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Diode-seeded nanosecond Y b-doped fiber amplifier
operating at therepetition rate up to 500 kHz
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The paper presents a laser system developed in MOFPA (Mast#élator Fiber Power Amplifier)
configuration. A pulsed single-mode laser diode operating at thelevagth of 1060-nm was used as
a seed. An ytterbium-doped double-clad Large Mode Area fiber punypée badiation of 978-nm
played a role of an active medium. The developed laser systemaged a pulse train with duration
ranging from about 11 ns to 200 ns at the repetition rate up to 5QQéditated independently of
the system gain. The maximum amplification of the fiber aneplifias 32 dB.
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1. Introduction

Pulsed lasers delivering nanosecond pulses of high-peak power at thieorepss of
kHz constitute very useful sources for a number of advanced indugipiédadions,
such as marking, engraving, material processing and others. It hasheada sub-
ject of considerable research recently [1-3]. Currently this aretllidominated by
Q-switched diode-pumped solid-state lasers operating at 1064 nm anchitnita.
However, within the space of last several years high-power lgstnss based on
MOFPA (Master Oscillator Fiber Power Amplifier) configuoatiappear to be very
attractive in this context providing greater flexibility, reliabilimd much lower costs
than conventional non-fiber laser systems [4, 5]. Moreover, they are miongact,
lighter, more efficient and in many cases they do not need complicated eooling
— which makes the whole amplifier system construction easier.

A MOFPA system is made up of a generator seeding pulses of lighnaepli-
fier of these pulses. A seeding generator can be any pulsed diode-pumpetasel
laser or even a semiconductor laser diode while a double-clad agtivcal fiber,
especially Large Mode Area (LMA) fiber fulfils the role af amplifying medium. In
a LMA fiber construction, the core diameter was enlarged and tsinedusly the
difference between the refractive index of a core and an innem@addecreased.
Such fibers make it possible to generate a basicfEMde, reduce amplified spon-
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taneous emission (ASE) signal, raise the power threshold of filoefaeet damage.
The resulting increased mode-field diameter of LMA fiber alsluces the detrimen-
tal effects of various nonlinear interactions such as stimulagedaR and Brillouin
scattering, thus lifting the limits for achievable output powers.

As far as the dopant of the active fibers is concerned, the wtterioins are ex-
cellent mainly due to the fact that ytterbium-doped fibers offer bigjput powers
tunable over a broad range of wavelengths, from 975 to 1200 nanometers Iftypical
around 1060 nm) [6]. Ytterbium ions also have a relatively small quantuectdef
pump wavelength (915 nm or 976 nm) is close to the lasing wavelength anesalt a
very little energy is lost to heating. Furthermore, ytterbium has onhexcited state
and consequently complications arising from excited-state absorption do not appear.

A very interesting MOFPA system solution is the application ofnglsimode
pulsed semiconductor laser diode operating at 1060-1070 nm as a pulse generator
The efficiency of such coherent light sources is much higher thameaffy of con-
ventional DPSSLs (Diode-Pumped Solid-State Lasers) which résuftsreasing the
efficiency of the whole system.

2. Experimental setup

The setup of a pulsed fiber amplifier is shown in Fig. 1.
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Fig. 1. Experimental setup of the fiber amplifier.

A pulsed laser diode was used as a seed. It wappglwith a single-mode
fiber pigtail (polarization maintaining version) tvia built-in optical isolator ensur-
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ing high Polarization Extinction Ratio (PER) — over 22 dB. The fiber pigias ter-
minated by an FC/APC connector to minimize bacleotibns. The laser diode oper-
ated at 1063.91 nm (the spectral width at 3 dBllegealled 0.52 nm) and generated
pulses of duration from about 11 ns to 200 nsatdpetition rate up to 500 kHz. The
time-energetic characteristic of the diode seedeigicted in Fig. 2 and Table. The
seed operated as an electrical-to-optical convesigr a bandwidth of approxi-
mately 175 MHz. It was supplied by a DC power symoid was driven by electri-
cal pulses with a suitable amplitude. The duty eyaild not exceed 2%, this limita-
tion was imposed by the limited energy storage b#ifias of the semiconductor
laser.
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Fig. 2. Time-energetic characteristic of the diode seed.
Table. Statement of values of the pulses generated by the diedle s
Pulse duration [ns]
11 20 30 40 50 100 200
1 670 nJ 690 nJ 710nJd 730 nJ 750 nJ 850 nJ 1Jjos
10 86 nJ 105 nJ 125nJ 145 nJ 170 nJd 270 nJ 470 nJd
20 55 nJ 75nd 90 nJ 110 nJ 135nJ 235nJ 440 nJ
30 44nJ 61 nJ 83 nJ 103 nJ 123 nJ 226 nJ 433 nJ
E 40 38 nJ 56 nJ 75nJ 93 nJ 115nJ 212 nJ 422 nd
%" 50 35n 50 nJ 68 nJ 92 nJ 112 nJ 210 nd 414 nJ
® 100 29nJ 48 nJ 63 nJ 85nJ 106 nJ 208 nJ 383 nJ
S 200 25nd 41 nd 61 nJ 79 nd 98 nJ 183 nJ -
= 300 25nJ 40 nJ 58 nJ 76 nJ 96 nJ - -
%— 400 23nJ 38nJ 57 nJd 74 nd 92 nJ - -
o 500 22nJ 37nd 55 nJ 74 nd - - -
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The ytterbium-doped Large Mode Area double-cladgcapfiber was used as an am-
plifying medium. The fiber had the core diamete20fum. It was coated with silicone
rubber with diameter of 400m (octagonal shape). The numerical aperture (NAhef
inner clad to the core and the outer clad to theriglad were 0.06 and 0.46, respectively.
This active fiber module (made by NUFERN) was pented as it is shown in Fig. 3.
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Fig. 3. Diagram of the Yb-doped fiber module. (1) Yb-doped gdierf(13 dB absorption at 976 nm);
(2) pump multiplexer 21 and 1-m long 400/440 micron, 0,22 NA pump fiber input; (3) spBfegicron
core to 20 micron core, both 400 micron cladding); (4) SMA-905 apglished endcap essembly;
(5) SMA-905 connector on pump delivery fiber.

The ends of the fiber module (marked in Fig. 3 as “4”) were polishdwangle
of 82 in relation to the fiber axis, whereas the pump delivery fiberneaspolished
perpendicularly to the fiber axis. All the fiber module ends weraiteted by SMA-
905 connectors. The application of the fused-fiber pump combiner allowecimgdu
the pump radiation insertion losses as well as ngaltie pump launching considerably
easier. In this case, the pump launching efficiemag over 90%. The amplifying signal
co-propagated together with the pump signal. Faivpamping (co-propagating) pro-
vides higher inversion density at the beginning of the amplifier, andajigsopriate
for small signals (high gain) applications because it results innloiae operation.
Thanks to applying such a solution there is less danger of the seed danmagap
radiation. The fiber length was specified by NUFERN (it was amaptiength al-
lowing about 95% absorption of the pump radiation).

The active fiber was pumped by a CW laser diodiwel@hg 45 W at 978 nm. It was
equipped with 1.5m long transmitting fiber chardetd by the numerical aperture of
0.22 and the core diameter of 40®. The laser diode was current-controlled by means
of a home-made power supply module and was coofeal Wwater cooling system. To
control the working temperature of the diode, di€etell was applied.

The amplifying signal was launched to the active fiber core by meaars @ftical
system consisting of two aspheric lenses and a dichroic mirror 604 nm,
HR@978 nm) situated between the lenses. It allowed focusing thebkzem on the
fiber facet to the diameter of 17 microns preserving the numenieature below the
value of 0,06. The launching efficiency was about 70%.

3. Results

In the MOFPA system, developed time-energetic attarsstics of amplified radia-
tion were measured. The measurements were dortare® values of the repetition
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rate (500 kHz, 100kHz i 50 kHz) and for severaluesl of pulse duration (within the
range of 11-200 ns). The maximum pump power lauwhchi® the active fiber was
only 11.5 W, although the pumping diode allowedegating the output power up to
45 W. Since we did not want to destroy the fibepezially an optical fiber coupler,
we did not exceed pump power value of 11.5 W. Ttpeamental results are shown
in Figs. 4-7.
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Fig. 4. Average output power of amplified radiatiersus pump power launched into the fiber for ssve
values of pulse duration of the diode seed at the repetition ra@® dHz.
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Fig. 5. Average output power of amplified radiati®rsus pump power launched into the fiber for sdve
values of pulse duration of the diode seed at the repetition ra0® dHz.
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Fig. 6. Average output power of amplified radiatimrsus pump power launched into the fiber for sdve
values of pulse duration of the diode seed at the repetition ra€ekiiz.
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Fig. 7. Exemplary oscilloscope traces of ampliffjpdses for the repetition rate of 500 kHg b),
100 kHz €, d) and 50 kHz €, f) recorded for the launched pump power of 11.4 W.

Figures 4-6 presents the dependence of average output power of thiiedmpli
signal versus pump power launched into the aciber for three repetition rate values:
500 kHz, 100 kHz and 50 kHz and for several values of tteemidration. The chara-
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cter of the energetic curves presented in all the graphs \wasinelar. The energy of
output pulses rose along with the rise of absorbed pump power and the plmeer va
depended on the value of the input signal. At 500 kHz repetition rate tsurament

of the energetic characteristic was done for 40 ns, 20 ns and 11 eslprdson. The
energy of these pulses equaled 20 nJ, 12 nJ and 7 nJ, respectively. AftBfiregn

for maximum pump power launched into the fiber, the gnef these pulses was 63
(about 25 dB amplification), 5.8J (about 27 dB amplification), 56 (about 29 dB
amplification), respectively. For 100 kHz repetition rate the input pu$eluration:
100 ns (75 nJ), 50 ns (40 nJ), 30 ns (27 nJ) antsX15 nJ) were amplified to 29.3
(about 26 dB amplification), 2@J (about 28 dB amplification), 240 (about 29 dB
amplification) and 20.41J (about 31 dB amplification), respectively. However, for the
lowest repetition rate of 50 kHz, the input pulses of energy 270 nJ (20038shJ
(200 ns), 70 nJ (50 ns), 46 nJ (30 ns) and 20 nJ (11 ns) were amplified teripe e
value of 55.2uJ (about 23 dB amplification), 474) (about 26 dB amplification),
42 J (about 28 dB amplification), 374) (about 29 dB amplification) and 304
(about 32 dB amplification), respectively.

The maximum MOFPA system efficiency was about 30% and it dependée on t
input signal value generated by the diode seed. In the system developedsitherma
energy of input pulses did not exceed 300 nJ, while the calculated sateraigy of
the active fiber applied was about 300 This means that the amplifier worked in the
regime far from optimal conditions. This also explains the high gaireweathiduring
the experiment. The more energetic pulses were seeding, the higieen sfficiency
was achieved. The best solution is the case when the amplifiks woa state close
to saturation (that is when the amplifying pulse receives the whelgy stored in an
active medium), then the system efficiency is the highest.

In the whole range of repetition rate, the time duration of output pulasshe
same as the one of input pulses. Therefore, it confirms the thasiactive double-
clad fibers are perfectly fit for the amplification of ns-pulaéth suitably shaped time
characteristics. Applying a pulse generator delivering pulses of alidit (single
nanoseconds,) it is possible to achieve at the end of the MOFPApstiage of iden-
tical duration and high energy (depending on absorbed pump power). Exemplary os-
cilloscope traces were depicted in Fig. 7. Pulses of duration abovevafras little
bit deformed. However, these deformations were not caused by this eféearring
during the amplification process, but they resulted from limited igsilvf the elec-
tronic generator PGP-7 (used in the experiment) controlling the diodelsezase of
fiber amplifiers with pulsed laser diodes as a seed, to achighiephise energies and
high peak-powers of kilowatts, the gain of over 50 dB is required [7$ thainly
caused by the low energies derivable from semiconductor diode seedsthighgigh
gain is achievable in active fibers together with low saturaticengglifying pulses,
significant pulse reshaping due to depletion of the inversion in the pulssctle can
occur and this may affect the duration and shape of output pulses inrzenomtian-
ner [7]. In the MOFPA system developed, the galmeaed was much less than 50 dB
and therefore the pulse reshaping did not take place.
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4. Conclusions

In conclusion, the master oscillator — Yb-doped fiber power ampéfistem seeded
by a pulsed semiconductor laser diode operating at 1064 nm — was develalged. It
livered pulses characterized by the duration of 11-200 ns, and the enpdgsegime

at the repetition rate up to 500 kHz. The maximuficiency and gain coefficient
equalled 30% and 32 dB, respectively. In the whalege of the repetition rate
(50 kHz-500 kHz), the time duration of output pslskd not change with relation
to the input pulses.
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