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The ability to manipulate the valence state conversion of rare-earth ions is crucial for their applications in color
displays, optoelectronic devices, laser sources, and optical memory. The conventional femtosecond laser pulse has
been shown to be a well-established tool for realizing the valence state conversion of rare-earth ions, although the
valence state conversion efficiency is relatively low. Here, we first propose a femtosecond laser pulse shaping tech-
nique for improving the valence state conversion efficiency of rare-earth ions. Our experimental results demonstrate
that the photoreduction efficiency from Sm>* to Sm?* in Sm>*-doped sodium aluminoborate glass using a 7z phase
step modulation can be comparable to that using a transform-limited femtosecond laser field, while the peak laser
intensity is decreased by about 63%, which is very beneficial for improving the valence state conversion efficiency
under the laser-induced damage threshold of the glass sample. Furthermore, we also theoretically develop a (2 + 1)
resonance-mediated three-photon absorption model to explain the modulation of the photoreduction efficiency
from Sm3* to Sm?* under the 7-shaped femtosecond laser field. ~© 2018 Chinese Laser Press

OCIS codes: (320.5540) Pulse shaping; (320.2250) Femtosecond phenomena; (190.4400) Nonlinear optics, materials; (160.4670)
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1. INTRODUCTION

Opver the past few decades, the valence state conversion of rare-
earth-ion-doped luminescent materials has attracted great at-
tention due to their potential applications in ultrahigh-density
3D optical memories [1,2], broadly tunable lasers [3,4], and so
on. In the studies of these rare-earth ions, samarium (Sm) ions
were those most studied. For example, Qiu ez a/. observed
permanent photoreduction from Sm®* to Sm?* inside a so-
dium aluminoborate glass irradiated by an infrared (800 nm)
femtosecond pulsed laser [5,6], and also demonstrated the re-
cording, readout, and erasure of a 3D optical memory using
the valence-state conversion of Sm ions [2]. Jiao et a/. showed
that Sm ions can be selectively incorporated into the precipi-
tated nanophases, which can enhance the photoreduction of
Sm>* ions under even lower laser power [7]. Recently, the
photoreduction of Sm ions doped in other matrix materials
has also aroused considerable interest, such as crystals [8,9],
phosphors [10], glass films [11], and glass-ceramics [12,13].
Moreover, the valence state conversion of other rare-earth ions,
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like europium (Eu) [14-20] and manganese (Mn) ions [21,22],
has also been extensively studied. For example, Lim ez 2/. dem-
onstrated that the photoreduction efficiency from Eu’" to
Eu?" depends on the initial ion concentration, irradiation laser
intensity, and exposure time [16]. Similar phenomena were also
observed in the photo-oxidation from Mn** to Mn* [22].
Previous studies showed that femtosecond laser pulse exci-
tation provides a very useful strategy for obtaining the valence
state conversion of rare-earth ions due to the high laser inten-
sity. In these studies, the researchers usually employed a con-
ventional femtosecond laser pulse with a Gaussian shape, but
the valence state conversion efficiency by a Gaussian-shaped
femtosecond laser pulse was relatively low. In this work, we first
develop a phase-shaped femtosecond laser field to improve the
valence state conversion efficiency of rare-earth ions. Our ex-
perimental study indicates that the photoreduction efficiency
from Sm?* to Sm?* in Sm?*-doped sodium aluminoborate
glass using a 7-shaped femtosecond laser field can be compa-
rable to that using a transform-limited (TL) laser field, but the
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peak laser intensity is reduced by about 63%. One important
advantage for this experimental observation is that one can ob-
tain a higher photoreduction efficiency of rare-earth ions with a
fixed laser intensity under the damage threshold of glass sample.
Meanwhile, we also present a (2 4 1) resonance-mediated
three-photon absorption model to explain the modulation of
photoreduction efficiency from Sm** to Sm?* using the
m-shaped femtosecond laser field, which is very helpful for
understanding the physical mechanism of valence state conver-
sion of rare-earth ions in future study.

2. EXPERIMENT ARRANGEMENT

In this study, the glass sample is prepared with a composition in
mol ratio of 0.055m, O3 ® 10Na, O ¢ 5A1,0;3 ¢ 85B,0;. Here,
the reagent grade Sm, O3, Na,COj3, Al, O3, and B,Oj are used
as the starting materials. A mixed 30 g batch is melted in a Pt
crucible at 1250°C for 30 min in ambient atmosphere. Then
the melt is poured on a stainless steel plate for cooling down.
Finally, the synthetic transparent glass sample is polished for
optical measurement.

Our experimental arrangement is shown in Fig. 1. The ex-
citation source is a Ti:sapphire mode-locked regenerative ampli-
fier (Spectra-Physics Spitfire) with a pulse width of about 50 fs, a
central wavelength of 800 nm, and a repetition rate of 1 kHz.
The femtosecond laser spectral phase in the frequency domain
is modulated by a programmable 4 - f configuration zero-
dispersion pulse shaper, which is composed of a pair of diffrac-
tion gratings of 1200 lines/mm, a pair of concave mirrors with a
200 mm focal length, and a one-dimensional liquid crystal spa-
tial light modulator (SLM; Jenoptik SLM-S320D). The SLM is
placed at the Fourier plane and used to control the spectral phase
and/or amplitude. The phase-shaped femtosecond laser pulse is
focused into the Sm**-doped sodium aluminoborate glass via a
lens with a 10 mm focal length; here the glass sample is fixed on
an XYZ stage for fine adjustment. The laser intensity at the focus
is estimated to be ~1.3 x 10" W /cm?. A continuous wave
(CW) laser with a wavelength of 532 nm is used to excite
the glass sample after irradiation with an 800 nm femtosecond
laser. All the luminescence signals from the glass sample induced
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Fig. 1. Experimental arrangement for valence state manipulation in
Sm3*-doped sodium aluminoborate glass using a femtosecond laser
pulse shaping method. C; and C, stand for two cylindrical mirrors,
M; and M, are two circular mirrors, G; and G, are two gratings,
and L, and L, are two focusing lenses. Here, a continuous wave
(CW) laser with a wavelength of 532 nm is used to detect the valence
state change of Sm®>" ions. The inset shows a picture of the glass
sample after the femtosecond laser irradiation.
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Fig. 2. (a) Femtosecond laser spectrum using 7z phase step modu-
lation (dark cyan dashed line) and (b) the shaped femtosecond laser
pulse shapes with 7 phase step positions of 796 (orange line), 800
(pink line), and 804 nm (dark cyan line), together with the trans-
form-limited (TL) laser pulse (gray line).

by the 532 nm CW laser are perpendicularly collected by a
telescope system, and the corresponding luminescence spectrum
is recorded via a spectrometer with a charge-coupled de-
vice (CCD).

In this work, we use a 7 phase step modulation to control
the photoreduction efficiency from Sm3t to Sm?* in the
Sm?*-doped sodium aluminoborate glass. The 7 phase step
modulation, as a typical phase inversion, has been proven to
be a good strategy for the control of various nonlinear optical
processes [23]. Figure 2(a) shows this simple phase modulation
on the femtosecond laser spectrum. In mathematics, the #
phase step modulation can be defined by the function
p(@) = 76(w - wg,) /2, where 6(w - wg,) denotes the
signum function, which takes the values of -1 for @ < Wy,
and +1 for @ > @y, Thus, () is characterized by a phase
jump from -7z/2 to z/2 at the step position @y,. The modu-
lated femtosecond laser field in frequency domain £, 4(®) can
be expressed as Eoq(®) = E(@) x explino(® - wge,) /2],
where E(w) is the Fourier transform of the unmodulated
laser field E(#). The modulated femtosecond laser field in
time domain E,,4(#) is given by the convolution of E(¢)
with exp(iwge,t) /7t, ie., Epod(t) = E(1) ® exp(ig,t) /7t
Figure 2(b) shows the temporal intensity distribution of the
shaped femtosecond laser pulse with the 7z phase step positions
of 796, 800, and 804 nm, together with the TL femtosecond
laser pulse. One can see that the 7 phase step modulation will
induce the femtosecond laser pulse splitting and form a double
subpulse structure. Thus, the peak laser intensity will be effec-
tively suppressed, and the maximal suppression efficiency can

be up to ~63%.

3. RESULTS AND DISCUSSION

To observe the valence state conversion of Sm®*-doped sodium
aluminoborate glass under irradiation of an 800 nm femtosecond
laser pulse, we present the luminescence spectra before and after
the femtosecond laser irradiation, as shown in Fig. 3(a). Before
the femtosecond laser irradiation, there are three main lumines-
cence peaks around 563, 598, and 645 nm, which can be attrib-
uted to the transition processes of Sm>* ions: 4G 2= °Hs /25
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Fig. 3. (a) Luminescence spectra before (dark cyan line) and after
(orange line) the shaped femtosecond laser irradiation and (b) the dif-
ference between the two luminescence spectra.

4G5/2 - 6H7/2, and 4G5/2 - 6H9/2 [24]. After the femtosec-
ond laser irradiation, two new weak luminescence peaks appear
around 686 and 728 nm, which are conventionally attributed to
the 4f — 4f transition of Sm*>* ions [6]. For better viewing, the
difference between the two luminescence spectra is calculated, as
shown in Fig. 3(b). As can be seen, the luminescence intensities
around 563, 598, and 645 nm decrease, while the luminescence
intensities around 686 and 728 nm increase. This experimental
observation indicates that a portion of Sm** ions are converted
to Sm>* ions after the femtosecond laser irradiation.

For further verification of the valence state conversion from
Sm>* to Sm?*, we also measure the absorption spectra of the
glass sample before and after the femtosecond laser irradiation,
as shown in Fig. 4(a). Similarly, the difference between the two
absorption spectra is also calculated for the convenience of
viewing, and the calculated result is plotted in Fig. 4(b).
After the femtosecond laser irradiation, two absorption bands
can be observed around 210 and 320 nm. The strong absorp-
tion band around 210 nm can be ascribed to the charge transfer
state and 4f — 4f transition of Sm3* ions, whereas the weak
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Fig. 4. (a) Absorption spectra of the glass sample before and after
the femtosecond laser irradiation and (b) the difference between the
two absorption spectra.

absorption band around 320 nm can be mainly ascribed to
the 5d — 4f transition of Sm?* ions [6]. Moreover, we also
provide a picture of the glass sample after the femtosecond laser
irradiation, as shown in the inset of Fig. 1. The glass sample
is colorless before the femtosecond laser irradiation, while it
becomes brown after the laser irradiation, which is due to
the presence of Sm?* ions.

Obviously, the 800 nm femtosecond laser can provide a
well-established tool for realizing the valence state conversion
from Sm>T to Sm?>*. Next, we study the effect of 7 phase step
modulation on the photoreduction efficiency. For convenience,
we only present the two representative luminescence intensities
around 600 and 686 nm with an increasing number of laser
shots; the experimental results are shown in Fig. 5. Here,
we consider the six 7 phase step positions 750, 790, 796,
800, 804, and 810 nm. When the laser shot number increases,
the luminescence intensity around 686 nm shows an evolution
process that rapidly decreases and then remains stable.
However, the luminescence intensity around 600 nm shows
the opposite evolution behavior, a process of rapidly increasing
and then approaching stability. It can be seen that the 7 phase
step modulation can effectively control the luminescence inten-
sities of both Sm®* and Sm?™ ions, while the control efficiency
can only be reduced, but not improved. It is worth noting that
the luminescence intensity variation at a wavelength of 686 nm
is smaller than that at a wavelength of 600 nm. This difference
may be due to the different excitation processes and lumines-
cence efficiencies in Sm** and Sm?* ions.

As shown in Fig. 5, it is interesting that the luminescence
intensity of Sm** ions at a 7 phase step position of 800 nm can
be comparable to that using the TL femtosecond laser field
(also see the case of the z phase step position at 750 nm),
but the peak laser intensity under this phase modulation will
be greatly suppressed, and is about 37% of the TL laser field.
That is, the shaped femtosecond laser field with the lower peak
laser intensity can obtain almost the same photoreduction ef-
ficiency as the TL femtosecond laser field with the higher peak
laser intensity, which is very useful for obtaining the maximum
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Fig. 5. Luminescence intensities at a wavelength of (a) 686 and
(b) 600 nm with an increasing laser shot number for 7 phase step
positions of 750 (black squares), 790 (red circles), 796 (cyan left-
pointing triangles), 800 (green upward-pointing triangles), 804
(magenta right-pointing triangles), and 810 nm (blue downward-
pointing triangles). Here, the experimental data in (a) and (b) are fitted
by the exponential and sigmoidal functions, respectively.
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photoreduction efficiency under the laser-induced damage
threshold of the glass sample. To demonstrate this, we measure
the luminescence intensities at a wavelength of 686 nm with an
increasing laser shot number for the 7 phase step positions of
750 and 800 nm under the same peak laser intensity of
1.3 x 10" W /cm?; the experimental results are shown in
Fig. 6. As expected, the luminescence intensity using 7 phase
step modulation can be greatly improved, by a factor of ~3.6.

Moreover, an important observation in Fig. 5 is that all the
luminescence intensities at the different 7 phase step positions
will reach saturation with an increasing laser shot number; that
is, the photoreduction efficiency from Sm3* to Sm?* will be
fixed when the laser shot number reaches a certain value (about
2 x 10° for our experiment). This experimental phenomenon
can be explained as follows. Under the femtosecond laser ex-
citation, the Sm>T ions can be converted into Sm** ions by
photoreduction, and the Sm** ions can also be changed back
to Sm>* ions by photo-oxidation. At the beginning, the photo-
reduction from Sm®* to Sm*" dominates the whole process,
and the luminescence intensity of Sm*>* ions will decrease,
while the luminescence intensity of Sm>* ions will increase.
With an increasing laser shot number, the number of Sm?*
ions will also increase, and the contribution of photo-oxidation
from Sm2t to Sm3t will gradually strengthen. Finally, photo-
reduction and photo-oxidation achieve the balance, and thus
the luminescence intensities of both Sm3* and Sm?* ions will
approach stability.

To understand the physical control mechanism of valence
state conversion from Sm>* to Sm?* with 7 phase step modu-
lation, we theoretically propose a (2 + 1) resonance-mediated
three-photon absorption model to explain the luminescence in-
tensity control of Sm>* ions in Fig. 5(a). Figure 7(a) shows the
schematic of the electron—hole generation in the glass sample
by the (2 + 1) resonance-mediated three-photon absorption in
Sm3* ions. Here, ®Hs ; (or valence band) and °P;, represent,
respectively, the ground state |g) and the intermediate excited
state |i), and the conduction band is used as the final excited
state |f). The initial population in the ground state °Hs, is
pumped to the excited state °P;, by simultaneously absorbing
two photons, and then is further excited to the conduction
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Fig. 6. Luminescence intensities at a wavelength of 686 nm with an
increasing laser shot number for 7 phase step positions of 750 (black
squares) and 800 nm (red circles) under the same peak laser intensity

of 1.3 x 1013 W /cm?.
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Fig. 7. (a) Schematic of electron—hole generation in the glass sample
by a (2 + 1) resonance-mediated three-photon absorption in Sm?*
ions, (b) the theoretical calculation of three-photon transition proba-
bility by 7 phase step modulation, together with the corresponding
luminescence intensity modulation shown in Fig. 5(a) (circles).

band by absorbing the other photon, which results in the gen-
eration of electron-hole pairs in the glass sample. The holes are
trapped by nonbridging oxygen ions as well as by tetrahedral
cording born atoms, while the electrons are trapped by the
Sm>* ions [6]. Thus, the valence state conversion efficiency
of Sm?>* ions depends on the (2 + 1) resonance-mediated
three-photon transition probability.

In the perturbative regime, the (2 + 1) resonance-mediated
three-photon transition probability can be approximated by the
time-dependent perturbation theory as [25]

P(2+1)0</+°° dwa(wf)|A(2+1)(on—res) +A(2+1)(near—r€s)|2, (1)
-0

where ATV and JCHD0Meares) represent, respectively,
the on- and near-resonant three-photon absorption, and are
given by

+0o0
A@HDoneres) o i / dw;A(w) AP (w)E(wy - ;) (2)

-0

and
+00 1
A(2+1)(near—res) o _@/ dAZA(Z) (a)l, _A)E(a)f -w; + A),

3

with
4@ = [ dwr@E@-0) @

where A(®w;) and A(wy) are the absorption line-shape func-
tions of the two excited states |i) and |f), and ¢ is
Cauchy’s principal value. Obviously, the on-resonant term
A@+Dlon-res) 3y Eq. (2) is the interference of all on-resonant
three-photon excitation pathways (i.e., A = 0), while the near-
resonant term A@TD0ee) in Eq. (3) represents the interfer-
ence of other non-resonant three-photon excitation pathways
(i.e., A # 0) by the weighting factor 1/A.

Figure 7(b) shows the calculated results of the (2 + 1)
resonance-mediated three-photon transition probability P+
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as a function of the 7 phase step position in the laser wavelength.
To facilitate comparison, the normalized luminescence intensities
of Sm?* ions in Fig. 5(a) are also given. It is obvious that the
control behaviors for the absorption probability of Sm>* ions
and the luminescence intensity of Sm** ions under 7 phase step
modulation are the same, which means that the valence state con-
version from Sm®* to Sm?™ should result from the electron-hole
generation in the Sm>* ions by the (2 + 1) resonance-mediated
three-photon absorption. However, it is noted that the control
efficiencies of numerical calculation and experimental measure-
ment are different. The discrepancy can be attributed to the
different excitation processes or luminescence efficiencies for
Sm?* and Sm?™ ions. Furthermore, under the intermediate fem-
tosecond laser field, in addition to (2 + 1) resonance-mediated
three-photon absorption, there may be other, higher nonlinear
optical effects in the excitation process of Sm?* ions, such as
five-photon absorption or stimulated Raman scattering.

4. CONCLUSIONS

In summary, we have experimentally observed the valence state
conversion from Sm** to Sm?* in Sm?*-doped sodium alu-
minoborate glass under the irradiation of the shaped femtosec-
ond laser field with 7 phase step modulation. Our experimental
study indicated that 7z phase step modulation can effectively
control the photoreduction efficiency from Sm** to Sm?T.
Importantly, the shaped femtosecond laser field with the lower
laser intensity can obtain almost the same photoreduction
efficiency as the unshaped (i.e., TL) femtosecond laser field.
Furthermore, a (2 4 1) resonance-mediated three-photon ab-
sorption model was proposed to explain the physical control
mechanism of photoreduction efficiency modulation from
Sm?T to Sm** under the 7z-shaped femtosecond laser field.
This study provides a feasible method for obtaining higher
photoreduction efficiency of rare-earth ions under the laser-
induced damage threshold of the glass sample, and also presents
clear physical insight into the valence state conversion of rare-
earth ions. In addition, the experimental and theoretical results
are very helpful for understanding and controlling the valence
state conversion of rare-earth ions in future study.
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