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ABSTRACT:
There are certain types of optical phenomena observed in the upper atmosphere which are
associated exclusively with the launches of solid propellant rockets. In this paper we consider two
types of such phenomena. The first one is the development of large-scale dynamic structures that are
like a "bagel" and the second one is phenomena observed in twilight conditions in the region of
missile flight having rather compact structures with intense turquoise (blue-green) glow. The
development of spherical clouds can be represented by a model of a strong explosion that arises in
the separation of rocket stages in the upper atmosphere. Turquoise glow arises from excitation of
molecules aluminium oxide (AlO), formed by the interaction of aluminium metal contained in
combustion products.
Keywords: Upper Atmosphere, Solid Fuel Rocket Exhaust, AlO Emission, Dynamics of Combustion
Products Clouds.
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1. Introduction

classification of rocket optical phenomena on the
base of its geometrical and dynamical
characteristics. There are a certain type of
phenomena unique connected with launches of
solid propellant missiles, which is determined by
features of solid-propellant engines and the
composition of fuel component. In this paper we
consider two types of such phenomena. First one
is the development of large-scale dynamic
structures that are like a "bagel".

Optical effects in the upper atmosphere that
accompany the launches of liquid and solid
propellant missiles are very similar, since both
are associated with the release of combustion
products and their interaction with components
of the atmosphere. Previous investigations show
that the base mechanism of development of
these phenomena is a scattering of sunlight on
the dispersed particles of the combustion
products. In work [1] it was produced the
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and velocity v of the shock wave upon time for
the spherically symmetric case is [2]:

The second class of phenomena is the
turquoise (blue-green) luminescence of the
atmosphere observed in twilight conditions in
the region of missile flight. Sometimes it is
observed as a compact luminous formation
along the rocket trajectory, sometimes as diffuse
rocket trace in the stratosphere.
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These rare and very fine phenomena are not
seen in the natural processes of the nature and
as a rule produce indelible impression on
observers
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where 𝐸 is energy released in the explosion, and
𝜌 is the initial gas density. Assuming that
𝐸~2∙108 J, and 𝜌~10-10 kg/m3 for altitudes ~150
km, it is easy to find that the characteristic
velocity of the shock wave is about ~2×103 𝑡-3/5
m/s. The resulting value agrees well with the
results of measuring the velocities of expansion
of the clouds dispersed particles formed during
the separation stages of solid propellant rockets.

2. Development of “bagel” like gasdust rocket clouds
The shutdown process of solid rocket motors in
the upper atmosphere is often accompanied by
the development of large-scale dynamic
structures that are reminiscent of "bagel". This
process
is
associated
with
rapid
depressurization of the combustion chamber,
resulting in almost instantaneous release into
the atmosphere of large quantities of various
components of fuel and combustion products.
Mass of injected matter for high power rockets
can be hundreds of pounds. A significant share of
emissions is dispersed because of the specific
composition of the fuel and the incomplete
combustion of fuel components. The mass of
substance emitted into the atmosphere is
determined by pressure in the combustion
chamber - 𝑃, its volume - 𝑉, temperature - 𝑇 and
the average molar mass of combustion products
- 𝜇. 𝑀 = 𝜇𝑃𝑉/𝑅𝑇. For typical values of 𝑃~10
МPа, 𝑉~20 m3, 𝑇~2800 K, 𝜇~0,035, and the
mass ejected matter may exceed 400 kg. The
velocity of expansion of such “clouds” is about 2
km/s, and their transverse size reaches ~1500
km. In some cases, fragments of these
formations are elevated to ~700 km, indicating
that their initial vertical velocity is of about 4
km/s.

This process may be related to carry away of
particles of condensed phase. It is obvious that
the solid particles, if their mass is not too large
(the energy of the shock wave should be much
larger than the kinetic energy of the dispersed
particles), can accelerate to speeds of ~2×103
m/s in the transverse direction of the missile
only during the first seconds expansion. In this
case, almost all of the matter is concentrated in a
relatively narrow layer behind the shock front.
Figure 1 shows a view of the "bagel", which was
formed in the separation stages of solid-fuel
rocket.

As a model for the development of such
events an approximation of a strong explosion
can be used. Since the pressure in the
combustion rocket chamber (~10 MPa) is much
higher than the pressure of ambient gas
(~5×10−4 Pa), the condition of applicability of
the self-similar solutions are clearly satisfied. In
this approximation, the dependence of radius r
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Fig. 1: A rare photo of "bagel" that developed during the
launch of solid propellant missiles. The image is negative.
There is an image of a last stage of the rocket engine plume
track in the centre "bagel". Characteristic details of the
picture show that the diameter of the cloud is ~300 km. The
whole area of the phenomenon development illuminated by
the Sun.
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Approximation of a strong explosion is
inapplicable in the case when the mass of
dispersed particles injected into the atmosphere
during the separation stages, is comparable in
magnitude to or greater than the mass of the gas
component. In this case, to simulate the
expansion cloud of dispersed particles is
sufficient to consider the following simple
scheme. The "cloud" can be represented as an
expanding spherical shell. Expansion velocity of
the shell is determined by the initial conditions
of injection. Spherical shell is smeared as result
of processes of viscosity. Density of the particles
depends on the distance from the centre of the
sphere as
𝑛 = 𝑛0 exp �−

𝑅 − 𝑅0 2
� .
𝑎

(a)

(2)

Here 𝑅0 is current size of the sphere (at
maximum density), 𝑎 is the characteristic scale
of "fuzziness" of a spherical surface. Peak density
𝑛0 is determined from the normalization
condition:
∞
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where 𝑁 is the total number of dispersed
particles in the release, 𝑀 the total number of
ejected matter, and 𝑚 the mass of a dispersed
particle.

Fig. 2: Negative image. (a) The development of gas-dust
cloud formed in the separation stages of solid-fuel rocket, the
photo is obtained by all-sky camera; (b) the evolution of
clouds monomethyl hydrazine is injected at an altitude of
250 km. The sequence of images corresponds to 1, 5, 20 and
60 seconds after injection. Each frame spans ~6×6 km. There
is in the centre of the last frame an image of hydrazine
canister.

An analogy of such phenomena is developed
usually with a much lower rate during active
experiments with injection of the dispersed
particles in the upper atmosphere. Figure 2
shows photographs of the development of gasdust cloud formed in the separation stages of
solid-fuel rocket and the evolution of an artificial
cloud of dispersed particles after injection of
monomethyl hydrazine at an altitude of 250 km
in 1991 [3].

During the launch of the “Bulava” rocket
flight area was illuminated by light of the rising
sun, while observers were on the night side of
Earth and, of course, it could be observed by
witnesses who live in regions located west of the
launch place.

On the territory of Russia (Murmansk,
Karelia) observation of this effect was not
possible because at the time of launch (~9:45
MSK), the angle of the sun below the horizon
was small (~6º), which corresponds to the
height of the Earth's shadow about 30 km and
with a just enough bright sky painting launch
was invisible.

3. Blue-green emission around rocket
trajectory
The second class of phenomena consists in the
formation of regions of intense turquoise (bluegreen) glow around rocket trajectory in the
upper atmosphere. Figure 3 shows two photos of
such objects.
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particular, in experiments with injection of
trimethylaluminium (TMA) in the upper
atmosphere were observed intense glow AlO,
formed as the result of oxidation processes: TMA
O→AlO radicals [5].

Inelastic interactions lead to the formation of
electronically excited AlO, with emission in the
ultraviolet, visible and infrared spectral regions.

Thus, the presence of combustion products of
solid rocket fuels aluminium metal and its
interaction with components of the atmosphere
and other products of combustion of fuel leads
to the formation of AlO and to the observation of
the blue-green light during the launch of solid
propellant missiles during twilight and
nighttime.

Figure 4 shows the emission spectrum of the
clouds left over after the passage of solid
propellant missiles, obtained by a spectral
camera observations of auroras in Lappish
(Murmansk region).

Fig. 3: (Top) A diffuse trail, with a turquoise glow that
remains after the passage of solid-fuel rockets (Apatity,
2000); (Bottom) a turquoise cloud along the trajectory of a
"Bulava" observed December 9, 2009 in Norway.

Small fraction of Al, Li and other components
which improve combustion stability are added
into solid fuel [3, 4]. In the process of oxidation
of Al by the various components of the
combustion products and the atmosphere, such
as N2O, O2, O3, NO2, NO, and others, aluminium
oxide AlO can form, which is in the products of
combustion are not directly provided. AlO can be
formed also as the result of joining molecules of
aluminium
to its oxide Al2O3 at high
temperatures (1300 K). In twilight condition the
mechanism AlO emission is resonant scattering
of solar radiation: AlO hν → AlO* → AlO, hν in the
wavelength range 4374 Å - 5424 Å, which
determines the "turquoise" color of the rocket
trace. Blue-green light aluminium oxide is also
associated with spontaneous emission in the
transitions B2+,v’→X2+,v”. Long-term "afterglow”
AlO, (glow for ~1 hour after the rocket flight) is
determined by the relatively small diffusion
coefficient of these sufficiently heavy molecules.

Fig. 4: The spectrum of "turquoise" clouds and the scheme of
electronic levels of the molecule AlO.

4. Concluding remark
As the pressure of an ambient gas on heights
above 120 km is ∼10-2 Pa the ratio of gas
pressure in the rocket combustion chamber to
an ambient gas pressure, may achieve a value
~109. Such a ratio of gas pressures should lead
to the phenomena typical to a very strong
explosion in the atmosphere, with the formation

AlO glow in the upper atmosphere was
studied in detail during active experiments with
emissions containing aluminium components. In

Opt. Pura Apl. 44 (4) 713-717 (2011)

- 716 -

© Sociedad Española de Óptica

ÓPTICA PURA Y APLICADA. www.sedoptica.es.

high altitudes the investigation of AlO and Li
emission make possible to study the chemical,
thermal and other physical processes that are
taking place in the upper atmosphere.

of strong shock waves and gas expansion with
the velocities up to ~3 km/s.

Experimental results show that the operation
of the solid rocket engines in the upper
atmosphere lead to the formation of gas-dust
clouds with the specific geometrical and
dynamic features.
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The presence of metallic element added in
the solid rocket propellant results in very
specific spectral characteristics of gas-dust
clouds emissions. As this emission is produced at
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