
Abstract. Nonstationary polarisation effects in a medium
with the K-scheme of energy levels with the quantum numbers
of the total angular momentum equal to 0, 2, and 1 are
numerically simulated. The analysis is performed in the
slowly varying envelope approximation taking into account
the inhomogeneous broadening of quantum transition lines. It
is assumed that the lower-frequency (signal) radiation at the
input to a resonance medium is considerably weaker than the
higher-frequency (pump) radiation. It is shown that the
polarisation of the signal pulse inside the medium is quasi-
elliptic in the general case and is independent of the input-
pulse polarisation. If the `area' of the input pump pulse in
the absence of signal radiation admits the formation of only
one 2p-pulse, then the major axes of polarisation ellipses for
the signal inside the medium and input pump radiation are
collinear, however, the directions of rotation of the electric
éeld strengths of these radiations are mutually opposite. For
higher-power pump pulses, the polarisation structure of the
signal pulse in the medium becomes considerably more com-
plicated.

Keywords: degeneracy of energy levels, nonstationary radiation
polarisation, inhomogeneous broadening.

1. Introduction

Systems of two or three nondegenerate energy levels are
simplest and therefore are most often used as models of
quantum objects in the theory of nonstationary resonance
interaction of laser radiation with matter. Within the
framework of these models, the main results have been
obtained in the studies of photon echo [1], self-induced
transparency (SIT) [2], and electromagnetically induced
transparency (EIT) [3].

However, in most cases the energy spectrum of quantum
objects consists of degenerate energy levels. A special choice
of the polarisation states (linear or circular) of laser radia-
tion allows one often, but not always, to study its resonance
interaction with a medium within the framework of models

with nondegenerate energy levels. In this case, polarisation
effects, i.e. effects related to a change in the polarisation of
radiation during its propagation are not considered.

This circumstance stimulated the development of the
theory of nonstationary resonance interaction of pulsed
laser radiation with quantum transitions between degenerate
energy levels. The inêuence of the degeneracy of levels on
SIT in the radiation éeld with linear or circular polarisation
was investigated in [4 ë 6]. In a number of papers (see review
[7]), polarisation effects related to SIT at the quantum
transition between degenerate energy levels were considered.
Electromagnetically induced transparency in this scheme
was studied in [8 ë 10]. The coherent two-éeld spectroscopy
of a quantum transition between degenerate energy levels
was investigated in [11]. In [12, 13], the integrability of the
system of equations of the double resonance at degenerate
energy levels by the method of inverse scattering problem
was proved and the simulton solutions of these equations
were studied.

In this paper, we studied theoretically polarisation effects
appearing in the nonstationary interaction of two laser
radiations with an ensemble of tree-level quantum objects
in the presence of degeneracy in the case of the L-con-
éguration of interaction. Unlike studies [12, 13], we took into
account the inhomogeneous broadening of quantum tran-
sition lines and did not assume that the oscillator strengths
of these transitions were identical. We assume that the levels
are characterised by the total angular momenta J � 0, 2,
and 1 with increasing their energy, and the upper level is
shared by two resonantly excited quantum transitions.

By assuming that the change in the state of each quantum
object occurs quite rapidly, we neglect relaxation processes.
By considering a rareéed gas as a resonance medium, we
take into account the Doppler broadening of spectral lines.
The signal radiation incident on the medium is assumed so
weak that it should not affect in fact the evolution of the pump
radiation at the initial interaction stage. Simulations were
performed for the L-scheme of levels of the 208Pb isotope, in
which the EIT of circularly polarised laser éelds was
observed [14].

The theoretical study of nonstationary resonance inter-
actions of two laser éelds with éxed polarisation states
(circular or collinear linear) with an ensemble of quantum
objects with three nondegenerate quantum levels resulted
in the description of the effects opening up the new possi-
bilities for recording and reading information on light pulses
[15 ë 17], creating the quantum memory [18], controlling
laser radiation parameters [19, 20], and probing ultracold
atoms and molecular clouds [21]. These effects are based on
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the possibility of controlling the intensity of one frequency
component of the éeld by varying the intensity of another
component.

The study presented here was motivated, aside from the
cognitive aspect, by the following. The elliptically polarised
frequency components of radiation considered in our paper
are characterised, along with their intensity, by the param-
eters of their polarisation ellipses. There exists the possibility
to control not only the radiation intensity but also these
parameters for one frequency component by varying the
parameters of the polarisation ellipse of another frequency
component. This possibility was conérmed experimentally
for the quasi-static EIT regime [22]. This circumstance suggests
that the scope of practical applications of the nonstationary
resonance interaction of the two-frequency laser éeld with
an ensemble of three-level quantum objects can be extended.

2. Formulation of the boundary problem

Figure 1 presents the L-scheme consisting of the non-
degenerate lower level (J � 0), éve-fold degenerate middle
level (J � 2), and triply degenerate upper level (J � 1). Such
a L-scheme is formed, for example, by the 6p2 3P0, 6p2 3P2,
6p7s 3P o

1 levels of the 208Pb isotope. Let us take the z axis
as the quantisation axis and denote by M the quantum
number of projections of the total angular momentum on
this axis. The possible values of M for each of the tree levels
of the L-scheme are indicated in Fig. 1. Let fk (k � 1;
2, :::, 9) be the orthonormalised set of the common eigen-
functions of the Hamiltonian, and the operators of the total
angular momentum and its projection on the z axis for an
isolated atom. The function f1 corresponds to the J � 0
level, functions fk (k � 2, 3, 4) correspond to the J � 1 level,
and functions fk (k � 5, 6, :::, 9) ë to the J � 2 level (see
Fig. 1). Let D1 and D2 be the reduced electric dipole
moments for transitions J � 0! J � 1 and J � 2! J � 1,
respectively, and o1 and o2 are the frequencies of these
transitions for an atom at rest. Assuming that the reson-
ance medium is a rareéed gas, we introduce the parameter
T1 � 2=D1, where D1 is the width (at the eÿ1 level) of the
Doppler density distribution of the J � 0! J � 1 transi-
tion frequencies o01.

Consider an ensemble of L-schemes irradiated by two
arbitrarily polarised plane quasi-monochromatic coherent laser
waves with frequencies o1 and o2 propagating along the z
axis, so that the total electric éeld can be written in the form

E �
X2
l�1

ml�iExl cos�oltÿ klz� dxl�

�jEyl cos�oltÿ klz� dyl��: (1)

Here, ml � �h
������������
2l� 1
p

=(jDljT1) are the normalisation con-
stants; i and j are the unit vectors of the x and y axes; Exl,
Eyl, dxl, dyl are functions depending on z and t, which
describe the amplitudes and phases of oscillations of the x
and y éeld components; and kl � ol=c. Below, we will call
the éeld with frequency o1 the pump, and the éeld with
frequency o2 ë the signal.

The wave function can be written in the form

C � �c1f1 �
�X4

k�2
�ckfk

�
exp�ÿix1�

�
�X9

k�5
�ckfk

�
exp
�ÿ i�x1 ÿ x2�

�
; (2)

where xl � ol tÿ klz; l � 1,2. Note that we consider the
probability amplitudes �ck as functions of variables z and t.
Let us introduce the complex éeld variables fl and gl (l � 1, 2)
by the expressions

fl �
�
Exl exp�idxl� ÿ iEyl exp�idyl�

�
=
���
2
p

,

gl �
�
Exl exp�ÿidxl� ÿ iEyl exp�ÿidyl�

�
=
���
2
p

,

and the modiéed probability amplitudes

c1 � ÿ2�c1 argD1; c2 � �c2; c4 � �c4; c5 � 2�c5 argD2, ,

c7 �
ÿ
2=

���
6
p
��c7 argD2; c9 � 2�c9 argD2;

where arg a is the argument of a complex number a. Let us
introduce the normalised independent variables s and w

s � z=z0, w � �tÿ z=c�=T1, (3)

where z0 � 3�hc=(2pN jD1j2T1o1) and N is the concentra-
tion of atoms. By describing the evolution of the éled and
quantum objects by the Maxwell and Schr�odinger equations,
respectively, we obtain, in the slowly varying amplitude
approximation, the system of equations

q f1
q s
� i���

p
p
� �1
ÿ1

c1c
�
2 exp�ÿe21�de1,

q f2
q s
� ÿ i���

p
p x

� �1
ÿ1
�c�4c9 � c�2c7� exp�ÿe21�de1,

q g1
q s
� i���

p
p
� �1
ÿ1

c�1c4 exp�ÿe21�de1,

q g2
q s
� ÿ i���

p
p x

� �1
ÿ1
�c2c�5 � c4c

�
7� exp�ÿe21�de1,

q c1
qw
� ÿ i� f1c2 ÿ g�1c4�, (4)Figure 1. L-conéguration of quantum transitions between energy levels

with J � 0, J � 2, and J � 1; k is the number of the state in the mathe-
matical model.
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q c2
qw
� ie1c2 � ÿ

i

4
� f �1 c1 � g2c5 ÿ f �2 c7�,

q c4
qw
� ie1c4 �

i

4
�g1c1 ÿ g2c7 � f �2 c9�,

q c5
qw
� ie1�1ÿ b�c5 � ÿ ig�2c2,

q c7
qw
� ie1�1ÿ b�c7 �

i

6
� f2c2 ÿ g�2c4�,

q c9
qw
� ie1�1ÿ b�c9 � i f2c4,

b � o2

o1

; x � 3

5

o2jD2j2
o1jD1j2

. (5)

For the chosen transitions in the 209Pb isotope, we have
b � 0:7 and x � 2:11. These estimates were obtained by
using data from [23].

Note that the amplitudes �c3, �c6, and �c8 do not enter in
system (4). Their evolution is determined by a closed system
of three differential equations, which for the initial con-
ditions �c3 � �c6 � �c8 � 0 accepted below, has the solution
�c3 � �c6 � �c8 � 0 for all s and w. The integrals in the right-
hand sides of the érst four equations of system (4), which
follow from Maxwell equations, appear due to the consid-
eration of the Doppler inhomogeneous broadening of tran-
sition lines. In this case, e1 � T1(o

0
1 ÿ o1).

We will analyse the solutions of system (4) in terms of the
parameters al, al, gl of the polarisation ellipse (PE) of pump
radiation (l � 1) and signal radiation (l � 2). Here, al is the
major semiaxis of the PE measured in units of ml; al is its
inclination angle with respect to the x axis; and gl is the
ellipse compression parameter. According to usual stand-
ards [24], we have al 5 0, 04al < p, ÿ14gl 4 1. The
parameter jglj is the ratio of the minor axis of the PE to its
major axis. The condition 0 < gl < 1 (ÿ1 < gl < 0) corre-
sponds to the right-hand (left-hand) elliptic polarisation,
while the condition gl � 0 corresponds to linearly polarised
radiation. For jglj � 1 (circular polarisation), the angle al is
not deéned, and we assign formally to it the negative value
al � ÿ0:2.

By specifying the PE parameters (al, al, gl and one of the
phases, for example, dxl ), we can determine uniquely the
values of fl and gl. The corresponding expressions are too
cumbersome and are omitted here. The PE parameters are
generally the functions of s and w. We will call polarisation
states with slowly varying parameters al and gl the quasi-
elliptic states, similarly to a harmonic oscillation with the
slowly varying amplitude, which is called the quasi-har-
monic oscillation. Below, the function al (s;w) for l � 1 is
called the pump envelope and for l � 2 ë the signal envelope.

The initial conditions (w � 0) for system (4) are speciéed
in the form

c1=2 � 1; c2 � c4 � c5 � c7 � c9 � 0; s5 0,

which corresponds to the state in which all the atoms
occupy the lower energy level at the initial instant of time.
The boundary conditions (s � 0) are speciéed by the expres-
sions

al � al 0; gl � gl 0; dxl � 0, (6)

a1 � a10 sech�wÿ 7�; a2 � 10ÿ10, w5 0, (7)

where l � 1, 2; and al 0 and gl 0 are constants. Equalities (6)
correspond to input laser pulses with the constant orienta-
tion of the major axis and constant eccentricity of the PE.
Equalities (7) simulate the situation when the bell-shaped
input pump pulse has the duration equal approximately
to 2T1, whereas the input signal pulse has a considerably
longer duration and so weak that its presence near the input
to the medium does not affect the evolution of the pump
pulse.

As the integral parameters of the pulses, we will use
parameters Wl and Il (l � 1, 2), which are proportional to
the energy and the z component of the angular momentum
of pump (l � 1) and signal (l � 2) radiation per unit cross
section.

The problem of the degenerate J � 0$ J � 1 transition
(in our case, this is the pump transition, for which l � 1)
admits, according to the SIT theory, the solution in the
form of the 2p-pulse [10]. Let us denote the parameters of
the 2p-pulse by the subscript 1 and note that a1 and g1 are
constant for this pulse, while g1, a1m (the maximum value of
the envelope), t1 (duration at the sech1 level), and v1 (velocity
in coordinates s and w) are related by the expression

t1 � 2=r; v1 �
���
p
p �

4

r 2

� �1
ÿ1

exp�ÿe 21 � de1
1� 4e 21 =r

2

�ÿ1
, (8)

where r � a1m

�������������
1� g 21

q
.

Let us assume that the numerical simulation gives a pulse
at the pump frequency with constants a1 and g1, the
envelope with the invariable symmetric bell-shaped contour
and the constant maximum value a1m. We assume that this
pulse is the 2p-pulse if t1 and v1 calculated by these values of
a1m and g1 from (8) differ from their values obtained in
simulations no more than by 2%.

In the theory of SIT at the nondegenerate quantum
transition, a bell-shaped input pulse is transformed in the
medium into n 2p-pulses if the `area'Y1 under its real envelope
lies in the interval between (2nÿ 1)p and (2n� 1)p [2]. In the
case of SIT at the degenerate J � 0$ J � 1 transition, this
condition is valid when the area of a bell-shaped input ellip-
tically polarised pulse is deéned by the expression

Y1 �
� �1
ÿ1

a1

�������������
1� g 21

q
dw. (9)

For linearly and circularly polarised radiations, expression (9)
in the case of the bell-shaped envelope a1 coincides with the
pulse area in terms of the theory of SIT at nondegenerate
quantum transitions.

3. Results of calculations

3.1. Let us set a10 � 0:5, g10 � 0:3, a10 � 1:4367, a20 � p=2,
and g20 � 0:3 in (6) and (7). In the given case, both input
radiations have the right-hand elliptic polarisation and the
angle between the major axes of their PEs is approximately
60�. In this case, Y1 � 1:5p, so that in the absence of signal
radiation, the formation of a single 2p pulse in the pump
channel is expected.

Numerical simulation of nonstationary effects of radiation polarisation 847



Figure 2 presents the dependences Wl (s) and Il (s). The
plateau in curves W1 and I1 for small s is explained by the
formation of the 2p-pulse in the pump channel. The plateau
in curves W2 and I2 for large s corresponds to the free
propagation of the signal pulse after the complete depletion
of the pump energy. In this case, I2 < 0, which means that
signal radiation has predominantly left-hand elliptic polar-
isation.

The evolution of the envelope of pump radiation is
shown in Fig. 3. It follows from analysis using expression (8)
that Figs 3b, c show the 2p-pulse with a weak precursor
pulse. The dependence in Fig. 3d was obtained for s � 20,
when the pump energy is almost exhausted. The values of a1
and g1 remain invariable up to the distance at which the 2p-
pulse collapses (s � 15). However, the second pulse appear-
ing at large distances due to the decay of the pump pulse
(the right pulse in Fig. 3d) has the PE parameters that

depend on s and w in a complicated way. Because this pulse
is weak, we will not describe in detail these dependences.

Figure 4 shows the evolution of the envelopes a2 of angles
a2 and the compression parameters g2 of signal radiation for
several values of s. By treating the pulse front as its envelope
front, note that the leading edge of the signal pulse at large
distances (Figs. 4b, c, d) has the left-hand elliptic polar-
isation, close to the circular polarisation (g2 � ÿ0:7). At the
trailing edge, the PE érst is êattened, then degenerates into a
line (g2 � 0), and again becomes an ellipse, already with the
right-hand polarisation (g2 > 0). In a greater part of the region,
where the function a2 noticeably differs from zero, the value
of g2 is negative. Therefore, radiation with the left-hand
circular polarisation dominates, in accordance with the results
presented in Fig. 2. Thus, the direction of rotation of the
electric éeld strength vector of signal radiation in the medium
is opposite to that for the input pump radiation (these
directions coincided at the input to the medium). In the
region of the signal pulse, the calculation gives the value

Figure 2. Energy (solid curves) and the z component of the angular
momentum (dashed curves) for the pump (W1, I1) and signal (W2, I2)
pulses, respectively, as functions of the normalised coordinate s.

Figure 3. Evolution of the pump pulse envelope for different values of s.

Figure 4. Evolution of the PE parameters for the signal pulse for different values of s.
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a2 � 0:5. This means that the major axis of the signal radi-
ation PE in the medium is parallel to that for the input
pump radiation PE.

The appearance of the signal pulse with the left-hand
polarisation is explained as follows. The input pump pulse
has the right-hand elliptic polarisation (g10 � 0:3). Therefore,
right-hand-polarised radiation dominates in its decomposi-
tion into circularly polarised components. The right- and
left-hand components, according to the known selection
rules over the quantum number M, interact with the 1 ë 2
and 1 ë 4 transitions and are shown in Fig. 5 by long arrows
tilted to the right and left, respectively. The more intense
right-hand component is shown by the heavy arrow. Taking
into account that the moduli of p12 and p14 of the electric
dipole moments of the 1 ë 2 and 1 ë 4 transitions coincide, we
can conclude that the 1 ë 2 transition plays the main role in
the ampliécation of signal radiation.

Signal radiation can be also presented as a sum of right-
and left-hand circularly polarised components. The transi-
tions related to these components are indicated in Fig. 5 by
the short arrows tilted to the right and left, respectively. Due
to the predominant excitation of state 2 (the heavy arrow in
Fig. 5), the 5 ë 2 and 7 ë 2 transitions make the greatest
contribution to the ampliécation of the signal pulse, the érst
transition providing the growth of the left-hand circularly
polarised of the signal éeld, while the second transition
providing the growth of the right-hand circularly polarised
component. The moduli p52 and p72 of the electric dipole
moments of these transitions are related by the expres-sion
p52 �

���
6
p

p72 [25]. For this reason, the left-hand-polarised
component of the signal éeld interacting with the 5 ë 2
transition is ampliéed stronger. As a result, signal radiation
acquires the left-hand circular polarisation irrespective of
the polarisation of the input signal pulse. Similarly, it can be
readily shown that pump radiation with the left-hand elliptic
polarisation will produce in the medium the signal pulse
with the right-hand polarisation.

3.2. To elucidate the features of the evolution of a2 and
g2 with changing g10, we performed a series of calculations
which differed from previous calculations only by the values
of g10. The results of the two of them, namely, for g10 � 0
(linearly polarised pump pulse) and g10 � 0:8 are presented
in Figs 6a, b, respectively, for s � 25. A comparison of the
dashed curves in these égures and Fig. 4d shows that the polar-
isation of the signal pulse approaches the left-hand circular
polarisation with increasing jg10j. (For g10 � 0, according
to Fig. 6a, the signal is linearly polarised). The form of the

dependences a2(w) (a2 � 0:5 in the region where the pulse is
located) suggests generally that the major axes of the signal
and pump PEs are collinear. However, at the trailing edge
of the pulse in Fig. 6b at the moment when polarisation
becomes circular (g2 � ÿ1, a2 � ÿ0:2), the direction of the
major axis of the PE changes jump-wise by the angle p=2
(the jump of the function after which a2 � 2:071).

3.3. Now we set a10 � 3:8313 in (7), retaining all the
other conditions the same as in the calculation performed
in paragraph 3.1. In this case Y1 � 4p, so that, according
to the discussion of (9), the formation of two 2p-pulses is
expected in the medium in the absence of signal radiation.
Figure 7 presents the dependences of energies W1(s) and
W2(s). The plateau in curve W1 for small s corresponds to
the propagation of two 2p-pulses in the pump channel in the
virtual absence of signal radiation. The next plateau in curve
W1 and the plateau in curve W2 located under the former
plateau appear after the complete decay of the weaker pulse
of the two 2p-pulses and formation of a single signal radiation
pulse. The last plateau in curve W2 corresponds to the free

Figure 5. Scheme of quantum transitions. The numbers to the left of
horizontal straight lines indicate the states according to Fig. 1, the
numbers at the top (or bottom) are the quantum numbers of the cor-
responding states, pik is the modulus of the electric dipole i ë k transition
moment.

Figure 6. Evolution of the PE parameters of the signal pulse (s � 25) for
g10 � 0 (a) and g10 � 0:8 (b).

Figure 7. Pump pulse (W1) and signal pulse (W2) energies in the case
of formation of two 2p-pulses in the pump channel as functions of the
normalised coordinate s.
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propagation of two signal pulses after the depletion of pump
radiation.

This is illustrated in Fig. 8 demonstrating the evolution
of the envelopes a1 and a2 after the formation of two pump
2p-pulses. Pulses ( 1 ) and ( 2 ) in Fig. 8a are the 2p-pulses,
the last of them being already in the decay stage. Signal
pulse ( 2 ) produced by this 2p-pulse is shown in Fig. 8b (the
signal pulse produced by the érst 2p-pulse is unnoticeable at
the scale in Fig. 8b). The results presented in Fig. 8c
correspond to the distance at which the érst pulse begins
to decay, producing its own signal pulse [pulse ( 1 ) in Fig.
8d]. The number ( 2 ) in Fig. 8c indicates the region of
extremely weak radiation remaining after the decay of the
second 2p-pulse. Signal pulse ( 2 ) produced from this pulse
is shown in Fig. 8d.

Because pulse ( 1 ) in Fig. 8c noticeably differs from the
2p-pulse, it leaves after itself the pump transition in the
inverted state. By taking energy from this inversion, pulse
( 2 ) in Fig. 8c begins to be ampliéed, and as a result, the
pump radiation again acquires the two-pulse structure (Fig.
8e). This process is accompanied by the growth of signal
pulse ( 1 ) and some decrease in signal pulse ( 2 ) (cf.
Figs 8e, f). At even larger distances, both pump pulses
disappear (Fig. 8g), and two pulses of invariable shape
remain at the signal frequency, which propagate at the
speed of light in vacuum (Fig. 8h).

Figure 9a presents the temporal structure of pump radi-
ation for s � 50. The pulse with the large peak amplitude
of the envelope a1 is the remnant of the decaying érst pump
2p-pulse. Its leading edge has the right-hand elliptic polar-
isation with the same values a1 and g1 (g1 > 0) as for the
input pump pulse. At the trailing edge, as is shown by the
curve for g1, the PE degenerates into a straight line (g1 � 0),
and then polarisation becomes the left-hand elliptic (g1 < 0).
At some instants, polarisation becomes the left-hand cir-
cular (g1 � ÿ1), and in this case the major axis of the PE
rotates jump-wise through the angle p=2 (the jump of func-
tion a1). The duration of the state with circular polarisation
is so small that some regions in which a1 � ÿ0:2 are un-
noticeable at the scale of Fig. 9a.

The pulse with the smaller maximum value of the enve-
lope a1 appeared, as mentioned above, due to the amplié-
cation of the remnant of the second 2p-pulse because of the
population inversion at the pump transition. Its leading edge
has the right-hand elliptic polarisation, which is even greater
than that of the input pump pulse (g1 > g10). At the trailing
edge, polarisation becomes the left-hand elliptic and some-
times the left-hand circular. As in the case of the érst pulse,
the major axis of the PE rotates jump-wise through the
angle p=2.

Figure 8. Evolution of the pump (a, c, e, g) and signal (b, d, f, h) pulse envelopes in the case of a high-power input pump pulse for different s.

Figure 9. Structure of the pump (a) and signal (b) pulses.
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Figure 9b presents the structure of signal radiation for
s � 70. At the leading edge of the pulse with the large maxi-
mum amplitude of the envelope a2, polarisation is the left-
hand elliptic (g2 < 0), close to circular, the direction of the
major axis of the PE being coincident with that for the input
pump pulse (a2 � a10 � 0:5). At the trailing edge, polarisa-
tion becomes the right-hand elliptic (g2 > 0). The pulse with
the smaller maximum value of the envelope a2 is charac-
terised by a rather complicated change in the parameter g2,
the major axis of its PE being perpendicular to that of the
input pump pulse during almost the entire pulse duration
(a2 � 2:071).

3.4. Let us set a10 � ÿ0:2, g10 � 1, and a10 � 1:0607 in
(6) and (7). In this case, the input pump pulse has the right-
hand circular polarisation and has the same area Y1 as the
pump pulse in paragraph 3.1. As the boundary conditions
for the signal, we set a20 � ÿ0:2, a20 � 0:7071� 10ÿ10 and
one of the alternative conditions: g20 � ÿ1 or +1. In the érst
case, the input signal has the left-hand circular polarisation,
while in the second case, it has the right-hand circular
polarisation. The energy êux density of the input signal éeld
is the same as in the calculation in paragraph 3.1.

Figure 10 presents the envelopes of the signal pulse at
large distances s for two indicated values of g20. A com-
parison of Figs 10a and 4c shows that the signal amplié-
cations for g20 � ÿ1 and in calculations in paragraph 3.1 are
approximately equal. However, for the same directions of
the circular polarisation (g10 � g20 � 1) of input radiations,
as follows from Fig. 10b, the ampliécation of the signal pulse
in the medium is virtually absent, the maximum value of the
signal envelope being more than 108 times smaller than that
in Fig. 10a.

The physical nature of differences in the signal amplié-
cation for the opposite and the same directions of the
circular polarisation of input radiations is demonstrated in
Fig. 5, if we exclude the three arrows related to level 4. Then,
the heavy arrow corresponds to the transition excited by
pump radiation with the right-hand circular polarisation,
which is the same in both cases. The thin arrow tilted to
the left corresponds to the 5 ë 2 transition involved in the
ampliécation of signal radiation in calculations with g20 � ÿ1
(the left-hand circular polarisation). The thin arrow tilted
to the right corresponds to the 7 ë 2 transition responsible
for the signal ampliécation in calculations with g20 � 1 (the
right-hand circular polarisation). As mentioned above, p52
exceeds p72 by a factor of

���
6
p

.
Because the polarisation response of the medium is non-

stationary, the pump pulse energy is transferred to the signal
pulse at the trailing edge of the pump pulse. The pump pulse
velocity is small compared to the speed of light in vacuum,

and therefore the part of energy, which is transferred to the
signal, shifts to the leading edge of the pump pulse, and the
signal pulse duration tends to increase. The high rate of
energy transfer to the trailing edge of the pulse for g20 � ÿ1,
provided by the large value of p52, causes the stabilisation of
the pulse duration and the efécient ampliécation of the pulse.
For g20 � 1, due to the smallness of p72, the rate of energy
transfer to the trailing edge of the signal pulse is insufécient
for such stabilisation. Therefore, the pulse duration con-
tinuously increases (see Fig. 10b) and a great part of energy
`leaves' the pump pulse region. This in turn leads to a con-
siderable decrease in the signal growth rate.

3.5. Calculations, which we omit here, show that the
signal pulse structure inside the medium at a large enough
distance is independent of the structure of the input signal
radiation, being determined only by the structure of the
input pump pulse. This can be expected because the input
signal radiation is assumed extremely weak. This circum-
stance suggests that the structures of signal pulses described
in our calculations can be also realised when spontaneous
emission plays the role of the input signal, i.e. in the case of
resonance SRS in the éled of short laser pulses.

The results of our calculations also suggest that the
qualitative features of the quasi-elliptic polarisation of
signal radiation at a large enough distance from the input
to the medium are independent of the proéle of the bell-
shaped pump pulse, being determined only by the interval
[(2nÿ 1)p, (2n� 1)p, where n � 0, 1,2, :::] to which the area
Y1 of the input pump pulse falls.

Note énally that, if the right-hand polarisation of input
pulses is replaced in calculations by the left-hand polar-
isation, and vice versa, the results remain invariable with
accuracy to the same replacement of notations of polarisa-
tion states inside the medium.

3.6. Let us present some dimensional estimates. Consider
the saturated vapours of the 208Pb isotope at temperature
950 K. In this case, T1 � 1:63� 10ÿ10 s. By using the data on
the relation between the saturated vapour pressure and the
absolute temperature for lead [26], we obtain N � 3:4�
1013 cmÿ3, and using data [23] for the oscillator strengths
of transitions in the 208Pb isotope, we énd from the last
expression in (3) that z0 � 0:03 cm. The quantities z0 and T1

serve as normalisation parameters on passing from dimen-
sional distances z and time t to dimensionless independent
variables s and w by expressions (3). By using the relation
t � T1w, which is valid, according to (3) for z � 0, we obtain
that the input pump pulse duration (7) is approximately
0.4 ns, while the dimensionless distance s � 70 in Fig. 9b
corresponds to the distance approximately 2 cm. Note that
the value of z0 strongly depends on the absolute temperature.
Thus, z0 � 0:1 cm at 900 K and 0.01 cm at 1000 K. On the
contrary, the value of T1 very weakly depends on temperature:
T1 � 1:68� 10ÿ10 s at 900 K and 1:59� 10ÿ10 s at 1000 K.

The pump energy density (in kW cmÿ2) can be estimated
by the expression P1 � 1:3a 2

1 (1� g 21 ). According to calcu-
lations in paragraphs 3.1 and 3.3, the peak intensity of the
input pump pulse is 3 and 21 kW cmÿ2, respectively.

As pointed out above, the condition a2 � 10ÿ10 for the
input pump pulse [see (7)] is not essential from the viewpoint
of the validity of conclusions presented here. In other words,
the lower is the input signal pulse intensity compared to the
maximum intensity of the input pump pulse, the higher is the
accuracy of our results. The energy êux density (in kW cmÿ2)
corresponding to the pulsed structures of the signal pre-

Figure 10. Signal pulse envelopes (s � 20) for g20 � ÿ1 (a) and 1 (b).
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sented in our égures can be estimated by the expression
P2 � 0:26a 2

2 (1� g 22 ). For the pulse in Fig. 4d, the maxi-
mum energy êux density is close to 0.7 kW cmÿ2, while for
the érst pulse in Fig. 9b this density is approximately
27 kW cmÿ2.

4. Conclusions

The main results of our investigations are as follows. The
polarisation of the signal pulse in the medium is generally
quasi-elliptic, with a slow (at the spatiotemporal scale of
light oscillations) dependence of the orientation and eccen-
tricity of its PE on time and distance. The type of this
polarisation is independent of the structure of input signal
radiation, when its intensity low enough, but is determined
by the polarisation and intensity of input pump radiation.
If the input pump pulse can produce a single 2p-pulse in the
medium (in the absence of signal radiation), then the major
axes of PEs of both radiations are collinear. However, the
directions of rotation of the electric éeld strengths of these
radiations are opposite. At higher-power input pump pulses,
the polarisation structure of the signal pulse in the medium
is considerable complicated. This is explained by the compli-
cation of the evolution of the pump pulse under the action
of forming signal radiation pulses.

Additional calculations have shown that the results pre-
sented in the paper remain qualitatively invariable for input
pump pulses of different shapes and durations under the
condition that their spectral width differs no more than by
2 ë 3 times from the inhomogeneous width of the transition
in resonance with pump radiation. An increase (decrease) in
the spectral width of the input laser pulse within this limits
leads to the increase (decrease) of distances at which these
effects can be observed.

The next step in the study of the double resonance in the
L-scheme of the type considered here can be the simulation
of polarisation effects when the power of input signal pulses
is so high that the formation of the 2p-pulse in the pump
channel proves to be impossible even near the input to a
resonance medium. Here, EIT can affect the polarisation of
both radiations.

The results presented in this paper are obtained in the case
of the exact resonance in the pump and signal channels, i.e.
when the carrier frequencies of input signal and pump radi-
ations are equal to the central frequencies of the correspond-
ing inhomogeneously broadened transitions. The removal of
this limitation also extends considerably the scope of in-
vestigations of polarisation effects in the case of the double
resonance at degenerate quantum transitions.
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