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ABSTRACT The diffusion bonding technique has many appli-
cations in non-linear frequency-conversion processes. Unfortu-
nately, when used for bonding periodically poled crystals, the
periodic patterns have to be very precisely matched for efficient
conversion. We investigated theoretically and experimentally
this effect, in two configurations of increasing the length or the
thickness of a crystal. We found that the sensitivity to the rela-
tive periodic domain match is much more severe for the case of
increasing the crystal length with respect to increasing its thick-
ness. Furthermore, even for symmetric pump illumination with
respect to the interface between two crystals, an asymmetric in-
tensity distribution may be obtained in the second harmonic.
We have experimentally measured the second harmonic power
modulation caused by varying the relative domain match at the
interface between two attached, but unbonded crystals. A novel
configuration for the domain patterns is proposed, which lim-
its the degradation of the generated light caused by the domain
mismatch.

PACS 42.65.Ky; 42.70.Mp; 77.84.-s

1 Introduction

Quasi-phase matching (QPM) in ferroelectric crys-
tals is a well-established technique for efficiently generating
coherent radiation at wavelengths for which direct and effi-
cient lasing is difficult [1].

The QPM technique has several advantages that made it
widely used lately, among which are the ability to engineer
new processes using the highest non-linear coefficient of the
crystal, the lack of double refraction, the ability to set the
phase matching at a chosen temperature and wavelength, etc.

In using non-linear crystals for high-power applications,
the damage threshold as well as thermal-lensing limitations
require the use of thick and long crystals. Periodic poling
technology and crystal-growth abilities have some limitations
to produce thick and long periodically poled crystals. The
thickness of the periodically poled crystals is limited in ma-
ture periodic poling techniques such as electric poling by
technical complexities typically to 0.5–1 mm [2]. 3-mm-thick
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RbTiOAsO4 (RTA) crystals have been periodically poled [3],
but this cannot be achieved in many kinds of crystals, such as
KTiOPO4 (KTP) and LiNbO3. Although there is a potential
for direct poling of stoichiometric periodically poled LiNbO3

(PPLN) and periodically poled LiTaO3 (PPLT) using modest
coercive fields (and hence a potential for thicker crystals), this
potential has not been established yet. As the width of these
crystals can be 30 times their thickness – elliptical beams
can use the available aperture more effectively [4], however
the need to shape the beam might cause difficulties and the
method is not robust enough. The length of the crystal is also
limited, by crystal-growth techniques, to lengths of ∼ 50 mm
in LiNbO3 [5] and ∼ 30 mm in KTP [6]. Several ways to
overcome the length limitation have been offered including
a double-pass configuration with wedged-crystal [7] or air-
based [8, 9] phase correction. These methods are usually more
complex than single-pass frequency conversion.

All these drawbacks can be overcome using the diffu-
sion bonding (DB) technique, which enables a perfect optical
connection between two originally separated crystals, as de-
scribed by several authors for LiNbO3 to LiTaO3 bulk crys-
tals [10], LiNbO3 to LiNbO3 bulk crystals [11], and periodi-
cally poled LiNbO3 [12, 13]. The technique also embodies the
potential for three-dimensional shaping of the non-linear co-
efficient. Diffusion bonding is also used to compensate walk-
off in bulk KTP birefringently phase-matched frequency con-
verters [14].

A drawback of this technique when used with periodi-
cally poled crystals is its high sensitivity to the relative period
of the bonded crystals. This was first discussed by Missey
et al. [12], for the case of increasing the cross section of the
non-linear interaction by diffusion bonding two crystals. In
the ideal case of a perfect match between the domains in the
bonded crystals, the two bonded crystals will function as one
thicker crystal. However, the domain matching is not perfect
in general, causing a severe degradation in the non-linear pro-
cess efficiency. Although domain self-adjustment had once
been mentioned [13], the phenomenon has not been well es-
tablished yet, and therefore we disregard it throughout this
paper.

In this paper, the effect of efficiency degradation owing
to domain mismatch between two bonded crystals is modeled
for a second harmonic generation (SHG) process of Gaus-
sian beams, using numerical simulation. Two different dif-
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fusion bonding configurations were simulated for the cases
of increasing the length and the thickness of a periodically
poled material. The experimental and analytical results are
presented for two periodically poled KTP (PPKTP) crystals,
which are shifted one against the other in order to simulate
different mismatches of domains.

In Sect. 2, the motivation for diffusion bonding period-
ically poled crystals will be reviewed, while in Sect. 3 the
theoretical analysis and simulation algorithms for two con-
figurations of increasing the length and the thickness of the
crystal will be outlined. In Sect. 4 these simulation results
are summarized. Section 5 deals with the experimental setup,
whereas the experimental results in comparison to simulated
results are described in Sect. 6. The main findings are finally
discussed and summarized in Sect. 7.

2 Motivation for increasing length and thickness
of periodically poled crystals

The motivation for increasing both the length and
thickness of periodically poled crystals arises from aspects of
thermal damage and thermal lensing. In general, the funda-
mental beam diameter might exceed the thickness of period-
ically poled materials. The thickness of the available crystals
depends on the coercive field of the non-linear material, and
on the required poling period. For PPKTP, the coercive field
is about 120 kV/cm [15], and for frequency down-conversion
processes into the mid-infrared range or for doubling long-
wavelength sources, the typical periods are in the range of
20–40 µm. This limits the thickness of PPKTP crystals for
the mentioned process to about 1–1.5 mm. For frequency up-
conversion into the visible and ultraviolet range, the periods
should be shorter than 10 µm and the crystal thickness is
limited to thinner values of ∼ 0.5 mm. Further thickening of
the input crystal can be achieved using the diffusion bond-
ing of two non-linear crystals, which were periodically poled
separately.

Let us consider a crystal with length L and thickness t, and
a Gaussian beam having a beam waist ω0 located in the middle
of the crystal. Let us consider first the case of confocal focus-
ing (see Fig. 1a), which is close to the optimal focusing. For
this case, the confocal parameter b = ω2

0kω is equal to L; hence
ω0 = √

L/kω, where kω is the wave vector of the fundamental
wave. In order to prevent beam clipping, the radius of the fun-
damental wave on the crystal output facet is set to one-third
of the thickness. For the confocal case the beam waist has to
fulfill the condition

ω0 ≤ thickness

3
√

2
; (1)

FIGURE 1 Crystal and fundamental-beam defi-
nitions: a confocal focusing, b loose focusing

hence for 0.5-mm and 1-mm-thick crystals the beam-waist ra-
dius must be smaller than 110 µm and 220 µm, respectively.
However, the confocal lengths in these cases are usually much
longer than practical crystal lengths, e.g. assuming 1064-nm
pump in PPLN, the confocal lengths are 15.7 and 62.9 cm, re-
spectively. This means that, from a geometrical perspective,
there is no need to increase the thickness of crystals, but it
may be worthwhile in some cases to increase their length, by
diffusion bonding.

Since the crystal length is usually much smaller than the
confocal parameter with loosely focused beams, we can neg-
lect the beam divergence and assume that the beam radius at
the crystal output facet is nearly identical to the beam waist
(Fig. 1b). The criterion to avoid beam clipping in this case is
simply

ω0 ≤ thickness

3
, (2)

which for 0.5-mm and 1-mm-thick crystals corresponds to
beam-waist radii of 166 µm and 333 µm, respectively.

In high-power applications, optical damage and thermal
lensing might limit the process efficiency. Equation (2) can
be used to determine the limits imposed by these two ef-
fects. For KTP the damage threshold is Dth = 450 MW/cm2 at
λ = 1.064 µm for a pulse width of 10 ns and a repetition rate
of 10 Hz. Assuming a 333-µm (166-µm) beam waist as de-
rived above for a 1-mm (0.5-mm)-thick crystal, the laser pulse
energy cannot exceed ≈ 16 mJ (4 mJ).

Thermal lensing, caused by the laser absorption and the
temperature dependence of the refractive index in the crys-
tal, is an even more compelling effect, in particular for cw
applications. For a given pump power P, the minimal beam
waist (and therefore crystal thickness, as ω0 ∼ thickness/3)
allowed can be found by limiting the thermal lens focal length
to a given value through the following ratio [16, 17]:

fTL = πKc

α

(
dn

dT

)
P

∫
crystal
length

dz

ω2 (z)

, (3)

where fTL is the thermal lens focal length, Kc is the ther-
mal conductivity, α is the power absorption coefficient, dn/dT
is the refractive-index dependence on temperature, and ω is
the fundamental field radius. Let us assume that the thermal
lensing can be neglected in a frequency-conversion process,
provided that the thermal lens is larger than fmin = 100 mm.
Hence, the maximal pump power allowed for a 1.064-µm
pump in a 1-cm-long, 0.5-mm-thick crystal will be ∼ 4.75 W
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for LiNbO3 and ∼ 21.2 W for KTP. The higher the power, the
stronger the focusing will be, so at higher-power applications
the use of a wide-diameter beam is a necessity.

These motivations, and the advantages of the diffusion
bonding technique for overcoming the difficulties mentioned
above, led us to consider the sensitivity of the technique to the
phase mismatch between adjacent domains.

3 Theoretical analysis

For evaluating the effect of domain mismatch be-
tween diffusion bonded crystals, two configurations were
considered: lengthening the crystal and thickening it. In both
cases the effect of domain mismatch was analyzed for SHG.

Consider a non-linear crystal of length L, in which a fun-
damental Gaussian beam is propagating in the X crystal-
lographic direction and focused at the center of the crystal
(where the optimal focus is [18]). Since the relevant non-
linear crystals have negligible absorption (< 1%/cm) in the
visible and near infrared, we have neglected the effect of ab-
sorption. Furthermore, as QPM is typically a type-I process,
with all interacting waves polarized in the same direction,
we assume that there is no walk-off. We also neglect pump
depletion.

While propagating along the crystal, each crystal incre-
ment ∆x contributes to the total generated field at the second
harmonic, a contribution that can be described by a differen-
tial equation, following the terminology of [19] in CGS units:

dE2ω

dx
= 2πiω2

cn2
dij (x) E2

ωei∆k·x , (4)

where E2ω is the second-harmonic field, ω2 and n2ω are the
angular frequency and the index of refraction of the crystal
at the second harmonic respectively, c is the light velocity in
vacuum, and dij(x) is the x-dependent non-linear coefficient,
equal to d33 or −d33, depending on the direction of the non-
linear susceptibility in the local domain. The contribution of
each crystal increment can be propagated to the output facet of
the crystal using the Fresnel-integral or the beam-propagation
method (BPM). Summing the contributions of all increments
yields the field distribution at the crystal output.

The optimization is performed over a set of focusing pa-
rameters ξ , for each of which inner optimization is carried
over a set of wave-vector-mismatch parameters σ , where ξ is
defined by ξ = L/b and σ is defined by:

σ = b∆k

2
, (5)

where ∆k = 2kω − k2ω is the wave-vector mismatch.
An analytical equation that enables us to calculate the

second-harmonic power for the case of perfect domain match-
ing in a loss-less crystal is given by [19]:

P2ω = 128π2ω2
1d2

eff P2
ω Lkωh (σ, ξ)

c3n2
ωn2ω

, (6)

where ω1 is the angular frequency of the fundamental beam,
Pω is the power of the fundamental beam, nω is the refractive
index of the fundamental, h is the Boyd–Kleinmann focusing

parameter [19], and deff is the effective non-linear coefficient,
equals to (2/πd33). The simulations described in the follow-
ing paragraphs were compared to (6) for the degenerate case
of perfect domain matching.

In order to numerically evaluate the expected dependence
of SHG efficiency on the relative domain mismatch in in-
creasing the length or the thickness of the crystal, a beam-
propagation simulation, based on the Fresnel diffraction in-
tegral, was written. The simulation is general in the way that
it uses an arbitrary field distribution as an input, and can
be easily extended to other frequency-mixing processes, as
well as to different cases of modulating the non-linear co-
efficient, e.g. two-dimensional modulation of the non-linear
coefficient [20].

The Fresnel diffraction integral [21] is a useful tool for
propagating an arbitrary field distribution through a medium.
First, the fundamental or second-harmonic field is decom-
posed using the discrete Fourier transform into two-dimen-
sional spatial frequency components that represent a series of
plane waves. Each of these plane waves propagates at a differ-
ent spatial angle, and its wave-vector transverse components
are given by ky, kz, corresponding to the spatial frequencies
νy, νz , defined by νy = 2π/ky and νz = 2π/kz. This decompos-
ition enables us to propagate the field to the output facet of the
non-linear crystal, using the simple transfer function:

H
(
νy, νz

) = eikD e
−iπλD

(
ν2

y+ν2
z

)
, (7)

where D is the distance of field propagation. At the output
facet, the field distribution is summed for all ∆x increments,
and then reconstructed using the inverse Fourier transform to
form the final output distribution.

In some selected cases, the simulation results were com-
pared to an independent calculation based on the beam-propa-
gation method [22, 23]. Both simulation methods yielded the
same results.

The lateral dimensions of the crystal are assumed to be
large enough, in comparison to the beam dimensions, so that
beam-clipping effects are negligible. The fundamental field
and second harmonic field distributions are expressed using
matrix representation. Simulation run time is strongly depen-
dent on both transverse and longitudinal sampling resolutions.
Therefore the matrix size is chosen to have the minimal size
that keeps the SHG power dependence on the size within
the required accuracy, at a given lateral sampling resolution.
Hence, a trade-off between the waist and the beam diameter
at the output facet takes place. The simulation used the same
matrix size (of 128 ×128) but different lateral sampling reso-
lution for the wide range of focusing parameters (0.1 ≤ ξ ≤
10). The lateral sampling resolution used was 0.25–0.5 µm
for this range of focusing parameters (from symmetry con-
siderations both vertical and horizontal resolutions are the
same). The domain walls of the periodically poled crystal are
perpendicular to the direction of propagation. The propaga-
tion is divided into small propagation increments ∆x. These
increments are chosen to be sufficiently short so that the gen-
erated power is independent of the increment size. Although
the maximal period can theoretically be the length of the co-
herence length Lc = λω/4(n2ω −nω), smaller increments of
Lc/16 were taken to provide the required accuracy.
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4 Simulation results

The beam propagation simulation program, based
on the Fresnel integral, was written to simulate two cases
of increasing the length or the thickness of the non-linear
crystal. The simulation was compared to the analytical equa-
tion given in (6), for the degenerate case of perfect domain
matching, yielding an excellent agreement for perfect Gaus-
sian beams.

4.1 Increasing the crystal length

This simulation accurately describes the experi-
mental setup of Fig. 6. Several cases of mismatch between the
relative domains of the crystals were assumed, from ∆L = 0
to ∆L = Lc. The simulation first finds the optimized wave-
vector mismatch σ (∆L = 0) for several focusing parame-
ters 0.1 < ξ < 4. For each of those ξ (and their correspond-
ing optimal σ), it numerically finds the second-harmonic
power generated (marked by + signs in Fig. 2), which are in
excellent agreement with the analytical results (marked by
the solid line), with an accuracy better than 2.2%. Then it
numerically calculates the SHG power for different ∆L =
Lc/4, Lc/2, 3Lc/4, Lc. For a given focusing parameter ξ , the
power is modulated continuously while moving the crystal as
a result of passing from perfect phase matching to phase mis-
matching – where the second-harmonic field generated in the
first crystal is in opposite phase to the field generated in the
second crystal. The period of full modulation is exactly the
period of the domain reverse in the crystal, 2Lc. The simu-
lation assumes no losses inside the crystals and no Fresnel
reflections between them.

From Fig. 2 one can see that the domain mismatch can
lead to complete destruction of the second-harmonic wave.
This happens for every focusing parameter ξ , resulting from
a destructive interference of the fields generated in the two
different crystals.

4.2 Increasing the crystal thickness

A similar calculation simulated two crystals at-
tached one on top of the other. In this simulation two iden-
tical periodically poled crystals were assumed, where the
relative phase of the domains is obtained by changing the
sign of the non-linear coefficient inside one of the crystals
without moving it physically from its original position. The
simulation finds the optimized wave-vector mismatch σ for
several focusing conditions (0.1 < ξ < 20). For each ξ and
its corresponding optimal σ , the second-harmonic power is
calculated for several relative mismatches between the do-
mains of the two crystals (see Fig. 3). The case of no phase
mismatch between the two crystals (∆L = 0), marked by
+ signs in Fig. 2, was found to be in good agreement with
the analytic result, using (6), marked by the solid line, with
an accuracy better than 4.8%. The simulation assumes no
losses inside the crystals and no Fresnel reflections between
them.

From Fig. 3, one can see that the power penalty owing to
domain mismatch is negligible at weak focusing (ξ = 0.1), but
may reach 66% at tight focusing (ξ = 5). Hence, for a weakly
focused beam, the tolerance to domain phase error is larger.

FIGURE 2 Normalized efficiency of SHG power generated in 27-mm-long
PPKTP crystal pair (each with length of 14 mm with intersection of 1-mm
length). 1-W input power at 1.55 µm was used, for several cases of mismatch
between the domains of the two attached crystals. The analytical value is cal-
culated based on (6), and marked by a solid line. The numerical results are
marked by + for ∆L = 0, by o for ∆L = 0.25Lc, by x for ∆L = 0.5Lc, by ∗
for ∆L = 0.75Lc, and by –o– for ∆L = Lc

FIGURE 3 Normalized efficiency of SHG power generated in 1-cm-long
PPKTP crystal pair. 1-W input power at 1.55 µm was used, for several cases
of mismatch between the domains of the two attached crystals. The analytical
value is calculated based on (6), and marked by a solid line. The numeri-
cal results are marked by + for ∆L = 0, by o for ∆L = 0.25Lc, by x for
∆L = 0.5Lc, and by ∗ for ∆L = Lc

Note that unlike the former case of bonding two crystals one
after the other, the power penalty when two crystals are put
one on top of the other is always less than 100%.

In Figs. 4 and 5, the intensity distribution of the second-
harmonic wave at the output facet of a 1-cm-long crystal
pair is shown, for several different cases of domain mis-
match under loose (ξ = 0.01) and tight (ξ = 10) focusing,
respectively. When there is no mismatch, the output wave
is a perfect Gaussian beam, but as the mismatch increases,
areas of destructive interference can be observed, owing to
mixing between fields generated in the two crystals with dif-
ferent phases. For loose focusing, the destructive interference
is confined to the area near the interface between the two
crystals, whereas for tight focusing the upper or lower lobes
of the beams may be nearly completely destroyed. This can
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FIGURE 4 Intensity distribution of the second-harmonic field generated in
1-cm-long PPKTP crystal, for four different cases of domain mismatch, for
loose focusing (ξ = 0.01)

FIGURE 5 Intensity distribution of the second-harmonic field generated in
1-cm-long PPKTP crystal, for four different cases of domain mismatch, for
tight focusing (ξ = 10)

be understood by comparing the relation between the beam
width and its angular distribution. For a Gaussian beam with
a waist ω0, most of the energy is confined to a cone of light
with a diffraction angle of λ/πω0n; hence after a crystal of
length L this will generate a circular beam with a radius of
Lλ/πω0n. Part of the beam will then interfere with light gen-
erated in the other crystal. The radius of the diffraction circle
becomes equal to the beam-waist radius for a focusing param-
eter of 0.5. For weak focusing, this radius is small compared
to the beam radius; thus the destructive-interference effects
are confined to a small area near the boundary between the
two crystals. However, for tight focusing, the interference ef-
fects are much more pronounced, owing to the larger overlap
between the light beams generated in the top and bottom crys-
tals. This phenomenon is also in agreement with the results
of Fig. 3, where for loose focusing the effect of domain mis-
match on efficiency is much smaller than in the case of tight
focusing.

In Fig. 5 one can observe that the lower lobe of the beam
is nearly completely destroyed for a mismatch of 0.75Lc. In

this configuration, there is a phase difference of 0.75π be-
tween on-axis fields generated in the top and bottom crystals.
However, the second-harmonic wave that is generated in one
crystal and reaches the second crystal accumulates an addi-
tional phase ϕ owing to the longer path it travels. Hence, the
phase difference in the bottom section will be 0.75π +ϕ, and
in the top section 0.75π −ϕ. If ϕ is 0.25π, the optical field will
be destroyed only in the bottom part. Note that, for a mismatch
of 1.25Lc, the mirror image is obtained, where the top lobe
is nearly completely destroyed. In a similar fashion, a mis-
match of 1.75Lc is the mirror image of the 0.25Lc mismatch,
shown in that figure. It should be noted that this asymmetry
between the intensity distributions of the top and bottom parts
also takes place for loose focusing (e.g. in Fig. 4), but is more
difficult to observe.

5 Experimental setup

The setup of Fig. 6 was used to evaluate the de-
pendence of SHG power on the domain relative locations
between two crystals. Two KTP crystals were z-cut and
then periodically poled using an electric field poling pro-
cess with a period of 24.7 µm for first order quasi phase
matching the SHG at λ ∼ 1550 nm. The crystals had the
dimensions 3.5×1×14 mm3, and they were polished at
≈ 44.7◦ at one of their edges. One crystal was attached to
a static mount while the other crystal could be translated ver-
tically using a micrometer. This crystal was pushed using
a spring in the horizontal direction in order to maintain
physical contact with the static crystal. This configuration
enabled us to continuously change the relative phase of the
domains of the two crystals. An index-matching liquid with
n = 1.657 at 775 nm, 25 ◦C, n = 1.643 at 1550 nm, 25 ◦C
was used to prevent total internal reflection in the inter-
face between the two crystals. Better index matching can
be achieved using higher refractive index liquids, but such
liquids were avoided because of their toxicity. The funda-
mental beam was a TEM00 longitudinal mode from a single
mode fiber of a tunable laser, which was set to a wave-
length of 1548.15 µm. The polarization and wavelength
were optimized to yield the highest SHG efficiency at room
temperature.

The setup enabled us to evaluate the ability of increasing
the crystal’s length but not its thickness. Trying to evaluate the
thickening of the crystal involves several experimental diffi-
culties: on the one hand the beam should propagate parallel to
the interface between the two crystals, overlapping this area
during its propagation along the crystal. On the other hand,
letting one of the crystals move in order to measure several
domain mismatches requires a separation layer in the inter-
face to provide smooth movement between the crystals. The
interface between the crystals should be polished and, for pre-
venting total internal reflection of the propagating field from
the interface between the crystals, high index matching li-
quid should be used. Another difficulty is that the beam is
directed to the interface between the crystals, which is non-
ideal for optical interactions, due to small cracks and inho-
mogeneities in the crystal’s corners. Although such a setup
had been built, we have not observed the expected modulation
so far.
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FIGURE 6 The experimental setup
for measuring the effect of do-
main mismatch on second-harmonic
power. Inset shows the area of contact
between the two crystals

6 Experimental results

The experimental results obtained from the setup
shown in Fig. 6 were in good agreement with the expected
behavior. Figure 7 shows the measured second harmonic
power modulation as a result of lifting the mobile crys-
tal, compared to the analytical and numerical results ex-
pected from the domain mismatch caused by this move-
ment. The period of the power modulation was measured
to be 25.9 µm, with 95% modulation depth. The error be-
tween the expected modulation period, which equals the
mask period and the measured modulation period, can be
explained by a non-perpendicularity of ∼ 2.6◦ between the
micrometer-movement direction and the beam-propagation
direction (which is assumed to be perpendicular to the in-
put and output facets of the crystal pair). From 22 mW at

FIGURE 7 Second harmonic power modulation obtained by changing the
relative mismatch between the two crystals. The experimental results x are
compared to analytical results normalized to the maximal measured power
and the measured periodicity (solid line)

∼ 1548.15 nm, with a beam waist of 64.5 µm, 523 nW of
second-harmonic power was generated, yielding an efficiency
of 0.052%/W cm with respect to the expected analytical ef-
ficiency of 0.248%/W cm. The low efficiency might be ex-
plained by non-optimal orientation and polarization of the
fundamental beam, reflection losses at the interface between
the two attached crystals and the index matching liquid layer
between them, and non-optimal orientation of the two crys-
tals. From (6) one can derive the effective non-linear coeffi-
cient, which in this experiment was found to be 3.91 pm/V,
with respect to the theoretical value for an ideal periodi-
cally poled crystal of 8.52 pm/V (following [24], and taking
Miller’s delta into account [25]). The power decay between
following periods is due to mechanical instability of the setup.
An explanation for the non-optimal modulation depth can be
a non-optimal position of the beam waist with respect to the
two crystals.

From the experimental results the importance of the rela-
tive phase of the domains in the two crystals is clear, and the
setup demonstrates a useful method for attaching two crystals
for gaining the optimal phase match between the two sepa-
rated crystals.

7 Discussion and summary

The severe sensitivity of non-linear frequency-
conversion processes to the domain mismatch in diffusion
bonded periodically poled crystals is discussed. The effect is
demonstrated and the tolerances are defined numerically for
two cases of diffusion bonded PPKTP crystals: two crystals
attached one on top of the other as a technique for thickening
the crystal, and crystals attached one after the other as a tech-
nique for enlarging the crystal. While the power modulation
expected for the first configuration is somewhat less severe
and found numerically to be limited to 34% of the optimal
efficiency for the optimal focusing condition, for the second
configuration the second-harmonic power may be completely
destroyed. We have found that the second harmonic intensity
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distribution in the configuration in which the crystals are one
on top of the other is strongly dependent on the phase mis-
match and focusing conditions. In some cases, an asymmetric
intensity distribution is observed.

This sensitivity is experimentally demonstrated for the
configuration of increasing the crystal length, where full de-
structive interference causes total extinction of the second-
harmonic power.

The numerical simulation described above can be eas-
ily generalized for other frequency-mixing processes such
as sum- and difference-frequency generation, and for arbi-
trary beam shapes. The simulation can be also generalized
for three-dimensional periodically poled crystals, and the ex-
pected beam shape can be found.

The experimental setup described in Sect. 5 can be used
for locating the optimal relative location between two or more
diffusion bonded periodically poled crystals before the bond-
ing stage takes place. Using this method three-dimensional
non-linear periodically poled crystals can also be created
using a multi-crystal configuration.

Based on the diffusion bonding method, a configuration
that guarantees a predicted worse-case efficiency can be of-
fered, for both increasing the length (Fig. 8a) and increas-
ing the thickness (Fig. 8b) configurations. This configuration
(shown in side view) is based on using two periodically poled

FIGURE 8 Minimal power degradation configurations for increasing the
crystal length (a) and thickness (b) using shifted diffusion bonded crystals
(side view)

FIGURE 9 Demonstration of the functionality of the proposed configu-
ration for limiting the degradation in SHG power using diffusion bonded
crystals for both increasing the length (a) and thickness (b) of the crystal
(top view). Black and white areas represent regions with opposite sign of the
non-linear coefficient

crystals one of which will be poled in the ‘conventional’ way,
while the other will be poled using a mask with separated
sections, where each section will have a predetermined off-
set from its predecessor, as shown in the upper part of Fig. 9
(shown in top view). Using this method the amount of worse-
case power degradation can be found and minimized, such
that for a graded offset crystal with eight sections, the SHG ef-
ficiency for 0.1 ≤ ξ ≤ 4 will be higher than 88% of standard
QPM SHG for the configuration of increasing the crystal’s
length (see Fig. 9a). For 0.1 ≤ ξ ≤ 10 the predicted efficiency
will be better than 98% of standard QPM SHG for the con-
figuration of increasing the crystal’s thickness (see Fig. 9b).
The arrows in Fig. 9 indicate the section of the optimal do-
main matching for the two configurations. The graded offset
crystal should be wide enough to allow this configuration, and
its minimum width is equal to the product of the number of
sections times the thickness.
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