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Quantum control of ground-state rotational coherence in a linear molecule
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21078 Dijon Cedex, France
~Received 9 August 1999; published 17 February 2000!

We present an experimental and theoretical investigation of the quantum control of ground-state rotational
coherence in a linear molecule. A sequence of two temporally separated laser pulses creates a rotational
superposition state in CO2 whose evolution is monitored through a polarization technique. We study the
influence of the phase difference between the two pulses. We show that the overlapping of the two wave
packets, produced by each pulse, gives rise to quantum interference that affects the orientational anisotropy of
the sample. Because of the large number of coherently excited levels, the interference produces well-separated
temporal structures, whose magnitude can be controlled through the relative delay of the two pulses.

PACS number~s!: 42.50.Ct, 32.80.Qk, 33.80.Wz, 34.50.Rk
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Quantum control of chemical reactions has recently
come a fascinating topic. In order to achieve an active c
trol over defined reaction channels, a molecular system
manipulated through its coherent interaction with laser lig
Based on a broad range of quantum interference effe
quantum control allows for selective modulation of an o
come pathway in a multiproduct system.

Several control schemes are now available in order
complete this task, all taking benefit of the specific proper
of the radiation field. Tailoring of a femtosecond laser pu
by the temporal manipulation of both phase and field am
tude is now technologically achievable. It can be employ
in order to maximize a specific product yield in a chemic
reaction by properly adjusting the electric field to the qua
tum system. A very elegant optimization procedure, based
a feedback controlled pulse shaper, has been used ver
cently to optimize the branching ratio in the dissociation p
cess of different organometallic molecules@1#. Another class
of control schemes, the so-called ‘‘phase-sensitive cohe
control’’ @2#, makes use of two different phase-related ex
tation fields, both connecting a common initial state to
same or opposite parity final state. The final-state popula
is then controlled through the manipulation of the phase
ference between the two coherent fields. This technique
been successfully applied to molecules@3# as well as to
atomic systems@2#. Laser-induced continuum structure@4,5#
~LICS! is a somewhat different control scheme. It also
volves the interaction of two electromagnetic fields but do
not have the stringent requirement of having a constant ph
relation between them. In this technique the two fields es
lish different pathways that connect two bounds states
same continuum. Quantum-mechanical interference betw
these pathways mainly depends on the detuning freque
and laser intensities, which are the control parameters. C
trol of products can, in principle, be achieved in LICS whe
ever different energetically degenerate continua are cou
@6,7#.

An alternative and complementary type of control has
ceived widespread attention in recent years@8#. In this
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method, two identical laser pulses are applied to a quan
system at different times. The first pulse produces a cohe
superposition state~a wave packet! whose phase evolution i
determined by the energy difference between the individ
states. After a certain delay, the second pulse is applied
ducing a second superposition state as well, but phase
matched with respect to the first one. The two wave pack
undergo a Ramsey-type interference, which can be obse
by probing the final-state population in the time-delay d
main of the two pulses. This two-pulse technique has b
successfully applied to Rydberg@9–12#, fine-structure
@13,14#, and vibrational wave packets@8,15#.

The present work reports the observation of quantum m
nipulation of rotational coherence based on this two-pu
coherent control technique. A ground-state rotational sup
position is prepared through a nonresonant stimulated Ra
excitation by a linearly polarized femtosecond pump pul
By using a polarization technique, a delayed femtosec
pulse probes the resulting transient alignment. This te
nique has been employed in the study of rotational cohere
of small molecules@16#. In this work a two-pulse sequenc
prepared in a Mach-Zehnder interferometer is employed
the pump process. We show that the rotational cohere
prepared by each pulse produces a quantum interfere
whose effect is observable in the time domain. By chang
the pump-pump delay, the relative phase of the two supe
sition states can be adjusted so as to control the resu
rotational wave packet.

For convenience, we begin by recalling the expressi
used in the description of the orientational anisotropy
duced by a short laser pulse passing through a gas samp
linear molecules. At timet50 a molecule is exposed to
short linearly polarized laser pump pulse whose comp
electric field can be written as

Epump~ t !5Epump~ t !exp~2 ivpumpt !, ~1!

whereEpump(t) is the slowly varying amplitude andvpump is
the carrier frequency.

The nonresonant stimulated Raman excitation of the m
dium creates an orientational anisotropy that is observable
measuring the polarization rotation of the electric-field pro
©2000 The American Physical Society16-1
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beam. The latter is a replica from the same laser beam a
one used for the pump process except for its linear polar
tion, which is initially rotated by 45° with respect to th
pump beam. Assuming that the system is probed at timt
greater than the pump pulse widthDp , the complex ampli-
tude of the electric-field signal at timet can be obtained by
solving the wave equations. For linear molecules and a n
resonant stimulated Raman interaction, the solution can
written @17#

«S~ t !}«d~ t !ImS (
J

TJE
2`

1`UEpump~ t8!U2

3exp@2 ivJ~ t2t8!#dt8D . ~2!

In this last expression,TJ represents the nonlinear respon
of the medium that depends on the rotational quantum n
ber J andvJ is the Raman frequency.«d is the probe field.

Expression~2! describes a coherent ground-state super
sition completed by the pump pulse. More specifically,
probe field is expanded as a linear combination of Fou
components pondered by a factorTJ . Because the Rama
coupling induced by the pump is a two-photon process,
signal is proportional to the Fourier transform of the squa
modulus of the pump field, the former being calculated at
Raman transition frequencyvJ . This implies that the transi
tions contributing to the signal are those having freque
vJ within the convoluted bandwidth of the pump electr
field. The beating between the different frequencies produ
recurrences in the probe time domain, whose periodicityT0
is determined by the principal moment-of-inertia of the m
ecule @16#. From Eq. ~2!, one can calculate the average
signal I measured by the detector

I}E
2`

1`

uES~ t !u2dt. ~3!

We proceed further by deriving the analytical express
related to the quantum control of the coherent superposi
state. We show that the time evolution of the system, coh
ently prepared by a pump pulse at timet50, can be con-
trolled by applying a second identical time delayed pu
pulse. For convenience, this pulse is called the ‘‘contro
pulse. The total pump field at frequencyv is now divided
into two identical pulses, the primary and the control pul

Epump~ t8!5Ep~ t8!1Ec~ t82tc! ~4!

with an amplitude ratio of the two pulses defined asr
5u«c(0)u/u«p(0)u.

To obtain the signal field resulting from the control pr
cess we then substitute in Eq.~2! Epump by the new expres-
sion given in Eq.~4!
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«S~ t !}«d~ t !ImS (
J

TJ exp~2vJt !$A~vJ!@11r 2

3exp~ ivJtc!#12r Re@B~vJ ,tc!exp~2 ivtc!#% D ,

~5!

whereA(vJ) is proportional to the Fourier transform of th
laser intensity at the Raman frequency transitionvJ,

A~vJ!5E
2`

1`

uEp~ t8!u2exp~ ivJt8!dt8 ~6!

andB(vJ ,tc) is a quantity that contains the field correlatio
~first-order correlation! pondered by a slowly varying facto
exp(ivJ t8)

B~vJ ,tc!5E
2`

1`

Ep~ t8!Ep* ~ t82tc!exp~ ivJt8!dt8. ~7!

By first assuming that the control delaytc is larger than
the laser pulse durationDtp , the B(vJ ,tc) term can be
neglected. In that case, Eq.~5! results in a similar expressio
to the one given in Eq.~2!, except for the presence of a facto
@11r 2 exp(ivJ tc)# that depends on the control delay. Th
term accounts for the interference process occurring in
excitation of the rotationalJ levels by the delayed lase
pulses. In other words, the evolution of the electric field~5!
in time delay domaintc reflects the quantum interferenc
occurring between the two rotational wave packets produ
by each pulse. Since each rotational contribution is mo
lated at the transition frequencyvJ , interference occurs a
time t whenever the control delay is set close to an integ
number of the periodT0 defined previously, i.e., when th
revivals of the two separate rotational wave packets coinc
in time. The quantum interferences are then observable o
a rangeDt0 that depends on theTJ factors~i.e., temperature
and molecular parameters!. When the primary and the con
trol pulse slightly overlap in time (tc;Dtp/2), the quantity
B(vJ ,tc) modifies the signal by introducing a fast oscilla
ing term that reflects the temporal coherence of the la
field. At the limit of very small delay (tc!Dtp/2), the sig-
nal is dominated by an optical interference reproducing
interferogram of the laser field.

By assuming a real expression for the laser field am
tude ~Fourier-transformed pulse! the expression~5! can be
simplified to

ES~ t !}Ed~ t !(
J

TJ„A~vJ!$sin~vJt !1r 2 sin@vJ~ t2tc!#%

12rB~vJ ,tc!sin~vJt !cos~vtc!…, ~8!

where the contribution from the two laser pulses are clea
separated. The sin(vJ t) term corresponds to the response
the system at timet, after excitation by the pump pulse. It i
independent oftc and therefore produces a continuous co
ponent in the delay time domain. The second term, sin@vJ(t
2tc)#, is due to a further excitation of the system by t
6-2
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QUANTUM CONTROL OF GROUND-STATE ROTATIONAL . . . PHYSICAL REVIEW A 61 033816
delayed laser pulse. The combination of only these two te
defines the regime of pure quantum interference. The sec
line of Eq. ~8! gives rise to the optical modulation of th
signal at the laser frequencyv, through the cos(vtc) term.

In order to simulate the intensity signal~3! averaged by
the detector, the expression~8! has to be integrated numer
cally. The Fourier-transform amplitudes for the primary, t
control, and the probe pulse will be assumed to have a p
Gaussian temporal envelope.

The present experiment is based on a chirped pulsed
plified Ti sapphire femtosecond laser. A Mach-Zehnder
terferometer is employed to produce a control pulse a
delayed replica of the primary pump pulse issued from
laser amplifier. The linearly polarized pump and pro
beams are overlapped at a small angle in a gas cell filled
CO2 gas. The probe beam passes through two crossed p
izers, respectively located at the entrance and exit slot of
static cell. The probe beam, inside the cell, is polarized
45° with respect to the pump laser field. The polarizat
signal is detected by a photomultiplier, sampled by a box
and finally acquired by a computer card.

The pulse temporal sequence referred to in this work
sketched in Fig. 1. The primary pulse is centered at the or
of time. The control pulse can be tuned from negative
positive delaytc , relative to the primary pulse. During sca
ning of the control pulse, the system is probed at a fix
positive time, ensuring that the probe delay pulset is set to a
value larger thantc . The time intervalT0 is the recurrence
period introduced previously. The dash lines depict the ti
occurrence of the transients produced by the primary p
alone.

The time domain spectrum presented in Fig. 2~a! has been
recorded for a probe delayt set at the occurrence of th
primary pulse first recurrence (t5T0). The probe signal is
depicted versus the control delaytc scanned over 70 ps
Each data point corresponds to an averaging of the si
over 25 laser shots. The numerical simulation@Fig. 2~b!# was
computed from expressions~8! and ~3!. In the calculation,
the pulse duration was set to 90 fs@full width at half maxi-
mum ~FWHM!#, as obtained from the autocorrelation tra
of our laser. Ther 2 factor was measured to be 1.3 at the e
of the Mach-Zehnder interferometer. The recorded spect
clearly depicts the primary pulse signal modified by the c
trol pulse signal. The baseline component corresponds to
primary pulse induced rotational coherence of the sys
probed at timet ~see Fig. 1!. It arises from the discrete sum
mation of the first term of expression~8!. The second term
accounts for the contribution of the control pulse. The str
tures regularly spaced in time result from the quantum in

FIG. 1. Schematic representation of the pulse sequence us
the quantum control experiment.
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ference between the two coherent superposition states
duced by each of the delayed pulses. The interference fea
appears through the calculation of the square modulus of
whole expression~8! as defined in~3!. The narrowness of the
temporal structure results from the large number of rotatio
states~more that 30 at room temperature! coherently excited
within the laser bandwidth. As shown from Fig. 2, the inte
ference structures tend to decrease as the control dela
creases. This is mainly due to collisonal~elastic and inelas-
tic! coherence decay. It was taken into account in
theoretical model by including a constant linewidthgJ ~the
thermally averaged value!. The structure recorded aroun
210 ps results from the interference occurring between
first and second rotational recurrence produced by the
mary and control pulse, respectively. Since these two re
rences have comparable amplitudes, the degree of mod
tion of the rotational coherence versus control delay is qu
effective. In terms of molecular alignment, the anisotropy
the medium can be switched from maximum to a near-z
value~isotropy! within the 1.5-ps sweep of the control dela
It is worth noting that, considering that the theoretical mod
uses only one adjustable parameter~a scale factor!, there is a
reasonably good agreement between experiment and the

The inset included in Fig. 2 shows the optical fring
recorded around the zero delay~zeroth recurrence! where the
primary and control pulses overlap in time. For such a n
row delay range, all the terms appearing in expression~8!
remain almost constant, except for the cos(vtc) modulation
term. A quantitative analysis of the total range signal c
provide information on the laser beam properties, such
field amplitude and phase modulation~chirp! versus time.
The advantage of using a transparent nonlinear medium
evident with respect to the characterization of infrared

in

FIG. 2. ~a! Polarization probe signal reflecting the CO2 rota-
tional coherence versus the control delay at room temperatureP
51.7 bar). The equally spaced structures recorded at negative d
result from the quantum interference occurring between the
rotational wave packets produced by each laser pump pulse.
inset graph depicts the optical interference regime for which
signal exhibits a 2.6-fs periodic.~b! Numerical simulation.
6-3
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far-UV coherent beams, produced though frequency con
sion.

The spectrum of Fig. 2 can be translated to the freque
domain by a simple mathematical transformation. This
been done by calculating the discrete Fourier transform
the temporal interferogram (tc : 260,22 ps), from which
the structure arising at zero delay has been left out.
result is depicted in Fig. 3. The fast-Fourier-transform sp
trum is symmetrical because only negative delays have b
recorded in Fig. 2. The zero-frequency signal results fr
the base line signal produced by the primary pulse in
time delay spectrum. The equally spaced structures co

FIG. 3. Discrete Fourier transform of the temporal interferogr
depicted in Fig. 2~see text!. The Raman transitions appear in th
frequency domain with a resolution limited by the optical pa
length difference of the interferometer~; 60 ps!.
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spond to the difference between the spontaneous Ra
transitions of CO2, as they would be obtained in a frequen
domain experiment. No absolute transition values are
rectly accessible because the information concerning the
ser frequency is missing in all the time-domain structures
Fig. 2, except in the first transient.

In conclusion, we have demonstrated the possibility
controlling in a robust way the ground-state rotational coh
ence in a linear molecule. The effect under consideration
been studied in CO2, through the observation of the transie
alignment produced by two, time-delayed, short laser puls
The spectra recorded in the time-delay domain show that
rotational wave packet can be manipulated by adjusting
time sequence of the two pulses. More precisely, we h
shown that the anisotropy induced by the first laser pulse
be either enhanced or reduced to zero by the adjunctio
the second laser pulse. An analytical model, based on pe
bation theory and taking into account the laser characteris
and the molecular parameters, has been presented. The
agreement with the experimental data implies that inform
tion about the dynamics of the rotational wave packets
also be extracted using this method. Moreover, the proc
presented in this work can be applied for the control of c
herence of high-lying states, using a resonant multipho
ionization scheme instead of a stimulated Raman proc
We believe that the ability of this technique to quantum m
nipulate molecular systems can greatly benefit in active c
trol studies of chemical reaction.
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