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ABSTRACT Non-resonant frequency conversion into the blue,
green, orange, and red spectral regions is reported. Fundamen-
tal light sources were continuous-wave non-planar monolithic
single-mode ring Nd : YAG lasers as well as a standing-wave
multi-mode Nd : YAG laser. Periodically poled KTiOPO4 was
employed as the nonlinear medium, but the considerations could
also be applied to other periodically poled materials. A multi-
pass scheme resulted in a normalized conversion efficiency as
high as 27.2 % W−1 for frequency doubling in the small-signal
regime at 1064 nm.

PACS 42.65.Ky; 42.79.Nv; 42.70.Mp

1 Introduction

For many years birefringent phase matching with
angle tuning was used for nonlinear frequency conversion.
However, this technique only allows utilizing a limited num-
ber of nonlinear coefficients. For example, the large values
of d33 in LiNbO3 and KTiOPO4 are not available with bire-
fringent phase matching. As a consequence, high intensities
were needed to achieve efficient frequency conversion. This
was achieved by pulsing the laser, coupling single-frequency
radiation into an external cavity, or placing the nonlinear crys-
tal directly into the laser cavity. All these techniques have
their drawbacks: only a limited number of applications are
addressed with pulsed lasers. Employing an external cavity re-
quires complicated electronics and the intra-cavity approach
suffers in most cases from stability problems.

By the recent introduction of quasi-phase matching
(QPM) in bulk frequency conversion, some of these difficul-
ties have been reduced. By use of non-critical phase matching,
walk-off can be avoided and hence longer crystals used with-
out beam-quality degradation. Furthermore, a wider trans-
parency range can be used, as the full transmission range is
available by choosing the appropriate QPM grating. And, fi-
nally, the crystal axis with the highest nonlinear coefficient
can be phase matched, leading to drastically enhanced con-
version efficiency in many cases. Today two groups of crystals
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have successfully been periodically poled (PP) and employed
for bulk QPM frequency conversion, those from the LiNbO3

family (LiNbO3, LiTaO3, and KNbO3 [1–3]) and those from
the KTiOPO4 (KTP) family (KTiOPO4, RbTiOAsO4, and
RbTiOPO4 [4–7]).

The first high conversion efficiency second-harmonic
generation (SHG) experiments with PP crystals were done
in LiNbO3 by Miller et al. [8]. Compared to angle phase-
matched LiNbO3, the normalized conversion efficiency in-
creased by one order of magnitude to 1.7 % W−1 cm−1 using
a 53-mm-long sample and a fundamental power of 6.5 W.
Later on, KTP was successfully poled and used for SHG [9].
Its normalized conversion efficiency is slightly lower than for
LiNbO3 (1.1 % W−1 cm−1 in single pass, 2.8 % W−1 cm−1 in
double pass [10]), but it is rather insensitive to photorefrac-
tive damage, even when used at room temperature, which
makes it particularly useful for experiments in the visible
spectral range. Periodically poled crystals have also been used
in waveguide configurations [11] and then the conversion ef-
ficiency is high even at moderate pump powers. This is due
to the confinement effect of the waveguide. However, the out-
put power has been limited to approximately 100 mW in these
cases due to various types of damage.

In this letter, we provide a method for optimizing fre-
quency conversion with PP materials in general, and with
periodically poled KTP (PPKTP) in particular. We first in-
troduce the theoretical background of quasi-phase matching
and its potential to obtain a high SHG efficiency for a single-
pass and then a multi-pass geometry. It follows the framework
given by Fejer et al. [12]. Then we discuss some limitations
that appear in practice. To some extent this was done al-
ready in [13], but only for the single-pass configuration. The
calculations lead to a strategy, which was applied for the ex-
periments. There we tried to consider and investigate all the
possible limitations. Altogether this resulted in an experimen-
tal SHG conversion efficiency as high as 27.2 % W−1. To the
best of our knowledge, this represents the highest value ever
achieved for a non-resonant frequency-converting scheme in
a bulk nonlinear medium.

2 Introduction to QPM

Efficient energy transfer in nonlinear frequency-
conversion processes requires phase matching, i.e. main-



212 Applied Physics B – Lasers and Optics

x

z

y

FIGURE 1 Geometry of the periodic polarization reversal in PPKTP

tenance of a constant phase relation between the interact-
ing waves during their propagation through the nonlinear
medium. This can be obtained by QPM, where an artificially
engineered spatial modulation of the nonlinear coefficient
(periodic polarization reversal, see Fig. 1) is used to period-
ically reset the accumulated phase error between the driving
and the generated waves [14]. The wave-vector mismatch
for the mth-order QPM second harmonic generation (SHG)
collinear process is expressed as

∆kQ = k2ω −2kω −kG, (1)

with the grating vector

|kG | = m
2π

Λ
, (2)

where the period Λ is twice the coherence length for the inter-
acting waves. Manufacturing a period of 9 µm for first-order
(m = 1) SHG at 1064 nm is state of the art for KTP. For shorter
wavelengths, dispersion increases rapidly and the coherence
lengths become on the order of a few µm. Periods as short
as 2.95 µm have already been realized in KTP for SHG at
780 nm [15], but the fabrication is still rather difficult over
large areas.

Let us, for the sake of simplicity, assume that the fab-
ricated structure is ideal (the influence of imperfections is
treated in [12, 16]) and has an optimum duty cycle for the
polarization reversal. The effective nonlinear coefficient deff

is then reduced by the Fourier amplitude of the mth spatial
harmonic of the mth spatial harmonic of the rectangular mod-
ulation of the relevant nonlinear coefficient dij .

deff = 2

mπ
dij . (3)

In our experiments, we used light polarized along the z axis of
KTP, which corresponds to use of dij = d33 = 16.9 pm/V. The
equation for SHG with a Gaussian beam profile is [17]

PSHG = Klkω P2
F he−αl, (4)

with the coupling constant

K = 2ω2d2
eff

πn2ωn2
ωε0c3

, (5)

the focusing-dependent numerical value h (Boyd–Kleinman
factor), the absorption coefficient α, and the crystal length l.
The conversion efficiency in the high-conversion regime, i.e.
when we have pump depletion, is

η(PF) = tanh2
[(

Klkω PFhe−αl)1/2
]
. (6)

It is proportional to d2
eff, although reduced by the factor

(2/mπ)2, still several times larger than for a conventional
birefringent phase-matched interaction. In a first-order QPM
SHG interaction in KTP it is on the order of 10 due to the
high d33 coefficient utilized, which is not accessible in angle-
tuned birefringent phase matching. Depending on the inter-
acting wavelengths and the quality of the grating structure,
deff can reach values up to 11 pm/V (with birefringent phase
matching up to 3.3 pm/V). With confocal focusing, h is maxi-
mized, and the normalized conversion efficiency for SHG
reaches more than 1.1 % W−1 cm−1 with diffraction-limited
single-frequency radiation at 1064 nm. In the plane-wave case
the second-harmonic (SH) field grows quadratically with the
crystal length, but for a focused Gaussian beam it grows only
linearly with the crystal length. This can be overcome by re-
flecting the beam and then refocusing it N times through the
crystal. The efficiency then scales with N2l (Imeshev et al.
reported an enhancement with a factor of 3.7 for refocus-
ing a second time [21]). Therefore, this is a very appealing
technique for frequency conversion of broadband fundamen-
tal pump sources, since the bandwidth decreases with only Nl.

3 Limitations for harmonic generation

3.1 Acceptance bandwidths

Even under optimized focusing conditions and
using diffraction-limited beams, the SHG conversion effi-
ciency can be reduced by means of wavelength, tempera-
ture, and angular acceptance bandwidth limitations. In other
words, the conversion efficiency will be affected if the line
width of the fundamental laser source is in the range of or
larger than the wavelength acceptance bandwidth of the QPM
crystal [16]. For a perfectly uniform grating, the wavelength
acceptance bandwidth is given by [12]

∆λFWHM = 0.4429λF

l

[
nSH −nF

λF
+ ∂nF

∂λF
− 1

2

∂nSH

∂λSH

]−1

. (7)

The SHG wavelength-tuning bandwidth for a 1-cm-long PP-
KTP sample in confocal focusing is plotted in Fig. 2. Here we
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FIGURE 2 Calculated wavelength acceptance bandwidth as a function of
the fundamental wavelength for type-I QPM SHG in a 1-cm-long PPKTP
crystal
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FIGURE 3 Simulated wavelength-tuning curves for SHG in a 0.5-cm-long
PPKTP crystal (Λ = 6.09 µm). The small-signal regime is shown as well as
the large-signal regime where SH absorption induces substantial temperature
fluctuations in the sample

used [19] to calculate the derivatives of the refractive indices
with wavelength. The sinc-tuning curve for SHG with a fun-
damental wavelength of 946 nm (Λ = 6.09 µm) is shown in
Fig. 3. In this figure we also demonstrate the effect of non-
uniform crystal heating due to SH absorption. We assume
a heating process giving rise to a temperature increase pro-
portional to the square of the SH amplitude. To fit with the
experiments we chose it to be 2 W at the end of the crystal.
We refer to [20] as a tool for calculating these temperature
gradients. It is clearly seen that in the large-signal regime the
relative conversion efficiency decreases and the acceptance
bandwidth narrows. We will give experimental proof of this
effect in Sect. 4.5.

Besides ∆λ, the temperature acceptance bandwidth is an-
other important variable in our experiments. It has to be large
enough to overcome the effect raised by temperature gradients
in the crystal and it determines the requirements for the stabil-
ity of the temperature controller. With a fixed wavelength, it
can be expressed as [12]

∆TFWHM =0.4429λF

l

×
[

∂nSH

∂T

∣∣∣∣
T0

− ∂nF

∂T

∣∣∣∣
T0

+α(nSH −nF)

]−1

. (8)

The angular acceptance bandwidth, ∆ϕ, is important when
focusing with large numerical aperture or when employ-
ing a double-pass scheme where the angle formed between
the forward- and backward-propagating beams is non-zero.
When the PPKTP sample is rotated around the z axis away
from ideal non-critical phase matching, Fejer et al. [12] deter-
mined:

∆ϕ = 2

√
1.772

nSHG

nF

Λ

2l
cos ϕ. (9)

Here ϕ is defined as the angle between the wave vector for the
incident fundamental beam and the pseudo-momentum vector
associated with the periodic lamellar domains.

∆λ ∆T ∆ϕ

0.27 nm/cm 5.94 K/cm 3.26 ◦/cm1/2

TABLE 1 Acceptance bandwidths as a function of crystal length l at a fun-
damental wavelength of 1064 nm

In Table 1 we have calculated the three different SHG
acceptance bandwidths as a function of crystal length for PP-
KTP utilizing d33 interaction and a fundamental wavelength
of 1064 nm.

3.2 Linear phase-front distortion

Despite the problems, which arise from bandwidth
limitations, there is one effect that exclusively occurs when
QPM materials are applied in multiple-pass schemes. Ime-
shev et al. first pointed out that the phase front of the harmonic
beam that propagates across the output boundary of the crystal
would be subjected to a linear distortion arising from an angle
θ , formed by the grating and the output boundary [21]. This re-
sults, under certain conditions, in destructive interference ef-
fects when the beam is reflected back for a second frequency-
converting step (see Fig. 4). Moreover, the beam quality and
the conversion efficiency will decrease, depending on the
beam radius and the angle θ . In [21], this problem is treated
in detail. Extensive simulations using both three-dimensional
and plane-wave calculations were performed in [22]. Here, we
just want to give the equation that approximates the wedge
angle θ95%, where the SH power is reduced by ≈ 5%:

θ95% ≈ 0.2Λ

2ωb
, (10)

with the fundamental beam radius ωb (at 1/e2 of the intensity)
at the crystal boundary that causes the phase-front distortion.
For small distortions, one can estimate that the beam quality
degrades by the same amount as the SH power [21]. There-
fore, the M2 value is 1.05 for the 95% case. However, in
Sect. 4.5 it will turn out that (10) is not accurate enough. We
solved this problem numerically by assuming that the double-
pass conversion efficiency changes sinusoidally when trans-
lating an infinitely small back-reflected beam over the crystal
boundary in the y direction [21]. The total normalized conver-
sion efficiency, ηtot, of the beam is then just the integral over
its Gaussian profile, multiplied with the phase-shift-induced
modulation. As a result, one can then obtain ηtot not only for

θ b2ω
θ

FIGURE 4 Schematic sketch of a double pass through a periodically poled
medium. θ is the angle formed by the grating structure and the crystal bound-
ary, while the beam radius at this boundary is ωb
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FIGURE 5 The reduction of the conversion efficiency to ηtot, when em-
ploying a normalized beam radius ωb/lb to a wedged PPKTP. The crosses
show the experimental data. The circle is calculated from (10) and the curve
is obtained from (11)

one set of ωb, Λ, and θ , but for any combination:

ηtot =2

∞∫
0

exp(−2(ω′
b/ωb)

2)

× 1

2
(1 + cos(4πω′

b/lb))dω′
b, (11)

with lb = Λ/ sin(θ) and the integration variable ω′
b. The nu-

merical solution leads to the curve in Fig. 5. Here, the normal-
ized conversion efficiency is plotted against the normalized
beam radius ωb/lb. In Sect. 4, we will try to verify (10) and
(11) and give quantitative experimental data.

3.3 Optimizing the SHG efficiency

From the above-mentioned effects, one can de-
velop guidelines for optimizing the frequency conversion.
The first thought, taking a crystal as long as possible and per-
forming as many passes as possible with a wedge as small as
possible, will soon see its practical limitations. To overcome
the acceptance bandwidth problems, two main points should
be taken into account. Most important, the fundamental laser
should have a narrow line width or ideally oscillate in a single
mode. Furthermore, an N-pass scheme through a short crystal
should be performed rather than a single pass through a long
crystal. This is because the efficiency increases with N2l when
the beam is re-imaged with the same spot size, while the ac-
ceptance bandwidth scales with (Nl)−1 only. A single-pass
scheme shows the same bandwidth behavior, but the effi-
ciency scales only with Nl. These considerations are particu-
larly important for the large-signal case, as shown in Fig. 3,
where thermally induced perturbations limit the available ac-
ceptance bandwidth even further. For a more quantitative es-
timation, one can use the theory presented in [18] and deter-
mine the relation between the SHG efficiency and the ratio of
the incident pump line width to the crystal acceptance band-
width (see Fig. 6). Together with the above-presented equa-
tions, this leads to a solution that makes a balance between
complexity and total SHG efficiency. In other words, a large

FIGURE 6 SH power, generated with a multi-mode pump as a function
of pump line width. The output power is normalized by the corresponding
single-mode case, and the line width is normalized by the acceptance band-
width of the crystal. The solid line is obtained from [16]; the squares show
the experimental data

number of passes through a very short crystal may lead to ex-
cellent SHG efficiency, but it may also exceed the acceptable
amount of complexity (multiple mirrors with precise control
needed).

4 Experimental results and discussion
4.1 Fundamental laser sources

For all the systematic investigations presented in
this article, we used diode-pumped non-planar monolithic
ring oscillators (NPROs). They are well-known sources of
ultra-stable, continuous-wave single-frequency radiation with
output powers exceeding 2 W [23]. Operation at 1064 nm
has been reported as well as at 946, 1319, 1357, 1440, and
2020 nm (InnoLight GmbH). These lasers can be rapidly
tuned via a piezoelectric element (1–2 MHz/V, 100-kHz
modulation bandwidth) and also slowly by controlling the
laser-crystal temperature (≈ 3 GHz/K). Due to the monolithic
design, the spectral line width is typically 1 kHz over a 100-ms
time period. Although these properties make NPROs perfectly
suited for our needs, we will also compare their performance
as fundamental light sources with that of a regular multi-mode
laser. It was a diode-pumped Nd : YAG laser with a linear
flat–flat cavity and a line width of ∆λ = 0.30 nm, centered
at 1064 nm. The beam quality of all the lasers employed was
close to diffraction limited and the polarization was linear.
The maximum output power was 3.4 W for the NPRO and 8 W
for the multi-mode laser.

In the first set of experiments, we used the NPROs to
evaluate the effective nonlinear coefficient of the different PP-
KTPs in a simple single-pass scheme with confocal focusing.

4.2 Evaluating deff of each crystal

In a first set of experiments we studied single-pass
SHG and sum-frequency generation (SFG) in PPKTP using
NPROs at 946, 1064, and 1357 nm. By this we get data on the
various samples, which could be used to understand the multi-
pass experiments to come. The PPKTPs were flux-grown and
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Sample λF Λ L η deff
[nm] [µm] [cm] [W−1 cm−1] [pm V−1]

1 946 6.09 0.84 1.06 9.8
2 1064 9.00 0.9 0.82 10.2
3 1064 9.00 2 1.05 11.8
4 1064 9.00 3 0.95 11.5
5 1064+1357 12.77 0.9 0.53 9.9
6 1357 17.71 0.65 0.34 9.4

TABLE 2 Data on the PPKTP samples evaluated in the experiments

poled according to the process described in [6]. It should be
noted that all crystals had a uniform grating structure. The
influence of non-uniform grating structures on the nonlinear
process is presented in [12].

In the first experiment we used an 8.4-mm-long sample
with a period of 6.09 µm for first-order QPM SHG of 946-nm
radiation. The continuous-wave NPRO had an output power
of 1.57 W at 946 nm. A blue power of 22 mW was obtained in
single-pass frequency doubling, which corresponds to a nor-
malized efficiency of 1.06 % W−1 cm−1 and deff = 9.8 pm/V.
In the second experiment, we used a 9-mm-long sample with
a period of 9.00 µm. Focusing the output power of 1 W at
1064 nm from an NPRO confocally into this crystal resulted in
a green SH power of 7.4 mW. This corresponded to a normal-
ized efficiency of 0.82 % W−1 cm−1 and deff = 10.2 pm/V.
The same experiment was repeated with 2-cm- and 3-cm-
long crystals. The deduced effective nonlinearities were here
deff = 11.8 and 11.5 pm/V, respectively. Frequency conver-
sion into the red spectral region was done by doubling the out-
put of a NPRO at 1357 nm. A fundamental power of 550 mW,
focused into an uncoated 6.5-mm-long PPKTP with a period
of 17.71 µm, resulted in a red power of 0.58 mW. Taking into
account the Fresnel losses, this corresponds to a normalized
efficiency of 0.34 % W−1 cm−1 and deff = 9.4 pm/V. In [24],
we generated 16.7 mW of orange light at 596 nm with a nor-
malized efficiency of 0.53 % W−1 cm−1 and deff = 9.9 pm/V
by SFG between a NPRO at 1064 and 1357 nm. All these re-
sults are summarized in Table 2.

4.3 Experimental acceptance bandwidths and
conversion efficiencies for different SHG schemes
After determining the potential of each crystal, we

tried to increase the conversion efficiency by employing dif-
ferent schemes. This could be done for all the crystals, but we

L N ∆Texp ∆Ttheo ∆λexp ∆λtheo ∆ϕexp ∆ϕtheo ηexp ηtheo,ideal ηtheo
[cm] [K] [K] [nm] [nm] [deg] [deg] [% W−1] [% W−1] [% W−1]

0.9 1 6.02 6.60 0.30 4.1 3.3 0.74 0.74 0.74
2 2.81 3.30 0.15 2.39 2.96 2.75
4 1.06 1.65 0.075 7.19 11.84 9.54

2 1 2.39 2.97 0.13 2.6 2.3 2.10 2.10 2.10
2 1.05 1.49 0.067 7.45 8.40 7.50
4 0.49 0.74 0.033 0.034 21.53 33.60 25.44

3 1 1.79 1.98 0.090 1.7 1.9 2.86 2.86 2.86
2 0.77 0.99 0.048 0.045 9.70 11.44 9.50
4 0.43 0.49 0.027 0.022 27.31 45.76 26.26

TABLE 3 Experimental and theoretical bandwidths for samples 2, 3, and 4 in single-, double-, and quadruple-pass schemes, together with the measured
small signal conversion efficiencies. For the ideal efficiency ηtheo,ideal, we only multiplied with N. For the real case ηtheo, we considered absorption and
interference as well as pump depletion effects

restrict the experiments to SHG at 1064 nm, since the schemes
are wavelength independent. The only difference would be
the conversion efficiency (the conversion efficiency depends
quadratically on the frequency of the radiation, see (6)) and an
increasing absorption coefficient at lower wavelengths.

To verify the theoretically predicted limitations of SHG
in PPKTP (see Sect. 3.1), we evaluated the acceptance band-
widths of the three 1064-nm samples specified above in
single-, double-, triple-, and quadruple-pass combinations ex-
perimentally (see Fig. 6). For the double and triple passes, we
used a uni-directional beam path. This was impossible for the
quadruple pass, since the width of our crystals was limited.
Here, we performed first a double pass and then directed the
beam back again. It was then necessary to use a Faraday isola-
tor to prevent destabilizing effects due to back-coupling into
the laser cavity. All the basic bandwidth investigations were
done in the small-signal regime (100-mW pump power at
1064 nm) to avoid the thermal perturbations that occur due to
green and IR absorption in PPKTP. In all schemes, we focused
and refocused confocally according to [17].

By temperature tuning the PPKTP in the single-, double-,
and quadruple-pass schemes, we obtained the FWHM tem-
perature acceptance bandwidths. They scaled from ∆T =
6.02 K for single-pass SHG with the 0.9-cm-long sample to
∆T = 0.43 K for quadruple-pass SHG with the 3-cm-long
sample. As can be seen in Table 3, where the results are col-
lected, one can find a reasonably good agreement between
experiments and calculations. Small deviations can be ex-
plained by the non-ideal temperature-control loop (it was not
possible to perfectly isolate the PPKTP mount).

The wavelength acceptance bandwidths were determined
by tuning the temperature of the NPRO (see Sect. 4.1). This
was restricted to the schemes where the bandwidth was two
times smaller than the tuning range of the NPRO (∆ν ≈
8 GHz). This method turned out to be very accurate and
a bandwidth as narrow as 0.027 nm was measured for the
quadruple-pass SHG, in good agreement with the theoretical
estimate of 0.022 nm.

Finally, the angular bandwidth was investigated. The PP-
KTP samples were rotated around their z axis and the FWHM
angular acceptance bandwidth was determined for the single-
pass scheme. This measurement was calibrated by studying
reflection of a He–Ne laser beam on the input surface and
measuring the angular deflection. The experimental results
again show good agreement with the theoretical values (see
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Table 3). For example, the 3-cm-long sample gives ∆ϕ = 1.7◦
experimentally, compared to ∆ϕ = 1.9◦ obtained from (9).

4.4 Experimental consequences of acceptance
bandwidth limitations
At first sight, the extremely narrow spectral line

width of the NPRO gave no reason to assume a degradation of
the conversion efficiency even in the scheme with the small-
est acceptance bandwidth. If this is true, then the deviation
between experiment and theory (see Table 3) must originate
from other loss mechanisms. For example, a quadruple pass
through the 2-cm-long PPKTP should theoretically give an
enhancement of 16 times compared to the single-pass SHG
(see Sect. 3.2), but experimentally it only gave a 10 times en-
hancement (see Table 3). One already predicted contribution
for the degradation is the phase-front distortion at the output
boundary of the PPKTP (see Sect. 3.2). In Sect. 4.5, this prob-
lem will be treated in detail. Other contributions are quickly
found. First, there are coating losses at the input and output
surfaces of the PPKTP sample and the mirrors. Furthermore,
there are absorption losses in KTP, which are non-negligible.
In [25], the absorption coefficients have been measured to
be α ≈ 0.025 cm−1 at 532 nm and α < 0.01 cm−1 at 1064 nm
for radiation polarized along the z axis, but it is well known
that there are significant variations between samples, par-
ticularly between those fabricated by different growth tech-
niques. In our case we measured α ≈ 0.041 cm−1 at 532 nm
and α < 0.006 cm−1 at 1064 nm in a single-pass configura-
tion. We have concluded that the absorption and the coating
losses contributed to half of the degradation while the other
half was caused by phase-front distortion (quantitative data
on the losses due to phase-front distortion will be given in
Sect. 4.5). In the case of the NPRO, the efficiency was not
limited by the acceptance bandwidths.

In contrast, SHG with the multi-mode laser is dominated
by acceptance bandwidth limitations. One can see here a clear
relation between the ratio of the incident pump line width
to the crystal acceptance, and the conversion efficiency. We
verified the theory presented in [16] by frequency doubling
the multi-mode Nd : YAG laser in several SHG schemes with
different acceptance bandwidths. The experimental results fit
the theory quite well, as shown in Fig. 7. The consequences
of this effect are also seen when comparing temperature-
tuning curves for a small and a large normalized pump line
width (ratio between pump line width and wavelength accept-
ance bandwidth). The two curves in Fig. 8 were taken with

FIGURE 7 Schematic sketch of the set-up for frequency doubling the out-
put of a NPRO in a quadruple-pass scheme through PPKTP. The wave plates
are used to linearize the polarization of the fundamental beam, before propa-
gating through the Faraday isolator FI and the beam splitter BS
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FIGURE 8 Experimental temperature-tuning curves under multi-mode and
single-mode pumping in the large-signal regime. The generated SH power is
0.8 W

a double-pass scheme through sample 3 (2-cm long). We gen-
erated the same SH power (800 mW) when using 7.3 W of
multi-mode pump power in the first case and 3.4 W of single-
frequency pump power in the second case. One can clearly see
how a large normalized pump line width spreads out the tem-
perature tuning. From this, it becomes obvious that the first
thing to consider when designing for a high SH conversion ef-
ficiency in a multi-pass experiment would be the normalized
pump line width.

We performed an additional experiment to visualize this
further. We compared a triple-pass SHG through a 5-mm-long
PPKTP with a double pass through a 2-cm-long PPKTP using
a power of 8 W from the longitudinal multi-mode laser. In the
first experiment we obtained a SH output of 1.61 W and in the
latter 1.23 W, which is more than 23% lower. This is in sharp
contrast to what would have been obtained using a single-
mode laser where the latter case would have given almost
twice as high a SH output power as the first. A summary of the
SH output powers and conversion efficiencies for the different
schemes is given in Table 5.

4.5 Experimental consequence of wedge angle θ

In this section we investigate the problems that
occur due to the angle formed between the grating and the
crystal boundary. It might be possible to polish the crystal
face in such a way that this angle becomes zero, but it is in
practice very difficult to control the thickness of the last do-
main and hence the phase shift between the fundamental and
the SH wave for the second pass through the crystal. How-
ever, with the dispersion in air, this could be corrected on
the way back and forth between the crystal and the reflecting
mirror. Between light at 1064 and 532 nm, the phase shift is
0.29 π/cm [26] in air at room temperature for standard pres-
sure. Mirrors with different radii of curvature could be used to
support the needed phase correction. Pearl et al. presented an-
other solution. A thin glass plate was inserted into the cavity
and the dispersive path length was controlled by tilting it [26].
Although we proved both methods to work well, they are not
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Sample θS1 θS2 ωb θ95% (10) θ95% (11)
[mrad] [mrad] [µm] [mrad] [mrad]

2 12.2 11.8 30.6 29.0 21.2
3 9.0 8.6 43.2 20.9 15.0
4 15.0 15.0 53.0 17.0 12.2

TABLE 4 Wedge angles for both sides of samples 2 to 4, as well as the
beam radius at the crystal boundary ωb and the angle where the conversion
efficiency should drop to 95% of the maximum value (calculated with (10)
and (11))

needed in our experiments, since the PPKTPs are cut with
an arbitrary wedge angle and we corrected the phase shift by
translating the PPKTP in the y direction [21].

To verify (11), we first needed to determine the wedge an-
gles θ . This was done by performing a double pass through
the crystals while observing the SH-power modulation that
occurs when translating the back-reflected beam in the y di-
rection over the whole crystal aperture. From the number of
maxima and minima it was possible to deduce the wedge
angles. They are given in Table 4 for both sides of samples
2 to 4, together with the fundamental beam radii ωb at the
crystal input and exit surfaces and the maximum allowable
wedge angle, obtained from (10). To investigate the influence
of ωb on the conversion efficiency, we translated the PPKTP
in the x direction, instead of changing the focusing strength.
Then we compared the ratio of single-pass and double-pass
SH power. Moving the crystal closer to the reflecting mirror
results in a larger ωb and hence a larger phase-mismatched
part of the beam. This is shown in Fig. 5, where the above-
mentioned ratio is plotted against ωb for PPKTP sample 3.
A comparison with the theoretical predictions is also made.
Even if (11) describes the experimental results better than
(10), the discrepancy is still quite large. One reason for this be-
havior may be that we also changed the waist location when
translating the PPKTP. Therefore, optimum refocusing is no
longer guaranteed. Another reason lies in the plane-wave na-
ture of (11). It is an adequate but not perfect simplification
in our case. For getting more precise theoretical predictions,
one would need to consider the Gaussian nature of the beams.
However, this would lead to complicated calculations and was
hence intentionally left out of this work.

4.6 Experimental consequences of SH absorption
induced temperature perturbation
As mentioned previously, PPKTP has substantial

absorption in the green, as well as in the IR spectral region. To-
gether with rather low heat conductivity, this leads to a notice-
able temperature perturbation at modest signal power. Tem-

Scheme Multi-mode SH power ηexp,multi-mode Single-frequency SH power ηexp,single mode
[W] [% W−1] [W] [% W−1]

Single pass 0.5 cm 0.53 0.83
Double pass 0.5 cm 1.10 1.72
Triple pass 0.5 cm 1.61 2.52
Single pass 2 cm 1.00 1.56
Double pass 2 cm 1.23 1.92 0.83 7.18
Quadruple pass 2 cm 1.42 12.28
Quadruple pass 3 cm 1.56 13.49

TABLE 5 Highest experimental
SH powers and conversion efficien-
cies achieved in the different schemes
with 8 W of multi-mode and 3.4 W of
single-frequency pump power

FIGURE 9 Experimental temperature-tuning curves for a quadruple pass
through a 3-cm-long PPKTP with a single-mode laser as pump source. The
line with squares is for the small-signal case; the other lines are for 1.34,
2.33, and 3.35 W, respectively

FIGURE 10 Experimental wavelength-tuning curves for a quadruple pass
through a 2-cm-long PPKTP with a single-mode laser as pump source. The
line with squares is for the small-signal case; the other lines are for 1.34 and
2.33 W, respectively

perature, wavelength, and angular acceptance bandwidths are
then inevitably affected.

Indeed, the phase-matching curves differ substantially
from the small-signal one when scaling the NPRO output
power up to 1.34 W (see Figs. 9 and 10). At higher power
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(from around 2.3 W), we could even observe hysteresis ef-
fects for the temperature phase-matching curve, which means
that the temperature-tuning curve differed slightly depend-
ing on if the scan was done by increasing or decreasing the
temperature. For example, with a pump power of 3.4 W and
a quadruple pass through the 3-cm sample, the position of the
steep lower flank of the temperature tuning was 0.5 ◦C higher
when tuning from lower to higher temperature, compared to
the one obtained when tuning in the opposite direction.

The effect on the normalized conversion efficiency is of
course strong but weaker for the NPRO, since it has such
a small normalized pump line width. With this laser running
at maximum power (3.4 W), the conversion efficiency de-
creased from 27.3 % W−1 to 13.4 % W−1 for the quadruple
pass through the 3-cm-long crystal and from 21.3 % W−1 to
12.7 % W−1 for the 2-cm-long crystal. We have plotted the
degradation of the normalized conversion efficiency for the
different schemes in Fig. 11. Although it seems that the nor-
malized efficiency for the quadruple-pass schemes flattens out
at higher pump powers, it should be clear that the hystere-
sis effect decreases the practicality, meaning that temperature
control for stable output power gets more and more difficult.
However, we did not exceed this limit with the powers em-
ployed in our experiments. To conclude the investigation, we
measured the SH power slope efficiencies. They are shown in
Fig. 12 for the three different schemes. In all cases, the output
power grows continuously without any visible turn over.

It should be mentioned that these results were only pos-
sible to be obtained with careful mounting of the PPKTP crys-
tals. We glued the crystals into temperature-controlled copper
mounts consisting of a base plate and a top cover to mini-
mize thermal fluctuations and to guarantee optimum thermal
contact.

When the multi-mode laser was frequency doubled a com-
pletely different behavior was observed. The wide line width
reduces the normalized conversion efficiency much more than
it did for the NPRO. In the experiments we found it not use-
ful to employ a scheme with a larger normalized line width
than 4, which was equivalent to a double pass through the

FIGURE 11 Degradation of the normalized conversion efficiency vs. single-
mode pump power for different schemes

FIGURE 12 SH output power slope efficiency for single-mode pump in dif-
ferent schemes

2-cm-long PPKTP. In this case, the normalized conversion ef-
ficiency drops by 60% in the large-signal regime using the
multi-mode laser (8 W at 1064 nm) but only by 22% with the
NPRO (3.4 W at 1064 nm). It can be seen in the low-signal
regime that multiple passes through a shorter crystal is advan-
tageous. We achieve 4.71 % W−1 for a double pass through
the 2-cm crystal and 4.92 % W−1 for a triple pass through
the 0.5-cm crystal. The difference is even bigger in the large-
signal regime. We obtain a maximum conversion efficiency of
2.52 % W−1 for a triple pass through the 0.5-cm-long PPKTP
and 1.92 % W−1 for a double pass through the 2-cm crystal
(see Table 5). Although the green power of 1.61 W is close to
the one obtained with the NPRO, the needed pump power of
8 W is much higher (as expected from Fig. 7).

5 Conclusion

This study highlights the potential of SHG with
PP media. We have investigated possible optimizations in SH
output power generation using multiple passes through PP
crystals of fixed length, both theoretically and experimentally.
By using the guidelines, summarized in Sect. 3.3, and con-
firmed by the experimental results in Sect. 4, one can find an
optimum scheme for any laser with defined line width and
power. To the best of our knowledge we have hereby been able
to generate the highest conversion efficiency ever reported for
a non-resonant SHG scheme using a continuous-wave laser in
a bulk nonlinear crystal. Power scaling to close to 2 W of SH
power at 532 nm was demonstrated.
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