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We theoretically and experimentally demonstrate the quantum coherent control of the
resonance-mediated two-photon absorption in rare-earth ions by the phase-shaped femtosecond
laser pulse. Our theoretical results show that the resonance-mediated two-photon absorption can
be effectively controlled, but the control efficiency depends on the laser repetition rate in real
experiment due to the long lifetime and the short decoherence time of the excited state, and the
larger laser repetition rate yields the lower control efficiency. These theoretical results are
experimentally confirmed in glass sample doped with Er3þ by utilizing the femtosecond lasers with
C 2013 AIP Publishing LLC.
low repetition rate of 1 kHz and high repetition rate of 80 MHz. V
[http://dx.doi.org/10.1063/1.4830224]

Recently, upconversion (UC) fluorescence has attracted
much attention because of its ability to convert low frequency radiation to high frequency via two-photon or multiphoton absorption process1–3 and has been widely applied in
various fields, including light-emitting diodes,4 laser sources,5,6 fiber optic communications,7,8 color displays,9–12
and biolabels.13–15 In particular, the UC fluorescence in rare-earth-ion doped nanocrystals can offer an attractive fluorescent labeling technique without many of the constraints
associated with organic fluorophores and quantum dots.16,17
This UC technique usually utilizes near infrared (NIR) excitation rather than ultraviolet (UV) excitation and therefore
can significantly minimize background autofluorescence,
photobleaching, and photodamage. In addition, this technique has higher spatial resolution and longer sample penetration depth than that obtained by UV excitation.18
Consequently, these advantages can greatly simplify the
detection scheme and improve the sensitivity and resolution.
The ability to effectively control the UC emission of the
rare-earth ions is very important for their further applications. In this letter, we propose a femtosecond pulse shaping
technique to control the multiphoton absorption or UC fluorescence in the rare-earth ions. This femtosecond pulse shaping technique has proven to be a well-established method to
control various nonlinear optical processes in atomic and
molecular systems,19–29 such as two-photon or multiphoton
absorption,19–21 stimulated Raman scattering,22–24 harmonic
order generation,25 molecular alignment and orientation,26,27
and photoionization and photodissociaiton.28,29 We theoretically show that the resonance-mediated two-photon absorption in rare-earth ions can be effectively controlled by
varying the laser spectral phase, but the control efficiency is
correlated with the laser repetition rate in real experiment
due to the long lifetime and the short decoherence time of
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the excited state, and the lower control efficiency is obtained
for the larger laser repetition rate. We experimentally confirm these theoretical predictions in the glass sample doped
with Er3þ by applying different femtosecond lasers with low
repetition rate of 1 kHz and high repetition rate of 80 MHz.
In the quantum system with broad absorption line, the
multiphoton absorption is proportional to a sum of each individual transition. Based on the theoretical model of the atom
system with narrow absorption line limit,20 the resonanceð
Þ
mediated two-photon transition probability Sf 1þ1 in rareearth ions induced by a weak femtosecond laser field EðtÞ
can be approximated as
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where xi and xf are the resonant frequencies of the immediate state jii and final state jfi, and Aðxi Þ and Aðxf Þ are the
absorption line-shape function in the states jii and jfi. By
ð
Þ
transforming Eq. (1) into the frequency domain, Sf 1þ1 can
be further written as
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where EðxÞ is the Fourier transform of EðtÞ with
EðxÞ¼ E0 ðxÞexpðiUðxÞÞ, and E0 ðxÞ and UðxÞ are the spectral amplitude and phase, respectively. The first term in Eq.
(2) is the on-resonant term that interferes all on-resonant
two-photon excitation pathways with the frequencies of xi
and xf xi while the second term is the near-resonant term
that interferes all other near-resonant two-photon excitation
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pathways with the frequencies of x and xf  x. The onresonant term is excluded from the near-resonant term by
Cauchy’s principal value operator }. In rare-earth ions, the
absorption bandwidth is usually relative large, and thus the
near-resonant contributions in Eq. (2) can be negligible.
Moreover, the excited state lifetime is usually very long in
the range of microseconds, and so the resonance-mediated
two-photon absorption process can be excited by multiple
laser pulses that depend on the laser repetition rate in real
ð
Þ
experiment. Thus, Sf 1þ1 can be simplified as
ð
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where s is the excited state lifetime, and Td is the laser
pulse separation with Td ¼1=f L , where f L is the laser repetition rate. The symbol Rðs=Td Þ indicates an upward rounded
number. The decoherence time of the excite state in the
rare-earth ions is usually in the range of picoseconds while
the minimal laser pulse separation in real experiment is in
the range of nanoseconds, corresponding to the laser repetition rate of MHz, and thus the resonance-mediated twophoton absorption process induced by two different laser
pulses can be considered as two individual single-photon

ð
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absorption processes. Consequently, Sf 1þ1 can be further
written as
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The first term in Eq. (4) shows that the resonance-mediated
two-photon absorption process takes place within the same
laser pulse while the second term shows that this two-photon
absorption process occurs by two different laser pulses. The
different excitation pathways induced by the same laser
pulse (i.e., P11 and P22 ) and two different laser pulses (i.e.,
P12 ) are presented in Fig. 1(b). It is easy to verify that the
first term in Eq. (4) is maximal value for the transformlimited laser pulse and can be effectively suppressed by
varying the laser spectral phase, but the second term is
independent of the laser spectral phase and therefore is
uncontrollable. Since the resonance-mediated two-photon
absorption process in the rare-earth ions is controllable by
the same laser pulse while is uncontrollable by two different

FIG. 1. (a) Schematic diagram of the
experimental arrangement. The output
laser pulse is shaped by a programmable
4f-configuration zero-dispersion pulse
shaper combined with one-dimensional
liquid-crystal spatial light modulator
(SLM). (b) Energy level diagram of a
resonance-mediated two-photon absorption and detected scheme in the glass
sample
60SiO2 20Al2 O3 20CaF2
doped with Er3þ . (c) The laser spectrum
is modulated by a p phase step modulation (red dashed line).
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laser pulses, the laser repetition rate will affect the control
efficiency of the resonance-mediated two-photon absorption,
and the larger laser repetition rate yields the lower control
efficiency.
To demonstrate the coherent phase control of the
resonance-mediated two-photon absorption in rare-earth ions
and the effect of the laser repetition rate on the control efficiency, we performed the experiment in the glass sample
60SiO2 20Al2 O3 20CaF2 doped with Er3þ , and the excitation and detection scheme is shown in Fig. 1(b), which
includes the 4 I15=2 state as the ground state jgi, the 4 I9=2 state
as the intermediate state jii, and the 4 H9=2 state as the final
state jfi. The resonant frequency of the 4 I9=2 state is xi
¼ x4 I9=2 ¼ 12 563 cm1, corresponding to the wavelength of
796 nm, and the resonant frequency of the 4 H9=2 state is
xf ¼ x4 H9=2 ¼ 24 570 cm1, corresponding to the wavelength
of 407 nm. The population excited to the 4 H9=2 state spontaneously decays to the 4 I15=2 state through these lower 4 F7=2 ,
4
H11=2 , and 4 S3=2 states. The total fluorescence intensity,
including 4 F7=2 ! 4 I15=2 , 4 H11=2 ! 4 I15=2 , and 4 S3=2
! 4 I15=2 , serves as the relative measure for the 4 H 9=2 state
population.
The experimental arrangement is shown in Fig. 1(a).
The output femtosecond laser pulse is shaped by a programmable 4f-configuration zero-dispersion pulse shaper, which
is composed of a pair of diffraction gratings with 1200
lines/mm and a pair of concave mirror with 200-mm focal
length. A one-dimensional liquid-crystal spatial light modulator (SLM-S320d, JENOPTIK) is placed at the Fourier
plane of the pulse shaper and used as the updatable filter for
the spectral phase modulation. The output shaped laser pulse
is focused into the glass sample doped with Er3þ with a lens
of 500-mm focal length. The fluorescence signal is collected
perpendicularly and measured by a spectrometer with
charge-coupled device (CCD). In our experiment, a p phase
step modulation is used to control the resonance-mediated
two-photon absorption in rare-earth ions, and the simple
phase modulation is shown in Fig. 1(c), where xstep is the
phase step position. The p phase step modulation was considered as a well-established tool in quantum control of atom
and molecular systems because it can create a constructive
or destructive interference between different excitation
pathways30–32 and therefore has played a prominent role
in the development of quantum control concepts and
techniques.
We first use the femtosecond laser with low repetition
rate to control the resonance-mediated two-photon absorption in the glass sample doped with Er3þ . A mode-locked
Ti:sapphire femtosecond laser amplifier is used as excitation
source with the central wavelength of 800 nm, the spectral
bandwidth of 32 nm, and the repetition rate of 1 KHz. By
comparing the excited state lifetime s with the laser pulse
separation Td , one can obtain that Rðs=Td Þ ¼ 1, that is to say,
the resonance-mediated two-photon absorption process takes
place within one laser pulse. Figure 2 shows the measured
fluorescence intensity as function of the p phase step position
xstep , together with the theoretical curve calculated from
Eq. (4). As can be seen, the fluorescence intensity can be
effectively suppressed by 80% but cannot be enhanced.
This experimental observation is different from that in atom
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FIG. 2. The experimental (blue circles) and calculated (red line) normalized
fluorescence intensity as a function of the p phase step position xstep excited
by a mode-locked Ti-sapphire femtosecond laser amplifier with the laser
repetition rate of 1 kHz.

system,20 where the resonance-mediated two-photon absorption can be completely suppressed and also effectively
enhanced. The fundamental reason is that the broadband
absorption in rare-earth ions will greatly suppress the constructive or destructive interference of these two-photon
excitation pathways, as shown in Eq. (4). Since one laser
pulse is excited in the resonance-mediated two-photon
absorption process, only the first term in Eq. (4) contributes
to the two-photon absorption while the second term does not
because it results from the two different laser pulses, and
thus the control efficiency of the two-photon fluorescence
intensity is maximal value.
To emphasize the effect of the laser repetition rate on
the control efficiency of the resonance-mediated two-photon
absorption in rare-earth ions, we employ a mode-locked
Ti-sapphire femtosecond laser oscillator as excitation source
with the central wavelength of 800 nm, the spectral bandwidth of 35 nm, and the repetition rate of 80 MHz.
Employing the same method as above, it can be seen that the
resonance-mediated two-photon absorption process occurs
by many laser pulses under the excitation using the femtosecond laser with high repetition rate. The measured fluorescence intensity as a function of the p phase step position
xstep is shown in Fig. 3, together with the theoretical curve.
As expected, the control efficiency of the fluorescence intensity is greatly reduced by 8%. Since several laser pulses
are simultaneously excited in the resonance-mediated twophoton absorption process, both the two terms in Eq. (4)
contribute to the two-photon absorption, and the control efficiency of the two-photon fluorescence intensity will be
reduced because the second term is uncontrollable. That is to
say, the effect of the high repetition rate is to decrease the
control efficiency.
In summary, we have theoretically and experimentally
studied the coherent control of the resonance-mediated twophoton absorption in rare-earth ions by varying the laser
spectral phase. Our theoretical results showed that the laser
repetition rate in real experiment will affect the control efficiency due to the long lifetime and the short decoherence
time of the excited state, and the larger laser repetition rate
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FIG. 3. The experimental (blue circles) and calculated (red line) normalized
fluorescence intensity as a function of the p phase step position xstep using a
mode-locked Ti-sapphire femtosecond laser oscillator as excitation source
with the laser repetition rate of 80 MHz.

will yield the lower control efficiency. We experimentally
validated the effect of the laser repetition rate on the control
efficiency of the resonance-mediated two-photon absorption
in glass sample doped with Er3þ by utilizing the femtosecond lasers with low repetition rate of 1 kHz and high repetition rate of 80 MHz. Since the effect of the laser repetition
rate on the coherent phase control of rare-earth ions is general behavior of any quantum system on resonance, our present work is very helpful for further understanding and
controlling more complex resonance-mediated multiphoton
absorption process in rare-earth ions.
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