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With conventional poling techniques of pyroelectric crys-
tals, the thickness of the periodically poled crystals is typ-
ically limited to 0.5-1 mm. Such a small aperture of the
crystal limits the amount of energy/power that this device
may deliver. Here we discuss diffusion bonding as an alter-
native method to achieve a wider periodically poled crystal,
with virtually unlimited width. It is shown that the ampli-
fied signal preserved a good beam profile despite a possible
phase shift between the stitched crystals. This technique
may be extended to larger aperture optical parametric am-
plifiers and allows for high energy output from periodically
poled crystals.  © 2019 Optical Society of America
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Optical parametric amplification (OPA) is a process in which a
strong pump field nonlinearly interacts with a medium to drive
secondary waves at different frequencies. In the most common
case, where the interacting medium has a noncentrosymmetric
structure, the pump wave at frequency w, either generates or
amplifies two additional waves, termed the signal and the idler
waves at frequencies @; and @;, where energy conservation im-
poses @, = @, + w; [1]. Besides the mandarory condition of
energy conservation, maximum gain will be obtained when the
phase-matching condition Ak = &, + k; - k, = 0 is satisfied;
here, /ep, k,, and ; are the wave vectors of the interacting pump,
signal, and idler beams, respectively [2].

Usually, it is difficult to achieve phase-matching conditions
in an isotropic medium due to the characteristic dependence of
the refractive index on wavelength. The most widespread ap-
proach to achieve phase-matching conditions is to use the dif-
ferent dispersions of the ordinary and extraordinary rays in
birefringence materials. However, sometimes, even with bire-
fringence materials, it is impossible to have phase-matching
conditions. Quasi-phase matching (QPM), first proposed by
Armstrong et al. [3], provides an extra variable to adjust and
tailor phase-matching conditions for the desired wavelengths
and the nonlinear medium. In QPM, the effective nonlinear
coefficient of the medium is periodically modulated with
modulation period A. The interacting waves in the periodically
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poled crystal have to satisfy the modified momentum and
energy relations,

2

A= ()

Aszks—i_ki_kp:t

hw, = ho, + ho,, (2)

where AkQ is the quasi-phase mismatch. When AkQ = 0, the
system is in the phase-matching condition. At present, the most
extensively applied method for implementing QPM is electric
field poling of ferroelectric oxide crystals [4].

QPM plays an important role in many applications, includ-
ing frequency doubling [5], optical parametric oscillators [6],
optical parametric generators [7,8], and optical parametric am-
plifiers [2,9,10]. In the context of optical parametric amplifiers,
a major goal is to extract high output power/high output pulse
energy. In this context, one of the main problems with OPAs,
based on periodically poled crystals, is their small aperture.

With mature periodic poling techniques, the thickness of
the periodically poled crystal is typically limited to 0.5-1 mm
[11,12], and there is a continuous effort to increase their
thickness. A noncommercial 5 mm thick periodically poled
Rb-doped KTiOPO, (KTP) crystal structure [11] and a 3 mm
thick periodically poled structure of isomorphic RbTiOAsOy
(RTA) crystals [13] have been reported. RTA shows a consid-
erably lower ionic conductivity compared to KTP, which can
be used for large-aperture poling [11], but this material is not
commercially available. Lithium niobate (LiNbO3, LN) and
lithium tantalate (LiTaOj3, LT) are the most widely explored
ferroelectric families for periodically poled crystals [4] due to
their relatively high nonlinearity (LN has the largest d33 coef-
ficient of 28 pm/V while LT has 16 pm/V [4]), a wide trans-
parency range from UV to mid-IR [14,15], and commercial
availability. It was shown that by doping these crystals with
magnesium, it is possible to achieve a higher damage threshold
and a lower coercive field [16], which makes it possible to
use larger cross-section crystals in the poling process. Near-
stoichiometric LN and LT (SLN and SLT) crystals have a wide
transparency range and large electro- and nonlinear-optic coef-
ficients compared to congruent crystals [17]. It has been
reported that SLT has a lower coercive field and a higher photo-
refractive damage threshold than SLN, and is transparent up to
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5 pm. Thus, it has been put forward as a promising candidate
for high power and frequency downconversion devices [18].
A 5 mm x5 mm aperture PPMgLN crystal [19] was used
by Gu et al. [9] to deliver 714 pJ, 15.7 fs pulses at 2.1 pm.
In a paper by Ishizuki and Taira [16], a high-energy optical
parametric oscillation (OPO) using 5 mm thick PPMgLT
was demonstrated and produced up to 118 m] output using
196 m] pumping with ~70% slope efficiency. Also, 10 mm
thick PPMgLN was reported by Ishizuki [20].

In the present study, we discuss diffusion bonding as an al-
ternative method to achieve a wider periodically poled crystal.
We demonstrate it for stitching two crystals together, but this
method could apply for stitching many crystals together,
allowing for virtually unlimited crystal aperture. Direct bond-
ing of two bulk KTiPOy4 (KTP) crystals was first applied by Tei
et al. [21]. One joule of second-harmonic pulses with a repeti-
tion rate of 100 Hz was obtained by a 2.1 ] pump beam. The
authors observed a slight deterioration in the beam quality
caused by the deformation of the crystal, but the obtained con-
version efficiency was similar to that of a single bulk KTP crys-
tal. Missey ez al. described a 3 mm thick diffusion-bonded stack
of periodically poled LiNbO; (PPLN) [22]. The increased
aperture in their QPM-based OPO setup allowed them to
use about 30 mJ] pump power to obtain a 2 m] signal beam
at a pump energy of 22 m]. Numerical simulation carried
out by Michaeli ez al. [12] examined the second-harmonic gen-
erated beam from two combined PPKTP crystals, one above
the other with a phase difference in the polarization space.
Both Missey et al. [22] and Michaeli ez a/l. [12] concluded that
a cardinal drawback of the diffusion-bonding technique, when
used with periodically poled crystals, was its high sensitivity to
the alignment of the poled domains between the stitched crys-
tals (see Fig. 1), which may result in an asymmetric beam, even
when a perfectly symmetric pump beam is employed.

In the current research, we show that when both the pump
and signal have predetermined phases, i.e., they are real fields
and not emerging from noise, it is possible to achieve a sym-
metrical amplified beam profile when it passes through the
stitching interface between the two diffusion-bonded crystals.

The three-wave difference frequency mixing process is
described by the three coupled equations given below [2]:

dA; o

= —i—dgA*A, exp(-iAd), (3a)
dy n;c

! !

o
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Fig. 1. Structure of the two diffusion-bonded periodically poled
crystals.
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Ui _ ;D g 44, exp(-ib), (3b)
dy n,c

dA, w,

—_— = —Z'—ﬂleffAfAl- CXp(ZA¢); (30)
dy n,c

where all beams are propagating in the y direction; A]»A:)
and A; are the field amplitudes of the pump signal and idler,
respectively; d.g is the so-called effective nonlinear coefficient;
and @,, w,, ; and n,, n,, n; are the angular frequency and
refractive indices of the pump, signal, and idler, respectively,
with ¢ being the speed of light in a vacuum. Finally, A¢ =
¢i+ .-, = (ki + k, — k,)y. From these equations, when
A¢ is equal to zero, the oscillating factor in Egs. (32)—(3¢)
vanishes, and the conversion efficiency is maximized, leading
to the above-mentioned phase-matching condition Ak =
k; + k. -k, = 0. In cases where this phase-matching condition
cannot be met, it is possible to modulate the effective nonlinear
coefficient such that d.g — D.g exp(:i:i(zx” y+6)) [23], and
the phase-matching condition can turn to the more general
QPM condition,

(¢4 0-0,£0+25) =0 @

The additional phase @ in the effective nonlinear coefficient is
usually set to zero by choosing the proper origins of coordi-
nates. However, when stitching two periodically poled crystals
together, it is possible to have a residual phase 6 due to some
misalignment of the domains (see Fig. 1). This additional phase
between the two halves of the beam could be a source for beam
distortion and beam profile degradation as discussed also by
Michaeli et al. [12]. Here we claim that this concern applies
for applications in which only the phase of the pump beam is
well defined, such as OPO, optical parametric generation
(OPG), or in the case of second-harmonic generation, where
the signal and idler phases are well defined, and the pump re-
ceives the residual phase. Equation (4) imposes the relationship
between the phases of the three interacting fields; thus, if only
the pump phase ¢, is predetermined, the two other phases
could take any value [24]. However, in OPA applications, a
pump beam with a well-defined phase is amplifying another
signal beam, also with a well-defined phase. In such a case, we
predict that the idler will take the residual phase. Therefore, in
cases where there is a residual phase 6 between the two stitched
parts of the crystal, the beam profile of the amplified signal
beam will remain symmetrical, and any possible beam
distortion due to this additional phase will be directed to
the idler beam.

To demonstrate the effect of the additional phase on the
idler beam profile, we made some numerical simulations.
The numerical simulation is based on a Fresnel diffraction in-
tegral that propagates a Gaussian beam with a phase between its
two halves to a distance that is much larger than the Rayleigh
range. The resulted beam profile is a perfect Gaussian when
there is no phase difference (f = 0), and the two lobes appear
with different phase differences (see Fig. 2). Similar profiles
were predicted by Michaeli ez al. [12] for a second-harmonic
beam that is generated in a stitched periodically poled crystal.

Here we show experimentally the ability to parametrically
amplify a signal beam in a large-aperture periodically poled
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Fig. 2. Results from our numerical simulation, which demonstrates
the effect of a phase 6 between the two halves of a Gaussian beam. It
shows the expected intensity distribution of the generated idler in the
diffusion-bonded crystal under different domain misalignment be-
tween the two crystals.

crystal, which is composed of two bonded periodically poled
stoichiometric lithium tantalate (PPSLT) crystals with the
same periodicity. The two crystals, each with initial sizes
of 295 mmHx9.53 mmW x4.5 mmL, were diffusion-
bonded together by Onyx Optics Inc. to form a stitched crystal
with a size of 5.52 mmH x 9.53 mm W x 4.44 mmL (H, W,
and L stand for high, width, and length, respectively). In our
experiments, a two-stage optical parametric chirped pulse am-
plifier (OPCPA) pumped by a Ti:sapphire laser was utilized.

A very broadband Ti:sapphire oscillator with a central wave-
length at 800 nm is the front end for the entire system. It was
used to both seed a Ti:sapphire amplifier and the Yb-doped
fiber amplifier. A small portion from the Ti:sapphire oscillator
spectrum at the central wavelength of 1043 nm, with a band-
width of 0.1 nm, was filtered and amplified by an ytterbium-
doped fiber amplifier to further being used as the described
signal seed. The central part of the Ti:sapphire spectrum
(790-830 nm) was amplified using Ti:sapphire regenerative
amplifier. The 1 kHz, 16 ps stretched pulse from the regener-
ative Ti:sapphire amplifier, centered at wavelength 815 nm, was
used as a pump for our two-stage OPCPA. Figure 3 shows the
experimental setup of the two OPCPA stages. For the first stage
of the OPCPA system, a 7 mm long uncoated periodically
poled potassium titanyl phosphate (PPKTP) was used, with
a poling period of 27.1 pm. The PPKTP crystal had been
heated to 125°C to create an idler around 3.62 pm. The pump
beam from the beam splitter (BS) enters the PPKTP with en-
ergy of 340 pJ. The output idler beam from the first stage was
used as the signal beam for the second stage. A diffusion-
bonded PPSLT crystal, with a period of 22.8 pm and aperture
of 5.52 mm(H) x 9.53 mm(W), was heated to about 170°C
and was used for the second amplification stage, where both
the pump and signal beams were collimated to a diameter
of 1.3 mm. Here, the second pumping beam has the energy
of 715 pJ. The germanium filter was used to block the redun-
dant wavelengths that were generated due to amplified sponta-
neous emission (ASE) in the PPKTP in order to not amplify an
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Fig. 3. Layout of the two OPCPA stages of the system. BS stands
for beam splitter. The red lines represent the pumping paths, and the
dashed brown lines represent the 1043 nm signal, which is used as a
seed to create the mid-IR idler, drawn in the solid green line.

unwanted signal in the second stage. To capture the signal and
idler beam profiles after the second OPCPA stage, different fil-
ters were used to select the desired wavelength (signal around
3.62 pmor 1.04 pm). A Si-based CCD camera and a motorized
three-axis scanning photodiode were used as the detector to
characterize the output beam profiles in the near-IR and
mid-IR spectral range, respectively.

Figure 4 shows the beam profile of the amplified signal
(3620 nm) and idler (1043 nm) outputs from the diffusion-
bonded PPSLT. To determine the effects of stitching, we first
shifted the pump and the signal beam off the crystal center in
such a way that they went through only one crystal, and
captured the beam profiles of both the signal and the idler
[Figs. 4(a) and 4(b)]. Next, we moved them to the center of
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Fig. 4. Beam profile of the amplified signal (left) and idler (right)
after the second stage of OPA. The inset to the bottom right shows
schematic orientation of the stitched crystals. The two crystals are
poled along the z axis and modulated along the y axis. The stitching
plane (bonded area) is at the x—y plane. The beam propagation direc-
tion is along the y axis through the bonded crystal aperture at the x—z
plane. The upper images are related to beams that were amplified in a
single crystal, while the lower images are related to beams that overlap
and are amplified by the two stitched crystals. It shows that the signal
preserved its shape in both cases while the idler breaks into two lobes
when overlapping the two bonded crystals. The created idler between
the two diffusion-bonded crystals in our OPA has a similar profile to
the simulation shown in Fig. 2.
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the stitched crystals and made sure that the bonded surfaces
were exactly in the middle of the pump and the signal beams
and observed again the two beam profiles. The signal beam was
scanned with a photodiode using pinholes of 200 pm diameter
[Fig. 4(a)] and 100 pm [Fig. 4(c)] diameter, positioned on a
motorized x—z stage. The idler beam profile was observed with
a Si-based CCD camera. Figures 4(a) and 4(b) show the signal
and the idler when they were amplified by only one crystal.
They both show symmetrical beams. Figures 4(c) and 4(d)
show the signal and the idler when the beams overlapped
the two stitched crystals. While the signal beam [Fig. 4(c)] re-
mained symmetrical, it was clear that the idler beam [Fig. 4(d)]
broke into two separated lobes, which is the result of the rel-
ative phase between the two crystals. The created idler between
the two diffusion-bonded crystals in our OPA [Fig. 4(d)] has a
similar profile to a simulation shown in Fig. 2. Besides this
effect, we observed some induced ellipticity of the signal beam.
To make sure this ellipticity and the idler breakup were not
coming from other effects such as noncollinear propagation
or due to Fresnel reflection from the bonded interfaces, we
made the following tests. First, we checked the collinear propa-
gation for each individual crystal by just shifting laterally from
one crystal to the other while keeping the pump and signal
beam with the same alignment. We found that all beams keep
propagating collinearly. Next, to test if we have Fresnel reflec-
tions from the bonded interfaces, we directed a He—Ne laser
beam through the stitched crystal and did not see the two lobes
presented above. The reasons for this ellipticity remained un-
clear, and extra investigation is needed. Despite this ellipticity,
the beam can be used in future experiments. This result indi-
cated that it is possible to combine several periodically poled
crystals and to pump with higher energy (within a larger
cross section) for the amplification of a signal in the OPA
configuration.

In summary, we increased the width of a periodically poled
crystal by stitching two crystals together using the diffusion-
bonding technique. In previous work, a concern was raised that
some residual misalignment between the domains of two
stitched periodically poled crystals would potentially cause a
deterioration in the beam profile, and may even break it into
an asymmetrical beam. We discussed the likely cause for such
deterioration in the beam shape due to an induced phase be-
tween the two sides of the output beam. We claim, and have
experimentally demonstrated, that once the phases of both the
pump and the signal are well predefined, only the phase of the
idler will be affected by the domain misalignment and only the
idler beam profile will be distorted while the amplified signal
beam profile maintains a good quality. We conclude that
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diffusion bonding is a promising avenue towards large-aperture
OPAs based on periodically poled crystals and will permit their
use in high-energy applications.
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