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Abstract. A graphic me thod demons t ra t ing format ion and 
behaviour of fractal s t ructures p roduced by interact ion of 
metall ic powder with the magnet ic field of a coil is 
presented. The me thod is useful for investigating fractal 
s t ructures by s tudents . 

1. Introduction 
To simplify the studies of disordered systems and 
nonequi l ibr ium p h e n o m e n a , use is n o w being m a d e of a 
nonconven t iona l symmetry t rans format ion , the scale 
invariancy, typical of fractal s t ructures [ 1 - 3 ] . F rac ta l s 
are exemplified by m a n y r a n d o m structures such as 
diffusion-limited aggregates, gels, colloid part icles, etc. 
F rac ta l s have been the subject of a number of recent 
reviews in Physics-Uspekhi [ 4 - 6 ] . W e have developed a 
simple technique for visualising the chaot ic mo t ion of 
part icles and m a n y other features of fractal s t ructure 
dynamics . In the device p roposed by us the chaot ic mot ion 
of part icles is created by the interact ion between an 
a l ternat ing magnet ic field, induced by a rec tangular coil, 
and iron dust si tuated within the coil. 

The main componen t of the device is a rec tangular coil 
with two windings. One of the windings, consisting of 900 
tu rns of P E O L - 0 4 wire, d raws an a l ternat ing current (ac) 
from the power supply t h rough a voltage regula tor ; the 
other winding, consist ing of 600 tu rns of the same wire, is 
fed from an adjustable direct current (dc) source and serves 
to magnet ise the iron dust . The tempora l ly a l ternat ing and 
spatially inhomogeneous magnet ic field inside the coil 
induces chaot ic mo t ion of the iron dust , closely resembling 
Brownian mot ion . Magnet i sed part icles of the dust (here-
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after called 'part icles ' ) interact with each other . The spatial 
dis t r ibut ion function of the part icles varies depending on 
the rat io between the energy of interact ion of the part icles 
with the external field, B{H0 cosfotf + (pn(t)], and the energy 
of interact ion of the part icles with each other B[(H[). In 
these expressions, B{ is the magnet ic induct ion in a part icle, 
H0 is the magnet ic field strength induced by the coil, (H{) is 
the mean value of the magnet ic field strength induced by 
ne ighbour ing part icles, co is the frequency of the external 
magnet ic field, and the function (pn(t) characterises the 
r a n d o m angle between the vectors B and H0. 

Let us consider some illustrative experiments . 

2. Cluster formation 
W e m o u n t the coil hor izonta l ly on the table of an overhead 
projector and insert a Petr i dish with a t r ansparen t one -
mill imetre grid stuck to the outs ide of its b o t t o m into the 
opening in the coil. W e then p o u r the iron or i ron oxide 
dust into the dish and t ry to m a k e the density of the dust 
layer, as projected on the screen, the same over the b o t t o m 
of the dish. Then we apply ac to the first coil, the current 
being such as to set the particles in mot ion . After tha t we 
supply the second coil with magnet is ing dc. By adjusting 
the currents in the windings we m a k e part icle aggregat ions 
(clusters) appear on the screen. 

Cluster format ion will be even m o r e clearly seen if dust 
obta ined by milling a ceramic magne t is used. By pour ing 
water into the dish and stirring it with the dust we get a 
h o m o g e n e o u s suspension. By adjusting the currents in the 
windings we can m a k e the suspension gradual ly clarify 
revealing the growth of clusters. 

3. Demonstration of fractal formation 
In the centre of the dish we place an iron washer with a 
flexible copper wire soldered to it and su r round the washer 
with a copper r ing which also has a flexible copper wire 
soldered to it. W e then p o u r iron dust between the washer 
and the ring. By adjusting the a l ternat ing current t h rough 
the coil we establish condi t ions under which part icles drift 
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t owards the magnet ised washer with a progressive build up 
of b ranches (Cayley tree). 

To characterise growing fractal s t ructures quant i ta t ively 
we use relat ions from Refs [1, 9]. Let J2ns be the number of 
cells at the b o t t o m of the dish and J2nss be the to ta l 
number of cells occupied by part icles. ws = sns/J2ns is the 
probabi l i ty tha t a r a n d o m l y chosen occupied cell will 
be long to a cluster of size S(R). The mean size of the 
cluster is then S(R) = J2sws = J2s2ns/ J2nss- The number 
of part icles forming a fractal is given by the relat ion 

nR 

N(R) =\ p{R)rd~l d r = RD , (1) 

where r is the rad ius of the circle inscribed in the grid cell 
(in our case it is 0.5 m m ) , p(R) is the number of part icles 
in one cell (s = 1 m m 2 ) , R is the geometr ic size of the 
structure, d is the dimension (for p lane figures d = 2), and 
D is the fractal d imension. F r o m relat ion (1) we obta in the 
similarity law for the density 

p ^ - p - f l 0 - " . (2) 
Since D < d, the density of the s t ructure will decrease with 
increasing R. The number of b ranches intersecting the 
cylinder can be wri t ten as 

dN(R) 
n(R)=-

dR 
.R1 

The area of each b ranch is 
n d-l 

n(R) 
• R' 

(3) 

(4) 

This cluster mode l can be used to demons t ra t e the flow 
of an electric charge. To do this we assemble the circuit 
shown in Fig. 1. W h e n the growing b ranches reach the 
copper cylinder the circuit closes and the lamp lights u p , 
which indicates tha t the charge is flowing. The cluster 
resistance is equal to 

:E*?-~nR-V-D) -Rc R d-D D-d+l 
(5) 

Fig. 1. The circuit for demonstrating the flow of electric charge 
through the growing branches of the cluster: 1 — iron coil, 2 — 
copper ring, 3 — audio frequency oscillator. 

He re Rc and p c are the critical rad ius and the density of the 
cluster, respectively. 

4. The influence of fixed external fields on the 
shape of fractal structures 
In this experiment we m o u n t a pla te of organic glass on the 
coil, with a copper wire abou t 1 m m in diameter pass ing 
th rough the centre of the pla te and perpendicular to its 
surface. The ends of the wire are connected to a control led 
dc supply. I ron dust is evenly spread over the plate . If ac is 
n o w fed to the coil, we first demons t r a t e chaot ic mo t ion of 
the dust part icles. Then, when dc is passed t h rough the 
straight wire, concentr ic r ings of iron dust appear a r o u n d 
the wire. Kinet ics of the part icles can be described by the 
F o k k e r - P l a n c k equat ion [2, 7, 8] 

8/(r) 6 
8; v(0/W+f ^rM (6) 

where f(r) is the dis t r ibut ion function of the part icles on 
the p lane , D is the diffusion coefficient, which can be 
wri t ten down as D = 2B{H0 cos(atf + q>n)/(my), v is the 
drift velocity of the particles, r is a vector connect ing the 
poin t of intersection of the straight wire with the pla te 
surface with the posi t ion of the part icle at any given 
instant , y is the friction coefficient, and m is the part icle 
mass . The s ta t ionary solution to the F o k k e r - P l a n c k 
equat ion for r a n d o m l y walk ing ferromagnet ic part icles in 
an inhomogeneous magnet ic field can be wri t ten as 

Ek+Bi(Hi)-Bii/(2nr) 
f(r) = N exp 

B{H0 cos(cQt + cpn) 
(7) 

where Ek = \m(y2 + Q2d2) is the kinetic energy of a 
part icle, Q = \p0fiH0 c o s c o t / ( m d 2 ) ] ^ 2 is the frequency of 
part icle oscillation, d is the part icle s ize | , B{ is the 
induct ion of the magnet ic field at the part icle locat ion. 

The expression Ek — Bxi/(2nr) can be consid
ered as a functional whose min imum cor responds to the 
s ta t ionary dis t r ibut ion a long induct ion lines with radi i 

Yl 2nEk+Bi(Hi)' { ) 

Here / is the direct current in the straight conductor , (H[) is 
the mean magnet ic field at the part icle locat ion. 

To demons t ra t e t h e r m o d y n a m i c stability condi t ions for 
fractal s t ructures we used ferromagnet ic dust with the Curie 
po in t Tc = 7 0 ° C . This dust can be obta ined by milling a 
ceramic magne t from an IP-10 detector . The t empera tu re is 
main ta ined close to Tc by pour ing ho t water into the Petr i 
dish. Repea t ing the above experiments we can show tha t 
above Tc s t ructures do not form, whereas be low Tc part icles 
are a t t rac ted to each other and form structures . 

5. Simulation of the appearance of complex 
molecules with encoded information 
F o r these experiments we p repa re 1 6 - 2 0 balls of p o r o u s 
foam plastic, 6 - 8 m m in diameter and incorpora te small 
pieces of ceramic magne t inside the balls. In an al ternat ing 
magnet ic field these balls execute chaot ic mo t ions closely 
resembling the Brownian mot ion . If we n o w pu t the balls in 

fThe dimensions and the mass of particles of ferromagnetic dust used 
to produce tapes and rods are usually provided in the specification. 
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Fig. 2. The combinatory optimisation of 9 letters, which were 
originally randomly arranged in the opening in the coil. 

the opening of the above coil and pass t h rough it 
a l ternat ingly ac and dc, we can obta in spatial s t ructures 
similar to molecules of organic c o m p o u n d s . T h e r m o d y 
namic condi t ions under which ordered s tructures arise in 
these experiments are simulated here by magnet ic fields. 

The appearance of encoded informat ion can be illu
strated as follows. W e cut some figures with letters d rawn 
on them out of a sheet of thin t r ansparen t celluloid or 
ano ther t r ansparen t mater ia l (see Fig. 2). Then we stick 
pieces of ceramic magne t at the po in ts where the letters are 
jo ined to each other . The poles of the magne t s are directed 
so tha t the letters a r range themselves in sequences forming 
words with certain meanings ( informat ion carriers). F o r 
example, r a n d o m jo in ing of the letters ' O ' , ' N ' , ' E ' can yield 
the combina t ion ' O N E ' possessing several meanings . F o r 
decoding, one of the letters ' N ' out of several r a n d o m l y 
a r ranged letters ' N ' should be of a different colour (say, 
red) . W e can agree tha t the s t ructure ' O N E ' with red ' N ' 
will mean 'first'. 

The demons t ra t ions described here are suitable for 
acquain t ing s tudents with fractal s t ructures and it is 
r ecommended tha t they be used in the l abora to ry when 
teaching physics. 
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