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Abstract:
At theoretical model of three levels describing Holmium-doped fiber lasers (HDFL) pumped by Laser-diodes
1.15 µm is presented. Based on the model, each of the efficiency, output power depending on fiber core radius,
fiber length, and ion concentration of active media were investigated, using the MATLAB program (R 2019
a). The results show that at a doped fiber core radius, 2, 5 & 10 µm pumped with a power range of 10 - 100
W got an output power ranging from 5 to 55 W, respectively, while slope efficiency (η) was 31.3%. Output
power was 2.7 – 4 W, η = 50% at a fiber length of 0.01 m, and 81.7 – 83 W, η = 19.6% at a fiber length
of 0.5 m. The output power ranged from 107.8 to 109 W & η = 4.7% for 3 m fiber length. The threshold
power value of Pth = 0.05 W at fiber core radius 2 µm and Pth = 0.006 W at 3 µm was then gradually slightly
increased from 4 to 10 µm. As a result, the output power and efficiency are no longer reliant on the diameter
of the fiber core.
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1. Introduction

Strong interest in rare earth-doped fiber lasers research
arises from high output power and convenient generators of
ultrafast pulses. A particular examples the holmium-doped
silica fiber laser, provides an efficient method of generating
high average power at 2.1 µm spectral region that is an
excellent atmospheric transmission window. It is attractive
in applications involving free-space beam propagation, such
as atmospheric sensing, free-space communications, and
LIDAR [1]. Eye safety is an additional vital consideration
in such applications [2]. Holmium-doped fibers have two
main pump absorption bands that are located at the central
wavelengths of 1.95 µm (5I8 → 5I7 transition) and 1.15 µm
(5I8 → 5I6 transition). Focusing on output power and effi-
ciency to improve the laser performance, some important
parameters such as absorption power Pabs, threshold power
Pth, V-parameter, and effective area Ae f f were examined
with optical fiber core radius.

2. Theoretical model
Assuming a laser system has three energy levels, an ion at
a given level can generally transition spontaneously (either
radiating or not) to any lower level, or it can be stimulated
to emit at a higher or lower level. Fig. 1 depicts the energy
levels structure in-band pumped for a holmium-doped fiber
laser, showing the two primary transitions: the laser transi-
tion (2.1 µm) and the pump transition (1.15 µm).
The rate equations are [4]

dN3

dt
= N1WP −N3XPWP −N3W3 (1)

dN2

dt
= N3W32 +N1W d

12 −N2W2 −N2W d
21 (2)

dN1

dt
= N3W31 +N2W d

21 +N2W21 −N1W d
12 −N1W1 (3)

N0 = N1 +Nex (4)

Nex = N2 +N3 (5)

N0, Nex & Ni are number of ions per unit volume, population
in the excited states and number of ions per unit volume
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Figure 1. Pumping system commonly used in holmium
doped silica [3].

in level i respectively. Wi j & W d
i j probability per unit time

that an ion in level i decays spontaneously to level j and
transition rate from level i to level j induced by stimulated
emission or absorption respectively [1].
Equaling zero and use branching ratio notations Eq. (1),
Eq. (2), Eq. (3) becomes

N3 = RPτ3 (6)

N2 = RPτ2β32 −∆NW d
21τ2 (7)

N1 = RPτ1β31 +∆NW d
21τ1(1−β21) (8)

where

τi =
1

Wi
, ∆N = N2 −XrN1

Xr =
W d

12

W d
21
, and RP ≡ N1WP

1+XPWPτ3

Population difference is

∆N = RP
τa

1+W d
32τb

(9)

where: τa = β32τ2 −Xrβ31τ1 & τb = τ2 + τ1Xr(1−β21).
Then Eq. (8) become

N1 = N0
1+XPWPτ3

1+WP(τex +XPτ3)
(10)

where: S = W d
21τb = I/Isat , a2 = 1 − (τ2τa/τbτe), τex =

τe(1+ a2S)/(1+ S), Isat ≡ hνL/σLτb, and τe = Σ4
i=2β4iτi,

T ≡ 1−R2, the combination PP, with Pout is: where

Pout = PP
τaσLT SIsat(1− γ)

2γGthhνP(1+S)
(11)

where

γ =exp(−αPL+a3(1+a4S)Gth
σP

σL
),

a3 ≡
τe + τp

τa
& a4 =

a2τe + τP

τe + τP

The pumping threshold for CW lasing is [4]:

Pth = Gth
hνpAe f f

τaσL

β

(1−β )
(12)

that
β = exp(−αPL+a3Gth

σP

σL
)

where, hνp is the pump photon energy, Gth is the gain at the
threshold, Ae f f is the effective core area of the fiber, and σL
is the stimulated emission cross section for the 2 → 1 lasing
transition.
Characterized by the fact that it depends on the properties
of the laser emitting material, such as the effective area of
the stimulated emission cross-section and the lifetime of
illumination or emission, in addition to the type of signal
style. It is also somewhat independent of the pumping pat-
tern as long as this pattern is sufficiently far from the cutoff
(ηP ≈ 1). Describes laser efficiency as the ratio of change
output power to input power. However, this definition is not
very useful in the case of saturation of the output, because
the slope efficiency in this case depends on the pumping
capacity. Optimized efficiency is defined as the ratio of
output power to optimized pumping power. The improved
pumping power is the lower input power that is sufficient to
obtain the given output power [4]. The laser output gradient
efficiency is given by the following formula [5]:

ηs = ηP
T
δ

hνL

hνP
(13)

ηP is the percentage of pumping energy contained in the
fiber core, T is the transmittance of the output mirror,
hνL/hνP is the ratio of laser photon energy to pumping
photon energy, this ratio constitutes the limit essential for
the efficiency of the process of converting the energy of any
photon into another photon. While δ represents total losses
of laser intensity for round trip and corresponds to 2Gth
here. The output power of this fiber laser is given in terms
of the absorbed pumping power Pabs by the relationship:

Pout = ηs(Pabs −Pth) (14)

where Pabs = Pp(0)[1− exp(−αpL)] and Pp(0) represents
the pumping power at the doped fiber’s intake, and the laser
output ramp efficiency ηs is a measure of the efficiency
with which the doped fiber laser transforms the incident
pumping power once it reaches threshold limit to output
power. Specifies the kind of optical fiber, single or multi-
mode, and be in the range of 1.2 <V > 2.4 using equation
[6]

V =
2πr
λ

√
n2

1 −n2
2 =

2πr
λ

NA (15)

The radius of a single mode is so short that only one mode
of light transmission is possible. High bandwidth and low
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noise are two good optical features provided by this mode.
Radius of a multi-mode is more than large enough to support
multiple modes of operation; these offers less effective
optical characteristics, like smaller bandwidth and more
noise.

3. Results and discussion
All parameters included in the present model for the
holmium-doped fiber laser, which wase used in simula-
tion to calculate output power Pout , efficiency η , standard
frequency V , effective area Ae f f , and threshold power Pth
are shown in Table 1.
Studying the effect of each parameter on output power sep-
arately to obtain the best laser output and efficiency used
in several applications. Fig. 2 shows the output power of
the holmium fiber laser versus pumping power at different
doped fiber core radii (2, 5 & 10) µm. Pump powers of 10
to 100 W gave output powers of 5 to 55 W, respectively,
while the ramp efficiency η was 31.3%. Compare this with
reference [8] which state that at wavelength 1.25 µm, core
radius 10 µm, and pump power (2 - 35) W without excited
state absorption, slope efficiency 30% and output power (1 -
17.5) W.
Fig. 3 shows the behavior of output power with various
fiber core radiuses for lengths 0.01, 0.5 & 3 m. It seems
that, for specific fiber length, there are a few changes in
Pout for alternating core radius. This result agrees with
the score paper [11]. The horizontal lines depict the output
power at various fiber lengths; the output power was (2.7 –
4) W, η = 50% at a fiber length of 0.01 m, (81.7 – 83) W,
η = 19.6% at fiber length 0.5 m. The output power ranged
from (107.8 - 109) W and η = 4.7% for 3 m fiber length.
These results are approximately in agreement with Fig. 5
from reference [8] displays the calculated output power as

Table 1. Basic parameters used in the numerical
simulations.

Parameters Value unit Reference

τ2 7.35 (ms) [7]

τ3 3.521 (ms) [7]

λP 1.15 (µm) [8]

σP 1.5×10−25 (m2) [8]

λL 2.1 (µm) [8]

σL 3×10−25 (m2) [8]

W21 61.7 s−1 [9]

W31 72.3 s−1 [9]

W32 15.01 s−1 [9]

NA 0.0681 - Calculated

n1 1.448 - [10]

n2 1.451 - [10]

Figure 2. Holmium fiber laser output power against pumping
power for various core radii at N = 4×1023 ion/m3, L = 0.2
m.

a function of pump power for different lengths. As we can
see, output power 11.8 W with a slope efficiency of 33%
was achieved when 1.15 m pumping was launched. As the
fiber length increased, leading to abundant absorption of the
pump power, the maximum slope efficiency of 37% can be
obtained when fiber length varies between (0.8 ∼ 1.2) m.
According to Fig. 4, increasing the concentration of
holmium can result in more excited electrons, which raises
output power. The output power ranged from 17.7 to 19 W &
η = 44.6% at concentration of 1×1023 ion/m3, 59.5 to 60.9
W & η = 28.4% at concentration of 5× 1023 ion/m3 and
81.7 to 83 W & η = 19.6% at concentration of 10×1023

ion/m3. The core radius of 2 to 10 µm output power hase,
approximately the same value for specific ion concentra-
tions. These findings were comparable with the source [11].
A smaller shell diameter improved interference between
the pump and the doped nucleus, while a lower holmium
concentration lessened the impact of ion aggregation on
laser efficiency.
Characteristic of output power, Pout = 52.3 W at 2 µm and
Pout ≈ 53.8 W at (3 & 4) µm then became semi-reduction

Figure 3. Output power of holmium-doped fiber as a
function of fiber core radius with different fiber length at
Pp = 100 W, N = 4×1023 ion/m3.
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Figure 4. Output power of holmium-doped fiber as a func-
tion of fiber core radius with different ion consternation at
Pp = 100 W, L = 0.2 m.

for (5 - 10) µm, while threshold power value Pth = 0.05
W at 2 µm and Pth = 0.006 W at fiber core radius 3 µm
then gradually slight increased for (4 - 10) µm as in Fig. 5.
Surface area interacts with the pump beam rises as the core
radius increases, amount of excited electrons boost. Fiber ra-
dius expanded, more light travels through the fiber, leading
to photons being lost before they have a chance to activate
electrons.
V parameter determines the number of modes supported
by a fiber and cut-off condition of various modes, the fun-
damental mode has no cut-off and always propped by a
fiber. Fig. 6 shows that the value of standard frequency V
was increased linearly with radius, determining the type of
fiber. The standard frequency is the frequency of light that
travels in optical fibers without dispersion, which increases
constantly as the radius increases, which is based on the
optical fiber’s radius and the fiber manufacturing material’s
refractive index. The fiber effective area Ae f f = πw2 repre-
sents the cross-sectional area of the fiber over which light
efficiently propagated. Fig. 6 curve shows the extent of light
confinement in the core of fiber, so the concluded radius
does not affect the effective area of holmium fibers where
the fiber core is single-mode or multi-mode. The effective
fiber area for the holmium fibers is quite small, equaling
(0.027−0.15)10−8 m2. This means that regardless of the

Figure 5. Output and threshold power as a function of core
radius, at Pp = 100 W, N = 4×1023 ion/m3, L = 0.2 m.

Figure 6. The fiber’s effective core cross-sectional area and
standard frequency function of core radius.

radius of the fiber core and the light in the holmium fiber is
constrained to a relatively narrow area.

4. Conclusion
In the present work, the operation of output power and
efficiency were investigated for several parameters of
HDFL under theoretical study. Lengthening the fiber or
increasing the concentration of holmium inside the fiber,
electrons that are more excited can be produced, bringing
about altitude Pout & diminishing η . Output power and
efficiency are no longer available, relying on the diameter of
fiber core. This investigation is useful for the design of LD
directly pumped Ho-doped lasers, especially high-power
lasers. It will be useful to design more efficient Ho-doped
fibers for high-power laser sources emitting at λ = 2.1 µm.
Agreement of our simulation with the result of other papers
shows that it provides a good understanding of the laser
system.
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