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Observation of Selectivity of Coherent Population Transfer Induced by Optical Interference
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A fs time-resolved selective control of multilevel systems using superposition of two identical,
frequency-chirped fields is proposed and demonstrated. By adjusting the delay between the pulses, a
selected transition of the Rb doublet was brought into the ‘‘holes’’ of the interference pattern and
remained nonexcited, thus allowing to manipulate another transition by the laser field as if it were an
isolated two-level system. Based on light interference, this technique needs neither strong driving field
intensities nor controlling the chirp direction to achieve the selectivity.
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atom in the field of an attosecond pulse [13]), one needs,
correspondingly, much stronger driving fields. This could

made smaller or larger, and variation of the phase shift
� translates the whole interference structure along the
Preparation of an ensemble of atoms or molecules in a
specific state using laser light is of fundamental impor-
tance not only for spectroscopy, but also for the control of
chemical and biological processes [1,2]. In recent years it
has become apparent that the optical field shaping is an
effective solution to this problem. By tailoring the time
behavior of the optical phase and amplitude, a great
variety of systems can be manipulated [3]. Coherent con-
trol of spin evolution in atomic and molecular systems
[4], ionization and dissociation [5], atomic and molecular
fluorescence [6,7], and ultrafast dynamics in semiconduc-
tors [8] have been demonstrated. Furthermore, it has been
found that the pulse-shaping technique allows not only to
enhance the excitation selectivity, but also maximize the
excitation cross section [7].

The idea of using frequency-chirped optical pulses,
e.g., pulses whose instantaneous frequency drifts in
time, has proven to be of particular value for coherent
control [9–12]. By stretching a fs pulse in a dispersive
medium one produces a frequency-swept field which is
used to excite a quantum system in the regime of adia-
batic rapid passage (ARP) [9–11]. Since the required
preparation time may be sufficiently short (in the fs
range), a central problem arising here is how to achieve
selectivity of target state population when multiple tran-
sitions are coupled by the broadband laser field. Taking
the D lines of sodium as a model V-type system, it
has been shown [11] that frequency-chirped pulses pro-
vide much more selectivity of population transfer than
transform-limited pulses with the same bandwidth. The
mechanism of the observed selectivity was found to be
essentially nonlinear, originating basically from the spe-
cific redistribution of the adiabatic quantum pathways in
the strong field. By applying even higher laser fields [10],
several quantum systems were selectively controlled even
though the frequency sweep did not exactly follow the
frequencies of successive transitions. The results suggest
that to achieve selectivity in multilevel systems with
essentially stronger anharmonicity (for instance, an
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bring into existence additional quantum paths, cause self-
focusing and medium ionization [10], eventually leading
to a lost of selectivity. On the other hand, the possibility to
operate in the regime of moderate and low intensities
would be of considerable importance for controlling tran-
sitions in the spectral regions (such as extreme ultraviolet
and x ray) where intense coherent sources are presently
not available.

In this Letter we demonstrate experimentally an alter-
native approach to the problem of selective excitation.
Based on interference of light, this approach needs nei-
ther increasing the driving field intensity nor controlling
direction of the frequency chirp to achieve enhanced
excitation on a selected transition. Using a superposition
of two identical, time-delayed and frequency-chirped
optical pulses we could selectively control, on the fs-
time scale, the doublet lines in rubidium. By monitoring
the delay between the two interfering pulses, either of the
two upper states of the Rb doublet could be brought in the
holes of the laser spectrum, thus allowing to indepen-
dently manipulate another one by the laser field. Unlike
the common ARP technique, the approach enables one to
completely decouple a selected transition from the neigh-
boring one, and, as a result, achieve any prescribed abso-
lute population on the level.

To give an idea of the proposed approach, consider a
superposition of two identical time-delayed and phase-
shifted pulses: E��t��E1�t��E2�t��

1
2A0�t�exp�i!0t��

1
2A0�t����exp�i!0�t����� i� ��c:c: where A0�t� is
the complex amplitude of each pulse. As a result of optical
interference, the spectrum of the combined field be-
comes sinusoidally modulated: jF��!�j2�4jF0�!�j2	
cos2��!���� �=2�, where F0�!� is the Fourier spec-
trum of A0�t�. When the phase of the modulation is
such that �!���� ����2k�1�, k�0;
1; . . . , the in-
tensity of the spectral components at frequency !k�
���2k�1��� �=�� equals zero. By increasing or de-
creasing the delay �� between the pulses the spacing
between the zeros of the modulated spectrum can be
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FIG. 1. Interference-induced selectivity: Superposition of
two identical, time-delayed and chirped pulses (circular inset)
results in a sinusoidal modulation of the spectrum [jF��!�j]
which is projected onto the time domain [jE��t�j]. When a
selected transition is placed at the ‘‘holes’’ of the spectrum, the
upper state remains nonexcited during all the interaction time.
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frequency axis. The technique of modulation of optical
spectrum, first proposed by Ramsey [14], was later ap-
plied to study ultranarrow resonances in atoms [15], and
normally uses two spectrally limited (free of phase
modulation) laser pulses. This method provides informa-
tion about the structure of transitions in terms of the
absorption linewidth, but does not allow to localize in-
teraction with a selected transition in the time domain,
which is of prime importance for the control of the
evolution of the system. The new point demonstrated
in the present paper is that this can be done by using a
superposition of temporally overlapped frequency-
chirped pulses, A0�t�/ exp���t=�S�2� i�t2� (Gaussian
temporal shape is assumed for simplicity). If the pulses
were phase modulated to second order [’00 �!0�] in a
dispersive element, the chirping parameter � and the
pulse duration �S are given by ��2’00=��0�S�2 and �S�

�0
������������������������������
�1�4’00 2=�40�

q
where �0 is the width of the transform-

limited input pulse. Assuming that the dispersive element
provides a sufficient stretching, �S
�0, so that the rela-
tive contribution of the phase modulation in the pulse
spectrum is much greater than that of the amplitude
one, and considering small temporal delays, ����S,
the total field can be approximated by

E��t�� 2jA0�t�jcos
�
�!0�2�t�

��
2
�
� 
2

�

	cos�!0t��t2� ��; (1)

where  �����2=4�� =2. As can be seen, the com-
bined field is a frequency-chirped pulse whose amplitude
is temporally modulated at �mod����. By introducing
the instantaneous frequency of the field, !�t��@�=@t�
�!0�2�t�, where ��t� is the global phase, we find that
the modulation of the field amplitude has the same form
(cos��!�t����� �=2�) as the modulation of the field
spectrum. This reflects the fact that the chirping projects
the sinusoidally modulated spectrum onto the time do-
main, and therefore allows to control the evolution of the
system in time.

Below we focus on selective excitation in terms of the
V-type system shown in Fig. 1. It is assumed that the pulse
spectrum is sufficiently broad to cover both the upper
levels. As was shown previously [11], the selectivity in
such a system is achieved by operating in the ARP re-
gime. The level excited first by the frequency-chirped
field becomes selectively populated, and thus the selec-
tivity is controlled by changing the direction of chirp. At
lower intensities, however, no selectivity is achieved and
the levels are populated in proportion to the oscillator
strengths of the transitions. In the proposed scheme
(Fig. 1), by adjusting the parameters of the modulation
[Eq. (1)] the selected transition is placed at the zero of the
interference and thus remains nonexcited during all the
interaction time. This offers the way to manipulate an-
other transition by the field as if it is an isolated two-level
system. As a result, any predetermined population on the
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selected level can be achieved, without operating in
the strong field regime and changing the direction of
the chirp.

To demonstrate experimentally the proposed tech-
nique, we performed pump-probe experiments in atomic
rubidium vapor (Fig. 1). Both the 5p 2P1=2  5s 2S1=2 and
5p 2P3=2  5s 2S1=2 transitions of the Rb doublet were
controlled by a superposition of two identical, time-
delayed and frequency-chirped laser pulses. The
excited-state dynamics was traced by measuring the
stimulated emission on the transitions with a weak replica
of the reference fs-laser pulse. The reference laser pulses
were delivered by a conventional chirped pulse amplifi-
cation Ti:sapphire laser system. The oscillator pulses were
stretched, amplified, and finally recompressed to generate
60 fs pulses with 0.85 mJ energy and a spectral bandwidth
of 24 nm at a center wavelength of 790 nm and a repe-
tition rate of 1 kHz. The main part of the laser output was
phase modulated to second order, ’00�!0� � �2:1	
105 fs2, using a grating compressor, while a small part
of the output was directed into the probe channel. The
desired temporal and spectral modulation was generated
in a Michelson interferometer equipped with a piezo-
driven delay stage (pump-pump delay). Because of the
relative simplicity of the system under study, the tunable
phase shift was not implemented [16]. One more delay
stage was used to take the probe pulse spectra as a
function of the delay � between the pump and probe
(Fig. 1). With the same delay stage, the frequency-
resolved cross correlation of the pump and probe pulse
could be simultaneously measured allowing to relate
the dynamics of the probe pulse spectra to the time
behavior of the pump pulse. The intensity range relevant
to our experiments can be characterized by the parameter
063001-2
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FIG. 2 (color online). (a),(c) The probe pulse gain at the
resonance wavelengths 780.03 and 794.8 nm as a function of
the pump-probe delay �. (b),(d) The corresponding cross cor-
relation and instantaneous frequency of the combined driving
field. (a) Pump-pump delay �� � 54:9 fs: 5p 2P3=2  5s 2S1=2
is suppressed, 5p 2P1=2  5s 2S1=2 is switched on. (c) �� �
53:7 fs: 5p 2P3=2  5s 2S1=2 is switched on, 5p 2P1=2  
5s 2S1=2 is suppressed. The solid line in the inset to (c) shows
dynamics of the 5p 2P3=2  5s 2S1=2 transition for laser inten-
sity close to the ARP regime.
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of adiabacity of the interaction [18] � � ��2
Rabi=

jd!�t�=dtj� � �j�mnE�j
2=�2j�j �h2��, where �mn is the di-

pole moment of the transition and �Rabi is the corre-
sponding Rabi frequency in the field E��t�. To observe
the interference-induced selectivity, e.g., the feasibility to
activate, say, the 5p 2P1=2  5s 2S1=2 transition and sup-
press the 5p 2P3=2  5s 2S1=2 transition, it is necessary
that the ground state population is not completely de-
pleted by the first level crossing before the second level
crossing occurs [by level crossing is implied the moment
where the instantaneous frequency !�t� matches the fre-
quency of the transition]. Therefore the working laser
intensities were chosen in the region � � 1 where the
excited-state population is still sensitive to the driving
field amplitude. The temperature of the Rb cell (100 �C)
and the corresponding particle density (about 6	
1012 cm�3) was set so that the propagation effects had
only insignificant effect on the measurements. The polar-
ization dephasing time T2 of the transitions was measured
to be approximately 50 ps. The use of the noncollinear
propagation scheme for the pump-probe measurements
enabled to avoid phase locking of the pump and probe
fields [19]. Thus, by tracing the temporal behavior of the
probe pulse gain we could get information about the
dynamics of the population transfer to the upper levels.
By varying the temporal delay between the long pump
and short probe pulse (60 fs), positive or negative gain for
the probe field could be observed depending on the cur-
rent value of population inversion on the levels (Fig. 1).
Figures 2(a) and 2(c) present the results of the pump-
probe measurements at the resonant wavelengths (780.03
and 794.8 nm) of the Rb doublet lines as a function of the
delay �. Figures 2(b) and 2(d) show the corresponding
cross correlations of the pump and probe pulses. In the
measurements shown in Fig. 2(a), the delay between the
two channels (54.9 fs) of the interferometer was chosen so
that the driving field intensity had a ‘‘hole’’ near � � 0 fs,
where the instantaneous frequency !�t� is resonant
to the frequency of the 5p 2P3=2  5s 2S1=2 transition
[Fig. 2(b)]. As a result, the population transfer on this
transition was completely suppressed, while another tran-
sition (5p 2P1=2  5s 2S1=2) could be manipulated by the
laser field. The suppression effect can be clearly seen in
Fig. 2(a) where no gain is observed until the moment � �
9000 fs at which resonant crossing with the level 5p 2P1=2
occurs. Since the excitation of the state 5p 2P1=2 in
Fig. 2(a) [or state 5p 2P3=2 in Fig. 2(c)] results in the
depopulation of the common ground state 5s 2S1=2, the
gain appears simultaneously at both the resonance fre-
quencies. As can be seen, it exhibits a similar temporal
behavior for both the (excited and nonexcited) transi-
tions, which is a strong evidence that the observed behav-
ior is governed by the population dynamics. By setting
the delay between the two pulses in the interferometer
equal to 53.7 fs, the 5p 2P1=2  5s 2S1=2 transition could
be placed at the zero of the driving field intensity near
063001-3
� � 9000 fs [Figs. 2(c) and 2(d)]. Now interaction with
the first transition is ‘‘switched on’’ and results in the gain
appearing at both the resonant frequencies at the moment
of level crossing (� � 0 fs), while the second transition
is completely suppressed (no change in the probe
pulse spectrum after the level crossing at � � 9000 fs is
observed).

As can be seen, the excitation dynamics is character-
ized by a steep growth of the population to the maximum
value at the moment of level crossing followed by oscil-
lations relaxing to the mean value which, in turn, slowly
decreases. Specifically, the frequency of the damped os-
cillations gets higher with increasing time after the level
crossing. Such dynamics of population transfer is typical
for the regime of intermediate laser intensities, where
� < 1 (which is the case in our experiments) and arises
from the interference of resonant and nonresonant con-
tributions of the frequency-chirped field to the level ex-
citation [6,20].

The results clearly demonstrate the main features of
the proposed method. Unlike the traditional approach
employing single frequency-chirped pulse, the interfer-
ence of two pulses provides a complete decoupling of a
selected transition from another one within the laser
spectrum. As a result, the multilevel system is controlled
by the frequency-chirped field as if it is an isolated two-
level system. The inset in Fig. 2(c) shows the dynamics of
selective excitation of the 5p 2P3=2  5s 2S1=2 transition
for laser intensity close to the ARP regime (solid line).
One can clearly see the smooth (without oscillations)
063001-3
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FIG. 3 (color online). Calculated dynamics of the upper level
populations (N2; N3) of the Rb doublet for the pump amplitude
A0 � 6:5	 10

6 V=m (fluence 100 �J=cm2), �� � 24 nm,
’00 � �2:1	 105 fs2. (a) Pump-pump delay �� � 54:9 fs:
only the 5p 2P1=2  5s 2S1=2 transition (N2) is on. (b) �� �
53:7 fs: only the 5p 2P3=2  5s 2S1=2 transition (N3) is on.
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temporal dynamics of population transfer which is
typical for the ARP excitation of a two-level system [20].

To analyze the observed behavior quantitatively, we
performed numerical modeling of the coherent control
experiments in Rb. The standard approach based on the
solution of the density matrix equations for the three-
level system [18] in a laser field was used. Figure 3
presents the dynamics of population on the upper levels
5p 2P1=2 (N2) and 5p 2P3=2 (N3) in the regime where either
of the transitions is suppressed [Figs. 3(a) and 3(b)].
Comparison of the results with the data in Fig. 2 reveals
that the main features of the interaction with the tempo-
rally modulated frequency-chirped laser field are clearly
observable in the measurements. The analysis showed that
there exists a minimum width of the spectral hole (or a
maximum modulation frequency) which still provides a
‘‘switch off ’’ of the transition. Far from saturation (� <
1), the frequency resolution �!res of the switch off is
inversely proportional to the time �exc � �2�=��1=2 it
takes for the upper level to be populated to the asymptotic
value [20] and is given by �!res � 2�2���

1=2. In the
measurements in Fig. 2, the width of the minima is about
200 cm�1, which is much broader than�!res � 30 cm�1.
We also note that the measured excitation dynamics is
influenced by the propagation effects leading to the re-
laxation of the populations. We attribute the observed
dynamics to the development of a wave of superradiant
decay of the excited transitions, which moves with a
063001-4
temporal delay with respect to the moment of level
excitation.

In conclusion, we have proposed and demonstrated,
here for the Rb doublet, that optical interference of iden-
tical frequency-chirped optical fields provides a mecha-
nism of selectivity which allows coherent quantum
control at an intensity level much lower than that used
in the traditional (ARP) technique. The proposed method
is very general and therefore applicable to a wide variety
of quantum systems of different nature and level configu-
ration. Finally, we point out that the modulation law
( cos��!���� �=2�) and the position of zeros in the
spectrum are independent of the spectral characteristics
of the two optical fields used and depend only on the
relative delay and phase shift. This suggests that this
technique can be extended to few cycle frequency-swept
laser fields with extremely broad spectrum, thus opening
the way to the coherent quantum control in the attosecond
regime.
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Lett. 75, 2598 (1995).
[9] S. Chelkowski, A. D. Bandrauk, and P. B. Corkum, Phys.

Rev. Lett. 65, 2355 (1990).
[10] B. Broers, H. B. van Linden van den Heuvell, and L. D.

Noordam, Phys. Rev. Lett. 69, 2062 (1992).
[11] J. S. Melinger, S. R. Gandhi, A. Hariharan, J. X. Tull, and

W. S. Warren, Phys. Rev. Lett. 68, 2000 (1992).
[12] D. J. Maas, D. I. Duncan, R. B. Vrijen, W. J. van der

Zande, and L. D. Noordam, Chem. Phys. Lett. 290, 75
(1998).

[13] A. Apolonski et al., Phys. Rev. Lett. 85, 740 (2000).
[14] N. F. Ramsey, Molecular Beams (Oxford University

Press, New York, 1956).
[15] M. M. Salour, Rev. Mod. Phys. 50, 667 (1978).
[16] The variable � can be produced, for example, using the

carrier-envelope phase control technique [13], by pulse
scattering on a variable phase volume diffraction grating
[17], or by the conventional pulse-shaping technique [3].

[17] A.W. Albrecht, J. D. Hybl, S. M. Gallagher Faeder, and
D. M. Jonas, J. Chem. Phys. 111, 10 934 (1999).

[18] B. Shore, Theory of Coherent Atomic Excitation (Wiley,
New York, 1990).

[19] F. B. de Jong et al., Opt. Commun. 179, 505 (2000).
[20] N.V. Vitanov, Phys. Rev. A 59, 988 (1999).
063001-4


