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THE SIGNIFICANCE OF M. SMOLUCHOWSKI'SWORK IN SUBATOMIC PHYSICS�Andrzej BudzanowskiH. Niewodni
za«ski Institute of Nu
lear Physi
sRadzikowskiego 152, 31-342 Kraków, Poland(Re
eived January 31, 2003)Marian Smolu
howski is 
onsidered to be the founder of the physi
sof sto
hasti
 pro
esses. In his studies of the Brownian motion he showedhow the underlying thermal motion of the opti
ally invisible mole
ules 
anbe inferred from the observation of the 
haoti
 motion of suspended 
ol-loidal parti
les dis
ernible by the mi
ros
ope. Smolu
howski was �rst tointrodu
e randomness into physi
al equations. We show how the basi

on
epts and equations derived by Smolu
howski 
an be used to studythe various forms of nu
leoni
 matter ex
ited in 
ollisions of heavy ions,the liquid-to-gas phase transition in nu
lei, multifragmentation phenom-ena and the possible transition to the quark�gluon plasma, the ultimatestate of hadroni
 matter. The partoni
 stru
ture of baryons 
an be studiedfrom the energy and angular distributions as well as 
orrelations of emittedhadrons even if Nature does not allow us to see free quarks and gluons.The various a
hievements of Smolu
howski's work, like the di�usion equa-tion, �u
tuation analysis, 
riti
al phenomena 
lose to phase transitions, andfoundations of the 
oales
en
e model as applied to 
ontemporary problemsare dis
ussed, and their universality is stressed.PACS numbers: 25.75.�q, 01.65.+g, 01.10.Fv1. Introdu
tionMarian Smolu
howski (1872�1917) the greatest Polish theoreti
al physi-
ist ever was �rst to �see atoms� through the Brownian motion of heavy
olloidal parti
les visible in opti
al mi
ros
ope. He explained at the turnof 
enturies 1800/1900 the Brownian motion as the 
lean example of thesto
hasti
 pro
ess [1℄. It is amazing that after hundred years many of histheoreti
al investigations 
an be applied su

essfully to the 
ontemporaryphysi
s of nu
lear and subnu
lear pro
esses.The history of the Universe after the �Big Bang� is marked by subsequentphase transitions. In the laboratory we 
an study these transitions in a� Presented at the XXXVII Zakopane S
hool of Physi
s �Trends in Nu
lear Physi
s�,Zakopane, Poland, September 3�10, 2002.(2373)



2374 A. Budzanowskireversed order i.e. from the low temperatures of the order of mK up to thehighest ones around 1014 K (see Fig. 1). At the lowest temperature weusually have to deal with the 
rystal stru
ture in whi
h atoms are boundPHASES OF THE UNIVERSEt T15 Gyr
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heme of the �thermal� history of the Universe.
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s 2375to the �xed positions in the latti
e. As the temperature in
reases the solidphase melts and transition to the liquid one o

urs. The atoms or mole
ulesare moving more freely through a resistive vis
ous medium although they arebound within the liquid phase. Further, the liquid to gas phase transitiontakes pla
e. Generally, ea
h phase transition o

urs at the temperature atwhi
h the thermal energy of the moving mole
ules is equal to the bindingenergy in the appropriate phase i.e. 3=2kT � EB, where k is the Boltzmann
onstant, T stands for absolute temperature, and EB denotes the bindingenergy of the 
onsidered phase.The important point is that atoms have internal stru
ture i.e. nu
leiand ele
trons. If the energy of the thermal motion of the mole
ules in thegas phase ex
eeds the binding energy of ele
trons in atoms, a new phase ofmatter, the so 
alled plasma, will appear. It 
onsists of positively 
hargedheavy ions and ele
trons. Total average ele
tri
 
harge of plasma is zero.Over 90% of matter in the Universe is in the plasma phase. Hot plasma inthe interior of stars 
onsisting of fully stripped nu
lei and ele
trons is theprin
ipal sour
e of energy enabling the birth and enduran
e of life on thenearby planets. Ele
trons are elementary parti
les but nu
lei not. Therefore,further in
rease of the temperature will lead to the next phase of matterwhi
h is sometimes 
alled �nugas� i.e. gas of nu
leons and ele
trons. Thislast transition is 
alled a liquid to gas phase transition sin
e nu
lei in itsground state have properties of a liquid drop. To e�e
tuate this last phasetransition, temperatures of the order of 1011K are ne
essary sin
e the averagebinding energy of nu
leons in nu
lei is � 8 MeV.It is quite natural to think about the next phase transition. However,this requires that nu
leons should have internal stru
ture. The �rst sign thatthe proton may not be an elementary parti
le 
an be tra
ed ba
k to the latethirties when its dipole magneti
 moment was measured. The experimentalvalue was found to be almost three times higher than that expe
ted for theDira
 point parti
le. This strongly suggested that proton might have internalstru
ture. Careful studies of this stru
ture by s
attering of ele
trons of theenergy of tens of GeV revealed three point parti
les 
alled quarks with ele
-tri
al 
harges +2=3e, +2=3e, and �1=3e for protons and +2=3e, �1=3e, and�1=3e for neutrons. Quarks are bounded by strong for
es. The strong �eldquanta gluons were soon dis
overed too. The way to the new phase of mat-ter the so 
alled quark�gluon plasma (QGP) seemed to be open. However,some unexpe
ted di�
ulty appeared. Quarks and gluons 
annot exist as freeparti
les. After many unsu

essful attempts to �nd parti
les with ele
tri
al
harges being the multipli
ity of 1=3e, physi
ists had simply to built this fa
tinto the theory. This led to the birth of Quantum Chromodynami
s, 
alledshortly QCD. At this point we should quote the famous Einstein's saying�Komplizierter ist der Herr Gott, aber boshaft ist Er ni
ht�. QCD explains



2376 A. Budzanowskithe fa
t that all strongly intera
ting parti
les � hadrons � are built up fromelementary point parti
les � quarks and antiquarks � having �nite masses.Three quarks form baryons and pairs of quark�antiquark�mesons. Quarksintera
t by ex
hange of massless gluons. Gluons and quarks are 
arryingstrong �eld 
harges 
alled 
olours. The 
olours are strong �eld sour
es. Allexisting hadrons must have white 
olours therefore the minimal satisfa
torynumber of di�erent strong 
harges�
olours is three by some loose analogyto opti
s where three 
olours form a white light. Sin
e gluons as quantaof 
olour for
es have to operate between three 
olours they must be mathe-mati
ally represented by matri
es of the order of three. Experiments 
arriedout in the se
ond half of the twentieth 
entury led to the 
on
lusion thatQGP 
omprises six types (�avours) of quarks, three 
olours and eight gluons.Taking into a

ount that the low energy quark�gluon plasma (QGP) should
ontain two types of light quarks 
ontained in nu
leons namely u and d wehave for the statisti
al weight of QGP wQGP = 8�2+7=8�2�2�2�3 = 37,where the �rst term 
ontains the 
ontribution from gluons, 2 for the spinpolarization, 8 for 
olours. The se
ond term represents the 
ontribution dueto quarks (in the massless approximation) where 3 fa
tors of 2 representrespe
tively parti
le-antiparti
le, spin and �avour degrees (u; d) of freedomand the fa
tor 3 is for 
olours. Fa
tor 7/8 
omes from Fermi Dira
 statisti
s.This simple estimation shows us that QGP phase is a very ri
h stru
turewith high value of the statisti
al weight.Smolu
howski's physi
s was 
on�nned to three phases shown in the up-per part of Fig. 1. However, his methods of analysis of sto
hasti
 motionof Brownian parti
les are fully appli
able to pro
esses 
onne
ted with ri
hstru
tures existing in the subatomi
 world shown in lower part of Fig. 1.In order to see this we have to repeat brie�y some basi
 informations onthe motion of the Brown's parti
les within the so 
alled random-walk model.2. Brownian motion as �u
tuationThe ratio of the mass of single atoms to the mass of heavy Brown'sparti
le is of the order of 10�12. From the simple 
onservation of linearmomentum we 
an easily estimate that the re
oil of the heavy 
olloidalparti
le resulting from the 
ollision with single atom 
annot be observedin the mi
ros
ope. In the se
ond half of the 19th 
entury this was themain argument used by some s
ientist, for example by Nägeli, against theatomisti
 interpretation of the Brownian motion.The great merit of Smolu
howski was his notion that the movement of theBrown's parti
le is a result of the �u
tuation in the number of 
ollisions withsingle atoms. From time to time the number of atoms pushing the Brown'sparti
le in one dire
tion in
reases signi�
antly beyond its mean value taken
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s 2377over all dire
tions. As a result the heavy parti
le will move in to one dire
tionbeing de
elerated by the internal fri
tion for
e in a

ordan
e with the Stokeslaw. This last for
e arises simply from the fa
t that the parti
le moving inone dire
tion 
ollides on the average with more atoms moving in the oppositedire
tion. A simple one dimensional model of Chandrasekhar [1℄ allows usto understand the main features of the sto
hasti
 motion and to estimatethe �nite value of the probability to observe �u
tuations in this motion.Let us 
onsider the following motion of a parti
le along the x axis(see Fig. 2). By tossing a 
oin we move the parti
le by the unit distan
e a
0 1 2 3 4 5 6�1�2�3�4�5�6 xaFig. 2. The random-walk model along the axis xtowards the positive dire
tion if the 
oin is falling avers up or in the negativedire
tion if the 
oin is falling reverse up. This means that the movement ofthe 
oin is statisti
al one with the equal probability P = 1=2 into the pos-itive or negative dire
tion. We ask what is the probability W (m;N) thatafter N steps the parti
le will be found at 
oordinate m. The probability ofany distinguishable sequen
e of steps is (1=2)N . To get the position m weneed (N +m)=2 steps into the positive dire
tion and (N �m)=2 steps intothe negative one. The sequen
e of plus and minus steps is arbitrary. Fromsimple 
ombinatori
s we get the total number of di�erent sequen
es leadingto position m as: N ![(N +m)=2℄! [(N �m)=2℄! : (1)For W (m;N) we get:W (m;N) = N ![(N +m)=2℄! [(N �m)=2℄!�12�N : (2)The mean value 12hN +miav = 12N : (3)The mean square deviation is:h[12 (N +m)� 12N ℄2iav = 14N : (4)From (3) and (4) we 
on
lude that the mean value of the shift is ina

ordan
e with simple intuition hmiav = 0, but the mean square valuehm2iav = N . This last relation indi
ates a very important property that



2378 A. Budzanowskithe average value of the square of the shift along the x axis is proportionalto the number of steps N . If we assume that the 
onse
utive shifts areseparated by equal time interval �t then N = t=�t where t is the total timeof observation. In 
onsequen
e:hm2iav = 
onst: 1�t t = 
onst: t : (5)The mean square value of the shift along x axis is proportional to the timeof the observation. On the example of the simple one-dimensional randommotion we 
an understand why Smolu
howski was happy when he foundfor the mean square value of the 
onse
utive shifts of the Brown's parti
lea formula proportional to time. The 
onne
tion between the simple pro-portionality to the time of the observation and the nature of the sto
hasti
pro
ess was established. It is interesting to study the values of W for themore realisti
 numbers N and m assuming that N is representing the num-ber of all atomi
 
ollisions with Brown's parti
le whereas m is mimi
king thenumber of 
ollision pushing the parti
le in a de�ned dire
tion (�u
tuation).Assuming 1 �m for the diameter of the Brown's parti
le and the normal
ondition for gas or liquid it is possible to estimate that the total number of
ollisions from all dire
tions is 1016 s�1 for gas and 1020 s�1 for liquid phase.Transforming formula (2) using Stirling formula for the fa
torial and takingthe following 
onditions N � 1 and 1� m� N we get:W (m;N) = � 2�N�1=2 exp��m22N� : (6)From the formula (6) we see that using the realisti
 values for N we 
anexpe
t to observe, with �nite probabilities, the push in the de�nite dire
tionfor m = 108 and m = 1010 mole
ules in the gas or liquid, respe
tively.Smolu
howski solved the problem of movement of heavy Brown's parti
lein 3D spa
e under the in�uen
e of the following for
es:1. Sto
hasti
 for
e (nondeterministi
) due to the superposition of manyatomi
 
ollisions (�u
tuation).2. Internal fri
tion for
e in the vis
ous medium (Stokes Law).The famous Smolu
howski formula (found independently by Einstein)for the mean quadrati
 way along x axis passed by the Brownian parti
letakes the form: hx2iav = kT3��a t = RNA T3��a t ; (7)where k is the Boltzman 
onstant, � 
oe�
ient of vis
osity of the medium,a the radius of the Brown's parti
le, t time of the observation, R is the
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onstant, NA indi
ates Avogadro number. It is important to note thatfrom the �u
tuation in the sto
hasti
 pro
ess it is possible to determine theunderlying number of atoms per 1 mol of substan
e. Using the formula (7),Perrin and Zermelo have determined the Avogadro number proving that itsvalue is independent of the kind and mass of Brown's parti
le, 
oe�
ient ofvis
osity of the medium as well as of the temperature of the medium.3. Flu
tuation laboratoryAfter explaining su

essfully the movement of the heavy 
olloidal parti-
les as generated by the thermal motion of atoms (mole
ules) Smolu
howskipublished several papers in whi
h he applied the theory of random pro
essesto the assemblage of Brownian parti
les suspended in liquid free or subje
tto external for
es. Most of these �gedanken� experiments are possible to per-form in the laboratory. Many of his theoreti
al investigations 
an be appliedto the world of nu
lear and subnu
lear pro
esses due to their universality.All the formulas 
on
erning �u
tuations Smolu
howski is derived underthe assumption that the 
onsidered pro
esses are of the Markowian type i.e.the movements of the Brownian parti
les are mutually independent and allpositions of the parti
les inside the 
onsidered volume have equal probability.These assumptions 
an be subsequently modi�ed by the introdu
tion of ex-ternal �elds of for
es a
ting on the parti
les (e.g. ele
tri
 �elds, gravitational�eld). We 
an also 
onsider the problems of 
oagulation or fragmentation ofparti
les or other sour
es of mutual 
orrelation in the movement of parti
les.What I would 
all the Smolu
howski's laboratory of sto
hasti
 motion issimply a spa
ious vessel holding gaseous or liquid solution of 
olloidal par-ti
les performing Brownian motion. Using this �laboratory� Smolu
howski
arried out many 
ogitated experiments, predi
ting their results by inge-nious theoreti
al 
onsiderations. Many of these experiments are dire
tlytransferable to world of the subatomi
 physi
s. However, we have to keep inmind that the formulas derived by Smolu
howski are valid for phenomena
on
erning a large number of parti
les. Spe
ial 
are must be taken in orderto apply these formulas to the systems of low number of parti
les.The basi
 question put forward by Smolu
howski 
an be stated as follows:if we have on the average � Brown's parti
les in a volume element �V ofthe equilibrated 
olloidal solution, what is the probability W (n) to �nd nparti
les in this volume element �V at an arbitrary moment? It turned outthat the solution takes the form of the Poisson distribution [1℄W (n) = �n exp(��)n! : (8)Next notion introdu
ed by Smolu
howski is the transition probabilityW (n;m). It answers the following question: suppose that at 
ertain mo-



2380 A. Budzanowskiment we have in the volume element �V n Brownian parti
les. What isthe probability that after a 
ertain time internal � we �nd m parti
les inthis element? The transition probability is from the mathemati
al pointof view 
alled the 
onditional probability. Smolu
howski 
alled W (n;m)in German as �Wahrs
heinli
hkeitsna
hwirkung� what 
an be translated toEnglish as �probability after e�e
t�. Next question 
onsidered by Smolu-
howski is: what is the probability that a parti
le lo
ated in volume element�V after time interval � leaves �V ? Let us repeat that all this questions areformulated assuming stationary state of the system of Brownian parti
les,the movement of parti
les are independent (un
orrelated) and all positionsin the volume are equally probable.Finally for W (n;m) Smolu
howski obtained the following formula:W (n;m) = Xx+y=mw(n)1 (x)w2(y) ; (9)where w(n)1 = Cnx (1� P )xP n�x ; (0 � x � n) (10)and w2(y) = (�P )y exp(��P )y! ; (0 � y <1) : (11)where w(n)1 (x) is the probability that x parti
les remain in�V after time � , ifat t0 (�rst moment of observation) it was there n parti
les, w2(y) indi
atesthe probability that after time � , y parti
les enter the element �V . Pdenotes the probability that a parti
le being at the beginning in element�V after time � leaves this element. The 
oe�
ient Cnx denotes the numberof distin
t ways of sele
ting x parti
les from the initial group of n. Theother symbols are the same as in Se
tion 2. Smolu
howski was interestedin the density �u
tuation phenomena mostly for the purpose of studyingthe reversibility of pro
esses generated by statisti
al thermodynami
s. Hederived two important formulas for the mean time of life Tn of the �u
tuationstate of n parti
les in the volume element �V and the mean re
urren
e timeof n parti
les in �V �n: Tn = �1�W (n; n) ; (12)and �n = �1�W (n; n) 1�W (n)W (n) : (13)For n� � �n � � exp(�) n!�n : (14)
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s 2381We noti
e from (14) that at very large value of n the re
urren
e time willbe
ome in�nitely long. That means that observing the volume element �Vat �nite time intervals � we have to wait in�nitely long to get the same
on�guration n. This was for Smolu
howski an important proof of the irre-versibility of statisti
al thermodynami
s.For our purposes more interesting is the probability density W (~r1; ~r2)that the Brownian parti
le in its 
haoti
 movement after time � will 
hangethe position from ~r1 to ~r2:W (~r1; ~r2) = 1(4�D�)3=2 exp��j~r1 � ~r2j24D� � ; (15)where D = RNA T6�a� ; (16)D is 
alled the di�usion 
oe�
ient. The other symbols in (15) and (16) werede�ned in Se
tion 2. Integrating over the volume element �V we get:P = 1(4�D�)3=2 �V Z Z exp��j~r1 � ~r2j24D� � d~r1 d~r2 ; (17)where the integration over ~r1 is stret
hed over the volume �V and over ~r2is 
on�ned to spa
e outside volume �V . Coe�
ient of di�usion D 
ontainsAvogadro number NA. Through formulas (10) and (11) NA is 
onne
ted tothe density �u
tuation. We 
an then 
on
lude that by observation of density�u
tuation i.e. 
ounting the number of parti
les in volume �V at 
onstanttime intervals � we might also determine the number of invisible atoms inone mol of substan
e.The above presented 
onsiderations 
an be dire
tly transferred to thesubatomi
 world by investigating the �u
tuations of number of parti
lesemitted in nu
lear 
ollisions from one 
ollision to the other (event by event�u
tuations). The size of those �u
tuations depends on the type of theex
ited gas whi
h is the sour
e of emitted parti
les e.g. quark�gluon plasmaor hadron gas. Instead of volume element �V in 3D spa
e we are often
onsidering elements in phase spa
e, elements of solid angle, elements inmomentum spa
e or ratios of various types of emitted parti
les.Smolu
howski studied also the Brownian motion in the presen
e of per-fe
tly absorbing wall, perfe
tly re�e
ting walls as well as 
oagulation prob-lems. This last pro
ess o

urs when two Brownian parti
les are sti
kingtogether if their mutual distan
e j~R1 � ~R2j falls down below the 
ertain ra-dius R
 
alled 
oales
en
e radius. This 
on
ept is also being used in nu
learrea
tions in whi
h two nu
leons or two groups of nu
leons with momenta ~p1



2382 A. Budzanowskiand ~p2 �nd themselves within the 
oales
en
e sphere in momentum spa
ej~q
j su
h that j~p1 � ~p2j < j~q
j. They are then emitted as one parti
le. Thisis a full analogy of the 
oagulation radius of Smolu
howski.More interesting for the appli
ation in physi
s of subatomi
 pro
essesare the non stationary phenomena in whi
h there is a �ow of Brownianparti
les 
aused by the gradient of the parti
le density (di�usion) or byexternal ele
tri
al or gravitational �elds. Those pro
esses are governed bythe so 
alled Smolu
howski's equation:�W�t = div�D gradW � Fm6�a� W� ; (18)where F is the external for
e a
ting on the unity of mass, W is the densityof Brownian parti
les, D denotes the di�usion 
oe�
ient, a indi
ates thediameter of Brownian parti
le and � the 
oe�
ient of vis
osity. The �rstterm in parenthesis des
ribes the sto
hasti
 di�usion pro
ess, the se
ondone the motion 
aused by the external for
e. The Smolu
howski's di�usionequation is a limiting form of the more general Fokker�Plan
k equation.The works of Smolu
howski are not terribly often 
ited in papers 
on
erningsubatomi
 pro
esses due to the simple fa
t that before the neutron dis
overy(1932) physi
s of nu
lear stru
ture pra
ti
ally did not exist. Neverthelessmany of the �u
tuation equations from the physi
s of Brownian motion andthe Smolu
howski's equation have found an appli
ation to physi
s of nu
lear
ollisions.4. Appli
ation of Smolu
howski's work to subatomi
 physi
sMost of the theoreti
al experiments of Smolu
howski 
on
erning the 
ol-loidal solution of parti
les have found appli
ations in the 
hemistry of 
ol-loids. Smolu
howski explained also the blue 
olor of the sky as well as the
riti
al opales
en
e. After the dis
overy of new forms of matter like nu
le-oni
 matter and more fundamental substru
tures of quarks and gluons it isto be expe
ted that many Smolu
howski's 
onsiderations will be appli
ableto highly ex
ited nu
lear matter up to its 
riti
al state as well as in sear
hfor the early state of the universe � the quark�gluon plasma. Those statesare usually 
reated in laboratory by heavy ion 
ollisions.In Fig. 3 a s
hemati
 pi
ture of heavy ion 
ollision in the energy rangefrom tens to few hundreds MeV per nu
leon is shown. We 
an distinguishthree regions of the rea
tion: proje
tile like, target like and the intera
tionregion. In the intera
tion region a strongly ex
ited nu
leon gas is formed. Tothe ex
ited nu
leons the random walk model presented in Se
tion 2 
an beapplied. As a result of 
ollisions the nu
leons 
an be transferred to proje
tile
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ape to the 
ontinuum.If two nu
leons are moving with momenta ~p1 and ~p2 whi
h are subje
t to the
ondition j~p1 � ~p2j < j~q
j where q
 is the 
oales
en
e radius in momentumspa
e then these two nu
leons 
an be emitted as one parti
le with momentum~p = ~p1 + ~p2. This phenomenon is a full analog of 
oagulation of 
olloidalparti
les des
ribed by Smolu
howski [1℄. The random walk model has beenapplied to the two stage model of heavy ion rea
tion by Sosin [2℄. In the �rststage of rea
tion the nu
leons be
ome free as the result of the intera
tionwith mean �eld or with other nu
leons. In the se
ond stage the free nu
leons
an be transferred to the proje
tile, to the target or form a 
luster if thedi�eren
e of their momenta is 
ontained in the 
oales
en
e sphere. Several
PLF
TLFT

~p2

~p2
P

Fig. 3. S
hemati
 pi
ture of the 
ollisions of two heavy ions. P � proje
tile, T� target, PLF � proje
tile like fragment, TLF � target like fragment hat
hedpart indi
ates the intera
tion region, ~p1 and ~p2 indi
ate momenta of the outgoingnu
leons or 
lusters.attempts to determine the primary number of parti
les 
reated in 
entralheavy ions 
ollisions from event by event �u
tuations have been made. Theseare experiments whi
h 
an be dire
tly related to the determination of theAvogadro number by observations of the �u
tuation of number of Brownianparti
les in a volume element �V . It is usually rather di�
ult to determinethe volume element �V in nu
lear 
ollisions so the �u
tuation 
onsiderationsare shifted to studies of volume independent quantities like ratios of intensityof various kinds of parti
les, ratios of parti
les of di�erent 
harges et
.



2384 A. BudzanowskiAs an example let us take ratios of 
harged parti
les. It should be kept inmind that the 
harge unit in QGP phase is 1/3e whereas in the hadron phase1e. De�ning the next emitted 
harge by Q = N+�N�, where N+ indi
atesthe number or emitted parti
les positively 
harged, and N� the number ofemitted negatively 
harged parti
les we have for the total number of 
hargedparti
les N
h = N+ +N�. Let us de�ne R = N+=N� and F = Q=N
h. Themean square �u
tuation of R2 is then:hÆR2iav = hR2iav � hRi2av = 4hÆF 2iav : (19)Jeon and Ko
h [3℄ have shown, that the parameter D de�ned as hN
hihÆR2ifor hadron gas has the valueDh = 4 and for quark�gluon plasmaDQGP = 1.On the basis of the experimental results for �+ and �� emission in208Pb + 208Pb 
ollision at energy 17.6 GeV per nu
leon pair in CM at theSPS a

elerator in CERN the experimental value was found to be Dexp =3; 5. We 
an then 
on
lude that in very short time � < 10�23 s the quarksare 
oales
ing into the hadron resonan
es whi
h are de
aying into mesonpairs. So far the value of parameter D was not 
al
ulated for strongly 
oag-ulating gas. The existen
e of hadrons and meson resonan
es in the de
ay ofQGP was re
ently indi
ated by Broniowski and Florkowski [4℄. At this pointwe may try to spe
ulate a little bit about the fate of a pie
e of QGP. It wasexpe
ted that due to the large statisti
al fa
tor of the QGP (see Se
tion 1)on
e formed the QGP will expand. This is due to the prin
iple of in
rease ofthe entropy. The transformation ba
k to the hadron phase within the samevolume would 
ontradi
t the law of 
onstant in
rease of entropy. In view ofthe possibility of formation of the hadron resonan
es in the pro
ess of fast
oagulation of quarks it is possible to explain the transformation of QGPinto hadron phase within the primary volume of 
olliding nu
lei thanks tothe exponential in
rease of the number of hadroni
 states. This large num-ber of ex
ited resonan
e states provides the phase spa
e density ne
essaryto keep the entropy in
reasing within the volume of 
olliding nu
lei what issuggested by re
ent results of the HBT type of experiments [5℄.Quite re
ently with the help of the Smolu
howski's equation �wi¡te
kiand his 
olleagues [6℄ have shown how to 
al
ulate the fusion 
ross se
tion forvery heavy systems 
reated in the intera
tion of proje
tiles 48Ca�96Kr with208Pb nu
lei. This rea
tion is s
hemati
ally show in Fig. 4. The fusion 
rossse
tion was so far 
al
ulated by multiplying the 
ross se
tion for rea
hing thesti
king 
on�guration of the 
olliding nu
lei by the probability of survival ofthe nu
leus left after one neutron evaporation from the 
ompound system.It turned out that the produ
t mentioned above has to be multiplied by thethird fa
tor whi
h takes into a

ount the di�usion pro
ess of nu
leons inthe ne
k region. Due to this e�e
t part of the nu
leons will move down thepotential and the se
ond part will be shifted by the di�usion pro
esses up
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bFig. 4. S
hemati
 pi
ture of the fusion of two nu
lei. Dotted part indi
ates thene
k region.the potential barrier. This last group of nu
leons will 
ontribute to fusion.For the potential of a paraboli
 shape V (x) = �1=2bx2, the pro
ess 
an bedes
ribed by the one dimensional Smolu
howski's equation:G�W�t = (bxW )0 + TW 00 ; (20)where primes denote the di�erentiation by the x variable, G is the fri
tion
oe�
ient, W is the probability that parti
les are at position x. The ne
kplays the role of the Brownian parti
le. The 
al
ulated 
ross se
tion showsex
ellent agreement with experiment.Finally we should mention the possibility of using Smolu
howski's workson the �u
tuation at the 
riti
al point of nu
lear matter or 
riti
al phe-nomena at transition point to quark�gluon plasma. Unfortunately the in-
omplete experimental data existing up to now on these subje
ts pre
ludeat the moment full interpretation of 
riti
al phenomena in subatomi
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