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A single-frequency 1014.8 nm Yb-doped fiber amplifier working at room temperature was investigated in
detail with respect to gain fiber length, fiber geometry, and fiber host material, which can be frequency
quadrupled to 253.7 nm for laser cooling of mercury. After optimization, an up to 8.06 W laser was
achieved with a single-stage amplifier, and 19.3 W power was obtained with another boost amplifier,
using polarization-maintaining Yb-doped single-mode fiber with a 10 pm core and 125 pm inner clad.
The amplified spontaneous emission was 25 dB lower than the signal in the final output of the laser
system. The laser has a linewidth of ~24 kHz without noticeable broadening after amplification. Further
power scaling is limited by stimulated Brillouin scattering. © 2014 Optical Society of America
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1. Introduction

In the past decade, Yb-doped fiber lasers and ampli-
fiers have received a lot of attention and experienced
very fast development, due to the availability of high-
power diode pump lasers, the small quantum defect
of the laser transition, and the double-cladding
pumping technique [1]. Yb-doped fiber lasers and
amplifiers can operate at the wavelength range from
950 to 1200 nm in principal. While the center of gain
is around 1060 nm, we are interested in lasers at
wavelengths from 1010 to 1025 nm, which are
needed for several applications. They can be used
in laser cooling of Yb-doped solids [2,3]. A fre-
quency-doubled laser at 507 nm can serve as a clock
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laser in optical lattice clocks based on the 1S,—3P,
transition of ytterbium atoms [4]. Furthermore, mer-
cury, being the heaviest nonradioactive atom that
has been laser-cooled and trapped, is probably the
best candidate for an optical lattice clock due to
the potential uncertainty of the 10718 level [5]. Its la-
ser cooling and trapping requires a narrow-frequency
tunable laser at 253.7 nm (frequency quadrupling of
1014.8 nm), which corresponds to the 1Sy—2P; tran-
sition of mercury [5,6]. Besides, 253.7 nm is also one
of the fundamental wavelengths for four-wave sum
frequency mixing in mercury vapor, to generate cw
vacuum-UV radiation around 121 nm for future laser
cooling of trapped antihydrogen [7].

Several 1014.8 nm lasers based on solid-state or
semiconductor laser media have been reported to
generate a 253.7 nm laser by frequency quadrupling
[6,8,9], and the highest reported power to date was a
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7 W, 1014.8 nm Yb:YAG disk laser by Petersen et al.
[5]. In 2006, Seifert et al. reported a 5 W two-stage
amplifier at 1014.8 nm based on Yb-doped double-
clad fiber, with a linewidth of less than 3 MHz
[10]. Recently, Steinborn et al. reported their 10 W
fiber amplifier based on a large-mode double-clad
fiber [11]. However, the Yb-doped fibers were cooled
to liquid nitrogen temperature, in order to reduce the
absorption at the signal wavelength. The significant
absorption of Yb-doped fiber at 1014.8 nm under
room temperature facilitates the amplified spontane-
ous emission (ASE) at longer wavelengths (about
1030-1040 nm), where the emission cross sections
are usually larger. A high-power 1014.8 nm fiber am-
plifier working at room temperature would be highly
favored for its reduced complexity.

Recently, we reported all-fiber-connectorized
1014.8 nm single-frequency amplifiers at room tem-
perature [12], proving that it’s not essential to cool
the Yb-doped fiber to liquid nitrogen temperature.
8 W cw linearly-polarized single-transverse-mode
laser output was achieved. With two resonant cavity
frequency doublers, 75 mW laser at 253.7 nm was
generated from 4 W, 1014.8 nm laser [12]. Since
both the absorption spectrum and saturated absorp-
tion spectrum of the 'S,—2P; transition of atomic
mercury have been measured with this UV radia-
tion [12], this room-temperature 1014.8 nm Yb-
doped fiber amplifier is applicable for mercury cool-
ing. In this paper, we present the study of amplifier
performance and optimization in detail. Three types
of Yb-doped double-clad fibers of different geom-
etries and host materials have been investigated
with regard to amplifier performance, as well as fi-
ber length and seed power. By adding an extra fiber
amplifier, maximum 19.3 W laser is achieved, which
is limited by stimulated Brillouin scattering (SBS).
To the best of our knowledge, this is the highest
power reported for a single-frequency fiber laser
at this wavelength region.

2. Experimental Setup

The experimental setup is a diode master oscillator
fiber power amplifier system, as shown in Fig. 1. The
seed laser comes from an external cavity diode laser
with a tapered amplifier at 1014.8 nm (Toptica TA
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Fig. 1. Schematic diagram of the experimental setup.

Table 1. Parameters of the Yb-doped Fibers under Test

Core Core Numerical Inner Clad
Fiber Diameter (pm) Aperture Diameter (pm)
5/130 5 0.12 130.0 £ 1.0
10/125 11+1.0 0.075 125+ 2.0
8/128 8 0.10 128
Nominal absorption

rate near 975 nm Polarization
Fiber (dB/m) Host materials maintaining
5/130 1.8 Aluminosilicate Yes
10/125 4.8 Aluminosilicate Yes
8/128 10.8 Phosphosilicate No

Pro), which is linearly polarized and has an output
spot of oval shape. After being reshaped by two
cylindrical lenses, the light is coupled into a polari-
zation-maintaining (PM) single-mode fiber (PM980).
(24 1) x 1 pump and signal combiners are used to
introduce the pump diode lasers at 975 nm into
the inner clad of gain fiber. The unabsorbed pump
power is damped with pump strippers, and the fiber
output is angle cleaved to avoid back reflections. The
experiments start with tests of the 1014.8 nm ampli-
fication at room temperature by a single-stage ampli-
fier. Three types of commercial double-clad Yb-doped
fiber that would allow single-mode operation for a
laser at 1 pm are tested, and their parameters are
shown in Table 1. The influences of gain fiber length
and seed power on laser performance are studied as
well. Then a second stage amplifier is added for
power scaling. To reduce the ASE in the seed laser
for the second stage amplifier, i.e., the output of
the first stage amplifier, a fiber pigtailed ASE
filter is inserted between the two stages, whose
transmission spectrum is shown in the inset of Fig. 1.
The filter is based on a Semrock bandpass filter
(FF01-935/170-25). The whole amplifier system is
fiber-connectorized and all-PM.

3. Experimental Results and Analysis

We investigate 5/130 gain fiber first. Indeed, at room
temperature, ASE at ~1035 nm is a severe problem.
Figure 2 shows the output spectra of a fiber amplifier
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Fig. 2. Direct output spectra at different pump powers: 0, 9.2, and
15.9 W, respectively. The gain fiber is 2 m long 5/130 fiber, and the
seed laser is about 130 mW.
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with 2 m long 5/130 gain fiber, at pump powers of 0,
9.2, and 15.9 W. When there is ~130 mW seed laser
only (without pump laser), the ASE is already de-
tected. As the pump power increases, the ASE grows
rapidly and peaks at ~1035 nm. It increases much
more quickly than the signal, as seen from the de-
creasing difference between the laser and the ASE
peak level.

A. Dependence on Fiber Length

To reduce the fraction of ASE in the output,
amplifiers with different fiber lengths are tested.
Figure 3(a) shows the direct output spectra without
ASE filtering for 5/130 fiber lengths of 0.6, 1.3, and
1.7 m at a pump power of 19.2 W and a seed power of
130 mW. The proportion of ASE in the total output
decreases as the gain fiber becomes shorter, which
is more obvious from the increasing difference be-
tween the total output power and forward ASE power
in Fig. 3(b). Figure 3(b) also shows the laser power as
a function of the fiber length. Since the pump absorp-
tion is less with shorter fiber, the total output is
lower. But the signal power increases instead and
peaks around 1.2 m, as a result of decreasing ASE.
When the gain fiber is too long (2.3 m), the forward
ASE decreases as well, which is due to the faster in-
crease of backward ASE.

Therefore, shortening the gain fiber is effective in
decreasing ASE but sacrifices pump absorption and
laser efficiency. The maximum laser power with
5/130 fiber is just 1.88 W, with an optical efficiency
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Fig. 3. (a) Spectra of the amplifier’s direct output with 5/130 fiber
lengths of 0.6, 1.3, and 1.7 m, respectively, (b) the total output, the
laser output, and the forward ASE power as functions of the gain
fiber length. The pump power is 19.2 W, and the seed power is
~130 mW.
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0f 9.7%, because of the severe ASE. 41.9% of the total
output is forward ASE. Even higher ASE power is
expected in the backward direction. A good under-
standing of the competition between the laser ampli-
fication and ASE in the 1014.8 nm Yb-doped fiber
amplifier is necessary to improve the amplifier per-
formance when operating at room temperature.

B. Theoretical Analysis

Usually Yb-doped silica fibers are considered as a
homogeneously broadened gain medium at room
temperature. In such a medium, the gain G (in
dB) is given by [13,14]

G() = kENoAYa(Dio. (D) + 0,(D]ng — 6, (D)IL, (1)
where & = 4.343, N, is the concentration of Yb ions,
Y, is the normalized modal intensity averaged over
the doped area A4, 6, and o, are the cross sections for
stimulated emission and absorption, respectively, ny
is the fraction of excited active ions, and L is the ac-
tive fiber length. Equation (1) implies that the gain
GA at one wavelength is determined by the gain G
and G¢ at two other wavelengths:

(02 /o — a4 /0G)
(00 /of = 03 /5¢)
(02 /0F = 04 /%)
(of /ot — oG /o)’

= GP(¥4/¥))

(2)

+ GC(¥4/¥9)

where the superscripts distinguish quantities at the
three wavelengths 44, A8, and AC, respectively [14].
In this study, the fiber amplifier is limited by the
ASE, which is believed to become strong at ~40 dB
gain and will grow rapidly for higher gain. Therefore,
we’d like to consider the relation between the gain of
signal, the gain of the ASE peak, and the pump ab-
sorption (negative gain). For the signal laser and
ASE light guided in the core, the modal intensity
Y, varies slowly with wavelength and is considered
the same; for pump light guided in the inner clad,
¥s /¥ is approximately equal to the area ratio

Aclad / Acure [ﬁ] .

Therefore, with the emission and absorption spec-
tra of Yb-doped aluminosilicate fiber provided by the
manufacturer, the gain at 1015 nm, G¢;5, is related
to the gain at the ASE peak and absorption (negative
gain) at 976 nm, ap, by

Al
G1035

Gliis =715 — 00375 Ag;'d . 3)

The formula is in agreement with the experiment
on fiber length dependence. As the gain fiber be-
comes shorter, pump absorption decreases. Then
the difference between the gain of 1015 nm and
the ASE decreases, which leads to a higher propor-
tion of signal in the total output.
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Fig. 4. Total power and laser power of the 5/130 and 10/125 fibers,

respectively. The amplifier is composed of ~85 c¢cm gain fiber and is
seeded with 30 mW.

C. Dependence on Fiber Geometry

According to Eq. (3), to achieve the same gain with
the ASE under control, a fiber with a smaller clad-
to-core ratio allows better pump absorption. Higher
pump absorption will lead to higher amplifier effi-
ciency. Figure 4 shows the total output and laser
power without ASE as functions of the pump power,
for gain fiber of 85 cm 5/130 fiber and 10/125 fiber,
and the seed power is 30 mW. The powers increase
nonlinearly due to the redshift of the pump diode
wavelength with power, which approaches the Yb ab-
sorption peak of 976 nm at the highest power. As ex-
pected, the amplifier with 10/125 fiber is more
efficient and generates more power compared to
the 5/130 fiber. Also, a higher proportion of ASE is
seen in the 10/125 fiber amplifier output, because
of the lower seed laser intensity and higher pump ab-
sorption than in the 5/130 fiber.

D. Dependence on Fiber Host Material

Since the exact energy gaps between the Stark levels
of the Yb ions depend on the host glass chemical
composition [15], the absorption and emission
cross sections will differ. The room temperature
emission and absorption spectra of Yb-doped alumi-
nosilicate and phosphosilicate fibers provided by the

800 900 1000 1100 800 900 1000 1100

ffé 15 Absorption, Al Emission, Al s g
g %
£ 10 0 &
g 5]
‘ =]
2 0.5 0.5 g
=}

U ~
0.0 0.0
—~ N - n
é 15 Absorption, P Emission, P Is é
g %
£10 of
: g
1] S ' G\
g 0 05 g
0.0 0.0

800 900 1000 1100 800 900 1000 1100

Wavelength (nm) Wavelength (nm)

Fig. 5. Absorption and emission cross-section spectra of the
Yb-doped fiber we used.

manufacturers are shown in Fig. 5. Both the absorp-
tion and emission cross sections of the aluminosili-
cate fiber are larger, especially in the range of
850-970 nm for absorption and 1000-1100 nm for
emission. The phosphosilicate fiber is less sensitive
to changes in the pump wavelength between 910
and 976 nm, since the absorption cross section varies
less in this range. More importantly, the absorption
at 1015 nm is less and the emission peak is blue-
shifted. In fact, the ASE in the amplifier with phos-
phosilicate fiber peaks at ~1025 nm.

According to Eq. (2) and Fig. 5, the equation
of Yb- doped phosphosilicate ﬁbers similar to
Eq. (3), is

P
GP — G1025
1015 0.88

AP
—-0.0168dad ;P 4)

P P
Acore

From Egs. (3) and (4), it’s evident that the phospho-
silicate fiber is superior compared with aluminosili-
cate fiber for amplification of a 1014.8 nm laser.
Under the same 40 dB gain limit of ASE, there will
be higher upper boundaries of G;y;5 and smaller
differences between the gains of signal and ASE.
Figure 6 shows the total output power and amplified
laser power with the 10/125 aluminosilicate fiber and
the 8/128 phosphosilicate fiber. The 8/128 phosphosi-
licate fiber is chosen for comparison because of sim-
ilar fiber geometry. Both fibers are ~1 m long, and
the seed laser power is 30 mW. The power curves
for the 8/128 phosphosilicate fiber is more linear
compared with the curves of 10/125 aluminosilicate
fiber, indicating that it’s less sensitive to the pump
wavelength shift. Though the 8/128 fiber’s pump ab-
sorption rate is much larger, the total output is
slightly lower, which may be due to the extra loss
caused by the mismatching between the non-PM
8/128 fiber and the PM passive signal fiber of the
pump and signal combiner. Nevertheless, both the la-
ser power and its proportion in the total output are
slightly higher, in agreement with the theory, though
the 8/128 fiber has a larger clad-to-core ratio. Un-
fortunately, parasitic oscillation occurs when the
pump power exceeds 25 W in our experiments, and
the reason is still not clear.
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Fig. 6. Total output power and laser power of the 8/128 and 10/
125 fibers. The fiber is ~1 m long, and the seed power is 30 mW.
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E. Performance of the Optimized Single-Stage Amplifier

Based on above results, the 10/125 fiber is selected,
and there should be an optimum fiber length, which
is about 1 m as reported in [12]. The influence of the
seed power on the amplifier performance was inves-
tigated, and the laser output power saturates as the
seed power is higher than the saturation power at
1014.8 nm (~31 mW for 10/125 fiber) [12].

The performance of the single-stage amplifier was
reported in [12]. A maximum 8.06 W laser output
with an optical efficiency of 18% is obtained with
100 mW seed power and 1.05 m 10/125 fiber. The am-
plifier output is linearly polarized (~15 dB polariza-
tion extinction ratio), and its linewidth is ~24 kHz,
measured by the self-heterodyne method and
Lorentzian fitting. No linewidth broadening during
amplification is observed.

With two commercial external cavity frequency
doublers, 1.03 W green laser at 507.4 nm and
75 mW UV laser at 253.7 nm are generated from a
maximum allowed input fundamental power of
4 W (specified by the manufacturer) [12]. With this
UV radiation, both absorption and saturated absorp-
tion spectra of the 1S)—?P; transition of atomic mer-
cury were measured, proving that this Yb-doped
fiber amplifier is suitable for mercury cooling [12].

F. Performance of the Boost Amplifier

To further raise the laser power, a boost amplifier is
added after the first amplifier described above. The
gain fiber is still 10/125 fiber, and its length is chosen
to be 1.4 m, a little longer considering the higher seed
power. A fiber pigtailed ASE filter is inserted be-
tween the two amplifiers in order to limit the
ASE, whose transmission spectrum is shown
in Fig. 1.

Figure 7 shows the output laser power and forward
ASE power of the boost amplifier as functions of the
pump power, when the seed laser is 3.1 and 3.6 W,
respectively. The forward ASE increases nonlinearly
as usual, but the laser output curves have a roll-over
at end, which is due to the emergence of SBS. The
boost amplifier is investigated with varying seeding
power. As Fig. 8 shows, at low pump power, the laser
power increases almost linearly with respect to the
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—v— 3.1 W seed, forward ASE
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20
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Fig. 7. Laser power and the forward ASE power of the boost am-

plifier as functions of pump power, when the seed is 3.1 and 3.6 W,
respectively.
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Fig. 8. Laser power as a function of the seed power for the boost
amplifier, under different pump powers.

seed power. As pump power increases to a certain
level, the laser output power starts roll-over with re-
spect to the seed power. With higher seed power, the
laser output drops instead, which is a signature
of SBS.

The maximum achieved output is 19.3 W, with an
efficiency of 33.5% and a seed power of ~3.1 W. To
the best of our knowledge, this is the highest power
reported for a single-frequency Yb-doped fiber ampli-
fier at this wavelength region. The efficiency is
higher than the first stage amplifier due to the larger
seeding power and longer gain fiber length, which al-
lows better pump absorption. Though at the highest
output the forward ASE reaches 9.3 W, the ratio of
forward ASE to laser (0.48) decreases compared with
that of the first stage amplifier (0.82). The ASE in the
output peaks at ~1020 nm instead of 1035 nm, be-
cause of the residual ASE peak at ~1020 nm in
the filtered first stage amplifier, as Fig. 9 shows. Also,
the ASE at longer wavelengths seems to be sup-
pressed because of the larger seeding power. The
peak is 24.7 dB lower than the signal and 25.6 dB
lower after inserting a bandpass filter. Because the
following two frequency doubling cavities are effec-
tive narrowband filters, only the local ASE level at
the laser wavelength of 1014.8 nm could affect the
overall performance of the laser, which is ~43 dB be-
low the signal. The previous frequency-quadrupling
experiments have confirmed that the residual ASE
would not be problematic.
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Fig. 9. Seed, direct output, and filtered output spectra of the
boost amplifier. The seed power is 3.1 W, and the pump power
is 48.4 W.



4. Conclusion

We have investigated 1014.8 nm Yb-doped fiber am-
plifiers working at room temperature with respect to
gain fiber length, fiber geometry, and fiber host
material. Yb-doped fiber has a significant absorption
at 1014.8 nm at room temperature, and amplification
at this wavelength is limited by the ASE at longer
wavelengths. We report that by properly designing
the fiber amplifier, cooling of the Yb-doped fiber is
not required, which was considered necessary in
the past. Our study has verified that it’s favorable
to use gain fibers with a smaller clad-to-core ratio
for amplification of the laser at a wavelength around
1014.8 nm. Furthermore, Yb-doped phosphosilicate
fibers would be a promising candidate, if parasitic
oscillation is restrained.

8.06 W single-frequency single-mode linearly po-
larized laser output was achieved by a single-stage
amplifier, and 19.3 W was achieved by two-stage am-
plification at room temperature, limited by SBS. The
linewidth was measured to be ~24 kHz by the self-
heterodyne method without noticeable broadening.
Preliminary experiments on frequency quadrupling
to 253.7 nm and absorption spectroscopy of the
1S,~3P; transition of atomic mercury demonstrate
that the fiber-amplifier-based laser is suitable for
laser cooling of mercury atoms.

References

1. D. J. Richardson, J. Nilsson, and W. A. Clarkson, “High power
fiber lasers: current status and future perspectives [Invited],”
J. Opt. Soc. Am. B 27, B63-B92 (2010).

2. M. Sheik-Bahae and R. I. Epstein, “Optical refrigeration,”
Nat. Photonics 1, 693—-699 (2007).

3. D. V. Seletskiy, S. D. Melgaard, S. Bigotta, A. Di Lieto, M.
Tonelli, and M. Sheik-Bahae, “Laser cooling of solids to cryo-
genic temperatures,” Nat. Photonics 4, 161-164 (2010).

10.

11.

12.

13.

14.

15.

. S. G. Porsev and A. Derevianko, “Hyperfine quenching of the
metastable °P,, states in divalent atoms,” Phys. Rev. A 69,
042506 (2004).

. M. Petersen, R. Chicireanu, S. Dawkins, D. Magalhies, C.
Mandache, Y. Le Coq, A. Clairon, and S. Bize, “Doppler-free
spectroscopy of the 'Sy—°P, optical clock transition in laser-
cooled fermionic isotopes of neutral mercury,” Phys. Rev. Lett.
101, 183004 (2008).

. H. Hachisu, K. Miyagishi, S. G. Porsev, A. Derevianko, V. D.
Ovsiannikov, V. G. Pal’chikov, M. Takamoto, and H. Katori,
“Trapping of neutral mercury atoms and prospects for optical
lattice clocks,” Phys. Rev. Lett. 100, 053001 (2008).

. G. Gabrielse, R. Kalra, W. S. Kolthammer, R. McConnell, P.
Richerme, D. Grzonka, W. Oelert, T. Sefzick, M. Zielinski,
D. W. Fitzakerley, M. C. George, E. A. Hessels, C. H. Storry,
M. Weel, A. Miillers, and J. Walz, “Trapped antihydrogen in
its ground state,” Phys. Rev. Lett. 108, 113002 (2012).

. J. Paul, Y. Kaneda, T. Wang, C. Lytle, J. V. Moloney, and R. J.
Jones, “Doppler-free spectroscopy of mercury at 253.7 nm us-
ing a high-power, frequency-quadrupled, optically pumped
external-cavity semiconductor laser,” Opt. Lett. 36, 61-63
(2011).

. M. Scheid, F. Markert, J. Walz, J. Wang, M. Kirchner, and T. W.

Hinsch, “750 mW continuous-wave solid-state deep ultravio-

let laser source at the 253.7 nm transition in mercury,” Opt.

Lett. 32, 955-957 (2007).

A. Seifert, M. Sinther, T. Walther, and E. S. Fry, “Narrow-

linewidth, multi-watt Yb-doped fiber amplifier at 1014.8

nm,” Appl. Opt. 45, 7908-7911 (2006).

R. Steinborn, A. Koglbauer, P. Bachor, T. Diehl, D. Kolbe, M.

Stappel, and J. Walz, “A continuous wave 10 W cryogenic fiber

amplifier at 1015 nm and frequency quadrupling to 254 nm,”

Opt. Express 21, 22693-22698 (2013).

J. Hu, L. Zhang, H. Liu, K. Liu, Z. Xu, and Y. Feng, “High

power room temperature 1014.8 nm Yb fiber amplifier and

frequency quadrupling to 253.7 nm for laser cooling of mer-

cury atoms,” Opt. Express 21, 30958-30963 (2013).

C. R. Giles and E. Desurvire, “Modeling erbium-doped fiber

amplifiers,” J. Lightwave Technol. 9, 271-283 (1991).

dJ. Nilsson, J. D. Minelly, R. Paschotta, A. C. Tropper, and D. C.

Hanna, “Ring-doped cladding-pumped single-mode three-

level fiber laser,” Opt. Lett. 23, 355-357 (1998).

A. Kurkov, “Oscillation spectral range of Yb-doped fiber la-

sers,” Laser Phys. Lett. 4, 93-102 (2007).

1 August 2014 / Vol. 53, No. 22 / APPLIED OPTICS 4977



