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Yb-doped fibers are widely used in laser applications requiring high average output powers and high-
peak-power pulse amplification. Photodarkening (PD) is recognized as one limiting factor in these fibers
when pumped with high-intensity radiation. We describe an approach for performing quantitative PD
studies of fibers, and we present measurements of the rate of PD in Yb-doped single-mode fibers with
varying inversion levels. The method is applicable to large-mode-area fibers. We observed a seventh-
order dependence of the PD rate on the excited-state Yb concentration for two different fibers; this result
implies that PD of a Yb-doped fiber source fabricated using a particular fiber will be strongly dependent
on the configuration of the device. © 2008 Optical Society of America

OCIS codes: 140.3380, 140.3510, 140.5680, 060.2270, 060.2290.

1. Introduction

Yb-doped fiber lasers and amplifiers have become an
attractive option for generating radiation in the
1:03–1:1 μm wavelength region. Photodarkening
(PD) is recognized as one limiting factor in these fi-
bers when pumped with high-intensity radiation.
Our previous PD work employing core-pumped fibers
indicated that meaningful comparisons of PD proper-
ties of different fibers require that the excited-state
number density in the fiber be known, uniform
throughout the fiber, and adjustable over a wide dy-
namic range. We describe an approach for perform-
ing quantitative PD studies of cladding-pumped,
double-clad (DC) fibers.
Sources based on DC fibers have demonstrated an

increased utility in practical settings because of their
demonstrated ability to combine high output power
with high beamquality and brightness. TheDC struc-
ture allows the use of low-brightness pump sources,

while a large surface-area-to-volume ratio provides
favorable thermo-optic properties, facilitating re-
moval of the heat generated in the fiber even as pump
powers are scaled to the kilowatt level [1]. The output
powers of Yb-doped DC fiber lasers have steadily in-
creased over the past few years, rising to well over
1kW average power in the cw mode and exceeding
1MW peak power in the pulsed mode [2–6]. In the
past few years, numerous fiber lasers and amplifiers
withvarious output characteristics havealreadybeen
successfully transitioned from laboratory prototypes
to commercially available devices [7,8].

Typically, high-power DC fiber devices are realized
with DC, large-mode-area (LMA) fibers [i.e., large
core diameter and low numerical aperture (NA)].
LMA fibers are of interest because the resultant
decrease in irradiance at a given power level (or de-
crease in fluence at a given pulse energy) mitigates
optical damage and increases the threshold for unde-
sirable nonlinear processes. In addition, the length
of the doped LMA fiber may be shortened by increas-
ing the core–cladding area ratio and/or by increasing
the Yb concentration, resulting in a higher pump
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absorption. For many applications, shortening the
length of the Yb-doped fiber is highly beneficial,
for example, in reducing nonlinearities in high-
peak-power amplifiers [9]. On the other hand, higher
concentrations and/or higher pumping rates have
been associated with deleterious effects, the most
troublesome of which is the phenomenon of PD, gen-
erally acknowledged as a process that can potentially
limit both the efficiency and the lifetime of Yb-doped
fiber devices. The PD phenomenon is commonly man-
ifested as a time-dependent broadband absorption at
visible and near-infrared (NIR) wavelengths [10,11].
Reduction, or preferably elimination, of this damage
mechanism would greatly enhance the prospects for
development and fielding of practical fiber lasers and
amplifiers in applications requiring a predictable
performance in long-term operational settings. To
achieve this goal, meaningful characterization tools,
as well as a better understanding of the PD phenom-
enon, must be developed.
PD of rare-earth doped fibers has been reported for

many different glasses doped with, for example,
Tm3þ, Ce3þ, Pr3þ, Eu2þ, Tb3þ, and Yb3þ [12–16].
PD can be attributed to the formation of color centers
[11] or other light-induced structural deformations in
the doped glass core [17]. While most of the excess
loss is induced at visible wavelengths, a significant
amount of PD may also be present at the near-IR sig-
nal and pump wavelengths. The PD process is driven
by the energy of the signal and pump photons caus-
ing optical loss in the rare-earth doped core only; the
process is thus distinguishable from other detrimen-
tal effects, such as polymer coating damage or glass
radiation damage from high-energy particles. How-
ever, the mechanism behind PD remains largely un-
explained, and several possibilities have been
presented. Yoo et al. used a cw 488nm light source
to induce excess loss in doped aluminosilicate fibers
and observed a spectroscopic peak at 220nm, which
was attributed to Yb-associated oxygen deficiency
centers [18]. Based on comparisons with measure-
ments on Yb-free fiber samples, it was suggested that
these centers could act as precursors to PD in Yb-
doped aluminosilicate fibers. Engholm et al.. pre-
sented results supporting the formation of Yb2þ ions
in the glass matrix from Yb3þ through a charge
transfer process, resulting in free holes that can
act as precursors to color centers [19]. A similar ob-
servation was reported earlier by Guzman Chávez et
al., who suggested the potential formation of Yb2þ in
a process involving the interaction of Yb3þ–Yb3þ
pairs or even more complicated ion clusters [20].
There have also been indications that fibers with
lower Al and/or higher Yb concentrations exhibited
increased PD [21,22] whereas Yb-doped phosphosili-
cate fibers, which are known to provide high solubi-
lity to Yb ions and thus exhibit less clustering,
showed greater PD resistance [23]. Previous work
has also shown the PD process to be either partially
or fully reversible in many cases. Methods used to
bleach PD have included temperature annealing

[24], exposure to UV and visible light [20,25], and
oxygen loading [18]. More recently PD has been
shown to bleach by the pump power itself [26].

As knowledge regarding the PD mechanism(s) in-
creases, so does the database of the behavior of the
PD in different types of fiber and under different
modes of operation. When measuring the PD rate of
a fiber in a specific application, such as a cw laser
or a pulsed amplifier, several parameters may vary
simultaneously, exhibit a spatial or temporal depen-
dence, and/or be poorly constrained (inversion, tem-
perature, irradiance, wavelength distribution, etc.),
complicating the interpretation of such measure-
ments. Thus, results obtained under different condi-
tions andmodes of operationmay seem contradictory,
especially if a given fiber is observed to photodarken
faster in one application than in another and extrapo-
lation to operating conditions different from those of
the baseline PD measurement can be ambiguous or
impossible. Therefore, a need exists for a PD metric
that is quantitative, repeatable, practical to imple-
ment, and fully constrained with respect to measure-
ment conditions that affect the rate of the PD.
Performing such measurements enables one to
determine PD rates and correlate them with specific
parameters, such as Yb concentration and fiber
composition.

Previously we observed that the spectral shape of
the induced loss is invariant for several different si-
lica glass compositions [10,11,27]. Consequently, the
excess loss at the signal wavelength can be calcu-
lated from the measurements of the excess loss at
a visible wavelength, e.g., 633nm [10,27], where
the induced loss is more easily measured. We also ob-
served that the PD rate for a given Yb-doped fiber
depends on the degree of inversion and that this rate
is independent of the pump power at a given inver-
sion level [11], an observation supported by subse-
quent temporal evolution measurements of the
excess loss performed on Yb-doped DC fibers with
different concentrations of Yb, Al, and P [23]. Be-
cause different applications, such as a cw laser or
a pulsed amplifier, induce different inversion levels
in the fiber, correlation of the PD rate with the inver-
sion level can give important indications of the
expected behavior of a given fiber in a specific appli-
cation. Conversely, if PD measurements are per-
formed with an inversion level that is unknown or
that varies in time and/or position along the fiber,
a comparison of the results among fibers or extrapo-
lation of the results cannot be performed in a quan-
titative or meaningful way.

In this paper we have undertaken a systematic ap-
proach to produce a Yb inversion level that is known,
adjustable, and uniform throughout the fiber and
have measured the PD rate at different inversion le-
vels.We verified the hypothesis that the level of inver-
sion is the primary controlling parameter for the PD
rate and found that the PD rate has a seventh-order
dependence on the inversion level. Furthermore, for a
given glass composition, we find that the PD rate is
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determined by the absolute number density of ex-
cited-stateYb ionsand theglass can therefore be char-
acterized by a “PD propensity.” This result allows the
PD performance of fiber sources based on a specific
glass composition to be reliably predicted, assuming
the distribution of dopants and codopants within the
fiber is sufficiently uniform. Parameters that affect
the glass structure include, for example, the method
and conditions of the glass soot formation, the deposi-
tion process, and possible further doping or heat-
treatment process steps. In well controlled measure-
ment settings, themethodology reported in this paper
can be used to perform quantitative comparisons
among various glass compositions and thereby guide
the development of PD-resistant fibers.

2. Measurement Method

Our hypothesis based on prior experience with PD
measurements of core-pumped, single-mode (SM) fi-
berswas that the inversion level is thedominantpara-
meter defining the initial PD rate [11]. Our previous
approach is difficult to apply to LMA fibers because of
the required pump brightness. Furthermore, the
transverse variation in the inversion level in a core-
pumped fiber complicates interpretation of the data.
Finally, tuning the inversion level while maintaining
a longitudinally invariant inversion requires tuning
the pumpwavelength, which is experimentally incon-
venient. To overcome these limitations, we developed
a new approach; we used cladding pumping of a short
length of DC fiber to achieve a controllable, longitud-
inally, and transversely uniform inversion, and the in-
version level could be altered by varying the pump
power. The short sample length together with mode
scramblingof thehighlymultimodepump lightmakes
this measurement method independent of measure-
ment conditions, such as an inner-cladding design
or pump input beam characteristics.
We tested the hypothesis that inversion is the con-

trolling PD parameter by measuring the PD rate as a
function of inversion for twoaluminosilicateDC fibers
with similar compositions but different Yb-doping
levels (denotedFiber #1andFiber #2). TheYb2O3 con-
centrations of the fibers were ∼0:3 and ∼0:43mol%
(17,000 and 24; 000wt ppmYb), respectively. Fluores-

cence analysis at visible and infrared (IR) wave-
lengths of the fibers did not reveal emission from
other rare-earth ions, suggesting that the fibers were
free fromadditional active ions suchasEr orTm.Both
fibers had a core diameter of 6 μm, and the core NAs
were nearly identical (∼0:13 for Fiber #1 and ∼0:14
for Fiber #2); note that these fibers do not have an
LMA core design but the present approach is equally
applicable toLMAfibers.Both fibershadanoctagonal
inner cladding of 125 μm diameter. All the fiber sam-
ples were 10 cm long.

The PD rate was measured using the setup illu-
strated in Fig. 1, which is similar to the one used pre-
viously [2]. A He–Ne probe laser at 633nm was
coupled into a SM fiber. This fiber was spliced to
the SM input fiber of a commercially available multi-
mode combiner (MMC), which also had several mul-
timode input fibers for guiding pump radiation from
laser diodes. The input fibers were spliced to fiber-
coupled pump diodes operating at a wavelength of
∼920nm. The output fiber of the MMC was double
clad with a core diameter of 6 μm and a round inner
cladding of 125 μm diameter. The test fiber was
spliced to the output fiber of the MMC. The splice
was recoated using a low-index polymer to minimize
pump loss. With this setup, the probe laser propa-
gated mainly in the core of the sample whereas
the pump propagated in the cladding. The output
pump and probe light were separated using dichroic
filters, and an aperture was used to filter out probe
laser light that propagated in the cladding (Fig 1).
Both the output pump power and the transmitted
probe power were continually measured with power-
meters throughout the experiment. No measurable
decrease in the pump power was observed due to
the short sample length, the small core–cladding ra-
tio of the fiber, and the relatively small PD-induced
loss at the pump wavelength as compared to the visi-
ble probe wavelength. After each measurement a
fresh fiber sample was spliced and recoated.

Inversion levels for each sample were simulated
using a commercial modeling tool—Liekki Applica-
tion Designer (LAD) v3.3. Cladding pumping and
the optically thin sample provide a very uniform in-
version, and the pump power was varied to tune the

Fig. 1. (Color online) Experimental setup used to measure the PD rate in the Yb-doped core of the sample fiber. A longitudinally and
transversely constant inversion was achieved with a short (optically thin) sample length, and the inversion level was tuned by varying the
pump power. He–Ne transmission through the core of the fiber was measured as a function of time as the fiber photodarkened.
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inversion (Fig 2). The simulated inversion profiles of
the sampleswere longitudinally and transversely flat
(<1% standard deviation). Knowledge of the pump
power and spectrum were required to calculate the
inversion level and bothweremeasured in our experi-
ments. The uncertainty in the inversion shown in
Fig 2(b) was derived from the uncertainties in the ab-
sorption cross section (σa), emission cross section (σe),
and Yb� emission lifetime (τ) using the LAD
Monte Carlo analysis with a �5% uncertainty for
each of the above parameters. The�2:5% uncertainty
in the launched pump power (Ipump) was the
dominant parameter in the total uncertainty of the
inversion.
Initial experiments with Fiber #1 were performed

with the fiber sample suspended in the air and fixed
only at both ends but without the water bath. Simu-
lations indicated that the core temperature of the
fiber may rise by more than 20K, which could, in

principle, complicate the data interpretation if the
PD rate has a significant temperature dependence.
In subsequent experiments, the sample fiber was im-
mersed in a constant-temperature water bath as
shown in Fig 1; simulations indicate that this ap-
proach maintained a constant core temperature to
within a few degrees for our experimental conditions.
An∼ 100 cm SM pigtail was spliced to the output end
of the sample fiber, which ensured very little trans-
mission of the probe light coupled into the cladding
region of the fiber. The transmitted pump power in
this case could not be measured in real time, but
the measurements performed in the air showed good
agreement between the measured output pump
power and the estimated coupled pump power. We
repeated the Fiber #1measurements using the water
bath, and all the Fiber #2 measurements employed
the water bath as well.

3. Results

The PD rate was measured over a wide range of in-
version levels from 22% to 51% for Fiber #1 and from
26% to 59% for Fiber #2. Figure 3 shows the probe-
laser transmittance as a function of time for both fi-
bers at various inversion levels when the samples
were immersed in the water bath; for Fiber #1, the
results were similar when the fiber was held in
the air, indicating that the temperature rise in the
core of the fiber did not affect the PD rate to a mea-
surable extent.

For both fibers, the inversion level had a clear and
significant influence on the PD rate. We found that
the decays in Fig 3 could not be fit using a simple
exponential function. Successful fitting was achieved
using a stretched exponential function [11,27]; this
empirical formula has been employed in previous
PD studies but it does not contribute to further un-
derstanding of the underlying PDmechanism(s). The
applicability of the stretched exponential function,
however, suggested that we could be observing a dis-
tribution of exponential decays. If the PD precursor
was a single chemical species in a well-defined elec-
tronic environment in the glass matrix, we would ex-
pect to observe a single exponential decay. If there
were n types of different sites, we would expect to ob-
serve a multiexponential decay with up to n different
time constants, and in an inhomogeneous physical
environment we would expect a continuous distribu-
tion of exponential rate constants.

In the following analysis, we will consider the re-
lationship of the measured transmittance to the con-
centration of color centers formed by the PD process.
The transmitted probe-laser intensity (I) is given by
Beer’s law

I ¼ Iie−σNL; ð1Þ
where Ii is the incident intensity, σ is the absorption
cross section of the color center (at the probe wave-
length), N is the concentration of color centers, and
L is the fiber length. The product in terms of the

Fig. 2. (a) Longitudinal inversion profile of short (10 cm) sample
fibers cladding pumped using different pump powers. The induced
inversion profile is spatially very flat and tunable over a wide
range. (b) Simulated average inversion of fiber samples as a func-
tion of pump power. Error bars represent two standard deviations.
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exponent could also include a factor that represents
the overlap integral between the probe beam and the
rare-earth-doped region but this term can be in-
cluded in σ (which will be an adjustable parameter
in the following analysis). The concentration of color
centers is known to vary with time and is presumed
to reach a final concentration level (Nf ).
Consider now a mechanism that exhibits a multi-

exponential time dependence (i.e., multiple time
constants) for n pathways. The time-dependent con-
centration of color centers is then given by

NðtÞ ¼ Nf

�
1 −

Xn
i¼1

cie−t=τi
�
; ð2Þ

where the coefficient ci is the amplitude of process i
with time constant τi and

Xn
i¼1

ci ¼ 1: ð3Þ

Equations (2) and (3) assume that the various path-
ways lead to the same final state, which is reasonable

in light of our previous observation of similar loss
spectra in various fibers that haveundergonePD [10].

In general, the signal incident on the detector may
include the residual pump light propagating in the
core (part of which may reach the powermeter even
after spectral filtering) and the probe light propagat-
ing in the inner cladding of the fiber (which experi-
ences very little attenuation within the gain fiber
before reaching the detector). In our experiments,
the residual pump light was ∼20dB below the He–
Ne signal and the contribution of the signal propagat-
ing in the inner cladding was insignificant compared
to the signal transmitted through the core. Nonethe-
less, for generality, the following equations take these
contributions into account: we define f as the fraction
of the pump light propagating in the core of the fiber
and p as the residual pump light. The measured sig-
nal [InormðtÞ, shown in Fig 3] normalized to the initial
signal present on the detector (I0) is given by

InormðtÞ ¼
IðtÞ
I0

¼ Iif e−σNðtÞL

Ii þ P
þ ð1 − f ÞIi þ P

Ii þ P
: ð4Þ

Fig. 3. (Color online) Normalized transmittance at 633nm as a function of time for (a) Fiber #1 and (b) Fiber #2. The upper graphs show
the full temporal range, and the lower graphs show the early times. Bold dotted curves are the measured data and thin solid curves are the
fit data. Each curve represents a different inversion level, and the corresponding inversion is shown next to each curve.
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Consider the case of two first-order processes [n ¼ 2 in
Eq. (2)]. By expanding Eqs. (2) and (4) and grouping
parameters, the normalized intensity following the
biexponential growth of NðtÞ is given by

InormðtÞ ¼ C1ðe−C2ð1−C3e−C4 t−ð1−C3Þe−C5 tÞ − 1Þ þ 1; ð5Þ

where

C1 ¼ Iif
Ii þ P

; C2 ¼ σNf L; C3 ¼ c1;

C4 ¼ 1=τ1; C5 ¼ 1=τ2: ð6Þ

Equation (5) has five adjustable parameters, and ob-
taining a good fit to the data would not be strong evi-
dence that this equation is uniquely suited to
describing the PD process. We can use physical argu-
ments, however, to constrainmany of the parameters.
We can first set C1 ¼ 1 assuming that there is no
probe light propagating in the cladding, residual
pump light, or detector offset; we estimate that such
effects contribute 10% at most to the total signal and
can thusbeneglectedat first. Second,C2 contains con-
stants that should not vary from sample to sample of
the same fiber or between fibers of similar composi-
tion; thus, C2 can be assumed constant for a given fi-
ber type and was therefore not varied in fitting the
variousPD curves recorded at different pumppowers.
Similarly, C3, which reflects the relative amplitudes
of the two pathways, is also expected to remain con-
stant for a given fiber type. With these assumptions,
we are left with just two adjustable parameters; after
establishing values forC2 andC3, onlyC4 andC5 (i.e.,
the two first-order rate constants) were varied to fit
each PD decay curve.
The measured transmission decay curves typically

spanned a factor of ∼100 in Inorm. The drift of the
probe-laser output power and the powermeter for
the probe signal is estimated to be insignificant over
the duration of the experiment. We also estimate
that the overlap between the probe signal and the fi-
ber core stays constant throughout the measure-
ments to a degree that its contribution to the error
can be neglected. According to Eq (4) the concentra-
tion of color centers is proportional to logðInormÞ in
the absence of background from the residual pump
or cladding light. As shown below, this background
was small, and the data were fit to logðInormÞ in
Eq. (5) as shown in Fig 3. We first allowed all the
parameters (C1–C5) to vary. We found that C1 was
within 10% of unity (as expected because of the
low background signal), and C2 and C3 varied over
a relatively small range. We therefore set C1 equal
to 1 and C2 and C3 to their average values for both
fibers (C2 ¼ 5:6 , C3 ¼ 0:15) We then fit each PD de-
cay curve (corresponding to a given inversion level)
varying only C4 and C5, the two time constants.
The fits match the measurements well as shown in
Fig. 3. The largest disagreements occur at low signal
levels (<5% transmission) recorded during the latter

portion of the transmission decay curve; deviation
from the fit in this part of the curve can be expected
if C1 ≠ 1.

Plots of logðC4Þ and logðC5Þ versus logðinversionÞ
for both fibers are shown in Fig. 4. The x-axis error
bars represent the inversion uncertainty taking into
account the uncertainties of σa, σe, τ, and Ipump. The
uncertainties of the C4 and C5 values were typically
∼1% and were neglected. Note that both rate con-
stants have an approximately seventh-order depen-
dence on inversion for both fibers. The relative
amplitudes of the slow and fast processes are
∼4∶1 for both fibers, favoring the slow process,
and the rate constants differ by a factor of∼10. From
Eqs. (2)–(6), the initial transmittance decay rate (at
t ¼ 0) is proportional to c1=τ1 þ c2=τ2; from the fits to
the data, we find that both time constants contribute
significantly to the initial decay, with a slow:fast ra-
tio of 1∶2:5.

The data of Fig. 4 are replotted in Fig. 5 as a
function of [Yb�], the absolute number density of

Fig. 4. Fast and slowPD rate constants of (a) fiber 1 and (b) fiber 2
as a function of inversion. The error bars represent two standard
deviations. The line is a weighted least-squares fit (uncertainty de-
notes two standard deviations in the best-fit slope).
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excited-state Yb3þ ions (denoted [Yb�]) in ions=cm3

(½Yb�� ¼ ½Yb� × population inversion fraction).There-
sults for the two fibersare identicalwithinexperimen-
tal error, indicating that the controlling variable is
[Yb�] and that the PD rate constants are proportional
to ½Yb��7.Because thetwo fibershavesimilaralumino-
silicate core compositions, the results shown in Fig. 5
imply that the glass composition can be characterized
by a single parameter thatwe can label as the PDpro-
pensity.Notethatquantitativecomparisonofdifferent
glass hosts is also possible even if the Yb concentra-
tions of the samples are not identical. The PD rate
for a given fiber can be calculated accurately from
its PD propensity if [Yb�] (or [Yb] and the inversion
level) is known.

4. Discussion

The well-defined relationship between the initial PD
rate and the [Yb�] may indicate a single, well-defined
PD mechanism for the glass host of the tested alumi-
nosilicate fibers. One possibility is the formation of
color centers in the glass through photoionization,
i.e., promotion of an electron from the valence band
to the conduction band (it should be noted that the
term “photoionization”doesnot imply that theprocess
necessarily involves emission and subsequent reab-
sorption of an ultraviolet photon). The photoioniza-
tion energies for silica glasses are known to be
dependentonthedopantsused tomodify theglassma-
trix. For example, photoionization energies for so-
dium-doped silica glasses are reported to be as low
as 5:2 eV [17], whereas pure silica has a photoioniza-
tion energy of 8–9 eV [28]; the sodium-free, alumino-
silicate fibers used in the present experiment are
expected to have a photoionization energy similar to
that of silica. With a single pump photon energy in
these experiments of ∼1:35 eV, a total energy of
∼9:45 eV would be achieved by interaction among se-
ven ions, presumably in a preexisting cluster. The
most likely energy level for a given Yb� ion corre-
sponds, however, to the emission cross-sectional peak

at 976nm where the total energy of seven ions is
8:89 eV, sufficient to ionize pure silica. This result is
suggestive of a PD mechanism in which photoioniza-
tion enables formation of a color center, although
further mechanistic and spectroscopic studies are re-
quired to confirm the dominant role of this process.

Recently published papers suggest the breaking of
Yb–Yb or Yb–Al bonds within an oxygen deficiency
center (ODC) as a formation mechanism for color
centers associated with PD [18]. Based on the pre-
sumed energy of up to seven Yb� ions, our work is
consistent with the hypothesis of an ODC-dependent
process. However, the experiment in [18] was con-
ducted using a 488nm pump wavelength, and the en-
ergy-transfer mechanism from individual Yb� ions to
obtain the energy required for ionization remains to
be defined. The seventh-order dependence derived
from our fit is also consistent to within experimental
errors with the sixth-order dependence reported re-
cently by Shubin et al. [23].

Our preliminary measurements indicate that PD
saturates following prolonged exposure to pump ra-
diation, consistent with observations from other
groups [23,25]. This result implies that the supply
of PD precursors in the material is finite, as was as-
sumed by our fitting function [Eq. (2)]. The PD pre-
cursors could be impurities or defects in the glass
matrix or a suitably sized formation of closely packed
Yb ions. If the precursors are impurities, great atten-
tion should be given to the purity of the raw materi-
als used in the glass manufacturing process. Support
for a connection between the rate of PD and the Yb
clustering was provided by reports of reduced PD ef-
fects in fibers with high Al concentration, which are
known to be associated with reduced Yb clustering
or Yb–Yb ion pairs [21]. If the presence of closely
packed Yb ions (or clustering) is a prerequisite for
PD, this requirement would have repercussions for
both the composition and the manufacturing method
of Yb-doped glass. Presumably, homogeneous doping
is important for the minimization of clustering.
Furthermore, because of the significant dependence
of the PD rate on [Yb�], any local fluctuation in [Yb]
would lead to significant differences in the PD rate,
even if [Yb] averaged over a larger sample volume is
constant. This conclusion points to the need to care-
fully control the local distribution of the Yb dopant.
With regard to fiber composition, as pointed out
above, an increased Al level is correlated with re-
duced PD but in itself is not sufficient to eliminate
the phenomenon without additional control of doping
homogeneity, especially if high [Yb] is desired to
maintain short fiber lengths. Another fabrication op-
tion involves the use of phosphosilicate fibers in
place of aluminosilicate glass, as was suggested by
the work of Shubin et al. [23]. It is however impor-
tant to bear in mind that most LMA designs require
maintaining a low and flat NA, and P doping not only
increases the core index but, due to volatility, is also
difficult to control in the manufacturing of large-
diameter multimode cores.

Fig. 5. PD rate constants of the two fibers as a function of the
[Yb�] (inversion × ½Yb�). The error bars represent two standard de-
viations. The best-fit slopes and slope uncertainties are the same
as in Figs. 4(a) and 4(b).
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Although the present and previous results suggest
the creation of color centers in a single, stepwise pro-
cess, other physical processes cannot be ruled out.
The PD mechanism may also involve sequential pro-
cesses, each of which may be nonlinear with respect
to pump power, for example, multiphoton excitation
of sites followed by the interaction of multiple sites.
In previous studies of concentration quenching of

Yb3þ ions in glass, Burshtein et al. [29] found that
the fluorescence emission decay exhibited a biexpo-
nential temporal shape (a similar observation was re-
cently reported in fibers [30]). The two time constants
were attributed to two dissimilar Yb sites within the
glass matrix [29]. This observation is similar to the
behavior we have seen (Fig. 3), suggesting the possi-
bility of two dissimilar sites of photoinduced loss with
different time constants. Based on our preliminary
excited-state lifetime measurements, however, we
do not have evidence to link these mechanisms, as
the fluorescence decays can be fit with a single expo-
nential function.
The strong inversion dependence of the PD rate

has implications for both fiber-based devices and
for the characterization of PD. Different applications
of fiber sources employing a given Yb-doped fiber, for
example, cw lasers, cw amplifiers, pulsed amplifiers,
and Q-switched lasers, will exhibit PD degradation
over a very wide range of time scales, depending
on the inversion of the fiber in each application. A
typical cladding pumped cw fiber laser (even with
an output power of several hundred watts) will have
an inversion of just a few percent whereas a pulsed
amplifier may exceed 35% inversion within the fiber.
Given a seventh-order power dependence of the PD
rate on the inversion level, the PD time constant
for a laser operated in the cwmodemay bemore than
500,000 times larger than for a pulsed fiber ampli-
fier. However, in most applications the inversion
within the fiber is both spatially and temporally vari-
able, and the observed decay rate of the output power
of a system consists of multiple PD rates taking place
in different regions of the fiber.
A comparative PDmeasurement of a fiber is ideally

performed under conditions of high inversion, which
must further be longitudinally and transversely uni-
formand repeatable between samples to obtain quan-
titative results, as noted earlier. Assuming that other
factors (e.g., pumpwavelength or signal power) do not
strongly influence the PD rate in a given fiber at a gi-
ven temperature andbecause the rate constant forPD
was observed tohaveanapproximately seventh-order
dependence on inversion, the methodology described
in this study can be used for an accelerated lifetime
testing of fibers. This conclusion has important prac-
tical ramifications because PD measurements might
otherwise require tens of thousands of hours of opera-
tion for a device such as a low-threshold cw fiber laser.
Given the large dynamic range of the PD rate in dif-
ferent applications spanning a correspondingly wide
—and sometimes variable—range of inversion levels,
it may also be necessary to consider thermal and op-

tical annealing mechanisms for PD [23–26]; thermal
annealing is particularly important under conditions
that entail operation at elevated temperatures in the
range of 400°C–500°C. Previous reports indicate that
heating of Yb-doped fibers can be used to anneal any
residual PD effects [24]. In preliminary experiments
we were able to observe similar annealing effects
when subjecting the fiber to higher temperatures in
the range of 400–500 °C. These and other results will
be reported in a future paper.

5. Conclusions

The present experiments and analysis lead to five
principal conclusions.

1. We have introduced a simple and reproducible
method to produce a spatially uniformand tunable in-
version level in Yb-doped DC fibers, including LMA
fibers. As the inversion is varied over a wide dynamic
range, other parameters that could potentially affect
thePDrate are kept constant. This approach provides
quantitative andmeaningful comparisons among the
PD properties of various fibers, and it allows extrapo-
lation beyond the specific conditions of the PD mea-
surement.

2. Formation of color centers follows a biexponen-
tial time dependence. The resultant PD rate con-
stants can be parameterized in terms of single
variable, the excited-state Yb concentration ([Yb�])
in the fiber. In addition to identifying the key control-
ling variable in PD, this result implies that a given
glass composition can be characterized by a unique
PD propensity. This propensity can be used to quan-
titatively compare different fibers, guide develop-
ment of new fibers, and identify critical aspects of
the fiber fabrication process control.

3. The PD time constants follow a simple power
law and are proportional to ½Yb��7�1, where the accu-
racy of �1 is based on estimates of uncertainties in
our experiments. This result suggests that ∼7Yb�
ions in close proximity may be involved in the PD
process, an observation corroborated by others
[23]. This very high-order dependence has significant
implications for fiber devices. For example, a given
fiber operating as a pulsed amplifier will photodar-
ken 105–107 times faster than when it is used in a
cw laser (even a cw laser operating at a very high out-
put power), assuming average inversions of 30%–

50% and 5%, respectively. In addition, pulsed lasers
or amplifiers will have a time-dependent inversion
profile that is a function of pulse energy, wavelength,
pulse duration, and repetition rate, making it a chal-
lenging task to correlate benchmarking results to
performance degradation of an operational system.

4. The simple functional dependence for the PD
rate on [Yb�] may indicate a single, well-defined me-
chanism for color-center formation, although other
physical processes cannot yet be ruled out.

5. The present results demonstrate the impor-
tance of performingPDmeasurements underuniform
population inversion. The high-order dependence on
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the inversion level makes quantitative analysis of PD
ina fiberwith anonuniformor time-varying inversion
very difficult; such measurements will not be a reli-
able indicator of performance in an operational sys-
tem. Furthermore, the time required to record the
PD decay curve can be inconveniently long or imprac-
tical if insufficient pump power is available to achieve
a high enough inversion level.

Further experiments should be undertaken to ex-
tend this study to a broad range of fiber compositions
and dimensions, spanning a wider dynamic range of
inversion and with exposures conducted over longer
time periods. Additional work is also required to ex-
plore the temperature dependence of the PD process
andtoanalyze theunderlyingphotochemicalmechan-
ism(s) for such optically induced excess loss. Finally,
improved measurement techniques and parameteri-
zation procedures following the guidelines suggested
in this paper can be highly beneficial in providing cor-
relations and comparisons between the alternative
techniques and approaches suggested by various
groups for annealing, reducing, or eliminating PD.
These techniques include operating at elevated tem-
peratures [24], photobleaching through irradiation
[25,26], oxygen loading [18], and theuse of alternative
compositions, such as increasing theAl content or em-
ploying phosphosilicate fibers [23] where applicable.

D. A. V. Kliner and J. P. Koplow were supported by
the Laboratory Directed Research and Development,
Sandia National Laboratories, under contract DE-
AC04-94AL85000.

References
1. D. C. Brown and H. J. Hoffman, “Thermal, stress, and thermo-

optic effects in high average power double-clad silica fiber la-
sers,” IEEE J. Quantum Electron. 37, 207–217 (2001).

2. C.-H. Liu, B. Ehlers, F. Doerfel, S. Heinemann, A. Carter, K.
Tankala, J. Farroni, and A. Galvanauskas, “810W continuous-
wave and single transverse-mode fibre laser using 20 μm core
Yb-doped double-clad fibre,” Electron. Lett. 40, 1471–
1472 (2004).

3. R. Paschotta, J. Nilsson, A. C. Tropper, and D. C. Hanna,
“Ytterbium-doped fiber amplifiers,” IEEE J. Quantum Elec-
tron. 33, 1049–1056 (1997).

4. D. A. V. Kliner, F. Di Teodoro, J. P. Koplow, S. W. Moore, and
A. V. Smith, “Efficient second, third, fourth, and fifth harmo-
nic generation of a Yb-doped fiber amplifier,” Opt. Commun.
210, 393–398 (2002).

5. F. Röser, T. Eidam, J. Rothhardt, O. Schmidt, D. N. Schimpf,
J. Limpert, and A. Tünnermann, “Millijoule pulse energy high
repetition rate femtosecond fiber chirped-pulse amplification
system,” Opt. Lett. 32, 3495–3497 (2007).

6. K. C. Hou, M. Y. Cheng, D. Engin, R. Changkakoti, P.
Mamidipudi, and A. Galvanuaskas,“Multi MW peak power
scaling of single-mode pulses using 80 μm core Yb-doped
LMA Fibers,” in eedings of Proc. DEPS, 20th SSDLTR Tech-
nical Digest, Fiber 1–2 (2006).

7. S. Maryashin, A. Unt, and V. Gapontsev,“10mJ pulse energy
and 200W average power Yb-doped fiber laser,” Proc. SPIE-
Int. Soc. Opt. Eng. 6102, 61020O (2006).

8. S. Norman, M. Zervas, A. Appleyard, P. Skull, D. Walker, P.
Turner, and I. Crowe, “Power scaling of high-power fiber lasers

for micromachining and materials processing applications,”
Proc. SPIE 6102, 61021P (2006).

9. P. E. Schrader, R. L. Farrow, D. A. V. Kliner, J-P. Fève, and N.
Landru, “Fiber-based laser with tunable repetition rate, fixed
pulse duration, and multiple wavelength output,” Proc. SPIE
6453, 64530D (2007).

10. J. J. Koponen, M. J. Söderlund, H. J. Hoffman, and S. K. T.
Tammela, “Measuringphotodarkening fromsingle-modeytter-
biumdopedsilica fibers,”Opt.Express14, 11539–11544 (2006).

11. J. J. Koponen, M. J. Söderlund, S. K. Tammela, and H. Po,
“Photodarkening in ytterbium-doped silica fibers,” Proc. SPIE
5990, 599008 (2005).

12. M. M. Broer, D. M. Krol, and D. J. DiGiovanni, “Highly non-
linear near-resonant photodarkening in a thulium-doped alu-
minosilicate glass fiber,” Opt. Lett. 18, 799–801 (1993).

13. R.Paschotta,J.Nilsson,P.R.Barber,J.E.Caplen,A.C.Tropper,
andD.C.Hanna, “Lifetimequenching inYb-doped fibres,”Opt.
Commun. 136, 375–378 (1997).

14. G. R. Atkins, and A. L. G. Carter, “Photodarkening in
Tb3þ-doped phosphosilicate and germanosilicate optical fi-
bers,” Opt. Lett. 19, 874–876 (1994).

15. M. M. Broer, R. L. Cone, and J. R. Sompson, “Ultraviolet-
induced distributed-feedback gratings in Ce3þ-doped silica
optical fibers,” Opt. Lett. 16, 1391–1393 (1991).

16. E. G. Behrens and R. C. Powell, “Characteristics of laser-
induced gratings in Pr3þ- and Eu3þ-doped silicate glasses,”
J. Opt. Soc. Am. B 7, 1437–1444 (1990).

17. L. B. Glebov, “Linear and nonlinear photoionization of silicate
glasses,” Glass Sci. Technol. 75 (C2), 1–6 (2002).

18. S. Yoo, C. Basu, A. J. Boyland, C. Sones, J. Nilsson, J. K. Sahu,
and D. Payne, “Photodarkening in Yb-doped aluminosilicate
fibers induced by 488nm irradiation,” Opt. Lett. 32, 1626–
1628 (2007).

19. M. Engholm, L. Norin, and D. Åberg, “Strong UV absorption
and visible luminescence in ytterbium-doped aluminosilicate
glass under UV excitation,” Opt. Lett. 32, 3352–3354 (2007).

20. A. D. Guzman Chávez, A. V. Kir’yanov, Yu. O. Barmenkov, and
N.N. Il’ichev, “Reversible photo-darkeningand resonantphoto-
bleachingofYtterbium-doped silica fiber at in-core977-nmand
543-nm irradiation,” Laser Phys. Lett. 4, 734–739 (2007).

21. T. Kitabayashi, M. Ikeda, M. Nakai, T. Sakai, K. Himeno, and
K. Ohashi, “Population inversion factor dependence of photo-
darkening of Yb-doped fibers and its suppression by highly
aluminum doping,” in Proceedings of Conference of Lasers
and Electro-Optics, CLEO Technical Digest (OSA, 2006), pa-
per OThC5.

22. B.Morasse, S. Chatigny, E. Gagnon, C. Hovington, J-P.Martin,
andJ-P. deSandro, “Lowphotodarkening single claddingytter-
bium fibre amplifier,” Proc. SPIE 6453, 64530H(2007).

23. A.V.Shubin,M.V.Yashkov,M.A.Melkumov,S.A.Smirnov, I.A.
Bufetov, and E. M. Dianov, “Photodarkening of alumosilicate
andphosphosilicateYb-doped fibers,” inProceedings ofConfer-
ence of Lasers andElectro-Optics/Europe, CLEO/EuropeTech-
nical Digest (OSA, 2007), paper CJ3–1–THU.

24. J. Jasapara, M. Andrejco, D. DiGiovanni, and R. Windeler,
“Effect of heat and H2 gas on the photo-darkening of Ybþ3

fibers,” in Proceedings of Conference of Lasers and Electro-
Optics, CLEO Technical Digest (OSA, 2006), paper CTuQ5.

25. I. Manek-Hönninger, J. Boullet, T. Cardinal, F. Guillen,
S. Ermeneux, M. Podgorski, R. Bello Doua, and F. Salin,
“Photodarkening and photobleaching of an ytterbium-doped
silica double-clad LMA fiber,” Opt. Express 15, 1606–
1611 (2007).

26. S. Jetschke, S. Unger, U. Röpke, and J. Kirchhof, “Photodar-
kening in Yb doped fibers: experimental evidence of equili-
brium states depending on the pump power,” Opt. Express
15, 14838–14843 (2007).

20 March 2008 / Vol. 47, No. 9 / APPLIED OPTICS 1255



27. J. Koponen, M. Söderlund, H. J. Hoffman, D. A. V. Kliner, and
J. P. Koplow, “Photodarkening measurements in large mode
area fibers,” Proc. SPIE 6453, 64531E (2007).

28. D. L. Griscom, “The electronic structure of SiO2: review of re-
cent spectroscopic and theoretical advances,” J. Non-Cryst. So-
lids 24, 155–234 (1977).

29. Z. Burshtein, Y. Kalisky, S. Z. Levy, P. Le Boulanger, and
S. Rotman, “Impurity local phonon nonradiative quenching

of Yb3þ fluorescence in ytterbium-doped silicate glasses,”
IEEE J. Quantum Electron. 36, 1000–1007 (2000).

30. A. V. Kir’yanov, Y. O. Barmenkov, I. L. Martinez, A. S. Kurkov,
and E. M. Dianov, “Cooperative luminescence and absorption
in Ytterbium-doped silica fiber and the fiber nonlinear
transmission coefficient at λ ¼ 980nm with a regard to the
Ytterbium ion-pairs’ effect,” Opt. Express 14, 3981–
3992 (2006).

1256 APPLIED OPTICS / Vol. 47, No. 9 / 20 March 2008


