleus collisiofid]. According target nucleus. For more violent nucleus-nucleus collisions

2

m
1+F J(kR). 3

Il. SIMPLE COALESCENCE MODEL
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1. minimum bias distributions. However, the experimental data
g o Matter yield relatively constant scale factors for a wide array of
! O Anti—Matter colliding systems. This result is surprising and probably in-
3 Bevelac AA  AGSAA  SPS FNAL ISR pA dicates that the effects of impact parameter averaging are

; smaller than the precision with which data and calculations
2l 88 8 Uo Ao have been compared.
10 F8 o 0 Higher energy(10-15A\ GeVic) heavy ion collisions at

: E814d @ NA4d I

B. [(GeV?/c*)* "1
o)

the BNL-AGS have provided new data for the production of

3L _i NA44 d light (anticlusters. Experiment 85BL0] has measured the
E858 scale factor for antideuterons and experiment 81Y has
[ s 8 o N o3 measured, for deuterons an@; for tritons in Si+ Au, Pb
10‘4 19 o o 6 - collisions at 14.8 GeV/lc, as shown in Fig. 1. The scale

factors are measured at zero degrees as an average over
events at different impact parametdrsinimum biag, and
10 & Esi4t ® both reveal significant deviations from the simple coales-
SRR | Ll Ll (1 al L .
10 ] 10 10 10° cence model. Experiment 814_ has also_ measured t_he scale
factor for deuterons as a function of collision centrality and
T/A, (GeV) finds thatB, decreases by a factor of 40 aBd decreases by
a factor of 16 in going from peripheral collisions to the most
FIG. 1. Coalescence scaling fac®y for matter and antimatter Central. The discrepancy between the AGS data and the
plotted as a function of the kinetic energy per nucldga (Gev).  Simple models has been attributed to the failure of the model
The data for nuclei are froni6—8,11-13 and the data for the t0 account for the relative spatial separation of the two nucle-
antinuclei are fron{7—10,13. ons. Preliminary results from experiment NA44 in1SPb
collisions at 200A GeV/c for B, [12] are also shown in Fig.
the optical potential for the original nucleus is not a mean-1. Again significant differences with the simple coalescence
ingful concept. However, the underlying phase space relamodel are revealed. It should be noted that the NA44 results
tionship survives, and is expressed in a form generalized foare for centralsmall impact parametgevents and are mea-

nuclear species as sured over a range of transverse momenta. Thus caution is
warranted when making a comparison betweerBhealues
d®Ny d3N, | A obtained in the CERN and AGS measurements. A hint of the
YaK3® ~ Ba 7@‘) , (4) discrepancies with the global scaling can also be found in the
lower energy Bevalac data for the heaviest projectiles
where [13,14.
If the size of the colliding system when coalescence is
2sp,+1) 1 1 N[ AT 4 Al considered is on the order of the size of the deutdrars
A=A NTzr (Rep) | 37P0) (5 radius= 2.1 fm), then only the relative momentum of the

nucleons is a determining factor in their fusion. However, if

s, is the spin of the cluster of mags andN andZ are the the system is large enough that two nucIeon; can be m_uch
neutron and proton numbers of the composite particle. Th&ore than a few femtometers apart, the spatial separations
factor R,p,=(Np+N7)/(Zp+Z7), whereNp, Zp, Ny, and must be conS|dered_ m_calculatlng the rate of coalescence.
Z- are the neutron and proton numbers for the projectile and\though largeA projectiles were used at the LBL Bevalac,
target nuclei. The formulation assumes that the proton anffW Secondary particles are produced due to the low beam
neutron densities are the same except for a scale f&gpr energy. Thus, the data are consistent with the collision vol-
which accounts for the initial isospin of the colliding system. Ume not appearing to expand significantly before freeze-out
The proportionality constarB, is simply reinterpreted as a (though hydrodynamic flow can also affect composite par-
function of a momentum radiup, within which various ficle yields. The data(except the NA44 resyltat higher
pairs of nucleons will fuse. The parameter is phenomenologi€nergiesgreater than 208 GeVic) from SPS, Fermilab, and
cal. However, in this model, it should not change with col-!SR are forp+A systems. These collisions, therefore, have
liding system and beam energy. small interaction volumes despite the significantly higher en-
This rather simple picture was used to describe light nu€dy- However, largeA+A systems at AGS and CERN-SPS
clei production inA+ A collisions (systems ranging in mass €nergies appear to have larger freeze-out volumes.
from C + C to Ar + Pb) at Bevelac energig6], in higher
energyp+ A data from the CERN SPF], p+A data from
Fermilab (FNAL) [8], and p+p data from the CERN ISR
[9]. We show as open symbols in Fig. 1 the valiBsand Bond et al. [15] developed a fireball model for coales-
B; measured by many experiments for both matter and antieence using the sudden approximation. In their model, a six-
matter. The data are consistent with the scale factors beindimensional Wigner density of the composite particle is re-
independent of energy. It is important to note that the simpldated to the product of Wigner densities of its ingredients and
phase space relation described in &.is applicable to data an overlap of the cluster wave function with the wave func-
measured for collisions at a fixed impact parameter, and dodfons of its ingredients. Under the assumption that the
not hold if one is dealing with impact-parameter-averaged onucleon phase space distribution is uniform over a volume

lll. DENSITY MATRIX MODELS
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TABLE I. B, values as functions of rapidity} and transverse momentum per nuclepp/A) from experiment 802 for 7% yeomcentral
Si+Au collisions. The numbers are calculated using measured values for proton and delNédgnand slopesT).

y 0.5 0.7 0.9 1.1 1.3 15
p:/A (MeV/c)

0 1.8x10°3 1.6x10°° 1.6x10°8 1.6x10°° 2.1x10°3 2.6x10°°
200 1.8<10°3 1.7x10°3 1.7x10°3 1.7x10°8 2.2x10°3 2.7x10°°
400 2.0x1073 2.0x10°8 2.1x10°3 2.0x10°8 2.5x10°3 3.0x10°3
600 2.3<10°3 2.5x10°3 2.7x1073 2.7x107°3 3.0x10°3 3.5x10°°
800 2.8<10°3 3.5x1073 3.9x10°3 4.0x10°3 3.8x10°3 4.3x10°3
1000 3.5 10°° 5.0x 1073 5.8x10°3 6.2x10°3 5.0x10°3 5.5x10°3

V, this expression can be cast into a familiar coalescencexpanding system of nucleord8]. In the model, qua-

form as sichemical and thermal equilibrium are maintained since re-
action rates are fast compared to nuclear expansion time

d®Np  2sp+1[(2m)° A7t of 3NpVA scales. After a particular stage in the evolution of the colli-
dk3 ~ 2A \Y Rnp) daKd | ©6) sion volume, the model assumes an abrupt transition from a

strongly interacting system to a free-streaming one. The
whereK=KkA is the momentum of the cluster. As this calcu- nucleon abundances at this time provide information about
lation is nonrelativistic, it does not depend on the relativisticthe volume of the system at freeze-out under the assumption
factor y. A scale factorB, can still be calculated by com- that the phase space density of particles is low, and that
paring the above equation with E¢4) (assumingy=~1). quantum statistics can be ignored. The resulting invariant
This factor will depend inversely on the volumé of the  multiplicity of the composite particles can be expressed as
interaction zone.

Sato and Yazaki have used a similar density matrix model  dN,  2sp+1 et o AN A
[16] to calculate deuteron and triton yields. They assume a g3~ 2A e "7 (Rnp) aKe
sudden approximation when particles cease their interac-
tions. They further assume that the positions and momenta of
particles are uncorrelatddamely, no collective expansibn  The parameters of the equation have been defined previously
The particle distributions are represented by density matricelsee Eqs(4) and(6)]. The exponential factor suppresses ex-
and the wave functions of the particles are assumed to beited states with energi, which should be summed over
Gaussian in form. Once again, this formalism results in awith the appropriate spin factors. Once again, a scale factor
power law expression for the abundances of nuclei expresseghn be calculated which will depend inversely on the vol-
in terms of the abundances of nucleons. In addition, the scaleme.
factor B, can be related to the root mean square radius

(271.)3 A-1

Vv

Rms Of the emitting source as V. SPACE-MOMENTUM CORRELATIONS
2sp+1 vav \32(A7D The above modelarring the simple coalescence madel
=| —x—| (R, )VA%? 47 (7) ; o : ; .
A oA np vatv ' can explain variations in the scale fac®g with centrality

and colliding system through changes in the source volume.
wherev, are the parameters of the Gaussian wave functionslowever, they all assume that in the colliding system, the
and the size parameteris related to the rms radius of the emitted particles have no correlations between their positions

excited region as and their momenta. Thus, for a given colliding system and
centrality, theB, value should be the same irrespective of

/3 the momentum region of the measuremé¢all momenta

Rims= 20 ) sample the entire spatial extent of the sourdduch theo-

retical and experimental work has gone into the description
The values used for the wave function parameters ar€f relativistic heavy ion collisions as exhibiting hydrody-
v,=0.20 fm 2 and v3=0.36 fm 2. namic flow[19-22. Such collective expansion will lead to
There are newer calculations that make less restrictivéPace-momentum correlations. If an experiment measures
assumptions to include distributed freeze-out times and difthe scale factor within a limited momentum acceptance, it

ferent source geometrigd7]. However, they still do not ©only samples a portion of the total source spatial distribution.
account for collective expansion, and the position-Thus, if the baryon density or the space-momentum correla-

momentum correlations which we now know exist in thetions vary over the source, one would measure different scale
distributions of particles in high energy heavy ion collisions. factors at different momenta. N _
Data from experiment 802 for central collisions of Bi
IV. THERMODYNAMIC MODEL Ay a’g 14.A QeV/c show that the scale factd®, increases
with increasing transverse momentu@8]. There also ap-
A thermodynamic model of heavy ion collisions was de-pears to be some rapidity dependence, although one should
veloped to describe the production of light nuclei in a rapidlybe cautious in interpreting data at very low rapidities due to



370 NAGLE, KUMAR, KUSNEZOV, SORGE, AND MATTIELLO 53

contributions from fragmentation. In Table | we sh@®y  set, they should not vary with colliding system and collision
values (calculated from measured values diN/dy and  geometry. Additionally, the two nucleons must have the cor-
slopg as functions of transverse momentum and rapidity. Allrect spin stateS=1 to form a deuteron. The spin penalty
of the above analytic models cannot explain the variations iffactor is 2 and is explicitly included as a weight factor mul-
B, as a function of the momentum region of the measuretiplying the total deuteron abundances.

ment, shown in Table I. Any theory without space- |n a previous work2], we found good agreement with
momentum correlations will be unable to reproduce the exgeuteron yields from experiments 814 and 802 for-SPb,
perimental data. Au interactions at 148 GeV/c, using parameters similar to

A rather involved analytic model was formulated by Do- those found by the ARC grouaccounting for different defi-
ver et al. [24] and accounts for the longitudinal expansion nitions since they define their relative momentum as
(some space-momentum correlatipe$ the source of deu- = = . i - -

Ap= 3|p1—p,| and relative position adr =|x;—Xx5|). We

terons. However, in order to obtain analytic solutions, as | ]
sumptions of boost invariance and simple spatial distripufound little dependence of the deuteron yield on the exact
tions were still necessary. In addition, no transversgl@rameters, assuming the produdR>x AP) was kept con-
expansion was included and the model would therefore stifptant. We used this technique to understand the spatial distri-

fail to describe the data of experiment 802. bution of nucleons as a function of centrality of these colli-
sions.
As we will discuss later, if one looks at deuteron yields in
VI. COALESCENCE EXTENSION p+ Be collisions, one can describe the data in a phenomeno-
FOR TRANSPORT MODELS logical model assuming\P= 300 MeVk. The value of

Rather than approximate the phase space distribution #R can be varied over all valu_es in excess of 2.1 fm without
particles at freeze-out using an analytic expression, one caiPPreciably affecting the predicted abundances of deuterons.
use the generated final state of the relativistic quantum mol hiS result supports the validity, in collisions of limited spa-
lecular dynamic§RQMD) transport mode[25] which has tial extent, of the simple momentum space coalescence ap-
been used extensively in describing spectra of produced paProach used beforks].
ticles in heavy ion reactions at AGS and CERN-SPS ener-
gies. All calculations presented in this paper have been done B. Deuteron production mechanisms

using RQMD 1.08[26] in the so-called cascade modeo In considering the coalescence of light nuclei, one must
potential-type interactions between baryprSemiclassical pe careful to specify the process modeled. At the low ener-
transport models such as RQMD do not include the transpoiies relevant for big bang nucleosynthesis, the reaction
of light (anticlusters and thus such a calculation must benechanism for deuteron production is primaripy- n—d

added as an extension. +y. Its free space cross sections are used to calculate relative
nuclear abundances. However, the free sgaten capture
A. Phenomenological model cross section is too smalbnly 0.1 mb at 10 MeW relative

h imulati q h _ omentum to account for the yields of deuterons in relativ-
The RQMD simulation produces t e space-time anqg;;c heavy ion collisiondwhere the conditions are signifi-
momentum-energy four-vectors of all particles at their points,, - gifferent from the relatively long-lived low density
Of. final interaction. AIso_, the transport model yields a d.e'universe. Another possible deuteron-forming reaction is
tailed space-time evolution of the system, thereby aIIOWInQ\l‘FN—)d‘FW The additional particle, here the pion, is re-
one to choo_se _when to apply the coalescence C?ICUIa“O uired in order to conserve momentum and energy in a reac-
Since the binding energy of the deuteron is quite smalljy, it two ingoing nucleons. In principle, there are more

(2'2.25 MeV,, th_e nucleons lbclaing considgr_ed should not haV‘?:omplicated processes which can produce a deuteron in an
a high probability of sustaining any collision above this en-y\ cojlision. However, their rates are expected to be rather

ergy (otherwise many of the deuterons cqlculated would 4CSmall because cluster formation is not favorable from phase
tually be broken up RQMD tracks all particles down to an space arguments
interaction energy of 2 MeV, which is a reasonable point at ™ (e s another class of processes which allow for deu-

Wh\'/f/h t]f’ dto the .c(;JaIescche calcuI?t|qn.| N q eron formation in the final state: three-nucleon collisions,
€ Tirst consider a phenomenological parameter Mo0&h, e generally 3,4 . . -body collisions, with a nucleon pair

for coalescence. This approach follows the work of Dover: L ;
in the ingoing state. The cross sections for such processes are
et al. [27] and Baltzet al. [27] who used the cascade gong P

L . significantly higher, but now require at least three particles to
codeARc (a relativistic cascadeo predict the abundances of be in close proximitywith two of them being nucleons close
hypernuclei. The procedure we follow considers all possibl

: X 8 momentum spage Recently, Danielewicz and Bertsch
neutron-proton pairs from each given event. The partnef,, o developed a model for deuteron producfia8] em-

which has it_s Ias_t interaction atan earlier time is propagate%mying the impulse approximation. They multiply their re-
to the later time in the two-particle centei-)of-r_n)ass system. I ith an energy-dependent factor in order to account for
this frame, their relative mo_r11en_t)ump=|p1—p2| and rela-  deviations from experimental data which were measured in
tive spatial separatiotr =|x;—X,| are calculated. If they reactions going in the reverse directiopd—p+p+n).

are less than some maximum valug® and AR, the two  The strengths of these transitions in the two directions are
nucleons are considered to be a deuteron. These parameteetated by detailed balance. As a by-product of this approach,
are phenomenological and are determined from matching esthe dynamics of deuteron propagation can be studied in a
perimental deuteron data. However, once the parameters at@nsport theoretical framework. The deuterons are treated as
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just another species in addition to the nucleons, pions angdensity matrixﬁpn(t) of a system at a given tinfeone can

other particleg28]. In principle, such an approach is best calculate the number of deuterons with given momentum
suited to calculate deuteron yields in simulations of nucleusp~ 4o

nucleus collisions. However, the crucial ingredient is a goo
knowledge of the transition rates(for example, d®Np o

p+d—p+p+n). The reaction strength has to be known as gp2 ~ Meoppn(D]. (10
a function of all independent relativistic invariants which can D
be formed from the three-momenta on the right-hand side of

this type of reaction. Such detailed knowledge does not exigtP — Vo) (Wl is th_e projector onto thap pair in th_e deu-
presently. teron state andV' is the bound-state wave function for a

deuteron with some given momentum. The final number of
C. Wigner function approach deuterons is given by taking the lintit- oo,

L . In order to solve the problem, t two-particle phase
Nuclear cluster formation is a truly quantum-mechanical P en b b

2 S space density from the transport model must be related to the
Ec,t;cr)rlljirc]:(ljai?églp ;?:;esmokr)te{r?ggr th?_'gvn\:let\s/ec;f iﬁgl'zzz'l't)ilvl;ora pn two-particle density operator. One can make the connec-
proximate solutionspfor “weak?/)'/” bound S)’/stems emr?loying ion using the Wigner representation of the density operator.
the formalism of Wigner transformf29-31. A “weakly The Wigner transformation is just a particular representation

bound state” means that the binding energy is small compf quantum mechanics. Every single-particle operatos

pared to all relevant mass scales, particle masses, and typigglpresented by a function in phase spg&d,

kinetic energies in the problem. Here it is assumed that since

the deuteron binding energy is very small, one can treat thg AV\ﬁgner(p,X):J' dye PY(x+ %Y|A|X— lyy, (1D
problem as if the deuteron were a state near threshold, but in

the continuum. It is tacitly assumed that other particles in the

neighborhood of th@p pair absorb the excess energy due towith a straightforward generalization to.2,. ,N-particle op-
bound-state formationwithout changing the transition erators. TheN-body density operator can be transformed to
probabilities® If one knows the proton-neutrofiwo-body  the Wigner representatidneferred to as the Wigner density

PN Py, X1,P2. Xz, - - - rpNvXN):f dy; - -dyye PO e PNIN(X 3y, L. XNt SYNIPNIXI T B - XN B YND-
(12

The pn two-particle Wigner density can be simply obtained wherex; andp; are the positions and momenta given by the
either by integrating th&\-particle Wigner density over all transport calculation. The angular brackets denote averaging
coordinates except for a proton and a neutron or by Wigneg,er a|| collisions at the same impact parameter. In addition,

transforming thepn two-body density matrixopn(t). The  ihe two-particle operator projecting onto the deuteron wave

Wigner density, when integrated over the momenta, yields . - = - . .

the probability distribution in the coordinate represent<':\tions't".’Ite with momentgnPDz(pn+pp) can be written in the

and also, when integrated over space, yields the probability//9ner representation as

distribution in momentum space. The overall normalization

is defined to ben® for integration over both coordinate and

momentum space. One must keep in mind that while the

Wigner density appears formally as a probability density, it is

only a quasiprobability, in that its sign can be positive or we expect this approximation to work much better in ultrarela-

negative at a given point in phase space, while its integradivistic AA collisions than in the environment of nuclear collisions

over any unit phase space cell is positive semidefinite. at a few hundred MeV's where this model was studied first. In the
Equation (13) provides the “bridge” between semi- region of multifragmentation, the typical excitation energies at

classical transport theory by identifying the semi-classicallyfreeze-out are around 5 MeV, giving an average kinetic energy per

generatedN-body phase space distribution from the transporiucleon not very large on the scale of the deuteron binding energy.

calculation with theN-body Wigner density as In contrast, the characteristic freeze-out temperature at high energy
at the AGS is expected to be on the order of 100-150 MeV.
p\é\ﬁgner% E H h3é\°’(xi—xi(t))66( pi—pi(1)) >’ ThIS.IS strlctly.true. only in thg nonrelativistic ap.prOX|mat|on.
(pn) i=p,n which is appropriate if one considers the problem in a frame in

(13)  which the deuteron momentum is small.
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-

.y
J’__
3

y

Wh|r- 5), (14)

PPy i = (P (P By | e

where V¥, is the deuteron wave function and (decrease steadjlyafter the stochastic interactions have

q= % (p1—p,) andr=(r,—r,). ceased. The particles are streaming freely on classical trajec-
The trace in Eq(10) can be rewritten as a phase spacetories and are not subject to forces which may lead to deu-
integral giving the momentum density of deuterons teron states. If, however, the nucleon pairs were propagated
5 guantum mechanically, with a Hamiltonian whose energy
d°Np Wi i spectrum contains the deuteron state, the formation probabil-
— gner_Wigne p ’ p
dpP3 f dXpdPpdXadPa(pp ™" Ppn ). 19 ity would remain constant30]. As a consequence, the final

deuteron content based on the semiclassical dynamics is “re-
This expression may appear “classical,” but is valid quan-alistically” calculated only just after the last interactions in
tum mechanically with the density operators written in thethe model have ceased and before free streaming sets in. Of
Wigner representatiof31]. Thus, using Eqs(13—(15) al-  course, the degree of correctness depends on how well the

lows one to determine at arbitrary times the “deuteron conyynamics of the collision before freeze-out is incorporated in
tent” of the state which is generated in a semiclassical transg,q transport model.

port calculation. Each interaction in the transport calculation Thus, the final deuteron yields are calculated from the
which involves a nucleon will change the deuteron content, roton-neutron-pair phase space distributiqﬁf/ig”e’ at

This can be written as the change in probability of a nucleori)reeze out with the Wi ¢ f fthe d 'E
pair to be in a deuteron state, “before” and “after” each Wi € Yvigner transtorm ot the deuteron wave

collision with another third hadrofsee[30]). function as a weighting factor, integrated over phase space

Of course, by taking the phase space density from th@nd freeze-out time:
transport calculation, the deuteron content would also change

d®Np , .
ap? :J d4X1d4X2J d®p1d®p2ppn’™*(p.X1,P1;N,X2,P2)Pg(1,D). (16)
D
|
The “coalescence factorpy is calculated as The prefactor from spin-isospin projection differs from

the factor used if27,30,34,3%by 1/2, because those calcu-
pa= 2 8°(Po— (PntPp))PD ™ (Fems.Gems). (17 lations have not accounted for an isospin projection. No pen-
. alty factor for isospin is included in the phenomenological
po9"" denotes the Wigner transform of the deuteron waveparameter coalescence mett@d]. However, since the cut-
function, with center-of-mass motion removed. Its argument®ff parametersAR and AP are phenomenological, such a
are the distance between the nucleons at the larger of the twactor can simply be “absorbed,” which is no longer the case
freeze-out times and the relative momentum, all valuesn the wave function approach. In using the intranuclear cas-
evaluated in the deuteron center of mass frame whergade (inc) code to simulate collisions at Bevelac energies
p1+p,=0. While p}Y"* gives the probability density for an [30], the authors found good agreement with data within
np pair to form a deuteron given their spatial and momentuntheoretical and experimental uncertainties of order 50%. This
coordinates, the factor 3/8 comes from the projection of themplies that a factor of 2 caused by statistical isospin projec-
assumed uncorrelated spin-isospin quantum numbers of thetion instead of the assumed isospin matching is in the range
and thep onto the corresponding deuteron quantum numbersf the estimated error bars.
(1=0,S=1). Calculations using this method at AGS ener- Note that quantum statisticgntisymmetrization of the
gies are described in the literat|r&33]. many-nucleon wave functiondoes not generate such an
We are aware that a subset of deuterons result fronsospin suppression factor. Projecting in the internal quantum
neutron-proton pairs with freeze-out coordinates defined bywumber space oh=0 andS=1 forces the spatial part of the
collisions between the very nucleons in the pair. Ideally, suchvave function to be symmetric under particle exchange. An-
a collision should be discarded and the interactions withisymmetrization under particle exchange is always reflected
other hadrons should define the freeze-out coordinates. Hoven the Wigner function level by the requirement that the
ever, we have circumvented this problem and find, by commany-particle Wigner function in phase space be symmetric
paring to results based on the event-mixing technigude-  under particle exchange, a property which is fulfilled by the
pendent particle approximatipn for nucleus-nucleus semiclassically generated phase space distribution. It has
collisions, that the deuteron yields without event mixing arebeen suggested that one could order the projections by first
higher by(15-25%. performing the spin projection and then the projection on the
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s-wave state for the relative motion of the two nuclep3g].
After these projections the isospin part of the two-nucleon
Wigner function would be nonzero only in the antisymmetric ST .
. . L ™. Harmanic Oscillator wave function
(I=0) isospin part. However, the knowledge about the two- <, [ "\ “
nucleon state at freeze-out in momentum space changes ac-“ |
cordingly after these projections. For instance, if the two-
nucleon system would be specified by a superposition of 5 [
plane waves initially, only thé,_, parts would survive the i
projection and would therefore change the Wigner function
of the two-particle state in phase space as well. Such a cal-
culation has not been done yet.

An important point of relevance here is that RQMD ne-
glects the influence of the force leading to deuteron forma-
tion during the dynamical evolution of the collision. Its
Hamiltonian disregards the presence, location, and possible
disappearance of the deuteron state in the medium. Hence
one is obliged to assume uncorrelated spin and isospin quan-
tum numbers for then and thep, and use & X 3 weight
factor when calculating deuteron yields. The isospin factor T v T R
cannot be ignored since thiis an eigenstate of the total r (fm)
isospin of the two particles, and timeand thep individually
are not. It may be instructive to study the dependence of the
final d yield on the ordering of the spin and orbital angular  FIG. 2. Wigner density contour map as functions of relative
momentum projections which could reveal some of the in-space (=|(r;—r,|) and momentum(g=|3(p;—p,)|) for har-
trinsic limitations of this semiclassical approach. Of coursemonic oscillator and Hulthen wave functiofwith 6= 7/2). Con-
we would not expect any influence from changing the order+our lines are at Wigner density values of 5.0, 1.0, 0.5, 0.2, and 0.1.
ing of the projection operators on the deuteron state if the

calculations were done with the exact Hamiltonian at all o - -
times. density yields|r| = 2.92 fm and|q| = 109 MeVk. These

values are similar and thus our calculations using these den-
sities should have relatively similar predictions. Plotted in
Fig. 2 are contour lines of the Wigner density shown as func-

One must choose the form of the wave function of the twotions of [r| and|g] for the harmonic oscillator and Hulthen
nucleons in the deuteron state to construct a deuteron Wign#fave functions. The Hulthen Wigner density is shown here
densityp\g"gnef, The simplest such wave function is from the for 6=/2 (¢ is the angle between the relative position and
square well potential which roughly motivates our choice ofrelative momentum vectors|t should be noted that the
phenomenologicial parametdf. The next choice would be Wigner density is maximal at this angle. The Wigner density
the harmonic oscillator wave function which has the advanfor the harmonic oscillator is independent éfas shown in
tage that the Wigner density can be solved analytically. FolEq. (18). The values are relatively similar, although the con-
lowing Eq. (14), one finds the Wigner density for the deu- tour lines curve in opposite directions. This curvature gives a

~~

© [ ‘\\ ‘\ N

; H RN . Hulthen wave function ---------
\ X

o

&

D. Choice of deuteron wave function

teron (with the center-of-mass motion removeas greater deuteron yield for the Hulthen case from nucleons
with very small relative momentum and quite large relative
p\lgligner(tf”a):8e—r2/d2—q2d2' (18 positions. It should be emphasized at this point that this en-

tire approach is semiclassical. In a true quantum-mechanical
picture, one could not discern details within regions of phase
whered=1.7 fm (to match the rms radius of the deuteron, Space limited by the uncertainty principle. Thus, although
2.1 fm). one can see detailed differences between the models in the
We have also calculated the Wigner density from theWigner density, perhaps the overall density should be aver-
Hulthen wave function solution to the Yukawa potenf@i]. aged over regions of ordér.
This choice of potential has the disadvantage of a Wigner The value ofd=1.7 fm in the harmonic oscillator model
density which cannot be solved analytically. We have apcorresponds to a rms radius of 2.1 fm for the deuteron. How-
proximated the Hulthen wave function with a parametriza-ever, Gyulassyet al. [30] vary the value ofl by factors of
tion (a basis set of 15 central symmetric Gaussiamsich 2 and find little sensitivity to the scale chosen, which implies
can then be Wigner transformed analyticdi8B]. This ap-  that the nucleon phase space distributions do not change ap-
proximation of the Wigner density is able to match the nor-preciably over the spatial and momentum range of the deu-
malization condition to better than 0.5%. ~ teron. Thus, the calculations are not sensitive to the choice of
We can make a direct comparison of the deuteron Wignef g exact deuteron wave function. We have attempted similar
densities from the two wave functions. ]’he harmonic OSC'I'caIcuIations and find little sensitivity to the parameter
lator Wigner density yields rms values jof = 2.02 fm and  except in very small colliding systems like + Be where
|ci| = 144 MeVk, and the Hulthen wave function Wigner finite size effects are important. Similarly, by comparing the
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FIG. 5. RQMD B, values(with a rapidity window of one unit

FIG. 3. dN/dy for protons (circles and deuterongsquares around midrapidity are shown as a function of the transverse mo-

from p + Be andp + Au minimum bias collisions from experiment mentum per nucleon_ f_or St Au central =2 fm) and Au+ Au )

802[40]. The shaded histograms are the parameter model predi(’c_entral (=3 fm) collisions. RQMD deuterons are calculated using
the harmonic oscillator wave function. Extrapolated data points

tion for deuterons. The harmonic oscillator and Hulthen wave funcf ) 802 for Si- A lisi Tabl h
tion results are shown as dotted and dashed curves, respectively. rom experiment or u collisions(Table ) are shown.

harmonic oscillator and Hulthen wave functions one carshould nominally be similar to those of the projectile and

gauge the sensitivity of the results on the exact form of thdarget. The widths of the fragmentation peaks can be deter-
wave function used. mined from a knowledge of the Fermi momenga of the

nucleons in the interacting nuclei, which are known to be
~ 270 MeVEk nearly independent && (except for the light-
VIl. COMPARISONS WITH DATA est nuclei with lower densiti¢s This momentum would
spread the fragmentation peak By~0.33 around target
In studies of the production of nuclei, it is important to rapidity (y=0). If light nuclei are detected in the midrapid-
make a distinction between the processes of coalescence aityl region beyond these Fermi momentum limits, they would
fragmentation. Fragmentation of the projectile and target nuhave undergone a large shift in momentum. Given the low
clei results in the production of light nuclei whose rapidities

Dt
FOTOTTS

Protons ° : ’_‘ |_
: ]

dN/dy

L ! r Deuterons # 5

Deuteron

-t

25 . 3
Rapidity (y)

2.5 3
Rapidity (y)

0 0.5 1 1.5

FIG. 4. dN/dyfor protons and deuterons from $i Au central FIG. 6. dN/dy for protons and deuterons calculated for Au
collisions from experiment 80R23] and predictions of RQMD. Au (b=3 fm) interactions using RQMD.



53 COALESCENCE OF DEUTERONS IN RELATIVISTIC HEAV . .. 375

binding energy of the deuteron, this momentum shift would In Fig. 5 we show, using proton and deuteron spectra from
have to occur via numerous small momentum kicks. SingleRQMD, calculated values @&, for Si + Au (impact param-
collisions resulting in large momentum shifts would break upeter b=2 fm) events plotted as a function qf,/A. The
the light nuclei into their constituents. Thus, nuclei in thevalues are calculated in a rapidity region of width one unit
midrapidity region are not fragments but can only be formedaround midrapidity. Theé3, values from experiment 802 at
through the coalescence of nucleons after all interactiongapidity y=1.5 from Table | are also plotted and show rea-
have ceased. In order to stay away from fragmentation resonable agreement with RQMD. It should be noted that the
gions, in our previous work to estimate source s{Zsonly  rapidity ranges are not exactly matched; however, Bae
deuterons at least 1.1 units in rapidity away from target owvalues do not depend strongly on rapidity over this region.
beam rapidity were used. In a previous publicatiofi2], we found good agreement
In all these calculations, higher mass nucldiX2) are  using parameterAR = 3.8 fm andAP = 0.185 GeV¢ with
assumed to have a negligible effect on the deuteron spectrdeuteron data for Si Au, Pb data of experiments 814 and
This assumption is not always good in the fragmentatior802. We found that one could reproduce the data while vary-
region, but in the midrapidity region of coalescence the numing the parameters and keeping the product of the two con-
ber of light nuclei heavier than the deuteron is significantlystant ARXAP~700 MeV fm). For this lighterp + Be
suppressed. Recent results of experiment 878 intAAU  system, the above parameters underpredict the deuteron yield
collisions at 10.8 GeV/c find that the ratiot(*He)/d ~ because of finite size effectAR = 3.8 fm is larger than the
“Het(*He) ~ 1/50 atp, = 0 and midrapidityy = 1.6[38].  system size at freeze-ouThe new parameters with smaller
One of the major goals of light nuclei studies is the de-AR and largerAP values now represent a set of parameters
termination of the source volume. If we model the coalesthat are able to reproduce the data frpmt A and Si+ A
cence process correctly, we still only expect to match theollisions at the AGS energies.
experimental data if the transport model matches the total Data from Au+ Au collisions at 1A GeV/c for deuter-
collectivity and system expansion before particles cease inens should be available soon from experiments 864, 878,
teracting. In the following, we compare the results of ourgge, and 877. Applying the coalescence methods described
calculations with data for light as well as heavy systems taand using Au+ Au events generated with RQMD, we can
test the model predictions in simple as well as complex enpredict deuteron spectra. In Fig. 6, we shdW/dy spectra
vironments. for protons and deuterons for central evefitspact param-
The simplest colliding system studied at AGS energiessterb=3 fm). Again we see reasonable agreement among
[(10-15A GeV/lc]is p + Be at 14.6 GeW. With only one  the coalescence predictions, with the wave function methods
projectile nucleon and a small target, the total number obverpredicting the cutoff parameter yield by a small margin.
secondary collisions and complex resonance excitations i Fig. 5 we show, using proton and deuteron spectra from
severely limited. Thus, if RQMD can match the distributionsRQMD, calculated values oB, for Au + Au (b=3 fm)
of elementary particles like protons and pions, we might asevents plotted as a function gf,/A. One sees that again
sume that the model has the correct description of the collig,, varies with phase space. In effect, this plot is a map of the

sion dynamics. . correlated baryon density for particles within a given mo-
As shown in Fig. 3, RQMD(version 1.08 matches the antum region.

protondN/dy data of experiment 802 for minimum bias col-
lisions [40]. First, we use the phenomenologl_cal parametey, o ause this transport model contains optional potential-type
coalescence model to calculate the deuteron yields. These [Seractions between baryons[39]. The collective

shown as the shaded histogram. We find reasonable agreg- - ; X -
ment with experimental data when the valuedA&=2.3 fm ydrodynamic-typg behavior of compressed matter in

andAP=0.300 GeVé are used. Applying the wave function creases under the influence of these repulsive mean fields
method We find that the harr.nonic oscillator and Hulthen[33]' The influence of various types of potentials or mean

wave function predictions agree with each other and with théields on the nuclear reaction dynamics at ultrarelativistic

data to within 30% as shown by curves in the same ﬁgure(_anergies deserves further study. Nuclear clusters are a par-

All the predictions are in reasonable agreement with experiticularly useful probe, because heavy particles exhibit collec-

mental data which havil0—15% systematic errors in addi- fuve flow mugh b_et_ter than hadrons W|th light masses. Wo_rk

tion to statistical errors. Shown in the same figure are similai" this direction is in progress. Comparisons of such predic-

data and models fop + Au collisions at 14.6 Ge\. The  tions with experimental data should be extremely useful in

agreement between the model and the data is reasonable. understanding hydrodynamic flow in heavy ion collisions.
Applying the same techniques to $i Au collisions at

14.6 A GeVlc, we compare in Fig. 4 the calculations with

dN/dy data from experiment 802. We find good agreement VIIl. CONCLUSIONS

between the various predictions of RQMD and the data at the

level of 30%. The phenomenological parameters seem to ] ) ]

give lower yields by(10-20% compared to the wave func-  T1he Wigner density approach shows good agreement with

tion methods for all systems. It is not immediately obviousthe experimental deuteron data for a large number of collid-

whether this is in better agreement with experimental dat#g systems and centralities. Also, a common set of phenom-

since systematic uncertainties in the data are at the level @¢fnlogical parameter’SR andAP reproduces the experiment-

(10-15%. tal data. The predictions are not sensitive at the level of 30%

In RQMD compression-induced effects can be included,
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to the coalescence method used. This result is promising. ACKNOWLEDGMENTS
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