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* FIBER LASERS

Two-micron thulium-doped fiber lasers
achieve 10 kW peak power

SHIBIN JIANG

Highly thulinm-doped silicate glass
fibers can be used to develop single-
frequuency fiber lasers with 1.9-2.1 pm
operating wavelengths, and Q-switched
fiber lasers and self-starting passively
modelocked fiber lasers of up to 10 kW

peak power.

The slope efficiency of a thulium {Tim)
doped fiber laser can exceed the Siokes
limir, enabling & quanrum efficiency
near 200% for the *F,+7H, rransi-
tion becavse of the so-called cross-re-
laxarion energy reansfer berween Tm
ions, Using our highly Tm'*-doped
(37 wi%) silicare glass fibers fabri-
cared by the rod-in-tube rechnigque, la-
ser gain fibers with high slope efficien-
cy of 68.2% and a gain per unit length
of =2 dBdem have allowed us to dem-

onstrate O-switched Aber lasers and
madelocked Aber lasers operating from
1.9-2.1 pm wavelengrhs based on Tm-
doped silicare fibers with peak power
levels up ro 10 kY.

a) Normalized intensity (a.u.)
v

Omne popular appli-
cation of a 2 pm fiber
laser with high peak
power and high beam
quality (from a sin-
glemode fiber) is as a
pump souece for mid-
infrared (mid-1R) fre-
QUETICY BENETATion via
nonlinear oprical conversion. Another
emerging application is for mid-IR
SUPEFCONTINUILI Zenerarion.

Heavily Tm**-doped

silicate fibers

Compared o cheir 1 pmand 135 pm
counterparts, 2 pm laser sources are
maore favorable pump sources for mid-
IR generation for several reasons, Fiest,
quantum defects are lower ar 2 pm,
vielding higher quanmm efficiency for
generating mid-1R wavelengrhs, Sec-
ond, many nonlinear crystals used for
mid-IR generarion are not CrANSpar-
ent or have a much higher absorprion
ar pump wavelengths shorrer than

2 pm. Thisd, dispersion is too high ar
shorter wavelengths in some nonlin-
ear crysrals o achieve phase-march-
ing for nonlinear parametric process-
es. And finally, 2 pm fibers can have
larger core sizes and higher nonlinear
thresholds, enabling higher-power
2 pm lasers and consequently, high-
er-power mid-1R ourpur.

To dare, many different glass host
marterials have been used 1o fabri-
care Tm¥*-doped oprical fikers for
2 pm laser operation, including sil-
ica and nonsilica glass fibers such
as germanare- and rellurire-based
rypes.' ™ I is well known thar the
doping concentrarion of rare-carth
ions in silica fAber is limited doe o
the inrrinsic glass nerwork sreuc-
ture. Various approaches have been
developed ro imcrease the doping
concencration including co-doping
with such oxides as Al,O,, B0y,
and P,O; and by using nanopar-
ticle rechnology. The highest dop-
ing level in silica glass is limired o

bl Qutput power (1)
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approximately 2 wt%. Due to the lim
ited Tm**-doping concentration, quan
turn efficiency of Tm3*-doped silica
fiber lasers is also limited.
Fortunately, the less defimed glass
network of multicomponent nonsil-
ica glasses permit a higher doping
concentration of Tm** ions, which in
turn permits high pump absorption
over a relatively shore lengeh of active
fiber and allows taking advantage of a
2+for-1 cross-relaxarion process in the
heavily doped Tm?* system. AdValue
Photonics has developed a propriceary
technology to fabricate heavily Tm?*-
doped japproximarely 3-7 wrh) mul-
ticomponent silicate glass and fiber,
Because the main glass network is sil-
icon diowide (510, )—the same mare-

rial as standard silica glass fiber—the
doped fiber has improved mechanical
serengeh and berrer comparibility wich
silica fiber than ather multicompaonent

glass fibers for more robust Tusion

¢Essential Macleod

splicing between the active Abers and
standard passive silica ibers.

Both singlemode and large-mode
area (LMA) double-cladding silicate

glass hbers are fabricated wsing rod-

in-tube fiber drawing technigues. The
inner cladding of these active fibers is
surrounded by a layer of outer cladding
silicate glass with numerical aperture

(MA) as large as 0.6 o confine the mul-

umede pump laser beam in the mner
cladding region. The outer cladding

allows for higher-power-handling capa-

biliey than standard polymer-based
double-cladding silica Abers.

A low-index silicare rod is usually
inserted ince the inner cladding for
the enhancement of cladding pump
absorprion, In a similar way, we also
fahricare polarizarion-maintaining
heavily T -doped silicate glass fibers
for cladding-pumped laser operarion
with slope efficiency values greater
than 68% (see Fig. 1).

O-switched single-frequency
thulium fiber lasers

In 2011, AdValue Photonics demaonstrar
ed the frst all-iber O-switched single
frequency laser ar a wavelength near
2 pmy, which was based on polarization
miosdulation of a shore-cavity fiber laser
using stress-induced birefringence.+-°
Single-frequency laser operaton m cthe
Cr-switched mode was confirmed using

an in-house Aber-based scanning Fab-

ry-Perot interferometer and the spectral

linewidth was measured to be Fourier-

transform limited.

Today, we are gencrating kilowate-

level single-frequency laser pulses from
an all-fiber Tm™-doped source using a
singlemode Tm**-doped fiber amplifier
(7.8 pm fiber core, MNA = 0.153) o boost
the ourpur power of those O -swirched
pulses.” Because of its high pump

ahsorprion and high laser gain, rens-
of-centimerers-long acrive fiber is suf-

ficient to build the 2 pmn fiber ;|||1]_1|ir"||.'r.
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> FIBERA LASERS continued

For a 20-cm-long segment Output power (W)
v

of active fiber, overall slope 3

based semiconducror sarura-
ble absorber mireor or SES-

# AM (see Fig. 3).F The laser
has a linear cavicy formed by
the SESAM, a pump com-
biner, a 30-cm-long double-
clad Tm?*-doped silicare fiber
with 10 pm core diameter and
a fiber loop mirror. A mule-
mode pump combiner deliv-
L ers pump light 1w the Tm**-

doped fiber from a 798 nm
laser dicde wirth a 0,22 NA,

efficiency of the amplified P
laser pulses as a funcrion of
rotal pump power is arownd ar *
64% ar 50 kHz and 40% ar 4 .
a 10 kHz reperition rate. 3l

Multi-kilowarr  peak L *
power is possible ar low
seperition rates (10 kHz and ' ‘
below) with no reduction in ﬂu . *1[ .dl . EI . é . 1:;} " 1|:! . 1Id L i
pulsewidth evidenr for the Pump power (W)
amplifier. The short lengeh

FIGURE 2. The culput power is shawn as a function @1 the pumg

of the active fiber suppresses
many nonlinear effects; in
additien, the short duration of the sin-
gle-frequency pulses prevents the onser
of srimulated Brillouin scartering not
only in the Aber amplifier, bur also in
the longer secticn of passive fber afer
the amplifier.

O-switched thulium

fiber amplifiers

The D-swirched seed laser used in our
experiments is an all-fiber acrively -
switched Tm-doped Aber lasee. The seed
operates ar 1950 nm and the reperition
rane is tunahle from 1 vo 100 kHz. Ara
10 kHz peperitian rate, average power is
30 mW and pulsewidth is approximarely
30 ns. In oeder to achieve higher pulse
energy, 2 preamplifier is applied before
the power amplifice.

W hen the ourpur power from the pre-
amplifier is 200 mW ar 10 kHz, the
pulsewideh is 26 4 ns. The specrrum of
the amplified pulse ar 50 kHz has the
same widrh as the seed laser ar 10 kHz,
but as the reperition rare decreases
the pump power for the preampli-
fier remains unchanged), the spectrum
width becomes broader due o the higher
peak power for the lower repetition rate.

The power amplifier uses a 35-cm-
long Tm?*-doped [§ wi%) polariza-
tion-maintaining fiber with core and
inner cladding diamerers of 21 pm and
127 pm, respectively, and a core NA of
0,08 char was designed o march the
(241)x]1 pump combiner of the out-
put fiber (20 pm core diamerer and
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ponwar for 8 Q-switchad thulivm pulse ampdifier.

0,08 NAL With an inpur of 20 p] pulses
ar 10 kHz, the slope efficiency of the
power amplifier curpur is abour 40%
and the pulsewidrh is 21.4 ns ar rhe
maximum ourpurt (see Fig. 2).

The laser specreum afrer the power
amplifier with 16 W absorbed pump
power as verified by a spectrum ana-
Iyzer at different repetition rares showed
very good amplified stimolared emission
[ASE) suppression for pulses ar 40 kHz.
The ASE starrs accumularing ar 20 kHz
and ar 10 kHz becomes much stronger
bvur is seill 40 dB below the pulses. The
grear ASE suppression is arreibured o
the short large-core highly Tm-doped
silicare fiber. Based on the spectrum
we measured ar 10 kHz, the caloulared
ASE power accounts for less than 5%
of the total power; therefore, the maxi-
mum pulse energy we exteact from the
amplifier is approximarely 600 1] with
a peak power up o 28 kKWL

Modelocked fiber lasers

The key element used 1o staer and main-
tain modelocking operation of a mode-
locked Tm*-doped silicare glass fiber
laser was a resonant antimonide {5hj-

—f. TG0 nm pump

| )

SERAM Puamap
cambiner

105 pmf125 pm fiber pigrail.
The fiber loop mirror has esi-
mated reflecrivity of approximarely $0%
ar 2 pm.

Due to the difference in refractive
index berween passive fibers (commer-
cial singlemode silica fibers) and the
Tm**-doped silicare Aber, we angle-
cleave and fusion-splice the rwe different
kinds of fibers ro prevent any spurious
reflection that could be detrimental o
modelocking operation. The Aher our-
putend is also angle-cleaved o eliminare
backreflection. Low-index recoaring is
performed ar the splice berween the
combiner ourpur fiber and the Tm**-
doped silicare fiber to efficiently couple
the pump light and the inpur end of the
pump combiner signal fiber is dieectly
bur-coupled to che SESAM (see Fig, 3

As pump power increases, the fiber
laser operates ar several stages. Firs,
conrinuouws-wave (CW) operation is
abrained afrer laser threshold is reached.
Then (r-switching or O-swirched mode-
locking is observed. Further increasing
the pump power achieves CW mode-
lcking. Areven higher pump power, the
laser can experience a transition from
single-pulse ro a multipulse regime due
o the upper limit for pulse energy of the

Fiber lnap mirror
30 om OC Tm-doped
silicate fiber
I

Output, anghe-cleaved

FIGURE 3. A schematic shows a modelechked Trn - doped silicate glass iber lager.
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soliton fiber laser thar is determined by
the laser cavity parameters such as saru-
ration energy of the sarurable absorber,
modulation depeh, cavity dispersion,
and seli-phase modularion.

Beyond this pulse energy limit, mulri-
]‘.l|l.' |'l|.||h.L'.i with reduced CNergy and ]||:|1.!.'.u.'|'
durarion are favored over a single shorr
pulse in rerms of modelocking stabilivy.

Pulse
energy

W0 T3 ek pomes [

For maxinmum average oulpur power of
10 ¥ in chee single-pulse regime, the pulse
energy is around 0.76 o). Pulsewidrh as
characerized with a commercial aure-
correlarar showed a full-width half-max-
i [FWHM) of abour 340 fs.

We have |J|:'.|.'|l::l|:’:-|:|] several hipﬂ:‘l]}'
Tm-doped silicare fibers for modelocked
pulse amplification. For one of those

fiber rvpes, we amplified the
modelocked seed pulses wich a
45 cm length of Tm-doped sili-

=]

A

sal S

21:'_ ul P L= T M IraL S L '
*

(1] -

cate fiber with 22 pm core and
.06 NA (see ]"i;.';,. 4}. Wirhour
pulse disrorrion, the maximum
|'IIL|.hI.' CIErEY is 46 |'|_[ and the
corresponding pulsewidth is
1.8 ps for a peak power thar

Pump current (A}

FIGURE 4. The autput pulsa enargy is shawn as a
funation of the pump current for puise amplication

usmyg huliem-doped armplibcation fibers; ha

aulacarrelation trace 15 Shown i e rsed,

10 12 14 1:;; 1lg =0 22 24 exceeds 25 kW, While this was

a hero experiment, our current
high-power modelocked fiber
laser products using this config-
urarion |l.:lL|li|'||:|f|-' fearuee arereT
than 10 KW peak power. £
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