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Abstract—A new method of optical control of the output power of an ytterbium doubleclad fiber laser is pro
posed. The method is based on the possibility of modulating the main channel gain coefficient inside an active
element using the radiation of the competitive control channel. The advantage of this method consists in the
fact that the main channel is modulated without inserting any controlling elements inside it. The static char
acteristics of the channel modulation are theoretically studied and the theoretical results are verified experi
mentally.
Key words: twochannel laser, ytterbium fiber laser, polarization, modulation, competition, power control.
DOI: 10.3103/S0027134910030045

INTRODUCTION
Average and highpower fiber lasers are of high
practical interest, in particular for industrial applica
tions [1–3], in medicine [4], for the pumping of fiber
amplifiers [5–7], for studying nonlinearoptical phe
nomena in optical fibers, and as radiators for distributed
sensors [8–12]. This explains the permanent interest in
studying of their output characteristics [13–18]. Radia
tors with an output power controlled according to a
given law, i.e., optical signal generators, are needed in
various applications. Of a large number of fiber lasers
types, ytterbium lasers have the highest efficiency fac
tor and output power, which makes them the most
promising ones for industrial applications [19, 20].
Thus, it is necessary to develop new and efficient
means of the radiation modulation of average and
highpower ytterbium fiber lasers in the kilohertz
modulation frequency range. In this work, the possi
bility of controlling the output power of the linear
polarized radiation of the main channel of a double
clad ytterbium fiber laser by modulating losses in a
competitive control channel, whose radiation is polar
ized perpendicular to the first channel, is proposed
and experimentally confirmed.
The idea of using the competition of channels for
modulation was proposed long ago in [21–23], in
which the competition of two partially spatially sepa
rated channels with one general active element was
considered. The experimental possibility of greatly
increasing the modulation efficiency and, more
importantly, avoiding the transition relaxation pro
cesses typical for solidstate lasers, was shown in
[24, 25] for different types of twochannel lasers.

In this work, a scheme for the creation of a fiber
laser with orthogonal polarizations in which the radi
ation of the main channel is modulated upon the mod
ulation of losses in the control channel is proposed and
theoretically studied.
1. THEORETICAL STUDY. IDEAL LASER
Figure 1a shows the idea of the proposed method;
it shows the optical scheme of a laser with two orthog
onal linearly polarized generation channels. An aniso
tropic active element 2 and a birefringent prism 3 are
oriented so that their own polarization planes are col
linear. Figure lb shows the optical scheme of the aniso
tropic laser used in the fiber performance.
To describe the laser with two polarized generation
channels we use the simplest system of balance equa
tions of the model of a twochannel fourlevel laser.
This system can be obtained in a similar manner to
that in equations (5.1) in [26] if a term responsible for
crosssaturation of the modes is inserted or from [27]
if the unnormalized variables ENi, a part of the energy
of the active medium accumulated in the volume of
in
the ith channel, and E F i , the inresonator energy of
photons of the ith channel, are used:
d ( EN ) i
 = K i W P
dt
(1)
in
in⎞
1
⎛
– ( EN ) i  + κ i ( EF ) i + κ j ξ ij ( EF ) j ,
⎝ T1
⎠
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d ( EF i )
( EF i )
in
,

 = ( EN ) i ( κ i ( EF ) i ) – 
dt
t Fi

(2)
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where i = 1, 2 is the channel number, j = 3 – i, Ki is the
efficiency factor of pumping of each channel, Wp is the
pumping power, T1 is the relaxation time of the popu
lation of the upper laser level, κi are the coefficients
characterizing the efficiency of the interaction of pho
tons of the corresponding generation channels with
the active medium, ξij are the normalized coefficients
of crosssaturation (CS) at i ≠ j, the selfsaturation
coefficients are 1, and tFi is the lifetime of photons of
the ith channel. In the general case, the lifetimes of
photons in the two channels differ.
Let us obtain explicit expressions for these times.
To this end, we introduce the following notations:
RFBG is the reflection coefficient of the first mirror that
is common for the main and control resonators, R1
and R2 are the reflection coefficients of mirror M1
(main resonator) and mirror M2 (control resonator),
respectively, and L is the resonator length (we consider
it the same for two channels). Taking into account
these notations, the lifetimes of photons in the main
2Ln
channel t F1 = – 

 and in the con
2
c ln [ R 1 R FBG ( 1 – δ 1 ) ]
2Ln ,
trol channel t F2 = – 
2
2
c ln [ R 2 R FBG ( 1 – δ 2 ) ( 1 – δ mod ) ]
where δ1 and δ2 are the uncontrolled (parasitic) losses
in the main and control channels, respectively, and
δmod are the controlled losses in a modulator.
Stationary solutions of the system of equations
(1–2) can be obtained in an explicit form if the left
hand parts of equations are equalized to zero and the
system is solved with respect to the energy of photons
for both channels. Having done this, we obtain the
expressions for the case of twochannel generation:
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Fig. 1. (a) Principle laser scheme. Blank mirror 1 and
translucent mirrors 5 and 6 form two Fabry–Perot resona
tors: for the control and main channels, respectively. The
birefringent prism 3 is oriented so that the radiation of the
main channel passed without refraction and the orthogo
nally polarized radiation of the control channel deviated
from the optical axis and passed through the modulator 4.
(b) Design for the fiber performance: FBG, fiber Bragg
grating; Yb, ytterbium laser; PC, polarization controller; PM,
power modulator; Ml, mirror 1 M2, mirror 2. (c) Experimen
tal model scheme. Unlike the previous case, the resonator
of the control channel is formed by the Bragg grid and mir
rors M1 and M2.
tr

where T i is the time of the double passage of the res
out

onator, and the output power: P i
Then for the main channel:

in

= P i (1 – Ri).

in

EF 1
in
in c ( 1 – R 1 )
 ( 1 – R 1 ) = EF 1 
= P 1 ( 1 – R 1 ) = 
,
tr
2nL
T1
and for the control channel:

out

P1

in

EF 2
in
in c ( 1 – R 2 )
 ( 1 – R 2 ) = EF 2 
= P 2 ( 1 – R 2 ) = 
.
tr
2nL
T2
The transmission coefficient of the mirror Ml is
chosen on the basis of the condition for obtaining the
maximum output power of the main channel when the
control channel is switched off. To find the optimum
mirror, from the solution (5) one can get an algebraic
equation whose root is the value of the reflection coef
ficient of the optimum mirror:
R1 – 1 1

 –  + B 1 = 0,
2
γ1 R1 γ1
out

in

1
1
K 1 W p t F1 κ 1 –  – ξ 12 ⎛ K 2 W p t F2 κ 2 – ⎞
⎝
T1
T 1⎠
=  , (3)
κ 1 ( 1 – ξ 12 ξ 21 )

in

1
1
K 2 W p t F2 κ 2 –  – ξ 21 ⎛ K 1 W p t F1 κ 1 – ⎞
⎝
T1
T 1⎠
=  . (4)
κ 2 ( 1 – ξ 12 ξ 21 )

EF 1

EF 2

In the case of onechannel generation, when either
the main or control channel is suppressed, stationary
solutions of the system (1–2) are:
in
1  , EF in = 0;
(5)
EF 1 = K 1 W p t F1 – 
2
κ1 T1
in

EF 1 = 0,

in
1 .
EF 2 = K 2 W p t F2 – 
κ2 T1

(6)

It is necessary to obtain the expressions of the out
put power from the solutions for the photon energy in
the generation channels. In the first approximation
the inresonator energy of photons is related to the in
in
in tr
resonator power by the relationship EF i = P i T i ,
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where γ1 ≡ ln[R1RFBG(1 – δ1)2] and B1 ≡
c
 . The analytical solution of this equa
2nLT 1 κ 1 K 1 W p
tion is a very complicated problem. Therefore the
equation roots are found numerically for each specific
case.
We find the minimal possible reflection coefficient
of the mirror M2 from the requirement of the full sup
pression of the radiation of the main channel when the
control channel is opened, i.e., when the losses at the
No. 3
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Fig. 2. Dependences of the power of the main (solid lines) and control (dotted line) generation channels on the transmission coef
ficient of the modulator for three values of the CS coefficients at the optimum output mirror ξ12 = 0.7 (a), ξ12 = 0.8 (b) and ξ12 =
0.9 (c).

min

modulator are zero (δmod = 0). At the soughtfor R 2
in

value the photon energy EF 1 the case of the two
channel generation is zero. Then if we insert t F1 and
t F2 in solution (3) at given conditions and conduct
simple algebraic manipulations, we can obtain the
min
R 2 value:
min

R2

1
= 2
R FBG ( 1 – δ 2 )

(7)
ξ 12 K 2 W p κ 2
2nL
× exp –   .
c
1
K 1 W p κ 1 t F1 –  ( 1 – ξ 12 )
T1
When the mirrors M1 and M2 are chosen opti
mally, the maximum efficiency and modulation depth
of the output power of the main channel are achieved.
Figure 2 shows the dependences of the output power of
the channels on the modulator transmission at the
optimal reflection values of the M1 and M2. It is seen
that with an increase in the crosssaturation coeffi
cient to 100% the modulation of the output power of
the main channel requires a smaller range of the
changes of the modulator transmission coefficient.
For a crosssaturation coefficient of 0.9 a change of
the transmission coefficient of the modulator of about
20% is required to obtain the 100% modulation depth
of the main channel.
2. ANALYSIS OF A REAL LASER
To test this method experimentally, we designed the
experimental model whose scheme is given in Fig. lc.
In an experimental laser it is necessary to take into
account the reflection from the butt end of the ytter
bium fiber. To take this reflection into account, an
additional mirror is incorporated in the laser model
(mirror M1 in Fig. 1c). The radiation of the main and
control channels is partially reflected from this mirror.

The internal losses in the control channel are some
what higher than those in the main channel; this pro
vides the full suppression of the generation in the con
trol channel in the absence of an additional external
resonator, which is formed by the mirrors M2 and M3
(Fig. 1c) at the excess of pumping over the threshold
less than α = 1.1. In order to control the output power
of the main channel, a modulator with the controlla
ble transmission coefficient or a filter system with vari
able transmission was set up in the control channel.
To describe the performance of such a laser one can
use the system of balance equations (1–2) by changing
the expressions for the lifetimes of the photons in
them. In such a complex resonator the radiation
intensity of the main channel after the full passage
(neglecting the time of the passage of the external part
of the resonator is:
pass

I 1 ( T 1 ) ≈ I 0 R FBG R 1 ( 1 – δ 11 )
2

2

2

2

+ I 0 R FBG R 3 ( 1 – R 1 ) ( 1 – δ 11 ) ( 1 – δ 3 ) ,
and that of the control channel is
pass

I 2 ( T 2 ) ≈ I 0 R FBG R 1 ( 1 – δ 11 )
2

2

2

2

2

+ I 0 R FBG R 2 ( 1 – R 1 ) ( 1 – δ 11 ) ( 1 – δ 2 ) ( 1 – δ mod ) ,
where δ11 and δ12 are the parasitic losses at the region
from the Bragg mirror to the mirror Ml in the main
and control channels, respectively, δ2 are parasitic
losses in the external part of the resonator (from Ml to
M2), δ3 those in the external part of the resonator
(from Ml to M3), and δmod are controlled losses in the
modulator. Then the lifetime of photons in the main
channel is:
2nL

,
t F1 = – 
2
2
2
c ln { R FBG(1 – δ 11) [ R 1 + R 3(1 – R 1) (1 – δ 3) ] }
and that in the control channel is
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Fig. 3. Dependences of the power of the main (solid lines) and control (dotted line) generation channels on the modulator trans
mission coefficient for three values of the losses in the external part of the resonator at the optimum mirrors: δ2 = δ3 = 0.2 (a),
δ2 = δ3 = 0.5 (b) and δ2 = δ3 = 0.8 (c).
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Fig. 4. Dependences of the power of the main (solid lines) and control (dotted line) generation channels on the modulator trans
mission coefficient with suboptimal mirrors: R2 less than the optimum value (a), R2 larger than the optimum value (b) and R2
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2nL


.
t F2 = – 
2
2
2
2
c ln { R FBG ( 1 – δ 12 ) [ R 1 + R 2 ( 1 – R 1 ) ( 1 – δ 2 ) ( 1 – δ mod ) ] }
For the component resonator, the relationship of
the output power and the inresonator energy of pho
tons changes as well. Taking into account the structure
of the resonator, for the main channel one can obtain:
out

P1

in c
= EF 1  ( 1 – R 1 ) ( 1 – δ 3 ) ( 1 – R 3 ),
2nL

and for the control channel

min

R2

in c
= EF 2  ( 1 – R 1 ) ( 1 – δ 2 ) ( 1 – δ mod ) ( 1 – R 2 ).
2nL
In addition, the expressions for the optimum mir
rors in the component resonator are changed. In the
same manner as in section 2, we found numerically the
value of the reflection of the optimum mirror M2. For
the control channel the minimum value of the reflec
tion of the mirror M2 is determined by the expression:
out

P2

ξ 12 K 2 W p κ 2
2
2nL
exp –  
 – R 1 R FBG ( 1 – δ 12 )
c
1
K 1 W p κ 1 t F1 –  ( 1 – ξ 12 )
T1
= 


.
2
2
2
R FBG ( 1 – δ 12 ) ( 1 – R 1 ) ( 1 – δ 2 )

Figure 3 shows the graphs of the dependences of
the output power of the channels on the modulator
transmission for the setup used in the experiment.
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The dependences for three values of the losses in the
external part of the resonator are shown in the case
when mirrors M2 and M3 are optimally chosen. One
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can see that an increase in the δ2 and δ3 losses leads
to a less steep dependence, i.e., to a decrease in the
modulation efficiency. Unlike the case shown in Fig.
2, the increase in the losses reduces not only the
modulation efficiency but also the maximum power
of the main channel. Such losses can arise due to the
insufficient quality of the alignment of mirrors M2
and M3.
In the case shown in Fig. 4, the mirror M2 was sub
optimally chosen. Figure 4a shows a graph of the stud
ied dependences, when R2 is not high enough. This led
to the modulation depth of the main channel failing to
reach 100%. In Fig. 4b, on the contrary, R2 exceeds the
optimum value. One can see from this graph that the
modulation efficiency of the main channel is rather
high: only 20% of the losses are needed to completely
suppress the generation of the main channel. It is,
however, also necessary to create approximately 40%
additional losses to reach the point at which the power
of the main channel for the twochannel generation
becomes zero.
Figure 4(c) shows the experimentally measured
values of the power. One can see that the theoretical
and experimental values coincide rather well and that
the output mirrors were not chosen quite optimally: R3
≈ 0, and R2 in this experiment turned out to be too
large (the generation of the main channel is sup
pressed at the modulator transmission of 0.12, rather
than 1), i.e., to control the power of the main channel
it is necessary to create greater losses in the modulator.
It is important to note, however, that according to
expressions (7) and (8) the optimal value of the reflec
tion of the mirror M2 depends on the pumping power.
CONCLUSIONS
In this work, a new method to control the output
power of the linearly polarized radiation of the ytter
bium fiber laser is proposed. It consists in the modula
tion of the gain coefficient of the main channel upon
the modulation of losses in the control channel. The
main advantage of this method is that in the main laser
channel no additional elements are inserted and the
modulator is placed in the control channel. Thus, the
maximum efficiency factor of the laser is reached
when the optimum mirror is used. The modulation
depth can be of 100% at the strong competition
between channels and low parasitic losses of the con
trol channel.
The experimental results obtained in this work
confirmed the possibility that one can control the
power of the main channel of a ytterbium fiber laser by
modulating the losses in the control channel. The the
oretical and experimental results qualitatively coin
cide. For the complete quantitative coincidence of the
experiment with theory, however, it is necessary to take
into account the interaction of the channels in the
absorbing region of the active fiber [28], as well as that
fact that in each channel many longitudinal modes are

generated [29]. Finding the conditions at which the
model of the twochannel laser is applicable to the
quantitative description of the dynamics of fiber lasers
with two polarizations require additional analysis.
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