


There are interesting phenomena found in nucleus-nucleus
collisions at high energy/!-5/, named the limiting fragmentation
of nuclear targets (LFNT), that have the following features:

I. In the laboratory system (LAB) the slope of the energy
distribution of particles (elementary and composite as
well) produced in the backward hemisphere is quasi-inde-
pendent of the mass number of the target, A,.

2. The slope reaches a limiting value with increasing energy.

3. Cross sections for backward particles are proportional
to A with a equal about 1; a depends on the type of
produced particles.

The aim of this paper is to show that the quoted experimen-
tal facts, ordered in the above three points, can be described
in the frame of the thermodynamical model (TM). For review of
the thermodynamical approach to nucleus-nucleus interactions
see ref./¢

Why can LFNT occur in TM? Let us consider the source of tem-—
perature Ty that moves in LAB with velocity B and decays as
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QL. 1GC3a. gas 4T Somc <riticas ucu.oll.] In the centre oI mass
(CM) of the source the energy distribution p(E*)} is isotropic
and can be approximated by’

p(E¥) = C. exp(-E*/T,),

where C is a constant.
Now we transform this distribution to LAB., For simplicity,
emitted particles are assumed to be relativistic. In such a case

E*=y(1 -Bcosf)E

with E being the energy of particles in LAB; 6, the angle of
emission in LAB; y, the Lorentz factor. The energy distribution
in LAB looks like

lab

p(E)=C’exp(-E/T "),
where
lab
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Fig.l. The slope of the cross
section in LAB for proton pro-
duction at 0 = 0° and 6 = 180°
as a function of the incident
kinetic energy and the velocity
of the source.
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We will show that for backward
particles the slope of the energy
distribution TOab is a slowly
varying function of the velocity
of the source and the incident
(kinetic) energy @hnc ). The cru-
cial point of TM is to determine
the temperature of the source.
The assumption that the total
kinetic energy in CM of the source
converts to heat (thermal motion)
is nonrealistic in high energy
collisions, since a big part of
energy is changed to the masses
Y 02 6 Osyesoume of produced particles. When the
energy goes to 1nf1n1ty, the

temperature reaches a finite value of about 140 MeV/8:9/, To
find the temperature of the soniree | chemical eanilihrium amnna
nucleons and produced particles is assumed. Then the system
of equations for temperature and chemical potentials is solved.
When incident energy goes up, we have to include so many types
of particles that the above method is very complicated or even
practically useless. We apply the connection between the energy
per nucleon in the CM of the source and the temperature found
in statistical boostrap model/10/,Due to this method, we can get
a reasonable temperature for any incident energy. However, the
only particles that we can consider are nucleons. At high energy
not the total energy undergoes thermalization (thermal motion
and mass production) since a part of energy is taken by leading
particles. We neglect these effects; however, we return to this
problem at the end of our paper.

The temperature and the velocity of the source are both de-
fined by the incident energy per nucleon and parameter 7
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n=Np/Nt+Np

where Ny (Np) 1is the number of nucleons from target (projectile)
in the source. We can eliminate the parameter 7 and find the
temperature as a function of B and E; .. In fig.] we present Tlab
as a function of 8 and E;,. for two extreme cases # = 0° and
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6 = 180°. We see that for backward an%le 'T?b is a slowly vary-
ing function. For E;,, = 3 GeV/N, T, changes by less than

5 MeV when B8 varies from 0.15 to O. 60 of the velocity of light.
Let us notice that the limiting value of T, lab about 50 Mev
agrees with the experimental value/2:3/, In all our considera-
tions the limiting temperature is equal to 140 MeV, and the cri-
tical density of the source is the same as normal nuclear den-
sity.

We conclude that when the target or incident energy varies,
the slope of the energy distribution of backward particles can-
not be practically changed if the average velocity of the source
changes not too much.

To obtain quantitative results, we have tested three models:
firestreak, firetube and fireball. These models differ in geo-
metrical aspects of nuclear collisions, but the thermodynamical
parts are the same. We have used totally relativistic thermodyna-
mical formulas, obviously without any ultrarelativistic approxi-

mations applied in our prev1ous qualitative considerations.

In the fireball model’/!'! nuclei are assumed to be uniform
density spheres with sharp boundaries. The source-fireball con-
sists of overlapping parts of nuclei. The total kinetic energy
in the CM of fireball underg es thermalization.

In the firestreak model’'2:13/diffuse nuclear surfaces are
assumed. Interactions occur independently between infinitesimal
c0111near streaks of projectile and target matter. Due to an
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ture and the velocity gradient in the interaction volume. We
restrict our calculation to 7 1in an interval of 0.025-0.975
independent of incident energy. At E; . = 1 GeV/N such a cutoff
excludes sources with the kinetic energy per nucleon less than
15 MeV. This restriction introduces some ambiguities of the ab-
solute value of total cross sections, but it has no influence on
the slope of differential cross sections for fast particles

under consideration.

In the firetube model’'* collinear tubes are assumed to in-
teract lndependently. The geometrlcal sections of the tubes
are o=o0, = 42 mb. The cross sections for colliding Pﬁ, nuc-
leons from projectile with N{ nucleons from a target are found
from Glauber type probability considerations. All cross sections
in the firetube model are obtained by summation of the cross
sections with definite N, and N, over all possible values of
N, and N .In this model, fluctuations of nuclear density are
taken into account, e.g., all nucleons from nucleus can occur
in one tube. On the other hand, there are no "pieces of nucleons"”
as in the firestreak model. Another advantage of this model is
that the absolute values of the cross sections are determined
without additional assumptions.



a) Fig.2. a) The slope T%ab vs. tar-
get mass at an incident kinetic
energy of 1.05 GeV per nucleon
compared with the firestreak mo-
del. Data from Ref.16. The energy
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We use Fermi type nuclear demsity distributions in our fire-
streak and firetube calculations., In our opinion, the Fermi
type distribution is in better agreement with the data on elect-
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To find the slope of the differential cross section in LAB,
we have evaluated Lorentz-invariant cross sections. Then we
fitted them as in experiments’!-% by

lab
Cexp(-T/T, ),

where T 1is the proton kinetic energy. The slope changes with
Fhe.energy interval of secondary protons being considered, since
1t is not possible to describe the calculated as well as the
experimental cross sections by one exponential functions in

a wide range of energies of emitted protons. See Fig.3.

In Fig.2a the slope Tga is shown as a function of A, for
protons emitted at 180°,0ne can see a full agreement of the
f}restreak calculations with the experimental points/zoﬂThe
fireball and firetube models give practically the same result.
So, we have explained point ! of LFNT.

The dependence of T&b for backward protons on incident ener-
8y 1is presented in Fig.2b. Data are taken from compilatior 7.
At energy higher than 3-4 GeV per nucleon the slope seems to

reach its limiting value of 43 MeV - point 2 of LFNT. We see
that the experimental data are well described by the firestreak
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model. The fireball and firetube models predict the same beha-
viour of T,*".

While the description of points 1 and 2 of LFNT weakly de-
pends on geometrical aspects of collisions, point 3 is strongly
related to geometry. The predictions of the models are diffe-
rent as shown in Fig.2c. Because of the ansence of data, we put
in Fig.2c a little bit of nonadequate photoproduction data’18/,
The best agreement is obtained in the firetube model. The reason
of a strong A, dependence for backward particles is the fol-
lowing. The same energy in LAB of secondary protons corresponds
to lower and lower energy in the CM of the average source when
the target mass increases. Since the cross section for proton
production exponentially decreases with energy of secondaries,
it is obvious that the increase of the cross section with A,
measured in LAB comes from the energy dependence of secondary
protons and from real A, dependence.

Figure 3 shows the proton production cross section at ¢= 180°
for various projectile nuclei. Experimental data are taken
from Ref.16. The firestreak predictions have been multiplied
by 1/2. The calculations agree with an experimental Ap depen-
dence, namely A%/3 /2.16/, .

There is a problem to describe the behaviour of the absolute
value of cross sections for backward particles vs. incident
energy. In the models being considered Ed% /d3p decreases
with energy when experiment gives a slow increase or no depen-
dence’? . We have found a good agreement of the predicted absolute
value o the Cruss seciiovua ai iucideai enérgies lower than
3 GeV/N while for higher energies the predicted cross sections
are underestimated. In our opinion, such a feature of the mo-
del is connected with the assumption that the total CM energy
converts to the internal energy of the source. We suppose that
underestimation of the cross sections for backward particles v
(and overestimation of the forward cross sections) comes from
overestimation of the velocity of the source. Let us notice
that we do not strongly overestimate the temperature since we
are close to the limiting temperature. So, the above problems
have a weak influence on the slope of the cross sections (sca-
ling properties of data) if we work on the plateau region shown
in Fig.l.

We believe that these problems can be overcome when the ef-
fects of leading particles and transparency of nucleus are in-
cluded® Attempts concerning the transparency have already been
done /14:19,20/; however, some free parameters occur in these con-
siderations.

* Some improvements in describing the absolute values of dif-
ferential cross sections in the firestreak model can be obtained

if one gets the values of f,;, nay dependent on incident energy.
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Fig.3. The Lorentz-invariant cross sections divided by
Ai 3 for different projectiles at an incident kinetic
energy of 1.05 GeV/N. Data from Ref.16. The firetube
calculation is done for p4»lQC. The firestreak predic-
tions are multiplied by /2.

The advantage of a thermodynamical description of backward
protons is that there are no special assumptions on the struc-
ture of nucleus, e.g., big Fermi momenta of nucleons considered
in Ref./ﬂ/.Any kind of correlations in nucleus discussed in va-
rious papers/1:2223/ s not assumed. The mechanism of nucleon-—
nucleon interaction is also not determined. The thermodynamical
approach to backward particles was firstly proposed in Ref./24/,
However, only a qualitative analysis was done with the tempera-
ture and the velocity of the source as free parameters.
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ABpeiunkos B.8., MpyBuuHckmit C. £2-83-353
NpepensHan GparMeHTauMA ARPa-MHWEHH M TEPMOAMHAMMUECKas Mogenb

PaccmaTprBaeTCA BOIMOKHOCTb ONUCAHWMA IKCNEPMMEHTANbHHX [aHHLIX NO
npepensHON GparMEHTAUMKM ARPA~MMWEHW C BHIXOAOM BLICOKO3HEPreTHYeCKWX NpoTOo-
Hos noa yrnom 180° 8 pamkax TepMoguMHamuuecKoW Mmoaenu. PacueT reomeTpuue-
CKOW 4acTh AAPO-AAPO B3aMMOAENCTBMA BHNONHEH B pamkax ¢anpbonn; ¢anpcTpuk-
v panpTob-Mogenein. TepMOAHHAMHYECKAR YacTb MOAENn ONUCHBAaET pacnan Boabym-
AeHHHX GanpboNoB Kak mpaeanbHoro rasa Makceenna-bonbumaHa. CBA3L 3HEpPrun
C TeMmnepaTypoh B3ATa w3 ''mopenn cratucTudeckoro ByrcTpana''. Mogens xopowo
OnNMCHBAaET OCHORHLIE XAPaKTEPUCTUKW ABNEHWA NPEeREeNnbHOM GparMeHTayudu: 3asu-
CUMOCTb GOpMH IHEpPreTHUECKMX CNEKTPOB MPOTOHOB OT aTOMHOrO HOMEpa Agpa-
MUWweHU, OT IHeprun GombGapaupymowero aapa, Buixog Ha ''‘ckewnuur'' napameTpa,
X3paKTepHu3yliIero HaKNOH 3HepreTUYEeCKUX CNeKTPOB MPOTOHOB, 3aBUCHMMOCTDL
ceyennAa oGpasoBaHns NPOTOHOB OT Tuna Bombapaupyowei YacThubl M AAPA-MUWEHH.
06cyxpaeTcA BO3MOMHOE BIMAHWE 3QDEeKTa NMAUPYOWEH YacTuubl K TaK Ha3LBAEMOM
NPO3pPaYHOCTM AAEPHOro BEWEeCTB3 HAa pacuyeTHHE XapaKTepUCTUKU ABNEHWs npe-
AenpvHOKU GparMeHTauun.

PaboTta BwnonHeHa s [laBopaTopumn BLCOKUX 3Hepruin OUAK.

CoobueHne 0BBeAMMEHHOrO MHCTMUTyTa AAEpHuX uccnenosaMwit. flyBra 1983

Avdeichikov V.V., Mrgwczyhski E2-83-353
The Limiting Nuclear Target Fragmentation
and the Thermodynamical Model

The possibility of describing the experimental data of the limiting
nuclear target fragmentation in the frame of the thermodynamical model is
considered. Particular attention is paid to the production of protons at
180° angle. The geometrical part of the model is realised following the
fireball, firestreak and firetube models. The proton production is described
in the thermodynamical part as a decay of an ideal Maxwell-Boltzman gas.
The connection between energy and temperature is taken from the statisti-
cal bootstrap model. The reasonable agreement is found with the data con-
sidering: the dependence of the slope of the energy distributions on the
mass of the target, the dependence of the slope on the incident energy,
the dependence of the cross sections on the target mass and on the mass
of projectile. The influence of the leading particle effect and the so-
called transparency of the nuclear matter on the considered characteristics
is discussed.

The investigation has been performed at the Laboratory of High
Energies, JINR,
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