Multiphoton absorption excited upconversion luminescence in optical fiber
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We experimentally demonstrate a previously unforeseen nonlinear effect in optical fibers: upconver-
sion luminescence generation excited by multiphoton absorption of femtosecond infrared pulses. We
directly estimate the average number of photons involved in the up-conversion process, by varying
the wavelength of the pump source. We highlight the role of non-bridging oxygen hole centers and
oxygen deficient center defects, and directly compare the intensity of side-scattered luminescence

with numerical simulations of pulse propagation.

I. INTRODUCTION

Upconversion luminescence (UL), involving the absorp-
tion of multiple photons followed by the emission of
higher energy photons via the radiative decay of ex-
cited electron energy levels in dielectric materials, has
attracted considerable research attention, since its first
observation in rare-earth-doped crystals [1]. Over the
years, UL found application in a wide range of fields,
moving from physics to chemistry and biology, since it
allows for the detection of several stimuli such as tem-
perature, electromagnetic radiation and pH [2]. Thanks
to materials nanoengineering development, UL has been
recently proposed for medical therapy too [3]. In physics,
UL finds its main application in the generation of visi-
ble laser emission by means of infrared optical pumping
[4, 5].

Aiming to the realization of fiber lasers, various au-
thors have studied UL in optical fibers, doped with differ-
ent types of semiconductors, such as cesium, europium,
and tantalum [6-8]. In their first report of UL in silica
glass, which is the main constituent of commercial opti-
cal fibers, Kazansky et al. attributed their observation
of multiphoton absorption (MPA) excited upconversion
luminescence in Ge-doped silica glass to the presence of
Germanium Oxygen deficient center (Ge-ODC) defects
[9]. However, intrinsic and induced defects in silica were
already studied by using ultraviolet (UV)-pumped vis-
ible photoluminescence. Among these, the presence of
the so-called non-bridging Oxygen hole center (NBOHC)
defects, responsible for visible red light emission at 650
nm, attracted significant interest [10]. NBOHCs consist
of a complementary pair of broken silicon-oxygen bonds,
and were among the first defects to be studied. Their
paramagnetic properties permit to investigate NBOHCs
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by means of the electron paramagnetic resonance tech-
nique. Only later, the presence of diamagnetic defects,
such as Ge-OCDCs, was also discovered in silica glass
[11]. These defects are responsible for several lumines-
cence bands in the UV-VIS spectral range. Three main
emission bands, centered at 290, 400 and 460 nm, were
easily detected in as-grown or irradiated silica [12, 13],
as well as in Ge-doped silica [14]. Ge-ODC luminescence
was also observed in singlemode optical fibers [15], and
it was proposed as an alignment marker for the man-
ufacturing of fiber Bragg gratings [16]. Luminescence
from defects and impurities represents a useful tool for
the spectroscopy of transparent media, and permits to
extend the range of laser emission into the UV. Lumines-
cence was recently proposed as a tool for supercontinuum
generation in YAG crystals [17]. In optical fibers, UL pro-
vides an interesting means to extend the supercontinuum
bandwidth into the UV, which is otherwise challenging
by using parametric nonlinear effects [18, 19].

In this Letter, we report the experimental observation
and theoretical description of visible UL in commercial
multimode fibers (MMFs), pumped by intense femtosec-
ond infrared laser pulses. Owing to their large numer-
ical aperture, MMFs are better suited than singlemode
fibers to trap luminescent radiation. Moreover, because
of their relatively large core size, MMF's may carry light
beams with peak powers up to the self-focusing critical
value, before any permanent damage occurs. This allows
for the observation of a host of unexpected nonlinear ef-
fects [18, 20]. Specifically, the presence of photolumi-
nescence and nonlinear losses, which were ascribed to a
MPA mechanism, was recently reported in graded-index
(GRIN) MMFs [21, 22]. These nonlinear losses intro-
duce a fundamental, and previously undisclosed, nonlin-
ear limitation to the energy transmission capabilities of
optical fibers, and may provide an intrinsic limitation for
the power scaling of spatiotemporal mode-locking with
multimode fiber lasers [23].

To date, a microscopic interpretation of these intrigu-
ing phenomena is still missing. Here we fill this gap of



knowledge, by associating them to UL. Specifically, we
unveil a previously unforeseen nonlinear phenomenon in
optical fibers, by demonstrating the presence of up to 5-
photon absorption processes involved in UL generation.
Spatial self-imaging (SSI) in GRIN fibers plays key role
in enhancing UL, which becomes visible to the naked eye
as an array of side-scattering blue emitters. Our exper-
imental results are in excellent quantitative agreement
with numerical simulations, based on a generalized non-
linear Schrodinger equation (GNLS). We provide a com-
plete characterization of the multiphoton nature of UL,
by varying the laser power and wavelength, and compare
UL spectra for GRIN and step-index MMF's.

II. METHODS

In our experiments, we measured the spectrum of visi-
ble UL light scattered out of the first few millimeters of
propagation in MMFs. This light results from the mul-
tiphoton absorption of high peak power (up to 3 MW)
femtosecond infrared pulses. Spectra were collected with
a miniature fiber optics spectrometer (Avaspec-2048). As
a pump source, we used a hybrid optical parametric am-
plifier (OPA) pumped by a femtosecond Yb-based laser.
Pulses of 80 fs at 650-940 nm and 180 fs at 1030 nm
with 100 kHz repetition rate were coupled into two dif-
ferent multimode standard fibers: a 50/125 GRIN fiber
with a relative index difference Agrry = 0.0103, and
a 105/125 step-index fiber with Ag; = 0.012. In both
cases, the beam (1/e?) diameter at the fiber input facet
was equal to 7.55 ym at A = 1030 nm, and about 11um
at A = 650 — 940 nm. UL was collected by means of
an imaging lens into either the spectrometer or a micro-
scope.

In Fig.la we present a sketch of our setup. Fig.1b
shows pictures of the side-scattered UL spots, taken by
a Dinolite-AM3113T digital microscope. The different
scattering patterns from either GRIN or step-index fibers
can be clearly appreciated. A single emission spot at the
point of minimum beam waist is scattered from the step-
index fiber. Whereas the periodic beam focusing in the
GRIN fiber leads to an array of scattering points. The
two fibers also differ in terms of their dopants and concen-
trations. Specifically, in the step-index fiber the cladding
is made of fluorine-doped silica, while the core is nomi-
nally undoped. In contrast, index grading in the GRIN
fiber is obtained by using a parabolically decreasing con-
centration of Ge dopant in the core, and the cladding is
made of pure silica. In Fig.1c, a scanning electron micro-
scope (SEM) image of the GRIN fiber facet is reported.
We spatially tracked the Ge concentration along a di-
ameter of the core (white line in the figure) by means
of energy dispersive X-ray Spectroscopy (EDX), which
provides a well-known signature in the electromagnetic
spectrum. The result is shown in Fig.1d. At its peak, Ge-
doping is 15 %-mass (corresponding to 4.5 % -atomic).
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FIG. 1. (a) Schematic of the experimental setup. (b) Mi-
croscope image of luminescence scattered from either GRIN
or step-index fibers. Dashed lines stand for the cladding-air
interface, while the scale bar corresponds to 1 mm. (¢) SEM
image of a GRIN fiber section. (d) % mass Germanium con-
centration in the Ge-doped GRIN fiber.

III. RESULTS

In Fig.2a we illustrate the dependence of the measured
spectrum of side-scattered light on the peak power (P,)
of the pump laser pulses at 1030 nm. As can be seen, a
broad visible emission appears when P, crosses a certain
power threshold (around 1.5 MW). Beyond such power,
one may distinguish the generation of three main spec-
tral peaks at 650, 460, and 400 nm, respectively. Another
peak at 345 nm is appreciable at the highest input pow-
ers. The latter, having a rather narrow bandwidth, can
be easily identified with the third-harmonic of the pump
laser. On the other hand, we may attribute the origin
of the red peak at 650 nm to the presence of NBOHCs.
Whereas the peaks at 460 and 400 nm can be ascribed
to Ge-ODC. All of these peaks resuls from MPA of the
pump source. We did not observe any luminescence peak
at 240 nm, since it is negligible at room temperature [24].

A sketch of the MPA process involving n = 5 photons is
shown in Fig.2b. Owing to MPA, an electron is excited
into a higher energy band (Sp — S1). Next, electron-
phonon scattering allows the system to relax into an in-
termediate energy level, from which luminescence takes
place, thus bringing back the electron to its ground state
(Ty — Sp). The only constraint in this simple picture
is that the number of photons involved must be large
enough, in order to bring the electron to its upper level.
One may also notice that a smaller number of photons



would be required for the Sy — 77 transition. Neverthe-
less, the contribution of this transition to multiphoton
absorption turns out to be negligible for NBOHC and
Ge-ODC defects. Being theoretically forbidden because
of symmetry reasons, its associated oscillation strength
is, in fact, one million times smaller than the Sy — S}
transition at room temperature [25]. Therefore, as a first
approximation, we may only consider the presence of the
n-photon absorption process. In this simplified model,
the parameter n represents an effective number of pho-
tons involved in the MPA process, since it includes all the
possible contributions that we are not explicitly taking
into account. We may also assume that the upconver-
sion rate is small enough, so that the following relation-
ship holds between the UL intensity (Iyyz) and the n-th
power of P, [26]:

IUL:aP;la (1)

where the parameter « includes the n-photon absorption
cross-section, and the phase-matching condition between
the laser pump and the luminescence radiation. In this
sense, it worth noticing that the latter is isotropic, while
the pump is mostly guided into the fiber core. Interest-
ingly, the absorption bands corresponding to the NBO-
HCs and ODCs are quite close in energy. The first occurs
at 258 nm, and the second at 241 nm [25]. Hence, UL
generated by both defects is triggered by the same num-
ber of absorbed photons (specifically, n = 5 for a pump
wave at A = 1030 nm).

To confirm this, in Fig.2c, we illustrated the depen-
dence of Iy, (calculated as the integral of the correspond-
ing spectral peak as shown in Fig.2a) on P,. Because of
the overlap of the two ODC peaks at 400 and 460, we
integrated them as if they were a single signal. Figure 2c
shows that the two fitting curves in the log1g — log1o plot
are parallel lines with a slope equal to 5, thus confirming
the prediction of the simple model of Eq.(1).

The estimation of the number of photons involved in the
multi-photon absorption process allows us to properly
model the intensity variation of UL along the propagation
distance. The periodicity of the latter in GRIN fibers has
already been pointed out as a result of the spatial-self
imaging effect [18, 22, 27]. Nevertheless, the amplitude of
the UL intensity variation along the propagation distance
in a GRIN fiber could not be quantitatively reproduced.

In Figures 3a,b we report a microscope image of the
UL scattered over the first centimeter of GRIN fiber, and
its corresponding fluence variation with distance. This
was obtained by a normalization of the image intensity
for each pixel of propagation. The presence of slow os-
cillation of the amplitude of the UL peaks, whose first
maximum occurs at about 3.5 mm, is highlighted by the
solid line, which is drawn as a guide to the eye. Here the
fiber length is limited to 10 mm: after that the metallic
fiber holder introduces additional light scattering, which
masks quantitative studies of the UL intensity. However,
by employing longer samples, one notices a rapid quench-
ing of visible light emission after the first few centimeters
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FIG. 2. (a) UL spectra in logio scale when varying the input
peak power. (b) Sketch of a five-photon absorption UL mech-
anism. (c) logio — logio plot of UL intensity as a function
of input beam peak power. Experimental data (circles) are
fitted by solid lines, whose slope n is written in the legend.

of fiber.

To further check the relation (1) between UL and MPA,
we performed a numerical simulation of spatiotemporal
beam propagation in the fiber. We used a scalar 3D+1
GNLS equation including second, third, and fourth-order
dispersion, Kerr, and Raman nonlinearities, as described
in Ref.[21]. Random phase noise was added to the in-
put field, in order to describe the generation of inten-
sity speckles, and seed the generation of supercontinuum
and dispersive waves. Random changes in the fiber core
diameter were also considered, although their effect is
negligible here because of the short fiber length. The-
oretically, in the case of n = 5 photon absorption, the
UL fluence Fyy, is related to the effective area A.yy and
pulse duration At of the propagating laser beam by the
formula:

U5
FULO(ISAeffAtZW, (2)
where I and U are the peak intensity and the energy of
pulses along the fiber, respectively. Fig.3c shows that
there is an excellent qualitative agreement between ex-
periments and numerics in describing the variation of the
UL emission along the fiber. In Fig.3d, our simulations
highlight that the beam effective area A.;y rapidly os-
cillates with a constant amplitude along the propagation
distance, because of SSI. Whereas the pulse duration At
evolves over distances much longer than the SSI period.
This means that the slow modulation of the UL emis-



sion in Fig.3a-c is due temporal pulse reshaping or broad- values are in agreement with predictions of our model.
ening. In fact, the effective area is a time-independent Indeed, we expected the number of photons to decrease
quantity, calculated as: down ton = 3 for A = 750 nm, in order to match with the
Ge-ODC absorption bands. Again, the discrepancy be-

[ f dxdy( f dt|E|(z, vy, z, t))z] 2 tween theoretical and experimental values is rather small,

Acyy = 1 (3) in spite of our approximation that absorption is due to a

f d:z:dy(f dt|E|(z,y, Z’t)) single multiphoton process. The monotonic decrease of

n as the laser wavelength is reduced clearly indicates the
MPA nature of the observed UL.
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FIG. 4. (a) UL spectra in logio scale, when the pump wave-
length varies between 650 and 940 nm. (b) logio — logio plot
of UL intensity vs. pump wavelength. Experimental data
(circles) are fitted by solid lines, whose slope n appears in the
legend.
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For highlighting the effect of Ge-ODCs concentration
on UL energy emission, we compared two GRIN fibers

FIG. 3. (a) Digital microscope picture of light scattered from with different core diameters. These fibers also have dif-

the GRIN fiber, showing periodic UL emission over the first . . . . .
centimeter. (b) 1D plot of the corresponding integrated nor- ferent numerical apertures (NA), which grows larger with

malized scattered intensity vs. propagation distance. The the Germanium doping concentration. In Fig.5 we show
solid line is the envelope trend of the UL peaks (black dots) pictures of UL from either 0.2 or 0.275 NA GRIN fibers
along with the fiber. (c) 1D plot of simulated UL fluence and (with core diameters of 50 um or 62.5 um, respectively),
its envelope. (d) Simulated beam effective area (black) and  under the same input coupling conditions. As it can be
pulse duration (red) as function of the fiber length. seen, UL from the larger NA fiber remains visible over a
more than twice longer fiber length. Whereas the emit-
In order to further assess the Va,hdlty of our mode], we ted UL energy is 1n1t1ally hlgher from the smaller effective
have varied the pump wavelength by using the OPA. In area (or NA) fiber, because of the higher beam intensity
this way, the number of photons involved in the MPA in the emitting spots. Note that, because of the different
process is also varied. We tuned the laser wavelength core diameters, different SSI periods Zp result in the two
from 650 to 940 nm. In Fig.4a we illustrate the variation  fibers, according to the law [18] z, = 7r./v/2A, where r,
of the UL spectrum with pump laser wavelength, when is the core radius and A is the core-cladding index differ-
the input peak power is kept constant at 2.2 MW. The ence. Because of the dependence of the SSI period on the
Ge-ODC spectral peaks at 400 and 460 nm are present core radius, by measuring the periodicity of UL emission
and clearly visible for pump wavelengths above 750 nm. one can use GRIN fibers as sensors, in order to reveal the
In Fig.4b we plot the Ge-ODC UL intensity as a func- presence of any kind of forces that may introduce a vari-
tion of the input peak power. We avoid referring to the ation of the core size (e.g., mechanical or thermal stress).
NBOHC luminescence at 650 nm, since it is partially cov-
ered by the spectral broadening of the source. Again, the We also compared UL emission of GRIN and step-
linear trend in the log1o—l0g1( plots of Fig.4b allows us to index MMF's, see Fig.1b. A typical side-scattered spec-
estimate the average number of photons that are involved trum obtained from a step-index fiber is reported as a
in the absorption, as reported in the legend. As can be black solid curve in Fig.6. For the ease of comparison, we
seen, the average number of photons is reduced with re- also display as a green solid curve the UL spectrum ob-
spect to the previous case: here n ranges between 3.8 and tained at the same powerfrom a GRIN fiber, as in Fig.2a.
2.7 when the pump is swept from 940 to 750 nm. These Both spectra are normalized to the same intensity value



FIG. 5. (a) UL emission from a 50 pm core diameter GRIN
fiber with NA = 0.2. (b) Same as (a), with NA = 0.275 and
core diameter of 62.5 pm. (c) and (d) zoom-in of (a) and (b),
respectively.

at 650 nm. In this way, we can appreciate that the con-
tribution of NBOHCs is much lower in a step-index fiber,
since its spectral component at 1030 nm is higher (here
its peak value is cut by the saturation of the spectrom-
eter) than that from the GRIN fiber. We can attribute
this to the absence of spatial self-imaging, which increases
the number of emitting spots and, as a consequence, the
total contribution of NBOHC defects to scattered light.
As far as the ODCs are concerned, the UL signal is much
less intense in a step-index fiber than in a GRIN fiber.
This can be attributed to the lack of extrinsic Ge atoms.
Nevertheless, one can still easily recognize the presence
of two peaks, which are slightly shifted with respect their
respective positions for the GRIN fiber. We believe that
these peaks are due to intrinsic Ge impurities that are
present in small amounts even in undoped commercial
optical fibers [28]. However, it worth noticing that Si-
ODCs and Ge-ODCs have almost overlapped emission
spectra and comparable oscillation strength [25]. There-
fore, UL between 400 and 500 nm in the step-index fiber
may also have a contribution from Si-associated defects.
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FIG. 6. Comparison of UL side-scattered spectra from either
GRIN or step-index fibers, when the input peak power at 1030
nm is 2.2 MW. Curves plotted in [og1o scale are normalized
to the same intensity value at 650 nm.

IV. CONCLUSION

In conclusion, we reported the observation of MPA ex-
cited UL in commercial multimode optical fibers. Based
on our measurements, we estimate that MPA involving
an average number of up to n = 5 photons is at the ori-
gin of the observed UL, in agreement with the expected
position of the absorption bands. We could also directly
relate the observed variation of side-scattered UL light in-
tensity in GRIN fibers with simulated variation of MPA
strength along the fiber. In perspective, UL can be ex-
ploited for extending the bandwidth of supercontinuum
generation into UV frequencies. Moreover, the appear-
ance of UL provides a useful tool to directly monitor the
presence of nonlinear losses, at peak powers close to the
damage threshold of optical fibers. Our results will be of
importance across the range of widespread scientific and
technological applications of optical fibers, for example
in high-power fiber lasers, that will provide the next gen-
eration of particle accelerators, in nonlinear multiphoton
microscopy and endoscopy, in laser ablation and micro
machining, to name a few.
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