MULTIPION PRODUCTION IN NUCLEAR COLLISTONS¥

M. Gyulassy
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

ABSTRACT

We discuss two aspects of multipion production in nuclear
collisions: (1) the negative pion multiplicity distribution, and
(2) the m m correlation function. The emphasis is on how these
observables could be used to search for signals of collective
phenomena in nuclear collisions.

INTRODUCTION

One of the prominent features of relativistic (Elab ~ 1 GeV/
nucleon)_nuclear collisions is multipion production. In a typical
reaction™ such as Ar + Pb,0, at 1.8 GeV/nucleon, up to l4 negative
pions (m”) alone are observed in certain events. The topic of my
talk is what such multipion final states can teach us about the
dynamics in nuclear collisions. Some aspects of what single pion
inclusive cross sections can teach us are discussed elsewhere in
these proceedings by R. Landau.

The primary motivation for colliding relativistic nuclei has
been the expectation that through such collisions the properties of
dense, highly excited nuclear systems can be studied. Of special
interest has been the search for collective phenomena. Several
theoretical studies” have suggested in particular that pionic
instabilities could possibly occur when nuclear matter is compressed
to p~{(2-4)p., po = 0.17 £ ° , at temperatures T ~ 50 MeV. The
elusive problem, however, has been to identify specific experimental
signatures of such novel phenomena.

One natural direction to search for evidence of collective
phenomena has been multi-pion production. In this talk, I will
review our work on two aspects of multipion production. The first
is the nature of the 7~ multiplicity distribution, P(n ), and the
second is the dynamical and geometrical information contalned in the
T~m~ correlation Function?s® R(k k ). For a more complete review
of other aspects of relativistic nuclear collisions see, e.g., Ref.7.

Multiplicity Distribution4 (with S. K. Kauffmann)

Our first expectation is that the nuclear dynamics in this
energy range is governed simply by intranuclear cascadlng,8 i.e.,
multiple nucleon-nucleon collisions. 1In that case pions are
produced mostly one at a time [via A33(1232) decay] in separate
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colligion. ' Then the pion'“ultiplicity distribution P(n,t)  can be

. shown® to be a Poisson,,
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If the interaction time were long enough for the nuclear system -
to come to chemical and thermal equilibrium with the pions, then
nﬂ(t)) would approach an equilibriim: value <“w)e which is indepen~
dent of the detailed pion production and abgorbtion history, Y+(t),
and given b

Tkt

Y;,:(°°) ~ va'k 1
(n ) = Er o | VK e
Pr'eq = Y_(®) f 3 3, 2

B A L T

In the fireballﬁmodel,9 -V and T follow from geometrical, .
kinemstical, and &yuilibrium considerations.*. The crucial parameter -
in this model is the freezeout :nucléar density P = 1/3 po, below
which no further scattering is assumed ‘to take place.

The results of this thermodynamic calculation4 for Ar + PbaOg
are ghown in Fig. 1. While the features of the impact parameter
averaged multiplicity distribution: datal are. indeed well accounted
for, we stress that this dgreement. does-not prove that chemical or
thermal equilibrium have been reached. The .only necessary condition,
is that the final average 'ion multiplicities, -nw(b)) are well
approximated. ‘a completely different dynamical model
that also reproduce
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with combinants C(k,t) _atisfying the system of equations. .

+;i1¢(k,t) = Y+k(t) -y (&) (k CCk, £) -(k+1) C(k+l,t)) . (5
C(k>2 tf),, then Eq (&) of course reduces

In the case c(1 tg v
) = (nn(tf))

to Eq. ”(1), with @; tf

: Thez;signature of unusual pion production dynamics would thus be
" a non-Poisson form of ithe multiplicity distr L{xtion in central
collisions. Prelim:l.nary streamer chamber data™ taken in a central
trigger'mode (with high aSsociated nucleon multiplicity) are as yet
3 er . the high (ng 2 10) tail of the 7 multi-
stribution is Poisson or not. .(We note that the low
(ng' = <'5) ‘portion of P(n.".) depends sensitively on the trigger bias.)
Should any significant-deviation be observed from Poisson behavior
for:large n;, then these' deviations would: reflect on the inadequacy
of the cascade assumption ‘and’ thus prorvide us with a hint that more
exotic - p:lon productio ﬁechanisms are at work in nuclear collisionms.

tion to \'he results of Ref. 10 which
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The non-=linearity studied in Ref.
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Pion Interferomet;y ' Gelth 's. K. kéuffmahn .and Lance W.'w1léon)‘

_ While the multiplic ty.- distribution P(n) offers some insight into
the dynamics of mu1tipion production, it is clear that more detailed
information is contained;in multipion correlation data. We consider
here specifically the w n~ correlation function defined as

(u")2 o) /a%k,dk,

R(k,,k,) .= - o —, (6)
v (a (@ -1)) " (dac_r(ﬂ-)/dak YPo ) /a'k,)

where (ng} and (np(ngy-1)} are the first and second binomial moments of
P(n), d%c(w™) and dSg{n"1") are the single and double pion inclusive
cross sections, and O is the total negative pion cross section.

The information that R(E,,iz)'is expectedlz’13 ideally to provide
is twofold: (1) R can reveal the space~time structure of the pion
production source, and (2) R can determine the degree of coherence
of the pion field. The first property is the result of the well
knownl2 Bose-Einstein interference between two identical pions (the
Hanbury-Brown and Twiss effect) also known as the Goldhaber effect.
The second property of R has only recently been emphasized in Ref. 13.

To understand the content of R(k ,k ), we de):ived5 the form of R
for partially coherent fields in a simple dynamical model. The basis
of the calculation was the approximate solution of the plon field
equation

(auau +0l) 6(x) = J@ . ¢))

To solve Eq. (7), the plon source current operator, J(x), was first
approximated by its expectation value, thereby decoupling the pion
and nuclear field équations. The physical motivation for this
approximation is again the expectation that the nuclear dynamics is
dominated by multiple nucleon-nucleon interactions. In effect we
assume that the number of produced pions is small enough that pion-
nucleon rescattering would not significantly affect the source
current J(x). This physical picture of pion prizuction is thus
equivalent to that of bremsstrahlung radiation.

The plon final state produced by a classical source current J
in Bq. (7) is well knownl4 to be a coherent state IJ) given by

[ = /2 exp{ifdak Ik at @)} [ (8)

,where J(&) is Ehe on~shell Fourier transform® of J(x,t) and
n‘ - j'd’kl.r(k) :
14

_The m-pion inclusive distribution is then given by
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Also, ithe multiplicity distribution is rigorously Poisson.14 Thus,
the correlation function in Eq. (6) is just

. - (10)

From Eqs. (9, 10) ‘we ‘see that for a coherent pion field, R=1, and
there are no momentum space correlations of pions produced via this
bremsstrahlung,mechanis .

PR A et A s . .

However, it is _ear»phygigally that no fixed form of J(Z,t) can
represent the pio' I in}all nuclear collisions. For example,
the number of inelas ic _terings, N, will differ from event to
event as will; theT ac 'barameter b. Therefore, the source current
Jy (x) must depend e set of parameters o = {N,b, ...} that
can vary from event to.event.. The observed inclusive -distribution
thus samples.an. ensembl'gof final states . lJ } . We can include such
an ensemble average. . (9) by

XIS _{zpm EXC >|2 Gl . an

“le distribution of the parameters a. As a

where p(a) 18’ theé ‘efsem
rage, it 'is clear that R(kl,kz) # 1 in

result of “tlie’ ensembl‘”
general. -t

As aﬁ‘example of ‘Ed. (11), we first consider a space-time
parametrization of the pion production dynamics in the spirit of the
intranuclear cascade model, 8 -In this space-time picture, pions are
produced in N separate inelastic nucleon—nucleon collisions at.
different space~time ‘points X If J“(x) is taken to parametrize
the; source .current, for an.inelastic nucleon-nucleon collision at the
origin then the total source current can be written as

N
ST @ = Y R S a»
o SR |
If we now assume that; the: "inelastic seattering centers," x;, are
distributed in a' space—time reaction’volume specified by a density
distribution p(x), a e number of inelastic collisions, N, is
distributeu ' : ‘then from Eq. (11),




—6-

B (K, ..k ) - ZP(N)/d x,0(x,) +e-d pr(xN){IJ G2 G
(13)

with Ja(ﬁ) glven by the on-shell Fouriler transform of Eq. (12),
a= {N,xi}. An impact parameter average can also be easily included
in Eq. (13). Evaluating Eqs. (10,13), we obtain finally5

(N)

R(k,,k,) = 1+§ —kz,m-mz)l , (14)

in the limit when the interaction time T - [jh X X p(x)];j >> tu.,r
In particular, we have neglected terms of order

o[ () ]p(g=0, qo-m")] ] «<« 1.

This 1limit is satisfied in all but the most peripheral nuclear
collisions.

If the average number of inelastic collisions is large, then
Eq. (14) reduces to the well known form of the correlation function
in Ref. 12, Furthermore, we have also shown” that in the limit
{N) + o, the multiplicity distribution for a given mode i
becomes a Bose—Einstein distribution with a mean {ng;(k)) =
Pl(k)((Zﬂ) /V) Therefore, we are justified in calling the (N) > »
limit as the chaotic field limit.

For chaotic pion fields, Eq. (14) shows then that R-1 measures
the space-time Fouriler transform of the pion source region, p(x,t).
Therefore, R(kl,kz) provides geometrical information about nuclear
collisions.

Next we consider the question of partially coherent fields. We
suppose that in additien to pion production from separate inelastic
nucleon-nucleon collisions, pions can also be produced coherently as
a result of the collective action of some group of nucleons. Let
Jo(x) denote that coherent source current. The t~tal plon source

current is then
: N 1(wt -kex,)
k) = * % i 1
I ) = T (k) + Jﬂ(k)(z e . . s
i=1
Observe that the chaotic component involves random phases distributed
according to p(x;,ty).

Evaluating5 the ensembie average, the single pilon inclusive
distribution is now found to be a sum of a coherent and chaotic part,

p®) = _iJ(E)|2+<N>|J @®|? = n (®) +n, ® , @6

where n, (k) and “ch(k) are the average numbzr of pions in mode k in
the coherent and chaotic component respectively. From Eq. (16) we
-obtain therefore a natural definition of the degree of coherence of

the pion field in mode k as
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. easured:from R(k k) Evaluating the

As we now show,’ p k)
istributxon. the correlation function is

doublé pion inclusiv
found- to be L SR

n(k,,k,) ~ 1+(1—D(k ))(1 D(k )) lp(k -k )I

I
# 2(n<k,) (3-b(k ) (k,) (1-D(R,)))* Replk,~k,) .
' (18)
In deriving Eq. (18),. we have.taken (N} >> 1 in the chaotic component
but have again used. the long interactzon time conditionm, .
(N)Ip(o,m.u)[ << 1. :

_ Equation (18) is our’ maln result showing that the degree of
coherence of the pion field can. be measured mode bx mode from
R(k k ) via the relation

REE) = 2-0'® . (19)

Therefore, pion interferometry (the analysis of R(k,,kz)) provides
both geometriecal and” dynamzcal information about the pion source in
nuclear collisions. -

The first data15 on- pion interferometry in nuclear collisions
are now availadble- and are shown in Fig. 2. At the present, only
dimpect parameter-avera ed and’ momentum-averagéd correlation data are
available. - Therefore;\deta*led study of p(k) is not yet possible.
Nevertheless, theseidata seem to indicate that at least the average
(over kf+k2 and b) degree of conerence is small. Planned correla-
tion experiments-at the: Bevalac with much higher statistics will be
able to determine whether there is coherence in at least some modes
for central collisions.

While the ideal form of the v © correlation function in Eq. (18)
. demonstrates .iow both dynamical and geometrical information can be
extracted. from R(k,,k ), it is important to recognize that effects
of final state interactions must also be taken into account.® In
nuclear collisions, the nuclear remnant has, for example, a residual
nuclear i¢charge Z f;~ 100 whlch can distort the 7~ wavefunctions and
leadi to distortions;; £ R(K,,k;) for [k~k,| ~ (Zom,/R)% ~ 50 Mev/ec.
To incorporate dis on due to some effective optical potential,
V(x), into the® caleulation: of P: (k ces km), we need, to know the form
of the incoming Mgller scatter;ng wavefunction, + {x), .for that
potential. The final result® for partially eoherent fields has

the same structure as Eq. (18) except that the Fourier transform,
p(ky~k,), is replaeed by the distorted transform v

where

i(w,~w,)t * .
@ 0 @b
k kz _

ov'(iﬁi:) = ‘f‘:dtd-’rx‘o(ist) e
: 1
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A%’f the degree of coherence is distorted”. (D, - Dy) via

“/(k'). 1In Ref. 6 we have evaluated Eqs. (20) and (21) using
Coulomb wavefunctions.‘ We find significant distortions of the shape
of R(k,,k,) in the region 20 £ [k,~k,| S 100 MeV/c.  These distor- .
tions are also sensitive to the orientation of the relative momentum.
Hewever, we £ind® that distortions are minimized (~20%) for large
pion momenta (2 mw) especially for that orientation of K —k corre~
sponding to |k,| -Ik |. Experimentally, it will be important to
concentrate on this equal energy configuration at hizh momenta to
get the cleanest determirnation of the pion source gevametry.

Finally, we note a potential problem in determining D(k) due to
relative 7™~ Coulomb interaction. gparent~nog-zero degree of
coherence can result from a Coulomb hole in R(K,,k,) for [k;~k,| <
ﬁiﬁmn £ 10 MeV/c. It there were no strong extermal filelds, them such
a distortion could be easily taken into account?s6 and unfolded from
the data via a Gamov penetratzon factor,

|"’(k ~Ep/2(%0) &

In the presence of an external potential though, this Coulomb hole
tends to be filled up since the typical momentum transfer provided by
the external optical potential V(x) is much larger than that provided
by the relative 7~% potential, U(%-¥). The structure of the
correlation function in this case is the same as that given in
Eqs. (18, 20, 21), except that the correlation function is
_multiplied by a penetration factor @ (k ,kz) In the limit V-0, @
‘reduces to the familiar Gamov factor; for U+0, @+ 1. However, for
-V¥0, P is much more difficult to evaluate. The formula for A given
in Ref. 5 involves a 12-dimensional integral over products of Coulomb
wavefunctions: Since the effect of @ is mainly to distort D(K), we
feel at this time that only if there were data indicating a significant
degree of coherence would the effort to evaluate # be worth it.
Here we only amphasize that R(k,k) # 2 could in principal arise from
relative T n interactions. We note that for chaotic fields
Rk, k) = 2 if U=0, regardless of the form of V.

In summary, two-pion correlation data can provide both geometrical
and dynamical information that can be used in the search for collective
phenomena in nuclear collisions. However, final state interactions
must be first unfolded from the raw data. In the case of chaotie
fields (D(k) = 0) this unfolding will be much easier than if partially
coherent fields are produced. Nevertheless, we are still excited to
have found at least one observable, R(k,;,K,), that is sensitive to
possible pion field coherence.
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Fig. 1. 7 muléiplicity
! distribqtion for
E At + Pb,0, at 1.8
3 GeV/nucleon : dots
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Fig. 2. TFirst data15 on the averaged T T correlation function
R(q) = (R(k, k+q)) for the same reaction as for Fig. 1.
Solid curve is fit 15 of .data bhased on pion :l.uterferometr‘"lz

. as um:l.ng a:c éotic field in Eq. (18). The effective pion
{ug” 's_k indicated in two trigger modes.




