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Second harmonic generation of high peak power,
high repetition rate from Yb-doped fiber amplifier
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A high peak power, high repetition rate master oscillator power amplifier (MOPA) system incorporating
an Yb-doped fiber amplifier and its second harmonic generation (SHG) were investigated in detail. The
oscillator is actively Q-switched microchip laser at repetition rate of 50 kHz with a pulse width of 2.8
ns. The amplifier employing Yb-doped polarization maintaining fiber and having a large mode area was
excited by a laser diode with an optical power of 17 W. As results, the amplified average output power of 10
W and optical-optical conversion efficiency of 59% were achieved. In this MOPA system, experiments were
performed by using KTP and LBO crystals. The conversion efficiency of 21% and 40%, SHG maximum
power of 0.92 and 3.3 W were obtained for KTP and LBO crystals respectively.
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Nanosecond high peak power sources of near-infrared,
visible and ultraviolet radiation are expected for indus-
try, and medical applications[1]. Especially high rep-
etition, short pulse laser is requested from industrial.
The Yb-doped fiber master oscillator power amplifier
(MOPA) system, which can generate high peak power
and high repetition rate pulses, and has many other
advantages, such as vibration-proof, compactness and
water free for cooling[2,3], has been attractive for in-
dustrial micro-machining[4]. In our system, a compact
actively Q-switched microchip laser is amplified in an
Yb-doped fiber. The gain material of the microchip laser
is Nd:YVO4 which ensures high gain and short pulse
width at higher repetition rate. The seed pulse of wave-
length 1064 nm is amplified in the Yb-doped double-clad
fiber, which has the emission of Yb-ion from 1000 to 1100
nm. The upper limit of peak power in a fiber amplifier is
determined by the fiber nonlinearities, such as stimulated
Brillouin scattering (SBS), stimulated Raman scattering
(SRS) and self-focusing[5−7]. The increased mode area
of double-clad fiber pushes up the limit of peak power
limited by the above fiber nonlinearities.

In this paper, the amplification characteristic of Yb-
doped fiber MOPA system is studied, and the second
harmonic generation (SHG) (532 nm) efficiencies by us-
ing KTP and LBO crystal are compared. The mismatch-
ing influence of the self phase modulation (SPM) in fiber
on SHG is also discussed.

Figure 1 shows the Yb-doped fiber MOPA system and

Fig. 1. Schematic diagram of the optical system.

SHG. For the present experiment, the fiber amplifier
was seeded with the 1064-nm output of the Q-switched
Nd:YVO4 microchip laser, which was pumped by an 808-
nm diode laser. The seed light produced with a nearly
Gaussian temporal profile (2.8 ns, full width at half max-
imum (FWHM)) and an pulse energy of 9.4 μJ at a rep-
etition rate of 50 kHz.

The Yb-doped polarization maintaining double-clad
fiber is used as the gain material. The high pulse energy
and peak power were enabled by the use of large mode
area core fiber. The Yb-doped fiber had a core diameter
of 30 μm, numerical aperture of 0.06. The Yb-doped fiber
was pumped by a laser diode operated at wavelength of
978 nm and output of 17 W. The seed pulse and pump
light were counter-propagating[8].

The second harmonic (532 nm) of the amplifier out-
put was generated by KTP and LBO crystals. The KTP
crystal was arranged at the position with a beam waist
radius of 162.4 μm. The critical phase matching of type
II (θ = 90◦, ϕ = 23.5◦) was selected for KTP, and its size
was 5×5×10 (mm). The LBO crystal was arranged at the
position with a beam waist radius of 66.2 μm and the
temperature was maintained at 148◦C. The non-critical
phase matching of type I (θ = 90◦, ϕ = 0◦) was selected
for LBO. The size was 3×3×10 (mm). The proper po-
larization orientation was selected by λ/2 plate.

Figure 2 shows the amplification characteristic of Yb-
doped fiber MOPA system of 1064 nm. When the fiber
was pumped by the maximum LD power of 17 W, the
amplified output power of 10 W was obtained with the
optical-optical efficiency of 59%. The corresponding peak
power was 71.4 kW. In this case, the average input power
of seed pulses was 0.33 W. The limit of maximum peak
power is decided by nonlinear effects in fiber rather than
optical damage in our case. SRS limits the peak power
as well.

The threshold power in relation with SRS that occurs
in fibers can be approximated as

PSRS ≈ 16Aeff

KgRLeff
, (1)

where gR is Raman gain, Aeff is the effective mode field
area, Leff is the effective fiber length and K is the po-
larization dependence factor[9,10]. It is assumed that
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Fig. 2. Fiber amplifier output power versus laser diode (LD)
power. Solid line is the linear fit for experimental results.

the absorption length effective is equal to fiber length,
because there is absorption of pump light in fiber core.
The effective fiber length can be approximated as

Leff =
1

αP
[1 − exp(−αPL)], (2)

where αP is absorption coefficient of pump light. The
effective fiber length and SRS threshold in the actual ex-
perimental condition were estimated as 720 mm and 157
kW. In the vicinity of the 1115-nm wavelength (Raman
frequency shift ΩSRS ∼13.5 THz), the Stokes component
was not confirmed.

Figure 3 shows the pulse shape of the seed pulse and
amplified pulse. The solid line is the pulse shape of the
seed pulse after passing the fiber, and the dotted line is
the amplified pulse. The wave profile of the seed pulse
looks similar to the amplified pulse, and both FWHMs
are 2.8 ns at the repetition frequency of 50 kHz.

Figure 4 shows the relation of the SHG output and
peak intensity in each crystal. For the KTP crystal, the
SHG maximum output power of 0.92 W was obtained
at the intensity of 58.6 MW/cm2. For LBO, the SHG
maximum output power of 3.3 W was obtained at the
intensity of 435 MW/cm2. The crystal damage was not
found in the vicinity of damage threshold in the two crys-
tals. Figures 5 and 6 show the SHG conversion efficiency
and mismatch as a function of the intensity for crystals
in the SHG stage and as a function of the intensity in
the fiber core. For the case of KTP, SHG efficiency in-
creases up to near the intensity of 20 MW/cm2 for KTP
crystal (2 GW/cm2 in fiber), and the mismatch does not
increase too much. At the intensity of 20 MW/cm2 for
KTP crystal (2 GW/cm2 in fiber), the SHG conversion
efficiency of 21% was obtained. At higher intensity than
20 MW/cm2 for KTP crystal (2 GW/cm2 in fiber), SHG
efficiencies begin to fall gradually and the mismatch is
still increasing. Mismatch ΔkL from the SHG efficien-
cies in the actual experiment was calculated as

ΔkL = γSN2(μ, γ), (3)

here SN(μ, γ) is the elliptic two-parametric sine (a tab-
ulated special Jacoby function). μ was calculated as
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and γ was calculated as
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where LNL is the length of nonlinear crystal that would
produce a conversion efficiency and L is the length of
nonlinear crystal[11]. For the LBO crystal, the SHG
maximum conversion efficiency of 40% was obtained.
Mismatch of LBO crystal was smaller than in KTP crys-
tal and SHG conversion efficiency of LBO crystal was
larger than in KTP crystal.

The spectral broadening by SPM is thought to be the
cause why the SHG efficiencies are lower than expected.
The spectrum in the experiment is shown in Fig. 7.

Fig. 3. Amplified pulse shape.

Fig. 4. Intensity for nonlinear crystal versus SHG power.

Fig. 5. SHG efficiency and mismatch changing with intensity
for KTP crystal and fiber core.
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Fig. 6. SHG efficiency and mismatch changing with intensity
for LBO crystal and fiber core.

Fig. 7. Normalized optical spectrum of seed pulse and ampli-
fied pulse output. Seed output power was 0.33 W. Amplified
output power was 10 W.

The solid line is the spectrum of seed pulse and the dot-
ted line is the spectrum of amplified pulse with the peak
power of 71.4 kW. The spectral bandwidths in the fre-
quency conversion are decided by the crystal. The spec-
tral bandwidth of the KTP crystal is 0.45 nm and for
the LBO crystal it is 1.1 nm. The spectrum of ampli-
fied pulse is distributed across the spectral bandwidth of
LBO in Fig. 7.

The extension of the spectrum by frequency chirp was
shown in Fig. 8. The solid line is a theoretical value of the
maximum chirp corresponding to the peak power. The
theoretical entire frequency chirp with the peak power of
71.4 kW was approximated as

Δωmax = 0.86Δωφmax, (6)

where Δω is the FWHM and φmax is the maximum non-
linear phase shift. The latter was approximated as

φmax = γP0zeff , (7)

where γ is the nonlinear coefficient, P0 is the peak power
and zeff is the effective fiber length (effective propagation
length)[12]. γ was calculated by using nonlinear refrac-
tive index, center frequency, velocity of light and effective
mode area. The dotted line in Fig. 8 is a mended line in
the half-frequency of the spectral bandwidths of the KTP
crystal. The two-point broken line is about LBO crystal.
Each of four plots shows the frequency shift from the
spectrum of amplified pulse at each spectrum intensity

Fig. 8. Frequency shift by SPM during fiber amplifying.

in Fig. 7. The component with the spectrum intensity
less than 10% of the peak is distributed out of the band-
width of LBO and generated by SPM. According to the
theory of nonlinear effect in fiber, the frequency chirp
(spectral broadening) increases along with the FWHM
of the seed spectrum, interaction length of the fiber, and
nonlinear coefficient. Therefore, by reducing the spectral
broadening, a higher efficiency of frequency conversion
can be expected by shortening the length of the fiber and
narrowing of the line width of the oscillator. It is neces-
sary to select the fiber with a high absorption cladding
to shorten the fiber length.

We developed an Yb-doped fiber MOPA system, and
the second harmonic was generated. The Yb-doped fiber
MOPA system was operated at the peak power of 71.4
kW with repetition rate of 50 kHz and slope efficiency
of 62.7%. The peak power and LD power were limited
by SRS. The pulse shape did not change before and af-
ter amplification. In SHG, the LBO crystal was able to
improve the conversion efficiencies more effectively than
the KTP crystal. Moreover, it was shown that narrow-
ing of the line width of the oscillator and choosing the
fiber with a high absorption cladding to shorten the fiber
length are thought to be effective to reduce the frequency
shift by SPM. In the future work will be done to improve
the SHG conversion efficiency and power, and research
higher harmonics generation.

H. Sunaga’s e-mail address is 5asnm013@keyaki.cc.u-
tokai.ac.jp.
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