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A density matrix treatment is presented for a general process of preparing polarized molecules
through their coherent interaction with two or more infrared photons of different frequencies, each
tuned to cause a transition between real levels. This process, which might be called infrared
stimulated Raman adiabatic passage, allows complete population transfer to selected
rotational-vibrational levels and controls the direction of the rotational angular momentum vector J
of the molecule with the possibility of preparing higher moments of the J spatial distribution. HCl
molecules in a supersonic molecular beam are considered as a candidate system. Theory predicts
that under collision-free conditions two infrared laser pulses of microsecond duration and milliwatt
power are able to achieve complete population transfer and alignment of HCl �v=2, J=2, and
M =0� for mutually parallel excitation and HCl �v=2, J=2, and M = �1� for mutually perpendicular
excitation. Orientation of the HCl �v=2, J=2, and M = �2� can also be achieved using two
circularly polarized pulses of the same helicity. For simplicity, our treatment ignores nuclear spin
depolarization, which would be the case for molecules such as 12C16O and 12C16OO2. Polarized
molecules in higher vibrational levels can be prepared using additional infrared pulses. © 2010
American Institute of Physics. �doi:10.1063/1.3352553�

I. INTRODUCTION

Collisions between molecules and between atoms and
molecules are usually studied with unpolarized targets, that
is, the angular momentum vector of each reagent being ran-
domly directed in space. Unfortunately, this approach aver-
ages over all possible M states and fails to give a clear pic-
ture of the stereochemistry of the collision process, whether
it leads to reaction or to energy transfer. Consequently, many
efforts have been made to prepare molecules so that they are
aligned or oriented with respect to whatever target they col-
lide with. For a comprehensive review see Ref. 1. It is im-
portant to define carefully what is meant by polarization
preparation. An aligned molecular sample has the direction
of its rotational angular momentum vector J such that the
�M� values of its projection on some quantization axis is un-
equally populated; an oriented molecular sample has unequal
populations in +M and −M sublevels. We describe a general
method for creating aligned or oriented molecules using co-
herent infrared excitation with cw laser sources. Several ad-
vantages exist for this procedure, including complete popu-
lation transfer to the upper vibrational level, full control of
the M sublevel distribution, and the need for laser sources of
rather modest power and duration.

Optical Stark shift, which depends on the angle between
the laser polarization and molecular axis, has been exploited
to align molecules in ground vibrational levels.2–4 The adia-
batic alignment has been achieved in the presence of intense
��1012 W /cm2� nanosecond pulses trapping the molecule in
an angularly confined pendular state.5,6 This technique how-

ever cannot generate the field-free alignment desired in a
reactive collision. In the case of impulsive alignment a time-
dependent superposition of rotational states is created using
intense �1013–1014 W /cm2� ultrashort pulses of
�50–100 fs duration.7,8 The coherent superposition of a
large number of rotational states creates a spatial confine-
ment for the molecular axis which does not dissipate even
after the optical pulse is gone. The field-free alignment
shows periodic revivals with a period of a few picoseconds
determined by the beat frequency of the rotational states. In
each revival the alignment exists only for a short temporal
window of less than a picosecond duration. The technique is
attractive for probing various transient photochemical pro-
cesses and has been applied to reconstruct the tomographic
images of molecular orbitals using tunnel ionization during
rephasing of the rotational wavepacket.9 However, the low
duty cycle and complicated synchronization scheme for im-
pulsive alignment makes it not suitable for applications in
the study of bimolecular reactions. Moreover, for studying
reactive collisions, we are more interested in aligning mol-
ecules in excited vibrational levels having well-defined rota-
tional levels.

For this purpose many techniques have been developed
including stimulated Raman pumping,10 chirped adiabatic
Raman passage,11 and stimulated Raman adiabatic passage
�STIRAP�.12–14 In these examples the orientation-dependent
multiphoton transition and �M =0 and �1 selection rules for
dipole-allowed transitions are exploited to create alignment
and orientation for the excited molecule. However, most of
these techniques generally require good control of the tem-
poral and spectral shapes of the laser pulses and demand
substantial optical power. Among these techniques, STIRAPa�Electronic mail: zare@stanford.edu.
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has been demonstrated to be most efficient in transferring
population to higher vibrational levels, and it demands the
least amount of control on the laser pulse shapes and energy.
Because the STIRAP process relies on near resonant cou-
pling with the intermediate excited electronic states of the
molecule, the wavelength often lies in the UV or vacuum
ultraviolet �VUV� part of the spectrum. For the applications
in reactive collisions involving variety of molecules, the
preparation and use of tunable coherent VUV sources could
be challenging and problematic. In addition, the loss of phase
memory caused by the short lifetime of the intermediate
electronic state generally demands appreciable intensity
��W /mm2� �Refs. 12–14� to achieve successful population
transfer to the target vibrational level. In an effort to use
relatively low power tunable laser sources, here we consider
vibrational ladder climbing using the concept of adiabatic
passage with delayed infrared pulses. As opposed to STIRAP
involving electronically excited states, in an adiabatic climb-
ing of a pure vibrational ladder the phase memory associated
with the intermediate states is considerably longer. It will be
shown here that the longer coherence time makes it possible
to use a smaller Rabi frequency to satisfy the adiabatic con-
dition and obtain complete population transfer to the final
vibrational level. The required Rabi frequency may be avail-
able from the low power narrow-linewidth quantum cascade
lasers �QCLs�. We also consider a degenerate system where
multiple adiabatic channels are coherently coupled by a com-
bination of � and � polarization of the exciting pulse se-
quence. In such a coupled system, a strong Zeeman coher-
ence in the final vibrational level breaks the cylindrical
symmetry and generates a higher-order spatial confinement
for the rotational angular momentum. Similar adiabatic pas-
sage in degenerate quantum systems and the phase control of
the final superposition state has been studied by Vewinger et
al.15,16 They have used Schrödinger equations to describe the
ideal adiabatic transition in the absence of phase decay. To
create molecular alignment using the phase coherent pro-
cesses in a more robust environment, here we employ the
density matrix formalism for a more comprehensive descrip-
tion of the dynamics and possible dephasing of the induced
coherences. In what follows we briefly discuss the central
idea of coherent ladder excitation via infrared STIRAP �IR
STIRAP�.

Figure 1 presents a three-level model vibrational system

for coherent excitation. The Hamiltonian describing the
laser-molecule interaction in the rotating wave approxima-
tion is given by

H = − �� 0 �P 0

�P
� �P �S

0 �S
� �P + �S

� �1�

where �P=�PEP /� and �S=�SES /� are the Rabi frequen-
cies associated with the 0→1 and 1→2 transitions, respec-
tively. EP and ES are the slowly varying amplitudes of the
optical fields at frequencies 	P�		10� and 	S�		21�. They
are expressed as E� P= ẑEPei	Pt+c .c. and E� S= ẑESei	St+c .c. It
is assumed that EP resonantly couples the 0→1 transition
with a detuning �P, while ES exclusively couples the 1→2
transition with a corresponding detuning �S. For the case of
ideal adiabatic passage in presence of a two-photon reso-
nance �
2	0 or �P+�S	0�, there exists a time-dependent
eigenstate �similar to a trapped state or a dark state in elec-
tromagnetically induced transparency �EIT� �Refs. 12–14
and 17�� of the Hamiltonian in Eq. �1�, which is a superpo-
sition of the initial and final vibrational levels �the bare states
in absence of optical fields� given by

�a0
 = cos ��0
 − sin ��2
 �2�

where

cos � = �S/��P
2 + �S

2

and

sin � = �P/��P
2 + �S

2. �3�

If the molecule is initially prepared in the eigenstate de-
scribed in Eq. �2�, using resonance excitation with a pair of
time delayed pulses it will be trapped and evolve adiabati-
cally remaining always in the eigenstate of the time-
dependent Hamiltonian. For example, if �S appears before
�P, such that at an earlier time we have cos �=1 and
sin �=0, the molecule is entered into the trapped state �a0

and continues to evolve, transforming smoothly into the bare
state �2
 at a later time when cos �→0 and sin �→1. In the
Hilbert space, the time evolution corresponds to a smooth
rotation of the molecular state �a0
 being parallel to the bare
state �0
 at earlier time and finally aligning along �2
 with a
phase shift of � at a later time, as shown in Fig. 2. The

FIG. 1. Model nondegenerate three-level system where the vibrational lev-
els are denoted by v=0, 1, and 2.

FIG. 2. Adiabatic evolution of the molecular eigenstate �a0�t�
 under coun-
terintuitive excitation with �P following �S. In the beginning of the inter-
action, in the presence of �S the molecular state is �a0�0�
��0
. In the
presence of both fields, �a0�t�
 evolves as a superposition of the bare states
�0
 and �2
. At the end of the interaction �a0�t=+��
=−�2
.
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remaining two other eigenstates of the33 time-dependent
Hamiltonian �not shown in Fig. 2� remain orthogonal to �a0
.
The climbing of a ladder in the intuitive sense means that the
system is first excited from the lowest level to the interme-
diate level followed by excitation from the intermediate level
to the final level. As explained above, in a counterintuitive
excitation sequence efficient ladder climbing occurs without
losing population in the intermediate levels.

Using delayed pulse excitation in a counterintuitive
sense, we show here that in addition to efficiently climbing
the vibrational ladder, the adiabatic evolution creates angular
momentum polarization by inducing Zeeman coherence
among the magnetic sublevels of the excited rotational state.
For the efficient population transfer to the excited vibrational
level, the molecular state must remain trapped in the eigen-
state �a0
 at all times without mixing with the other eigen-
states ��a�
� of the time-dependent Hamiltonian. The smooth
adiabatic evolution of the molecular eigenstate is ensured by
the adiabatic following condition, which in the simplest
form12 is given by ���1 where � is the interaction time.
Thus, with increasing interaction time we may expect to
achieve complete population transfer with cw optical power
and relatively weak vibrational transition dipole moments.
For the application to the supersonically expanded molecular
beam, the interaction time � is limited either by the transit
time of the molecule through the beam waist or by the finite
bandwidth of the exciting laser sources. In the following we
show that using a laser linewidth of �10 kHz and an inter-
action time of �1 �s it is possible to achieve appreciable
population transfer and alignment with relatively small cw
laser power in the range of few tens of milliwatts.

II. THEORY

To demonstrate the idea, in the following we consider
excitation of three- and four-level systems shown in Figs. 3
and 4, respectively. We calculate the population transfer and
molecular alignment in the final vibrational level for various
laser powers and detunings. For the convenience of describ-
ing Zeeman coherence and various damping processes, the
density matrix equations are used to express the temporal
dynamics.

A. Efficient population transfer in a three-level ladder
system

The density matrix equations describing the optical ex-
citation of a three-level ladder system in Fig. 1 or 3 are given
below:

d�01

dt
= − i�P�01 + i�P��11 − �00� − i�02�S

�, �4�

d�12

dt
= − i�S�12 + i�S��22 − �11� + i�02�P

� , �5�

d�02

dt
= − i
2�02 + i�P�12 − i�01�S, �6�

d�00

dt
= 2 Rei�P�10� , �7�

d�11

dt
= 2 Rei��S�21 + �P

� �01�� , �8�

d�22

dt
= 2 Rei�S

��12� . �9�

In Eqs. �4�–�9�, the diagonal elements of the density matrix
�00, �11, and �22 are proportional to the populations of the
rovibrational levels v=0, v=1, and v=2, respectively.

�ij �for i� j� are the slowly varying Fourier amplitudes
of the off-diagonal density matrix elements �ij defined by18,19

�ij =�ij�	�ei	t+�ij�−	�e−i	t, where 	 is the frequency of the
optically driven coherence for the superposition of the ith

FIG. 3. A three-level system connected by two � or � polarized photons. The two-step excitation from the ground vibrational level v=0 to the excited
vibrational level v=2 via the v=1 intermediate level is carried out by a pair of resonant time-delayed pulse sequences. When the pump photons are both �+

or �− polarized, an orientation is created for the angular momentum J along the propagation direction of the laser beam.

FIG. 4. A four-level molecular system connected by two photons with or-
thogonal polarizations. Levels 2� and 2+ represent the degenerate rota-
tional sublevels M =−1 and M =+1 of the upper excited state �v=2, J=2�.
The quantization axis for the angular momentum is chosen along the direc-
tion of the linearly polarized coupling field �P. The second photon is a
superposition of two states with opposite circular polarizations. The second
photon thus coherently couples the two magnetic sublevels, 2� and 2+, and
creates a higher-order J spatial anisotropy, as discussed in the text.
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and jth molecular quantum states. In this example we are
interested in the resonant frequency components �01�	P�,
�12�	S�, and �02�	P+	S�. The complex detunings associated
with the 0→1 and 1→2 transitions are given by �P=	P

−	10− i�01 and �S=	S−	21− i�12. The two-photon detuning

2= �	P+	S�−	20− i�02.

�ij represents the dephasing rate for the molecular coher-
ence �ij. In the absence of radiative and collisional damping
�as in the case of a supersonic beam�, �ij can be used to
model the phase fluctuations of the laser fields as described
in the following section. The radiative damping from the
excited vibrational levels is neglected. The optical fields and
the Rabi frequencies �� P and �� S in the above equations are
assumed to be either linearly polarized parallel to the z-axis
or circularly polarized with identical helicities. With two
identical linearly polarized laser fields the population is
transferred from the initial level �v=0, J=0, and M =0� to
the final level �v=2, J=2, and M =0� creating an alignment
for the excited molecule. As shown in Fig. 3, with two right
circularly polarized optical fields, the population is trans-
ferred from initial �v=0, J=0, and M =0� level to the final
�v=2, J=2, and M =2� level. This excitation creates an ori-
entation and alignment for the angular momentum of the
excited molecule along the propagation direction of the op-
tical beam. Equations �4�–�9� are solved numerically for the
excitation of the v=2 level of HCl for various detunings of
the intermediate v=1 level, assuming here and throughout
that for simplicity we can ignore nuclear spin. For the
collision-free ambience of a supersonic molecular beam we
assume �01=�12=�02=0 for an interaction time of �1 or
2 �s. We consider the case of a small but finite detuning for
the two-photon resonance 
2=�P+�S	2 laser linewidth.
This approach is consistent with the finite bandwidth of the
exciting lasers leading to phase fluctuations and limiting us
from reaching the 
2=0 condition. The parameters used in
the numerical calculations are listed in Table I.

Figure 5 shows the result of a numerical calculation us-
ing a laser linewidth of 10 kHz, a two-photon detuning of 20
kHz, and pulse duration of 1 �s. A Gaussian optical field of
the form E�t�=e−�t / �P�2

is assumed. The pulse length �P is
determined by the transit time through the laser beam, i.e.,
�P=w /v, where w is the beam waist and v ��1000 m /s� is
the supersonic speed of the molecule. It should be noted that
a much narrower laser linewidth compared to the apparent
transit time broadening is used here to avoid dephasing dur-
ing the prolonged interaction with a Gaussian optical pulse
having an exponential tail. Figure 5 shows that in presence of
a nonzero 
2, and intermediate level detunings of �P /2�
	�S /2�	100 kHz, 99% of the population can be trans-
ferred using the counterintuitive pulse sequence with Rabi

frequency �P	�S	3.8106 rad /s. The optimum delay
between the pulses is found to be �1 �s. This example
marginally satisfies the adiabatic following condition with
��	3.8. As mentioned earlier, with a proper choice of po-
larizations for the optical fields, we create orientation and
alignment for the vibrationally excited molecule. The angular
momentum polarization in the v=2 level is calculated using
the orientation and alignment parameters defined by21,22

Aq
�k� =

c�k�
�JM�J2�JM
k/2 �Jq

�k�
 , �10�

where �Jq
�k�
=�MM��MM�

J �JM�Jq
�k��JM�
 and Jq

�k� are spherical
tensor operators of order k and rank q. For the excitation
with two circularly polarized photons with identical helicity,
there is cylindrical symmetry about the propagation direction
of the optical beam. The cylindrical symmetry also persists
in case of two linearly polarized photons parallel to the
z-axis. In the presence of cylindrical symmetry, only the
q=0 terms exist for Aq

�k�, and the angular momentum polar-
ization is described by a classical probability density

���,�� =
1

4�
�1 + 3A0

�1� cos��� +
5

2
A0

�2��3 cos2��� − 1� + ¯�
�11�

Figures 6�a� and 6�b� illustrate the three-dimensional polar
plots of ��� ,�� calculated for the excitation with linearly and
circularly polarized laser fields.

TABLE I. Parameter for HCl in coherent ladder climbing.

Laser
line-width 
2 �P, �S

Pulse
length �P

�

�106 rad /s�
�v HCl

v=0→v=1
�v HCl

v=1→v=2

�10 kHZ �2 laser
linewidth

�100 kHZ �1 �s
for �1 mm

Gaussian beam waist

�4
for laser intensity
30–40 mW /mm2

0.072 D
�estimated using

HITRAN �Ref. 20��

�0.099 D
�estimated using

HITRAN �Ref. 20��

FIG. 5. The temporal dynamics of population transfer to the two-photon
resonant vibrational level �level v=2 in Fig. 1� using 2� polarized infrared
photons. N0, N1, and N2 represent the fractional populations in the vibra-
tional levels v=0, v=1, and v=2 of the HCl molecule equivalent to a
three-level system discussed in Figs. 1–3. The parameters for the calculation
are: 
2 /2�=20 kHz, �P /2�=100 kHz, �P=1 �s, �D=�P, and �P=�S

=3.8106 rad /s. Complete population transfer is achieved when �S arrives
earlier than �P and dresses up the molecule for the adiabatic interaction.
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In the following we discuss the terms and conditions for
optimizing the population transfer and alignment using de-
layed pulse excitation. In Fig. 7 population transfer versus
laser intensity is plotted for different values of two-photon
detunings. We find that substantially higher power is required
when the two-photon detuning becomes comparable to the
Rabi frequency ��0.6 MHz�. Using a similar calculation it
can be shown that the efficiency of an adiabatic transfer is
much less sensitive to the intermediate level detunings. In
Fig. 8 we have plotted the transfer efficiency versus pulse
delay with a positive delay implying the counterintuitive se-
quence. It is interesting to note that even in presence of finite
two-photon detuning and a weak adiabatic condition, the
counterintuitive sense of excitation is able to trap the mol-
ecule in the eigenstate defined in Eq. �2�. The significance of
counterintuitive excitation is exemplified in Fig. 9, where we
have plotted the population transfer as a function of Rabi
frequency for the pulse delays �D=0, 1, and −1 �s. Figure 9
shows that the Rabi oscillations dominate the population

transfer for the negative and zero delay. With the Rabi fre-
quency �	4106 rad /s, stable and consistent population
transfer is seen to occur only for �D=+1 �s requiring the
early arrival of �S and a delayed interaction with �P. For the
above calculations, we neglected the decay of coherence dur-
ing the interaction time of 1–2 �s. As pointed out before,
the transfer efficiency may be limited by the phase fluctua-
tions of the optical fields of finite bandwidth. The phase fluc-
tuations can be modeled using equivalent damping rate for
the molecular coherence. Figure 10 shows that because of the
loss of phase memory, the transfer efficiency is limited to a
lower value even after using higher optical power. Kuhn et
al.23 have studied the adiabatic population transfer using
spectrally broad light. Their study indicated a high sensitivity
of transfer efficiency on the autocorrelation of the fluctuating
light.

The above theoretical analysis suggests that using mod-
erate laser intensity of a few tens of milliwatts, sufficient
excitation and alignment is possible even when the two-

FIG. 6. Angular momentum polarization in the rovibrational level v=2, J
=2 with �a� two � polarized photons parallel to the quantization z axis and
�b� with two �+ polarized photons propagating along the z axis. In �a� the
orientation and alignment parameters are: A0

�1�=0 and A0
�2�=−1. In �b� they

are A0
�1�=0.82 and A0

�2�=1.

FIG. 7. Fractional population transferred to v=2, J=2 rovibrational level as
a function of the pump intensity for three values of the two-photon detuning

2 /2�=20, 200, and 500 kHz. Efficient adiabatic population transfer occurs
with minimum laser intensity in presence of an ideal condition of two-
photon resonance. The single photon detuning and pulse duration used in the
calculation are: �P /2�=100 kHz and �P=1 �s. Calculated intensity is
shown for the � polarized optical fields.

FIG. 8. Population transferred to the v=2, J=2 rovibrational level of HCl as
a function of delay between the two laser pulses �S and �P. Here, positive
delay means counterintuitive excitation where �S appears before �P. Maxi-
mum population transfer occurs for positive delay �1 �s. The parameters
used in the calculation are: 
2 /2�=20 kHz, �P /2�=100 kHz, �P=1 �s,
and �P=�S=3.8106 rad /s.

FIG. 9. Population transferred to rovibrational level v=2, J=2 vs Rabi
frequency for three different pulse delays: �D=0, 1, and −1 �s. The other
parameters for the calculations are: 
2 /2�=20 kHz, �P /2�=100 kHz, and
�P=1 �s. The positive delay implies counterintuitive excitation where �S

appears before �P. For a positive delay, �D=1 �s, complete population
transfer occurs for Rabi frequencies �P=�S�3.2106 rad /s. The popula-
tion transfer fluctuates as a function of pulse area for �D=0 and −1 �s.
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photon resonance is not perfect and adiabatic condition is
only weakly satisfied. Because the procedure relies on the
preparation of a molecular eigenstate using coherent optical
interaction, the efficiency is affected strongly by the phase
fluctuations of the laser field. A practical application of the
technique would therefore call for the laser phase and fre-
quency stabilization to be within a linewidth of �10 kHz. It
is also possible to effectively remove the phase decoherence
by reducing the interaction time with an optical field having
a wider linewidth ��100 kHz�. Because the laser intensity
I��2 and the adiabatic following condition requires
��1 /�, shortening the interaction time generally requires
higher pump intensity. However, we should note that in the
case of a supersonic molecular beam, ��w �the beam waist�
and therefore decreasing � does not require higher laser
power which is proportional to Iw2. The Rabi frequency used
in the example of Fig. 5 can be reached with a laser intensity
of 30–40 mW /mm2 which is well within the range of a
single-mode QCL.24–27

B. Excitation to higher vibrational levels with
higher-order polarization in a four-level system

Next we consider the Zeeman coherence and molecular
alignment in the vibrational level using parallel and perpen-
dicular delayed pulse excitation, as shown in Fig. 4. The
linearly polarized optical fields are given by

E� P�	P� = ẑEPei	Pt + c . c . ,

�12�

E� S�	S� = x̂ESei	St + c . c . =
1
�2

�ê+ + ê−�ESei	St + c . c .

The pump field E� P�	P� is polarized along the molecular
quantization ẑ axis and resonantly couples �v=0,J=0,M
=0
 with the �v=1,J=1,M =0
 level. The pump field
x̂ES�	S� can be written as a superposition of right and left
circularly polarized component waves. The right and left cir-

cularly polarized optical fields couple the intermediate level
�v=1,J=1,M =0
 with the upper quantum levels �v=2,J
=2,M = �1
 as shown in Fig. 4. In addition, the nonlinear
optical interaction induces Raman coherence among the
magnetic sublevels M = �1 of the �v=2, J=2� level.

The density matrix equations describing the four-level
system are given below:

d�01

dt
= − i�01�01 + i�P��11 − �00� − i

�S
�

�2
��02− − �02+� ,

�13�

d�12+

dt
= − i�12�12+ − i

�S

�2
��2+2+ − �11�

+ i�P
� �02+ + i

�S

�2
�2−2+, �14�

d�12−

dt
= − i�12�12− + i

�S

�2
��2−2− − �11�

+ i�P
� �02− − i

�S

�2
�2+2−, �15�

d�02−

dt
= − i
2�02− + i�P�12− − i

�S

�2
�01, �16�

d�02+

dt
= − i
2�02+ + i�P�12+ + i

�S

�2
�01, �17�

d�2−2+

dt
= − i�2−2+�2−2+ + i

�S
�

�2
�12+ + i

�S

�2
�2−1, �18�

d�00

dt
= 2 Rei�P�10� , �19�

d�11

dt
= 2 Re�i�P

� �01 + i
�S

�2
��2−1 − �2+1�� , �20�

d�2−2−

dt
= 2 Re�i

�S
�

�2
�12−� , �21�

d�2+2+

dt
= − 2 Re�i

�S
�

�2
�12+� , �22�

In Eqs. �13�–�22� “2+” and “2�” represent the magnetic
sublevels M =+1 and M =−1 of the �v=2, J=2� level, respec-
tively, as shown in Fig. 4. �2−2+ represents the Zeeman co-
herence while �2+2+ and �2−2− represent the populations of
the magnetic sublevels M =+1 and M =−1 belonging to the
upper rovibrational level v=2, J=2.

The relevant detunings are given by:

�01 = 	P − 	10 − i�01,

�12 = 	S − 	21 − i�12,

FIG. 10. Population transferred to rovibrational level v=2, J=2 as a func-
tion of laser pulse intensity in presence of phase fluctuation. The phase
fluctuation of the optical field is modeled using the decoherence rates � for
the off-diagonal density matrix elements. Significant damping of phase co-
herence limits the achievable population transfer as seen in the case of
� /2�=100 kHz The other parameters for calculation are the same as in
Fig. 5.
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2 = �	P + 	S� − 	20 − i�02,

�2−2+ = − i�2−2+,

where �2−2+ is the dephasing rate for the Zeeman coherence
�2−2+ and is also the depolarization rate for the target rovi-
brational level v=2, J=2.

For the four-level system described by the set of Eqs.
�13�–�22� the population in the final v=2 vibrational level is
given by N2� ��2−2−+�2+2+�. Equations �13�–�22� describe
the dynamics of two coherently coupled adiabatic processes
�0→1→2−� and �0→1→2+�. The coupling is accom-
plished by the Raman interaction between the two sublevels
�v=2, J=2, and M =−1� and �v=2, J=2, and M =+1� via the
common intermediate level �v=1, J=1, and M =0�. As a re-
sult of the coupled interactions a sizable Zeeman coherence
�2−2+ is created in the final v=2 vibrational level. The Zee-
man coherence breaks the cylindrical symmetry and creates
nonzero components for the second-order spherical tensor
operator Jq

�2�. We calculate the angular momentum polariza-
tion in the v=2 state using the orientation and alignment
parameters defined in Eq. �10�. From the symmetry of the
optical interactions shown in Fig. 4, the orientation param-
eter is A0,�1

�1� =0. The various components of the alignment
parameter proportional to the quadrupolar moments of J are
given below

Aq
�2��J� =

�6

J�J + 1�
�Jq

�2�
 , �23�

where q=0, �1, and �2.
From the symmetry consideration

�J�1
�2� 
 = 0, �24�

�J0
�2�
 =

1
�6

�
M

�MM�3M2 − J�J + 1�� , �25�

�J+2
�2�
 =

1

2
�J+

2


=
1

2 �
MM�

�MM�
J �JM�J+

2�JM�


=
1

2�
M

�MM−2
J ��J�J + 1� − �M − 2��M − 1�

�J�J + 1� − M�M − 1�� , �26�

where we have used the property of the raising operator Ĵ+

= Ĵx+ iĴy in the last equality in Eq. �26�. �MM−2
J represents the

Zeeman coherence among the rotational sublevels �JM� and
�JM −2�. Using Eqs. �23�–�26� we calculate the alignment
parameters for the rotational angular momentum in the final
rovibrational level v=2, J=2 of the four-level ladder system

A0
�2��J = 2� = − 1

2 ��2−2− + �2+2+� , �27�

A�2
�2� �J = 2� =�3

2
�2−2+. �28�

Figures 11 and 12 show the temporal dynamics of the excited
state population and Zeeman coherence for a pulse length of
�1 �s with �P=�S=3.8106 rad /s. The optimum time
delay between the pulses is again found to be �1 �s. The
calculated alignment parameters A0

�2��−0.5 and A�2
�2� �−0.6

can be used to describe an angular momentum polarization in
the rovibrational level v=2, J=2 using the classical probabil-
ity density as follows:

FIG. 11. Temporal dynamics of population transfer to the excited rovibra-
tional v=2,J=2 level of the HCl molecule with parallel and perpendicular
optical fields. The equivalent four-level molecular system is shown in Fig. 4.
N0 and N1 represent the fractional populations in the vibrational v=0 and
intermediate v=1 levels, respectively. N2=N2−+N2+ is the total fractional
population of the degenerate v=2, J=2 rovibrational level of the four-level
molecular system. The laser pulses �S and �P are applied in a counterin-
tuitive sense for efficient adiabatic transfer of population from the �v=0,J
=0�→ �v=2,J=2� rovibrational level. Parameters for calculation are:

2 /2�=20 kHz, �P /2�=100 kHz, �P=1 �s, �D=�P, and �P=�S=3.8
106 rad /s.

FIG. 12. The temporal evolution of the real and imaginary parts of the
Zeeman coherence �2−2+��v=2,J=2,M =−1��̂�v=2,J=2,M =+1
. �2−2+ is
induced during the interaction of two coherently coupled adiabatic passages.
The excited state coherence breaks the cylindrical symmetry and creates
higher-order alignment for the rotational angular momentum defined by the
parameters A0

�2��−0.5 and A�2
�2� �−0.6. The parameters used for the calcu-

lation are the same as in Fig. 11.
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���,�� =
1

4�
�1 +

5

2
A0

�2��3 cos2 � − 1�

+ 5�3

2
A2

�2� sin2 � cos 2�� , �29�

where ��� ,�� is the probability density for locating the ro-
tational angular momentum vector within a unit solid angle
defined by the polar angle � and azimuthal angle � relative
to the quantization �z� axis of the molecule. The symmetry
with respect to the polar angle � implies pure alignment in
absence of orientation. Any � dependence indicates absence
of cylindrical symmetry caused by the induced Zeeman co-
herence. Figure 13 shows the angular momentum polariza-
tion achieved with parallel and perpendicular infrared pulses
of �40 mW /mm2 intensity and 1 �s duration. With a rela-
tive angle of 45° between the linearly polarized pump fields,
it is possible to break the spatial symmetry even further and
induce alignment with a nonzero value for the moment of the
spherical tensor J�1

�2� or A�1
�2� .

C. Consideration for ideal infrared laser sources

It is possible to adiabatically transfer population to the
higher vibrational level v=4 using sequential STIRAP with a
5-state molecular system and create alignment with high spa-
tial order. The two most important criteria to achieve higher-
order ladder excitation and polarizations are: �1� fulfill the
adiabatic following condition and �2� eliminate phase deco-
herence during the prolonged interaction time with a se-
quence of delayed Gaussian pulses. The first condition is
met, as we have shown above, with 1 �s long pulses and a
Rabi frequency � satisfying ��	4. This requires a laser
intensity of �30 to 40 mW /mm2. To meet the second con-
dition the laser frequency must be stabilized to a frequency
width of �10 kHz. We note that single-mode QCLs are ide-
ally suited for this purpose. Owing to a small linewidth en-
hancement factor of the QCL, the frequency stabilization can
significantly reduce the laser linewidth.28 For example, the
laser frequency 	P can be stabilized to the Lamb dip of the
transition �v=0,J=0,M =0�→ �v=1,J=1,M =0� using
counterpropagating pump probe spectroscopy of HCl con-

tained in a gas cell at low pressure of a few millitorrs. In the
presence of the first pump locked to the resonance frequency
	10, a second QCL at frequency 	S can be tuned to the
absorption peak of the �v=1,J=1,M =0�→ �v=2,J=2,M
=0� transition and stabilized to the Doppler-free absorption
lineshape. Although, the resonant wavelengths for the two
transitions of HCl molecule at 3.44 �m �	P	2906 cm−1�
and 3.54 �m �	S	2820.72 cm−1� are sitting at the very
edge of presently available QCLs, we may expect to meet the
relatively low power requirement and frequency stability for
the single-mode operation using a DFB or an external grating
tuned cavity.

III. CONCLUSION

We have shown that significant alignment and orienta-
tion can be achieved in excited rovibrational levels of a mol-
ecule using coherent excitation of a rovibrational ladder with
time separated infrared pulse sequences �IRSTIRAP�. To
take advantage of the “adiabatic passage” the pulses are ap-
plied in a counterintuitive sense of their sequence and the
molecule is trapped in the desired adiabatic eigenstate of the
optically dressed Hamiltonian. The optical interaction in-
duces coherence among the magnetic sublevels of the final
rovibrational excited state via two-photon Raman-type cou-
pling. The induced Zeeman coherence breaks the cylindrical
symmetry and creates higher moments for the angular mo-
mentum polarization of the excited molecule. The process
we have described is the infrared analog of electronic STI-
RAP in the use of real rovibrational levels that are climbed as
a ladder. We have applied this technique to a supersonic
beam of HCl molecules as a test case. We show that efficient
ladder climbing to the vibrational level v=2 with 100%
population transfer can be achieved using low intensity in-
frared pulses of microsecond duration. The condition for the
adiabatic evolution of the molecular quantum state can be
fulfilled using narrow linewidth ��10 kHz� low power
��40 mW /mm2� single-mode DFB or external cavity
QCLs. The procedure can be applied to small infrared-active
molecules whose vibrational structure is relatively uncon-
gested. The adiabatic ladder excitation and alignment tech-
nique described here can be extended to efficiently transfer
population to higher vibrational levels �v=4,6� using se-
quential STIRAP �Ref. 29� with partially overlapping pulses
as long as the coherence is maintained during the interaction
time. Adiabatic ladder excitation to �v=3,5�, etc., is also
possible by manipulating the intermediate level detunings
and laser intensities.30 QCLs can provide the optical fields at
variety of wavelengths for a broad range of molecular reso-
nance conditions. We suggest that coherent infrared multi-
color ladder excitation opens the possibility of preparing en-
ergetically hot coherent sates of polarized molecules for
studying the stereodynamics of chemical reactions.
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FIG. 13. The angular momentum polarization in the v=2, J=2 rovibrational
level of the HCl molecule excited by a sequence of time-shifted resonant
infrared pulses of microsecond duration. The cylindrical symmetry is broken
by inducing coherence among the magnetic sublevels belonging to the v
=2, J=2 rovibrational level. The z axis is oriented along the polarization of
the optical pulse resonantly coupling the ground and intermediate vibra-
tional levels. For the other pulse the electric filed is oriented perpendicular
to the z axis.
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