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ABSTRACT
Implications of the mostvrecent pion production data are discussed.
It is observed that they can be uéed to answer some of the crucial -
questions raised in understanding the basic reaction mechanism of rela-
tivistic"heavy;ion collisions. As a by-product of this discussion, it
is shown that thg volume of the pion sources in-violent collisions can be
deterﬁined from single particle inclusive data. Further hadron-nucleus

and nucleus-nucleus collision experiments are suggested.



In heavy-ion collisions at incident energies aboﬁe a few hundred
MeV per nucleon, production processes become important, and the overwhelm-
ing part of the emitted particles are pions. Hence, in order to understand

-the basic reaction mechanism of such collisions, it is necessary to know:
"How are the pions produced at these energies?"

In this paper, we discuss the implications of the most recent pion
production results.l_3 After a brief discussion on some of the relevant
general features of relativistic heavy-ion reactions, we focus our
attention on the following problems:

-(a) What do we know about the space-time evolution of'the produced
pions?‘ For example, are the pions producgd thle the participafing
nucleons of the projectile-nucleus are still inside the target-nucleus?
Hadron-nucleus collision experiments4 at very high energies strongly
suggest ‘that the productiqh time is so long that the nucleons inside the
nucleus along the path of the incident hadron can be enviségéd as acting

collectively, and in first order approximation be considered as a single

objeét —; an effective target (ET).5 Do we seé this kind of coliective
beﬁaVior6 in relativistic heavy-ion reactions at the presently available
éneréies7?

(b5 What do we know about the pion sources in pefipheral and central
relativistic heavy-ion collisions? Is "temperéture" a useful concept to
-describe such sources? What do we know aboﬁt the spatial dimensions of
such sources? In particular, how do they depend on the incident energy
and the masses of the colliding nuclei?

We recall that one of the general features of relativistic: heavy-ion

- 8 . . e . .
collisions 1is: The collision events can be classified into three categories

-
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according to their final state topologies. Events in‘the first category
consist'predominately of particles with relatively small transverse
ﬁomenta, P s small.emission-angles in the 1lab (elab) or projectile (eproj)
frame, and relatively small associated multiplicities. In a P~y contour
plot2 (v is the rapidity of the particle), such particles are concentrated

in the neighborhood of pl/(mc) K1, y= Yoo Ypo where m is the mass of the
particle,.yT and yp are the rapidity of the target and that -of the projectile-
nucleus, respectively. Particles in the second category of events have’

- relatively large P, and/or associated multiplicities. Such particles

can be found at all angles. From £he corresponding P -y plbt, we see that
they are emitted from a source with intgrmédiate rapidity Y. Yp < Ve < Vp-
In events of the’third category, particles‘of both types can be found. .-

Two conclusions can immediately bé drawn from the general features.
mentioned above. Firstly, there seems to be two types of interactions in’
relativistic_heavj—ion collisions. This means, in order to obtain an
adequate descfiption of sﬁch processes, it may be necessary to deal with

two different kinds of reaction mechanisms. - Secondly, both types of

interactions have been observed in high-energy hadron-hadron and hadron-
- nucleus collisions. This strongly suggests that the basic reaction
mechanisms of nucleus-nucleus collisions at the currently available

. .7 ' . . .
heavy-ion accelerator energies have much in common with those of high-

energy hadron-hadron and hadron-nucleus processes.

A two-component picture has been proposed5 some time :ago to describe’
the gross features of hadrqn—nucleus collisions at high energies.4 In this
picture, a high energy hadron-nucleus process is considered as a hadron-

effective target [see (a)] collision, which is either gentle or violent.




The characteristics of a gentle collision are: The energy- and momentum-

transfer are relatively small. The colliding objects retain their identity"

after interacting with each other so that in such a collision it is
possible to differentiate the fragments of the projectile from those of
‘the target.

- In violent processes the colliding objects lose their identity after

the collision. The produced particles are emitted from a compound system

- formed by the two colliding objects. The relatively large energy- and

momentum—-transfer in such a reaction manifest themselves in producing particles

with larger Py and/or in creating more particles in that collision event.
According to this picture, a high-energy nucleus-nucleus collision
.is ﬁdthing else but the collisions of all possible pairs of effective

targets (ET's) and effective projectiles [EP's, EP: definition analogous

to that of ET, see (a)], where the collision of every EP-ET pair can be

either gentle or violent. Hence, a nucleus-nucleus collision event is,

in general, a mixture of both types of EP-ET collisions, while there are
also events in which such gentle or violent collisions dominate. This
explains why the above-mentioned threercategoriés are observed experimentally.

Pion production data1 at angles near 0 0° and 180° as well as

9,5

lab

other empirical facts show that the collective behavior mentioned in

(a) indeed exists in gentle (peripheral) relativistic heavy-ion reactions
in the present energy range.7

. . . . . . 10
To study the reaction mechanism of violent (central) collisions

: . , . . Caere 2
we look at the pions from sources with intermediate rapidities. Since

violent EP-ET collisions occur in more central nucleus-nucleus processes,

1/3

the average masses of the EP's and ET's are AP M and A%/sbl respec—

&
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tively. Here AP and.AT are the mass numbers of the projectile and target
nucleus, and M is the nucleon mass. Hence the rapidity Ve of the
compound system formed by an EP-ET pair can be calculated provided -that
the incident kinetic energy per nucleon €1ab is known:

1/2

[elab(glab.+2M)]

1ap M1+ (AT/A.P)

Ye (1ab) arc tanh - (1)

1/3]
This is to be compared with the rapidity of the moving source in central
heavy-ion collisions (see the P~y contour plots in Ref. 2).

As an illustrative example, we consider Ne +NaF -+ ﬂf-f,X and

Ne+Pb - T + X at 0.8 GeV/N. The location of y in the former

c(lab) _
(symmetrical) case is at 0.61. But, in the latter (asymmetrical) case:
yc(lag) would ?emain at 0.61 if the pion soﬁrcg were the cmsvof_the
‘participating nucleon-nucleon system; yc(lab) would be shifted tp Q.13-if
the source were the cms of the two entire colliding nuclei; this model
gives 0.41, which is also the experimental value.2

, We ha&e calculated yc from Eq. (l) for all the beam, targep, and
incident energy combinations in the experiments_of Nagamiya et al.2 The

agreement between experiment and theory is good. It would be useful also

to have analyses11 with multiplicity selections. If this picture is

correct, we should see that the pions in high-multiplicity events are

emitted from sources with rapidity Yo given by Eq. (1).

We now turn to the questions in (b). First,_we recall the basic
difference between a gentle and a violent EP-ET collision, and nbte in
particular ‘that there are two pion sources in the former9 —- but only one

. - 12 .
in the latter case. The -"temperature problem" is of particular interest



in the latter case. This is because, due to the relatively large.energy—
transfer in violent collisions, it is in such processes where one may see
hadronic matter at extremely high temperatures and/qr densities;lB.

Nagamiya et al2 have observed that the points with maximum P, for
each contour in the P-Y plots have thé'following property: The single
particle inclusive cross sections for pions and‘protons fall exponentially
with increasingv"transverse kinetic energy', E -m, where E = (pi + m’)%,
and m is the mass of tﬁe oﬁserﬁed particle. |

It is fempting'to interpret this phenomeﬁon as that the source of
the produced particlés in a Qiolent collision evenﬁ‘is a system of gés in
thermal equilibrium. But, such an interpfetation is possible only if the

following questions14 can be answered: "Why does the "transverse energy"

E play a particuiar role?" "What is the reason to chbose points with
maximum P, » especially when the colliding nuclei have unéqual masses?"

In the proposed picture, the answer to these questions is obvious.
Since all the emitting systems are moving along the incident éxis, EL is’
the enefgy of the particie in the restrframe of the mOVing source, provided
that the particlé'is observed at 6§ =90° in this frame. But, the‘pOints‘
with maximum pi on eachldf the above-mentioned contours gig_approximately.
the points.at.e =90°! 1In fact,‘itvis iﬁteresting to see that the observed2
small éeviation from a pure exponential deﬁehdence would have been eliminafed
if one had taken strictly the.points at 9 =906.

Similar systematics iﬁ Ei-distribution has also been obéérved in
hadroﬁ—hédron colliéions at higher energies. Deutschmann et all5 have,v
e;g., fouéd éhat for ﬂﬁ;+ p>T % X at 16 GeV/c, lyl < 0.1 (y is thé

cms rapidity of the observed pion),

-



do

E,/ (kT) -1
& By [e : - 1] ,

(2)

where kT = 117.5 MeV.

14 the result of Deutschmann et al15 and that

Now, if we interpret
of Nagamiya et al2 in terms of a statistical model: "'The pioh source is-a
system of bosons in thermal equilibrium, similar to the case of black-body
radiation," then, the temperature, T, the volume, V, and the total energy,
Etotél’ of :this system are related to 6ne another by an expression :
corresponding to the Stefen—Boitzmann law (all quantities are measured -
in the rest frame of the compound system which is the cms.of the colliding

objects). For example, in cases where the pions are isotropically

distributed . (in the above mentioned frame), we obtain

*1

2 2 2

v 4 ¥ VX T X,

total *—_&_——5 (kT) dx x ? (3)
212 (he) e -1 :
x
0
. - 2 = , .
where " x;, = mc®/(kT), x, = Etotal/(kT), m is the mass, and g is the

statistical weight of the pion.
Equation (3) can, in particular, be.applied to calculate V of the

are known. Now T can be determined from

emitting system if T and thtal

the single-particle distribution or energy distribution,16 and E n

c
total %
be calculated from the incident energy and the masses of the colliding
objects. (To be more preéise, one should take into'account the measured

ratio of pion to other types of emitted particles.) This means, the volume

of the emitting system can be determined by single-particle inclusive data.



. +
As an example, we consider the pions produced in the 16 GeV/c T p
reactions.15 The temperature, determined from dc/dap near 6 =90° is
KT = 117.5 MeV. Since the overwhelming part of the produced par;icles
are pions, it seems reasonable to set Etotal in Eq. (3) to be the tptal

= 4, s ich implies,
total 4.6 GeV), whic : p

: +
energy of the colliding T p system (E
however, that all of the pions are directly and independently produced.

The value &e obtain for the radius of the spherically symmetric pion

source under this assumption is R = 3.7 fm. Now, it has been estimated

experimenta_lly17

that onlyAlo% to 30%Z of the pions are directly produced
while the rest are due to fesonance decay. This_means only 10% to 30%
of the above-mentioned energy is associated with the completely incoherent
part of the pion gas. Taking this factor into account, we obtaiﬁ R=1.7
and R = 275 for 10% and 30% respectively. This is to be compared with
R = 1.85 £0.15 obtained in two-particle correlation experiments.18

We now apply this method to heavyéién collisions: We first consider
Ne + NaF - ﬁi-+ X at 0.8 GeV/N. Experimentélly2 it has been found that_
the (cms) ahgular distriﬁﬁfion for D, 2 m, c is.apprqximately iédtropip
and that 'kT'determined from.dG/dsp.at 8 =90° is 55 MeV. The Value fof L
the raﬁius of the incoherent pion source, by assuming19 10% or 30% of‘
the pions are directly produced, is found to be R = 3.4 and 4.9 fm
reépectively. The order of magnitude is consistent with the préliminary
result of the first two-particle correlation data in relativistic heavy- .
ion'éollision of Fung et al.

'1Furthermdre; in order to study the dependence of sourcé—size on

incident enefgy and on the masses of the colliding nuclei, we also calculated

the radii of the emitting systems from the data on Ne + NaF - 7 + X at



0.4 and 2.1 GeV per nucleon, as well as those on Ne + Pb -> 77 + X and
Ar-+Kcl > ni'; X at 0.8 GeV/N. The general features of the result20 are:
(i) R is rather insensitive to the masses of the colliding nucléi;

(ii) R decreases with incfeasing incident energy. It would be very exciting
to compare tﬁese results with those obtained in future two—partiéle cogre—
lation measurements. Furthermore, in order to study the S§atia1 dimension
in the transverse direction,12 comparison befwéen nucleuSQnuCIeus’and '
proton-nucleus collisions at the same incident energy ﬂper nucleon)

would be very helpful.
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In order to avoid fhe possible ambiguities:é; iow Ei (due‘to

Coulomb corrections, etc.) and thé lesg goqd.statisﬁigs at Higher w
ELvin do/d3p, one ma& use a formula siﬁilar to Wien'svdisﬁlacement'
law to détefmine T.b |

H.Kirk et al., Nucl. Phys. B128, 397 (1977).

M.Deutschmann et al., CERN/EP/Phys. 78-1 (1978).

‘An experimental estimate of the ratio at these energies would be

very useful.

Here we assume. that the ratio: (direct pions)/(all pions) does not
strongly depend on the incident energy or on the masses of the

colliding nuclei (see also Footnote 19).

v



This report was done with support from the Department of Energy.
Any conclusions or opinions expressed in this report represent solely
those of the author(s) and not necessarily those of The Regents of the
University of California, the Lawrence Berkeley Laboratory or the
Department of Energy.




i
TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





