PHYSICAL REVIEW A, VOLUME 61, 033816

Quantum control of ground-state rotational coherence in a linear molecule
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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 GOwhose 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 numbsfs): 42.50.Ct, 32.80.Qk, 33.80.Wz, 34.50.Rk

Quantum control of chemical reactions has recently bemethod, two identical laser pulses are applied to a quantum
come a fascinating topic. In order to achieve an active consystem at different times. The first pulse produces a coherent
trol over defined reaction channels, a molecular system isuperposition state wave packgtwhose phase evolution is
manipulated through its coherent interaction with laser lightdetermined by the energy difference between the individual
Based on a broad range of quantum interference effectstates. After a certain delay, the second pulse is applied pro-
quantum control allows for selective modulation of an out-ducing a second superposition state as well, but phase mis-
come pathway in a multiproduct system. matched with respect to the first one. The two wave packets

Several control schemes are now available in order te!indergo a Ramsey-type interference, which can be observed
complete this task, all taking benefit of the specific propertiedy probing the final-state population in the time-delay do-
of the radiation field. Tailoring of a femtosecond laser pulsemain of the two pulses. This two-pulse technique has been
by the temporal manipulation of both phase and field amplisuccessfully applied to Rydber§9-12, fine-structure
tude is now technologically achievable. It can be employed13,14, and vibrational wave packe[8,15].
in order to maximize a specific product yield in a chemical The present work reports the observation of quantum ma-
reaction by properly adjusting the electric field to the quan-nipulation of rotational coherence based on this two-pulse
tum system. A very elegant optimization procedure, based ofioherent control technique. A ground-state rotational super-
a feedback controlled pulse shaper, has been used very reosition is prepared through a nonresonant stimulated Raman
cently to optimize the branching ratio in the dissociation pro-€xcitation by a linearly polarized femtosecond pump pulse.
cess of different organometallic molecu[d@s. Another class By using a polarization technique, a delayed femtosecond
of control schemes, the so-called “phase-sensitive cohereftulse probes the resulting transient alignment. This tech-
control” [2], makes use of two different phase-related exci-hique has been employed in the study of rotational coherence
tation fields, both connecting a common initial state to theof small moleculeg16]. In this work a two-pulse sequence
same or opposite parity final state. The final-state populatioRrepared in a Mach-Zehnder interferometer is employed for
is then controlled through the manipulation of the phase difthe pump process. We show that the rotational coherence
ference between the two coherent fields. This technique hayepared by each pulse produces a quantum interference
been successfully applied to moleculgd] as well as to Whose effect is observable in the time domain. By changing
atomic system$2]. Laser-induced continuum structy#5]  the pump-pump delay, the relative phase of the two superpo-
(LICS) is a somewhat different control scheme. It also in-sition states can be adjusted so as to control the resulting
volves the interaction of two electromagnetic fields but doegotational wave packet.
not have the stringent requirement of having a constant phase For convenience, we begin by recalling the expressions
relation between them. In this technique the two fields estabused in the description of the orientational anisotropy in-
lish different pathways that connect two bounds states to guced by a short laser pulse passing through a gas sample of
same continuum. Quantum-mechanical interference betwedinear molecules. At time¢=0 a molecule is exposed to a
these pathways mainly depends on the detuning frequendhort linearly polarized laser pump pulse whose complex
and laser intensities, which are the control parameters. Cor¢lectric field can be written as
trol of products can, in principle, be achieved in LICS when-
ever different energetically degenerate continua are coupled Epumd ) = Epumd Y XP — T @pumgd) 1)

6.7].

An alternative and complementary type of control has rewhere&,,{1t) is the slowly varying amplitude andpmpis
ceived widespread attention in recent yed83. In this the carrier frequency.

The nonresonant stimulated Raman excitation of the me-
dium creates an orientational anisotropy that is observable by
*Electronic address: faucher@satie.u-bourgogne.fr measuring the polarization rotation of the electric-field probe
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beam. The latter is a replica from the same laser beam as the

one used for the pump process except for its linear polariza-s(t) *&q(t)Im > Trexp—wgt){A(wy)[1+r12

tion, which is initially rotated by 45° with respect to the J

pump beam. Assuming that the system is probed at time ) )

greater than the pump pulse widfty,, the complex ampli- X expiwy7e)]+2r REB(w;, 7)exp—iwT)]} |,
tude of the electric-field signal at tintecan be obtained by

solving the wave equations. For linear molecules and a non- (5

resonant stimulated Raman interaction, the solution can be . . .
written [17] whereA(w;) is proportional to the Fourier transform of the

laser intensity at the Raman frequency transition

+o0 +oo '
Epumgt')|* AWJ):L [Ep(t") [ Pexpliopt ) dt! 6)

— o0

ss(t)ocsd(mm( 2 TJf

_ andB(wj,7;) is a quantity that contains the field correlation
xexd —i wJ(t—t')]dt')- (2 (first-order correlationpondered by a slowly varying factor
explw;t’)

In this last expressionl; represents the nonlinear response B(wy,7e)= fmé'p(t’)é',’j(t’—Tc)exp(iwjt’)dt’. @
of the medium that depends on the rotational quantum num- —o
berJ and w; is the Raman frequencyy is the probe field. . _ i

Expressior(2) describes a coherent ground-state superpo- BY first assuming that the control delay is larger than
sition completed by the pump pulse. More specifically, thethe 1aser pulse duratiod7,, the B(w;,7c) term can be
probe field is expanded as a linear combination of Fourief€gdlected. In that case, E@) results in a similar expression
components pondered by a facfs. Because the Raman to thezone given in Ed2), except for the presence of afactqr
coupling induced by the pump is a two-photon process, thé1+ " exp(w; )] that depends on the control delay. This
signal is proportional to the Fourier transform of the squared®'m accounts for the interference process occurring in the
modulus of the pump field, the former being calculated at théXcitation of the rotational levels by the delayed laser
Raman transition frequenay, . This implies that the transi- PulSes. In other words, the evolution of the electric fied
tions contributing to the signal are those having frequency” time delay domainr reflects the quantum interference
w; within the convoluted bandwidth of the pump electric ©ccurring betweer) the two rotathnal wave p_ack_ets produced
field. The beating between the different frequencies produce®y €ach pulse. Since each rotational contribution is modu-
recurrences in the probe time domain, whose periodiGity Iated at the transition frequenay; . interference occurs at
is determined by the principal moment-of-inertia of the mol-time t whenever the control delay is set close to an integral

ecule[16]. From Eq.(2), one can calculate the averaged NUmber of the period, defined previously, i.e., when the
signall measured by the detector revivals of the two separate rotational wave packets coincide

in time. The quantum interferences are then observable over
a rangeA 7, that depends on thEg; factors(i.e., temperature
oo 5 and molecular parametgraVhen the primary and the con-
le f_m |Es(D)]"dt. @ ol pulse slightly overlap in time#.~ A 7,/2), the quantity
B(w;,7;) modifies the signal by introducing a fast oscillat-
ing term that reflects the temporal coherence of the laser
We proceed further by deriving the analytical expressiorfield. At the limit of very small delay f.<A7/2), the sig-
related to the quantum control of the coherent superpositional is dominated by an optical interference reproducing the
state. We show that the time evolution of the system, coherinterferogram of the laser field.
ently prepared by a pump pulse at tire 0, can be con- By assuming a real expression for the laser field ampli-
trolled by applying a second identical time delayed pumptude (Fourier-transformed pulgehe expressior(5) can be
pulse. For convenience, this pulse is called the “control” simplified to
pulse. The total pump field at frequenayis now divided

into two identical pulses, the primary and the control pulse Es(t)mgd(t)z T,(A(w ) {sin(w;t) + 12 siw,(t— 7o) T}
J

Epumdt’ ) =E,(t")+E(t'—7¢) 4 +2rB(wy,7c)SiN(w;jt)cod we)), (8)

where the contribution from the two laser pulses are clearly
with an amplitude ratio of the two pulses defined ms separated. The singt) term corresponds to the response of
=|e(0)|/]ep(0)]. the system at timg after excitation by the pump pulse. It is
To obtain the signal field resulting from the control pro- independent of, and therefore produces a continuous com-
cess we then substitute in E@) E,,np by the new expres- ponent in the delay time domain. The second tern«si
sion given in Eq(4) —17o)], is due to a further excitation of the system by the
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FIG. 1. Schematic representation of the pulse sequence used in
) ) Te(ps)
the quantum control experiment. 2 -
delayed laser pulse. The combination of only these two terms é'g 1,5
defines the regime of pure quantum interference. The second = %
line of Eq. (8) gives rise to the optical modulation of the §{§ (b)
signal at the laser frequenay, through the cog{r.) term. afo05) 4, | | I It
In order to simulate the intensity signéd) averaged by \‘
the detector, the expressidd) has to be integrated numeri- 960 50 -40 -30 -20 -10 0
cally. The Fourier-transform amplitudes for the primary, the T.(ps)
control, and the probe pulse will be assumed to have a pure
Gaussian temporal envelope. FIG. 2. (a) Polarization probe signal reflecting the C@ta-

The present experiment is based on a chirped pulsed anfional coherence versus the control delay at room temperaRire (
plified Ti sapphire femtosecond laser. A Mach-Zehnder in-=1.7 bar). The equally spaced structures recorded at negative delay
terferometer is employed to produce a control pulse as eesult from the quantum interference occurring between the two
delayed replica of the primary pump pulse issued from theotational wave packets produced by each laser pump pulse. The
laser amplifier. The linearly polarized pump and probeinset graph depicts the optical interference regime for which the
beams are overlapped at a small angle in a gas cell filled witkignal exhibits a 2.6-fs periodi¢b) Numerical simulation.

CO, gas. The probe beam passes through two crossed polar-

izers, respectively located at the entrance and exit slot of therence between the two coherent superposition states pro-
static cell. The probe beam, inside the cell, is polarized aduced by each of the delayed pulses. The interference feature
45° with respect to the pump laser field. The polarizationappears through the calculation of the square modulus of the
signal is detected by a photomultiplier, sampled by a boxcanvhole expressio8) as defined in3). The narrowness of the
and finally acquired by a computer card. temporal structure results from the large number of rotational

The pulse temporal sequence referred to in this work istatesimore that 30 at room temperatu@herently excited
sketched in Fig. 1. The primary pulse is centered at the originvithin the laser bandwidth. As shown from Fig. 2, the inter-
of time. The control pulse can be tuned from negative toference structures tend to decrease as the control delay in-
positive delayr., relative to the primary pulse. During scan- creases. This is mainly due to collisorielastic and inelas-
ning of the control pulse, the system is probed at a fixedic) coherence decay. It was taken into account in the
positive time, ensuring that the probe delay pulieset to a  theoretical model by including a constant linewidgh (the
value larger than-.. The time intervalT, is the recurrence thermally averaged valyeThe structure recorded around
period introduced previously. The dash lines depict the time-10 ps results from the interference occurring between the
occurrence of the transients produced by the primary pulsérst and second rotational recurrence produced by the pri-
alone. mary and control pulse, respectively. Since these two recur-

The time domain spectrum presented in Fi@) has been rences have comparable amplitudes, the degree of modula-
recorded for a probe delaly set at the occurrence of the tion of the rotational coherence versus control delay is quite
primary pulse first recurrenceg € T,). The probe signal is effective. In terms of molecular alignment, the anisotropy of
depicted versus the control delay scanned over 70 ps. the medium can be switched from maximum to a near-zero
Each data point corresponds to an averaging of the signafalue(isotropy) within the 1.5-ps sweep of the control delay.
over 25 laser shots. The numerical simulafibig. 20b)] was It is worth noting that, considering that the theoretical model
computed from expression®) and (3). In the calculation, uses only one adjustable paramegescale factor there is a
the pulse duration was set to 90[fsll width at half maxi- reasonably good agreement between experiment and theory.
mum (FWHM)], as obtained from the autocorrelation trace The inset included in Fig. 2 shows the optical fringes
of our laser. The 2 factor was measured to be 1.3 at the exitrecorded around the zero del@eroth recurrengevhere the
of the Mach-Zehnder interferometer. The recorded spectrurprimary and control pulses overlap in time. For such a nar-
clearly depicts the primary pulse signal modified by the contow delay range, all the terms appearing in expres$&n
trol pulse signal. The baseline component corresponds to thi@emain almost constant, except for the emsf modulation
primary pulse induced rotational coherence of the systenterm. A quantitative analysis of the total range signal can
probed at time (see Fig. L It arises from the discrete sum- provide information on the laser beam properties, such as
mation of the first term of expressia8). The second term field amplitude and phase modulatigchirp) versus time.
accounts for the contribution of the control pulse. The struc-The advantage of using a transparent nonlinear medium is
tures regularly spaced in time result from the quantum interevident with respect to the characterization of infrared or

033816-3



HERTZ, FAUCHER, LAVOREL, DALLA VIA, AND CHAUX PHYSICAL REVIEW A 61 033816

spond to the difference between the spontaneous Raman
transitions of CQ, as they would be obtained in a frequency
domain experiment. No absolute transition values are di-
rectly accessible because the information concerning the la-
ser frequency is missing in all the time-domain structures of
Fig. 2, except in the first transient.

In conclusion, we have demonstrated the possibility of
controlling in a robust way the ground-state rotational coher-
AP nr 5 7 5 ence in a !inegr molecule. The effect und.er consideratio'n has

Frequency (THz) been studied in C§) through the observation of the transient
alignment produced by two, time-delayed, short laser pulses.

FIG. 3. Discrete Fourier transform of the temporal interferogramThe spectra recorded in the time-delay domain show that the
depicted in Fig. Asee text The Raman transitions appear in the rotational wave packet can be manipulated by adjusting the
frequengy domain with a resolution limited by the optical path-tjme sequence of the two pulses. More precisely, we have
length difference of the interferometér- 60 ps. shown that the anisotropy induced by the first laser pulse can

be either enhanced or reduced to zero by the adjunction of
far-UV coherent beams, produced though frequency convetthe second laser pulse. An analytical model, based on pertur-
sion. bation theory and taking into account the laser characteristics

The spectrum of Fig. 2 can be translated to the frequencgnd the molecular parameters, has been presented. The good
domain by a simple mathematical transformation. This hasgreement with the experimental data implies that informa-
been done by calculating the discrete Fourier transform ofion about the dynamics of the rotational wave packets can
the temporal interferograms{: —60,—2 ps), from which also be extracted using this method. Moreover, the process
the structure arising at zero delay has been left out. Theresented in this work can be applied for the control of co-
result is depicted in Fig. 3. The fast-Fourier-transform specherence of high-lying states, using a resonant multiphoton
trum is symmetrical because only negative delays have bednnization scheme instead of a stimulated Raman process.
recorded in Fig. 2. The zero-frequency signal results from\We believe that the ability of this technique to quantum ma-
the base line signal produced by the primary pulse in thaipulate molecular systems can greatly benefit in active con-
time delay spectrum. The equally spaced structures corrdrol studies of chemical reaction.
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