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Preface

In Spring 1977 on the occassion of the second "Days of Sciences

and Culture" at the Wilhelm-Pieck-Universität 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-Pieck-Universität 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

"Irreversible Processes and Dissipative Structures" (2, IPDS)

took place in February 1982 at the Humboldt-Universität Berlin.

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

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

held in Kühlungsborn, a resort place at the Baltic Sea near

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

ration with the Wilhelm-Pieck-Universität Rostock (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 "Rostocker 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.ofdifferentsizes 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. Ebeling, Y.L. Klimontovich: "Selforganization and Turbu=-

lence in Liquids", Teubner Texte zur Physik, voll 2, 1984

- W. Ebeling, H. Ulbricht (Ed.): "Selforgenization by Non-

linear Irreversible Processes", Springer-Series 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

¥. POMPE and A. RICHTER

I. 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 crystallization, Experimental and

theoretical investigations of crystallization of amorphous so-

lids show that the formation.ofmetastable crystals octurs as

transient or final stages /1,2,3/. This phenomenon is known as

Ostwald's rule of stages according to which the less stable

phase is always formed first. Therefore, the general question

analysed is, how structural pecularities determine the kinetics

of formation of critical nuclei and their growth rates during

partial crystallization of different phases, Special emphasis

is put on the role of stored elastic energy and the influence

of interfacial energy on steady-state and transient nucleation

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:

(i) 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

FC? (+.
x +

 Fa (Z (tm I). (1)

2, (t—&gt;o0) 1s the probability of the existence of a critical

nucleus with size n at time t —» oe and ¢ is a set of con-

straints explained later.



(11) The second one will be termed "kinetically controlled nuc-

leation® that means crystallization under conditions where the

probability 2met(t) for the existence of a metastable nucleus of

size n is larger than the corresponding probability of the

stable phase za though condition (1) is not fullfilled

met. «
Zu

stab
zetab(4), (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 process, 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-Döring theory to so0lid-solid

transformations, calculations of changes in the free energy

between different phases have to be performed:

AF = AF + AF, F.. (3)

A Fon describes the volume free energy change to form from a

phase d the quantity PB without internal mechanical stresses.

Additional contributions 4 F_, to the volume part of the free



anergy 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 energy corresponding to the surface term

in nucleation theory. Liquid phases as intermediate states

during structural changes are excluded from the present consi-

jerations.

2.41. 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 (sp?) and diamond (sp°).

Therefore, the introduction of an effective structural parame-

ter would offer a good approximation to estimate the free ener-

gy contribution A Fon Taking into account phonons as a sensi-

tive measure for local atomic bond characteristics and assu-

ning this contribution to be the dominante one, the Einstein

temperature 6; determines the free energy of the phase d as a

structural parameter in a first approach

(8, ) = 3NKT [1 pe + In (1-exp (-8, my| . (4)

The Einstein temperature for structures with covalent bonding

can be estimated with the binding energy Uy, and the nearest

neighbour distance Tr, with
v2

EL Up z &lt;d 5}
»

Rn (5)

shere k is Boltzmann's constant and A Planck's constant. z is

the average coordination number and the factor &lt;dy describes

the spatial distribution of lattice vibriations. Amorphous car-

bon contains the fraction x sp? bonds and the fraction (1-x)

sp? bonds, Different amorphous carbon structures correspond to

Einstein temperatures in the range of 8.4 = 1862 K and 8,» =

1558 K. Using formıla (5) for the limiting case of orystalline

phases, too, calculated Einstein temperatures agree well with



axperimentally determined Debye temperatures /8/. The free ener-

gy difference of the amorphous phase compared to the crystalli-

ne carbon structures, diamond and graphite, is given by

Fon = FC 8, ) -F( e,)

where 8, and 8. 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 /11,12/. 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 five- and

sevenfold rings a = Is” - e*l/s = 0.25, where ¢? are the par-

tial disclination densities for positive and negative rotation

angles, Such a defect network contains stored energy from ela-

stic strains. Each structural unit has energy contributions

from the self-energy Ej and interactions Wig with all other

defects J in the surrounding defined by a cut-off radius Toy

(6)

E.=g° - Way (7)

Such a cluster defect structure 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

anergy E of the defect network has been estimated with 3.3 and

4.5 kJ 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 containahigh amount of elastic strain energy

and represent pre-stages of crystalline nuclei, The size of ’

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

tive volume fraction compared to the whole material is about

15%, These hv strained defect clusters with local energies

of 22 .. ~ 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

F~-F6, )-F(8 )+ aF_,(e) ; (8)

where oF, 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 8, 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 80lid amorphous matrix cause contri-

butions to the free energy. Due to interfaces between the two

phases, a surface free energy Fr 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 Fo,t and another

one from a misfit between bonds of different phases Fem

Ta At Fon

: Oleic) + ADR
ae u)]| for Ca&gt; cL (9)



Tıs the surface of the nucleus. 2, denotes the number of bonds

per surface of the phase % &gt;") 7 is the binding energy per

bond bB~*masn ~~oma IF hres Supposing a non-ideal so-

lid qo?" ad-°44 on hption is approximated by

Cui Pu s~-" zoordination numbers enter domi-

nant~tc Sou quant -md &gt;haracterize the orystalline

as well as tho emomnhous ~heser In fig. 2 surface energies for

graphite en. « ‘~mond nucle’ in an amorphous carbon matrix in

dependence cr “3 average coordination number z, ere shown, The

parameter - A the ratio between the fraction of sp’ bonds and

that of the sum of ap? and dangling bonds. Anisotropy of nuclei

grosth relevant for graphite and a slight temperature dependen=-

ce of the surface energy can easily be included within this mo-

del /12/.

Growth of crystalline nuclei is connected 74th an elastic mis~

fit between the crystalline phase and the amorphous matrix,

which causes an elastic contribution A Fol to the free energy.

For a given ~~ -e.frg7n deformation

m

i

jenoting i~cot=an”  ‘ilatation or compression ol and shear de~

formation Ta the density of the elastic energy u can be cal-

sulated in dependence on the volume fraction of nuclei and ef-

fective shear and compression moduli G¥ and K™ , respectively.

The effective 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 deformation and according to

forces between the thin deposited layer and the substrate, con-

tributions of a fixed macroscopic external stress /16/

7,2
1 = £(V ,K,,G,) (07) + f(r

a

4)
(11)

Va is the volume fraction of nucle*. F and G, are compression

shear moduli of the phase i. respectively, ~ is the effective

Poisson ratio and €, and £* is the deformation according to



an external stress 6, 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
“=

ol =" — 6. - Sc - (12)

where € and $e. are the mass densities of the amorphous and

srystalline 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 sp? bonding fraction related to the mass density. In or-

ier 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

xithout external stresses. In fig.3 /16/ the change of the ela-

stic energy with the volume fraction of crystalline nuclei is

plotted versus the density of the amorphous carbon layer in de-

pendence on the external pressure 6. For high mass densities

of the matrix, the necessary elastic energy 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 energy

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/:7 &gt;y2 -1
-1 _ ß © 1

ty, = Ig - { wa? I = exe) | ’ (13)
+ oO

the average steady-state nucleation time



the time lag of establishing the steady-state distribution of

nuclei 2-0
T = 9.320 Ze

BF./KT
(14)

the growth time

1- Be

tg = nex PET
Ig is the stationary nucleation rate, k is Boltzmann's con-

stant, N is the number of nucleation centres. The size of the

critical nucleus is given by

A

n, = (GE)P
and the critical free energy by

F, = ab Sf- n,
if AF = =Jf n + yo? contains volume and surface contribu-

tions corresponding to formula (3). P can take two values,

[3 = 2/3 for isotropic nucleus growth and 3 = 1/2 for anisotro-

pic two-dimensional growth. R denotes a characteristic frequen-

cy of local mass transport R =, 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/

 “A . 1=B

ümax I tg Top
(48)

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 df obtained by constraints,

8.8. 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-

state nucleation time ty 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

x



stable orystalline phase, metastable crystalline nuclei can be

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

In order to distinguish these two main processes of nucleation,

the following characteristic can be given:

thermodynamically controlled kinetically controlled

nucleation nucleation

ay
bh

A more det. .'ed evolution of the nucleus size distribution Zn

with time c°n -- calculated from the Master equation

(19)
vith

(20)

Ihe number

aquipart?‘“

¢. size n for t —

om AT)man ff

&gt; © is given by an

(21)

In order t: .’icuss the pecularities of kinetically controlled

nucleation. thc time evolution of two distributions with 2

Zhe Ct) = Nand 2 .(C) = 0 is shown in fig.6. This is an

example for c¢ situation where in the result of smaller critical

free energy, phase A with a smaller supersaturation Sf 1s for-

med with a 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 constraints 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 critical activation energies favour

the nucleation of metastable phases in the frame of kinetically

controlled nucleation processes,
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Figure Captions

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

versus temperature

Fig.2

Fig.3

Fig.4

Fig. 5

Fig.6

Surface energy of graphite (a) and diamond (b) nuclei
in an amorphous matrix with the average coordination

number Za
"hange of the elastic &amp;nergy during nucleation in an
amorphous carbon layer depending on its mass density and

axternal stresses

Regions of formation of graphite (G) and diamond (D) in
iependence on the mass density of the amorphous carbon

layer

Schematic representation of nucleation and growth pro-
cesses; the two straight lines distinguish between areas
of thermodynamically upper 1ine) and kinetically (lower

line) controlled nucleatien-

fy = 1.42 302, fF, = 1.02 Tu

Time evolution of size distribution of nuclel of two

phases (kinetically controlled nucleation)
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Nucleation and Crystal Growth in Viscoelestic Media

I. GUTZOW, J. SCHMELZER, 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 Tye The predictions of the theory are in coinci-

dence with experimental results on the kinetics of formation

and Ostwald ripening of AgCl in a model photochromic glass.

i. We consider first the growth of a complex of B-molecules,

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

nodynamigs uf irreversible processes defines the flux J of B-

molecules tn the complex as

grad * (1)

Here Dy is the .ffusion coefficient of the B-molecules in the

solution. C :¢ &lt;Chelr distance and time~dependent concentra-

tion and F ir the chemical potential (refered 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 fr splits into two additive parts according to

Mo= pF py { a concentr-+4on dependent potentia’ Mg

(assuming a: ideal solut™.- te Ty where 3°

Cp/(Cy + CC end an elas’ “&gt; nrofils of the

density of elastic encu. lution) is known

then Me can br € io Gonotas the vo-

lume of a B-molecw’ yo CL, oem ali

zed Fickian eou rom (.) in he form

Hr) = = Dy; HEL + 2x) Hg (2)



r being the distance from the centre of the B-complex and f(r)

a F DE) denotes a generalized force, determined by the
R oT 8 ’ y

anergy of elastic strains produced by the growth itself. By an

application of the theorem of. Gauss-0strogradskij to eq. (2)

(see also /2,3/) the volume growth rate of a nucleus of the ra-

1ius R can be determined as

2

3. FE (x)

CpCr7)
+ £(r) ar

|
AV r2 dcr)
oa Dp Sr

‚T=R+0

ir=R+0

(3)

Here Cr ® 1/Vg is the concentration of B-molecules in the

growing B-complex and, consequently, we get:

£(r) c (xr)
DR

Cy(r) der | (4)
1r=R+0

In the considered case of spherical symmetry the radial distri-

butioh of the density of the elastic energy in the nucleus and

in the matrix is given by /4,5,6/

T.8*

g(r)-
T.. 2 /r)S for r &gt;R

(5)

This type of : *na develop when there exists a relative dif-

ference J , %8_ in the density of the matrix building

units (Vag) and the B-molecules in the growing complex, It is

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 TT, and Ty 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

gtrains due to the development of a nucleus of the volume V =

«4/3 R is given by

14 r?TT, 6%



The orux of the problem in solving eq. (3) and determining the

kinetics -af growth in an elastic matrix is the kmowledge of the

value of JdE(~7Ir|; peor For the discussed case eqs. (4), (5)

and (6) lead to ~
6 20 6 19 M

 mor - a Td?7- HTL) re(r) rsR+0 ; M Cx RV Tc Tu (7a)

Y

and with 3 = n, equ, (7a) reads

(=) ..p,o = Const £ &gt;
ny

(7)

Ay is the number of B-molecules forming the growing complex.

Thus in similar situations where the £(r) function is not

known or can be constructed with great difficulty, an expres-

sion of the type

f(R) = -const 1 . SR) (8a)

can be used, L being some specific length (L=R for diffusion

limited growth and L = d, when the transfer takes place only at

intermolecular dimensions) and V being the increase of the vo-

lume of the cluster from O or from V, to V. From eq. (6) it

follows that

&gt; ae vw "yl
and it becomes evident that

f(R) « const «

can be used /7/ when 42 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 numberzof B atoms is

introduced into an initial volume V , so that V - V '= 5%

(see also /6/). Then /6,8/ the energy to enlarge the cluster

from Ya to V is

A.

de,

TF

2
V=Y

T, (+) . Yo

eV -V, or via eq. (6b))

1,97 -V
f(R) = tee(R) = cons T ~~

(9)

and (as in eq. (8) ¥

(10)



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 particular significance) f(R) is an increasing func-

tion of V and a complete stop of growth and a saturation of the

y-t curve is to be expected.

2. In the vicinity of Ig glassforming melts behave as visco-

slastic 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

Dy much smaller than the diffusion coefficient Dg of the segre-

gating molecules (e.g. of AgCl type). Taking into account both

mentioned types of generation of elastic strains it can be

shown that in such a process of segregation

° ° u .

g(r) = TI (B=Te ) + X . Ved (11)
1 ve Ty  4%R%¢ H M)

Dr

whereT, and Tw, are constants determined by the elastic modu-
11 of both phases and Y (Dy/Dg) is a function of the Dy/Pg ra-

tio. f being a characteristic distance. At V &gt; V the first

term in eq. (41) can be neglected. Thus a dV/dt function is

obtained in the form

Fedo ap - LL=Yo)

zZ: Vz)
(12)

where AD is the driving force of the process and #, ~ KT/Dy is

the viscosity of the glassforming matrix and T*1ia determined

by the elastic moduli, It can be shown, tbat eq. (12) 18 in

fact an extended form of the well known Kelvin-Voigt equation

/9/ describing the time dependence of retardation processes in

viscoelastic media, Thus the interconnection of processes of

the phase formation and the rheological behaviour of glassfor-

ming melts witk both an elastic and viscous component becomes

sbyvious,

5



3 I. the process of Ostwald ripening ac/ar|,_o in eq. (3) is

ig” = 1) where R, 1s the

ra.

Khe.

-1 supersaturation, Thus,

72). 0) eq. (3) can be

yi?

(13)

and th.

(N=1) de“

*+1ons

1 number of particles vs time

known Lifshitz-Slyozov equa-

(14)

(45)

in cons”

it cen b

fonetion

dv

To
nfaonst

“h- Ostwald ripening process

&gt; a4va ~ith the f(R)-

(46)

khare th

slastir m

of the r

bv Dy by and an
(75) the kinetios

(17)

(18)
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3yecial Stochastic Measures as

=guilibrium Phase Transitions

Critical Quantities in Non-
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steady (stationary) states of an open system. (We do not speak

of structures in time). In case I a non-equilibrium phase tran.

sition the st ~dy ‘state ¢ ~~ - Dee ot sapect to

singular’ *” - Sooo 2 8Y-

stem w ‘zram is

given by thr tical be-

haviour of like the

singulari* -usceptibi-
lities (so w. . y with re-

spect to anc’ chermal state

squation ir th‘ this we need

the calorir "3 Formation, We

can obtain . _. cr °7L dze of the ener-

gy as funct’

In nonequilxiiit

logous, role 1.7 ..

namic function wh

any equil’™"~~4m

additione? Toe

bria ( ©

pnimum ¢

near ©

Specii

of ene

4 21 susceptibility. It is the derivative

 2" to temperature T:

(2.1)

Te mpc Arms) od jeint + nar REn~rgv is tne ge-

nerator c “x x againat — or invari-

ant, unl.” Teme os “ng to an

anvircnm&gt;' ;' inguished

in eu ;ontrol parame-

ter. Th” ome. _1 nonequilibria. -

Specific . ‘oportional to the variance .0f energy in

aA canon’

(2.9)

And thig nm

8quilibria.

vy4doey +~v to find an analogous quantity in non-



3. Bit-number Cumulants

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

rized by a set.

 = (§,,%.,... ) (3.1)

of continuous parameters {s . 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 $ is the set of

the canonical ‚variables q; and their adjoint momenta p; . Let

sC€) be the probability density of the events in § -space.

Ye call

bCf)=- 110g 8@($)

the corresponding bit-number because it is related to the num-

ber of bits which are necessary to select the event { if

HEP is already known. The mean value of b

cb~ = {df eb (3.3)
is Shannon's informational entropy, a 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 Co&amp;b-
a

dET sk (3.4)

These stochastic measures Tr 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 dilferences

Ty - Te Ti

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 T', invariant against Liouville ‘motion in Gihbs

phase space.



The following statement shows that the second cumulant T, is

more sensitive to the onset of correlations than the first one,

the information entropy T- We consider a given distribution

Sida ... of a system which is composed of subsystems the

states of which are 1,, 1, ... The probability distribution of

the first subsystem is the marginal distribution

Sie ke
- gor

In an analogous way we define marginal distributions

any subsystem, The product of all of them

(3.6)

$e. for

Sipe. RL nm

is the distribution in wnich the probability densities Si; for

the subsystem are unchanged but all correlations between them

are suppressed, We call it the uncorrelated distribution to

Si. 4 ...sWe always can write

(3.7)

... (3.8)

shere § describes the corralations in .- given microstate. For

small £ , say for the onset of correlations it turns out that

5 depends on € in first order already whereas Tr, depends

hut in second order.

Sid = (1+ E24

4 Bit-number Variance as Thermodynamic Quantity

A macroscopic thermal equilibrium state can be described by a

get of variables MY which in statistical theory are mean va-

lues of phase functions M&gt; (§) in Gibbs phase space § . The

adequate probability distribution in $ -space belonging to

maximum entropy &lt;b? is
al

$= exp [+ - As a)

The underlining tilda denotes the phase functions. Greek sub-

and superscripts occurring twice in a product are summation

dummies. As a rule MV are extensive 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

nunbiased guess". We oall this $ a generalized canonical

(4.1)



ansemble. It is well known that the same macrostate can be des-

sribed alternatively by a microcanonical, canonical, or a grand

canonical ensemble. This means that we can use different £ with

less than the whole set MY for the same macrostate. So we have

generally to distinguish betwean MY entering into § as phase

functions, this is as random quantities, and those MY entering

as fixed parameters. Correspondingly T, becomes C:fferent for

the different © , The specific heat is such c , 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-

sitions which 3 ~ to a € in which the order parameter is a

random varia»”

Now we have to ask for an adequate probability distribution

describing a given macroscopic nonequilibrium state with local

and time dependent macroscopic variables M "(xy t). These va-

riables then are densities in three-dimensional geometric space

x. In the go—-called Schriddinger picture these v ~~“ables are in-

terpreted as mean values of phase space funr ore 2 (x; f) in

a time dependent probability distribution . + If we apply

Jaynes method of unbiased guess, starting v .u the instantane-

ous mean values M' (x,t), we obtain the so-called "local equi-

librium distribution

gt) = exp [PCt) - ACt).M] (4.2)

where we use the symbolic abbreviation

3 (2x A, ox) (4.3)

This SH). however, deficient because no knowledge about the

dynamics is included into the construction, Therefore this gen

is not able to describe correlations and transport phenomena

sorreotly.

The construction of a suitable distribution £ belonging to the

nonequilibrium state was first proposed by H, Mori /1 0/, which

indeed has given good results in transport theory and similar

juestions. This construction implies that the time scale of the



mioroscopic processes is distinctly separated from that of ma-

oroscopic processes. This 1s a standard condition for the appli-

cability of a thermodynamic desoription. If it is fulfilled,

then there exists a lange plateau of intermediate times T. In

such a time TU the system is practically isolated and therefore

its dynamics in Gibbs phase ‘space is a Liouville motion. $ at

time t is constructed by the application of this dynamics during

a time T on the local equilibrium distribution e* at the ear-

lier time t - T . By use of the Liouville operator &amp;£ this is

e gM (t-T) (4,4)

The result of this construction is identical with expressions

based on different arguments later by McLennan /11/ and ZubaTev

/12/. Due to the supposed time scale separation the result is

independent of the choice of T if only on the plateau. &amp; be-

longs practically to the same mean values u(x,t) as 8%, yet

the two distributions are very different. In ;’ all interior

correlations are fully developed which were suppressed in gr.

Now the invariance property (b) mentioned in the preceding chap-

ter becomes important. Due to it all bit-number cumlants Te

for § are the same as for st at the earlier time, They are

functionals of the variables A, x” and therefore practically

the sams at time t and t —=T . This means, due to the time scale

separation, the Ty are the same for $ as for st. This is an

important and nontrivial justification of the local equilibrium

approximation for all Ty . Thus the bit-number variance for the

Mori distribution 3

T, = = [a%xd%20 AD AGNI (x) / dA cz) - (4.5)

The derivative in this expression is a functional derivative in

space. In’ maorosoopic systems composed of different homogeneous

parts as a rule the correlation lengths are 80 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 rt with respect to va-

risbles of a nmeighboured part.

rR



For systems with a nonequilibrium phase transition T, 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

special systems,

5. Some Examples

In the following we give some examples which have 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

m® + Tnansh-cT (5.1)

rhere 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",©with the "con-

trol parameter", and h with the "external field", c is a fixed

coefficient, exponent 5 is 3 or 2. As already mentioned, in

squilibrium 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.) We magnet. It shows a secondorder equilibrium phase

transi “~mperature T is control parameter, magnetization

M order nn vameter. magnetic field H is external field, ¢ vani-

shes, € is three. T, has to be formed for the magnetic field

ensemble in which Wi is a random quantity. Thus T, is speoific

heat 0.. fu 1 &lt;od magnetic field.

2.) Van ~~ ™aale Gas-Liquid System. It shows a first order

equilibrium phase transition between two coexistent phases.

XC



T is control parameter, volume V is order parameter, pressure p

is external field, ¢ is nonzero, &amp; 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 is

A + 2X

Ba"

=X

-

&gt;

(5.2)
(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 analogies 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 a similar way like vapour

pressure. And yet more analogies exist. Here conggntration B is

control parameter, X order parameter, C external field,¢is

nonzero, €&amp; is three. T, has to be formed for the grand cano-

nical ensemble where the concentrations are random variables.

T&gt; 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-

gioned case. The domains are parts of the wire with high or low

temperature as two phases. Here electrical current I is control

parameter, temperature T of the wire order parameter (and not

control parameter!), temperature T, of the environment is ex-_

ternal field, ¢ is nongero, and &amp; is three. T', has to be formed

for the system composed of the wire and the environment and be-

longs to two different temperatures T, I, of these parts. Their

energies BE, E ~re random ouantities,

5.) Sohematic *&gt;- ad This model is described in ref./17/

as a two-level - ger with simple properties. The num-

ber N of excited moleculss and the number n of photons are

agsumed to fulfil the equations

3



dN/dt = ~(N-N_)/&amp; - GoN

n/t = ~ kn + GoN

(5.4)

(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 n. This leads to

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

The stationary solutions show a nonequilibrium phase transi-

tion, N describing the pumping rate is control parameter, N is

order parameter. Here external field and c are zero, ¥ is two.

T, 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 N,-

In table I the quantities are listed which are control parame-

ters, and external field for the different examples.

Table I

Weiss ferromagn.

Laser model

V.d Waals

Chem. model

Ballast res

control

Dar.

order

par.

 Tm

“tern

field x

c = 0

n &amp; 0

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 now is that T', indeed is

singular if passing the critical point, Moreover, it behaves in

each of the two classes uniformly. It makes a finite step for

vanishing c and behaves 1likn | 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

m



different systems, We have to expact 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 mean field description would lead to a more

detailed division in classes of common critical behaviour of

Ty 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 column. Even in another

respect the behaviour of the systems is different. For the here

considered nonequilibrium systems the leading singularity in

the expression of eq. (4.5) arises from cross derivatives with

- 4 , In the two equilibrium systems, however, such cross

terms are cancelled by corresponding terms in the term M= v=

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 T, 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 witn or

#ithout 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 exter-

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 locking al-

80. What we can expect in the phenomena above it, therefore

comprehends the whole arsenal of chaos theory applied to all

instable dynamic systems with determined asymptotics: Poiasaré

nappings and their picturesque clouds of points (sometimes of

spiral structure in the laser case), interval mappings or area

mappings (sowstimes specific circle maps or mappings of the

complex plane), strange attractors (fractals), the rippled our-

ves of Ljapunov exponents, and the large amount of bifurcation

diagrams (comp. 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 routas ® chaos (period doubling or subharmonizcs

generation, appearence of incommensurable frequencies and so

on) more than to characterize the state of chaos 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 explosions and homoclinic bifurca-

tions, in their relevance to changes from prechaotic to chaotic

states or to changes between chaos types (spiral type to screw

type e.g.). On the other 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 ne-

thods promisingly could be applied. We will give some comments

to this subject in the case of the real and complex Lorens

squations, 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, i.e.

without knowledge of the underlaying dynamic equations descri-

bing the system, This shurely will be of great value for oon-

crete, nonidealized laser systems, where the complete system of

aquations either is not really known or is to complicated even

for long computing times of fast machines.

All these methods stem from classical systems. Concerning la-

sers we should finish with a short remark on classical and quan-

tum chaos. 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 chao: in lasers, as mentioned

above, may be learned from /i1 ~/ 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 (—~verimental or even techni~

oal conditions of opto-electronics or all-optical devices. In

/4/ also the work done in our group is represented, namely. that

of Brunner, Fischer and Paul on regular and chaotic behaviour



of multi-mode laser (p. 202) and that of Müller 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 concer-

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 (milti-mode approximation),

From a mathematical point of view the main difficulties and

surprising phenomena are drawn from the fact, that not only the

local behaviour of systems of nonlinear (7) ODEs has to be

described, difficult enough, but that to large extent the

global character of their solutions has to ba determined, Books

like that of Andronov, Vvitt and Khaiken /&amp;/, of Arnold /7/ and

of Guckenheimer and Holmes /8/ therefore should 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,

{. The Basic Equations for Laser Instabilities and the

Lorenz /Maxwell-Bloch Systems

In the simplest case the basic quantities are the field strength

E, the polarization P and the inversion D, For single-mode ope-

ration of a resonant, homogeneour'y broadened lager ( 9B/ 9z =

0 in the Maxwell-Bloch oyster ma have the Haken version /9/

of that syster /~ EE

(1)

¢
3

showing, more direotly than ui the Lorenz version, the existen-

ce of two conserved quantities if the coupling terms (pumping

&gt;



and damping) on the left of the broken line are neglected:

a7 + a + a5 R? = energy (sphere)

42 4 (a1)? „6?
= pseudo-spin (shifted Sylinderaz = Qx=1

3 3 (2)

In this case of coherent interaction of atoms and field the

gsolu“ion is determined by the cross sctions of the sphere and

the cylinder (two separated trajectories for R &gt; 1+§ , one

closed trajectory for R &lt; 1+ § ). Switching on the terms on the

left of the broken line, we get a "breathing"of both the sphere

and the cylinder, giving rise to the more complicated behaviour
possible for the solutions of the Lorenm equation, which 4s

equivalent to (°) setting X = bo, ‘6a, Z =r

(02/5 Va’ Cn. p- Mm a! =rGp2 =rdp, t' = Bt:

free 4 Ev

« ¥Y = XZ

32 + XY

(3)

This form more directly shows the basic symmetry (X,Y,Z) —&gt;

(Xx -v ", leading to the two fixed points besides (0,040).

The first generalization includes amplitude and phase of E and

D by choosing X and Y complex, also r = r, + ir, and a =

1 = ie, if dispersive effects are relevant too:

-%X + BV

Vo BY

hav ng the —=n{ “ional cvmme
A

ZB) = FORCA IX; m)

with the rotstion matrix nh(¢.) ¢ R(3) = RCd +3), replacing

the non-zero fixed points o? the real equation by a limit

cycle (oomp. /10,11/).

From this one has the impression, that all the compliocated bi-

furcation structure of the real Lorenz equation, as well as the

its strange attractor, f£illing a book /12/ net even exhausting

the whole richness of the phenomena in the full 3D space of



the parameters © , r and b may be pronounced by the trunca‘;ion

of the rotational inv~riance of the complex Lorenz equatioa to

the mirror avmma*rw on she —- ° lene (¥ V)- "X, =-Y).

(4) giver -

142

(6)

This may ©‘

from t=

for the -

y

.am

““rec real ODEs, but different

* “me adiabatic approximation

“+allowed(7, = (r=z)x,,

(7)

which may ~ [EJ]? = I to

(8)

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

80 on.

There exists a large body of literature about the basic equa-

tions including 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.

=



A comprehensive 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

equation, 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

Laser Chaos

As in other dynamic systems there may arrise also in active op-

tical devices the case only known is the time series of one

gingle system quantity (property) x(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 x(t) and

the orbit Y(t) = { 7,(t) ... &lt;&lt;} in the phase space. What

may be hoped, nevertheless, is to give some estimates for the

asymptotic behaviour by determining the existence and dimen-

sion d &lt; k of an attractor. The procedure developed for this

in /13=15,17/ works as follows: We go from t to {tyeeotyeeotyl

if x (t) 1s measured continuously, or take the measured

x (4) directly. Then we choose some T , incommensurable with

bits = ty in the continuous case or not, and put together the

following samples:



x,(ty)

z(t.» T)

=f
A

In)&gt;

hg

x (ty)
&lt; (tpt T)

‘a (DAT)

-

(9)

and build the vectors LC cl Fh~y apan a substitute nD

phase spacey por~ ~nbeddine the attractor. Again the connec-

tion between thr &gt;&gt; 7). is not known. So we are in a

situation which f.... into the category of an attempt to say

something interesting about chaotic systems with very incon-

plete information. What may be help in this case may be searched

for in the field of correlation analysis, Taking a me~h =1dth

(cube length) r and looking for the number of point” . ) fal-

ling into these cubes, we have with the step function 6 and the

wellknown correlation function

c (zr) ~ 1

N

depending, besides TU

tion dimension *

d.

„1x

O(x-| xx) Lo (10)

2lsen 29 .,Thecorresponding correla-

\nm0.(z) (41)

So we arrive at a n-series of dimensions Cyr d, ... a, which

may be compared with the sequence of dimensions in systems with

a rescaling hierarchy of Hentschel and Procaccia /16/. If they

converge to a certain finite value, this demonstrates the

axistence of an attractor determining the asymptotics of the

system in contrast to the stochastic case. What are the generic

sonditions which must be fulfilled by the system in order the

attractor dimension in this substitute 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 S147,

which connects the limit capacity D(L*(p)) of the limit set

L*(p) of all measuring points p. with the so-called cardinality

17



‘ng replacing the correlation integral c (x) in (10). By
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 integrals 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 mum

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

/1&amp;/. An enlargement of the part n= 1 ton = 10 is given in

Fig. 1 here, It shows that the transition to the final values

4, £ 3 1s verv smooth and is finished only at n™=7. This may

indicate that the dimension k of the original phase space may

be also 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 a test case using

a time series taken from a pure sin-function, checking the re-

aliability of the limited number 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 Analytic 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 Khaiken /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 ext 20



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

"large systems® with an infinite number of degrees of freedom,

as may be derived from partial differential equations (PDEs),

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 prrameter

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

This concerns the classification of planar nonwandering limit

gets 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, (11)

closed 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 (111) 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-

crete. The very nex phenomena in that case are due to the

appearence of strange attractors, i.e. of invariant limit sets

(attractors) which contain a transversal homoclinic orbit, The

condition for 3D homoclinic orbits (connecting a singular point

with itself for t — "&gt; Lt am ) is governed by Silnikov's theorem.

Similar results for the nD case with n &gt;3 seem, up to now, not

available,

Concerning the concrete case of the Lorenz/Maxwell~Bloch system

in addition to /412/ the analytic approximation of its fractal

attractor by invariant manifolds /20/, the investigation of 1ts

analytic structure /21/ and other /22-26/ should be mentioned.

Extremely useful will be the analysis of the bifurcation scheme

9



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.). Since 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 wmultistability in quantum

optics, The connection of chaos and multiple photon absorption

/32/ is t r~mecial optical case of the general problem of quan-

tum cher“ * nly give a (surely incomplete) list of papers

/7- ‘a elementary remark,

The mai: Jzueitien concerns the chance that classical chaos sur-

vives iu 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 quantum 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

behaviour is discussed “ 77

Quantum fluctuations about the Lorenz attractor and the use of

Wigner distributions of the quantized Lorenz model have been

investigated in /54/ anc /~5/ (comp. also /56/).

*
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° 3 Tr 5—0— 27

0,96

Fig. 1 Determination of attractor dimension d, ‘

ambedding dimension n

+} inhomogeneously broadened single-modegaslaser
° (Xe~He at 3,51 pm) /18/

test case of sinusoidal time series (2 MHz)

white noise /17/

Function of

References

/4/ Abraham, N,B.: Laser Focus. May 1983. p. 73

/2/ Graham, R,G.: Chaos in * lager rystems, in: Coupled
nonlinear oscillationr “mdra- A,C. Scott eds.),
North Holland 1983, ru’ « = 2, Springer 1984

/3/ Mandel, L., Wolf. BE, (edr "-h-wance and quantum optics,
Plenum Press or York 77 ~ 195.736

/4/ Abraham. MP “nriato. L.a-.  wrduci, L.M. (eds.):
Instab*’ &gt; agtive opi.  mrlic, 7 Mt. Soc. Amar.

2B (19¢°

/5/ Gurel
reece’

(19¢
/6/ Andromov, .. ... Vict, ....., Kaalken, S.E.: Theory of

oscillators, ~ tgamor. Oxfurd 1966 :



/7/ Arnold, V.I.: Geometrical methods in the theory of ordina-
ry differential equations, Moscow 1977, Springer Berlin
1927

/8,

‘40

7.

42

4%/

/4 4

/15

/16

1”

/4f

Guckenheimer, J., Holmes, P,J,: Nonlinear oscillations,
iynamic ‚atems and bifurcations -* - tor fields,

Sprine ty 4005

Hale

pP

Gihhe

n

Al nym
Lh

£

ii Tatr7-?--7*4092, 2nd ed. 1978,

an Ard an Jatnre,. Springer 1981,

Fo

1

Spas
Ad

Pack

Phy.

Tad

*m

„: Physica

“ırcations, Chaos,

~~~ T.D., Shaw, R.S.:

x Yal, 898 (1981)

&gt; Rev Lett. 50 (1983)

n (1983) 435

de, C.E.,
"st. Soc. Am.

“+ 70 (1983) 153

IZ
x

/

/z

je

24

jos

/26/ 7

/27

/08/

/29

/3C Ae;

Let:

-

ay DoF, uam
(3983) 75. 'nd .

280) 1198

457
Lett. 87A

57

983) 2096

"9 (1984) 2928

+ 34 (1985) 15

Y--—1nmical Systems,

"C.* Phvs. lett.

1927) 1946

fell, k.C.:
- DA

Phvs. Rev.



/34/ Arecchi, F.T.: in "27/- 9. 150

/32/ Ackerhal* gn 7 a 27/- pe. 152

/33/ 2-1 ’ nett ng

/34/ HC

/35/ ©

+. 48 (1982) 711

= + Phys. Rev, Lett,

/36,

/37/ R

/38/ C.

/39/ B~

/40/ Casr
len’

/44/ Boh”

~nyg 77 (1982) 5191

7 058

7 ++ 50 (1983) 640

Dear TH 198%) 117

"”-]inearandTurbu-

az C + Phys. Rev. Lett.

/42/ G-

/43-

/4¢

m
VA 4z

x
+5

 1984) 801

Rev. Lett.

/47

746,

yr

/48/ SI

/49/ 0%

3
/50/ Casi

Phv

/54/ To

/52/ S

/53/

/54/ Elz.

/55/ ¢

/56. C

3

. Lett. 53 (1984) 1714

 em ™ « Phys. Rev. Lett.

&gt; Iyansky, D.L.:

° H.: Phys. Lett. 107A

Tab *08A (1985) 183

+ :984) 1215

Hohn © 1984) 61

8
Yissenschaften .

«nt fur Optik und

Cc

Do

we
Berlin-Adlershof

vl ussceh



Rostocker Physikalische Manuskripte, Heft 8 (1985)

The Kinetics of Ostwald Ripening as a Comvetitive Growth in a

Selforganizing System

R. ‘MAHNKE and R. FRISTEL

It is shown that the kinetics of an ensemble of coarsening par-

ticles of different sizes is a competition process, which is

quite similar to the selection in biological or ecological -

systems, A comprrison to the theory of selforganization is gi-

ren,

Int=~~n “ire+tdion

In generw.- 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 d is formed out

of the metastable mother phase [3 . A large number of small

droplets (nuclei with a restrioted distribution of sizes) will

be created. After this formation stage the nuclei grow rapidly

at the expense of the surrounding phase B . 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 ¢. evolves in such a way, that larger droplets

grow at the exvense of smaller ones, which disappear. The si-

tuation in this long-time regime is very close to the desorip-

tion of m-lifavr~~nigzation under constrained conditions.

Treating &amp;« i nite enseuwble 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 oendi-

tions Considering spherical droplets we introduce a droplet

P .vibution functionN(n,t) where n is the mumber of mone-

ome) bounded within the droplet. We cheaose the sise na



as relevant variable, but equivalent descriptions are possible

(e.g. droplet radius r = (cg ax 33%, In contrast to the

bounded states of the d phaso the surrounding [2 phase consists

of free monomers only. The timo i-psmdent monomer density

opt) = Mg (t)/Vn may ohange by condensation or evaporation of
atoms. We neglect: -~prtial correlations and use the incompressi-

bility condition ec. = const.

2. Basic Equations of Coarsening

The theory of Ostwald ripening in a closed system deals with the

following three general assumptions (compare /2/).

(a) Continuity equation

IN(n,t
Mma) + 3. (y Mn,t)) 2 ©

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
es ’

n N(n,t)dn + Mp (t) = M,.oqconst

In a finite system we have a limited number of monomers which

sither free particles in the [3 phase or bounded in drops of the

J. phase. In a supersaturated situation we will find a flux of

monomers from the matrix ( B phase) into the droplets phase,

(¢) Growth law

B= vent)
The velocity 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) if the monomer concentration is greater (or less) than the

equilibrium concentration we use the reaction limited growth

rate according to the Fickian diffusion law

 BW, (m,0p (£)) = DI5! Aln)(ep (£)=044(R))
where A(n) 1s the surface of a size-n-droplet, 1, = 2b fog XT

a constant length (capillarity length) and D the diffusion

(3.1)



coefficient,

The equilibrium monomer concentration Cgq(R) over a curved sur-

face with curvature k(n) = 1/r reads

a(R) = ¢  (#)exp(1 k(n)) mc  (02)(1+1 k(n)) (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 Dy

...q2. only, let us consider this discrete case. Using the an-

satz

nt) = 52 N, SCcnn,(4)) (4)

and inserting in the Liouville equation (1) we get

dn, (t)
HL = (0, yeeesnsc,(1) (1=14...,8) (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 8s &gt; 1 components read

d 1 .

et = Aa) { 0g (001, (&lt;k&gt; kn) + x ml (6.1)
(1 = Te0eosl8)

with

P(t) = 2 4 (t { Sota cy Va (t)DO a m sea-
- 6a 001, “3 (6,2)

This is a system of first-order differential equations with the

abbreviations

ACn,)=4W(0,4W/3)72/5n2/3
kin )=(c 4 /35 3,73

surface of a droplet with ny
atoms

curvature of a droplet with n,
atoms

5A



5 k(n )N, Any)
&lt;k&gt;=UV,Ka

ZN ACn,)

V(t)=0c7 Tn.

mean curvature of the whole droplet

ansemble

total surface of phase d

total volume of phase d (volume of

all drops)

and coefficients D (diffusion constant), cy (density of bounded

monomers), Coql0® (equilibrium concentration of free monomers
over a flat interface), Ve (volume of the system), Miotal (to-

tal number of monomers) and 1, (capillarity length, typical va-

Jues in nanometers), It describes the rapid growth (second term

on r.h.s. of (6.1)) and the slow selection process (first term

on r.h.8, of (6.1)). The flow P(t)/A4 (t) (6.2) 1s the flux

density of raw material into the ensemble of drops. If the su-

persaturation is high enough (that means $(t)&gt;&gt;0) all clusters

have the chance to grow up (1, &gt; 0). Since the raw material is

limited the two phase system will reach at first a so called

internal equilibrium, a nonstationary situation where the d.-

phase as a whole global system (meanfield description) is in a

quasi-equilibrium with its surrounding f-phase. When the flow

between the two phases F(t) is decreasing to zero, a competi-

tive ripening process takes place. In this selection game the

smaller clusters with k(n) &gt; &lt;k&gt; must dissolve to give mono-

mers to the bigger ones which increase. Since the mean curva-

ture &lt;k&gt; (t) is a slowly decreasing function of time in the 1li-

nit t— oo only one component in the droplet phase is present

and the selforganizing system has reached its stable stationary

situation.

For the set of parameters D = 40* nm? /ns, Ca = 102 monomers /

ne’, Vp = 10° no’, 1, = 0,35 nm, Coq) = 1074 monomers,/nm-

My otal = 2500 monomers results obtained from the analysis of

(6) are shown in fig.2 and 3. After about one nanosecond the

growing system has reached internal equilibrium and in the

following long-time regime of selection the dynamic system will

approach the stable fixed point.



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

svolution 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-Rigen model of

prebiotical evolution

Ixy
IT = (By = &lt;F&gt;)x, wv C (7)

the species with the highest reproduction rate E, = Max {, ’

vo +, (selection value) will increase to the finite value C

and all others must die out (x, —&gt; 0 for 14m). Note that in

both cases (Fisher-Eigen model with population average fitness

&lt;E&gt;, Ostwald ripening of precipitates with mean curvature of

the droplet ensemble &lt;k&gt;) 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 coar-~ening behaviour of solid-solid

phase transformations.

Figure Captions

Fig.1 Evolutionary model of phase tran ition between a meta-

stable mother phase 3 (frsemonomers) and the coarsening

phase d. (spherical drops of different sigzes)

Fig.2 Reaotion limited growth and compotition of a draplet

ensemble of two components (gs-2)

a) Time dependence of droplet sizes n. and a,

b) Trajectory in phase space showing the oymretry bea-

cking between growth and ripeaing r-=i.»



Fig.3 Time evolution of an droplet ‘snsemble showing the mono-

mer distribution function M(n,t)=n N(n,t), Numerical so-

lution of eq. (6) with s=6 groups of drops.
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Appendix

Here we want to show the relationship between the tr-~ditional

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)

8 = (D/1 ACH og (t)-0, (90) =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

c

3



aritical droplet size n, by

n (t) = (c, 4/3) (1,/¥(t))° (A2)

with the suversaturation

y(t) = (ep (t) ~ oy (e0))/cy (00)

we reformulate (A1) without any further approximations in the

following form

(A3)

ü= Do, (e&gt;)(0., a AG Ly - +s)

From (A4) it is apparent, that droplets with n &lt;n, shrink and

those with sizes n &gt; will grow. The stability analysis shows

that the stationary state n = n, is unstable and we find a typi-

sal bistability situation with opposite behaviour of drops below

and above the critical value Do 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 ansatz

8 ~A(n):(- 29
and calculate G inserting (A4) in (AS). The result can be sum-

parized in the following relationship between kinetics and ther-

nodynamics

- GD Seal) A(n) 2
 Pr 1

(A6)

with the potenti:l (free enthalpy; up to an arbitrary constant)

G(n,0p (t)) = = pn + S A(n) (AT)

and the chemical potential

oa (t) cq (t)=0, (0)
Aa = XT ln gigey cz—

In the figure the driving force n and the potential G are shown

over size n for a fixed situation of the PB -phase.



Fig.: Driving force A and corresponding potential G
vs Cluster size n

“NG

velocity wn

(2) 0)
n

Potential 6

In conclusion we suggest instead of the special growth law

(3.1, 3.2) a more general formula

 vw n0g (= —2or nl (c(t), (2)) (49)
The parameter a can be positive, zero or negative and gives

for special values the well known 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-

sgting to take into account also the coice a=1.
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On the Macrodynamics of Evolution: The Synchronous Hyperbolio

Increase of Specific Dissipation and Information-Capacity -

A Quantitative Empirical Study of the Phylogenesis from Bacteria

to the Highly Technologized Man

G. GEBHARDT

|. Basic — Assumptions Based on the Physically Founded Theory

of Selforganization

1.1. Approach

Since there is no hope ofachieving 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 is assumed that evolution-processes da are initiated

at time t, by fluctuations (exemple: mutations on the molecular-

genetic level 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 initial-state CE

a(t) = Tg + E' (t,)

After that an order-parameter u(t) that has to be identified

governs the subsequent development, e.g. according to ”

a (t) = u(t) T° (tt) (2)

It is possible to distinguish fluotuations firstly as to whether

they transform in the order-paramster equatien

du(t)/dt=Au(t) (3)

some eigenvalues (or more generally Ljapunov-exponents /10/ Ay

trom A, &lt;0 (Jo remains stable ~ homeostasis) into Ai. 2 0.

fm
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1.3. Hypothesis of an Evolutionary Hypercycle Generating

Heterorhesis

3nvironment
“"interactions)

environment

(negentropy-
source)

od tions x
3atructural —-. symmetry-breaking

instability innov-otion
1

-ndogenous |
arrgased informationerea—--“¢v ‚&gt;i1furcation V

mon /
ıcreased specific disspvation

According t. 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 &gt; 1 in eq.” /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. Results of the Empirical Analyses ox .acroevolutionary

Dynamics

In the case of the analysis of the biotic evolution experimen-

tally obtained values (calorir:: gasexchange intensity,

mostly from Lamprecht and Z ) of the specific power of

the basal-matabnlism - that is identical with the specific dis-

sipation &amp; after completing the growth stage at steady

state = “ml organisms representing different phylogenetic

stages of " ‘lon were coordinated to its time of origin t in

the cours: “vlogenetic development, Such relevant time~dats

have been ma: —.ilable by paleontology, e.g. /7/; see fig.d.

In the same - Tues of information-capacity I as the sum of

genetic, neu. w ü « fixed information-capacities (star-

ting with date {ocr * ’ that wore considerably extended after

[14,12 et al,/ were coor. inated with the respective tim-~ of

the phylogenetic origin t of the organisms (see fig.2).



The same method was applied also to such basic empirical indi-

sators of the evolution of society which make it possible to

neasure qualitatively different stages of development in a quan-

titatively commensurable manner.

For the main developmental stages like hominids, hunters and

gatherers, neolithio agriculture, antiquity with emering urba-

nization, medieval modes of production, energy balances were

svaluated in retrospect /4/ and from the beginning of capita-

1ism up to the present time exact statistics concerning energy

sonsumption and population - demographic trends have been avail-

able /28/ for calculating Y(t), cf. fig.3 and notes 5) and 6)

in table.1.

The social information-capacity has been measured indirectly

(cf, fig.4 and note 8) on table 1).

The data-sets [Yırt,jand{L.,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= in eq.(5)), e.g., bave to be re-

jected whereas hyperbolic approximations provided highly s1igni-

ficant correlations (r &gt; 0,97) at the probability of error being

below ~~.

The best approximating hyperbola has been computed by iterative

variations of the unimown singul- *y-time te in the logarith-

nized hyperbolic solution of ea.(%) (see note on fig.1) with the

following selection of that solution which provides a maximal r

/9/.

£11 possible combinations of the single poin*~ ’igures)

sxtrer-v perturbed within their confidienc~ int+lacaused

ue " ronces of computed evolution-exponen™

£) "02 .While k seems to be an evolutioncry invariant

—~:m~ ~ oregon stochastic variations of single

“engi: ~~ does not represent the essence of evolutio-

te

pci.

a wor nd

The :- ats aro ~.zed in the following table and com-

men.GON .; additional notes. Further parameters are noted in

th ““guree.

m



Table 1: Results of analysis
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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

/17522,21/.

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.3 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: ¥ - 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-energy is ine

vestigated with respect to the historic evolution of efficilen-

cies or of elasticity-coefficients, respectively, an endogenous

(surplus ¥) compensation of exogenous retarding forces (e.g, li-

nitations of resources) can be established,

8) Instead of social information-capacity I(t) = for which con-

tinuous data are not available = the number E of basic innova-

tions depending on it is analyzed cumulatively 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 phenomenological

(macro~) dynamics is generated by rate-coupled interactions of

asutocatalytic units of driving forces. These interactions can be

modelled as Lotka-=Volterra-equation-system, The case k=2 may be

generated by cascade — like interactions of these units (model



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 hypostasizqd hypercycle-structure (cf.

chapter 1,3) linked with the change-over from intrasomatic in-

teractions to extrasomatic social organization,

Itwuld 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 biology and social

sciences, respectively.

Acknowledgement:

I wish to thank Dr, R. Friebe, Bezirks-Hygiene-Institut

Potsdam, for prepering the sophisticated program "Evo-Hyp" /9/.

References

/1/ Baranowski, B,: Thermodynamik und Leben, (poln.) WiadomiSci
Chemiszne 33 (1979) 2.67-~74

/2/ Basar, E, et al. (Eds.): Synergetics of the Brain, Springer,
Berlin, Heidelberg 1983
Basler, E,: Umweltprobleme aus der Sicht der technischen

&amp;ntwicklung. in: Leibundgut, H, (Bd. Schutz unseres Le-
bensraumes (Symposium der ETH Zürich), Huber, Frauenfeld und

BLV München, 1971, S. 78-87
Cipolla, C,M,: The Economic History of World Population,
Pinguin Books, Harmondsyorth 1962
Cooke, E,: The Flow of Ynerey in an Industrial Society,

Scientific Americal 255 (1971) 3,135-160
Harde, R.: Der soziale Aufwand und Ertrag des Umgangs mit
Energie, Phys.Bl. 36 (1980) 1,2-10
Starr, C,: Current Issues in Energy, Pergamon, Oxford 1979,
pp. 71
Ebeling, W., Feistel, R.: Physik der Selbstorganisation und

Evolution, Äkndemie-Y-rlag, Berlin 1982
Eigen, M,., Sohuster. ”.z: The Hypercycle. A Principle of Na-
tural Self-Organiszation, Part B: The Abstract Hypercyclae,

Naturwiss, 65 (1978) 7-*!*

/3/

/5/

/6/

a



/7/ Evolution, A Scientifio American Book, 1978

/8/ Feigenbaum, M.J,: Universal Behaviour in Nonlinear Sy-
stems, Physica 7D 16-39, North Holland 1983

/9/ Friebe, R.: Programm "Evo-Hyp" zur Suche derjenigen Pol-
Btelle toe , die diejenige Hyperbel definiert, die Evolu-
tionsdaten mit maximaler statistischer Bestimmtheit appro-

ximiert, Bezirks-Hygilene~Institut Potsdam, Februar 1984

/10/ Haken, H,: Advanced Synergetics. Instability Hierarchies
of Self-Organizing Systems and Devices, Springer, Berlin
Heidelberg 1983

Haustein, H,-D, Neuri~*n +¢ Long Waves in World Indu-
strial Production, . snsumtion, Innovations ...

Working Paper 82-¢ renburg 1982

Herrmann, J,: Naturgeschichtlıches Erbe und gesellschaft-
liche Gesetze = Probleme der Herausbildung der Menschheit.

Leibniz-Festvortrag, Spectrum 1981, Nr, 9, S. 7 ff.

/13/ Jantsch, E,: Die Selbstorganisation des Universums - Vom

Urknall zum menschlichen Geist, Hanser, München, Wien 1979

Kunicki-Goldfinger, W.: Die Evolution als Anwachsen der

Organisation und des Informationsgehaltes lebender Systeme,
259 = 186, in: Hörz, H. und Nowinski, C, (Eds).: Gesetz,

Entwicklung, Information, Akademie-Verlag, Berlin 1979

Lamprecht, J., Zotin, A.J.. (BEds.): Thermodynamics of Bio-
logical Processes, De Gruyter, Beilin - New York 1978

/16/ lieth, H,: Extremalprinzipien in Okosystemen, Radiation
and Environmental Biophysics &lt;7 (197¢) 337 — 351

Lotka, A,J.,: Elements of Mathematical Biology, Dover Publ,
New York 1966

Lotka, A.J,: The Law of Evolution as a Maximal Principle,
Human Biology 17 (1945) 167 — 194

/19/ Nicolis, G.: Stochastic Theory of Nonequilibrium Transi-~
tions: Recent Progress and Perspectives. Vortrag am
5. 2. 1982 auf der 2, Tagung "Irreversible Prozesse und

iissipative Strukturen", Berlin 1982

Nicolis, J.S.: The Role of Chaos in Reliable Information
Processing, 330 = 351 in /2/

/21/ Odum, B,T.: Environment, Power, and Society, Wiley New-
York - London 1971

/22/ Ostwald, W.: Gedanken zur Biosphire, Leipzig 1978 (1903
1931), vgl. auch:
Jstwald, W.: Energetische Grundlagen der Kulturwissen-

schaft, Klinkhardt, Leipzig 1908 ;

Peschel, M., Mende, W.: Leben wir in einer Volterra-Welt?
Akademie-Verlag 1983

/24/ Prigogine, 1., Stenglers, I.: Dialog mit der Natur, Piper,
München — Zürich 1981

/15/



/25/ Riedl, R.*
der real-:

/26/ Schuss‘

Phys

/27/ Swinr

lir-

Pont

/28/ UN-¥
Boe

/29/
A

ng- Strategie der Genesis - Naturgeschichte
O7 + "Hinchen ~ Zürich “176

 nis hide Chaos Introduction.

 co = Order and Chaos 1n Non-

* 407%. North-Holland

tion

33

“wad~ and devalopment sta-

‚77 and Evolution. Evolutionary Theory,

Verfasser

Dipl.-Phys. G. Gebhardt
Humboldt-Universitat zu Berlin

Sektion Philosophie
Bereich: Philosophische
jer Naturwissenschaften

Probleme

1080 Ber: - n

permanent ~ddress:

Bezirkg~"v- -~nme=Institut Potsdam

DDR =

Küssel.

‘otsdam



2

-

2
”r

m}

2

5

9

Fig, 1 Line-- &gt; nr sentation of the time dependent in-

crease 0. \mass-)specific dissipation over the whole
nourse of biotic evolution

+



=

Fig.2. Lin:_.1zed representation of the time dependent in-
orease of information-capacity over the whole course
of biotio evolution

-

q



3
a

+

SB
SA toto ©

&gt; 2

557
See
ESS55
Tr T

ad

Se

A

r

a

Fig.3

A

————————— 21x

Linearized representation of the time dependent in-
crease of (energy-)specific dissipation over the

xhole social development

A



\ &amp; sa 8

WE

£ 2
QO +
2 Oo
= dt

c532
u mE
WED
~ 3 Xx

TISr
LC
DE
STE
ow

= C

ur

ERS
=

 en.
Q ©

©:

nn

EoO
25

r=

“ ®

2

x

-

Tn

[ot
w
N
&gt;

= tL Xe
£ wc
5 iv

 RB

» Fle
¥

Al
Ca)

~

E

335oy
'

21°
D4 wn
Xlwo
Tq

2

Ei

o
&gt;
ur
«

om

£40
T=

9

©
S
oO
~

' |+_ | =

2 Dy

52
Yo,

ua?
iu 8-

zZ.

&gt;&amp;3
EL

= N

-

 mn
©
-

-

[%

Fig.4:

2
3

a

Linearized representation of the time dependent in-
crease of information-capacity over the whole social

development

3



Rostocker Physikalische Manuskripte, Heft 8 (1985)

Curvature Dependent Surface Tension and the Work of Formation

of Critical Clusters .

J. SCHMELZER

1. Introduction

One of the thermodynamic presumptions of the classical muolea-

tion theory, its modifications and generalizations consists in

the existence of a critical cluster size Tye In a macroscopic

description clusters with a radius r, &gt; TI) 8TOW, clusters with

a radius r; &lt; r, shrink and disappear /142/. 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 18 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

Wa 50 (4)

0 being the surface area of the cluster, &amp; 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 cf the surface tension /5-7/. The problems

connected with the calculation of the surface tension &amp; 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 ista~

stable initial state, that the size of the system is sufficient.

ly large, so that a depletion of the medium or changes ef the

Dy



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 Uys entropy So9 number of moles nyo in the
course of a deformation of a surface element with the surface

area d0, the principal curvatures cy and c, are given by

dU, = TdS + ZA, da, + bdo + Cyd, + C,dc, (2)

My is the chemical potential of the i-th component, C, and C,

are quantities determined by the independent variables chosen

for the description of the system.

For spherical clusters of the new phase (e,=c,=c=1/1) equ. (2)

reads:

du, = TdS, + Spagdng, + 5 do + Cde  C=C,+C, * (3)

An integration of this equation results in:

U, = TS, +Z un, + 50

A derivation of this equation and a comparison with eq. (3)

leads to the most general form of the Gibbs adsorption equa-

tion /14/:

(4)

dT + 0d&amp; + Zing dmg = Cdc

If according to Gibbs definition C=0 the surface of tension is

shosen as the dividing surface then eq, (5) 1s reduced to

$47 + 046°; + Zn, dm, = 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/:

AU = &lt;p, dV, - Pd% +Zpmydng; + TAS + Gdo + cde (7

Ve and Vp are the volumes of the oluster (d) and the medium

(pds Dy and Pa are the pressures in both phases.



For an isolated 1soohori0 system the inner energy is the cha-

racteristic thermodynamic potential and as one equilibrium con-

dition it follows from eq. (7)

by = 9 = Iy; + C fi

Here it was used that for spherical clusters the curvature c

and the surface area O or the volume Va are not independent

variables,

The eqs. (2)-(4) and (7)-(8) are valid independent on the spe-

cial choice of the dividing surface. Their application leads

to some complications since in addition to &amp; a second un-

known, in general, quantity C appears. In two cases, however,

Cdec oan be expressed by the surface tension &amp; 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

036 = Cde (9)

In the first case eq. (8) reads

25 d
8 e

Py =P, = T, + dr.
(10)

Ge is the value of the surface tension corresponding to the

squimoleoular dividing surface with a radius Tot In the second

case the generalized Young-Laplace equation (11) is obtained

[7/2
26 iBy = Pq =F + [2g]

the brackets indicating the special type of variation conside-

red /16/.

(11)

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 ([a ¥ /dr]=0) 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 curvature dependent surface tension /18-19/ are, to our

opinion, not acceptable. The origin of the confusion consists

-



in the fact. that in the basic equations used by Vogelsberger

at al, /18/ for the description of the surface cffects the su-

perficial numbers of ‘moles n,, are omitted (see. e.g. ‘22/

eqs. (2)- (&gt; (fF) (7) and other equations based on them).
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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 homogeneous medium and the meta-

stable initial state /20/. It is given by

k

= Tp rnW = (Pop =p, )V. +50 x

if the cluster has a higher density comparing with the surroun-

ding medium and by

W = - Vv, :(pp =p Vs +00

otherwise /15/. Here the abbreviation

As

Dig &gt; Dat Din

is used, Taking into account the equilibrium condition Li, =

Mip in both cases the work of formation of the critical clu-

sters can be expressed by

X,
“fa. (16)

(17)

W = (pp -p,) v, + 60 -(48)

These equations do not depend on the special choice of the di-

viding surface since in the expression for the superficial in-

ner energy Uys and, consequently, in the expressions for the

other thermodynamic potentials the quantity C does not appear.

Taking into account the general equilibrium condition (8) eq.

(18) can be transformed into

4 de
Wr 650 - Vv Cc av,

d &amp;

As special cases we obtain

(19)

w-15.0 (20)

if the surface of tension is chosen as the dividing surfrce

(C=0) or
1 db

Wa 6,0 - Va are (21)



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 (eqs.

(15) and (16)) as a function of the number of moles n,, and the

volume V, of the cluster and applying the necessary equilibriun

conditions, e.g.,

IV . 0

BY
Since sometimes it is questioned if such a determination is con-

sistent with the method applied above the equivalence is shown

axplicitely starting with eq. (15). The derivative of W reads

13 i ~
DW V. Ps - Ip OnisOW 2 -V, 2B Fin, Ls (Mam pmin) +

WV, 4A zZ A Wa +2 My, (Ma Min)
k

- 26 0... vw OMSPr-Pat 0 55 + &amp; 20 + Z Mio is
- img Vy

According to the Gibbs~Duhem equation
Ek

SdT - Vdp +z nap » 0

and the condition of inner stability underlying the thermodyna-

mic description the eq. (25)

ar, py
v + n,, +=+ U Zz id 97

is always fulfilled /8/. In addition, it follows from eq. (5)

that the derivative of W can be written as

= oi

I = Z SLi (pia pip) +
25 de

Pa Put A 4GC We

Bq. (22) is fulfilled only if the necessary equilibrium condi-

tions (8) and (27)

(26)

Hip
hold. Therefore, this second method of determination of the

work of formation of the critical clusters is consistent with

the first,

(27)



&gt;. Application to Nucleation Processes in One~Component

Systems

Startinm with the general equations (15) and (18) we would like

: rdditional assumptions are implied to obtain

the

No om(p)?
(28)

(29)

18U.
*

iif”

pres”

axXist

Ne To

higher comr

introduce

“1

Yassical nucleation theory and its mo-

—_ _ 9 ia the external pressure or the

equilibrium pressure for a co-

71 nar intr ®

na cas Aha the »)luet*er has &amp;

....

*y. Using the

ag

(30)

To obta

If, 1

then u

p, =p)

„3

 the cluster is assumed

replaced byn, ,

(31)

and -

20, \-

into accoun:

The ne.

N
2 an, (32)

”-+{ium condition (22) immediatly leads to

m 44. CP) approximately, by Mm (Pp), taking

(33)

and assum medium being an ideal gas

(34)

we 7

(35)

To ders vart again from the equilibrium condi-

tion (27) and eq, (31). Substituting m,(p) through Pa(p?) we

26



zet with eq. (33) ;

4

MP) = pa(p1) =EA (p=-2"

Again, the assumption of 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, a number of approximations (in-

compressibility of the cluster, ideal gas, neglection.ofsome

terms) and a special choice of the dividing surface are im-

plied to derive the eqs. (28) and (29).

Since as it was shown in section 3 the assumptions of an in-

sompressible 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))

(36)

mh [Gl
Taking into account the underlying the derivation of eq. (36)

assumption of the incompressibility of the cluster du in eq.

(14) 1s equal to zero and independent on the choice of the di-

viding surface Cdc 1s equal to 0d&amp; , Therefore, eq. (37) can be

transformed into

1 _d

In fr 5 avg (FO)
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

slusters it is necessary to start with the equations (19)-(21)

and the equilibrium conditions (8) and (27) directly.
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Short Communication

On the Kinetics of Phage Formation in Photochromic Glasses by

Means of X-ray Scattering

U. LEMBKE, R, MAHNKE .

The nonequilibrium 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

soefficients. 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-

stribution 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=

61 0°C). The analysis of the scattering data was performed by

Hankel transformation, The correlation function /2/

1

5x) = 4

and the particle uiamster distribution

(41)

 = FL “ol /, |. (2)

where r is the dirtance in real space, D is the particle dia-

meter, 8 = Moin 2 is the wavelength, © is the scattering



angle- T(- is the collimation distorted scattering intensity

and T &gt;&gt;” function, were calculated using a techni-

que . = ” on the sampling-theorem of information

theory

(3
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already after the first treatment of 0.25 h the maximum volume

vw was reached, and it remains constant. This 1s 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 Da 3 Therefore, the growth mecha-

nism within the investigated glass is diffusion limited ripe-~

ning /4/.
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Short Communication

Selbstorganisation und stimulierte Organisation kooperativer

Nichtgleichgewichtssysteme

A.A, KALNIN

Die gegenwärtige Situation bei der Untersuchung von dissipati-

ven Strukturen (DS) und Strukturen, die auf Grundlage des

Boltzmannschen Mechanismus (Gleichgewichtsstrukturen) (GS) ent-

8tehen, besteht darin, daß diese gewissermaßen 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 Störungen irgendwelcher

äußeren Einflüsse, Die Stabilität der DS ist mit der Stabili-

tät ihrer Grenzbedingungen verbunden, Die Stabilität der GS

dagegen hängt davon ab, ob die äußeren Störungen eine krit1-

sche Grofe überschreiten, In realen offenen Systemen besteht

30omit eine Wechselwirkung zwischen den beiden Mechanismen der

Strukturierung von Elementen, deren Untersuchung eine große

Bedeutung für das Verständnis der Evolution offener Systeme

hat,

Wir definieren nun die reflexiven Strukturen (RS) (vgl. Abdb.1)

und die Voraussetzungen ihrer Entstehung. Reflexive Strukturen

sind solche Strukturen, die durch das Einwi—*en der Felder

Gleich

gewich’
strut’

ren /- CE

Abb. 1: ;

Die relative Lage
reflexiver Strukturen



iissipativer Strukturen auf eine Gleichgewichtsstruktur ent-

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

Gleichgewichtsstrukturen, da sie nur unter Nichtgleichgewichts-

bedin~vngen cxistieren, noch zur Klasse der DS zählen, da sie

durch st - Deformation der Gleichgewichtsstrukturen entste-

hen kgunc

Die Entstehung von RS erfordert folgende Voraussetzungen:

1 Das Vorhandensein der Boltzmannschen Komponente der Element-
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natürlichen Wärmeaustausches (dT/dz=7K/cm, T=328K). Nach länge-

rem Übergangsprozeß zu einer stationären Konvektionsstruktur °

wurden auf die Oberfläche kleinste schwimmende Teilchen gleich-

mäßig aufgebracht. Unter dem Einfluß der Strömung bewegten sich

die Teilchen zu den Linien, an denen sich die entgegengesetzt-

gerichteten Strömungen treffen, wo sie sich vereinigten und

nach Ablauf einer bestimmten Zeit eine geordnete Konfiguration

entstand, welche eine RS ist, Faktisch ordneten sich die Teil-

chen so, daß der Reibungseinfluß auf die dissipativen Prozesse

minimal ist. (Abb, 2a) Um die organisierende Wirkung der RS auf

1) hy) . )

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

der RS (b); und die Entstehung einer stimulierten Mode
der DS unter Einfluß einer Imitation der RS (c).

äie KonfigurationderkonvektivenStrömungenzu zeigen, wurde

sine  Kopie der RS aus dünnem Phenoplast auf die Oberfläche der

Slüssigkeit aufgebracht. Um die Übersichtlichkeit der Demon-

stration des Rekonstruktionsprozesses zu erhthen, wurde nur der

Teil der RS benutzt, der die wesentlichsten Informationsmerkma-

le in sich trägt (Abb. 2b). Bei Reproduktion des Temperaturein-

flusses, der während der Herausbildung der RS vorlag, wird die

DS rekonstruiert, was sich an der stimulierten Winkelorientie-

rung der Elemente zeigt, die anhand des Reliefs der schwimmen-

den Teilchen zu beobachten war. Faktisch fand außerdem ein

Komplettieren der RS statt. In einem anderen Versuch wurde die

Stimilierung der Mode mit einer grofSen Anzahl von elementaren

Konvektionsstrdmungen mit Hilfe eines Keimes untersucht, der

die RS imitierte (Abd, 2c).

Diese Versuche gestatten den Schluß, daß das statische Relief

der RS in der Lage ist, die RS unter entsprechenden Nicht-

gleiochgewichtsbedingungen des Systems zu rekonstruieren, Der



physikalische Rekonstruktionsmechanismus der DS besteht in dem

aktiven Einfluß der RS auf die Riohtung der Evolution des Sy-

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

t1ionsprozes8e,

Hauptresultate:

1. Beim Studium der Strukturbildung in offenen Systemen ist die

Einführung einer besonderen Klasse von Strukturen - der refle-

xiven - nötig, die zu einer Rekonstruktion von DS fähig sind,

d.h, zur Anregung eines Systems von Prozessen nach einem quasi-

statischen Relief,

2. Die Generierung von RS ermöglicht die Realisierung von Funk-

tionen von verteilten assoziativen Speichern, die auf koopera-

tiven Erscheinungen basieren, wobei assoziative Umwandlungen

durch die Schaffung eines auswählenden Nichtgleichgewichts.der

kooperativen Systeme geschaffen werden.

3. Die Strukturreflexion muß 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 Beschädigungen unbedeutend sind.

4, Fir eine erfolgreiche Realisierung der Methode sind Materia.

lien nötig, in denen eineDS.erzeugtwerdenkann,diekleine

Schwelleistungen und große verbundene und "abgeleitete" Felder

besitzt, wobei die Materialien zum Einschreiben der DS eine

große Suszeptibilität gegenüber diesen Feldern sowie eine große

räumliche Auflösung besitzen müssen.

5, Die Methode der Strukturreflexion erlaubt es, die Evolution

als Einheit der Prinzipien der Organisation und Selbstorganisa-

tion von kooperativen Nichtgleichgewichtssystemen zu betrach-

ten,
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