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Abstract: In this paper, we present the results of an experimental study on the characterization of
holmium-doped silica fiber. A standard acousto-optic modulator controls the output power of the
ytterbium-doped fiber laser operating at 1134.5 nm and serving as a pump source of the holmium-
doped fiber under test. This technique allows us to measure the lifetimes of 5I7 and 5I8 energy levels
of Ho3+ ions. The effects of the fiber length and the concentration-dependent pair-induced quenching
on the accuracy of the fluorescence lifetime measurement are considered. The results of this study
are compared with those obtained using the exponential and Förster decay functions used for such
types of measurements. It is demonstrated that the knowledge of two fiber parameters, the pump
saturation power and the fluorescence saturation power, together with the fiber absorption spectrum,
permits one to obtain the absorption cross-sections at the pump and other key wavelengths, the
effective concentration of the active ions, and the quantum efficiency of the fluorescence from the
laser level. The results of this study are applicable to the reliable characterization of any type of
heavily doped gain fibers and to the further numerical modeling and optimization of fiber lasers.

Keywords: holmium-doped fiber; fluoresce lifetime; pair-induced quenching; quantum efficiency

1. Introduction

Holmium-doped silica fiber lasers (HDFLs) operate in the optical range beyond two
microns, usually in the spectral range of 2.05–2.20 µm. This range is inaccessible to lasers
based on silica fibers doped with other rare earth materials, except thulium-doped fiber
lasers (TDFLs), whose efficiency decreases significantly in this wavelength range [1]. The
reported maximum of the operation wavelength range of HDFLs is 2200 nm, with about 9 W
of output power [2] and 2210 nm with 140 mW of output power [3], both in a continuous-
wave (CW) regime. Note that above this wavelength, the infrared absorption tail originated
from the multi-phonon absorption in silica fiber [4,5], making it impossible to develop
silica-based active fibers for laser/amplifier applications.

HDFLs can operate in CW [2,3], including a single-frequency mode [6] and Q-switch [7–9],
gain-switch [10,11], and mode-lock [12–15] regimes. Due to their versatility and operation
spectral range, HDFLs are of growing interest for applications in free-space communication
in the 2 µm atmospheric transmission window [16,17], biology [18], medicine due to the
2 µm water absorption peak [19], remote sensing and lidars [20,21], laser welding of the
polymers translucent in visible [22], and other fields.

Usually, HDFLs and amplifiers are pumped (i) with thulium-doped fiber lasers (TD-
FLs) operating slightly below 2000 nm [23,24] at the holmium 5I7 (laser) level or by
(ii) long-wavelength ytterbium-doped fiber lasers (YDFLs) operating in the 1120–1150 nm
range [18,25–27] at the holmium 5I6 level. The maximum reported powers of HDFLs in-line
pumped with a TDFL is 407 W [28] and pumped with YDFL is 22.3 W [26]. The highest
optical-to-optical slope efficiency of an HDFL obtained using the first pumping scheme is
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87% [29]; using the second scheme, it is about 40% [25]. (Note that, usually, the electrical-to-
optical conversion efficiency is not discussed.) This difference in laser output power can
be explained by the fact that in the first case, the quantum defect (and hence the thermal
load of an active fiber) is much less than in the second. On the other hand, for a fiber laser
with moderate output power, the YDFL-based pump scheme can be more straightforward
and cost-effective.

Apart from the excessive thermal load, the pair-induced quenching (PIQ) of excited
ions [24,30,31] and the small quantum efficiency of the fluorescence from the laser level [30]
decrease the laser’s efficiency when the fiber is heavily doped with the active ions, the
technique used for a double-clad pumping scheme to achieve sufficient pump absorption
and also when the fiber lasers operate in the optical range beyond 2 µm. The latter permits
using a shorter laser cavity to reduce the effect of the excessive passive loss of a silica glass
fiber and also nonlinear effects arising in high-power fiber lasers.

For each specific application, one needs to optimize the fiber laser to improve its
efficiency, which can be carried out, as the first step, by numerical simulation based
on the known parameters of the active fiber, such as the excited levels’ lifetimes, the
active ions’ concentration, absorption and emission cross-sections, the quantum efficiency
of spontaneous emission from the laser level, and so on. Unfortunately, the reported
critical parameters of Ho3+ ions in silica fibers vary over wide ranges. For instance, the
shortest measured fluorescence lifetime is 0.32 ms [32], whereas the longest is 1.35 ms [33].
A clear tendency for the lifetime to decrease with increasing Ho3+ concentration is reported
in refs. [30,33]. The values of the absorption cross-sections measured at the Ho3+ peak
wavelength (1950 nm) also vary significantly in the interval from 2.9 × 10−21 cm2 [33] to
8.5 × 10−21 cm2 [34].

In reference [30], the authors introduced the quantum efficiency (QE) of the 5I7 (the
laser) level of holmium ions, found as a ratio of the measured fluorescence lifetime of
the 5I7 level to the calculated one using the well-known Judd–Ofelt theory describing the
electronic transitions in the 4f electron shell of rare-earth ions in solids [35], which does not
consider the phonon relaxations. Thus, this parameter shows what part of the total number
of transitions (photon plus phonon ones) from the laser level down to the fundamental
level is due to photon transitions only. It was shown that QE varies from 6.5% to 9.4% with
decreasing holmium concentration. The minimum value of QE, about 4%, is reported in
ref. [32].

This paper discusses the experimental technique to characterize a holmium-doped
silica fiber (HDF). To measure the lifetimes of the laser (5I7) and the pump (5I8) energy levels
of Ho3+ ions, we use a signal from a YDFL operated at 1134.5 nm modulated by a standard
acousto-optic modulator (AOM). The fluorescence lifetime of the laser level was measured
when AOM was modulated by a rectangular signal, permitting the fast on/off switching
of the laser signal. In contrast, the lifetime of the 5I8 level was measured using sinusoidal
AOM modulation in the broad RF interval from tens of Hertz to hundreds of kHz. The
effects of the fiber length and the concentration-dependent pair-induced quenching (PIQ)
of holmium ions on the accuracy of measuring the fluorescence lifetime are analyzed. The
results of our study are compared with those obtained using the exponential and the Förster
decay functions.

It is shown that the pump saturation power of HDF can be successfully used for
obtaining the absorption cross-sections of the holmium ions at the pump and other key
wavelengths and that the fluorescence saturation power can be used for an estimation of
the quantum efficiency of fluorescence (photon) transitions from the laser level.

The experimental technique proposed in this work can be applied to characterizing
the fibers doped with holmium and other active ions for the further use of the obtained
fiber parameters in fiber laser modeling.
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2. HDF Absorption Spectrum

The absorption spectrum of HDF is essential for further calculating the absorption
cross-section of holmium ions and their concentration. It was measured using the traditional
cut-back technique [36] that permits one to obtain the relative (normalized) spectrum
convenient for accounting for the spectral imperfection of the used white light source and
also for compensating the difference between the actual resolution of the optical spectrum
analyzer (OSA) from the chosen one. In this experiment, OSAs were used, both from
Yokogawa: AQ6370B, with an operating range of 600 nm to 1700 nm, and AQ6375, with an
operating range from 1200 nm to 2400 nm. In the first case, the broad-band halogen lamp-
based AQ4305 device from Yokogawa with an operation range from 400 nm to 2000 nm
was used as a white-light source with a very low output power (−40 dBm in the 50/125 µm
multimode fiber or about −56 dBm in SMF-28 fiber), while in the second case, the 2 µm
spontaneous-emission-based (SE) source with output power of 10 mW (AdValue Photonics,
Tucson, USA) was applied. The SE source is chosen for 2 µm measurements because, in
the same conditions, the 2 µm OSA (AQ6375) background noise is approximately 17 dB
higher than that of the 1 µm OSA (AQ6370B), which dramatically affects the quality of the
measured signals. The resolution of 2 nm was selected for both OSAs, which corresponded
to the actual resolution of 2.02 nm at 1950 nm for the former and 2.72 nm at 1150 nm for
the latter.

An energy diagram of holmium ions’ levels involved in the laser action is shown in
Figure 1a. From the ground state 5I8, the ions are excited to the pump level 5I6 through the
interaction with the pump photons at 1134.5 nm (in our case), from which they rapidly
decay to the laser long-living state 5I7 without photon emission (phonon transitions). Then,
the ions fall to the ground state through phonon- and photon-assisted transitions (the dash
and the solid lines, respectively). τ2 and τ3 are the lifetimes of the laser level (2) and of the
pump level (3).
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Figure 1. (a) Energy levels’ diagram of Ho3+ ion. Each level is marked by a number starting from the
ground level and a designation relating to the ion–electron configuration. The solid and dash lines
show the photon and phonon transitions, respectively. (b) HDF absorption spectrum measured by
the 1 µm OSA (AQ6370B, the left curve) and by the 2 µm OSA (AQ6375, the right curve).

The absorption spectra of HDF under study (IXF-HDF-8-125, iXblue, Paris, France) are
demonstrated in Figure 1b. The spectrum was measured for the fiber length L = 22 cm. This
figure shows that the absorption peaks are 23 dB/m (5.3 m−1) and 39 dB/m (9.0 m−1) at
1150 nm and 1950 nm, respectively. The absorption peak at 1950 nm, at which α0 = 9 m−1,
are used below as a reference to characterize the absorption of the HDF pieces under
study, using a coefficient of α0L. The absorption coefficient at the pump wavelength
(λp = 1134.5 nm) used in our research is 14 dB/m (3.2 m−1). If the pump wavelength
is 1150 nm, the active fiber length used for an HDFL should be shorter since the pump
power is completely absorbed in the shorter fiber piece, which is important for the laser
operation (see the discussion below).
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3. Measurement of the Laser Level Lifetime
3.1. Experimental Setup

The setup for measuring the laser level lifetime is shown in Figure 2. It includes
the CW YDFL operating in a long-wavelength range (1134.5 nm) as a pump source of
HDF. The laser power is switched on/off by a standard fibered acousto-optical modulator
(AOM) (A-A Opto-Electronic, Orsay, France, model MT110-IR20-Fio-SM5-J1-A) with a
nominal operation wavelength of 1064 nm and diffraction to the +1 order and a rise time
of about 20 ns. The AOM was driven at the acoustic frequency of 110 MHz using a
standard AOM driver (Model MODA110-D4-34, A-A Opto-Electronics) controlled by a
Digital Delay Generator (Stanford Research Systems, model DG645) (setup A) or by a
function generator (Hewlett Packard, Palo Alto, USA, model 33120A) with the biased sine
wave output (setup B). Despite the YDFL wavelength being out of the AOM operation
range, the latter introduces only 1 dB of additional loss at the YDFL operation wavelength.
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Figure 2. An experimental setup used to measure the decay times from the pump and laser levels
of holmium ions. The cross is a fiber splice. A 7◦-fiber cut placed in the immersion liquid reduces
the possible reflections. AOM driver is controlled by the pulse generator (A) or by the Function
generator (B).

From the AOM output, the laser signal passes through the fiber attenuator, which
decreases the laser power to the value suitable for the experiments (1 W as a maximum)
and then to the input port of the fused 1135 nm/2000 nm wavelength division multiplexer
(WDM), supporting up to 30 W of laser power. A short piece of HDF is spliced to the com-
mon WDM output. The InGaAs photodetector (Thorlabs, Newton, USA, model DET05D2,
900–2600 nm, 17 µs rise time) connected to a 200 MHz digital oscilloscope measures the
back-passed spontaneous emission generated in HDF under pumping at 1134.5 nm.

The HDF piece under study was pumped through a WDM by the YDFL signal to the
pump level 5I6 of holmium ions, from which the exited ions decayed rapidly to the laser
level 5I7 via phonons with a relaxation time of the order of 1 µs (see the discussion below).
Since the lifetime of the Ho3+ laser level is of the order of 1 ms, which is three orders longer
than that of the pump level, the excitation of the holmium ions to the pump level does not
affect the measurement of the laser level lifetime.

3.2. Theoretical Background

The balance equations describing the steady-state populations of the energy levels of
the holmium ions under pumping at λp = 1134.5 nm, which do not consider the concentra-
tion effects (the case of a long low-doped fiber), are the following:

σ13 Ipn1

hνp
− n3

τ3
= 0 (1a)

n3

τ3
− n2

τ2
= 0 (1b)

n1 + n2 + n3 = 1 (1c)

where n1, n2, and n3 are the levels’ populations normalized to the holmium concentration
N0, σ13 is the absorption cross-section at the pump wavelength, Ip = Pp/Ap is the pump
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intensity (Pp is the pump power, and Ap is the pump beam area), h is the Plank constant,
and λp is the pump light optical frequency. From these equations, the levels’ populations
are found easily as

n1 =
1

1 + (1 + ξ)s
(2a)

n2 =
ξs

1 + (1 + ξ)s
(2b)

n3 =
s

1 + (1 + ξ)s
(2c)

where ξ = τ2/τ3 >> 1 and s = Ip/Ip
s = Pp/Pp

s is the saturation parameter (Ip
s = hνp/(σ13τ3)

is the saturation intensity, and Pp
s = Ip

sAp is the pump saturation power). These equations
will be used in our discussion below. After fast switching the pump laser off, the holmium
ions decay to the ground state with the lifetime of the laser level.

Experimentally, holmium spontaneous emission (SE) decreases with some function
that depends on HDF length and the holmium concentration. The function describing the
SE decay power (Pse) of a low-doped fiber can be derived starting with a conventional
equation of a fiber amplifier, in which SE is considered:

dPse(t)
dz

= [g0n2(t)− α0n1(t)]Pse(t) + η
Ω
4π

hνseN0
(
πa2)

τ2
n2(t) (3)

where α0 = 9 m−1, found from Figure 1b, is the HDF absorption at 1.95 µm, and g0 is the
HDF saturated gain for a small signal. The last term of Equation (3), η, is the quantum
efficiency of the photon relaxation of the Ho3+ laser level, Ω = πNA2/n2 = 0.038 is the solid
angle of acceptance of SE by the fiber core (NA = 0.16 is the fiber numerical aperture and
n = 1.46 is the fiber refractive index), and the term hνseN0

(
πa2) is the initial fiber charge

of a saturated fiber in Joules per meter. In this term, πa2 = 50 µm2 is the fiber core area
(a = 4 µm is the core radius), hνse is the SE photon energy, νse is the SE optical frequency,
and ηN0n2/τ2 is the number of SE photons irradiated to all directions per second per meter.
It is also considered that n1 + n2 ≈ 1.

After simple mathematical transformations and assuming, for simplicity, that g0 = α0,
n2(t) = n20exp(t/τ2), and that n20 = 1 (strongly saturated fiber), the formula for the SE decay
is obtained in the following form (see also ref. [37]):

Pse(t) = ηWexp(−t/τ2)
exp[(α0L)[2exp(−t/τ2)− 1]]− 1

(α0L)[2exp(−t/τ2)− 1]
(4a)

where W is the SE power generated in the fiber section with length L when all active ions
are excited to the laser level (n2 = 1) and all transitions are photon-assisted:

W =
Ω
4π

hνN0

τ2
πa2L (4b)

The exponential decay of n2 is considered since (i) the number of SE photons captured
by the fiber core is low (a few percent) and (ii) the quantum efficiency of the photon decay
from the Ho3+ laser level is small [30], so the SE reabsorption along HDF does not noticeably
affect the SE decay in each short-fiber section. Note that when the fiber under study is
short (α0L << 1) and also at the decay tail (t >> τ2) for any fiber lengths, Formula (4a) is
simplified to the single exponential decay.

Figure 3 shows the results of the simulation of the SE decay after the pump signal is
switched off using Equation (2), in which, for simplicity, n20 = 1 (saturated fiber). From
Figure 3a, one can see that at the beginning (t/τ2 << 1), SE’s power decays faster when α0L
is greater (see area A in the plot), whereas at the tail, all curves fall with the same decay
constant equal to the active ion lifetime τ2. In our discussion, the dimensionless parameter
α0L is used instead of the classical optical density measured in bel (1 bel = 10 dB).
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Figure 3b demonstrates the decay constants obtained from the exponential fitting of
the curves shown in plot (a) for the beginning of the decays, 0 to 0.25τ2 (the blue line and
symbols) and in the interval 0 to 3τ2 (the green line and symbols). Note that in the first
case, the adjusted R2 of the fittings is better than 0.9999, whereas in the second case, it is
better than 0.9985, which demonstrates a rather good fitting quality despite the obtained
values of the decay constant differing from the real values by tens of percent, depending on
the fiber length chosen for the measurements. Thus, one can conclude that the fiber length
should be selected to be very short for the correct measurement of the laser level lifetime so
that α0L is close to zero. However, in this case, the SE signal is too low to be detectable, at
least in the 2 µm range in which the photodetectors’ sensibility is very low compared with
those operating in the communication band. In the reported study, we chose HDF length
so that α0L = 0.12 << 1 (L = 1.3 cm). Note that an alternative method based on the SE side
detection was proposed in ref. [38] to diminish the effect of long fiber.

Optical fibers heavily doped with holmium enable the development of short-length
lasers and amplifiers, which is crucial for 2-micron applications because the fundamental
infrared (phonon) loss increases dramatically in this optical band. When an optical fiber is
highly doped with active ions homogeneously distributed in a fiber core, they interact with
neighboring ions via energy transfer through an homogeneous up-conversion (HUC) [39]
and concentration-dependent pair-induced quenching (PIQ). According to the model, when
a pair of interacting ions are excited to the laser level, one of them immediately decays
non-radiatively to the ground state, transferring the energy to the other one so that it
moves to the upper excited level, from which it rapidly decays to the metastable laser level.
Thus, the energy of the first ion is spent on phonon relaxation. This effect results in a gain
degradation at high population inversion.

In the experiment relating to measuring the lifetime of the laser Ho3+ level, after
switching the pump off, the normalized population n2 of the excited Ho3+ ions decays
from the laser level to the background level in accordance with the rate equation written as
follows [39,40]:

dn2

dt
= −n2

τ2
− C(n2)

2 (5)

where C is the constant known as the HUC coefficient. Note that C = 0 means the concen-
tration effects are negligible. From this equation, assuming that α0L is small, so the effects
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relating to SE reabsorption can be ignored, one can obtain the final formula for Pse decay as
the following [40,41]:

Pse(t) = W
n2(0)exp

(
− t

τ2

)
1 + (Cτ2)n2(0)

[
1 − exp

(
− t

τ2

)] (6)

where n2(0) ≈ 1 at high pump power. This function is simplified to the exponential decay
at small values of Cτ2 and also at the decay tail (t >> τ2). When deriving Equation (6), we
suppose the fiber piece under study is short enough to ignore the effect of non-exponential
decay due to long active fiber.

Figure 4a shows some dependences of the simulated SE decay versus the normalized
lifetime t/τ2, using Equation (6). It is seen that the PIQ dramatically influences the SE
decay: the stronger HUC, the faster SE decays. The result of measuring the laser level
lifetime when the standard exponential fitting is applied is presented in Figure 5b, from
which it is seen that the lifetime value can be underestimated by tens of percent, depending
on the HUC constant and the fitting time interval.
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Figure 4. (a) Examples of the SE decay simulated for different values of Cτ2 (see inset) using
Equation (6). (b) Lifetime values obtained from the SE decay curves shown in plot (a) using the
exponential fitting. Symbols are the simulated values, and the curves are fits. Spheres and triangles
correspond to the fits for the large (0 to 4τ2) and the short (0 to 0.25τ2) time intervals, respectively.
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Figure 5. (a) Normalized fluorescence decay signal measured from HDF with four different values
of α0L (see inset). (b,c) Normalized fluorescence decay signals measured when (b) α0L = 0.12 and
(c) α0L = 2. The solid lines are the best fits by the exponent (black), the Förster approximation (blue),
and the function that considers PIQ (Equation (4)).

3.3. Experimental Results

Several approximations of fluorescence decay are used to measure fluorescence lifetime
when the PIQ effect appears. The simplest one is using the exponent decay function, the
result of which is demonstrated in Figures 3b and 4b for the long and the high-doped fibers,
respectively. It is seen that, depending on the experimental conditions (the fiber length and
concentration of active ions), the measured lifetime can differ up to two times or more.
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The second approximation is based on the Förster decay function. This approximation
type was proposed when the distance between the interacted active ions varies, so the
decay rate differs for each pair of ions. Thus, the fluorescence decay is not so exponential
and is determined by the following formula [24]:

dn2(t)
dt

= n2(0)exp
[
−
(

t
τ2

+ γ
√

t
)]

(7)

where γ is a constant (let us call it the Förster constant) that depends on the active ions’
concentration. If γ is small, the fluorescence decay is exponential. In contrast, the second
term in the brackets dominates when t >> τ2, so the decay tail of this function is described
by the centered super-Gaussian function different from the exponent.

The third approximation, based on PIQ, has already been discussed above.
The setup shown in Figure 2 (version (A)) measures the fluorescence relaxation from

the HDF under study. The AOM connected to the pulse generator is applied to rapidly
switch off the pump signal. Figure 5a shows the normalized fluorescence relaxation
measured by the 2 µm photodetector for four HDF lengths: 1.3 cm, 5.5 cm, 11 cm, and
22 cm, which corresponds to α0L = 0.12, 0.5, 1.0, and 2.0, respectively (see the inset to this
figure). From this figure, it is seen that the fluorescence decays faster when HDF is longer.
Figure 5b,c demonstrate the fluorescence decay for two extreme cases: α0L = 0.12 (Figure 5b)
and 2.0 (Figure 5c) (gray lines). The solid red and blue lines are the best fits by the exponent
(black) and the Förster (blue) decay functions, respectively, whereas the red curve is the fit
by the function shown in Equation (6), which considers the pair-induced quenching.

It is essential to compare the fitting result with deviations from the experimental
decay; see Figure 6, which shows the deviations for the same values of α0L as Figure 5a,b
demonstrate. The minimum deviation (less than 1%) is observed from the PIQ fitting
function. In contrast, the maximum one corresponds to the single exponential function
(about 5% and 8% for α0L equal 0.12 and 2.0, respectively). The maximum deviation by
fitting using the Förster decay varies from about 4% at α0L = 0.12 to 7% at α0L = 0.2. The
deviations at other values of α0L are within the ranges discussed here. The best fits are
obtained using the PIQ fitting function.
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Figure 6. The relative deviation of the fitting functions from the experimental decay. (a) α0L = 0.12,
(b) α0L = 2.0. The type of fitting function is marked near each fitting curve.

Figure 7a shows the results of measuring the lifetime of the Ho3+ laser level for
four fiber lengths. It is seen that the decay time drops with increasing fiber length for
all types of decay functions. This effect results from the fact that in each short fiber
segment through which photons generated in previous sections propagate, the absorption
decreases exponentially, resulting in an apparent increase in the luminescence relaxation
rate. The results obtained using the Förster and PIQ decay functions (1.33 ms and 1.36 ms,
respectively) differ slightly by only 2 percent, whereas that obtained by the exponent fitting
differs from them from 35% to up to two times (compare the point obtained with exponent
fitting at α0L = 2.0 with the Förster or PIQ fits at α0L = 0). With further increasing the tested
fiber length, this error dramatically grows. Note that here, as well as in the discussion below,
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the results obtained for different fiber lengths serve to extrapolate the fiber parameter under
study to the value corresponding to α0L = 0.
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Figure 7b demonstrates the results of measuring the HUC and the Förster constants.
It is seen that these constants depend on the fiber length: they rapidly increase with α0L
growth. This effect is explained by the fact that the fluorescence decays faster in more
concentrated or longer fibers, creating the illusion of an increase in these constants relating
to concentration issues. As is seen from Figure 7b, the HUC coefficient found for the HDF
under study is about 700 s−1 and γ is 16.5 s−1/2 (the extrapolated values at α0L = 0).

4. The Pump Level Lifetime

This section will discuss the method used to estimate the lifetime of the Ho3+ pump
level (see Figure 1a). Since the energy gap between the pump and laser holmium levels
is relatively small, about 3500 cm−1, the transition between these two levels is purely
photon-assisted, with a decay time of the order of microseconds [5]. In ref. [32], this time
was considered to be 1.4 µs.

To measure τ3, the arrangement shown in Figure 2 (version (B)) is used, in which the
function generator switches to the sine regime with biased output to modulate the AOM
transmission. Thus, pump power Pp at the HDF input was sinusoidally modulated with
frequency f and amplitude a, controlled by the function generator:

Pp(t) = Pp0[1 + acos(ωt)] (8)

where ω = 2πf is the circular frequency. Mean pump power Pp0 determines the mean
value of pump level population n30, whereas the alternative pump component defines the
amplitude and the phase of the pump level modulation. By analogy with the integrating
RC circuit, the amplitude of the modulated component of n3 (∆n3) can be written as follows:

∆n3( f ) =
∆n3(0)

1 + jωτ3
(9)

where ∆n3(0) is the modulation amplitude of pump level n3 at a low frequency, and j is the
imaginary unit. Thus, the holmium ions’ phonon transition from the pump to the laser
level is modulated with the amplitude and phase described by Equation (7). The same
reasoning is used for the calculation of the laser level population, which is populated by
the phonon transition from the laser level:

∆n2( f ) =
∆n2(0)

(1 + jωτ2)(1 + jωτ3)
(10)
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Since SE measured from the HDF output is proportional to the pump level population,
we can write the amplitude component of the SE modulation, which depends on the
modulation frequency, as follows:

∆SE( f ) =
∆SE(0)√

1 + (ωτ2)
2
√

1 + (ωτ3)
2

(11)

where ∆SE(0) is the SE modulation amplitude at a low frequency (f << 1/τ2), and the phase
delay is found as

Φ(ω) = Φ2(ω) + Φ3(ω) = −[atan(ωτ2) + atan(ωτ3)] (12)

where Φ2 and Φ3 are the phase delays determined by the lifetimes of the laser and the
pump levels.

Equations (9) and (10) permit one to estimate lifetime τ3 of the pump level using the
frequency response of the SE modulation amplitude or the frequency-dependent phase
delay between the pump and SE modulation signals. The second method is selected since
modern digital oscilloscopes permit measuring the phase delay between two sinusoidally
modulated electrical signals using the internal software. The length of the fiber piece was
22 cm (α0L = 2), at which the SE signal power was sufficient for detection, and the pump
power at the HDF input was 300 mW.

Figure 8a demonstrates two sine signals measured at the input (curve 1) and from the
output (curve 2) of the HDF piece under study; the signals were averaged by 1000 samples.
In this example, the AOM modulation frequency f is 40 kHz. The phase delay was measured
automatically by the oscilloscope. Figure 8b shows the phase delay in the broad range of
frequencies, from 20 Hz to 160 kHz; the upper-frequency limit is chosen because, above this
value, the modulation signal is too low for reliable measurements. It is seen that the phase
delay evolution demonstrates two steps with increasing f: the first step (the yellow area
marked as 1) corresponds to the phase delay arising due to the transition of the holmium
ions from the laser level down to the ground level (5I7 → 5I8) and the second step (the
green area marked as 2) to the transition from the pump level down to the laser level
(5I6 → 5I7). Figure 8c shows the second step of the phase delay evolution. In this graph, the
experimental values of the phase shift are fitted by the arctangent function, from which the
lifetime of the pump level is obtained as 1.7 µs, which is by three orders less than τ2 found
by SE decay analysis that takes into account fiber length and the PIQ process.
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Figure 8. (a) The photodetector electrical signals measured at the HDF input (red curve 1, the left
scale) and output (blue curve 2, the right scale). The red and blue curves are the sine fittings, and
the gray curves correspond to experimental data. (b) The phase delay measured in the frequency
range from 20 Hz to 160 kHz. Areas 1 and 2 correspond to the first and the second steps of the phase
delay evolution. (c) The phase delay evolution that corresponds to the holmium transition from the
pump level down to the laser level. The circles are experimental data, whereas the solid line is the fit.
The dashed line represents the same approximation at frequencies where the phase delay was not
measured. The vertical axis was shifted down by the value to which the first stage of the phase shift
evolution tended towards (horizontal dashed line in plot (b)).
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5. Saturation Powers

The pump saturation power and the SE saturated power of an amplifying fiber are
important parameters that permit one to estimate the absorption cross-section and the
concentration of the active ions. Experimentally, these parameters can be obtained by
measuring the SE power (Pse) upon increasing the pump power (see Equation (2b)):

Pse = Wn2 ≈ W
Pp

Pp + Psat
p

(13a)

where

Psat
p = ξPs

p =
hνp

σ13τ2
Ap (13b)

This parameter corresponds to the pump power at which SE power is saturated,
which permits one to obtain the absorption cross-sections at the pump and other essential
wavelengths. In contrast, the saturated SE power allows for the estimation of the active
ions’ concentration.

To measure the experimental dependence of SE power with growing pump power,
we used the setup (B) shown in Figure 2, in which the bias voltage was applied to the
AOM instead of the sinusoidal or rectangular signals. The results of the measurements are
shown in Figure 9. The SE power was measured in the broad range of pump power, from
0 to 1W (see plot (a)). In this experiment, we used the 2 µm OSA (AQ6375) for measuring
SE power from the HDF piece under study. The experimental data on SE power obtained at
different fiber lengths were fitted by Equation (13a); the result of this procedure, shown by
symbols in Figure 9b, was fitted by the exponent function, from which the saturation power
at α0L = 0 (the yellow circle) was obtained: Pp

sat(L = 0) = 0.95 mW. Another important
parameter, the value of the SE power at the high pump, Pse

sat = 250 nW, was taken from
the data obtained for the shortest HDF piece, for which α0L = 0.12. For even shorter HDF
pieces, measuring SE power is not reliable.
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Figure 9. (a) SE/ASE powers measured from HDF pieces with different α0L (see inset) vs. pump
power at 1134.5 nm. The symbols are experimental points, and the solid lines are fittings by the
saturation function shown by Equation (13a). (b) Pp

sat (left scale) and Pp
sat (right scale) obtained as a

result of fitting the experimental data from the plot (a). In the first case, the exponent function fits the
data (linear for the semi-log plot shown). The point at α0L = 0 is obtained by extrapolating the fitting
line. In the second case, the data are fit by the shifted exponent function so that it is equal to zero at
α0L = 0.

6. Absorption Cross-Sections, Holmium Concentration, and Fluorescence
Quantum Efficiency

HDF waveguide parameters from the manufacturer’s test report are the numerical
aperture NA = 0.16 and the core radius a = 4 µm. From these data, one can obtain the over-
lap factor of the SE Gaussian field with the fiber core: Γse = 0.8. Since HDF is a multimode
for the pump wavelength, we consider that Γp = 1. Using Equation (13b), one can easily cal-
culate the absorption cross-section at the pump wavelength as σ13(λp) = hνpAp/(τ2Pp

sat) =
0.8 × 10−21 cm2. Accounting for the values of the absorption peaks at 1150 nm and
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1950 nm (see Figure 1b) and the corresponding overlap between factors and beams’ ar-
eas, the absorption cross-sections were obtained as follows: σ13 = 1.4 × 10−21 cm2 and
σ12 = 2.8 × 10−21 cm2, correspondingly.

The absorption coefficient depends on the absorption cross-section, overlap factor,
and concentration of the active ions: α0 = ΓSEσ12N0. From this relation, one can obtain the
holmium concentration as N0 = 4.05 × 1019 cm−3.

An essential parameter for laser optimization is the quantum efficiency of the laser
level η (see Equation (4b)), defined as the ratio of the number of photon-assisted transitions
from the laser level to the ground state to the total number of transitions. This parameter
is found when η = Pse/W, where Pse = 250 nW is the SE power measured at the output
of the short fiber piece (L = 1.3 cm), and W is the calculated value of the SE power when
the phonon transitions are not considered (Equation (4b)). For the HDF under study, the
fluorescence quantum efficiency from the laser level is 4.5%. Such a low QE is explained by
the long radiative lifetime of the holmium laser level, of about 16 ms, see ref. [32], which
results in a relatively high threshold pump of lasing and reduced laser efficiency.

Note that the discussed parameters of holmium ions in silica fiber are obtained assum-
ing that the core diameter and NA of the HDF under study correspond to the mean values
specified by the manufacturer, which can vary from fiber to fiber in the interval of ±12.5%.

7. Conclusions

In this paper, the technique for characterizing holmium-doped silica fiber (HDF) is
discussed. An acousto-optical modulator (AOM) was applied to control the output power
of the ytterbium-doped fiber laser (YDFL) operating at 1134.5 nm, which was used for the
in-core pumping of a piece of a commercial HDF under test. The effects of the fiber length
and the concentration-dependent pair-induced quenching (PIQ) of holmium ions were
considered. It was demonstrated that using the proposed technique, the HDF absorption
spectrum, and the pump and spontaneous emission saturation powers, one can obtain
the essential characteristics of the active fiber, such as the lifetimes of the laser and pump
energy levels, the absorption cross-sections for transitions to the laser and pump levels, the
effective active ions’ concentration, the homogeneous up-conversion coefficient, and the
fluorescence quantum efficiency.

It is shown that the length of the HDF piece under test is a crucial parameter affecting
dramatically the results of the lifetime measuring: the longer the fiber under test, the
smaller the fluorescence lifetime value. The error in the measured lifetime obtained after
exponential fitting of the fluorescence decay can reach the values from ten percent to
two times or even more, depending on how long the fiber under test is. This problem
originates from HDF’s small fluorescence quantum efficiency and the low sensitivity of two-
micron photodetectors, which results in using long fibers for reliable SE signal detection.
To overcome this problem, measuring the lifetime for different fiber lengths with the
subsequent extrapolation of the obtained data to zero length was proposed. Since the
effect of ion pairs strongly influences the results of measuring the fluorescence lifetime, the
fitting function that considers pair-induced quenching (PIQ) was applied for this study.
Apart from the lifetime, this method permits one to derive the homogeneous up-conversion
coefficient significant for modeling heavily doped fiber lasers.

Based on the experimental absorption spectrum, the fluorescence lifetime, and the
saturation powers, one can obtain such important HDF parameters as the absorption cross-
sections for transitions to the laser and pump levels, the effective active ions’ concentration,
and the fluorescence quantum efficiency.

The technique proposed for HDF characterization can be used for any moderately
and heavily doped active fibers, in which the PIQ effect is significant and/or when the
fiber length is long. For example, in double-clad (DC) active fibers, the concentration of the
active ions is high to increase the fiber-clad absorption for multimode pumping. Moreover,
in the case of two-micron fiber lasers, the high-concentrated active fibers (both DC and
single-clad) are used to shorten the laser cavity, which reduces the influence of the infrared
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absorption inherent in silica glass fibers at two microns and beyond. It is also demonstrated
that the HDFL performance depends dramatically on the concentration issue: both the
pump threshold and the laser efficiency are influenced by the active fiber length and the
active ions’ concentration [24,33,42]. Thus, one can conclude that an optimum between
the active ion concentration and the active fiber length exists, at which the additional loss
introduced by the active ions’ pairs and clusters are in balance with the passive fiber loss
originating from the fundamental infrared absorption in silicate fiber.

The active fiber parameters obtained using the proposed technique permit one to
correctly simulate fiber lasers for further optimization, after which the laser efficiency and
output power reach a maximum.
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