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calculated using the influence of the friction force exerted on the
atmospheric particles with debris dimensions measuring between (1 and
10 cm). In this study, the Drag Thermospheric Models (DTM78 and
DTM94) are used because of their dependence on solar and
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geomagnetic activities, and pulsed lasers are utilized to interact with
Reentry space debris Aluminum 2024 particles which are frequently employed in the
Low earth orbit £ ft and desi A ical vsi
Pulsed laser structure of spacecraft and aerospace designs. A numerical analysis
Lifetime program (NaP1) was built to calculate the lifetime of space debris and

its time of return to the atmosphere. It is then integrated with a second
numerical analysis program (NaP2) developed using the Lax-Wendroff
finite difference method to simulate the laser material interaction model.
A high power Nd:YAG laser was applied to produce shock wave
pressure in target. The results show that the maximum peak pressure
occurs at 50 um depth then slowly decays, the peak pressure increases
with the increase of the laser intensity, and the optimum value of the
momentum coupling coefficient (Cm) for the aluminum debris of size
range (1and10 cm) is 6.5 dyn.s/j.
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1. INTRODUCTION

Thin-film is called a layer or several layers
of material atoms that do not intersect with.

Space debris is defined as man -made
objects or parts of in space, which do not serve
any useful purpose. In more than 50 years of
spaceflight, over 30,000 t of satellites and
rockets have been sent to space. It is estimated
that near 3000 t of non-functioning space debris
remain in [1, 2].

Low Earth Orbit (LEO) in varied forms
ranges from fragments to spent rocket bodies
and fully intact multi-ton satellite [3]. Since
1957, more than 3500 launches have led to a
current population of approximately 9000
tractable objects figure (1) [4, 5]. More than
90% of these objects are space debris. About
half of the tractable objects are fragments from
explosions or from the backup of satellites or
rockets bodies [6, 7]. These debris which are 1
to 10 cm in size are very dangerous because
they are difficult to see and yet can punch a big
hole in space craft. Larger particles can make
punctures to the outer surfaces and may cause
damage to structure or equipment by
penetration and palliation. Mitigation of debris

has been discussed by Metzger, et al. 1989,
Phipps 1993, Loftus & Reynolds 1993, Monroe
1994, and Phipps, et al. 1996. Monroe 1994
proposed a ground-based system featuring a 10
m diameter beam director with adaptive optics
correction and a 5SMW reactor pumped 1.73 pm
wavelength laser. Loftus and Reynolds 1993
catalog forces available for removing objects
from orbit, including direct propulsion,
enhanced aerodynamic drag, solar sail, and
electromagnetic drag. A few vyears ago, a
detailed project study were undertaken by
Phipps and co-workers to propose a high-energy
laser system called ORION.
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Fig. 1: An impression of the density of
occupation the near-earth environment [6,7].

2. Lifetime and Atmospheric Drag Theory
The drag force is given by,

1
F=——C,Ap, V2
2m D pa

Where Cothe aerodynamic is drag
coefficient, A is the average cross-section area
of the debris and 7= is the air density. The
equations in terms of atmospheric drag are,

1

dHa — A (l+ecosE)?2
a9E — m CD'Da a(1+e)—l A+ cosE)
(A—ecos E)2
1
dHp

_ 2
017E=?ACD,0a az(l—e)m(l—ecos E)
(1—ecosE)?

Runge-Kutta Method was used to solve the
above differential equations.

Computer programs are designed to
simulate orbit dynamics of space debris lifetime
under atmospheric drag force and reentry of
space debris under shooting pulsed laser, the
atmospheric model adapted is the Drag
Thermosphere Model 78,94 (DTM78,94).

3. Laser Material Interaction Theory

The phenomena that occur upon the
irradiation of a solid target with a focused high-

power laser beam is of interest in the study of
laser induced fusion [8, 9]. As a result of the
laser irradiation, the plasma (which is produced
on the surface) expands mainly in the opposite
direction to the oncoming laser beam. A shock
wave may penetrate the solid material in the
laser beam direction [10, 11].

High power pulsed laser, developed for
initial confinement fusion application, and may
be used to produce ultrahigh pressures in excess
of several mega-bars during a few nanoseconds.
The pressure pulse duration is comparable to the
laser pulse length [12, 13]. Consequently, the
shock decay is externally rapid [14, 15]. The
equation that describes shock wave propagation
and decay in plane or spherical geometry targets
is derived by Harris [14].

E=[(D—u)2 _cz]%_w

dP | Dx X
1)

D[(D—u)+p Czd—u}

DP
where X is the shock front position, Dx is

the rate of change of pressure amplitude with
distance, n is the geometrical factor (n=1 for
plane target and n=3 for spherical target), € is
the sound velocity, Y is the particle velocity, D

is the shock velocity, p is the material density

oP
and ox is the gradient of shock pressure
immediately behind the shock front. The time
dependent version of equation (1) was
introduced by Cottet and Romain [13], which is
given by.

P aor AL
- < + Rg (2)

Dot ot

Where Ro is the radius of curvature of
shock wave at the beginning of decay assumed
to be equal to the radius of the laser spot, and
the coefficients A, A, are given by.

(D—u)*>—-c?

= 22
D2C? du
(D—u)D + p, (D_u)ﬁﬁucz—(D—u)2
B (n—1)p, Duc?

DC? du c2?—(D—-u)
D— == 24 = A= ~J
(B—u)+ o0 (D—u)dP D
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where po is the target material density at
pressure (P=0). The position of shock front is
given by.

D ><
Sc 0 ©)

The linear relationship between shock wave
velocity D and particle velocity U is given by.

where % and S are experimental data
[16]. A general expression of sound velocity in
target material terms of particle velocity is
given by McQueen et al [15].

1
L o
c——21 [c,+u(s —1){00 4+ 2su — ZeSU ]2

JCo C, +Su
()
Where Cy is the sound velocity in the target
before the laser irradiation and v is the specific
heat ratio, y = C,/C,. Pulsed laser impulse
coupling to the debris target in the 400-1500 km
altitude range is accomplished via the
momentum coupling coefficient Cy, (17], which
is defined as the ratio of target momentum
(mAv) produced by photo-ablation to incident
laser pulse energy W [18, 19].

c,. — MmAv
AVAV4

dyne.s/J (6)

The coupling coefficient has a maximum
Cmopt because of plasma shielding and other
physics. The Cnope NOrmally occurs close to the
vapor plasma transition. In this case, we
generally cannot predict the nature of the target
material, and the targets are certainly not
cooperative. As a simplifying factor, all
materials of space debris might be composed
are likely to have Cpopt Value in the range 2-10
dyne.s/J.

4. Reentry of Space Debris Theory

In polar coordinates ("?) in the fixed plane
of two-body orbit problem, including drag force

D9 is described by this equation [20,21].

d22r _ dv, =V—9—ﬁ—@cosw
dt dt r r m (7)

and the angular momentum H s,

d(rv,) Dgr
dt m

siny
which may be combined to give energy,

dl:(vr2 +v§{2—ﬁji|
r __ngr
dt o

m

Transforming to ¢ as the independent
variable for convenience, the reentry trajectory
is described by the coupled differential
equations.

“*(+)
r) _ 1

de®  H? r (8)
a4 _ A 2
do ~ e om”’ Y (8b)

The first equation remains unchanged from
the vacuum case, and the second describes the
rate of change of angular momentum, where the

_ 2Dg

drag coefficient ~ ~V° for hypersonic flight
is nearly a constant with the Newtonian value 2.
The main idea in this paper is the change of
velocity due to laser shooting rAv was added to
equation (8) as driving force to de-orbited space
debris until the dense atmosphere, the equation
becomes,

dH A,
- =—pC_, —r2v—rAv
de =P 5m 9)

The drag is localized near perigee for an
initial highly elliptical orbit, and this essentially

produces a negative tangential AV with no
change of perigee, each ensuing orbit having
decreased elliptically until a circular condition
is reached with nearly the original perigee
altitude.

5. Lax-Wendroff Method

Two different methods are used to simulate
this study. The first part considers the ablation

42



JOURNAL OF KUFA-PHYSICS | Vol. 12, No. 2 (2020)

H. K. Al-Zaidi, M. J. Al-Bermani and A.M. Taleb

of aluminum spherical target (space debris) by
pulsed laser using a Finite Difference Model
(FDM). The second part of this study reentry of
this debris from 1200-km altitude to
atmospheric region using a Runge-Kutta
Method (RKM). This work use the Lax-
Wendroff method is adapted for the solution of
laser material interaction problem. The
derivations of this method can be summarized
as follows. Taylor expansion of the function
u(x,t) is given by.

u(x,t+ At) = u(x,t) +aat—uAt +

(10)

This equation can be rendered into index
notation form.

+ -+ O(AL)?

o%u (At)?
ot? 2

2 2
ui”+l:u"+a—uAt+a lz’l (At) e +O(At)2
ot ot 2!
(11)

let us consider the wave equation for
example,

Ju Su
—_— — Y —
ot OX

(12)

by differencing the equation (12) in respect
to time,

o"u _ _aﬁ(a_u) — _ai(é_u) —a? ou
ot? ot " ox ox ot Ox?
(13)

Substituting the above equation in equation
(12),
» azu) (At)?
ox? 2!

u"t =u, + (—aa—u)At + (x
OX
(14)

The updated value of the function u at time
level n+1 can express in terms of the respective
value at time level n as follows:

n _ . n 2 2 . n _ »n . n
uin+1 _ uin —aAt Uig Ui, + @ (At) Uig 2u| 2+ Ui,
2AX 2 (AX)
(15)

The difference scheme of Lax-Wendroff
method is then given by.

2
C C
=u;" _E(uiun _ui—ln)+?(ui+1n —2u," +u; ;")

(16)

n+1
ui

where C=2Al " the scheme given by
equation (16) is known as Lax-Wendroff
method. A computer program is developed to
study the effects of high-power pulsed laser on
debris target material. Lax-Wendroff method is
used to solve the problem. The normalized
scheme of equation (2) is:

- LAD oy pionye (2D )L

P, (i) = P(i) 2r XA 2 T 2[P(i ~1)=P(i) +P(i +1)] -

t, AtPmA,
AT, (L+x,(i-1)
The normalization parameters are.

P . ¢t . X
,t - ’X - —

P"=—
Pm t, o

6. Results of laser material interaction
and Reentry Model

A comparative curve between four values
of intensities was obtained by simulation of
equation (2) using Lax-Wendroff method of
numerical solution. This equation is subject to
the boundary values problem. The results are
shown in figure (3). The pressure (Mbar) was
plotted against target penetration depth (pm).
Four values of peak pressure (0.001, 0.005,
0.008, 0.01 Mbar) were resulted from the
illumination of aluminum target by pulsed laser
of Nd:YAG type (1.06 um) with pulse duration
of 5 ns. The corresponding proposed intensities
are (1.5e8, 7.5e8, 1.2e¢9, 1.5e9 W/cm2)
respectively.

The shock wave pressure amplitude
increases rapidly after penetration of the target.
Maximum pressure occurs at 50 um depth then
decay slow down. It can be seen from this
figure that the peak pressure increases with
increasing laser intensity. The dynamics of
reentry space debris was simulated under the
effect of pulsed laser (Nd:YAG type (1.06 pm)
shooting near perigee as given by equation (8).
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The change of velocity due to laser shooting
was added to equation (9) as a driving force to
reduce the perigee and apogee altitudes of the
debris, until de-orbited in the dense atmosphere.
The input parameters are given in tables (1), (2),
and (3).

0.01
Pm=0.01Mbar, 1=1.5e9W/cm2

0.008
s =0.008Mbarl=1.2e9W/cm2
3 0.006
=
Q
2 Pm=0.005Mbar,
3 0.004 < I=7e8W/cm2
a

0.002 — Pm=0.001Mbar, I=1.5e8W/cm2

of——T——T 717 T 1

50.00 100.00 150.00 200.00 250.00
Target depth (um)

Fig. 2: Shock pressure with target (space debris)

depth for laser intensity: 1.5e9, 1.2e9, 7e8,

1.5e8 W/cm?.

Table 1: Aluminum debris (diameter=10 cm) of reduction in distance (r) of the following orbit

parameters.
Energy (J) 336 336 336 336 336
Coupling coefficient Cm (dyn.s/J) 6.5 6.5 6.5 6.5 6.5
dv for each period (m/s) 20 20 20 20 20
Exposition time for each period (min) 16.6*6 16.6*4 16.6*2 16.6*2 16.6*2
Initial Apogee altitude (km) 1200 1000 800 600 400
Initial Perigee altitude (km) 500 500 500 400 200
Final Apogee altitude (km) 1020 672 742 460 260
Final Perigee altitude (km) 500 432 450 285 102
Area/mass (cm“/gm) 0.0717 0.0717 0.0717 0.0717 0.0717
7600 —
1 8000 =
7400 —
. 1 7600 =
£ 7200 —
= S
7000 — 7200 =
6800 T J 6800 T — —
0.00 Time (day) 1.00 0.00 0.10 O.%(:ne (dzg}?o 0.40 0.50
Fig. 3: The time response of geocentric radial Fig. 4: The behavior of distance of debris
distance (r) under pulsed laser irradiation by six (diameter=10cm) with reentry time from (1000-
shoots of debris (diameter=10cm) with to 500km) under laser pulsed irradiation (16.66
reentry time from (1200-500km). min each period).
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7050 =

7000 =

6950 =

6900 =

6850 =

6800

1 v 1 v 1
0.00 0.10 0.20 0.30
Time (day)

Fig. 5: The behavior of distance of debris
(diameter=10cm) with reentry time from (800-
500km) under laser pulsed irradiation (16.66
min each period).

6640 =

6600 —

6560 =

r (km)

6520 =

6480 T I T I T I T I T 1
0.00 0.04 0.08 0.12 0.16 0.20
Time (day)

Fig. 6: The behavior of distance of
debris(diameter=10cm) with reentry time from
(400-200km) under laser pulsed irradiation
(16.66 min each period).

The time response of the shooting process
for 10 cm debris is shown in figure (3). The
radial distance (km) was plotted against reentry
time (days). The estimated change in radial
distance was (1200-1020 km) at four
consecutive pulses, meanwhile the original orbit
was (1200-500 km). The same size of debris
was shot 4 times at apogee-perigee height
(1000-500 km). The result is shown in figure
(4). Pulsed laser shooting of the same debris at
apogee-perigee altitudes (800-500 km) were
applied by two pulses. The result is shown in
figure (5). The estimated reduction in apogee-
perigee distances was (724-450 km). A quasi
circular orbit of space debris of the same size of
initial apogee-perigee altitudes (400-200 km)
was shot by two pulses (two orbits). The
resulted radial distance variation with time is
shown in figure (6). The estimated reduction in
altitudes was (260-102 km). It was de-orbited to
dense atmosphere to burn.

Table 2: Aluminum debris (diameter=1 cm) of reduction in distance (r) of the following orbit

parameters.

Energy (J) 336 336 336 336 336

Coupling coefficient Cy, (dyn.s/J) 6.5 6.5 6.5 6.5 6.5

dv for each period (m/s) 200 200 200 200 200

Exposition time for each period (min) 6*4 6*4 6*2 6*2 6*2

initial Apogee altitude (km) 1200 1000 800 600 400

initial Perigee altitude (km) 500 500 500 400 200

Final Apogee altitude (km) 510 500 498 400 205

Final Perigee altitude (km) 440 427 430 246 102
Area/mass (cm?/gm) 0.717 0.717 0.717 0.717 0.717
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7400 —

7200 —

T [km)

7000 —

Ga00 T | Y I T 1
0.0 0.2 0.4 0.6
Time {day}

Fig.7: The behavior of distance of debris
(diameter=1cm) with reentry time from (1200-
500km) under laser pulsed irradiation (6 min
each period).

6640 =

6600 =

6560 =

r (km)

6520 =

0T T 1 1 T 1
0.0 0.0 0.1 0.1 0.2 0.2
Time (day)
Fig.9: The behavior of distance of debris
(diameter=1cm) with reentry time from (400-
200km) under laser pulsed irradiation (6 min
each period)

7200 =

7000 =

r (km)

6800 =

0T 1 1 1T 1
0.0 0.1 0.2 0.3 0.4 0.5
Time (day)
Fig. 8: The behavior of distance of debris
(diameter=1cm) with reentry time from (1000-
500km) under laser pulsed irradiation (6 min
each period).

The time response of the shooting process for 1
cm debris is shown in figure (7). The radial
distance (km) was plotted against reentry time
(days). The estimated change in radial distance
was (1200-510 km) at four consecutive pulses,
meanwhile the original orbit was (1200-500
km). The same size of debris was shot 4 times at
apogee-perigee height (1000-500 km). The
result is shown in figure (8). It can be seen from
this figure that the reduction in apogee and
perigee altitude was (500-427 km).A quasi
circular orbit of space debris of the same size of
initial apogee-perigee altitudes (400-200 km)
was shot by two pulses (two orbits). The
resulted radial distance variation with time is
shown in figure (9), and the estimated reduction
in altitudes was (205-102 km). It was de-orbited
to dense atmosphere to burn. The reentry time
of space debris to different height is depended
on many parameters as the following. (a) The
laser pulse energy increases the reentry time
decreases. (b) The exposition time increases the
reentry time decreases. (c)The area to mass ratio
A/m increases (in the same conditions) the
reentry time decreases. The result of the two
pulsed laser shooting of debris 10 cm diameter
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at apogee-perigee altitudes (1200-500 km) is
shown in figure (10).). Sequentially in same
parameters to second step (figure 11), the
estimated reduction in apogee-perigee altitudes
IS (155-102 km). By the same process of debris

diameter 1 cm, the estimated reduction in
apogee-perigee altitudes are (808-499 km), and
(152-102 km). The results are shown in figures
(12) and (13).

Table 3: Aluminum debris (1, 10 cm) of reduction in distance (r) step by step under the effect of laser

pulsed until the space debris de-orbited in atmosphere region of the following parameters.

Energy (J) 336.3 336.3 336.3 336.3 336.3
9y 336.3 336.3 336.3 336.3 336.3
. - 6.5 6.5 6.5 6.5 6.5
Coupling coefficient Cm (dyn.s/J) 6.5 6.5 6.5 6.5 6.5
. 20 20 20 20 20
dv for each period (m/s) 200 200 200 200 200
Exposition time for each period 16.6*2 16.6*2 16.6*2 16.6*2 16.6*2
(min) 6*2 6*2 6*2 6*2 6*2
o . 1200 865 564 425 241
initial Apogee altitude (km) 1200 808 499 441 i
. : . 500 488 460 289 122
initial Perigee altitude (km) 500 499 441 152 i
. : 865 564 425 241 155
Final Apogee altitude (km) 808 499 441 152 i
. . . 488 460 289 122 102
Final Perigee altitude (km) 499 441 152 102 i
Area/mass (cm?/gm) 0.0717 0.0717 0.0717 0.0717 0.0717
g 0.717 0.717 0.717 0.717 0.717
7600 = 6540 =
7400 =
S 6520 5 Step
E 7200 - E
6500 =
7000 =
6800 T T T T T , 6480 I T T ]
0.00 0.10 0.20 0.30 0.00 0.04 0.08 0.12 0.16
Time (day) Time (day)
Fig. 10: The radial distance of debris Fig. 11: The radial distance of debris

(diameter=10cm) against reentry time from
(1200-500km) under pulsed laser irradiation
(16.66 min each period).

(diameter=10cm) against reentry time from
(291-122km) under laser pulsed irradiation

(16.66 min each period).
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7400 =
S
7200 —
B
=
7000 =
6800 T I T I T 1
0.00 0.10 0.20 0.30
Time (day)

Fig. 12: The radial distance of debris
(diameter=1cm) against reentry time from
(1200-500km) under laser pulsed irradiation (6
min each period).

elliptical orbit gradually into near earth circular
orbit. This process is shown in figure (14). This
is the state space plot of against. The selected
target material was aluminum 2024 of size 10
cm at initial apogee-perigee altitudes 1200 and
500 km respectively. The target was shot for six
orbits of time duration 16.6 minute per orbit at
perigee. It can be seen from this figure that the
shape and size of the orbit is gradually changed
from elliptic to circular. As a result of these,
shooting the apogee altitude would decrease
from 1200 km to 1020 km at constant perigee
altitude. Figure (15) shows the state space plot
of against for a space debris of size 1 cm the
initial orbit was apogee=1200 km and perigee =
500 km. The space debris was shot four times of
6 minutes per orbit. The resulted final orbit was
apogee=510 km and perigee=440 km.

6680 =

6640 = S

6600 =

r (km)

6560 =

6520 =

6480 +—1———T——T——T—

0.0 0.0 0.1 0.1 0.2 0.2
Time (day)

Fig. 13: The radial distance of debris
(diameter=1cm) against reentry time from (441-
152km) under laser pulsed irradiation (6 min
each period).

0.08 =

0.04 +

0.00 —

d(1/r)/d(theta)

-0.04 —

'0.08 L} I L I L I L I
6800.00 7000.00 7200.00 7400.00  7600.00
r (km)

Fig. 14: The reentry trajectory from
(altitude=1200-500km) under laser pulsed
irradiation (16.6 min each period).

Aluminum debris (diameter = 10, 1 cm) of
change the d(1/r)/d(theta) respect to distance (r)
of the same parameters of orbit parameters are
shown in tables (2) and (3). The clearance of the
outer space (low earth orbit from space debris)
can be performed by shooting the targets by
laser beam. The resulted change in orbital
velocity Av at perigee would transfer the
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0.04 =

0.02 -

0.00 -

d(L/r)/d(theta)

-0.02 -

-0.04 y T y T y 1
6800.0 7000.0 7200.0 7400.0
r (km)
Fig. 15: The reentry trajectory (diameter=1cm)
from (1200-500km) under laser pulsed
irradiation (6 min each period).
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Fig. 17: The reentry trajectory (diameter=1cm)
from (400-200km) under laser pulsed irradiation

(6 min each period).
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Fig. 16: The reentry trajectory (diameter=10cm)
from (400-200km) under laser pulsed irradiation
(16.66 min each period.

Figure (16) shows the change of the debris
orbit due to laser shooting two times of duration
16.6 minutes per orbit. The initial orbit altitudes
were apogee=400 km and perigee=200 km. The
final orbit dimensions were apogee=260 km and
perigee=102 km. Figure (17) shows the change
of the debris orbit due to laser shooting two
times of duration 16.6 minutes per orbit. The
initial orbit altitudes were apogee=400 km and
perigee=200 km. The final orbit dimensions
were apogee=205 km and perigee=102 kmFig.
18 the reentry trajectory (diameter=10cm) from
(400-200km) under laser pulsed irradiation
(16.66 min each period).

3. CONCLUSIONS

Reentry dynamics of orbital debris have
been modeled and solved numerically. It has
been found that shock wave formation by
irradiation of clusters of space debris by high
power pulsed laser depends on the fluence and
pulse duration. An impulse imparted to the
debris might cause a change in orbital velocity
Av. This increment of orbital velocity will
reduce the ellipticity of the orbital motion
gradually into near earth circular, then deorbited
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in the dense atmosphere. For the 10 cm debris
that the estimated change in radial distance was
(1200-1020 km) at four consecutive pulses,
meanwhile the original orbit was (1200-500
km). The same size of debris was shot 4 times at
apogee-perigee height (1000-500 km). Pulsed
laser shooting of the same debris at apogee-
perigee altitudes (800-500 km) were applied by
two pulses. The estimated reduction in apogee-
perigee distances was (724-450 km). A quasi
circular orbit of space debris of the same size of
initial apogee-perigee altitudes (400-200 km)
was shot by two pulses (two orbits). The
estimated reduction in altitudes was (260-102
km). It was de-orbited to dense atmosphere to
burn. While for 1 cm debris the estimated
change in radial distance was (1200-510 km) at
four consecutive pulses, meanwhile the original
orbit was (1200-500 km). The same size of
debris was shot 4 times at apogee-perigee height
(1000-500 km and the reduction in apogee and
perigee altitude was (500-427 km).A quasi
circular orbit of space debris of the same size of
initial apogee-perigee altitudes (400-200 km)
was shot by two pulses (two orbits), and the
estimated reduction in altitudes was (205-102
km). It was de-orbited to dense atmosphere to
burn.  The mechanical coupling coefficient
(Cm) was verified theoretically and  the
optimum value for aluminum debris of size
range (land 10 cm) was Cm =6.5 dyn.s/J.
Results of simulation show that reentry time can
be controlled according to variables of the
number of shooting per orbit at perigee, pulse
duration, laser spot size, target material density,
and laser intensity.
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