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Mode-selective excitation using ultrafast chirped laser pulses
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We propose a method to control population transfer and coherence in a multimode system using a transform-
limited pump and a linearly chirped Stokes pulse in stimulated Raman scattering. Simultaneously applied
pump and Stokes pulse are shown to induce the ac Stark shifts that result in nonadiabatic coupling of the
dressed states, through which the pulse chirp governs population distribution. The method may be applied to
selectively excite Raman transitions having the frequency difference less than the bandwidth of a transform-

limited pulse.
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Laser control of multimode dynamics is a topical and
challenging domain in the quantum control theory and ex-
periments. It has implementations in quantum computing,
mode-selective photochemistry, light manipulation, etc. The-
oretical and experimental approaches to coherent control of
state excitation are numerous and have been developed in
weak and strong fields. Spectroscopic experiments com-
monly use an adaptive learning technique [1,2], and span
from control of molecular dynamics in gases and liquids
[3-5], to control of the energy transfer and state population
in biological systems [6,7]. Other approaches are based on
the amplitude and phase modulation. A number of examples
includes control of vibrational dynamics in gaseous I, using
pulse chirp in femtosecond four-wave mixing spectroscopy
[8], selective excitation of Raman modes in CCl, and CHBr;
liquids using a pair of time-shifted, linearly chirped pulses
[9], selective excitation of the chain modes of polydiacety-
lenes implementing four-wave mixing spectroscopy with
varying the timing and phases of the femtosecond pulses
[10]. High spectral resolution of coherent anti-Stokes Raman
scattering (CARS) signals is achieved in [11] using chirped
pump pulse and stepping the delay between w, and w,. An
antisymmetric phase function is proposed in [12] to be used
in CARS to probe spectrally close Raman levels in mol-
ecules. Much attention has been devoted to methods of adia-
batic population transfer such as stimulated Raman Adiabatic
passage (STIRAP), to control population transfer between
specified quantum states [13,14], and Raman chirped adia-
batic passage, to climb vibrational ladders [15,16]. In [17],
an approach for the pulse amplitude modulation in stimu-
lated Raman spectroscopy is developed, that allows selective
excitation of different normal vibrational modes in mol-
ecules, having frequencies less than the bandwidth of an ex-
citing broadband pulse.

In this paper a general method is proposed for mode se-
lective excitation where the magnitude of transition frequen-
cies is not limited by the bandwidth of the exciting pulse. It
may be much larger than that, while the frequency difference
of normal vibrational modes may be not resolved by the
pulse bandwidth. The external field intensities used, are
about 10'>W/cm?. Normal mode selective excitation is
achieved by means of the two-photon Raman transition using
a transform-limited pump and a linearly chirped Stokes
pulse. According to the dressed state analysis, selective ex-
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citation occurs due to nonadiabatic interaction of the medium
with ultrafast intense laser pulses. It is caused by the ac Stark
shifts generated as a nonlinear response of a system on the
two-photon excitation, and can be controlled by the chirp of
the Stokes pulse.

The Raman model consists of the two uncoupled two-
level systems having slightly different frequencies, and inter-
acting with the pump and Stokes pulse, Fig. 1(a). The Stokes
pulse bandwidth at zero chirp is close to the difference be-
tween transition frequencies of the two-level systems, and
the effective Rabi frequency is larger than that. The Raman
model is compared to the one-photon model, Fig. 1(b),
where the two uncoupled two-level systems interact with a
single linearly chirped pulse. Obviously, in strong fields the
one-photon model demonstrates adiabatic population transfer
in the resonant and detuned two-level systems, giving no
selective excitation of spectrally close modes. The features
of the Raman and the one-photon model, resulting in such a
different quantum yield, are discussed explicitly to provide
understanding of the control mechanisms.

The parameters of the two-level systems are chosen to be
the same in both models. Transition frequency of the 1-2
two-level system is w,;, that of the 3—4 two-level system is
wy3, and the frequency difference is << w,;. Initially only
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FIG. 1. (Color online) Schematic picture of two models each
consisting of two, two-level systems having frequencies w,; and
wy3 and initial population of the lower levels 0.5. The uncoupled
transitions are driven by an off-resonant femtosecond pulse(s), (a) a
transform-limited pump and a linearly chirped Stokes pulse—the
Raman model, and (b) a linearly chirped pulse—the one-photon
model.
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ground states |1) and |3) of the two-level systems are evenly
populated.

In the Raman model an intense, transform-limited pump
pulse has central frequency o, and the duration 7. A linearly
chirped Stokes pulse has the central frequency w,, such that
w,—w;=w,y;. The pulses are defined as E,1)
=E(t)cos(w,t), E((t)=E(t)cos(wgi—Br*/2), where E (1)
=Egexp(-12/273) and E(f)=Eo\ 1/ Texp(-1>/27)are the
time-dependent pump and Stokes field envelopes, 7
=1\ 1+8'%/ 7‘01 is the chirp-dependent Stokes pulse duration,
B and B’ are the linear temporal and spectral chirps related
as B=p'7*/(1+B'%/7y). For zero chirp, the Stokes pulse
duration is 7. This specifies the maximum value of temporal
linear chirp Buu=1/(27]) and the value of related spectral
linear chirp Bl = 7% [18].

In the one-photon model a linearly chirped laser pulse has
the chirp-dependent pulse duration 7, the central frequency
w, and the linear temporal chirp 8 having spectral counter-
part 8'. The pulse is defined as E(f)=E,(t)cos(wt—B*/2),
where Ey(f)=Eq\1y/ Texp(—f*/27) is the pulse envelope.
The frequency w is equal to w,;.

To explore the dynamics of the two-level systems, we
have numerically solved the time-dependent Schrodinger
equation with the Hamiltonian that describes the interaction
of the two, two-level systems with an external electromag-
netic field(s). The Hamiltonian was derived in the field-
interaction representation, by adiabatically eliminating state
|p) and implementing the rotating wave approximation.
There is an important difference in the structure of the re-
lated Hamiltonians for the Raman model and the one-photon
model. The Hamiltonian that describes the 3—4 two-level
system in the Raman model reads Hi=Ad./2+(5(1)d,,
where &, are the Pauli matrices, A=Jd—pBr+Q(1), Q1)
=0,(1)-Q,(r) is the ac Stark shift difference, ()
= ,ainO(t) and Q,(r)=z>E2,(t) are the ac Stark shifts, Q5(z)
=°E (1) E(1) is the effective Rabi frequency, note, that the
peak effective Rabi frequency at zero chirp we define as (),
2=u?/4h2A, w is the dipole moment, A is the detuning
from the excited state [Fig. 1(a)], such that A> w,,, w,.

In the one-photon model the H3, differs from the expres-
sion above by (f) =0 and the coupling term, which is the
Rabi frequency Qg(t)=pEy(t)/h. Setting 6=0 in each Hs,
gives the Hamiltonians H,, that describe the 1-2 two-level
system. The crucial difference in the Hamiltonians for the
one-photon and the Raman model is )4(¢). It causes nona-
diabatic coupling between the dressed states, as we show in
this paper.

Diagonalization of the Hs, gives energy separation be-
tween the dressed states in the 3—4 two-level system, which
for the Raman model is Q(f)= \/(5— Br+Q4(1)2+4Q2%(1), and
for the one-photon model is Q(r)=/(5- ,8t)2+4Q§(t).
Dressed states dynamics is governed by the Hamiltonian
H,=-Q(1)6,/ 2+i0(1)é,, where O(r) is the nonadiabatic

coupling parameter. It is found that O(r) =[Aﬁ(t)
—AQ()]/9(1)?%, where Q(r)=05(¢) for the Raman model and

Q(1)=Qx(t) for the one-photon model.
Note, that the measure of the adiabaticity of a process

PHYSICAL REVIEW A 73, 033416 (2006)

1
0 50 100 150 t

FIG. 2. (Color online) The energy of the dressed states (black
solid and dashed), and the coupling parameter as a function of time
for the Raman model at Q3=0.7, 7,=15, B’'=270, (a) §=0.1, and
(b) 6=0.

may be provided by the Massey parameter M(¢) defined as a
ratio of the energy splitting of the dressed states )(7) to the

coupling parameter O(z) [19]. If M(r)> 1, the field-matter
interaction is essentially adiabatic, if M(7)<1, strong non-
adiabatic effects take place.

Let us discuss the parameters of the fields and the sys-
tems. They correlate with experimental conditions in [20].
These parameters result in nonadiabatic effects in the Raman
model and adiabatic population transfer in the one-photon
model. Transition frequency w,; is equal to one frequency
unit. All the frequency parameters are given in [w,;] units,
the temporal parameters are in [w, ] units, the 8’ is in [w)}]
units, and the A is in [w3,] units. Then w3 is equal to 1.1,
giving 6=0.1. These values are related to frequencies of
symmetric 2837 cm™' and asymmetric 2942 cm™! stretch
modes in liquid methanol [20]. The initial population of
states |1) and |3) is 0.5. In the Raman model the peak effec-
tive Rabi frequency and the ac Stark shifts at zero chirp are
equal to 0.7, indicating the strong field regime. Nonzero
chirp reduces (),(¢) and Q3(¢) by the factor of 7y/7 and
\s’m, respectively. This reduction is in accordance with the
total pulse energy conservation. Parameter 7, is equal to 15,
it gives the spectral bandwidth about the frequency differ-
ence O. The respective linear chirps are [3,,,,=0.002, and
,8’|BmaX=225.

We analyze the energy of the dressed states t%Q(r) and
the coupling parameter O(7) as a function of time. In Fig. 2
the dressed state energies (black solid and dashed) and the
coupling parameter (green) are shown for the Raman model
and parameters B'=270, 5=0.1 (a), and 6=0 (b). For par-
ticular times the energy separation of the dressed states €)(z)

decreases with a significant increase of the O(7) in both
cases, (a) and (b). As the result the Massey parameter de-
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FIG. 3. (Color online) The coherence |p;,| and |ps4| (solid) and
upper state population p,, and p,4 (dashed) as a function of linear
spectral chirp B’/ 7% for the Raman model at w,;=1., wy=1.1,
Q3=0.7, 7'0215.

creases to much less than unit, implying nonadiabatic nature
of field-matter interaction. The nonadiabatic coupling be-
tween the dressed states takes place owing to the ac Stark
shifts. In the vicinity of small energy separation of the
dressed states, the ac Stark shifts provide large values of the

O(r), giving rise to nonadiabatic coupling between the
dressed states. It is known that the dressed states are a linear
symmetric and antisymmetric combination of the bare states
[1) and |2) (or |3) and |4)). Nonadiabatic coupling between
the dressed states leads to population transfer from the lower
to upper dressed state resulting in the final population of both
bare states. It may be only partial depending on the coupling
strength. Nonadiabatic coupling and, consequently, the quan-
tum yield are determined by the value of the pulse chirp, the
effective Rabi frequency and the ac Stark shifts.
Nonadiabatic coupling gives rise to a spectacular depen-
dence of final population distribution and the coherence in
the two-level systems as a function of the spectral linear
chirp, shown in Fig. 3. Solid yellow and black curves show
the |p;,| and |ps4| respectively, dashed yellow and black
curves show upper state populations py, and py,. For B’/ 1'(2)
==+15, the coherence |p;,| drops to zero, because the p,, is
maximum, and the coherence |ps,| increases to 0.18, since
the pyy is equal to 0.08. Determined by this value of the S,
the duration of the pulse 7 is equal to 225. Variation of the
field amplitude leads to variation of the ac Stark shifts and
the effective Rabi frequency, resulting in different B’/720 that
gives the desired small |p,| and large |ps,|. In Fig. 4(a) a
contour plot of [p;,|=0.05 (yellow) and |ps4| =0.24 (black) is
shown as a function of the peak effective Rabi frequency (5
in the range from 0.1 to 4.1, corresponding to the field am-
plitudes 5.6 X 107-3.5X 10® V/cm, and ,8’/7% for 7,=15.
Oscillations of the coherence are observed for the whole
range of chosen parameters, indicating non-adiabatic nature
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FIG. 4. (Color online) (a) |p;2| =0.05 and |ps4| =0.24 (black) as
a function of the peak effective Rabi frequency ()5 and linear spec-
tral chirp B’/ 7 for y=15. (b) |p1,| =0.05 and |p34| =0.18 (black)
as a function of duration of a transform-limited pulse 7, and B’ for
03=0.7.

of the dynamics of the system. We explored the dependence
of the coherence of the two-level systems as a function of 7,
in the range from 5 to 30 and the linear chirp B’, see Fig.
4(b), where |p;,|=0.05 (yellow), |ps4|=0.18 (black), and
0;=0.7. Tt shows that mode selective excitation can be
achieved when the bandwidth of the nonchirped Stokes pulse
is broader than &. An opposite goal of the population and
coherence distribution can be reached by tuning the Stokes
pulse to provide w,—w,=w,3 and keeping the same value of
B'. These results suggest a method for achieving a desired
state coherence in a set of modes by applying simultaneously
a transform-limited pump and a linearly chirped Stokes pulse
with a specific chirp value. The method may be applied for
selective excitation of Raman active vibrational modes in,
e.g., molecular gas CO,, (Raman modes have transition fre-
quencies at 1227 and 1400 cm™'), or in liquid methanol,
(modes are given above).

The laser-matter interaction picture is qualitatively differ-
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FIG. 5. (Color online) The one-photon model with parameters
(1)2121., Wy3= 11, 520.1, QR(Z=0,ﬂ’=O)=O.7, 7'0215, and B’
=270. (a) The energy of the dressed states (black solid and dashed),
and the coupling parameter as a function of time. (b) The coherence

|12 and |ps4| and upper state population p,, and ps4 as a function
of linear spectral chirp.

ent in the one-photon model. The pulse intensity, used in
calculations, gives the same value of the peak Rabi fre-
quency as in the Raman model, e.g., 0.7. The 7, is equal to
15, and the frequency chirp B8’ is 270. The time dependence
of the dressed state energies and the coupling parameter are

PHYSICAL REVIEW A 73, 033416 (2006)

depicted in Fig. 5(a) for 6=0.1, (there is no a notable differ-

ence in the curves for 6=0). For all times the ©(7) is negli-
gibly small implying perfect adiabatic population transfer be-
tween the bare states in both two-level systems. In Fig. 5(b)
the final population and coherence of the two, two-level sys-
tems is depicted as a function of the B’/ 7%. Total population
transfer to upper levels is observed for all values of the chirp,
(except for the small ones, when B’/ 7-(2)$ 10). The difference
in the population transfer in two, two-level systems in the
region of small values of the linear spectral chirp is due to
detuning of the 3—4 two-level system off resonance with the
central laser frequency w.

In summary, we have shown that selective excitation of
spectrally close modes may be achieved by simultaneously
applying a transform-limited pump and a linearly chirped
Stokes pulse in stimulated Raman scattering. Selective exci-
tation is a result of nonadiabatic coupling of the dressed
states originated from the induced ac Stark shifts. An accu-
rately chosen value of the spectral chirp results in a desirable
final coherence in a multimode system created by the specific
population distribution. This method demonstrates the possi-
bility of coherent control over spectrally close modes with
frequencies much larger than the bandwidth of the pulse.
Notably, the effect takes place in strong fields implying suf-
ficiently large Rabi frequencies with respect to . The
method may be applied to control a wide variety of processes
such as induced polarization, decoherence, quantum gates,
etc.
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