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Chapter 1

Introduction

Nonlinear optics is an interesting research field with many applications. As the
development of lasers quickly advanced since its introduction in the 1960s, the
development of nonlinear optics also progressed. This was due to the fact that laser
beams had high energy densities necessary to produce nonlinear effects. Another
important step was the progress in the fabrication of high quality optical nonlinear
materials.

The main advantage of using nonlinear optical materials is the possibility to
generate specific wavelengths from the fundamental wavelength of the laser. One
of the most basic techniques is to double the frequency of the radiation. Another
process is optical parametric oscillation (OPO), in which a light beam at one
frequency generates two beams at lower frequencies, when propagating through
the nonlinear material. By rotating the crystal relative to the incident beam, a
spectrum of laser radiation can be generated. This wavelength selectivity makes
the OPO interesting in a number of applications such as spectroscopy, medical
research, display technology, environmental monitoring and light detection and
ranging (LIDAR).

1.1 Scope of work

The purpose of this study is to perform an analysis of an intracavity optical para-
metric oscillator, converting Nd:YAG radiation at A = 1.064 um to regions around
A = 2 pum using the nonlinear crystal Potassium Titanyl Phosphate, KTiOPOy,
commonly denoted KTP.

Measurements of converted output power and pulse and output power stability
have been performed. Investigations of thermal effects, such as thermal lensing of
the laser rod and output power fluctuations due to instabilities, are included in this
study. Labview and Matlab have been used to develop programs for measurement
and theoretical calculations.

The experiments were performed using a two-mirror pump-resonator setup with
an intracavity resonator for the KTP crystal. All mirrors used in the experiments
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were plane. More elaborate setups such as ring and bow-tie resonators have not
been investigated in this study.
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Chapter 2

Theory

2.1 Basic Laser Theory

When light is absorbed, or emitted, a transfer between energy levels takes place.
The fundamental theory behind lasing action was established as early as 1916 by
Albert Einstein, when he predicted the existence of a special radiative process
called stimulated emission. The first operable laser made out of pink ruby, was
invented by the physicist Theodore Harold Maiman in 1960 [1]. The word laser
itself is an acronym that stands for Light Amplification by Stimulated Emission
of Radiation and a laser system contains three essential elements, the pump, the
optical gain medium and the resonator.

Laser radiation can be characterized by being monochromatic, i.e. the radiation
generated is of a single wavelength, directional which means that the beam has very
little divergence compared to normal light. It is also extremely coherent, which
means that the photons generated have the same direction, same polarization,
same phase and same spectral characteristics.

According to Einstein the interaction with light and matter can be described
by three processes: stimulated absorption, spontaneous emission and stimulated
emission.

2.1.1 Radiative Processes

Let us consider a material with two non-degenerate levels, and that the levels are
perfectly discrete, see figure 2.1. The total number of atoms in the two levels are
also considered to be constant in time.

Stimulated Absorption, can symbolically be written as
atom + photon — atom”™

where atom™ denotes the excited atom. Absorption is the process where an atom
absorbs a photon from an external field and the population of the energy level F;
will decrease.
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Figure 2.1. Interaction of radiation.

Spontaneous Emission, can be represented as
atom™ — atom + photon.

It is the process that describes the spontaneous decay from atoms at the energy
level Fs to E1, adding photons with energy Fo — E; = hv to the radiation field.

Stimulated Emission, can be written:
atom™ + photon — atom + 2photons.

This is the reverse process of absorption. The atom gives up excess energy to the
field by induced emission, adding coherently to the intensity. This means that the
added photon has the same frequency, phase and polarization, and propagates in
the same direction to the field that induced this transition.

The Nd:YAG laser belongs to the class of 4-level laser systems and for a more
detailed description regarding inversion and lasing, see appendix A.

2.2 Optical resonators

An important part in the laser system is the resonator. To amplify the field, the
laser medium is put inside a cavity that allows the EM-wave to bounce back and
forth. The wave will resonate if the length of the cavity is an integral multiple of
half the wavelength L = mT’\ [2]. In a general system, many longitudinal modes
fulfil this requirement, leading to multi-mode resonance in the cavity. The number
of modes with sufficient gain to oscillate, is determined from the linewidth of the
laser transition [3]. The linewidth arise from the fact that the transition levels
never are perfectly discrete in figure 2.1, rather a function describing the response
to EM-waves at different frequencies.
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In each round-trip there is amplification gain, see figure 2.2. There are also
different losses from diffraction, imperfections in the rod, absorption in mirrors
etc. within the cavity. Lasing will begin when the gain is greater than the these
losses. Let g be the gain per unit length, « the losses and [ the length of the rod.
In each passage the intensity will gain a factor exp((g — «)l) so the threshold must
be [3]

G=RiRoexpl(g— ) =1
R1, Ry mirror reflectivities. (2.1)
gx AN

where AN is the difference in population between the levels, where the lasing

p]’Rl I l I p2:R2
<—I I > < ---
Laser Rod Output
o T —: -
. Pump light :
L

Figure 2.2. Optical cavity with reflectivities R1 = 100%, Rz < 100% and curvatures
P1, P2.

takes place.

If G > 1 the intensity will grow in each round-trip and will be infinite according
to equation (2.1). This is prevented by the gain saturation which means that
the gain factor is decreased as the intensity of the radiation is increased due to
depletion of the inversion. Steady state is reached when the left hand side in
equation (2.1) equals one.

2.2.1 Q-switching

An important part in laser systems is to be able to pulse the system. This is
achieved by a technique called Q-switching or Q-spoiling. When using a Q-switch,
a physical alteration is done to the feedback in the cavity, in which large losses
are introduced, increasing the threshold so that lasing is prevented. The inversion
during this time increases and reaches a level beyond the normal required threshold
resulting in an increase in stored energy in energy level two, see figure A.1 appendix
A. At maximum population inversion, the system is "reset" causing it to lase again
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by now releasing its stored energy in one pulse. The development of this pulse can
be followed in figure 2.3.

A perfect Q-switch should switch from one condition to the other as fast as
possible causing minimal losses in the resonator when opened, and high losses in
the resonator when shut.

A
|
m .
g Q-switch ON I
ke 9,
o
o .
c Q-switch OFF
2 g
O 1
[a'sy
> [
Nl
C
.S
SN
g thresh. [
£
N, .
+—
>
s
>
O q)max I
(«)]
v |
>
o |
(Dmin I l‘ > t
tO tl Alpulse 2

Figure 2.3. Pulse development using Q-switching showing losses, inversion buildup and
pulse output.
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2.3 (Gaussian Beam propagation

2.3.1 Gaussian Beams

In the simplest mode, called the fundamental mode, the laser beam (considering
the electric field) exhibits a transverse Gaussian irradiance distribution. To put
it in another way, the cross section of a Gaussian beam has a transverse elec-
tric field distribution that follows a Gaussian profile. In higher order modes, this
distribution is instead described by the so called Hermite-Gaussian functions. Un-
derstanding these modes are important, since in a stable cavity they form naturally
because the modes "match" the mirrors, i.e. resonance is achieved for those higher
order modes for a given stable laser cavity.
The complete description of the Gaussian field 2| in cartesian coordinates is

2 2
x Y wo e +y
E(z,y,2) = EppHpy | ———| H X exp |—————
g Vaw(z)| " [V2w(z) w(z) w?(z) (2.9)
. k(2?4 o2 '
xexp | —j |kz — (1 +m+p)tan™? % X exp —j%

where H,, and H, are the Hermite polynomials which can be generated from [4]

2 dn 2
—e T (2.3)

H,(x)=(-1)"e" P

The Hermite-Gaussian modes are depicted in figure 2.4.

2z
255

AXY
A
R

=
22

" \\\#\\\\\\ i
l’l" \\\\,“ \\\\"\\\\\\\\

N‘ '.0\

i '..\ "i s ',".o“\“
\\\! \\,'.»n " ' \\>
\\\\M\\\\\\\ 'm"' “"'
l" “ "".. s

TEM,, TEM,,

Figure 2.4. Intensity distributions for different orders of the Hermite-Gaussian modes
from equation (2.2).
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These eigensolutions can also be circular symmetric, and are then called Laguerre-
Gaussian modes, consisting of Laguerre polynomials. Equation (2.2) is often re-
ferred to as the TEM,, , mode, meaning Transverse Electric Magnetic, and the
subscripts m and p are the order of the Hermite polynomials. These solutions form
a complete and orthogonal set of functions, the simplest being the fundamental
mode or gaussian beam denoted TEM, ¢ described by

7”2

Blra) = Ba s exp [~ exp (g bz = s e (i) 04

7"2 = x2 +y2.

The Gaussian Beam Parameters

The involved parameters from equation (2.2) are illustrated in figure 2.5.

Figure 2.5. Gaussian Beam parameters also showing irradiance distribution change
propagating a distance z.

The Rayleigh length is related to the wavelength, A, and beam waist, wg, according
to [2]
2

W
2R = TO (2.5)

The Rayleigh length describes the distance from wg to where the cross sectional
area of the beam has doubled. As the distance from the waist location increases,
the divergence of the beam naturally increases.

When propagating a distance z from the waist, the beam radius will change.
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The relation describing this is [2]

2
w(z) = we/1+ <i) . (2.6)
ZR
Another important beam parameter is the wavefront curvature, which is related
to the Rayleigh length according to [2]

R(z) =z + %. (2.7)

Equation (2.7) specifies the curvature of the laser beam wavefront, at a distance
z from the beam waist.

2.3.2 Propagation of modes

A Gaussian beam, as it propagates through an optical system, will remain a Gaus-
sian beam except from its amplitude and the complex beam parameter ¢(z), which

can be shown [1] to be
1 1 oA
= —J = (2.8)
q(z)  R(z) “7w?(z)

R(z) and w(z) were defined previously. This parameter describes both the size
and the curvature of the gaussian beam as a function of z. Using the parameter in
conjunction with the matrix method, see appendix B, it is possible to propagate
Gaussian beams through optical elements in an optical system.

The relation between the ABCD law, see appendix B, and the complex beam
parameter is given by [5]

_Aqp +B
- Cq+D
which relates the output complex parameter ¢» to the input complex parameter
q1 by the system matrix.

qs (29)

2.3.3 Stability and the G-parameters

In order for the resonator to be stable, the complex beam parameter in relation
(2.8) is required to reproduce itself ¢(z + 2L) = ¢(z) in one round-trip, meaning
that both the beam shape and the phase must reproduce itself in one round-trip
[2]. This makes the matrix formalism especially useful for analyzing the stability
of a resonator.

Consider a two mirror resonator according to figure 2.6, separated by a distance
L, with mirror curvatures p; and p2. In a stable resonator configuration, the light
rays are assumed to be confined within the system, and does not diverge away
from the axis causing "spill" around the edges of the mirrors.

Using the ABCD law, a general matrix for this system can be derived from the
equivalent lens waveguide [5]

N 29192 — 1 2Lgo
M = (291g2)2 -1

2ng

2.10
29192 — 1 (2.10)
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with

Figure 2.6. Resonator (A) and equivalent lens waveguide (B).

g =1-—

'OLl (2.11)
g2=1—-—.

P2

The condition for this resonator to be stable is [6]

A+ D
_1<( ; ><1 (2.12)
or simply
0< g1ga < 1. (2.13)

If the relation 2.13 is plotted in the g1g2 plane, see figure 2.7, different configura-
tions of stable cavities can be analyzed from this figure.
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&
A
unstable unstable
g8, =1
> &)
unstable unstable

Figure 2.7. Stability diagram for the resonator in figure 2.6.

2.3.4 Resonators with internal lenses

A more complex resonator is shown in figure 2.8, with an internal lens with refrac-
tive power D. If the ABCD method is applied on this system, the transfer matrix
will be [7]

—. (A B\ _
w2 )

( 29795 —1+2L" x g5 /p1 23 >
AB/D 29195 —1—=2L" x g5 /p1
with the modified g-parameters and modified resonator length
d.
g; = ¢9i — Dd; (1 - —Z) fori,j =1,2;i#j
L* =dy + dy — Ddyds (215)

1
D = ?, Refractive power of internal lens.

For a thick lens, the distances d; and do are measured from the principal planes!

IPrincipal planes are hypothetical planes at which all the refraction are considered to happen.
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of the lens, shown as h in figure 2.8.

Mz,pz

Figure 2.8. Resonator with an internal thick lens. Two internal waists wo1 and wo2 are
located at distances do1 and dopo.

According to equation (2.15) the cavity equals an empty cavity but with modified
length and mirror curvatures. The spot sizes on the mirrors for the TEMg o mode
are the same for the equivalent resonator and the actual lens resonator. The beam
waists however will be different. Depending on the mirror curvatures, the lens
resonator can have two internal waists, wg; and wg2, as shown in figure 2.8. For
the equivalent empty cavity, only one waist is present.

From equations (2.14) and (2.15), four refractive powers can be derived that
intersects stability limits of the resonator in the modified stability diagram [7]

1 1
Dy = + , for 9795 =1, g7 >0 2.16a
I di—p1 " dy—po 9192 9 ( )
1 1
D= — f *—0 2.16b
II dy " dy—p1 or g ( )
D Ll =0 (2.16¢)
= [ [0} = .10C
=T P I g2
1 1
Dy = -+ —, for gig; =1, g7 <O0. (2.16d)
di  d

The resonator with an internal lens will move along straight lines in the stability
plot as D increases, as shown in figure 2.9. The slope of these lines depends on
mirror curvatures and the position of the internal lens.
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unstable

unstable

g g =1

Y

unstable

unstable

g

Figure 2.9. Stability diagram for resonator with an internal lens, showing the charac-

teristic refractive powers.

2.4 Thermal lensing

When pumping the system, heat is uniformly absorbed in the volume of a circular
symmetric Nd:YAG rod. Surface cooling makes the center hotter than the outer
edges, which will introduce radial temperature gradients, illustrated in figure 2.10.
These gradients will cause mechanical stresses and displacements in the rod. In-
homogeneous distribution of temperature and strain in the Nd:YAG material, will
cause a change in refractive index at every point, and the result is that the rod

itself will act as a thick lens, whose focal length varies with input power.

Figure 2.10. Drawing showing the cross section of a circular symmetric laser rod with

thermal gradients.
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A well established equation describing the refractive power is given by [3]

P, (ldn arg(ng — 1)
~ KA (5% +aCrgng+ =7

1
D = —, Refractive power

f?

d
% = Temperature dependent change of the refractive index.
K = Thermal Conductivity [W m™'K™']
C',» = Photoelastic coefficient (2.17)

P, = Total heat dissipated in the rod [W]
A = Cross sectional area of the rod [m?]
L = Length of the rod [m]

ng = Refractive index
ro = Radius of the rod [m]

o = Thermal expansion [K™'].

The refractive index is dependent on the polarization of the light, and in equation
(2.17) there are two focal lengths, f,, for all rays polarized in the radial direction
and f4 for rays in the tangential direction.

One method to reduce the lensing effect is to have the end faces of the rod
slightly curved as illustrated in figure 2.11. Equation (2.17) needs to be modified
by taking this into account?

P, <1 dn arg(ng — 1)) ~ 2(no—1) (2.18)

= %4 \aar T oCrems + ——7 2

where pg is the curvature of the end faces.

The total heat dissipated in the material is related to the electrical input power
with an overall efficiency factor, describing how much that is actually absorbed as
heat in the rod. This can be described by

Py =nV x (I, — I, (2.19)

where V' is the laser driver voltage, I, the pump current and I, the threshold
current for the pump diodes in the laser head. The factor 1 contains a number of
efficiency parameters depending on the system. It also has different values during
lasing action, and non-lasing conditions.

A plot of equation (2.18), varying the efficiency factor in (2.19) is shown in figure
2.12.

2Calculation is performed using thick lens geometry [1].
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A
Y

Figure 2.11. Laser rod with length [/, curved end faces po, and principal planes h; and
ha. nr is the refractive index of the material.

Focal Length Nd:YAG Rod with curved end faces

100 T T T T T T
90 .
80+ Efficiency factor |
sk 0.05| |
—66—0.1
60 —>—0.15| |
0.2

Average Thermal Focal Length [cm]

O 1 1 1 1 1 1
500 1000 1500 2000 2500 3000 3500 4000
Input Power [W]

Figure 2.12. Theoretical calculation of the average focal lengths from equation (2.18),

varying the efficiency factor n in equation (2.19). Constants were used considering
Nd:YAG material.

2.5 Nonlinear Optics

2.5.1 Introduction to Nonlinear Optics

Consider a linear medium, where the polarization is described as

P = ¢XE, (2.20)
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where
=51
€0 (2.21)
€ = €,€0

is the linear susceptibility and €y the permittivity of free space. Since the permit-
tivity is in general given relative to that of vacuum, the actual permittivity is e
and €, the dielectric constant, which is material dependent.

When nonlinear effects are introduced, equation (2.20) needs to be expanded [§|
according to

P:=%X0h3+fo(ﬂmEE4aﬁ@EEE4<ﬁ®EEEE.”>:Iﬂu+PNL (2.22)

where Y™, m =1,2,3... now are tensors of the first, second, third rank etc. The
strength of terms over two in the expansion will in general be considered weak,
and therefore only second order processes are of interest here. The linear and
nonlinear response are illustrated in figure 2.13.

Not all materials will provide second order nonlinear processes. Inversion sym-
metric media are materials with the following property

I,P=—P
: (2.23)
I,E=—E

under some symmetry operator fop [9]. When applying this operator on equation
(2.22) this results in that all even orders of the tensors equals zero

Y2 =0, m=1,23... (2.24)

Effects from the second rank tensor are therefore only seen in noncentrosymmetric
materials.

At high optical intensities the response of the medium will be nonlinear with
the consequence that the nonlinear part of the polarization will induce new fields
from the applied field.

2.5.2 Different Nonlinear processes
Consider a general field

1 .
E(r,t) = 5 [E(r,w)e(l(k'r*“’t)) + c.c.} . (2.25)

Now assume a mixed field consisting of two frequency components

| | |
EKnt)::ﬁ{Ehe“&lr_w””—%Ebe“&zT_“ﬂ»—+ccl (2.26)

then using equation (2.22), the second order contribution will be
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- - - Nonlinear Response
Linear Response

Polarization P

Electric Field

Figure 2.13. Linear response versus nonlinear response.

(2)
P1£T2L) (r,t) :eo)fL [E%e%kl.re—%wlt + 2E1E26—i(w1+w2)t6i(k1+k2).r+

Ege—2iw2t62ik2'r _|_ 2E1E;€—i(wl—WQ)tei(kl—sz)'I‘ + C.C.]+

€0X(2) [ElET -+ E2E;] .

(2.27)

Looking at the amplitudes of the different frequency components from equation
(2.27) yields

1
P(2w1) = ZLEOX(Q)E%
1
P(2ws) = ZGOX(Q)ES
1
P(wl + (UQ) = §€ox(2)E1EQ (228)
1
P(w1 — (.UQ) = 560X(2)E1E§
1 (2) * *
P(O) = ZGOX (ElEl + E2E2) .

Second harmonic generation, or SHG, generates a second frequency at 2w. Sum
frequency generation, or SFG generates the sum of two incoming frequencies and
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difference frequency generation, DFG consequently the difference. Optical rectifi-
cation OR, is a special case when wi; = ws, and this produces a constant electric
polarization in the medium.

Other effects can also be achieved from special cases of frequency mixing such
as parametric amplification and parametric oscillation explained in section 2.6.

2.5.3 Nonlinear Susceptibility

The second order susceptibility tensor has 27 elements since explicitly written
x? = XE%, where the indices i, j, k are ranged over x,y and z and represents
optical polarization direction. A convention in nonlinear optics uses the nonlinear
d-matrix instead of the susceptibility tensor according to

1
diji = 5Xi50- (2.29)

Using the Kleinman symmetry [9] condition which states that the d-matrix is
independent of frequency and independent of the permutation of indices d;;; =

dik; = djk; etc., the matrix can be contracted to a 3 X 6 matrix and we get [9]
Py (w3) din diz diz dig dis  dig
Py(ws) | =260 [ dor daa doz dos dos  das
P, (w3) d31 d32 d3z d3q4 d3s dse
Em(w1>E:v<w2)
E, (1) B (w2) (2.30)

EZ(Wl)EZ(CUQ)
Ey(w1)E:(w2) + Ey(w1) B (w2)
Ex(wl)Ez<w2) + Ex(wl)Ez(WQ)
Ey(w1)Ey(w2) + Eyp(w1) Ey(w2)

The d-matrix is often replaced by an effective parameter d.ys that is calculated
from the different nonlinear coefficients in the matrix and the optical polarizations
involved. d.s is in general a combination of one or more of the components dj; in
the contracted matrix. These components are then combined with trigonometric
functions of the angles # and ¢, that describes the propagation direction of a wave
in the crystal [6].

2.5.4 The Coupled Wave equations

From Maxwell’s equations, it is possible to derive a set of coupled wave equations,
which describes the interaction between the electromagnetic fields in the crystal.
Taking into account the nonlinear terms, the wave equation can be written [6]

oE  9E_ 9P
ot HoTHr T HO T

where o is the conductivity, po the permeability and e the dielectric constant.
Assume a scalar field with its fourier components, propagating in the z-direction

V2E — opug (2.31)
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at frequency ws

1 .
E(z,t) = 3 <E(z,w3)el(k3z_w3t) + c.c.> (2.32)
and a polarization at w3 = wy + wo
PNE(2,t) = % (PNL(z,w1 + wy)etlkrtho)z—(witw2)t) | c.c.) (2.33)
with
PNY (2,01 + wo) = 2€0dep E(2,w1) E(2,w2). (2.34)

Equation (2.34) is given from the relation (2.30) using the effective nonlinear d. ¢
coefficient.

Three coupled wave equations can be derived with equations (2.32), (2.33) and
(2.34) into the scalar version of (2.31) [6] resulting in

1 .
iAl = ——OélAl + Z.’}/AgA;eilAkz
d 2
1 .
iAQ = __062142 —+ i’)/AgATQ_ZAkZ (235)
dz 2
d 1 . iAkz
—Ag = ——CY3A3 + wAlAge
dz 2

where

n 1/2
Ai = (—Z) EZ for 1 = 1,2,3

o = , fori=1,2,3
n;€oC (2.36)

1/2
N = defr [ wiwows
Cc ni1naonsg

Ak = k3 — ko — k1, Momentum vectors for each wave.

The wave vector Ak, describes the relations between the wave vectors for the
involving fields in equation (2.35). The relative phases of these fields are important
in how the energy transfer between them occurs. The interaction works both ways
so conversion can be done either from the driving pump field to the other two
fields or the reverse.

2.6 Optical Parametric Oscillation

A special case of second order processes is optical parametric oscillation, or OPO.
The induced nonlinear polarization in the crystal material couples the energy from
the pump source into two new wavelengths, see equation (2.35). The pump photon
is therefore split into two photons, called the signal and the idler. The main
difference between the laser and the OPO, is that there are no atomic transitions in
the crystal that generates the wavelengths. A doubly resonant cavity is illustrated
in figure 2.14.
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Nonlinear Crystal

Figure 2.14. Doubly resonant optical parametric oscillator, meaning both signal and
idler wavelengths are resonant.

The energy in the process must be conserved. For a given pump wavelength,
there are many pairs of photons that satisfies the energy conservation. The specific
pairs of photons generated is determined by the momentum or phase matching
condition. These conversion processes can be summarized using the well known
relations

B = (2.37)
p = hk '
to yield
hw, = hws + hw;, Energy conservation
P &Y (2.38)

hk, = hk, + hk;, Momentum conservation

where the indices p, s and ¢ denotes the pump, signal and idler fields respectively.
By convention the frequency ws > w;. Due to the fact that energy can flow between
the waves in three-wave mixing, described by equation (2.35), power is therefore
transferred from the driving field at w, to ws and w; with gain for the frequency
pairs that satisfies the momentum conservation.

Optical Parametric Oscillators have a wide range of tunability which is limited
by the conservation of momentum, and the transparency range of the nonlinear
crystal used. The choice of propagation direction in the crystal therefore allows
the choice of tuning the signal and idler wavelengths. One can see this as having
a control over the desired wavelength by the conservation requirement in equa-
tion (2.38). This wavelength selectivity feature is an advantage in for instance
spectroscopy.

To obtain higher conversion efficiency, the crystal is placed in a separate cavity,
either externally from the pump laser cavity or inside. When placed inside, the
configuration can utilize the high internal intensity, which can be several orders of
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magnitude higher than the out-coupled field. This configuration is referred to as an
Intracavity Optical Parametric Oscillator. From the choice of mirrors this internal
cavity can be made resonant for the signal wavelength called singly resonant SR,
or double resonant DR for both signal and idler, or even triple resonant TR for all
fields.

The OPO will function similar to a laser cavity, with a threshold to start the
conversion and a round-trip gain in the KTP crystal. It can be shown [6] that the
threshold intensity for the DR case is

I . ns n1n2/\1/\2 ( )
3th — 2Zd§ff (27('[)2 Y172

deyy Effective nonlinear d-matrix coefficient

Z =1/epc  Free-space impedance (2.39)
n;, ©+ =1,2,3 Refractive indices for signal, idler and pump.

vj, J = 1,2 Total loss per pass

A1, A2 Signal and idler wavelengths

The threshold for the singly resonant case is much higher than for the doubly
resonant case. Doubly resonant OPO:s require simultaneous oscillations of both
the signal and idler wavelengths. This requirement together with the requirement
that conservation of the momentum and energy must be conserved, makes this
setup more difficult to control [10].

2.7 Phase Matching

To obtain high conversion efficiency from the pump to the signal and idler, the
fields needs to be phase matched. This can be achieved by the use of dispersive
media, since a field will propagate with phase velocity according to

C

(2.40)

T W)
where c is the speed of light in vacuum, and n(w) the refractive index as a function
of frequency.

For efficient energy flow we have already seen from equation (2.38) that the
conservation of momentum requirement must be fulfilled. An alternative relation
can be written using the refractive indices

n(wp)wp = n(ws)ws + n(w; )w;
_ 2mwin(wj) (2.41)

kj - j:p787i'
C

A technique to achieve the phase-matching condition is to use birefringent crystals.
These crystals possess two indices of refraction that depends on the polarization
and the direction of propagation [10]. The interacting waves with different frequen-
cies are polarized differently, so by adjusting their phase velocities the requirement
Ak = 0 can be fulfilled.
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The index of refraction is a function of wavelength and is described by the
empirical Sellmeier equation [11]

B D

1 c 1 £

A2 A2
where the coefficients A, B, ..., F are tabulated for different crystals. These equa-
tions have been presented in several different forms, where equation 2.42 with given
coefficients, is a more refined version [11], giving small errors for wavelengths above
1pm. The coefficients often include a temperature dependence to describe temper-
ature tuning of certain nonlinear crystals such as LiNbO3. A plot of the Sellmeier

equation can be seen in figure 2.15.

n?(\) = A+ — F)\? (2.42)

Plot of the Sellmeier equation
1.84 T T T T T T T

1.76

1.74

Index of Refraction

1.72

‘I .68 1 1 1 Il Il Il 1
1 15 2 25 3 35 4 4.5 5

Wavelenght ( um)

Figure 2.15. Plot of the refractive index as a function of wavelength for the nonlinear
crystal KTP.

2.7.1 Uniaxial Crystals

The direction of symmetry in the crystal is called the optic axis (OA), and crys-
tals with one OA are called uniaxial. Along this optical axis, both polarizations
propagate with the same velocity. A wave that sees a constant index of refraction
(ordinary index n,) independent of its propagation direction is called an ordinary
wave. The wave that sees an index dependent of propagation direction (extraor-
dinary index n.(0)) is called an extraordinary wave. The angle 6 describes the
direction of propagation relative the OA.
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It is convenient to look at the cross section of the index surface for a uniaxial
crystal, which can be described by the elliptic equation

£C2 22
St =1 (2.43)

where z is taken as the symmetry axis. If we let the coordinates x and z be
expressed as a function of n.(0,w) we get

x =ne(0,w)sin(0)

2.44
2z =ne(0,w) cos(0) (2.44)
and with equation (2.44) into equation (2.43) yields
1 sin?(9)  cos?(#)
= . 2.4
200w ) (249

With the use of equation (2.45) the phase matching angle can be calculated for both
type-I and type-II phase matching for the desired frequency conversion process.
Type-I phase matching is the situation when the signal and idler waves have the
same polarization, while in Type-II their polarizations are orthogonal.

2.7.2 Biaxial Crystals

For biaxial crystals, such as KTP, two symmetry axes are present which by con-
vention lie in the xz-plane, illustrated in figure 2.16. Since type-I phase matching
for KTP have low nonlinear coefficients [10], type-II matching is most frequently
used.

For a wave propagating along the optical axis, the refractive index is indepen-
dent of polarization. For a wave propagating with wave vector k, the indices of
refraction are given by the Fresnel equation [3]

sin?(0)cos? () N sin?(0)sin?(p) N cos?(0)

i e T =h 0. (2.46)

To calculate the phase matching angle for a biaxial crystal, the Fresnel equation
(2.46) needs to be solved in conjunction with the Sellmeier equation and the type
of phase matching condition considered. This is a quite complicated calculation,
so the reader should refer to [12] or [13] for a detailed description. A calculated
phase matching plot can be seen in figure 2.17, which displays the signal and idler
wavelength as a function of the internal angle in the crystal.
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OA

OA

Figure 2.16. Coordinate system for a biaxial crystal with two optical axes OA.
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Figure 2.17. Calculated tuning range for Type-II KTP crystal pumped by 1064nm

Nd:YAG at 300K. using the computer program SNLO [14].

Consider the type-II phase matching condition for an OPO

k, (fast) = kg (fast) + k; (slow)

(2.47)
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where the designation ordinary and extraordinary for a uniaxial crystal is referred
to as the fast and slow for a biaxial crystal [12]. A type-II matching for KTP
indicates that the angle will be 6,, = 51.4° according to figure 2.17 giving a
degenerate wavelength at A = 2128 nm.

2.7.3 Walk-off

In a birefringent crystal the propagation direction of the energy for the waves is
in general not collinear. This means that the conversion efficiency will be limited.

The poynting vector is defined according to [15]
S =¢c’E xB

_ (2.48)
B, Magnetic field

which is the power per unit area in the propagation direction. Now if critical phase

1
1
1
1
1
1
1
1
1
\}
\}

Figure 2.18. Second Harmonic (SHG) birefringent phase matching for a negative uni-
axial crystal (ne < no).

matched, the propagation direction between the fundamental and the harmonic
will differ by an angle given by [11]

ran() = "2 <nz<12w> - n3<12w>> (2.49)
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for second harmonic generation, see section 2.5.2, as shown in figure 2.18. From
figure 2.18 we see that no walk-off exists if #,, = 90°. When this condition is
met, it maximizes the length of the nonlinear interaction that can be used. This
is referred to as non-critical phase matching. Critical phase matching is done for
all ,,, # 90°. This means that walk-off effects now limits the conversion efficiency.
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Experimental Methods

3.1 Experimental Setup

A schematic drawing of the experimental setup is shown in figure 3.1. The plane-

N
Y
M, M, M;
Y
! B E R
Y
[ \\

@ Q-switch Laser Module KTP Crystal @

Figure 3.1. Schematic drawing of the experimental setup. Detectors for measurement
of optical power are placed at positions 1, 2 and 3.

plane mirror pump-cavity uses a M; = 75% output coupling mirror at wavelength
A = 1064 nm and a highly reflecting mirror Ms ~ 100%. M, also has high trans-
mittance in the A = 1.9 — 2.3 um region in order to couple out the signal and idler
wavelengths.

The doubly resonant OPO cavity uses two mirrors, both with high transmittance
at A = 1064 nm. Mjy is highly reflective in the A = 1.9 — 2.3 um region whereas M,
is 70 — 80% reflective in the same region. These mirrors are placed in dedicated
holders with a two axis tip-tilt system to allow optimization of the internal cavity
during lasing action.

27
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To estimate the internal intensity in the cavity we have

14+ Ry
1—R;

Pinternal — Pout X (31)

where P,,; is the measured output power at position 1 and R; the output mirror
reflectance. An additional mirror M5, with the same specifications as Mo, is used to
filter out as much of the Nd:YAG wavelength as possible for more accurate readings
of the converted radiation at position 2. Since mirror Ms always transmits a small
amount of Nd:YAG radiation due to the high internal cavity intensity, M5 will
reflect this part onto the detector at position 3 which together with the radiation
at position 2 can be connected and simultaneously measured on a dual channel
power meter. For a list of the used equipment see appendix C.

3.1.1 The Laser

The Nd:YAG laser rod used is side-pumped by diodes in arrays shown in figure
3.3. The pump wavelength from the diodes® is Ay = 808 nm which produces
the Nd:YAG wavelength at A = 1064 nm. The unit is also water cooled with a
recirculating water cooler keeping the water at constant 22°C. This is important
for the longevity of the diodes and to keep the thermal fluctuations to a minimum
which results in a more stable laser output.

The pump module itself is compact with a Nd:YAG rod length of [ = 63 mm
and a diameter of 1o = 3mm. The rod also has curved end faces (p = —50cm)
to compensate the thermal lensing. For reasonable small cavity lengths powers up
to 100 watts have been measured at position 1 with M; = 75% and Ms = 100%,
both being plane. The maximum operating current for the pump module is 25 A.
A picture of the fluorescence for the laser rod is shown in figure 3.2.

Figure 3.2. Flourescence for the Nd:YAG rod with radius 3 mm, 0.6% dopant. Picture
taken from [17].

IThe main advantage using diode pumping instead for instance arclamp pumping, is the fact
that pumping close to the ideal absorption wavelength reduces the thermal absorption in the rod.
Other advantages are higher efficiency compared to flashlamp pumping, higher beam quality and
peak power and a smaller overall system [16].
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Diode arrays

2N

N Laser rod | Water cooling input
/ N\

] NI\

Figure 3.3. Cross section image of the CEO Laser module showing the diode arrays in
a symmetric configuration for sidepumping the Nd:YAG rod. Picture taken from [17].

3.1.2 The KTP crystal

The nonlinear crystal is Potassium Titanyl Phosphate, KTiOPO4 or KTP, a biaxial
non-centrosymmetric crystal which has good properties for nonlinear optics such
as large nonlinear coefficients and high damage threshold. KTP also has a broad
transparency range as shown in figure 3.4. The crystal itself measures 5 x5 x 15mm
and is cut 54° in the xz-plane to allow OPO degenerate wavelength conversion.

As with the laser rod, thermal effects are also present in the KTP crystal due
to absorption of the interacting wavelengths. To keep the crystal at a constant
temperature (and thermal gradients approximately radial), a cooling device was
constructed shown in figure 3.5. The crystal is also antireflection coated for all
involved wavelengths, in order to reduce the losses.

The crystal is placed in a holder made out of copper with good thermal conduc-
tivity. This copper holder is connected to a larger heat sink made of aluminium
through two thermoelectric cooling elements. By applying a voltage to these el-
ements, heat can be drawn from one side to the other. In order to compensate
and keep the temperature constant a temperature controller regulates the applied
voltage to these elements. A temperature sensor is placed in a drilled hole in the
copper holder, close to the crystal and used as a reference temperature to the
regulator.
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Figure 3.4. Transmission spectrum for Potassium Titanyl Phosphate [14].
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Figure 3.5. A perspective view of the copper cooling holder for the KTP crystal.


larsjo

FOI-R--1737--SE


FOI-R--1737--SE

3.2 Alignment of components 31

3.1.3 The Q-switch

The setup uses an acousto-optic Q-switch to pulse the Nd:YAG laser. Connected
to a RF generator, a piezoelectric transducer converts electromagnetic energy into
ultrasonic energy that travels through a transparent crystal which often is made
of flint glass or fused Silica. This will in turn act as a phase grating diffracting
a portion of the flux out of the cavity. The cavity losses increases and prevents
oscillation. Turning the signal off again decreases the losses and a pulse is released.
High repetition rate switching of the losses up to 50 kHz are possible using this
model. A photo of the interior parts of the Q-switch is shown in figure 3.6.

Piezoelectric element

Figure 3.6. Image showing the piezoelectric transducer and the silica material acting
as the phase grating.

3.2 Alignment of components

Before every measurement it is important to align all the optical elements in the
system to ensure that maximum output power is obtained. This is accomplished
using a HeNe laser as reference, placed to the right of position 1. Optimization is
done by first aligning the components as good as possible with aid from the HeNe
laser. At some fixed pump current above threshold, further optimization is done
by adjusting the components so that the power output at position 1 is maximized.
This procedure is first done for the plane-plane resonator by adjusting the mirrors
My and M5 in figure 3.1. The procedure is then repeated introducing the Q-switch
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in the cavity without pulsing the system, and again optimizing the same mirrors.
Subsequently the same procedure is done with mirrors My and Ms. In the last
step the KTP crystal is placed between M3 and My.

3.3 Methods for measuring the thermal lens

An important part of this work was to determine the focal length due to thermal
lensing in the laser rod. This will provide information about the behavior of the rod
which can be used in stability calculations of the cavity. These measurements were
performed without the Q-switch and the internal cavity OPO of the resonator.

Two methods were used, one without laser oscillation of the Nd:YAG pump
module, and one measurement with oscillation.

3.3.1 Method I

A simple experimental setup is shown in figure 3.7. Without laser oscillation of

Left

HeNe Laser

Knifeedge

Beam expander

Nd:YAG

Right

Figure 3.7. Measurement of refractive power with a HeNe laser as probe beam. A
knife-edge is used to locate the focal spot.

the Nd:YAG, a HeNe laser? is used as a probe beam through the Nd:YAG laser.
It is not necessary to use a probe beam that has the same emission spectrum that
matches the spectrum of the Nd:YAG laser transition [5]. Using a HeNe laser in
the visible region will essentially produce the same result. The beam will have a
focus at a distance L’ = h + Ly measured from the principal plane of the laser
rod. The distance to the focal point is for simplicity measured from the middle
of the pump module and then recalculated to the principal planes of the laser
rod. By varying the input pump current, the distance L’ will be a function of the
pump current. The beam expander is used to approximately collimate the HeNe
laser before passing through the Nd:YAG rod. It also ensures that the HeNe laser
probes the entire cross section of the laser rod.

?HeNe laser has a wavelength A = 633 nm.
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The distance is measured using a thin knife-edge that is slowly inserted in the
path of the output HeNe beam from the Nd:YAG laser. The knife-edge is placed on
a translation stage. By probing different distances noticing that when inserting the
knife-edge behind the focal point the intensity distribution will start to decrease
on the right side on the screen. Probing in front of the focal point will start
to decrease the intensity pattern from the left instead. This method allows one
to pinpoint the location of the focal length as a function of pump current. A
drawback is that the method does not take the bifocusing into account from the
thermal birefringence, described in section 2.4.

3.3.2 Method II

An alternative method is to determine the focal length when oscillation in the
Nd:YAG laser is present. When oscillation takes place, a part of the input power
is now converted to laser radiation which means that less heat is absorbed in the
rod. The refractive power is therefore lower. This measurement should give a more
accurate behavior of the refraction of the laser rod when the system is lasing. It
will also take the bifocusing into account. An illustration of the setup is shown in
figure 3.8. To perform the measurement, we now consider a symmetric setup with

®

M, M,

Laser Module

Figure 3.8. The setup used in Method II.

plane-plane mirrors of the resonator with the internal lens, see section 2.3.4. The
stability diagram for this resonator is shown in figure 3.9.

For a symmetric resonator with plane-plane mirrors, this is represented by the
straight line with three points A, B and C. Depending on input power, and there-
fore refractive strength of the rod, the equivalent resonator will change from plane
parallel to confocal and finally concentric [18].
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g
A
unstable unstable
) ggi=1
> g;‘

Figure 3.9. Stability diagram for a symmetric plane-plane resonator with an internal
lens. Depending on input power the stability product gy g5 will move from point A to B
and finally C.

From equation (2.15) we rewrite the relations

1
gf =1—Ddy — — (d1 + do — Ddldg)
P (3.2)

1
g;:1—Dd1—p—(d1—|—d2—Dd1d2).
2

The lengths to each mirror from the pump module are measured from the middle
of the pump module, see figure 3.8. The total length is therefore L = L; + Lo.
In the calculation of the refractive power D, the distances L; and L, must be
recalculated to the principal planes of the rod, d; and ds. The distance from the
endfaces of the laser rod to the principal planes can be approximated by [19]

h=— (3.3)

where [ is the laser rod length and n(y the refractive index. For a plane-plane
mirror cavity we have

1
p1:p2:p%oo:>;:0. (3.4)
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Symmetric placement of the laser module means L; = Lo, and together with
equations (3.2), (3.3) and (3.4) yields

The stability of the resonator is therefore dependent on the length of the resonator
and the refractive power of the internal lens.

Varying the pump current to the laser, means that the product gjg; will travel
on the straight line in figure 3.9. At the critical stable point B we have gjg5 =0
and the thermal lens is half of the resonator length. At this point there will be a
decrease in measured output power. Since both a radial polarization and azimuthal
polarization are present according to equation (2.18), the decrease will be a plateau
region with the refractive power being higher for the radial polarization compared
to the azimuthal.

By varying the length of the resonator, and performing measurements of the
output power, the refractive powers can be determined at different pump powers.
The power is measured at position 2 in figure 3.8, since the only detector able
to cope with the high intensity at position 1, cannot collect data via interface to
Labview. Despite the fact that mirror Ms should have a theoretical reflectance of
100%, a fraction of the intensity will be transmitted, and this is instead used in
the measurement at position 2.

In order to perform this measurement a Labview program was constructed. The
program is able to control the laser driver current fed to the pump module in
0.1 A increments, which is the smallest increment possible. At each increment, the
program measures the output power at position 2 in figure 3.8.

Since the output power were noticed to fluctuate due to thermal issues, the
program takes the average from 15 values collected on the power meter connected
to the detector placed at position 2. The time between these measured values
iS t;meas = 0.5s. The program also executes a warmup stage in order to reach a
working temperature for the system. This is done by increasing the pump current
to the maximum value I, = 25 A and wait for approximately 60s. The current is
then decreased to the start value, and again waiting approximately 30 s. Between
each increase of the pump current, the system is delayed 10 s, in order to stabilize
the system at each new pump current fed to the laser module. The program also
acquires the diode array and laser driver temperature.

Performing this measurement for different lengths of the symmetric cavity will
provide information about the focal length from the plateau regions that occur.
The measurement will also provide an estimate of the efficiency factor 7 in equation
(2.18) that gives information about the amount of heat generated in the laser rod
when lasing occurs.
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3.4 Optical Parametric Measurements

By pulsing the Nd:YAG laser, the threshold for conversion in the KTP crystal is
reached more easily than for continuous wave operation. The converted radiation
from the OPO is measured at position 2, see figure 3.1. Two photodiodes with fast
rise times are placed to measure the output pulses both from the Nd:YAG and the
OPO. Since both diodes are too sensitive for direct radiation measurement, they
are placed near each detector placed at position 1 and 2 to measure the diffuse
reflection of the radiation. From these photodiodes the pulse stability and pulse
length from the Nd:YAG and the OPO have been analyzed with an oscilloscope.

A number of different cavity lengths were tested. Both symmetric setups, where
the laser module was placed in the middle of the cavity, and nonsymmetric se-
tups have been analyzed. In order to be able to fit the internal cavity parts, the
nonsymmetric setups consisted of moving the laser module and Q-switch closer
to the output coupling mirror M;. Another reason was to prevent damage to the
Nd:YAG rod, since placing the pump module too close to the internal cavity can
produce a focus on the laser rod. This is possible since the waist produced at My
can be partly reflected by M3 and cause damage.

By using a grating monochromator, the spectra of the signal and idler wave-
lengths were measured and verified with the energy conservation relation

! + ! (3.6)
Ao As N '
If the crystal is rotated slightly in the OPO cavity, it will be possible to tune
different wavelengths satisfying the momentum conservation (2.38). The fulfilled
wavelengths can again be seen from figure 2.17 in section 2.7.
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Results

4.1 Thermal Lensing

4.1.1 Method I Results

The result of the focal length measurement is presented in figure 4.1.

Focal length, Method |
50 T T T T T

Focal length (cm)

N
)]

20

15 1 1 1 1 1
19 20 21 22 23 24 25

(A)

Ipump

Figure 4.1. Measurement of the focal length as a function of pump current, using
method L
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To verify that the refractive power followed a linear dependence according to
equation (2.18), D = 1/f is therefore plotted in figure 4.2. In contracted notation
(2.18) can be written

D=o0,4P,+k (4.1)
with

1 1 dn arg(ng — 1
s (12 4 0D

KA \2dT L
P, =nV x (I, — I) (4.2)
o — 2(”0 — 1)
Po

It is important to remember that (4.1) contains both a radial and azimuthal de-
pendent focal length. The performed measurement did not take this into account,
so figure 4.1 shows the effective focal length.

Refractive Power, Method |
0.06 , , ,

D=1/f

0.055 = = = |inear fit ' a

o
o
a1

1/f (cm)

0.045

0.04

0.035

Refractive Power D

0.03

0.025

0.02 1 1 1 1 1
19 20 21 22 23 24 25

(A)

Ipump

Figure 4.2. Plot showing the refractive power D = 1/f together with a linear fit as a
function of pump current.

From equation (4.1) the only term contributing to the refraction up to the point
when I, = I3, is k. Taking the linear fit curve of the refractive power, and plotting
this with k, the intersection should give an approximate estimation of the diode
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threshold current, see figure 4.3. The calculation is done numerically based on the
linear fit data.
From the linear fit equation together with the constant x we get

Ith ~94A

which is a reasonable result for the diode arrays. Estimating the overall efficiency

Linear Fit of the refractive power
006 ——T T T T T T T T [T T T [ T T T T T T
Linear Fit of D=1/f

-— -

0.04

0.02

-0.02

Refractive Power

~0.04 - 1

-0.06 - b

-0.08 - b

0 Y T S O P O O Y S B NP RSN
0 2 4 6 8 10 12 14 16 18 20 22 24 25

Figure 4.3. Plot showing the refractive power D = 1/f together with the constant .
At the intersection, the value of I;; can be calculated.

n can be done from equation (4.1) with equation (2.19)

2Ang — 1
D=awa+m=ammqg—gw——@i—l (4.3)
Po
where n
or+o
Oy = T¢ (4.4)

if it is assumed that the measurement gives the mean focal length. Again using
the least-square method for the fit, n can be calculated from

D . 2(71,0—1)

_ P 45
T e V(I — In) (4.5)
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The method gives n =~ 40%. To verify that this value is reasonable, the separate
terms in 1 needs to be analyzed. From [3]

Pa = ann
= "MpNTNanf
= Diode Efficienc
nd o (4.6)
nr = Transfer Efficiency
Ne = Absorption Efficiency
ny = Fluorescence Efficiency
where

is the electrical input power from the laser driver. The effective efficiency factor is a
rather complex parameter, since it depends on several other efficiency parameters.
The diode efficiency factor determines how efficiently the pump diodes will convert
the electrical power input to actual optical pump radiation. The transfer efficiency
describes the amount of useful pump radiation from the pump source to the gain
medium. The absorption efficiency factor determines how much that is actually
absorbed from the pump radiation in the Nd:YAG rod. The fluorescence efficiency
determines how much of the absorbed pump power that is converted to heat in
the rod without lasing action.
From [3] these parameters can be approximated

ng ~ 0.5
nr =~ 0.95
Na ~ 0.9
Ny ~ 0.43

(4.8)

and this gives n ~ 19%, a difference by a factor 2. The result for the measured
n should be taken as an estimate of the real value. This large difference could
mean that more heat was absorbed in the rod than estimated from the values used
in (4.8). It could also be from the uncertainty in the data collected during the
measurement.

There are a couple of reasons explaining the result.

1. We are dealing with two focal points, created from the two different polar-
izations due to birefringence effects in the rod. The method did not take
this into account.

2. This method can be cumbersome, since it was hard to observe how the
intensity pattern on the screen changed when probing with the knife edge.

3. The values for all the involved efficiency parameters are typical values ob-
tained from [3], and will not perfectly describe this particular system.

With these facts in mind it can be concluded that Method I gives an approximate
description of the behavior of the refractive power of the laser rod.
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4.1.2 Method II Results

Four different symmetric cavity setups were measured with this method. The mir-
rors were plane-plane, with the output coupling mirror M; = 75%. The different
cavity lengths were L = 40,60, 80,100 cm. The initial value of the diode current
was lerqre = 18 A.

From the images in figure 4.4, a number of observations can be made. Firstly
the stability of the resonator for high pump currents clearly decreases with the
length of the resonator. This is to be expected, since the refractive power of the
rod is large enough to make the resonator unstable. For L = 100 cm a sudden drop
in output power at I, ~ 24.5 A can be seen. This is since the stability criterion
for the g-parameters is no longer fulfilled, see section 2.3.4, and the rays are no
longer confined within the cavity. The output power therefore decreases rapidly.

Method I, 40cm cavity.

Method II, 60cm cavity.
Pl
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Figure 4.4. Measurement of the output power, using Method II. a) 40 cm, b) 60 cm,
¢) 80 cm and d) 100 cm.

The graphs in figure 4.4 exhibits a fairly linear relation between F,,; and I, until a
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plateau region appears. The plateau regions in figure 4.4 are established when the
output power does not increase linearly as input power increases. This decrease
means that the resonator has reached the point B in figure 3.9. From equation (4.1)
and (4.2), the refractive power of the radially polarized light is higher compared to
the refractive power of the azimuthal polarization. This is true since the photoe-
lastic coefficient for Nd:YAG have different values (C, = 0.0017,Cy = —0.0025)
for the radial and azimuthal polarizations according to [3]. The first knee-point in
figure 4.4 therefore corresponds to D, and the second knee-point to Dy. Between
these two points the effective refractive power is obtained.

From figure 4.4, it can be difficult to locate these plateau regions with high
accuracy. For the 60 cm case, the plateau region is hard to spot. From theory, the
plateau region will move down in the graph as the length of the resonator increase.

A faint decrease for the 60 cm case can be located at the marked spot in figure
4.4.

Since the focal lengths f, and f, are exactly half the length of the cavity at
the plateau regions, it is possible to plot the refractive powers from the collected
points and use a linear fit. For the 40 cm cavity, the knee-point for Dy is hard
to determine since the maximum pump current for the system is I, = 25 A. The
number of measured points for Dy in the linear fit will therefore be restricted to
three. For D,., four points can be used in the fit.

From equation (4.1), the located points for both refractive powers are plotted
together with the corresponding linear fits. The result is presented in figure 4.5.
The calculated values for the efficiency parameter will be n ~ 37% using the D,

Refractive Power, Method II
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g 0.03 i
o
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Figure 4.5. Refractive power measurement, using Method II. The data points for both
Dy and D, are shown, together with a linear fit using least square fit method.
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data, and n =~ 47% for D,. This result suggests two different efficiency factors.
The factor should be the same for both the measurements according to equation
(4.1) and the slope of the two plots in figure 4.5 should be the same.

Since there is an uncertainty determining where the actual plateau regions are in
figure 4.4, the calculations are probable to show a difference in calculated values for
the refractive powers. To verify that the parameter is within a reasonable interval,
the parameters in equation (4.8) are again used with a slight modification. The
parameter for the fluorescence will now be replaced with 7; which determines how
much of the absorbed pump power that is converted to heat in the rod with lasing
action. A typical value for this parameter 1, ~ 32% [3| and this results in a total
efficiency n ~ 14%.

In Method I the threshold current for the diodes was estimated. This can also
be done in Method II. The result is presented in figure 4.6.

Linear fits of the refractive powers, D¢ and Dr
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Figure 4.6. Plot showing the refractive powers Dy and D, together with the constant
K. At the intersections, the value of I, can be estimated.

From picture 4.6, two different values of the threshold current are obtained. At
the intersection the linear fit of Dy give Iy, ~ 8.8 A, and using D, we get the value
Iy, = 12.5 A. Comparing these values, it seems that the most reasonable value for
the threshold current is 8.8 A, using the linear fit for Dy. If these values are com-
pared to the value obtained in Method I, the difference in result is approximately
6.4% using the Dy fit compared to 33% using the D, fit.

From theory we know that 1 is lower when lasing takes place. This is true since
the laser is now converting part of the electrical input power to laser radiation. The
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calculated value in Method II should therefore be lower than the value obtained in
Method I. From Method II, n &~ 37% seems to provide the most reasonable value.
The difference between the estimated values and measured values for 7 are still
large in both methods. This can either be related to the high uncertainty in the
measured values, or that more heat actually is absorbed in the laser rod.

Method II assumes that the measured power doesn’t drop before the unstable
region B is reached. If the power dropped earlier before the point, it could be one
explanation for the difference in results for 7. The result suggests that there are a
number of instability issues in the system, affecting the measurements. If output
power from the laser system fluctuates it will in turn affect the result. An analysis
of the thermal issues and output power stability is required.

4.2 Power Stability

During lasing action, there will be thermal effects in the components in the system.
The Nd:YAG rod will act as a thick lens with a refractive power depending on the
pump current. Additionally there will be thermal effects in the mirrors. It is
of interest to measure the output power from the system in order to explore the
thermal effects. By using a modified version of the Labview program, the output
power was measured continuously during a time-period. The experimental setup
is shown in figure 4.7. By using a beam-sampler, a fraction of the intense output
radiation at the output coupling mirror M; could be simultaneously measured
together with the output power at mirror Ms. The Labview program increases the

Laser Module

Beamsampler

b~ e mme e
Il

L+L

Figure 4.7. Power measurement setup, using a beam-sampler. The cavity length was
L = 60 cm. The detectors used, see appendix C, was 1) Ophir-10000 W, 2) PM3 and 4)
PM10.
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pump current to a chosen fix value. The power at both detectors recorded values
for a chosen period of time. The cavity used was L = 60 cm and symmetric. The
result can be seen in figure 4.8. At position 4 the time evolution of the output

Output at Position 2
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Figure 4.8. Measured output power at position 4 and position 2. The pump current is
fixed at I, = 18 A and total time is ¢t = 10 min.

power was roughly constant. This was not the case for the power measured at
position 2. There seems to be an oscillation in the output power until it settles
after roughly 6 minutes. Since the two detectors used are not the same model, the
measurement was performed again by switching the position for the detectors®.
The result is presented in figure 4.9.

From figures 4.8 and 4.9 it can be concluded that the change in output power
is reproducible and independent of detector used. This suggests that there is a
thermal instability producing the fluctuations seen at mirror 2. From figure 4.9 we
see that these fluctuations settle after ¢ ~ 300 s. The output power from mirror 1
follows a fairly similar time evolution as in figure 4.8. For ¢ > 300 s the variation
in power is less than 11% at mirror 2, and less than 4% at mirror 1. The results

IThe laser is shut down for a brief period of time in order to switch the detectors. This is
also necessary in order to reproduce the same measurement.
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1.48 ‘ ‘
2 146} 1
5
o
3 1447 | .
o
3 142} ]
a

14 | | | | | |
0 100 200 300 400 500 600 700
Time (s)
Output at Position 2

018 T T T T T T
3
5 017 ! .
o
5
(@)
g 0.16} : ‘ | 1
@)
a

015 | | | | | |

0 100 200 300 400 500 600 700
Time (s)

Figure 4.9. Measured output power switching the detectors. The pump current is fixed
at I, = 18 A and total time is ¢ = 10 min.

therefore suggest that there is a small absorption of power in the mirrors which
affect the output power.

In order to see how the fluctuation depends on the pump current used, a final
measurement was done starting off by waiting approximately 300s at I, = 18 A,
and then increasing the pump current to I, = 20 A. The result is presented in
figure 4.10 and again indicates that the time until the system reaches a working
temperature is approximately ¢ ~ 300 s.

During these measurements the diode array temperature in the laser module
was also collected, see figure 4.11. It is important that this temperature for the
arrays does not fluctuate, since this would mean that the radiation from the pump
module itself could account for the power fluctuations. The array temperature
was more or less constant, which was expected.
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Figure 4.10. Measured output power. The pump current is held at I, = 18 A for
t = 300 s and then increased to I, = 20 A and performing the same measurement.
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Figure 4.11. Pump diode temperature, measured during the first power measurement.
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The variation in output power was higher at mirror 2 than at mirror 1, until
some thermal equilibrium was reached. This can be explained by the fact that
the two mirrors used were different. Mirror 1 is fabricated to transmit 75% of the
fundamental Nd:YAG wavelength at A = 1064 nm. Mirror 2 is a dichroic mirror
designed with a multilayer coating to transmit and reflect selectively depending
on wavelength. A spectra of mirror 2 is shown in figure 4.12.

Transmission Spectra for Mirror M2
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Figure 4.12. Dichroic spectra for the mirror M in figure 4.7. Measurement, done by
A. Eriksson, FOL.

At A = 1064 nm the transmission for the dichroic mirror is low, but not ideally
zero. If a part of the transmitted radiation was absorbed in the coatings of the
dichroic mirror, then this will in turn affect the transmission curve as a function of
temperature. The effects of a variation in the order of 0.1% in a 1% transmission
would be seen more easily than a variation of 0.1% in a 25% transmission. After
reaching the thermal equilibrium for the coated material, the transmitted power
stabilized. For mirror 1, the absorption in the coatings seemed to be less compared
to mirror 2. Even with an output variation in power at mirror 2 this has very little
effect on the internal intensity. The variations will however affect the focal length
method used previously.

The measurements have only been done with an output coupling mirror reflec-
tivity of 75%. By using a mirror with higher reflectivity, the internal intensity will
grow according to equation (3.1) which is also plotted in figure 4.13.

The fraction of absorbed radiation in the dichroic mirror coatings will therefore
increase. A larger absorption in the coatings will affect the amplitude of fluctu-
ations seen in the output power at mirror 2, however the time until reaching a
thermal equilibrium would be the same. Larger absorption will only increase the
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equilibrium temperature but not the time reaching it.
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Figure 4.13. Plot of equation (3.1), showing the ratio of output power versus internal
power Pinternal/Pout as a function of mirror 1 transmittance.

4.3 Optical Parametric Measurements

4.3.1 Component Placements

When introducing the Q-switch and the separate OPO cavity [mirror M3 and M,y
in figure 3.1] for the KTP crystal, the complexity of the system increases. It is
important for an efficient conversion of the Nd:YAG radiation that the pulses are
stable. Depending on the choice of pulse repetition frequency and alignment of
the components, phenomena such as double pulsing or even triple pulsing have
been noticed. It is important to optimize the system so that these problems are
avoided.

The OPO cavity was placed as close to mirror M5 as possible, since for a plane-
plane cavity the waists are located on the mirror surfaces of M; and My [7].
The OPO cavity length was chosen as short as possible (~ 2.5 cm), but still long
enough to be able to adjust the angle of the crystal in the copper holder. The
temperature controller was set to hold a constant temperature at 40 °C for the
copper holder to minimize the fluctuations in converted output power. This specific
temperature was chosen, since it turned out that the temperature of the heat sink
could reach as high as 50 — 55°C after a couple of hours. The thermoelectric
elements cannot effectively cool the crystal below this temperature after running
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the laser continuously for a longer period of time. The mirror M5 with same
characteristics as My was introduced in order to filter out the small amount of
Nd:YAG radiation transmitted by Ms,. This was done to ensure that only the
converted signal and pump wavelengths were measured at position 2.

As mentioned above, it is important to reach the working temperature for all
parts before optimizing the system. A fixed pump current was chosen for a specific
cavity length and this current was chosen as large as possible without making the
cavity unstable. The analysis done in section 2.3.4 only considered one internal
lens. When introducing the Q-switch with two internal silica crystals together
with mirrors M3 and M4 and the KTP-crystal, these elements need to be included
in a stability analysis. This is hard to do theoretically, so the method is to simply
analyze different cavity lengths and notice which one provides the best result in
converted output power and stability.

From all the resonator setups tested, the best results were obtained for those
with a symmetric setup, i.e. with the laser module placed in the middle of the
cavity as shown in figure 3.1. A number of symmetric and nonsymmetric setups
were tested, and the results are summarized in figures 4.14, 4.15 and 4.16.
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Figure 4.14. Highest observed converted output power measured at position 2, for
different cavity setups. PRF=10 kHz.
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Max Observed Output Power, PRF=8kHz
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Figure 4.15. Highest observed converted output power measured at position 2, for
different cavity setups. PRF—=8 kHz.
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Figure 4.16. Highest observed converted output power measured at position 2, for
different cavity setups. PRF=6 kHz.


larsjo

FOI-R--1737--SE


FOI-R--1737--SE

52 Results

The ratio of Ly and Lo show the relation between distances used [see figure 4.7|
and so the total length of the resonator is L = L + Lo. For non symmetric setups,
the ratio Ly < Lo was chosen, in order to be able to fit the OPO cavity part
successfully. Another reason was that the optical elements cannot be placed freely
on the mounting table. So in order to use a symmetric/nonsymmetric cavity with
the OPO cavity placed near mirror My, limits the choices of lengths between the
components.

At each of the symmetric setups, the pulse repetition frequency was changed to
see the effect on the converted output power. From figures 4.14, 4.15 and 4.16 the
maximum output power of converted radiation from the parametric oscillator was
Popo =~ 2.5 W at L = 60 cm with a PRF=8 kHz. The pump current to the system
was I, = 23.2 A. The converted output power fluctuated between 2.0 — 2.5 W for
about 20 seconds until it dropped down to around 1.3 —1.5 W. Due to fluctuations
in the converted power, a constant re-optimization had to be manually done with
the tip-tilt knobs for the OPO cavity mirrors M3 and M. This suggested that
there were instabilities due to thermal effects in the added components in the
resonator.

Since the best result was achieved for the symmetric L = 60 cm, this cavity was
used in all the remaining measurements.

4.3.2 Pulse Measurement

The pulses were measured using two photo diodes placed near the detector at
position 1 and the detector at position 2 in figure 3.1. The pulse stability for the
OPO was found to be most stable for a PRF=6 kHz. It was also noticed that the
fluctuations of the converted OPO power seemed to decrease compared to using
PRF=10kHz and PRF=8 kHz. Even if the highest output power was achieved
at PRF=8 kHz, also seen in figure 4.15, the long term stability was improved by
decreasing the pulse repetition frequency. This can be explained from the fact
that using a lower PRF will allow the laser to buildup a larger pulse which results
in a more stable conversion in the KTP-crystal. The pulses are seen in figure 4.17
and 4.18.

From figures 4.17 and 4.18 several interesting features can be observed. Firstly
the pulse length for the OPO-pulse is shorter than the Nd:YAG pulse. An ex-
planation for this can be done with equation (2.39), section 2.6, in mind. The
conversion is started when the intensity for the Nd:YAG pulse is greater than the
threshold current. The fast rise time for the OPO pulse seen in figure 4.18 is also
an indication of this. When the intensity is high enough to overcome the thresh-
old, the OPO pulse is built up very fast. Two different coaxial cables were used to
measure the pulses and this affects the time when the OPO pulses are registered
relative to the Nd:YAG pulses. The pulse width for the Nd:YAG is approximately
T, ~ 60ns at full width at half maximum (FWHM). FWHM is the distance be-
tween points on the curve at which the function reaches half its maximum value.
For the OPO pulse the width is approximately 7, = 30ns at FWHM. Most of
the time the number of OPO pulses varied meaning that not every pump-pulse
was converted in the KTP-crystal. One explanation for this is the sensitivity of
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Nd:YAG Pulse PRF=6kHz

Relative Power

0 40 80 120 140 180 220 240 300
Time (ns)

Figure 4.17. Pulse evolution from the Nd:YAG, with a PRF=6 kHz at I, = 23.2 A.
The pulse width is approximately 7, ~ 60 ns at FWHM.

Nd:YAG Pulse PRF=6kHz

Relative Power

0 40 80 120 140 180 220 240 300
Time (ns)

Figure 4.18. Pulse evolution from the OPO-pulse around A = 2um, with a PRF=6 kHz
at I, = 23.2 A. The pulse width is approximately 7, ~ 30 ns at FWHM.

the doubly resonance condition. Since the energy transfer between all three waves
are related by their relative phases [see the coupled wave equations (2.35) section
2.5.4], the conversion is sensitive to the length of the OPO cavity.

The mirrors M3 and M4 were observed to absorb radiation since the mirror
holders could reach as high as 45 — 50 °C when running the system for about 3
hours. The absorption seemed to be higher for M3 compared to My. Mirror Ms;
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also received optical damage in the coatings. The damage was a result from either
a larger absorption of the Nd:YAG radiation in the coatings of this mirror, and/or
that a focus was produced near or on the mirror surface. In a complex system
like this, several internal waists can exist since all added components can act as
internal lenses. Depending on the individual placements of the components, these
waists will be located at different positions.

Naturally the conversion will be directly affected by the temperature fluctuations
of these mirrors. This was one explanation why the OPO cavity always required
re-optimization in order to "balance" out the modifications that were done to the
OPO cavity due to curvature changes in the mirrors.

4.3.3 Converted OPO Power Stability

The stability of the converted output power was analyzed. The result is presented
in figure 4.19. As can be seen from figure 4.19 the variations are rather large. As a

Converted Radiation around A=2um
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Figure 4.19. Converted output power from the KTP-crystal. Measured time was
t =300s. Pump current [, = 23.2 A, Temperature controller 7. = 40°C.

comparison, the converted output power was measured using a non-cooling crystal
holder. The Nd:YAG radiation transmitted by M5 was measured at position 3 and
the converted OPO power at position 2 in figure 3.1. The result is presented in
figure 4.20.

Figure 4.20 clearly shows the problematic behavior when the cooling of the crys-
tal is absent. When the temperature of the crystal increases, the heat gradients
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Power Stability using non—cooled crystal holder.
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Figure 4.20. Converted output power from the KTP-crystal with no temperature con-
trolling. Measured time was ¢ = 600 s. Pump current I, = 23.2 A.

cause strains in the KTP crystal changing the stability and the phase match-
ing requirement for successful conversion. Sometimes the converted OPO output
power drops down to zero watts while Nd:YAG power keeps stable throughout the
measurement.

The conclusion is that cooling of the KTP crystal is an important part to sta-
bilize the OPO process. However, even when the crystal is kept at a constant
temperature, fluctuations still exist as can be seen from figure 4.19.

Since it was observed that Ms and M, apparently absorbed a considerable
amount of heat, the temperature of the mirror holders were measured with an
IR temperature sensor. Due to the small length of the OPO cavity, it was difficult
to measure directly on the mirrors. The IR sensor had an accuracy of £2°C. The
result is presented in figure 4.21.
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Holder temperatures for Mirrors M3 &M 4
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Figure 4.21. Mirror holder temperatures for M3 and Ms measured with an IR-
Thermometer.

This mirror temperature measurement were performed over a 2.5 hour time
period. The pump current varied when temperatures were taken, since other
measurements were carried out simultaneously. The result show a rather large
absorption in the OPO cavity mirrors running the system for a longer period of
time. From this graph, it is difficult to say if the temperatures will stabilize over
time, however, this is most likely.

During the OPO experiments, green laser light was also observed. This suggests
that there is a second harmonic generation SHG process [see section 2.5.2] in the
substrates of the mirrors, made of CaF,. This can also be done with a nonlinear
material such as KTP, but the crystal is then cut in a different direction in order
to optimize for SHG generation. The green light produced was observed both with
and without the KTP crystal present. The intensity was larger when the crystal
was present. This observation indicates that a nonlinear effect takes place in the
coatings of the mirrors, doubling the frequency of the Nd:YAG radiation which
produce the green light.

4.3.4 Wavelength Tuning

To measure the wavelengths of the signal and idler, a spectrum was taken with
a grating monochromator. The OPO cavity was optimized to ensure that the
converted power did not vanish during the monochromator scan. The result is
presented in figure 4.22[A]. The corresponding linewidth is depicted in figure 4.23.
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From figure 4.22[A] the signal wavelength is located at Ay = 1960 nm, and the

Spectra for the converted radiation.
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Figure 4.22. Spectra showing the signal and idler wavelengths. Rotation of crystal
produces new wavelengths as shown in [B].

idler A\; = 2331 nm. The signal wavelength indicates, that the angle difference is
nearly 2.5° above the degeneration angle 51.4° at \; = \; = 2128 nm, see figure
2.17 in section 2.7.2.

The peak difference of the signal versus idler wavelengths stems from the fact
that the photon intensity was different for the signal and idler. It is also possible
that the signal and idler were not perfectly collinear incident on the monochro-
mator resulting in a slight difference of intensity. Another reason is that the
transmission in the optical elements used to collect the signal and idler onto the
monochromator, was different for the two wavelengths.

By rotating the crystal, the phase matching condition for other wavelengths was
fulfilled. Since the dimensions of the manufactured crystal holder limits applica-
ble rotation of the crystal for small cavity lengths between mirrors Ms and My,
the un-cooled crystal holder was used in the measurement. This will make the
measurement cumbersome, since previous experiments with this un-cooled holder
sometimes resulted in power drops down to zero watts, see figure 4.20. The result
is presented in figure 4.22[B].

The spectrum 4.22|B] consists of two measurements, one from A = 1900 —
2250 nm and the second from A = 2250 — 2400 nm. This was done since the idler
was absent in repeated measurements with the monochromator. This was due to
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Lindewidth of o Linewidth of o

Relative Power
Relative Power

1954 1956 1958 1960 1962 1964 1966 23‘26 23‘28 2350 2352 2334 2336 2338
Wavelenght (nm) Wavelenght (nm)

Figure 4.23. Linewidth of the signal (a) and idler (b) wavelengths.

power drops in converted output power using the non-cooled crystal holder. The
second part of the measurement was therefore started from A\ = 2250 — 2400 nm
in order to find the idler wavelength. From figure 4.22|B| the wavelengths for the
signal and idler now are Ay = 1998 nm and \; = 2277 nm. Again looking at the
phase matching plot 2.17, we see that this corresponds to a angle difference of 2°
below the angle for degenerate phase matching.

4.3.5 Singly Resonant Result

By replacing mirror M3 in figure 3.1 with a mirror that has high reflectance only
for the signal, a stability increase in the output power was expected. In general
singly resonant configurations are preferred, since they are more robust to cavity
changes. In the singly resonant case only two waves enter the KTP crystal and
the phase of the third wave will automatically adapt to optimize the conversion.

The dimensions of the singly resonant mirror was about half the thickness of the
doubly resonant mirror previously used. Starting the conversion with this mirror
turned out to be a real challenge, as expected due to the higher threshold. The
few times when the OPO started converting radiation, the fluctuations were so
large that the output power rarely became larger than 100 mW. This contradicts
the theory discussion. An explanation for this behavior could be that the heat
gradients in a thin mirror compared to a thick mirror changes more rapidly. This
will cause larger fluctuations for the singly resonant case, and consequently harder
to fulfil the phase matching condition. As a result the output power will fluctuate,
and the rapid changes are hard to manually compensate by adjusting the tip-tilt
knobs for the OPO cavity mirrors. This configuration was for this reason not
analyzed further.
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Chapter 5

Discussion and conclusions

An intracavity optical parametric oscillator has been studied. The thermal lensing
of the rod was measured using two methods. Method I showed a reasonable
description of the refractive power and an approximate value of the efficiency
factor. The factor describes a ratio between the electrical input power from the
diodes and the actual absorption of this power to the rod. An efficiency factor n ~
40% was obtained which is a difference by a factor 2 compared to the theoretically
estimated value 1 ~ 19%.

Method I was cumbersome, since locating the focal point was done manually
with a HeNe laser and a knife-edge. Since the laser produced two focal points
due to the thermal induced birefringence, the measured values were approximated
as the mean value of these two focal lengths. Another explanation regarding
the difference in result is simply that the absorption in the rod was higher than
expected. As shown, high absorption of heat in the rod will cause changes in
refractive index and consequently large refractive powers of the rod.

Method I described how the refraction depended on the electrical input power
when no laser radiation was generated. A second method was therefore tested.
Method II gave two different values of the efficiency parameter depending on the
polarization used in the calculation. The values were 1 ~ 37% for the azimuthal
polarization and n ~ 47% for the radial polarization. These values were compared
to the theoretical estimated value 1 =~ 14%, and again showed a significant differ-
ence in result compared to the theoretical value. This method relied on the fact
that the power drop was measured at the point where the resonator was critically
stable. If the power dropped before this point due to other problems in the system,
then Method II will not give an accurate description of the thermal lensing. The
calculated values regarding the threshold current of the laser diodes were com-
pared between the two methods. This indicated that the value n ~ 37%, using the
azimuthal polarization, gave the best result in Method II.

Further analysis of the behavior of the rod should be done as a step towards a
better description of the laser system. This could include a numerical model of
the thermal behavior of the Nd:YAG rod, or refining the methods used.

The output stability was measured, and the conclusion was that the power
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output through the dichroic mirror stabilized after approximately 300s. It was
also shown by increasing the current from 18A to 20A that it took another 300 s
to stabilize the output power. The Method II measurement did not take this time
into account, which could explain why the method gave different values in the
efficiency parameter. One solution to the problem is to use the beam-sampler and
perform the same measurements collecting data from the output power that kept
stable. This measurement was not done due to the fact that the variation in the
output power at the dichroic mirror was realized first after the measurements had
been done. The measurements were also time consuming.

The maximum converted output power from the OPO was 2.5 W in the region
A = 2 uym. The optimal cavity length and pulse repetition frequency used for
the Q-switch, were found by analyzing a number of different cavity setups. The
best results were obtained for symmetric setups of the cavity, placing the laser
module in the middle of the pump-cavity. From the different PRF:s tested, the
conclusion was that lower repetition rates in general gave better results considering
the stability, compared to higher repetition rates. Lower PRF':s will increase the
pulse intensity used for conversion, but also optical damage in components in the
system, mainly to the OPO cavity mirrors. Lower PRF:s can also introduce double
pulsing which is an unwanted side effect for successful conversion.

The long term stability for the converted power was improved by using a cooled
crystal holder to keep the KTP crystal temperature constant. The internal cavity
mirrors absorbed radiation, and this is one reason why the converted power fluc-
tuations occurred in the system. In order to keep the conversion at maximum, the
OPO mirrors had to be re-optimized manually at all times. When the converted
output power seemed to be stable (within 10% fluctuations), this was only true
during short periods of time. When the crystal cooler was used, the power never
dropped to zero watts after optimizing the OPO cavity.

When the singly resonant case was tested, the temperature of the mirror holder
of M3 was significantly lower compared to using the doubly resonant mirror. Even
with this fact, using the SR mirror did not stabilize the converted power output
compared to the DR case. The variations in output power above threshold is
probably due to the thickness of the SR mirror. A slim mirror compared to a
thick will cause rapid changes of the thermal gradients affecting the phase matching
condition.

A small absorption of the pump, signal and idler existed in the crystal. This
resulted in an induced thermal phase mismatch and lensing of the crystal, much
like the lensing in the Nd:YAG rod. The thermal stresses in the KTP crystal will
introduce a variation in the ordinary and extraordinary refractive indices used in
the phase matching, and this variation degraded the performance of the conversion.
A new crystal with higher quality which in turn equals less absorption, could
resolve the problem.

Since the OPO cavity is small (~ 2.5 c¢m), the heat absorbed in the mirrors
and the KTP-crystal will spread between the internal cavity components, after
running the laser for a longer period of time. This is problematic since the crystal
will absorb heat from the mirrors leading to difficulties in cooling it. This in turn
leads to an increase in temperature for the crystal which now start to change the
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phase matching condition with the result in significant drops in output converted
power. When the cooling of the crystal fails, the whole system needs to be shut
down in order to let the components cool down. The absorption problem has
to be solved in order to be able to run the laser continuously with an efficient
conversion. Active air cooling of the mirror holders is difficult, since the cavity
must be kept free from dust particles. Instead new mirrors with less absorption
should be considered.

The thermally induced birefringence in the rod complicates the use of polarized
laser radiation for pumping the OPO. The birefringence "scrambles" the use of
linear polarization passing through the rod. The KTP crystal uses only one po-
larization direction in the type-II conversion, since e— o+e, see section 2.7.2. The
conversion efficiency is therefore limited due to the induced birefringence effects.
Attempting to use a polarizer internally in the laser cavity will most likely cause
high losses and diminished output power so this was not tested. Compensating
for this birefringence effect is not a simple task. One solution is to use another
pumping source, such as Nd:YALO, which do not show the thermally induced bire-
fringence effects. A generated output up to 21 W of 2 um radiation was reported
by R.F. Wu et al. [20], using the Nd:YALO laser.

To summarize, improving the conversion results from the intracavity optical
parametric oscillator should include the following.

e Replacing the pump source. Nd:YALO would be a good candidate, without
the induced birefringence effects.

e New KTP crystal with higher quality to avoid absorption of the wavelengths.

e New OPO cavity mirrors that do not absorb as much radiation as the mirrors
currently used.

e To be able to place the crystal as close to the beam waist as possible, one
should replace the mirror M, with a mirror that in addition is highly re-
flective at the Nd:YAG wavelength. This would mean that the rear mirror
My could be removed, and the distance from the KTP crystal to the waist
located on the rear pump-cavity mirror would be shortened.

e A folded cavity scheme producing a small waist incident on the KTP crystal,
could improve the conversion process.

e A better model of the thermal lensing will provide means for calculating
an optimal length and mirror configuration to produce a small beam waist
incident on the KTP crystal.
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Appendix A

Inversion and the 4-level
system

In order to describe the rate equations of the 4-level system, the basic equations de-
scribing the different processes in figure 2.1 must be written down. For stimulated
absorption we have 2]

oNo (™
(W)abs - +B12Nlp(y) B ( ot )abs . (Al)

The coefficient By is a constant characteristic of the atom, and p(v) is the energy
density [2], so the ratio Bi2p(v) can be interpreted as the probability per unit
frequency that transitions occur as an effect of the external field.

Spontaneous emission can be described by

8N2> <6N1 >
=2 = —Ay Ny = — [ —= (A.2)
( 8t spont at spont

where the coefficient Ao is the radiative rate.
Stimulated emission is described by

ON, B (0N
( at )stim a _321N2p(y) o ( 8t >stim - (Ag)

The Nd:YAG belongs to the class of 4-level laser systems, and a idealized energy
level diagram' is shown in figure A.1. The parameter 7 is intended to be the
effective lifetime of level 2. For successful laser generation we need to populate
the upper energy level Ny so that growth of the field due to stimulated emission
is possible. The lifetime for an atom in this inverted state is in general extremely
short (~ 1078).

n reality the 4-level system actually has many transition levels. Also the pump band may
consist of several or a continuum of energy levels. For Nd:YAG the absorption ranges from
0.3—0.9um with strong absorption around 810nm, resulting in a transition from 4F3/2 — 4111/2
energy levels with A = 1064 nm. [3]
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Using for instance optical pumping, four transition levels occur, one being
metastable with much longer lifetime (72 ~ 1073 s) than the other levels. This
allows the creation of the desired population inversion No > N7, since the decay
time 719 is very short. Stimulated emission will now start the laser amplification

process.
3 Pump Band
l Ty,
! 2= Metastable level
: Top: 2
5 ; - 2 AVAVAVAVAVae
2 1 T30 AVAVAVAVAVE I B A =1064nm
[ 1 / ! —>
(] 1 ’ :
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Figure A.1. The 4-level system for Nd:YAG.

From figure A.1 the basic laser rate equations can be written down using (A.1),
(A.2) and (A.3) [6]

AN N.
<d—t2> — R, — B[Ny — Ny — T—; (A .4a)
ANy Ny N
<_dt ) = + Bo[Ny — Ny| — o (A.4b)
d
(d—f) = Vo,B¢[N; — Ni] — Tﬂ (A.4c)

The equations assume that 735 is an extremely fast transition, so that the pump
rate 17, can be seen working directly to the Ny level.

The term ¢ represents the total amount of photons in the cavity. V, is the mode
volume in the in the Nd:YAG medium, and B is the stimulated transition rate per
photon, per mode. The term V,B¢[No — N;] therefore describes the increase of
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photon population from stimulated emission. From equation (A.4c) it can be seen
that positive growth is only possible if No > N;. The term ¢/7. in equation (A.4c)
accounts for the photon losses in the system, where 7. is the photon lifetime in the
cavity.

Both 732 and 719 are radiationless transitions, and these take place due to me-
chanical factors such as collisions or vibrations in the crystal lattice. There is
always a threshold for the pump in order to achieve laser action, and above this
the output power will increase linearly with pump power, providing that the res-
onator is stable.
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Appendix B

ABCD matrices

The ABCD matrix formalism provides a systematic approach for ray tracing
through individual optical elements, by describing each element in the system
by a matrix. This method makes it possible to combine the individual matrices
to a single system matrix which describes the reflections and refractions the ray
experiences propagating through all elements in the system. This method can be
used in the paraxial approximation, i.e. when the rays are assumed to propagate
with small angles to the optical axis.

Fach round-trip in an optical resonator can be described by an equal repetitive
system called the equivalent lens-waveguide, where each mirror have been replaced
by a lens with f,, = p, /2.

Consider a system of n optical elements as shown in figure B.1.

Vn+1

\4!
/ M1 M2 M3 Mn—] Mn \

Figure B.1. Ray transfer scheme through n optical elements.

An incoming ray vector from the left v, is then transformed by the first matrix
M, into the outgoing vector vo by the relation

Vo — M1V1 (Bl)
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where

Vv, = [ 2’; ] . (B.2)

The ray vector describes the starting point =, and the inclination angle . Gener-
alizing the above with n elements we have

A B —~
Vo1 = MnMn_an_Q [ M2M1 = ( C D ) V1 = MV1 (B?))

so that the multiplication is performed in a descending order. For example, free
space propagation a distance d together with a thin lens with focal length f as
shown in figure B.2 results in the transfer matrix

S

Figure B.2. Simple system using the ABCD propagation method.

M= 1) Con )= (o caffn ) @

A comprehensive list of matrices for optical elements can be derived, see for
instance [5].
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Appendix C

Equipment

Mirrors:
e One 75% output coupling mirror, CVI Laser Corp.
e Three dichroic mirrors, Rocky Mountain Instr.
Detectors:
e Ophir-10000 W, water cooled power meter. Range 0 — 10000 W.
e PM3 detector from Molectron Detector Inc. Range 0 — 3 W.
e PM10 detector from Molectron Detector Inc. Range 0 — 10 W.
Power meters:
e Molectron 5200, single channel power meter.
e Molectron EPM2000, dual channel power meter.
e Ophir Power Meter.
Photo Diodes:
e Alphalas UPD-300, rise time 300 ps. Silicon, range 320-1100 nm.
e Vigo Systems PEM-L-3, rise time < 0.5 ns, Hg-Cd-Zn-Te, range 2-5 pum.
Laser Module:
e Cutting Edge Optronics RB30-2C2, diode pumped laser module.
Laser Driver:

e Cutting Edge Optronics, Model CEO2800.
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Q-switch:
e Neos Technologies N33027-40-4-XY, water cooled acousto-optic Q-switch.
Temperature Controller:
e Marlow Industries Temperature Controller, Model SE5010.
Grating Monochromator:
e Digikrom 240, CVI Laser Corp.
IR-thermometer:

e Biltema Art.15-278, Range -50° to 538°. Accuracy +2°.
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Appendix D

Matlab Code

Calculation of the n factor using Method-I.

%Laser Data

K=0.14;
beta=7.3e-6;
alpha=7.5e-6;
Cr=0.017;
Cphi=-0.0025;
n0=1.82;
r0=0.15;
L=6.3;

A=pi*r0~2;
RO=50;
V=34.1;

%Thermal Conductivity

%dn/dT Temp. Derivative of index of refraction
%Thermal Coefficient of Expansion

%Photoelastic Coefficient (radial component)
#Photoelastic Coefficient (tangential component)
%Index of refraction

%Radius of The laser rod

%Length of the laser rod

#Cross section of the rod.
%Curvature of the end faces of the rod at room temperature
%sLaser Driver voltage.

%Equation D=sigmaxPatkappa;

kappa=-(2*(n0-1) /R0) ;

Ip=[25:-0.5:19];

J#Pump current.

focal=[17.4330 18.6830 20.3330 21.2830 23.2330 24.6330 25.9330...
27.8330 29.7830 32.4830 35.4830 40.5830 46.2330];

D=(1./focal);

/Measured Focal Lenght.
%Refractive Power
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Ith=9.4; %Threshold current diodes.
I=Ip-Ith; #Effective current
Peff=VxI; %Effective input power
Dtrue=D-kappa; »True Refractive power to fit.

Z=polyfit (Peff,Dtrue,1);

sigma_r=(n0/(A*K) )*(beta/(2*n0)+n0~2*alpha*Cr+((rO*alpha*(n0-1))/(n0*L)));
sigma_phi=(n0/(A*K))*(beta/(2%n0)+n0~2*alpha*Cphi+((rO*alpha*(n0-1))/(n0*L)));
sigma_average=(Wr+Wphi)/2;

eta=Z(1)/sigma_average %Efficiency factor.
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74 Matlab Code

Calculation of the n factor using Method-II.

K=0.14; %Thermal Conductivity

beta=7.3e-6; %dn/dT Temp. Derivative of index of refraction
alpha=7.5e-6; %Thermal Coefficient of Expansion

Cr=0.017; %Photoelastic Coefficient (radial component)
Cphi=-0.0025; %Photoelastic Coefficient (tangential component)
n0=1.82; %Index of refraction

r0=0.15; %Radius of The laser rod

L=6.3; %Length of the laser rod

%eta_phi #Efficiency factor (How much is converted to heat when

%lasing occurs. Pa=etax*Pin.
%Eta is here the overall efficiency factor.

A=pixr0~2; %#Cross section of the rod.

RO=50; sCurvature of the end faces of the rod at room temperature
Ip=9.4; %Threshold current for the diodes.

V=34.1; %Driver voltage.

%Equation D=sigma*Patkappa
kappa=-(2*(n0-1)/R0) ;

hCurrents

I_r=[23.2 22.2 20.3 19.5]; %Values locating Dr.

I r_ eff=I_r-9.4; %Effective current.
I_phi=[22.8 20.8 20.1]; %iValues locating Dphi.
I_phi_eff=I_phi-9.4; #Effective current.

%Electrical Input Power

Pin_r=V*I_r; %Input power (radial).
Pin_r_eff=VxI_r_eff; LEffective input power (radial).
Pin_phi=V*I_phi; %Input power (azimuthal).

Pin_phi_eff=V*I_phi_eff; JEffective input power (azimuthal).

f_r=[20 30 40 50]; sFocal lengths (radial).
D_r=1./f_r; #Refractive power (radial).
f_phi=[30 40 50]; WFocal lengths (azimuthal).
D_phi=1./f_phi; #Refractive power (azimuthal).

sigma_r=(n0/(A*K))*(beta/(2*n0)+n0~2*alpha*Cr+((rO*alpha*(n0-1))/(n0*L)));
sigma_phi=(n0/(A*K))*(beta/(2%n0)+n0~2*alpha*Cphi+((rO*alpha*(n0-1))/(n0*L)));
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%Data fit.
zphi=polyfit(Pin_phi_eff,D_phi,1); zr=polyfit(Pin_r_eff,D_r,1);

#Efficiency parameters.
eta_phi=zphi(1)/Wphi

eta_r=zr(1)/Wr
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