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Abstract: In this research the study of fiber laser depends on an analytical theory which is including a three-
level laser system. Any increased in core radius and pump power means increased in output power for optimum
core radius3.8um we get 25mW output power. Optimum length depends on pumping power. Any increase in
fiber length causes increasing in output power.
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. Introduction

The pulse propagation in optical fiber suffers many losses which causes attenuation to the propagated
pulse after passing several kilometers, therefore fiber laser should be use to raise the power level of the
attenuated pulse [1]. Most fiber laser amplify incident light through stimulated emission, the same mechanism
that is used by normal lasers. Its main ingredient is the output power realized when the amplifier is pumped
(optically or electrically) to achieve population inversion [2]. The output power, in general, depends not only on
the frequency (or wavelength) of the incident signal, but also on the local beam intensity at any point inside the
amplifier. Details of the frequency and intensity dependence of the output power depend on the fiber laser
medium. The optimization of the fiber length, core radius for a Th*" doped fluorozirconate fiber laser operating
at 1550nm wavelength will be presented [3,4]. Many advantages of fiber lasers stem from the collinear
confinement of the pump and signal beams to the same small core region of the optical fiber where they can
interact for long distances (many tens of meters). Because of the small core radius of the doped fiber, a lower
pumping power may be required [5,6].

I1.  Theoretical Treatment:

A three level rate-equation model commonly used for lasers can be adapted for Thulium doped fiber
laser TDFL. It is sometimes added a fourth level to include the excited-state absorption, but that is valid when
ASE and excited-state absorption are negligible. In general, the resulting equations must be solved numerically
[7]. Consider the energy levels of a laser system shown in figure 1. N; is the number of ions per unit volume in
level i, the rate equations is given by:
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Figure I three enprey levels of a laser system [8]
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Denoting N; the number of ions per unit volume in level i, the rate equations is given by: [8]

dN

=Nw_ — N, (x w_ +w,) 1
dt
sz d d

:N3W32+N1W12 _Nz(W2+W21) 2
dt

:N3W31+N2(W21+W21 )_Nl(W12 +Wl) 3
dt
N, =N, +N_ 4
Nex= N2+N3 5

where wj; is the probability per unit time that an ion in level i decays spontaneously to level j (either radiatively
or nonradiatively), w; is the total spontaneous decay rate from level i and w'; is the transition rate from level i to
level j induced by stimulated emission or absorption, N, is the total number of ions per unit volume, and N, is
the total population in the excited states.

The pump rate wp is related to the pump cross section op by: [9]

P~ p
hv
p
where I is the pump intensity and hw is the pump photon energy. The

term Xpwp on the right hand side of equation 1 corresponds to downward-induced transition by the pump beam.
If the level i have degeneracies g;, the ratio of stimulated emission rate to absorption rate for the pump is

9,
p - g, The absorption and stimulated emission of the lasing radiation are related by the degeneracy
3
ratio[10]:
W d
X = 12 = g 2 7
r d
W 9,

In solving equations 1 —> 5 for the level populations N; , it is convenient to introduce two types of
spontaneous emission branching ratio. First, g;=w; / w; is interpreted as the probability that level i relaxes in a
single step (either radiatively or nonradiatively) to level j. The second type of branching ratio will be denoted as
bij, which is defined as the probability that level i relaxes to level j through any combination of downward—going
steps. Both of these branching ratios are defined in the absence of any stimulated emission transitions. The

multistep branching ratio bj; can be written in terms of the single—step branching ratios £; as. [11]

i-1

bij = 2 ﬂikbkj 8
k=]
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where b;=1. At steady states 1 —> 3 can be written:

9
N,w_ — N (x W + W ):O
p 3 p p 3
10
N w +Nwd—N(w+Wd)—0 11
37732 17712 2 2 21 )
N N ( )= Ny (ws +w,)=0
Wy + 2 Wy + Wy )= 1 \Wy, + W, )=

Using the branching ratio notations equation 9 becomes:

N, =R 073 12
Equation 2-10 can be written as:

d

N, = pr32Tqu — AN W, 7, 13

and equation 2-11 can be written as:
d

N, =R bz, +(1-b,)w,; ANz, =0 14

where:
1
T = y AN = N, = X N by = B, + B,8, .7, =7y,
W;
. i i . d d
is the average life time of the excited energy level 2, W,, = W and
w p
R =N 15

P 11
+ XprZ’3

Using equations 13 and 14 the population difference AN in terms of the ground state population can be written
as.

T

AN = R —2%— 16
p d
1+w T,
where:
T, = b321' flu b31T1Xr 17
T, =T+ (1— b21)xlr7:1 18

When equation 2-16 is combined with equations 12 —> 14, the population of each excited state is obtained in
terms of the ground state population N;. Equation 12 becomes:
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Equation 13 becomes:

N.w T
- L P o "a
N, = 1 (b7 — T Wy d ) 20
+ X W T, 1+w, 7,
Then equation 14 becomes:
Wp d ’Z'a
N1 = N1 (le31 +(1- b21)W21z-1 q ) 21
1+ X, W T, 1+W217b

The ground state (G.S) population can be evaluated explicitly by summing the exited state (E.S) populations
Nex= No+Nj3, then;

N w T
1 p d a
N ex (Te ~ T W21 d ) 22
1+ x,w 7,4 l+w,7,
where
r,=1,+b,7 23

Then from equation 2-14 can get:

1+ xpwpr3

o) *
1+w (7, + X,75)

where:
d |
S=w,7, = —— 25
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In the above equation 25 to 28, | is defined as the total lasing intensity in the doped fiber core, o is the
stimulated emission cross section for the 2 — 1 lasing transition, and hv is the lasing photon energy.

*

T ox plays the role of an effective relaxation time for the excited states. Equation 24 relates the G.S population

N; in the small region of the fiber to the pump rate wp in that same small region, for different position x along
the fiber, however, the pump rate and the corresponding ground state population will vary due to absorption of
the pump photons. The change in pump intensity with x is determined by [12].

di  =-1 (N, -x N,)o dx 29

p

Using equations 12, 15, and 24, can be written as:

NOO'p

dx 30
"1+ w ( T X
pTex pT3

If the lasing intensity varies with position along the fiber, T ., is varied also. In a fiber laser, however, it is often

the case that the lasing intensity varies only slightly with position along the fiber. Equation 2-30 can be
integrated, yielding:

I O'(T*-i-XZ')
In P2 -1 )=a. L 31
I hV p p p

po p

where 1, and I, are the pump intensities at the beginning (x=0) and end (x=L) of the fiber, respectively, and
o, =N, g, is the low intensity pump absorption coefficient.

I1l.  Result And Discussion
Analysis of variation of output power based on some parameters such as concentration, core radius,
fiber length and pump power will be numerically discussed. The following data that are used in simulation
program for Thulium doped fiber lasers, Na =0.15, 0,=2.3x10"cm™, 1,= 5.64mS, 5= 1.36mS, Wa,= 24S™,

B=0.033, W, = 24S™, X,= 9/11, Xp=3/9, hp= 790nm, A= 2.3 pum, 6p=3.44x10%" cm?, 04,=3.3x10%"cm?

[27,50,51].

Figure 2 shows the effect of the variation of the concentration on the output power. Any increasing
in doping concentration means leaner increasing in the output power and the change in the pump power (10, 20
and 30mW) also means increasing in output power. Plotting the output power versus fiber lengths with different
pump power of Th** doped fiber is shown in figure 3. As expected, longer fibers are able to produce a higher
output power because it can absorb a great pump power. The maximum output power scale linearly with fiber
length. The effects of variation of pump power (5, 10 and 15mW) on the output power are shown in figure 3,
where any increase in fiber length and pump power causes increasing in output power. Figure 4 is explained an
exponential relation between output power and pump power for different lengths, as it clear any increase in fiber
length means higher output power, In order to keep the amplifier as short as possible, though with a good
efficiency, one could think that highly doping concentration is the best. Figure 5 shows output power as a
function of core radius at different pump power. For any value of pump power, output power is increased with
any increase in core radius until optimum value of core radius (of higher\ output power), then output power will
be decreased as core radius increase which equal zero at core reduce (3.5,5 and 6um) for (6,12 and18mWw)
respectively. Any increased in core radius and pump power means increased in output power. For 18mwW pump
power there is 25mWof output power at 3.8um core radius nearly.

Figure 6 shows output power as a function of core radius for different lengths, for all lengths output
power is increased with the increasing of core radius until optimum value of core radius (3um), then output
power will be decreased as core radius increase which equal zero at core reduce (4.75um). But as fiber length is
increased (5, 10, and 15m) output power will increase (16, 42 and 68mW).
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Fig (2): output power vs. ion concentration for diff. pump power of (TDFL) A,=790nm, A,=2.3um , 1=10m, a=
2um.
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Fig (3): output power vs. fiber length for diff. Pump power of (TDFL) A,=790nm, A,=2.3um, a=
2um, N=4*10°m’*,
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Figure 4: output power vs. Pump power for diff. fiber length of (TDFA) A,=790nm, A;=2.3um , a=2um ,
N=4*10"m"~,
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Figure 5: output power vs. core radius for diff. Pump power of (TDFL) A,=790nm, A=2.3um,
L=10m, N=4*10%m",
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Figure 6: output power vs. core radius for diff. fiber length of (TDFA) A,=790nm, A=2.3um, pp=6mW,

N=4*10%m"~.

V. Conclusion

The following conclusions can be drawn:

Longer fiber is able to produce a higher output power because; it can absorb a great of pump power.

Large output power for small core radius results in on active fiber device which can combine the excellent
properties of standard laser material and the high energy confinement available in optical fiber of small effective
area. In order to keep the amplifier as short as possible though with a good efficiency, one could think that the
highest doping concentration is recommended.
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