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In understanding the particle spectra of high-energy heavy
ion collisions the coalescence model plays an important role. The 
model bases on the assumption that nucleons, which have about 
the same momentum, coalesce to produce composites as deuterons, 
tritons, 3не, а -particles, etc. In this not; w' do not intend 
to give а derivation of the model (cf. refs. 1•2 and references 
quoted therein) but try to point out some of the underlying as
sumptions. For simplicity we consider the deuteron formation. 
The reference to the deuteron is of а sufficient fundamental in
terest to justify the development of а general formalism which 
contains the formation of many-body clusters as well. 

In spite of the fact tpat the deuteron formation is а rather 
complicated dynamical process, the coalescence model relies on 
the sudden approximation of quantum mechanics Ьу calculating the 
overlap of th~ wave functions characterizing the initial and fi
nal state of the expanding fireball. The initial proton and 
neutron state is .described Ьу plane waves 
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while the final state is assumed to Ье of the form 
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containing center-of-mass and internal motion of the deuteron. 
Тhе coalesc~nce formula is obtained Ьу calculating the quantity 
l<il f>l 2 and folding it with the respective n;utron and proton 
distributions in the momentum space (cf. ref. 11 ). The repre
sentation of Фf in the form (2) is only justified if the deute
~ons move in the free space and are not affected Ьу the surroun
ding medium. Тhе important effect to Ье included is the Pauli 
quenching preventing the deuteron formation at comparatively low 
temperatures and/or high densities 131• Тhis can most easily Ье 
studied Ьу solving а Bethe-Goldstone type equation for а deuteron 
embedcied in а hot nuclear medium. The solution Фd(r) of the 
B~the-Goldstone equation becomes then а function of the density 
and temperature. Moreover, in contrast with the Schroedinger 

equation in free space the internal .wave function Ф !d (r) is af
fected Ьу the total momentum Pd of the deuteron. This rnomentum 
dependence leads to the effect that deuterons which move with а 
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high velocity r~lative to the surrounding matter are less de
graded, because the quenching results essentially from the Pau
li Ьlocking. The density beyond which deuterons at given momen
tum Pd are destructed due to the change of the effective two
nucleon interaction is called the Mott density 13•41. 

In the subsequent discussion we rely on the quantum mech~
nical sudden approximation in calculating the overlap l<ilt>l 
but improve the approach Ьу considering in-medium corrections 
to the deuteron wave function. In view of а quantum statistical 
many-body description of hot nuclear matter the consideration 
of composites like deuterons is not sufficient, because the for
mation of larger clusters has to Ье accounted for as well. This 
is done Ьу solving the corresponding equation of state in а 
self-consistent way. Describin~ [he two-nucleon interaction Ьу 
means of а Yamaguchi pot1n;ial 5 the resulting Bethe-Goldstone 
equation takes the form 1 • 1 ... 

2 2 pd ... 
(р +а )фd (Р)= (З) 

3 ... 
... d р' ,.. ... ... pd 

=Лоg(р)f(2 1Т)з [1-t(t>d/2+ р')- t(Pd/2-p')]фd (р). 

where 

2 -1 
f(p) = [ ехр(р /2m- Jl)/T + 1] (4) 

is the Fermi distribution function accounting for the phase spa
ce occupation due to the Pauli Ьlocking. Тhе quantity Jl denotes 
the chemical potential containing the Hartree-Fock shift. It has 
to Ье determined self-consistently when solving the correspon- . 
ding equation of state of hot nuclear matter / 3,4,6/. In the low 
density limit the chemical potential Jl is connected with the den-

. . 4 Jl/T 
s1ty v1a р =~е • where Л = (2~th 2/mT)Y. is the thermal wave 

length of а nucleon. From eq. (3) it can Ье seen that if . either 
р-+0 (Jl -+ -oo) or the velocity Pd/2m of the deuterons relative 
to the medium is large, the solution for the free deuteron ф~(р) 
is obtained. The Yamaguchi potential 151 yields then the well
known Hulthen wave function of the deuteron. Since the deuteron
like clusters are extended in the coordinate space, their rela
tive momentum distribution < р2 > is rather narrow in momentum 
space. This can Ье seen from fig. 1, where we compare р~ calcula
ted means of the Hulthen function of the isolated deuteron with 
those calculated Ьу means of the biorthogonal solutions .of eq. 
(3). In order to present the results in а transparent form the 
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Fig. 1. The expectation value < р 2 > of the deuteron-like 
cluster calculated Ьу means of the solutions of 
eq. (3) as а function of the density at given tempera-

. < Ра > з 
ture Т and f1xed total momentum 4m = ']'Т . Pcascade = 
.= 90 MeV /с represents t he value of the momentum sphere 
adjusted i n the cascade calculation, while Ро = 
= 114 MeV/c follows f r om the Hulth~n deuteron wave 
function. 

respective expectation values < р 2 >have been calculated for deu
teron veloci ties according to the mean therma l energy < Р~ >/ 4m= 

= ~ T.It is interesting to compare these expectation values wi th 

t hose employed in the cascade cal culation in order to reproduce 
the experimental spectra of protons and deuterons in high-energy 
heavy-ion coll i's i ons. In doing this we used а version of the Dub
na cascade model / 7/ extend.ed to the case of composite particle 
formation. The coalescence mechanism for nucleons with а relati
ve momentum р is realized in the momentum space Ьу а direct per
mutation of all nucleons produced as the intranuclear cascade 
has been completed 181. Such а procedure is performed for each 
nucleus-nucleus collision that allows us to take into account 
the energy-momentum conservation and the source geometry. In 
particular, it is assumed that а neutron and а proton whose mo
menta lie within а momentum sphere of the radius Pcascadecoalesce 
and produce the deuteron. Rather good fits of such а cascade mo
del calculations to both the proton and deuteron abuпdances at 
various angles for the reaction Ar + KCl at 800 MeV /N / 9/ are 
shown in fig.2. The extracted value for the coalescence radius 
Pcasmde = 90 MeV /с (cf. fig. 1) turns out to Ье smaller than that 
given Ьу the deuteron wave function (Hulthen function)of two iso-
lated nucleons and falls just into the region determined Ьу t he 
solution of the equation of state which has explicitly allowed 
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Fig.2. The invariant in
clusive proton and deute
ron spectra from the Ar + 
+ KCl reaction at 
800 MeV/N. The experimen
tal data are from ref / 91. 
Тhе theoretically p.redic
ted increase in the par
ticle yield at Р <0.5 GeV/c 
is due to the account of 
the evaporation process 
followed Ьу the intra
nuclear cascade. The ac
count of the evaporation 
process has no influence 
on the proper choice of 
the coalescehce radius 
Р cascade = 90 MeV /с • 

for the formation of clusters. This fact can Ье interpreted as 
an effective account of the influence of the medium on the deute
ron characteristics if the experimental spectra are fitted Ьу 
means of the cascade model calculations. In this connection it 
is worthwhile to note that the same valJ e of Pcascade=90 MeV/c 
has been used in the cascade calculations for different pro
jectile and target combinations and various incident energies 
with the result that the proton and deuteron spectra are equally 
well described 181 · 

The relevance of the Pauli quenching for the deuteron pro
duction has been also discussed in ref. 110 /, where the expanding 
fireballs have been described in а relativistic gas dynamical 
approach. 

Using in t~e cascade calculations а coalescence radius deter
mined Ьу the free ground state deuteron wave function, the theo
retically predicted deuteron abundances are overestimated and 
consequently the associated entrop/ per baryon is lowered. This 
might Ье the reason why in ref. 111 the cascade calculations 
gave а too small entropy value. 

The account of the density and temperature dependence of the 
deuteron wave function in matter seems to Ье appropriate for 
а further improvement of the coalescence model and explains why 
the cascade model is аЬlе to describe experimental deuteron 
spectra with а momentum coalescence sphere, the radius of which 
is smaller than that deduced from the use of the wave function 
of the free deuteron. Concerning the cascade calculations repre
sented in fig.2 the achieved good agreement of theory and ex
periment could further Ье improved Ьу replacing the average 
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momentum sphere radius Ьу that corresponding to the actual 
situation characterized mainly Ьу the temperature and density 
of the medium and the velocity of the deuteron like clusters. 

Finally let us mention that the cascade model 181 yields for 
ihe momentum spheres fitting spectra of larger clusters ( 3Н, 
Не , c-particles) smaller co,lescence radii than expected from 

conventional considerations 12 - These findings are in line 
with the reasoning for the deuteron formation and can again Ье 
interpreted as an indication of the effective account of the 
Pauli Ьlocking whose significance for the formfction of larger 
clusters has already been estaЬlished in refs. 6

•
121. 

Тwо of the authors (H.S and G.R.) are indebted to the Joint 
Institute for Nuclear Research for the hospitality extended 
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Гудима К.К. и др. Е2-83-101 
Модель коалесценции и эффект nодавлениR Паули в высокоэнергетических 
столкновениRх тRжелых ионов 

ОбсуждаетсR механизм образованиR сложных частиц в реакциRх столкновениR 
тRжелых ионов. Показано, что эффективный учет влиRНИR Rдерной среды на 

волновую функцию свRзанного состоRНИR дейтроннога тиnа nутем реwения соот

ветствующего уравнения Бете-Голдстоуна требует меньwего радиуса коалесцен

ции в соответствующем имnульсном nространстве по сравнению с величиной, 

nолученной nри исnользовании волновой функции двух изолированных нуклонов. 

Реализация механизма коалесценции в рамках каскадной модели для столкнове
ний релятивистских тяжелых ~онов дает значение радиуса коалесценции нукло

нов, согласующееся с этими ожиданиями. 

Работа выnолнена в Лаборатории теоретической физики ОИЯИ. 
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Gudima К . К. et а\. Е2-83-101 
The Соа\еsсепсе Мodel and the Pauli Quenchlng in High-Energy Heavy~lon • 
Co11isions 

д composite particle formatioп mechanism is discussed for high-eneгgv 
heavy-ion col\isioпs. lt is argued that the effective accouпt of the nuc1ear 
medium оп the deuteroп-1 ike bouпd-state wave fuпct i oп Ьу solviпg а 8ethe-
Go 1 dstoпe type equat i оп requ i res а sma 11 е г соа 1 еsсепсе rad i us of the 
respective momeпtum sphere compared with that obtaiпed Ьу usiпg а . deuteroп 
wave fuпctioп of two iso1ated пucleoпs. Ca1cu1atiпg the ргоtоп апd deuteroп 
spectra of re1at ivistic heavy-ioп reactloпs iп the framework of the cascade 
mode1 gives results iп ассогdапсе with these expectatioпs . 

• • The i пvestigatioп has Ьееп performed at the Laboratory of Theoret ica1 
Physics, JINR. 
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