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Rovibrational wave-packet manipulation using shaped midinfrared femtosecond pulses
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We have calculated the propagation of rovibrational wave-packet in the 'S state of CO and the *IT state of
NO manipulated by shaped midinfrared femtosecond laser pulses. The rotational states of the molecules were
fully taken into account in the calculation and the effects of the rotational states in the vibrational wave-packet
evolution were examined in detail. As a result, it is found that rotational excitations associated with the
vibrational excitation affect the wave-packet propagation drastically, which suggests that the rotational states
should not be ignored when vibrational states of molecules are used as the target state for coherent control and
qubits for quantum computation. For the experimental detection of the amplitude and phase information on the
rovibrational wave-packets, the time profiles of the transition intensities from the rovibrational wave-packet to
an electronically excited state were calculated. It is shown that both ionization and laser induced fluorescence
signals contain information necessary for the analysis of the phase and relative amplitude of the rovibrational

wave-packets.
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I. INTRODUCTION

Wave-packet manipulation in molecules has been studied
with great interest, especially for the control of the quantum
system coherently. Coherent control of molecular systems
has a capability of reaction control, quantum calculation, and
so on [1-3]. Since the pioneering work by Scherer et al. [4],
numbers of papers have been reported both experimentally
[4-16] and theoretically [17-25]. Most of the experiments
were done in the electronic excited states of molecules using
femtosecond laser pulses.

Laser pulse shaping is a powerful method for the coherent
control of molecular wave-packets. Warren has suggested
theoretically that the arbitrary shaped laser pulse can be ap-
plied to control the population and coherence in the two-
level systems [17], and examined the control of an I, excita-
tion experimentally using a 100 ns laser pulse shaped by an
acousto-optical modulator (AOM) [26]. Leone and co-
workers have demonstrated the manipulation of the rovibra-
tional wave-packet dynamics on the E state of Li, by using a
femtosecond laser pulse shaped by a liquid crystal spatial
light modulator (LC-SLM) [27]. They further extended this
method to realize quantum gate operations [28,29] and the
Deutsch-Jozsa algorithm [30]. Meanwhile, Judson and
Rabitz suggested that the evolutional (genetic) algorithms
can systematically optimize the shape of laser pulses to con-
trol molecular dynamics [31]. Warren and co-workers opti-
mized the electronic population transfer of a dye molecule in
solution by shaped pulses optimized by the genetic algorithm
[32].

Studies of vibrational wave-packet in the electronic
ground state have also been reported by several groups.
Chirped midinfrared (MIR) pulses were used for the manipu-
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lation of the rovibrational wave-packet in the electronic
ground state. Corkum and co-workers suggested that a
chirped femtosecond infrared laser pulse can dissociate mol-
ecules efficiently in the electronic ground state via vibra-
tional ladder climbing [22]. The vibrational ladder climbing
enhanced by the negative chirp was observed for
CO-stretching transitions of complex molecules in solution
[33-36], and within gaseous NO molecule [37-39]. In order
to manipulate the vibrational wave-packet more efficiently,
arbitrary shaped MIR pulses are indispensable. Recently, the
difference frequency mixing of shaped pulses using conven-
tional pulse shapers in the visible and near IR region has
been used to obtain arbitrary shaped MIR pulses [40-45].
Direct MIR pulse amplitude shaping has been achieved by
placing a spectral filter into a grating pair by Weiner and
co-workers [46]. Zanni and co-workers have demonstrated
direct pulse shaping in both amplitude and phase using a
germanium AOM [47,48].

One of the conceivable applications of rovibrational
wave-packet manipulation in the electronic ground state is
quantum computation. The decoherence time of rovibrational
states in the ground electronic state is much longer than that
in the excited electronic states, which is favorable especially
for quantum gate operations. Vivid-Riedle and co-workers
proposed that the normal modes of molecular vibrations can
be used as qubits [49]. Quantum gate operations using
shaped MIR light interacting with two vibrational normal
modes have been examined theoretically for acetylene
[50-54] and MnBr(COs) [55]. Babikov also investigated
quantum gate operations using OH molecules theoretically
[56]. In these works, MIR pulse shapes were optimized by
optimal control theory to realize quantum gates with high
fidelity using pure vibrational states.

In order to realize molecular quantum computers using
rovibrational states as qubits, one has to overcome essential
issues such as realization of scalability as in the case of other
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candidates. Nevertheless, it is still important to examine the
implementation of elementary quantum gates onto rovibra-
tional states in terms of fundamental understanding of inter-
action with radiation and molecules and future application to
coherent control and manipulation.

In all the works so far reported, the effect of rotational
states of molecules has been ignored completely. If one could
use molecules in normal solids or liquids as qubits for quan-
tum computation, rotational states might be ignored as any
rotational motion is quenched in condensed phases. Ex-
tremely rapid dephasing, however, of rovibrational states of
molecules in normal solids or liquids makes such application
impractical. One should use molecules in the gas phase or in
quantum solids [57,58] or liquids [59,60], in which vibra-
tional dephasing is extremely long, for practical manipula-
tion. In the gas phase as well as in quantum solids or liquids,
rotational motion of molecules is well quantized, and rota-
tional excitations occur inevitably together with vibrational
excitations. Therefore, the effect of the rotational motion to
the vibrational wave-packet propagation has to be examined
carefully.

In this paper, we have examined vibration-rotation wave-
packet manipulation in the electronic ground state using fem-
tosecond MIR laser pulses. We explicitly included rotational
states as well as vibrational states in the calculation as de-
scribed in Sec. II. We focused on rovibrational wave-packets
created by simple pulses, and wave-packet evolutions as a
function of the intensity, pulse width, and chirp of shaped
MIR laser pulses were examined in detail in order to clarify
the effect of rotational motion in the wave-packet manipula-
tion from an experimental point of view. Wave-packets ma-
nipulated by the double MIR pulses are also discussed by
changing the separation and relative phase of pulse pairs.
Wave-packet manipulation of more complicated pulses will
be discussed in a separate paper [61].

To investigate the effect of the rotational motion, we have
treated two different types of diatomic molecules. One is a
CO molecule whose ground electronic state is 12+, and the
other is a NO molecule whose ground electronic state is
’[1,,,. Because of the difference in the electronic states and
spin multiplicities, the wave-packet motion of NO is ex-
pected to be more complicated than that of a singlet CO
molecule.

For the experimental observation of the wave-packet, the
detection method of the phase and amplitude of wave-
packets should be discussed. Laser induced fluorescence and
resonance enhanced multiphoton ionization are widely used
for the detection of the propagation of rovibrational wave-
packets. Detection intensities of wave-packets are propor-
tional to one-photon transition probability to an excited elec-
tronic state in these methods. Therefore, we have also
examined the temporal evolution of the signal of the one-
photon transition probability along with the wave-packet
propagation in order to see how we could observe details of
the wave-packet.

II. THEORY

In this section, we briefly describe the theoretical formal-
ism for the calculation of the time a evolution of a rovibra-
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FIG. 1. (Color online) Schematic rovibrational energy diagram
in the X('S) state of CO and in the X(*II) state of NO. The solid,
dashed, and dotted arrows show the one-photon allowed transitions
for R, Q, and P branches, respectively, in spectroscopic notation.
The symbols shown in the right-hand side show the energy of rota-
tional levels in each vibrational states. The symbols B, B, and B,
correspond to the rotational constants in the v=0, 1, and 2 vibra-
tional states, respectively.

tional wave-packet manipulated by a shaped MIR pulse. For
simplicity, Hamiltonians relevant to diatomic molecules are
considered in this study. We consider that a molecule occu-
pies the v=0 and J=0 (N=0) ground state before interaction
with light. A femtosecond shaped MIR pulse (pump pulse)
induces rovibrational transitions, and creates a rovibrational
wave-packet in the electronic ground state. Figure 1 shows
the one-photon allowed rovibrational transitions in the two
different electronic states ('S and II) for low J rotational
states. In the 'S state (X state of CO, N,, and so on), only the
P (AJ=-1) and R (AJ=+1) rovibrational transitions are al-
lowed. Thus the lowest rovibrational state (v=0, J=0) can
be coupled with the states of even v and even J or the states
of odd v and odd J. On the other hand, the electron spin
makes the coupling scheme complicated in the °II state (X
state of NO, OH, and so on). In this case, since all the P,
Q (AJ=0), and R branches are allowed, all the rovibrational
states can be coupled to each other.

A. Hamiltonian

In this study, linearly polarized light is employed to ma-
nipulate molecular wave-packets. The time dependence of
molecular wave function W(z) is given by the Schrodinger
equation as

i dV(1)
dt

=HNW () =[Ho+ H,()) + (¥ (). (1)

H, is the zero-order molecular rovibrational Hamiltonian,
and H,(t) and H,(r) represent the interaction between the
molecule and the laser field via the dipole moment and po-
larizability, respectively. Since we consider the case where
the femtosecond pulse contains a resonant frequency of vi-
brational transition, the term of the first-order dipole interac-
tion is dominant compared with the polarizability term. If the
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laser pulse does not contain a resonant frequency of mol-

ecules, contribution of the dipole interaction term is rapidly

diminished due to time averaging. In such a case, the second-

order interaction via polarizability becomes more important.
The dipole interaction term is described as

H(t)=— - &(t) =— ue(t)cos =— ue(t)P(cos 0), (2)

where u is the dipole operator, P/(cos 6) are the Legendre
polynomials of order /, # is the polar angle between the
molecular axis and the polarization of the electric field of
linearly polarized light, and &(¢) is a complex function of the
electric field of laser pulse. The interaction via the polariz-
ability is given by

H,(H)=— %E(t)*ag(t) =— %8(1‘)2[01 + 2?sz(coszﬁ)] .

A3)

The isotropic polarizability, «, and the anisotropic polariz-
ability, 7, are related to the diagonal elements of the polar-
izabilities with respect to the molecular fixed x’, y’, and z’
components, ay=a,=a; and ay=q), as a=s(a,+ay
+a,)/3 and y=a, —a,. The electric field &() is written as

e(t) = ]%{exp[— i(p(r) + 2mypr) ] + c.c.}, (4)

where () and ¢(¢) are the amplitude and phase profiles of
the electric field, respectively, and v, is the center frequency
of the laser pulse. The field amplitude profile f(¢) is related to
the laser intensity profile /(r) as

= 29 (5)
cgg

where c is the speed of light and g is the permittivity of the
vacuum.

B. Rovibrational wave-packets
1. '3 states

First, we consider the rovibrational wave-packet in the IS,
electronic state. The time-dependent rovibrational state
|W(t)) can be expanded in terms of the rotational [JM) and
vibrational |v) states as follows:

() =2 > CpumlO0)|IM), (6)

v JM

where v is the vibrational quantum number, J is the total
angular momentum quantum number, and M is the projec-
tion quantum number of J along the space fixed axis. The
states |v)|JM) are eigenstates of the Hamiltonian H,, in Eq.
(1). The expansion coefficients C, ;),(r), which are complex
variables, are obtained by substituting Eq. (6) into the time-
dependent Schrodinger equation in Eq. (1), multiplying
(J'M'|(v'| from the left-hand side, and integrating over the
space. With the help of the relation
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(J'M'|P(cos O)lIM) = (- DM 2T+ 12T + 1)]"?
(J J' l)(] J' l)
>< 9
M -M' 0J\0 0 0
(7)

we obtained the differential equations for the coefficients
Cypm() as

dC, ju(t)
dt

ifi =E, juCou(t) — &(t) > > Cyr yru(t)
J'=J*1 v’

Xl )= DY+ DT +1)]"7?
X(J J' 1>(J J' 1)
M -M 0/\0 0 0

5 D Cu’,J’M(t)|:5]J’<U|a|v,>

J'=Jx2J v’

Moo+ DE )]

(J J' 2>(J J' 2)}
X , (8a)
M -M 0/\0 0 0

where E, ;) is the eigenenergy of the state |v)|JM), and
Wigner 3j symbols are used. In the following calculation, we
treated femtosecond pulses that contain the transition fre-
quency of v=1+«v=0. Therefore, it is reasonable to assume
that

> Cor O ulv") = Cppy (0]l + 1) + Cyy g (2)

v

X(vlulo - 1), (8b)
2 Cor(D@lalo’y= Co(n)ivlalo), (8¢)

and
2 Cor (] AY") = Cp (0] AY). (8d)

’
v

In other words, we neglect off-resonant transitions of Av
=2 for the dipole interaction and those of Av=1 for the
interaction via the polarizability. If a pulse does not contain
the resonant frequency, these off-resonant transitions become
important. From 3; symbols in Eq. (8a), the selection rule of
AJ=*1 and AM=0 is derived for a process of the single
dipole transition, while the selection rule of AJ=*2, 0 and
AM=0 is derived for the interaction via the polarizability.
Since there is no interaction that connects AM # 0, we omit
the subscript M in Eq. (8a) in the following discussion by
setting M =0 all the time. This is valid when we prepare the
lv=0,J=0) state as an initial state by using the supersonic
expansion in the gas phase, the sample in the quantum solids
or liquids, and so on.
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2. °I1 states

NO and OH are favorite molecules for studies on spec-
troscopy and dynamics since these molecules are simple ex-
amples of open shell diatomic molecules. The ground elec-
tronic state of both molecules is the “II state which is split
into two components “I1,, and °Il,,, states by spin-orbit
interaction. Since the spin-orbit coupling parameters are rela-
tively large for both molecules (123 cm™! for NO [62], and
~139 cm™! for OH [63]), the mixing between *I1,, and *I1,

dC, jom(t)
dt

ih

J'=J*1J v’

X(J T 1)_&)2

Q-0 2 J=J=2J+1,0 v

X(] J' 2)(1 J' 2)
M -M 0/)\Q -Q 0/]|

We also assumed Egs. (8b)—(8d) for the dipole and polariz-
ability matrices. From 3j symbols, the rotational selection
rule is obtained as AJ==*1, 0 and AM=AQ=0 for the di-
pole interaction and AJ= =2, £1, 0 and AM=AQ=0 for the
interaction via polarization.

III. RESULTS AND DISCUSSION

In this section, we apply the formalism summarized above
to calculate the dynamics of rovibrational wave-packets on
the X state of CO and NO created by femtosecond pulses. As
laser pulses, we treat the simplest cases of a Fourier trans-
form limited pulse with various intensities and pulse width, a
linearly chirped pulse, and a double transform limited pulse.

The differential equations (8a) and (10) were solved by
the fourth-order Runge-Kutta method with time steps of
0.1 fs which is much smaller than the oscillation period of
the electric field of laser pulses (16.7 fs for the pulse with
5 wm wavelength). Throughout this study, we assumed that
the molecules occupy only a single lowest energy state, that
is, [v=0,J=0) for CO and |[v=0,Q=1/2,N=0) for NO, as
the initial rovibrational state, when N is the quantum number
of the total angular momentum excluding electron spin.
Maximum rotational and vibrational quantum numbers in-
cluded in the calculations were J,, (Npa) =10 and v,,,,=6.
For CO in the X(IEJ') state, we used the molecular constants
listed in Ref. [64] to calculate E, ; in Eq. (8a). The dipole
matrix elements for vibrational transition (v|u|v+1) were
taken from Ref. [65]. The polarizabilities were assumed to be
(v]a|vy=ay and (v|y|v)=7, with ay/4me,=1.95 A* and
Yol 47€3=0.975 A3 [66]. For NO in the X(2H1/2) state, the
molecular constants and the dipole matrix elements were
taken from Refs. [67,68], respectively. The polarizabilities
were ag/4meg=1.71 A% and vy,/4me,=0.83 A3 [69,70].
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states is negligible in low J states. The wave function W(z),
therefore, can be expanded in terms of the Hund’s case (a)
basis functions as follows:

V(1) = E 2 CU,JQM(t)|U>|JQM>’ 9

v JOM

where () is the projection of J along the molecular axis. In a
similar way as in the case of 'S states, the differential equa-
tions for the coefficients C, jo(#) are obtained as follows:

"1
= E,souCoson® = 6(0) 2 2 Cyr pau@olulv (27 + DI+ 1] (- 1)M'Q< S )

M -M 0

> X cvr,,rQM(t){éuxvlalvv +(- 1>M-Q§<vlvlv’>[(21+ D2J" +1)]"?

(10)

A. Wave-packet dynamics in the IS state

1. Transform-limited pulse

First, we discuss the wave-packet dynamics in the X('3%)
state of CO created by a transform-limited pulse. The laser
pulses employed in this calculation is defined in Eq. (4) with
f(t)=Eyexp(-*/207). The center frequency of the laser
pulse is fixed to the transition frequency of |[v=1,/=1)
«|v=0,J=0) which is v,=2147 cm~! [64]. Since the lowest
energy state [v=0,/=0) which we assumed as the initial
state can couple only with the |[v=1,/=1) state via one-
photon transition, the two-level system of [v=0,/=0) and
l[v=1,J=1) is a good candidate for a one-qubit system of
quantum computation.

Figure 2(a) shows the electric field of the laser pulse we
used in the calculation. The peak intensity of the laser pulse
was set to Io=ce0Eé/2=0.81 TW/cm? which corresponds to
a pulse with the energy of 2.5 wJ focused down to 50 um in
diameter. The full width at the half maximum (FWHM) in
the intensity was set to Af=2yIn20,=147 fs which corre-
sponds to the frequency width (FWHM) of 100 cm™'. Figure
2(b) shows the calculated time evolution of the coefficient
C, (1) in the X('S*) of CO created by the pulse in Fig. 2(a).
Note that Fig. 2(b) shows the amplitude of the wave function
so that the population is obtained as the square, |C, (1)
Due to the selection rule of the 'S-'S transition, the acces-
sible states from the lowest rovibrational state |[v=0,J/=0)
are those of even v and even J or odd v and odd J. With this
pulse, about 76% of the population remains in the initial
state. The population transfer is mainly to the [v=1,J=1)
state through the one-photon R(0) transition which amounts
to 18%. Higher rovibrational states such as |v=2,J =0), |v
=2,J=2), and |v=0,/=2) are also excited by the pulse
through multiphoton excitations, but the total population
transfer to those higher states is only ~4%.
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FIG. 2. (Color online) (a) Time profile of the transform-limited
laser field amplitude Re(e(z)) with the FWHM of Ar=147 fs. The
pulse energy and the focus diameter of 2.5 uJ and 50 wm, respec-
tively, were used in the calculation. (b) Time evolution of the am-
plitude C, /(1) of rovibrational states in the X('S) of CO. The initial
rovibrational state is |[v=0,J/=0). (c) Laser pulse energy depen-
dence of the amplitude C, ,(¢) at the end of population transfer. A
laser pulse with Ar=147 fs focused down to 50 wm was employed.

Figure 2(c) presents the dependence of laser pulse energy
on the amplitude C, ;(r) of rovibrational states at the end of
population transfer. In this calculation, a laser pulse with
Ar=147 fs focused down to 50 um was employed with vari-
ous laser pulse energies. The population in the [v=0,/=0)
initial state monotonically decreases as the laser pulse energy
increases. At the energy of 10 wJ, about 72% of population
in the [v=0,J=0) state is transferred to the other states. By
changing the pulse energy, we found that the population
transfer to the |v= 1,/=1) state becomes maximum
(~23%) with a pulse energy of ~5 uJ. Above this energy,
multiphoton processes are induced and many rovibrational
levels are occupied resulting in less population in the |v
=1,J=1) state. There is an optimal laser power to suppress
the population transfer to rovibrational states other than the
target [v=1,J=1) state in the two-level system.

Figure 3 shows the dependence of pulse width on the time
evolution of the amplitude C, ,(r). Transform-limited laser
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FIG. 3. (Color online) Dependence of laser pulse width on the
time evolution of the amplitude C, ;(r) of rovibrational states in the
X(IE) state of CO. A transform-limited laser pulse was assumed,
and the calculated pulse width is listed in Table I. The thick, nor-
mal, and thin lines correspond to the spectral width of 100, 50, and
10 cm™!, respectively. The pulse energy and the focus diameter in
the calculation were 2.5 uJ and 50 um, respectively. The initial
rovibrational state is |[v=0,/=0).

pulses with three different pulse widths listed in Table I were
used. The pulse energy and the focus diameter in the calcu-
lation were 2.5 uJ and 50 um, respectively, whose peak in-
tensities are also listed in Table I.

As the pulse width is stretched from 150 fs to 1.5 ps, the
population in the |v=0,J=0) state is decreased, and that of
the [v=1,J=1) state is increased. With the pulse of Ar
=1.5 ps time width and Av=10 cm™' frequency width in
FWHM, only little population (2%) remains in the [v=0,/
=0) state, and almost all the population is transferred to the
lv=1,J=1) state (90%). In the view of quantum computa-
tion, if we consider the two-level system consisting of only
|v=0,J=0) and |[v=1,J=1) states, the ps pulse (At=1.5 ps,
Av=10 cm™!) seems to be appropriate for the NOT quantum
gate operation. However, in the actual molecules, the other
rovibrational states such as |[v=0,/=2) and |[v=1,J/=3) are
also populated after interaction with the laser pulse. The total
population in other states is about 8%, which is still small
but could cause significant errors in the quantum computa-
tion. The longer pulse mainly induces the downward transi-
tion of [v=1,J/=1)—|v=0,J=2) during the pulse excitation,
since the narrower band laser (Av=10 cm™") does not con-
tain a frequency component corresponding to the vibrational

TABLE I. Calculated pulse width and peak intensity of the laser
pulses used in the calculation shown in Fig. 3. Transform-limited
pulse with the energy of 2.5 uJ is assumed.

Spectral width Pulse width Peak intensity

Av (cm™) At (fs) Iy (TW/cm?)
100 147 0.81
50 294 0.41
10 1471 0.08
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transition of v=2«-v=1 whose transition frequency is
2120 cm™!. The energy difference between the v=1+«v=0
and v=2 < v=1 transition is 27 cm™', which is caused by the
anharmonicity. On the other hand, shorter pulses induce the
upward transition of |[v=2,/=0) or |v=2,/=2)«|v=1,J
=1) more efficiently. This is because the transition of v=2
—v=1 can be excited by the broadband laser pulse (Av
=100 cm™!) resonantly. In addition, the transition dipole mo-
ment (2| w| 1) is larger than that in (1| |0) [65], which also
accelerates the v=2 v =1 excitation. The results shown in
Fig. 3 seem to suggest that the longer duration pulse is ap-
propriate for maximizing population transfer. However, the
short pulse with broad spectral width is essentially required
to excite several vibrational modes to construct multiqubit
systems [49]. To suppress the unwanted transitions for the
quantum computation such as [v=1,/=1)—|v=0,/=2) in
quantum gate operations, it is necessary to shape laser
pulses. In the next two sections, we examine the effect of the
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FIG. 4. (Color online) Chirp dependence of the time evolution
of the amplitude C, () in rovibrational states in the X('S) of CO
for the (a) positive (x>0) and (b) negative (x <0) chirps. The thick,
normal, and thin lines correspond to the chirp of x=0, =13 500, and
+80 000 fs?, respectively. The spectral width, the pulse energy, and
the focus diameter in the calculation were 100 cm™!, 2.5 uJ, and
50 um, respectively. The calculated pulse width is listed in Table II.
The initial rovibrational state is [v=0,J=0).
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TABLE II. Pulse width and peak intensity of chirped laser
pulses used in the calculation shown in Fig. 4. The spectral width of
100 cm™" and the energy of 2.5 uJ are assumed.

Chirp Pulse width Peak intensity
x (fs?) At (fs) I, (TW/cm?)
0 147 0.81
+13500 294 0.41
+80 000 1514 0.08

chirp and double pulses as the simplest shaped pulses, and
compare the results with those obtained by the transform-
limited pulse.

2. Linearly chirped pulses

The electric field £(z) in Eq. (4) used in the calculation for
linearly chirped pulses is the Fourier transform of the follow-
ing electric field in the frequency domain,

2 - 2
E(a))ocexp{— (wz—oz)o) }exp{zx(w;wo) } (11)

[0

where x is the linear chirp, w=2mv is the angular frequency
of the pulse, and o,=Aw/(2vIn 2) corresponds to the spec-
tral width of the pulse which was fixed to Av=Aw/2m
=3 THz (100 cm™). Figure 4 shows the chirp dependence
on the time evolution of the amplitudes C, ,(r) in the X('3)
electronic state of CO. The pulse width A¢ and the peak
intensity of each chirp pulse are listed in Table II. The chirps
chosen in the calculation were such that the temporal pulse
width stretched by each chirp is close to that of each
transform-limited pulse listed in Table I. The pulse energy
and the focus diameter were assumed to be 2.5 wJ and
50 wm, respectively. As seen in Fig. 4, the chirp dependence
on the time evolution of the wave-packet is not drastic as
compared with the dependence of spectral width by the
transform-limited pulses shown in Fig. 3. In the transform-
limited pulses, the spectral density at the resonance fre-
quency increases as the laser pulse width increases in time.
As a result, the population transfer from |[v=0,/=0) to |v
=1,J=1) is enhanced with longer laser pulse. On the other
hand, since the spectral density does not depend on chirp, the
population transfer is not enhanced drastically by increasing
the temporal width.

In the case of negatively -chirped pulses of x
=-80 000 fs?, the population in the [v=1,J/=1) state is re-
duced compared with other pulses, and the successive tran-
sitions to [v=0,J/=2), [v=2,J=0), [v=2,J=2), etc. are in-
duced. On the contrary, the successive transitions are
suppressed in the case of positively chirped pulses. It is seen
that the negatively chirped pulses enhance the ladder climb-
ing [33,35-39].

3. Double pulses in time domain

The field amplitude we used in the calculation is
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FIG. 5. (Color online) Time evolution of the rovibrational state
population, |C,, |, in the X('S) of CO when the double pulse with
the relative phase of ¢=0 is applied. The initial rovibrational state
is [v=0,J=0). The transform-limited laser pulse (At=294 fs and
Av=50 cm™') was assumed for each pulse in the pulse pairs. The
pulse energy and the focus diameter in the calculation were 2.5 ulJ
and 50 wm, respectively. The time separations #, of the pulse pairs
were (a) 0 ps, (b) 0.25 ps, (c) 0.5 ps, (d) 0.75 ps, and (e) 1 ps. The
arrows show the peaks of the laser pulses.

— 102 2 ) 2

Xexp(—i¢)}, (12)

where £ is the time separation between two pulses and ¢ is
the relative phase between the pulse pair. We only consider
the case where there is no linear chirp. The transform-limited
laser pulse [Ar=294 fs and Av=1.5 THz (50 cm™!)] with
I,=0.41 TW/cm? corresponding to a 2.5 uJ pulse focused to
50 pm is assumed for each pulse in the pulse pairs. Figure 5
shows time evolution of the rovibrational state population,
|C,,|* (not the amplitude C, ), in the X('S) state of CO
caused by the interaction with the double pulses. The relative
phase ¢ of the pulse pair was set to zero in the calculation.
When the pulse pair is completely overlapped [Fig. 5(a)], the
population transfer from the initial state is about 76%. As the
time separation increases to 750 fs, the ratio of the transfer
increases up to 92%. When the separation is longer than
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FIG. 6. (Color online) Time evolution of the rovibrational state
population, |C,|?, in the X('S) of CO when the double pulse in-
teracts. The initial rovibrational state is |U=O,J =0). The transform-
limited laser pulse (Ar=294 fs and Av=50 cm™') was assumed for
each pulse in the pulse pairs, but the relative phases ¢ of the front
pulse with respect to the delayed pulse were (a) 0, (b) 7/2, (c) m,
and (d) 37/2. The pulse energy and the focus diameter in the cal-
culation were 2.5 wuJ and 50 wm, respectively. The time separation
of the pulse pairs was 0.75 ps. (e) Spectra of the pulse pairs caused
by the interference between two pulses. The arrows indicate the
transition frequencies involved in this study.

750 fs, no further enhancement of the population transfer is
observed. After the interaction, the population in the |v
=1,J=1) state increases from 7% for 7,=0 fs to 44% for ¢,
=750 fs. The population in the [v=1,J=1) state does not
increase with pulses longer than 750 fs, but decreases above
1 ps.

Double pulses in time domain have often been employed
to realize coherent control in chemical reaction and quantum
computation [54]. In the view of the quantum computation,
the fidelity of the |[v=1,/=1)«|v=0,J=0) transition as a
NOT gate is not satisfactory, since the population in the |v
=1,J=1) state is only 44%. In the case of the pulses of ¢,
=750 fs, the [v=1,J=1)—|v=0,J=2) transition is induced
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FIG. 7. (Color online) Pump pulse energy dependence of the
time profile of the transition intensities from the (a) v,=0, (b) v,
=1, (¢) v,=2, and (d) v,=3 vibrational states in the X('2) state to
B('E) electronic state of CO. The laser focus diameter in calcula-
tion was 50 um. The transform-limited laser pulse (Ar=147 fs and
Av=100 cm™') was assumed.

by the second pulse, which disturbs the realization of the
NOT gate. This is an inherent difficulty in controlling the
wave-packet dynamics in molecular systems with rotational
states.

Figure 6 shows the effect of the relative phase in the
double pulse experiments. The time separation of the pulse
pairs was fixed to 750 fs in the calculation. As seen in Fig. 6,
the population transfer significantly depends on the relative
phase. When the relative phase of the front pulse is 7/2 with
respect to the delayed pulse, the resultant population shown
in Fig. 6(b) indicates that a Hadamard gate is almost realized

1
p=07=0) = =(v=0J=0)+lp=1J=1). (3)
\J

The populations of the [v=0,/=0) and |v=1,/=1) states
after the interaction with the pulse pair were 42% and 25%,
respectively. As the relative phase increases to , the delayed
pulse induces a backward transition of |[v=1,/=1)—v
=0,J=0) resulting in the population in [v=0,J/=0) to 62%.
Although this behavior is different from the result obtained
by Troppmann and Vivie-Riedle using the normal modes of
acetylene [54], where the pulse with a relative phase of /2
realizes the Hadamard gate, we can qualitatively explain our
result by the spectra of the interfering pulse pairs. The inter-
ference spectral structures due to the double pulses are
shown in Fig. 6(e), which depends on the relative phase of
the pulse pairs. At the zero relative phase, the pulse intensity
at the frequency corresponding to the [v=1,J=1)«|v=0,J
=0) transition, 1-0 R(0) in Fig. 6(e), is the most intense,
and therefore, the population transfer from the initial state
occurs effectively. The successive transition of |v=1,J =1)
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FIG. 8. (Color online) Fourier transforms of the time profiles of
the transition intensities from the X(vg=0) vibronic state shown in
Fig. 7(a). The laser pulse energies employed in calculation were (a)
2.5 uJ and (a) 10 wJ. The thick and thin bold sticks show the pre-
dicted beat frequencies by Awy,,,=2B(2J+3) and Auvyy
=4B(2J' +5), respectively.

— |v=O,J =2), however, is also induced, since the frequency
component of this successive transition, 1-0 P(2), is also
significant in the spectrum. When the relative phase of m/2
is applied, the spectrum is blueshifted. The population trans-
fer from the initial state is suppressed as shown in Fig. 6(b)
because of the decrease of the intensity corresponding to the
lv=1,J=1)«|v=0,J=0) transition. On the other hand,
since the intensity is almost zero at the frequency of the |v
=1,J=1)—|v=0,J/=2) transition in the spectrum of the
pulse with ¢p=m/2, the downward transition is not induced.
Therefore, the population in the [v=1,J/=1) remains after the
pulse excitation. The small amount of population, however,
transfers to the rovibrational states in v=2 due to the fre-
quency component at the transitions of [v=2,/=2)«|v
=1,J=1)and [v=2,J=0)«|v=1,J=1), which disturbs real-
ization of the Hadamard gate in Eq. (13). With the relative
phase of r, the frequency component of the transition |v
=1,J=1)«|v=0,J=0) is almost null in the spectrum and
the Hadamard gate cannot be realized.

B. Detection of wave-packet propagation

Experimentally, one can probe the rovibrational wave-
packet propagation by applying additional pulse(s) to the
system. Vibronic excitation by a broadband femtosecond UV
pulse is an example of such probes. The transition intensity
as a function of the delay time ¢ between the first MIR pulse
and the successive prove pulse contains information on the
time evolution of the phase and amplitude of the rovibra-
tional wave-packet created by the first MIR pulse. Even with
a broadband femtosecond probe pulse, one can excite one of
the vibrational states in the wave-packet selectively in the
case of simple diatomic molecules. On the other hand, since
the spectral bandwidth of a broadband femtosecond pulse is
typically ~100 cm™!, most of the rotational states in a single
vibrational state are excited coherently, and projected onto
the excited electronic state. As a result, the coherence of the
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rotational states in the wave-packet is detected as a modula-
tion in the transition intensity as shown in the case of rota-
tional coherence spectroscopy [71,72]. In this section, we
examine the time profile of such a probe transition intensity
when we create a rovibrational wave-packet in the ground
electronic state of CO as d1scussed m the previous section.
As a probe, we chose the B('S) — X('S) single-photon tran-
sition of CO at 115 nm, which has a strong transition mo-
ment.

After the pump pulse, the wave-packet propagates under
the zero order Hamiltonian H, in Eq. (1). When the
wave-packet is probed at a delay time ¢ after the pump pulse
through B('S%), v=vf<—X(12+), v=v, transition, the state
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created in the excited 'S vibronic state is written as

[P0) = 2 Cy g (00 2 I M Y- sl Mo,
J M ]fo

(14)

where the subscripts g and f indicate the parameters in the
ground and excited electronic states, respectively. The rota-
tional transition matrix element (J,M|u-€|J,M,) is propor-
tional to (J;M|P;(cos 6)|J,M,) defined in Eq. (7), when
linearly polarized probe light is employed. Then, the transi-
tion intensity is obtained as follows:

10 =Y QD) = X X Cy g (OCy g (0% 2 (TpMli- &l M M |- €M )

Mg JgrJgn

X f dQ Y,f,Mg(0,¢)Yj‘f,Mg(0,¢)

Jfr_]fv/

© 2 2 [+ D@1+ DIPCy i (OC, g (0 E(ZJf+ 1)

Mg JnggH

8

where Y ,,(0, ¢)=|JM) is the spherical harmonics of order J.

Figure 7 shows the pump pulse energy dependence on the
calculated transition intensity to the B('E) electronic state
from individual vibrational states of v,=0, 1, 2, and 3 in the
X('S) state in the rovibrational wave- packet created by a
simple transform-limited pulse shown in Fig. 2. We assume
that the Frank-Condon factor (v v,) is equal to unity. Peri-
odic revival structures can be seen in all of the time profiles
of the transition intensity. When the low pump pulse energy
is employed, the structure of the time profile of the detection
intensity is a simple sinusoidal function. In contrast, at high
pulse energies, the profiles that contain an interference pat-
tern with a long period of ~9 ps are rather complicated,
since many rotational states are involved in interference. The
periodic structure originates in the interference of the rota-
tional states in the ground electronic state coherently excited
by a broadband femtosecond MIR laser pulse. The revival
time is proportional to the inverse of the energy separation
between the rotational states that are excited coherently by
the pump pulse [71,72].

The long period is roughly 7z=1/ (Zng), where ng is the
rotational constant in each vibrational state of CO in units of
Hz [71,72]. The estimated revival times are 8.63 ps, 8.71 ps,
8.79 ps, and 8.87 ps for the vg=0, 1, 2, and 3 states, respec-
tively, which are close to the revival times seen in Fig. 7.

Figure 8 shows the Fourier transforms of the time profiles
of the transition intensities from the X(v,=0) vibronic state
shown in Fig. 7(a). The Fourier transform of the time-
dependent intensity profiles gives us information on the ro-

Ty

X(Jf Ty 1)(Jf T 1)<Jf Ty 1)<Jf T 1) 15)
M, -M, 0/)\M, -M, 0/\0 0 0/\0 0 0/

tational state distribution of the rotational wave-packet in
each vibrational state. The transformed spectrum shows a
peak at the beat frequencies Av between the coupled rota-
tional states, whose amplitude is proportional to the product
of the coefficients of the coupled rotational states,
|Cvg, j;,| |Cvg! jg| Neglecting higher order rotational constants,

the dominant beat frequencies are obtained as
Avy;=B(J+2)(J+3)-BJ(J+1)=2B(2J +3),
(16a)
for AJ=2, and
Avyy;=B(J+4)(J+5)-BJ(J+1)=4B(2J +5),
(16b)

for AJ=4. As seen in Fig. 8(a), the single beat frequency
Av,, only appeared at low pump energy of 2.5 uJ, since
only the J,=0 and 2 states are populated in the v,=0 state.
On the other hand, at high pulse energy of 10 wJ, the beat
frequencies corresponding to the rotational state J,=4 also
appeared in the spectrum as shown in Fig. 8(b). Flgure 8 tells
us that the amplitude of rotational states in the rovibrational
wave-packet can be obtained from the Fourier transform of
the time profile of the transition intensity.

The effect of the phase difference in the excitation with
double pulses clearly appears in the time profiles of the de-
tection intensity of the rovibrational wave-packet. Figure 9
shows the calculated time profile of the transition intensities
from the (a) v,=0, (b) v,=1, and (c) v,=2 vibrational states
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FIG. 9. (Color online) Time profiles of the transition intensities
from the (a) v,=0, (b) v,=1, and (c) v,=2 vibrational states in the
X('S) state to the B('S) state of CO when a double pulse is applied.
The transform-limited laser pulse (Ar=294 fs and Av=50 cm™!)
was assumed for each pulse in the pulse pair with the relative
phases of the front pulse with respect to the delayed pulse being 0
(solid line), /2 (dashed line), 7 (dotted line), and 37/2 (dash-
dotted line). The time separation of the pulse pairs was 0.75 ps. The
peak intensity was I,=0.41 TW/cm? of each pulse in the pulse pair.

in the X('3) state to the B('S) electronic state of CO when a
double pulse with the time separation of 750 fs was used.
The transform-limited laser pulse [Ar=294 fs and Av
=1.5 THz (50 cm™")] was assumed for each pulse in the
pulse pairs, and the relative phases of the front pulse with
respect to the delayed pulse were set to be 0 (solid line), 7/2
(dashed line), 7 (dotted line), and 37/2 (dash-dotted line).
The phase of the modulation in the intensity profile shifts as
the relative phase of the pulse pair is changed. This result
indicates that the phase of the rovibrational states in the
wave-packet can be finely manipulated by the relative phase
of a pulse pair, and detected by the present detection scheme.
Together with the Fourier transform analysis, one can deter-
mine the phase and relative amplitude of the rotational states
in a wave-packet experimentally.

C. Wave-packet manipulation in the 11 state

In this section, the rovibrational wave-packet of NO mol-
ecule is discussed as an example of molecules in the doublet
electronic state. As seen below, the different electronic states
give completely different wave-packet behavior.

Figure 10 represents the time evolution of the rovibra-
tional state population, |C, 5% in the X(*II,,,) state of NO
arising from the interaction with a double pulse. The initial
rovibrational state was assumed to be \v:O,Q: 1/2,N=0).
The transform-limited laser pulse [Ar=294 fs and Av
=1.5 THz (50 cm™!)] was assumed for each pulse in the
pulse pairs, with the relative phase of the front pulse with
respect to the delayed pulse being (a) 0 and (b) 7. The time
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FIG. 10. (Color online) Time evolution of the rovibrational state
population, |C, x% in the X(’IT) of NO when a double pulse was
applied. The initial rovibrational state is [v=0,Q=1/2,N=0). The
transform-limited laser pulse (Ar=294 fs and Av=50 cm™!) was as-
sumed for each pulse in the pulse pairs with the relative phase of
the front pulse with respect to the delayed pulse being (a) 0 and (b)
7. The time separation of the pulse pairs was 0.75 ps. The peak
intensity of each pulse in the pulse pair was I;=0.41 TW/cm?. (c)
Time evolution of the time profile of the transition intensities from
the v,=0, 1, and 2 vibrational states in the X(T1) electronic state to
the A(’II) excited state of NO. The relative phases of the front pulse
with respect to the delayed pulse were O (thick line) and
(thin line).

separation of the pulse pairs was 750 fs in the calculation
shown in Fig. 10. The center frequency of the laser pulse was
fixed to 1875 cm™!, which is the middle of the frequencies
between the |v=1,N=1)«|v=0,N=0) and [v=1,N=0)
«—|v=0,N=0) transitions. The pulse intensity was set to
0.41 TW/cm?, which corresponds to the pulse energy of
2.5 pJ focused to the spot with 50 um in diameter. Due to
the selection rule of the 2IT1->I1 transition, the lowest rovibra-
tional state |v:O,Q:1/2,N:O) can be coupled with the
states with Av=*1 and AN==*1,0. After the interaction
with the pulse pair, the ratio of the population transfer from
the initial state is about 61% and 21% for the relative phases
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of 0 and 7, respectively. The reason for the smaller popula-
tion transfer for the relative phase of 7 than that for the
phase of 0 is the same as in the case of CO. Since Q branch
transitions are also allowed in the 2I1-2II transition, the
population is split into two states via the Q(0) and R(0)
transitions. Due to the optical selection rule of AN=*1 and
0, doublet molecules are more difficult than singlet mol-
ecules to use as a two-level system for quantum computing.

Figure 10(c) shows the calculated transition intensity to
the A(*S) excited state from individual vibrational states of
the X(*I1,,,) ground state of NO. The periodic revival struc-
ture can be seen in all of the time profiles of the transition
intensity. The revival time in each vibrational state is almost
equal to 1/(2B, ) as in the case of CO. The effect of the
phase difference can be seen in the detection intensity pro-
files. The ratio of the population transfer in the doublet NO
molecule is much smaller than that in the singlet CO mol-
ecule, since the vibrational transition moments of NO are
smaller than those of CO.

IV. CONCLUSION

In this paper, we have examined rovibrational wave-
packet dynamics in the ground electronic states manipulated
by a shaped MIR femtosecond laser pulse. We have included
the rotational states in our formalism explicitly. Since the
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rotational excitation selection rule is A/=*1 and AN=*1,
0 for the singlet 'S, and doublet “II electronic states, respec-
tively, multiple excitation pathways are formed to make the
rovibrational wave-packet dynamics complicated. We have
shown that one can suppress or enhance specific population
transfer by applying chirped pulse and/or double pulses. But
such simple pulses employed in the present work are not
enough to realize the population transfer with high fidelity.
For the application of molecules, therefore, to practice pur-
poses such as quantum computation, optimization methods
must be employed to find the best shape of pulses.
Wave-packet dynamics manipulated by more complicated
pulses will be discussed in a separate paper [61]. We have
also demonstrated that the information on the phase and am-
plitude of the rovibrational wave-packet can be obtained by
ionization or laser induced fluorescence signals. Establish-
ment of such a detection system is also indispensable for the
application of molecules to coherent control and quantum
computation. The present results indicate that broadband ex-
citation is useful for the detection of wave-packet dynamics.
Experimental realization of such detection is now underway.
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