| 486 Vol. 7, No. 4 / April 2019 / Photonics Research

() Research Article
Check for
updates

PHOTONICS Research

Controlling multiphoton excited energy transfer
from Tm?** to Yb* ions by a phase-shaped
femtosecond laser field

Ye ZHeNG,"T LianzHonGg Deng,"t JianpinGg Li,' TianainGg JiA,' JIaNrRoNG Qiu,?
ZHENRONG SUN,' AND SHIAN ZHANG'"3*

'State Key Laboratory of Precision Spectroscopy, School of Physics and Materials Science, East China Normal University, Shanghai 200062, China
2State Key Laboratory of Silicon Materials, Zhejiang University, Hangzhou 310027, China

3Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan 030006, China

*Corresponding author: sazhang@phy.ecnu.edu.cn

Received 18 December 2018; revised 2 February 2019; accepted 20 February 2019; posted 21 February 2019 (Doc. ID 355499);
published 27 March 2019

The ability to control the energy transfer in rare-earth ion-doped luminescent materials is very important for
various related application areas such as color display, bio-labeling, and new light sources. Here, a phase-shaped
femtosecond laser field is first proposed to control the transfer of multiphoton excited energy from Tm3* to Yb**
ions in co-doped glass ceramics. Tm®* ions are first sensitized by femtosecond laser-induced multiphoton ab-
sorption, and then a highly efficient energy transfer occurs between the highly excited state Tm>* sensitizers and
the ground-state Yb>* activators. The laser peak intensity and polarization dependences of the laser-induced
luminescence intensities are shown to serve as proof of the multiphoton excited energy transfer pathway.
The efficiency of the multiphoton excited energy transfer can be efficiently enhanced or completely suppressed
by optimizing the spectral phase of the femtosecond laser with a feedback control strategy based on a
genetic algorithm. A (1 + 2) resonance-mediated three-photon excitation model is presented to explain the ex-
perimental observations. This study provides a new way to induce and control the energy transfer in rare-earth
ion-doped luminescent materials, and should have a positive contribution to the development of related
applications.  © 2019 Chinese Laser Press
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1. INTRODUCTION

The luminescence of rare-earth ions features excellent optical
properties such as good optical stability, a long luminescence
lifetime, large Stokes/anti-Stokes shifts, high conversion effi-
ciency, and well-defined emission bands. As an effective lumi-
nescence process, the energy transfer in rare-earth ion-doped
luminescent materials has attracted considerable attention. In
the energy transfer process, a sensitizer ion absorbs one or
multiple photons and is excited to a higher energy level; then
the sensitizer ion transfers its energy to an activator ion, and
finally the activator ion is pumped to a higher excited state.
Here, two interacting ions can be of the same type or not.

phonons due to an energy mismatch [1]. Compared with
radiative energy transfer, nonradiative energy transfer is more
common in the luminescence process of rare-earth ions, and the
energy transfer efficiency has a strong dependence on the dis-
tance between the two interacting ions.

Among all trivalent lanthanide ions, the Yb?* ion has often
been used as a good sensitizer for energy transfer, due to its sim-
ple energy level structure and a relatively large absorption cross
section near infrared light. For example, Gouveia-Neto e 4/.
demonstrated white light generation in Tm?*/Ho3*t /Yb**
co-doped glass using Yb>* ions as the primary sensitizer for
energy transfer [2]. Similar results were observed by Chen ef /.

Usually, there are two kinds of energy transfer processes, i.e.,
radiative and nonradiative energy transfers. Radiative energy
transfer requires an overlap between the emission spectrum
of the sensitizer ion and the absorption spectrum of the acti-
vator ion, because a photon exchange between the two ions has
to occur. However, a nonradiative energy transfer is accom-
plished via a Coulomb interaction under assistance of the host
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in Tm?* /Er** /Yb3* co-doped glass ceramics [3]. In addition,
energy transfer in various Yb** /Tm?* co-doped samples has
also been studied widely, and successive energy transfer processes
from Yb>* to Tm®* ions have been recognized [4-6]. However,
it is interesting that reverse energy transfer from Tm?" to Yb3*+
ions was observed experimentally, and two energy transfer
pathways were assigned: one is a cooperative energy transfer
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process of Tm*('Gy) + 2Yb>*(*F;/,) — Tm>* (°Hy) +
2Yb?* (*Fs ) [7-11], whereas the other is the energy transfer
process of Tm’*(*Hy) 4+ Yb>*(*F;/,) — Tm’* (°Hy) +
Ybot (%Fs ) [12,13].

In previous studies, energy transfer was usually observed
under continuous laser excitation [7—13], and control of energy
transfer efficiency was conventionally realized by varying dop-
ant concentration [14], material structure [15-20], excitation
laser power density [21], repetition rate [22], pulse duration
[23], and so on. In this work, we first develop a phase-shaped
femtosecond laser field to control the multiphoton energy
transfer from Tm3* to Yb?T ions in co-doped glass ceramics.
Compared with continuous laser excitation, femtosecond laser
pulse excitation has the advantage of being able to induce the
multiphoton absorption process due to high peak intensity, and
so it can reveal some new up-conversion excitation pathways. In
our experiment, Tm>* ions are first pumped to a higher excited
state via a multiphoton absorption process; then they transfer
part of their energy to Yb>* ions by decaying to a lower excited
state or the ground state. Multiphoton energy transfer pathways
are assigned by observing the laser power and polarization
dependences of the luminescence intensities for Tm3* /Yb>*
co-doped and Yb®" single-doped glass ceramics. Importantly,
the efficiency of multiphoton excited energy transfer can be
greatly enhanced or completely suppressed by optimally con-
trolling the spectral phase of the femtosecond laser field.
Moreover, a (1 4 2) resonance-mediated three-photon excita-
tion model is employed to well explain the experimental
observations.

2. EXPERIMENTAL ARRANGEMENT

Our experimental setup is shown schematically in Fig. 1. A
Ti-sapphire mode-locked regenerative amplifier is used as
the excitation source; it has a pulse duration of about 50 fs,
a central wavelength of 800 nm, and a repetition rate of
1 kHz. The output femtosecond laser pulse is sent into a pulse
shaper for shaping. The pulse shaper has a 4f configuration,
which includes a pair of diffraction gratings of 1200 lines/mm
each (G; and Gj,), a pair of cylinder concave mirrors each
of focal length 200 mm (C; and C,), and a spatial light modu-
lator (SLM). The SLM is programmable liquid crystal with

c

Femtosecond
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Fig. 1. Schematic of the experimental setup. G; and G, are two
diffraction gratings of 1200 lines/mm each. C; and C, are two cylin-
drical concave mirrors each of focus length 200 mm. SLM, spatial light
modulator; 4/4, quarter-wave plate; L;, focusing lens; GA, genetic
algorithm.
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640 pixels, which is used to modulate the spectral phase in
the frequency domain. The phase-shaped femtosecond laser
pulse is focused into the sample by using a lens of 50 mm focus
length. For laser polarization control, a quarter-wave plate is
inserted in front of the focusing lens (L;). The luminescence
signal from the sample is detected at a vertical angle by a spec-
trometer via a collecting fiber.

The composition of the Tm?*/Yb’* co-doped glass
ceramic sample for the experimental study is 50SiO,—
20Al,03-30CaF,—-3TmF;-1YbF; (mol. %). We first mix
high-purity raw materials and heat them to a temperature of
1450°C for about 1.5 h in a crucible at atmosphere pressure.
Then we pour the melted mixture onto a brass mold and per-
form annealing at a temperature of 450°C for 10 h. Later, we
increase the glass temperature 10°C per minute to 600°C and
maintain the temperature for about 2 h. When the glass is fi-
nally cooled down to room temperature, the glass ceramic is
obtained via crystallization. The sample is finely cut and pol-
ished before being used in the experiment. Yb** single-doped
glass ceramics for comparison are also prepared in a similar
way with the composition 50Si0,-20Al,03-30CaF,-1YbF;
(mol. %).

The characterization of the Tm?"/Yb?" co-doped glass
ceramic sample is shown in Fig. 2. A Bruker power diffractom-
eter is used to perform X-ray diffraction (XRD) analysis, with
its operating voltage and current being 40 kV and 40 mA, re-
spectively. As shown in Fig. 2(a), six peaks can be clearly ob-
served, indicating a cubic CaF, crystalline phase. Transmission
electron microscopy (TEM) is also performed to further iden-
tify the nanocrystal structure. As shown in Fig. 2(b), the nano-
crystals disperse uniformly in the glass. A high-resolution TEM
image of individual CaF, nanocrystals is shown in Fig. 2(c).
The lattice fringe can be clearly seen and its spacing is about
0.28 nm.

Figure 3(a) shows the absorption spectrum of the
Tm>" /Yb** co-doped glass ceramics in the UV-VIS-NIR
spectral region. One can see four strong absorption bands
around 355, 469, 684, and 789 nm, corresponding to the
excited states of 'D,, 'Gy, °F, 3, and *Hy of the Tm?* ion,
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Fig. 2. Characterization of the Tm?* /Yb?* co-doped glass ceramic
sample. (a) XRD pattern. (b), (c) TEM images.
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Fig. 3. () Absorption spectrum of the Tm>* /Yb** co-doped glass
ceramics in the UV-VIS-NIR region and (b) the luminescence spec-
trum of the same sample with the excitation of an 800 nm femtosec-
ond laser pulse.
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respectively. The very strong and broad absorption band ap-
pearing at an even shorter wavelength should be attributed
to the highly excited states of the Tm?" ion, such as 'I,
3P,, 3Py, and ®Py. In addition, the absorption peak around
970 nm is ascribed to the excited state 2Fs/, of the Yb>*
ion. Figure 3(b) shows the luminescence spectrum of the
Tm?* /Yb® co-doped glass ceramics under excitation of the
800 nm femtosecond laser field. The ultraviolet and blue emis-
sion bands are attributed to the state transitions of the Tm3+
ion: 'I; — *Hg (~290 nm), "Iy — ?F; (~346 nm), 'D, —
3H¢ (~362 nm), 'D, — 3F; (~454 nm), and 'G; — *H,
(~473 nm). The emission bands around 346 and 362 nm
overlap partially in the spectrum with the center position at
~355 nm, and were difficult to be distinguished with our spec-
trometer. To facilitate later discussion, the two overlapping
bands are denoted as the peak at 355 nm. The weak red emis-
sion band around 648 nm results from the state transition
'G, — 3F; of the Tm3™ ion. Moreover, the near-infrared emis-
sion band around 975 nm corresponds to the state transition
*Fs;, = *F;/, of the Yb*" ion.

3. RESULTS AND DISCUSSION

To explore the excitation mechanism of the observed
luminescence in Fig. 2(b), we first study the dependence
of luminescence intensity on the laser peak intensity. Usually
luminescence intensity (/) and laser peak intensity (P) have
the relationship 7 o P”, where 7 is the number of photons
[24]. Figure 4(a) shows the luminescence intensities at wave-
lengths of 355, 454, 473, and 975 nm as a function of laser
peak intensity using a log-log plot, together with linear fitting.
As can be seen, the slopes for the Tm?* luminescence signals at
355, 454, and 473 nm are, respectively, 2.73, 2.76, and 2.71,
which indicate that a three-photon absorption process should
be involved. However, the slope for the Yb3* luminescence sig-
nal at 975 nm is 2.05, indicating a more complex excitation
mechanism. For comparison, we also study the dependence
of luminescence intensity on laser peak intensity at 975 nm
for the Yb*>* single-doped sample under the same laser excita-
tion condition; the corresponding experimental result is shown
in Fig. 4(b). The insets in the lower right and upper left are,
respectively, the absorption and luminescence spectra of the
Yb?* single-doped glass ceramics. It can be seen that the fitting
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Fig. 4. Laser peak intensity dependences of (a) luminescence inten-
sities at 355, 454, 473, and 975 nm for the Tm®* /Yb?* co-doped
glass ceramics and (b) luminescence intensity at 975 nm for the Yb>*
single-doped glass ceramics, together with the absorption (lower right)
and luminescence (upper left) spectra.
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Fig. 5. Energy level structures of Tm®" and Yb?' ions, together
with the proposed mechanisms for explaining the luminescence
processes and the energy transfer from Tm*" to Yb** ions.

slope is only 1.28. The increase of slope from 1.28 (Yb>T ion)
to 2.05 (Tm?* /Yb®>" ions) indicates that an energy transfer
from Tm®" to Yb** ions should play an important role in
the excitation process of the Yb>T ion.

Based on the experimental observations above, we propose
the following excitation mechanism to illustrate the lumines-
cence processes and the energy transfer from Tm?" to Yb**
ions. As shown in Fig. 5, the population in the ground state
*Hg of the Tm®" ion is pumped to the intermediate state
SHy by a single-photon absorption, and then is further pumped
to the excited states °P, | by a two-photon absorption, i.e., a
(1 + 2) resonance-mediated three-photon absorption process.
The population in the excited states °P, | can nonradiatively or
radiatively decay to the lower excited states 'I;, 'D,, and ' Gy,
and emit these luminescence signals at the wavelengths of
290 nm ('Ig —»3Hg), 346 nm (‘I; — °F4), 362 nm
(1D, — *Hy), 454 nm ('D, — 3Ey), 473 nm (G, — *H),
and 648 nm ("G4 — °Fy), as shown in Fig. 3(b). Considering
the doping concentrations of the Tm®* (3%)/Yb** (1%) ions
and their energy levels, the energy transfer from Tm?* to Yb3*+
ions is most likely to occur via the following two pathways:
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T CH) Y6+ CF7 5) = T CH) £+ Y6+ (Fs ) (@)
and Tm>* (°P,) +Yb>* (°F; ) = Tm>* ('D,) 4+ Yb>* (°F5 )
(@). Both the pathways are phonon-assisted energy transfer
processes. Pathway @ involves a single-photon excitation and
has been well explored in previous studies [12,13]. However,
pathway @ includes a three-photon excitation and has never
been observed in experiment, to the best of our knowledge.
According to the Miyakawa—Dexter theory, the phonon-
assisted energy transfer probability can be described as

W(AE) = W(0) exp(-BAE), (1)

where AE is the energy mismatch between the levels of the
sensitizer and the activator; /3 is a parameter determined by the
electron—lattice coupling and phonon nature of the material;
and W(0) is the probability with zero energy mismatch.
The energy mismatch for pathway @ is only ~100 cm™!, which
is much smaller than ~2500 cm™' for pathway © [25].
Obviously, the less the energy mismatch is, the larger the energy
transfer probability will be. Moreover, the energy transfer effi-
ciency is also proportional to the population of the sensitizer.
Usually, the single-photon excited sensitizer in pathway ® has
more population than that in pathway ®@. Therefore, taking the
two contributing factors into consideration, we believe that
pathways © and @ are two dominating pathways for the energy
transfer from Tm?* to Yb?" ions; this will be further con-
firmed in the following study.

It is worth noting that a cooperative energy transfer (or
quantum cutting) pathway, involving an excited-state Tm>*
sensitizer and a pair of ground-state Yb3t activators, i.e.,
T+ (1Gy) +2Yb** CF, ) — Tm?* (Hg) 4 2Yb3* (Fs ),
has been reported before [7—11]. However, the efficiency of the
cooperative energy transfer was usually much lower than that of
the normal energy transfer due to the double-operator nature
[26]. Moreover, these cooperative energy transfer phenomena
were usually observed in samples with relatively high doping
concentrations of Yb?T ions (>5%) and very large populations
of Tm3T sensitizers in the excited state 'Gy [7-11]. For our
case here, the doping concentration of the Yb3t ion is just
1% and the population of the Tm3™ sensitizer in the excited
state ' G4 is rather small, as can be seen from the weak lumi-
nescence intensity at 473 nm (!G4 — *Hg), as shown in
Fig. 3(b). Therefore, the contribution of the cooperative energy
transfer pathway to the excitation of the Yb** ion is ignorable
in our experiment.

For further exploring the proposed energy transfer mecha-
nism above, we study the laser polarization dependence of the
luminescence intensities for both the Tm?* /Yb** co-doped
and Yb’T single-doped samples. Typically, a quarter-wave
(4/4) plate is used to change the laser polarization. In theory,
the multiphoton absorption in the broadband absorption sys-
tem can be considered a sum of each individual transition. For
convenience, we denote the states *Hg, *Hy, and °P, ; as |g),
|7), and | /), respectively. On the basis of the theoretical model
of the atomic system with a narrow absorption line limit
[27-29], the (1 + 2) resonance-mediated three-photon transi-
tion probability in the final excited state |f) Ay can be

approximated in the frequency domain as
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Here 7 is the Planck constant; G(w;) and G(wy) are, respec-
tively, the absorption line-shape functions in the intermediate
state |7) and the final state | f); p, = 7and p; — f are, respec-
tively, the effective dipole couplings for the state transitions of
lg) = |i) and |i) = [f); and @; and w are, respectively, the
corresponding transition frequencies. The on-resonant term
Aon_res in Eq. (3) represents the contribution of all on-resonant
three-photon excitation pathways (i.e., A = 0), whereas the
near-resonant term A, ... s in Eq. (4) contains the contribution
of other non-resonant three-photon excitation pathways (i.e.,
A #0), with g being the Cauchy principal value. £(w) is
the Fourier transform of the electric field FE(#), and
E(w) = Ey(w) x exp[i®(w)], with Ey(w) and ®(w) being
the spectral amplitude and phase, respectively. € is the angle
between the input laser polarization direction and the
optical axis of the 1/4 wave plate. The first term in the curly
bracket, [cos?(0) + sin?(6)], indicates the polarization depend-
ence of the single-photon absorption for the state transition
of |g) — |i). Since the value of this term is always unity
for any angles of 6, it means the laser polarization does
not affect the single-photon absorption. The second term,
[cos*(0) + sin*(0)], represents the polarization dependence
of the nonresonant two-photon absorption for the state tran-
sition of |7) — |f). When 6 = 2mn/4 (m = 0,1,2,...), the
output laser is linearly polarized, and the value of this term
is unity. When 0 = 2mn 4+ 1)/4 m = 0,1,2,...), the out-
put laser is circularly polarized, and the value is 1/2. For other
values of 0, the output laser is elliptically polarized, and the
value should fall within the range of [1/2, 1].

In our experiment, a /4 plate is inserted in front of the
focusing lens (L;) to vary the laser polarization, as shown in
Fig. 1. The laser peak intensity after the 1/4 plate is measured
to be about 1.21 x 10! W /cm?. Figure 6(a) shows the lumi-
nescence intensities at 454 and 975 nm for the Tm?* /Yb3*+
co-doped glass ceramics upon varying the laser polarization
(i.e., waveplate angle 6). Here, the solid lines are the theoretical
calculation results. As can be seen, the normalized lumines-
cence intensity at 454 nm decreases to 0.5 from 1.0 with
the laser polarization changing from linear to circular.
Obviously, this experimental observation is in good agreement
with the theoretical prediction in Eq. (2). The laser polarization
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Fig. 6. Dependences of luminescence intensities on the value of 6,
the angle between the direction of input laser polarization and the op-
tical axis of the A/4 plate. (a) Luminescence signals at 454 nm (red
squares) and 975 nm (blue circles) for the Tm** /Yb?* co-doped glass
ceramics. (b) Luminescence signal at 975 nm (rose squares) for the
Yb3+ single-doped glass ceramics.

dependences of the luminescence intensities at 355 and
473 nm can also be observed (not shown here), which indicates
that the luminescence signals at 355, 454, and 473 nm should
originate from the same excitation process of (1 + 2)
resonance-mediated three-photon absorption. However, when
the laser polarization changes from linear to circular, the lumi-
nescence intensity at 975 nm decreases to 0.63 from 1.0. It is
obvious that the control efficiency is smaller than that at
454 nm. For comparison, the laser polarization dependence
of luminescence intensity at 975 nm for the Yb** single-doped
sample is also measured and is shown in Fig. 6(b). One can see
that the luminescence intensity, which is independent of the
laser polarization, almost remains unchanged. The comparative
study clearly shows that the energy transfer does happen from
the Tm>* to Yb?* ions. There are two sources that contribute
to the luminescence signal at 975 nm. One is the direct femto-
second laser excitation of the Yb* ion, which is not affected by
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the laser polarization. The other is the energy transfer from the
Tm>" to Yb?" ions, which is dependent on the laser polariza-
tion. The relative weight of the two sources determines the
polarization control efficiency of the luminescence intensity
at 975 nm. The experimental results in Fig. 6(a) indicate that
the energy transfer from Tm?®" to Yb>* ions is the major source
of the luminescence signal at 975 nm.

As shown in Fig. 5 and Eq. (2), the energy transfer efficiency
depends on the (1 + 2) resonance-mediated three-photon tran-
sition probability. If the three-photon transition probability can
be artificially manipulated, the energy transfer efficiency can be
controlled efficiently. Typically, a spectral phase modulation can
provide an effective tool to control the three-photon transition
probability via constructive or destructive interference of the
different excitation pathways. Here, we optimize the spectral
phase of the femtosecond laser pulse by an adaptive feedback
control strategy based on a genetic algorithm. The adaptive
pulse-shaping method has been widely used as a robust search
and optimization technique for studying many physical and
chemical processes [30-32]. In our experiment, the lumines-
cence intensity is used as the feedback signal (i.e., fitness func-
tion) to optimize the SLM phase mask. Initially, 150 phase
masks are generated randomly with a personal computer and
used as the first generation. Here, each mask is tested and ranked
according to the luminescence intensity. The 10 best masks are
selected and used as parents to produce 150 new masks in the
next generation via crossover and mutation. The above process is
repeated until the fitness function approaches convergence or the
iteration number reaches a predetermined value.

We first enhance the energy transfer efficiency by adaptively
shaping the laser’s spectral phase. Here, the luminescence in-
tensity at 975 nm of the Yb>T ion is used as a feedback signal
and is normalized to that with the transform-limited (TL) laser
pulse excitation. As shown in Fig. 7(a-1), the luminescence
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Fig. 7. Optimization processes for (a-1) enhancing and (a-2) suppressing the luminescence signal at 975 nm. Luminescence spectra of the
Tm?®* /Yb>" sample with (blue curve) and without (red curve) phase optimization for (b-1) optimal enhancement and (b-2) suppression.
Phase masks (blue curve) and laser spectra (red curve) for (c-1) optimal enhancement and (c-2) suppression. Time profiles of the shaped (blue
curve) and TL (red curve) femtosecond pulses for (d-1) optimal enhancement and (d-2) suppression.
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intensity converges after optimization with 30 generations,
which is enhanced by a factor of ~1.6. For direct observation,
the luminescence spectra with and without phase optimization
are presented in Fig. 7(b-1). As expected, the luminescence sig-
nal at 975 nm is greatly enhanced. In addition, compared with
the improvement factor of ~1.6 at 975 nm for the Yb*T ion,
the luminescence intensity at 454 nm of the Tm?* ion is in-
creased by a factor of ~2.3. This difference in the improvement
factor can be explained as follows: as discussed above, in addi-
tion to multiphoton excited energy transfer, there are also other
excitation processes for the Yb?" ion that are not affected by
spectral phase modulation. The optimized phase distribution is
shown in Fig. 7(c-1), together with the laser spectrum (red
curve). As one can see, the obtained optimal phase mask looks
like a rectangle in the profile. A similar phase window has been
used to increase the resonant two-photon absorption in a
Rb atom [33]. We also numerically calculate the (1 + 2)
resonance-mediated three-photon transition probability based
on Egs. (2)—(5). The ratio of the transition probabilities with
and without phase optimization is ~2.5, which is very close to
the improvement factor of ~2.3 in our experiment. Based on
the phase distribution in Fig. 7(c-1), the time profile of the
shaped femtosecond pulse is as shown in Fig. 7(d-1), together
with the TL laser pulse (red curve) for comparison. The shaped
laser pulse is greatly broadened, and some side subpulses appear
in front of the main pulse. It is worth pointing out that a similar
improvement factor and optimal phase mask can also be ob-
tained when the luminescence intensity at 454 nm of the
Tm?" ion is used as the feedback signal for optimization.

We then perform the same experiment to suppress the
efficiency of energy transfer from Tm’' to Yb’T ions.
Figure 7(a-2) shows the optimization process using the recip-
rocal of the luminescence intensity at 975 nm of the Yb?* ion
as the feedback signal. The normalized luminescence intensity
is suppressed to ~30% after 30 generations. Figure 7(b-2)
shows the luminescence spectra with and without phase opti-
mization. As can be seen, the luminescence signals of the Tm?*
ion disappear. This means that the energy transfer from Tm3*
to Yb*>* ions is completely suppressed. However, other excita-
tion pathways are not affected by the spectral phase modula-
tion, and they still contribute to the luminescence signal at
975 nm of the Yb** ion. The optimized phase distribution
is examined and is shown in Fig. 7(c-2), and the laser spectrum
is also shown (red curve). Obviously, the laser’s spectral phase is
modulated with a high frequency. Similarly, on the basis of the
optimized phase distribution in Fig. 7(c-2), we also theoreti-
cally calculate the (1 + 2) resonance-mediated three-photon
transition probability. The transition probability can be sup-
pressed to ~0.1% after phase optimization, which is consistent
with the experimental observation. Moreover, the time profile
of the optimized femtosecond laser pulse is also given in
Fig. 7(d-2), together with that of the TL laser pulse (red curve).
One can see that the shaped laser pulse is now a series of sub-
pulses. In addition, we also optimize this suppression using the
reciprocal of the luminescence intensity at 454 nm of the
Tm?" ion as the feedback signal, and similar experimental
results are obtained.
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4. CONCLUSIONS

In summary, we have experimentally controlled the multipho-
ton excited energy transfer from Tm?" to Yb’T ions in co-
doped glass ceramics by using a phase-shaped femtosecond laser
field with a feedback control strategy. Our experimental results
showed that the Tm®" ions are pumped to highly excited states
via a multiphoton absorption, and then energy transfer occurs
from excited-state Tm>* sensitizers to ground-state Yb®* acti-
vators. The energy transfer pathways were confirmed by observ-
ing the dependences of the luminescence intensities of the
Tm>* /Yb?™ and Yb’T ions on the laser peak intensity and
polarization. Our experimental results also showed that the
efficiency of multiphoton energy transfer can be efficiently
enhanced or completely suppressed by optimizing the spec-
tral phase of the femtosecond laser, and the experimental
observations can be well explained by considering a (1 + 2)
resonance-mediated three-photon excitation model. Our work
demonstrates that spectral phase modulation of a femtosecond
laser can provide a new alternative method to induce and con-
trol the energy transfer processes in rare-earth ion-doped lumi-
nescent materials, which should have important application
prospects in related research areas such as white light generation
or frequency conversion.
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