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Abstract
Controlling the up-conversion luminescence of rare-earth ions in real-time, in a dynamical 
and reversible manner, is very important for their application in laser sources, fiber-optic 
communications, light-emitting diodes, color displays and biological systems. In previous 
studies, the up-conversion luminescence control mainly focused on the weak femtosecond 
laser field. Here, we further extend this control behavior from weak to intermediate 
femtosecond laser fields. In this work, we experimentally and theoretically demonstrate that 
the up-conversion luminescence in Dy3+ ion doped glass can be artificially controlled by a π 
phase step modulation, but the up-conversion luminescence control behavior will be affected 
by the femtosecond laser intensity, and the up-conversion luminescence is suppressed by 
lower laser intensity while enhanced by higher laser intensity. We establish a new theoretical 
model (i.e. the fourth-order perturbation theory) to explain the physical control mechanism 
by considering the two- and four-photon absorption processes, and the theoretical results 
show that the relative weight of four-photon absorption in the whole excitation process will 
increase with the increase in laser intensity, and the interference between two- and four-photon 
absorptions results in up-conversion luminescence control modulation under different laser 
intensities. These theoretical and experimental works can provide a new method to control 
and understand up-conversion luminescence in rare-earth ions, and also may open a new 
opportunity to the related application areas of rare-earth ions.
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1. Introduction

The up-conversion luminescence of rare-earth ions can gen-
erate radiation light that has a shorter wavelength than the 
pump light through two-photon or multi-photon absorption 
processes, and therefore the up-conversion luminescence of 
rare-earth ion doped luminescent materials has attracted con-
siderable attention because of its excellent optical proper-
ties, such as photo-stability, narrow spectrum, near infrared 
excitation, large Stokes shift, long luminescence lifetime 
and well-defined emission bands [1, 2]. So far, rare-earth ion 
doped luminescent materials have been widely applied in 
some related areas, such as laser sources [3, 4], fiber-optic 
communications [5, 6], light-emitting diodes [7], solar cells 
[8], color displays [9, 10], biolabeling and biomedical sensing 
[11–15], and so on. In the up-conversion excitation technique, 
a near-infrared (NIR) laser was usually used as the excitation 
source due to its deeper penetration depth in the sample than 
that obtained using an ultraviolet laser. Moreover, using the 
NIR laser can significantly minimize background autofluores-
cence, photobleaching and photodamage.

How to control the up-conversion luminescence of rare-
earth ions has become a hot research topic in various related 
areas of rare-earth ions. Realizing the tuning or enhancement 
of the up-conversion luminescence in rare-earth ions is an 
essential request for optimizing the performance and processes 
of optical devices, and is also important fundamental research 
for understanding up-conversion luminescence mechanisms 
and multi-photon excitation processes [16]. Usually, there 
are two main methods for controlling the up-conversion fluo-
rescence of rare-earth ions. One is the conventional chemical 
method, which is a very effective technique to tune or enhance 
the up-conversion luminescence of rare-earth ions, such as 
changing chemical composition [2, 17], crystal structure [18], 
nanoparticle size [19], and surface groups [20]. However, the 
conventional chemical method cannot control the up-conver-
sion luminescence in a real-time, dynamical and reversible 
manner. The other one is the physical method, such as apply-
ing an electric field [21], magnetic field [22], plasmon [23], 
or temperature [24], or changing the laser wavelength [25], 
laser pulse duration [26], or laser repetition [27]. Recently, 
we proposed a femtosecond pulse shaping technique to tune, 
suppress or enhance the up-conversion luminescence of rare-
earth ions, and obtained a series of research results [28–32]. 
For example, the single- and two-photon fluorescence in Er3+ 
ions can be enhanced or suppressed by a π or square phase 
modulation [28, 29]; the up-conversion fluorescence in Er3+ 
or Dy3+ ions can be effectively controlled by varying both 
the laser polarization or phase [30, 31]; The green and red up-
conversion fluorescence can be tuned in Er3+-doped NaYF4 
nanocrystals by square phase modulation [32].

Our previous works focused on the quantum coher-
ent control of up-conversion luminescence in rare-earth 
ions under a weak shaped femtosecond laser field [28–32]. 
In this paper, we experimentally and theoretically observe 
the up-conversion luminescence control behavior in Dy3+ 
ion doped glass from weak to intermediate shaped femto-
second laser fields. Our experimental results show that the 

up-conversion luminescence can be effectively controlled by 
a π phase modulation under both lower and higher laser inten-
sity excitations, but the up-conversion luminescence control 
behavior is correlated with the femtosecond laser intensity, 
which is suppressed under lower laser intensity excitation 
while it is enhanced under higher laser intensity excitation. 
Our theoretical simulations demonstrate that the experimental 
observations can be well explained by using a fourth-order 
perturbation theory, which involves the two- and four-photon 
absorption processes. With the increase in the laser intensity, 
the relative weight of the four-photon absorption in the whole 
excitation process will increase, and the interference between 
two- and four-photon excitation pathways results in different 
up-conversion luminescence control behaviors under lower 
and higher laser intensities.

2. Experimental arrangement

Our experimental arrangement is shown in figure 1(a). Here, 
a Ti-sapphire femtosecond laser (Spectra-physics, Spitfire) 
is used as the excitation source with a central wavelength of 
800 nm, repetition rate of 1 kHz and pulse width of about 50 fs. 
The output femtosecond laser pulse is shaped by using a zero-
dispersion programmable 4-f configuration pulse shaping sys-
tem. The femtosecond pulse shaping system is composed of 
a pair of diffraction gratings with 1200 lines mm−1 (G1 and 
G2), a pair of concave mirrors with focal length of 200 mm 
(L1 and L2) and a one-dimension liquid crystal spatial light 
modulator array (SLM-S320d, JENOPTIK). Here, the SLM 
is placed at the Fourier plane and used to control the spectral 

Figure 1. (a) The experimental arrangement for the control of 
up-conversion luminescence in a Dy3+-doped glass sample using 
a shaped femtosecond laser pulse. Here, the zero-dispersion 
programmable 4f-configuration femtosecond pulse shaping system 
includes a pair of gratings, a pair of lenses and a spatial light 
modulator (SLM); here the SLM is placed at the Fourier plane and 
used to control the spectral phase and amplitude in the frequency 
domain. (b) The femtosecond laser spectrum is modulated by a π 
phase step modulation.

Laser Phys. Lett. 14 (2017) 115301
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phase or amplitude in the frequency domain. By approxi-
mately designing the spectral phase and/or amplitude, such a 
shaped femtosecond laser pulse with almost arbitrary tempo-
ral distribution can be obtained. The shaped femtosecond laser 
pulse is focused into the Dy3+ ion doped glass sample through 
a lens of 50 mm focal length. All the up-conversion lumines-
cence signals emitted from the Dy3+ ion doped glass sample 
are perpendicularly collected and measured by a spectrometer 
with a charge-coupled device (CCD). In order to obtain the 
stable spectral signals, here the measured luminescence spec-
tra in our experiments are all averaged five times.

In our experiment, the sample is a piece of glass doped 
with Dy3+ ions, which is synthesized via optimal modification 
from melt quenching to subsequent heat treatment. During the 
glass sample preparation, a 4N rare earth compound (Dy2O3) 
is used as raw material. The precursor sample doped with 
Dy3+ ions is synthesized with the composition (in mol%) of 
60%SiO2, 20%Al2O3, 20%CaF2 and 1%DyF3. A platinum 
crucible with a lid is used to melt the mixed raw materials, 
which are treated for 45 min at 1450 °C in ambient atmos-
phere, and then molded in a brass mould followed by a 10 h 
anneal at 450 °C. Finally, the glass products are further pro-
cessed through incision and polishing, and are used in our 
optical measurement.

3. Results and discussion

The UV–vis–NIR absorption spectrum of the Dy3+-doped 
glass sample is shown in figure 2(a), which is measured using 
a U-4100 spectrophotometer (Hitachi). It can be seen that 
three main absorption bands are observed around the wave-
lengths of 388, 800 and 891 nm, which correspond to the 
three excited states 4I13/2, 6F5/2 and 6F7/2. In our experiment, 
the up-conversion luminescence spectrum under the 800 nm 
femtosecond laser pulse excitation in the visible light region 

is shown in figure 2(b). One can see that three up-conversion 
luminescence signals can be clearly observed around the 
wavelengths of 487, 577 and 665 nm, which can be attributed 
to the three state transitions 4F9/2  →  6H15/2, 4F9/2  →  6H13/2 
and 4F9/2  →  6H11/2, respectively. The same experiment is 
also performed in the glass sample without Dy3+ ions, and 
no up-conversion luminescence signal can be observed. This 
phenom enon confirms that the up-conversion luminescence in 
figure 2(a) comes from the excitation of Dy3+ ions. Here, the 
π phase step modulation is used to control the up-conversion 
luminescence, which is featured with a phase jump within the 
femtosecond laser spectrum from 0 to π at a certain phase step 
position, as shown in figure 1(b). The π phase step modulation 
is regarded as a well-established tool for inducing constructive 
or destructive interference between different excitation path-
ways, and therefore has been extensively applied in atomic 
and molecular systems to control the multi-photon absorption 
process [33, 34].

Figure 3 presents the normalized up-conversion lumines-
cence intensity at a wavelength of 577 nm by varying the π 
phase step modulation with the laser intensities of 4.9  ×  1012 
(a), 9.8  ×  1012 (b), 2.45  ×  1013 (c) and 4.9  ×  1013 W cm−2 (d), 
together with the theoretical simulations. Here, the laser aver-
age power is measured by a OPHIR power meter (Newport), 
and the laser intensity (i.e. peak power) is calculated using 
the formula I  =  P/(τ  ×  γ  ×  σ), where P is the average power, 
τ is the laser pulse width, γ is the laser repetition rate, and σ 
is the laser spot size. For convenience, we use the up-conver-
sion luminescence signal at the wavelength of 577 nm as our 
study object, and the other two up-conversion luminescence 
signals have the same control behavior. As can be seen, the 
up-conversion fluorescence can be controlled in a real-time, 
dynamical and reversible manner by π phase step modulation. 
More importantly, the up-conversion luminescence intensity 
can be effectively suppressed or enhanced, which depends on 
the femtosecond laser intensity. That is to say, one can arti-
ficially control the up-conversion luminescence suppression 
or enhancement of the Dy3+-doped glass sample according to 
the experimental requirement. With the increase in the laser 
intensity, the up-conversion luminescence control behavior is 
from suppression to enhancement. The up-conversion fluores-
cence can be suppressed but not enhanced with lower laser 
intensity (see figure 3(a)), while it can be enhanced but not 
suppressed with higher laser intensity (see figure 3(d)).

To explain why the π phase step modulation can control 
the up-conversion luminescence suppression or enhancement 
under the different laser intensities, we theoretically consider 
the two- and four-photon absorption processes in the Dy3+ ions, 
as show in figure 4. Here, the three states 6H15/2, 6F5/2 and 4I13/2 
represent the ground state |g〉, intermediate state |i〉 and final 
excited state |f〉, respectively. In the two-photon absorption pro-
cess, the initial population in the ground state 6H15/2 is pumped 
to the final excited state 4I13/2 via the intermediate state 6F5/2 by 
absorbing two photons (i.e. resonance-mediated two-photon 
absorption). In the four-photon absorption process, the state 
transition includes both the contributions from the resonance 
Raman part via the intermediate state 6F5/2 or the ground state 

Figure 2. (a) The UV–vis–NIR absorption spectrum of a Dy3+-
doped glass sample. (b) The up-conversion luminescence spectrum 
in the visible light region under 800 nm femtosecond laser pulse 
excitation.

Laser Phys. Lett. 14 (2017) 115301
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6H15/2, and the non-resonant Raman part via the virtual state |n〉.  
The population in the final excited state 4I13/2 will relax to the 
lower excited state 4F9/2, and emits the up-conversion fluores-
cence at these wavelengths of 487, 577 and 665 nm via the 
three state transitions of 4F9/2  →  6H15/2, 4F9/2  →  6H13/2 and 
4F9/2  →  6H11/2, respectively. Usually, the multi-photon absorp-
tion in the quantum system with the broadband absorption can 
be considered as the sum of each individual transition pathway 
[34]. Therefore, the population in the final excited state 4I13/2 
(i.e. |f〉) can be written as [35, 36]

Pf ∝
∫ ∞

−∞
Aabs (ωfg)|Af (ωfg)|2dωfg, (1)

with

Af (ωfg) = A(2)
f + A(4)

f . (2)

One can see that the final state amplitude Af(ωfg) involves both 
the contributions from the second- and fourth-order pertur-

bation terms, i.e. A(2)
f  and A(4)

f . The second-order term A(2)
f  

includes all the two-photon excitation pathways, and can be 
described as [33]

A(2)
f = − 1

i�2 |E0|2A(2)(ωfg), (3)

with

A(2)(Ω) = µfiµig
∫∞
−∞ dωig

[
iπAabs(ωig)Ê(ωig)Ê(Ω− ωig)

+℘
∫∞
−∞ dωÊ(ω)Ê(Ω− ω)/(ωig − ω)

]
.

 
(4)

However, the fourth-order term A(4)
f  interferes with all the 

four-photon excitation pathways with three absorbed photons 
and one emitted photon, and is given by [37–39]

A(4)
f =− 1

i�4 |E0|4
[
iπA(2)(ωfg)A(R)(0)

−℘

∫ ∞

−∞
dδA(2)(ωfg − δ)A(R)(δ)/δ

]
,

 

(5)

where A(R)(δ) can be defined as

A(R)(∆Ω) = A(resR)
fi (∆Ω) + A(resR)

ig (∆Ω) + A(non-resR)
n (∆Ω),

 (6)
with

A(resR)
fi (∆Ω) = |µfi|2

[
iπÊ(ωfi)Ê∗(ωfi −∆Ω)

−℘
∫∞
−∞ dδ′Ê(ωfi − δ′)Ê∗(ωfi −∆Ω− δ′)/δ′

]
,

 
(7)

Figure 3. The normalized up-conversion luminescence intensity at a wavelength of 577 nm with varying the π phase step position with the 
laser intensities of 4.9  ×  1012 (a), 9.8  ×  1012 (b), 2.45  ×  1013 (c) and 4.9  ×  1013 W cm−2 (d).

Figure 4. The energy level diagram of Dy3+ ion and possible 
up-conversion excitation processes by two- and four-photon 
absorptions.

Laser Phys. Lett. 14 (2017) 115301
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A(resR)
ig (∆Ω) = |µig|2

[
iπÊ(ωig)Ê∗(ωig −∆Ω)

−℘
∫∞
−∞ dδ′Ê(ωig − δ′)Ê∗(ωig −∆Ω− δ′)/δ′

]
,

 
(8)

A(non-resR)
n (∆Ω) = µ2

nn

∫ ∞

−∞
Ê(ω +∆Ω)Ê∗(ω)dω, (9)

where Aabs(ωig) and Aabs(ωfg) are the absorption line-shape 
functions of the intermediate state |i〉 (i.e. 6F5/2) and final 
excited state |f 〉 (i.e. 4I13/2), ℘ is the Cauchy principal value, 
ωig, ωfi and ωfg are the transition frequencies of |g〉  →  |i〉, 
|i〉  →  |f 〉 and |g〉  →  |f 〉, µfi and µig are the dipole moment 
matrix elements, and µ2

nn is the effective non-resonant Raman 
coupling via the virtual state |n〉. The spectral field is writ-
ten as E(ω)  =  |E(ω)|exp[iφ(ω)], where E(ω) and φ(ω) are the 
spectral amplitude and phase at the frequency ω. Here, we use 
the normalized spectral field Ê(ω) = |E(ω)|/|E0| to represent 
the laser field shape, and E0 is the maximal spectral ampl-
itude. Based on our theoretical model, we theoretically simu-
late the population in the final state 4I13/2 (i.e. |f〉) Pf according 
to our experimental conditions, and the simulated results are 
also shown in figure 3. Obviously, the theoretical simulations 
can be in good agreement with the experimental results, which 
illustrates the important role of four-photon absorption on the 
up-conversion luminescence control under the higher laser 
intensity. Furthermore, these theoretical results also show that 
the interference between the two- and four-photon excitation 
pathways results in different up-conversion luminescence 
control behaviors under lower and higher laser intensities.

In order to further illustrate the physical control mech anism 
of the up-conversion luminescence suppression or enhance-
ment, we present the theoretical results of the 4I13/2 state 
absorption by varying the π phase step position with the lower 
laser intensity of 2  ×  1012 W cm−2 (a) and the higher laser 
intensity of 8  ×  1013 W cm−2 (b), together with the contrib-
utions of two- (black dashed line) and four-photon absorp-

tion (red dotted line) (i.e. |A(2)
f |2 and |A(4)

f |2), as shown in 

figure 5. One can see that the two-photon absorption |A(2)
f |2 

can be suppressed but not enhanced by π phase modulation 
under both the lower and higher laser intensities, while the 

four-photon absorption |A(4)
f |2 can be enhanced or suppressed. 

Furthermore, it can be seen from equations  (3) and (5) that 

the second-order term A(2)
f  is proportional to |E0|2, while the 

fourth-order term A(4)
f  is proportional to |E0|4. Consequently, 

the two-photon absorption |A(2)
f |2 is far larger than the four-

photon absorption |A(4)
f |2 under the lower laser intensity, and 

therefore plays the main role for the up-conversion lumi-
nescence; thus the up-conversion luminescence cannot be 
enhanced, as shown in figure  5(a). However, the four-pho-

ton absorption contribution |A(4)
f |2 can be compared with  

the two-photon absorption contribution |A(2)
f |2 under higher  

laser intensity; the constructive interference between the two-  
and four-photon excitation pathways results in up-conversion  
luminescence enhancement, as shown in figure 5(b). Obviously, 
the four-photon absorption contribution plays a crucial role in 
the up-conversion luminescence enhancement, and therefore 
one can select an appropriate laser intensity to modulate the 
up-conversion luminescence control behavior by the π phase 
step modulation.

In order to confirm the four-photon absorption contribution 
under the higher laser intensity, we measure the up-conversion 
luminescence intensity at the wavelength of 577 nm by vary-
ing the femtosecond laser intensity, and the log–log plot of the 
luminescence intensity versus the laser intensity is shown in 
figure 6. In the lower laser intensity region (i.e. region I), the 
slope is relatively small, which illustrates that the up-conver-
sion luminescence mainly comes from the two-photon absorp-
tion contribution. However, in the higher laser intensity region 
(i.e. region II), the slope quickly increases, which is due to the 
involvement of the four-photon absorption contribution. When 
the laser intensity is further increased (i.e. region III), the slope 
will gradually decrease back to a smaller value, which can be 
attributed to the saturated absorption. Therefore, we can con-
clude that up-conversion luminescence intensity enhancement 
using π phase step modulation under higher laser intensity is 
related to the four-photon absorption contribution.

Figure 5. The theoretical simulation of 4I13/2 state absorption with 
varying the π phase step position with a lower laser intensity of 
2  ×  1012 W cm−2 (a) and higher laser intensity 8  ×  1013 W cm−2 
(b), together with the contributions of two- (black dashed line) and 
four-photon absorption (red dotted line).

Figure 6. The up-conversion luminescence intensity at a 
wavelength of 577 nm with varying the femtosecond laser intensity.

Laser Phys. Lett. 14 (2017) 115301
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4. Conclusions

In conclusion, we have experimentally and theoretically dem-
onstrated that up-conversion luminescence in a Dy3+ ion doped 
glass sample can be artificially controlled by varying the π phase 
step position under different laser intensities. The experimental 
results showed that up-conversion luminescence can be effec-
tively suppressed but cannot be enhanced at lower laser inten-
sity, while it can be enhanced at higher laser intensity, which 
indicated that the up-conversion luminescence control behavior 
is affected by the femtosecond laser intensity. The exper imental 
observations can be well explained in theory by considering 
both the two- and four-photon absorption contributions; the rel-
ative weight of the four-photon absorption contribution in the 
whole excitation process will increase under the higher laser 
intensity, and the interference between the two- and four-photon 
excitation pathways will affect the up-conversion luminescence 
control behavior under lower and higher laser intensities. The 
up-conversion luminescence control of rare-earth ions under 
weak and intermediate femtosecond laser fields is very useful 
for the further application of rare-earth ions in various related 
areas, and can also open up a way to explore the new physical 
control mechanisms of up-conversion luminescence.
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