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High power lasers for space debris elimination
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Abstract; A number of debris in low earth orbit is exponentially growing although future debris release and
mitigation measures have been considered in human space activities. Especially, an already existing popula-
tion of small and medium debris is a concrete threat to operational satellites. Ground-based DF laser and
space-based Nd: YAG laser solutions appear as a highly promising answer, which can remove hazardous debris
around the selected space assets at low expenses and in a non-destructive way. This paper introduces a re-
search on the Space Vehicle( CV) protection and the orbit clearing from dangerous Elements of Space Debris
(ESD) with diameters from 1 to 10 cm by means of a high-power and high repetition rate P-P Nd: YAG laser
with an average power of 100 kW and a DF-laser with an average power about 1.5 MW.
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1 High repetition rate P-P mode of la-

ser operation

For the lasers with a high average output power
(GDL, HF/DF, COIL, Nd: YAG), it is very com-
mon to use an unstable resonator configurations with
a large cross section of the active medium. In the re-
sonators of this type, externally-injected low-power
beam may exert a significant effect on the character-
istics of output radiation.

One way to realize the radiation control regime
is the self-injection regime of radiation, which is ex-
tracted from the resonator and returned back to re-
sonator as part of radiation after changing its spatial-

2l The transition to the

temporal characteristics''
transient lasing mode is impacted by the modulation
of the self-injecting beam. Earlier, a study was
made on laser versions with radiation self-injection
into the paraxial resonator region. However, an a-
nalysis showed that the power of the beam injected
into the paraxial beam region should be about the
same value or comparable with the output laser pow-
er to efficiently control the resonator of a continuous-
ly pumped laser, which is unlike pure pulsed sys-
tems with regenerative amplification.

The self-injection of a part of output radiation
through the resonator periphery is more efficient: on
return to the paraxial resonator region, the injection
power significantly rises due to a large number of
passages, thus playing a dominant part in the forma-
tion of output radiation.

In the case of a traditional resonator, the role of
waves converging to the resonator axis was found to
be insignificant, because their source is a narrow re-
gion with a small relative area at the edge of the out-
put mirror; accordingly, the power of the control
wave injected into the resonator is low. This wave
has a large divergence, and only its small part ( of

the order of NF, where NF>1 is the Fresnel num-

ber) participates in lasing.

The effect of injection wave on the resonator
characteristics can be enhanced by matching the
beam phase with the resonator configuration and in-
creasing the radiation power returned. In this case,
the propagation direction and the wave front curva-
ture of the injection beam should be matched with
the resonator configuration. In this way, the injec-
tion beam concentrates after a relatively large num-
ber of passages through the resonator near the optical
resonator axis, and transforms to a divergent wave
that forms the output radiation. After its arrival to
the resonator axis, the injection beam energy should
be high enough to exceed the saturation energy of the
active medium.

P-P mode of operation was realized in two types
of lasers theoretically and experimentally, namely in
a gas-dynamic CO, laser and Nd: YAG laser”'. CO,
laser had the following parameters:the length of the
active medium L, =1.2 m, the unsaturated gain co-
efficient g, =0.6 m ™', the time it takes the active
medium to transit the resonator 7 =0.92 x 10 ™ * s,
the relaxation time 7, =2.76 x 10 “*s, the total go-
round resonator time 7, =4.2 x 10" s, the lumines-
cence lifetime 7, =5 s, the resonator magnification
factor M =1.45, the diameter of output laser aper-
ture @ =0.08 m. Nd: YAG-laser was above 1 kW
level, with two heads geometry.

The CO,-laser resonator is made up of two
spherical mirrors with rectangular apertures, which
provided a geometrical amplification factor of 1. 45.
The active medium travels across the optical resona-
tor axis. In what follows below all theoretical and ex-
perimental data are provided for a laser with the a-
bove parameters.

A part of the output laser radiation was diverted
by an inclined metallic mirror to the injection beam
formation system consisting of two spherical mirrors
with conjugate focal planes. In the vicinity of the fo-

cal plane there formed the waist of the branched part
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of the laser beam, and a modulator was placed near
the waist. The modulator location was selected so
that the laser beam completely filled the aperture of
the modulator. The maximal modulation frequency in
our experiments has reached 50 kHz.

A mirror focused the radiation onto the calorim-
eter. The duration of an individual pulse was about
100 — 150 ns. We emphasize that the recorded pulse
duration was limited by the measuring path band-
width which is equal, as noted above, to 50 MHz.
The amplitudes of individual pulses exceeded the av-
erage value of output power by factor ~10. The av-
erage output power was measured with a calorimeter
cooled with running water. It is noteworthy that the
average output power in the pulse-periodic mode was

equal to the output power in the CW laser-operating

mode. Good agreement between the experimental
and theoretical data for frequencies ranging up to 25
—50 kHz testifies to the adequacy of the proposed
model and the possibility of employing this method at
higher frequencies to convert a CW laser to the oper-
ating mode similar to the Q-switching mode.
HF/DF-laser and COIL are waiting for the ex-
perimental efforts to be applied. Fig. 1 is the simula-
ted setup diagram of HF/DF laser with active
media. Theoretically, P-P modes of regenerative
amplification for high power lasers ( Fig. 2) have
been investigated and modeled by computer. The
output parameters are dependable on parameters of

media, way of pumping and resonator geometry. The

summary of the radiation temporal structure is pres-

ented in Tab. 1.

(a) Top view

(b) Side view

Fig.1 Simulated setup diagram of HF/DF laser with active media:L =135 ¢m, H =40 cm
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(b) CW mode of operation

Fig.2 Train of pulses for regenerative amplification
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Tab.1 Summary of the radiation temporal structure
Lasers
Parameters
COIL HEF/DF Nd: YAG CO

Frequencies at the starup of P-P mode/kHz >20 >100 >4 >10
Frequencies at the modulation depth of 100% /kHz >100 >250 >40 >100
Pulse duration/ns <250 <100 <250 <250

Ratio( P .../ P er) 100 -1 000 100 - 10 000 100 -1 000 100 -1 000

2 New application for high repetition

rate P-P lasers

In previous years an increasing attention has been
given to the study of possibility of lasers using for
cleaning of the elements of space debris( ESD) from
the space. These elements have collected over more
than four decades of operation of space and in some
cases, created a big threat to space vehicles (SV).
Experts estimate that by 1996 about 3. 5 million ESD
was traced in the size less than 1 ¢cm, more than 100
thousand splinters in the size of diameters from 1 to
10 em, and nearby 8000 ESD in the size of excee-
ding 10 em'**'. Large ESD with a diameter more
than 10 c¢m are found out by modern watch facilities
and are brought in special catalogues. The most ef-
fective method of protection from such ESD is the
maneuvering of SV. Experts estimate that splinters
in a diameter less than 1 em do not represent a spe-
cial danger for existing SV. This is due to the pres-
ence of passive constructional protection although it
makes SV considerably heavier. The most unpleas-
ant diameter of splinters is 1 —10 ¢m when the nec-
essary degree of passive protection does not manage
to be carried out because of its unacceptably big
weight. To avoid the collision at the expense of ma-
neuvering SV is impossible, as such splinters are not
visible on the radar screen.

In low orbits under the influence of atmosphere
quickly enough, there is the EDS self-clearing, as
the time of life of ESD in orbits with a height of a-
bout 200 km averages about one week. In higher or-

bits in height of 600 km, their self-cleaning can oc-

cupy 25 — 30 years; and at the height of about
1 000 km, their self-cleaning can occupy 2 thousand
years'>). Our estimations have shown that the proba-
bility of collision with SV in diameter of 10 m within
one year of its operation makes 0. 45 for EDS, 10~
for ESD with a size of 2 =4 c¢m and 0.4 for ESD
with a size of <0.4 c¢m; and frequency of collisions
with the catalogued objects( =10 ¢m) is at the level
of one collision per 30 years. And every year, the
number of ESD is increasing. The reality of a colli-
sion of SV with ESD is very clear.

As a result, the withdrawal of ESD from an or-
bit to protected the SV is a real problem. For this
purpose, it is necessary to reduce the speed of ESD’
s movement. As it will be shown further, it is possi-
ble to reach at the expense of ESD pulse irradiation
and the reception on its plasma surface to creat an
impulse of return. Such impulse arising in a mode of
laser ablation of ESD material should reduce the
height of ESD orbit so that it has flown by SV or,
would finally enter into dense layers of atmosphere
and get burnt down.

Several previously offered studies use the
Nd: YAG ground-based laser installations for space
clearing, but such laser lacks connectivity with the
the passage of 1 um radiation of the big capacity
through the atmosphere, which can lead to the loss
of optical quality of a bunch of radiation and the oc-
currence of nonlinear effects. They have small mob-
ility and therefore the number of ESD that can be in-
fluenced by radiation will be limited. At the influ-
ence of laser on ESD from the earth surface, the re-
turn impulse will be directed upwards and the apo-

gee of orbit ESD will be increased, but the perigee
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is going to be decreased and stopped by dense at-
mosphere. And the most important thing is that the
requirements for power of the land-based laser
should be increased in comparison with the space la-
ser, as the distance from a terrestrial surface to ESD
is much longer. For these reasons, the most expedi-
ent arrangement of Nd: YAG 100 kW laser installed
directly in space is recommended. Thus it is desira-
ble that the power consumption for such installation
should be minimal. This condition satisfies Nd: YAG
with LD pumping, so that it is capable to work inde-
pendently in P-P mode of operation with very small
expenses of power for the system service control. But
for the case of the ground-based laser, we have sug-
gested the DF-laser, whose radiation propagation
through the atmosphere is much more effective and
whose output power of existing systems( > 1. 5MW)
and technology are more advanced.

In the reference [ 5], the most possible vari-
ants of rapprochement of ESD flying as a rule on el-
liptic orbits with various SV and moving on circular
orbits at heights of 200 — 700 km have been ana-
lyzed. Two variants when SV moves on a circular or-
bit at a height of 400 km have appeared to be the
worst, i. e. ESD flying on elliptic orbits whose
heights of apogee are 2 000 km and 4 000 km. In
this case, in a perigee there are areas where the
planes of orbits SV and ESD coincide, and the
speed of their rapprochement is maximum; and in
this area, vectors of speed SV and ESD lie along the
same direction, i. e. by influence of the laser radia-
tion it is impossible to give ESD a lateral component
of speed, as it is in more opportunity for an inclina-
tion of planes of orbits SV and ESD under the rela-
tion to each other.

The maximum speeds of rapprochement calcu-
lated for these two variants have been accordingly
-395 m/s and -2 463 m/s. For circular orbits
with height of 200, 400 and 700 km, the speeds of
EDS flying on circular orbits in approchement with

SV do not exceed 343 m/s, therefore these variants

can be neglected.
Let's consider the process of rapprochement of
ESD which is catching up with SV, after the influ-
ence on ESD of the laser radiation. Before the laser
influence, the force of an attraction of the Earth and

the centrifugal force are equal;
mu mM

R+H Y (R+H)"

Where : v, — speed of movement ESD on a trajectory

(1)

before the influence of a laser impulse, R - radius of
the Earth, H — height of ESD over the earth, M -
weight of the Earth, y — a gravitational constant,
m — weight of ESD. After such influence on ESD,
this balance will be broken; then the reduction of
ESD speed Av will force the normal acceleration into
the direction towards the centre of the Earth;
M (v, = Av)?
(r+H)’ R+H ~

Where; Av — change of ESD speed after laser pulse
influence ( typical value of Av is ~200 km/s""").

After simple transformations from (1), we will re-

(2)

ay =

celve :
—2 -, - Av + AV
= IO{+H ’ (3)

Through the time — ¢ the radius-vector of ESD orbit

will be changed ;
u Av - (Av - 2v,) ,

a
Al =y = R+H (4)

By knowing the initial distance — L from SV to

ESD and a tangential component of rapprochements
speed of ESD to SV after the influence of a laser
pulse

b= b ! (5)

vy v-Av’

Then for the change of size of a radius-vector of
ESD orbit, we will receive the following expression ;
Av + (Av - 2v,) &

R+ H (v —Av)?’

From here, it is possible to find the distance

AH = (6)

between ESD and SV when it is necessary to start
the influence on ESD by laser;

B AH - (R + H)
L= (v o) «/Av'(Av—Zvo)' (7)
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Proceeding with the SV dimensions, we will set
the size AH =30 m. Then for the first variant of
pp =395 M/s, Av =
200 m/s, v, =8 km/s, H=400 km, R~=6 300 km,

the distance between them will make 4.1 km. This

ESD rapprochement to SV at v

way will be passed in the time of ~20 s. Then for
metal ESD at typical values of CO"" =4 dyn - s/]

and S/m = 0.15 em’/g, we will receive Av =
6 cm/s, and the necessary number of pulses for the
value Av =200 m/s will make 3 300 pulses at a
3 000 Hz frequency of high repetition rate Nd: YAG
laser. Necessary time of influence is 1. 1 s, which is
much less than the time of rapprochement to SV
found before (20 s). It shows that with the same la-
ser, it is possible to reject ESD from SV with rap-
prochements having much greater speed.

For more exact calculations at the high speeds
of rapprochement, it is necessary to consider the dy-
namics of change of values Av and the current dis-
tance between ESD and SV after the influence of
each laser pulse of P-P irradiation on ESD.

For the second variant with very great speed of
rapprochement v, =2 463 m/s at Av =200 m/s
and with a much bigger distance of 20 km, the re-
jection is possible as well. However, maintenance of
Av at the distance of 20 km will meet some changes
of parameters due to the bigger size of the focal point
on such a distance.

The problem of ESD withdrawal from SV orbit
where ESD has flown by SV has been considered a-
bove. The other problem is also important, that is,
to create such impulse of return to achieve decline in
ESD to an orbit in height of 200 km at the expense
of the further braking in atmosphere of particles of
ESD, so that ESD will be burned down and the
space will be cleared from ESD. In other words, a
SV with laser installation will carry out a role of
“cleaner” of the most used orbits. If the particle
ESD has decreased to 200 km over the Earth sur-
face, its speed needs to be reduced by a certain val-

ue Av which will allow it to pass from a circular orbit

on elliptic orbit whose exact value can be calculated

as follows;
Ali = yapogee - vstart ’ (8)

Where ; v, — ESD speed in the apogee of a transi-

apogee

tive elliptic orbit, v, — speed of ESD in an initial

circular orbit. Speed in the apogee is:
2-y-M-R,,
vapogee :\/ y S > (9>
oo * (oo + Ryn)
Where: r,y, — radius of a circular orbit in height of
200 km, R

in an initial circular orbit is defined as:

—radius of an initial orbit. ESD speed

start

vsmrt = R. M * (10)

On the basis of given data by ref. [5], the
graphic dependence of demanded reduction of speed
ESD in the apogee of an elliptic orbit from the height
of an initial circular orbit has been constructed. The
similar dependence has been resulted in the work of
ref. [ 5] without explanations. It is clear that ESD,
being in the orbit with height of ~900 km, will de-
crease to the height of 200 km if reducing the speed
by 200 m/s.

The change of ESD speed Av after the influence
of laser radiation pulse with the energy density E
(J/em®) on ESD is defined from the following ex-
pression ;

Av = C ES/m |, (11)
Where: S - the interaction area, m — weight of

ESD, C, [ dyn -

m

s/J] — proportionality factor be-
tween Av and E, depending on the ESD type. Char-
acteristics of the most widespread of them are pres-
ented in the Tab. 2">'. Such ESD are formed as a
result of SV explosions or their collisions with ESD.
Spheroids of Na and K are formed after destruction of
reactors. Splinters of phenol-carbon plastics and
fragments of “plastics-aluminum” are the fragments
of thermal protection; splinters of aluminum-based
materials can appear after explosion of tanks and

covers of SV; steel bolts are the fragments of con-

necting block armature.
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Tab.2 C,(opt) and S/m for different ESDs
Type of ESD
Na(K) “c” b.ased Organics-based “Al” b.ased “Fe” -lfased
materials materials materials materials
Angle/(°) 65 87 99 30 82
Apogee/km 930 1 190 1 020 800 1 500
Perigee/km 870 610 725 520 820
(S/m)/(em® - g™") 1.75 0.7 2.5 0.37 0.15
Size/cm 1.0 1 x5 0.05 x30 1 x5 1x10
Reflectivity 0.4 0.02 0.05/0.7 0.05/0.7 0.5
C"/(dyn - s/1)  (6+2) (7.5+2) (5.5+2) (4+1.5) (4+1.5)

High-power high repetition rate P-P laser should
generate a temporally and spectrally effective pulse
designed for high transmission through the atmos-
phere as well as for efficient ablative coupling with
the target.

The space-based Nd: YAG laser with output
power less than 100 kW that we propose is the best
tool for fast re-entering of the ESD into the dense
layers of atmosphere.

The DF ground-based laser system that we have
proposed is capable to get a rapid engagement of tar-
gets whose orbits cross over the site, with potential
for kill on a single pass. Very little target mass is
ablated per pulse so the potential to create additional
hazardous orbiting debris is minimal.

The laser system would need to be coupled with
a target pointing and tracking telescope with guide-

star-like wave-front correction capability.

Tab. 3 presents the LEO/MEO ESD removal
data for Nd: YAG laser. ESD have a size of 1 -
10 em and fly below the 300 km altitude. C, =
4 dyn - s/] in average is for polymer and “Al”-
based materials response. Typical S/m data for
ESD, namely NaK-1.75, Al-0.37, and Fe-0. 15,
are taken from the Tab. 1. For 1 =3.0 J/em®, S/g
=0.15 em’/g, we need N =7 000 laser pulses for
ESD re-entry. Nd: YAG-laser operating at 3 000 Hz
can re-enter small object from the gap 1 — 10 c¢m in

2.3 s.
(360 kW) for CW/P-P Nd: YAG lasers has not yet

Such a level of average output power

been demonstrated up to now. To get such effective
results for clearing, we not only need the laser but
also a 30-m-diameter telescope to deliver the laser
pulses to a target at 300 km range or more within 10

ns time duration.

Tab.3 LEO/MEO ESD removal data for Nd: YAG laser

A T D, w f

(P) d, A I

1.06 pm 10 ns 30 m 60 J 3 000 Hz

360 kW(0.5)

5.2 cm 2Dif 300 km 3.0 J/cm®

Tab. 4 presents the LEO/MEO ESD removal
data for DF laser. ESD have the same size of 1 — 10
cm and fly below the 300 km altitude. C, =
4 dyn-s/]J in average is for the same materials ; poly-
mer and aluminum. With /=0.6 J/cm®, ¢ =10 ns,
S/g=0.15 ecm’/g, we need N =3 5000 pulses for

ESD re-entry. Ground-based 1.5 MW DF-laser op-

erating at 10 kHz can re-enter any small object from
the gap of same size in 3.5 s. This operation re-
quires a 30 m-diameter telescope to deliver 2 J/cm’
(C,=0.2 C™) to a target at 300 km range with a
10 ns pulse at 3.8 wm. Here is important to note
that with one minute delay for retargeting, all objects

of this height and below can be re-entered during
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0.5 year only. It should be also noted that the level
of output power for CW regime had already been
demonstrated and the technology is mature enough.
The realization of P-P mode of operation for this type

of laser is the question of time. Motivation is com-

pletely available. New tasks for high repetition rate
high-power lasers generated during the last few years
are very much important'””) and definitely should be

solved in the near future.

Tab.4 LEO/MEO ESD removal data for DF laser

A T D],, w f

(P) d, VA 1

3.8 um 10 ns 30 m 150 J 10 kHz

1.5 MW 18 em 2Dif 300 km 0.6 J/cm’

3 Conclusion

This paper presents the SV protection and the orbit
clearing from dangerous ESD with diameters from 1
to 10 em by means of a high-power and high repeti-
tion rate P-P Nd: YAG laser with an average power of
100 kW and a DF-laser with an average power about
1.5 MW.

The paper examines the possibility of applying
the installations mentioned above not only for dan-
gerous ESD withdrawal from SV orbit, but also for
planned clearing of the most maintained orbits from
such ESD when these installations will carry out a
role of a “cleaner” for these orbits. For this pur-
pose, under the influence of radiation, it is necessa-

ry to translate ESD from a circular orbit to elliptic
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— S B S LA B 05 5 R R A G B
FESCHLH, RIYE MR i BRI R, SR 1k
AR L 2 RV DA i A DI A — % [ AR
o HEABRSWOGEL I 5 I B 2 3
LECATR T R0 o AT o — o e as
RIHIBTTE, FHoR R 08 L A 5 300 A i
PRI DX, AH AT 2 B, A SO R X ) Ol
HIER 2 Sk RO D SRR F], A3
P e SR A BOEA IR I, X 5 B A R
TCRDIRE ALK i R GEA ) o

R E i R ARG L A T S A IR I S
T ) BT 20 « AR (e A A G s DX, o 0
R AR TR U] A5 , T 7E i L AOE
o R R T AR

TERE LG IR I I, R B B2 J Tl 4R
R BOPE IO AN 2, PR A R 2 — BRople 7 1Y
DX, HE TR B 1 B A I AR B0 s TR A
IR IS A 2 T D D AR A AR . OL IR A
R ACHE, iy H A — /o (O 1/NF 2%, K
HNF IR RE NF>1) 2 5 H0EIE

A 5 o O TROR 75 9 A i C P LA 34 e [l
YRR S Eh 23 T LA 5 T TR i M A P 1 2
o FEXFMEOLT , TEASG A AL 55 75 1) 1 iy
il 3024 5 1 PR R AR DE I IR, R TETAR Y
TEASCHUHE AR IS S5 22 5 TP AL IR B i
TR R  fi th o IR IR I OL A L, A
JERE R N 122 08 e L2 T O A A f A E

=)

Ho
TEFE NS g b, P-P i A7 A i i W2
OGS SCBRY, RIUAS) Ty CO,BOLARFIND: YAG

BOEEY . COBOLRBA T IS5 IE A IR
K E L, = 1.2 m; dEM A 25 R g, =0.6
m ™S A R IR I B R 7 =9.2 x 107
s IR IA] 7, =2.76 x 10 * s 5 35 [543 s HF 1]
T =4.2x107 s;PNHAT 7, =5 s IR AR
REOM = 1.45; BO6 A 0 4 B fL42 @ = 0. 08 m,
Nd: YAG BOG# R %8 T 1 kW, 3F ARGk
JU[AME o

CO, FOGAR IR IR s oy 15 0 T L Ay 1 B o T
YL, BRIEGE I T OR R B 1,45, B0E A i
G FIE RIS AZE . IR T 5 _ LR S Eu
WOEEA T FLEREE RS 56 5

fia G — R 43 R MUARL ) 4 T B T RO )
I 1) LA A A 1 ) VP R BR T B 4L B A T A
W ARG, 70 B TP B T 0GR o 32 R
TE LRS00 B — A2 o VR 27 ) B
NEARIE LSO A T8 2 e il A 25 L. SC PRk
PR IR FI50 kHz,

BRI BENE 4 B AR B T SR b i Fr
SEAFIR| 254 100 ~ 150 ns, T 25 I A9 2 T i sk
14 ok S HE 2 N (] A2 3] 7 00 A S A B .
TR DU ARAT 58 50 MHz, BRLAShk i )
JE I D R 24 10 £ SR % H o R
F 223 K AR T I A o (A5 R A2 Bk
BT 1P M T 3R A T Sk (CW) 0k
s TR I TR, £ 25 ~ 50 kHz 4%
YU BT P4 52 6 650 B R P O 50 11 o B — B UE S T
AR B 70531 DL AR = AR I R A
CW HOLER B AT, (2 3208 T Q FF A
(1 mT REdE

HEF/DF 3045 1 COIL 0t # 1F Ak Tl 56 v
BB, B 1 2 HE/DF ot as e B, M
FE PR UL, R DO AR 1 PR A UK P-P AR
(N 2R ) B4R T 0F o8 A, L
iy B SHAEN TS50 0 7 =R 4iR fes L AT R
PO ATRERY 1 0 T SRS R A5
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APOLLONOV V V. FHF 45 [B]% 1 BR ) = DR B0 48

(@) fFPLE

(b) URLIE

1 HF/DF #oeaess m i & (L =135 cm, H =40 cm)

(a) 3985 TF K ko

100 HC

o —

(b) E LR THIN

B2 @ REOtE I FEROR P-P BRI

&1 EHHESEN

COIL HF/DF Nd: YAG co
P-P #5290 14 951 %/ K Hz >20 >100 >4 >10
JEEITREE S 100% (8512 kHz >100 >250 >40 >100
ik 58 BE /s <250 <100 <250 <250
Poss/ P 100 ~ 1 000 100 ~ 10 000 100 ~ 1 000 100 ~ 1 000

2 FHEEFPPEARITAL

ATREAE AT TR BOR 22 183 5 83 1) P
TR PR 2 (W] 6 (ESD) 9 Al REPEAT 9T b 72
40 MR WiTdviafTid g, X R E 2
REFARLENG O 2 T 0 R = ©AT 27 (SV) 1 M
BRI . L AT, 1996 4F |, #R0 2] Y
FA/NT 1 em 1 ESD $is © ik 324 350 U7, H
91~ 10 em BFE R RO 10 07, T EAR R

F 10 cm [ ESD ¥ 6 i 80001, E 28 i
10 emfy K ESD 2 5 2 B WL 15 4% 2 BLIY , 3
46 ESD B RS N FRR RIS . I RN SV IIA R
WG IX L ESD, LRNTIANERZ/NF 1 em [
FHALXT A SV A F g, X & o4 H
T SV bl shEb B i, BARIX 45 SV E R
B, MEAA N1 ~10 em fOREH R E ST K
T TG0 T 06 2 4 4 20 B 47 ), 3 R e e ROSF i
BN T Bk KM fEXME LR, 24
ERY\ SV Kk X i Rl S AN AT RERY
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APOLLONOV V V. %5 [a) /i R 15 bR A0 = DR OB 2%

NAETE IR A X SRR R B AN LY

FERZ R RE W 2 5 PR 35 8 PN (£ 200 km
fKHLiE ) ,ESD HAT A ol iE #ke 1k, ESD 9135 75
W 1. FEE S HUE P, ESD (1) A sl
SACSRAR WIS TA] : A 600 km /35 3 Y HLIE P
BL25 ~30 4, i 7E 2 1000 km 1 55 B ) 75 22
2000 4E2° ARSI 1 SV B —4EiE 1T
Fih, AR 10 m [ SV 55 ESD filf & (1) o] G N
0.45 Y, i 5 EHZ R 2 ~4 cm [ ESD Rl Af
BEPEH 10 YR, 1 5 B 4% < 0.4 em [y ESD filf4#%
MR REME R 0.4 Ko SRR (=10 em) filf
FEIITRN 1 R/30 4, ESD [ 4l B3 AF AR 7E 1
i, SV 5 ESD flf# i i fE Mt AR £ ok fok

P, K ESD MELTE HH B B DAL SV ik
WMEZ A, NI, B LEREAR ESD iz shl
WE N —A WoR G, v] A i %k ESD 4 ik i 1R
LA B 7 R R A B v Rk Bl — H
1. 7£ ESD M RHOEOEEe =T, P2 AR 1 b g
N Y RERFAR ESD $IE 1 = B, 1k ESD B SV &
17, B A AR ABUR 2 5 R

BILIRBFSE R T Nd: YAG Hit 5 8055
FIRZS T HL, (HX S a2 i 2 5 KRR T pm
FRA I TE Y . Y X SR B R KRR
(N T B 7 O ot 9 TN gl 7 S [ [ 4 o | 32 1
RN o X LG I T RS s AR /N, R 1 32 4
S 1) ESD B 252 BB . 78 ESD 22 3k
[ H Bk 2 1A OB s, B g 04 05 ek 1) L
HUIE ESD )30 b o5 BR85S
B0 It Z BB RAZHF L. EEMRES R
FEFOGASAH L3 BE OB A8 19 Th 20 Y 1, Bk
M3 ESD WM L2 FE RS L, BT
LA, AR Nd: YAG 100 kW 084
BEAERZS o P IL AR 18 2 , B2 26 Jr o
N Y HA AR DR HE . X FP A2 5K Nd:
YAG IO 8 (LD) 23 , ffi Z RE7E P-P 3517
BN ST A, 22 G0 M 55 42 il i T4 FE 19 1) 2l
o X T HIIEBOLRY, 8 UCR A DF B0, X
PO TE K2 I S 46 B s 2, i
HIEIA R0 B2 ( > 1L SMW) FlE AR
Bt

SCHRLS ] 40 #r 1 ESD 4523 SV B AT REMIE 4L
X8 ESD Jf H 7RG BUE Bl F AT, A Fh SV
£ 200 ~700 km 5 BE @ IEEHE Fizgh, 24 SV
1E 400 km =9 EEHLIE iz gy, M Fp ESD iz
NE I A IR AE 2000 14000 km jiT
bR B A R BB L RATRY ESD, X AP E L
T AEVTHL S AFAE SV Al ESD [ U8 - 11 1A 4F =
B DI, T H BT A o R e K . PRI X,
SV F1 ESD 1% 3 B 5k f A T AH [R] 09 7 1], Al A
Ut TEWOGHR ST B 52 N, AN AT RE4T ESD — M4
[ 3 8 70k, PR AR AU B AH G HEAE T T, SV A
ESD (%% 18 V- i 55 7] 5 & LB it

CETT R AP O T B8 B AT B 3 31
395 Fil 2463 m/s. X F & 4 Sk 200,400
700 km )[R H3E , ESD 7EiX $L[HJEHLIE F AT
B3R SV BB FE <343 m/s, PRI 2645 10 AT DA
20

IEFRATE & — T 24 ESD 32 B EOLHE I 52
Wi f5 , ESD J8 | SV I i # . 7R 3Z2 BO0
SCIHT, ESD ks | 77 FESC I R AR 1Y

mu mM
R+H Y (R+m?"

Koo, RTESZ BNOL K vh 52 W R, ESD 7841 1E
BB R LR A2 5 H Jy ESD 7
KL M BRI E &y el J1THEG
m JJy ESD [, 2 ESD ZF|HOCH M), 1
WA 23 AT 0 ; ESD (19 3 B2 U 5 Av S5 7E Hb0
[r] b7 A 3 [l fin s

M + (v = Av)?

(r+H)’ R+H

K. Av Sy ESD 52 B3O Kk b 52 i Ji5 1 2 R AR
e (Av B SR 20 200 km/s' ) o 2 3
(1) By faf A2 IE 453 .

(1)

(2)

ay =

-2 v, Ao + AV

%n = R+H ) (3)

2yt I ¢, ESD B i AR K R AL -

2
Cayt”  Av-e (Av -2u) ,
Al === = R+H 4)

iy SV 3| ESD (0 e [ LKA 52 2




$H2 W APOLLONOV V V. HF=

< ()R 3 B 119 18 D O 2

JEk 5 ESD $eit SV Y Y] 1 43 &, W]
j{t{j t:

p=t ot (5)

vy v —Av

XFF ESD BB B AR R 284k, #5442 R 51
ESL W

Av - (Av = 2u,) P
H = . 6
A R +H (U—Av)z (6)

FH Gt AT 2K A e O s e X ESD S i 5 i
B, ESD Fl SV 2 ] it A 2 -

I=(v-Ao )\/ Mﬁ' if_*z?) (7)

FIF SV R SF, 458 AH =30 m, Xt ESD
3 SV 1SR —FP GO, ank V., =395 m/s, Av =
200 m/s,v, = 8 km/s,H =400 km,R=6 300 km,
N ESD 5 SV Z[A[¥FEES M4, 1 km, X BC#EERRE
TEZ)20 s WHE . X T4 )8 ESD, X S8 {f
CM" =4 dyn-s/] H S/m =0.15 em®/g 5}, 155 Av
=6 em/s; M EE % Nd: YAG #OB2840F 3 000
Hz SR, W 2R Av =200 m/s, ik i 8ok 5 3 3
300 A, 52 WA B[R] 2 11 s, 3 BU T TE & B
ESD $5 SV I [R] (20 s) A2, X RHT %)
TAH R O S G 28, 25 422 3 R A K T e
ESD j#FF SV,

TR R U B ) TS B T AR A R
LB S AR & Av UL RTEZ B B P-
P ARG K vh 52 e J5 ESD 5 SV 2 [a] i #E
(=08

XFFE MG DL, AR 7E Av =200 m/s B4
U v, =2 463 m/s, {fif H ESD Hl SV 2
B R B K% Z——iK % 20 km, JI§4 ESD 7]
AEWRETT SV, {H T1E 20 km FEE b4 S R
R, I AR X AR AR R Ao (A2 855
BN SRR B

R 2858 T ESD M\ SV LB i Fr i [H)
Bi——ESD {4 5 SV —{2 7 SV #li I %17, 7
—A[a) A AR H 2, RIAY E—F B o 77, ff ESD
#E ESD b+ K2 il i — 25 il 3 U LR

T8 2= B2 200 km pHLIE b, TS ESD Bgik,
MR G RR . e m)ih U, LB AT HOLAR Y SV
K S dreh TR BB S 38 W5 55 17 A . i
KL ESD &1 FEF| 2% b J5 200 km Ab, o B2
Tt B U R BUE Av, il ESD BEZE IR HLE T
T ETERIE o Av BORS BB A AR 25X
R

AV = Ve = Vgt » (8)

I 0, e A ESD AR PR A B 000 119 2z 3t
E/JEE’ smnjg ESD Y—T‘ﬂizz-\.ﬁ/i‘?jl _é‘J:E]/J igo
WEH R b AR -

Z.V.M.R%lart
Uupogee =«/ : ’ (9)

a0 * (oo + Roun)
itqj :Rzooy‘j 200 km %gﬂ%i?ﬂiﬁﬂg*ﬁé;Rsmn
I AR . ESD FERIR RIEFLIE LAy
B SR

vstart = R. M * (10)

start

B SCERLS T, 24 ESD 4b T4 6 R BLiAE &
b B R U S b B, BIrRE ESD R Y ]
TEA AT ezl ok . ZESCHRS ] dfq s 1
AR SCNE AR BA VAT, AR S, G SR G B
4200 m/s  JIB AL F 2 900 km 55 B AbHE DY
ESD #R# %] 200 km (5
Z BN CAR ST K v B 52 e 5, ESD A B B AR
Lt Av ¥ bt ESD RERL 2 E(J/em®) (75 1L
Az -
Av = C,ES/m , (11)

LS A H X ;m 2 ESD (& ;5 C, (dyn s/
1)k Av Fl E Z B 1 He 49 B 7, B g ESD 2%
B ESD {45t i ek 32 20 32k ESD 2
F SV HEKESL SV 5 ESD filf 1 5 % %, BRR
Na K J&7E 50 HE 8 58 5 T8 8010, 2 I ke 990 ) e
J DA BB IBT R 2 B A B R R BR A
BHOTE 278 SV ML 5 R KEJ5 H B 5 99 il B2 A4 0
ok A S IR R



552 1 APOLLONOV V V. HF 25 [a] 8 13 bR 1 i D 3ot 2%
%2 FREESDHC™ FS/m
M () mRE AT B ET R sRE TR SREATRY
fBE/(°) 65 87 99 30 82
P #b 2/ km 930 1190 1020 800 1 500
JEHb A /km 870 610 725 520 820
(S/m)/(em® « g7") 1.75 0.7 2.5 0.37 0.15
R~F/cm 1.0 1 x5 0.05 x30 1 x5 1x10
Rgt= 0.4 0.02 0.05/0.7 0.05/0.7 0.5
C™/(dyn « s/]) (6+2) (7.5+2) (5.5£2) (4£1.5) (4£1.5)

IR EEE R P-P RO AL TR T
1o SR O AUZ DL S B s AU A A B
ARk

iy S DPRAR T 100 kW A 25 3 Nd: YAG #0'6
Al ESD P ik A SR K2 RAET H,

DF MBSO RGEREE 5 RATHILIE E &0t
Ab S BRI, OF B TE SRR AT AR i R
ESD {)vRE . TEREA kb, RA R/ B R4
TR, DRt A BCH B i B PR 00 8 1 7T R
(ERURTY Y

BOCRATE S AT ERERIRIERE IR
H b 7 R R SR S

#£3 41 T Nd: YAG ¢ 2% 19 LEO/MEO

ESD 75 B %4l ESD iR~ 1 ~ 10 em, 7
300 kmg BN KAT, XA YIRSEIEM K C E
25k 4 dyn-s/J ESD f{JHLAY S/m %4 NaK-1. 75,
Al-0.37 Fe0. 15 LA FE 1, T 1=3.0 J/ecm’
H S/g=0.15 em®/g WIE ML, 75 5L N =7 000 1%
Sk o fiifF ESD FLR#EA . 7E3 000 Hz Fizf71HY
Nd: YAG GRS RETE 2.3 s UM 1 ~10 em B[] PR
PRGN . 124y 1k, I R BRIESE CW/P-
P Nd: YAG 306 #% () °F 34 fa th 1) % fE ik 3
360 kW, R15 243 2L BR 45 R, AT E 3
I, EHAA N 30 m (W, LAELE 10 ns
PR ] B] PR SO Bk i 4% 3% 3] 300 km S A& (1)
HArAL

%3 Nd:YAG B3t LEO/MEO ESD &R E

A T D}, w f

(P) d, Z /

1.06 pm 10 ns 30 m 60 J 3 000 Hz

360 kW (0.5)

5.2 em 2Dif 300 km 3.0 J/cm®

F 4451 T DF BO6#1 LEO/MEO ESD 3%
BBE. ESD g9 R 1 ~10 em, 7E 300 km 5
JER /AT, FHIME C, =4 dyn-s/J 535 T AH R B
MRS, 24 1=0.6 J/em®, 1 =10 ns,
S/g =0.15 em’/g I}, F5 %5 N =35 000 4k i fgi 15
ESD FLEA . 1 10 kHz Tizf7 ik 1. SMW
DF BOGAFRETE 3.5 s P MAH R RUST 1 [1] B2 4K
BN N, WEAER 2 — & HAE R 30 m
B, LMELE—> 10 ns (KA (3.8 um)

H52 V/em’ (C, =0.2C7") Bt &% 2] 300 km §F
FEHTH AR YDAk e A0 (8 15 1 Y 2 R AF AR
1 min R 5E (L IER , OGS R BELE4F R
PEATE IG5 BE R ART I im BE A P A AR 3 oY
TERRYRE : CW RGERH 2R KF 2 Sl ik,
1M HEARC RGN BRI eh i P-P
s AR HUE I (] A AL, H ATRHLE 58 2.
TEi 2 TUAF U] i 2 R 3R R D RO A B
SAREEE T E BRI,



%2 1 APOLLONOV V V. F T2 [ 7 Wi BR A e D 3R O 6o
&®4 DF E3¢2EH LEO / MEO ESD 5% ##E
A T D, w f <P> ds A 1
3.8 pum 10 ns 30 m 150 J 10 kHz 1.5 MW 18 e¢m 2Dif 300 km 0.6 J/cm’
Hb S AL T 0% K2, ESD Al 7E AR B b
3 £ # S8 [0 U P i o 7 TR, ESD 5 A HE 3% |

FIFETh % 100 kW (1) 5 0 % & R %
P-P Nd: YAG % %8 FISE- 24 Th R 25 8 1. SMW ()
DF Jotgefi SV % 5 HAZ N 1 ~ 10 em 1Y 1[5
ESD filf i , JfK5ix 46 ESD MHIE rhif bR o

38T TR _E iR A BB AR ESD M SV Bl
HAS O X S Py Y B VT L A
BF AR R s 4 ESD M 5 B 4E 3 1 8 T
FREGATREVE . M FERR ST T A 2 ESD
MBI BB 5645 26 [EDE P0E . B6IEDE P ik

EEE T

EAN e 2 R R e A RS A
mail ; vapollo@ kapella. gpi. ru

73 ESD B3 = BEAL AT L BRI . X T
FEZ979300 km P HLE , AL A D =30 m B
LR 1. SMW DF 063 B AEZ R 10 ns (4 ko
Vi FE N PRI RO R S R R

W5 SV [A)fe KAz BE A N2 5 km/s 1)
%)@ ESD 3Z 2Ot AR S 2 AR 478 ESD IR
THOL T R AT Z 5 S ERER D=1 m
() BRI BT, 25 100 kW Nd: YAG Ot i 4 5T
FAFURE D AN T P TSR B o
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