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Abstract. A ground-based laser system for space debris cleaning requires pulse power well above the critical
power for self-focusing in the atmosphere. Self-focusing results in beam quality degradation and is detrimental
for the system operation. We demonstrate that, for the relevant laser parameters, when the thickness of the
atmosphere is much less than the focusing length (that is, of the orbit scale), the beam transit through the atmos-
phere produces the phase distortion only. The model thus developed is in very good agreement with numerical
modeling. This implies that, by using phase mask or adaptive optics, it may be possible to eliminate almost
completely the impact of self-focusing effects in the atmosphere on the laser beam propagation. © 2018 Society
of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.58.1.011003]
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1 Introduction
The proliferation of satellites in Earth orbit, increasing in
both number and economic value, makes the problem of col-
lision with orbital debris very pressing. A promising solution
for this problem is debris removal with the help of a ground-
based pulsed laser. In this approach, laser pulses ablate debris
material, changing the debris velocity and moving the debris
to a lower orbit where natural burn-up takes place.1,2 One
problem with energy delivery to the orbit is self-focusing
in the atmosphere. The nonlinear effects typically are not
strong enough to destroy the laser beam in the atmosphere,
but the acquired phase distortion is sufficient to filament the
beam during propagation to debris (see Fig. 1), thus degrad-
ing the efficiency of the debris cleaning.3

We start the analysis following4 with the basic require-
ments for the laser pulse on the target. Then, we discuss
beam propagation and focusing, completing the require-
ments for the laser pulse. Wewill see that in typical situations
the pulse power must be hundreds of times larger than the
critical power for self-focusing. Then we consider the thin
window (TW) model5,6 for a description of nonlinear
propagation through the atmosphere. Within this model,
the propagation through the atmosphere produces only phase
distortions. Our numerical modeling6 demonstrates that the
TW model describes surprisingly good beam propagation
through the atmosphere even in the case of beam filamenta-
tion. The applicability of the TW model yields simple
expressions for the average beam description on the target:
the Strehl ratio and the beam quality M2.

If propagation through the atmosphere produces only
phase distortion, we suggest that preimposing the phase cor-
rection on the beam with the help of the phase mask will
compensate for the detrimental effect of the atmosphere.
Our modeling demonstrates that a complete compensation
of the detrimental nonlinear effects is possible.

The phase correction to compensate nonlinear effects
depends on the density profile in the atmosphere, which
is not well defined, the laser intensity, which can fluctuate,
etc. As a result, it is important to present the detailed analysis
of the compensation sensitivity. During the long, free propa-
gation to the orbit even small phase disturbances can greatly
modify the beam. The study of this sensitivity is the main
subject of the paper.

The big problem with sensitivity studies is to find a good
figure of merit (FOM). We selected Strehl ratio and the beam
quality as FOM. These are the parameters characterized laser
intensity and spot size on the target. Also, in Ref. 6, we
derived the simple relation that calculated these quantities
in terms of laser field existing in the atmosphere, solving
the laser propagation problem to the orbit. The FOM
approach provides the quantative measure of the sensitivity
to phase self-modulation, change of atmospheric density pro-
file, laser altitude, etc.

We conclude that the suggested phase mask method is
very robust and that its implementation is an attractive way
to increase the laser system performance.

2 Interaction of Laser Radiation with Debris
High intensity pulsed laser radiation incident on debris
vaporizes surface material, creating recoil momentum that
changes the debris velocity. It is clear that an optimal
laser intensity exists for any specified pulse duration. At
low intensity, surface temperature and evaporation are low
and recoil momentum is small. At high intensity, a large frac-
tion of laser energy is used to create plasma, which contrib-
utes little to momentum change of the debris. A crucial
parameter for pulsed laser debris removal is the coupling
coefficient Cm, the ratio of momentum imparted to the target,
to the incident laser energy, Cm ¼ ΔP∕E. A review of data
of Cm dependence on intensity for different materials is pre-
sented in Refs. 1 and 7. The experimental data from different
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groups demonstrate that for broad ranges of wavelength,
pulse duration, and pulse energy, the coupling coefficient
maximum is reached at the intensity

EQ-TARGET;temp:intralink-;sec2;63;444Im ¼ 2.5ffiffiffiffiffiffiffiffiffiffi
τðnsÞp GW∕cm2;

where τðnsÞ is the pulse duration in nanoseconds. This
numerical coefficient is valid for Al alloys but does not
change much for other materials and wavelengths. As a func-
tion of laser intensity, Cm is peaked not far from the vapori-
zation threshold where plasma starts to be generated and
absorptivity increases rapidly. This explains the weak sensi-
tivity to target material. Near the maximum, Cm is not sen-
sitive to the intensity. Typical values of Cm are 1 to 10 dyne/
W.7 The latest experimental results and data discussion can
be found in Ref. 8.

The fluence corresponding to optimal coupling is given as

EQ-TARGET;temp:intralink-;e001;63;281F ¼ 2.5 J∕cm2
ffiffiffiffiffiffiffiffiffiffi
τðnsÞ

p
: (1)

Let us derive the requirement for laser pulse energy that
corresponds to delivering the optimal fluence to debris tar-
gets. The energy E delivered by the laser to the target is
required to be E ¼ Fπr2, where r is the radius of the beam
in the focal plane. For beam radius that accounts for beam
quality and beam diffraction,

EQ-TARGET;temp:intralink-;e002;63;182r ¼ M2
2λL
πD

; (2)

whereM2 is a factor describing the beam quality in compari-
son with an ideal Gaussian beam, λ is the laser wavelength,
L is the path length from the beam director to the target,
and D is the diameter of the beam director.

The required laser pulse energy E for delivering the pulse
fluence for optimal coupling is found by combining Eqs. (1)
and (2) giving4

EQ-TARGET;temp:intralink-;sec2;326;477

ED2ffiffiffi
τ

p ¼ 10

π
M4ðLλÞ2:

We now consider a specific example, in which λ ¼ 1 μm,
L ¼ 1000 km, D ¼ 3 m, and M2 ¼ 2, a value of M2 that
can be achieved for high-energy lasers by using spatial filters
and adaptive-optic systems. For this case, r ∼ 34 cm, the
required pulse energy is E ¼ 11

ffiffiffiffiffiffiffiffiffiffi
τðnsÞp

kJ, and pulse power
P ¼ 1.1 × 1013∕

ffiffiffiffiffiffiffiffiffiffi
τðnsÞp

. For the optimal point of view from
laser technology,4 pulse duration ∼3 ns the required power
P ¼ 6 TW. This is much higher than the critical power for
self-focusing in atmosphere, Pcr ¼ 4 GW, which corre-
sponds to P∕Pcr ¼ 1500. The required power P scales as
P ∼M4L2∕D2 and the ratio of P∕Pcr for practical values
of parameters is above 1000.

3 Laser Beam Propagation Modeling
Specific modeling is needed to describe the long distance
propagation between the atmosphere and the orbit, which
necessitates high accuracy of nonlinear effects modeling.
We will use a code applied and validated for modeling of
this problem.3

The propagation of the laser beam is described by the
nonlinear Schrodinger equation,2,7 i.e.,

EQ-TARGET;temp:intralink-;sec3;326;204i
∂Ψ
∂z 0

þ 1

2n0k0
Δ⊥Ψþ k0n2ðz 0ÞjΨj2Ψ ¼ 0;

where Δ⊥ is the two-dimensional Laplacian operator. The
analysis in Ref. 4 demonstrates that the optimal pulse length,
based on physics and engineering considerations, is on the
order of a few nanoseconds. For this order of pulse length,
temporal dispersion can be neglected in the main order of the
considered effects. The inhomogeneity of the density must
be taken into account in the nonlinearity only.2,9 Here, we
consider a laser beam propagating vertically (relative to
the ground). This is not very different from the optimal

Fig. 1 The normalized intensity distribution Iðr ; zÞ∕Ið0;0Þ {with [Iðr ; zÞ ¼ jAðr ; zÞj2]}. (a) P∕Pcr ¼ 50,
(b) P∕Pcr ¼ 1000, (c) P∕Pcr ¼ 2500, and (d) P∕Pcr ¼ 5000. These conditions correspond to a focusing
distance L ¼ 1000 km for linear propagation.
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angle for the interaction with debris, which is ∼30 deg from
the vertical.4 The assumption of perpendicular propagation is
not critically important, but it simplifies the presentation.

The resulting normalized equation in dimensionless
variables has the form6

EQ-TARGET;temp:intralink-;e003;63;697i
∂A
∂z

¼ −Δ⊥A − expð−z∕hÞjAj2A; (3)

where h ¼ Z0∕LD. For R0 ¼ 1 m and the parameters given
above, we have LD ¼ 11;855 km, P0 ¼ 0.339 GW, and
Pcr ¼ 4π P0 ¼ 4.258 GW for a Gaussian input beam.

It is possible to show that the fastest growing perturba-
tions resulting in filamentation are axisymmetric,10 and
that filamentation, at least initially, breaks the beam into
ring-like structures. The formation and breakup of the ring
structure are the well-documented pathway to Gaussian
beam filamentation,11 and beam propagation can be
described in the main approximation within the axisymmet-
ric version of Eq. (3).

Let us consider the propagation of an initially Gaussian
laser beam. On the surface at z ¼ 0

EQ-TARGET;temp:intralink-;e004;63;512Aðr; z ¼ 0Þ ¼
ffiffiffiffiffiffiffi
Pin

π

r
exp

�
−
ð1þ iCÞr2

2

�

¼
ffiffiffiffi
I0

p
exp

�
−
ð1þ iCÞr2

2

�
: (4)

Here, Pin is the normalized input power of the laser beam,
and the dimensionless parameter C ¼ k0 · R2

0∕F ¼ LD∕2F
is the initial beam prefocusing parameter. I0 ¼ Ið0;0Þ ¼
Pin½W�∕ðπP0½W�Þ ¼ 4Pin∕Pcr. F has the meaning of
a focal distance that in this case is the debris height L.
Therefore, dimensional initial prefocusing is given by
C ¼ LD∕2 L.

We would like to stress that the problem under consider-
ation, though similar in terms of the basic equations to
numerous self-focusing studies (see, e.g., Refs. 3, 12 and
references therein), is rather different in terms of underlying
physics. We consider here light propagation over a finite dis-
tance (the thickness of the nonlinear layer), with the focusing
point located beyond this region, where the propagation is
linear. In this case, the self-focusing effect compresses the
beam, but without the catastrophic collapse of all the energy
into a small volume. Yet even the small phase disturbances
after the atmospheric pass during the long propagation to the
target can greatly modify the beam. The TW model devel-
oped in Ref. 6 is a powerful tool to evaluate the beam
structure.

4 Thin Window Model
The nonlinear effects are important only in a thin layer of the
atmosphere (in comparison with the distance to the target);
see Fig. 2.6 After passage through the atmosphere, we
have free propagation wherein the effects acquired due to
nonlinear interaction beam can modify the beam. The TW
makes evaluation of this process quite simple.

For a Gaussian initial beam, the laser field after propaga-
tion through the atmosphere has the explicit description6

EQ-TARGET;temp:intralink-;e005;326;572Uðr; z1Þ ¼
ffiffiffiffi
I0

p
exp

�
−
r2

2
− i

�
Cr2

2
−Φ

��
; (5)

where Φ ¼ b × expð−r2Þ, b ¼ I0h½1 − expð−z1∕hÞ�, and
I0 ¼ Ið0;0Þ ¼ Pin½W�∕ðπP0½W�Þ ¼ 4Pin∕Pcr. The parameter
b has the meaning of the nonlinear phase shift scale and is the
analog of the B integral widely used by laser designers for a
laser systems with uniform optics.13

The value of z1 is approximately a few times h; the exact
value must be evaluated after comparison with numerical
modeling results. It is clear that there must exist an optimal
value, since for small z1 we cut out the part of the atmos-
pheric propagation, and if z1 is too large free propagation
will modify the solution (the window is no longer thin).
Due to the exponential dependence in Eq. (5), the optimal
value is about a few atmospheric thicknesses. The detailed
studies presented in Ref. 6 give the optimal value of z1 as
∼5h. Following results will be presented for this z1 value.

After the beam exits the atmosphere, we have free linear
propagation (see Fig. 2). From Eq. (5), we see that the phase
is not quadratic, and the ensuing beam propagation is not
described by the simple formulae available for the focused
Gaussian input. We see that the curvature of the phase cor-
responds to additional focusing, and the atmosphere serves
as a focusing astigmatic lens. As a result, the maximal field
intensity is reached before the linear focal plane. By varying
the prefocusing parameter, we can partially compensate for
propagation through the atmosphere.3

The free propagation with complex enough phase distri-
bution is not easy to evaluate. But for average beam charac-
teristics in the focal plane (the peak intensity and the average
beam spot size), it is possible to get compact expressions
using the fact that the field in the focal plane is proportional
to the Fourier transform of the field exiting the atmosphere.6

It is convenient to use the Strehl ratio, the ratio of the
intensity in the center after propagation of the field, to
that produced by the linear propagation of the Gaussian
beam [Eq. (5)]. The electric field in the center of the
focal spot is proportional to ∫UðrÞrdr giving for S6

EQ-TARGET;temp:intralink-;sec4;326;139S ¼ j R UðrÞrdrj2
j R UGðrÞrdrj2

:

Recalling that UðrÞ ¼ ffiffiffiffi
I0

p
exp

�
− r2

2
þ iΦ

�
, UGðrÞ ¼ffiffiffiffi

I0
p

exp
�
− r2

2

�
, we can calculate the Strehl ratio explicitly

getting the analytical expression for S6

Fig. 2 Illustration of the TW model.
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EQ-TARGET;temp:intralink-;e006;63;752S ¼
				
Z

1

0

expðibx2Þdx
				
2

¼ π

2b

				C
� ffiffiffiffiffiffi

2b
π

r �
þ iS

� ffiffiffiffiffiffi
2b
π

r �				
2

¼ π

4b

				erf
�
ð1 − iÞ

ffiffiffiffi
b
2

r �				
2

:

(6)

The integral estimate of the square of the spot size on the
target can be calculated in a similar way, using the Parseval
formula6 as follows:

EQ-TARGET;temp:intralink-;e007;63;636πhr2i ¼
R
r2jAðr; LÞj2rdrR jAðr; LÞj2rdr ¼ 4 L2

R j ∂U∂r j2rdrR jUj2rdr : (7)

Similarly, it is convenient to calculate the beam quality
parameter M2, the ratio spot size squared [Eq. (7)] to the
value calculated for the Gaussian beam. For the exit from
the atmosphere field distribution [Eq. (5)], M2 can be evalu-
ated analytically, as follows:6

EQ-TARGET;temp:intralink-;e008;63;534M2 ¼
R
r2jAðr; LÞj2rdrR
r2jAGðr; LÞj2rdr

¼
R 			 ∂UðrÞ

∂r

			2rdr
R 			 ∂UGðrÞ

∂r

			2rdr ¼ 1þ 4b2

9
:

(8)

The above-presented expressions for S and M2 give a
quantitative description of the beam degradation due to the
self-phase modulations. We got this advance in beam evalu-
ation because, different from laser system studies, we are

interested in the intensity distribution in the focal plane
only.

The derived equations can have multiple applications.
One can estimate quantitatively the detrimental effect of
self-focusing in a case without compensation, or evaluate
the effect of the finite aperture.

The fact that all effects of nonlinear interaction with
atmosphere produce only phase distortion suggests that if
we impose the initial phase equal Φ [Eq. (5)] with the oppo-
site sign, the propagation through the atmosphere will com-
pensate the nonlinear phase distortion. During the long
propagation to the orbit, even a small deviation from the
TW model can produce a large deviation. We proceed to
evaluate in detail the applicability of the model.

5 Results and Discussion
Figures 3–7 show that the results obtained by using the
simple TW model are in good agreement with the direct
nonlinear Schrödinger equation (NLSE) simulations. Here
h ¼ 0.000506, C ¼ k0R2

0∕L ¼ 5.93, L ¼ 1000 km, R0 ¼
1 m, λ0 ¼ 1.06 μm, and Pin∕Pcr varies from 100 to 7500,
which corresponds to b ¼ 0.2 and b ¼ 15, respectively.
Let us note that the nonuniformity is important: even for
Pin∕Pcr few thousands, the b values are about 10 and we
do not expect the massive beam filamentation.

Let us discuss the calculations of the beam average
parameters in the focal plane, i.e., Strehl ratio S and beam
quality M2. For the TW model both quantities can be calcu-
lated analytically, as in Eqs. (6) and (8). The comparison of
the Strehl ratio computed with the NLSE solution and the
TW model is shown in Fig. 3(a). We see that the TW

Fig. 3 (a, b) Comparison of Strehl ratio S and beam quality parameterM2 computed by the NLSE [Eq. (3)
(black line)] and TW model [Eqs. (6), (8) (red line)]. Green points correspond to the values computed by
NLSE [Eq. (3)] with laser elevation at the height z0 ¼ 3 km. (c, d) Errors calculations, with errorðSÞ ¼
jSNLSE − STWj and errorðM2Þ ¼ jM2

NLSE −M2
TWj∕M2

TW.
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Fig. 4 (a, b) P in∕Pcr ¼ 2500—conditions correspond to Fig. 1(c); (c, d) P in∕Pcr ¼ 5000—conditions cor-
respond to Fig. 1(d). (a, c) Intensity distribution along z. (b, d) Radial distribution at the initial focal point
L ¼ 1000 km, C ¼ 5.93. Black line: solution of NLSE [Eq. (3)] with initial condition [Eq. (4)]. Green line:
solution of TWmodel [Eq. (5)]. Red line: NLSE with preimposed phase [Eq. (9)]. Blue line: propagation of
Gaussian beam in linear case.

Fig. 5 (a, c) Intensity distribution along z. (b, d) Radial distribution at the initial focal point L ¼ 1000 km,
δ ¼ Δ∕b. (a, b) b ¼ 2.01 (P in∕Pcr ¼ 1000)—corresponds to Fig. 1(b). (c, d) b ¼ 10.05 (P in∕Pcr ¼ 5000)
—corresponds to Fig. 1(d).
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model is very close to the NLSE solution, reproducing even
nonmonotonic S behavior. Let us stress again that the TW
model is accurate for the calculation of intensity in spot
center even at large b when the beam is far from Gaussian.
The calculations of beam quality M2 are presented in
Fig. 3(b), together with analytical expression in Eq. (8). It
is important to note that this result is also valid for beams
quite different from Gaussian. We see that the TW model
provides an excellent description at modest b, and slightly
overestimates beam quality for large b, when the beam is
already completely destroyed.

Let us mention that in the TWmodel the atmosphere char-
acterized only by one parameter b. Within the NLSE, we can
start with different values of intensities and atmospheric
heights but the same values of b. The coincidence of
these runs additionally validates the TW model. In Fig. 3,

we present the comparison of the propagation starting
from the sea level and from 3-km elevation. It is a practically
interesting situation. To minimize the effect of atmospheric
turbulence, it is attractive to place the laser as high as
possible.1 One can see the very good TW applicability.
With increase of laser elevation, b value decreases, decreas-
ing the self-phase modulation effects.

In Fig. 4, we present the radial intensity distribution and
the peak intensity distribution along z for the TW model
of Eq. (5) and the corresponding NLSE solution. Here
Pin∕Pcr ¼ 1500 and 5000, with the corresponding factor
nonlinear phase shift b ¼ 3.02 or b ¼ 10.05, respectively.

Figure 4 shows an excellent agreement between the TW
model and the full numerical simulations based on the
NLSE, both for evolution of the peak intensity with distance
and for the radial beam intensity distribution in the focal

Fig. 7 (a) Strehl ratio as a function b and δ ¼ Δ∕b.Strehl ratio varies from 0.4 (blue) to 1 (red). (b) Beam
qualityM2 as a function b and δ ¼ Δ∕b.M2 varies from 0.997 (red) to 6.5 (blue). Red color means that the
Strehl ratio or M2 is close to 1, i.e., the beam is close to Gaussian.

Fig. 6 The normalized intensity distribution Iðr ; zÞ∕Ið0;0Þ {with [Iðr ; zÞ ¼ jAðr ; zÞj2]}. (a) Propagation of
Gaussian beam in linear case, (b) δ ¼ 0, (c) δ ¼ −0.1, and (d) δ ¼ 0.1. δ ¼ Δ∕b. C ¼ 5.93 and
b ¼ 10.02—the conditions correspond to Fig. 1(d).
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plane. One can see that the TW model approximates well the
exact solution of the NLSE even in the situation with
well-developed filamentation [see Figs. 1(c), 1(d), and 4]
with the field distribution being very far from the Gaussian
beam. Note that in the TW model, the solution depends on
the dimensionless parameter b ¼ I0h½1 − expð−z1∕hÞ� ,
only, which simplifies the system optimization.

The excellent results of the TW model give hope that the
initial phase predistortion can be used to compensate the
nonlinear phase changes. As a result, one can have an almost
perfect Gaussian beam at the atmospheric exit and the det-
rimental effects of self-focusing can be eliminated to a great
extent. The new initial condition with the corrected phase is

EQ-TARGET;temp:intralink-;e009;63;609Aðr; 0Þ ¼
ffiffiffiffi
I0

p
exp

�
−
r2

2
− i

�
Cr2

2
þΦ

��
; (9)

EQ-TARGET;temp:intralink-;sec5;63;565Φ ¼ ðbþ ΔÞ expð−r2Þ;Δ ¼ δb; b

¼ I0h½1 − expð−z1∕hÞ�; I0 ¼ Ið0;0Þ ¼ 4P∕Pcr:

δ ¼ 0 means complete compensation of the nonlinear phase
with the help of phase mask, δ different from zero is the sin-
gle parameter describing the incomplete compensation due
to the variation of intensity, laser altitude, or effective atmos-
pheric density.

We compare the solution of the NLSE with the initial con-
dition [Eq. (4)] and chirp C ¼ 5.93, which corresponds to
linear focusing at L ¼ 1000 km; the solution of the NLSE
[Eq. (3)] with a preimposed phase [Eq. (9)]; and the solution
of the linear problem with the initial condition [Eq. (4)]. The
result is presented in Fig. 4. We see that the initial phase
modification compensates nonlinear effects and the solution
of the NLSE is very close to the linear one. Note, that as
expected, the solution of the NLSE with preimposed
phase correction [Eq. (9)] preserves the Gaussian shape in
the transversal direction.

The parameter b in the phase is not well defined; we used
the simple exponential model of the atmosphere, while the
real one is more complex and depends on many parameters.
The phase mask is design for specific intensity which can
vary from shot to shot. This uncertainty we model with
the help of parameter δ.

Hence, it is very important to understand how much our
results change, if the b → bþ δb parameter in the preim-
posed phase will be different from the b parameter in the
acquired phase [Eq. (9)]. We did an extensive investigation
of the sensitivity of the results to the value of δb. The results
of the modeling are presented in Figs. 5 and 6. One can see
that, even for high intensity pulse P∕Pcr ¼ 5000, a variation
of b of about 10% (both positive and negative) does not
affect the smooth radial distribution in the focal plane and
slightly reduces the peak intensity in the focal point.

The result of the incomplete compensation is a function of
both δb and b. In Fig. 7, we present the Strehl ratio and beam
quality M2 as a function of both parameters. We see that the
suggested scheme is robust, and nonsensitive to δb, espe-
cially for smaller beam powers. The reason is that we do not
need the complete phase compensation; it is sufficient to
have the efficient B integral b small enough. We see for
an example that even for b ¼ 10 variation of b by 10%
changes Strehl number by 5% only. We see also that

detrimental effects of atmosphere reduces with laser eleva-
tion (smaller b).

The required phase pattern can be preimposed with the
help of a phase mask. The spatial phase distribution is inde-
pendent of the intensity, which simplifies the mask produc-
tion. The amplitude of the phase variation (mask thickness) is
proportional to the intensity. The above studies of δb indicate
that the results are not very sensitive to the phase amplitude.
In practice, a few masks will be sufficient to cover the range
of intensities, making the proposed method more practical.
The above results can be useful for the material processing
applications.

Femtosecond material processing has become more
common due to the development of new, compact lasers,
high precision processing, and small collateral damage. In
many cases, the processing takes place in vacuum in
order to eliminate laser breakdown in air. The laser light leav-
ing the entrance window can be distorted due to self-focusing
and can attain peak intensity away from the initial focal
point. This focal point displacement can be important for
three-dimensional memory writing or volume Bragg gra-
tings. The phase distortion in the window distorts the beam,
increasing the spot size—an effect detrimental for the precise
machining.

Let us demonstrate that this situation is similar to that con-
sidered above. For fused silica, the critical power is about
1.5 MW. For typical fs processing (pulse energy 1 mJ and
pulse duration 1 ps), the pulse power is about 1000Pcr and
the situation is similar to that discussed above. Thus we can
directly use the results from the previous sections, for exam-
ple to estimate the spot size and the Strehl ratio. The use of a
phase mask to compensate the detrimental windows effects
also looks promising.

We have demonstrated that the nonlinear effect of self-
focusing in the atmosphere for space debris cleaning can
be described with good accuracy within the TW model.
Within this model, the nonlinearity produces phase front
distortion, serving as a high aberration focusing lens.
Optical phase distortion results in displacement of the focus-
ing point and beam filamentation, degrading the system
performance.

We demonstrated that the TW model describes beam
focusing with strong aberrations, with field distributions
in the focal plane far from Gaussian. The pattern of laser
field is determined by a single dimensionless parameter b
similar to the B integral used in laser design to control
the self-phase modulation. The dependence on only a single
parameter greatly simplifies the optimization of the beam
prefocusing arrangements.

The description of linear propagation after exit from the
atmosphere can be simplified using the fact that the field in
the focal plane is proportional to the Fourier transform of the
field exiting atmosphere. As a result, we obtained simple
expressions for the peak intensity (Strehl ratio) and beam
quality M2 which can be calculated in terms of the exiting
field. The use of these quantities as FOM provides a conven-
ient quantative description of the beam structure on the
target.

Because of the high accuracy of the TW model, one can
compensate for self-focusing in the atmosphere by a preim-
posed phase distribution, which will cancel the nonlinear
phase acquired during propagation in the atmosphere. Our
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modeling demonstrated that the detrimental effects of self-
focusing even for P∕Pcr ∼ 5000 can be almost completely
eliminated by a preimposed phase calculated within the
TW model.
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