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Abstract

We discuss a theoretical feasibility of a development
of effective fiber lasers with an average output power of
tens of watts, and we demonstrate experimentally an
average Power of3.9 W in the 1.54 um spectral range for
the Er” " -doped quartz fiber laser. For a single mode
fiber laser an output power of about 1 W has achieved

Introduction

There was very high activity last years in the ficld of
cnd-pumped rarc-carth doped quartz and fluorozirco-
nate glass fiber lascrs. To date, all efforts were dirceted
to the development of  low-threshold single mode de-
vices for applications in optical communications and op-
toclcctronics. A numbcer of single mode devices emitting
at different wavelengths of about 650 nm, 820 nm, 930
nm, 980 nm, 1060...1100 nm, 1480 nm, 1530...1560 nm,
1880 nm, 2038 nm, 2350 nm, clc. with an avcrage power
of up t0 50...200 mW have demonstrated [1-5].

Background

The main goal of this work was to understand whether
itis possible to incrcase an output power of such kind of
lasers, and where are limitations in that way. It was very
interesting also to compare advantages and disadvant-
ages of fiber lascrs with conventional flash lamp-
pumped solid statc lascrs and with a quickly developing
new linc of crystal lasers based on LD pumping]6].
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As our preliminary analysis showed, there are three es -
sential advantages of fiber lasers in comparison with an-
other’s, which open perspectives of development of
simple, compact, reliablc and low cost devices with an
avcrage output powcer on the order of tens or hundreds
of watts.

The first advantage is associated with the very high op -
tical damage threshold of quartz fibers. There arc given
in Table 1 our experimental data on the maximal CW
power density ( Pa/S ) of 1.064 um CW YAG laser, that
Nd-dopced quartz fibers ((a core diameter of 50 um, a
cladding of 125 um ), and 5 mm-diameter rods  of
YAG:Nd crystals and Nd-doped phosphate glasses are
able to transmit without a breakdown. Once can observe
an optical damage threshold to fibers at fluences one to
two orders of magnitude  higher than to others, and it
achicves cnormous values mounting to 5...10 MW /cm-
that cven more then data given in [7] for  inactivated
quartz fibers. Such high damage threshold level is diffi-
cultto explain by a low optical losscs in the fiber core and
by a high temperature of quartz anncaling. We believe
that for a CW operation it is a thermal process in the
main, and following local stresses are not so dramatic as
in the casc of a bulk active media duc to a fast heat dissi -
pation and to pulling transverse stresses from the clad-
ding that arc typical for quart fibers [ 7).

The sccond advantage of fiber lasers is connected with
a possibility to usc highly opened cavitics cven for CW
opcration duc to a very high single-pass gain which is
possiblc to receive without problems. For instance, in
our experiments [8] with optical amplifiers of Er-doped
fibers, a gain of 30...40 dB per mceter was have achieved
casily ('scc Fig.1 ). The Table 1 shows typical valucs of
the output coupling (1-R*R2) for the solid state CW la-
scrs on a base of YAG:Nd crystals, Nd-doped phosphate



High-Power Fiber Laser 259

Teb.1

Pd/S |1- RIR2 Pmax/S
MW*em—2 kWeem~-2
YAG| 0.3-0.5[0.9-0.95 | 0.05 15-25
PG ! 0.05-0.06 0.98-0.99] 0.01-0.02] 0.5-1

QF 5-10 |0.04-0.1 | 0.85~0.95| 4000-8000
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Fig.1 Spectral dependence of smali-signal gain for SM crbium fiber
amplifier.
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Fig.2 Threshold pump power of CW erbium fiber versus (;ulpul nir-
ror reflection. Power is normalized to crossection of 1 um™. Pumping
wavelength is 532 nm

glasses, and Er-doped quartz fibers. In fiber lasers, in
difference from other variants, we may use an output
coupling up t00.9...0.95 (see Fig.2 also), which allows 20
to 50 times raise, up t00.85...0.95, of the ratio Pou/Pin of
output power density to the density inside laser cavity.
As a result, in high power fiber lasers the output powcer
density of 4... 8 MW/cm? may be achieved which is hun-
dreds times above than the potential of other lascrs. We
want to note also that this magnitude by teas of times

higher than typical output power densities of laser
diodes.

Next factor which essentially effects the cost , dimen-
sions, reliability, and other parameters of high-power
solid-state lasers is associated with the sink of a heat,
which is dissipated in the active media at excitation. In
this connection, we undertook an attempt to compare
requirements to heat- removing systems for CW lasers
on quartz fibers and other active media with similar out-
put power (10 W),

The temperature ficld calculation for the case of along
cylindrical rod is sufficiently simple. It is defined by sol-
ution of the stationary equation for the heat conductiv-

1ty

1 d daT W(R)
—— | — 0
R dR dr X

with the boundary conditions:

[

R=R0O

+ «(T(RO) - T) = ‘0

This solution has the form

RO
1 dR RO
TR) = = —dR - W(R) R dR +
X R 0
R (1)

I RO
+ - I W(R) R dR
Rox 0

where:

T - is the medium temperature
RO - is the cylinder radius
X - is the heat-conductivity coefficient
o - is the heat-exchenge coelficient
W(R) - is the power of the volume-heat evolution

Under the condition of uniform distribution of heat
sources in the volume, the Eq.1 takes the form

whence the surface temperature will be

2 2

R |2X R
TR) = T + W |=4s 1| - —

4% |ROx RO
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RO
Ts = W-— 4+ T .
2

and the temperature difference from the center to the
surface

2

RO

W o—
4%

Similar expressions for the doped fiber will have the form
of

Tec - Ts =

2 2
R1 R1
+ T ,Tce-Ts= W -—
2RO a4

Ts = W

where R1 is the fiber core radius.

The calculation results are given in Table 2 where D
and L are the diameter and the length of an active mc-
dium respectively. The estimations are taken for the case
of krypton lamp pumping (YAG: Nd3* crystal), lascr
diode pumping (YAG: Nd°*, phosphate glass, quartz
fibers with a core diameter of 100 or 300 um), and also
for_the pumping by the sccond harmonic of an YAG:
Nd** laser (the quartz fiber having 100 um diameter
core).

The Table 2 also shows that the lasers using active ele-
ments in the form of a rod rcquire as a minimum forced
water cooling, with the fiber laser having a output power
level of 10W air cooling being adequate. Under the con-
ditions, average fiber temperature raising does not ex-
ceed 4 C, and the temperature grading over the core
relative to the surface is negligibly small. Even under the
pumping at 532 nm when the heat ecmission is 5 to 7 times
higher, this difference does not surpass 0.01 C. Under
pumping from laser diodes, the air cooling is possible
cven at output power of 100W. The conditions of a heat-
sink in the present case may be easily improved by mak -
ing the waveguide longer since the length variation in a
sufficiently wide limits docs not lcad to degeneration of
laser clficiency.

Also we should like to note that in solid-state lasers
with the rod-type active elements the problem of intrin-
sic stresses duc to a large gradient of the temperature
between the center of arod and the surface arises. These
stresses pose still stricter restrictions on the maximum
levels of the output power of solid-statc lasers. In the
case of high-powcr laser realization on the base of multi-
modec fibers this factor becomes negligent.

Finally we have to note that it’s rather casy to obtain
the theorctical limit of lasing efficicncy in the casc of
fiber lasers defined only by the encrgy difference be-
tween the pumping quantum and the emited quantum.
This is duc to an extremely low level of the losses in the
quartz fibers, by the possibility of using open  cavities,
and by the practically complete overlap of the pumping

Table 2.
D L S/V PUMP A Ts Te-Ts o Pdis Pout
mm| ¢cm [cm—-1 nm |Wcm-1| C C o Wem-2 w 1%
xC~1 xC—-1
YAG 4 S 5 lomp | 0.1 20 40 +8 0.4 50-100 | 10
w flow
YAG 4 5 5 LD,810 0.1 20 40 +0.8 0.04 5-10 10
a,w flow
PG 3 S 3 LD,810 |0.005 20 40 +10 0.04 5-10 10
a,w flow
(o] ] 0.1 12000 180 |LD,810 | 0.01 20 24 +0.001 ] 0.0001 2-3 10
alr
QF2 0.1 {2000 180 532 0.01 20 40 +0.01 0.001 10-20 10
Qir
QF3 0.312000| 60 LD,810 | 0.01 20 40 +0.5 0.002 20-30 {100
air
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and emission channcls under longitudinal cxcnlauon For
example, the predicted efﬁcncncy for Nd** lasers ex-
cited by laser diodes operating in the 800 nm spectral
band is of about 70...75 %. Under this conditions the
wavelength of laser pumping is not required to be strict-
ly adjusted to the center of Nd>* absorption band as it
is typical for crystal lasers. In the Nd-doped quartz fibers
the wavelength of a laser diode emission can be variable
in the wide range between 790 nm and 820 nm. Conse-
quently, there is no necessity in thermal stabilization of
the laser diodes.

Experimental

An experimental verification of above made estima-
tions was carried out using the erbium doped quartz
fiber laser as example. Two pumping sources, both emit-
ling at 532 nm, were involved in the investigation. One
of them was mode-locking COHERENT ANTARES
YAG:Nd laser with 3..4 W average output power at a
repetition rate of about 80 MHz. Other was a home-
made AO-switched YAG:Nd laser with the average out-
put power up to 20W in the form of 400 to 700 ns pulscs
with a repetition rate up to 30 kHz.

In the experiment with a 15 m single mode fiber with
acorc of 8.2um doped by Er3* ina concentration of 100
ppm, we obtained an output power of up to 1 W at 1535
nm at pumping powcer of 3.6 W which corrcsp()nds toa
power density within the fibcr around 3 MW/cm?. The
output coupling was of about 0.9. The achicved conver-
sion cfficiency of about 28 % is closc to the limiting value
of the given pumping mcthod. There were no essential
variations of lasing cfficicncy when the output coupling
changed from 0.9 to 0.4.

The sccond cxperiment involved a multimode fiber
with a core of 28 um diamcter having Er3* concentra-
tion of 40 ppm and NA = 0.2. The obtaincd oscillation
power versus thc pumping powcr is shown in Fig.3. At
an optimum fiber length of 20 m, output coupling of 0.96,
and an input power of 10 W, the output lascr emission at
1535 nm reached 2 W. The threshold pumping power did
not excecd 200 mW. In accordance with our predictions
thcre was no need for a fiber cooling. A fiber tempera-
turc did not risc morc then by 1 C when several rings of
the fiber were posed frec-hanging into quict air . Also
there were no fiber degradation in spite of rather hcavy
pumping conditions.

At definite paramcters of the cavity and the pumping,
the oscillations were pulsed at 30 kHz with the pulse
width close to that of the pumping. The peak power of
this pulses rcachcd 50 W. Details of this experiment will
discuss clsewhere. .
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Fig.3 Output power of 28 um Er-doped fiber laser versus launched
pump power at 532 nm.

At last, we have obtained preliminary results of testing of
the new erbium fiber with 32 um activated corc and ad-
ditional 50 um inactivated waveguide cladding at the
outcr fiber diameter of 125 um. When pumped by 14 W
average power into the intermediate core, the fiber was
emittcd of about 3.9 W with the conversion efficiency of
28 %.

Comments

The preliminary experimental data allow to speak
about adequacy of the evaluations concerning the possi-
bility of creating of cfficicnt high-power fiber lascrs.
Transition to pumping sources of a higher power having
a larger diameter of activated core permits to expect an
average lasing power of tens and hundreds of  watts.
Thesc liber lasers will compete successfully in future with
high-powcer crystal lasers for many applications. The
most promising pumping sources of such lasers are scen
in arrays of lascr diodes which in the ncarest future are
cxpected to emit more than 100 W at an efficiency of 30
LD
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Fig4 One of the possible configuration of high-power LD-pumped

fiber lasers
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to 50% [9]. Fig.4 shows onc of a possiblc version of the
high-power fiber laser pumped by LD arrays. The total
efficicncy of such systems is expected torcach 20t030%.
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