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Abstract

A sub-nanosecond green laser source has big demand in such fields like spectroscopy,
micromachining, fluorescence imaging, and laser displays. Most often green light is produced by
frequency doubling of pulsed laser sources based on Nd**-ion or Yb**-ion doped gain media that
oscillate in the near-IR range. For creating compact and relatively small source of green light
suitable for broad type of applications a passively Q-switched Nd:YAG microchip laser (Teem
Photonics) operating at 1064 nm with 6.9 kHz repetition rate was chosen. It delivers 560 ps long
pulses with 10 uJ energy, corresponding to an average output power of 69 mW. Crystals of
BiBO, KTP, LBO, and PPLN were chosen for frequency doubling. Main goal of this work was
to study the characteristics of these crystals under similar experimental conditions and to select
the most efficient one for this task. To optimize second harmonic generation (SHG) process,
different focusing conditions were used during the experiments. In this work we measured the
second harmonic output power as a function of the incident power, beam profile for fundamental
and second harmonic radiation for all crystals, and second harmonic output power as a function
of temperature for PPLN crystal. Crystal of PPLN was found to be the most suitable for SHG

process and produced it with up to 60% conversion efficiency.
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Introduction

Pulsed sources of green radiation based on diode-pumped microchip lasers [1-4] are attractive
for many industrial, scientific and medical applications, where one or more of the following
features are required: sub-nanosecond pulse width, high peak power, high repetition rate,
structural compactness and low cost. In particular, such laser systems exhibit great potential and
demonstrate their value for biomedical applications such as CARS (Coherent Anti-Stokes Raman
Scattering) spectroscopy [5], supercontinuum generation [6], STED (Stimulated Emission
Depletion) microscopy [7], fluorescence lifetime imaging microscopy [8], protein micro
fabrication [9], and optical DNA biosensors [10]. Passively Q-switched sub-nanosecond
microchip lasers are well suited for these purpose as they combine high efficiency, reliability,
low cost, size, and complexity [8-12]. A combination of pulsed microchip laser with highly
nonlinear material for second harmonic generation offers a simple and effective way to produce
pulsed visible radiation. One of the challenges that push forward the development of such
systems is the enhancement of the conversion efficiency. The conventional green microchip
lasers based on KTP, BBO, KDP or LBO crystals have relatively low efficiency limited by their
low nonlinear coefficients, spatial walk-off effect and inconvenient matching angle. Although
70% conversion efficiency was reported based on KTP crystal [1], most of the results are in the
range between 25% and 55% [11-14]. Therefore our motivation was to explore relatively new
crystals of BiBO and PPLN which have the potential to serve as efficient frequency doublers of a

Q-switched microchip laser to produce a compact and reliable source of green radiation.



The BiB30s (bismuth triborate, BiBO) crystal was introduced by Hellwig et al. in 1998. Its
effective second-order nonlinearity was determined to be 3.2 pm/V at 1079 nm and is larger than
that for the well-known BBO, KDP, and LBO crystals [15]. Because it also has a transparency
range of 280-2500 nm, BiBO is an excellent nonlinear material for frequency conversion into the
visible and ultraviolet wavelength ranges. These attractive properties have been recently
exploited to demonstrate the potential of BiBO for efficient second harmonic generation (SHG)
using continuous-wave [16,17], long-pulse nanosecond [18,19], picosecond [20,21], and
femtosecond lasers [22,23]. For example, conversion efficiencies of second harmonic generation
in the pulsed regimes ranged from 11% for nanosecond pulses [18] to 68% for picoseconds

pulses [20]. This crystal used critical phase-matching technique for generation of SHG.

On the other hand noncritical phase-matching or Quasi-phase-matching (QPM) technique opened
a new window for enhancing the conversion efficiency, since the noncritical interaction allows
one to access the much larger nonlinear coefficients of the crystal. Among several available
QPM crystals such as periodically poled LiNbO3; (PPLN) [24,25], periodically poled
stoichiometric LiTaO3 (PPSLT) [26] and periodically poled KTiOPO, (PPKTP) [27,28], the first
one has the highest nonlinearity (des = 17 pm/V), indicating its better SHG conversion ability.
However PPLN has some drawbacks: for instance the low threshold of photorefractive damage
at room temperature and green-induced infrared absorption greatly limit its efficiency and
convenience. An improved version, MgO-doped periodically poled LiNbOs; (MgO:PPLN),

created in recent years is a solution to overcome these drawbacks.

Recently, most of the groups focused on the continuous wave (CW) green light generation by
using MgO:PPLN crystal, but the results seem contradictory to the capacity of the crystal itself.

For example, N. Pavel reported 1.18 W green light delivered from 7 W CW Nd:GdVO, laser,
2



corresponding to 16.8% conversion efficiency [29]. T. Suzudo reported conversion efficiency of
36% and 34% of MgO:PPLN crystal from diode-pumped Nd:GdVO, microchip laser operated in
cw and quasi-cw regime respectively [30]. The highest conversion efficiency is more than 52%
from an intracavity frequency doubled CW Nd:YVO;, laser reported by M. Zhou [31]. Although
advantages of this crystal are clear, only few reports were concentrated on the SHG of
MgO:PPLN in Q-switched regime that produced long pulses of several hundreds of nanoseconds
[32]. Therefore, the regime of SHG with sub-nanosecond pulses was not yet explored with

MgO:PPLN and was one of the tasks of this work.



2. Theory of Frequency Doubling

Nonlinear optics is a section of optics that covers the study of propagation of powerful light
beams in the solids, liquids and gases and their interaction with matter. Strong light field changes
optical properties of the medium (such as refractive index) which become nonlinear functions of
the electric field E of the light wave (e.g. E?), i.e. the induced polarization P becomes

nonlinearly dependent on the electric field E.

2.1 Second Harmonic Generation (SHG)

Second harmonic generation (SHG) or frequency doubling is a special case of sum frequency
generation when the two input wavelengths are the same. History of nonlinear optical devices
based on second harmonic generation started their way in 1961, when Franken et. al. detected
this effect using a ruby laser and quartz crystal [33]. Since this day frequency doubling, which
utilizes nonlinear optical response in intense coherent radiation beam, has been widely used for
frequency conversion of various lasers. Nonlinear optical effects mainly arise from a distortion
of the electron clouds around the atoms in the material as they interact with electric field E of a

light wave (Figure 2.1).

E(t)

Figure 2.1: Interaction of intense radiation with atom.
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This distortion is changing the dielectric constant & which results in induced polarization of
matter. Nonlinear effect is relatively small and can be seen only in strong radiation field. Total
polarization can be written as:

P=P_+ Py . (2.1)
where P_ -is linear polarization and Py_ —is nonlinear polarization. We can express the
magnitude of the induced polarization per unit volume P as a series of powers of magnitude of
the applied electric field E

P = &yE + egy®EE + £y EEE + --, 2.2)
where g is permittivity of free space or dielectric constant (8.854187817...x10 % F/m) , and -
is the linear susceptibility representing the linear response of the material; »® is the nonlinear
susceptibility representing the second order of nonlinear response of the material; ® is the
nonlinear susceptibility representing the third order of nonlinear response of the material. The
linear optical susceptibility #* is a constant dielectric response of medium. For the second order
nonlinear effect, we will consider y® which is a tensor with 27 elements. However, the number
of independent components of @ is much smaller [34]. The effects based on #* can be seen
only in anisotropic media such as crystals. Typically x"V>> ®>> »® and thus the nonlinear

effect is very small and could be negligible at normal circumstances as shown on Figure 2.2.



Induced Polarization

Applied Electric Field

Figure 2.2: A medium in which the induced polarization is a linear function of the applied

electric field [34].

Therefore we can see the generation of nonlinear polarization (i.e. distorted response) only when
we apply intense light to nonlinear media. In this case )((2) is the nonlinear susceptibility

representing the second order of nonlinear response of the material. As shown in Figure 2.3, the
induced polarization also has a nonlinear component (2w;) at twice the frequency of the applied

field [34].



2wi

E ﬂ\/\\/

Induced Polarization

1%

<> Applied Electric Field

Figure 2.3: A medium in which the induced polarization is a nonlinear function of the applied

electric field [34].

The electric field strength of a monochromatic laser beam can be written as
E = E()e™" +c.c. (2.3)
where C.C. denotes complex conjugate. Substituting this expression into equation (2.2) yields for

the second order polarization:

P@ = y@(E% el 4¢.c.)+2 y PEE*, (2.4)
This equation shows that in a medium for which the second order susceptibility is nonzero, the
created nonlinear polarization contains a contribution of the frequency 2e. Therefore, the
electromagnetic radiation generated by the polarization wave contains a contribution at the
second harmonic (SH) frequency of the incident laser beam [35]. So far we described only the
effect of SHG, however higher orders of susceptibilities can generate other frequencies, e.g. third

harmonic.



Rather than using susceptibility tensor @ itself, it is more common for technical literature to use
“nonlinear coefficient” parameter d. Considering intrinsic permutation symmetry, the last two
subscripts of the d tensor (jk) can be contracted to single index | according to the following Table

21 FOI’ example, dxyz = dxzy :di|: d3]_

Table 2.1: Replacement of indices jk by a single index | [37].

| ik Jk L

X 1 XX 11 1
Y 2 YY 22 2
Z 3 77 33 3
YZ=2Y 23,32 4

XZ=ZX 31,13 5

XY=YX 12,21 6

Here the nonlinear coefficient d we can express like

di=1/2 )((Z)ijk (2.5)
where i, j ,k — directions in a space indexing Z(Z)ijk. And polarization equation (2.2) we can
express like:

Pi (E) = 20 E; Ex (2.6)

If we apply this approach, this replacement reduces the nonlinear susceptibility tensor to a 3x6

matrix.



/ El,xEZ,x

E,,E;
diy dip diz dig dis dyg Yo
P,(E) =2|dy1 dj; djysdyy dys dy

dy; dyp dyzdsy dis d '
31 @3z @33d3, 3 36 \E1,sz,z tEzxE1,
El’xEZ’y + EZ,xEl,y

2.7)

For frequency doubling this simplification is always valid, taking into account that two of the

involved frequencies are the same. More detailed information can be found in [34,37].

The effective nonlinearities for SHG of 1064 nm radiation, determined for the different phase
matching directions from the efficiency measured for single pass SHG, can be calculated with

the following equation assuming a diffraction limited beam propagation [36]:

Prw
n(w)2n(w)w p2,
deff - 31 lk:,)h (2.8)
Zu(z)s(z)wz

where P,, is the fundamental power inside the crystal, P, is the power of the second harmonic,
k, is the wave vector of the fundamental, &, is the dielectric constant, p, is the vacuum
permeability, | is the length of the crystal and n is the refractive index. The quantity h is a
dimensionless coefficient which depends on the birefringence of the crystal and the focusing

conditions.

2.2 Birefringent Phase Matching

The phase matching of the fundamental and harmonic waves for second harmonic generation

was independently showed by Giordmaine (1962) and Maker et al. (1952) [37]. In the crystal the



propagating fundamental wave has the index of refraction n,. The produced SHG wave
propagates independently at a velocity determined by the refractive index n,,, . Due to dispersion
of the nonlinear crystal, n,, is different from n,, and the fundamental and second harmonic
waves propagate with individual velocities. Interference of these waves could be destructive or
constructive and depends on relative phase. Coherence length Ic is the propagation distance after
which the two waves will have a phase difference of .

lc = (8,)/(4(nzy —ny)), (2.9)
According to this periodic power flow, the second harmonic wave reaches an intensity maximum
at Ic behind the front end of the crystal. Full-cycle period lengths for visible and near infrared
light are in the range of a few micrometers to tens of micrometers.
The frequencies and wave vectors of the three waves are governed by the following equations

w3=m+w, (2.10)
where w3 - second harmonic frequencies, @ 1, w,- fundamental frequencies, for SHG w 1= w».
Conservation of momentum states that

hk(Qw) = h k(w) +h k(w) - Ak, (2.11)

where # is the Plank’s constant. Phase matching is achieved whenever Ak =0

hk(20) = Iik()+ ik(o), (2.12)
where

k(w) = Tn(w) . 213)
and

kQLw) = 2Tnn(Zoo), (2.14)

2

Substituting (2.13) and (2.14) into (2.12) we will have

10



4 _4rn
7n(2w)—7 n(w), (2.15)

and finally

n2w) = n(w), (2.16)
This means that we should find such direction of propagation of light in the crystal, where the
refraction index n(w) for incident light equals the refraction index for second harmonic n(2w).
In this case both waves travel together and efficient energy conversion is possible. On the Figure
2.4 we can see it graphically. This situation is impossible in isotropic media, since in such media
refractive index n is increasing along with frequencyw. However, this condition can be satisfied

in birefringent (i.e. anisotropic) crystals.

Ne

Refractive index

No

Figure 2.4: Phase matching condition in anisotropic crystal.

This type of phase matching is called birefringent or index phase matching. As we already
mentioned above, in anisotropic crystals the refractive index depends on incident field

polarization and direction of propagation. The optical axis for this type of crystals is defined as

11



direction where refractive index doesn’t change in case of changing polarization of light [33].

Anisotropic crystals could have one or two optical axes.

)

A

[
2

N1o

Figure 2.5: Wave surfaces of a negative uniaxial crystal. Where full lines, wave surfaces at

second harmonic frequency; broken lines, wave surfaces at fundamental frequency; © is the

phase-matching angle measured from the optical axis z; ¢ is the azimuth angle measured from x

[33].

The refractive index varies with the orientation of the polarization with respect to optical axis. If
the polarization is perpendicular to the optical axis, it is known as ordinary polarization. Parallel
polarization is known as extraordinary. This is shown schematically in Figure 2.5. Two types of
phase matching in birefringent crystals are possible in principle. Type I: both input waves have

the same polarization while an output wave has orthogonal polarization as shown in Figure 2.6.

12



A2

Al
Al

NLO crystal

Figure 2.6: Type | phase matching.

Type I1: when one wave is an extraordinary ray, the other is an ordinary ray, and the output SH
wave could be ordinary or extraordinary ( depending on type of birefringence in a crystal). This

situation is shown in Figure 2.7.

Al
NLO crystal

Figure 2.7: Type Il of phase matching.

In type I full birefringence is used, and in type Il only half of it. Figures 2.6 and 2.7 have been

provided to help you visualize the polarization properties in second harmonic generation.

13



The refractive indices of the two waves which can propagate in a crystal at an angle O to the

optic axis are given by the following equation:

NoMNe

n, (@) =

(2.17)

\/n%sinz (0)+nZcos%(0)

where no is the ordinary refractive index of crystal, ne is the extraordinary refractive index of
crystal. Usually nonlinear optical (NLO) crystals are cut normal to @ to match the required
orientation. In this case such crystal needs to be rotated around one axis. Because of relatively
sensitive angular alignment this technique is called critical phase matching. In case of @ = 90°,
refractive indices of both waves are almost equal and we can achieve phase matching by
temperature tuning (index of refraction is a function of temperature). This type of phase
matching is called noncritical. It has an advantage of spatial walk-off due to birefringence being
equal to zero. As a result we can focus incident light into the crystal more tightly. Major
drawback of this method is the need to maintain the crystal’s temperature within specified limits
which are usually higher than room temperature. Birefringent phase matching can be achieved
when refractive indices for SH and fundamental waves are equal as we can see on Figure 2.4. Or
we can say when nonlinear media compensate difference in refractive indices between

fundamental and second harmonic waves [33,38].

2.3 Quasi-Phase Matching

Quasi-phasematching (QPM) was devised by Bloembergen et al. [39]. Periodically poled
nonlinear crystals with quasi-phase-matching allow the generation of SHG in an efficient and

broadly tunable format. These crystals can work with any type of polarization of interacting

14



waves. Quasi-phase-matched materials allow us to reach efficient nonlinear frequency
conversion. This method is based on changing of the nonlinearity through artificial structuring of

the nonlinear material.

The quasi-phase-matching in SHG is exhibited in the space domain and the wave vector

mismatch domain Ak. In the QPM method, the Ak can be expressed by:

Ak = kp,, — 2k, — =, (2.18)
Or for Ak =0,

e M _1_ 2.19

A2 Ay A (2.19)

where A is grating period of the crystal. A wide range of spectrum can be covered using grating
period tuning and temperature tuning. As was mentioned earlier, distance over which a relative
phase between the two waves shifts by = is called a coherence length (see equation 2.9). This is
also the half period of the growth and decay cycle of the second harmonic. When Ak + 0 sign of
power flow from one wave to the other is dictated by the relative phase between the interacting
waves. As a result, the continuous phase slip between these waves caused by their differing
phase velocities leads to an alternation in the direction of the flow of power, as shown by curve
C (Figure 2.8). In the ideal case (Ak = 0) the second-harmonic field grows linearly with distance
in the medium, and as result the intensity grows quadratically, as shown by curve A in Figure

2.8.
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Figure 2.8: Stepwise build up of second harmonic power due to QPM. Curve A shows perfect
phasematching with Ak=0; Curve B shows QPM with Ak#0; Curve C shows phasematching

where Ak#0 [40].

QPM comprises repeated inversion of the relative phase between the incident and second
harmonic waves after an odd number of coherence lengths. The phase is changing periodically so
that on average, the proper phase relationship is maintained for growth of the second harmonic,
as shown by curve B (Figure 2.8). One way to invert the phase is to change the sign of the
nonlinear coefficient as shown in Figure 2.9. This changing could be done by two techniques.
First, changing the sign of nonlinear coefficient by forming a stack of thin plates of nonlinear

crystals with thickness Ic which are rotated by 180° degrees with respect to each other.

16
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Figure 2.9: Inversion of the spontaneous polarization from a) to b) leads to a = phase shift in the

generated second harmonic [34].

The second, more common way to produce it, is by using ferroelectric crystals where we can
form this periodic structure by applying a strong electric field across the material [34, 40]. This
process is called “poling” and such materials are called periodically poled. This is schematically

presented in Figure 2.10.

1}

Figure 2.10: Structure of periodically poled crystal.
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As follows, in periodically poled materials, birefringence is no longer needed to obtain phase
matching and materials can be engineered to use their most favorable nonlinear optical
coefficient which is dependent on the orientation of the crystallographic axes relative to the

propagation direction of the beams.

2.4 Angle Tuning of Birefringent Phase-Matching Condition

Since index of refraction in anisotropic crystals depends on propagation direction, crystal (or
angle) tilting is normally used to achieve birefringent phase-matching condition. Light polarised
perpendicular to the plane containing the propagation vector k and the optical axis is said to have
ordinary polarisation and for this direction n, refractive index is called the ordinary refractive
index. Light polarised in the plane containing k and the optic axis is said to have extraordinary
polarisation and experiences a refractive index ne(@) that depends on the angle @ between the

optic axis and k according to the equation [34]:

1 1
cos* 0 = 2, (2.20)
nlz, nZ

where n, refractive index when ©=0 and ny refractive index when @=90 ° [34]. There are two

axis for tilting crystal angles as is shown in Figure 2.11.
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Figure 2.11: Crystal angle tilting.

Since the NLO crystals are normally cut in the principal crystal plane, conversion efficiency is
not sensitive to the angle tilting around b-axis. To reach the best conversion efficiency, the

crystals should be rotated just around the a-axis.

2.5 Spatial Walk-Off

Due to the birefringence of the NLO crystals, the beam of the input laser will separate from the
generated beam at a walk-off angle r as shown in Figure 2.12. Therefore, the spatial walk-off

limits the total length of the crystal as well as reduces the beam quality and conversion

efficiency.

r NLO crystal

Incident beam Y

Figure 2.12: lllustration of the walk-off effect.
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The beams will separate or walk off after a distance la called “aperture length” with walk off

angle r [41]. The aperture length la can be calculated from the equation

la = %\/E , (2.21)

where w is a radius of the beam (um) and r is the walk-off angle (mrad) [41].

2.6 Second Harmonic Intensity

One of the most important tasks in SHG is to obtain high conversion efficiency. We know that

intensity is the Power (P) per unit Area (A) [41]:

I = , (2.22)

N

A:”? , (2.23)

where wg is a radius of the beam and A is effective aria of the beam cross section.

The output intensity Isyc has the following dependence on the effective nonlinear coefficient

desr, the crystal length Lc, the input intensity Is and phase mismatching Ak [34]:

AkLc)1 (2.2)

Iy = defchIszsincz( >

When Ak = 0 the refractive indices of incident fundamental and second harmonic waves are
equal, and the intensity of SHG process is maximal. The characteristic dependence of SHG

intensity on phase mismatch is illustrated in Figure 2.13.
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Figure 2.13: Second harmonic output intensity vs 4k.

Equation (2.24) shows that higher input intensity, longer crystal length, larger nonlinear
coefficients and smaller phase mismatching will result in higher SH output and in higher

conversion efficiency. Therefore the SHG efficiency # can be defined as:

Pzw _ ISHG _ AkLC) ’ (225)

n = P_ = T = deffLCISSinCZ ( >

w

where P,,, is the SH output power and P, is the incident beam power [34].

2.7 Angular, Spectral and Temperature Acceptances of the Crystal

Since the refractive index of anisotropic materials (in our case crystals) depends on temperature,
wavelength of light and direction of propagation, the phase mismatch 4k will be a function of

these parameters:
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dAk | dAk | dAk
Ak = T + %0 + o7’ (2.26)

where T is the temperature, @ is the phasematching angle and 4 is the input wavelength. As a
result limits to the length of the NLO crystals and focusing conditions are restricted by angular,

spectral and temperature acceptances.

2.7.1 Angular Acceptance

The angular acceptance angle or angle tolerance AO can be defined as full angle at half
maximum (FAHM), where @ = 0 is the phase-matching direction (Figure 2.14). For example, the
acceptance angle of KTP for frequency doubling of Nd:YAG at 1064 nm is about 20 (mrad*cm),

while BiBO has only 2.1 (mrad*cm) [45].

FAHM

Intensity

A S A
0

Angular acceptance AS

Figure 2.14: The angular acceptance (A©), full angle at half maximum (FAHM).
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The angular acceptance angle A© depends on input wavelength, length of crystal and direction

of incident beam. According to [34]:

(2.27)

where | is the crystal length, N is the refractive index and A is the input wavelength. More

generally, as can be seen from Eq. (2.24), SH output intensity has a sinc>-type dependence on

phasematching angle as shown in Figure 2.14.

2.7.2 Spectral Acceptance

Output radiation from typical lasers is usually spread over a finite range of wavelengths (or
corresponding frequencies) around a center wavelength Ag. The spectral acceptance or phase-
matching bandwidth can be defined as a frequency (or wavelength) range where the refractive

indices of the pump and SH waves are equal (Figure 2.15).

Ne(co/2), No(too)

AR

Refractive index

Ac 'f\* Frequency =

coo/2

Figure 2.15: Phase-matching bandwidth in SHG.
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Spectral acceptance inversely depends on the length of a crystal. The longer the crystal, the

smaller the spectral acceptance. According to F.J. Kontour et al. [42] SH power P, is equal to:

P; = P, sinc? 0.88581t( A% )] (2.28)

2 A)Lcrystal

where Alcrystal Is bandwidth of the crystal is equal:

__0.44294,, |n2y,—m, , Ong, 10ny, |~
Aerystal = = i Y91 T2 ol (2.29)

where L is length of the crystal. This equation is valid for single frequency laser radiation

[34,42].

2.7.3 Temperature Acceptance

Temperature acceptance is also a very important parameter. The refractive index slightly
depends on the temperature and thus it can affect Ak. This will also result in sinc? like behavior
of SH output with varying temperature. Moreover, crystal length L is also changeable as a result
of thermal expansion. Temperature tuning bandwidth ATewnm can be evaluated using the
following equation:

1394,

AT rwum = ‘ L[anc(lzw) ony (Aey)
T or aT

(2.30)

where 4., n, and 4,,, n.are the wavelengths and the refractive indices of the fundamental and

SH radiation respectively [34].
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Summary

This chapter reviewed the principles of nonlinear optics. It has emphasized ideas of second
harmonic generation by birefringent and quasi-phase-matching techniques. The angle,

temperature and wavelength acceptance were also discussed.
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3. Materials for Second Harmonic Generation

In this section we will review nonlinear crystals that were used in our project for the design of
the compact green laser. We will discuss nonlinear crystals that have been used widely as well as
new materials which can have good potential for this type of work. For each material an

overview of the ways it has been used and a summary of its characteristics will be provided.

3.1 Lithium Triborate (LBO) Crystal

Lithium triborate or LBO (LiB3Os) is one of the most popular crystals especially for high-

average-power SHG owing to:

e Broad transparency range from 160nm to 2600nm,

Broad SHG range from 550nm to 2600nm.

Wide acceptance angle and small spatial walk-off.

High damage threshold.

Excellent crystal for SHG of ultra short pulsed lasers, due to its high damage threshold

and small group velocity dispersion.

High optical quality, free of inclusions [44].

However, the effective nonlinear coefficient of LBO, which is de = 0.85pm/V, limits its SH
conversion efficiency. The second drawback of this crystal is that it is hydrophobic [43]. Main

physical and optical properties of LBO crystal are listed in Tables 3.1-3.3.
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Table 3.1: Chemical and structural properties of LBO [44].

PROPERTY VALUE

Chemical formula LiB3Os

Crystal Structure Orthorhombic, Space group Pna21, Point group mm2
Lattice Parameter [A] a=8.4473, b=7.3788, ¢=5.1395, Z=2

Melting Point [°C] 834

Mohs Hardness 6

Density  [g/cm3] 2.47

Thermal Conductivity [W/m/K] 3.5

Thermal Expansion Coefficient [/K] | a,=10.8x10™, a,= -8.8x10>, a,=3.4x10™

Table 3.2: Sellmeier equations of LBO [44].

ni?(A) = A + B/(A*-C) )- DA*+E /\*
A B C D E
Ny 2.45414 | 0.011249 | 0.01135 | 0.01459 | 6.60x10-5
No 2.53907 | 0.012711 | 0.01252 | 0.01854 2.0x10-4
Na 2.58618 | 0.013099 | 0.01189 | 0.01797 | 2.26x10-4
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Table 3.3: Optical and nonlinear optical properties of LBO [44].

PROPERTY

VALUE

Transparency Range [nm]

160-2600

SHG Phase Matchable Range [nm]

551~ 2600 (Typel)  790-2150 (Type II)

Thermo-optic Coefficient [°C, 1 in um]

dnx/dT=-9.3X10°
dny/dT=-13.6X10"°

dnzdT=(-6.3-2.11)X10°

Absorption Coefficient [%/cm]

<0.1 at 1064nm <0.3 at 532nm

Angle Acceptance [mrad-cm]

6.54 (o, Type L1064 SHG)
15.27 (0, Type 11,1064 SHG)

Temperature Acceptance [C-cm]

47° (Type I, 1064 SHG)
7.5° (Type 11,1064 SHG)

Spectral Acceptance [nm-cm]

1.0 (Type I, 1064 SHG)
1.3 (Type 11,1064 SHG)

Walk-off Angle

0.60° (Type | 1064 SHG)
0.12° (Type 1l 1064 SHG)

NLO Coefficient

desi(1)=ds2cosp  (Type | in XY plane)

defr(1)=032005°0+d3psin“0  (Type | in XZ plane)
desf(11)=d31c0s0 (Type Il in YZ plane)
der(11)=d31c05°0+d3,5in°0  (Type 11 in XZ plane)
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3.2 Potassium Titanyl Phosphate (KTP) Crystal

KTP is one of the most popular crystals for frequency-doubling of 1064nm Nd:YAG lasers. This
crystal is also used for sum frequency mixing (SFM); parametric sources of light (OPO, OPG,
OPA, optical parametric oscillator, optical parametric generation, optical parametric
amplification, respectively) with wavelengths tunable in the 0.6-4.5 um range; electrooptic

modulators; optical switches; directional couplers. Main features of KTP are:

e Large nonlinear optical coefficient.

e Wide angular bandwidth and small spatial walk-off angle.
e Broad temperature and spectral bandwidths.

e High electro-optic coefficient and low dielectric constant.
e Non hygroscopic;

e Good chemical and mechanical properties [44].

After all, the weakness of this crystal is its relatively low damage threshold. Main physical and

optical properties of KTP crystal are listed in Tables 3.4-3.6.
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Table 3.4: Optical and nonlinear properties of KTP [44].

PROPERTY VALUE
Transparency Range , [nm] 350 - 4500
Refractive Indices, [nm] at 1064 ny = 1.7377, ny = 1.7453, n, = 1.8297
at 532 n, =1.7780, ny = 1.7886, n, = 1.8887
Thermo-Optic Coefficients [/°C] dn,/dT = 1.1 x 10

dny/dT = 1.3 x 10”

dn,/dT = 1.6 x 107

Phase-Matchable Output Range [nm]: 492- 1700

Linear Absorption Coefficients, [cm™] a<0.001 (A =1064 nm or 532 nm)

d31=2.54, d32=4.35, d33=16.9, d24=3.64, d15=1.91
NLO Coefficients [pm/V]: at 1064 nm;

Table 3.5: Structural and physical properties of KTP [44].

PROPERTY VALUE
Chemical formula KTiOPO,
Crystal Structure Orthorhombic, point group mm?
Cell Parameters, [A] a=6.404,b=10.616,c=12.814,Z=8
Melting Point 1172°C Incongruent
Curie point 936°C
Mohs Hardness ~5.0
Density, [g/cm®] 3.01
Hygroscopic Susceptibility No
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Relative Dielectric Constant, [eer] |13

Specific heat [cal/g-°C] 0.1643

Electrical conductivity, [s/cm]

3.5 x 10°® (c-axis,22°C,1KHz)

Thermal Conductivity, [W/m/K] |13

Table 3.6: Sellmeier equations of KTP [44].

ni?(A) = A + B/(A>-C) )- DA?
A B C D
Ny 3.0065 | 0.039 | 0.0425 | 0.0133
N2 3.0333 | 0.0415 | 0.0455 | 0.0141
Ns 3.3134 | 0.0569 | 0.0566 | 0.0168

Since coefficient of the effective nonlinearity dess is too small for Type | phase-matching, this

type of phase-matching is not used in practice.

3.3 Monoclinic Bismuth Triborate (BiBO ) Crystal

Monoclinic bismuth triborate (BiB3Og) is a relatively new crystal material. First studies of BiBO

were done by Hellwig and co-workers in 1998 [15]. Its main features are:

As opposed to LBO crystal, BiBO is non-hygroscopic.

The transparency of BiBO ranges from 300 nm to 2500 nm.

Large effective nonlinear coefficient is 3.2 pm/V.

The spectral acceptance is moderate and ranges between LBO and KTP.
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The main weakness of BiBO is its particularly large walk-off angle 28mrad*cm at 1064 nm, and

the angular acceptance for BiBO is 2.1 mrad*cm which is much smaller than for KTP and BBO

crystals [21].

Table 3.7: Structural and physical properties of BiBO [36, 45, 21].

PROPERTY VALUE
Chemical formula BiB30s
Lattice Parameter [A] a=7:116 , b=4:993 , and c=6:508
Melting Point (congruent) [°C] 726
Specific Heat [J/g-K] 0.5at 330 K
Hardness [Mohs] 5-55
Density [g/cm3] 5.033

Table 3.8: Optical and nonlinear properties of BiBO [36, 45, 21].

PROPERTY VALUE
defr [pPmM/V] 3.2
Temperature Acceptance AT | [OCcm] 2.17
Angle Acceptance A© 1 [ccm] 0.07
Walk-off Angle A¢ 1 [mrad*cm] 28 at 1050nm
Spectral Acceptance AL I [nm*cm] 1.12
losses(Am)[%/cm] 0.09
PM-angle [°] 0 =169 ¢ =90
ransparency Range [nm] 286-2500

Refractive Indices

at 1079.5 nm

n; = 1.9166, n, = 1.7569, n; = 1.7835

at 539.75 nm

ny =1.9260, np = 1.7874, n; = 1.8190

Optical homogeneity [/cm]

~10°

NLO coefficients (pm/V)

d11 = 253, d12:d14 = 23, d13 = -1.3,

d25 = d36 = 2.4, dzs = 2.8, d35 =-0.9
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Table 3.9: Sellmeier equations of BiBO [45].

ni?(A) = A + B/(A>-C) )- DA?

A B C D
Ny 3.6545 0.0511 0.0371 0.0226
Ny 3.074 0.0323 0.0316 0.0134
N3 3.1685 0.0373 0.0346 0.0175

3.4 Periodically Poled Lithium Niobate (PPLN)

Periodically poled lithium niobate (PPLN) is a domain-engineered lithium niobate crystal. In

other words this is a bulk LiNbO, crystal which contains ferroelectric domains that are parallel to

the c-direction and have alternating signs from the +c to the -c direction. Domain period is
typically between 5 and 35 um. The shorter periods of this range are used for second harmonic
generation, while the longer ones are used for optical parametric oscillation. Fine-tuning of QPM
conditions can be achieved by controlled heating of the crystal through a slight variation of the
refractive index dispersion with temperature. For manufacturing of PPLN an electric-field poling
technique is commonly used [46]. This method is based on electric-field domain reversal in
which a high electric field is applied using lithographically defined electrodes to produce

permanent patterns in the bulk LiNbO, crystal. This technique was first demonstrated by

Yamada et al. of Sony Corporation in 1992 [47]. Due to the nature of QPM the crystal’s axis can
be chosen without limitation. For lithium niobate this is done to access ds3=27pm/V coefficient.

As a result
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2
deff = ;d33 = 17pm/V

3.1)

For increasing the threshold of photorefractive damage at room temperature and minimizing

green-induced infrared absorption, MgO-doping at a concentration of about 5% is added to a

congruent lithium niobate (MgO:PPLN).

Table 3.10: Sellmeier equations of PPLN [48].

2 _ A2+B2+f 100+B4xf 2
n2=A1+Blxf + st T 1w A6
Al A2 A3 A4 A5 A6
Ne 5.35583 0.100473 | 0.20692 100 11.3493 1.5334*107
B1 B2 B3 B4
4.629*107 | 3.862*10° -8.9%10°%° 2.657*10°
where
f=(T—-Ty)(T+Ty+2+273.16) (3.2)

The temperature parameter f is the square of the absolute temperature in degrees Kelvin, with an

added offset to make it vanish at the reference temperature Ty - 24.5.
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Table 3.11: Basic optical and nonlinear properties of lithium niobate [45, 49].

Property

Value

Electro-Optical Coefficients, pm/V

r33=30.8, r;3;=8.6

r22=3.4, r51=28

Optical Damage Threshold, MW/cm*

10 -100

Absorption coefficient, [%/cm]

~0.1 g (1064 nm)

NLO coefficients, [pm/V]

d33 =34.4

d31 = d15 =5.95

d22 =3.07

def‘f ) [pm/V]

17.6 for quasi-phase-matched structures.

Electro-Optic Coefficients ,[ pm/V]

g'33=32 pm/V, g°33= 31

9'31=10 pm/V, §°3:=8.6

gT22 = 6.8 pm/V, gS22= 3.4

Linear Absorption coefficient, [%/cm] 0.003-0.01
Damage threshold for 532.1nm [W/m*] 3.4%107
Damage threshold for 1064.2nm [W/m‘] 6.1%¥10
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Table 3.12: Basic physical properties of lithium niobate [45, 49].

PROPERTY VALUE
Chemical formula MgO:LiNbO3
Crystallographic system Trigonal, space group R3c
Lattice Constants, A a=5.14815 c=5.1709
Molecular Weight 147.9
Point group 3m
Density, g/cm3 4.644
Transmission Range, pm 0.42-5.2
Dielectric Constant 29
Melting Temperature, °C 125545
Curie point, °C 114045
Thermal Conductivity, W/(m K) at 300 K 5.6
Thermal Expansion, K-1 at 300 K 15x%10-6
aa (perpendicular) 4.1x10-6
ac (parallel)
Specific Heat, cal/(g K) 0.15
Hardness (Mohs) ~5
Bandgap, eV 4
Solubility in water None
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4. Frequency Doubling with LBO, BiBO, KTP, and PPLN
Crystals

4.1 Experimental Setup

The passively Q-switched Nd:YAG laser (Teem Photonics) consists of a slice of gain material
(Nd**YAG) covered by a thin layer of saturable absorber (Cr**"YAG). This laser operated at
1064 nm and delivered 560 ps long pulses with 10 uJ energy at a repetition rate of 6.9 kHz.
This corresponds to a 69 mW of average output power. The temporal pulse profile is shown in
Figure 4.1 and was measured with a 6 GHz oscilloscope and a fast photodetector. The spectral
characteristics of the laser output are presented in Figure 4.2. As can be seen, the laser operated
on two longitudinal modes with the most intense one centered at ~1064.03 nm. The output

radiation was linearly polarized and had a TEMg, mode structure as illustrated in Figure 4.3.

IT 2 Opsipt

Figure 4.1 Temporal profile of the pump pulse.
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Figure 4.2: Output spectrum of the passively Q-switched Nd:YAG laser (Teem Photonics).

Figure 4.3: Spatial intensity profile of a laser beam from the passively Q-switched Nd:YAG

laser (Teem Photonics).
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The schematic design of the SHG experiments is presented in Figure 4.4. Initially, the laser beam
was directed through an optical attenuator formed by a half wave plate and a polarizing beam
splitter. To optimize SHG process, several different focusing conditions were used during the
experiments. The radiation was focused by a set of five spherical lenses with focal lengths
ranging between 30 mm and 150 mm. This focusing arrangement provided beam waist radii in
the 14-109 um range. Therefore the resultant setup allowed for changing the spot size inside the
crystal as well as the input pump power. The maximum output power at fundamental wavelength
that was available for the experiments was reduced to 66.3 mW owing to the losses associated

with the introduced optical components.

NLO crystal
Microchip laser I
560ps (@ 1064 nm | I~H Power meter
n2 PBS Green filter
30-150 mm
focal length
lenses

Figure 4.4: Schematic setup for frequency doubling experiments with LBO, KTP, and BiBO .

Crystals were mounted in a vertical rotary mount for precise alignment with respect to incoming
polarization of the fundamental radiation. The generated SH was separated from the fundamental
wavelength by a dielectric filter. The filter had more than 99.9% reflectivity at 1064 nm and

94.5% transmission at the 532 nm. The 5.5% loss of green radiation at the dielectric filter was
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taken into account when estimating the total amount of generated second harmonic. A

photograph of the experiments is shown below in Figure 4.5.

Figure 4.5: Experiment for frequency doubling of Nd:YAG laser with LBO, KTP and BiBO

crystals.

The fundamental and produced green radiation was measured by a calibrated thermopile power
meter. The spatial beam profiles of the fundamental and SH beams were characterized by a CCD

camera.
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Figure 4.6: Typical spectra of the incident and generated second harmonic radiation.

The laser spectra were measured with a calibrated spectrometer. The intensity of the signals was
reduced by the neutral density filters to comply with the sensitivity of the Si detector over the
desired wavelength range.

All crystals that were used in the experiments were 5 mm long and had both of their faces
antireflection coated for fundamental and SH radiation to reduce reflection losses. All focusing

lenses were plano-convex and also were antireflection coated for fundamental and SH radiation.
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4.2 KTP Experiments

The KTP crystal was cut at angles of & = 90° and ¢ = 26° for type Il phase matched SHG at
1064nm. Crystal had the dimensions of 5x3x3mm (i.e. 5 mm long). At first the optimum
focusing conditions for efficient SHG were investigated. This was done by using several
focusing lenses with different focal lengths and recording the maximum average output power of
the produced second harmonic for each of them. For each measurement the maximum input

pump power was used. The results are shown in Figure 4.7.
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/
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Figure 4.7: Second harmonic output power at 532 nm versus lens focal length.

As can be expected, the output power of the SH strongly depends on the focal length of a lens.

The highest output power of 28.9 mW at 532 nm was recorded using a 50 mm focal length lens.
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This corresponds to a beam spot size diameter of 50 um inside the crystal. Focal length range
where maximum could be achieved lies between 50 and 75 mm.

The average output power of the generated second harmonic as a function of the incident pump
power under optimum focusing condition is presented in Figure 4.8. In this case a 50 mm focal
length lens was used. The input power was adjusted by rotating a half waveplate in combination
with a polarizing beam splitter. First, at the lowest pump power level, the position of the crystal
was optimized with respect to the pump beam waist in order to get the highest SH output power.
Next, the fundamental power was gradually increased while recording the SH power. The

position of the crystal was not changed during this measurement.

i Conversion efficigncy]
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Figure 4.8: Second harmonic output power at 532 nm and conversion efficiency versus incident

power with 50 mm focal length focusing lens.
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In the experiments it was observed the expected quadratic dependence of the SH power on the

input pump power. Efficiency of the process is also steadily increasing with the input power. In

this case the maximum conversion efficiency (~45%) is limited by the current level of input

power and the depletion of the fundamental wave.
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Figure 4.9: Spatial beam profiles of SH produced in KTP for different focusing lenses. a) focal

distance 30 mm, 3D&2D; b) focal distance 50mm, 2D; c¢) focal distance 75 mm, 2D; d) focal
distance 100 mm, 2D.

Spatial intensity profiles of the generated second harmonic were studied using a CCD camera.
Four intensity profiles are displayed in Figure 4.9. In the first case (a) a lens with 30 mm focal
length was used to produce SH with tight focusing conditions. As can be seen the central part of
the generated beam of second harmonic still has a TEMgy mode structure, but it is no longer

circular. It is elongated along the horizontal axis with ellipticity of approximately 1:1.5. This can
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be explained by the effect of spatial walk-off. On the contrary, when loose focusing conditions
were created using a lens with 75 mm (c) or 100 mm (d) focal lengths the beam shape appeared
more circular and symmetrical with a nice TEMg, mode structure. In this case loose focusing
produces larger beam size inside the crystal which makes contribution of spatial walk-off less
noticeable. For all subsequent experiments we used the same procedures that were described

above.

4.3 LBO Experiments

The LBO crystal had the dimensions 5x3x3mm (5 mm long) and was cut for type | phase
matching at angles of 8 = 90° and ¢ = 12.4°. A maximum output power of 10.2 mW at 532 nm
was achieved using a lens with the focal length of 50 mm (Figure 4.10). This corresponds to a

conversion efficiency of 16% with respect to the maximum available infrared power.
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Figure 4.10: Second harmonic output power at 532 nm versus lens focal length.
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Figure 4.11: Second harmonic output power at 532 nm and conversion efficiency versus incident

pump power with 50 mm focal length focusing lens.

Figure 4.11 shows that the SHG output power increased nonlinearly (quadratically) with the
pump power. Since low nonlinearity of LBO results in low conversion efficiency, its saturation
was not observed.

Spatial beam profiles of the generated SH are presented in Figure 4.12. They have similar to
KTP dependence on focusing. In case where the lens with 30 mm focal length was used we still
had the central part of the generated beam as a TEMgo mode structure, but it is no longer circular

(Figure 4.12 a) . It is elongated along the horizontal axis with ellipticity of approximately 1:2.
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c)

Figure 4.12: Spatial beam profiles of SH at 532 nm produced in LBO crystal using different
focusing lenses. a) focal distance 30 mm, 3D&2D; b) focal distance 50 mm, 2D; c) focal distance

75 mm, 2D; d) focal distance 100 mm, 2D&3D.

At the same time two side lobes appeared in the horizontal plane resembling a sinc®like
function. These optical beam distortions caused by the strong focusing conditions can be
explained by the spatial beam walk-off and limited angular acceptance of the crystal,

respectively.

4.4 BiBO Experiments

The BiBO crystal was 5 mm long (with 3x3 mm? cross section) and antireflection coated at the
fundamental and second harmonic (SH) wavelengths. The crystal was cut for type-I critically

phase-matched interaction with the effective nonlinearity of 3.2 pm/V for ¢ = 90°, =169°.
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Figure 4.13: Dependence of the second harmonic output power on focusing conditions.

Figure 4.13 shows how the output power of SH depended on the lens focal length. Similar to the
previous cases the maximum output of SH was achieved with 50 mm focusing lens. This lens

was used for the following experiment.
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Figure 4.14: Second harmonic output power (red squares - experimental data and blue squares —
theory) at 532 nm and conversion efficiency (green triangles — experimental data and blue circles

- theory) versus incident power using a focusing lens with 50 mm focal length.

On the Figure 4.14 we can observe the expected quadratic dependence of the SHG power on the
input pump power. Efficiency of the process was also steadily increasing with the input power
and started to show signs of saturation at high power. In this case the maximum conversion
efficiency was also limited by the current level of input power and depletion of the pump. The
highest output power recorded was 23.3 mW at 532 nm. This corresponds to a beam spot size
diameter of 50 um inside the crystal.

Experimental data for BiBO crystal were compared against theoretical calculations performed

using a freely available SNLO software package from Sandia National Laboratories,
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Albuquerque, USA. Experimental and theoretical data are in very good agreement as displayed

in Figure 4.14.

d)
Figure 4.15: Variation of spatial beam profiles of SH with focusing conditions in BiBO crystal.
a) focal distance 30 mm, 2D; b) focal distance 50 mm, 2D; ¢) focal distance 75 mm, 2D&3D; d)

focal distance 100 mm, 2D.

Four spatial beam profiles for the BiBO crystal are displayed in Figure 4.15. On the picture (d) a
lens with 150 mm focal length was used to produce SH with loose focusing conditions. The
beam shape appeared elongated with a nice TEMg, mode structure. When more tight focusing
conditions were created using a lens with 75 mm focal length (c), the central part of the
generated beam of second harmonic still had a TEMg, mode structure but it was no longer
circular. It was elongated along the vertical axis with ellipticity of approximately 1:2. In case of

b) and a) When we created even tighter focusing conditions with 50 mm (b) and 30 mm (a)
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lenses, we saw the further degradation of the beam. The optical beam distortions caused by the
strong focusing conditions are similar to those observed in LBO crystal and also can be
explained by the spatial beam walk-off and limited angular acceptance of the crystal,

respectively.
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5. Frequency Doubling with PPLN Crystal

The MgO-doped PPLN crystal from C2C Link Corporation was 5 mm long, 2 mm wide and 0.5

mm thick crystal with a period grating of 7 pum. The two end faces of the crystal were

antireflection coated for both 1064 nm and 532 nm wavelengths. The crystal was mounted on a

temperature controller with a temperature stability of £0.1 °C. The optimal phase matching

temperature was found to be 32.8 °C, which is a little higher than the nominal 29.9 °C perhaps

due to the imperfect contact between the crystal and the temperature controller. A schematic of

the experimental setup is illustrated in Figure 5.1.

Microchip laser
560ps @ 1064 nm

PPLN

N2 PBS

N

-

30-150 mm
focal length
lenses

Green filter

Figure 5.1: Schematic setup for frequency doubling experiments with PPLN.

Power meter

As before, the first half-wave plate and a polarizing beam splitter were used for controlling the

incident power into the nonlinear crystal. The second half-wave plate altered polarization of the

pump beam to extraordinary one (vertical in our case) to match the QPM interaction in the

MgO:PPLN crystal. The pulse temporal trace was detected by InGaAs photodiode (100 ps
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raising time and 100 ps falling time), and recorded by a digital oscilloscope (Tektronix

TDS6604, 6 GHz bandwidth). The spatial beam profile was recorded by a CCD beam profiler.
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Figure 5.2: Dependence of SH output power on lens focal distance.

Without any focusing lenses (laser output had a waist of 300 um in diameter), the MgO:PPLN
crystal delivered 36.4 mW of green light with 66.5 mW of incident pump power. This
corresponds to an optical-to-optical conversion efficiency of 55%. To optimize the SHG, the
same plano-convex antireflection coated lenses with focal lengths ranging from 50 mm to 150

mm were used. The obtained SH output power dependence is shown in Figure 5.2.

The lenses focused the pump beam into the crystal with waist radii between 24.8 um and 109.2

pm. Using the lens with 75 mm focal length, the maximum output power of 38.5 mW was
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obtained, corresponding to 60% conversion efficiency. Therefore, the lens with 75 mm focal

length was selected for the following measurement.

The second harmonic output power as a function of the incident power was measured as
illustrated in Figure 5.3. By rotating the first half-wave plate, the incident power can be tuned up
to 64 mW continuously. The output power increased quadratically with the increase of incident
power as expected. The maximum output average power of 38.5 mW with pulse energy of 5.6 pJ

is obtained. This corresponds to an optical-to-optical conversion efficiency of 60% (Figure 5.3).
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Figure 5.3: Second harmonic output power at 532 nm and conversion efficiency versus incident

power under 75 mm focal length lens focusing condition.

The conversion efficiency also increased gradually but saturated after the incident power reaches
~30 mW, corresponding to a pulse energy of 4.4 uJ. At this low power level thermal effects that
can arise from the absorption of laser radiation and alter phasematching conditions are
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negligible. Therefore the depletion of the pump power was the main reason for the saturation of
the efficiency. Theoretical modeling of SHG in MgO:PPLN crystal was not possible because
SNLO software does not support QPM interactions. The general trend observed in the
experiments, however, is very similar to the cases of KTP and BiBO crystals and qualitatively

supports our statement.

Figure 5.4 shows the spatial beam profiles of second harmonic radiation. The fundamental beam
has TEMg, mode structure, therefore appeared as a circular and symmetric shape. At the
maximum output power under tight focusing condition (a,b), the shape of the SH beam was
almost circular, even though it was a little distorted. The beam profile of the second harmonic
radiation, however, was much better than that from the BiBO crystal that was used previously.
This was caused by the absence of the spatial walk-off effect in periodically poled crystal (i.e.
non-critical phasematching condition was used). Please note that distortion of the beam in case

(c) is caused by misalignment of the crystal which was only 0.5 mm thick.

a! b)
c) 9

Figure 5.4: Spatial beam profiles of SH at 532 nm produced in MgO:PPLN crystal using

different focusing lenses. a) focal distance 50 mm; b) focal distance 75 mm; c) focal distance 100

mm; d) focal distance 150 mm.
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The temperature acceptance of the MgO:PPLN crystal was also examined and the results are

presented in Figure 5.5.
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Figure 5.5: Second harmonic output power at 532 nm as a function of temperature of the

MgO:PPLN crystal.

The temperature tuning curve resembles a sinc? function shape as was discussed earlier in
Section 2.7.3. The FWHM of the curve is around 3 °C. Theoretical temperature acceptance can

be calculated by using the modified equation 2.29 [50]:

AT = 044294, on, _ on, —a(n,, —n )™
e (5.1)
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where L is the crystal length, 4, is the pump wavelength, « is the thermal expansion coefficient
of the crystal, and n,, and n,, are the extraordinary refractive indices calculated from the latest
Sellmeier equations [51]. At the phasing matching temperature of 32.8 °C the theoretical width
of the tuning curve is 5.8 °C, which is almost twice larger than the measured value. One of the
possible reasons for this discrepancy may come from the non uniformity of the grating pattern in
the crystal. Another reason might be related to the non uniform temperature distribution in the

crystal, which can be caused by a loose contact between the crystal and the heating block.
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Figure 5.6: Temporal profiles of the pump and SH pulses at the maximum output power of 38

mW at 532 nm.

The temporal profiles of the fundamental and second harmonic pulses are displayed in Figure

5.6. The secondary pulses are caused by electrical “ringing”. The measured pulse duration for the
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second harmonic pulses was 510 ps, which is a little shorter than 560 ps for the fundamental
pulses. This pulse shortening effect is a common feature in SHG and was also observed with
microchip lasers [1,13]. The results of the experiments with MgO:PPLN crystal are being

prepared for a journal publication [52].
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6. Summary of Results and Discussion

In this section we will review all results obtained for SHG in crystals of LBO, KTP, BiBO, and

MgO:PPLN. The main results are summarized in Figures 6.1, 6.2, 6.3, 6.4, and Table 6.1.

In our experiments we found that all crystals exhibited strong dependence of SHG process on the
focal length of a focusing lens. This procedure was used to find optimum focusing conditions for
SHG process. For example, as shown in Figure 6.1, for KTP, LBO, and BiBO the maximum SH
output powers were reached with the 50 mm focal distance lens. For MgO:PPLN the best result
was obtained at 75 mm. Since each point in Figure 6.1 corresponds to the highest achieved
output power of SH and the same maximum input power was used for all measurements, the
maximum conversion efficiency would have the same dependence on the focusing conditions as
the second harmonic output power. In this respect crystals of MgO:PPLN and KTP were the

most efficient (up to 60%).
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Figure 6.1: Dependence of the second harmonic output power on focusing conditions.
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The dependence of the second harmonic output power at 532 nm versus the incident pump power
at 1064 nm is displayed in Figure 6.2. In the experiments at low input powers we observed the
expected quadratic dependence of the SH power on the input pump power for all crystals. For
higher levels of input power the SH output power dependence was more linear. The highest SH
output power of 38.5 mW was obtained for MgO:PPLN crystal, which has the largest
nonlinearity among the used crystals. Unfortunately, focusing lenses in the range between 50 —
75 mm focal lengths where not available during the experiments to optimize SHG efficiency

even further.
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Figure 6.2: Second harmonic output power at 532 nm versus incident power at1064 nm.

Another way to represent data of Figure 6.2 is to look at the SHG efficiency. Such analysis is

presented in Figure 6.3. It can be seen that conversion efficiency was linearly increasing with the

input power as expected from the Equation 2.25. At higher levels of input power, however,
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conversion efficiency starts to show signs of saturation. This is particularly evident for the
MgO:PPLN crystal. The cause of saturation can be attributed mainly to the depletion of the
fundamental radiation. At the same time the maximum conversion efficiency (up to 60% for
MgO:PPLN) was limited by the current level of the available input power. The maximum SHG

efficiencies are summarized in Table 6.1.
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Figure 6.3: Dependence of the second harmonic efficiency versus input power.

Table 6.1: Maximum SH conversion efficiency for NLO crystals.

NLO Crystal Maximum SHG Efficiency (%)
LBO 16
BiBO 36
KTP 45
MgO:PPLN 60
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Spatial intensity profile of the generated second harmonic was studied using a CCD camera. For
each of the four crystals two intensity profiles are displayed in Figure 6.4. In the first case (upper
row) the lens with 150 mm focal length was used to produce SHG with loose focusing
conditions. While the beam shape mainly appears to be circular and symmetrical with a nice
TEMogo mode structure, the output from the BiBO crystal was significantly reshaped owing to the

effect of spatial walk-off.

Spatial beam profiles (weak focusing)

Spatial beam profiles (strong focusing)

Figure 6.4: Comparison of spatial beam profiles for weak and strong focusing conditions.

For the second case (lower row) strong focusing conditions were created using the lens with 50
mm focal length. In case of BiBO and LBO crystals the central part of the generated beam of
second harmonic still had a TEMgy mode structure, but several side lobes appeared in the
horizontal plane resembling a sinc’-like function. This was a result of limiting action from the
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angular acceptance of the crystal. Such behavior was not observed for KTP and MgO:PPLN

crystals which are characterized by wide angular acceptances.
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Conclusions

In conclusion, a highly efficient frequency doubling of Q-switched microchip laser was
demonstrated using crystals of MgO:PPLN, BiBO, KTP, and LBO. This efficient, compact,
economic sub-nanosecond green laser source is suitable for many biomedical applications such
as spectroscopy, microscopy and biosensors. To get the best performance in second harmonic
generation, different focusing conditions were explored. The optical-to-optical conversion
efficiency reached 60% which is to the best of our knowledge, is the highest value for pulsed
green light generation using the MgO:PPLN crystal. The measured temperature acceptance of
the crystal is around 3 °C, which was smaller than the theoretical value. The shape of the output

beam was a little distorted but is almost circular and symmetric.

Relatively recently developed BiBO nonlinear crystal was also studied. Such frequency
conversion regime for BiBO crystals was investigated for the first time. Generation of green sub-
nanosecond pulses with 3.4 uJ energy and efficiency up to 36 % was achieved. While stronger
focusing resulted in higher conversion efficiency, the spatial intensity profile of the second
harmonic was reshaped owing to a finite angular acceptance and spatial walk-off in the crystal.
The SHG performance of the MgO:PPLN and BiBO crystals was compared to that of the more

widely used crystals of KTP and LBO.

The combination of high conversion efficiency and good beam quality make MgO:PPLN
superior to the birefringent phase matched crystals presented in this study, although this crystal
needs precise temperature control. At the same time high energy (~1-500 mJ) SHG process
would benefit from BiBO crystal since it has a larger aperture than MgO:PPLN and higher

damage threshold than KTP.
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