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Abstract— In this paper, the steady state of improvement
performance of the thermal and chirping sensitivities of the
soliton propagations of nonlinear optical pulses in an static
pure water and sea water is deeply and parametrically studied.
The interaction of such powerful laser beam and the pure, sea
waters has been investigated over wide ranges of the affecting
parameters through model taking into account the coupling of
the pure , sea waters. The stabilities of the processed major
effects (the product of power and square of the pulse width,
pulse width, and bit-rate) are analyzed on the basis of the
thermal sensitivity (where the cause is temperature variations)
and the chirping sensitivity (where the cause is the spectral
variations). The physical parameters of the waters are
considered both temperature-dependent and spectral-
dependent parameters as well as salinity-dependent. The
obtained types of solutions are valuable in obtaining a physical
feel for the problem and obtaining an order-of-magnitude
estimate of the severity of the effects of the controlling
parameters.

Index Terms— Soliton Propagation, Pure Water, Sea Water,
Laser Pulses and Thermal Sensitivities

I. INTRODUCTION

HE problem of high energy laser interactions with

water [1] or with water droplets is an extremely

difficult one, because a number of different nonlinear
phenomena [2, 3] such as shock waves deformation of the
liquid, heating and evaporation etc. occurs on different time
scales. The reflection of infrared waves from water surface
is about zero and it is less than 2% for visible radiations
Phase-shift and heterodyne technique was used for the
measurement, and the laser beam was modulated by a sine
wave having a fixed frequency. The optimum design and
low-noise elements made it possible to detect a light power
about 20 nW at operating frequenc[4, 5]. Using time-
resolved imaging and scattering techniques, the directly and
indirectly monitor the breakdown dynamics induced in
water by femtosecond laser pulses over eight orders of
magnitude in time. For resolve, for the first time, the
picosecond plasma dynamics and observe a 20 ps delay
before the laser-produced plasma expands. The attribute this
delay to the electron-ion energy transfer time[5,6]. With the
availability of powerful laser beam during the last two
decades, a large number of interesting nonlinear phenomena
such as parameteric instabilities, breakdown, and thermal
blooming has bean deeply studied [7-12]. The soliton
propagation of nonlinear optical pulses in an
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inhomogeneous static pure water and clearest sea water is
studied.

The physical parameters of the medium are considered
both temperature-dependent and frequency-dependent
parameters as well as salt-dependent [13-16]. In this paper,
is to study the soliton propagation of nonlinear optical train
of laser pulses in either pure water or seawater under
different thermal and spectral conditions. The following
topics that relevant to the investigated problem are deeply
analyzed:

The product of the power of the beam and the square
of its time-width, the thermal sensitivity of the above
product which acts as a criterion for the thermal stability,
and the chirping sensitivity of the above product which
acts as a criterion for the chirping stability.

II. MODEL ANALYSIS

Optical properties of pure waters in the 200-800 nm
spectral regions are measured [17-19]. By means of simple
approximations derived from irradiative transfer theory, the
measured data are then compared with values of the
diffusion attenuation coefficient determined for clearest
natural waters. The comparative analysis and new data allow
a consistent and accurate set of optical properties for clearest
natural waters and for pure fresh water and sea water to be
estimated from 300 to 800 nm. Finally, the recorded data
clarifies a window around the 450 nm. By its nature,
especially at powerful irradiance, fluids (glasses as air,
plasmas, and water pure or salt) are nonlinear dielectric
media. The emphasis, in investigations concerned with
nonlinear phenomena in fluids, has been paid to the
derivations of the field-dependent dielectric constant. Thus,
the knowledge of optical constants of the fluid under
consideration in the range of classical optics is of special
importance to investigate the interaction process
[12, 20, 21].

The refractive index n (A, T, S) can be computed via:

2
n(AT.S)=(n, +n,T +n,,T").
=Exp(n10+nHT +n12T2)/12 (1)
Where A is the optical wavelength, pm, and N, ¢ are
function of temperature, S is the salinity (0.0% or 35%

only). The numerical values of n; ¢ are as shown in
Table 1 below.
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Table 1

Pure water Sea water

,, 1.01409 1.27265
00

o ~2.56662x1072 ~1.75003x10 72
fo) 2.38468x107> 6.53698x10™%
n —2.404x1073 ~7.72701x107°
) —4.26387x107° ~1.28984x10 70
npy 5.771x1078 1.34502x107

The nonlinear refractive index n, is given as:
ny = 0.25<°,0n(n2 - I)V/hm 2

Both V and 7 are salt-dependent physical parameters and
are cast as:

V =[23356856 +0.0110696S]x107>°  (3)
ho =[7554 +6936S]x10 718 Joule )

Where V is the average atomic volume of sea water and

hio is the energy of first excited state of sea water, S is the
ratio of the salt.

Kerr-type nonlinear refractive index is employed to
obtain the soliton pulse transmission. This nonlinearity can
be expressed either as [12, 21-25].

n*=nl+2n N,P’/A, )
Where n, is the linear part of the refractive index, P, is the
launched peak power of the laser leam, A, is the effective
cross sectional of the beam area and N, is another
representation of the nonlinear coefficient where

Ny =2z,ny /n,, m? / Watt (6)
Where z, =120m.Q. The nonlinear coefficient n, (m?v?) is
estimated on the same bases of Reference [4, 25] as a simple
quantum mechanical formula as in Eqn. (2). The form of
light soliton [26, 27] of the electric field is given by:

<A(m)> = ¢, sech(n) @)

1 W 1 2
_(1_f2R2\J(f<fa )+(f2szfa
with @ = ° ° ®)
? (n,/n,)f 7
Thus ¢, is the peak electric field, where all the appeared

parameters take their usual previous definitions.
The different derivatives are computed as follows:

o, 2

= 9 - 9
/o cn, An, )
i

A on

. = 272'02( 2 o J (b
%22/171171, and (12)

2

?ﬁlz =2n1(n +/Ii)—2j (13)

The refractive index and the normalized radial
temperature are radially averaged and employed through the
computations as follows:

1 R
<n >=E£ndr (14)

R
<T,(r) >=R%!Tn (r)dr (15)

Where R is the laser beam radius, m. The peak power
content across the laser beam is given by:

P = J. le 0SIRE D vl =27zR210 [1 —e "0‘5]

:%ugsﬂnon (¢02)

Where L, is the group velocity, v, =<, and the dielectric
n

(16)

constant of the medium & = z,n> where £,=8.854x10™"* F/m.
The power beamwidth-square product is given by:

1
2 2 22
Pt :Euggan A, (¢OT ) (17)
Considering the pulse bit rate B, is given by:
1
B, =— (18)
27

We find that:

P, /B =20.6n’4,(#7°) (19)

Where 7 is identified as the “width” of the pulse. The heat
transfer coefficient of clear water as well as sea water, H, is
considered as [27, 28]:

H=1/60 watt/m* °K (20)
Based on [23, 26, 29] for sea water, and for pure water, the
thermal conductivity (K) is reported:

K =a,+aT +a,T "’ +a,P WatymK (1)
Where P is the pressure in bars, and a,,a,a; anda; are
functions of the salinity, are given in Table 2.

Table 2
Pure water Sea water
a, 0.54887 0.55296
a 2.67x10” 1.8364 x107
a, -1.4182x107 -3.3058x107
a3 3.4025 x10° 3.4025 x107

The net reduction in the beam intensity resulting from
both absorption and scattering is refered as attenuation. The

attenuation coefficient G is given as [28, 30, 31]:

-1

O-t = O-a + O-x ’m (22)

Where: G, is the absorption coefficient, m™, o, is the
scattering coefficient, m ™' . The fractional loss in power due
(23)

Where I, is the beam intensity at the entrance I,(z,1) the
beam intensity along the propagation path, and z is the
propagation distance. The loss of power due to redirection of
photons out of the beam path by the scattering process and is
I(r,z)=1e>"" (24)

The absorption coefficient G, of either pure water or sea

water is correlated and the optical wavelength (0.4 <A, um <
0.5) under the form:

to absorption by the water is: 1 (z,A) =1 e *"*

given by:
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6
o, (A)=) 0, =1.2542+0.14091 - 4.47861°

i=0

—-141.851° +420.0984* +119.554° —849.637°,

mean square error is 0.4x10°° (25)
Where 0,(A) and K(T) are expressed by Eqns.(25) and
(21), respectively. In the present study the following
equations are assumed (using Eqn. (7):

12 Z%I e iRz pr0SrIRE (26)

The factor 0.5 is the duty ratio (1/21) of the optical pulse.
Using separation of variables, T(r,z)[26,29,32,33] can be
written as:

T(r,z):T(r)T(Z):%T(r)[1+e""’“)z] 27)

Where G¢(A) is given by Eqn. (22), T, (r) = T(r) /T,

(28-a)
po =r/R,and (28-b)
ky =k/kg (28-c)

Where T, is the normalized radial temperature, p, is the
normalized radial position, and k, is the normalized thermal
conductivity. For mathematical treatment we get:

2 2
KV°T + (g) +(£j oK =—0, (M (r,z)
Or Oz or

(29)
The use of Eqns.(26-28) into Eqn.(29) yields

2
ﬂlknvan—i_Z:;(—,n [aozwﬂj ﬂlz +
0

n

é]k — 2 -0,z

o [+o/RT B |=—1,e e (30)

with 3, =0.5(1+e*"fz ) (31-a)
B, =0.5¢""", (31-b)
k, =1+ BCT, +BC,T}, and (32-a)
I, =cI,R*/2k,]T,. (32-b)

The above quantities are dimenionless and C, and C, are
given in Table 3.

Table 3
Pure Water Sea water
C, 0.14594x10™! 0.996311x107
C, -0.775156x10™ -0.179351x10°

A. The Sensitivity Analysis

The sensitivity analysis of the major three quantities P,t%,
7, and B, is processed based on the following definations:

B. The thermal sensitivities

St ” = thermal sensitivity of  the product
A(Porz)/Por2 T 6Pz
Pt = _— (33)
AT /T P or

STT =thermal sensitivity of the pulse width

At/t T or
=—_ = = (34)
AT /T t© or
S TB " =thermal  sensitivity = of the  bit-
AB./B T OB
rate = : L=— L (35)
AT /T B, or

C. The chirping sensitivities

S f"rz =chirping sensitivity of the product
AR )P 4 opg?
P,T° = =—".—2 (36)
AL A P2 A
S; =chirping sensitivity of the pulse
) Atlt A oOr
width = =—.— 37
ALIA T A
S f" =chirping  sensitivity of the  bit-
AB /B, A OB,
rate = =—. (38)
ALIA B, Ak

III. SIMULATION RESULTS AND DISCUSSIONS

In the present paper, we will parametrically investigate
the effects of the following set of controlling parameters at
7=0.0:

a- The variations of the beam radius, R.,
b-  The variations of the optical wavelength, A,
c-  The variations of the medium temperature, T, and

The following set of variables is under investigation

a- The product, P,r?, The pulse width, t, he bit
rate, Br, the thermal sensitivities, and the chirping

sensitivities. The ranges of the controlling parameters

are as follows: 0.01 <R, m <0.1,
0.4 <A, ym <0.5,
290 <T, °K <310,

1,=60 kWatt/m®,and Z =0.0 m

A. The effects of the Variations of Radius, R

The variations of the set of variables {Porz,r,Br} against

the variations of R at asumed set different values are
displayed in Figs.1-3 where the following correlations are
depicted:

a-  Whatever the set of controlling parameters, both Poz'2

and R posses positive correlation.,
b-  Whatever the set of controlling parameters T and R

posses a positive correlation and consequently Br and

R possess negative correlations, and
c-  Whatever the set of controlling parameters, both sea

water possesses higher values of Poz'z, higher values

of t and less values of Br than the corresponding
values of pure water.
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B. The Effects of the Variations of Ambient Temperature, T

The variations of the set of variables {Porz,r,Br} against

the variation of T at asumed set different values are
displayed in Figs. 4-6, where the following correlations are
found:

a. Poz'2 and T are in a posses positive correlation,

b. 1t and T are in a posses positive correlation and

consequently B and T are in posses negative

r
correlations, and

c. Sea water possesses higher values of Porz, higher

values of t and less values of Br than the corresponding

values of pure water.

C. The Thermal Sensitivities of {POTZ, T, Br}

Based on these displays (Figs-7-9) , the following features
are found:

a. Whatever the set of controlling variables both S TP”T- and

. o . . B, .
S; increases positively as T increases while STr increases
negatively,
b. As the level of power increases {R } the same sort of

variations is obtained but the magnitudes of the
different sensitivities increase, and

c. As the salinity (S) increases, the same sort of
variations are found but the magnitudes of the different
sensitivities decrease.

D. The Chirping Sensitivities of {Po 2 , T, B, }

Based on Eqns. (36-38) the chirping sensitivities of Puz'2 ,
t and B, are computed via special software which
numerically processed the differentiations. At level of
powers where IO are kept constant and T is employed as a

parameter, the different chirping sensitivities are displayed
in Figs.10-12. Based on the displayed in Figs. 10-12) shows
the following features are found:

a. Whatever the set of controlling parameters both S f"r and

. o . . B
S; increases positively as A increases while S "
decreases.
b. As the level of power increases {R} , the same sort of

variations are depicted ,but the magnitudes of the different
sensitivities decrease, and

c. As the salinity {S} increases, the same sort of variations is
depicted, but the magnitudes of the different sensitivities
increase.

IV. CONCLUSIONS

Based on the basic made and the results of the laaser
soliton beam under (pure and sea waters), the wide ranges of
variations of the set of controlling parameters, for pure
water (S=0.0%9) and sea water (S=0.35%), from this work
we get the following conclusion items:

a) For increase the salinty, S , and the beam width
radius, R then increase the POTZ, 7, while
decrease the B,

b) The variations of Po 72, 7, and B, with T are the
soitr of variation in item a

e P’ .
¢)  The thermal sensitivities S,;°* , S, are increased

for increase T, while STB " slowly negative

increase
e s Pz’ .
d)  The thermal sensitivities S,°° , S, are increased

. . B
for increase R, while .S r decreases

e) The chirpping sensitivities S f"r , S are
increased for increase A (stable operation), good
chirpping sensitivity at A = 0.45 um, while S f" is

slowly negativeely increase( stable operation),
good chirpping sensitivity at A = 0.45 um

f) The chirpping sensitivities S, , S are
decreased for increase A (stable operation), good
chirpping sensitivity at A = 0.45 um, while S f" is

slowly negativeely increase( stable operation),
good chirpping sensitivity at A = 0.45 um
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