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There are interesting phenomena found in nucleus-nucleus 
collisions at high energy /1-5/, 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 1 • 

2. The slope reaches a limiting value with increasing energy. 
3. Cross sections for backward particles are proportional 

to A~ with a equal about I; 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 / 61. 

Why can LFNT occur in TM? Let us consider the source of tem
perature T0 that moves in LAB with velocity ~ and decays as 
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(CM) of the source the energi distribution p(E*) is isotropic 
and can be approximated by/ 7 

p (E*) = C. exp (- E* I T
0

), 

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(l-{3cos0)E 

with E being the energy of particles in LAB; 0, the angle of 
emission in LAB; y, the Lorentz factor. The energy distribution 
in LAB looks like 

p (E)= C'exp( -E /T~ab ) , 

where 
lab 
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Fig.!. The slope of the cross 
section in LAB for proton pro
duction at 0 = 0° and e = 180° 
as a function of the incident 
kinetic energy and the velocity 
of the source. 

We will show that for backward 
particles the slope of the energy 
d . "b · Tlab • 1 1 1str1 ut1on 0 1s a s ow y 
varying function of the velocity 
of the source and the incident 
(kinetic) energy (E inc ). 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 
of produced particles. When the 
energy goes to infinity, the 

a finite vaiue of about 140 MeV IB,91. To 
fincl thP tPm!'Pr,tnrP nf thP <:n11ri"'P, l"'hPmil"'"l P'!11ilihri11m "mrm~ 

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/IOI.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. \.Je neglect these effects; ho-v1ever, 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 ~ 

~=Np/N 1 +Np, 

where N1 (Np) is the number of nucleons from target (projectile) 
in the source. We can eliminate the parameter ~ and find the 
temperature as a function of~ and Einc• In fig. I we present TJab 
as a function of~ and Einc for two extreme cases e = 0° and 
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0 = 180°. We see that for backward anfle T~ab is a slowly vary
ing function. For Einc = 3 GeV/N, T0 ab changes by less than 
5 MeV when ~ varies from 0. 15 to 0.60 of the velocity of light. 
Let us notice that the limiting value of Tbab 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 previous qualitative considerations. 

In the fireball model /II/ 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 undergoes thermalization. 

In the firestreak model'r2•131 diffuse nuclear surfaces are 
assumed. Interactions occur independently between infinitesimal 
collinear streaks of projectile and target matter. Due to an 
iud~p~udcut t~c~u~lizatic~ vf t~~ ~t~~~!~~, ~~ b~t t~~ t~~~~=~

ture and the velocity gradient in the interaction volume. We 
restrict our calculation to ~ in an interval of 0.025-0.975 
independent of incident energy. At Einc = I 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 114
' collinear tubes are assumed to in

teract independently. The geometrical sections of the tubes 
are a~ aNN = 42 mb. The cross sections for colliding NP nuc-

tot d 
leans from projectile with N1 nucleons from a target are fo~n 
from Glauber type probability considerations. All cross sect1ons 
in the firetube model are obtained by summation of the cross 
sections with definite N1 and N over all possible values of 

p • d . N1 and NP .In this model, fluctuat1ons of nuclear ens1ty 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. 

3 



a) 

0 

4 H•+At-+ p(1800} E1nc:1.05~V 

20L-----L---~----~-----L--~ 

i 
g. 
-o ... 

40 

50 100 150 A target 

b) 

S E;nc .~V/N 

__ :L .. 
FiREBALL , • '----. ' FIRETUBE 

FIRE STREAK 

rr-•t 

___ 9-~_:..-~-~, 

~--~--~----~--~ 
30 GO 90 120 elab,deg. 

F · 2 ) lab Ig. • a The slope T0 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 
interval of secondary protons is 
75-275 MeV. b) The slope T 1"b vs. 
incident kinetic energy pe~ nuc
leon compared with firestreak 
calculations. Data from Ref.l7. 
The energy interval of secondary 
protons is 50-300 MeV. c) Exponent 
a (Ed

3
a/d 3p -A~) as a function of 

angle in LAB compared with fire
ball, firestreak and firetube. 
The energy of secondary protons 
equals 200 HeV, the incident 
energy 1.05 GeV /N. Data y +A~ p +X 
( 0) from 1181. Data p +A-t p + X (•) 
from / 2•161. 

We use Fermi type nuclear density distributions in our fire
streak and firetube calculations. In our opinion, the Jermi 
type distribution is in better agreement with the data on elect-
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authors/ 12, 13/. 

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/ 1-4/ by 

lab 
Cexp(-T/T0 ), 

where T is the proton kinetic energy. The slope changes with 
the energy interval of secondary protons being considered, since 
it 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 'I(jab is shown as a function of A
1 

for 
protons emitted at 1800.0ne can see a full agreement of the 
firestreak calculations with the experimental pointsi 20(The 
fireball and firetube models give practically the same result. 
So, we have explained point I of LFNT. 

The dependence of Tbab for backward protons on incident ener
gy is presented in Fig.2b. Data are taken from compilatiod 171. 
At energy higher than 3-4 GeV per nucleon the slope seems to 
reach its limiting value of 43 l1eV - point 2 of LFNT. We see 
that the experimental data are well described by the firestreak 

model. The fireball and firetube models predict the same beha-
. f Tlab 

VIOUr 0 O 
While the description of points I 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 data1 181. 
The best agreement is obtained in the firetube model. The reason 
of a strong At 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 o~ sec?ndaries, 
it is obvious that the increase of the eros~ section With At 
measured in LAB comes from the energy dependence of secondary 
protons and from real At dependence. 

Figure 3 shows the proton production cross section at (} = 180° 
for various projectile nuclei. Experimental data are taken 
from Ref.l6. The firestreak predictions have been multiplied 
by 1/2. The calculations agree with an experimental AP depen-
dence, namely A;' 3 12•161 . . .. 

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 3a/d 3p decreases 
with energy when experiment gives a slow increase or no depen
dence/2/. We have found a good agreement of the predicted absolute 

... .- .. • • 0 • !1 __ ...__ -~-----!-- 1~ .......... - +-1-...-.-vaJ..ue O:L t:.Ut! CLOtHS bt:!l.:LJ..UU d.L .L.U\....1..\.u:::.u.L. CUCl.C,.LC~ .I.VW'-.1.. '-U'-1>1. .. 

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 • 
(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 ~min,max dependent on incident energy. 
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A~ 3 for different projectiles at an incident kinetic 
energy of 1.05 GeV/N. Data from Ref. 16. The firetube 
calculation is done for p-+ 12 C. The firestreak predic
tions are multiplied by 1/2. 

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.1211 .Any kind of correlations in nucleus discussed in va
rious papers /1, 22 •2 3/ is not assumed. The mechanism of nucleon
nucleon interaction is also not determined. The thermodynamical 
approach to backward particles was firstly proposed in Ref ,124/. 

However, only a qualitative analysis was done with the tempera
ture and the velocity of the source as free parameters. 
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AaAe~4~KOB B.8., HpyB4~HCKH~ C. E2-83-353 
npeAeflbHaR ~parMeHTa~HR RApa-MHWeHH H TepMOA~HaMH4eCKaR MOAeflb 

PaccMaTpHaaeTCR B03MO*HOCTb onHcaHHR 3KcnepHMeHTaflbHwx AaHHwx no 
npeAeflbHO~ ~parMeHTa~HH RApa-MHWeHH C BWXOAOM BWCOK03HepreT~4eCKHX npoTo
HOB nOA yrnoM 180° B paMKaX TepMOA~HaMH4eCKO~ MOAenH. PaC4eT reoMeTPH4e
CKO~ 4aCTH RAPO-RAPO B3aHMOAe~CTBHR swnonHeH B paMKaX ~aHp6onn; ~a~pCTPHK
H ~a~pTb~6-MOAene~. TepMOAHHaMH4eCKaR 4aCTb MOAeflH onHCWBaeT pacnaA B036y*
AeHHWX ~a~p6onoa KaK HAeanbHoro ra3a HaKcaenna-5onb~MaHa. CsR3b 3HeprH~ 
C TeMnepaTypo~ B3RTa H3 11MQAenH CTaTHCT~4eCKOro 6yTCTpana". HoAeflb XOPOWO 
OnHCWBaeT OCH08HWe XapaKTepHCTHKH RBfleHHR npeAeflbHO~ ~parMeHTa~HH: 3asH
CHMOCTb ~OpMW 3HepreTH4eCK~X cneKTpOB npOTOHOB OT aTOMHOrO HOMepa RApa
MHWeHH, OT 3Hepr~~ 60M6aPAHPYIOIIIero RApa, BWXOA Ha 11CKe~nHHr 11 napaMeTpa, 
xapaKTepH3yiOIIIero HaKflOH 3HepreTH4eCKHX cneKTPOB npoTOHOB, 3aB~CHMOCTb 

Ce4eHHR o6pa30BaHHR npOTOHOB OT THna 6oM6apAHPY~~eH 4aCTH~W ~ RAPa-MHWeHH. 
06CY*AaeTCR B03MO*HOe BflHRHHe 3~~eKTa flHAHPYIOIIIe~ 4aCTH~W H TaK HaawsaeMO~ 
npoapa4HOCTH RAepHoro ae~ecTsa Ha pac4eTHwe xapaKTepHCTHKH RsneH~R npe
AenbHO~ ~parMeHTa~HH. 

Pa6oTa BWnOnHeHa B Da6opaTOPHH BWCOKHX 3Hepr~H OH~H. 

Coo6~eH~e 06aeA~HeHHoro ~HCT~TyTa RAePH~x ~ccneAoaaH~H. AY6Ha 1983 

Avdeichikov V.V., Hr~wczynski 
The Limiting Nuclear Target Fragmentation 
and the Thermodynamical Hodel 

E2-83-353 

The possibility of describing the experimental data of the 1 imiting 
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 describec 
in the thermodynamical part as a decay of an ideal Haxwell-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. 

Communication of the Joint Institute for Nuclear Research. Oubna 1983 
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PaccMaTpHsaeTCR B03MO*HOCTb onHCaHHR aKcnepHMeHTanbH~x AaHH~x no 
npeAenbHO~ ~parMeHTa4HH RApa-MHWeHH C B~XOAOM B~COK03HepreTH4eCKHX npOTO
HOB nOA yrno~ 180° B paMKaX TepMOAHHaMH4eCKO~ MOAenH. PaC4eT reoMeTpH4e
CKO~ 4pCTH RAPO-RAPO B3aHHOAe~CTBHR B~nonHeH B paMKaX ~a~p6onn; ~a~pcTpHK
H ~a~pTb~-MOAene~. TepMOAHHaMH4eCKaR 4aCTb HOAenH OnHC~BaeT pacnaA B036y*
AeHH~X ~a~p6onoa KaK HAeanbHoro raaa MaKcaenna-6onb4MaHa. CBR3b 3HeprHH 
c TeMnepaTypo~ B3RTa H3 11HQJ1enH cTaTHCTH4ecKoro 6yTcTpana". MoAenb xopowo 
OnHC~BaeT OCHOQH~e xapaKTepHCTHKH RBneHHR npeAenbHO~ ~parMeHTa4HH: 3aBH
CHMOCTb ~OpM~ 3HepreTH4eCKHX cneKTpOB npOTOHOB OT aTOMHoro HOMepa RApa
MHWeHH, OT 3HeprHH 6oM6aPAHPYIOIIIero RAPa, B~XOA Ha 11CKe~nHHr 11 napaMeTpa, 
xapaKTepH3YIOIIIero HaKnOH 3HepreTH4eCKHX cneKTpOB npOTOHOB, 3aBHCHMOCTb 
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The possibility of describing the experimental data of the 1 imiting 
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 Maxwel 1-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 i nfluence 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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