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We report controlled excitation of ground-state rotational wave packet by pulse-shaping technique. The
experiment is conducted in nitrogensN2d at room temperature and atmospheric pressure. A femtosecond laser
pulse produces rotational coherences in the vibronic ground state of N2 through an impulsive Raman process.
The laser pulse is tailored using a spatial light modulator producing spectral phase modulation. Periodic phase
steps are applied in order to control the excitation of specific rotational Raman transitions. The outcome is the
modification of the relative excitation between odd and even rotational states which allows the control of the
symmetry and rephasing period of the wave packet.
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I. INTRODUCTION

Investigations devoted to laser-controlled chemical reac-
tions have stimulated considerable interest in the past de-
cades. The basic idea consists of using laser parameters as
control knobs in order to drive the outcome of photoexcita-
tion into specific final states associated with the desired re-
action products. Many control schemes relying on quantum
interference effects have been developed to achieve this goal.
The so-called “phase control” is based, for instance, on the
coherent excitation of quantum systems by a bichromatic
field inducing two phase-related pathways with a different
number of photons[1,2]. The excitation can be controlled
through the relative phase between the two frequencies.
Apart from transition probability, autoionization rate[3], an-
gular distribution of photoelectrons and photofragments[4],
as well as ionization and dissociation branching ratio[5]
have been thus manipulated. With the onset of the ultrashort
laser technology, new possibilities have emerged in the field
of coherent control. An approach proposed by Rabitz[6]
consists in producing laser pulse shapes specifically designed
to control the outcome of photoreactions. Primary works
have been conducted with linearly chirped laser pulses but
the potentiality of such control has been greatly expanded by
the advances in terms of pulse-shaping techniques[7].
Nowadays, devices producing almost any arbitrary pulse
shapes are available and a large amount of experiments using
“pulse shapers” have been reported. The conjunction of such
control technique with feedback loop algorithm is frequently
exploited in order to determine optimum laser pulse shapes
when the complexity of the underlying physics prevents any
reliable predictions [8–13]. Pulse-shaping techniques
[14–21] as well as other approaches[22–24] have been no-
tably applied to exercise control of ground-state molecular
dynamics. The latter features major interest related to the
involvement of vibrational or rotational wave packets in a
wide area of quantum dynamics. The temporal evolution of
rotational wave packets(RWPs) gives, for instance, access to

structural information and allows diagnostics of molecular
sample[25,26]. The production of a RWP with strong laser
fields leads to macroscopic molecular alignment along the
laser polarization[27–29]. Long-standing questions linked to
orientational dependency of specific physical processes can
be therefore settled by conducting analyses with aligned
molecules[30]. Coherent rotational and vibrational molecu-
lar motions, impulsively[31–34] or adiabatically[35–38] ex-
cited, induce also a modulation of the refraction index well
suited for temporal phase modulation. Such molecular phase
modulation has been applied for spectral broadening and ul-
trashort optical pulse generation[31–40]. Relevance of this
technique for optimization[41] of phase matching in har-
monic generation has been considered too. In all these re-
gards, investigations which aim at controlling rotational or
vibrational dynamics feature appealing applications.

We demonstrate in this paper the control of rotational dy-
namics in the molecular vibronic ground state of N2. The
RWP is produced by a phase-shaped femtosecond laser pulse
via an impulsive stimulated Raman excitation. The detection
of its temporal dynamics is based on the Raman induced
polarization spectroscopy(RIPS) technique. The spectral
phase modulation is imprinted to the excitation field using a
spatial light modulator(SLM). We have opted for judicious
periodic spectral phase steps, which takes advantage of the
regular energy spacing between the Raman transition fre-
quencies. We demonstrate selective excitation of specific ro-
tational Raman transitions. The relative even and odd rota-
tional states’ contribution to the RWP is notably controlled
and, therefore, the symmetry and revival period of the wave
packet.

II. EXPERIMENTAL SETUP

An overview of the experimental setup is depicted in Fig.
1. The laser apparatus is based on a chirped pulse amplified
Ti:sapphire femtosecond laser. The system operates at 20 Hz
repetition rate and delivers pulses of 100 fs duration around
800 nm. The output beam is split in two parts to produce the
pump and probe beams. The pump passes through a pulse
shaper detailed below. The relative delay between pump and
probe pulse is adjusted via a corner cube retroreflector
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mounted on a motorized linear stage. The relative polariza-
tion of the pump and probe beam is set at 45° with respect to
each other via two polarizers. The two beams are then fo-
cused by a lenssf =175 mmd and cross, at small angle
s<5°d, in a gas cell filled with N2 under atmospheric pres-
sure. Typical pump and probe energy are, respectively, 50mJ
and 2mJ. The intensity at the laser focus for the pump and
probe beam is, respectively, 4 TW/cm2 and 0.2 TW/cm2. At
the exit of the cell, the pump beam is blocked whereas the
probe passes through an analyzer(A) polarized at 90° with
respect to its initial polarization. The anisotropy of the
sample induced by the pump interaction is thus detected
through the depolarization of the probe with a photomulti-
plier. The signal, sampled by a boxcar, is stored in a personal
computer.

The control of the wave packet is established by tailoring
the pump pulse via a conventional 4f-pulse shaper[7]. A
programmable spatial light modulator is placed in the Fou-
rier plane of the pulse shaper composed of a pair of holo-
graphic gold coated gratings and cylindrical mirrors. The
spectral phase modulation of the laser can be controlled by
applying appropriate voltages to the pixels. The pixel spac-
ing is 100mm center to center and for some reasons ex-
plained later on; the frequency spatial distribution has been
finely adjusted in order to reach the desired spectral sampling
of 0.7931012 rad s−1/pixel.

III. MODEL

As mentioned previously, the rotational wave packet is
generated in the molecular vibronic ground state through an
impulsive nonresonant Raman process. The laser coupling
for a specific Raman transition of pulsationvJ (with J the
rotational quantum number) is proportional to

FsvJd =E
−`

+`

Esv8dE*sv8 − vJddv8, s1d

denoted hereafter “Raman field excitation.”Esvd refers to
the spectral electric field. By developing the latter in terms of
amplitude«svd and phasefsvd,

Esvd = «svdexpfi fsvdg s2d

the factorFsvJd becomes

FsvJd =E
−`

+`

«sv8d«sv8 − vJdexpfiDfsv8dgdv8, s3d

with

Dfsv8d = fsv8d − fsv8 − vJd s4d

the phase difference between each pair of spectral compo-
nents sv8 ,v8−vJd involved in the Raman excitation. Ac-
cording to Eq.s3d, a control of both phase and amplitude of
the Raman field excitationFsvJd is achieved by modifying
the spectral laser phase. This effect, which results from quan-
tum interference between excitation channels combining dif-
ferent laser frequencies, has been termedf42g “multiphoton
intrapulse interference.” When a periodic phase step of mag-
nitudeu is imprinted on a symmetric spectral amplitudesFig.
2d, two specific values of the modulation periodVm are of a
particular interest for selective excitation of Raman modes. If
the Raman transition frequencyvJ is a multiple ofVm si.e.,
vJ=NVm with N integerd, then the spectral phase difference
Dfsv8d=0 independently ofv8. As a result, the excitation is
similar to the one achieved with a Fourier-transform-limited
pulse. Whereas ifvJ is a half-integer value ofVm fi.e., vJ
=sN+1/2dVmg, the phase differenceDfsv8d= ±u and the
Raman field excitation is modulated by a cossud term. These
results can be summarized as follows:

vJ = NVm ⇒ Dfsv8d = 0, ∀ v8 ⇒ FsvJd = FTLPsvJd,
s5ad

vJ = sN + 1/2dVm ⇒ Dfsv8d = ± u, ∀ v8 ⇒ FsvJd

= FTLPsvJdcossud, s5bd

where FTPLsvJd denotes the Raman field excitation atvJ

with a Fourier-transform-limited pulse, i.e.,u=0. Thus, in
the conditions described by Eq.(5b), the amplitude(and
sign) of Raman excitations can be controlled at any desired
level by adjusting the magnitude of the phase stepu.

When an ensemble of molecules is considered, the wave
packet is built from the contribution of the whole set of
populated rotational states excited within the laser band-
width. The temporal evolution of the RWP induced by the
phase-shaped femtosecond laser pulse is monitored through
the time-resolved polarization technique RIPS. Periodic
rephasing of the RWP induces an orientational anisotropy of
the sample detected by measuring the polarization rotation of

FIG. 1. Experimental setup. Sp, beam splitter; L, lenssf
=175 mmd; CC, corner cube; CM, cylindrical mirrorsf =200 mmd;
G, gratings s1200 lines/mmd; SLM, spatial light modulators1
3128 pixelsd; P, polarizer; A, analyzer; BS, beam stop; PM, pho-
tomultiplier. The relative field polarization of the pump, probe, and
analyzer is depicted in the center of the figure.

FIG. 2. Schematic representation of a periodic phase step modu-
lation of the spectral laser phase.
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a time-delayed probe pulse. The signal corresponds thus to
the time integral of the signal electric field squared detected
through the analyzer(Fig. 1). An analytic expression of this
signal as a function of the pump-probe delayt can be written
[43]:

Istd ~ E
−`

+`

uEsigstdu2dt ~ E
−`

+` ULst − tdImSo
J

TJFsvJd

3exps− ivJt − gJtdDU2
dt, s6d

in which Esig is the signal field.L refers to the temporal
profile of the probe envelope,TJ is a factor depending on
molecular parameters, andgJ stands for the Raman line-
width. It should be mentioned that the factorTJ depends on
the rotational quantum numberJ and is proportional to the
nuclear spin degeneracy factorgJ.

The signal produced in N2 with a Fourier-transform-
limited pulsesu=0d is depicted in Fig. 3(a) together with the
calculated trace obtained from direct computation of Eq.(6).
The observed alternation of small and large transients is spe-
cific to linear molecules with a center of symmetry and a
nonzero nuclear spin. It results from the difference of spin
degeneracy factor between rotational states of odd- and even-
J values, respectively, equal to 3 and 6 in N2. This point is
illustrated in Fig. 3(b), where the contribution to the theoret-
ical signal of odd and even rotational states is plotted. It is
shown that even rotational levels contribute to a signal field
Eeventwo times larger thanEodd, the signal field produced by
the odd distribution. As a result, the small transient recur-
rences observed in Fig. 3(a) arise from partial destructive
interference between odd and even rotational distributions.
With no alternation in the spin factor degeneracy, both odd
and even rotational wave packet contributions would cancel
each other out at these particular delays leading to a period
of recurrenceT=1/s4Bcd=4.2 ps (with B=1.989 cm−1 the
rotational constant). It should be noted that transients ob-

served in the signal RIPS reflect molecular alignment[28]
occurring periodically subsequent to the interaction with the
pump. In the present work, the extent of alignment is rather
weak due to the low-field regime under which the experi-
ment is conducted.

IV. RESULTS AND DISCUSSION

As detailed above, interference between odd and even ro-
tational Raman modes plays a crucial role in the dynamics of
the wave packet. In this respect, the controlled excitation of
even rotational components, while the excitation of the odd
ones remains unaffected as compared to the one produced
with a Fourier-transform-limited pulse, reveals a number of
attractive potentialities. This control is in principle achieved
when all the even-J-value frequencies fulfilled the conditions
of Eq. (5b), while the odd ones satisfy Eq.(5a). Unfortu-
nately, such requirements cannot be strictly satisfied for allJ.
A satisfactory solution is to approach these criteria with the
Raman transitions prevailing in the signal. With an unshaped
laser pulse, the odd and even rotational levels having the
prominent contribution in the RWP areJ=7 and J=8, re-
spectively. Therefore, the modulation periodVm should ful-
fill the following set of equations:

v8 = sN + 1/2dVm, s7ad

v7 > NVm. s7bd

For a linear molecule in1o state, the pulsation of Raman
transition isvJ=4pBcs2J+3d (disregarding the centrifugal
distortion). For N2 molecule, it leads to

Vm = 16pBcs19/18d = 3.163 1012 rad/s, s8ad

N = 4. s8bd

This spectral modulation does not satisfy Eqs.(5a) and
(5b) for all odd- and even-J values, respectively. Neverthe-
less, it provides phase differenceDf close to the ones de-
fined in these equations as far as lowsJ!7d and high sJ
@8d J values are not concerned. The latter two correspond
indeed to intermediate cases between Eqs.(5a) and(5b). The
value of the modulation periodVm=3.1631012 rad/s is
quite small with respect to the resolution of the 128 pixel
modulator. When the spatially dispersed frequency spectrum
matches the full aperture of the SLM,Vm covers an aperture
equivalent to about 4 pixels. The frequency spatial distribu-
tion has been finely adjusted by tilting the grating angle in
the shaper in order to reach the exact aperture of 4 pixels for
Vm, corresponding to a spectral sampling of 0.79
31012 rad s−1/pixel. We emphasize that the above procedure
could be avoided by using a modulator with a larger number
of pixels.

Our primary goal is to manipulate the wave packet dy-
namics by controlling the relative excitation between odd
and even rotational distributions. As already mentioned, the
occurrence of small transient recurrences in Fig. 3(a) is
caused by the difference of the spin degeneracy factor for
odd and even rotational levels. With the same factor, these

FIG. 3. (a) RIPS signal produced by an unshapedsu=0d pump
pulse. (b) Contribution of odd and even rotational states to the
overall signal(a). The latter is obtained by the sum squared of the
odd and even contributions. The indicated arrow is used for the
time-domain analysis(see text).
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two distributions would interfere destructively at these par-
ticular delays. We propose at first to use the periodical phase
modulation to balance this effect. The spin factor degeneracy
for states of even-J values is twice larger than for the odd
ones, and thus their excitation should be attenuated by a
factor 2 with respect to the odd ones. In the conditions de-
fined by Eq.(8), we should be able to control the Raman
excitation of even-J values, while leaving almost unchanged
the excitation of the odd ones. By applying a spectral modu-
lation of magnitudeu=p /3, the excitation of even compo-
nents is in principle modified by a factor cossp /3d=1/2 [Eq.
(5b)]. Actually, a slight deviation from this valueu=p/3
must be considered as a result of the approached solution
found in Eq.(8). The correction factor, deduced empirically
by numerical simulation, leads to an amplitude modulation
of u=1.18sp /3d. The resulting RIPS trace obtained with
such spectral modulation[Fig. 4(a)] exhibits the expected
transient suppression for pump-probe delayst=6.3 and
10.5 ps. The bottom panel corroborates the achievement of
the sought after effect since equivalent contribution for odd
and even components is observed. Perfect destructive super-
position occurs fort=6.3 and 10.5 ps, leading to the modi-
fication of revival period. By modulating the spectral phase
with a periodic phase step, we demonstrate therefore the pos-
sibility of controlling the rephasing properties of a rotational
wave packet. The electric-field excitation synthesized by
such phase modulation consists of a pulse train as shown in
inset by the intensity cross correlation(displaying the inten-
sity squared). In the same spirit, it is possible to annihilate
the excitation of even rotational components by using a value
u>p /2 [u=1.11sp /2d precisely]. In this case, recurrences
of equal amplitude are observed[Fig. 5(a)] with a half peri-
odicity T=1/s8Bcd=2.1 ps. Figure 5(b) displays the sought
after effect with a quasiexclusive excitation of odd rotational
states. In the molecule N2, the odd rotational levels are anti-
symmetric with a negative parity, whereas even are symmet-
ric with a positive parity. The prominent excitation of odd
rotational components leads thus to the production of a wave

packet with a specific parity and symmetry. This aspect could
be considered in investigations implying wave packets of
well-defined parity and/or symmetry such as, for instance,
those devoted to parity violation in molecules[44].

The N2 signal depicted in Fig. 3 exhibits another notice-
able feature. The odd and even contributions turn out to be
maximized for delays(t=6.3 and 10.5 ps) where they inter-
fere destructively. At these particular delays, a maximum
rephasing between all the even-J Raman modes on one hand,
and all the odd-J Raman modes on the other hand, occurs but
with a relativep-phase shift between them. It is therefore
consistent to consider the possibility of rephasing these two
sets of components. For this task, we have applied a modu-
lation of magnitudeu=p inducing ap-phase shift between
Raman transitions of opposite parities. The result, depicted in
Fig. 6, displays effectively rephasing between odd and even
components at proper delays. The magnitude of the signal as
compared to Fig. 3(a) slightly decreases. This is caused by
the nondominant Raman transitions whose frequencies do
not fulfill the condition described in Eq.(5a) or (5b), as a
result of the approximation carried out to deduce the final
solution [Eq. (8)]. In other words, some pairs of photons

FIG. 4. (a) RIPS signal produced by a phase-shaped pump pulse
fu=1.18sp /3dg with the inset showing intensity cross correlation
associated with this modulation.(b) Even rotational state contribu-
tion sEevend is reduced by a factor of 2 compared to an exciting
Fourier-transform-limited pulse(see text).

FIG. 5. (a) RIPS signal produced by a phase-shaped pump pulse
fu=1.11sp /2dg. (b) Wave packet consists essentially of an odd ro-
tational state contribution(see text).

FIG. 6. (a) RIPS signal produced by a phase-shaped pump pulse
su=pd. (b) Rephasing between odd and even rotational wave packet
contribution att=6.3 and 10.5 ps.
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implied in each of these Raman transitions experience a
phase differenceDfsv8d=0, whereas others experience
Dfsv8d= ±u. It should be noted, however, that the signal
remains comparable with a pump pulse peak intensity re-
duced by a factor of about 2[as suggested by the pulse train
displayed in the cross correlation trace inserted in Fig. 6(a)].
Such spectral phase modulation features major interest for
molecular alignment. Laser-induced molecular alignment is
indeed intrinsically limited by the ionization process. A
single pulse shaped into a train of pulses with lower energy
but producing comparable alignment could be exploited in
order to shift this expected limitation. This possibility will be
investigated in a near future.

The frequency-domain interpretation can be supported by
an analysis in the time domain[45,46]. Cross correlations
inserted in Figs. 4–6 reveal that phase modulations consid-
ered in this work lead to trains of pulses, temporally shifted
by 2p/Vm, whose relative amplitudes depend on the phase
step magnitudeu. Each pulse is Fourier-transform limited
and results therefore in signal fieldsEodd andEeven, similar to
those depicted in Fig. 3(b) su=0d, time delayed by 2p/Vm

with respect to each other. For instance, modulation withu
=p (Fig. 6) generates mainly two identical pulses, respec-
tively, centered att=−2 ps andt= +2 ps. The signal field
Eodd, for the overall sequence represented in Fig. 6(b), cor-
responds hence to the superposition ofEodd (u=0,
t=−2 psd and Eodd su=0,t= +2 psd while Eeven corre-
sponds to the superposition ofEeven su=0,t=−2 psd and
Eeven su=0,t= +2 psd fsee the arrow indicated in Fig.
3sbdg. Similar analysis can be considered for the results
presented in Figs. 4 and 5.

V. CONCLUSION

In this paper, the control of rotational dynamics by pulse-
shaping technique is demonstrated. The wave packet is pre-
pared by impulsive Raman excitation in the vibronic ground
state of N2 molecule. The excitation pulse is tailored by
modulating the spectral phase with a spatial light modulator.

In contrast to investigations using feedback loop algorithm,
we have opted for well-defined periodic phase function. The
resulting manipulation of the wave packet as well as its dy-
namics is interpreted by means of a frequency-domain analy-
sis. It is shown that precise control of the wave packet is
possible even when using a 128 pixel modulator. The ap-
proach chosen to determine the appropriate modulation fre-
quency of the periodic phase function is described in detail.
The relative excitation between odd and even rotational com-
ponents of the wave packet is controlled and thus its sym-
metry and rephasing properties. The production of a wave
packet with a predominant antisymmetric contribution is re-
ported. The relevance of the technique in the context of vio-
lation parity observation is mentioned. A spectral modulation
which produces a rephasing of the wave packet in conjunc-
tion with a reduction of the laser pulse intensity is also in-
vestigated. It offers a valuable method for the optimization of
dynamic alignment under strong field.

Manipulation of rotational coherences features also prom-
ising applications in the frame of optical diagnostics. Femto-
second time-resolved spectroscopy techniques such as CARS
or RIPS have been used[25,26] to determine temperature or
concentration of molecules in gas phase. Thermometry mea-
surements rely, for instance, on the fact that transient shapes
are inherently temperature dependent. However, sensitivity
of transient shapes is often effective only in a delimited
range of temperature and tends to decrease at high tempera-
ture [47]. By specifically tailoring the pump pulse, it is pos-
sible to induce transient revivals with an enhanced sensitivity
with respect to the temperature improving thus the accuracy
of measurement. This should be considered as a continuation
of the present work.
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