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An ultrashort strong nonresonant pulse induces transient phenomena in an optically thick medium consisting
of an ensemble of nondegenerate two-level atoms �nonadiabatic transitions, transient light-shifts,…�. A weak
resonant pulse propagates in the system and we study theoretically and numerically the temporal and spectral
modifications that are induced. Moreover, we show that the atomic media, modified by a strong pulse can act
as a “pulse-shaper” device that can modify, in a controlled way, the shape of the weak pulse. It maps out the
transient light shift induced by the strong pulse and reduces efficiently the long time dispersion tail of the weak
pulse. We study and discuss the physical phenomena that allow such shaping effects and the necessary con-
ditions to satisfy in order to observe them.
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I. INTRODUCTION

A lot of theoretical and experimental work on the dynam-
ics of a two-level system driven by a strong field has been
accumulated. A whole range of new phenomena has been
predicted and later experimentally verified. Rabi oscillations
�1�, adiabatic following �2�, and Mollow triplet of fluores-
cence �3� are some to name in the case when a strong field
interacts with a two-level system. In the case of nonresonant
ultrashort pulses, phenomena like nonadiabatic transitions
and transient light shifts play a crucial part in the dynamics
of the system. For instance, it has been shown that the popu-
lation transfer to the excited state can be optimized by choos-
ing the shape of the pulse that improves the nonadiabatic
transitions �4�. It has also been shown that propagation of
ultrashort laser pulses in a resonant atomic medium leads to
strong reshaping effects because of dispersion �5,6�. These
effects are generally considered as harmful because they dis-
tort the shape of the output pulse without any possibility of
control. Here, we show how we can control the shape of a
weak, resonant, ultrashort pulse propagating in an assembly
of two-level atoms driven by a strong off-resonant ultrashort
pulse �time duration smaller than relaxation and Doppler
dephasing times�.

The situation of a bichromatic field has been deeply in-
vestigated but was essentially limited to the case where a
strong nonresonant driving field brings the system to a sta-
tionary state that is probed by a weak field. A large amount
of literature is devoted to the spectral modifications that are
induced �7–12� and only little work deals with transient ef-
fects �13�. These studies focus generally on the absorption
spectra and its modification in several different configuration
�two intense pump beams �8�, strong probe beam �9�, phase
dependence when the pump and probe are mutually coherent
�10�, two-level degenerated system �11�, transient evolution
of the absorption spectra when long pulses are used instead
of monochromatic waves �13�,…�. In comparison, only few
studies were devoted to the dispersive effects �12�. The situ-
ation considered in this paper—where an ultrashort strong
nonresonant pulse modifies the propagation of a weak reso-

nant ultrashort pulse in an optically thick medium—has not
been investigated. In our case, absorption is negligible and
the dynamics is dominated by the transient effects induced
by the strong pulse. It modifies dramatically the dispersive
behavior of the medium and the temporal and spectral shape
of the weak pulse is modified as a consequence. Moreover,
we will show that these effects may induce a temporal modu-
lation in the weak pulse envelope that maps out the light
shifts while reducing efficiently the distortion of this pulse at
long times. The modulation characteristics can be controlled
by adjusting the optical depth and the relative pulse duration.
The atomic media driven by the strong nonresonant pulse
acts thus like a real “pulse-shaper” device operating directly
in the time domain �14�. This work is a direct extension of
that done in a three level ladder system where we have
shown that transient light shifts induced by a strong nonreso-
nant pulse on the upper transition can induce modulations on
the temporal shape of a weak pulse that is resonant on the
lower transition �15�. We will see in this paper, how these
ideas can be implemented in a two-level system which is
paradoxally more complex to analyze. Indeed, both the
ground and excited states experience light shifts and the geo-
metrical configuration, as explained later, requires noncol-
linear beams to avoid nonadiabatic effects and for spatial
separation. We will give in this paper a complete analysis of
this effect in a two-level system, and detail the role of vari-
ous physical parameters in the shaping effect.

Finally, some aspects of this work can be related to EIT
�electromagnetic induced transparency� phenomena �16� that
hold generally in a three-level system for long pulses. In the
case where the strong pulse has a time duration larger than
that of the weak pulse and strong enough to induce light
shifts larger than the weak pulse spectrum, this latter is
shown to propagate without any distortion insuring a total
transparency of the medium �neither dispersion or absorp-
tion�. However, none of the consequences on the possibility
of slowing and storing light �17� can be applied here.

The paper is organized as follows. In Sec. II, we describe
in detail the phenomena that appear when a strong nonreso-
nant ultrashort pulse �referred to as the driving pulse� inter-

PHYSICAL REVIEW A 74, 053822 �2006�

1050-2947/2006/74�5�/053822�10� ©2006 The American Physical Society053822-1

http://dx.doi.org/10.1103/PhysRevA.74.053822


acts with a two-level system in the optical dense regime
within the rotating wave approximation �RWA� approxima-
tion. In Sec. III, we consider a weak resonant pulse �the
propagating pulse� which propagates in the driven atomic
system. The two beams cross with a small angle between
them and we concentrate on the physics of the temporal
shaping of the propagating pulse. The modulation obtained is
interpreted as an interference process between the incident
field and the radiated field whose frequency sweeps in time
because of the light shift. Finally in Sec. IV, we summarize
the main results obtained and give some perspective and pos-
sible applications for pulse shaping.

II. DRIVEN TWO-LEVEL SYSTEM

We consider a two-level system with states �a� and �b� and
with energies 0 and ��0. The system is driven by a strong
ultrashort pulse whose expression is:

Ed�z,t� =
1

2
�0dfd�z,t�e−i��dt−kdz� + c.c. �1�

�0d is the field amplitude and fd is the envelope of the pulse.
We designate by c.c. the complex conjugate. Throughout this
paper, we consider that the envelope of the pulse is real at the
entrance and expresses as fd�z=0, t�= 1

��
e−�t / �d�2

where �d

represents the temporal width of the pulse at the entrance and
�d

−1 is the spectral bandwidth of the pulse. The central fre-
quency of the pulse �d is detuned from the resonance �0 and
�d=kdc. We introduce dimensionless time and space vari-
ables Z and T as T= �t−z /c� /�d and Z=z /L. Here, L is the
length of the sample through which the pulse propagates.
Dimensionless forms of the frequencies are Wd=�d�d, Wo
=�o�d. The wave function of the system can be written:

����Z,T� = a�Z,T��a� + b�Z,T�e−iWdT�b� . �2�

Using the Schrödinger equation and within the rotating wave
approximation �RWA�, we obtain the following equations for
the evolution of atomic quantities ��T� �

�T
�:

i�T	a

b

�Z,T� = 	 0 − �dfd

*/2

− �dfd/2 �

	a

b

�Z,T� . �3�

Here �= ��0−�d��d is the dimensionless detuning and �d

=	�0d�d /� is the usual pulse area that characterizes the
strength of the pulse. The propagation of the pulse obeys the
Maxwell equations. Neglecting the diffraction effects, the
Doppler effect and within the slowly varying envelope ap-
proximation, the electric field evolves as follows �18�:

�

�Z
fd = i

edisp

�d
a*b . �4�

The dimensionless coefficient edisp=
n	2�d

2c�0� L�d characterizes
the severity of propagation effects on the �a�− �b� transition
and depends on the density of atoms n and the oscillator
strength through the square of the dipole moment 	2. More-
over, introducing the coefficient of absorption at resonance


0=
n	2�d

2c�0��d
, where �d is the Doppler width, and the optical

depth parameter 
0L, we have the relation edisp=
0L�d�d.
The quantity 
0L�d represents the spectral domain around
the resonance over which the dispersion affects the spectral
phase of the incident pulse �19�. Thus, edisp=
0L�d�d can be
interpreted as the ratio between this spectral range and the
spectral bandwidth of the pulse.

Generally, the solution of Eq. �3� cannot be derived ana-
lytically for an arbitrary shaped pulse in the nonresonant
situation ���0� whereas the result is straightforward for a
resonant pulse ��=0� with a real envelope. Well known Rabi
oscillations arise and the asymptotic value of the amplitudes
depends on the pulse area �d. Note that the pulse area is
proportional to the Fourier transform of the field at the cen-
tral laser frequency.

The modification of the pulse through propagation is due
to the radiation induced by the coherence a*b as shown by
Eq. �4�. For a pulse far from resonance, the coherence is
strongly reduced and the distortion of the pulse is small �un-
less the density n is very high�. For a resonant pulse in the
weak field regime ��d�1�, we get �a*b���d /2 for T→
 and
the distortion of the field becomes important when edisp�1.
This latter inequality means that dispersion alters the phase
of all the spectral components of the incident pulse and so
propagation effects can not be neglected. For a resonant
pulse in the strong field regime ��d�1�, the amplitude of the
coherence can not exceed its maximum value 1

2 and the
propagation effects are small when �d�edisp �even if edisp
�1�. Note that, the absorption is always negligible for ul-
trashort pulses since their spectral bandwidth is much larger
than the Doppler width �19�.

A. Adiabatic description

An alternative description of the interaction in which the
effect of the field in the nonresonant case is clearly exhibited
is possible with the use of the adiabatic basis �eigenbasis of
fully perturbed Hamiltonian within the RWA�. The behavior
of adiabatic states has been discussed exhaustively in the
literature and is of textbook knowledge �6,20�. We recall here
some of the important properties.

We define the new basis at the entrance of the medium by
the following transformation:

�− ��T� = cos ��T��a� + sin ��T�e−iWdT�b� ,

� + ��T� = − sin ��T��a� + cos ��T�e−iWdT�b� �5�

with � given by

tan�2�� =
�d

�
fd�0,T� . �6�

In the new basis the wave function can be written

����Z,T� = 
−�Z,T��− ��T� + 
+�Z,T�� + ��T� . �7�

The adiabatic description with the adiabatic states defined at
the entrance allows us to concentrate all the Z dependence of
the field and the atomic quantities in amplitudes 
+ and 
−.
The amplitudes in the two basis set are related by the follow-
ing relations �Eqs. �2�, �5�, and �7��,
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a�Z,T� = − 
+�Z,T�sin ��T� + 
−�Z,T�cos ��T� , �8a�

b�Z,T� = 
+�Z,T�cos ��T� + 
−�Z,T�sin ��T� . �8b�

The amplitudes 
+ and 
− evolve according to the equation
�Eqs. �3� and �8��

i�T	
−


+

 = A	
−


+

 �9a�

with

A = � −
sin 2�

4
�d�fd + fd

*� + � sin2 � i�T� +
1

2
„�d�fd sin2 � − fd

* cos2 �� + � sin 2�…

− i�T� +
1

2
„�d�fd

* sin2 � − fd cos2 �� + � sin 2�…
sin 2�

4
�d�fd + fd

*� + � cos2 � � . �9b�

At the entrance of the sample we have fd�0,T�= fd
*�0,T� and

so Eq. �9a� simplifies to:

i�T	
−


+

 = 
�− � + ��/2 i�T�

− i�T� �� + ��/2 �	
−


+

 . �10�

Here, � is the dimensionless generalized Rabi frequency de-
fined as �=��d

2fd
2+�2. The diagonal terms 1

2 ��±�� repre-
sent the adiabatic energy levels and �T� is the nonadiabatic
coupling which depends strongly on the shape of the pulse.
� gives the instantaneous separation of the adiabatic levels
becoming � as T approaches ±
. The adiabatic levels expe-
rience a transient light shift during the action of the driving
pulse.

In the resonant case �=0, �=�dfd, �=� /4, and �T�=0.
Initially, the population is equally distributed between the
two adiabatic states, i.e., 
±�T→−
�= �1/�2 and at time T
the amplitudes are given by the expression 
±�T�
= �1/�2e��i�d/2��−


T fddT�. The population in the states �a� and
�b� which are linear superposition of the adiabatic states ex-
hibits Rabi oscillations.

In the nonresonant case and when the off-diagonal term
can be neglected, the evolution is said to be adiabatic. The
system starts from stationary states at T→−
, i.e., �−��T→
−
�= �a� and �+ ��T→−
�=e−iWdT�b�. The driving pulse in-
troduces new states during the transient time and as T→
,
the system moves back to the original configuration. If ini-
tially all the population is in the ground state �a�, during the
transient time some population appears in the state �b�, but at
the end of the pulse all population moves back to the ground
level. The important feature of this evolution is that there is
no transfer of population to state ���. However, in the pres-
ence of a nondiagonal coupling term, there can be nonadia-
batic transitions to the adiabatic state ��� that results in
asymptotic population in state �b�. The nonadiabaticity of the
excitation process is usually characterized by evaluating the
inverse Massey “parameter” defined as the ratio between the
coupling term �T� and the generalized dimensionless Rabi
frequency � �4,21�:

M−1 = �T�/� . �11�

For M−1�1, the evolution can be considered as adiabatic
and the system experiences only light shifts. Otherwise, the
interaction leads also to nonadiabatic population transfer that
depends strongly on the shape of the pulse through �T� �4�.

B. Behavior of the driving pulse during propagation.

During propagation, the strong nonresonant pulse is only
slightly distorted but new frequency components are gener-
ated. Figure 1 shows the modification of the spectrum for the
pulse with �d=60 and �=10 when it propagates in a medium
with edisp=1. The curve in the dotted line represents the spec-
trum at the entrance. The curve in the solid line represents
the spectrum at the exit. New frequency components appear
in the form of an oscillatory structure that can be understood
by looking at the adiabatic representation �Fig. 2�. In addi-
tion to the central laser frequency Wd, new characteristic

τ

FIG. 1. Incident �dotted line� and transmitted �solid line� inten-
sity spectrum of the driving pulse. Each frequency is created at two
times giving rise to interference effects. The parameters are �d

=60, �=10, edisp=1. The position of resonance is marked.

SPECTRAL AND TEMPORAL MODIFICATIONS OF A… PHYSICAL REVIEW A 74, 053822 �2006�

053822-3



frequencies at Wd+� and Wd−� appear. This structure is
analogous to the Mollow triplet, studied in the monochro-
matic case �3�. When dealing with pulses, the instantaneous
position of the peaks is time dependent through the general-
ized dimensionless Rabi frequency ��T�. The two side peaks
sweep from the initial values Wd±� to the maxima
Wd±��d

2 /�+�2 at T=0 and then return back to their initial
positions when the pulse vanishes. Each frequency in these
bands �high and low� appears twice, so the two interfere and
give the pattern shown in the figure. The extrema are located
around Wd±35 in accordance with the numerical simulations
of Fig. 1.

One important remark has to be noted. The new frequen-
cies are created because nonadiabatic transitions allow the
excitation of the state ���, ensuring a nonvanishing value for
the radiating coherence between the levels 1↔4 and 2↔3.
The low and high frequency components arise during the
transient time only, and when the pulse ends, the atoms con-
tinue to radiate at the resonance frequency provided there has
been some population transfer to the excited state �b�. The
radiated electric field occurs even for long times after the end
of the incident pulses. The radiated field associated with all
these frequencies is small in comparison with that of the
driving pulse but it can modify substantially the spectrum of
a weak resonant pulse that propagates in the system. In the
next paragraph we will show how the effects described here
�light shifts and nonadiabatic transitions�, modify the prop-
erties of a resonant propagating weak pulse.

III. PROPAGATION OF A RESONANT WEAK
ULTRASHORT PULSE IN THE DRIVEN ATOMIC SYSTEM

In the section, we again consider that the atomic system is
driven by the strong nonresonant pulse and we introduce
another ultrashort resonant weak pulse that propagates in the
system. The goal here is to study to what extent the modifi-
cations induced by the driving pulse in the system influence
the properties of the weak pulse. The driving pulse induces
light shifts and nonadiabatic effects but we are specifically

interested in the shaping effects on the weak pulse induced
by transient light shifts. During propagation the driving
pulse is only slightly distorted but, the nonadiabatic transi-
tions induce new frequency components that even if they are
small with respect to the strong field component, can be com-
parable or more significant than those of the weak pulse
masking the shaping effects obtained with light shifts. In-
deed, these conditions—strong light shifts and weak nona-
diabatic effects—are not easy to satisfy simultaneously since
important light shifts are induced for small detuning that
increases the nonadiabatic coupling. We will show that an
excitation configuration in which a small angle is introduced
between the two beams, overcomes this problem. In this situ-
ation, the propagation effects on the driving pulse can be
neglected and this latter can be considered as uniform in the
sample.

A. Equation of propagation

We assume that at the entrance of the medium, the propa-
gating resonant pulse is coherent with the nonresonant driv-
ing pulse but has a different direction of propagation. Experi-
mentally, it is possible to have two coherent pulses with
different central frequencies in several manners, e.g., using
Raman �22� or pulse shaping techniques �14�. The spatial
configuration as shown later reduces the influence of the
nonadiabatic transitions due to the driving pulse on the
propagating pulse. We assume also that the angle between
the wave vectors is small enough to use the one dimensional
approximation �see Sec. III D�. We introduce the weak field
in the system as follows:

Ep�r�,t� =
1

2
�0pfp�z,t�e−i��0t−k�pr�� + c.c. �12�

�0p is the field amplitude �real� and fp is the envelope of the
pulse defined at the entrance of the medium. We take the
same pulse shape for both pulses but the two can have dif-
ferent pulse duration. Then we can write:

fp�z = 0,t� = fd�z = 0,t/�pd�ei�, �13�

where �pd=�p /�d is the ratio between the duration of the
propagating and the driving pulse and � is the phase shift
between the two coherent pulses. We consider next that:

�,M � 1. �14�

The Schrödinger equation in the adiabatic state representa-
tion now becomes:

i�T	
−


+

 = �A + V�	
−


+

 �15�

with V=V�+�ei�k�r�+V�−�e−i�k�r� the perturbation matrix due to
the weak field and V�+� is given by:

FIG. 2. Adiabatic representation: each stationary state can be
decomposed as a linear superposition of the two adiabatic states
with time dependent energies. Three resonance frequencies appear
at Wd �solid arrows�, Wd+� �dashed arrow�, Wd−� �dotted arrow�.
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V�+� =
�p

2�pd
fpe−i�T�−

sin 2�

2
sin2 �

− cos2 �
sin 2�

2
� �16�

and V�−�= �V�+��†. Here, �k� =k�p−kpe�z, and �p=	�0p�p /� rep-
resents the pulse area of the propagating pulse. In this repre-
sentation, the perturbation matrix has both diagonal and non-
diagonal terms that depend on both the driving and the
propagating pulses. In the presence of the driving pulse the
dipole moment felt by the propagating pulse is modified. The
diagonal terms induce self-phase modulation. These contri-
butions are small when compared to the light shift as long as
the propagating field is weak ��p�1�.

The spatial periodicity of the excitation allows the use of
the Floquet theorem �23� and the series expansion of the
amplitudes as follows:


−�r�,T� = �
m=−


m=+



−
�m��Z,T�eim�k�r�, �17a�


+�r�,T� = �
m=−


m=+



+
�m��Z,T�eim�k�r�. �17b�

The Floquet expansion is known to simplify considerably the
analysis of the interaction when the excitation is periodic.
This is for instance the case in solid state physics �Bloch
expansion �24�� and in quantum optics when the excitation is
realized beyond the RWA regime �6,25�. In the perturbative
regime, the coherence can be developed up to the first order
as �Eqs. �8a� and �8b��:

a*b � �d + �pei�k�r� + �p�e
−i�k�r�. �18�

�d, �p, and �p� are responsible for the radiation in the direc-
tion of the driving pulse k�d, propagating pulse k�d+ ��k�

+ �

c�d
e�z� and the symmetric direction k�d− ��k� + �

c�d
e�z�, respec-

tively �the �

c�d
e�z term comes here from the use of the reduced

time T� t−z /c instead of the real one�. The expression of �d
and �p are given by:

�d =
sin�2��

2
��
−

�0��2 − �
+
�0��2� + cos2���
−

�0�*

+

�0�

− sin2���
−
�0�
+

�0�*
, �19a�

�p =
sin�2��

2
�
−

�0�*

−

�1� + 
−
�− 1�*


−
�0� − 
+

�0�*

+

�1� − 
+
�− 1�*


+
�0��

− sin2����
−
�1�
+

�0�*
+ 
−

�0�
+
�− 1�*

�

+ cos2����
−
�0�*


+
�1� + 
−

�− 1�*

+

�0�� . �19b�

The equations of propagation for the two fields can now be
written:

�Zfd = i
edisp

�d
�d, �20a�

�Z�fpe−i�T� = i
edisp

�p
�pd�p. �20b�

These relations imply that the frequencies radiated by nona-
diabatic transitions �contained in the �d term� are emitted in
the direction of the driving pulse and therefore they do not
interfere with the propagating pulse components. On the
other hand, in the limit of relation �14� the dependence of the
coherence �p on the driving pulse is mainly due to the in-
duced light shifts and the nonadiabatic terms play only a
minor role. In the noncollinear configuration, the propagating
pulse is immune to nonadiabatic effects. We show in Fig. 3,
the transmitted spectrum in the direction of the propagating
pulse around the atomic resonance when the two beams are
collinear or not. The strength of the propagating pulse is
chosen so that its spectrum intensity is comparable to the
contribution due to nonadiabatic transitions �e.g., �pfp /2�pd
���T���. In the collinear case, the nonadiabatic effects
modify significantly the behavior of the propagating pulse
producing an interference process that depends strongly on
the phase shift, whereas these interference effects vanish in
the noncollinear case. This shows that the frequencies radi-
ated by nonadiabatic transitions are eliminated from the
spectrum. The modification of the transmitted spectrum in
this latter case is due to light shifts only �cf. Sec. III C�.
Finally, an important remark concerning the energy of the
transmitted pulse can be made. We have assumed throughout
this paper that the absorption in the medium is negligible.
However, an exchange of energy between the driving and the
propagating pulse is possible. In our situation �noncollinear
beams�, this latter effect is taken into account implicitly in
our simulations but is found to be negligible because the
nonadiabatic effects are small as explained above.

B. Transmitted intensity for the propagating pulse

From Eqs. �15�, �16�, �17a�, and �17b�, we get the follow-
ing equations for the amplitudes 
±

�m� ,m=0, ±1:

FIG. 3. Intensity spectrum of the field emitted in the direction of
the propagating pulse in �a� collinear and �b� noncollinear cases.
Parameters are �d=60, �p=0.01, �=10, �pd=2, edisp=0.5. In both
cases dashed and solid lines correspond to �=0 and �, respectively
whereas the incident spectrum is represented in dotted line. In �b�,
the curves for �=0 and � are indistinguishable.
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i�T	
−
�0�


+
�0� 
 = A	
−

�0�


+
�0� 
 , �21a�

i�T	
−
�±1�


+
�±1� 
 = A	
−

�±1�


+
�±1� 
 + V�±�	
−

�0�


+
�0� 
 . �21b�

The expression of the coherence �p in �19b� can be consid-
erably simplified because the propagating pulse whose fre-
quency initially matches the atomic frequency of the two-
level system is no longer resonant when the driving pulse is
applied. This simplification can be understood using the
adiabatic representation �Fig. 2�. Eight different quantum
paths contribute to the coherence �p. Four correspond to ab-
sorption of the propagating pulse from level 1 and 2 to 3 and
4, and the other four correspond to emission in the opposite
direction. The associated oscillation frequencies are Wd
�1↔3,2↔4�, Wd−��2↔3�, and Wd+� �1↔4� and the
contribution of these paths to �p is given in Eq. �19b� by the
sin�2��, sin2���, and cos2��� terms, respectively. The propa-
gating pulse is no longer resonant except in a specific situa-
tion corresponding to paths 1↔4 and restricted to time T
before and after the application of the driving pulse. This
necessitates �pd�1. Now if all the population is initially in
the ground state �level 1�, 4 is not populated during adiabatic
evolution and only the absorption path �1→4� is efficiently
involved. From relations �19b�, the contribution K14 to the
coherence �p and corresponding to the absorption path 1
→4 is:

K14 = 
−
*�0�
+

�1� cos2 � . �22�

During propagation the nonresonant driving pulse is only
slightly distorted. In this situation, we can approximate the
zero order amplitudes 
±

�0� by their expression in the adia-
batic limit at the entrance of the medium:


−
�0��T,Z� � e−i�−


T ��−�/2�dT�, �23a�


+
�0��T,Z� � 0. �23b�

Using relations �10�, �23a�, and �23b�, the solution of Eq.
�21b� at the entrance of the medium gives the following ex-
pression for the amplitude 
+

�1�:


+
�1��T,Z� = − ie−i�−


T ��−��/2dT��
−


T

V+−
�+��T�,Z�e−i�

T�
T

�dT�dT�

�24�

with V+−
�+�= �+�V�+��− �. Using relations �22�, �23a�, and �24�,

we finally obtain:

K14 = − i cos2 ��
−


T

V+−
�+��T�,Z�e−i�

T�
T

�dT�dT�. �25�

The behavior of K14 can be explained as follows. We note by
−T0 and T0 the solutions of the equation �−�=�pd

−1. This
time interval �−T0 ,T0� represents the duration for which the
light shift between the adiabatic states induced by the driving
pulse is sufficiently strong to make the propagating pulse
nonresonant. Using relations �16� and �25�, the coherence

K14 for time T with −T0�T�T0 can be approximated by the
following term corresponding to the resonant contribution
that builds up from −
 to T0:

K14 � K14
�res�

=
i�p

2�pd
cos2 �e−i�Te−i�−


T ��−��dT��
−


−T0

fp�Z,T��dT�.

�26�

In this approximation, we have neglected the nonresonant
contributions. However, these effects can be observable if we
detect the radiated intensity. The interference that occurs be-
tween the resonant and nonresonant excitation amplitudes
strongly modify the behavior of the radiated field intensity
and the excited state population as well �15�. We represent in
Fig. 4�a� the time dependence of the amplitude of the coher-
ence �K14� and ��p� �at Z=0� for the parameters �d=60, �
=10, �pd=2, �p=0.01. The amplitudes are almost identical.
The amplitude �K14� increases initially but as the light shifts
due to the driving pulse become important; it stops increas-
ing any further. The nonresonant contribution is visible here
through the oscillations that appear and that result from the
interference process discussed above. When the driving pulse
vanishes, the coherence amplitude increases again until the
end of the propagating pulse. Note that compared to the case
when the propagating pulse is alone and for which the

.

.

.

.

.

.

FIG. 4. Time dependence �at the entrance of the medium� of the
coherence amplitude ��p� �solid line� and the dominant path contri-
bution �K14� �dashed line� corresponding to the transition 1→4 of
Fig. 2. Expression of �K14� is given by Eq. �22�. Here, �d=60, �p

=0.01, �=10, �=0. The situations �a�, �b�, �c� correspond to the
case �pd=2, 1, and 0.5, respectively. When the propagating pulse is
alone, the asymptotic value for ��p� is 5�10−3. Finally, the differ-
ence between �p and K14 becomes more important when the propa-
gating pulse becomes narrower than the driving pulse. We represent
in �d�, the Gaussian pulse envelope of the propagating pulse in solid
line �the same envelope than that of the driving pulse when �pd=1�,
the driving pulse envelope when �pd=2 �dashed line� and �pd=0.5
�dotted line�.
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asymptotic value of the coherence amplitude is �K14��T�1�
= �K14

�res���T�1��5�10−3, the presence of the driving pulse
results in a significant reduction of this asymptotic value
�factor �3�.

The transmitted propagating field is obtained by adding
the incident field to the radiated one. In Fig. 5�a� we repre-
sent the propagating pulse at the entrance of the medium
�dotted line�, the transmitted pulse in the absence �dashed
line�, and in the presence of the driving pulse �solid line�.
The parameters are the same as that of Fig. 4�a�. Two fea-
tures characterize the action of the driving pulse. First, the
oscillations at long time scale, due to the atomic dispersion
are strongly reduced because the driving pulse significantly
reduces the coherence amplitude and thus the radiated inten-
sity �factor �9�. The energy is concentrated in the central
peak �pulse envelope at T�0� as a result of it. Second, tiny
oscillations appear in this central peak. The combined action
of the driving pulse and the propagation effects thus result in
the transformation of a smooth pulse at the entrance of the
medium into a modulated pulse at the exit. We can derive an
analytical expression for the transmitted propagating pulse in
the situation where the radiated field is small in comparison
with the incident one. This latter condition is satisfied if the
dispersion parameter is small and/or when the pulse widths
of the two pulses are comparable, so that the population
transferred to the excited state by the propagation pulse is
substantially reduced. The atoms thus experience only the
action of the incident electric field. The Z dependence of the
atomic quantities a ,b can then be neglected. If we restrict the
value of the coherence to the resonant part of K14 ��p

�K14
�res�� and using Eqs. �20b� and �26�, the transmitted in-

tensity Ip�1,T�= ��0pfp�1,T��2 can be approximated for −T0

�T�T0 at the lowest order by the following expression:

Ip�1,T� � I0p
�fp�0,T��2 − edisp cos2 ��T�

��cos	�
−


T

�� − ��dT� − �
�
���

−


−T0

fp�0,T��dT��� �27�

with I0p= ��0p�2. The phase �p of the transmitted pulse �with
fp�1,T�= �fp�1,T��ei�p� is:

�p�T� = � + arctan� A1�T�sin	�
−


T0

�� − ��dT�

fp�0,T� + A1�T�cos	�

−


T0

�� − ��dT�
�
�28�

with A1�T�=
edisp

2�pd
cos2��T���−


T0 fp�0,T��dT��.
Formula �27� shows explicitly that the transmitted pulse

intensity is modulated with an interference pattern which de-
pends on the light shift induced on the transition 1→4 �Fig.
2�. These oscillations may be shifted by varying the relative
phase-shift �. An important remark should be made here.
The physical origin of these oscillations is different from
those observed on the atomic quantities �excited state popu-
lation and coherence�. These latter originate from the inter-
ference between resonant and nonresonant contributions to
the excitation probability while the oscillations observed on
the transmitted pulse are the result of the interference be-
tween the incident field whose frequency is fixed and the
resonant part of the radiated field whose frequency is time
dependent through its light-shift dependence. These oscilla-
tions visible on the propagating transmitted pulse represent
thus a mapping of the light shift in the time domain. The
same phenomenon in a three-level system has been studied
in detail in �15�. It can also be compared with the propaga-
tion of a chirped pulse in a two-level system, where the
interference between the incident and radiated fields reveals
the sweeping of the instantaneous frequency of the chirped
pulse, whereas here the interference reveals the light-induced
sweeping of the atomic resonance frequency �26�.

An important aspect of the interaction is the enrichment
of the spectrum of the propagating pulse. We represent in
Fig. 6, in solid line the modification of the spectrum of the
transmitted pulse for the same parameters as in Fig. 4�a�. We
see that the spectrum contains new frequencies. They corre-
spond to the light shift induced on the transition 1→4. These
frequencies belong to a spectral band that spreads from Wd to
a maximum Wd+ (��T=0�=��d

2 /�+�2). Each frequency in
this band appears twice in time giving rise to interference
effects as shown in the figure. Note that the part of the spec-
trum located within the initial profile is modified also be-
cause the radiated field interferers with the incident in this
region of the spectrum.

FIG. 5. Intensity envelope of the propagating pulse at the en-
trance of the medium �dotted line�, and at the exit, in the absence
�dashed line� and the presence �solid line� of the driving pulse. The
situations �a�, �b�, �c� correspond to the case �pd=2, 1, and 0.5,
respectively with edisp=1/�pd. The others parameters are the same
as in Fig. 4.
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C. Variation with excitation parameters

The contrast of oscillations in the temporal profile can be
independently varied through the dispersion parameter edisp
and the relative pulse duration �pd �on which depend T0�.
When the relative pulse duration varies, the resonant contri-
bution changes. For instance, if at the entrance of the me-
dium the propagating pulse is shorter than the driving one
�pd�1, the light shift are important when the propagating
pulse acts and the resonant part of the coherence K14

�res� van-
ishes �T0�1�. In the opposite case, when �pd�1, the propa-
gating pulse excites resonantly the system before the driving
pulse freezes this interaction. The corresponding radiation
induced by this nonvanishing contribution interferes with the
incident field to give rise to the observed oscillations. These
situations are represented in Fig. 5. In �a�, is the situation
discussed above with �pd=2 ��d=60, �=10, and �p=0.01�,
in �b� and �c� we have �pd=1 and 0.5, respectively. For the
sake of comparison, the dispersion parameters are edisp=0.5,
1, and 2, respectively so that the coefficient edisp �pd involved
in the equation of propagation of the propagating pulse is the
same for all the cases �cf. Eq. �20b��. We see that the oscil-
lations almost disappear as �pd=0.5: the light shifts are very
efficient to freeze the evolution of the system and the trans-
mitted pulse in �c� is almost restored identical to the incident
pulse. We recognize here the analogous situation of electro-
magnetic induced transparency for which the combination of
the light-shift and the dark resonance makes the pulse insen-
sitive to absorption �27�. In the present situation �case �c��, in
addition to absorption �spectrum bandwidth much larger than
the absorption width�, the ultrashort pulse is immune to the
dispersion and thus to propagation effects.

The behavior of the spectrum of the transmitted pulse
shows also a strong dependence on the relative pulse dura-
tion. In Fig. 6, the spectral band created by light shift van-

ishes as �pd decreases. The frequency cutoff remains un-
changed because it depends only on the strength of the
driving pulse. Finally, for the same parameters as those in
Fig. 5, we represent in Fig. 4 the time dependence of both
�K14� and ��p� �at Z=0 and at same scale� for different �pd
values. Here, two effects appear. First, when the propagating
pulse width is reduced, the effects of light shifts are more
efficient and the value of the resonant part decreases as a
result. The nonresonant contribution then has an increasing
relative importance that makes the interference between
these two parts of the coherence more and more important.
This strongly contrasts with the behavior of the oscillations
of the transmitted pulse that disappear when the resonant
contribution decreases. This example shows clearly the dif-
ferent nature of the two kinds of oscillations. Second, the
difference between the coherence �p and the transition am-
plitude K14 increases when the propagating pulse becomes
narrower than the driving pulse. The transitions paths in the
adiabatic representation of Fig. 2 that were neglected up to
now, have an increasing contribution with respect of �K14

�res��
as this last one decreases. This situation highlights the com-
plexity of the level-system structure when driven by a strong
pulse.

The contrast of the oscillations can be controlled by modi-
fying the optical depth. The modulation depth increases lin-
early with the dispersive parameter edisp as stated by Eq.
�21�. In Fig. 7, the contrast increases from 18 to 33% when
the dispersion parameter changes from 0.5 to 1. However, a
higher value of edisp leads to profound distortion of the
propagating pulse profile as observed for edisp=20: the oscil-
lations, even if more pronounced, are shifted and irregular. In
this case, the number of atoms that radiate becomes nonneg-
ligible. The radiated field experiences ringing effects that
scale in time as �edisp�−1 when the propagating pulse is alone
�5� and thus �edispT0 /�pd�−1 in the presence of the driving

FIG. 6. Amplitude spectrum of the transmitted propagating
pulse for the cases �pd=2 �solid line�, �pd=1 �dashed line�, �pd

=0.5 �dotted line�, and edisp=1/�pd. The generated frequencies are
more pronounced for �pd=2 than the other cases. The frequency cut
is the same for the three cases as shown in the inset. The others
parameters are the same as in Fig. 4.

FIG. 7. Intensity envelope of the transmitted propagating pulse
for edisp=0.5 �solid line�, edisp=1 �dashed line�, edisp=20 �dotted
line�. Here, �pd=2 and the other parameters are the same as in Fig.
4.
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pulse, since the number of atoms transferred is approxi-
mately reduced by a factor �T0 /�pd�−1. When this time scale
is less than �pd �e.g., �p in real time�, the atoms feel the action
of both the incident and radiated fields. Relation �27� is no
longer valid and the radiated field contribute significantly to
the modification of the electric field around the central peak.

D. Experimental implementation

The effects presented here can be observed for picosecond
pulses in a two-level system with a large dipole moment,
ensuring the induction of large light shifts without ionizing
the atomic system. For instance in Rb atoms on the transition
5s 2S1/2→5p 2P1/2 with �=794.76 nm and 	�1.7 a.u. and
assuming Gaussian incident pulses with �d=10 ps, a beam
waist w0=2 mm and an energy of 7.2 	J, we get �d=60. A
wavelength detuning of 0.33 nm gives �=10. The peak in-
tensity is then I�3�106 W/cm2, sufficiently low to avoid
direct ionization or multiphoton processes in this system.
The optical depths used in the simulations presented in this
paper can easily be reached. For instance for a cell with a

length L=1 cm �smaller than the Rayleigh length z0=
�w0

2

�
�15.8 m�, we have edisp�1 at n=1.1�1013 atoms/cm3.
This atomic density is obtained for a cell temperature T

�100 °C. The Doppler width �d=� 2kBT

mRb�2 has a value of

0.37 GHz. The dipole dephasing time is then
�d

−1

� �0.86 ns
much larger than the typical characteristic time here ��d

=10 ps� ensuring that the energy deposition in the medium is
small as assumed in this paper.

The approximations used in this paper rely also on the use
of a one-dimension model for the propagation �Fig. 8�. The
two beams cross with a small angle that should be just higher
than the natural divergence angle of the beams so spatial
separation can be possible. Our treatment is valid if this
angle is very small �so �div=� /�w0�1� and the spatial over-
lap between the two beams is perfect along the sample, e.g.,
�divL�w0. This latter condition is equivalent to having a
Rayleigh length z0=�w0

2 /� higher than the sample length
�z0 /L�1�. In conclusion, one has to use beams with large
transversal dimensions and to introduce a separation angle of
the same order of the natural divergence. For the parameters

given above, we get �div=0.13 mrad and the ratio z0 /L is
1.58�10−3.

IV. CONCLUSION AND PERSPECTIVES

We have studied in this paper the reshaping effects that a
weak resonant pulse experiences when propagating in an op-
tically dense assembly of two-level atoms driven by a strong
nonresonant ultrashort pulse. When the two beams cross, the
propagating pulse is insensitive to the nonadiabatic effects
induced by the driving pulse but its temporal shape is
strongly affected by the light shifts. In the adiabatic repre-
sentation, we identify the radiation emitted on the transition
connecting the two extremely shifted levels �1 and 4 in Fig.
2� as the one responsible for this effect. The other transitions
were shown to give only small nonresonant contributions to
the radiating field. The shape of the transmitted pulse de-
pends strongly on its duration with respect to the driving
pulse. When it is longer, an important modulation is exhib-
ited in the temporal profile that maps out the light shift in-
duced by the driving pulse while the long time range tail is
significantly reduced. When the driving pulse is longer, the
light shifts prevent the propagating pulse from interacting
efficiently with the atomic system and the propagating pulse
is transmitted with almost no distortion. The medium be-
comes transparent to the propagating pulse in this latter case.

In addition to the possibility given by this method to mea-
sure the light shifts by recording the transmitted profile of
the propagating pulse, these results show that an optically
dense two-level system driven by a strong pulse can be used
as a “pulse shaper” that can modify the temporal shape of an
ultrashort weak pulse. The weak pulse can be modulated
with a phase that depends directly on the induced light shifts.
At the same time there is a significant reduction of the long
tail dispersion. Application of this method is of course lim-
ited to the shaping we can obtain through the phase induced
by light shifts. Complex forms can be generated by modify-
ing the envelope of the driving pulse to obtain different light
shift and thus different output shaped pulses. Mathemati-
cally, the problem is an inversion problem for the coupled
equations �27� and �28� where the quantity to determine
�electric field of the strong pulse� appears in both T0, �, �,
�, and � parameters. This problem can be investigated nu-
merically through optimization methods and is under consid-
eration. The crucial advantage of this method is the possibil-
ity to shape a pulse at a characteristic time smaller than its
time duration which is not possible with standard techniques
since it requires the creation of new frequencies. This
method also exhibits many advantages over conventional de-
vices �14�. The latter do not operate in the UV domain, and
are indirect methods since the temporal modifications are
obtained by acting in the spectral domain. Strong limitations
arise because of the spectral resolution of the devices that
limit generally the shaping to very short pulses and the tem-
poral resolution lies in the picosecond range making them
inadequate to shape pulses in inertial fusion experiments
�28�. The method presented here allows a direct shaping in
the time domain avoiding the above problems and represent
an ideal complement for the conventional methods while op-

divL

L

dk

2 ow

div

divL

div

pk

FIG. 8. Spatial configuration taking into account for the finite
spatial extension of the beams.
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erating in the picosecond range and/or using UV pulses. The
modulation can be varied through the laser and medium
characteristics �optical depth, driving pulse intensity, relative
pulse durations� providing a large range of control param-

eters. Extension of this work to the situation where the
propagating pulse is strong is an interesting perspective since
the self-phase modulation may generate new spectral bands
and thus complex temporal structures are expected.
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