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1 INTRODUCTION
Preparation of isolated molecules in specific quantum states is a necessary first
step toward a complete understanding of fundamental molecular processes at
the molecular level. In order to perform a fully quantum mechanical study of
inelastic and reactive collisions in a laboratory setting, it is necessary to prepare
a large population of target molecules in a single vibrational (v), rotational (J),
and magnetic (M) quantum state. Understanding the low-energy collisions (temperature of 3 K) of vibrationally excited H2 with an ionic (C+) or a molecular
(HD) partner, for example, would elucidate the thermodynamic and chemical
processes of interstellar gas clouds [1–4]. Vibrational excitation has the additional
advantage of strengthening long-range interactions, which are increasingly
important as collision temperature decreases [5–8]. State preparation will also
aid in measuring the elusive geometric phase effect that has been predicted to
be more pronounced in low-energy collisions of highly vibrationally excited
H2 [9,10]. Additionally, an excited vibrational wave function, which has many
nodes and antinodes, does not behave like a classical oscillator, but in fact is nothing more or less than a multislit interferometer. As such, vibrationally excited
molecules are capable of diffracting, for example, a monochromatic beam of electrons, an atom, or another molecule, producing many purely quantum mechanical
scattering effects [11,12]. Because of this there is much interest in the community
of atomic and molecular physics to prepare a large ensemble of molecular targets
in a vibrationally excited addressable quantum state.

1.1 How Can a Large Ensemble of Molecular Targets be
Prepared in a Selected Highly Vibrationally Excited Quantum
State With Rotational (J, M) Quantum Number Precision?
We would like to emphasize that preparation of single vibrational-rotational
states with the precision of M-quantum numbers is highly desirable for the study
of quantum-state-controlled single collisions. However, to observe single
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FIG. 1 (A) Optical excitation of a two-level system. Ω is the Rabi frequency for j1i ! j2i transition,
and Δ is the resonance detuning. (B) Comparison of an adiabatic passage process with Rabi oscillations and incoherent population transfer in a collisionally damped system. jC2j2 gives the fractional
population in the excited state j2i. We examine mathematically these three situations later in the text.

collisions, this state preparation must be accomplished for isolated molecules in
the collision-free ambience of a dilute molecular gas or in a molecular beam.
Many optical methods such as stimulated Raman scattering [13,14], FranckCondon pumping [15], stimulated emission pumping [16], and chirped pulse
infrared ladder excitation [17] have been developed in the past to reach this particular goal. Detailed historical treatment of these methods is outside the scope
of this chapter and can be found elsewhere [18–21]. We focus our attention on a
special set of techniques that are based on stimulated Raman adiabatic pumping.
As we will detail below, these Raman adiabatic processes have been extremely
successful at transferring large populations to selected highly vibrationally
excited quantum states [18].
Before giving a detailed description of state preparation using coherent
Raman processes, let us try to get a general understanding of optical excitation
in a two-level resonant system [22,23]. Fig. 1 describes three typical situations
where the ground and excited states are optically coupled by single or multiphoton resonance interaction represented by the coupling strength Ω.
In the absence of both collisional damping and dynamic Stark shift, the population follows the familiar Rabi oscillations present in a resonant excitation as
shown by the red (resonant) curve in Fig. 1B. In this case population transfer
strongly depends upon the energy and phase of the optical pulses. As we will
show later in the chapter, to achieve complete population transfer using Rabi
oscillations in a consistent manner, it is necessary to precisely control the frequency and energy of the pulse [22,23]. The blue (incoherent) curve in Fig. 1B
shows that in the presence of collisional damping, such as in a high-pressure gas
cell, saturation at 50% population transfer can be achieved by strong optical
pumping. Neither of these two cases is applicable for preparing vibrationally
excited states of isolated molecules. This goal can be reached only by using
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FIG. 2 Stimulated Raman pumping of the ground vibrational (v ¼ 0) level to a higher vibrational
level within the ground electronic X1 Σg+ state of the H2 molecule.

an adiabatic passage process, shown by the green (adiabatic) curve in Fig. 1B,
which is able to achieve complete population transfer to the excited state. As we
will show later, adiabatic passage processes are most robust against fluctuations
in the frequency and fluence of the optical pulse. How can a suitable adiabatic
passage process of this sort be devised using stimulated Raman pumping?
Let us now turn our attention to stimulated Raman pumping by considering
H2 in its ground 1 Σg+ electronic state, shown in Fig. 2. Hydrogen molecules are
transferred from the ground vibrational state to an excited state by the application of laser light of two different colors, normally referred to as the pump and
the Stokes. Vibrational state selectivity is secured by satisfying the two-photon
resonance condition defined by ω21 ¼ ωP  ωS , where ω21 is the vibrational frequency corresponding to the transition from the ground to the excited state and
ωP and ωS are the pump and Stokes laser frequencies, respectively. Raman
pumping efficiency can be improved significantly by bringing both the pump
and the Stokes photons close to single-photon resonance with transitions connecting the initial and final vibrational levels of the ground electronic state with
an intermediate level within the excited electronic state while maintaining the
two-photon resonance condition.
However, this resonance Raman method is not practical for H2 and many
other small molecules that have excited electronic states separated from the
ground electronic state by many electron volts. In such cases, to tune to an intermediate resonance within the excited electronic state, one would require tunable
lasers of wavelengths in vacuum and extreme ultraviolet (VUV and XUV). In
these cases, off-resonant Raman pumping, as shown in Fig. 2, is a practical
alternative that can be accomplished using commercially available visible or
near-visible laser pulses by tuning into the two-photon resonance with the pump
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and Stokes pulses. With both of the pulses far from resonance, the intermediate
level responsible for the two-photon coupling between the ground and the target
vibrational levels within the ground electronic states appears as a virtual level
[24–29]. As such, large optical intensity is generally required to transfer appreciable population to a desired excited vibrational level. At these high optical
intensities, the light-induced Stark shift dynamically destroys the two-photon
Raman resonance condition, resulting in a small population transfer for isolated
molecules. The dynamic Stark shift is unavoidable in all multiphoton processes
where a large optical intensity is required [27,28]. How can appreciable population transfer be achieved when the molecular levels are dynamically shifted
during an interaction with optical pulses? We will show how the dynamic
Stark shift can be used as a handle to adiabatically transfer an entire molecular
population to a desired target state.
In this chapter, we introduce Stark-induced adiabatic Raman passage
(SARP), a technique that we have extensively developed in our laboratory to
prepare vibrationally excited quantum states with a large population density.
We present the theoretical framework of SARP and experimental results to
demonstrate the success of this Raman adiabatic passage process in achieving
complete population transfer to a desired target vibrational level. The sections
are organized as follows: In Section 2 we present the Schr€odinger equations for
stimulated Raman pumping of a two-level molecular system. From the
Schr€
odinger equation, we derive the density matrix equations and obtain the
Bloch-Feynman vector model for SARP. Using the vector model, we show
how the AC Stark-induced sweeping of Raman resonance can achieve complete
population inversion in a two-level Raman system using a sequence of pump
and Stokes pulses partially overlapped in time. In Section 3 we present numerical simulations of state preparation of various quantum states of H2 using
SARP. In Sections 4 and 5 we present the results of our recent experiments preparing both single and superpositions of rovibrational quantum states. In
Section 6 we present a new Stark-induced adiabatic ladder climbing technique
that is able to selectively populate a high-lying vibrational quantum state near
dissociation. In Section 7 we give a brief description of other related adiabatic
passage processes that were developed earlier, such as stimulated Raman adiabatic passage (STIRAP) and Stark-chirped rapid adiabatic passage (SCRAP).
The chapter concludes in Section 8 with some brief remarks on adiabatic Raman
passage techniques.

2 THEORY OF STARK-INDUCED ADIABATIC
RAMAN PASSAGE
2.1

€dinger Equation for Stimulated Raman Pumping
Schro

Here we will give only a brief description of coherent Raman excitation of a
two-level system under the action of single-mode pump and Stokes pulses.

6
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For a more detailed mathematical description of stimulated Raman pumping,
interested readers should consult Refs. [22,24–26,30,31]. Let us consider the
Raman excitation of a two-level vibrational system, consisting of a ground
(v ¼ 0) and an excited (v > 0) vibrational level as shown in Fig. 1, under the
action of a plane-polarized pump and a plane-polarized Stokes laser fields propagating
along the x-direction.
The pump and Stokes optical fields are described
!
!
zeiωP t + c:c: and E S ¼ ES ^
zeiωS t + c:c: The combined interaction of the
by E P ¼ EP ^
pump field EP and the Stokes field ES couple the ground vibrational level,
denoted by j1i, with the excited level, j2i, within the ground electronic state,
via two-photon resonant interaction defined by the Raman resonance condition
ω21 ¼ ωP  ωS . We assume that all other levels in the ground and excited electronic manifold are far detuned from single-photon resonance with the pump
and Stokes laser frequencies. Under the dipole approximation, the interaction
of the pump and Stokes optical fields can be described by a perturbation to
the Hamiltonian given by
!

!

Hint ðtÞ ¼  μ  E ðtÞ
!

(1)

!

where E is the net optical field and μ is the transition dipole moment operator.
!
For a two-photon Raman interaction, the direct coupling h2j μ j1i ¼ 0 and,
therefore, the two resonant vibrational levels j1i and j2i must be coupled via
!
!
intermediate off-resonant levels k 6¼ 1,2 with hkj μ j1i 6¼ 0 and h2j μ jki 6¼ 0.
As a result of this coupling, the optical interaction mixes up the molecular
eigenstates, creating a time-dependent superposition, which can be expressed as
X
ck ðt Þ j k i
(2)
jΨðtÞi ¼ c1 ðtÞ j1i + c2 ðtÞ j2i +
k6¼1, 2
where the c’s represent the time-dependent amplitudes. These amplitudes
describe the mixing of the molecular bare eigenstates under the influence of
the strong electric fields of the lasers.
jΨðtÞi satisfies the time-dependent Schr€
odinger equation:
iℏ

d jΨðtÞi
¼ ðH0 + Hint Þ jΨðtÞi
dt

(3)

where H0 is the unperturbed stationary Hamiltonian of the molecule. Substitution of Eq. (2) into Eq. (3) results in a set of coupled equations for the timedependent amplitudes, ck, as follows:
!
X!
dc1
μ 1k  E
¼
exp ½iω1k tck
dt
ℏ
k6¼1, 2

(4a)

!

X!
dc2
μ 2k  E
¼
exp ½iω2k tck
dt
ℏ
k6¼1, 2

(4b)
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!
!
dck
μ k1  E
μ k2  E
exp ½iωk1 tc1 
exp ½iωk2 tc2
¼
dt k6¼1, 2
ℏ
ℏ
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(4c)

Eqs. (4a), (4b) describe the time evolution of the resonant amplitudes c1 and
c2 for the Raman-coupled levels j1i and j2i within the ground electronic states
as in Fig. 2. jc1j2 and jc2j2 represent the populations of their respective levels. In
these two equations, the summation index, k, refers to the vibronic levels of the
many dipole-coupled electronically excited states. Eq. (4c) describes the time
evolution of the off-resonant amplitudes, ck, where k belongs to the manifold
of excited electronic states. We follow Chelkoswki and Bandrauk’s approach
[32] to adiabatically solve for the off-resonant amplitudes ck for k 6¼ 1,2 and
express them in terms of the resonant amplitudes c1 and c2. The presence of
the off-resonant levels in the time-evolving dressed state is reflected in the
two-photon Raman coupling coefficient and the optical polarizabilities. Often,
these off-resonant vibronic levels are collectively referred as the virtual level.
Adiabatic elimination of the off-resonant amplitudes leads to the Schr€odinger
equation for a two-level system involving only the resonant levels j1i and j2i.
Further simplification is obtained using the rotating wave approximation
[22,23,32] (RWA), which eliminates the fast time variation of both the optical
fields and state amplitudes. This last step leads to the Schr€odinger equation for a
two-level Raman system involving only the slowly varying envelop of the state
amplitudes and optical fields given below:
 

 
d c1
Δ11 Ω12
c1
¼ i
(5)
c
Ω
Δ
c2
dt 2
21
22
Here

h
i
Δii ¼  αi ðωP ÞjEP j2 + αi ðωS ÞjES j2 =ℏ

(6)

for i ¼ 1,2 are the AC Stark shifts of the field-free, or bare, eigenstates of H0.
αi(ω) is the linear optical polarizability of the ith level at the optical frequency
ω, defined as follows [32,33]:


  1X
1
1
2
(7)
αi ωj ¼
+
jμ j
ℏ k ik ωki  ωj ωki + ωj
Ω12 gives the two-photon Rabi frequencies that optically couple the twophoton resonant levels j1i and j2i via absorption of a pump photon (EP) and
emission of a Stokes photon (ES) [32]:
r12
(8)
Ω12 ¼ EP E∗S eiδ12 t
ℏ
r12 is defined as the two-photon Raman coupling coefficient [26]:


1X
1
1
(9)
μ1k μk2
+
r12 ¼
ℏ k6¼1, 2
ωk1  ωP ωk1 + ωS

8
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The summation index k represents the far-off resonant vibronic levels belonging to the manifold of excited electronic states. The product of the transition
dipole matrix elements μk1μk2 in Eq. (9) depends on the overlap of the vibrational
wave functions of the ground and excited electronic states [34]. The efficiency of
Raman pumping critically depends on the value of r12 [35]. δ12 ¼ ωP  ωS  ω21
is the field-free detuning of the two-photon Raman resonance between the levels
j1i and j2i. In Eqs. (5), (6), (8), EP and ES represent the slowly varying amplitudes
of the pump and Stokes optical fields, respectively. Because we remove the fast
oscillating terms using the RWA, the Stark shifts, Δii, and the two-photon Rabi
frequency, Ω12, are expressed in terms of the slowly varying envelopes, EP and
ES, of the pump and Stokes optical fields.
It is convenient to cast the Schr€
odinger equation in a slightly different form
using the following transformation that results in a shift of energy or phase:
c1 ! c1 exp ½iΔ11 t and c2 ! c2 exp ½iΔ22 t

 
 
d c1
c1
0 Ω12
¼ i
c
Ω
Δ
c
dt 2
21
2

(10)
(11)

where Ω12 ¼ rℏ12 EP E∗S is the Rabi frequency for Raman transition and Δ ¼ δ12 
ðΔ22  Δ11 Þ is the net instantaneous detuning including the dynamic Stark shift.

2.2 Density Matrix Equation
This resonant Raman system under the action of the laser fields can be equivalently expressed in terms of a 2  2 density matrix as follows:


ρ ρ
(12)
ρ ¼ 11 12
ρ21 ρ22
where ρ11 and ρ22 represent the time-dependent population of the two levels and
ρ12 ¼ σ 12 eω21 t + c:c: represents the optically induced coherence between the
two levels. The density matrix elements are related to the slowly varying amplitudes of the state vectors as follows [25,26]:
ρ11 ¼ jc1 j2 , ρ22 ¼ jc2 j2 , and σ 12 ¼ c1 c∗2

(13)

We obtain the equations for the density matrix elements by direct substitution of the expressions given in Eq. (13) into Eq. (11). The density matrix
equations are as follows:
dσ 12 =dt + iΔσ 12 ¼ 2iΩ12 w

dw=dt ¼ 2Im Ω∗12 σ 12

(14)
(15)

Here, w ¼ ðρ22  ρ11 Þ=2 defines population inversion between the vibrational levels j1i and j2i. The density matrix equations described by
Eqs. (14), (15) form the basis of our description of the Stark-induced Raman
adiabatic passage [33]. We would like to point out that the above density
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matrix equations can be also obtained directly starting from the Liouville
equation, i dρ
dt ¼ ½H, ρ, describing the time evolution of the density matrix and
adiabatically eliminating the off-resonant components using a graphic method
[36]. This method has been followed in Ref. [33].

2.3

Saturation of Raman Pumping in a High-Pressure Gas Cell

The density matrix equations (14), (15) can be generalized for Raman pumping
in a high-pressure gas cell in the presence of collisional damping [23,30]. This is
achieved by adding a phenomenological damping term in the detuning Δ as
follows:
Δ ! Δ  iγ, where γ is the rate of collisional dephasing. In the presence of a
large damping rate, dσ 12 =dt ! 0, and the induced coherence is clamped at a
value given by


2 Ω12
w
(16)
σ 12 ¼
Δ  iγ
Substituting the above expression for the Raman coherence σ 12 in Eq. (14),
we can show that for sufficiently large damping γ compared with the
detuning Δ,
 ðt

 2 
Ω12 =γ dt
(17)
wðtÞ ¼ wð0Þexp 4
0

In the absence of Raman pumping we have wðt ¼ 0Þ ¼ 1=2. Eq. (17)
shows that with sufficiently strong pumping, w(t) saturates to a maximum value
of w  0 leading to equal populations in the ground and excited vibrational
levels as shown previously by the curve labeled incoherent in Fig. 1B.

2.4

Bloch Vector Model for Stark-Induced Adiabatic Passage

In the absence of damping, Eqs. (14), (15) describe the two-photon coherent
Raman interaction of the pump and Stokes laser pulses with the molecule.
Eqs. (14), (15) can!be combined into a single
equation that describes rotation
!
of a Bloch vector R around a field vector F in a pseudo space as follows [33]:
!

dR ! !
¼F  R
dt

(18)

!

where the Bloch
vector is given by R ¼ ½Reðσ 12 Þ, Imðσ 12 Þ, w and the field vector
!
is given by F ¼ ½2Ω12 ,0,  Δ:
This transformation is patterned on the famous Bloch-Feynman vector
model [37–39].
Eq. (18) completely describes the dynamics of the coherent Raman interac!

tion. The Bloch vector R gives the Raman coherence σ 12 and the population
inversion w ¼ ðρ22  ρ11 Þ=2 that define the state of the molecule. The field

10
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Z

dR
=F×R
dt

X-Y plane
(Δ = 0)
Y

X

FIG. 3 ! Bloch-Feynman vector model for the Stark-induced adiabatic
passage process. The Bloch
!
vector R represents the molecular state, while the field vector F refers to the combined optical field
of the pump and Stokes
pulses that drive the Raman transition. In the pseudo space, the Z-component
!
of the Bloch vector R refers to population inversion between the initial and final vibrational levels.
Note that as the Raman detuning Δ changes due to the light-induced Stark shift,
the Z-component
of
!
!
!
the X–Y plane of the !
pseudo space and reverses
the sign. If R spins around F fast
F passes through
!
!
enough and F!changes slowly enough, R will be able to follow F , eventually also inverting along Z.
Inversion of R along Z corresponds to inversion of population between the initial and final vibrational levels. This is adiabatic population inversion.
!

vector F defines the action of the pump and Stokes field via the two-photon
Rabi frequency Ω12 and Stark-induced detuning Δ. As shown in Fig. 3, with
!

the application of the pump and Stokes pulses, the field vector F rotates through
!

!

the X–Z plane, and the Bloch vector R rotates around F . Just before the appli!

cation of light pulses, σ 12 ¼ 0, and w ¼ 1=2, and the Bloch vector R points
along the negative Z-axis of the pseudo space. At this time, for a large, positive
!

field-free detuning Δ, the field vector F also points along the negative Z-axis.
The Stark shift due to the application of the pump and Stokes pulses changes the
!

detuning, Δ. As the levels are Stark-shifted into resonance (Δ ¼ 0), F passes
through the X–Y plane, reversing its Z-component. If the Rabi frequency Ω12
is sufficiently strong compared with the rate of change of the field vector, then
!

the Bloch vector R will be able to adiabatically follow the motion of the
!

field vector, reversing its Z-component in step with F . This reversal corresponds
to population inversion, w ! + 1=2 which is the central idea of Stark-induced
adiabatic population inversion. This idea has been extensively worked out and
put into practice both for Raman and two-photon resonant systems [40–45].
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The adiabatic following of the Bloch vector about the field vector can be
mathematically described as follows [33]:
!

dF 1
!
! < F
dt F

(19)

The above adiabatic following condition is equivalent to the familiar
Landau-Zener condition of avoided crossing [46–48], which is mathematically
expressed as
dΔ
< 2πΩ12 2
dt

(20)

Eq. (20) tells us that the two key parameters that control the adiabatic following of the Bloch vector around the field vector are the Rabi frequency, Ω12,
and the rate of change of the Stark-induced detuning, Δ. The strength of the
Rabi frequency depends upon the intensity of the laser pulses, while the rate
of change of the detuning depends on how the pulse intensity changes in time,
that is, the duration of the pulses. This means that with a weaker Rabi frequency,
longer pulse duration will be more effective in carrying out adiabatic passage. In
the course of this discussion, we will see that the two-photon Raman coupling
r12 that determines Ω12 and the polarizabilities, α1 and α2, that determine the
Stark shifts play a crucial role in Stark-induced population inversion. Note that
adiabatic!population inversion works irrespective of the initial sign of Δ, that is,
whether F initially points along the positive!or negative Z-axis. The important
feature is the change in sign of Δ, causing F to swing across the X–Y plane of
the pseudo space that represents resonance. This is accomplished using the
light-induced Stark shift along with a nonzero field-free detuning δ12 ¼ δ0 .

2.5

Rabi Oscillations

Let us first consider a situation where the light-induced Stark shift is negligible and
we can maintain the resonance condition Δ ¼ 0. In this case, as follows from
!

Eqs. (14), (15), (18), the Bloch vector R rotates in the Y–Z plane about a field vector
!

F that points along the X-axis of the pseudo space. The rotation of the Bloch vector

!

R causes oscillations in both the population w and the coherence σ 12 as follows:
1
Imðσ 12 Þ ¼  sin ðΩ12 tÞ
2
1
wðtÞ ¼ cos ðΩ12 tÞ
2

(21)

This gives the familiar Rabi oscillations [23] shown previously by the curve
labeled resonant in Fig. 1B. Fig. 4 shows a geometric picture of Rabi oscilla!

tions using the Bloch vector R .
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Z

Y

F

X
R

FIG. 4 Rabi Oscillations of population and Raman coherence!between the initial and
target
!
vibrational levels as described by the rotation of the Bloch vector R around a field vector F whose
!
direction remains constant (along the X-axis of the pseudo space). The rotation of the Bloch vector R
takes place in Y–Z plane of the pseudo space.

2.6 Coherent Population Return is a Problem for Stark-Induced
Population Transfer
Because coherent adiabatic passage is reversible, the population will be transferred back to the ground state if the detuning Δ swings through zero twice,
while the Bloch vector is strongly coupled to the field vector. For visible pump
and Stokes laser pulses with far off-resonant electronic excited states (as in H2
molecules), we may assume that αi ðωP Þ  αi ðωS Þ for both vibrational levels
(i ¼ 1, 2). In this case, the net dynamic detuning can be expressed as
Δ  δ0  ΔAC

(22)

where
ΔAC ¼

i
ð α 2  α1 Þ h
jEP j2 + jES j2
ℏ

(23)

is the AC Stark shift.
We assume a value for the initial detuning, δ0, such that the net dynamic
detuning Δ is swept across zero, that is, resonance, by the Stark shift as the pulse
intensity changes in time. Clearly, the detuning Δ goes through zero twice, once
during the rising intensity of the pulses and once during the falling intensity as
shown in Fig. 5A. When the pump and Stokes pulses are applied together, the
Bloch vector remains coupled to the field vector throughout the optical excitation. As a result, each time the field vector crosses the X–Y plane (representing
resonance), the Bloch vector does so as well, inverting the population in the process. Because the field vector must always reverse its Z-component twice, population is first transferred to the excited and then back to the ground state, as
shown Fig. 5B. At the end of pulsed excitation, negligible population is transferred to the desired target state. This is known as coherent population return
(CPR) [49].
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Z
Stark shifted detuning (blue)

F

Δ(t) = Δ0 − Δs
Pulse intensity I(t)
R

Δ0

Y

Δ=0

R

time t
Detuning
Δ(t)

X-Y plane
(Δ = 0)

X

Peak shift

F

(A)

(B)

FIG. 5 (A) Time dependence of the resonance detuning Δ(t) (solid) as the light-induced Stark shift
changes with the pulse intensity I(t) (dashed). With an initial detuning Δðt ¼ 0Þ ¼ Δ0 , the net detuning Δ(t) passes through zero,
which corresponds to resonance, twice as the pulse intensity rises and
!
falls. (B) The field vector F swings across the!X–Y plane every time the net detuning goes through
resonance, that is, Δ ¼ 0. If the Bloch vector R stays coupled to the field vector by strong Rabi frequency Ω, then the Bloch vector also swings back and forth following the field vector. Swinging of
the Bloch vector across the X–Y plane represents population inversion. Thus, an even number of
crossings results in zero population transfer. This is coherent population return.

2.7 How Do We Accomplish Stark-Induced Adiabatic Passage
Using Pulsed Excitation?
Coherent population return makes the SARP ineffective. How do we avoid
CPR? This can be accomplished by separating the pump and Stokes pulses
in time and using unequal intensities as shown in Fig. 6.
Note that in Fig. 6, the net detuning, Δ (red), crosses zero twice, once during the rising intensity and once with the falling intensity of the pump pulse,

Frequency

Ω12 ∝ EP ES
EP
ES
Δ
Time

0
d0

FIG. 6 The dynamic detuning Δ (red) and Rabi frequency Ω (blue) in the presence of a delayed
sequence of a strong pump pulse (purple) partially overlapping with a weaker Stokes pulse (green).
The Rabi frequency Ω is strong only at one of the two zero-crossings of the detuning Δ, thus ensuring
unidirectional flow of population from the initial to the target level.
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EP (purple), as in the CPR case. However, delaying the Stokes pulse with
respect to the pump pulse causes the Rabi frequency to be substantial only during one of the zero-crossings of the detuning (the second crossing in Fig. 6) in
the presence of the Stokes pulse, ES (green). Note that near resonance (Δ  0),
the Rabi frequency (Ω) defines the rotation of the Bloch vector around the
field vector. As the adiabatic following condition is fulfilled only in the presence of a strong Rabi frequency, the adiabatic population inversion is carried
out only once, during the second zero-crossing. Also, it is important to note
that the Stokes pulse is significantly weaker than the pump pulse, which minimizes the Stark shift induced by the Stokes pulse. This is required in order to
avoid CPR due to multiple zero-crossings of resonance during the presence of
the Stokes pulse. Although, in the example shown in Fig. 6 we have used a
stronger pump and a weaker Stokes, it is possible for either the pump or
the Stokes pulses to be more intense. In addition, the order of the pump
and Stokes pulses is unimportant; it does not matter whether Δ changes from
positive to negative or vice versa [33,49].

3 THEORETICAL SIMULATION OF SARP FOR H2
v50→v51 TRANSITIONS
Given the enormous interest in preparing H2 in a vibrationally excited quantum
state with the precision of a rotational state J and its Z-component M, we carried
out an extensive theoretical simulation [33,49] using a Gaussian pump
pulse with a duration of 7–10 ns and a Gaussian Stokes pulse with a duration
of 4–5 ns. The Raman coupling coefficient r12 for the various transitions and
the polarizabilities α12 were calculated using the available transition dipole
matrix elements [33,49,50]. We have included the effect of molecular orientation that arises due to specific M-states belonging to a rotational level J. Fig. 7
shows a theoretical simulation for the temporal dynamics of SARP transferring
complete population from H2 (v ¼ 0, J ¼ 0) to H2 (v ¼ 1, J ¼ 2, M ¼ 0) using a
sequence of partially overlapping pump pulse at 532 nm and a Stokes pulse
near 699 nm.
The top panel of Fig. 7 shows intensity profiles of the two laser pulses in
arbitrary units. The pump pulse (green) appears earlier in time and is three times
more intense than the Stokes pulse (red). The middle panel shows that in the
presence of the strong pump pulse the Stark-induced detuning (blue) in GHz
changes and crosses through resonance twice, indicated by the arrows 1 and
2. Because the Stokes pulse is delayed with respect to the pump pulse, the Rabi
frequency in GHz, denoted here by Ω (purple), is strong only during the zerocrossing of Δ at 2. The bottom panel shows that the entire population of H2
(v ¼ 0, J ¼ 0) is transferred adiabatically to H2 (v ¼ 1, J ¼ 2, M ¼ 0) at crossing
2. A pump pulse fluence of 2 J/mm2 and a Stokes pulse fluence of 0.5 J/mm2
were used for the simulation.
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FIG. 7 Simulation of SARP showing complete population transfer from H2 (v ¼ 0, J ¼ 0) to H2
(v ¼ 1, J ¼ 2) using partially overlapping nanosecond pump, Ep (top panel), and Stokes, ES, pulses
(arbitrary units). The middle panel shows the dynamic detuning Δ (GHz) and the Raman Rabi frequency Ω (GHz) in the presence of a pump pulse (fluence 2 J/mm2 and duration 7 ns) partially overlapping with a Stokes pulse of fluence 0.5 J/mm2 and duration of 5 ns. Δ0 is the zero-field detuning.
The bottom panel shows Stark-induced adiabatic population inversion as a fraction of the total population, when resonance (Δ ¼ 0) is crossed in the presence of a strong Rabi coupling frequency Ω.

3.1

SARP is a Threshold Phenomenon

SARP requires a minimum pump and Stokes fluence to meet the Landau-Zener
condition of adiabatic following, given in Eq. (20). For a given Stark-sweeping
rate, dΔ/dt, that is, the chirping rate of the molecular energy levels, the adiabatic
passage requires a threshold
value for the Rabi frequency
Ω12 ∝ EP ES , so
!
!
that the Bloch vector R stays coupled to the field vector F as it rotates across
the Δ ¼ 0 plane of the pseudo space (Fig. 3) carrying out the population inversion. Fig. 8 plots population transfer as a function of pump fluence for a series of
fixed Stokes frequency detunings ΔS. The Stokes detuning is related to our previously defined field-free detuning δ0 in that ΔS ¼ δ0 . The theoretical simulation in Fig. 8 shows that complete population from H2 (v ¼ 0, J ¼ 0) is
transferred to H2 (v ¼ 1, J ¼ 2, M ¼ 0) as soon as the pump power meets the
threshold condition for adiabatic following. The Stokes fluence for this simulation was approximately four times weaker than the pump fluence. Fig. 8
shows that with increasing frequency detuning, larger pump power is required
to carry out adiabatic population transfer. SARP-mediated population transfer is
complete as long as the threshold fluence is met, which indicates that SARP can
easily handle the pulse-to-pulse energy fluctuations of commercial lasers.
Fig. 9 shows that with increasing pump fluence the frequency bandwidth of
SARP increases. A large bandwidth is obviously desirable for stable preparation

Frontiers and Advances in Molecular Spectroscopy

Frac. population (v = 1, J = 2)

16

1
0.8

DS = 0.4 GHz
DS = 1 GHz
DS = 2 GHz
DS = 3 GHz

0.6
0.4
0.2
1
2
3
Pump fluence (J/mm2)

FIG. 8 Fractional population transfer from H2 (v ¼ 0, J ¼ 0) to H2 (v ¼ 1, J ¼ 2, M ¼ 0) as a function
of the pump fluence for various zero-field Stokes detunings.
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FIG. 9 Contour map of fractional population transfer to the target H2 (v ¼ 1, J ¼ 2, M ¼ 0) level as a
function of the pump fluence and the zero-field Stokes detuning.

of a quantum state for use in a scattering experiment. At a fluence of 5 J/mm2, a
significant bandwidth (3 GHz) can be achieved as shown by the blue curve in
Fig. 10. Recall that the threshold fluence depends upon the Raman coupling
coefficient, r12, and the polarizabilities, α1 and α2. r12 determines the strength
of the Rabi frequency Ω12, while α1 and α2 determine the AC Stark shift Δ. As
pointed out earlier, there is a threshold value of Ω12 needed to satisfy the
Landau-Zener condition of adiabatic following.

4 EXPERIMENTAL DEMONSTRATION OF SARP PREPARING
SINGLE AND SUPERPOSITIONS OF QUANTUM STATES
Inspired by the theoretical simulation, an experiment was set up to demonstrate
SARP transferring the complete population of the ground (v ¼ 0, J ¼ 0) level of
H2 to the vibrationally excited (v ¼ 1, J ¼ 0) level within its ground X1 Σg+ electronic state [51,52]. Fig. 11 shows a schematic of the experimental setup.

Frac. pop. (v = 1, J = 2, M = 0)
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FIG. 10 Fractional population transfer to the target H2 (v ¼ 1, J ¼ 2, M ¼ 0) level as a function of
the Stokes detuning for two specific pump fluences. The Stokes fluence was held at a constant value
of ¼ of the pump fluence.
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FIG. 11 Schematic of SARP experimental setup. The sequence of partially overlapping pump and
Stokes pulses is prepared using an optical delay line. The single-mode pump pulse at 532 nm is
derived from an injection-seeded Q-switched Nd+3:YAG laser, while the single-mode Stokes pulse
of tunable frequency is derived from a seeded pulsed dye amplifier. Time synchronization of the
pump and Stokes pulses is secured by pumping the pulsed dye amplifier with the same
Q-switched Nd+3:YAG laser that provides the pump pulse for SARP excitation. The delayed
sequence of pump and Stokes pulses is focused onto the molecular beam using an f ¼ 40 cm lens.
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By combining a single-mode pump laser pulse (532 nm, 6 ns) with a partially overlapping single-mode Stokes laser pulse (683 nm, 4.6 ns) at a relative
delay of 4–6 ns, SARP was able to transfer the entire population of the ground
H2 (v ¼ 0, J ¼ 0) to the excited H2 (v ¼ 1, J ¼ 0) [51,52]. The single-mode pump
pulse at 532 nm was derived from an injection-seeded Q-switched Nd+3:YAG
laser, and the Stokes pulse was generated by a pulsed dye amplifier seeded by a
single-mode continuous wave ring dye laser. Time coherence between the pump
and Stokes pulses was established by using part of the 532 nm output of the
Q-switched Nd+3:YAG laser to pump the pulsed dye amplifier, as indicated
in the schematic of Fig. 11. An estimated pump fluence of 10–20 J/mm2 and
Stokes fluence of 1–2 J/mm2 were used in SARP excitation of H2. An optical
delay line was used to generate a variable time delay of 0–10 ns between the
pump and the Stokes pulses. The delayed sequence of the pump and Stokes laser
pulses were focused using a 40 cm focal length lens to transversely intersect a
supersonically expanded beam of pure H2 within a high-vacuum reaction chamber. Following SARP excitation, H2 molecules were probed state selectively
(E, F1 Σg+ ðv0 ¼ 0,J 0 ¼ J Þ X1 Σg+ ðv ¼ 0, 1,J Þ) using (2 + 1) resonance-enhanced
multiphoton ionization (REMPI) with a tunable vacuum ultraviolet laser pulse
near 200 nm.
Fig. 12 shows the complete population transfer of H2 (v ¼ 0, J ¼ 0) ! H2
(v ¼ 1, J ¼ 0) [52]. The top panel in Fig. 12 shows the (2 + 1) REMPI signal from
the vibrationally excited (v ¼ 1) level as a function of the Stokes frequency
detuning. The population transfer is calibrated from the depletion of the
(v ¼ 0) REMPI signal shown in the lower panels, (B) and (C) of Fig. 12. There
was a significant background (v ¼ 0) REMPI signal, shown by the red curve in
Fig. 12B, generated by residual gas in the chamber. After subtracting this background, the true depletion of the ground-state molecular beam REMPI signal
caused by the complete population transfer from H2 (v ¼ 0) to (v ¼ 1) excitation
was established as can be seen Fig. 12C.

4.1 Preparation of a Bi-Axial Superposition State Within
a Single Rovibrational H2 (v 5 1, J 5 2) Eigenstate
Preparation of a coherent superposition state is the first step toward observing
quantum entanglement in a molecular scattering experiment. By combining
different polarizations of the pump and Stokes optical fields, SARP is able to
prepare a coherent superposition of M eigenstates within a single rovibrational
(v, J) eigenstate with energy Ev,J:
X
Ψv, J ¼ exp ðiEv, J t=ℏÞ
CM jv, J, Mi
(24)
M

where the coefficients CM are time-independent complex numbers. The jCMj2
are proportional to the M-sublevel populations, and C∗M CM0 ðM 6¼ M0 Þ are the
off-diagonal density matrix elements representing coherences between the
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FIG. 12 Demonstration of SARP achieving the complete population transfer from H2 (v ¼ 0, J ¼ 0)
to H2 (v ¼ 1, J ¼ 0). (Adapted from reference W. Dong, N. Mukherjee, R.N. Zare, Optical preparation
of H2 rovibrational levels with almost complete population transfer, J. Chem. Phys. 139 (7) (2013)
074204.)

sublevels M and Mʹ. Unlike a wave packet, the above superposition in Eq. (24)
is a stationary state evolving with a single frequency Ev,J/ℏ. As a result, the
superposition state will not be dispersed in time, which is desirable for a collision experiment.
By combining a linearly polarized single-mode pump at 532 nm with a cross
polarized single-mode Stokes pulse at 699 nm, we demonstrated [53] the preparation of a biaxial coherent superposition of M-states belonging to a single
(v ¼ 1, J ¼ 2) rovibrational eigenstate within the ground X1 Σg+ electronic state
of H2.
The biaxial superposition state is given by
pﬃﬃﬃ
(25)
jψ ðtÞi ¼ 1= 2½jv ¼ 1, J ¼ 2, M ¼ 2i  jv ¼ 1, J ¼ 2, M ¼ + 2i
The pump pulse had a duration of 6–7 ns and a fluence of 10–20 J/mm2.
The Stokes pulse had the duration of 4–5 ns and partially overlapped with the
pump pulse at a relative delay of 6 ns. The Stokes fluence was in the range of
1–2 J/mm2.
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FIG. 13 (A) SARP excitation scheme used to prepare an M-sublevel superposition using left and
right circularly polarized pump and Stokes laser pulses. The left and right circularly polarized components of the optical fields are derived from the linearly polarized transverse pump and Stokes
waves as described in the text. (B) Molecular center-of-mass coordinate system with the z-axis
oriented along the laser propagation direction.

The SARP excitation scheme for the preparation of the biaxial state given in
Eq. (25) is shown below in Fig. 13. Fig. 13A illustrates the S(0) Raman pumping
scheme, ðv ¼ 0, J ¼ 0Þ ! ðv ¼ 1,J ¼ 2Þ, using right (E ) and left (E + ) circularly
polarized pump and Stokes laser optical fields. For convenience of presentation,
the target level is drawn vertically above the virtual intermediate level. The emission process associated with the Stokes photon is mathematically represented by
the complex conjugate of the Stokes optical field. Fig. 13A refers to the coordinate system shown in Fig. 13B, where the quantization z-axis is oriented along the
propagation direction of the pump and Stokes laser pulses. The transverse optical
fields lie in the x–y plane. The circularly polarized field components (E ) of the
pump and Stokes waves are derived from the linearly polarized pump and Stokes
optical fields shown in Fig. 13B. The phase coherence of the right and left circularly polarized amplitudes comprising the linearly polarized optical fields is
injected into the molecular system, setting up a phase coherent superposition
of M sublevels within the excited H2 (v ¼ 1, J ¼ 2) level. For the special case
of linearly polarized pump optical field along the y-direction and the Stokes optical field along the x-direction as shown in Fig. 13B, we can write
EP
EP
EP+ ¼ i pﬃﬃﬃ ; E
P ¼ i pﬃﬃﬃ
2
2
E
E
S
S
ES+ ¼  pﬃﬃﬃ ; E
(26)
S ¼ pﬃﬃﬃ
2
2
From the phase relationship of the left and right circularly polarized components, it easy to see that the M ¼ 0 state in (v ¼ 1, J ¼ 2) level is a dark state.
Because the AC Stark shift only depends upon the magnitude of jMj, SARP
population transfer is symmetrically distributed in the M ¼ 2 states.
The M-state coherence (C∗M CM0 ) of the superposition state was measured
[53] using the interference of resonantly enhanced multiphoton ionization channels associated with the O(2) E,F1 Σg+ ðv0 ¼ 0, J 0 ¼ 0Þ X1 Σg+ ðv ¼ 1, J ¼ 2Þ transition, as shown in Fig. 14.
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FIG. 14 (A) (2 + 1) O(2) REMPI excitation scheme to detect M-sublevel coherence using polarized UV laser pulses. The left and right circular components of the UV laser polarization are derived
from the linear polarization. (B) Rotated polarization direction of UV laser optical field relative
to the direction (x) of the Stokes laser field. All laser beams propagate parallel to the quantization
z-axis.

The (2 + 1) O(2) REMPI signal that results from the interference of different
ionization channels (Fig. 14A) is calculated and expressed as follows:
rﬃﬃﬃ
2
2
+ 2
+

 2
O2 ∝ C EUV +
C0 EUV EUV + C + EUV
(27)
3
where the right and left circularly polarized UV probe field are derived from the
linearly polarized UV probe field at an angle θ with respect to the x-axis
(Fig. 14B). We have the following:
EUV
EUV iθ
+
¼  pﬃﬃﬃ eiθ and E
EUV
UV ¼ pﬃﬃﬃ e
2
2

(28)

The interference fringes of the REMPI-generated ion signal, shown in
Fig. 15, are recorded using a time-of-flight mass spectrometer as the direction
of the UV laser polarization is rotated using a half-wave plate. The fringe contrast of the REMPI-generated ion signal in Fig. 15A directly measures the phase
coherence of the superposition state. Fig. 15B and C shows the distributions of
the angular momentum and the rotor axes for the prepared vibrationally excited
superposition state. By measuring the depletion of the REMPI signal from H2
(v ¼ 0, J ¼ 0) level as the Stokes frequency is tuned across the ðv ¼ 0, J ¼ 0Þ !
ðv ¼ 1, J ¼ 2Þ Raman resonance, we confirmed 60% population transfer from H2
(v ¼ 0, J ¼ 0) to the superposition state in H2 (v ¼ 1, J ¼ 2), as shown in Fig. 16.

4.2 Demonstration That SARP is a Robust Technique for
Preparing a Desired Rovibrational M-Quantum State
Using partially overlapping single-mode nanosecond pump and Stokes lasers
pulses SARP has successfully prepared the various vibrationally excited
(v ¼ 1) quantum states of H2 including (v ¼ 1, J ¼ 1, M ¼ 0, and 1), H2
(v ¼ 1, J ¼ 3, M ¼ 0, and 1), H2 (v ¼ 1, J ¼ 2, M ¼ 0, +2, or 2), and HD

22

Frontiers and Advances in Molecular Spectroscopy

O(2) REMPI SIG (a.u.)

150
EXPT
Theory

100

Z

Y
X

50

0
0
100
200
300
400
UV polarization angle q (degree)

(A)

(B)

(C)

(v = 0,J = 0) REMPI SIG (a.u.)

FIG. 15 (A) E,F1 Σg+ ðv0 ¼ 0,J 0 ¼ 0Þ X1 Σg+ ðv ¼ 1,J ¼ 2Þ O(2) REMPI signal from H2 (v ¼ 1,
J ¼ 2) excited state prepared by SARP with cross polarized pump and Stokes laser pulses. The
REMPI signal is plotted against the polarization direction (angle θ) of the UV laser relative to
the direction of the Stokes polarization (x). (B) 3-D polar plot of the angular momentum polarization
ð2Þ
ð2Þ
with alignment parameters A0 ¼ 1 and A ¼ 0, calculated using the fitted values of the M-state
amplitudes. (C) Biaxial distribution of rotor axes. (Adapted from reference N. Mukherjee,
W. Dong, R.N. Zare, Coherent superposition of M-states in a single rovibrational level of H2 by
Stark-induced adiabatic Raman passage, J. Chem. Phys. 140 (7) (2014) 074201.)
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FIG. 16 Depletion of the Q(0) E,F1 Σg+ ðv0 ¼ 0,J 0 ¼ 0Þ X1 Σg+ ðv ¼ 0,J ¼ 0Þ REMPI signal as a
function of Stokes laser frequency in THz. The depletion of the REMPI signal calibrates the population transfer from the ground H2 (v ¼ 0, J ¼ 0) ! H2 (v ¼ 1, J ¼ 2) level. (Adapted from reference
N. Mukherjee, W. Dong, R.N. Zare, Coherent superposition of M-states in a single rovibrational
level of H2 by Stark-induced adiabatic Raman passage, J. Chem. Phys. 140 (7) (2014) 074201.)

(v ¼ 1, J ¼ 0, 1, and 2) [54]. As shown in Fig. 17, the SARP-induced population
transfer to each of these vibrationally excited quantum states demonstrates
remarkable stability against energy and frequency fluctuations of the laser
pulses, proving SARP to be a robust technique for preparing a desired rovibrational M-quantum state using commercially available laser sources.
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FIG. 17 Theory and experiment demonstrating large bandwidth and stability against laser frequency and power fluctuations for the preparation of the rovibrationally excited H2 (v ¼ 1, J ¼ 0,
1, 2, and 3) states using SARP [54].

5

SARP EXCITATION OF A HIGH VIBRATIONAL (V 5 4) LEVEL

A long-sought-after goal is to prepare molecules in specific, high-lying vibrational levels so that their scattering dynamics can be studied in detail. Traditionally, all overtone Raman transitions are believed to be extremely weak and
therefore unable to support significant population transfer. This belief is not
correct, and depending upon the overlap of the vibrational wave functions in
the ground and excited electronic potentials, there can be significant Raman
coupling for transitions involving a change of greater than one vibrational quantum. Theoretical calculations of Chelkowski and Bandrauk have shown that r12
for H2 fluctuates as a function of the target vibrational level, and the Raman
coupling for H2 (v ¼ 0) to H2 (v ¼ 4) is approximately 1/8 of the value for the
fundamental (v ¼ 0) to (v ¼ 1) Raman transition [32]. Using the available transition dipole matrix elements [50], we estimated the Raman coupling coefficient and the polarizability for the HD (v ¼ 4) excitation and carried out
detailed theoretical simulations. Our theoretical simulation suggested that complete population inversion from HD (v ¼ 0, J ¼ 0) to HD (v ¼ 4, J ¼ 0) could be
achieved using nanosecond pump and Stokes pulses with practical fluences in
the range of a few J/mm2 [33].
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By combing a single-mode pump pulse at 355 nm with a partially overlapping
single-mode Stokes pulse at 680 nm, we were able to demonstrate complete population transfer from HD (v ¼ 0, J ¼ 0) to HD (v ¼ 4, J ¼ 0) [33]. From our
measurement, we estimate that a large population, >1010 molecules per laser
pulse, was prepared by SARP in the (v ¼ 4, J ¼ 0) level of HD. Comparison of
our experiments with a detailed theoretical simulation yielded a value for the
Raman coupling coefficient r12 ¼ rðv¼, J¼0Þ!ðv¼4,J¼0Þ  0:6  1041 C2 m2 J1 :
Complete population transfer to HD (v ¼ 4, J ¼ 0) state was inferred unambiguously from our experimental data that are presented in Figs. 18 and 19 [33].
Comparison of this experimental data with theory is given in Ref. [33]. Fig. 18
shows the REMPI signal from HD (v ¼ 4) level as a function of the Stokes
detuning for four different pump to Stokes delays between 3 and 10 ns. For
the data in Fig. 18, the pump and Stokes fluences were held at 12 and
1.3 J/mm2, respectively. The frequency bandwidth of SARP-excited population transfer increases remarkably as the pump to Stokes delay increases from 3
to 8 ns and then decreases as the delay increases to 10 ns.
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FIG. 18 Experimental (2 + 1) REMPI signal from SARP-excited X1 Σg+ HD (v ¼ 4, J ¼ 0) state as a
function of Stokes frequency detuning for the pump to Stokes delays of 3, 6, 8, and 10 ns. Pump
fluence is approximately 12 J/mm2, and Stokes fluence is approximately 1.3 J/mm2. (Adapted from
reference N. Mukherjee, R.N. Zare, Stark-induced adiabatic Raman passage for preparing polarized
molecules, J. Chem. Phys. 135 (2) (2011) 024201.)
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FIG. 19 Experimental (2 + 1) REMPI signal from SARP-excited X1 Σg+ HD (v ¼ 4, J ¼ 0) states as a
function of Stokes fluence for the pump to Stokes delay of 3, 6, 8, and 10 ns. The Stokes frequency is
held constant at the peak value of the frequency detuning corresponding to the plots in Fig. 1 for each
of the pump to Stokes delays. Pump fluence is approximately 12 J/mm2. (Adapted from reference
N. Mukherjee, R.N. Zare, Stark-induced adiabatic Raman passage for preparing polarized
molecules, J. Chem. Phys. 135 (2) (2011) 024201.)

This behavior might appear to be counterintuitive because it would seem
that increasing the delay between the pump and Stokes pulses should result
in an overall reduction in Raman driving force, resulting in decreased bandwidth. However, this can be easily explained by the nature of SARP as discussed in Section 2. As has been emphasized earlier, in order to prevent the
coherent return of population, the pump and probe pulses must be separated
in time. Because the sweep rate dΔ/dt is almost entirely determined by the intensity profile of the pump pulse and the two-photon Rabi frequency Ω is determined by the product of the pump and Stokes electric fields, there is an
optimum delay for which the adiabatic condition is most easily satisfied by
the resulting Rabi frequency and the Stark-sweeping rate. At this delay, there
simultaneously exist both a moderate sweep rate and a strong Rabi frequency
over a wide range of initial values of the detuning.
Fig. 19 shows the (2 + 1) REMPI from HD (v ¼ 4) as a function of Stokes
fluence, while the Stokes frequency and pump fluence are held constant. The
Stokes frequency is fixed at the value corresponding to the peak obtained in
Fig. 18 for each of the respective delays, and the pump fluence is held at
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approximately 12 J/mm2. Fig. 19 shows that the saturation of (v ¼ 4) excitation
against Stokes fluence is stronger for the pump to Stokes delays of 6 and 8 ns.
This behavior might also seem to be counterintuitive at first; it shows that in
spite of a stronger overlap between the pump and the Stokes laser pulses, SARP
saturates less readily for the shorter delay of 3 ns than at delays of 6 and 8 ns.
This behavior can be explained as follows: at a relatively large pump to Stokes
delay, that is, at a weaker pump intensity, a milder Stark-sweeping rate is easily
balanced with a smaller Rabi frequency, that is, with a smaller Stokes fluence.
We have pointed out in the beginning of the chapter that the nature of this saturation is indicative of a threshold phenomenon, which is a hallmark of a successful adiabatic passage and should not be confused with the power saturation
commonly observed in a high-pressure gas cell. In the absence of collisions in
the molecular beam, the commonly observed power saturation is absent, and the
optical interaction is completely coherent in nature.

6 VIBRATIONAL LADDER CLIMBING USING
MULTICOLOR SARP
Historically, an enormous research effort has been directed toward preparing
large densities of highly excited molecules, especially those close to or just
beyond the vibrational dissociation limit. Of particular interest is the preparation of a large number of pairs of entangled atoms with near-zero relative translational energy. So far, preparation of such exotic quantum states has been
limited to ultracold systems. Can SARP be used to climb the vibrational ladder
and create a pair of loosely bound partners that could be used to study entanglement in a bimolecular scattering experiment in a molecular beam?
In general, optical preparation of a selected highly vibrationally excited
quantum state of a molecular gas at room temperature or in a supersonically
expanded molecular beam poses a great challenge. SARP was developed specifically to overcome this challenge. However, as we have mentioned throughout the chapter, SARP relies heavily on the two transition dipole matrix
elements that couple the initial and the target vibrational levels of the ground
electronic state with those of the excited electronic states. The product of these
two transition dipole matrix elements, which defines the Raman coupling coefficient r12, should be of sufficient strength to support the adiabatic following
condition. With increasing vibrational quantum number of the target state,
the overlap of the positional wavefunctions decreases, which weakens the
Raman coupling coefficient (see Fig. 20), making it difficult to achieve a successful adiabatic Raman passage.
It seems plausible that higher optical power could be used to compensate for
the weak Raman coupling between the ground and a high-lying vibration level.
Besides initiating multiphoton ionization, higher optical intensity brings about
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FIG. 20 Overlap of vibrational wave functions of the ground and excited electronic state involved
in an up-down Λ transition.

higher AC Stark shifts and a faster Stark-sweeping rate. This, in turn, requires a
stronger Rabi frequency, Ω ¼ ðr12 =ℏÞEP E∗S , to satisfy the adiabatic following
condition, which is defined by dΔ=dt < 2πΩ12 2 . This is a vicious cycle, and
therefore, we cannot populate a weakly coupled high vibrational level simply
by increasing the pump power. Increasing the Stokes power is also ineffective,
because, as discussed in Section 2, it must be significantly smaller than the
pump power in order to avoid Stokes-pulse-induced zero-crossings of resonance and resultant coherent population return.
Clearly, there is a threshold value of the Raman coupling coefficient r12 that
will satisfy the adiabatic following condition for a given value of the linear optical polarizability α and the pulse duration τ. To estimate this limiting value of
r12, we assume that the Stark shift is mostly generated by the stronger pump
pulse and neglect the contribution of the Stokes pulse. We rewrite the
Landau-Zener condition as
djEP j2 2π ðr12 Þ2
<
jEP j2 jES j2
dt
ℏδα

(29)

where δα α2  α1 .
Eq. (29) can be further simplified by replacing djEp j2 =dt with jEPj2/τP,
where τP is the pump pulse length as defined in Section 2. In the same spirit,
we can replace jESj2 with εS/(2cE0τS), where εs is the Stokes fluence, τS is
the Stokes pulse duration, and E0 (¼ 8:85  1012 C2 N1 m2 ) is the vacuum
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permittivity constant. From Eq. (29), we can produce the following modified
Landau-Zener condition for the Stark-induced adiabatic passage carrying
population from j1i to j2i:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
cε0 ℏτS δα
(30)
r12 >
πεS τP
Eq. (30) defines the threshold value for the Raman coupling coefficient necessary to accomplish adiabatic population transfer using given pump and Stokes
laser fluences. Eq. (30) also indicates that a longer pump pulse will help satisfy
the adiabatic following condition. Let us make a rough estimate of r12 using
typical values for the molecular polarizabilities and optical fluences used in
our previous SARP experiments. Assuming δα ¼ 0:5  1040 C2 m2 J1 , Stokes
fluence εS ¼ 1 J=mm2 , and τP ¼ τS ¼ 7 ns, we get r12 > 0:2  1041 C2 m2 J1 .
We would like to remind the reader, while estimating the critical value of
r12, one must include the alignment factor, as both the polarizability α and
r12 depend on the M-quantum number within the rotational level J.
In the case of molecular hydrogen, Chelkowski and Bandrauk calculated
[32] the Raman transition dipole matrix elements for the fundamental and overtone transitions assuming that the molecular axis is aligned with the laser electric field and using 18 intermediate vibrational levels from the H2 B1 Σu+ state,
which is the lowest-lying electronic state of H2 that is connected to the ground
state by an allowed dipole transition. They found that r12 changes by more
than two orders of magnitude with changing target vibrational level, becoming
especially small for the (v ¼ 0, J ¼ 0) to (v ¼ 6, J ¼ 0) overtone transition,
namely, about 1/200 of the value for the fundamental Raman transition from
(v ¼ 0, J ¼ 0) to (v ¼ 1, J ¼ 0). For reference, their value of r12 for the (v ¼ 0,
J ¼ 0) to (v ¼ 14, J ¼ 0) overtone transition is approximately 1/40 of the value
for the fundamental Raman transition. From our previous measurements, we
have found that r12 for the fundamental Raman transition is about
3  1041 C2 m2 J1 . Additionally, we have measured the value of overtone
Raman transition from (v ¼ 0, J ¼ 0) to (v ¼ 4, J ¼ 0) to be approximately
one-fifth of that of the fundamental Raman transition [33,51,52].

6.1 How Do We Prepare A Diatomic Molecule in An Arbitrary
High Vibrational Level?
Because SARP requires a threshold value for r12, it is not possible to pump
appreciable population to an arbitrary high vibrational level. Although long
coherence times, such as those present in ultracold systems, allow the use of
micro- or millisecond pulses that can compensate for the very weak couplings,
these methods are not applicable for a molecular gas at room temperature or in a
beam. How do we overcome this problem to prepare a molecular gas in an
arbitrary vibrationally excited state?
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We show here that the limitation imposed by weak vibrational wave-function
overlap can be overcome using a multicolor SARP ladder that uses a pump pulse
partially overlapping with two or more weaker Stokes pulses [55]. Efficient vibrational ladder climbing has also been developed using STIRAP [18], and this will
be discussed in the next section. Multicolor SARP uses selected, strongly coupled
intermediate vibrational levels to increase the overlap of the vibrational wave
functions while reducing the Stark-sweeping rate of each individual transition
between the successive rungs of the vibrational ladder. Here, we specifically
develop this method in the case of three-color, four-photon SARP, which allows
the preparation of the most weakly coupled Raman level of molecular hydrogen
within the ground electronic state, specifically, H2 (v ¼ 6, J ¼ 0) [32].
Additionally, we will show calculations demonstrating that the multicolor
SARP ladder can be generalized to climb the vibrational levels close to the
vibrational dissociation of the electronic ground state. Using the specific example of four-color six-photon SARP, we have also calculated that H2 (v ¼ 14,
J ¼ 0), which is the highest level in the vibrational ladder, can be selectively
populated with nearly the complete population of the H2 (v ¼ 0, J ¼ 0) vibrational level [55].

6.2

Theory of Four-Photon Three-Color SARP

To present the central idea of multicolor SARP, we develop the Schr€odinger
equation for a three-level Raman system shown in Fig. 21, under the action
of a pump field EP and two Stokes fields ES1 and ES2. Generalization to four
or higher number of intermediate vibrational levels, achieved by increasing
the number of overlapping Stokes pulses, is straightforward. For simplicity,
we assume the pump and Stokes optical fields to be polarized along the quan*

*

zEP exp ðiωP tÞ + c:c: and E Sk ¼ ^zESk exp ðiωSk tÞ + c:c: with
tization z-axis: E P ¼ ^
k ¼ 1 and 2 for the two Stokes fields. EP ¼ EP ðtÞ and ESk ¼ ESk ðtÞ represent the
slowly varying envelopes of the pump and Stokes laser fields, respectively.
Each successive pair of levels in the three-level Raman system is coupled by
a two-photon resonant transition. The pump field EP and one of the Stokes
fields, ES1, couple the initial state j1i with the intermediate state j2i, satisfying
the two-photon resonant condition ωP  ωS1 ¼ ω21 . Similarly, the intermediate
state j2i is two-photon resonantly coupled to the target state j3i by the pump
field EP and the second Stokes field ES2. The optical fields of the pump and
Stokes laser pulses perturb the molecular wave function, which can be
expressed as
X
ck ðtÞjki
(31)
jΨðtÞi ¼ c1 ðtÞj1i + c2 ðtÞj2i + c3 ðtÞj3i +
k6¼1, 2, 3
where the c’s represent the time-dependent amplitudes describing mixing of the
molecular bare eigenstates under the influence of the strong electric fields of the
lasers.
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FIG. 21 Three-level Raman system within the ground electronic state of H2. The state vectors j1i,
j2i, and j3i represent the ground H2 (v ¼ 0) and excited H2 (v ¼ 4) and H2 (v ¼ 6) vibrational levels.
j1i and j2i are coupled by a two-photon resonant Raman transition using the pump and Stokes optical fields EP and ES1. The pump field EP and Stokes field ES2 couple j2i and j3i by a two-photon
resonant interaction. The four-photon interactions of a single pump with two Stokes fields ES1 and
ES2 strongly couple the ground state j1i and the target state j3i.

As in Section 2, we follow the approach of Chelkowski and Bandrauk [32] to
adiabatically solve for the off-resonant amplitudes ck (for k 6¼ 1,2,3) and express
them in terms of the resonant amplitudes c1, c2, and c3. In this way, we derive the
Schr€
odinger equations for the three-level Raman system. In the RWA, the
Schr€
odinger equation for the three-level Raman system can be expressed as
0 1
2
30 1
Δ11 Ω12 0
c1
c
d @ 1A
(32)
c2 ¼ i4 Ω21 Δ22 Ω23 5@ c2 A
dt
c3
0 Ω32 Δ33
c3
Here


Δii ¼  αi ðωP ÞjEP j2 + αi ðωS1 ÞjES1 j2 + αi ðωS2 ÞjES2 j2 =ℏ

(33)

for i ¼ 1, 2, and 3 are the AC Stark shifts of the field-free eigenstates j1i, j2i,
and j3i.
Ω12 and Ω23 are the two-photon Rabi frequencies for transitions between j1i
and j2i and between j2i and j3i, respectively:
Ω12 ¼

r12
r23
EP E∗S1 eiδ12 t Ω23 ¼ EP E∗S2 eiδ23 t
ℏ
ℏ

(34)

Because we remove the fast oscillating terms using RWA, the Stark shifts
Δii and the two-photon Rabi frequencies Ωij in Eqs. (32)–(34) are expressed in
terms of the slowly varying envelopes Ep, ES1, and ES2 of the pump and Stokes
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optical fields. In Eq. (34), δ12 ¼ ωP  ωS1  ω21 and δ23 ¼ ωP  ωS2  ω32 are
the field-free detunings, and r12 and r23 are the couplings for the two-photon
Raman transitions, as defined in Section 2 in Eq. (9), between the pairs of states
j1i and j2i and j2i and j3i, respectively.

6.3

Vibrational Ladder Climbing of H2 Using Three-Color SARP

EP
ES1
ES2

Optical fields
(a.u.)

Optical fields
(a.u.)

We first present the results of our numerical calculations [55] to show that a
three-color SARP ladder can be used to selectively populate the (v ¼ 6, J ¼ 0)
level of H2 molecule via the intermediate level H2 (v ¼ 4, J ¼ 0) as Fig. 22.
In the following subsection, we extend our calculations to a four-color SARP
ladder to reach the highest vibrational level, H2 (v ¼ 14, J ¼ 0), below the dissociation limit via two intermediate vibrational levels, H2 (v ¼ 4, J ¼ 0) and H2
(v ¼ 9, J ¼ 0). In each of these cases, nearly complete population transfer to the
target levels is accomplished adiabatically when the strong pump pulse sweeps
the Raman transition frequency in the presence of the time-delayed Stokes
pulses. Table 1 summarizes the pulse parameters, the peak AC Stark shifts,
and the peak Rabi frequencies for the relevant transitions considered in the following applications of multicolor SARP.
h
i
We consider Gaussian temporal profiles of the form exp ðt=τÞ2 for the
optical fields representing the pump and Stokes pulses. To numerically integrate
Eq. (32), we estimate the polarizabilities and the two-photon Raman coupling
coefficients using transition dipole matrix elements that are derived from the
vibrationally resolved transition probability data [50] for B1 Σu+ ! X1 Σg+ ,
C1 Πu+ ! X1 Σg+ , and B’ 1 Σu+ ! X1 Σg+ transitions involving 40 vibronic states.
The M-state dependencies of the dynamic Stark shifts, Δii, and the two-photon
Rabi frequencies, Ω12 and Ω23, are evaluated for the linearly polarized pump
and Stokes optical fields along the quantization z-axis for both pairs of twophoton coupled levels.
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FIG. 22 Fractional population in v ¼ 0, 4, and 6 levels as function of time during the three-color
SARP process.
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TABLE 1 Wavelength, Fluence, and Temporal Length of the Gaussian
Pump and Stokes Pulses Used in the Calculation.

Transition

Pump EP

Stokes
ES1

v¼0!v¼4

355 nm

773 nm

456 nm

2

2

v¼4!v¼6
v¼0!v¼4

2

Stokes
ES2

Stokes
ES3

Peak Stark
Shift
(GHz)

Peak Rabi
Frequency
(GHz)

Δ40 ¼  10

Ω04 ¼ 0.5

Δ64 ¼  7

Ω46 ¼ 0.8

12 J/mm

1 J/mm

1 J/mm

τ ¼ 8 ns

τ ¼ 5 ns

τ ¼ 5 ns

773 nm

710 nm

523 nm

Δ40 ¼  10

Ω04 ¼ 0.5

2

2

2

355 nm

v¼4!v¼9

12 J/mm

1 J/mm

1 J/mm

1 J/mm

Δ94 ¼  16

Ω49 ¼ 0.57

v ¼ 9 ! v ¼ 14

τ ¼ 8 ns

τ ¼ 5 ns

τ ¼ 5 ns

τ ¼ 5 ns

Δ149 ¼ 10.6

Ω149 ¼ 0.35

2

Also listed are the peak AC Stark shifts and the peak Rabi frequencies for the two coupled Raman
transitions involved in the ladder excitation.

Population transfer is accomplished with a strong pump pulse EP partially
overlapping with two weaker Stokes pulses ES1 and ES2. The pump pulse has a
fluence of 12 J/mm2 and a Gaussian temporal profile with duration of 8 ns. Each
Stokes pulse is also of Gaussian shape with duration of 5 ns, having a fluence of
1 J/mm2. The upper panel of each plot shows the pulse sequence as a function of
time, while the lower panel shows the fractional population in v ¼ 0 (Nv¼0 , dash
black), v ¼ 4 (Nv¼4 , solid gray), and v ¼ 6 (Nv¼6 , solid black). In (A), the first
Stokes pulse ES1 is applied 7 ns earlier, and the second Stokes ES2 is applied
7 ns later than the pump pulse (sequential SARP). In (B), both Stokes pulses
are applied simultaneously, 7 ns earlier than the pump pulse (ladder SARP).
Adapted from [55].

6.4 Preparation of H2 (v 5 6, J 5 0) Using Three-Color SARP
Fig. 22 shows the temporal dynamics of two different pulse configurations of
three-color four-photon SARP that prepares the (v ¼ 6, J ¼ 0) level. In Fig. 22A
the population is carried from the initial to the target level via the intermediate
(v ¼ 4, J ¼ 0) level using two consecutive SARP processes. As the Stark shift of
the v ¼ 0 to v ¼ 4 Raman transition is swept by the rising intensity of the pump
pulse, the first SARP adiabatically carries the population from v ¼ 0 to v ¼ 4 in
the presence of a delayed Stokes pulse ES1. The v ¼ 0 to v ¼ 4 transition is redshifted by 10 GHz, and a field-free Stokes detuning δ04 ¼ 5:5GHz is used to
achieve the complete population transfer. The second SARP then takes the population from v ¼ 4 to the target v ¼ 6 level as the Raman frequency for the
(v ¼ 4 ! 6) transition is swept by the falling intensity of the pump in the presence of the second Stokes pulse ES2. This transition is also redshifted, and a
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field-free Stokes detuning δ46 ¼ 4 GHz is used to accomplish complete population transfer to the target H2 (v ¼ 6, J ¼ 0) level.
We call this scheme “sequential SARP.” Clearly it goes in two separate
steps, as opposed to the one shown in Fig. 22B, where the two Stokes pulses
are applied simultaneously, 7 ns earlier relative to the pump pulse. In this case,
a coupled or ladder-like excitation occurs without ever fully populating the
intermediate state. We call this “ladder SARP.” In both cases, at the end of
the three-pulse cycle, nearly all population is transferred to the H2 (v ¼ 6,
J ¼ 0) level without leaving population in the intermediate v ¼ 4 level [55].
Importantly, ladder SARP, operating in a continuous adiabatic fashion, shows
that it is possible to use many different Stokes pulses coupled with a single
pump pulse to adiabatically reach a very high vibrational state or even to adiabatically dissociate a molecule.
Fig. 23 shows a contour plot of the fractional population in v ¼ 6 (Fig. 23A)
and v ¼ 4 (Fig. 23B), as a function of the delay and detuning of the second
Stokes field ES2. Fig. 23A exhibits both sequential and ladder SARP, showing
that both have significant bandwidths over which complete population of the
initial (v ¼ 0, J ¼ 0) level can be transferred to the (v ¼ 6, J ¼ 0) level. As the
delay is changed from sequential SARP to ladder SARP there is quite obviously
a region wherein there is little to no population of the target state, which is
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4
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6
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0.8
0.7
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0.5
0.4
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0.1
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(A)

Fractional population of v = 4

0.6
4
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FIG. 23 Contour plot of the fractional population in the (A) v ¼ 6 and (B) v ¼ 4 levels at the end of
the pulse sequence of three-color SARP plotted as a function of the field-free detuning δ46 and delay
of the second Stokes field ES2 relative to the pump field EP. The delay and frequency detuning of the
first Stokes pulse is held fixed. The first Stokes ES1 is applied 7 ns earlier than the pump pulse. The
field-free detuning δ04 of the first Stokes pulse for the 0 ! 4 Raman transition is kept fixed at
5.5 GHz corresponding to the complete population transfer in Fig. 22. The white area in
(A) represents greater than 95% population transfer to v ¼ 6. The complementary plot in
(B) shows that for the same range of delay and frequency detuning, almost no population is stranded
in intermediate level v ¼ 4 during the adiabatic Raman passage. The fluences of the pump and Stokes
pulses are the same as in Fig. 22. (Adapted from N. Mukherjee, W.E. Perreault, R.N. Zare,
Stark-induced adiabatic Raman ladder for preparing highly vibrationally excited quantum states
of molecular hydrogen, J. Phys. B: At. Mol. Opt. Phys. 50 (14) (2017) 144005.)
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caused by coherent population return as discussed in Section 2. Fig. 23B shows
that for both cases, no population is stranded in the intermediate (v ¼ 4, J ¼ 0)
level over a significant bandwidth.

6.5 Preparation of a Pair of Loosely Bound H Atoms Using
Four-Color Ladder SARP
Using a sequence of three overlapping Stokes pulses with a partially overlapping stronger pump pulse, we carried out calculations of multicolor ladder
SARP exciting H2 from (v ¼ 0) to (v ¼ 14), the highest vibrational level within
the ground electronic state [55]. The (v ¼ 14) level is 22 meV or 177 cm1
below the vibrational dissociation limit of H2 [50,56]. We used (v ¼ 4) and
(v ¼ 9) as the intermediate levels. For this system, the 3  3 Hamiltonian in
Eq. (32) is generalized to a 4  4 Hamiltonian describing interaction with the
four Raman-coupled vibrational levels (v ¼ 0, 4, 9, and 14) in the ladder transition. Fig. 24 describes the temporal dynamics of the adiabatic population
transfer via the intermediate vibrational levels.
The top panel of Fig. 24 shows the three overlapping Stokes pulses of equal
intensity placed on the left wing of a stronger pump pulse. The fluences and

0.5

ES1, ES2 & ES3
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5
0

DT9,14
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FIG. 24 Temporal dynamics of a four-color ladder SARP preparing H2 (v ¼ 14, J ¼ 0) via the intermediate H2 (v ¼ 4, J ¼ 0) and H2 (v ¼ 9, J ¼ 0). The top panel shows electric field profiles of the four
laser pulses. The three Stokes pulses are combined on the left wing of a stronger pump pulse with a
delay of 7 ns as shown in the upper panel of the figure. The middle panel shows the dynamic detuning (GHz) of the three different Raman transitions associated with the three steps of the vibrational
ladder. The lower panel shows the dynamics of adiabatic population flow through the various
vibrational levels of the ladder. (Adapted from N. Mukherjee, W.E. Perreault, R.N. Zare, Starkinduced adiabatic Raman ladder for preparing highly vibrationally excited quantum states of
molecular hydrogen, J. Phys. B: At. Mol. Opt. Phys. 50 (14) (2017) 144005.)
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durations for the pump and Stokes pulses are listed in Table 1. The Stokes
pulses appear 7 ns earlier than the pump pulse. The middle panel shows the
net dynamic detuning in GHz associated with each Raman transition connecting
the rungs of the vibrational ladder. The net dynamic
 detuning
 for the
T
, where δij
¼
δ

Δ

Δ
transition from (v ¼ i) to (v ¼ j) is defined
as
Δ
ij
jj
ii
i, j

is the field-free detuning and Δjj  Δii is the net AC Stark shift as defined
in Eqs. (32)–(34). Note that the Stark-induced detuning for the
(v ¼ 9) ! (v ¼ 14) transition has the opposite sign relative to the other two intermediate Raman transitions. The bottom panel shows the fractional population in
the four vibrational levels (v ¼ 0, 4, 9, and 14) as a function of the pulse time. It
is readily seen that population transfer takes place as each transition is
Stark-shifted into resonance in turn. At the end of the excitation, essentially
no population is stranded in either of the intermediate levels.
Fig. 25A shows a contour plot of the population transfer to H2 (v ¼ 14) as a
function of the second Stokes detuning δS2 (for v ¼ 4 ! v ¼ 9 transition) and the
third Stokes detuning δS3 (for v ¼ 9 ! v ¼ 14 transition), while the detuning for
the first Stokes is held at a constant value of δS1 ¼ 5GHz corresponding to the
peak of the H2 (v ¼ 0) to H2 (v ¼ 4) transition. The contour plot shown in
Fig. 25B confirms that no population is stranded in the two intermediate vibrational levels (v ¼ 4) and (v ¼ 9). The bandwidth shown in these plots demonstrates that nearly complete population transfer to the highest vibrational
level is feasible using commercially available, single-mode, nanosecond laser
sources. Additionally, we have performed calculations on sequential four-color
SARP, where Stokes pulses S1 and S2 are placed on the rising wing of the pump
pulse and the third Stokes pulse S3 is placed on the falling wing of the pump.
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FIG. 25 (A) Contour plot of the population transferred to v ¼ 14 as a function of the second Stokes
detuning δS2 (for v ¼ 4 ! v ¼ 9 transition) and the third Stokes detuning δS3 (for
v ¼ 9 ! v ¼ 14 transition), while the detuning for the first Stokes is held at a constant value of δS1 ¼
5 GHz corresponding to the peak of the H2 (v ¼ 0) to H2 (v ¼ 4) transition. The pulse sequence is the
same as in Fig. 5. (B) Contour plot of the total intermediate state population (N4 + N9) as a function of
the second and third Stokes detunings, δS2 and δS3. (Adapted from N. Mukherjee, W.E. Perreault,
R.N. Zare, Stark-induced adiabatic Raman ladder for preparing highly vibrationally excited
quantum states of molecular hydrogen, J. Phys. B: At. Mol. Opt. Phys. 50 (14) (2017) 144005.)
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In this case, we see a much larger bandwidth over which the entire population is
transferred to (v ¼ 14), further demonstrating the practicality of this technique.

7 OTHER RELATED ADIABATIC PASSAGE PROCESSES
In this section, we briefly describe two other useful Raman adiabatic passages that
have demonstrated success in preparing highly excited vibrational levels in selected
molecules. In particular, we focus our attention on STIRAP that has been particularly successful in preparing molecular quantum states for ultracold systems. We
also briefly describe a parallel technique, called SCRAP, which can be used to prepare high vibrational states using an additional Stark pulse. To prepare a high vibrational level within the electronic ground state, both STIRAP and SCRAP take
advantage of a resonant intermediate within the electronic excited state [18].

7.1 Stimulated Raman Adiabatic Passage
We have pointed out in the beginning of the chapter that, by approaching an
intermediate resonance in the excited electronic state, Raman pumping can
be significantly enhanced. Fig. 26 shows a schematic of a STIRAP process
exciting a vibrational level j2i via a near-resonant intermediate level j3i within
an excited electronic manifold using a counterintuitive ordering of the pump
and Stokes pulses. In the following, we describe the underlying mechanism
of STIRAP. More in-depth discussion of STIRAP can be found in Ref. [18].
By maintaining two-photon resonance between the initial state j1i and the
target state j2i, STIRAP accomplishes complete population transfer using a
pump pulse EP with a partially overlapping Stokes pulse ES as shown in
Fig. 26. ΩP and ΩS are the single-photon Rabi frequencies associated with
Excited
electronic
states
3>

ES

Δ

ΩP

Ground
electronic
state

(A)

ΩS

v>0
1>

EP

2>
v=0

(B)

FIG. 26 (A) Schematic of a STIRAP excitation of the vibrational level j2ivia a near-resonant
intermediate level j3i. ΩP and ΩS are the pump and Stokes Rabi frequencies associated with transitions j1i ! j3i and j3i ! j2i. (B) Counterintuitive pulse sequence with the Stokes pulse preceding
the pump. This pulse ordering is a necessary characteristic of STIRAP, as we explain in the text.
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the j1i ! j3i and j3i ! j2i transitions, respectively. The dipole transition
matrix element between the two-photon coupled levels j1i and j2i, μ12 ¼ 0.
Under strict two-photon resonance, defined by ðωP  ωS Þ  ω21 ¼ 0, the
optically dressed Hamiltonian for the three-level system in Fig. 26A can be
expressed using the RWA as follows [18]:
2
3
0 0 ΩP
(35)
H ¼ ℏ4 0 0 ΩS 5
ΩP ΩS Δ
The adiabatic Hamiltonian in Eq. (35) has a zero-eigenvalue eigenstate,
which is given by
jα0 i ¼ cos Θj1i  sin Θj2i
where

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
cos Θ ¼ ΩS = Ω2S + Ω2P
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
sin Θ ¼ ΩP = Ω2S + Ω2P

(36)

(37)

Note that the adiabatic eigenstate jα0i is orthogonal to the intermediate
eigenstate j3i, that is, jα0i represents a trapped state, which is also referred
to as a dark state, where population is entirely confined into j1i and j2i. The
other two eigenstates of the adiabatic Hamiltonian are mixtures of all three bare
eigenstate states j1i, j2i, and j3i of the field-free Hamiltonian.
STIRAP exploits the zero-eigenvalue eigenstate, jα0i, to transfer population
from j1i to j2i [18], which is accomplished using a counterintuitive pulse
sequence shown in Fig. 26B. If the Stokes pulse arrives earlier than the pump
pulse, then at an initial time, cos Θ  1, sin Θ  0, and jα0i coincide with the
initial state j1i. In this manner, the molecular system in the ground state is prepared in the adiabatic eigenstate state jα0i. As the pump pulse is introduced,
sin Θ increases causing the amplitude in j2i to grow. Near the end of excitation,
in the presence of the pump pulse alone, the adiabatic eigenstate jα0i coincides
completely with the bare state j2i, and, as a result, the entire population has been
transferred from j1i to j2i. This is an example of adiabatic rotation of the
dressed eigenstate jα0i in the j1i  j2i plane of the three-dimensional Hilbert
space. For STIRAP to work efficiently, population must remain trapped in
the zero-eigenvalue eigenstate. In other words, jα0i must not be mixed with
the other two adiabatic eigenstates, ensuring that no population leaks into the
intermediate state j3i. To prevent mixing of the eigenstates, the following
two conditions must be strictly satisfied:
(1) The adiabaticity needs to be maintained during the excitation.
(2) The two-photon resonance condition must be satisfied at all times.
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
The adiabaticity condition, which is defined as j dΘ=dtj << Ω2P + Ω2s , can be
fulfilled using a long interaction time in the presence of a sufficiently strong
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Rabi coupling. STIRAP requires that during the interaction time, the phase
coherence of the optical field with the molecular system must be maintained.
To satisfy the above criteria, STIRAP needs to use highly phase- and
frequency-stabilized laser sources. STIRAP has been proven to be superbly
effective in state preparations of ultracold molecular systems [57–61] where
decoherence is significantly reduced.

7.2 High Vibrational Excitation Using STIRAP
In addition to the conditions mentioned above, STIRAP requires that the
Rabi frequencies associated with the pump and Stokes transitions be comparable. In other words, there must be an intermediate state strongly coupled to
both the ground and excited vibrational level. The first demonstration of
STIRAP was to invert population between the (v ¼ 0) and (v ¼ 5) level of
Na2 molecules via a strongly coupled (v ¼ 7) intermediate level within the
excited electronic state [62]. In general, for molecules having less strongly
coupled excited electronic states, it is difficult to find an excited state with
strong Rabi coupling for both legs of the lambda (Λ) transition in STIRAP. With
increasing vibrational quantum number, it becomes even less likely to find a
common intermediate state that is equally strongly coupled to both the ground
and a highly excited vibrational level. With a weaker Rabi frequency ΩP or ΩS,
it is difficult to fulfill the adiabaticity condition, unless the interaction time is
substantially increased, as in an ultracold system. One might think of using
higher optical intensity to compensate for the weaker Rabi frequency. Unfortunately, this is detrimental for STIRAP, because at high optical intensity the
light-induced AC Stark shift will destroy the two-photon resonance condition
causing jα0i to be mixed with the other two eigenstates of the adiabatic Hamiltonian. For all of these reasons, while STIRAP has been very successful in
preparing states in ultracold systems, it lacks general applicability in preparing
an arbitrary high vibrational level in a less controlled system such as a dilute
molecular gas at room temperature or a molecular beam. In spite of this limitation, STIRAP has been effective in pumping a select few transitions in these
less controlled systems [62–64]. Moreover, because STIRAP is a resonant
Raman process, it is difficult to apply for molecules with widely separated
ground and excited electronic states, as this will require tunable phase-locked
sources in the VUV and EUV wavelength region. An alternative for polar molecules is to use infrared STIRAP as proposed in Refs. [65,66].

7.3 Multicolor STIRAP to Prepare High Vibrational States
To improve the vibrational overlap and Rabi frequencies for the pump and
Stokes transitions, a STIRAP ladder has been demonstrated elsewhere
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FIG. 27 (A) Vibrational excitation using four-color STIRAP. The STIRAP transition to the target
state j5i is mediated by three intermediate states. The pump Rabi frequency ΩP1 and the Stokes Rabi
frequency ΩS1 couple the initial state j1i with state j3i via the intermediate state j2i. Similarly, the
pump Rabi frequency ΩP2 and the Stokes Rabi frequency ΩS2 couple state j3i with the target state j5i
via the intermediate state j4i. (B) The counterintuitive sequence of the pump and Stokes pulses used
in multicolor STIRAP. The Stokes pulses are coincident with one another, as are the pump pulses,
and the pair of Stokes pulses precedes the pair of pump pulses. This pulse sequence is able to generate a trapped state, also known as the zero-eigenvalue eigenstate, which is a superposition of only
the initial state j1i and the target state j5i.

[67–69] and is shown in Fig. 27. We give here a brief description of this process,
a more detailed description of which can be found in Ref. [67]. Each rung of the
ladder is coupled by a STIRAP transition. The vibrational levels j1i and j3i are
connected by a STIRAP transition via the intermediate level j2i that is coupled
by the pump, ΩP1, and Stokes, ΩS1, Rabi frequencies. Likewise, the target level
j5i is reached using the second STIRAP transition from j3i via the intermediate
level j4i. Level j4i is coupled to both j3i and j5i by the second pair of pump and
Stokes Rabi frequencies ΩP2 and ΩS2. To accomplish the four-photon STIRAP,
it is necessary to maintain the two-photon resonance condition between the pair
of levels j1i and j3i and j3i and j5i.
Using the RWA, the Hamiltonian for the five-level quantum system can be
expressed as follows:
3
0
0
0 ΩP1 0
6 ΩP1 Δ2 ΩS1 0
0 7
7
6
7
0
Ω
0
0
Ω
H ¼ ℏ6
S1
P2
7
6
4 0
0 ΩP2 Δ4 ΩS2 5
0
0
0 ΩS2 0
2

(38)

For simplicity, let us assume, in addition, that we have single-photon resonance for the pump and Stokes transitions for the intermediate levels j2i and j4i.
That is, Δ2 ¼ 0 and Δ4 ¼ 0. There exists a zero-eigenvalue eigenstate for the
adiabatic Hamiltonian that is given by
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0 1
a
B0C
1 B C
bC
jΨi ¼ pﬃﬃﬃﬃ B
C
NB
@0A
c

(39)

where a ¼ ΩS1 ΩS2 , b ¼ ΩP1 ΩS2 , c ¼ ΩP1 ΩP2 , and
N ¼ Ω2S1 Ω2S2 + Ω2P1 Ω2S2 + Ω2P1 Ω2P2

(40)

The adiabatic eigenstate defined by Eq. (39) can be exploited to transfer
population from the ground state, j1i, to the final state, j5i, using the counterintuitive pulse sequence shown in Fig. 27B. The two Stokes pulses are applied
simultaneously in advance of the two overlapping pump pulses. Before the
pump pulses arrive, we have a ¼ 1, b ¼ 0, and c ¼ 0, and the adiabatic eigenstate
is the same as the ground state of the five-level system. Near the end of the
excitation, in the presence of the two pump pulses and in the absence of
the two Stokes pulses, we have a ¼ 0, b ¼ 0, and c ¼ 1, and therefore, the entire
population of j1i has been transferred to the vibrationally excited state j5i.
Four-photon STIRAP as described above has been applied to create a degenerate quantum gas of ground state molecules of Cs2 starting from magnetically
associated loosely bound Feshbach molecules [69]. In the specific example of
Cs2, the exceptionally long coherence time available in the ultracold regime
played an essential role by allowing the very long interaction time required
to fulfill the adiabaticity for weak transitions. In the preparation of ultracold
Cs2, 50%–60% transfer efficiency was believed to be limited either by the linewidth or the intensity of the lasers coupling the intermediate single-photon transitions. We emphasize that for STIRAP to work, it is necessary that the overlap
between the ground and excited electronic state must be large enough that the
Rabi frequency exceeds the inverse interaction time. As we have pointed out
earlier, the requirement of long interaction time makes this idea mostly suitable
of preparing states of ultracold systems.
Although this idea seems appropriate for achieving population transfer to a
high vibrational level, it requires multiple phase-locked laser sources that must
also be frequency-locked to individual transitions, making it a technologically
challenging system. An off-resonance condition generated by either phase fluctuations of the laser fields or dephasing of the molecular system will destroy the
strict condition of zero-eigenvalue or dark state, significantly degrading the
efficiency of population transfer.

7.4 Stark-Chirped Rapid Adiabatic Passage
As we have mentioned before, the efficiency of Raman pumping is greatly
enhanced by going through an intermediate resonance. For the purpose of
inverting population among the vibrational levels of an electronic ground state,
another Stark-induced scheme, called Stark-chirped rapid adiabatic passage or
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FIG. 28 (A) Stark-chirped rapid adiabatic passage scheme for the excitation of a vibrational level
in the ground electronic state of a molecule in the presence of a Stark pulse. The pump Rabi frequency ΩP and the Stokes Rabi frequency ΩS couple the initial state (j1i) with the target state
(j3i) via a real resonant intermediate state j2i. (B) Pump, Stark, and Stokes pulse sequence for
D-SCRAP and T-SCRAP.

SCRAP, has been devised [70–72]. The idea is shown in Fig. 28, which shows a
three-level up-down pumping configuration (Λ system) with a real intermediate
level in an excited electronic state.
The schematic for SCRAP in Fig. 28A looks similar to the near-resonant
lambda system shown for STIRAP in Fig. 26. However, the inherent mechanism
of SCRAP is entirely different. As opposed to STIRAP, which exploits the zeroeigenvalue eigenstate to confine population entirely within the initial and target
vibrational levels of the electronic ground state, SCRAP actually moves the system
through the intermediate resonance in the excited electronic state.
In SCRAP, the pump and Stokes transitions of the Λ system are swept
through their respective resonances using an additional off-resonant Stark pulse
that preferentially shifts the intermediate level with respect to both vibrational
levels within the ground electronic state. The population is transferred via two
coupled adiabatic passages. The first carries the population from level j1i to the
intermediate level j2i, and the second carries it from the intermediate level j2i to
the target vibrational level j3i as the respective transition frequencies are swept
through their resonances. To accomplish population transfer to the target vibrational level within the ground electronic state, one can either place the pump
and the Stokes pulses on the two opposite wings of the Stark pulse, or one
can add the two pulses on the same wing of the Stark pulse. The first of these
is called double SCRAP or D-SCRAP. The latter is known as the three-state
SCRAP or T-SCRAP. The two situations are shown in Fig. 28B. Complete
population is transferred using both schemes [71,72]. There is an apparent similarity between the D-SCRAP and the sequential multicolor SARP described
earlier in Section 6. Likewise, T-SCRAP resembles the ladder SARP where
the population flows in a continuous fashion from the initial vibrational level
to the target vibrational level via the intermediate. The main difference between
the multicolor SARP and D-SCRAP or T-SCRAP is that multicolor SARP is a
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pure vibrational ladder climbing process involving only the vibrational levels of
the ground electronic state. Because both D-SCRAP and T-SCRAP populate the
excited electronic state, they are subject to radiative and ionization losses. In the
absence of intermediate electronic resonance, multicolor SARP does not suffer
from similar losses.
Both D-SCRAP and T-SCRAP have been utilized to achieve population transfer from the ground (v ¼ 0) vibrational level to an excited (v ¼ 6) vibrational level
within the ground electronic state, X2 Π
1=2 , of nitric oxide (NO) via the nearresonant intermediate (v’ ¼ 0) level within the excited A2 Σ + electronic state
[71,72]. The population transfer to the target level is accomplished using two successive single-photon adiabatic passages, one for each leg of the Λ system, as
their respective transition frequencies are swept using an intense off-resonant
Stark pulse at 1064 nm. We note that for population transfer using the SCRAP
method, the Landau-Zener condition of adiabatic following needs to be satisfied
for both legs of the lambda transition, demanding strong Franck-Condon overlaps
between both vibrational levels of the ground electronic state with a common
intermediate state within the excited electronic state. As a result, although the
up-down SCRAP technique might work well for some specific pairs of strongly
coupled levels, it will be less efficient for populating high-lying vibrational states
that have poor Franck-Condon overlaps. Moreover, it is difficult to apply this
technique to those molecules, which have widely separated ground and excited
electronic states, requiring tunable EUV and XUV wavelengths.

8 CONCLUDING REMARKS
In this chapter, we have described the SARP technique and shown its usefulness
for the preparation of vibrationally excited quantum states. We have also briefly
described a few other adiabatic Raman methods that have been successful in
preparing similar quantum states. The choice of a suitable technique for preparing a vibrationally excited quantum state with the precision of (J, M) quantum
number depends on the molecular system and on the availability of appropriate
laser sources. For example, STIRAP is extremely useful for preparing the quantum states of various ultracold molecules, like RbK [58], Cs2 [69], and Rb2 [73],
using phase- and frequency-locked diode lasers. However, it is much more difficult to use STIRAP successfully in systems that do not permit such long exposure times, such as an inhomogeneously broadened room temperature gas or a
molecular beam. Likewise, D-SCRAP or T-SCRAP may work wonderfully for
special molecules like NO [71,72] with strongly coupled levels, but these
methods may not be efficient to prepare an arbitrary high vibrational level
where the product of the Franck-Condon factors between the initial, intermediate, and final states is small. Additionally, STIRAP and SCRAP are not suitable
for molecules that require VUV or XUV light to couple to the excited electronic
state. We note that the application of short-wavelength laser pulses significantly
increases the chance of ionization, especially when the technique populates a
resonant intermediate level (as in SCRAP). For molecules with large energy
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gaps between the ground and first excited electronic state like H2, N2, and HCl,
SARP becomes the most practical choice. It utilizes visible or near-visible
single-mode pulsed lasers to prepare vibrationally excited quantum states in
a gas cell at room temperature or in a molecular beam.
In addition, the multicolor SARP technique presented here provides a robust
approach to reach a weakly coupled target level high in the vibrational ladder for a
molecular gas at room temperature or in a molecular beam using a single-mode
nanosecond pump pulse partially overlapping in time with multiple Stokes laser
pulses. Because multicolor SARP does not require a strict two-photon resonance
condition between the successive steps of the vibrational ladder, laser intensity
can be increased to better fulfill the adiabaticity for relatively weakly coupled
transitions. In addition, multicolor ladder SARP improves wave-function overlap
by increasing the number of intermediate steps, as we have shown in the preparation of the (v ¼ 14) level of the H2 molecule. This technique can also be applied
to polyatomic molecules, opening many more possibilities for interesting studies
of collisional dynamics far from equilibrium.
To conclude, SARP has the capability to access a wide variety of quantum
states in many different molecules under ambient conditions using relatively
simple, commercially available laser sources. Uniquely, SARP does not require
detailed knowledge of excited electronic surfaces, making it far easier than any
of the alternative techniques discussed here to apply to new molecular systems.
Because of this, we feel that SARP adds significantly to the potential scope of
scattering experiments. Although thus far SARP has only been demonstrated in
simple diatomic molecules like H2, it can be applied to other, more complicated
molecules in the gas phase. This opens exciting possibilities in the field of
quantum-state-controlled reaction dynamics.
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