I.1. Ippolitov

Vol.

5, No. 11 /November 1992/ Atmos. Oceanic Opt. 783

THE CONDITIONS OF STATIONARITY OF THE ABSORPTION COEFFICIENT
UNDER OPTICAL PULSE PROPAGATION THROUGH A DOUBLE-LEVEL MEDIUM

I.1. Ippolitov

V.D. Kuznetsov Siberian Physicotechnical Scientific—Research Institute at the State
University, Tomsk
Received June 18, 1992

Propagation of a Gaussian pulse through a double—level medium is considered.
Based on the system of Bloch—Maxwell equations the approaches that result in
Bouguer’s law with the absorption coefficient independent of time are analyzed.

In the most methods of remote laser sounding of the
atmosphere the propagation of optical pulse from a laser
source to a distant atmospheric volume is analyzed at the
first stage and then the propagation of radiation reemitted
by the volume towards the receiving aperture at the second.
In accordance with this, for calculations of the energy losses
of sounding and reemitted pulses the square (for unshifted
frequencies) or the product (for shifted frequencies) of the
atmospheric transmission defined by empirical Bouguer’s
law are involved in equation of sounding. This is practically
always valid for transmission of reemitted pulse because of
its small power. As to the sounding pulse propagation,
disagreements with Bouguer’s law are possible when the
pulse frequency occurs within a molecular absorption line.
The best—known example of such a disagreement is the
absorption saturation effect.! In order to determine
conditions of the Bouguer’s law applicability let us use the
Maxwell—Bloch equations describing within the framework
of a semiclassical approach the interaction of sounding pulse
with a two—level system modeling the molecular absorption.

Let the subscript b indicates the low energy level and the

subscript @ does the upper one, o,=(E,—E,)/T is the

transition frequency. Dynamics of a two—level system
interacting with the electric field E can be described by the
system of the Bloch equations for the density matrix elements?
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Here, p, (', t) and p,(z', ) are the populations of the a

and b levels at the point 2z’ for molecules having the velocity
component v, p . is the matrix element of the electric

dipole moment, T, and T, are the longitudinal and

transverse relaxation times, 7, and n, describe the

a
equilibrium values of the populations and are given by
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where N, is the total number density of molecules at the

(4)

level @, u is the average velocity of a molecule.
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The field E(z, t) is calculated from the Maxwell
equation

PE, 1PE_ axdp o
a2 at? ot
The medium polarizability P is given by

+oo
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It should be noted that the field E(z’, t) in Egs. (1)—
(3), in accordance with Ref. 2, is defined in a coordinate
system connected with a molecule, while Eq. (5) defines the
field in a laboratory system of coordinates. Connection
between the fields in these two systems is performed with

the nonrelativistic (v Z/ ¢ < 1) transformation

z’=2—vzt;

Q= ®)

Q—kvz;

k= =t.

k, t

In practice, the calculations should be done as follows.
First, one sets some approach to the field E(z’, t) and then
the corresponding approach, for example, for p,,(z', ', ) is
found from the system of equations (1)—(3). After that
transformation (8) is carried out, the result is substituted
into Eqs. (5)—(7), and the subsequent iteration of E(z, t) is
found.

As a matter of fact, this procedure is very simple
because transformation (8) keeps complete phase of the
field, so Q't — kz' = Qt — kz.

Let us represent E(2, 1), p,(2, t), and P(z, t) in the
forms

EG, 6) =3 Ey2, ) explil@t — k)] +

+ % Ej(2, t) exp[— iQ't — k2] ; 9)

o2y ) = 1,02, ) expl— Qt — k)] ; (10)

PGz, =3P (2, Dexpli(Q t—k) 3Pz, Dexpl—i(t—) (1)
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For the envelopes E(2', ) and ,,(z', #) by substituting

Egs. (9) and (10) into Eqgs. (1)—(3) and using the rotational
wave approximation one obtains the following equations:

. ~  Hap
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The shortened Maxwell equations for the envelopes can be
written in the form

Ey 13

1%, .
5 tT o = 2mikP, (15)

where P is defined by formula (12).
If the real and imaginary parts of E;, and P, are
separated out

Ey=E'+E +iE, (16)
Py=P +iP, 7

it can be shown that Egs. (15) are valid if the following
unequalities:

&E, oE| |&P, P,
222 <2k ; W < 2Q |
(18)
&E, GE.| |oP,
6t2 < 20 a e <<2|P|
hold.

The same unequalities should be added to the
foregoing but with the substitutions

PP, E,oE .

Below we shall consider propagation of a Gaussian
optical pulse with the envelope

_ p
E%z, ) =11 exp|:— 4(’:1—22/6):|
p

through a medium occupying the space to the positive
direction of the z axis.
The initial and boundary conditions are

E(z, —0) =0;

4¢°
EQO, =1 exp( T—j cosQ t .

P

Here 7 is the pulse duration measured at the level e !
Let us introduce the dimensionless variables
t—2z/c

T = , X =2z/¢Ct
T ? /P
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and the dimensionless functions

N=n/ny; R =p,,/ny; Z=Ey/n. (19)
In this set of the variables the system of equations (13)—
(15) takes the form

A
%+ (ir, + )R = —i5ZN ;

%‘FK (N—1)—Zk (ZR* — Z*R) ;
gf — Qs fexp(—vz/uz)Rdv (20)
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with the dimensionless parameters

Ay = At Ay = ‘rp/T2 s hg=Qp LA

4nkct p, (N, —N)
hy=t /Ty, b= bbb Q1)

> u\nP

and under the initial and boundary conditions

1:=—oo:NO=1,R0=0,ZO=0,x=0:ZO=eXp(—41:2).
In Eq. (21) the value Qp is the Rabi frequency defined as

_ Hab P
'R 71— .

As follows from Eq. (20), at small values of A, the optical

pulse shows only negligible influence on a system of two—
level molecules. Let us make the assumption that

Ay <1 (22)

and write the sought—for solution in the form

R = Z?J”Rm, N = zm N,; Z=3Xxz,. (23)
m=0 n=0 k=0

Condition (22) by virtue of Egs. (21) is reduced to the

limitation on the pulse duration

—1
T <<QR

: =N/ L. (24)

Substitution of Eqgs. (23) into the system of equations (20)
gives the solutions in the first approach with respect to A

R=14R, N=1, Z=Z,+37Z,;
i . 1 2 4 (G
Ry = —5exp[—(iry + 1y1] f expl— 4y + (i + ) yldy ;
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0

A =Q—0,. (25)
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From Egs. (19) and (26) by passing from the
dimensionless coordinate x to z one obtains,

Efz, ) =Tlexp(— 413 (1 — K2); (26)

2RTER
TU
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for the slow amplitude of the field E(z, 1).
From Egs. (16) and (26) it follows that

E, = —T1I exp(— 4t 2)K12 i E,=Tlexp(— 4t 2) K,z; (27)
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Let us calculate the optical pulse intensity, using the
relation

+T
c 1 c
< 1 244 — £ [(RO 2 2
J—4n2Tf|E|dt—8n[(E +E)?+ E2] . (28)
T

By substituting relations (27) into relation (28) and taking
only linear, with respect to J o terms one obtains

J=J1-2K,2), (29)

cI? ) . . .

where J; =gexp(— 8t2) is the intensity of a Gaussian

pulse incident on a medium.
For the case of a weak absorption considered here
Bouguer’s law takes the form

J=Jgexp(—y2) =1 —y2). (30)

From comparison of Egs. (29) and (30) for the
absorption coefficient, one obtains

_

X = Aahz X
Ctp 35

©
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By changing the variables (4 +—4£ y=¢ and

substituting the explicit relations for A, and A5 from
Eq. (21) one finds that

2
8n Q“ab(Nb N(l)rp )

y =
k27?12
he 4 + 1 :
A, — 81 AT E
x | exp| —&2 = — 2&, cos 112) dg (32)
, ket , k
P
4+ 1 4+ 1
0

Let us now take into account the fact that in derivation
of the Bloch equations (1)—(3) (see Ref. 2) it was assumed
that the field E(z, ¢) is linearly polarized along the x axis.
That means that E(z, t) = E (z, ) and p = p,. We can write

for the matrix element of the dipole moment that

= (1), = ety = ln, lcoso,
where e is the unit vector along the x axis, p is the vector
of a dipole moment. Since molecules in a gas have random

orientations, the value (p )Zb in Eq. (32) should be averaged

xX’a
over the angle 6 that gives!
1
(“;r)rfb = § |'J'[lb | 2

The structure of the absorption coefficient in the form
of Eq.(32) allows one to draw a conclusion about
nonstationarity of the absorption process for any limited
pulse durations. The limit of Eq. (32) as ¢, > = gives

872 Q |, 12N, =N ) - , 203
Yoo = 3hc b exp| —&° — ki g Jx

0

2(Q — o)
x cos ™ £d¢ . (33)
ku
This relation corresponds to the Voight profile.® In a
limiting case of T,!/k% > 1 from Eq. (33) one obtains the
dispersion contour

S
XL = g - 0)0)2 +YL2 (34)

with the line intensity
8 .
S= 3hc®o |’“lab|2 (Nb - Na) (35)

and halfwidth

1
YL T 2aT,

(36)

In so doing in Eq. (35) the substitution Q — o, was made,
permitting to refer S to as the fundamental characteristic of
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any transition. Really, this does not distort the frequency
dependence due to narrow spectral lines.

The other limiting case, when T§1/ ku<1 in
Eq. (33), corresponds to the Doppler line shape

28 - 0’0)2i|
Ay = exp| — R (37)
b '\I;YD |: Y[2)

where S is defined by formula (35),

Q o 21n2 ky T\12
yD=kﬁ=?ﬂ:7ﬂ,ﬁ=2T ,

ky is the Boltzmann constant and M is the molecular mass, so

2 In2 ky T\1/2
=0 \Tar . (38)

The condition T, > is too indefinite for estimates. As

follows from Eq. (32) the absorption can be considered
stationary in the following cases:

(a) kﬁrp < 1; TP/T2 > 1.

This case corresponds to a negligibly small Doppler
width y,, = ku provided that T, > T, and

(b) kut, > 1.
1
In the case of T, > k__ and the line shape defined by
u
the relation T ;!/k7.
In the case of nonstationary absorption we have
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14 L
T, < P and 1, < T,

In the latter case of extremely short pulse durations
one should verify fulfilment of conditions (18) by
substituting there, for example, relations (27).

In conclusion, let us present some estimates for a
concrete laser system.! Radiation of a ruby laser at the
wavelength 634.383 nm coincides with the center of a water
vapor absorption line with p,, = 3.8:10722 CGSE. The pulse
of 1J energy and duration 2-1078s collimated by a
telescope to the value of divergence 2-10~* rad provides the
value of Qp ~ 6-105s~! in a volume at 1 km from the lidar.
Therefore, ;= 0.12, and the process of absorption can be
considered linear. For tropospheric conditions H,O line at

694.383 nm has the Doppler width ku ~ 1.2:10° s~ and ku
1, = 24> 1. The transverse relaxation time T, can be

defined from the linewidth (~ 0.1 cm™!) and is equal to
510~"'s. Then, T,!'/ku =17 > 1 and the condition of

stationarity of the propagation process corresponding to the
above—mentioned point b is fulfilled.

REFERENCES

1. R. Loudon, The Quantum Theory of Light (Clarendon
Press, Oxford, 1973).

2. J.1. Steinfield ed., Laser and Coherence Spectroscopy
(Plenum Press, New York and London, 1978).

3. S.S. Penner, Quantitative Molecular Spectroscopy and
Gas Emissivities (Addison—Wesley Reading, 1959).

4. 1.V. Samokhvalov, Yu.D. Kopytin, I.I. Ippolitov, et al.,
Laser Sounding of the Troposphere and the Earth’s
Surface (Nauka, Novosibirsk, 1987), 262 pp.



