Formation of fractal structures in an explosion
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In an explosion of condensed explosives free
carbon is typically released. The chemical reaction
can proceed under conditions where diamond is sta-
ble, and some results on the production of the dia-
mond phase aredescribed in Refs. 1 and 2. This
circumstance explains the interest in the particle-
growth process. The characteristic size of a single
crystal is about 40 R.2,3 Larger aggregates form
from such particles. It is reasonable to conjecture
that a fractal structure arises.

In this work we measured the fractal dimension
of clusters in powder of ultradisperse diamonds pro-
duced in an explosion. A two-step model of growth
(atoms—compact particles—clusters), which agrees
qualitatively with experiment, is introduced.

1. The experiments were performed by the meth-
od of small-angle x-ray scattering for angles in the
range 7' < 2-8 < 7° at the wavelength 1 = 1.54 R.
The results for two samples of diamond powder, pre-
pared in different experiments, are presented in
Fig. 1. The intensities were recalculated in order
to correct for the aperture averaging of the device.

The sections of the curves whose slope is close
to —4 correspond to scattering by separate particles.
For values of the transferred momentum q = (47/A)-
sin(8/2) ranging from 5-1073 to 3-10"2 A"} the slope
gives the fractal dimension D = 1.9 characteristic
for cluster-cluster aggregation.® The boundaries of
the fractal interval make it possible to estimate the
characteristic sizes of the particles and aggregates
(30 and 200 &).

2. During an explosion free carbon is liberated
over a time z 0.3 ps — the chemical reaction time. The
characteristic hydrodynamic expansion time ty is
several microseconds. The quantity of hydrogen
can be 210% of the mass of the charge and the num-
ber density of atoms nc ~ 1022 em™3. In the case
of strong nonequilibrium, particle growth should
start with fast coagulation. However, the assumption
that the coagulation is unbounded results in particle
sizes which are too large. The average mass of a
particle (in units of the mass of the C atom) increases
linearly with time®:

md~Knct; K= 4kT/3p-
For T = 3103 K, n = 1072 P (Ref. 6), knp ~ 10'?
s”!. Within 1 usec particles are formed which con-
sist of, on the average, 10° atoms and are about
200 & in size. In addition, the experiment of Ref. 1
did nto show any dependence of the particle size
on ty (proportional to the size of the charge). There-
fore the growth of compact particles must be bounded.

Next, we shall assume that when two particles
encounter one another they coalesce if at least one
of them contains fewer than m,~ 103 atoms; i.e.,
if it is less than ~ 20 & in size. This assumption
is supported by several arguments,? in particular,
the fact that smaller particles have a sharply lower
melting point.’ During the reaction time t,, intro-
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ducing the unit of time YT /knc and the unit of con-
centration vnc/Ki;, we obtain the following modified
system of Smoluchowski's equations:
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where np, is the concentration of particles containing
m atoms, My = min[m/2, m,}, M. = m, for m < mg;
8m, 1 describes uniform arrival of single atoms; the
factor Fj ,m = (rj + rp)?/4rjry takes into account the
difference in the sizes r of the particles with masses
j and m.

Over a time t ~ 5 the distribution np ~ m-3/2
(Ref. 8), which is cut off at the limit m ~ t2, is

generated. The limiting mass m, appears at t -
Ym,. Small particles (m < m,) continue to stick to
large particles. For m > m,, expanding Ao = o™ '_;iz

and setting Fj,m-j = Fj,ms we obtain the wave equation
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The numerical solution of the system(1) demonstrates
that a wave is generated at the boundary and prop-
agates (Fig. 2a). The velocity of the wave is close
t the velocity computed according to a distribution
nj which is not disturbed by the boundary.

When the reaction ends, over a time 4t ~ v/my,,
the small particles die away and a frozen distribution
(Fig. 2b) with a quite narrow range of sizes is gen-
erated. The times t = 31.6, 100, and 316 correspond
to chemical reaction times of 1, 10, and 100 ns. The
true reaction time t, can be shorter than the gross
time of 0.3 us, determined according to the end of
the reaction as a whole (if the reaction proceeds by
flare-up from hot points).

3. We shall examine qualitatively the formation
of aggregates under conditions of cluster association
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FIG. 1. The intensity of scattered radiation as a function of

q. Slopes of the straight lines: for data group 1 (-1.94 and
~4.18); for data group 2 (—1.89 and —4.10).
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FIG. 2. a) Mass distribution of concentrations for the dimension-

less time t; = Vm, = 31.6, t, = 100, t; = 316. b) Frozen size
distributions obtained after the reaction ends at the moments t,,
t,, and t,, scaled to the same amplitude. The limiting size r(my)
is taken to be unity.

Neglecting polydispersity of small clusters, we obtain
for the concentration A of aggregates

dA__dl _,*
a4t 4t

(P is the particle concentratinn). At the end of

the reaction A z 1/t, P ~ m3'/2. The average number
of particles in a cluster is Z = P/A ~ t//m, or, in
dimensional units is t/t; t = Vtpm,/kne. Taking
hydrodynamic expansion into account the time t must
be bounded by the time ty, so that Z < tyg/v ~ 100
ns with tgy =1 us and t, = 100 ns (t = 10 ns). The
cluster size R ~ z}/D = VZ ~ 10 particle sizes is

in agreement with experiment. When the true volume
fraction of the solid phase is ~ 0.1 the looseness
of the fractal structure makes gel formation probable
(which limits the size of an aggregate approximately
by the same value R ~ 10). As the medium expands
the gel will rupture. In conserved samples structures
of the next orders observable microscopically3 form
from the initial aggregates.

4. Individual particles and clusters are "relics"
of the chemical reaction. A more detailed study will
make it possible to determine the true reaction time
ty. The interaction of the solid and gas phases is of
interested. The processes studied can be affected
by phase transitions and changes in the rheology

of the medium. N

We thank A. I. Lyamkin and V. A. Molokeev
for providing us with the experimental samples, A.
M. Staver, V. F. Anisichkin, and I. Yu. Mal'kov
for useful discussions, and V. M. Titov for his in-
terest in this work.

. 1. Lyamkin, E. A. Petrov, A. P. Ershov, G. V. Sakovich,

A. M. Staver, and V. M. Titov, Dokl. Akad. Nauk SSSR 302, 611
(1988) [Sov. Phys. Dokl. 33, 705 (1988)].

R. N. Greiner, D. S. Phillips, J. D. Johnson, and F. Volk,
Nature 333, 440 (1988).

%A, M. Staver, N. V. Gubareva, A. I. Lyamkin, and E. A. Petrov,
Fiz. Goreniya Vzryva 20, 100 (1984).

‘R, zhyul'en, Usp.. Fiz. Nauk 157, 339 (1989).

™. V. Smoluchowski, Z. Phys. Chem. 92, 129 (1917).

%. S. Sjaw and J. D. Johnson, J. Appl. Phys. 62, 2080 (1987).
*r. Stace, Nature 331, 116 (1988).

8. D. Klett, J. Atmos. Sci. 32, 380 (1975).

Translated by M. E. Alferieff

Phase and distance effects in the Mossbauer effect in the presence

of ultrasonic excitation
A. S. Lobko and E. E. Rubatskaya

Scientific-Research Institute of Nuclear Problems at the V. I. Lenin Bellorussian State University

(Submitted August 28, 1989; resubmitted December 8, 1989)
Pis’ma Zh. Tekh. Fiz. 16, 46-50 (February 12, 1990)

The study of the propagation of Mdssbauer y
rays through matters exposed to radio-frequency
fields is of great interest because of the possibility
of studying both the dynamic processes occurring
in the solid and the characteristics of the rf ficlds
themselves.! The effects arising in systems contain-
ing more than one Md&ssbauer object (source or ab-

sorber), exposed to ultrasound have now been studied

in detail theoretically, >~* but they have not been
adequately confirmed experimentally. The only ex-
periment of which we know in this field is described
in Ref. 5.

In this paper we report the results of the first

experiments on how the intensity of Mossbauer vy rays

that have passed through a system of two absorbers
exposed to ultrasound depends on the difference of
the phases of ultrasonic oscillations and on the dis-
tance between the absorbers (the so-called phase and
distance effects).
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Theoretical calculations based on the work of
Refs. 2-4 show that when coherent ultrasonic excita-
tion is present in thin absorbers and when there is
no hyperfine splitting in the source and in the ab-
sorbers and the frequencies and amplitudes of the
ultrasound in both modulators are equal then the
frequency-modulated spectrum of coherent Mossbauer
y-rays will consist of a collection of equally spaced
lines with the frequencies wp = w, + nQ (n = 0, #1,
+2, ...), where w, is the frequency of the Mdssbauer
transition, @ is the frequency of the ultrasound,
the intensities of the time will be

L~iE(2ka s ),

1
ooy + s M

where Jp(z) is the Bessel function of the first kind,
of order n, k' is the wave vector of the y-radia-
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