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Coherent anti-Stokes Raman scattering (CARS) microscopy has been a major tool of investigation of biological
structures as it contains the vibrational signature of molecules. A quantum control method based on chirped
pulse adiabatic passage was recently proposed for selective excitation of a predetermined vibrational mode in
CARS microscopy [Malinovskaya and Malinovsky, Opt. Lett. 32, 707 (2007)]. The method utilizes the chirp sign
variation at the peak pulse amplitude and gives a robust adiabatic excitation of the desired vibrational mode. Using
this method, we investigate the impact of coupling between vibrational modes in molecules on controllability of
excitation of the CARS signal. We analyze two models of two coupled two-level systems (TLSs) having slightly
different transitional frequencies. The first model, featuring degenerate ground states of the TLSs, gives robust
adiabatic excitation and maximum coherence in the resonant TLS for positive value of the chirp. In the second
model, implying nondegenerate ground states in the TLSs, a population distribution is observed in both TLSs,
resulting in a lack of selectivity of excitation and low coherence. It is shown that the relative phase and coupling
between the TLSs play an important role in optimizing coherence in the desired vibrational mode and suppressing
unwanted transitions in CARS microscopy.
DOI: 10.1103/PhysRevA.81.063404
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I. INTRODUCTION

In the past decade, coherent anti-Stokes Raman scattering (CARS) has developed as a promising technique for
imaging of various biological species (e.g., living cells and
cancerous cells) and also for combustion diagnostics and
monitoring of molecules. The recent advances in shaping
of ultrafast femtosecond laser pulses [1] along with demonstration of different experimental and theoretical techniques
[2–14] of steering a system to the desired quantum yield
has made CARS a major tool of investigation of biological structures. Experimental configurations such as boxCARS [15], frequency modulation CARS (FM-CARS) [16],
backward direction (EPI-CARS) [17], heterodyne CARS
[18], polarization-CARS [19], Fourier-transform CARS (FTCARS) [20], and interferometric CARS [21] are among
the most promising ones. A major drawback of the CARS
technique is the nonresonant background signal. Implementation of the femtosecond pulses in combination with the
quantum control methods makes it possible to selectively drive
a predetermined Raman transition and effectively suppress
the background signal. It has been shown recently [22] that an
application of two femtosecond chirped laser pulses induces
adiabatic passage in a system, resulting in maximum coherence
in a selected vibrational mode and in turn providing an optimal
CARS signal. In this paper we analyze the impact of the coupling between Raman active vibrational modes on selectivity
of their excitation in CARS microscopy using the method proposed in [22]. We study two theoretical models demonstrating
control over the quantum yield and optimization of the CARS
signal. Each model consists of two effective two-level systems
(TLSs) with (a) degenerate ground states and (b) nondegenerate ground states, which interact with two chirped femtosecond
pulses within the Raman configuration in accordance with
[22]. The first model with degenerate lower states may be used
to describe the induced dipole moments coupled via dipoledipole interactions and subject to interaction with external
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electromagnetic fields [23], while second one with nondegenerate lower states is useful for the description of Raman modes
present in a molecule and interacting with light [12].
The nonlinear nature of CARS is due to four-wave mixing.
When the frequency difference between the pump and Stokes
beams is in resonance with a molecular vibration, it excites
the molecule to the higher vibrational level, creating a coherence of the corresponding transition. On de-excitation by the
probe pulse anti-Stokes frequency light is emitted. It contains
the vibrational signature of the molecule, which has a unique
nature. Thus, rich information can be extracted from the CARS
spectrum. By applying femtosecond chirped laser pulses as
in [22] within two models, and performing relative phase
dependence studies, we analyze the role of coupling between
vibrational modes as well as relative phase dependence on
optimizing the coherence in the desired vibrational mode and
suppressing the unwanted one. We would like to point out
that our results are related to the so-called strong-field control
regime in which perturbation theory with respect to the external
field amplitude is not valid and the exact solution of the
Schrödinger equation must be applied to describe excitation
dynamics correctly. Note also that only in the strong-field
regime can 50:50 coherent superposition of states be created
to generate the maximum CARS signal.
In Sec. II we present a general theoretical approach
for the description of TLSs interaction with the pump and
Stokes pulses within the Raman configuration. In Sec. III the
numerical results are presented for the degenerate model (III
A) and for the nondegenerate model (III B) obtained from the
solution of the time-dependent Schrödinger equation and the
dressed state analysis. In Sec. IV the results are summarized.
II. THEORY

We consider a semiclassical model of light-matter interaction, where strong femtosecond laser pulses interact with
two coupled TLSs representing two Raman-active vibrational
©2010 The American Physical Society

PATEL, MALINOVSKY, AND MALINOVSKAYA

PHYSICAL REVIEW A 81, 063404 (2010)

FIG. 1. (Color online) Schematic of the energy levels in the degenerate model (a) and nondegenerate model (b).

modes in a molecule. A molecular medium of interest may
be considered as an ensemble of TLSs [2,22], with no
relaxation or collisional dephasing effects taken into account.
We investigate two models: one with degenerate ground states
[Fig. 1(a)] and another with nondegenerate ground states
[Fig. 1(b)]. Here the |1 − |2 TLS has transition frequency
ω21 and the |3 − |4 TLS has transition frequency ω43 . These
two modes are coupled by an external field, meaning that all
states are effectively coupled. In addition, we take into account
the phase relation between different modes, assuming that
the relative phase between initially populated states |1 and
|3 is random in a large ensemble of molecules. Therefore,
most of the presented results are phase-averaged. Note that the
bandwidth of the applied pulses is larger than the frequency
mode difference. Our goal is to suppress coherence in the
|3 − |4 TLS and to create maximum coherence in the
|1 − |2 TLS. The maximum coherence is the condition for
the optimal CARS signal for given pulse intensity, according
to the Maxwell-Bloch equations. The frequency chirped pump

and Stokes pulses having central frequencies ωp and ωs are
defined as
Ep,s (t) = Ep0,s0 (t) cos[ωp,s (t − t0 ) + αp,s (t − t0 )2 /2],
E0
2
2
Ep0,s0 (t) = 
 4 1/4 exp[−(t − t0 ) /2τ ],
2
1 + αp,s
τ0

(1)

where Ep0 (t) and Es0 (t) are the time-dependent pump and

Stokes field envelopes, αp,s and αp,s
are the linear temporal and
spectral chirps
of
the
pump
and
Stokes
pulse, respectively, and
√
2
4
2
τp,s = τ0 1 + αp,s /τ0 is the chirp-dependent pulse duration.
For zero chirp, frequency difference ωp − ωs is in resonance
with the frequency ω21 , and the pump and Stokes pulse
duration before chirping is τ0 .
Interaction of vibrational modes with ultrafast chirped
laser pulses is described in the rotating wave approximation
by a semiclassical Hamiltonian obtained using adiabatic
elimination of the virtual state |b. Within the field interaction
representation the Hamiltonian for the degenerate model reads

⎛

⎞
−d(t) − d (t)
−3 (t)
−1 (t)
−3 (t)
⎜
⎟
−3 (t)
d(t) + d (t)
−3 (t)
−2 (t)
⎜
⎟
H =⎜
⎟.
⎝
⎠
−1 (t)
−3 (t)
−d(t) − d (t)
−3 (t)
−3 (t)
−2 (t)
−3 (t)
δ + d(t) + d (t)
The interaction Hamiltonian for the nondegenerate model reads
⎛
⎞
−d(t) − d (t)
−3 (t)
−1 (t)
−3 (t)
⎜
⎟
−3 (t)
d(t) + d (t)
−3 (t)
−2 (t)
⎜
⎟
H =⎜
⎟.
⎝
⎠
−1 (t)
−3 (t)
δ/2 − d(t) − d (t)
−3 (t)
−3 (t)
−2 (t)
−3 (t)
3δ/2 + d(t) + d (t)

Here d(t) = (αs − αp )(t − t0 )/2, d (t) = [1 (t) − 2 (t)]/2,
2
1,2 (t) = µ2 Ep0,s0
(t)/(4h̄2 ) are the ac Stark shifts originated from the two-photon transitions, µ ≡ µij is the
dipole moment (for simplicity we consider all the dipole
moments to be equal to 1 Debye),  is the single photon
detuning from the excited state |b (assumed equal for

(2)

(3)

both pump and Stokes pulse frequencies), and 3 (t) =
µ2 Ep0 (t)Es0 (t)/(4h̄2 ) is the effective Rabi frequency. The
diagonal elements of the Hamiltonian describe bare state
energies in the field interaction representation; they depend
on the chirp parameters αp,s and detunning δ = ω43 − ω21 .
The off-diagonal elements represent coupling of the bare
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states through the effective Rabi frequency and the ac Stark
shifts.
Here we consider the case when pump and Stokes chirp
rates have equal value, |αp | = |αs | = α. The control in the
TLSs is achieved by linearly chirped pulses with chirp
parameters such that the frequency difference of the pump and
Stokes pulses first reduces at a 2α rate and comes to resonance
with ω21 at the central time t0 without further change till the end
of the pulse. This method is known as the roof method [22]. In
the case of two uncoupled TLSs, studied in [22], the proposed
scheme resulted in the creation of maximum coherence in the
resonant TLS and zero coherence in the off-resonant TLS.
Now, the model is modified by switching on the coupling
between two TLSs via an external fields in order to analyze
the impact of the coupling on controllability of excitation and
also the attendant relative phase effects.

III. NUMERICAL RESULTS AND DISCUSSION

To analyze the dynamics of the population and coherence
we solve the time-dependent Schrödinger equation with the
Hamiltonians in Eqs. (2) and (3) for the total wave function
|(t) = 4i=1 ai (t)|i, where ai (t) are the time-dependent
probability amplitudes. Calculations were performed using
the Runge-Kutta method [24] under the initial conditions of
equally populated ground states, |1 and |3, which is likely to
be the case for molecules at room temperature. The population
of each state was chosen to be 0.5, giving the total population
in the system equal to unity and coherence value ranging
from zero to a maximum value of 0.5. In the following we
are using standard density matrix notation for the population
ρii = |ai (t)|2 and coherence ρij = |ai∗ (t)aj (t)|, i,j = 1,2,3,4.
The parameters of the fields and the systems used in numerical
calculations correlate with experimental conditions discussed
in [9,25] and also used in [11]. They are also an equally good
fit to address different vibrational modes of CHn molecular
species in biological samples [17]. We chose ω21 = 84.9 THz
(2840 cm−1 ) and ω43 = 87.6 THz (2930 cm−1 ). The range of
intensity of the laser fields is from 1011 to 1013 W/cm2 , and the
transform-limited pulse duration is τ0 = 176 fs. The spectral

= 31 × 10−5 cm−2 ,
chirps used in the calculations are αp,s
giving a chirped pulse duration τ = 1.8 ps.

Let us discuss phase averaging in detail to gain more
understanding of its importance in making a connection
with an experimentally measurable CARS signal. Phase is
embedded as the complex part in the probability amplitude
of the state. When states are coupled by external fields,
the relative phase between them just before the fields strike the
medium is of key importance since it determines the evolution
of the population and coherence in the TLSs. Obviously, the
quantum yield at the end of the pulse is phase dependent.
One can prepare a particular relative phase between initially
populated states by optical pumping [26] into state |1 and
creating a |1 − |3 state coherence using a Raman scheme.
Some values of the initial relative phase are known to bring
the system to an optimal quantum yield [27]. In the bulk gas
or liquid medium, molecules have all possible relative phases
between vibrational states at the instant when pulses strike the
molecular medium. The Raman signal measured form such
a macroscopic ensemble of molecules is phase-averaged. To
include this idea in our theoretical approach, we take into
account the effect of relative phase between initially populated
states by performing phase averaging. The procedure consists
of calculating state physical quantities at the end of the pulse
for 100 initial relative phases between initially populated states
|1 and |3 ranging from zero to 2π and averaging over the
results obtained.

A. Degenerate model

The coherence density plots of the resonant and detuned
systems are depicted in Fig. 2 as a function of effective pulse
area A = 3 (t)dt and dimensionless frequency chirp parameter α  /τ02 . The sign of the chirp parameter, α  , determines
the direction of the pump chirp before the central time when
the sign changes. The Stokes chirp is the linear chirp and
it has opposite sign to the pump chirp before the central
time. The transform-limited pulse duration is τ0 = 15[ω−1 ],
where ω is the unit frequency equal to ω21 . This value of
τ0 corresponds to 176 fs. The figure shows that there is a
broad parameter region providing maximum coherence ρ12
in the resonant TLS (shown in blue) for the positive chirp
values. In the off-resonant TLS, coherence is zero in the
same region of field parameters. Negative values of the chirp
parameter do not provide selective excitation of coherence in

FIG. 2. (Color online) Degenerate model: Density plot of averaged
coherence for the resonant (a) and
off-resonant (b) systems as a function of the effective pulse area, A,
and chirp parameter, α  /τ02 .
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FIG. 3. (Color online) Degenerate model: Relative phase dependence of population, ρii , and coherence, ρij , at final time for positive (a)
and negative (b) chirp of the Stokes pulse; 3 (t0 ) = 0.35[ω21 ] (respective effective pulse area A  2.95π ); |α  |/τ02 = 10.

the coupled TLSs. Note that the effective pulse area of 0.85π
(corresponding to the chirped pulse peak intensity in the range
of 1011 W/cm2 ) shows coherent control of the vibrational
excitations in molecules. This is a useful addition to previously
obtained results on selective excitation in a strong-field regime
when the field intensity ranges from 1012 to 1013 W/cm2 [22].
Thus, the chirped pulse adiabatic passage method—the roof
method—is feasible in achieving maximum coherence in a predetermined vibrational mode in the presence of strong coupling
between many Raman-active vibrational modes via external
fields.
Understanding the mechanism of selective excitation under
the condition of the coupling between vibrational modes is
gained through the analysis of the dressed state picture. We
refer in this case only to a particular value of the initial
relative phase. To do so, we first consider the dependence of
coherence and population on the initial relative phase between
the ground states |1 and |3 at the final time, which is shown in
Fig. 3. In the case of negative Stokes chirp [Fig. 3(b)], for most
values of the relative phase between 0 to 2π , there is a strong
coherence in the resonant TLS, while there is zero coherence
in the nonresonant TLS. The relative phase π can be inferred
as the one creating the dark state, as the coherences ρ12 and
ρ34 both go to zero and the entire population is collected in the
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ground states of TLSs, meaning that the TLSs stay uncoupled
from the external fields. In the case of positive Stokes chirp
[Fig. 3(a)], both coherences ρ12 and ρ34 have some value
and the relative phase dependence is almost symmetrical with
respect to phase π , so that averaging over the phase gives
almost zero, as shown in Fig. 2 [see the left side of plots (a)
and (b)]. The asymmetry in the coherence value at the final
time with respect to the chirping direction (positive or negative)
might be clearly observed by using the dressed states. As usual,
the dressed states can be obtained by diagonalizing the 4 ×
4 Hamiltonians [Eq. (2) or (3)] by solving the corresponding
eigenvalue problem. In the present situation, the expressions
for the dressed state energies and corresponding dressed
vectors are too complicated to be presented in a compact form
here. In general, each dressed state is a linear superposition
of all four bare states, |i, with coefficients depending on the
Rabi frequency, detuning, and pulse chirps. The energies of
the dressed states are shown in Fig. 4.
Within the adiabatic approximation, the system dynamics
starts in dressed state I and III, which initially correlates with
the bare states |1 and |3, correspondingly, independently
from the chirping direction. Consider first positive Stokes
chirp [Fig. 4(a)]. As time evolves and the pulse intensity
increases, dressed state III reaches the region of avoiding
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FIG. 4. (Color online) Degenerate model: Dressed state energies (solid lines) and bare state energies (dashed lines) as a function of time
for the positive (a) and negative (b) Stokes chirp; 3 (t0 ) = 0.35 (respective effective pulse area A  2.95π ); |α  |/τ02 = 10.
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FIG. 5. (Color online) Degenerate model: Coherences and state populations as a function of time for the positive (a) and negative (b) Stokes
chirp; 3 (t0 ) = 0.35[ω21 ] (respective effective pulse area A  2.95π ); |α  |/τ02 = 10.

crossing with dressed state IV, followed immediately after that
by diabatic crossing with state I. It is clear that in the adiabatic
approximation t dressed state III correlates with state |4 at
the final time and will provide population transfer to this bare
state. Dressed state I has several diabatic crossings with states
III and IV and it correlates with state |1 at a later time. In fact,
dressed states I, II, and IV coincide in energy at a later time;
therefore (if we follow this route), the system will end up in
a coherent superposition of all three bare states, |1,|2, and
|3, at the final time. The population of the state |3 at the final
time depends strongly on the adiabaticity of the first avoided
crossing between the dressed states III and IV: The higher the
adiabaticity parameter the less population will be in state |3
at the end.
For negative Stokes chirp [Fig. 4(b)], the dressed state
energies are much different. Now, dressed state I effectively
has only one avoided crossing at a central time and it is
located far below all the other dressed states. In the adiabatic
approximation the wave function dynamics of states 1 and |2
is very close to the case of the two-level system considered
in [22]. This is the most robust solution, which is supported
by the results presented in Fig. 2 [see the right side of panel
(a)], where maximum coherence in the resonant mode can be
prepared over a wide range of the chirp rate and pulse area.

Of course, averaging over the relative phase reduces the
maximum value of the coherence.
Figure 5 shows the dynamics of the state population and
coherence as a function of time for zero initial relative phase
between states |1 and |3. In essence, this figure confirms
the discussion of the dressed state analysis presented here.
For positive Stokes chirp [Fig. 5(a)], the population is mostly
transferred to state |4 due to adiabatic following in dressed
state III, which correlates with the bare state |4 [Fig. 3(a)].
At the final time the coherences ρ12 and ρ34 are of order 0.05.
For negative Stokes chirp [Fig. 5(b)], population dynamics
follows the dressed state picture presented in Fig. 3(a). At
the final time state |4 is empty and the whole population
is almost equally distributed among states |1, |2, and |3,
which gives maximum coherence for the resonant mode
(ρ12 ≈ 0.33). The result additionally demonstrates a good
correlation between the dressed state picture and the exact
solution, showing that by preparing a molecular system
in an initial state with a particular relative phase between
vibrational modes we can achieve a high value of coherence
for the resonant mode and zero excitation in the off-resonant
mode.
From this discussion it follows that there is a near-adiabatic
solution for achieving maximum coherence in a predetermined

FIG. 6. (Color online) Nondegenerate model: Density plot of averaged coherence for the resonant
(a) and off-resonant (b) systems as
a function of the effective pulse area,
A, and chirp parameter, α  /τ02 .
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FIG. 7. (Color online) Nondegenerate model: Relative phase dependence of population, ρii , and coherence, ρij , at final time for positive
(a) and negative (b) chirp of the Stokes pulse; 3 (t0 ) = 0.7[ω21 ] (respective effective pulse area A  5.9π ); |α  |/τ02 = 10.

TLS in the presence of its coupling with another TLS via
external fields. This solution may be achieved in a relatively
strong field regime. The results demonstrate that coherence in
both modes is sensitive to the initial relative phase between
originally populated states and to the field parameters such as
intensity and the chirp sign.
B. Nondegenrate model

In this section we discuss the nondegenerate model in which
the ground states |1 and |3 are shifted by δ/2 [Fig. 1(b)]. The
dynamics of the system is governed by the time-dependent
Schrödinger equation with the Hamiltonian in Eq. (3).
Figure 6 shows the density plots of phase-averaged coherence
ρ12 and ρ34 as a function of the chirp parameter and effective
pulse area. The range of the effective pulse area corresponds
to the peak intensity of a transform-limited pulse in the range
of 32 × 1011 to 32 × 1012 W/cm2 . The chirp parameter spans
α  /τ02 = ±20, corresponding to ±62 × 10−5 cm−2 .
Here, essentially for both coherences ρ12 and ρ34 , the region
of positive chirp (of the pump pulse before the central time)
shows zero value in strong fields, where one could expect
adiabatic solution. However, there is a relatively large area
of the moderate chirp rates which provides ρ12 coherence
of order 0.15 [green area in Fig. 6(a), left side] while ρ34

is almost zero [Fig. 6(b), left side]. In the negative chirp
region the topology of the coherence density plots are almost
identical, meaning that there is no selectivity of the mode
excitation.
It is clear that there is a dependence of the coherence on the
initial relative phase between states and that a specific relative
phase may provide the time evolution leading to maximum
coherence in the |1 − |2 TLS and zero coherence in the
|3 − |4 TLS. The phase dependence of ρ12 and ρ34 at the
final time is demonstrated in Fig. 7. Notably, coherence ρ12 is
nonzero and significant while coherence ρ34 is negligible for
any relative initial phase in the case of negative Stokes chirp
[Fig. 7(b)]. The positive Stokes chirp case shows relatively
high values of the ρ34 coherence while ρ12 is very small
[Fig. 7(a)].
Let us discuss the case of zero relative phase in more
detail. Figure 8 presents the density plots of ρ12 and ρ34
as a function of effective pulse area and the spectral chirp
parameter when the initial relative phase is zero. Note that
the field conditions are the same as in Fig. 6. Blue regions of
maximum coherence ρ12 and red regions of zero coherence
ρ34 are observed for both positive and negative chirp. It is
interesting that the selectivity of excitation of TLSs resulting
in optimal values of coherence is achieved for zero relative

FIG. 8. (Color online) Nondegenerate model: Density plot of coherence for the resonant (a) and offresonant (b) systems as a function of
the effective pulse area, A, and chirp
parameter, α  /τ02 , for zero initial relative phase between states |1 and |3.
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phase in a relatively weak field regime (0.85π pulse area). This
is an important observation that highlights the coupling as an
additional channel of controllability. In [22], where a model
of two uncoupled TLSs was investigated, it was demonstrated
that no selectivity can be achieved in the weak-field regime.
However, when coupling between TLSs is present, it opens
an additional channel for population transfer and, depending
on the initial phase conditions, leads to the desired selective
excitation with optimal values of coherences ρ12 and ρ34 in the
moderate fields.
To see the adiabatic effects of light-matter interaction
within the current model, we analyzed the dressed state
picture. We numerically diagonalized the Hamiltonian in
Eq. (3) and obtained the time-dependent energy of the dressed
states and eigenvectors. The diagonalization was carried out
under the conditions that (a) the ac Stark shifts are equal,
1 (t) = 2 (t), due to identical pulse envelopes of the pump
and Stokes pulses, and (b) the chirp parameter αp changes
sign at the central time, t0 , while the absolute value of the
pump and Stokes pulse chirps is preserved. Figure 9 shows
the dressed state energies (solid lines) and the bare states
energies (dashed lines) as a function of time.
For the case of positive Stokes chirp three dressed states are
involved in the time evolution of the system: dressed states I,
III, and IV. Initially, dressed states I and III are populated by
an initial population of bare states |1 and |3. As time evolves,
dressed states I and IV approach, avoiding crossing, followed
by the avoided crossing between states I and III. These two
avoided crossings are not really separated in time, and most
probably they cannot be treated independently. This complex
situation results in essentially nonadiabatic population transfer
among dressed states I, III, and IV. In turn, populations and
coherences in the bare state basis show no sign of adiabatic
control. However, there are areas of the parameters [blue area
in Fig. 8(b), left side] where ρ34 = 0.5, which means that the
whole population is now distributed between states |3 and
|4. In the dressed state these regions correspond to the case
when only two dressed states I and III are populated, and the
first avoided crossing between I and IV is adiabatic; at later
time state I correlates with bare state |3 while dressed state
III correlates with bare state |4.
In the case of negative Stokes chirp [Fig. 9(b)], the dressed
state picture looks much better for realizing adiabatic control
at least of the resonant mode. Here dressed states I, II, and
III are involved in the system dynamics and dressed state I

is well separated from all other states. However, there is the
avoided crossing between states III and II which effectively
involves bare state |3 in evolution. In fact, the oscillations
in the coherence ρ12 at the final time [Fig. 8(a), left side] as
a function of the effective pulse area at the fixed chirp rate
demonstrate the importance of the dynamical phase, meaning
that several dressed states provide a contribution to the bare
state populations; in this case they are the states I, II, and
III. Note that at some values of the effective pulse area the
population is only in states |1 and |2, which provide ρ12 =
0.5 at the fixed relative phase.
IV. CONCLUSION

We investigated the impact of the coupling between
Raman-active vibrational modes on the controllability of their
excitation. We also analyzed a possibility for optimizing the
CARS signal in the case of coupled Raman-active vibrational
modes for enhanced imaging. The use of a chirped pump and
Stokes laser pulses in CARS allows one to achieve selective
excitation in a predetermined vibrational mode, within which
many of these excitations have close transitional frequencies.
A theory developed in this paper implements the roof method
[22] to a system of two coupled TLSs and gives us a broader
essence of the method implementation in the laboratory. The
use of femtosecond chirped laser pulses with chirp sign
variation at a central time provides adiabatic or near-adiabatic
passage in two coupled TLSs, leading to significant coherence
in the resonant TLS and zero coherence in nonresonant TLS
in the presence of coupling between them via external electric
fields. The results show that by applying the roof method
one can stay in the low-intensity regime and gain coherent
control over the system. The positive chirp is desirable for
the excitation in the resonant TLS for the degenerate model.
Also, single-phase calculations support this idea for optimizing
coherence among the states of interest. For the nondegenerate
model, the phase-averaged solution gives population transfer
among all states in TLSs. Near-adiabatic passage resulting in
substantial coherence in the resonant mode is observed for a
single, fixed phase between initially populated states in the
coupled TLSs. The analysis of dressed states supports this
conclusion by showing an optimal population transfer between
the ground and excited states in the resonant TLS, which
is a desirable condition to have a high value of coherence.
Thus, the roof method can be used for noninvasive imaging
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of biological specimens in the presence of coupling between
vibrational modes and can be an efficient tool to suppress the
contribution of the nonresonant background and, thus, improve
the selectivity and chemical sensitivity of the CARS signals.
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