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Introduction

The launches of powerful rockets and output
of space vehicle engines are accompanied by
the injection of combustion products with a
complex structure into the atmosphere. These
products contain both gas and dispersed solid
components that result in the development of
gas and dust clouds having certain geometric
and dynamic features. The development of such
artificial formations in the upper atmosphere is
accompanied by rather unusual optical
phenomena caused by the scattering of sunlight
from the combustion products as well as their
interaction with constituents of the upper
atmosphere [1 - 5]. Investigations of these
optical phenomena permits studies of
anthropogenous pollution of near-Earth space,
interaction processes of the pollution with the
environment and dynamic processes in the
upper atmosphere.

The optical signatures in the upper
atmosphere accompanying rocket launches
made from the Plesetsk cosmodrome and White
Searocket ranges have been registered for many
years by all-sky cameras in the northern regions
of the former Soviet Union as part of normal
auroral recordings. Over fifty rocket plumes and
large-scale diffusive formations have been
captured on photographic film.

The investigations of dynamical and
structural parameters are the most interesting
large-scale artificial formations in the upper
atmosphere were carried out by different
authors. In particular, it was shown, that
characteristic velocity of expansion of a gas-
dust clouds formed by rocket exhausts is 1-2
km/sec, and their size can reach severa
hundreds kilometersin diameter. Interaction of a
gas phase of combustion products with the
atmosphere components resultsin the change of
speeds and directions of ionic - molecular
reactions which can result in occurrence of
anomalies in the own luminescence of the upper
atmosphere [6-9]. The analysis of  optical
recordings allows a general estimation of the
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Fig. 1: Development of the cloud formed as a result of the release of
excess fuel after separation of the first stage of aliquid fuel rocket at
about 45 km altitude. The cloud formation is about 250 km from the
point of observation. The angular scale is given along with elapsed
time in seconds after initial discovery of the luminous cloud.
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lifetime of the phenomena as well as conclusions as to the physical mechanismsinvolved.
Analysis and Discussion

In general, it is possible to divide the
large-scale observations into several basic
types:

1) Stratospheric phenomena at a height of
40-50 km: These phenomena are connected
with the discharge of excess fuel components
after separation of the launcher’s first stage
and the exhaust of the brake engines of the
separated stages. The main features of
_ . _ i stratospheric formations are: (a) rather a small

: i FEf;H_ expansion speed determined by diffusion and

wind spreading of the combustion products;

Fig. 2: The characteristic braking distance of 1 micronice (b) long lifetimes; and (c) rather a high

particles with altitude. brightness, which permits ground-based

observations of the formations both during twilight and daytime conditions. These features are basically determined

by the physical conditions prevailing in the stratosphere but also by the nature and amount of exhaust products

injected into the atmosphere. Fig. 1 is a sequence of images showing the development of an artificial cloud formed by

the exhaust of brake engines from the separated first stage of the rocket . The total mass of exhaust material is

estimated to be 500 kg injected at approximately 45 km. Clearly, a certain degree of environmental pollution is taking
place.

2) Turbopause phenomena at the height of 100-120 km: These phenomena are observed during twilight and are
determined by the scattering of sunlight from an extended cloud of combustion products. They have rather a high
brightness and are frequently observed visually from distances up to 1000 km. The expansion speed of such
formations is about 1-2 km/sec with a characteristic cross-sectional size of 100-200 km. The localisation of these
phenomena to 100-120 km altitude is determined by the braking of the dispersed solid components of combustion
products in the upper atmosphere. The loss of momentum for a large particle moving in the upper atmosphere is
described by mdt = pr?V?r dt, wherem= 4/3pr’r ,isthe mass of aparticle, r ,is the particle density, r its radius,
Vitsvelocity, andr the atmospheric density. The particle’s changein velocity isgivenby V=V, /(1+ 3r V, t/ 4r,
r), and its characteristic braking distance, i.e. the e-folding distance, isgivenby L = 4r ,r / 3r In(1 + t/t) wheret =
4r or | 3r V,. Fig.2 shows the variation in braking distance with altitude for 1micron size particles for the model
atmospherein [10].

At altitudes below 100 km, the rocket exhaust trail retains a small cross-sectional size and so remains optically
bright. At altitudes above 120 km, the dispersed solid particles expand freely and therefore the exhaust trail is not as
optically bright. Theintensity of sunlight scattered from the gaseous component of the combustion productsis small
in comparison to scattering from the dispersed solid particles of the exhaust trail. Fig. 3 shows the development of the
gas and dust cloud at 100-130 km formed during the launch of a ,Molniya“ satellite. The scattering of sunlight from
rocket exhaust trailsis also evident in the upper atmosphere, however, the fast expansion of the combustion products
and the low power of final stage rocket engines results in reduced optical intensities by several orders of magnitude
[1,3].

3) Large-scale dynamic phenomena at 150 km or higher: These phenomena are connected to special modes of
rocket engine operation, in particular, shut off of solid fuel rocket engines. This process is connected with a sudden
drop in pressure in the combustion chamber that results in practically instant injection of large quantities of fuel
components and incomplete combustion products into the atmosphere. Several hundreds of kilograms of material are
released as a dispersed dust cloud. The mass of matter injected into the atmosphere is a function of the combustion
chamber pressure, volume and temperature: M = nPV / RT, where Pis pressure, V isvolume, T istemperature and mis
the average molar weight of the exhaust products. For typical values of P =10 Mpa, V = 20 n, T = 2800 K, and m=
0.035[11], the mass released is ~ 300 kg. In exceptional cases, such artifical clouds may rise up to 700 km, their cross-
sectional size may exceed 1500 km [5] with an expansion rate of 2-3 km/sec. The lifetime of such formations is
determined by the time taken for the various components to precipitate under gravity down to about 100 km altitude,
i.e. the turbopause boundary. These rocket trails have been widely observed not only in Russia but around the
World during power solid fuel rocket launches. Fig. 4 shows an example of a high altitude rocket plume taken with an
all-sky camera. It is interesting to note that the unique nature of these formations with no comparable natural
phenomenon, their large size, and the opportunity to observe them from long distances across political boundaries,
often resulted in sensational reporting in the mass media of unidentified flying objects (UFO) [12, 13].
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Classification of gas-dust formations fom rocket exhaust in the upper atmosphere by scale and dynamics

It seems obvious that the dynamic and morphological
features of the artificial clouds are a function of the relative
guantities of gaseous and dispersed solid components from
the rocket exhaust. The characteristics of two basic types of
optical phenomena resulting from rocket launches through
the upper atmosphere are given below:

A) Long lifetime luminous formations:

Height of artificial cloud: 100-120 km. Characteristic size:
~100 km.

Formation lifetime: 0.1-6 hours or more.

Type of spectrum: discrete lines and molecular bands.

Brightness: up to 10° sb.

Cloud structure: molecular gas components of rocket
exhaust.

Luminosity mechanism: Mostly resonant scattering of
sunlight on combustion products interacting with
atmospheric constituents.

Dynamic development of the cloud: molecular diffussion
[14].

B) Short lifetime luminous formations:

Height of artificial cloud: 100-700 km. Characteristic size:
100-1000 km.

Formation lifetime: 1-10 minutes.

Type of spectrum: continuous emission.

Brightness: up to 10 sh.

Cloud structure: dispersed solid particles from the rocket
exhaust with 0.1-10 micron characteristic sizes.

Luminosity mechanism: scattering of sunlight by
dispersed particles.

Dynamic development of the cloud: spreading of dust
cloud.

The last type of phenomena connects with solid fuel
rocket launches exclusively because the dust long-lived
particle (Al, Al, O;) are contained in its exhausts only. The
dispersed ice particles from the rocket exhaust, with sizes up
to several microns, are formed as the result of water vapor
condensation due to the rapid expansion of the combustion
[1, 15, 16]. These authors show that the observed luminosity
can be explained by a 5-10% of the water vapour condensing
into ice crystals with atypical size of ~100 Angstrom. This
mechanism appears to hold for both liquid and solid fuel
rockets. Such artificial clouds not only explain the presence
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Fig. 3: Negative images of the development of the gas
and dust cloud of rocket exhaust from the launch of
the ,Molniya* satellite from Plesetck. The cloud
formation is about 500 km away from the point of
observation. The angular scale is given along with
elapsed time in seconds after initial discovery of the
luminous cloud. In the 9" frame (140 sec), only the
rocket plume is visible and the cloud of combustion
products remains undetected. At this time, the rocket
atitude is more than 160 km. The last frame shows the
glow from the artificial cloud above the turbopause.

of luminous rocket trails but also other observations in the upper atmosphere, for example, the formation of
ionospheric electron density holes due to chemical interactions with the combustion products. The spreading of the
ice crystals after formation provides rapid transport of a catalyst for the observed phenomena. Furthermore,
sublimation of the ice during the spreading process increases the possibility physical and chemical interactions.
Detailled consideration of the condensati on-transfer-sublimation process will be presented in a future manuscript.
The observations clearly show that both mechanisms of luminosity production (scattering and chemical
interactions) are operating. For example, Fig. 4 shows that after the initial dynamic phase of the artificial cloud
formation rather a weak diffuse luminosity remains for along time (several hours until sunrise stopped observations)

at the location where arocket stage separation took place.
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