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Abstract

Numerical analysis is investigated for the high-power double-clad fiber lasers and experimental results using different
microscope objectives for focusing into a Nd-doped rectangular double-clad fiber also performed. The numerical analysis
includes dependence of output power on output mirror reflectivity, absorbed pump power, loss, and fiber length and pump
power distribution for the cases of one-end and two-end pumps with 20 dB /km loss. Calculated conversion efficiencies are
76.36%, 69.73%, and 63.84% for lossess, two-end pump, and one-end pump fiber lasers, respectively. Slope efficiencies
from absorbed pump power /output powers measured using microscope objectives are 16.8% /182 mW, 53.8% /351 mW,
24.9% /1240 mW, and 13.9% /649 mW for magnifications of 5, 10 X, 20 X, and 40 X , respectively. © 2000 Elsevier

Science B.V. All rights reserved.
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1. Introduction

High-power fiber lasers [1-7] have been actively
studied in many groups to get compact and compre-
hensive sourcesinstead of cw Nd-doped crystal lasers
for many applications. The high-power fiber lasers
have many advantages including very high conver-
sion efficiency, immunity from therma lensing ef-
fect due to large ration of surface area to volume, no

* Corresponding author. Tel.: +1-785-864-7743; fax: +1-785-
864-0387; e-mail: knskim@hotmail.com

need of beam steering, simplicity of optical cavity
construction, excellent beam quality, small volume
and weight, low cost, and inherently fiber-coupled
output. In recent studies, cw 35 W [5] or even 110 W
[6] output power at 1120 nm wavelength and no fiber
damage at the 110 W power level were reported
using Yb-doped rectangular double-clad fiber laser
which are very difficult to realize in conventional
single-mode fiber lasers. It is theoretically reported
there are no important role of nonlinear optical and
thermal effects up to as high as 50 W cw powers.
The double-clad fiber lasers use clad-pumping tech-
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Fig. 1. Schematic diagram of the LD-pumped double-clad fiber
laser.

nique, where Nd or Yb-doped core is surrounded by
first-cladding and pump light is launched into the
first-cladding, propagated inside it, and absorbed by
the Nd or Yb in the core when the pump light
crosses the core. The conceptual diagram for the
double-clad fiber lasers is shown in Fig. 1.

The double-clad fiber lasers have several inherent
features including: (@ non-uniformly distributed
population inversion due to end-pumping; (b) very
high-gain even in a single-pass by a large ratio of
gain length to cross-sectiona area; and (c) signifi-
cant distributed losses of the signal light by a long
length. Therefore, analytical or numerical analysison
the output performance is essential in order to con-
sider the distributed loss and non-uniform pumping
along the fiber length.

In this paper, ‘Rigrod analysis' is combined with
the model developed by Digonnet [8] to analyze the
output performance of the double-clad fiber laser [9].
Firstly, the basic equations on forward and backward
powers for the numerica analysis and the related
parameters are discussed. Secondly, simulation re-
sults on the dependence of the output power are
discussed for the output mirror reflectivity, absorbed
pump power, fiber loss, and fiber length. Finaly,
experimental results of the dependence of the output
power and the slope efficiency on magnification of
focusing microscope objective are included.

2. Equations for forward and backward powers

Previously, various simplifying approximations
were performed, but not suitable for double-clad
fiber lasers since those ignored the spontaneous
emission and even the pump nonuniform effect which
dominates the performance of high-power fiber
lasers. Since the effective absorption coefficient of
the double-clad fibers, the fiber length for an effi-

cient laser operation must be severa tens to hun-
dreds meters to achieve 10 dB absorption. To over-
come the previous limitation and obtain an exact
result, we numerically calculated the power distribu-
tion within the fiber, total output power, and other
parameters. Regarding this topic, there are severa
papers published by our group [9,10].

The configuration and parameters for the numeri-
cal analysis are shown in Fig. 2 and the governing
equations for forward and backward powers and gain
factorsin a fiber laser cavity are described as [8]:
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Fig. 2. Configuration for the simulation of the double-clad fiber
laser.
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tively, a,P,(0)e”‘*«**»? is a fractional amount of
input pump power P,(0) absorbed between z and
z+ dz, y(2) isthe gain factor along the fiber length,
a, is an effective absorption coefficient of the core
at the pump wavelength of A;, «, is a loss coeffi-
cient of the fiber a A, accounting for al loss
mechanisms excluding the resonant absorption de-
scribed by «,, o, is a stimulated emission cross
section, 7¢ is a fluorescence lifetime, hy, is the
pump photon energy, A; is the cross-sectional area
of the fiber core, F, is a dimensionless coefficient
related to the spatial overlap integral between pump
and signal modes [8], « is a loss factor of signa
light propagation in the core, P, = (hy,/ o) - A is
a saturation output power, and P, = Nhyy - (wAv,/2)
is a constant accounting for spontaneous emissions
which is a power associated with N photons in the
gain bandwidth A,

We use parameters for 0.5 wt.% Nd-doped dou-
ble-clad fiber which is supplied from Mitsubishi
Cable. Values of the parameters used in this simula
tion are o, = 2.0 X 107 m?, 7= 400 p.s, A, = 810
nm, A,= 1064 nm, AA,= 30 nm, a, = 180 dB/km
=0.0406 m~*, and a = 10 dB/km = 0.0023 m~*.
From those values, P,=236%x10"® N W and
P,=2.32x 10® A; W are obtained.

To solve the Eq. (1a) and (1b), some boundary
conditions for P*(0) and P*(l) are needed, but
those conditions are not generally available. Here,
the boundary conditions for our simulation are found
from quasi-conservation condition and compared with
boundary values which are found after each iteration.
From the Eg. (1a) and (1b), we can easily find a
conservation condition for a lossy fiber as follows:

d[(Po+P*(2))(Py+ P (2))]
dz

= —aPy(P"(2) =P (2)). (2)

For a losdess fiber, the right-hand term is van-
ished and the product of ‘the forward power plus
spontaneous emission’ and ‘ the backward power plus
spontaneous emission’ becomes a constant over the
fiber length. Since P, is very small compared to the
forward or backward powers, Eq. (2) becomes:
{dP*(2)/dz}/P*(2) = —{dP (2)/dZ}/P (2) =
gain. It means that the gain is same for the forward
and the backward powers. In a lossy fiber, the

right-hand term is not vanished and the conservation
condition is not satisfied. The loss term makes the
product of the forward and the backward powers
within the core decreases along z-direction. How-
ever, since the right-hand term is very small, the
decrease is very slow and it can be assumed that it is
negligible. Therefore, we can use the same conserva
tion condition in a lossy fiber as the case in a
lossless fiber. Using Eq. (2), P*(0) = R,P~(0), and
P~(1) =R,P*(l), a decision condition for the
boundary values can be obtained as follows:

P (D)

—Po(1+Ry) + \/P§(1+ Rp)2+ 4R, P~ (0)(Pg + R,P ™ (0) + PoR;)
2R,

(33)

)]

—Po(1+Ry) + \/P§(1+ Ry)?+ 4R P* (1)(Pg+ RyP* (1) + PgR,)
B 2R, '

(3b)

where R, and R, are reflectivities of left and right
mirrors, respectively. Steps for simulation are (1) set
initial value on P*(0); (I1) find a corresponding
P~(0) using P(0)=P*(0)/R;; (11D find P*(I)
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Fig. 3. Evolution of the forward and backward powers along
lossless and lossy fiber. r =6 pmand P, =40 W.
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Fig. 4. Evolution of the gain factor along lossless and lossy fiber.
r=6pmand P,=40W.

and P~(1) using a Rounge—Kutta method; (1V) sub-
stitute P*(1) to Eq. (3b); (V) change P*(0) if
P~(l) obtained from a Rounge—Kutta method is
different to the value from Eq. (3b); and (V1) repeat
the iterative calculation until it is true.

3. Simulation results and discussion
Evolution of the forward and backward powers

along a lossless and a lossy fibers is shown in Fig.
3(a) and 3(b), where a multi-mode double-clad fiber

with core radius 6 wm is used and input pump power
is40 W. Mirror reflectivity of 4% is using a cleaved
fiber-end surface. In lossy fiber laser, the forward
output power for one-mirror cavity is approximately
double to that for no-mirror cavity, but 10% less than
twice. Therefore, it is expected that two-end pump-
ing generates dightly more output power than one-
end pumping. The forward power of 21.4 W for
lossy fiber laser is 29% less than that of 27.6 W for
losdless fiber laser. The ratio of that decrease is
larger than pump power loss ratio which is 20% in
50 m fiber length by fiber loss of 20 dB /km.

Evolution of the gain factor along a lossless and a
lossy fibers is shown in Fig. 4@ and 4(b). For
one-mirror cavity, is simply decreasing from left to
right end since the total power for the forward and
the backward powers near full mirror is low as
shown in Fig. 3 and it experiences small-signal gain.
However, for no mirror cavity, there is a peak gain
position between both ends since a minimum total
power is located somewhere along the fiber.

Evolution of total power and gain along the lossy
fiber length for right- and left-open cavities is shown
in Fig. 5. The forward power is different from the
backward power since there is exponential pump
power distribution in a lossy fiber. In a right-open
cavity, larger absorption of pump power and major
gain is obtained near left-end. Therefore, a larger
forward power is propagating a longer length of
lossy fiber and loses larger amount of power. In a
left-open cavity, major gain is till obtained near
left-end, but high-power beam is propagating a small
length until exiting and amount of loss is relatively
small. Therefore, output power in aright-open cavity
is larger than that in a left-open cavity.

30[ (a) Power distribution 0.16 )
25[ -.-. R,=0.04, R,=1.00 1=1.00, R,=0.
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Fig. 5. Evolution of total power and gain factor for lossy double-clad fiber. Loss =20 dB/km, r = 6 pmand P, =40 W.
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Fig. 6. Pump power density within the fiber and evolution of total power for one-end and two-end pumping. Loss= 20 dB/km, r = 6 n.m

and P, =40 W.

For one-end and two-end pumping, pump distri-
bution and forward and backward powers are shown
in Fig. 6. As we can see in Fig. 6(a), the two-end
pumping evens pump distribution aong the fiber
length. Therefore, distributions of the forward and
the backward powers along the fiber length are same
for no-mirror cavity in the two-end pumping. For
one-end pumping, those are asymmetric due to power
dependence of the amount of the fiber loss.

Now let us consider characteristics of the output
power for absorbed pump power, fiber loss, reflectiv-
ity of output coupler, and fiber length.

Fig. 7 shows the output power versus absorbed
pump power for cases of lossless, 10 dB/km loss,
and 20 dB /km loss. The core radius of 6 wm, fiber
length of 50 m, and pump power of 40 W are used.
Slope efficiency is 76.4%, 69.7%, and 63.8% for
ideal lossless, 10 dB /km loss, and 20 dB /km loss
fibers, respectively. In a lossless fiber laser, photons

30
— Lossless
251 ----Loss=10 dB/km
- Loss=20 dB/km 2
520- e
8 15| 2
s Z
Sanl Z2 —76.4%
%10 /‘{{’ - 69.7%
3 4 Y - 63.8%
00 40

10 20 30
Absorbed pump power (W)

Fig. 7. Output power vs. absorbed pump power for lossless and
lossy fibers. r =6 pm, | = 50 m, and P, =40 W.

for amost al of the absorbed pump power are
converted to output photons which quantum effi-
ciency is hy,/hy, = 76.4%. In alossy fiber laser, the
signal loss reduces the signal, but the reduced signal
experiences higher signal gain. Thus, a loss factor «
reduces the output power smaller amount than the
ideal factor of exp(—«al). The dope efficiency ex-
pected from the factor of exp(—«al) is 68.1% and
60.7% for 10 and 20 dB /km, respectively which are
smaller than the smulation results of 69.7% and
63.8% for each case.

Fig. 8 shows the output power versus fiber loss at
the laser wavelength for one-end pumping with a
left-open and a right-open cavities and two-end
pumping where the pumping is input through left-end
and ‘open’ means the use of cleaved bear-fiber end.
The fiber length of 50 m is used. The largest output

30 —R,=0.04, R,=1.00
----Two-end pump
25 o e R,=1.00, R,=0.04
g -~ eXp(-oxL)
< 20
s
815
310
3
O 5+
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Fig. 8. Output power vs. fiber loss for left/right-open one-end
pump and two-end pump using lossy fibers. r =6 pm, | =50 m,
and P,=40 W.
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power comes from the one-end pumping with the
high reflectivity mirror located far from pumping
end. The middle output power comes from the two-
end pumping. The lowest output power comes from
the one-end pumping with the high reflectivity mir-
ror located near pumping end. The difference be-
tween cavities is smal for the loss less than 10
dB /km and proportional to the loss. The decrease of
the total output power with the loss is less than the
ideal factor of exp(—«al) as it was explained previ-
ougdly.

Fig. 9 shows the output power versus reflectivity
of output coupler where reflectivities of 100% and
4% are used for other mirror near pump input side.
The fiber length of 50 m are used. The reflectivity of
output coupler is varied from 1% to 90% and 40 W
and 20 W are used for the pump power. The output
coupler is located at the side far from the pump
input. In a losdess fiber laser, the output power is
amost constant over al range of the reflectivity
change since the higher reflectivity increases the
power inside the cavity and simultaneously decreases
a relative output power. For a lossy fiber laser with
left mirror of 100% reflectivity in Fig. 9(a), the
higher reflectivity increases a propagation length of
the signal due to more round trips and it results in a
high loss. Therefore, the output power decreases
with the reflectivity of the output coupler and it is
believed that the optimum output coupler for high
power double-clad fiber laser should have a very low
reflectivity. A practical case is an open cavity only
with cleaved bare-fiber as output coupler. However,
we can use up to 40 or 50% reflectivity if reduction
of 10 or 20% in the output power is endurable. For a

30 = Lossl_ess

25 B ' Loss=20 dB
S
20|
2
815
210F
=3
O 5k

---- Two-end pump
00 20 60 80 100 120

40
Fiber length (m)

Fig. 10. Output power vs. fiber length for lossless and lossy fibers.
Dotted lineis for two-end pump and center line for one-end pump.
r=6mumand P,=40 W.

lossy fiber laser with left mirror of 4% reflectivity in
Fig. 9(b), there is also higher loss in case of the
higher reflectivity and more loss is experienced due
to the low reflectivity at which the mirror of 100%
reflectivity is located for Fig. 9(a). When a low
reflectivity mirror is used instead of a full mirror at
the pump side, there is a steel decrease of the output
power with increasing the reflectivity of the output
coupler.

Fig. 10 shows the output power versus fiber length
for lossless and 20 dB/km loss fibers. The dotted
and the center lines are denoted for two-end and
one-end pumping using the lossy fiber, respectively.
To achieve high absorption efficiency using the dou-
ble-clad fiber laser, the longer fiber length is pre-
ferred since the absorption coefficient of the double-
clad fiber is very low. In a lossless fiber laser, the
output power increases monotonically with the fiber
length and reaches a maximum after pump power is

30[ P,=40 W (@] 30 (b)

25t — Loss! 25F  P=40W
% Lo uB ; jossless
5’20 T~ — --Loss=20dB | 20+ ~ @ Loss=20 dB
15 Pm20W Te
gl S R 20W
A e o
c:) o "'""'""“'~-::§:'\~1~. 4 ——_—

. . . - R e iy,
0002 04 06 08 04 06 08 1
Reflectivity Reflectivity

Fig. 9. Output power vs. output mirror’s reflectivity. Loss=0,/10/20 dB/km, r =6 pm, | =50 m, and P, =40 W. (@ R, =1.00 and

R, =vary, and (b) R, = 0.04 and R, = vary.
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Fig. 11. Experimental setup for Nd-doped rectangular double-clad fiber laser using LD bars with total 40 W focusable power and 5 X
(NA =0.12), 10 X (NA =0.25), 20 X (NA = 0.40), and 40 X (NA = 0.65) microscope objective.

completely absorbed. In a lossy fiber laser, output
power is dependent on the amount of pump absorp-
tion and signal loss. Therefore, there is an optimum
fiber length to reach a maximum output and the
optimum length is mainly dependent on the loss
coefficient. In our double-clad fiber laser, 100 m can
absorb 98% of pump power with 180 dB/km ab-
sorption coefficient. Using a lossless fiber laser, after
the fiber length exceeds 100 m, the output power
does not change with the fiber length for 40 W and
20 W pump power. However, using the 20 dB /km
lossy fiber laser, the output power initially increases
with the fiber length and reaches apeak at an opti-
mum length of about 50 m. After then, the output
power decreases with the length. Increase of the fiber
length makes a larger absorption, but simultaneously
adds much larger signal loss. Due to the exponential

4] g Sepe £ )
2R
210} 20%/040; 54.9% | § 20X

5 140X/0.65:__13.9%:
0.8}
So6f
g 40X
Bo04f 10X
5 :
Ooz2t / .
: e
0 a‘://’l ) 5XI 1 1
0 1 2 3 4 5 6
Absorbed pump power (W)

Fig. 12. Output power vs. absorbed power measured for Nd-doped
rectangular double-clad fiber laser using focusing optics with
various magnification and NA. r =6 um and P, =40 W. First
clad area and NA are 235X 590 pm and 0.46, respectively.

pump distribution along the fiber length, the signal
gain by a longer length than the optimum one is
smaller than the signal loss by the longer length.
Using a two-end pumping in the lossy fiber laser, the
pump distribution is evened and the signal gain is
larger than that of one-end pumping. Therefore, the
output power can be increased with increasing the
fiber length using the two-end pumping.

4. Experiment on dependence of output power
and dope efficiency on focusing condition in the
Nd-doped rectangular double-clad fiber laser

To understand the dependence of the output power
on the focusing condition, we performed an experi-

ency (%)
N N W
o O O
T T T

0 1
0 01

02 03 04 05 0607
Numerical Aperture

Fig. 13. Slope efficiency vs. NA measured for Nd-doped rectangu-
lar double-cled fiber laser. r =6 pum and P, =40 W. First clad
area and NA are 235X 590 p.m and 0.46, respectively.
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ment on the Nd-doped double-clad fiber laser using
four microscope objectives with 5, 10 X, 20 X
and 40 X magnification which have numerical aper-
tures of 0.12, 0.25, 0.40, and 0.65, respectively.
Cleaved bare-fiber ends were used for both sides of
laser cavity and fiber length of 40 m was used. The
experimental configurationin Fig. 11 isusual one-end
pumping scheme that is pumped from left-end.
First-clad area and core-diameter are 235 X 590 pum?
and 12 pm, respectively. Numerical aperture be-
tween the first and the second cladding is 0.46.
Numerical aperture between the core and the first
cladding is 0.20. Nd** ions in the core are doped
with 0.5 wt.%. Absorption coefficient is 180 dB /km.
The pump wavelength is 808 nm and the maximum
focusable power is 40 W from six laser diode bars.
Slope efficiencies measured using microscope objec-
tives are 16.8%, 53.8%, 24.9%, and 13.9% for mag-
nifications of 5, 10X, 20 X, and 40 X , respec-
tively. It's maximum output power was 182 mW,
351 mw, 1240 mW, and 649 mW for magnifications
of 5X, 10X, 20X, and 40 X , respectively. The
launched pump power was measured using the dou-
ble-clad fiber of 1.0 m and the maximum launched
power was 1.56 W, 1.22 W, 6.47 W, and 5.54 W for
5%, 10X, 20X, and 40 X microscope objective,
respectively. The maximum absorbed power was
1.35 W, 0.80 W, 543 W, and 4.96 W for 5X,
10 X, 20 X, and 40 X microscope objective, respec-

6
R :
— 5| X . Lo
AR B
X X ol
Q4r  aox 89.7% Lo 20X
o
E3fF
3
Q
o2t Lt
a .
St /,/‘ X
" 10X
g O ""‘/ 1 1 1 1 L 1

0 1 2 3 4 5 6 7
Launched pump power (W)

Fig. 14. Absorbed pump power vs. launched pump power mea
sured for Nd-doped rectangular double-clad fiber laser using
focusing optics with various magnification and NA. r = 6 um and
P, =40 W. First clad area and NA are 235X 590 pm and 0.46,
respectively.

tively. The maximum launched power and output
power were obtained from 20 X microscope objec-
tive since it’s numerical aperture is the best matched
with that of the first cladding of the double-clad
fiber. However, the maximum slope efficiency was
obtained from 10 X microscope objective as shown
in Figs. 12 and 13. It means that there may be a little
difference between the numerical apertures for the
best launched power and the best dlope efficiency in
the double-clad fiber laser. Fig. 14 shows the ab-
sorbed versus launched pump powers measured us-
ing the four types of microscope objectives. Absorp-
tion efficiency is 86.1%, 64.6%, 83.6%, and 89.7%
for 5, 10X, 20X, and 40 X, respectively. For
this absorption behavior, a further discussion is
needed.

5. Conclusions

In conclusion, we have numerically studied about
the output characteristics of the Nd-doped rectangu-
lar double-clad fiber laser for various design parame-
ters and the experiment on dependence of output
power on focusing condition was performed using
different microscope objectives. Studied design pa
rameters include output mirror reflectivity, absorbed
pump power, fiber loss, fiber length, one-end pump,
and two-end pump which were studied for the cases
of lossess and lossy fiber laser. The forward and
backward power distributions along the fiber length,
the gain factor, and the output power are investi-
gated. It is expected that the output power in a
right-open cavity is larger than that in a left-open
one when the pump power is input from left-end.
Two-end pumping evens the distribution of the ab-
sorbed pump power and can make more output
power than one-end pumping. For the dependence on
the fiber loss, thereis a small difference in the output
powers for severa cavities at a small loss, but the
differences increase as the loss increases. Therefore,
selection of cavity configuration is important in a
lossy fiber lasers. For the dependence on the reflec-
tivity of the output coupler, the output power de-
creases with the reflectivity since larger reflectivity
increases a propagation length until the output power
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exits through the output coupler and makes larger
loss. For the mirror in other side in this case, 100%
reflectivity can give us a wide selection on the
output coupler’s reflectivity up to 40-50%, but 4%
bare-fiber end can make a steep decrease of the
output power with the output coupler’s reflectivity.
For the dependence on the fiber length, there is an
optimum length since the output power does not
increase after the pump power is absorbed com-
pletely by the fiber.

For the experiment on the dependence on the
focusing condition, we used 0.5 wt.% Nd-doped
rectangular double-clad fiber which has 12 pm, 235
pm X 590 wm, 800 wm, 40 m for the core diameter,
the first-clad size, the second-clad diameter, and the
fiber length, respectively. The focusing optics was
microscope objective with 5x (NA =0.12), 10 X
(NA =0.25), 20X (NA =0.40), and 40 X (NA =
0.65) magnification. Slope efficiencies/output pow-
ers measured using microscope objectives are
16.8%,/182 mW, 53.8%,/351 mW, 24.9% /1240
mW, and 13.9%,/649 mW for magnifications of
5X%,10X%,20 X, and 40 X , respectively. The max-
imum slope efficiency was obtained from 10 X mi-
croscope objective and, therefore, there may be a
little difference between the numerical apertures for
the best launched power and the best slope efficiency
in the double-clad fiber laser.
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