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The separation of very small particles from meteor bodies as a part of the process of 
their ablation in the Earth 's atmosphere is assumed by many investigators. But when 
the particle is small relative to the meteor body the path of the particle is a priori 
thought to be small relative to the length of the meteor path, i.e. the particle is expected 
to evaporate in close proximity to the point of separation. This assumption is not 
acceptable after McCrosky's work (1958) that has shown for one particular case the 
small particles (m= 1 0 ~ 5 - 1 0 ~ 6 g) go a long path before their mass is exhausted. The 
assumption made until now has caused incorrect conclusions, e.g. the luminosity at 
any point of the meteor path is proportional to the mass ablated from the meteor 
body at that point (Kramer, 1965). 

On the other hand, the behaviour of small particles separated from the meteor 
body after the beginning of its intensive evaporation is believed to be similar to that of 
micrometeorites, i.e. small particles that individually penetrate into the atmosphere 
(Kramer, 1965). The latter were investigated by Whipple (1950, 1951). He pointed out 
that the intensive evaporation of micrometeorites, occurs, if at all, after their initial 
pre-atmospheric velocity has decreased considerably. Micrometeorites keep the major 
part of their initial mass and fall to Earth as cosmic dust. The bigger meteor bodies are 
retarded very little at great heights. Down to the height of the beginning of intensive 
evaporation, their velocity is practically unchanged. If a small particle is separated 
from the meteor body after the beginning of intensive evaporation, it is (i) strongly 
heated (separates from a heated surface) and (ii) goes into the relatively dense layers 
of the atmosphere with a velocity equal to that of the meteor body, i.e. approximately 
the initial velocity of the meteor. The energy flux received by the particle from the air 
is much greater than the energy loss of the particle by thermal radiation, even assuming 
the shielding of the particle by its vapor. The intensive evaporation of the particle 
begins immediately after its separation from the meteor body and proceeds until all 
particle mass is exhausted. 

In the case of the absence of fragmentation of small particles during their flight*, 

* The fragmentation of small particles is not possible, on physical grounds. 
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to study their behaviour we can start from the basic equations of meteor theory for 
the case of a solid unfragmented body, in particular from the drag equation and the 
luminosity equation. For a spherical particle 

d V = -rAd~2/3pm-ll3V\ (1) 
dt 

I = ^ rAo PV< exp [ - * (V2 - F2)J, (2) 

and the set of equations giving the change of velocity versus the length of the path is: 

/ = H secz l np 2 /P i > 0 ) 

Pi-p*—2rm- e x p ( " 6 Jrl 6 )-E'{ 6 ] } ( 4 ) 

The behaviour of a particle separated from the meteor body is determined mainly 
by the initial size of the particle and the height of separation, and to a lesser extent 
by its initial velocity and direction of incidence (Simonenko, 1968). 

We carry out the computations of the length of the path, L, of the particles with 
different heights of separation, Hl9 and different initial velocity, V0. The parameters of 
the atmosphere are assumed to be p 0 = 5 x 10~ 3 g /cm 3 , H = 6 - 5 k m . The particles 
are assumed spherical with initial radius r 0 = 0 0 1 cm, density <5=3-5 g/cm 3 , and a 
trajectory at vertical incidence. These particles are called 's tandard' ones. The velocity 
at which the luminous radiation terminates is taken to be K E = 6 km/sec, and the para­
meter of ablation t o b e < r = 2 x l 0 " 1 2 sec 2 /cm 2 . This low value of the parameter of 
ablation is chosen in order to compensate for the influence of thermal energy loss by 
the particles at great heights, and the influence of shielding of the particles by meteor 
vapor and by air at lower heights.* 

For the 'standard' particles with heights of separation of the order of 100 km the 
length of path reaches some kilometers. But it is only some meters for those with 
heights of separation of the order of 40-50 km (Figure 1 **). For the particles with 
given rQ and Hl9 the lifetime T steadily increases with decreasing initial velocity, 
whereas the path length shows a maximum within small initial velocities (at 
F 0 « 15 km/sec, if Ve=6 km/sec). 

The luminosity curves of particles, 1(H), correspond to the final part of the 'stan­
dard ' luminosity curve of a meteor that is generated by a body passing the point of 
separation with a size and velocity equal to that of the particle at the moment of 

* In the absence of this influence, the parameter of ablation of very hot particles is a = 8 x 1 0 - 1 2 

sec 2/cm 2. 
** Figure 1 and the following are illustrations not only for the 'standard' particles, but for 

particles with any ro,<5, cosz. If ro, or <5, or cosz is n times that of the 'standard' particles, the scale 
H\ must be shifted for — 15 lg«, in kilometers. 
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FIG. 1. 

separation. Hence, the luminosity curve, even of a very small particle with great 
height Hl9 is similar to the 's tandard' one. At low heights the initial part of the 
's tandard' curve is eliminated and there is a shift of the beginning point to brighter 
magnitudes (Figure 2). 

The deceleration of the particles depends strongly on the height of separation: it is 
small at great heights and reaches some tens or hundreds of km/sec 2 at heights in the 
range 60-70 km (Table 1). The separated particles quickly fall behind the meteor 
body, and the main part of their lifetime is beyond the influence of shielding by the 
meteor vapors of the main mass (Table 2). 

The greater the height of separation the more will be the distance AI between the 
particle and the body to the end of its lifetime. The distance AI of small velocity 
particles increases more slowly, but reaches greater values (Figure 3). So the 'standard' 
particle with the height of separation of the order of 100 km and with the initial velocity 
V0 = 30 km/sec reaches a distance from the body at the end of its lifetime of about 
1 km, but with V0 = 50 km/sec the distance is less than 0-2 km. Hence, if meteor wakes 
are originated by uniform particles, longer wakes must be observed for meteors of 
low velocities, assuming the meteors have the same magnitude. This is in fact observed 
(Jacchia et al., 1967). 

The curves of particle luminosity / vs. time t after separation are contrasted to the 
curves / vs. distance AI of the particle from the meteor body (Figure 4). The curves 
I(Al) drop more rapidly than curves I(t). This is because the particles have a velocity 
close to the initial one during most of their lifetime. The difference is more distinct for 
particles with small initial velocities. This may be responsible for the discrepancy 
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Table 1 

The deceleration of a 'standard' particle just after separation 

(km/sec 2) 

6 0 5 0 4 0 3 0 2 0 

7-7 
77-1 

771 
7 7 1 0 

5 4 
53-6 

5 3 6 
5 3 6 0 

3-4 
34-3 

343 
3 4 3 0 

1-9 
19-3 

193 
1930 

0-9 
8-6 

85-8 
8 5 8 
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Table 2 

The distance AI of a 'standard' particle from the meteor body 
( ^ = 85 km) 

Ko (km/sec) / - 5 x 1 0 4 sec / - 1 x 10 3 sec T(sec) 

Al (mm) MjMo Al (mm) MjMo 

6 0 9 4 0-95 3 8 0-91 0 - 0 3 2 
50 6-7 0 -95 2 7 0-95 0 -059 
4 0 4-3 0 -985 17 0 -97 0 -13 
3 0 2-4 0 -995 1 0 0-99 0 -36 

0 i0 20 }0 0 iO 20 50 AO i/0/f m 
\ 1 1 U I 1 1 ' 1 -

FIG. 3 . 

between the length of the wake determined from photographic observations and 
from photoelectrical ones, which has been discovered by Stepanov (1965). 

In the case of steady separation of small particles from a meteor body during its 
flight in the atmosphere as compared to the case of non-fragmenting body, the 
growth of the luminosity at the beginning of the meteor trajectory is more rapid, and 
the difference is governed mainly by the rate of particle separation. The reason is a 
slight evaporation of the particle at great heights. The position of luminosity maximum 
on the meteor path, and its height in the atmosphere, depends on the law of separation 
of the particles. The more intensive the separation at the beginning of the trajectory, 
the brighter will be the maximum, at least for photographic meteors. 
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Va = 60 km/sec Va*30 Am/sec 

The long trajectories of particles separated high in the atmosphere affect the 
luminosity curves of meteors, and therefore influence the apparent density of meteor 
bodies and the parameter of ablation. In the case of the steady separation of particles, 
deceleration of a meteor as determined on the basis of analysis of photographic data 
just equals the deceleration of the meteor body, and the photometric mass mph is more 
than the mass of meteor body mb because it is determined on the basis of light 
originated by molecules evaporated both from the meteor-body surface and from 
particle surfaces. If the particles are very small, the discrepancy between mph and mh 

can be significant, even in the case of a small integrated mass of all particles. <50bs is 
less than the actual density of the meteor body. If deceleration of the meteor during 
the lifetime of the particles is changed by a negligible amount, <5obs is close to the 
density of the meteor body. In the course of an analysis of meteor photographs, the 
order of the discrepancy between <5obs and density of the meteor body must be deter­
mined individually for each meteor. In our opinion, we can start from the assumption 
that the particles are uniform and that their initial size is of the order of 150// (see 
below). 

The parameter of ablation is given by the formula 
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FIG. 5. (a) Luminosity curve of a 'standard' particle (Hi = 70 km, Vo = 20 km/sec); (b-d) lumi­
nosity curves of flares originated by different numbers of particles of this kind. 

where the subscripts a and b specify the values of the mass and velocity at two points 
on the path. The observed velocity just equals the meteor body velocity. The dis­
crepancy between mph and mb is as above. The value of < 7 o b s is close to the parameter of 
ablation of the main body, when mph&mh, or when the distance between points a and b 
is far greater than the length of the path of the particles. This can be expected at the 
end of meteor trajectories. On other parts of trajectories aobs can be either greater 
than or smaller than the parameter of ablation of the main body. 

The index of fragmentation (Jacchia et al, 1967) is defined by 

c 

d 

0 1 2 I,km 

(6) 

where 

s = lg m0 — m 
(7) 

m 
This index is said to be non-zero only in the case of progressive fragmentation 
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(Jacchia, 1955; Jacchia et al, 1967). Indeed, in the case of separation of small parti­
cles, x would be equal to zero if the particles would be evaporated instantaneously. 
But this is not the case. The consequence is that the meteor body mass drops more 
rapidly than the photometric mass, and this leads to / 7 * 0 . 

The instantaneous spray of a large number of small particles is of interest. At the 
beginning of the trajectories of meteors, it gives rise to humps on the luminosity 
curves, at the end of trajectories, to flares. The flares make possible the determination 
of the size of the particles. Attempts of such a determination have been made by 
Smith (1954) and by Ivanikov (1965), but their methods have deficiencies, e.g. the dis­
crepancy between the observed length of the flares and the length of the path of the 
particles covered during their lifetime was not taken into account (Figure 5). The 

M$707'07 \ \ 
(Dushanbe) 

*1 1 1 1 1 1 1— 1—i 1 

100 9 6 92 88 H.km 

(Dushanbe) 

1 1 1 1——i 1 

84 80 76 H,Hm 
FIG. 6. The luminosity curves M vs. H of two meteors with flares. 

discrepancy is a consequence of a very rapid drop of luminosity of the particles at the 
end of their lifetime and can be considerable, especially for particles with small and 
average velocities at great heights. 

On the basis of the analysis of 108 flares on meteor photographs (mainly from the 
collection of the Astrophysical Institute, Dusanbe) we determined the size of separated 
particles. The selection of flares with an abrupt growth of luminosity at the beginning 
of the flare (close to vertical on the luminosity curves) and a smooth decrease without 
noticeable irregularities, permits a decrease in the number of parameter values which 
have to be assumed. The method of reduction is described elsewhere (Simonenko, 
1967). 

In the course of computations, the particles are supposed to be uniform, of spherical 
form, and with d =3*5 g/cm 3 . Bearing in mind the shielding of the particles, the para-
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meter of ablation is chosen equal to 2 x 1 0 " 1 2 sec 2 /cm 2 .* Hence, the determined size 
of particles, i.e. the initial radius r0, is the effective one. 

The result is that the mean effective radius of separated particles is about 70fi. 
The dispersion of r0 is small: 80% of all flares give 3 0 / i < r 0 < 1 lO/i. In the case of a 
normal distribution of r 0 , this corresponds to a standard deviation in r0 of about 33p. 
Bearing in mind the errors of such parameters as velocity, height of separation, etc., 
the standard deviation of the initial size of particles may decrease to 20ju, for a normal 
distribution of sizes. Thus during all flares'particles of almost uniform size are separated. 

The small dispersion of r 0 is responsible for the dependence of the heights of flares 
on the velocities of meteors (Ivanikov, 1965; Jacchia, 1949), for decreasing of the 
length of flares near the end of meteor trajectories (Ivanikov, 1965; Jacchia, 1949), 
and for the incorrect concept that an instantaneous spray of particles takes place only 
at the end of meteor trajectories. 

n 1 

20-

FIG. 7. 

On the basis of the examination of meteors with a high tendency to flare, we 
conclude that the distance between flares, as well as the length of flares, decreases 
toward the end of meteor trajectories. The mass of air intercepted per unit of meteor 
body surface during intervals between the flares is roughly constant. We evaluated the 
depth of the layer of the meteor body evaporated during these intervals and concluded 
that it is of the order of some tens of microns in the case <5=3-5 g/cm 3 and 
(7 = 2 x 1 0 " 1 2 sec 2 / cm 2 . 

Thus, we are inclined to conclude that particles of a size of the order of 150p 
appear to be structural elements (or grains) of meteor bodies. In our opinion, their 
separation takes place not only during flares but during the entire time of meteor 

* The thermal radiation at heights of flares is negligible. 
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flight in the atmosphere, and is a typical process of fragmentation for meteor bodies. 
Thermal stresses will be significantly greater at grain boundaries, and will favor the 
separation of grains. 
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D I S C U S S I O N 

Fedynskij: This is the first very interesting attempt to evaluate the size of the elementary particles 
of which meteoroids consist. 
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