
Volume 134B, number 5 PHYSICS LETTERS 19 January 1984 

THE LIMITING NUCLEAR TARGET FRAGMENTATION 

AND THE THERMODYNAMICAL MODEL 

V.V. AVDEICHIKOV 
Radium lnstttute, Leningrad, USSR 
and JINR, Dubna, USSR 

and 

St. MROWCZY/qSKI 
Institute of  Nuclear Problems, Warsaw, Poland 
and JINR, Dubna, USSR 

Received 6 June 1983 
Revised manuscnpt received 25 October 1983 

The fragmentation of nuclear targets is considered m the frame of the thermodynamical model. The scahng properties 
of experimental data concerning backward particles are described. 

There are interesting phenomena found m nucleus-  
nucleus collisions at high energy [ 1 - 5 ] ,  called the 
limiting fragmentation of  nuclear targets (LFNT), 
that have the following features: 

(1) In the laboratory system (LAB) the slope of  
the energy distribution of  particles (elementary and 
composite as well) produced in the backward hemi- 
sphere Is quasi4ndependent o f  the mass numbers of  
the target, A t, and the projectile, A p. 

(2) The slope reaches a limiting value with increas- 
ing initial energy. 

(3). The absolute cross section reaches a limatlng 
value with increasing initial energy. 

(4) The cross section for backward particles are 
proportional to A~..A 2/3 , where a depends on the p 
type of  produced particles. 

The aim of  this paper is to show that the quoted 
experimental facts, ordered in the above four points, 
can be described in the frame of  the thermodynam- 
lcal model (TM) [6]. The advantage of  a thermody- 
namical description of  backward protons is that there 
are no special assumptions of  the structure of  the nu- 
cleus. Any kind of  correlations in the nucleus dis- 
cussed in various papers [1 ,6-10]  is not assumed. 
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The mechanism of  nucleon-nucleon Interaction 1s 
also not deterrmned, opposed to ref. [11]. The ther- 
modynamical approach to backward particles was 
firstly proposed by Gorensteln and Zlnoviev [12].  
However, only a qualitative analysis was done; the 
temperature and velocity of  the source were treated 
as free parameters. The scaling propertaes of  data 
were not explained. In this paper we have performed 
a much more quantitative analysis. Particular atten- 
tion has been paid to the mechanism which leads to 
the nuclear scaling descnbed above. 

Why can the first two features of  LFNT occur in 
the TM? Let us consider the source of  temperature 
T O that moves in the LAB wath velocity/3 and decays 
as an ideal gas at some critical density. In the center- 
of-mass frame (CM) of  the source the distributaon 
of  energy of  emitted particles, p(E*),  is isotropic and 
can be approximated by [13] 

p(E*) = Cexp ( -E* /To)  

where C is a constant. Now we transform this distribu- 
tion to the LAB. For simplicity, emitted particles are 
assumed to be ultrarelativistic. In such a case 
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E* = 7(1 - /3  cos (9)E, 

with E the energy of  particles in the LAB, ® the angle 
of  emission in the LAB and 3, the Lorentz factor. The 
energy distribution m the LAB looks like 

p(E) = C' exp ( -EITlab) ,  

where 

TO lab = T0/3'(1 - - /3 cos (~). 

We wdl show that for backward particles the slope 
of  the energy distribution T0 lab is a slowly varying 
function of  the velocity of  the source and incident 
(kinetic) energy, Ein c. The crucial point of  the TM 
is to determine the temperature of  the source. The 
assumption that the total kinetic energy in the CM 
of the source converts into heat (thermal motion) is 
nonreallstic in high energy collisions, since a big part 
of  the energy is transformed into the masses of  the 
particles produced. When the energy goes to infinity, 
the temperature reaches a finite value of  about 140 
MeV [14,15]. To find the temperature of  the source, 
chemical equilibrium among the nucleons and pro- 
duced particles is assumed The system of equations 
for the temperature and the chemical potentials is 
solved. When the incident energy goes up, so many 
types of  particles have to be included that the above 
method is very complicated or even practically use- 
less. We apply the connection between the energy 
per nucleon in the CM of  the source and the temper- 
ature found in the statistical bootstrap model [16].  
Due to this method, used in ref. [17],  we can get a 
reasonable temperature, which varies from zero to 
the llrruting value, for any incident energy. However, 
the only particles that we can consider are nucleons. 
The temperature and the velocaty of  the source are 
both defined by the incident energy per nucleon and 
the parameter 

rl = Np / (N  p + Nt), 

where N t (Np) is the number of  nucleons from the 
target (projectile) in the source. We can eliminate the 
parameter r? and find the temperature as a function 
of/3 and Ein c. In fig. 1 we present T0 lab as a function 
of/3 and Ein c for two extreme cases; O = 0 ° and O 
= 180 °. We see that for a backward angle T n  lab is  a 

slowly varying function. For Ein c = 3 GeV/N~' T lab 
changes by less than 5 MeV when/3 varies from 0.15 
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Fig.  1 T h e  s lope  o f  the  cross  s e c t i o n  in t h e  L A B  fo r  p r o t o n  

e m i s s i o n  a t  ® = 180  ° a n d  ® = 0 ° as a f u n c t i o n  o f  t h e  Inc iden t  
k i n e t i c  e n e r g y  a n d  t h e  v e l o c i t y  o f  t he  sou rce .  

to 0.60 light velocity. Let us notice that the limiting 
value of  T lab of  about 50 MeV agrees with the ex- 
perimental value [2,3]. In all our considerations the 
limiting temperature is equal to 140 MeV and the 
critical density of  the source is the same as the nor- 
mal nuclear density (0.17 GeV fm-3) .  We conclude 
that when the target or incident energy varies, the 
slope of  the energy distribution of backward particles 
cannot be changed practically if the average velocity 
of  the source changes not too much. 

To obtain quantitative results we have tested two 
models: firestreak [ 18,19] and firetube [20]. These 
models differ in the geometrical aspects o f  nuclear 
collisions, but the thermodynamical parts are the 
same. We have used totally relativistic thermodynam- 
ical formulas without any ultrarelativistic approxima- 
tions apphed m our previous quahtatlve considera- 
tions. 

In the firestreak model [18,19] diffuse surfaces 
of  colliding nuclei are assumed. Interactions occur 
independently between infinitesimal collinear streaks 
of  projectile and target matter. The total kinetic ener- 
gy In the CM of the fire-object undergoes thermaliza- 
tlon. Due to an independent Interaction of  the streaks, 
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we get the tempera ture  and the veloci ty  gradient  m 

the in teract ion volume.  We restrict our  calculat ion 

to such values of  r7 for which the tempera ture  o f  the 

source is greater than 9 MeV. 

In the f iretube mode l  [20] col lmear  tubes are as- 

sumed to interact  independent ly .  The geometr ical  
o NN = 42 mb. The cross sections o f  the tubes are o = tot 

sections for colhdlng Np nucleons f rom a projecti le  

wi th  N t nucleons f rom a target are found f rom 
Glauber type probabi l i ty  considerat ions.  In this mod-  

el f luctuat ions o f  the nuclear  densi ty are taken into 

account  e.g. all nucleons f rom the nucleus can occur  

m one tube.  On the o ther  hand,  there are no "pieces  

o f  nuc leons"  as in the firestreak model .  In this mod-  

el the absolute values o f  the cross sections are deter- 

mined wi thou t  addi t ional  assumptions.  

We use Fermi  type  nuclear  densi ty  distr ibut ions 

in our  calculations.  In our opinion,  the Fermi  type  

dis t r ibut ion is in be t t e r  agreement  wi th  the data  on 

electron scattering on nuclei  [21 ] than the Yukawa 

type  used by  o ther  authors [ 1 8 - 2 0 ] .  To describe 

p r o t o n - n u c l e u s  interact ions in the firestreak model ,  

we have used the p ro ton  form fac tor  taken f rom 

ref. [21] .  
To find the slope o f  the differential  cross section 

in the LAB,  we have evaluated Lorentz- lnvar iant  cross 

sections.  Then we have f i t ted them as in exper iment  

by 

C exp(-T/Tlab),  

where T is the secondary pro ton  kinet ic  energy.  The 

slope changes wi th  the energy interval o f  the protons 

being considered,  since it is no t  possible to describe 

the calculated as well as the exper imenta l  cross sec- 

Fig. 2 (a) The slope To lab versus target mass at the incident 
kinetic energy of 1 05 GeV per nucleon compared with the 
ftrestreak and firetube models The data are from ref [22]. 
The energy interval of secondary protons Is 75-275 MeV. 
(b) The slope T0 lab versus incident kinetic energy per nucleon 
compared with the model calculations. The data are from 
refs. [2,22-24] The energy interval of secondary protons 
is 50--300 MeV (c) The absolute values of the cross section 
for proton emission m p + Pb ~ p + X with energy 125 MeV 
at O = 180 ° versus incident kinetic energy. The experi- 
mental points are from refs. [2,23,24]. (d) The exponent 
o~(E d3o/d3p N A~) as a function of the angle in the LAB. 
The energy of secondary protons equals 200 MeV. The data 
7 + A ~ p + X a r e f r o m r e f  [25] T h e d a t a p + A ~ p + X  
are from refs [2,22]. 
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tions by one exponential function in a wide range of 
energies of emitted protons. See fig. 3. 

In fig. 2a the slope T0 lab is shown as a function of 
A t for protons emitted at 180 ° . One can see the agree- 
ment of the calculation of the both models with the 
experimental data [22]. 

The dependence of T~ ab for backward protons on 
incident energy is presented m fig. 2b. Data are taken 
from refs. [2,22-24].  At an energy higher than 3 -4  
GeV per nucleon the slope seems to reach its hmiting 
value of about 43 MeV. We see that the experimental 
points are well described by both models. 

In fig. 2c we present the incident energy depen- 
dence of the absolute cross section for protons error- 
ted in the reaction p + Pb ~ p + X. The energy of sec- 
ondary protons equals to 125 MeV, 19 = 180 °. The ex- 
perimental points are taken from refs. [2,23,24]. We 
observe a complete failure of the firetube model and 
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e 213 Fig. 3 The Lorentz-invarlant ross section dlvzded by A p  
for different projectiles at the incident kinetic energy of l .05  
GeV/N. Data from ref [22]. The firetube calculation is done 
for p + 12C. The f'trestreak predictions are multlphed by 1/2. 

a surprisingly good agreement of the firestreak with 
experimental data. The main difference of these two 
models is the following. The firestreak geometry takes 
into account the interactions of "pieces of nucleons" 
(what resembles the Hagedorn approach to nucleon- 
nucleon coLhslons [16] ). In the firetube model "pieces 
of nucleons" are absent. The contribution of the in- 
teracUons of these "pieces" turns out to increase with 
energy. 

The model predictions concerning A t dependence 
are shown In in fig. 2d. Because of the absence of 
data, we put in fig. 2a a httle bit of nonadequate pho- 
toproduction data [25]. The reason of a strong A t 
dependence for backward particles is the following. 
The same energy m the LAB of secondary protons 
correspond to lower and lower energy in the CM of 
the average source as the target mass Increases. Since 
the cross section for proton production exponential- 
ly decreases with the energy of secondaries, it is ob- 
vious, that the increase of the cross section with A t 
measured in the LAB comes from the energy depen- 
dence of secondary protons and from real A t depen- 
dence. 

Fig. 3 shows the proton production cross section 
at 19 = 180 ° for various projectile nuclei. Experi- 
mental data are taken from ref. [22]. The firestreak 
predictions have been multlphed by 1/2. The calcula- 
tions agree with an experimental Ap dependence, 
namely A 2/3 [2,22] p 

We conclude that there is a reasonable explana- 
tion of LNTF in the thermodynamical model. Whale 
the description of points 1 and 2 is independent of 
a particular formulation of the TM, points 3 and 4 
are strongly affected by the geometrical aspects of 
nuclear collisions. The predictions concerning the in- 
cident energy dependence of the absolute values of 
cross section favour the firestreak model. 

The authors are grateful to Professor V.A. Nlkitin, 
Professor M.I. Podgoretsky, Professor I.P. Ziehfiski 
and Dr. M. Ga~dzickl for helpful discussions. 
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