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Coherent enhancement in two-photon fluorescence in molecular system
induced by phase-jump modulated pulse
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Coherent control of two-photon fluorescence (TPF) of 2’,7'-dichlorofluorescein in methanol
solution was experimentally investigated by shaping the femtosecond pulse with the phase jump.
The experimental results indicated that the TPF intensity induced by the shaped femtosecond pulses
with certain phase jump could be coherently enhanced. The physical mechanisms for TPF
enhancement in the molecular system were explicitly discussed and analyzed, which could be
attributed to the wave-packet constructive interference in the excited states. Finally, two
phase-locked femtosecond pulses were used to explore the wave-packet constructive interference in
the excited states of 2’,7’-dichlorofluorescein, which validate experimentally the proposed
mechanism. © 2010 American Institute of Physics. [doi:10.1063/1.3327843]

I. INTRODUCTION

Quantum coherent control by shaping ultrashort laser
pulses has attracted considerable attention for its ability to
guide a quantum system to the target states or photoproducts
with the light-matter interaction. As a typical nonlinear opti-
cal effect, the coherent control of the two-photon process has
been widely investigated in theory and experiment.l*14 Re-
cently, the coherent enhancement in two-photon fluorescence
(TPF) in the large molecular system by shaping the femto-
second laser pulses has attracted great interests.'%"? Lee er
al."® have reported the TPF enhancement in DCM in metha-
nol solution by feedback control based on evolutionary algo-
rithm. The spectral structure of the optimized pulse was
found to have negative chirp, and it was proposed that the
TPF enhancement was attributed to the wave-packet local-
ization in the excited states. Wada and co-workers'' ™ have
achieved the TPF enhancement in a-perylene crystals and
perylene in chloroform solution by feedback control based
on genetic algorithm. It was found that the optimized pulses
were the pulse trains with an alternately reversing pulse re-
lation, and the TPF enhancement was attributed to the in-
tramolecular dynamical processes.

The previous study has demonstrated that, for various
pulse shapes, the physical control mechanism for the TPF
enhancement in the molecular system may be different. In
this paper, we experimentally investigated the coherent con-
trol of the TPF of 2’,7’-dichlorofluorecein in methanol so-
lution by shaping the femtosecond pulses with the spectral
phase jump. It was found that the TPF intensity induced by
the shaped femtosecond pulses with certain spectral phase
jump could be obviously enhanced. The possible mecha-
nisms for the TPF enhancement in the molecular system
were put forward and explicitly discussed in the context, and
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the wave-packet constructive interference in the excited
states was considered as an essential contribution to the TPF
enhancement in our experiment. Finally, phase-locked fem-
tosecond pulses by the phase-locked loop technique were
used to validate experimentally the proposed mechanism.

Il. EXPERIMENT

The experimental arrangement was schematically shown
in Fig. 1(a). A mode-locked Ti: sapphire regenerative ampli-
fier (Spitfire, Spectra-physics) was used as the excitation
source with the pulse width of about 50 fs, the center wave-
length of 800 nm, and the repetition rate of 1 kHz. The
output pulses were shaped by a programmable 4f configura-
tion zero-dispersion pulse shaper, which was composed of a
pair of diffraction gratings with 1200 lines/mm and a pair of
concave mirror with focal length of 200 mm. An one-
dimensional liquid-crystal spatial light modulator (SLM)
(256, CRI) was placed at the Fourier plane of the pulse
shaper and used as the updatable filter for the spectral am-
plitude and phase modulation. The output shaped pulses was
focused into a 10 mm sample cell full of the
2’ ,7'-dichlorofluorescein solution with a lens of 600 mm
focal length, and the laser intensity at the focus was esti-
mated to be ~1.3X 10" W/cm?. The TPF signal was de-
tected by spectrometer with charge-coupled device, and a
computer was used for recording the TPF signal and updat-
ing the SLM.

In our experiment, the 2’,7’-dichlorofluorescein dis-
solved in methanol solution with the concentration of 1
X 10~* mol/1 was used, and its UV-visible absorption and
TPF spectra are shown in Fig. 1(b). The maximum of the
absorption band is at 499 nm and its bandwidth [full width at
half maximum (FWHM)] is about 31 nm. The maximum of
the TPF signal corresponds to 526 nm and its bandwidth
(FWHM) is about 54 nm. Figure 1(c) shows the schematic
energy-level diagram of two-photon absorption (TPA) in the
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FIG. 1. (a) The Schematic diagram of the experimental arrangement. Inset
shows the schematic diagram of the spectral phase jump (the modulation
depth @ and phase step 6) applied on the femtosecond pulse spectrum. (b)
The normalized absorption (dashed line) and TPF (solid line) spectra of
2',7'-dichlorofluorescein in methanol solution. (c) The schematic energy-
level diagram of TPA in the two-level molecular system.

two-level molecular system. The TPA can occur for all pairs
of the photons which satisfy the condition w;+ w,=w, here
w, represents the absorption transition frequency, and both
w; and w, are within the femtosecond pulse bandwidth.

lll. RESULTS AND DISCUSSION

In the experiment, we used the spectral phase jump (in-
cluding of the modulation depth « and phase step 6) to ma-
nipulate the TPF intensity of the 2’,7'-dichlorofluorescein
solution, and the spectral phase modulation is shown in the
inset of Fig. 1(a). The phase jump modulation means that the
spectral phase is set to zero for all frequencies smaller than
the phase step position 6 and to the modulation depth « for
all frequencies larger than the phase step position 8. The
temporal electric field for the phase jump modulated pulses
is a double subpulse structure, the intensity ratio between the
two subpulses is controlled by the modulation depth «, and
their pulse interval depends on the phase step & (as shown in
Fig. 2). The two subpulses have same intensity for a=(2m
+1)m (m=0,1,2...), and their maximal pulse interval is
achieved at the laser central frequency.

Figure 3(a) shows the TPF intensity of the
2", 7'-dichlorofluorescein solution as the function of the
modulation depth @ for §=12 500 cm~!. As can be seen, the
TPF intensity is periodically modulated and enhanced around
a=2m+1.5)7 (m=0,1,2...). The TPF spectra induced by
the transform limited pulses (solid line) and the shaped
pulses with a=1.57 and 6=12 500 cm™' (dashed line) are
shown in Fig. 3(b). It can be found that, comparing with the
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FIG. 2. The temporal laser field obtained by inverse Fourier transform of the
shaped spectrum for a=7 with 6=12 400, 12 500, and 12 700 cm™! (a),
and 6=12 500 cm™! with @=0.57, , and 1.57 (b).

transform limited pulses, the TPF intensity induced by the
shaped pulses can be enhanced by about 16%. It should be
noted that the transform limited pulses should achieve maxi-
mal excitation efficiency for the nonresonant two-photon ex-
citation process.2 However, our experimental observation im-
plies that the molecular event driven by the coherent
interaction with the shaped pulses should play a crucial role
for the TPF enhancement.

Generally, two possible mechanisms for the TPF en-
hancement in the molecular system can be summarized. One
is the increase in two-photon excitation efficiency, such as
the higher-order nonlinear optical effect in the strong field
and the intramolecular vibrational process.n’13 The other is
the wave-packet dynamical process in the excited states,
such as wave-packet localization and wave-packet construc-
tive interference.'”™"*

To demonstrate the TPF enhancement is not attributed to
the high pulse intensity effect. The laser intensity depen-
dence of the TPF intensity was measured. The log-log plot of
the TPF intensity versus the laser intensity for the shaped
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FIG. 3. (a) The TPF intensity as the function of the modulation depth « for
6=12500 cm™. (b) The TPF spectra of 2',7’-dichlorofluorescein in metha-
nol solution excited by the transform limited pulses (solid line) and the
shaped pulses with a=1.57r and §=12 500 cm™! (dashed line).

pulses with a=1.57 and §=12 500 cm™! is shown in Fig. 4,
here the solid line is the result of the linear fitting and its
slope is about 2.0. So, it should be attributed to the two-
photon process, and the higher order nonlinear optical effect
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FIG. 4. The log-log plot of the TPF intensity of 2’,7’-dichlorofluorescein in
methanol solution vs the laser intensity of the shaped pulse with a=1.57
and =12 500 cm™.
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FIG. 5. (a) The theoretical model for the wave-packet dynamical process
induced by the shaped pulses with two subpulses. (b) The TPF intensity of
2',7'-dichlorofluorescein in methanol solution as the function of the phase
step & for a=0.57 (squares), 7 (circles), and 1.5 (triangles), respectively.

can be excluded in our measured laser intensity region
(~1.3x10"" W/cm?). In previous report about the TPF en-
hancement in a-perylene crystal and perylene in chloroform
solution induced by the shaped femtosecond pulse
sequences,“_13 the physical control mechanism was attrib-
uted to the intramolecular vibrational process with an in-
crease in the two-photon excitation efficiency. However, our
experimental observation cannot be explained by the above-
mentioned mechanism, and the TPF enhancement should be
attributed to the wave-packet dynamical process in the ex-
cited states. A negative chirp results in the wave-packet lo-
calization and a positive chirp can cause the wave-packet
delocalization." So, it can be deduced that the TPF enhance-
ment in our experiment is not due to the wave-packet local-
ization because of the shaped pulse without the negative
chirp. Since the shaped pulses are double subpulse structure,
the TPF enhancement may result from the constructive inter-
ference of the wave packets in the excited states prepared by
the two subpulses.

Figure 5(a) shows the theoretical model for the wave-
packet dynamical process in the excited states induced by the
shaped pulses with two subpulses. The two sub pulses suc-
cessively prepare two wave packets (A and B) in the excited
states by nonresonant TPA. If two subpulses are phase-
locked and their pulse interval is the integral multiples of the
vibrational period of the excited states, the two wave packets
will constructively interfere.''® When the two wave packets
have the same amplitude in the interaction region, their con-
structive interference can be maximally achieved. To experi-
mentally observe the wave-packet constructive interference
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FIG. 6. The TPF intensity dependence of 2’,7’-dichlorofluorescein in
methanol solution on the pulse interval for two not-phase-locked pulses
(gray line) and two phase-locked pulses (black line).

in the excited states, the TPF intensity as the function of the
phase step position & was measured. Figure 5(b) shows the
experimental results for a=0.57 (squares), 7 (circles), and
1.5 (triangles), respectively. It is indicated that no coherent
peak at 6=12 500 cm™! is observed for a=0.5m, a weak
coherent peak is observed for &=, and an intense coherent
peak is obtained for a=1.5, which is larger than that ex-
cited by the transform limited pulses.

The wave-packet amplitude is proportional to the pulse
intensity, and the wave packet can be greatly weakened dur-
ing the evolution process in the excited states. For a=0.51,
the first wave packet is much weaker than the second one in
the interaction region, the constructive interference is very
weak, so no coherent peak at 6=12 500 cm™! is observed
[the squares in Fig. 5(b)]. However, for a=1.5, the first
wave packet can be weakened to comparatively same ampli-
tude with the second wave packet after the evolution process,
the maximal constructive interference will occur, and conse-
quently an intense coherent peak at §=12 500 cm™' can be
achieved [the triangles in Fig. 5(b)].

In order to further validate the above-proposed mecha-
nism, time-resolved two-photon fluorescence spectra of
2" ,7’'-dichlorofluorescein in methanol solution have been
measured by phase-locked femtosecond pulse pairs gener-
ated by the phase-locked loop technique. The experimental
arrangement was explicitly described in Ref. 17, and the ex-
perimental results are shown in Fig. 6. The black line is for
two phase-locked pulses with zero relative phase, and the
gray line is for two not-phase-locked pulses. For the phase-
locked pulses, the two-photon fluorescence intensity is ob-
served to be periodically recurring features. It indicates the
constructive interference between two-photon wave packets
in the molecular excited states, and its interval is about 830
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fs. So, it is further proved that the TPF enhancement in our
experiment should be attributed to the constructive interfer-
ence between the wave packets in the excited states excited
by two-photon process.

IV. CONCLUSIONS

In summary, we have successfully achieved the coherent
enhancement in the TPF of 2’,7’-dichlorofluorescein in
methanol solution induced by the shaped pulses with the
spectral phase jump, and the TPF intensity can be maximally
enhanced by about 16%. The theoretical and experimental
results indicate that the constructive interference of two wave
packets in excited states induced by the shaped pulses results
in the TPF enhancement in our experiment.

ACKNOWLEDGMENTS

This work was supported by Shanghai Leading Aca-
demic Discipline Project (Grant No. B408), National Key
Project for Basic Research of China (Grant Nos.
2006CB806006 and 2006CB921105), Ministry of Education
of China (Grant No. 30800), and Shanghai Municipal Sci-
ence and Technology Commission (Grant Nos. 07DZ22025,
09142200501, and 09ZR1409300).

'D. Meshulach and Y. Silberberg, Nature (London) 396, 239 (1998).

’D. Meshulach and Y. Silberberg, Phys. Rev. A 60, 1287 (1999).

’N. Dudovich, B. Dayan, S. M. Gallagher Faeder, and Y. Silberberg, Phys.
Rev. Lett. 86, 47 (2001).

“B. Dayan, A. P. Asher, A. Friesem, and Y. Siberberg, Phys. Rev. Lett. 93,
023005 (2004).

V. V. Lozovoy, I. Pastirk, K. A. Walowicz, and M. Dantus, J. Chem.
Phys. 118, 3187 (2003).

S A. Prikelt, M. Wollenhaupt, C. Sarpe-Tudoran, and T. Baumert, Phys.
Rev. A 70, 063407 (2004).

L. Chuntonov, L. Rybak, A. Gandman, and Z. Amitay, Phys. Rev. A 77,
021403(R) (2008).

8T. Ando, T. Urakmi, H. Itoh, and Y. Tsuchiya, Appl. Phys. Lett. 80, 4265
(2002).

T, Hornung, R. Meier, D. Zeidler, K.-L. Kompa, D. Proch, and M. Motz-
kus, Appl. Phys. B: Lasers Opt. 71, 277 (2000).

1S, H. Lee, K. H. Jung, J. H. Sung, K. H. Hong, and C. H. Nam, J. Chem.
Phys. 117, 9858 (2002).

R, Mizoguchi, S. S. Kano, and A. Wada, Chem. Phys. Lett. 379, 319
(2003).

"2I. Otake, S. S. Kano, and A. Wada, J. Chem. Phys. 124, 014501 (2006).

BT, Okada, 1. Otake, R. Mizoguchi, K. Onda, S. S. Kano, and A. Wada, J.
Chem. Phys. 121, 6386 (2004).

4, Brixner, N. H. Damrauer, B. Kiefer, and G. Gerber, J. Chem. Phys.
118, 3692 (2003).

5B, Kohler, V. V. Yakovlev, J. Che, J. L. Krause, M. Messina, K. R.
Wilson, N. Schwentner, R. M. Whitnell, and Y. Yan, Phys. Rev. Lett. 74,
3360 (1995).

'), L. Krause, R. M. Whitnell, K. R. Wilson, Y. Yan, and S. Mukamel, J.
Chem. Phys. 99, 6562 (1993).

N. F. Scherer, R. J. Carlson, A. Matro, M. Du, A. J. Ruggiero, V.
Romero-Rochin, J. A. Cina, and S. A. Rice, J. Chem. Phys. 95, 1487
(1991).

BN.F Scherer, A. Matro, L. D. Ziegler, M. Du, R. J. Carlson, J. A. Cina,
and G. R. Fleming, J. Chem. Phys. 96, 4180 (1992).

Downloaded 22 Apr 2010 to 219.228.63.109. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp


http://dx.doi.org/10.1038/24329
http://dx.doi.org/10.1103/PhysRevA.60.1287
http://dx.doi.org/10.1103/PhysRevLett.86.47
http://dx.doi.org/10.1103/PhysRevLett.86.47
http://dx.doi.org/10.1103/PhysRevLett.93.023005
http://dx.doi.org/10.1063/1.1531620
http://dx.doi.org/10.1063/1.1531620
http://dx.doi.org/10.1103/PhysRevA.70.063407
http://dx.doi.org/10.1103/PhysRevA.70.063407
http://dx.doi.org/10.1103/PhysRevA.77.021403
http://dx.doi.org/10.1063/1.1481188
http://dx.doi.org/10.1063/1.1519000
http://dx.doi.org/10.1063/1.1519000
http://dx.doi.org/10.1016/j.cplett.2003.08.031
http://dx.doi.org/10.1063/1.2139999
http://dx.doi.org/10.1063/1.1787490
http://dx.doi.org/10.1063/1.1787490
http://dx.doi.org/10.1063/1.1538239
http://dx.doi.org/10.1103/PhysRevLett.74.3360
http://dx.doi.org/10.1063/1.465848
http://dx.doi.org/10.1063/1.465848
http://dx.doi.org/10.1063/1.461064
http://dx.doi.org/10.1063/1.462837

