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Tuning the color output of rare-earth ion doped luminescent nanomaterials has important scientific
significance for further extending applications in color displays, laser sources, optoelectronic devices,
and biolabeling. In previous studies, pre-designed phase modulation of the femtosecond laser field
has been proven to be effective in tuning the luminescence of doped rare-earth ions. Owing to the
complex light—-matter interaction in the actual experiment, the dynamic range and optimal efficiency
for color tuning cannot be determined with the pre-designed phase modulation. This article shares the
development of an adaptive femtosecond pulse shaping method based on a genetic algorithm, and its
use to manipulate the green and red luminescence tuning in an Er3*-doped glass ceramic under 800-nm
femtosecond laser field excitation for the first time. Experimental results show that the intensity ratio
of the green and red UC luminescence of the doped Er3*t ions can be either increased or decreased
conveniently by the phase-shaped femtosecond laser field with an optimal feedback control. The physical
control mechanisms for the color tuning are also explained in detail. This article demonstrates the
potential applications of the adaptive femtosecond pulse shaping technique in controlling the color
output of doped rare-earth ions.
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density [30, 31], repetition rate [32], pulse duration [33]
and spectral phase [34-36], or employing a two-color laser
field [37, 38]. Compared to changing the material prop-

1 Introduction

Tuning the color output of the rare-earth ion doped lu-
minescent nanomaterials has attracted considerable at-
tention of researchers due to its important applications
in many related areas, such as color display [1, 2], laser
source [3, 4], optoelectronic devices [5, 6], and biolabel-
ing [7, 8. Up to now, various schemes have been pro-
posed to realize color output tuning in rare-earth ion
doped luminescent nanomaterials. Changing the material
property is a common method, such as varying the lan-
thanide dopant [9, 10], dopant concentration [11, 12], par-
ticle size [13, 14], morphology [15-17], core-shell structure
[18-20], and surface-plasmon coupling [21-23]. Modulat-
ing the surrounding environment is another strategy, such
as applying an electric [24] and magnetic field [25, 26], or
adjusting the sample temperature [27, 28]. Varying the ex-
citation source is considered as the other common method,
such as controlling the excitation wavelength [29], power
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erty or modulating the surrounding environment, varying
the excitation source has a major advantage in that the
color output tuning can be controlled in a real-time and
reversible manner.

In our previous studies, the green and red up-conversion
(UC) luminescence in Er®*-doped glass ceramic were both
suppressed by shaping the femtosecond laser field with a
pre-designed square phase modulation [36]. However, the
dynamic range and optimal efficiency for the color tuning
could not be fully explored with the pre-designed phase
modulation. Therefore, we developed an adaptive fem-
tosecond pulse shaping system based on a genetic algo-
rithm (GA) with a feedback control strategy, and used
it to control the UC luminescence of the rare-earth ion
doped luminescent nanomaterials for the first time. The
GA based optimal control method can automatically look
for the direction in the searching space and obtain the
global solution. The method has been actively used in
manipulating both physical and chemical processes, and
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serves as an unprecedented means to explore the quantum
dynamics of such processes [39-45].

By using the femtosecond pulse shaping system with the
optimal feedback control based on GA, the experimental
investigation of green and red UC luminescence tuning
in Er3*-doped glass ceramic was conducted. The exper-
imental study indicates that the intensities of green and
red UC luminescence can be either increased or decreased
effectively and their ratio can be tuned by shaping the
femtosecond laser field with the phase modulation. The
tentative physical control mechanisms for the green and
red UC luminescence tuning are also explained based on
the current observations and previous works.

2 Experimental setup

The experimental arrangement of the adaptive femtosec-
ond pulse shaping system is schematically shown in Fig. 1.
A Ti-sapphire mode-locked regenerative amplifier (Spit-
fire, Spectra Physics) is used as the excitation source with
the central wavelength of 800 nm, pulse width of about
35 fs and repetition rate of 1 kHz. The femtosecond laser
pulse is sent into a programmable 4f configuration zero-
dispersion pulse shaper, which consists of a pair of diffrac-
tion gratings of 1200 lines/mm (G; and Gz), a pair of
cylinder concave mirrors of 200 mm focal length (C; and
C5) and a one-dimension liquid-crystal spatial light mod-
ulator (SLM-S320d, JENOPTIK). The SLM is located at
the Fourier plane of the pulse shaping system and used to
vary the spectral phase in the frequency domain. The out-
put femtosecond laser pulse is then focused into the sample
via a lens of 50 mm focus length (L1). The peak intensity
of the transform-limited (TL) (unmodulated) femtosecond
laser pulse in the sample is estimated to be about 8.3 x 1012
W /cm?. The phase modulation doesn’t affect the total en-
ergy of the laser pulse, but might greatly change the peak
laser intensity. All luminescence signals radiating from the

Femtosecond laser
800 nm, 50 fs

Fig. 1 The experimental arrangement of the adaptive fem-
tosecond laser pulse shaping system based on genetic algo-
rithm. Here, SLM is spatial light modulator, G1 and G2 are
diffraction gratings, C; and Cs are cylindrical concave mirrors,
L1, L2, and L3 are focusing lenses, and CCD is spectrometer
with charged-coupled device.

sample are collected by a telescope system consisting of a
pair of lenses (Lg and Ls), and measured by a spectrom-
eter with charged-coupled device (CCD). Both the SLM
and spectrometer are connected to a personal computer
(PC) for control. A GA based feedback control program
is utilized to optimize the luminescence intensity by con-
trolling the spectral phase of the femtosecond laser field.

The adaptive feedback control program based on GA
is shown in Fig. 2. The GA is a conventional optimiza-
tion algorithm, which is inspired by the process of natural
selection and genetics. In the GA-based optimization pro-
cess, the candidate population is evolved toward better
solutions. Typically, the GA requires a genetic represen-
tation of the solution domain, and utilizes a fitness func-
tion to evaluate it. Normally, the binary arrays are used to
represent the solution domain for easier operation. Figure
2(a) shows the flow chart of the GA-based program in our
experiment. Here, five procedures are included in the pro-
gram, which are initialization, evaluation, selection, ge-
netic operation and termination. In the initialization, a
group of individuals are randomly generated, i.e. the first
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generation. Then, each individual is evaluated according
to its fitness. Here, the intensity ratio of the green and
red UC luminescence is used as the fitness function. A
number of good individuals are selected and used as par-
ents for the next generation. In the genetic operation, a
new generation is formed from these parents via crossover
and mutation. In our experiment, the two-point crossover
mode and single-point mutation mode are found to work
well, as shown in Figs. 2(b) and (c), respectively. Sim-
ilarly, the new generation is also individually evaluated
according to its fitness. The above process is repeatedly
performed until the fitness function approaches conver-
gence.

The experiment is performed in 5%Er3*-doped NaYF4
nanocrystals dispersed in silicate glass with the compo-
sition of 4OSiOQ—25A1203—18Na2(303—1OYF3—7NaF—5ErF3
(mol.%). The original materials are mixed and melted in a
covered platinum crucible at the temperature of 1450° for
45 min in the ambient atmosphere, and then are cast into
a brass mold followed by annealing at the temperature
of 450° for 10 h. The synthesized glass is heated to the
temperature of 600° with an increase rate of 10 K/min,
kept at this temperature for 2 h, and then cooled down
to room temperature to form the glass ceramic through
crystallization. Finally, the sample is cut and polished for
optical measurement in our experiment.

3 Results and discussion

The UV-VIS-NIR absorption spectrum of Er3t-doped
glass ceramic is shown in Fig. 3(a), which is measured
by a spectrophotometer (TU-1901, Purkinje). There are
seven main absorption bands with the central wavelengths
around 377, 407, 487, 518, 542, 651 and 799 nm, which
can be attributed to the state transitions from the ground
state 1155 to these excited states *Gy1/2, 2Hg/a, *F7)a,
2H11/2, 483/2, 4F9/2 and 419/2, respectively. The UC lu-
minescence spectrum in the visible light region under the

excitation of 800 nm femtosecond laser field is shown in
Fig. 3(b). One can see that five luminescence peaks can
be observed around the wavelengths of 408, 475, 527, 546
and 656 nm, which can be assigned to the state transi-
tions from these excited states 2H9/2, 4F7/2, 2H11/2, 483/2,
4F9/2 to the ground state 4115/2, respectively. It is noted
that the green (around 546 nm) and red (around 656 nm)
UC luminescence dominate the visible light spectrum.
Firstly, we analyze the UC excitation process for the
green and red UC luminescence. Figure 4(a) shows the
energy level diagram of Er3* ions and the possible UC ex-
citation processes for the green and red luminescence gen-
eration under the TL femtosecond laser field. When the
glass ceramic sample is irradiated by the unshaped fem-
tosecond laser pulse, the population in the ground state
45 /2 is excited into the excited state M, /2 by resonance-
mediated two-photon absorption (TPA). This TPA pro-
cess can be decomposed into two parts: on-resonant part
and near-resonant part [34]. The on-resonant part repre-
sents the TPA process via the intermediate state *Iq /2-
That is, the population in the ground state 4Iy5 /2 is first
excited to the intermediate state 41y /2 by absorbing a pho-
ton, and is then further excited to the higher state *Hg /2
by absorbing another photon from the same laser pulse.
The near-resonant part corresponds to all other absorp-
tion processes not via the intermediate state 4Iy /s2- That
is, the population in the ground state 4I;5 /2 is directly
excited to the excited state *Hg /2 by simultaneously ab-
sorbing two photons from the same laser pulse. Here, the
sum of the two photon energies is equal to the energy gap
of the two states of 4H9/2 and 4115/2. The population in
the excited state *Hg s2 can nonradiatively relax to the
three lower excited states of 2H11/2, 483/2 and 4F9/2, then
further decays back to the ground state *I;5 /2, and finally
emits the green and red fluorescence. Another UC excita-
tion process for the green and red luminescence generation
involves the single-photon absorption (SPA) followed by
an energy transfer up-conversion (ETU) process. The pop-
ulation in the ground state 4115/2 is first pumped to the
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excited state 4Ig /2 by the SPA process, and then the pop-
ulation in the excited state *Iq /2 spontaneously relaxes to
the two lower excited states of 4111/2 and 4113/2. Since the
dopant concentration of Er3* ions is as high as 5%, the
ETU process between neighboring Er3* ions can occur via
the two state transitions of 4111/2+4111/2 — 4115/2+4F7/2
(ETU].) and 4111/2 + 4113/2 — 4115/2+4F9/2 (ETUQ) The
population in the excited state *Fr /2 can nonradiatively
relax to the lower states of 2H11/2, 483/2 and 4F9/2 and
also emit the green and red fluorescence by further decay-
ing back to the ground state *I;5 /2. However, the popula-
tion in the excited state *Fg /2 can only emit the red fluo-
rescence when it decays back to the ground state 4I;5 s2- 1t
can be concluded that the green UC luminescence mainly
comes from the excitation processes of TPA and ETU1
while the red UC luminescence mainly results from the
contributions of the TPA, ETU1 and ETU2 processes. As
shown in Fig. 4(a), since the green and red UC lumines-
cence come from the different UC excitation pathways,
their intensities can be tuned if these excitation processes
are appropriately controlled. Here, we try to accomplish
this purpose by adaptively shaping the spectral phase of
the femtosecond laser field.

In the first experiment, we set the intensity ratio of the
green (546 nm) and red (656 nm) UC luminescence, de-
noted as Is6/Igs6, as the fitness function, and optimize
the spectral phase distribution to increase the ratio. For
better search of the global solution, the crossover and mu-
tation rates are adaptively varied. The total population
number for each generation is 200 with 5 of the most opti-
mal selected out as parents of the next generation. A large
number of test trails with various initial phases are per-
formed, and majority of them succeed in producing simi-
lar results as those presented in Fig. 5. The intensity ratio
I546/I656 in the optimization process first increases rapidly
and then approaches a stable value, as shown in Fig. 5(a).
After optimization, the intensity ratio is increased from
2.23 to 2.89. For direct comparison, the green and red
UC luminescence spectra with and without phase opti-
mization are plotted in Fig. 5(b). As can be seen, both
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Fig. 4 The energy level diagram of Er®T ions and the possi-
ble up-conversion processes for (a) unshaped femtosecond laser
field and (b) the shaped femtosecond laser field with a se-
quence of subpulses.
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Fig. 5 (a) The intensity ratio (Is46/Is56) maximization pro-
cess. (b) The enhanced (red line) and unmodulated (black line)
up-conversion luminescence spectra. (c¢) The optimal phase
distribution, together with the laser spectrum. (d) The tempo-
ral intensity distribution of the shaped (red line) and unshaped
(black line) femtosecond laser fields.

the green and red UC luminescence are enhanced with
the optimal control. But the green UC luminescence ob-
tains a larger enhancement efficiency than the red one.
The finally optimized phase distributions for the success-
ful test trials are also checked to be nearly the same, as
shown in Fig. 5(c). Based on the results of Fig. 5(c) the
temporal intensity distribution of the shaped femtosecond
laser field is calculated and shown in Fig. 5(d) (red line).
The time profile of the unshaped (i.e., TL) laser pulse is
also plotted for comparison (black line). As one can see,
the femtosecond laser pulse with the optimal phase mod-
ulation is slightly broadened and a series of rather weak
subpulses are around the main peak.

Early in 2000, Dudovich et al. have proposed and
demonstrated that the TL femtosecond laser pulse is not
optimal for the resonant multi-photon transitions, which
can be enhanced significantly by properly controlling the
spectral phase distribution [46]. Recently, our theoreti-
cal study has shown that an appropriate rectangle phase
modulation can enhance the resonance-mediated TPA in
Er3* ions [47]. Therefore, we dare to explain the phys-
ical control mechanisms for the observed luminescence
enhancement. In the resonance-mediated TPA process,
the on-resonant part mainly comes from the contribu-
tion of the central frequency components, while the near-
resonant part mainly results from the excitation of low
and high laser frequency components. The phase modu-
lation in Fig. 5(c) can induce a constructive interference
between the excitation pathways of the on-resonant and
near-resonant TPA processes, and finally increases the
TPA probability. The ETU process is, however, related

Lian-Zhong Deng, et al., Front. Phys. 14(1), 13602 (2019)
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to the SPA process. Since the phase modulation does not
affect the total energy of the laser pulse, the total proba-
bility of the SPA process is assumed to remain unchanged
and so is the total probability of the ETU process. As a
result, both the green and red UC luminescence are en-
hanced. The weight of TPA in the whole excitation process
determines the enhancement efficiency of the UC lumines-
cence. The higher the weight, the larger the enhancement
efficiency. Compared with the green UC luminescence, the
red UC luminescence additionally contains the ETU2 pro-
cess. Thus, the TPA contribution in the red UC excitation
process is relatively low. Correspondingly, the enhance-
ment efficiency of the red UC luminescence is also rela-
tively small.

In the second experiment, we optimize the spectral
phase distribution to decrease the intensity ratio Is46/Igs56,
and the experimental results are shown in Fig. 6. After op-
timizing the spectral phase, the intensity ratio I546/Igs6 is
reduced from 2.23 to 1.51, as shown in Fig. 6(a). The
green and red UC luminescence spectra before and after
the phase optimization are shown in Fig. 6(b). It can be
seen that the green UC luminescence intensity decreases
while the red UC luminescence intensity increases. Simi-
larly, the optimal phase distribution in the frequency do-
main is checked and given in Fig. 6(c). The temporal in-
tensity distribution of the shaped femtosecond laser field
is correspondingly calculated and shown in Fig. 6(d) (red
line). As one can see, with the optimal phase modula-
tion, the femtosecond laser pulse is now tailored into a
sequence of subpulses. These subpulses are separated in
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a time range of picoseconds and have comparable peak
intensities.

With the time extension of the shaped femtosecond
laser pulse, the TPA process will be greatly suppressed
and an excited state absorption (ESA) process can occur.
These ESA processes were first experimentally studied in
our previous work, which reported on the suppression of
UC luminescence in Er®*-doped glass ceramic by shaping
the laser pulse with a pre-designed square phase modula-
tion [36]. The UC excitation processes are now as shown
in Fig. 4(b). In the ESA processes, the populations in the
three excited states 419/2, 4111/2 and 4113/2 can be further
pumped to the higher three excited states 4H9/2, 4F3/2
and 4S5 /2 by absorbing another photon from subsequent
subpulses, respectively. The populations in the three ex-
cited states “Hg o, “F3/5, and *Ss/5 will relax and finally
decay to the ground state *I;5 /2, emitting the green and
red UC luminescence. Since the impact of the phase modu-
lation on the ETU process is ignorable, as discussed above,
the change of the UC luminescence intensity now depends
on the combined contributions of TPA and ESA processes.
For the green UC luminescence, the new contribution of
ESA is less than the decrement of the suppressed TPA,
and therefore its intensity is decreased. However, the new
contribution of ESA is larger than the decrement of the
suppressed TPA for the red UC luminescence, and thus
its intensity is increased.

In the actual experiment, the physical control processes
may be more complex. The adaptive femtosecond pulse
shaping method has the advantage that it can automat-
ically search for the optimal spectral phase distribution
without the related information about the control system.
Based on the optimal phase distribution, one can develop
or explore some new physical control processes for the UC
luminescence of rare-earth ions in the future study.

4 Conclusions

In conclusions, we have reported an adaptive femtosecond
pulse shaping method based on GA to control the green
and red UC luminescence tuning in the Er3* doped glass
ceramic within a wide dynamic range. Our results have
shown that the intensity ratio of the green and red UC
luminescence can be either increased or decreased conve-
niently by using the optimal feedback control strategy.
The physical control mechanisms for the observed green
and red luminescence tuning have also been properly ex-
plained. The femtosecond pulse shaping method with the
optimal feedback control has been shown to be a power-
ful studying tool in many research areas involving laser-
matter interactions [45]. To our knowledge, it has never
been applied to control the UC luminescence of the rare-
earth ion doped solid materials before. This work has
demonstrated for the first time that the adaptive fem-
tosecond pulse shaping method is a useful tool to auto-
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matically optimize the UC luminescence control in rare-
earth ion doped luminescent nanomaterials and is quite
meaningful for future studies in many related application
areas, such as color tuning, fluorescence imaging and pho-
toelectric conversion.
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