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Photodarkening Phenomenon in Yb-Doped Fibers 

Tomofumi Arai,1 Kentaro Ichii,1 Kenji Okada,1 Tomoharu Kitabayashi,2 Shoji Tanigawa,1 
and Munehisa Fujimaki1

Photodarkening phenomenon in ytterbium (Yb)-doped fibers is a serious issue for fiber 
lasers from a practical viewpoint. However, the mechanism of photodarkening has not been 
elucidated in detail yet. In the present paper, we report on the experimental results of Yb-doped 
fibers and Yb-doped bulk glasses by measurements such as electron spin resonance (ESR), 
X-ray absorption fi ne-structure (XAFS), and optical transmittance. The results indicate that the 
formation of Al-oxygen hole center (OHC) by the incidence of pump light is the prime cause of 
the photodarkening loss.

1. Introduction
Fiber lasers are expected to be applied to industrial 

use in various fi elds, because they have several advan-
tages such as excellent energy effi ciency, beam quali-
ty, compact size, and ease to handle. Especially, ytter-
bium (Yb)-doped fi ber lasers, which comprise 
ytterbium (Yb)-doped fi bers as a light amplifi cation 
medium, can realize high output power, and their out-
put power is still increasing these years1). With the in-
crease of laser output power, a photodarkening phe-
nomenon, which is induced by the pump light, has 
been recognized as a serious issue for the practical 
use of Yb-doped fi ber lasers2). Photodarkening is a 
phenomenon where the transmission loss of amplifi ca-
tion fi bers such as Yb-doped fi bers increases due to 
the pump light, and it causes a continuous decrease in 
the output power of the fi ber lasers3). However, the 
mechanism of photodarkening phenomenon has not 
been elucidated in detail yet. It is necessary to investi-
gate the cause of photodarkening and seek for its 
countermeasures to improve the reliability of fi ber la-
sers. In the present paper, we show the results of ex-
perimental studies on the photodarkening phenome-
non in Yb-doped fi bers and Yb-doped bulk glasses, 
and discuss the origin of the excess loss induced by 
photodarkening.

2. Photodarkening phenomenon
Figure 1 indicates typical transmission loss spectra 

of a Yb-doped fi ber with a length of about 30 cm. In 
Fig. 1, the dotted and thick curves show transmission 
loss spectra for the original and photodarkened fi bers, 
respectively. The photodarkened fi ber was prepared 
by the incidence of pump light of 976 nm and 400 mW 
into the fi ber core for 100 min. The huge transmission 

loss in a wavelength range of 800-1100 nm is assigned 
to the absorption band of Yb3+ ions3). The solid curve in 
Fig. 1 indicates the excess loss induced by the pump 
light (hereinafter “photodarkening loss”). The photo-
darkening loss increases with decreasing wavelength 
in the measured wavelength range. Since the infl uence 
of photodarkening loss reaches both wavelengths of 
pump and emission lights, it causes a degradation in 
the output power of fi ber lasers.

From the results of previous investigations, it was 
proved that the photodarkening loss tends to increase 
with an increase in the concentration of doped Yb, and 
can be suppressed down upto 1/10 by co-doping of Al 
with a high concentration4). Although a detailed mech-
anism for the suppression of photodarkening by the 
co-doping of Al has not been clarifi ed yet, we presume 
that the clustering of Yb in silica glasses is prevented 
by a similar effect as in the case of Al-Neodymium 
(Nd) co-doped silica glasses5). 
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Fig.1. Typical transmission loss spectra for the original 
and photodarkened fi bers, and the excess loss induced by 

photodarkening.
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3. Measurement results of Yb-doped fi bers
The origin of the photodarkening loss of Yb-doped 

fi bers is considered due to the formation of color cen-
ters, which absorb light at specifi c wavelengths6,7). Ad-
ditionally, it is known that the photodarkening loss re-
turns to almost the original level by a hydrogen 
immersion treatment of Yb-doped fi bers8). Therefore, 
color centers induced by photodarkening are specu-
lated to have unpaired electrons. In this section, we 
describe experimental results of Al-Yb co-doped silica 
fi bers obtained by various measurements for the pur-
pose of investigating the cause of photodarkening 
loss.

3.1. Electron spin resonance (ESR) measurement

In order to identify the defects formed during photo-
darkening, we performed electron spin resonance 
(ESR) measurements of Al-Yb co-doped original and 
photodarkened fi bers. The results of quantitative anal-
ysis of defects are summarized in Table 1. For the 
original sample, only the defects of Si-E prime center 
(E’) and Si(H)-E’(see Fig. 2) were observed. In con-
trast, for the photodarkened sample, a large amount of 
Al-oxygen hole center (OHC) was detected in addition 
to Si-E’ and Si(H)-E’ at a comparable level of the origi-
nal sample. These results indicate that Al-OHC is 
formed during photodarkening, and that Al-OHC 
causes the excess loss induced by photodarkening. In 
addition, we would like to note that ESR analysis of Yb-
related defects is diffi cult at present, because there are 
few reports and information on ESR signals of Yb-relat-
ed defects.

3.2.  X-ray absorption fi ne-structure (XAFS) measure-
ment

Next, we investigated on the local atomic geometry 
around Yb atoms doped in silica fi ber core by X-ray 
absorption fi ne-structure (XAFS) spectroscopy. XAFS 
is a powerful technique to determine the interatomic 
distance and the valence of a specifi c kind of atoms by 
utilizing the interference between the outgoing and 
backscattered photoelectron waves. For XAFS mea-
surement, an Al-Yb co-doped fi ber without the inci-
dence of pump light was used as the original sample 
whose concentration of Al is relatively low. As a pre-
treatment of the fi ber sample for XAFS measurement, 
the cladding portion was etched with hydrofl uoric acid 
until its diameter reached approximately 40 mm, as 
shown in Fig. 3, to increase the volume ratio of the 
core portion to the cladding portion. For XAFS mea-
surement, we measured only the original fi ber and did 
not measure photodarkened fi bers, because it is diffi -
cult to prepare a suffi cient amount of photodarkened 
fi ber sample for detecting the difference from the orig-
inal sample because of the limitation of detection sen-

Table 1. Results of quantitative determination of color centers 
in Al-Yb doped fi bers by ESR measurements.

Fiber sample
Spin density (spins/g)

Si-E’ Si(H)-E’ Al-E’ Al-OHC NBOHC

Original 2.0¥1014 2.9¥1013 - - -

Photodarkened 1.9¥1014 2.8¥1013 - 1.4¥1014 -

Gamma-ray 
irradiated

4.5¥1014 3.2¥1013 - 1.5¥1014 small 
degree

＊Crossbar indicates not detectable.

Fig. 3. Cross-sectional view of fi ber samples for XAFS 
measurements.

(a) Before hydrofl uoric acid etching 
(b) After hydrofl uoric acid etching

(a)

(b)

125µm

40µm

Fig. 2. Schematic fi gure of various defects in Al-doped silica 
glass.

¡denotes unpaired electron.
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sitivity in XAFS measurements.
Figure 4 shows X-ray absorption near-edge struc-

ture (XANES) spectra of Yb LIII-edge. Since the energy 
of the absorption edge for Al-Yb doped fi ber is nearly 
the same as that of a reference sample of Yb2O3 whose 
valence of Yb is 3, the valence of Yb in the original Al-
Yb doped fi ber is considered to be around 3. Figure 5 
indicates the radial distribution functions, which rep-
resent the density distribution of atoms that are locat-
ed at a distance of r from Yb atoms, obtained by Fou-
rier transformation of the XANES spectra (Fig. 4). In 
Fig. 5, peaks A, B, and C correspond to bonds between 
Yb and nearest-neighbor atoms (O), bonds between 
Yb and second-nearest-neighbor atoms (Si or Al), and 
bonds between Yb atoms, respectively. The radial dis-
tribution function for the Al-Yb doped fi ber is charac-
terized by a relatively shorter bond distance between 
Yb and nearest-neighbor atoms of O compared with 

that of Yb2O3.
Structural parameters determined by a curve fi tting 

of the radial distribution function are summarized in 
Table 2. The atomic distance between Yb and O atoms, 
and the valence of Yb in the Al-Yb doped fi ber were 
estimated as 0.187 nm and around 3, respectively. The 
valence of Yb may be related to a positional relation-
ship between Yb atoms and the ring structure of SiO4 
tetrahedral units such as three-membered or six-mem-
bered rings in silica glass9). It should be noted that it is 
diffi cult to determine whether the second-nearest-
neighbor atom is Si or Al by the curve fi tting of the 
radial distribution function, because Si and Al are adja-
cent atoms in the periodic table, and consequently the 
theoretical curves resemble each other in both the 
cases.

4.  Measurement results of gamma-ray irradiat-
ed glasses
In the case of fi ber samples, it is diffi cult to substan-

tially improve the accuracy of the transmission loss 
measurements in the UV region because of the huge 
increase in the transmission loss. Moreover, it needs a 
lot of time and efforts to prepare enough amount of a 
photodarkened fi ber sample for XAFS measurements. 
If photodarkened bulk glasses could be used as mea-
surement samples, the detection accuracy would be 
improved. However, it is practically impossible to 
make a Yb-doped bulk glass such as the core portion 
of a fi ber preform photodarken at a comparable level 
to photodarkened fi bers. This is because several thou-
sand times larger power of the pump light is needed 
than the case of fi bers for preparing photodarkened 
samples, since the cross-sectional area of a preform 
core is several thousand times larger than that of a fi -
ber core. As an alternative way of analyzing the defects 
in photodarkened fi bers, we investigated the defects 
in preform samples that were irradiated with radiation 
(gamma-ray) instead of the incidence of pump light.

4.1.  Defects formed by gamma-ray irradiation and by 
photodarkening

Firstly, we compared the transmission loss spectra 
of photodarkened and gamma-ray irradiated Al-Yb 
doped silica fi bers. Figure 6 shows the transmission 
loss spectra of Al-Yb doped fi bers, where thick and 
solid curves represent spectra for a fi ber photodark-
ened by the pump light and a fi ber irradiated with 
gamma-ray at an exposure dose of 2 ¥ 104 R, respec-
tively. In Fig. 6, the transmission loss spectrum for the 
gamma-ray irradiated fi ber is displayed at 1/2 scale 
with respect to a vertical axis for a comparison. This 
scale adjustment is validated by the reason that the 
transmission loss spectra of the gamma-ray irradiated 
fi bers have similar shapes irrespective of the exposure 
dose. Both the transmission loss spectra for photo-

Fig. 4. XANES spectra of Yb LIII-edge for Al-Yb doped fi ber 
and reference samples.
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Fig. 5. Radial distribution function for Al-Yb doped fi ber and 
reference samples.
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Table 2. Structural parameters determined by curve fi tting.

Fiber sample Yb-O distance (nm) Valence of Yb

Al-Yb doped 0.187 3.1
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darkened and gamma-ray irradiated fi bers are nearly 
identical in the measured wavelength range. This fact 
suggests that the incidence of pump light and irradia-
tion with gamma-ray predominantly generate the same 
kind of defects in Al-Yb doped fi bers. We also per-
formed the similar measurements for other Al-Yb 
doped fi bers, and confi rmed that the transmission 
spectra with similar shapes are obtained.

Secondly, defect analysis was performed by ESR 
measurements for Al-Yb doped fi bers, which is the 
same fi ber as described in Section 3.1, with and with-
out the gamma-ray irradiation (exposure dose: 2 ¥ 104 
R). The results of quantitative analysis of color centers 
in the fi ber sample are shown in Table 1. A remarkable 
increase of Al-OHC compared with the original fi ber 
was observed in addition to a small increase of Si-E’, 
Si(H)-E’, and non-bridging oxygen hole center 
(NBOHC). The small increase of Si-E’, Si(H)-E’, and 
NBOHC is supposed due to the quite larger energy of 
gamma-ray compared with that of the pump light10).

From these results, it is considered that the domi-
nant defect formed in Al-Yb doped fi bers by the inci-
dence of pump light or irradiation of gamma-ray is Al-
OHC, and that Al-OHC is the prime cause of the excess 
loss induced by photodarkening. Thus, it is expected 
that photodarkening phenomenon in Yb-doped fi bers 
can be investigated indirectly by measurements of 
gamma-ray irradiated Yb-doped glasses.

4.2. Electron spin resonance (ESR) measurement

We analyzed defects in Yb-Al doped bulk glasses be-
fore and after gamma-ray irradiation (exposure dose: 2 
¥ 105 R) by ESR measurements. The bulk glass sam-
ples were fabricated as the core of fi ber preforms by 
modifi ed chemical vapor deposition (MCVD). The re-
sults of quantitative analysis of color centers in the 
original and gamma-ray irradiated bulk glass samples 
are summarized in Table 3. For the original bulk glass 
sample, neither Si-related nor Al-related defects were 
detected. This result suggests that Si-E’ and Si(H)-E’ 
observed for the original fi ber sample, as shown in 
Table 1, are formed during the fi ber-drawing process. 
On the contrary, Si-E’ and a large amount of Al-OHC 
were detected in the gamma-ray irradiated bulk glass 
sample.

4.3.  X-ray absorption fi ne-structure (XAFS) measure-
ment

Next, we investigated on the local atomic geometry 
around Yb atoms in Al-Yb doped bulk glasses before 
and after gamma-ray irradiation (exposure dose: 2 ¥ 

Fig. 6. Transmission loss spectra of original, photodarkened, 
and gamma-ray irradiated fi bers.
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Table 3. Results of quantitative determination of color centers 
in Al-Yb doped bulk glasses by ESR analysis.

Bulk glass 
sample

Spin density  (spins/g)

Si-E’ Si(H)-E’ Al-E’ Al-OHC NBOHC

Original - - - - -

Gamma-ray 
irradiated

3.1¥1014 - - 4.3¥1016 -

＊Crossbar indicates not detectable.

Fig. 7. XANES spectra of Yb LIII-edge for Al-Yb doped bulk 
glasses and a reference sample.
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Fig. 8. Radial distribution function for Al-Yb doped bulk 
glasses and a reference sample.
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105 R) by XAFS measurements. Figure 7 shows XANES 
spectra of Yb LIII-edge, where fi lled and open circles 
indicate XANES spectra for the original and the gam-
ma-ray irradiated samples, respectively. Since the en-
ergy of the absorption edge for both samples are near-
ly the same as that of a reference sample of YbCl3 
whose valence of Yb is 3, the valences of Yb in the 
original and the gamma-ray irradiated samples are 
considered to be around 3. As shown in Fig. 8, the ra-
dial distribution functions for the both bulk samples 
have peaks A’ and B’, which are considered to corre-
spond to bonds between Yb and nearest-neighbor at-
oms (O) and bonds between Yb and second-nearest-
neighbor atoms (Si or Al), respectively. In comparison 
between the radial distribution functions for the origi-
nal and the gamma-ray irradiated samples, the distanc-
es of peaks A’ and B’ are the same between each other, 
however, the magnitude of peak B’ is larger for the 
original sample. This suggests that the local atomic 
geometry around Yb atoms is almost the same be-
tween the original and the gamma-ray irradiated sam-
ples, and that either the density distribution of second-
nearest-neighbor atoms or the symmetry of the local 
atomic geometry is lower for the gamma-ray irradiated 
sample. The structural parameters for the original and 
the gamma-ray irradiated samples are shown in Table 
4. There are no signifi cant differences between the 
structural parameters for both the samples.

The above-mentioned results suggest that the sec-
ond-nearest-neighbor atoms of Yb are related to the 
mechanism of photodarkening phenomenon. Howev-
er, it is diffi cult to determine whether the second-near-
est-neighbor atoms are Si or Al by the curve fi tting for 

the same reason as described in Section 3.2.

4.4.  Optical transmittance measurement in UV-VIS re-
gion

Lastly, the transmission spectra of Al-Yb doped bulk 
glasses (thickness: 1 mm) before and after gamma-ray 
irradiation (exposure dose: 2 ¥ 105 R) were measured. 
The transmission spectra of the bulk glass samples 
are shown in Fig. 9, where spectra for the original and 
gamma-ray irradiated samples are indicated as dotted 
and solid curves, respectively. The transmittance sig-
nifi cantly decreases below a wavelength of around 300 
nm for the original sample, while the transmittance be-
gins to decrease gradually around 850 nm for the gam-
ma-ray irradiated sample. In Fig. 10, wavelength de-
pendence of the decrease in transmittance by 
gamma-ray irradiation is represented as a thick curve. 
The curve of the decrease in transmittance has a broad 
peak with a maximum around 350-400 nm, which can 
be decomposed using three Gaussian curves as shown 
by dotted curves in Fig. 10. The peak wavelengths of 
these decomposed Gaussian curves correspond to the 
absorption wavelengths of Al-OHC at 388 and 539 nm 
and of Al-E’ at 302 nm, respectively11). These Gaussian 
components indicate that the photodarkening loss ob-
served in the VIS-near-infrared region is predominant-
ly attributed to the absorption of Al-OHC.

5. Discussion
From the results of ESR, XAFS, and optical transmit-

tance measurements, it is considered that the photo-
darkening loss of Al-Yb doped fi bers is mainly caused 
by the absorption of Al-OHC formed by the incidence 
of pump light. On the contrary, co-doped Al is thought 
to plays a role in the suppression of photodarkening by 
dissolving Yb in silica glass5). This seemingly contra-
dictory behavior of Al can be explained as follows. Co-
doped Al prevents Yb from clustering during the fabri-
cation of Al-Yb doped glasses, and consequently 

Table 4. Structural parameters determined by curve fi tting.

Bulk glass sample Yb-O distance (nm) Valence of Yb

Original 0.235 3.4

Gamma-ray 
irradiated

0.230 3.7

Fig. 9. Comparison between transmission spectra for the 
original and gamma-ray irradiated Al-Yb doped bulk glasses.
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contributes to suppress the photodarkening. Mean-
while, Al in silica glass behaves as an origin of the de-
fect of Al-OHC, which causes the excess loss induced 
by photodarkening. In practice, it is considered that 
the photodarkening-suppressing effect of Al by pre-
venting Yb from clustering surpasses its competing 
effect of increasing the transmission loss by the forma-
tion of Al-OHC. This results in the decrease of photo-
darkening loss with an increase in the concentration of 
co-doped Al.

6. Conclusions
We investigated the origin of the excess loss in-

duced by photodarkening in Yb-doped fi bers. From 
the experimental results, it is suggested that both the 
incidence of pump light and gamma-ray irradiation 
predominantly generate the same kind of defects in Al-
Yb co-doped silica glasses. On the basis of this fact, we 
performed ESR, XAFS, and optical transmittance mea-
surements of gamma-ray irradiated Al-Yb doped bulk 
glasses instead of fi ber samples, and indirectly investi-
gated the cause of the photodarkening loss. It was con-
cluded that the photodarkening loss is mainly attrib-
uted to the formation of Al-OHC by the incident of 
pump light into the fi ber.
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