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Preaface

In Spring 1977 on the occassion of the second "Days of Sciences
and Culture" at the Wilhelm-Pieck-Universitdt Rostock an inter-
national meeting on "Nonlinear Irreversible Processes and Self-
organization" was held. This first conference, organized by the
Sektion Physik of the Wilhelm-Pileck-Universitdt and mainly by
Prof. W. Ebeling and his group, was focused on the sto-
chastic theory of irreversible processes in physical and non-
physical systems. Some selected main lectures have been publi-
shed in 'Rostocker Physikalische- Manuskripte", Vol. 2, 1977 (Ed:
W, Ebeling) under the title "Stochastische Theorie der nicht-
linearen irreversiblen Prozesse'. The second conference on
nlrreversible Processes and Dissipative Structures" (2. IPDS)
took place in February 1982 at the Humboldt-Universitdt Berlin,

In March 18-22, 1985 the third international conference on "Ir-

reversible Processes and Dissipative Structures" (3. IPDS) was

held in Ki#hlungsborn, a resort place at the Baltic Sea near

Rostock, organized by the Physical Society of the GDR in coope-

ration with the Wilhelm-Pieck-Universitidt Restock (chairman of

the scientific committee: Prof. Werner Ebeling, Berlin, and

Prof, Heinz Ulbricht, Rostock), The conference was an interes—

ting forum for scientists working actively in this new field,

The following subjects were emphazised

- statistical and stochastic theory of irreversible processes

~ dissipative structures, hydrodynamic problems, reaction-
diffusion problems, nucleation in theory and experiment

- selforganization and evolution processes, :

Over 150 participents took part in the work of the conference
to exchange ideas and to present results dealing with non-
linear phenomena to understand chaos and order in nature.

This new edition of the series "Hostocker Physikalische Manu-
skripte" is devoted to nonlinear irreversible processes and
phase transitions and collects some of the lectures and posters
presented at the 3, IPDS. The relations between the theory of
selforganization and the theory of nucleation are discussed.



It is, for instance, shown that the kinetics of an ensemble

of coarsening particles of different sizes is a competition

process, which is quite similar to the selection in biologi-

¢cal or ecological systems., For further information concerning

the theory of selforganization or synergetics, which has been

developed fastly in the last 15 years, we recommend

- W. Ebeling, R, Feistel: "Physik der Selbstorganisation und
Evolution®, 1982, 2nd ed. in preparation (in German)

- W. Eveling, Y.L, Klimontovich: "Selforganization and Turbu-—
lence in Liquids", Teubner Texte zur Physily, 701I 2, 1984

-~ W. Ebeling, H, Ulbricht (Ed,): “Salforganization by Non-
linear Irreversible Processes", Springer-Seriea in Syner-
getics, in preparation for 1986.

Last not least we want to take the opportunity to thank all
those who have collaborated in the organization and running

of the 3. IPDS.

Dr. R. Mahnke Prof. H. Ulbricht
Co-chairman

Rostock, September 1985
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Thermodynamic Parameters and Structural Criteria for Phase
Transformations in Amorphous Covalent Bound Materials

_W. POMPE and A. RICHTER

1. Introduction

Crystallization studies are of interest not only for examining
the fundamentals of the involved nucleation and growth pro-
cesses in some detail, but also for learning to produce novel
microstructures by controlled oxystallization. Experimental and
theoretical investigations of crystallization of amorphous so-
lids show that the formation.of metastable crystals octurs as
transient or final stages /1,2,3/. This phenomenon is known as
Ostwald's rule of stages according to whnich the less stable
phase 18 always formed first. Therefore, the general question
analysed is, how structural pecularities determine the kinetiocs
of formation of critical nuclel and their growth rates during
partial ocrystallization of different phases. Special emphasis
is put on the role of stored elastic energy and the influence

A i B

of interfacial energy on steady-state and transient nucleation 3

within the context of classical nucleation theory /4/ applied
to small crystalline particles émbedded in a solid matrix,

Considering different mechanisms of structural transformations,
two possible ways are discussed:

(1) The first one may be called "thermodynamically controlled
nucleation" that contains crystallization under elastic con-
straints to such an extent that the metastable phase is the
phase with the minimum of free energy

Frat(Zo(t—=00); $ ) < F, (2 (t—00);¢). (1)

Z,(t—>e2) is the probability of the existence of a critical
nucleus with size n at time t—> e= and ¢ is a set of con-
straints explained later.



(11) The second one will be termed "kinetically controlled nuc-
leation” that means g¢rystallization under conditions where the
probability Z:’t(t) for the existence of a metastable nucleus of
size n 1s larger than the corresponding probability of the
stable phase 25%%°(t) though comdition (1) is not fullfilled

g™ty > a3t G). (2)

Thus, the crystallization process is characterized by different
time stages, so that metastable crystals are preferably formed
before the steady-state nucleation rate for the thermodynami-
cally stable phase is the dominant nucleation progess. However,’
the metastable phase formed by kinetically controlled nucleation
is only useful, if the structure built during a defined time
regime can be frozen-in,

These general theoretical considerations originate from experi-
mental investigations of amorphous carbon films. With a laser
plasma, carbon films are deposited on different substrate mate-
rials /5/. Depending on deposition conditions, but also in the
result of a defined thermal treatment of these layers, diamond
and various carbines are obtained as crystalline particles with-
in the amorphous matrix, Therefore, it seems possible to pro-
duce metastable carbon phases by the unconventional way of ir-
radiation of graphite with high energy laser beams during short
time pulses., A similar behaviour can be observed for other car-
bon films deposited by high energy beam techniques, for instan-
ce ion beam sputtering /6/.

2. Theoretical Model

Applying the well-known Becker-Dbring theory to solid-solid |
transformations, calculations of changes in the free energy
between different phases have to be performed:

AF = Ath + AF, ) + Fpr (3)

AF.. describes the volume free energy change to form from a
phase & the quantity p without internal mechanical stresses,
Additional contributions a F 4 to the volume part of the free



energy arise from elastic deformations within the amorphous
matrix itself, but also due to elastic interactions between the
crystalline nucleus and the amorphous matrix. Fy represents
the internal boundary emergy corresponding to the surface term
in nucleation theory. Liquid phases as intermediate states
during structural changes are excluded from the present consi-
derations. ;

2.1. Amorphous Matrix

The atomic structure of non-crystalline carbon contains not
only topological disorder of atoms, buf variation in bond cha-
racter, too, that is a mixture of both sp° and sp’ hybridized
atoms /7/. The bond structure also characterizes crystalline
phases as carbines (sp), graphite (spz) and diamond (sp’).
Therefore, the introduction of an effective structural parame-
ter would offer a good approximation to estimate the free ener-
gy contribution a4 F h* Taking into account phonons as a sensi-
tive measure for local atomic bond characteristics and assu-
ming this contribution to be the dominante one, the Einstein
temperature & determines the free energy of the phase d as a
structural parameter in a first approach

F(e, ) = 3NkI [712- gﬁ + 1n (1-exp (-8, /'1‘))] 2 (&)
F -

The Einstein temperature for structures with covalent bonding
can be estimated with the binding energy Ub and the nearest
neighbour distance T, with

v
8=y i—% Uy zc.r.b] ’ (5)
(#]

where k is Boltzmann's constant and % Planck's constant. z is
the average coordination number and the factor <4d> describes
the spatial distribution of lattice vibriations, Amorphous car-
bon contains the fraction x sp3 bonds and the fraction (1-x)
sp2 bonds. Different amorphous carbon structures correspond to
Einstein temperatures in the range of 8_, = 1862 K and 65 =
1558 K, Using formula (5) for the limiting case of crystalline
phases, too, calculated Einstein temperatures agree well with
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experimentally determined Debye temperétures /8/. The free ener-
gy difference of the amorphous phase compared to the crystalli-
ne carbon structures, diamond and graphite, is given by

Py =EC 610 -9 » (6)

whers Qa and Bc are the Einstein temperatures of the amorphous
and crystalline phase, respectively.

An additional contribution to the free energy arises from topo-
logical disorder of the amorphous solid described by a defect
network /9,10/. Structural elements of amorphous covalent

bound materials are identified with defects, mainly disclina-
tions /411,12/. Thus, the ring structure of amorphous carbon can
be modelled by a distribution of wedge disclinations with po--
sitive and negative sign of rotation angle w . Analysis of ex-
perimental investigations of amorphous carbon enables the es-
timation of the disclination density in the range & = 0.3 ...
0.6, Moreover, there exists an asymmetry between flve— and
sevenfold rings a = |§~ -¢%|/ & = 0.25, where et are the par-
tial disclination densities for positive and negative rotation
angles, Such a defect network contalns stored energy from ela-
stic strains, Each structural unit has energy contributions
from the self-energy E; and interactions W, with all other
defects j in the surrounding defined by a cut-off radius r .

=E+§ZW13 . (7

Such a cluster defect atructura with internal interfaces built
up with screened disclinations in a non-balanced distribution
(a 4 0) corresponds to a dipol distribution of simple non-
screened disclinations (a = 0). The average elastic strain
energy E of the defect network has been estimated with 3.3 and
4.5 WJ mol~! for soft and hard amorphous carbon layers, re-
spectively, using different elastic moduli for the material
considered,

‘Applying cluster analysis to the defect network /10/, structu-
ral inhomogeneities are detected characterized by fluctuations
of the average stress and energy of the structure. Strongly



strained clusters contain a high amount of elastic strain energy
and represent pre-stages of crystalline nuclei. The size of

these patterns ranges between 15 to 35 R in diameter, the rela-

tive volume fraction compared to the whole material is about
15%. These highly ‘strained defect clusters with local energies
of 22 e DO KT mol" can be regarded as "weak spots", which can
be transformed with low activation energies in crystalline par-
ticles.,

The free energy of the amorphous phase compared to the crystal-
line carbon structures, diamond and graphite, is thus given by

FaF(8,)=-F(8 )+ af,(8) , (8)

'where aj':‘al results from the elastic strain energy of the
frozen-in defect structure, Fig.1 shows the variation of AF
versus temperature for different amorphous carbon layers charac-—
terized by an effective Einstein temperature Oa. Without exter-
nal pressure the ground state of carbon is graphite. Since all
amorphous states lie energetically above graphite, phase trans-
formations into graphite are always possible. Diamond repre-
sents the metastable carbon phase under normal conditions. Pre-
ferably hard amorphous carbons with high Einstein temperatures
can be transformed into diamond by nucleation processes.

2,2, Partially Crystallized Solid

Small solid particles in a solid amorphous matrix cause contri-
butions to the free energy. Due to interfaces between the two
phases, a surface free energy Fy has to be taken into account.
The interface energy has been estimated within an atomistic mo-
del in terms of nearest neighbour bond energies /13/. In case
of covalent bound materials, the surface free energy contains
an energy contribution of unsaturated bonds F oL and another
one from a misfit between bonds of different phases Fr’m

F= Ff‘,f " Fr'm

= O[CC&":P)ZFP 3 Ca(zgp" ‘zuf’z”)] for cg>c, (%)
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¢ is- the surface of the nucleus, ey denotes the number of bonds
per surface of the phase 1 and i:i is the binding emergy per
bond between atoms of phase 1 and j. Supposing a non-ideal so-
11d solution, the misfit contribution is approximated by
G(Zu~Zpp) . The local coordination numbers enter domi-
nantely in the quantities oy and characterize the nrys;alline
as well as the amorphous phases, In fig. 2 surface energies for
graphite and diamond nuclei in an amorphous carbon matrix in
dependence on its average coordination number z  are shown, The
parameter e, 1s the ratio between the fraction of ap3 bonds and
that of the aum of ap2 and dangling bonds. Anisotropy of nuclel
growth relevant for graphite and a slight temperature dependen-
ce of the surface ensrgy can easily be included within this mo-
del /14/.

Growth of crystalline nuclei is connected with an elastic mis~
£1t between the crystalline phase and the amorphous matrix,
which causes an elastic contribution A Fal to the free energy.
For a given stress-free deformation

/

€5y = of dyy+ ey (10)
denoting isotropic dilatation or compression aT and shear de-
formation 'ij’ the density of the elastic energy u can be cal-
culated in dependence on the volume frsotion of nuclei and ef-
feotive shear and compression moduli G¥ and K, respectively.
The sffective quantities can be estimated within Hashin's ap-
proximation /15/ in case of a distribution of elastic isotropic
nuclei. The elastic energy density u contains contributions
from isotropic deformation, shear deformatlon and according to

- forces between the thin deposited layer and the substrate, con-
tributions of a fixed macroscopic external stress /16/

us= I(Vn,l{i,ﬂi) (‘T)a b d f(Gi, Gﬂ,\")(%’ B’ii B.{J) +

i z(x",s") ( E - ‘)2 (11)

V is the volume fraotion of nuolei, K and G1 are compression
shea: moduli of the phase 1, raapaotively, +* is the effective
Poisson ratio and €  and £* 15 the deformation according to
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an external stress G and the deformation in the stress-free
state of the heterogeneous layer system, respectively. The de-
formation eT can be estimated by changes of the mass density
between the two phases

aT - %. hé:_.g.ﬁ_ (12)

7

where §_ and @  are the mass densities of the amorphous and
erystalline phase, respectively. The elastic free energy densi-
ty depends strongly on this material parameter, Moreover, the
used elastic constants for the amorphous matrix are dependent
on the apj bonding fraction related to the mass density. In or-
der to regard the influence of very high stresses, it has ‘to be
assumed that the moduli of graphite increase with pressure /17/.
The third term in (11) cannot be neglected, since it gives ener-
gy contributions of the strained heterogeneous system in the
same range as those of the transformation amorph-crystalline
without external stresses. In fig.3 /16/ the change of the ela-
* stic energy with the volume fraction of crystalline nuclei is
plotted versus the demsity of the amorphous carbon layer in de-
pendence on the external pressure G;. For high mass densities
of the matrix, the necessary elastic emergy change for crystal
growth of diamond nuclei is smaller than that for graphite and
is even lowered for increasing external stress. Applying these
results to the calculation of the critical activation emergy
for anucleus, two characteristic regions of formation of pha-
ses are obtained depending on the density of the layer and the
initial stress (fig.4), Thus, diamond will preferably grow in
amorphous films with a high mass density.

3. Kinetically Controlled Phase Transitions

According to different stages of nucleation and growth of
nuclei, characteristic times can be distinguished /18/:

-1 plfo 4 ¥2 7
A ts = IS = { Nan Br 31]"_;;2— axp(-Fc/kﬂr)} 'l (15)
c

the average steady-state nucleation time
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— the time lag of establishing the steady-state distribution of

nuclei
n2-P
. 0:22T % :
=K pE/E (14)
- the growth time
- o(1=B) e
tz = Pnax PR/ (15)

:[3 ig the stationary nucleation rate, k is Boltzmann's con-
stant, N is the number of nucleation centres. The size of the
eritical nucleus 1s given by

4
e i - q-
salap i o
and the critical free energy by

F=-1-§-E df - n

. (17)
if AF = ~df n + rnr‘ contains volume and surface contribu-
tions corresponding to formla (3). [3 can take two values,

R = 2/3 for isotropic nucleus growth and 3 = 1/2 for anisotro-
pic two-dimensional growth. R denotes a characteristic frequen-
¢y of local mass transport R =9, exp(~-U/kT) where U is the ac-
tivation energy for the transport of an atom across the inter-
face of a nucleus, The maximum nucleus size can be approxima-—

ted by /19/

= s ¥ 1 -
I ST =5 (18)

The different relations of characteristic times in dependence
on supersaturation, critical nucleus size and free energy of
the critical nucleus allow estimations on time development of
phase formation., For thermodynamically controlled transitions,
nucleation is a steady-state process and growth is determined
by high values of supersaturation ¢ f obtained by constraints,
e.8. elastic deformations. Therefore, the final phase is the
phase with minimum free energy. Kinetically controlled transi-
tions characterize nucleation processes that deviate from sta-
tionary nucleation. The growth time is larger than the steady-
gtate nucleation time ts’ since critical activation energies
for nucleation are small. This means, if the surface energy of
the metastable crystalline phase is smaller than that of the

¢ ]
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stable orystalline phase, metastable crystalline nuclei can be

formed by kinetically controlled nucleation processes (fig.5).

In order to distinguish these two main pro;esses of nucleation,
the following characteristic can be given:

thermodynaimically controlled kinetically controlled

nucleation nucleation
t /T >1 t /T <1
ta/tg SRR 1:'3./tg <1

A more detalled evolution of the nucleus size distribution zn ¥
with time can be calculated from the Master egquation

AZ
- S S SO AN (19)
with
Z 2
B [ n n+1 }
i = Ra"N ) R el [0 , (20)
iz 2 n n+1 -

The number of nuclel Z, of size n for t—> o= is given by an
equipartition
Ny = N exp(-F /xI) . (21)

In order to discuss the pecularities of kinetically controlled
nucleation, the time evolution of two distributions with Z
zn=1(t} = N and zn,1(0) = 0 is shown in fig.6. This is an
example for a situation where in the result of smaller critical
free energy, phase A with a smaller supersaturation Jf is for-
med with s higher probability than the thermodynamically fa-
voured phase B,

In conclusion we state that Ostwald's rule of stages can be in-
terpreted in view of ‘thermodynamically as well as kinetically
controlled nucleation processes. The elastic constradints change
the free energy to such an extent that the metastable phase be-
comes the phase of the absolute minimum of free energy within
the context of thermodynamically controlled transitions. Low
surface energies and ‘small eritical activation energies favour
the nucleation of metastable phases in the frame of kinetically
controlled nucleation processss, y

14
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Figure Captions

Fig.1 Differences of the free energiles between various amor-
phous carbon structures and graphite (a) and diamond (b)
versus temperature

Fig,2 Surface emergy of graphite (a) and diamond (b) nueclei
in an amorphous matrix with the average coordination

number z,

Fig.3 Change of the elastic tnergy during pucleation in an
amorphous carbon layer depending on its mass density and
external stresses

Fig.4 Regions of formation of graphite (G) and diamond (D) in
dependence on the mass density of the amorphous carbon
layer

Fig, 5 Schematic representation of nucleation and growth pro-
cesses; the two straight lines distinguish between areas
of thermodynamically ?uppar 1ine) and kinetically (lower
line) controlled nucleation,

¥y = 1.42 3 n 2, ¥, =1.02 Fa

Fig.6 Time evolution of size distribution of nuclei of two
phases (kinetically controlled nucleation)
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Nucleation and Crystal Growth in Viscoelestic Media
I, GUTZOW, J. SCHMELZE:Ii, R, PASCOVA and B, POPOW

The theory of phase segregation and crystal growth is extended
to include the influence of elastic strains developing in ela-
stic solids and in viscoelastic fluids, in particular, in
glassforming melts in the vicinity of the temperature of vi-
trification Tg. The predictions of the theory are in coinci-
dence with experimental results on the kinetics of formation
and Ostwald ripening of AgCl in & model photochromic glass.

1. We conmsider first the growth of a complex of B-molecules,

formed within a supersaturated solid A,B-solution, The ther-

modynamipa of irreversible processes defines the flux J of B-
molecules to the complex as

J--—%}E - grad m (1)

Here DB is the diffusion coefficient of the B-molecules in the
solution, CB is theilr distance and tinefdopendent concentra-
tion and M is the chemical potential (refe;ed to a B~molecu--
le) determining the growth process; k and T denote as usual
Boltzmann's constant and the absolute temperature, Supposing
that the growth of the complex leads to the development of
elastic strains M splits into two additive parts according to
M= p g ! a concentration dependent potential Mo
(assuming an ideal solution Mo = Mo + kTlnx; where Xy =
CB/(C& + CB)) end an elastic term pag. If the profile of the
density of elastic energy § (per om’ of the solution) is known
then Mg can be expressed by p.ea '{5;9, T 1'-_"5‘ denotes the vo-
lume of a H-molecule. Assuming spherical symmetry a generali-
zed Fiockian equation /1/ can be obtained from (1) in the form

a(x) = = nn[lféﬂ + 2(x) 9%'.1] 2
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istance from the centre of the B-complex and £(r)

T bei.nga the d
- ?;34&52 denotes a generalized force, determined by the

energy of elastic strains produced by the growth itself. By an
application of the theorem of . Gauss-Ostrogradski] to egq. (2)
(see also /2,3/) the volume growth rate of a nucleus of the ra-
dius R can be determined as

_akr? [ 9C%(r)
UL T A 2]

r=R+0

2
'g%-igf—.‘r(r)

+ £(x) %ﬂ

r=R+0 (3

Here Ckz 1/1”; is the concentration of B-molecules in the
growing B-complex and, consequently, we get:

WG B 2%
” Ek i ‘ar(zl

2(r) cx(xr) (4)

r=R+0

r=H+0

In the considered case of spherical symmetry the radial distri-
bution of the density of the elastic energy in the nucleus and
in the matrix is given by /4,5,6/

e J* for r £ R
E(x) = e (5)
| My 82 (R/A) for T >R
This type of strains develop when there exists a relative dif-
ference J _ Va'n.- ﬂ'g. 4n the demsity of the matrix building
V.

units (1’») and thee B-molecules in the growing complex. It 18
assumed in the derivation of equ. (5) that the strain energy
is generated exclusively by the exchange of the building units
of the solute with B-atoms, The constants Trk and 'ﬂ-u' are de-
termined in a known way (see /4,5,6/) by the elastic constants
of ‘the system nucleus/matrix and the total energy of elastic
strains due to the development of a nucleus of the volume V =
= 4/3 T R° is given by =

]
$ -lm#‘n‘kazu " Lm !:.;w, J2ar = (T T I3 (6)

23



The orux of the problem in solving eq. (3) and determiming the
kdnetics-af growth in an elastic matrix is the knowledge, of the
value of JE(r)/ dr For the discussed case egqs. (4), (5)
and (6) lead to

T
25| rappo” = T Mud” ¥ - - RT(“-,;'{.-,) (78

lr=R+0'

and with —-}; = n, equ. (7a) reads
B
S

E (7v)

2 g
f(r)lr’H_i_O = const g
n, is the number of B-molecules forming the growing complex.
Thus in similar situations where the £ (r) funotion is not
Imown or ocan be constructed with great diffioculty, an expres-
sion of the type

f(R) = -const ;: . 3413-)- : (8a)

can be used, L being some specific length (L=R for diffusion
limited growth and L &= do when the transfer takes place only at
intermolecular dimensions) and V being the increase of the vo-
lume of the cluster from 0 or from V, to V. From eq. (6) it
follows that

L e

and it becomes evident that
f(R) ez const :1: . %$ (8v)

can be used /7/ when d2 is nearly a constant or V d( & /V)/dV
is a small number as compared with d % /dV. Of particular inte-
rest for the phase formation in solids is also the classical
example /8/ of strains, produced, whén a number z of B atoms is
introduced into an initial volume V , €0 that V - V = 5V
(see also /6/), Then /6,8/ the energy to enlarge the cluster

from To to V is

2
$ =T, (L2) - v, (9)
and (a8 in eq. (8) V¥ = V = V, or via eq. (8b))
£(R) = oonst ¢ + Ly—8 (10)
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is an increasing function of the volume V.

Thus £(R) has two possible effects in eq. (3): either a trivial
decrease of the volume growth rate (when % /Vwconst) or (and
this is of partioular significance) f(R) is an increasing func-
tion of V and a complete stop of growth and a saturation of the
v-t curve 1s to be expected.

2, In the vicinity of T glassforming melts behave as visco-
elastic media. In /7/ a detailed molecular model of the segre-
gation process in a viscoelastic glassforming matrix is descri-
bed, the building units of which have a diffusion coefficient
Dll much smaller than the diffusion coefficient DB of the segre-
gating molecules (e.g. of AgCl type). Taking into account both
mentioned types of genmeration of elastic strains it can be
shown that in such a process of segregation

A P 2+lr,2_. (V—Vol
#(x = T, [( e )+ m () i
. B

where T, and T, are constants determined by the elastic modu-
11 of both phases and "l"(DH/DB) is a funotion of the D,/Dy ra~
tio. £ being a characteristic distance. At V >V  the first
term in eq. (11) can be neglected. Thus a dV/dt function is
obtained in the form

%:&%AP_M;{EZ | (12)

'L—‘P(ngl

where Ap is the driving force of the process and 'ENH/DII is
the viscosity of the glassforming matrix and T¥1s determined
by the elastic moduli, It can be shown, that eq. (12) 4is 1in
fact an extended form of the well known Kelvin-Voigt equation
/9/ describing the time dependence of retardation processes in
viscoelastic media, Thus the intercomnection of processes of
the phase formation and the rheological behaviour of glassfor-
ming melts witk both an elastic and viscous component becomss
obvious,
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%, In the process of Ostwald ripening dC/drIr.B in eq:- (3) 1s
determined by a factor of 'the type ﬁ-(g!- - i-) s where H‘k is the
k .

* radius of the critical nucleus at a given supersaturation. Thus,
when elastic effects can be neglected (£(R)=0) eq. (3) can be
written in the form /3/ ' ‘

¥3
g:{- = const D [5’(-{’,—1_) --1] . (13)

and the volume vs time (V-t) and number of particles vs time
(N=t) devendence follow the well known Lifshitz-Slyozov equa-
tions

V(t) - 7, = const Dyt ' (14)

1/8(t) - 1/N, = donst Dyt (15)
In considering strein effects in the Ustwald ripening process
it can be shown that egqs. (3) and (13) give with the f£(R)-
function (11)

o [c[“’ ]v3_1 T -v,)

T const DB \ o AP A =
k ¢ ¥im)
2 const nfB(gL) 1] exa(e/) (16)

where the relaxation time T 1s determined by D‘, DB and an
elastic modul, Thus instead of eqs. (14) and (45) the kinetios
of the ripening process is described b:r

V(t) - ¥, = const D;T(1-e~t/T) eL))

1/N(t) = 1/30 = gonst DB'tr'(i-.-t/q'.) I (18)

A detailed investigation of the kinetics of growth of AgCl-
olusters in a sodium borate melt desoribed in /10/ resulta in

the oonclusion that in faot the V-t curve shows a saturation as
given by ég. (17) (Fig.1). From the initial blope of this our-
ves (at t =0 eq. (17) 4s equivalent to (14)) Dy can be deter-
mined. From the logD; vs 1/T plot it is obvious (Fig.2), that

the activation energy Up for the diffusion of AgCl in our mo=-
del glasa-does not depen§ en the composition and is equal to 7
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the value Uy for the migration of Ag*-ions in vdrious glasses
(up = 30 koal/mol). The value of the activation ensrgy Uy for
the sslf-diffusion coefficient of the glassy matrix itself turns
out to be of a much higher value (U“ ™~ 150 keal/mol) and ¥

=~ 1(35 D., Thus the premises of the theoretical model as ax-
pressed by the egs. (11) and (12) fully correspond to the expe-
rimental situation. Fig.? illustrates the N(t) dependence for
our AgCl model glass corresponding in its decreasing Ostwald
ripening part to eq.(18), It was shown that the rise of the
N(t)-ourve corresponds to Zeldovich type non-steady state ef-
fects /11,22/. More details of the caloulations given here in
brief and on the ai:porimntal procedure atc. may be found in
/557310515/. In /7/ also the time development of the concentra-
tion profila in the wvicinity of a growing -uonplex is given when
£(R) = const/R 'and when £(R) = (V - V, )/v R.

Figure Captions
Fig.1 Kinetics of Ostwald ripening of AgCl-clustera 111 a so-
dium borate melt at temperatures indicated at each curve
. in 9%, Solid lines drawn through the expsrimental points
(cube of diamster d vs time t) according to eq. (17).
Fig.2 Data on the diffusion coefficlent of AgCl and Lg -ions
in different glusfo'ruing melts in Arhenius coordinatea;
"Bo for AgCl in our sodium borate melt from eq. (14)
and (17) and initial slope of d2~t curves; 2-D, for AgCl
in borogilicate melt according to eqs. (414) and (17) to
measurements by Fanderlik /13/; 3 to 4 and 5 to 11: Di-
reot determinations of the diffusion coefficient D of
Ag'-ions in boresilicate and alkalisilicate glasses ag-
cording to measurements by Tsekhomskl] et al, /14/.
Fig.> Number N of clusters vs time curves for formation (in-
j creasing initial part of curves) and for ripening pro-
osss of AgCl phase in sodium borate melt.
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Special Stochastic Measures as Criticel Quantities in Non-
equilibrium Phase Transitions

F. SCHLUGL

1. Introduction 4 ¢

As already discussed in earlier papers of the author /1/ the
bit-number cumlants of a probability distribution over the mi-
crostates of a system are sensifive to interior correlations
between parts of the system, The second of these ohuulanta, the
bit-number variance, 1s sensitive in a higher degree than the
first one, the informational entropy /2/. Of special interest
are the bit-number cumulants of the probability distributions
in Gibbs phaae'space of the microstates described by the cano-
nical variables of Hamilton mechanics. Equilibrium entropy is

a first oumulant and specific heat is a second cumulant of this s
type. The sensitivity of the bit-number variance is the reason
for the dramatic critical behaviour of specific heat in an
equilibrium phase transition.

Therefore it spems interesting to examine the bit-number va-

riante of nonequilibrium probadility distributions near § cori-
tical point of nponequilibrium phase transitions. This was done, .
as described in the following, for some ayatemu with such tran-
sitions. k

2. Critioal Quantities in Equilibrium and in Nonequilibrium
Phase Transitions

It was pointed out by several authors /3~7/ that in certain ]
physicel systems of different kind cooperative effects can be
_obaerved which, notwithstanding that they ocour far away from -
any thermal equilibrium, show properties closely analogous to L
those of equilibrium phase transitions. We then speak of "non-
equilibrium phase transitions®, In the following we will deal
with such transitions which can be observed in the dia;;al;ttu'
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steady (stationary) states of an open system. (We do not speak
of structures in time). In case of a non-equilibrium phase tran-
sition the steady state diagram, in partioular with respect to
singularities, look 1like an equilibrium state diagram of a sy-
stem with a phase transition. This equilibrium state diagranm is
given by the "thermal state equation"., By this the critical be-
haviour of certain quantities is already determined, like the
singularity of the order parameter and of certain susceptibi-
lities (ao we call derivatives of a thermal quantity with re-
spect to another. ome). Yet not deterfiinsd by the thérmal state
equation is the behaviour of specific heat, For this we need
the caloric state equation as an independent information. We
can obtain all these informations by the Mmowledge of the ener=
gy as function of thermal variablss.,

In nonequilibrium we do not know a guantity which plays an ana-
logous, role like .free energy in equilibria. I mean a thermody-
pamic function which distinguished steady states far away from
any equilibrium by its extrema and which gives an analogous
additional information like the caloric eguation for sgquili-
bria (the principle that steady states are distinguished by mi=-
nimum entropy production is valid only in linear thermodynamics
near an equilibrium).

Specifié heat i1s a special susceptibility. It is the derivitive
of energy E with'respect to temperature T: :

c = JE/OT . (2.1)

Temperature is the thermal adjoint to energy. Energy is the ge-
nerator of time-shift against which an equilibrium is invari-
ant, unlike steady nonequilibrium states whioh beléng to an

environment changing with time. Temperature is distinguished 4
in equilibrium phase transitions as a patural control parame-

ter. This distinotion does no more exist in nonequilibria. -
Specific Heat is also proportional to the varience .c¢f energy in
a canonical ensemble:

¢~ <(AE?R> .’ (2. |2)

"

And this provides a key to find an analogous qusntity in non=
aqnalibrit. A’ ;
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5, Bit-number Cumulants

We consider a sample set of events which are uniquely characte-
rized by a set

¥ #{8ai Suoen ) (3.1)

of continuous parameters f, . A special case which will be con-
sidered later is that these events are microstates of a physi-
cal system in Gibbs phase space. Then the set | 1s the set of
the canonical variables q; and their adjoint momenta p; . Let

§ () be the probability density of the eveuts in { -space.
We call

bC(f)=- 10 §(§) (3.2)

the corresponding bit-number because it is related to the num-
ber of bits which are necessary to select the event { if
§( i ) is already known. The mean value of b

<b> =[dfeb (3.3)
is Shannon's informational entropy, & fundamental measure of
the distribution § in information theory /8/.

This mean value of b is the first cumulant of b. We can define
bit-number cumulants T} of any order k by the expansion
log€e4P> = SEPL Tk (3.4)
k=4
These stochastic measures T', are distinguished by the follo-
wing two features:
(a) They are additive for uncorrelated subsystems.
(b) They are invariant with respect to volume conserving trans
formations of { -space.
The feature (a) allows to use the differences

T‘k = lel 'TkII (3-5)
as an ordered system of measures for the correlations between
two subsystems I, II of which the system is composed. The fea-
ture (b) makes 1‘k invariant against Liouville motion in Gibbs
phase space.
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The following statement shows that the second cumlant T', is
more sensitive to the onset of correlations than the first one,
the information entropy T’,I. We consider a given distribution

S*_‘{a ... of a system which is composed of subsystems the
states of which are 11, :L2 ... The probability distribution of
the first subsystem is the marginal distribution

Sio = &, Siaba - (3.6)
In an analogous way we define marginal distributions g‘ for
[}
any subsystem, The product of all of them

-]

. gi‘i‘"_ = s%‘ g‘-‘ e (3-7)
is the distribution in which the probability densities ?;’ for
the subsystem are unchanged but all correlations between them
are suppressed. We call it the uncorrelated distribution to

gh‘-_‘ ...sWe always can write

o

Qi by = (41 844, . ) Siéy 0 (3.8)
where § describes the correlations in a given microstate. For
small £ , say for the onset of correlations 1t turns out that
T, depends on € in first order already whereas T"l de pends
but in second order.

4, Bit-pumber Variance as Thermodynamic Quantity

A macroscopic thermal equilibrium state can be described by a
get of variables M" which in statistical theory are mean va-
lues of phase functions M"(f) in Gibbs phase space § . The
adequate probability distribution in ? ~gpace belonging to
maximum entropy £b> is

S=exp [ - a,x” ] (4.1)
The underlining tilda denotes the phase functions. Greek sub-
and superscripts occurring twice in a product are summation
dummies. As a rule M are gxtensive and A, intensive varia-
bles describing the same macrostate. The construction of § in
the form (4.1) is interpreted by Jaynes /9/ as the method of
runbiased guess". We call this § =2 generalized canonical
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ensemble, It is well known that the same macrostate can be d\es-
eribed alternatively by a microcanonical, canonical, or a grand
canonical ensemble, This masna that we can use different § with
less than the whole set "0 for the same macrostate. So we have
generally to distinguish between " entering into § as phase
funotions, this is as random quantities, and those a4 entering
as fixed parameters. Correspondingly T'2 becomes different for
the different § . The specific heat is such a T’z and becomes
thus different for let us say constant volume than for constant
pressure.

It is found by examples that this kind of specific heat shows
the most dramatic critical behaviour in equilibrium phase tran-
gsitions which is T‘ to a 5 in which the order parameter is a
rapdom variable M"‘

Now we have to ask for an adequate probability distribution
describing a given macroscopic nonequilibrium state with local
and time dependent macroscopic variables I (xy t). These va-
riables then are densities in three-dimensional geometric space
x. In the so-called Schridinger picture these 'ra.riablea are in-
terpreted as mean values of phase space functions ll (x,f) in
a time dependent probability distribution § (t,f) I1f we apply
Jaynes method of unbiased guess, starting with the instantane--
ous mean values MY (xyt), we obtain the so-called "local equi-
librium distribution®

gH(t) = exp [P(t) - R-(t)-,l,l_] : (4.2)
where we use the symbolic abbreviation
aas [ a0’ @ . i A

This EI'(t), however, deficient because no lknowledge about the
dynamics is included into the construction. Therefore this SI‘(t)
is not able to describe correlations and transport phenomena
correctly.

¢

The construction of a suitable distribution § belonging teo the
nonequilibrium state was first proposed by H. Mori /10/, which
indeed has given good results in transport theory and similar

questions, This construction implies that the time scale of the
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mioroscopic processes is distinctly separated from that of ma-
croscopic processes. This 1s a standard oondition for the appli-
cability of a thermodynamic description., If it is fulfilled,
then there exists a lange plateau of intermediate times T . In
such a time T the system is practically isolated and therefore
its dynamics in Gibbs phase space is a Liouville motion. §, at
time t 1s constructed by the application of this dynamics during
a time T on the local equilibrium distribution gL at the ear-
lier time t - T . By use of the Liouville operator &£ this is

$(t) = SRS ke t) (4.4)

The result of this construction is identical with expressions
based on different arguments later by McLennan /11/ and Zubarey
/12/‘ Due to the supposed time scale separation the result is
independent of the choice of T if only on the platean. _g be-
longs practically to the same mean values M (x,t} aa}_ y yet
the two distributions are very different., In § =all 1ntar:l.or
correlations are fully developed which were auppressad in ?

Now the invariance property (b) mentioned in the preceding chap-
ter becomes important. Due to it all bit-number cumilants T’k
for _s, are the same as for _;I' at ths earlier time, They are
functionals of the variables A,, M” and therefore practically
the same at time t and t -T . This means, due to the time scale
separation, the T', are the same for $ as for_g This is an
important and nontrivial justification of the local equilibrinn
approximation for all T'k . Thus the bit-number variance for the
Mori distribution is

o = = [PxPx L@ AGEH I @ /Iy - (4.5)

The derivative in this expression is a functional derivative in
space. In’maoroscopic systems composed of different homogeneous
parts as a rule the correlation lengths are so small that these
derivatives become local derivatives with the exception that
correlations going through the interfaces between the parts

lead to derivatives of variables of one part with respect to va-
risbles of a neighboured part.
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For systems with a nonequilibrium phase transition'?z formed
with the distribution in which the order parameter is a random
quantitiy is a distinguished candidate for a characteristic cri-
tical behaviour., It will be discussed in what follows for some
gpecial systems,

5. Some Examples

In the following we give some examples which bhave been discus-
sed in more detail in ref. /2/. They are simple models for sy-
stems with a nonequilibrium phase transition in a macroscopic
description which has the character of a mean field approxima-
tion. In the neighbourhood of the critical point we can reduce
the state equation into an approximate standard form, For the
equilibrium systems this is the thermal state equation, for the
nonequilibrium systems it is the equation of the steady states
far away from any equilibrium. The standard form is

a* i Tash~ol (54D

where m, T,h are the deviations of certain thermodynamic va-
riables from the critical value expressed in adequate reduced
units. These variables usually are called in the following way:
m is associated with the "order parameter", T with the "con-
trol parameter™, and h with the "extermal field". ¢ is a fixed
coefficient, exponent ¥ is 3 or 2, As already mentioned, in
equilibrium phase transitions the control parameter is always
temperature., In the nonequilibrium examples the control parame-
ter is different for the different systems and no more general-—
ly distinguished.

1.) Weiss ferromagnet, It shows a secondorder equilibrium phase
transition, Temperature T is control parameter, magnetization
M order parameter, magnetic field H is external field, ¢ vani-
shes, & is three.'?z has to be formed for the magnetic field
ensemble in which M is a random quantity. Thus TE is specific
heat oy for fixed magpetio field.

2,) Van der Waals Gas-Liquid System. It shows a first order
equilibrium phase transition between two coexistent phases.
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T jis control parameter, volume V is order parameter, pressure p
is external field, ¢ is nongero, & is three. T', has to be formed
for the pressure ensemble and thus becomes equal to specific heat
for fixed pressure.

3.) Chemical Reaction Model. Described in detail in ref. /13/.
Reaction scheme 1s

A + 2X w—s X ' , (5.2)
B+X = C. (5.:3)

Concentrations of A, B, C are fixed by adequate feedings of the
reactor. Autocatalytic component X can vary and moreover diffu~
se. The system shows close analogles to the gas-liquid system.
The coexistence of two phases, that means a low and a high con-
centration of X in different domains in space, is possible.
These domains have the tendency to assume spherical shape like
droplets on bubbles., The coexistence value of concentration C
depends on the surface curvature in 2 similar way like vapour
pressure, And yet more analogies exist, Here conggniration B is
control parameter, X order parameter, C external field, c 18
nonzero, G is three. 'P2 has to be formed for the grand cano-
nical ensemble where the concentrations are random variables.
T, is a typical new thermodynamic quantity.

4.) Ballast Resistor. This system was studied as an example of
a nonequilibrium phase transition by several authors /14-16/.
It shows close analogies to example 3 in the special one-dimen-—
sioned case., The domains are parts of the wire with high or low
temperature as two phases. Here electrical current 1 is control
parameter, temperature T of the wire order parameter (and not
centrol parameter!), temperature To of the environment is ex-
ternal field, ¢ is nonzero, and & 1s three.'FE has to be formed
for the system composed of the wire and the environment and be-
longs to two different temperatures T, ']3o of these parfs. Their
snergies E, Eo are random quantities.

5.) Schematic Laser Model, This model is described in ref./17/
as a two-level one-mode laser with simple properties. The num-
ber N of excited molecules and the number n of photons are
sgsumed to fulfil the equations
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N/ 3t = ~«(N-N_)/& - GnN (5.4)
2n/9t = - kn + GoN (5.5)

with the additional assumption that the molecular relaxation
time ¥ is so short that N becomes a unique function of the in-
stantaneous value m. This leads to

aN/ 9t = (k-GN) (N-N_)/N_ . (5.6)

The stationary solutions show a nonequilibrium phase transi-
tion. No describing the pumping rate is control parameter, N 1is
order parameter. Here external field and ¢ are zero, & is two.
Tz has to be formed for the combined system of the excited mo-
lecules with an energy and temperature proportional to N and
the pumping radiation with an energy and temperature proportio-
nal to No'

In table I the quantities are listed which are control parame=-
ters, and external field for the different examples.

Table 1

control order extern, &

par. par. field
Weiss ferromagn, M T LR 3

¢c=0

Laser model N Ho - 2
V.d, Waals v T P 3 :
Chem, model X B c 2 c $£0
Ballast res. i I T, 3

We can divide these systems in two classes, one with vanishing
o and one with nonvanishing c. This is the usual classification
of second and first order phase transitions.

The result of the detailed analysis mow is that T', indeed is
singular if passing the critical point. Moreover, it hehaves in
each of the two classes uniformly. It makes a finite step for
vanishing ¢ and behaves like | T| =1 for nonvanishing o.

This uniformity only can be expected in the mean field frame-
work which therefore is advantageous for the comparisen of the
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different systems, We have to expect that a more detailed des-
.cription of the internal correlations would bring individual
differences. We can also not exclude that the study of more sy-
stems already in the mgan field description would lead to a more
detailed division 4in classes of common critical behaviour of
1‘2. Nevertheless, the here stated uniformity already is non-
trivial if we look for the very different physical character of
the variables listed in table I in one columm, Even in another
respect the behaviour of the systems is different, For the here
considered nomequilibrium systems the leading singularity in
the expression of eq. (4.5) arises from oross derivatives with

,».g<v , In the two equilibrium systems, however, such cross
terms are cancelled by corresponding terms in the term m=+9 =
0., Only this term and no cross term brings the singularity. It
should be stressed that, in spite of these essential.differen-
ces, the measure 1‘2 behaves in the mentioned uniform way.
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New Aspects of Instabilities and Chaos in Laser Systems
G. WALLIS

Introduction

The phenomena to be described occur in nearly all types of la-
ser systems, though with large differences in pump intensity:
in single-mode and multi-mode lasers, in lasers with homoge-
neously or inhomogeneously broadened lines, in lasers with or
without external drive or feedback, in lasers with and without
saturable absorbers. As in all other dynamic system with simi-
lar instability behaviour, the observed effects are results of
internal selforganization, possibly by interplay with an sxter-—
nal triggering. They appear above a second threshold, the first
one being the threshold between incoherent emission and stable
laser activity. The main characteristics are gradually enhan-
ced: selfpulsing of the laser output under constant laser con-
ditions regular at first, then irregular and chaotic with gro-
wing intensity, or bistability going to multistability, hyste-
ris included, frequency pulling and locking, phase locklang al-
go. What we can expect in the phenomsna above it, therefore
comprehends the whole arsenal of chacs theory applied to all
instable dynamic systems with determined asymptotics: Poinoardé
‘mappings and their picturesque clouds of points (sometimes of
spiral structure in the laser case), interval mappings or ares
mappings (sometimes specific circle maps or wappings of the
complex plane), strange attractors (fractals), the rippled our-
ves of Ljapunov expoments, and the large amount of bifurcation
diagrams (oopp, the excellent overwiev of Leven and the other
instructive topical lectures of this conference). Concerning
the power spectrum it has been found out that it is useful to
determine the routes ® chaos (period doubling or subharmonics
generation, appearence of incommensurable frequencies and so
on) more than to characterize the state of chaocs itself.



In the last time some new aspects have been added to this. On
the one hand there is the use of homoclinic and heteroclinic or-
bits as well as homoclinic explesions and homoclinio bifurca-
tions, in their relevance to changes from prechaotic to chaotic
states or to changes between chaos types (aspiral type to screw
type e.g8.). On the ut@sr hand we have the new method of attrac-
tor determination from time series. After years of intensive
and sometimes expensive numerical work to grasp the multiplici-
ty and plurality of chaos phenomena, some revival of analytical
methods, further developed in the mean time, took place. Punc-
tually the numerical results gave some hints where analytic me-
thods promisingly could be applied, We will give some comments
to this subject in the case of the real and complex Lorens
equations, playing some restricted but fundamental role for la-
ser systems (Maxwell-Bloch equations).

0f most practical importance in the future probably will be the
new concept of determining existence and dimension of fractal
attractors from time series of direct experimental data, 1.e.
without ¥nowledge of the underlaying dynamic equations desori-
bing the system. This shurely will be of great value for con-
crete, nonidealized laser systems, where the complete system of
squations either is not really known or is to complicated even
for long computing times of fast machines, y

All these methods stem from classical systems. Concerning la-
sers we should finish with a short remark on classical and quan-
tum chacs, Unfortunately nearly nothing can be said about appli-~
cations of instabilities and chaos in laser systems. °

A guide through the large field of literature on the standard
aspects of instabilities and chaos in lasers, as mentioned
above, may be learned from /1-3/ and especially from the topi-
cal issue of Josa B (Jan. 1984) /4/. This has the character of
a compound status report, showing the strongly growing activi-
ties on basic dynamics under real experimental or even techni-
cal conditions of opto-electronics or all-optical devices. In
/4/ also the work donme in our group is represented, namely that
of Brunner, Fischer and Paul on regular and chasotic behaviour
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of mlti-mode laser (p. 202) and that of Mlller and Glas on bi-
stability, regular self-pulsing, and chaos in lasers with exter-
nal feedback (p., 184). On the other hand only minor overlapping
analysis may be found there concerning ‘types of basic equations
and main orbit structures (as compared e,g. with the case of
instabilities and chaos in chemical systems /5/), leading to
possible classifications of laser systems and phenomena concerJ
ning chaos structures, answering by this the question of the
usefulness of such an analysis. Comparable efforts may be seen
in the investigations of the Navier-Stokes equations with dif-
ferent degree of truncation (multi-mode approximatiod).

From a mathematical point of view the main difficulties and
surprising phenomena are drawn from the faot, that not only the
local behaviour of systems of nonlinear (NL) ODBs has to be
described, difficult enough, but that to a large extent the
global character of their solutions has to be determined. Books
like that of Andronov, Vitt and Khaiken /6/, of Arnold /7/ and
of Guckenheimer and Holmes /8/ therefore ehould be recommended
to add some knowledge of the newly developed body of analyti-
cal methods; at least for 2D and 3D problems, to that of nume-
rical and experimental results. To the main problem of predict
the global behaviour from local ones we will come back in chap-
ter 2 for a special case at least.

1. The Basic Equations for Laser Instabilities and the
Lorenz /Maxwell-Bloch Systeums

In the simplest case the basic quantitles are the field strength
E, the polarization P and the inversion D. For single-mode ope-
ration of a resonant, homogeneously broadened laser ( 9B/ 92 =
0 in the Maxwell-Bloch system) we have the Haken version /9/
of that system (E ~q,, P-qu,' D~q3'):
fyrm-day rq
aza-pqz | -|-:;_‘q'5 (1)
- a4y = a4, = a3 { - a8 1
showing, more directly than in the Lorens version, the existen-
ce of two conserved gquantities if the coupling terms (pumping
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and damping) on the left of the broken line are neglected:
qf + qg 3 q% = R® = enerTgy (sphere)

q% + (q.j-ﬂ)z = 32 = pseudo-spin (‘f:hn’ted cylinder
Q3 = Q3"'1)
(2)

In this case of coherent interaction of atoms and field the
solution is determined by the cross sctions of the sphere and
the cylinder (two separated trajectories for R > 1+§ , one
closed trajectory for R < 1+ § ). Switching on the terms on the
left of the broken line, we get a "breathingWof both the sphere
and the cylinder, giving rise to the more complicated behaviour
peesible for the solutions of the Lorenz equation, which 4s
equivalent to (1) setting X = bg,, ¥ = (bz/G')qa, Z=1 -

(v¥/& )y &= E/p, p=1/p, df = rG/% = TdP, t' = Bt:
w v ey

=2 =¥ - XZ (3)
= =b% ¥ XX

B3e FGe Do e

This form more directly shows the basic symmetry (X,Y,2) —>
(~X. =Y, %) , leading to the two fixed points besides (0,0,0).

The first generalization includes amplitude and phase of E and
D by choosing X and Y complex, also r = T, + ir, and a =
1 - iey if dispersive effects are relevant too:

X = -%X + BY
Y = rX - a¥ = XZ

.

% = —bze’ 2(x*y+xy™)

15

- ) O

having the rotational symmetry E

E(d) E(Xyp) = F(R(&L)X; p) (5)
with the rotation matrix R(d ) B,(F') = 5(& +[), replacing
the non-gero fixed points of the real equation by a limit
cyele (comp. /10,11/).
From this one has the impression, that all the complicated bi-
furcation structure of the real Lorenz equation, as well as the
its strange attractor, filling a book /12/ not even exhausting
the whole richness of the phenomena in the full 3D space of
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the parameters & , r and b may be promounced by the truncasion
of the rotational invariance of the complex Lorenz equatica to
the mirror symmetry on the real plame (X,Y)— (=X,-Y).
(4) gives a system of five real ODEs:
B-—b(x1+ix2), P~ (y1+i,y2), D —s1+2
Xy = —ze + G;y1
X, = -3'::2 + 67,
y1=rz1-y1-x1z (6)
doi™ By i3 Yp = Fob
zZ = = bz + X, ¥y + X0
This may be reduced again to three real ODEs, but different
from the real lorenz egquation, if the adiabatic approximation
for the polarization y, =y, = 0 1s allowed (y, = (r=z)%y
¥, = (r-2)x,):

X, == & (1 ~T48)xX,

i2 = ~G(1-r+a)x2 (7)
z = -bz + (r-z) (xf + xg)
which may be reduced by § = xf . xg ~|E|%2 = I to

F = 26(r-1) -26Y= (8)
z

-rt = bz —TE
This 2D system shows that, by adiabatic elimination of the
polarization, chaos and irregularities are eliminated too. If
they appear in this approximation they are originated by addi-
tional effects as external feedback or signal injection and
8o on,

There exists a large body of literature about the basic equa-
tions inoluding such effects as inhomogeneous line broading,
detuning and triggering with the difference frequency to en-
hance the growth rate of instabilities and by this to lower the
second threshold significantly, furthermore waves propagating
in both directions of the optical system, influence of trans-
versal modes and other effects mentioned in the introduction,
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A comprshensive survey on the additional terms and equations,
by which the Maxwell-Bloch system has to be generalized, may be
drawn from the youngest survey found in /4/., In the case of in-
homogenously broadenend gas lasers the basic equations have to
be accomplished by integrals containing the velocity distribu-
tion of the atoms and the influence on the polarization and the
population, transforming the ODEs to integral-differential
equétion. This shows that the question of numbers and types of
basic equations for laser instabilities must be considered
carefully in each experimental situation. On the other hand one
can see that the procedure of attractor determination from time
series as discussed in the next paragraph might be of some in-
terest also for the interpretation of experimentally observed
non-stable laser operation.

2. Attractor Determination from Time Series - Application to
Lagser Chaos

As in other dynamic systems there may arrise also in active op-
tical devices the case only lknown is the time series of one
single system quantity (property) xo(t), mostly the laser out-
put intensity (emitted radiation). What is proposed consists in
the possibility to describe the evolution of the system heha-
viour in a kD phase space, i.e. by a system of ODEs, k in num-
ber. Not known is the connection between the measured xo(t) and
the orbit ¥(t) = { 7,(t) ... 5,(t)} in the phase space. What °
may be hoped, nevertheless, is to give some pstimates for the
asymptotic bahaviour by determining the existence and dinmn-
sion d < k of an attractor. The procedure developed for this
in /13-15,17/ works as follows: We go from t to {t1...t1...tl]
if x (t) is measured continuously, or take the measured
x (t ) directly. Then we choose some T , incommensurable with

t, in the continuous case or not, and put together the

t1+J 1
following samples:
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xo(t.‘) sae Io(tll)

xo(t_'-l-?.') e xo(tﬂ"'t)
1 (9)
x,(t#(a=1)T) ... x (tyr(a=1)T)
— —_—
1§ 694 x{™)

and build the vectors Lgn) of them. They span a substitute aD
phase space, possibly embedding the attractor. Again the connec-
tion between the gin and Y(t,) is not known., So we are in a
situation which falls into the category of an attempt to say
something interesting about chaotic systems with very lncom-
plete information, What may be help in this ocase may be searched
for in the field of correlation analysis, Taking a mesh width
(cube length) r and looking for the number of points g£“3 fal-
ling into these oubes, we have with the step funotion 6 and the
welllmown correlation function

N
ca®) = fe 2 OG-V . (10
19]=1

depending, besides on N, also on n. The corresponding correla-
tion dimension is then given by

S igftgﬁsél (11)
So we arrive at a n-series of dimensions d1, dz vae dn which
may be compared with the sequence of dimensions in systems with-
a rescaling hierarchy of Fsntschel and Procaccia /16/. 1f they
converge to a certain finite value, this demonstrates the
existence of an attractor determining the asymptotics of the
system in contrast to the stochastic case. What are the generic
conditions which must be fulfilled by the system in order the
attractor dimension in this subatitute phase space, drawn from
the correlation within one time series, to be representative
for that in the true phase space? The answer may be selected
from the "Main Theorem" in Taken's fundamental paper /14/,
which connects the limit capacity D(L*(p)) of the limit set
1*(p) of all measuring points p with the so-called cardinality
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Co g replacing the correlation integral Cn(r) in (10). By
'8

this at least one method has been found to connect global pro-
perties of the solution of ODEs with local ones, i.e. by means

of such quantities as correlation 1ntegrals or cardinality.

This method of attractor determination has been applied to the
time series of the emission of a Xe-He-Laser on the 3,51 um
lire (4 mA excitation current) /18/, consisting in 512 data
points, taken by a Tektronix fast transient digitizer (10-bit
resolution) within a period of about 250 nsec. A direct appli-
cation of the procedure mentioned above results in Fig, 4b of
/18/. An enlargement of the part n =1 ton = 10 is given 1n
Fiz. 1 here, It shows that the transition to the final values
d, £ 3 is very smooth and is finished only at n* = 7. This may
indicate that the dimension k of the original phase space may
be aiso equal n¥ , which could be realized with a‘complex
Lorenz equation and two directions of propagation for the
fields (7 real equations).

The points in our Fig. 1 show the results of & test case using
a time series taken from a pure sin-function, checking the re-
aliability of the limited numher of only 500 points. Included
are also the results of /17/ for the case of a random number
time series (white noise), which has been proved in /18/ also.
Concerning the "fractal" character of chaotic attractors and
its connection with the Lyapunov dimension comp..also /19/.

3, Usefulness and Limitations of Analytie Methods for Descri-
bing Chaotic Behaviour in Laser Systems

The method of attractor determination from time series may be
set on sound analytic grounds without limitations by the phase
space dimension. From this its practical importance follows,
since laser systems as other practical dynamic systems mostly
have five dimensions or more. Concerning analytic methods to
describe and determine topologic properties of orbits in
higherdimensional phase spaces, the comparison of the book of
Andronov, Vitt and Ehaiken /6/ from 1966, morely devoted to
planar flows, with that of Guckenheimer and Holmes /8/ from
1983 clearly shows, what efforts have been necessary to extend
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the previous work by one dimension only: an uncountable set of
new phenomena may occur in 3D pbase space compared with planar
nonlinear oscillations. The final chapter of /8/ only gives some
hints on fourdimensional flows and then immediately shifts to
nlarge systems" with an infinite number of degrees of freedom,
as may be derived from partial differential equations (PDBs),
using a suitable version of the center manifold theorem.

So. concerning dynamic systems in 5D or 7D phase spaces we are

left with

(1) numerical and experimental results for special parameter
combinations, and

(11) some (unreliable) hints from 2D and 3D analysis.

This concerns the classification of planar nonwandering limit
sets and their structural stability as well as the structural
stability of attractors for the 2D case. The three classes of
planar nonwandering limit sets are /6/: (1) fixed points, (ii)
olosed orbits, and (iii) unions of fixed points and trajecto-
ries connecting them., Peixoto's theorem /8/ restricts structu-
ral stable planar flows to the case of (1) a finite number of
hyperbolic fixed points and closed orbits, (ii) no orbits con-
necting saddle-points, and (111i) only fixed points and periodic
orbits, which leads to the Morse-Smale system, if, in addition,
all stable and unstable manifolds intersect transversally.

The corresponding statements for the 3D case are not so con-
orete. The very new phenomena in that case are due to the
appearence of strange attractors, 1,8, of invariant limit sets
(attractors) which contain a transversal homoclinic orbit. The
condition for 3D homoclinic orbita (connecting a singular point
with itself for t —» % 02 ) 1s governed by Silnikov's theorem.
Similar results for the nD case with n >3 seem, up to now, not
available.

Concerning the concrete case of the Lorenz/Maxwell~Bloch system
in mddition to /12/ the analytic epproximation of its fractal
attractor by invariant manifolds /20/, the investigation of its
analytic structure /21/ and other /22-26/ should be mentioned.
Extremely useful will be the analysis of the bifurcation scheme
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of the semiclassical equations describing a ring laser /23/.

Conclusion

Looking backto our introduction we will try to connect the phe-
nomena described here with those at other physical systems
(comp. /27/ e.g.). Simce the Maxwell-Bloch system contains, in
another approximation, also the Sine-Gordon equation, there
arises the question concerning the interplay between solitons
and chaos in NL optical systems /28-30/. Arecchi /31/ relates
chaos and a generalized concept of multistability in quantum
optics. The comnnection of chaos and multiple photon absorption
/32/ is a special optical case of the general problem of quan-
tum chaos. We only give a (surely incomplete) 1list of papers
/33-52/ and add an elementary remark,

The main question concerns the chance that classical chaos sur-'
vives in quantum systems, i.e. what are the special properties
of quantum systems whose classical limits exhibit determini-
stic chaos, In other words: What limitations give the uncer-
tainty relations to the Cantor set property of fractal attrac-
tors? The answer may be found in handling the auto-correlation
in time of the wave function (since in guantum systems one can-
not use the concept of trajectory) and the approach of the fre-
quency spectrum to a continuum /51/. A quantitative answer may
come from a method using the random walk test. '

The limitation of the rotating-wave approximation by chaotic
bebaviour is discussed in /53/.

Quantum fluctuations about the Lorens attractor and the use of
Wigner distributions of the gquantized Lorenz model have been
investigated in /54/ and /55/ (comp. also /56/).
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Fig.1 Determination of attractor dimension dn as function of
embedding dimension n

+} inhomogeneously broadened single-modegas laser
o (Xe-He at 3,51 }um) /18/

© test case of simusoidal time series (2 MHz)
X white noise /17/
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The Kinetics of Ostwald Ripening as a Competitive Growth in a
Selforganizing System 1

R, ‘MAENEE and R, FEISTEL

It is shown that the kinetics of an ensemble of coarsening par-
ticles of different sizes 1s a competition process, which is
quite similar to the selection in biological or ecelogical -
systems. A comparison to the theory of selforganization is gi-
ven,

1. Introduction

In general, the time evolution of any first-order phase trans-
formation process can be divided into three regimes. In the
first stage, called nucleation, the new phase & is formed out
of the metastable mother phase [3 . A large number of small
droplets (nuclei with a restriocted distribution of sizes) will
be created, After this formation stage the nuclel grow rapidly
at the expense of the surrounding phase 2 . At the end of this
very fast growth process the two phase mixture has reached in-
ternal quasi-equilibrium. In the following late stage, called
coarsening or Ostwald ripening (see for a recent review /1/),
the new phase d evolves in such a way, that larger droplets
grow at the expense of smaller ones, which disappear, The ai-
tuation in this long-time regime is very close to the desorip-
tion of selforganization under oomstrained conditions.

Treating a finite enseumble of coarsening droplets we are able
to give fully time-dependent numerical solutions of the equa~
tions describing the second (growth) and third (ripening) stage
of phase transformations,

Our evolutionary model (fig.1) is based on the following condi-
tions. Considering spherical droplets we introduce a droplet
pige distribution functionl(n,t) where n is the number of mome-
mers (atoms) bounded within the droplet. We cheose the sise m
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as relevant variable, but equivalent desoriptions are possible
(e.g. droplet radius r = (o4 41r/3)"73n?3). In contrast to the
bounded states of the d phase the surrounding [3 phase consists
of free monomers only. The time depemdent monomer density

cp(t) = lp(t)ﬂp may change by condensation or evaporation of
atoms., We neglect spatial correlations and use the incompressi-
bility conditiom ¢y = const.

2. Basioc Equations of Coarsening

The theory of Ostwald ripening in a closed system deals with the
following three general assumptions (compare /2/).
(a) Continuity equation '

i’l&%ﬁl - -—% (v ¥(n,t)) = 0 (1)

On the right hand side of (1) we neglect spontaneous nucleation
or coagulation phenomena (no production term), In this case the
total number of droplets is fixed.
(b) Conservation of monomers’

oo ]

J.n N(n,t)dn + HP(t) = M, .. = const (2)

o
In a finite system we have a limited number of monomers which
either fres particles in the [3 phase or bounded in drops of the
d phase. In a supersaturated situation we will find a flux of
monomers from the matrix ( [3 phase) into the droplets phase.
(c) Growth law

B = vmop(t)) (3
The velooity of a growing or dissolving droplet embodies much
of the physics of the ripening problem and must be carefully
constructed., Assuming that an individual drop grows (or dissol-
ves) 1if the monomer concentration is greater (or less) than the

equilibrium concentration we use the reaction limited growth
rate mccording to the Fickian diffusion law

Wp(mi0p (£)) = ! aa)(ep (£)=04q(m)) (3.1)

where A(n) 1is the surface of a size-n-droplet, 1, = 26 /oy T
s constant length (capillarity length) and D the diffusion
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coefficient,
The equilibrium monomer concentration °eq(n) over a curved sur-
face with curvature k(n) = 1/r reads

Coq(®) = 0oq(#0)exp(1 k(n)) m o, (00)(1+1 K(m))  (3.2)

This curvature dependent expression is the well known Gibbs-
Thomson equation indicating that atoms will flow from regions
of high to low curvature.

The solution of the coupled nonlinear differential equations
(1)=(3) seems to be impossible, However, if the droplet en-
semble consists of s kinds of drops with different sizes o)
ceeglg only, let us consider this discrete case, Using the an-
satz

s
Nmyt) = 23 8y d(a-ny(t)) (4)
=4
and inserting in the Liouville eguation (1) we get
dn,(t)
t— = Vr(Byseeaangicy (£))  (d=1,...48) (5)

Due to the conservation of matter (2) the system of kinetic
equations (5) becomes nonlinear, In the case of reaction limi-
ted growth (3.1) together with the linearized version (3.2) our
exact basic equations governing the constrained growth of pre-
cipitates with 8 3> 1 components read

d 1 .
a;"_i_ = ._El’_o A(ni){ 0gq(92)1 (k> -K(n,)) + E_{{-}} (6.1)

' (1-1’.-0’3)
with

¢, ¥ t
$(t) = In‘ﬁi(t){ Hgotal 2 J.Vd..( ) g e =
0 I (£ 4
- Cgqle®)l<k> | (6.2)
This is a system of first-order differential equations with the
abbreviations

A(n,)=4Tr (o, 4T/3)~2/3p 2/3 surface of a droplet with n
E * : atoms i
k(n,)=(c ¢ /3)y’niy3 curvature of a droplet with n
atoms .
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:E“(“i)” A(ni) mean curvature of the whole droplét

<F= T W, Wz ensemble

Ld_(t) = i"i L(ni) total surface of phase d
4

?&(t)'°:1 2N1n1 total volume of phase d (volume of
I all drops)

and coefficients D (diffusion constant), cy (density of bounded
monomers ), Co (u) (equilibrium concentration of free monomers
over a flat mterfa.Oe), VP (volume of the system), M total (to-
tal number of monomers) and 1/ (capillarity length, typical va-
lues in nanometers). It describes the rapid growth (second term
on r.h.8., of (6.1)) and the slow selection process (first term
on r.h.8. of (6.1)). The flow P (t)/Ay4 (t) (6.2) 1s the flux
density of raw material into the ensemble of drops. 1f the su-
persaturation is high enough (that means 2 (t)3>0) all clusters
have the chance to grow up (&, > 0). Since the raw material is
limited the two phase system will reach at first a 8o called
internal equilibrium, a nonstationary situation where the d~
phase as a whole global system (meanfield description) 18 in a
quasi-egquilibrium with its surrounding ﬁ-phase. When the flow
between the two phases $(t) is decreasing to zero, a competi-
tive ripening process takes place. In this selection game the
smaller clusters with k(ni}v <X> mst dissolve to give mono-
mers to the bigger ones which increase., Since the mean curva-
ture <k> (t) 1s a slowly decreasing function of time in the li-
mit t—= oo only one component in the droplet phase 1is present
and the selforganizing system has reached its stable stationary
situation,

For the set of parameters D = 10 nm /n.s, 4 = 10 monomrs/
nl’, Vg =10 nn’, 1, = 0, 35 nm, (oo) - 107" monomers/nm ’
'total = 2500 mnomrs results ohtained from the analysis of
(6) are shown in fig.2 and 3. After about one nanosecond the
growing system has reached intermal equilibrium and in the
following long-time regime of selection the dynamic system will
approach the stable fixed point.

57



3. Conclusions

It is obvious that our resulting basic equations (6) are a rea-
listic physically motivated example for natural selforganization.
As was pointed out by Eigen /3/ and others /4/ that Darwinian
evolution can be characterized by an extremum principle, which
defines the behaviour of selfreplicative units., Under stated
selection constraints in bio- or ecosystems (compare the con-
stant overall organization (2)) the population numbers of all
but one species will disappear. In the Fisher-Eigen model of
previotical evolution

dx, $
It = (B -<E>)x, with Jix, =( (1)

LAt |
the species with the highest reproduction rate Em = Max {31.
...,Es] (seleotion value) will increase to the finite value C
and all others must die out (xi_"' 0 for i4m), Note that in
both cases (Fisher-Eigen model with population average fitness
<E>, Ostwald ripening of precipitates with mean curvature of
the droplet ensemble <k>) the interaction of the different
species is modeled only by an overall dilution flux which
correspondends to the mean-field concept of many body physics
/5/. As we demonstrated, there is an interesting analogy in
modeling phase transitions on the one hand and evolution pro=-
cesses in biophysics on the other. Directions for future work
/6/ are investigations with special potential like elastic
fields to determine the coarsening behaviour of solid-solid
phase transformations,

Figure Captions

Fig.1 Evolutionary model of phase transition between a meta-
stable mother phase 3 (freemonomers) and the coarsening
phase d (spherical drops of different sizes)

Fig.2 Reaotion limited growth and competition of a droplet
ensemble of two components (s=2)
a) Time dependence of droplet sises n, and n,
b) Trajectory in phase space showing the symmetry bea-

cking between growth and ripening regime
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Fig.3 Time evolution of an droplet ‘ensemble showing the mono-
mer distribution fumoction M(n,t)=n N(n,t). Numerical so-
lution of eq. (6) with s=6 groups of drops.
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Append ix

Here we want to show the relationship between the traditional
growth law in the interface kinetic limited case (eq. 3.1) and
the corresponding thermodynamic potential,

If we consider the limit of sufficiently slow interface kine-
*tics such that the growth is limited by the reaction process
to incorporate monomers into the particle we use the time de-
pendence (3.1, 3.2)

i = (D/1,)A(m)(0p(t)=0,  (80) =0, (00)1 k(n)) (a1)

This growth law (A1) and the similar diffusion limited growth
law result from the stationary solution of a reaction-diffusion
field around a single spherical particle of size n subject to
the boundary condition (3.,2) at the surface and the concentra=-
tion cp at large distances from the centre. Introducing the
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oritical droplet size n, by

n,(t) = (cg 4T /3) (1,/3(£))° (A2)
with the supersaturation
¥(t) = (cg (t) - o, (o)) /e, (o0) (43)

we reformulate (A1) without any further approximations in the
following form

3 =D o, (e2)(cy 4%/3)“’3;&(:.)(-5” - ;J,.,) (A4)
c

From'(n4) it is apparent, that droplets with n ¢:nc shrink and
those with sizes n >n, will grow. The stability analysis shows
that the stationary state n = n, is unstable and we find a typi-
cal bistability situation with opposite behaviour of drops below
and above the critical value n,. We want to mention that due to
the conservation of monomers (eq. 2) the critical droplet size
is changing in time and it is sometimes convenient to measure
the droplet size in units of the critical value n, by a dimen-
sionless variable x(t) = n/n,.

Now we want to construct the thermodynamic potential G corres-
ponding to the driving force n. Taking into account the tradi-
tional connection between force and potential by the gradient
we use the ansats

i~ A(n) (- —g% (A5)

and calculate G inserting (Ak) in (A5). The result can be sum-
marized in the following relationship between kinetics and ther-

modynamics

D
e -E;Ljii'l A(n) -3% (46)

with the potential (free enthalpy; up to an arbitrary constant)

G(n,op (t)) = = wn + & A(n) (A7)
and the chemical po%::):tnl' ) (o)
¢ o ~c_ (o=

P = kT 1n 0;{’) - B o.qth (LB)

In the figure the driving force n and the potential G are shown
over size n for a fixed situation of the p-phue.
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Fig.: Driving force n and corresponding potential G
vs cluster size n

in, G
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In conclusion we suggest instead of the special growth law
(3.1, 3.2) a more general formula

J(—gq (63 (£)=04q(2)) (49)
The parameter a can be positive, zero or negative and gives
for special values the well lmown examples, The growth laws
used in the literature are the diffusion limited case (a= -1)
and the interface kinetic limited case (a=0). It may be inter-
esting to take into account also the coice a=1.

va(n cn ()= IT
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Rostocker Physikalische Manuskripte, Heft 8 (1985)

On the Macrodynamics of Evolution: The Synchronous Hyperbolic
Increase of Specific Dissipation and Information-Capacity -~

A Quantitative Empirical Study of the FPhylogenesis from Bacteria
to the Highly Technologized Man

G, GEBHARDT

1, Basic - Assumptions Based on the Physically Founded Theory
of Selforganization

1.1. Approach

Since there is no hope of achieving solutions of a multidimen-
sional system of non-linear, partial and stochastic differen-
tial equations that could describe the spatial-temporal deve-
lopment q(r,t) of qualitative changes of living organisms in a
reductionistic way the principle - well tested in synergetics -
of modelling the development of complex systems with the help
of (mostly highly aggregated) order-parameters u(t) /10/ was
used:

Usually it i1s assumed that evolutilon-processes q are initiated
at time t by fluctuations (exemple: mutations on the molecular-
genetic 1“01 versus variations of the state of environment)
caused by (small) spatio-temporal symmetry breaking perturba-
tions q from a locally homogenous and temporary stable statio-
nary mitial-state qo

WUL) = T, + T (k) (1)
After that an order-parameter u(t) that has to be identified
governs the subsequent development, e.g. according to °

q (t) = u(t) T (t,) (2)
It 1s possible to distimguish fluctuations firatly as to whether
they transform in the order-parameter equation

du(t)/dt = A u (t) (3
some eigenvalues (or more generally Ljapunov-exponents /10/ A,
from A, <0 (To remains stable ~ homsostasis) into Aiy 2 0.
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Such dynamic states with A, (d.e. a selfamplification of T*
(to)) determine the further irreversible evolution of the system
acoording to the slaving-principle /10/ as a self-motion direc-
ted away from the initial state (homeorhesis) becausel of (2) and
(3) as

T1(t) = exp( Ay t) = TI(t,) (4)

Secondly, fluctuations will cause innovations in a disaipative
structure if they increase an (eztn:rna.l) control parameter ¢ to
soms discrete critical values {'. & stands for the pumping power
of entropy-export out of the-evolving system, 1. e, its dutmco
from tharmad,ynamic equilibrium, 4

Obviously in this case qualitatively new dynamic states mate-
rialize as suggested by the behaviour of iterative (n—>n + 1)
solutions of different model equations of the non-linear (N)
kind % " ﬁ(‘lﬁf d).

Mostly with inoreasing d -values the solutions will pass through
bifurcation-cascades /8,27/ with the following stations: mono-
stable fixed-points —» multiple steady states —> limit cycles-»
torl —» strange attractors —» deterministic chaos /26/, Gene-
rally, during the process mentioned, the number = of distinc-
tive dynamic states that Q'(t) can assume is increasing from

Zinst1a (8t dypieaa1) to Zpypg (at o).
Such bifurcations are well known from phylogenesis,
If homeorhesis 1s accompanied by bifurcations along with an in-
¢rease of the diversity of states during the evolution of the
system the term heterorhesis should be uséd, This term implies
the endogenous continuously progressing change as essence of -
the evolution of matter. !

As the distance of Q(t) from the initial state T, (see eq.(1))
need not be restricted to smell deviations the order-parameter
equation (3) should generally contain non-linear terms with
respect to u, Therefore, we have to use the ansats

d u(t)/dt = o u(t)¥ ©

with k> 1 as evolution-exponent for phenomenological investi-
gations of the dynamios of real order-parameters accordimg to '
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Mende's hypothesis for structure-building ‘erolution processes

/23/.

At least the following two fundamental evolution-indicators have
to depend functionally on the unidentified order-parameter u(t)
or can be identically with it because both - in the same way as
u(t) - are primarily dependent on the external control-parame-
ter d .

1.2, Two Highly~-Aggregated and Empirically Ascertainable
Msasures of Evolution: Specific Dissipation , Information-
-Capacity

It 18 firstly suggested by the theory of non-equilibrium ther-
modynamics ‘and of dassipative structures /24,13,5,1,Foppel/ al-
80 as by generalized reflsctions /17,18,21,16,25/ that the mass-
specific dissipation t as a measure of the diatance from ther-
nod,rﬁnic equilibrium should increase at innovative leaps during
heterorhesis, When ¥ 4s increasing it can be expected to be

. amplified resulting from the "evolutionary feed-back® /24/ be-

cause the exogenous fluctuations are acting more intensively on
the system over the newly developed channels of metabolic inter-
actions with' environment /19/, cf. the lower cycle of the schemse
in chapter 1.3.

Secondly the information-tapacity I /3/ measuring the dynamic
diversity = of the states q, of an evolving system as

1 = 208,0 Fpinoy/ B ypqpqar) 18 01 (8)

is a further measure of the heterorhesis-progression /20/,
although it does not state anything about the corralations bet-
ween the states, 1.e, complexity, which again can be regarded
as the degree of order (Gatlin).

Various model investigations suggeet the hypothesis that the

probability of endogemous generation of fluctions increases '

when the diversity X' is growing (cf. the inner cycle of the

following schewe).
e

e
o Ly



1.5. Hypothesis of an BEvolutionary Hypercycle Genorating

Heterorhesis
environment . environment
(interactions) (negentropy-

source)
fluctuations —s A, —» structural —s symmetry-breaking — d'
instability innovation
endogenous J
increased information-capacity Ie«Dbifurcation

exXogenous

increased specific disspation ¥

According to this reaction-scheme suggested by the physically
founded theory of self-organization you can expect a feed-back
being stronger than simple autocatalytic along with a dynamics
of the two indicators proceeding more rapidely than exponen-
tially (k >1 in eq.(5)) /6/ provided the model helps to re-
flect the actual evolutionary innovative processes correctly.
That hypotheses will have to be put to the test on the follo-
wing section,

2, Hesults of the Empirical Analyses of Macroevolutionary
Dynamics

In the case of the analysis of the biotic evolution experimen-
tally obtained values (calorimetry, gasexchange intensity,
mostly from Lamprecht and Zotin /15/) of the specific power of
the basal-metabolism -~ that is identical with the specific dis~-
sipation 9; = a after completing the growth stage at steady
state - of animal organisms representing different phylogenetic
stages of evolution were coordinated to its time of origin t in
the course of phylogenetic development. Such relevant time-dats
have been made available by paleontology, e.g. /7/; see fig.1.

In the same way values of information-capacity I as the sum of
genetic, neutal and brain - fixed information-capacities (star-
ting with data from /5/ that were considerably extended after
/14,12 et al./ were coordinated with the respective times of
the phylogenetic origin t of the organisms (see fig.2).
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The same method was applied also to such basic empirical indi-
cators of the evolution of society which make it possible to
measure qualitatively different stages of development in a quan-
titatively commensurable manner.

For the main developmental stages like hominids, bunters and
gatherers, neolithic agriculture, antiguity with emering urba-
nization, medieval modes of production, energy balances were
evaluated in retrospect /4/ and from the beginning of capita-
lism up to the present time exact statistics concerning energy
consumption and population - demographic trends have been avail-
able /28/ for calculating ¥ (t), cf., fig.3 and notes 5) and 6)
in table.1. 9

The social information-capacity has been measured indirectly
(cf. fig.4 and note 8) on table 1).

The data-sets {l¥.,t,jand{I,,t,} have been.fitted with the well
known growth-functions(least square deviations). The approxima-
tions were evaluated by correlation-coefficients r.

Exponential functions (k = 1 in eq.(5)), e.2., have to be re-
jected whereas hyperbolic approximations providéd highly signi-
ficant correlations (r > 0,97) at the probability of error being
below 1%. -

The best approximating hyperbola has been computed by iterative
‘variations of the unknown singularity-time tes in the logarith-
mized hyperbolic solution of eq.(5) (see note on fig.1) with the
following selection of that so{ution whioh provides a maximal r
/9/.

£11 possible combinations of the single points (see f£igures)
extremely perturbed within their confidience intervale caused
maximal differences of computed evolution-exponents of

ak/k =% 0,08, While k seems to be an evolutionary invariant

t ce depends very sensitively on stochastic variations of single
pointe and hence it does not represent the essence of evolutio-
nary wacrodynamics,

The main results are summarized in the following table and com-
monted on in additional notes. Further parameters are noted in
the figures.
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Table 1: Results of analysis

Stage time-interval | parameters of best approximation acc. to -
- documented by eq.(ﬁg r

data in ysars | indicator of specifioc | indicator of in-
dissipation formation-capacity

from to k‘l{t) r fig. note k‘I(t) r fig,note

g T :
biotic |=3,8:10°=1.10 (38 0,974 1 1)3)4) | [[328 0,989 2 2)3)
evolution : _ 2

social |-2-10® 1980 0,979 3 56)7) | B339 0,988 4 6)8)

eroluti?n

Notea on table 1:
1) The following allometrically determined relations are valid:
The overall metabolic power of an organism i1s identical with its
.overall dissipation at steady state Y{m,a) = a-m°.
Mass-specific, dissipated metabolic power ¥(m,a) = a-m°~',
Significance of the first term (a): intensive parameter of meta-
bolic activity, species-specific, depending as a(t) on the phy~
logenetic developmental stage. Significance of the second term:
extensive influence. Mass exponent ¢ 1s determined geometrical -
1y by surface-volume-relationship. Estimated experimentally at:
¢ = 0,75 (Kleiber's rule). Comparisons between phylogenetically
different species are significative only if influence of diffe-
rent mass is eliminated as .

"F'ig' ¥(m,alt)) m-‘ig’a(t}‘ Yo, m in Be
2) Indicators for I(t): genetically - number of DNA-pairs of
nucleatides per cell, cerebrally - brain-volume.

3) In spite of the nearly synchromous run of 'f,‘s(t) and I(t)
a8 dynamic frame encompassing macroevolutionary step-like qua-
litative leaps (Goldechmidt, Simpson, Waddington, Gould,

Maynard Smith, Stanley, Riedl) the equivalent of information-ca~-

pacity end energy dissipation B=I(t)/ ‘f'.'s(t) has been found to
be the function of the level of phylogenetic development and
therefore of evolutionary time: B=3(t). B grows from 10'1 bit/
wg™' at the beginning of biogenesis to 2,25 ... 5,71:10'% bit/
Ig"1 during anthropogenesis,following & hyperbolic function
with J=1,84,
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4) Since abount 10° years, at stage of primates, ‘f’.'s(t) is le-

velling off to the .steady state according to hyper-logistic
evolon-dynamics /23/, A.asumd reasons: ecological donator-limi-
tation. The growth of the aotivity of intrasomatic dissipation
during Dh.rlogenegis makes it necessary to increase the anatomic
and physiologic complexity and henoe the number of different
structural elements, Phylogenetic development is in fact corre-
lated with an inoreasing body-weight from 10716 g to 10"'6 g
Such a tendency needs a simultaneously inoreasing intake of

food and the rate of captured prey, respectively. That means an
inoreasing donator-area per organism because of the limited evo-
logical source-intensity of photosynthesis caused by astrophy-
8ically determined, constant entropy-export from the earth's
surface,

If the intrasomatic strategy of metabolism had been the only
strategy by further evolutionary stages the sustainable popula-
tion-density would had have to declins, Consequently inter-indi-
vidual interactions as precondition for reaching the next higher
level of organization (sccilogenesis) would have been rendered
more difficult,

Ooly after the fundamental structural innovations, the extra-
somatic organisstion of metabolism (ereoted carrisge, use of
hands, tools and fire, social division of labour etc.) and of
cognition (speech, anticipative intellsct, social transfer of
experiences, writing,book-printing, computers etc.) had occur-
red sbout two million years ago, the above-mentioned stagnation
was overcoms,

5) Measured as primary-energy consumed per capita., It is assu-
med that the required free energy dissipation for sustaining

the productive and comsumptive functions of a soclety (i.e, its
metabolism), related to the number of its members, is an indi-
cator analogous to the Specific biotic dissipation lﬂ‘ s which
oould have been related in the samwe way to the number of oells
as molar measure. Argumsnt: the evolutionary stages of purpose
performing work using the ability of cognitien, i.e. the succes-
#sive modes and techniques of production,; are undoubtedly charac-
terized by the simultanecusly incrsasing inflow of free—ensrgy
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by harnessing natural powers (antropogenic entropy-export!).
This tapped energy-potential is converted into different kinds
of purposefully channelled final-energy by the use of appropri-
ate technologies suitable to amplify progressively stronger the
intelligently invested trigger- or control-energy, respectively
1722421/,

6) That evolution~indicator is given for the upper envelope
curve, which is defined by those national economies having rea-
ched the highest level of specific power input at a certain
time, In fig.,? the results of study for different important na-
tions are given: The later an industrialization started the
higher the evolution-exponent k obtained in the investigation
(e.g. Japan and socialist countries: k> 4).

7) More detailed analyses are suggesting that a levelling off
into the steady-state has occured already according to the model
of hyperlogistic “evolon-dynamics" /23/,°

However, if the purposes realizing part of final-senergy is in-
vestigated with respect to the historic evolution of efficien-
cles or of elasticity-coefficients, respectively, an endogenocus
(surplus ) compensation of exogenous retarding forces (e.g. 1i-
mitations of resources) can be established.

8) Instead of social information-capacity I(t) - for which com-
tinuous data are not available - the number E of basic innova=-
tions depending on it is analyzed cumlatively up to time t as
empirical indicator, There are well defined criteria of selec-
ting for deciding which innovations are basic ones with regard
to its potential to change given modes of production or life
stiles /11/. Assumed reason: A really remarkable extension of
knowledge "cristallizes" into basic-~-iunovations,

3. Perspectives

Peschel und Mende /23/ are suggesting that phenomenclogical
(macro-) dynamics is generated by rate-coupled interactions of
autocatalytic units of driving forces. These interaoctions can be
modelled as Lotka~Volterra-equation-system, The case k=2 may be
generated by cascade - like interactions of these units (model
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of power-product driving forces) /23/ or by an hypercycle with
degree 2 /6/., Higher evolution-exponents k reguire a higher de-
gree of interaction between autocatalytic units in hypercycles
/6/.

The abrupt change-over from k=1,3 (biotic evolution) to k=3,4
(social evolution) could be caused by a structural "metafluctu-
ation" of complexity of hypostasizgqd hypercycle-structure (cf,
chapter 1,3) linked with the change-over from intrasomatic in-
teractions to extrasomatic social organization,

Itwould be a challenging and rewarding task firstly to design
suitable abstract models of driving-force-structures generating
the actual dynamics resulting from the present study, and second-
ly to identify the specific nature, and the functional change

of the structural units of driving forces of evolution and the
kinds of their interactions in terms of blology and social
sclences, respectively.
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Curvature Dependent Surface Tension and the Work of Formation
of Critical Clusters .

J. SCHMELZER

1. Introduction

One of the thermodynamic presumptions of the classical nuclea-
tion theory, its modifications and generalizations consists in
the existence of a critical cluster size Ty In a macroscopic
description clusters with a radius Ty > Ty BTOW, clusters with
a radius r; < r, shrink and disappear /1,2/. The exact calcula-
tion of the work of formation of such critical clusters W is
one of the finally not solved yet problems in nucleation theory
/3,4/. This 1s an unsatisfying situation since the nucleation
rate depends strongly on W.

As it was already shown by Gibbs /5/ the work of formation W of
sufficiently large critical clusters in an infinite system can
be expressed by

w.%&'o (1)

0 being the surface area of the cluster, & the surface tension.
One way to improve this relation to obtain adequate results al-
so for small clusters consists in the consideration of the cur=
vature dependence of the surface tension /5-7/. The problems
connected with the calculation of the surface tension & as a
function of the radius of the cluster were intensively disocus-
sed by us in preceding papers /8-12/, Here the results are
applied to determine the work of formation of the oritical clu-
sters, if the surface tension § depends on the radius r. The
position of the dividing surface is assumed to be well-defined
but no special choice is done at first.

We always assume in the following that the system is in a meta-
stable initial state, that the size of the system is suffiocient-
ly large, so that a depletion of the medium or changes ef the
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temperature T due to the development of a critical cluster can
be neglected. The influence of depletion effects on the work of
formation of the critical clusters is analyzed in detail in /13/

2. Curvature Dependent Surface Tension-General Equations

According to the thermodynamic theory of heterogeneous systems
developed by Gibbs /5/ (see also /8,15/) the variations of the
superficial energy Uo, entropy So, number of moles nic; in the
course of a deformation of a surface element with the surface
area d0, the principal curvatures ¢, and c, are given by

du, = TdS +Ef41dnio + bdo + C,de, + C,dc, (2)
My is the chemical potential of the i-th component, 01 and (:2
are quantities determined by the independent variables chosen
for the description of the system,

For spherical clusters of the new phase (o,=c,=c=1/r) equ. (2)
reads:
du, = TdS  + zf‘idnio + 5 do + Cde C=C,+C, (3)

An integration of this equation results in:
Uy = T8, +Zmyn,  + 60 (4)

A derivation of this equation and a comparison with eq. (3)
leads to the most general form of the Gibbs adsorption equa-
tion /14/:

S,4T + 04F + z“iodf‘i = Cde (5)

If according to Gibbs definition C=0 the surface of tension is
chosen as the dividing surface then eq. (5) 18 reduced to

84T + OdG'B +Zni°dﬂ.1 =0 (6)

The variation of the inner energy U of the heterogeneous system
consisting of one cluster in the otherwise homogeneous surroun-
ding medium can be expressed by /8,15/:

W = -p,dV, - Pdv" +Zpm dn, + TdS + & dO + Cde (m

Vy and ?P are the volumes of the cluster (d ) and the medium
(P), py and DP are the pressures in both phases.
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For an isolated isochoric system the inner energy is the cha-
racteristic thermodynamic potential and as one equilibrium con-
dition it follows from eq, (7)

p,,-pp-rag{%y-cg%: (8)
Here it was used that for spherical clusters the curvature ©
and the surface area O or the volume ﬁ* are not independent
variables,

The eqs, (2)~(4) and (7)=(8) are valid independent on the spe-
cial cholce of the dividing surface. Their application leads
to some complications since in addition to G a second un-
known, in general, quantity C appears. In two cases, however,
Cde can be expressed by the surface tension ' via eq. (5),
first, if isothermal real processes in one-component systems
are considered and, second, if the position of the dividing
surface is varied the physical state of the system being un-
changed. Only in these both cases eq. (5) leads to

0d& = Cdo (9)
In the first case eq. (8) reads
2. ab
-] e

Y TSI S

Ge is the value of the surface tension corresponding to the
equimolecular dividing surface with a radius Tye In the second
case the generalized Young-Laplace equation (11) is obtained

1TL3

Pg =g = % i [d'ds%] (1)
the brackets indicating the special type of variation conside-
red /16/.

Two conclusions can be derived at once, First, the definitions
of the surface of tension as proposed by Gibbs (C=0) on one
side and Ono and Kondo ([d a'/dr]-o) on the other side are equi-
valent (see also ,/17/). Second, the equations (11) and (6) or
(10) and (6) are incompatible, Based on this second conclusion
it was shown by us /12/ that some new approaches to the problem
of ourvature dependent surface tension /18-19/ are, to our
opinion, not acceptable. The origin of the confusion consists
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in the fact that in the basio equations used by Vogelsberger
et nl. /18/ for the description of the surface effects the su-
perricial numbers of ‘moles n,, are omitted (see, e.g., /22/
eqs. (2), (3), (6), (7) and other equations based on them),

3. Incompressibility of the Clusters and Curvature Dependent
Surface Tension

The general results outlined in section 2 are now applied to
the problem of the ourvature dependence of surface tension of a
nna-oomponent syatem under isothermal conditions, Chosing, as
1t is usually done, the surface of tension as the dividing sur-
face eq. (6) reads:

OdB'a + nodﬂ. =0 (12)
Together with the necessary equé}ibrium conditions
2
. % 8
A #‘Iflpﬂr H p‘ - pp = -?s- (13)

this eguation gives the possibility to obtain a general thermo-
dynamic squation for the curvature dependence of the surface
tension G; related to the surface of tension with a radius T

/9-12/. Here another point is to be mentioned which is of im-

portance for the calculation of the work of formation of the
eritical clusters. The chemical potential of. the cluster phase
can be expressed as a function of the molar density §, and the
tewperaturs T. Assuming incompressibility of the cluster phase
the surface tension i‘;a is only a function of the temperature,
and, therefore, for isothermal processes a constant., The assump-
tions of an incompressibility of the cluster and a curvature
dependence of the surface tension are, consequently, incompa-

.tible. A calculation of the work of formation of the ©ritical

clusters implying both assumptions is meaningless.

If instead of the surface of tension another arbitrary but well-
definsd dividing surface 1s chossn then the eqe. (12)-(43) have

to be replaced by the following expressions for the calculation

of the ourvature dependence of (5 , n, and C:

(045 + 1 du = Cdo p..-i’!,,-'a;{':*cagf‘



Again, such a calculation cannot be performed without additio-
nal assumptions, knowledge concerning the system considered /9-
12/.

4, The Work of Formation of the Critical Clusters

The work of formation of a critical cluster can be expressed,
generally, as the difference between the characteristic thermo-
dynamic potential of the heterogeneous system, consisting of
the cluster in the otherwise homogensous medium and the meta-
stable initial state /20/. It is given by

k s
W= (pP “PL)"’& +Bo é;(ﬂit -/Kip) n.. (15)

if the cluster has a higher density comparing with the surroun-
ding medium and by
W= -p )V, +G0 - n 16
(pp =207y + +.Z_;"(,u“ 1p ) (16)
otherwise /15/. Here the abbreviation
3;¢ = Dgy + By ; (47)
is used., Taking into account the equilibrium oonditionfant =

}*i in both cases the work of formation of the critical clu-
stera can be expressed by

W= (pp “p) Yy + 6o (18)

These equations do not depend on the special choice of the di-
viding surface since in the expression for the superficial in-
ner energy Uo, and, consequently, in the expressions for the
other thermodynamic potentials the quantity C does not appear.
Taking into account the general equilibrium condition (B) eq.
(18) can be transformed into

1 dec
W=x=x50-V,C (19)
3 [ 8 EE:
As special cases we obtain
' W= B0 (20)
if the surface of tension is chosen as the dividing surface
(C=0) or
dbe
l-yﬁo-v,_d. (21)
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for the equimolecular dividing surface (see also /21/).

In the derivation of eq. (18) only expressions for the thermo-
dynamic potentials and the necessary equilibrium conditions were
used. Another method can be applied for the determination of the
work of formation of the critical clusters considering W (egs.
(15) and (16)) as a function of the number of moles n,, and the
volume KL of the cluster and applying the necessary equilibriun
conditions, e.g.,

%} = 0 (22)

Since sometimes it is questioned if such a determination is con-
sistent with the method applied above the equivalence is shown
explicitely starting with eq. (15). The derivative of W reads

dpa; Qi
M--V_ﬁéa-znu g_-'v: +z hu-(/u“ - pip) +

2V, e
Pp=Pst0 V%‘ﬂth..qA*—* (25)

According to the Gibbs-Duhem equation
SdT - Vdp +End/.41 =0 (24)

iy
and the condition of inner stability underlying the thermodyna-

mic desoription the eq. (25)

By & Ipay .I
- ¥ = 0 (25
& T Iy E« 14 9V )

is always fulfilled /8/. In addition, it follows from eq. (5)
that the derivative of W can be written as

h -~
%ﬁ-g%‘flﬂu-ﬂep) +

25
PR Tk C-V (26)
Bq, (22) is fulfilled only if the necessary equilibrium condi-

tions (8) and (27)

Fu -/‘ip (27)
hold, Therefore, this second method of determination of the
work of formation of the critical clusters is consistent with
the first.
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5. Application to Nucleation Processes in Om-éouponent
Systems

Starting with the general equations (15) and .(18) we would like
to show now, which additional assumptions are implied to obtain
the egquations

e 16N 3 28
3 st (fptp? —hcrs)‘ \#
In-Er - —zg.l. B (29)

usually applied in the classical nucleation theory and its mo-
difications (see also (23)). p is the external pressure or the
pressure in the medium, p' the equilibrium pressure for a co-
gxistence of both phases at a planar interface.

We restrict ourselves here to the case that the cluster has a
higher comparing with the surrounding medium density. Using the .
introduced notations eq. (15) can be written now as

W= (p=py) Yy +80 + (M(p0) - paa(p))E, (30)
To obtain from it eg. (28) first 'E,_ has to be replaced by ng .

1f, furthermore, incompressibility of the cluster is assumed
then,u“can be written as

Sulpy) = pmp) + % (py =P) (31)
and Bq, (30) reads E
W= B0+ (py(B) = paal®Nng (32) !

The necessary equilibrium condition (22) 1mmediatly leads to
eq. (28) then, Repla.cing’u‘(p), approximately, by,a‘_(p'), taking

into account eg. (33) £
Hil2') = palpt) - i (33) -
and assuming further the medium being an ideal gas ;
/u(p) =/u+ + RT 1n ;;P— (34)

we get finally

16N 3 .
i VR Z[RTtnE 2 ‘ (5)

To derive eq. (29) we start again from the aqnil:l.hriun condi-
tion (27) and eq. (31). Substituting f-u‘(p) th:rough/q,(p') we -3
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get with eq. (33)
1

MiLP) = pl(p1) = == (p = 2" (36)
Again, the assumption pf an ideal gas has to be used and, fur-
thermore, the surface of tension has to be chosen as the divi-
ding surface to obtain the Gibbs-Thomson equation in the form
(29) from eq, (36). Therefore, = number of approximations (in-
compressibility of the cluster, ideal gas, neglection of some
terms) and a special choice of the dividing surface are im-
plied to derive the egs, (28) and (29).

Since as it was shown in section 3 the assumptions of an in=-
compressible cluster and a curvature dependence of the surface
tension are incompatible in the applications of the eqs., (28)
and (29) the capillarity approximation has to be used.

If instead of the surface of tension another dividing surface
is chosen then the Gibbs-Thomson equation reads (see eq. (8))

1n’7¥-—;:{[;a$,£+ca%} (37)
Taking into account the underlying the derivation of ea., (36)
assumption of the incompressibility of the cluster @u in eq.
(14) 1s equal to zero and independent on the choice of the di-
viding surface Cde is equal to 0db ., Therefore, eq. (37) can be
transformed into

1n§,--%3%-<¢o) (38)
not only for the equimolecular dividing surface, as pointed out
by Parlange /21/, but in general. It has to be underlined once
more, however, that the equations derived in this section in
contrast to the equations (19)-(21) are not exact results since
additional approximations are used for their derivation, To ob=-
tain exact results for the work of formation of the critical
clusters it 1s necessary to start with the equations (19)-(21)
and the equilibrium conditions (8) and (27) directly. :
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On the Kinetics of Phase Formation in Photochromic Glasses by
Means of X-ray Scattering

U. LEMBKE, R, MAHNKE

The noneguilibrium kinetic theory of metastability either in
its field-theoretic approach (Ginzburg-landau functional) or in
the simple form of the physically motivated droplet model deals
with observable thermodynamic parameters and bulk transport
coefficients. Special attention is payed to test these calcula-
tions experimentally by observating nucleation, growth and the
coarsening process (Ostwald ripening) in different materials,

We restrict our attention to a two-component fluid in which one
of the components, the solute, may be visualized as diffusing
in the background of the other component, the solvent. Descri-
bing the mixture of molecular clusters by a droplet-size-di-
gtribution function N the theoretical approach is given else-
where /1/. Here the relations to experimental results by inve-
stigations of glasses are shown,

The phase formation of lightsensitive microcrystallites within
photochromic glasses was investigated by small-angle X-ray
scattering (SAXS), The SAXS was measured for samples, which
were treated thermally for different times (temperature T=
610°C). The analysis of the scattering data was performed by

Hankel transformation, The correlation function /2/
-

o) = Ly [ & Ts) 1, (or) a8 (1)
AN< 3 1
and the particle diasmeter distribution function

WP = - [—cgﬂ/ : (2)
r-
where r is thq distance in real space, D is the particle dia-
meter, s = YNein J, 1s the wavelength, 6 is the soattering
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ot e =

angle, Tksﬁ is the collimation distorted soattering intensity
and Jo is the Bessel function, were caloulated-using a techni-
que, which 15 based on the sampling-theorem of information
theory /3/. From

€(0) = % (1-v) (a§)? (3)
and from X-ray diffraction measurements for ths determination
of the composition of the silverhalide mixed crystals and the
electron density difference A€ between matrix glass and cry-

stallites/is obtained, N(D) is normalized in that way that the
total volume of all particles is equal to the volume fraction

W _ 0¥ 3
iy B @
™ I
7 § D°N*(D) dp
L]
Conseguently the volume distribution function %; D?N(D) re-—

presents the fraction of w, which is contributed by all cry-
stallites with diameter D,

The development of thé volume distribution with increasing time
of thermal treatment is shown in figure 1, Pay attention on the
fact resulting from the analysis according to equation (3) that

7
'i
: 1 = 0,25 h
Er. = 2 -0, h
£

1 & 3 ~1,0 h
1 s 4 = 455 h

e 3
[ a 5 - 2,0 h
‘ v 6 =3,0 b
i 7 =4,0 h ’
. B - 8,0 h -
- D 9 —‘6,0 h
.‘ ]

. Fig.1: The volume distribution function of the lightsensitive
) -Eiqroaryatallitaa in a photochromic glass, T=5610°0C
3 (the error bands are indicated by 2 gray background)
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already after the first treatment of 0.25 h the maximum volume
W was reached, and it remains constant., This is demonstrated in
the figure, because according to equation (4) the area under
the volume distribution function is constant.

The development of the.volume distribution function with in-
creasing time clearly demonstrates the ripening process taking
place in the glass: the vanishing material in the region of
small particles is accumulated at the bigger particles (equali-
ty of the area differences left and right between two treatment
states). The analysis of the increasing mean diameter with
treatment time delivers D~ tyj. Therefore, the growth mecha-

nism within the investigated glass is diffusion limited ripe-
ning /4/.
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Short Communication

éelbstorganisation und stimulierte Organisation kooperativer
Nichtgleichgewichtssysteme

A.A. KALNIN

Die gegenwdrtige Situation beil der Untersuchung von dissipati-
ven Strukturen (DS) und Strukturen, die auf Grundlage des
Boltzmannschen Mechanismus (Gleichgewichtsstrulkturen) (GS) ent-
stehen, besteht darin, dal diese gewissermalen als Antipoden
betrachtet und dementsprechend nicht in ihrem Zusammenhang un-
tersucht werden, Jedoch bildet sich faktisch jede DS immer in
Medien mit einer Boltzmannschen Komponente der Elementstruktu-
rierung aus und jede GS unterliegt Stdrungen irgendwelcher
Huleren Einfliisse, Die Stabilitdt der DS ist mit der Stabili-
tdt ihrer Grenzbedingungen verbunden, Die Stabilitdt der GS
dagegen hingt davon ab, ob die Huferen Stdrungen eine kriti-
ache Griofie tlberschreiten, In realen offenen Systemen besteht
somit eine Wechselwirkung zwischen den beiden Mechanismen der
Strukturierung von Elementen, deren Untersuchung eine grole
Bedeutung filr das Verstdndnis der Evolution offener Systeme
hat.

Wir definieren nun die reflexiven Strukturen (RS) (vgl. Abb.1)
und die Voraussetzungen ihrer Entstehung. Reflexive Strukturen
8ind solche Strukturen, die durch das Einwirken der Felder

Abb, 1:
Die relative Lage
reflexiver Strukturen
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dissipativer Strukturen auf eine Gleichgewichtsstruktur ent-

stehen, Wie zu sehen ist, kann man die RS weder zur Klasse der

Gleichgewichtsstrukturen, da sie nur unter Nichtgleichgewichts-—

bedingungen existieren, noch zur Klasse der DS zdhlen, da sie

durch stetige Deformation der Gleichgewichtsstrukturen entste-
hen kbnnen,

Die Entstehung von RS erfordert folgende Voraussetsungen:

1. Das Vorhandensein der Boltzmannschen Komponente der Element-
strukturierung. ¥

2. Die Suszeptibilitdt der Basis gegenilber den Feldern der DS
mi( der Bedingung np > 0 genilgen,

3. Die charakteristische Zelt der Umverteilung der generali-
sierten Masse ?T(S) mfl gréfer als die Ubergaﬁgsgeit der DS
in eine alternative Mode sein,

Die letzte Bedingung 1sj offensichtlich, da zum Beispiel loka=

le Verkinderungen der Dichte der FlUssigkeit zu einer Verdnde-

rung des Reliefs in der Gberfl&cheiin der flilssigen Schicht
filhren, jedoch die Relaxation des Reliefs zu schnell vonstattenm
geht, so dal es der Verdnderung der Dichte folgt, ohne "Spurent

in der Basis zu .hinterlassen, J

Von groflem praktischen Interesse ist folgendes Problem: Welchen

Einflufl hat eine lange Zeit im System existierende RS auf die

Ausbildung und Evolution einer DS? Es ist bekannt, dad die

Grensbedingungen aktiv auf die Herausbildung einer Mode der DS

wirken. Man kann bekrdftigen, daf in dem Fall, wenn die Exi-

stenzzeit, der RS, die unter Einfluf der Mode M einer DS gebil- '
det wurde, grof ist, die Mode M der DS unter dem Einfluf dieser

RS rekonstruiert wird, wenn die Hulleren Bedingungen des Nicht-

gleichgewichtsaystems reproduziert werden. In einem solchen

Fall kann man die RS als eine innere Speioher@truktu: des Sy-

-atems und die Rekonstruktion der DS unter Einfluf der RS, als §

gine stimulierte Organisation eines kooperativen Systems im 3

Nichtgleichgewichtezustand betrachten,
Diese Aussage wurde einer experimentellen Bestdtigung unterwor-
fen, Das Wesen des Experiments ist in der Abb, 2 erkliért. In
einem flachen zylindrischen Gef#B wird die Bildung einer DS

Rayleigh-Benard duroh Erhitzen des Bodens des Geflfies hervor-
gerufen, Der Temperaturgradient entsteht dabei aufgrund des
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natirlichen Wirmeaustausches (dT/dz=7K/cm, T=328K), Nach lénge-
rem Ubergangsprozel zu einer stationdren Konvektionsstruktur
wurden auf die Oberfléche kleinste schwimmende Teilchen gleich-
mi3ig aufgebracht. Unter dem Einflul der Str¥mung bewegten sich
die Teilchen zu den Linien, an denen sioh die entgegengesetat-
gerichteten Stromungen treffen, wo sile sich vereinigten und
nach Ablauf einer bestimmten Zeit eine geordnete Konfiguration
entstand, welche eins RS ist. Faktisch ordneten sich die Teil-~
chen sa, dal der Reibungseinflul suf die dissipativen Prozesse
minimal ist. (Abb, 2a) Um die organisierende Wirkung der RS auf

c)

Abb, 2: Die Bildung von RS auf der Grundlage der Verschiebung
und Vereini in konvektiven Strdimungen schwimmender
Teilchen (a); die Rekonstruktion der DS nach dem Modell

_der RS (b); und die Entstehung einer stimulierten Mode
der DS unter Einflufl einer Imitation der RS (o).

die Konfiguration der konvektiven Strtmungen zu zeigen, wurde
eine: Kople der RS aus dilnnem Phenoplast auf die Oberflidche der
Pliissigkeit aufgebracht. Um die Ubersichtlichkeit der Demon-
stration des Rekonstruktionsprozesses zu erhthen, wurde nur der
Teil der RS benutzt, der die wesentlichsten Informationsmerkma-
le in sich tridgt (Abb, 2b), Bei Reproduktion des Temperaturein-
flusses, der wihrend der Herausbildung der RS vorlag, wird die
DS rekonstrulsrt, was sich an der stimulierten Winkelorientie-
rung der Elemente zeigt, die anhand des Reliefs der schwimmen-
den Teilchen zu beobachten war, Faktisch fand auferdem ein
Eomplettieren der RS statt. In einem anderen Versuch wurde die
Stimulierung der Mode mit einer grofen Anzahl von elementaren
Konvektionsstrtmungen mit Hilfe eines Keimes untersucht, der
die RS imitierte (Abb, 2¢),

Diese Versuche gestatten den SchluB, dal das statische Relief
der RS in der Lage ist, die RS unter entsprechenden Nicht-
gleichgewichtsbedingungen des Systems zu rekonstruleren, Der

95



physikalische Rekonstruktionsmechanismus der DS besteht in dem
aktiven EinfluB der RS auf die Richtung der Evolution des Sy-

stems auf der Grundlage des Einwirkens der RS auf die Fluktua-
tionsprozesse.

Hauptresultate:

1. Beim Studium der Strukturbildung in offenen Systemen ist die
Einfilhrung einer besonderen Klasse von Strukturen - der refle-
xiven - ndtig, die zu einer Rekonstruktion von DS fHlhig sind,
d,h., zur Anregung eines Systems von Prozessen nach einem quasi-
statischen Relief. ;

2, Die Generierung von RS ermbglicht die Realisierung von Funk-
tionen von verteilten assoziativen Speichern, die auf koopera-
tiven Erscheinungen basieren, wobel assoziative Umwandlungen
durch die Schaffung eines auswidhlenden Nichtgleichgewichts.der
kooperativen Systeme geschaffen werden.

3, Die Strukturreflexion mufl als adaptive Struktur- und Form-
bildung unter der Einwirkung von Informationssignalen verstan-
den werden, wobei in diesen Prozessen eine Regenerierung der RS
erreicht wird, wenn ihre Beschidigungen unbedeutend sind.

4, Fir eine erfolgreiche Realisierung der Methode sind Materia--
lien ndtig, in denen eine DS erzeugt werden kann, die kleine
Schwelleistungen und grofle verbundene und "abgeleitete" Feldexr
besitzt, wobel die Materialien zum Einschreiben der DS eine
grofe Suszeptibilitlt gegeniiber diesen Feldern sowie eine grole
riumliche AuflBsung besitzen milssen.

5, Die Methode der Strukturreflexion erlaubt es, die Evolution
als Einheit der Prinzipien der Organisation und Selbstorganisa-
tion von kooperativen Nichtgleichgewichtssystemen gu betrach-
ten.
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