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Radiation wavelength dependence
of clearing channel characteristics
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Estimations and calculations of clearing (vaporization) channel characteristics in the trail
behind advanced civil supersonic aircraft are made for the maximal optical thickness cross section.
The infrared wavelength range of the laser vaporizing water aerosol is considered.

and extinction at a single particle. The heat emission
intensity q of the absorbed radiant energy Wabs is a
function of the medium-volume absorption coefficient
αabs, cross section σabs, and efficiency factor of radiation
absorption by a particle Qabs (Ref. 3):

Introduction
The light absorption and scattering by small
aerosol particles1–3 play an essential role in ecological
problems of remote sensing of the air transport
emission,4–6 in particular, in the problem of a clearing
channel formation at a condensation trail.7 Subsonic
airbuses, which are principal emission sources, cruise
at altitudes of 10–13 km. Projected civil supersonic
aircrafts of the 2nd generation – Russian SPS-2
(Ref. 8) and American HSCT (High Speed Civil
Transport)9 – are planned to fly at altitudes about
18 km. At such altitudes, clouds and the condensation
trail (contrail) mainly consist of ice. Crystalline ice
particles of water aerosol in clouds, mists, and contrail
can be united into 3 groups: 1) spheres (volumetrical
particles), 2) cylinders and needles, and 3) plates and
disks.10,11 Particle sizes in a contrail can reach 10 μm
(by the order of magnitude).12 The atmosphere is the
most transparent for IR laser radiation at λ = 2.91,
3.80, 5.058, and 10.6 μm.13–15 In this paper, optical
characteristics of the clearing (vaporization) channel
at the trail behind a civil supersonic aircraft are
considered. The channel needs for examination of the
exhaust jet central part with maximal concentration
of contaminants, i.e., nitric oxides, sulphides and
chlorides. Consider spherical particles of mono- and
polydisperse aerosol.
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where V is the particle volume (V = 4πa3/3 for
sphere of radius a); αi,w = 4πκi,w/λ is the radiation
absorption coefficient; I0 is the incident radiation
intensity; S = πa2 is the square of the particle section
by a plane normal to the incident beam axis.
In the case of some nonabsorbing medium, the
energy extinction Wext = Wabs + Wsca, where Wabs is
absorbed (in the volume V per unit time) and Wsca is
the scattered energy. Therefore, σext = σabs + σsca.
Factors, sections, and absorption and extinction
coefficients (Qsca = σsca/πa2; Qext = σext/πa2; αsca =
= 3Qsca/4a; αext = 3Qext/4a) are calculated by wellknown formulae and algorithms.1–3 Optical parameters
of a particle depend on the radius a, radiation
wavelength λ, as well as the matter of the particle
and surrounding medium (i.e., complex refraction
index m = n + iκ). Set n = 1 and κ = 0 for the air
outside a particle. Specific to mass unit coefficients of
absorption, scattering, and extinction are babs,sca,ext =
= αabs,sca,ext/ρice, where ρice is the density of particle
matter (here ρice = 900 kg/m3 is the ice density).
Coefficients of absorption, scattering, and extinction
for aerosol are defined as a multiplication

1. Optical parameters of ice spheres
Heating, sublimation, melting, and vaporization
of particles of three principal shapes have been
investigated in Ref. 11 at λ = 10.6 μm. The complex
refraction coefficient for water and ice in IR
m = ni,w + iκi,w (ni,w is the real refraction index, κi,w
is the absorption index, i corresponds to ice and w to
water) is given in Refs. 16–18.
The Mie theory3,19 provides solutions inside and
outside a particle and allows one to calculate factors
and cross sections of radiation absorption, scattering,
0235-6880/05/10 783-06 $02.00

Wabs
=
V

βabs,sca,ext = babs,sca,ext ρi,w,
where ρi,w (kg/m3) is the ice or water content of
aerosol, i.e., the mass of a condensate (ice or water)
per unit volume.
In reality, aerosol is polydisperse and its particles
differ in size. A typical a-size distribution function
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f(a) for aerosol particles in clouds is the gammadistribution with two parameters: modal radius
amod and μ, e.g. Khrgian–Mazin distribution, μ = 2
(Ref. 10). Specific coefficients of spheres can be sizeaveraged according to the following equations20,21:
∞

∫

πNd a2Q(a)f (a)da

b=

α
0
=
;
∞
ρi,w
4
3
πNdρice a f (a)da
3

∫
0

a

f (a) =

μ μ+1
aμ –μ amod
e
;
μ+1
Γ(μ + 1) amod

∞

∫ f (a)da = 1.

(2)
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of absorption Labs = 1/(ρi babs) and attenuation Lext =
= 1/(ρi bext) are the following: at λ = 10.6 μm
Labs = 1370, 1251, and 1538 m and Lext = 1376,
1080, and 552.4 m (for à = 0.1, 1.5, and 10 μm,
respectively); at λ = 1.06 μm, Labs = 3.33 ⋅ 106; 2.0 ⋅ 106,
and 2.24 ⋅ 106 m and Lext = 1080, 5.676 ⋅ 105, and 526.8 m.
At λ ≤ 2 μm, the energy scattering considerably exceeds
its absorption. Translucence due to evaporation is
ineffective since the radiation intensity decreases due
to scattering along the beam earlier than aerosol is
evaporated by the absorbed energy.
bext/bi
20

0

Here Γ(μ) is the gamma-function and Nd is the
number of particles per unit volume.
Figure 1 shows the specific extinction coefficient
bext = αext/ρice (m2/kg) of mono- (Fig. 1a) and
polydisperse aerosol (Fig. 1b) as a function of the
radius a at different wavelengths. Figure 1b presents
specific coefficients for polydisperse aerosol of spheres
as functions of the modal radius amod. Accounting
for size-distribution of particles results in decreasing
of the maximum and its displacement to the region
of small radii.
Table 1 presents the dependence of the absorption
factor Qabs and the extinction factor Qext on λ in IR
range (1–10 μm), as well as of specific coefficients of
absorption (babs) and extinction (bext) at a single
particle (sphere radii are 0.1, 1.5, and 10 μm). At
λ = 1.06 μm, babs and bext are 103–105 times greater
than the specific absorption coefficient for ice
bi = αi/ρice. The ice-content ρi ∼ 10–5 kg/m3 in the
cross section of the maximal optical thickness is
characteristic for the SPS-2 trail, studied in the paper
(see section 2). Characteristic (exponential) lengths
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Fig. 1. A sphere. Extinction coefficient bext/bi = αext/αi
in accordance with the particle radius: monodisperse
aerosol (a); λ = 10.6 μm (1), 5.058 (2), 3.80 (3), 2.91 (4),
and 2.0 μm (5); dashed lines correspond to polydisperse
aerosol (b).

Table 1. Absorption factor Qabs and extinction factor Qext, specific coefficients of absorption babs
and extinction bext as functions of wavelength λ and radius à (μm) of an ice aerosol particle.
Monodisperse aerosol
Wavelength λ, μm
ni
κi
Qabs, à = 0.1
1.5
10
Qext, à = 0.1
1.5
10
bi, m2/kg
babs, à = 0.1
1.5
10
bext, à = 0.1
1.5
10

10.6

5.058

3.80

2.91

2.0

1.06

1.195
0.0602
8.719 ⋅ 10–3
0.1439
0.780
8.719 ⋅ 10–3
0.1667
2.282
79.3
72.66
79.9
65.0
72.66
92.62
181.0

1.243
0.0131
3.879 ⋅ 10–3
0.0778
0.496
3.89 ⋅ 10–3
0.3696
2.514
36.2
32.36
43.2
43.3
32.49
205.6
209.6

1.356
0.0082
3.03 ⋅ 10–3
0.0770
0.468
3.12 ⋅ 10–3
1.407
2.566
30.1
25.2
42.7
39.0
26.0
781.1
213.6

1.131
0.12
0.06593
0.7706
1.106
0.0660
1.108
2.166
576
549.5
428.5
92.2
550.03
615.7
180.6

1.291
0.00161
1.20 ⋅ 10–3
0.0307
0.191
2.05 ⋅ 10–3
2.896
2.350
11.2
10.0
17.0
15.9
17.1
1609
195.8

1.301
2.4 ⋅ 10–6
3.6 ⋅ 10–6
9.08 ⋅ 10–5
5.36 ⋅ 10–4
0.01107
3.172
2.278
0.0316
0.030
0.050
0.0446
92.2
1762
189.8
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2. Exhaust jet evolution
Consider evolution of the exhaust jet of a
supersonic civil aircraft SPS-2 of the 2nd generation.
Take the standard atmospheric model.22 Describe the
diffuse mixing with the atmosphere by the Prandtl
boundary equations within the Kovazhnyi–Sekundov
one-parameter turbulence model.21,23,24 An isobaric
stationary axially-symmetric exhaust jet is described
by a set of equations of conservation of mass,
momentum, and energy; vapor diffusion equation; as
well as equations for coefficients of turbulent
kinematic viscosity ν and number density Nd of carbon
condensation centers21,25:
ρu

∂ν
∂ν 2 ∂ ⎧
∂ν ⎫
∂u
+ ρv
=
,
⎨rρν ⎬ + ATρν
∂x
∂r r ∂r ⎩
∂r ⎭
∂r

(3)

∂
∂ ⎞N
⎛
+ ρv ⎟ d =
⎜ ρu
∂r ⎠ ρ
⎝ ∂x

=

1 ∂ ⎛
∂ Nd ⎞
2 2
⎜ r ρD
⎟ – 2 2πVT Nd amod B2ηcg.
r ∂r ⎝
∂r ρ ⎠

(4)

Here ρ is the gas mixture density; u and v are the
velocity components; AT is a constant; D is the
diffusion coefficients for particles in the gas mixture
∞

Bk =

∫
0

k

⎛ a ⎞
(μ + 1)(μ + 2)...(μ + k)
⎜
⎟ fda =
μk
⎝ amod ⎠

is constant for polydisperse aerosol (k and μ are integer,
μ = 2 in the Khrgian–Mazin distribution, B2 = 3) and
B2 = 1 for monodisperse aerosol; VT = CVT (νu(r = 0)/ rj)
is the rate of turbulent pulsation; CVT is a constant;
rj is the jet radius; ηcg is the coefficient of particle
coagulation (further ηcg = 0.5, 1); the condensate
concentration ρi = ρ – ρvs, where ρvs(T, p) is the
concentration of vapor saturated above ice at the
temperature Ò and pressure p. Sizes of monodisperse
aerosol particles aw and modal (most probable) sizes
of polydisperse aerosol particles amod can be found as

of carbon condensation centers Ndà = 1013 m–3
(variant I), 1010 m–3 (variant II), and 107 m–3
(variant IIa).
The initial part of the exhaust jet, where the
velocity, temperature, concentration of vapor and
other impurities are constant and uniform, terminates
at the distance x ≥ 10ra. In the next transient part of
the jet, the excess velocity u1 = u – u∞, temperature
T1 = T – T∞, and vapor concentration Y1 = Y – Y∞
decrease rapidly. Coefficients of kinematic viscosity
first rapidly rise up to some xνm value (49.6 m for
variant I and 26.4 m for variant II), and then slowly
decrease. Condensation begins in cold and distant
from the jet axis regions of trail. In the cross section
x* = 344 (I) and 175.2 m (II), aerosol closes down the
axis; in xτm = 466 (I) and 237 m (II), the transversal
optical thickness τ(x) = ∫ βext(r, x = const)dr reaches
its maximum τm = 0.00217 (I) and 0.0608 (II). These
values correspond to monodisperse aerosol (λ =
= 3.80 μm).
In the cross section xYm = 568 (I) and 287 m (II),
the mass concentration of the condensate Yi reaches
its maximum Yim = 9.11 ⋅ 10–5 (I) and 9.11 ⋅ 10–5 (II)
while the condensate density maximum ρim =
= 1.06 ⋅ 10–5 kg/m3 falls at the cross section
xam = 720 (I) and 364 m (II); here particle sizes
reach maximal values amax = 0.1725 μm (I) and
1.689 μm (II).
Figure 2 shows distribution of particle radii a(x)
and optical thickness τ(x) along the jet axis for
variants I and II for monodisperse aerosol at
λ = 3.80 μm.
τ/τm

a/amax

0.8

0.4

2

1

∞

ρi =

4
4
πρice Nd a3 fda ≡ πρice Ndaw3 ,
3
3

∫
0

aw = amod (B3 )1/ 3.

(5)

For numerical solution of the problem, an implicit
finite-difference model is used.26 The SPS-2 fly
parameters are the following: the altitude h = 18 km,
pressure p∞ = 0.0756 N/m2, atmosphere temperature
T∞ = 216.66 K, speed u∞ = 590 m/s. Let relative
mass concentration of vapor be Y∞ = 0. Parameters at
the jet engine nozzle are the following: the exhaust gas
temperature Ta = 407 K, velocity ua = 1000 m/s,
concentration of gas Ya = 0.0157 and of carbonic acid
YaÑÎ2 = 0.0480, and nozzle radius ra = 0.87 m. Let us
consider two variants of the turbulent mixing:
I) ÀÒ = 0.2, CVT = 1, ηcg = 0.5 and II) ÀÒ = 0.4,
CVT = 5, ηcg = 1. Take the initial numerical density

0
400
800
õ, m
Fig. 2. Particle radii à(r = 0, x) (thin curves) and the
contrail optical thickness τ(x) (bold curves) as functions of
the distance x from the nozzle of jet engines of SPS-2.
Variant I (curves 1): ηcg = 0.5, AÒ = 0.2, CVT = 1, Nda =
= 1013 m–3; τm = 0.00217 (xτm = 466 m), amax = 0.173 μm
(xam = 720 m). Variant II (curves 2): ηcg = 1, AÒ = 0.4,
CVT = 5, Nda = 1010 m–3; τm = 0.0608 (xτm = 237 m), amax =
= 1.69 μm (xam = 364 m). Monodisperse aerosol.

If to take Ndà = 107 m–3 in variant II (IIa), then
maximal size of particles amax = 16.255 μm (xam =
= 364 m). Maximal optical thickness τm = 0.00123
(xτm = 180.6 m) and 0.00324 (xτm = 180.6 m) at
λ = 3.80 and 10.6 μm.
For variant I, Fig. 3 shows transversal to the jet
axis distribution of the optical thickness τ(z) (where
z = r – rj is the coordinate along the laser beam
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propagation direction) in the cross section of its
maximum at λ = 10.6, 5.058, 3.80, and 2.91 μm
(τm = 0.0055, 0.00249, 0.00217, and 0.0420).

τ

0.03

4

1
3

2

0
4
8
z, m
Fig. 3. Transversal distribution of the contrail optical
thickness in the maximum cross section: λ = 10.6 μm
(xτm = 462 m) (1); 5.058 (458) (2); 3.80 (466) (3); and
2.91 μm (458 m) (4).

3. Clearing channel
Formulation of the problem of a clearing channel
formation by a laser beam is the following.20 A beam,
scanning the exhaust jet with the flying speed u∞
(nonmoving relative to the atmosphere), is directed
transversely the jet (along the axis z = r – rj) in the
cross section of maximal optical thickness. In the
water content approximation, the laser beam
propagation is described by the following equations
in the beam radius scale, which is an order of
magnitude less than the jet radius rj and the contrail
one rñ (r0 << rñ ∼ rj):
–2iF

∂E
+ ∇ 2⊥ E = F[–2FNTρ1 + i(Nα + wNb )]E;
∂z

E

z =0

= e–(x

2

+ y2 )/2

; E

x,y →±∞

(6)

→ 0;

∂w
∂w
+ V(z)
= –wINv ;
∂t
∂x

(7)

w t = 0; x → –∞ = w0 (z);
Nv =

babs I0ηr0
;
Hi,wV0

(8)

∂ ⎞
⎛∂
⎜ + V(z) ⎟ ρ1 = –I[Nrel + w];
∂x ⎠
⎝ ∂t

ρ1 t = 0; x → –∞ = 0;

Nrel =

α gas
α*

.

The x-coordinate (in the r0-beam scale) is still
directed along the transversal component of the beam
and medium relative velocity V0V(z), i.e., along
the jet axis. Here E is the wave function of
electromagnetic field and I = EE* is the radiation
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intensity. All the quantities are dimensionless. The
field function E is related to
I0 , transversal
coordinates x and y – to the beam radius r0, the
beam-directed coordinate z – to the path length
L ∼ 2rñ, and the gas mixture density ρ is related to
its unperturbed axial value ρ0 = ρ(r = 0, xτm). The
2
similarity parameters are the following: F = 2πr0n0/
/λL is the Fresnel number; r0 is the beam radius, L
is the characteristic path length, Nb = bextρi0L is the
radiation attenuation by aerosol particles; ρi0 =
= ρi(xτm, 0) is the characteristic water (ice) content
of aerosol; Nα = αgasL, is the parameter of radiation
attenuation by a gas mixture, αgas is the factor of
radiation absorption by a gas mixture; NT =
= Q(r0/L)2(n0 – 1)/n0 is the thermal blooming, n0 is
the refraction index of unperturbed gas; Q =
= (α*I0r0)/(ρ0h0V0) is the scale of gas density
perturbation, connected with the relative density
perturbation Δρ/ρ0 through the relation Δρ/ρ0 =
= Qρ1, where ρ1 is the dimensionless function of the
2
gas density perturbation; I0 = P0/πr0 is the
characteristic radiation intensity, where P0 is the
initial beam power; α* = (1 – η)βabs is the effective
coefficient of radiation absorption by aerosol; η is the
evaporation efficiency of an individual particle, βabs =
babsri0 is the coefficient of radiation absorption by
aerosol, h0 = CpT0, T0 are the enthalpy and the
temperature of unperturbed gas, Cp is the heat
capacity at a constant pressure; V0 = u(r = 0, xτm) – u∞
is the excess jet velocity on the axis (the characteristic
velocity of the beam transversal airflow); Nv =
= babsI0ηt0/Hi,w is the vaporization (clearing)
parameter, where Hi,w is the specific heat of water
evaporation or ice sublimation, t0 = r0/V0 is the
characteristic aerodynamic time; Nrel is the ratio of gasabsorbed energy to aerosol-absorbed energy; w0(z) is
the initial distribution of the dimensionless ice
content function w = ρi/ρi0.
The initial wave front is plane. The initial
transversal intensity distribution is Gaussian. The ice
content function w is described by the transfer
equation (7) and the gas heating – by Eq. (8). The
speed V is locally independent (in the scale of the
beam radius r0) of x and y in view of r0 << L. The
beam-lengthwise speed component is bound to occur
when scanning beam relative to atmosphere and, in
first approximation, has no effect on the beam.
Consider the particular examples. The SPS-2
aircraft cruises at an altitude of 18 km (variant I of
turbulent mixing in the exhaust jet). The trail in the
cross section of the maximal optical thickness
xτm ≈ 460 m, where rc = 4.51 m. Take r0 = 0.05 m,
L = 10.4 m, I0 = 1.27 ⋅ 104 kW/m2.
Transversal to beam distributions of the jet ice
content function ρi(x) and the optical thickness τ(x)
are shown in Fig. 4 in different moments of time.
Formation of a region of values of ice content
function and optical thickness, reduced to an order
of magnitude, i.e., clearing channel, is demonstrated.
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Fig. 4. Dynamics of the clearing channel formation: transversal to laser beam distributions of the ice content function at the
jet axis w(x) = ρi(x)/ρi0 (a) and transversal distributions of the optical thickness τ(x) in the channel (b); λ = 2.91 μm;
t/t0 = 0.5 (1), 1 (2), 3 (3), 5 (4); SPS-2 aircraft: V0 = u(r = 0, xτm) –u∞ = 18 m/s, r0 = 0.05 m, t0 = r0/V0 = 2.78 ⋅ 10–3 s,
ρi0 = 1.01 ⋅ 10–5 kg/m3.

Table 2. Similarity parameters and characteristics of a medium (trail) and a beam into the clearing
channel: extinction parameter Nb, clearing parameter Nv, initial ice content ρi0 = ρi(z = L/2);
minimal relative ice content ρi,min(L/2)/ρi0 in the jet axis into the channel; initial optical
half-thickness τm2 = τ(L/2), minimal optical half-thickness into the channel τmin(L/2);
fraction change in optical half-thickness Δτ(L/2)/τm2; initial optical thickness τm = τ(L), minimal
optical thickness into the channel τmin(L); fraction change in optical half-thickness Δτ(L)/τm2
(time t = 5t0, coordinates x = 0 = y)
Wavelength λ, μm
Nb = bextρi0L, poly-,
monodisperse aerosol
Nv = βabsI0ηt0/Hi, poly-,
monodisperse aerosol
ρi0 = ρi(z = L/2), kg/m3, poly-,
monodisperse aerosol
ρi,min(L/2)/ρi0, poly-,
monodisperse aerosol
τm2 = τ(L/2), poly-,
monodisperse aerosol
τmin(L/2), poly-,
monodisperse aerosol
Δτ(L/2)/τm2, poly-,
monodisperse aerosol
τm = τ(L), poly-,
monodisperse aerosol
τmin(L), poly-,
monodisperse aerosol
Δτ(L)/τm, poly-,
monodisperse aerosol
Nb
Nv
ρi0 = ρi(z = L/2), kg/m3
ρi,min(L/2)/ρi0
τm2 = τ(L/2)
τmin(L/2)
Δτ(L/2)/τm2
τm = τ(L)
τmin(L)
Δτ(L)/τm

10.6

5.058

3.80

2.91

Variant I
0.00871
0.00776
0.471
0.456
1.01 ⋅ 10–5
1.02 ⋅ 10–5
0.663
0.672
0.00324
0.00275
0.00194
0.00174
0.402
0.367
0.00625
0.00549
0.00372
0.00333
0.404
0.393

–
0.00348
–
0.202
–
1.01 ⋅ 10–5
–
0.838
–
0.00130
–
0.00104
–
0.20
–
0.00249
–
0.0020
–
0.20

–
0.003
–
0.162
–
1.03 ⋅ 10–5
–
0.868
–
1.12 ⋅ 10–3
–
9.4 ⋅ 10–4
–
0.042
–
0.002152
–
0.001801
–
0.163

0.0632
0.0586
3.420
3.440
1.01 ⋅ 10–5
1.02 ⋅ 10–5
0.0523
0.0513
0.0236
0.0218
0.000740
0.000665
0.969
0.969
0.0453
0.042
0.001426
0.001299
0.969
0.970

Variant II, monodisperse aerosol
0.010
0.0235
0.505
0.279
1.05 ⋅ 10–5
1.03 ⋅ 10–5
0.644
0.786
0.00367
0.00850
0.00212
0.00268
0.423
0.261
0.00704
0.0163
0.00406
0.0121
0.423
0.260

0.0861
0.272
1.04 ⋅ 10–5
0.80
0.0314
0.0234
0.254
0.0603
0.0452
0.249

0.0722
3.643
1.02 ⋅ 10–5
0.0435
0.02687
0.00068
0.747
0.05162
0.00131
0.746
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Maximal values of transversal optical thickness
τm and reduction of optical thickness into the channel
in the jet axis at z = L/2 and at the end of the beam
propagation path at z = L for a contrail (a trail
behind the SPS-2) are presented in Table 2 for two
variants of the turbulent mixing at four radiation
wavelengths for mono- and polydisperse aerosol.
Note, that the diffraction broadening and heat
blooming of a beam are negligible for the considered
examples: F >> 1 and NT << 1. The analysis of results
shows the following. The clearing is the most effective
at λ = 2.91 μm, here the parameter of clearing Nv takes
its highest values, a relative decrease in jet optical
half-thickness Δτ(L/2)/τm2 and thickness Δτ(L)/τm is
maximal. The main cause is in high values of the index
κi = 0.12 and absorption coefficient bi = 576 m2/kg
as compared to other wavelengths. Specific coefficients
of scattering and extinction do not exceed in the
order of magnitude the corresponding values of
specific coefficients of absorption. The wavelength
(λ = 10.6 μm) is one more cause affecting the
efficiency of the clearing process.
The turbulence amplification in the exhaust jet
(change from variant I to variant II) results in an
order of magnitude increase in particle maximal sizes
(two orders of magnitude in variant IIa).
Accounting for aerosol polydispersion in the
investigated trail behind the SPS-2 does not lead to a
strong change in the optical thickness τm and values of
their diminishing Δτ/τm in the clearing channel. A
similar result was obtained for IL-86 and IL-96 subsonic
airbuses.21

Conclusion
The study of the influence of IR laser radiation
wavelength on clearing of an exhaust jet (contrail)
has shown the scattering to exceed the absorption
and to interfere water evaporation in the region of
short waves (λ < 2 μm).
Among the wavelengths investigated within
the clearing channel formation problem (10.6,
5.058, 3.80, and 2.91 μm), falling into atmospheric
transparency windows, λ = 2.91 and 10.6 μm are the
most suitable for the clearing process. Aerosol
polydispersion does not affect significantly the process.
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