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Multiphoton transition probability can be manipulated by tailoring the ultrashort laser pulses. In this paper,
we theoretically and experimentally investigate the influence of the absorption bandwidth and line shape on the
coherent control of two-photon transitions in two-level system by manipulating the femtosecond laser pulse
with the � spectral phase step. A coherent feature with a coherent peak and two coherent dips can be achieved
if the absorption bandwidth is less than twice of the laser spectral bandwidth. The absorption bandwidth
decides the coherent peak or dip intensity, and the absorption line shape affects the symmetry of the two
coherent dips.
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Coherent control strategies by tailoring ultrashort laser
pulses are tremendously successful to manipulate the physi-
cal and chemical processes and properties. With the develop-
ment in femtosecond pulse-shaping technique, it is possible
to obtain such a pulse with almost arbitrary temporal distri-
bution by manipulating the spectral phase and/or amplitude
in frequency domain �1–3�. For a simple quantum system,
the predesigned pulse is easy to meet the experimental re-
quirement �4–15�. For the complex case, the optimal feed-
back control based on learning algorithm is a rather perfect
method to optimize the light field without any prior knowl-
edge about the quantum system and achieve the desired out-
comes �16–24�. So far, the coherent control by shaping fem-
tosecond laser pulses has been widely applied in nonlinear
optics, chemical reaction, material processing and quantum
computing, and these various experiments are realized by
open-loop or closed-loop schemes.

Two-photon transitions are a third-order nonlinear physi-
cal process, where two photons are simultaneously absorbed
to excite a quantum system. For the broadband laser pulses,
the two-photon transitions can occur in all frequency com-
ponents of the laser pulses as long as the sum of the two-
photon energies is equal to the energy difference between the
excited state and the ground state. In previous study, it was
indicated that the two or multiple-photon transition probabil-
ity of the Rydberg atoms could be manipulated based on the
two-photon Rabi oscillations with the microwave field
�25,26�. Recently, the coherent control based on femtosecond
pulse-shaping technique has been widely employed to ma-
nipulate the two-photon transitions by the quantum interfer-
ence between these distinct competing routes and finally af-
fect the total two-photon transition probability. The use of
femtosecond laser pulses with the simple spectral phase pat-
tern of sine, cosine, chirp or step-function shape to control
the two-photon transitions has been reported �4–9�. Further-
more, the optimal feedback control based on learning algo-
rithm has also been utilized to maximize the two-photon
transitions �15–17�.

The femtosecond laser pulses with the � spectral phase
step are usually used to control two-photon transitions

�5,6,9�, and as well as may provide a feasible tool to inves-
tigate the coherence role in two-photon transitions. Silber-
berg et al. has demonstrated that, when the � phase step
position is at the laser center frequency �i.e., the spectral
phase structure is antisymmetric�, two-photon transition
probability in two-level atomic system with the very narrow
absorption band �the narrow band limit� can be almost recon-
structed as that for the transform limited pulses, but this co-
herent feature in molecular system with very broad absorp-
tion band �the broad band limit� will cancel out �5�.
However, what and how to affect the coherence of two-
photon transitions with the broad absorption band, are still
not known by now. In this paper, we theoretically and ex-
perimentally study the influence of the absorption band on
the coherent control of two-photon transitions in the two-
level system by manipulating femtosecond pulses with the �
spectral phase step, including of the absorption bandwidth
and line shape. A coherent feature with a coherent peak and
two coherent dips can be observed if the absorption band-
width is less than twice of laser spectral bandwidth, and the
dependence of the coherent feature on the absorption band-
width and line shape will be detailedly discussed and ana-
lyzed in the context.

The two-photon resonant interaction of a laser field E�t�
with a two-level system is shown in Fig. 1�a�, here �gi� and
�f i� represent the ground and excited states, respectively. As-
suming that the population is initially in the ground state and
the femtosecond excitation laser pulse is much shorter than
the lifetime of the excited state, and the two-photon transi-
tion probability in the two-level system induced by ultrashort
laser pulse can be approximated by �5�

S2 = �
−�

�
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−�

�
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= �
−�
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where E���=A���exp�i����� is the Fourier transform of
E�t�, G��a� represents the distribution of the absorption
band, and �a is the transition frequency from the ground
state to the excited state. As can be seen from the above-
mentioned equation, the two-photon transitions can occur in*Corresponding author; zrsun@phy.ecnu.edu.cn
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all pairs of the photons with the frequencies � and �a-�
�� and �a-� lie within the laser spectrum�, and the S2 is
proportional to the sum of all individual transitions. For a
given energy and power spectrum, it can be verified that, S2
is the maximum for the transform limited pulse ����
=���a-��=0, and will be reduced but not be enhanced for
the other shaped pulse. The manipulation of S2 has been
widely investigated by the spectral phase modulation or
closed-loop optimization �5–9,15–17�. In this paper, we fo-
cus on investigating the influence of the absorption band
G��a� on S2 by manipulating femtosecond laser pulses with
the � spectral phase step, including of the absorption band-
width and lineshape, and the simple spectral phase modula-
tion is shown in Fig. 1�b�.

Considering the simple and common absorption band
with the Gaussian shape, i.e., G��a�=A0 exp�−2��a
−�0�2 /��2�, where �0 is the absorption central frequency
and �� represents the absorption bandwidth. Assuming that
the absorption central frequency is 25 000 cm−1 and the la-
ser central frequency is 12 500 cm−1 with the bandwidth
�full width at half maximum �FWHM�� of 500 cm−1. We
first demonstrate the influence of the absorption bandwidth
on two-photon transitions pumped by the femtosecond pulses
with the � spectral phase step, and the calculated results are
shown in Fig. 2 for the absorption bandwidth of 10 cm−1

�solid line�, 300 cm−1 �dashed line� and 1000 cm−1 �dotted
line�. These results are normalized by the transform limited
pulse excitation. As can be seen from Fig. 2, the two-photon
transition probability is almost eliminated at the � phase step
position of about 12 375 cm−1 and 12 625 cm−1 and recon-
structed as that for the transform limited pulse at the � phase
step position of 12 500 cm−1 for the very narrow absorption
band �solid line�, but this coherent feature will vanish for the
very broad absorption band �dotted line�. The disappearance
of the coherent feature depends not only on the absorption
bandwidth but also on the laser spectral bandwidth. If the
absorption bandwidth is more than twice of the laser spectral
bandwidth, the coherent feature will cancel out. The intensi-

ties of the coherent peak �solid line� and dip �dashed line� as
function of the absorption bandwidth are shown in the inset
of Fig. 2. The coherent peak shows a slow decrease process
but the coherent dip shows a slow increase process with an
increase of the absorption bandwidth, and finally both will
approach to a constant.

For the symmetric Gaussian absorption line shape, the
two coherent dips show the symmetry with the longitudinal
axis at the coherent peak �as shown in Fig. 2�. However, this
symmetry will be destroyed for the asymmetrical absorption
line shape �as shown in Fig. 3�. The left dip is lower than the
right one �solid line� for the absorption line shape with the
distribution of the red components �the low frequency com-
ponents� more intense than the blue components �the high

|gi>

|fi>

�

12.0 12.5 13.0

0

1

2

3

4

3 cm-1)

In
te
ns
ity
(a
rb
.u
ni
ts
)

0

1

2

3

P
hase

(rad )

(b)(a)

FIG. 1. �a� The schematic energy-level diagram of two-photon
transitions in two-level system, the population is initially in the
ground state. �b� The schematic diagram of a � spectral phase step
applied on the femtosecond laser spectrum.
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FIG. 2. The calculated results of two-photon transitions in two-
level system for Gaussian absorption with bandwidth of 10 cm−1

�solid line�, 300 cm−1 �dashed line� and 1000 cm−1 �dotted line�.
Inset shows the coherent peak �solid line� and dip �dashed line�
intensities as the function of the absorption bandwidth.
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FIG. 3. The calculated results of two-photon transitions in two-
level system with asymmetrical absorption line shape of the red
frequency components more intense than the blue components
�solid line� and the blue frequency components more intense than
the red components �dotted line�.
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frequency components�, and the right dip is lower than the
left one �dotted line� for the absorption line shape with the
distribution of the blue components more intense than the red
components. Moreover, the intensity ratio between the two
coherent dips depends on the asymmetrical degree of the
absorption line shape, and the greater asymmetry results in
the larger intensity ratio.

In order to validate the influence of the absorption band-
width and line shape on the coherent control of two-photon
transitions with the � spectral phase step, we perform the
experiment in Er-doped glass and Rhodamine B with differ-
ent absorption bandwidth and line shape �as shown in inset
of Figs. 4�a� and 4�b��. The absorption band for Er-doped
glass has the shape with the blue components more intense
than the red components and the bandwidth �FWHM� of
about 26 nm. However, the absorption band for Rhodamine
B has the shape with the red components more intense than
the blue components and the bandwidth �FWHM� of about
53 nm. In our experiment, a mode-locked Ti:sapphire ampli-

fier is tuned to output about 50 fs laser pulses with the center
wavelength at 795 nm and the spectral bandwidth �FWHM�
of about 32 nm. The programmable 4 f pulse shaper is com-
posed of a pair of diffraction grating of 1200 lines/mm and a
pair of concave mirror with 200 mm focal length. A program-
mable one-dimensional liquid-crystal spatial light modulator
�SLM-256, CRI� is placed at the Fourier plane of the shaper
and used as an updatable filter for the � spectral phase step.
The two-photon transitions are directly detected through
measuring the two-photon fluorescence �TPF� signal by a
photomultiplier �PMT� and lock-in amplifier.

The temporal electric filed of the �-step modulated pulse
is double half-pulse structure. In the experiment, we apply
appropriate voltages on the SLM to induce a spectral phase
step in the laser spectrum, and the intensity profile of the
shaped pulse is measured by cross correlating with an un-
shaped reference pulse. If the two subpulses have same in-
tensity, it indicates that the output pulse is modulated by the
� spectral phase step. The TPF signal of Er-doped glass and
Rhodamine B as function of the � spectral phase step are
measured and shown in Fig. 4, together with the theoretical
calculation according to their corresponding absorption spec-
tra. The absorption bandwidth of Rhodamine B is larger than
that of Er-doped glass, so the coherent peak for Rhodamine
B is lower than that for Er-doped glass. Moreover, due to the
asymmetrical absorption band, the left coherent dip is lower
than the right one for Er-doped glass and the right coherent
dip is lower than the left one for Rhodamine B. It is obvious
that the experimental results are excellent agreement with
theoretical calculation. Furthermore, in Silberberg’s experi-
ment �5�, the coherent feature in Coumarin 6H is not ob-
served, and the reason is that its molecular absorption band-
width of 56 nm is much more than twice of the laser spectral
bandwidth of 14 nm. Therefore, it is crucial to select a suit-
able laser spectral bandwidth in order to achieve the coherent
feature of two-photon transitions by the � spectral phase
step.

In summary, we have demonstrated the effects of the ab-
sorption bandwidth and lineshape on the coherent control of
two-photon transitions in two-level system pumped by the
femtosecond pulses with the � spectral phase step. The the-
oretical calculation indicates that, a coherent feature with a
coherent peak and two coherent dips can be obtained when
the absorption bandwidth is within twice of the laser spectral
bandwidth, and the coherent peak or dip intensity depends on
the absorption bandwidth and the symmetry of the two co-
herent dips is correlated with the absorption line shape. Fi-
nally, the theoretical results are experimentally confirmed in
Er-doped glass and Rhodamine B systems with different ab-
sorption bandwidth and line shape.
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FIG. 4. The experimental �square� and theoretical �solid� results
for two-photon transitions in the Er-doped glass �a� and Rhodamine
B �b� pumped by the femtosecond pulses with the � spectral phase
step.
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