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A system of fractal fibers (a fractal tangle) is formed as a result of evaporation of a weakly ionized
atomic vapor from a surface in an external electric field. A fractal tangle has the density of a gas
but the behavior of a liquid or solid. The tangle—globule phase transition in this system is similar
to the transition in a long polymer fiber with self-intersections. The explosive nature of a fractal
tangle is due to its high surface energy, since the system consists of nanometer particles and a
significant fraction of the molecules are on the surfaces of the particles. An explosion of a fractal
tangle is accompanied by a large number of thermal waves propagating along individual fractal
fibers. The result is a large number of hot spots moving inside the system. There is a connection

between fractal tangles and ball lightning.

INTRODUCTION

New knowledge in physics can change our ideas about
familiar phenomena. For example, the development of lasers
and the study of the processes in lasers showed that nonequi-
librium conditions are easily created and this led to a large
number of disciplines beginning with the word “nonequilib-
rium” (nonequilibrium plasma, nonequilibrium thermody-
namics, nonequilibrium gas dynamics). These disciplines
consider systems in which there is a lack of equilibrium be-
tween certain degrees of freedom.

The development of fractal ideas in physics may lead to
a similar revolution in the physical description of the world.
The remarkable books of Mandelbrot'? attracted the atten-
tion of physicists to fractal ideas and these ideas led to a
number of new directions in physics. Below we will concen-
trate on one of these directions: the fractal structure of mat-
ter.

Experiment shows that besides the homogeneous states
of matter (classical liquids and gases) objects with a porous
structure are common in physics. The basic elements of these
objects are fractal aggregates or fractal clusters (see Refs. 3—
17, for example), which are systems of associated particles
of nanometer sizes. The fractal properties of these objects are
as follows. If we take one of the particles as the center of a
sphere whose radius R is much larger than the radius of an

individual particle, then the mass m of material inside the

sphere depends on radius according to the equation
m(R) ~ RD, (1)

where the parameter D is called the fractal dimensionality of
the object.

Note that for a continuous solid in three-dimensional
space this parameter is equal to 3. For fractal clusters stud-
ied experimentally, D = 1.7-2.5.

Equation (1) can be used to relate the mass of a cluster
to its radius R. Obviously the density of material in a fractal
cluster decreases with the radius of the cluster as R ®~*and
therefore the strength of the cluster decreases with radius.
This implies that the size of a fractal cluster is limited.'® In
practice the radius of a fractal cluster consisting of nano-
meter particles is less than a few microns. Hence a macro-
scopic object cannot be a fractal cluster, although it can be
composed of fractal clusters.

71 Sov. Phys. Usp. 34 (8), August 1991

0038-5670/91/080711-06$01.00

MACROSCOPIC FRACTAL STRUCTURES

A well-known object of this kind is an aerogel,'*?°
which is formed in a solution at supercritical values of the
temperature and pressure. The most well-known example is
silica-aerogel, which consists of SiO, particles (i.e., very po-
rous glass). This example will be used in obtaining numeri-
cal estimates. We note that aerogels have fractal properties
on a small scale and are homogeneous on a scale much larger
than the pore size (practically the entire volume of the sys-
tem is in the pores).

Another object composed of fractal clusters is a fractal
fiber, which was obtained recently in the experiment of
Lushnikov, Negin, and Pakhomov?*' using laser irradiation
of metallic surfaces (see also Ref. 22). The beginning of this
process is the formation of a dense plasma near the surface

(the pressure is tens to hundreds of atmospheres and the
temperature is several thousand degrees). The plasma dis-
perses into the surrounding space and transforms into frac-
tal fibers (Fig. 1). An external electric field is essential for
the formation of fractal fibers. It lines up the induced dipole
moments in the fractal clusters and they join together and
finally form a fractal fiber. Fractal fibers are the analogs of
aerogels, but are anisotropic, since they are formed in an
external field (in the experiment of Ref. 21 the diameter of
the fibers was 3040 zm and their length was several centi-
meters). It is important to note that the fibers form in free
space and then attach themselves to electrodes. Also several
dozen fractal fibers formed at the same time in the experi-
ment of Ref. 21.

We note that the formation of fractal fibers is universal.
It can be shown?*-** that two requirements must be satisfied
in order for fractal fibers to form. First the evaporated mate-
rial must consist of atoms and ions (and not droplets), and
second, the latter stage of the process must occur in an exter-
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FIG. 1. Time scale of the formation of fractal fibers.
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nal field. In Ref. 21 fractal fibers were formed using surfaces
of different materials and different buffer gases. Obviously
they can be formed with different methods of treating the
surface: laser irradiation, electric breakdown or discharges,
interaction of the surface with electron or ion beams, or any
other treatment leading to the evaporation of atoms and ions
from the surface.

Hence the interaction of energy fluxes with the surface
leads to a weakly ionized dense vapor whose evolution in an
external electric field can result in the formation of a system
of fractal fibers, which is a new state of matter and deserves
careful study. Since the formation of this state of matter is
universal, it may occur whenever energy fluxes are directed
on solid surfaces.

We assume that the fractal fibers formed after treating
the surface do not attach to electrodes, but are drawn off into
free space; this was the case in Ref. 21. The fibers can in-
tertwine and the resulting tangle of fractal fibers represents a
distinctive state of matter, which will be discussed further
below. Since the formation of this state is universal, it may
occur in various laboratory and natural phenomena. It is
possible that it may correspond to certain puzzling natural
phenomena.

We consider first the phase states of the material mak-
ing up a fractal tangle. Two phases are possible, depending
on the nature of the interactions between the fibers. In the
case of weak interactions between fibers a fractal fiber is not
bound to its neighbors but only collides with them. A system
of fractal fibers of this kind will tend to break up into sepa-
rate fibers. In the other limiting case the system of fibers
forms a rigid structure analogous to a long polymer fiber
with self-intersections.”” The formation of a rigid structure
in a system of fractal fibers is analogous to a tangle—globule
phase transition in a polymer fiber, which has been studied
quite extensively.?*?” This analogy will be used below to
obtain numerical estimates.

Therefore a system of bound fractal fibers (a fractal
tangle) is a distinctive state of matter and can be formed
when a material is subjected to an energy flux in an external
electric field. The density of this state corresponds to a gas,
but its behavior corresponds to a liquid or a solid. As a de-
monstration of the liquid properties of this state of matter,
we show in Fig. 2 how a rigid fractal tangle passes through a
small aperture according to Gaidukov’s theory.”®*° Because
of its rigid structure, a fractal tangle has surface tension, but
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FIG. 2. Passage of an object through a small aperture:**%°

successive stages of the process.

a—C

it is relatively small because of the small density. A flow of
gas near the aperture causes the spherical shape of the fractal
tangle to become distorted; a cylindrical jet is pulled away
from the surface and in this way all of the material passes
through the aperture. Then far from the aperture the spheri-
cal shape of the system is restored as a result of surface ten-
sion. This is the mechanism used by Gaidukov?®*?® to ex-
plain how ball lightning passes through an aperture. The
laws of gas dynamics were used and the ball lightning was
treated as a liquid with a weak surface tension. It can be seen
that this result holds for any rarefied system with weak sur-
face tension forces, including fractal tangles. This example
shows that a fractal tangle, as a bound rarefied system, can
have unusual properties and an understanding of these prop-
erties requires a special analysis.

EXPLOSIVE PROPERTIES OF AFRACTAL TANGLE

A fractal fiber is composed of nanometer particles and
therefore it has a large internal surface area. The size of the
particles in a structure of fractal fibers is determined by how
they were formed; in the later stages of the process the
growth of the particles is determined by coagulation and
growth stops when the temperature of the expanding plasma
is comparable to the melting temperature of the material.
But the rate of coagulation of the particles decreases sharply
with particle radius and so the particle radius depends only
weakly on how the particles were formed. Because of the
large internal surface, the system has a surface energy, is
released when the internal surface area contracts and surface
molecules move to the interior of the particles, where they
form new chemical bonds (Fig. 3).

The specific internal energy can be quite high. Consider
the case of silica-aerogel, whose specific internal surface area
is 500-1500 m*/g (Ref. 19). The corresponding internal en-
ergy is 2-5 kJ/g, which is of the order of the specific chemi-
cal energy of gunpowder. Hence a system of fractal fibers is
an explosive object. This property appears only at sufficient-
ly high temperature, however. If a high temperature is creat-
ed inside a region on a fractal fiber, a thermal explosion oc-
curs and thermal waves propagate along the fiber and cross
over to other fibers at their intersection points. On the ther-
mal wave front the structure melts and breaks up into drops.
Coagulation of the drops leads to the release of energy,
which goes into evaporating molecules from the surface of

FIG. 3. Coagulation of two SiO, drops of specific surface area S = 740
m?/g. Here  is the number of molecules per drop, #,,, is the number of
molecules on the surface of the drop, and n,, is the number of evaporat-
ing molecules, whose later condensation leads to a release of energy.
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FIG. 4. Propagation velocity of a thermal wave along a SiO, fiber as a
function of the temperature on the wave front.

the coagulated drops. These molecules travel to a neighbor-
ing part of the structure and condense, thereby transporting
their energy. A thermal wave of this kind propagates along
the fractal fiber. Cooling occurs behind the thermal wave
front because of the thermal conductivity of the ambient air
or gas.

Using the parameters of silica-aerogel it can be shown
that®® the temperature on the thermal wave front is about
2000 °K, the velocity of the wave is of the order of 10 cm/sec
(Fig. 4), and the width of the wave front is of the order of 10
um. The thermal wave breaks up the fractal fiber and, be-
cause of the high temperature, the front can be observed as a
moving incandescent point. The number of these points in-
creases with the degree of branching of the waves.

Hence a fractal tangle can have explosive properties.
An explosion of the system appears in the form of thermal
waves propagating along individual fractal fibers. We note
that because heat is drawn off by thermal conduction in the
surrounding air, this process is possible when the rate of
decrease of the internal energy of the fiber is sufficiently
high. The temperature on the front of the thermal wave must
exceed the melting temperature of the material, so that the
internal surface area of the structure contracts because of
coagulation of liquid drops. The specific energy of the struc-
ture must therefore exceed a certain threshold value, i.e.,
there is a threshold value for the specific area of the internal
surface of the structure (and hence for the radius of the par-
ticles making up the structure) in order for an explosion to
be possible.

FRACTAL STRUCTURES AND BALL LIGHTNING

The structure of a fractal tangle considered above also
corresponds to ball lightning.** Although this is a hypothe-
sis and it can be questioned, more arguments in favor of the
fractal structure of ball lightning are appearing as research

TABLE I. Density of an average ball lightning.

Basis of estimate value, g/cm®
1. temperature of the incandescent region 10-36208
2. average internal energy 10~4009
3. lift force ]0—3.020.8
4. rebound from surface 10-37£03
§. constancy of spherical shape 10-45£10
6. optical thickness 10-40210

average 10—3.9:0,4
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TABLE II. Surface tension of an average ball lightning.

Basis of estimate . value, J/m?
L. constancy of spherical shape 10~17205
2. passage through an aperture 10-10£15
3. electric surface tension 10-17205

average 10-15205

progresses. Omitting the details, we only note that there are
no alternative concepts which can explain the different prop-
erties of ball lightning (the way in which its shape evolves, its
brightness, the nature of its motion, and so on) to the same
degree. We also note that all cases of ball lightning produced
in the laboratory with internal energy sources*’™* involve
methods of treating materials that also produce fractal fi-
bers.”' Information on ball lightning will be used below for
additional analysis of the fractal fiber state of matter.

We will use the concept of average ball lightning, i.e.,
ball lightning with averaged parameters. Some of these pa-
rameters are obtained by analyzing the thousands of obser-
vations, while others can be calculated using these data. Ta-
ble I contains estimates for the average density of ball
lightning and Table II contains estimates for the surface ten-
sion. In row 1 of Table I we use the fact that the temperature
of the incandescent region is about 2000 °K. Below this tem-
perature the material of the ball lightning must be heated
with the help of different energy-releasing methods. The es-
timate in row 2 is based on the average observed internal
energy. Row 3 uses the fact that the lifting force on ball
lightning produced by rising convection currents is equal to
its weight and row 4 uses the case observed in Ref. 34, where
ball lightning produced on a soldering iron was observed to
bounce off the surface of a table. Row 5 uses the constancy of
the spherical shape of ball lightning assuming the average
value of the surface tension and row 6 is based on the optical
thickness of the average ball lightning estimated from obser-
vations, assuming its structure corresponds to silica-aerogel.
It is evident that all the estimates lie within an order of mag-
nitude and hence the average value can be determined more
reliably than any of the separate values. The statistical error
indicated for the average does not take into account the er-
rors in each of the estimates.

For the surface tension, row 1 in Table II is based on the
same reasoning as row 5 of Table I, but the average value of
the density of ball lightning was used. Row 2 is based on the
Gaidukov theory*®?® of ball lightning passing through an
aperture and row 3 gives the value of the surface tension
created by the average electric charge of ball lightning. As in
Table I, the error given for the average value does not take
into account the errors in the individual estimates.

Based on these values, we analyze the nature of the sur-
face tension in order to obtain an understanding of the sys-
tem. The usual mechanism of surface tenston involves mole-
cules at the surface, which have half the number of chemical
bonds as interior molecules. Imagine that an element of the
ball lightning is cut by a plane. Then the surface tension is
roughly the energy required to split off a unit area of materi-
al. We estimate this quantity, assuming that the ball light-
ning is made up of spheres of radius r,. The average number
density N of these spheres can be found from the relation
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P =3 aripgN, (2)

where p is the average mass density of the ball lightning, and
Po 1s the average mass density of a particle.

Let £, be the energy required to split off a unit surface
area of material, treating the ball lightning as a continuous
mass. Then using (2), the surface tension of the ball light-
ning material for this mechanism is
o
e (3)
where 2ry N is the average number of spheres per unit area of
the cutting plane whose centers are closer than the distance
r, from the plane and 277 } /3 is the average surface area of a
cut sphere.

Using silica-aerogel as the material making up the ball
lightning and the data of Table I (p, = 2 g/cm? &, = 7J/m?
(Ref. 46),p = 10> +% g/cm?), we have

as< eo-2r0N--§-..nrg/3 =

a < 10734204 J/m?,

Comparing this estimate to the data of Table II, we see that
this mechanism fails to explain the magnitude of the surface
tension.

A mechanism that would lead to a larger surface ten-
sion is the penetration of free surface ends of the ball light-
ning through one another. It is necessary to incorporate the
mechanism of restructuring,®*¢ in which weak bonds be-
tween elements of the structure are broken and replaced with
stronger bonds. The average density near the surface is
somewhat higher (but not by orders of magnitude) than in-
side the ball lightning. Hence a skin is formed on the surface
of the ball lightning, which leads to surface tension. External
conditions can also lead to a change in shape of the ball light-
ning,” which is forbidden in the classical mechanism of sur-
face tension.

We estimate the surface tension for this mechanism,
using the aerogel model for the skeleton of the ball lightning.
The surface tension is of order

a ~yNr ks

where 77 is the fraction of the surface of a particle participat-
ing in the formation of bonds, ¥ is the number density of
particles in the structure, 7, is the particle radius, and £ is the
penetration depth of elements of the structure through one
another, which is of the order of the correlation length of the
structure, i.e., the distance over which the fractal structure
transforms into a homogeneous structure. We use the pa-
rameters of typical silica-aerogel with a density correspond-
ing to TableI. We have r, = 1.5 nm, D = 2.3 (Refs. 38-40),
and hence £~10 ym and N~4-10" cm~>. Assuming
71~0.01-0.1, we obtain @ ~0.02-0.2 J/m?, which is not in-
consistent with the data in Table II.

PROCESS OF RESTRUCTURING

Therefore restructuring is fundamental in the evolution
of a system of fractal fibers. Since restructuring is a process
leading to contraction of the structure, a system of fractal
fibers is not a stationary state: it contracts and “‘ages.” Evi-
dently restructuring is typical of rarefied fractal structures.
Strictly speaking, the model of restructuring of Refs. 35 and
36 applies to fractal aggregates.

As an example of this type, we describe an experimental
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study of the formation of fractal aggregates of gold in a solu-
tion of 7.5 nm particles.*’ A change in the density of the
solution can result in a change in the charge on the gold
particles and hence can be used to regulate the rate of forma-
tion of the fractal aggregate. The cluster-cluster aggregation
(CCA) mechanism*** takes place when the rate of the pro-
cess is high (the time required to form an aggregate in the
solution is less than 1 min). In this case small clusters com-
bineinto larger ones until fractal aggregates of the maximum
size are formed. In this mechanism almost any contact be-
tween particles of the clusters leads to their combination and
hence a relatively loose structure is formed with a fractal
dimensionality of about 1.8.

When the aggregation rate is small (~1 day) the
RLCA mechanism (cluster-cluster aggregation limited by
diffusion)**** takes place. In this case the contact of two
particles of the clusters leads to their combination only with
a small probability. The result is a denser structure with a
fractal dimensionality of about 2.1.

Restructuring of aggregates formed in the CCA mecha-
nism was observed in Ref. 41. These aggregates were formed
relatively quickly (over a period of seconds), but they
“aged” and transformed into RLCA clusters over an ex-
tended period of time (of the order of days). Hence there
was a change in structure accompanying its contraction. Ex-
periment shows that this restructuring process is typical of
rarefied fractal structures.

PARAMETERS OF FRACTAL TANGLES

We consider some quantitative estimates for a fractal
tangle in order to get a picture of a real system of this kind. In
order that these estimates be relevant to a real object, we will
assume that the parameters of the individual fractal fibers
correspond to the experiment of Ref. 21, while the system of
fractal fibers is characterized by the parameters of the aver-
age ball lightning. The density of an individual fractal fiber is
pr =0.01-0.1 g/cm’ (Ref. 21). Comparing this to the den-
sity of the average ball lightning p = 10 = > +°* g/cm? (see
Table I), we find that the fibers occupy a fraction
p/ps = 10 ~2*+99 of the total volume. Hence the system is
porous in two different senses. First, the fibers have a porous
fractal structure; only about 1% of the volume occupied by a
fiber contains actual material. Second, the fibers themselves
occupy only a small fraction of the volume of a fractal tangle.

Letting R be the radius of a fiber, we determine the
other geometrical parameters of the system. Let d/ be the
total length of the fibers inside an element of volume dV.
Since the mass inside this element of space is equal to
pdV = 7R *dip;, we have

a_ 5 @
dV  zRr% f'

The individual fibers intersect one another and we as-
sume that each fiber has many such intersections. We calcu-
late the average distance between neighboring intersections
of the fibers. We draw a line along a fiber and assume that it
intersects another fiber of the structure at x = 0. Obviously
the probability that it will not intersect a fiber at a distance x
from this point is equal to exp( — x/4), where A is a param-
eter to be determined. We note that this parameter is analo-
gous to the mean free path of a classical particle scattered by
impenetrable walls. It follows from the above equations that
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the probability of an intersection at a distance # <A from a
given point is equal to 4 /4. We take an element of area S of a
plane perpendicular to the line and construct a volume ele-
ment formed by this plane with height 4. The total length of
the fiber inside this volumeis /' = Shg/ (7R *p¢) and its pro-
jection onto the plane is equal to 2R/’ sin 8, where 8 is the
angle between the normal to the plane and the fiber. Averag-
ing over angle, we have for the average projection of the fiber
onto the plane
Rl

J 2RI'sin 6d cos 6 = 5

The probability of intersection of the line at a distance A
from the next intersection is obviously

xRU _

28 T
Hence we obtain the average distance between neighboring
fiber intersections

3= 288 PR (5)

Rl P
For the parameters of the system considered here (R = 20
pm) we have A = 10°2+%° ¢,

We consider a thermal explosion of the system, assum-
ing that a randomly created source with high temperature
propagates along its own fiber and then multiplies when the
fiber intersects with other fibers. In this stage the number of
thermal waves and hence the luminosity increases exponen-
tially with time as exp(z/7), where 7 =A /u and u is the
propagation velocity of the thermal wave. Putting u = 30~
60 cm/sec (see Fig. 4), we obtain 7 = 10~ '*='° sec.

The duration of the thermal explosion is determined
from the equation d/ /dt = — nu, where / is the total length
of the fibers in the system and » = exp(¢ /1) is the number of
simultaneously propagating thermal waves. Assuming a sin-
gle nucleus at the initial time, we obtain z,,, = 7 In(//4) for
the duration of the thermal explosion. Since from (4) the
total length of the fibers in the system is proportional to the
volume, we find that the lifetime of the system depends on
the occupied volume. For the parameters corresponding to
average ball lightning we obtain z,,, = 10~ °?*'* sec. Note
the unsteady nature of the thermal explosion in the system.

TANGLE-GLOBULE PHASE TRANSITION

The system of fractal fibers can be in a bound state and
then it will preserve its shape. To analyze this bound state, it
is convenient to exploit the analogy with a long self-inter-
secting polymer fiber. Bonds form at the points of self-inter-
section of the polymer fiber. A globule-tangle phase transi-
tion of the fiber occurs for a certain degree of interaction at
the intersection points. In the globule state the system has a
rigid skeleton and its shape does not change with time,
whereas in the tangle state individual elements of the fiber
can move freely with respect to one another.

Obviously the same picture exists in a system of fractal
fibers (a fractal tangle) when each of the fibers has multiple
intersections with other fibers. Then the theory of the tan-
gle—globule transition in polymers?*?” can be used to con-
sider the fractal tangle state. The phase transition therefore
occurs at a temperature of the order of the Flory tempera-
ture Ty determined by the condition B(7Tg) =0, where
B(T) is the second virial coefficient. We write this relation in
the form

715 Sov. Phys. Usp. 34 (8), August 1991

Uiy
B(Tg) = f exp (- T, - l]drldrz =0, (6)

wherer, andr, are the coordinates of atoms of the fiber, U,
is the interaction potential between atoms of different fibers,
and T'is the temperature. We estimate the Flory temperature
T for a clump of fractal fibers. In this case r, and r, are the
coordinates of atoms of fibers, which can form bonds with
the atoms of another fiber. We will assume that each fiber of
the rigid system is composed of particles and atoms and the
high mobility of the particles inside the contact region is
taken into account by assuming that bonds are established
over the entire contact region. Hence if we project the points
of contact of the fibers onto a plane in the contact region, we
obtain a nearly continuous region whose size is of the order
of the fiber radius. Hence the Flory temperature 7% satisfies
the relation

D) 2
R ~ (cxp —T—F) R*a.

The left hand side of this relation corresponds to the region
in the virial coefficient where repulsion is strong because of
the presence of matter. The right hand side corresponds to
the attraction between elements of the fiber, which leads to
the formation of bonds. In this equation A is the distance
between the nearest points of contact of the fiber with other
fibers, a is the range of the interactions between the mole-
cules, and D is the binding energy per surface molecule.

We estimate the Flory temperature using the param-
eters of average ball lightning and assuming SiO, fractal fi-
bers. We assume a close-packed structure with 12 nearest
neighbors to each molecule. Thensince 6D = AH =133 + 7
kcal/mol (Ref. 46), a=3-10"%cm, 4 = 10°2 % cm, we
obtain

Te = 700 = 200 K.

This estimate shows that a system of bound fractal fi-
bers can form a rigid skeleton, but at a high enough tempera-
ture the rigidity of the system is lost and the system trans-
forms into a shapeless mass of fractal fibers.

CONCLUSION

It follows from our analysis of a fractal tangle as a sys-
tem of fractal fibers that the formation of this object is uni-
versal. When a weakly ionized atomic vapor formed by sub-
jecting the surface of a condensed body to an energy flux
expands in space, a fractal tangle can be formed if the vapor
expands in a strong electric field. This phenomenon occurs
for different materials, different gases in which the weakly
ionized vapor expands, and different methods of treating the
surface: electric, laser, or beam energy.

Typically the density of the object corresponds to a gas
but it is a bound state of matter and so it can show the proper-
ties of liquids or solids. Because the system consists of nano-
meter particles, it has a large surface energy, since a signifi-
cant fraction of its molecules are on the surfaces of particles.
This energy is released when the structure contracts as a
result of coagulation of the particles. The specific surface
energy of these systems can be comparable to the specific
chemical energy of gunpowder. In essence, any system com-
posed of nanometer particles, such as aerogels and fractal
aggregates, has this property. The distinguishing feature of
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this object is that the energy is released as propagating ther-
mal waves along individual fractal fibers.

Also the object is “delicate” in the sense that it is diffi-
cult to detect and it breaks up as it ages. In the aging process
the particles do not coagulate, as in the contraction of the
structure,?’” but rather the numbers of pores decrease. This
irreversible process leads to an increase in the average den-
sity of the material in space. From the available information,
it appears that the typical lifetime of a fractal tangle is of the
order of days.

Hence a fractal tangle is a distinctive physical object
with unusual properties which requires detailed study. One
of the main problems is to develop methods of detecting the
objects.

! This was pointed out to the author by V. L. Bychkov.
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'B. B. Mandelbrot, Fractals, Form, Chance, and Dimension, Freeman,
S.F,, 1977.

2B. B. Mandelbrot, The Fractal Geometry of Nature, Freeman, S.F.,
1982.

3F. Family and D. P. Landau (eds.), Kinetics of Aggregation and Gela-
tion, North-Holland, Amsterdam, 1984.

“H. E. Stanley and N. Ostrowsky (eds. ), On Growth and Form, Martinus
Nijhoff, The Hague, 1985.

SH. J. Herrmann, Phys. Rep. 136, 155 (1986).

¢L. M. Sander, Nature (London) 322, 789 (1986).

7B. M. Smirnov, Usp. Fiz. Nauk 149, No. 2, 177 (1986) [Sov. Phys. Usp.
29,481 (1986)].

88. H. Liu, Solid State Phys. 39, 206 (1986).

?L. Pietronero and E. Tosatti (eds.), Fractals in Physics, North-Holland,
Amsterdam, 1986. .

107 .. M. Sander and M. E. Cates, Science 322, 789 (1986).

1P, Meakin, Crit. Rev. Solid State Mater. Sci. 13, 143 (1987).

2R, Jullien and R. Botet, Aggregation and Fractal Aggregates, World
Scientific, Singapore, 1987.

3R, Jullien, L. Peliti, R. Rammal, and N. Bocara (eds.), Universalities in
Condensed Matter, Springer-Verlag, Berlin, 1988.

“D. P. Landau, K. K. Mon, and H. B. Schuttler (eds.), Computer Simu-
lation Studies in Condensed Matter Physics, Springer-Verlag, Berlin,
1988.

*T. Vicsek, Fractal Growth Phenomena, World Scientific, Singapore,
1989.

'B. M. Smirnov, Phys. Rep. 188, 1 (1990).

716 Sov. Phys. Usp. 34 (8), August 1991

17B. M. Smirnov, Physics of Fractal Clusters [in Russian], Nauka, M.,
1991.

18Y. Kantor and T. A. Witten, J. Phys. (Paris) 45, L675 (1984).

19]. Fricke (ed.), Aerogels, Springer-Verlag, Berlin, 1985.

20B. M. Smirnov, Usp. Fiz. Nauk 152, 133 (1987) [Sov. Phys. Usp. 30,
420 (1987)].

21 A. A. Lushnikov, A. E. Negin, and A. V. Pakhomov, Chem. Phys. Lett.
175, 138 (1990).

2 A. A. Lushnikov, A. E. Negin, A. V. Pakhomov, and B. M. Smirnov,
Usp. Fiz. Nauk 161, No. 2, 113 (1991) [Sov. Phys. Usp. 34, 160
(1991)].

3B, M. Smirnov, in Trends in Physics: Book of Abstracts of the 8th General
Conference of the European Physical Society, F. Pleiter, ed., North-Hol-
land, Amsterdam (1990); p. 83.

B, M. Smirnov, Teplofiz. Vys. Temp. 29, 418 (1991) [High Temp.
(USSR) 29, (1991)].

25 P. Flory, Principles of Polymer Chemistry, Cornell Univ. Press, Ithaca,
N.Y, 1971.

26P. G. De Gennes, Scaling Concepts in Polymer Physics, Cornell Univ.
Press, Ithaca, N.Y., 1977.

27 A. Yu. Grosberg and A. R. Khokhlov, Statistical Physics of Molecules
[in Russian], Nauka, M., 1989.

28N. I. Gaidukov, Zh. Tekh. Fiz. 59, 88 (1989) [Sov. Phys. Tech. Phys.
34, 181 (1989)].

2N. I. Gaidukov, Dokl. Akad. Nauk SSSR 301, 1076 (1988) [Sov. Phys.
Dokl. 33, 571 (1988)].

3B, I. Smirnov, Usp. Fiz. Nauk 161, No. 6, 171 (1991) [Sov. Phys. Usp.
34, June (1991)].

318, Singer, Nature of Ball Lightning, Plenum, N.Y., 1971 [Russ. transl.,
Mir, M., 1973].

32]. D. Barry, Ball Lightning and Bead Lightning Plenum Press, N.Y.,
1980 [Russ. transl., Mir, M., 1983].

3 B. M. Smirnov, Usp. Fiz. Nauk 160, No. 4, 1 (1990) [Sov. Phys. Usp.
33,261 (1990)].

3 1. P. Stakhanov, On the Physical Nature of Ball Lightning | in Russian],
Energoatomizdat, M., 1985.

35P. Meakin, J. Chem. Phys. 83, 3645 (1985).

36 P, Meakin and R. Jullien, J. Chem. Phys. 89, 246 (1988).

* A. L Grigorjev, 1. D. Grigorjeva, and S. O. Shirjaeva, in Science of Ball
Lightning (ed. by Y. H. Ohtsuki), World Scientific, Singapore (1989);
p. 88.

3 E. Courtens, R. Vacher, J. Pelous, and T. Woignier, Europhys. Lett. 6,
245 (1988).

R, Vacher, E. Courtens, G. Coddens, J. Pelous, and T. Woignier, Phys.
Rev. B 39, 7384 (1989).

4OE. Courtens, R. Vacher, and E. Stoll, Physica D 38, 41 (1989).

“lP, Dimon et al., Phys. Rev. Lett. 57, 595 (1986).

42P. Meakin, Phys. Rev. Lett. 51, 1119 (1983).

43M. Kolb, R. Botet, and R. Jullien, Phys. Rev. Lett. 51, 1123 (1983).

4M. Kolb and R. Jullien, J. Phys. (Paris) 45, L977 (1984).

4SR. Jullien and M. Kolb, J. Phys. A 17, L639 (1984).

46M. Kh. Karapet’yants and M. L. Karapet’yants, Fundamental Thermo-
dynamic Constants of Inorganic and Organic Materials [in Russian],
Khimiya, M., 1968.

47C. A. M. Mulder and J. G. van Lierop, in derogels, J. Fricke, Springer-
Verlag, Berlin, 1986; p. 68.

Translated by J. D. Parsons

B. M. Smirnov 716




