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Nonlinear light-matter interactions can lead to second-harmonic generation (SHG) or
frequency doubling of light. Previously, we have measured SHG from nanoparticle arrays
using just one incident wavelength. In order to understand more deeply the nonlinear
effects occurring in these nanoparticle arrays, we needed an instrument that could measure
the nonlinear response spectrally.
In this Thesis, the process of designing and implementing a spectroscopic measurement
instrument for SHG is described. As a light source, we use a titanium-sapphire modelocked pulsed laser at 770 nm pumping an optical parametric oscillator (OPO) which
outputs tunable monochromatic light. The OPO wavelength range is from 1000 nm to
1300 nm. The light polarization can be adjusted using a computer controlled half-wave
plate (HWP). The light is weakly focused on the sample and SHG light emitted by the
sample is collected at a maximum of 60° angle. A polarizer is used to select the measured
light polarization and a photomultiplier tube is used as the detector. Photons incident on
the detector are counted using photon counting hardware inside a computer. Alignment of
the incident beam and the sample are performed using a camera.
The instrument is computer controlled and measurements are automated. The measurement
software is mainly written in Python and the user interface is implemented using IPython.
The measurement program is designed in a modular and extendable way. We implemented a
proportional-integral controller adjusting a HWP in front of a polarizer to keep the incident
power constant on the sample. The power was read using a germanium photodiode which
was calibrated by the software using a power meter. The measured SHG power emitted
from the sample was also calibrated, thus allowing SHG conversion efficiencies for studied
materials to be calculated.
We demonstrated that the instrument gives reliable and accurate results using two different
types of samples. First, we measured SHG from a quartz crystal in a transmission configuration. An effect similar to Maker fringes was observed. We determined the second-order
(2)
susceptibility tensor component χxxx for quartz by comparing our test results to analytically
calculated values. The susceptibility component value is in agreement with the values
found in literature. The measurement results show that the power calibrations work as
intended. Second, we measured SHG from two L-shaped gold nanoparticle arrays. We
found that the new instrument gives great insight into nonlinear interactions in these kinds
of samples. We observed an eight-fold enhancement of SHG by halving the particle
number density in a nanoparticle array. This is a new scientific result that could not have
been obtained without the new instrument.
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Valon ja aineen epälineaariset vuorovaikutukset voivat johtaa valon taajuudenkahdennukseen. Aikaisemmin epälineaarisen optiikan laboratoriossa on mitattu nanopartikkelihiloissa
tapahtuvaa taajuudenkahdennusta käyttäen vain yhtä allonpituutta. Nanopartikkelihilojen
epälineaaristen ominaisuuksien ymmärtämiseksi syvällisemmin tarvittiin mittalaitteisto,
jolla voi mitata epälineaarisia vasteita spektroskooppisin menetelmin.
Tässä diplomityössä käsitellään spektroskooppisen taajuudenkahdennusmittalaitteiston
suunnittelua ja toteutusta. Valonlähteenä käytetään optista parametrista oskillaattoria
(OPO), jonka ulostuloaallonpituutta voidaan säätää 1000 nm ja 1300 nm välillä, ja jota pumpattiin 770 nm aallonpituudella käyttäen pulssitettua titaani-safiiri laseria. Näytteelle tulevan valon lineaarinen polarisaatio säädetään tietokoneohjatulla puoliaaltolevyllä.
Valo fokusoidaan heikosti näytteelle, ja taajuudenkahdennettua valoa kerätään näytteeltä
maksimissaan 60° keräyskulmalla. Mitattavan valon polarisaatio valitaan polarisaattorilla
ja valomonistinputkea käytetään ilmaisimena. Ilmaisimeen tulevat fotonit lasketaan tietokoneeseen asennetulla pulssilaskurilla. Näytteelle tulevan lasersäteen ja näytteen kohdistus
tehdään kameraa apuna käyttäen.
Mittalaitteisto on tietokoneohjattu, ja mittaukset ovat automatisoituja. Mittausohjelmisto
on pääosin kirjoitettu Python-ohjelmointikielellä, ja käyttöliittymä on tehty hyödyntäen
IPython-komentotulkkia. Mittausohjelma on suunniteltu modulaariseksi ja helposti laajennettavaksi. Toteutimme ohjelmaan PI-säätimen, jolla näytteelle tuleva teho stabiloidaan
säätämällä puoliaaltolevyn kulmaa. Teho mitattin germanium-valodiodilla, joka kalibroitiin
tehomittarilla mittausohjelmaa käyttäen. Myös näytteiden sirottaman taajuuskahdennetun
valon teho kalibroitiin, minkä avulla näytteen konversiotehokkuus voidaan laskea.
Mittaamalla kahta eri tyyppistä näytettä osoitettiin, että mittalaitteiston antamat tulokset
ovat luotettavia ja tarkkoja. Ensin mitattiin taajuudenkahdennusta kvartsikiteestä suoralla tulokulmalla. Havaitsimme Maker-raitoja muistuttavan ilmiön. Määritimme toisen
(2)
asteen suskeptibiliteettitensorikomponentin χxxx kvartsille vertaamalla mittaustuloksia
analyyttisella kaavalla laskettuihin arvoihin. Määrittämämme suskeptibiliteettikomponentin arvo on hyvin lähellä kirjallisuudesta löytyvää arvoa. Mittaustulokset osoittavat, että
tehokalibroinnit toimivat odotetusti. Seuraavana mitattiin taajuskahdennusta kahdesta nanopartikkelihilasta. Partikkelit olivat L-muotoisia ja valmistettu kullasta. Tärkeä tulos on,
että uusi mittalaitteisto auttaa ymmärtämään paremmin nanopartikkelien epälineaarisia
vuorovaikutuksia. Havaitsimme kahdeksankertaisen taajuuskahdennetun signaalin puolittamalla partikkelien lukumäärätiheyden hilassa. Uuden mittalaitteiston käyttö mahdollisti
tämän tieteellisesti uuden ja yllättävän tuloksen.
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1. INTRODUCTION

Nonlinear optics studies light-matter interactions where the response of a material to an
incident light field is no longer purely linear. Despite the fact that nonlinear processes
are often very weak, they are very important in many sub-fields of optics since they can
be utilized to manipulate light in ways not possible using linear optical processes. For
example, the tunable light source used in this Thesis is based on a nonlinear process. There
are many nonlinear optical processes but one of the most studied is second-harmonic
generation (SHG). It is a process where the frequency of light is doubled and consequently
the wavelength is halved. In everyday life, it is commonly used in green laser pointers to
convert infrared light into visible green light.
In plasmonics, metals and metal nanoparticles are utilized to demonstrate novel optical
effects or realize new optical components [7–15]. The light-matter interactions occurring
in metals are often dictated by the plasma oscillations, which are oscillations of conduction
electrons present in the material [16]. Interestingly, the characteristics of plasma oscillations often depend sensitively on the material parameters, making it possible to engineer
light-matter interactions [7].
Nonlinear plasmonics is an emerging sub-field of plasmonics, where the nonlinear responses of plasmonic materials are studied and utilized [17]. Importantly, the intrinsic
material nonlinearities of metals are often orders of magnitude stronger when compared
to dielectric materials, making nonlinear plasmonics a promising route for more efficient
nonlinear optics.
The structures we typically study have properties not found in nature, therefore they are
called metamaterials [18]. Plasmonic metamaterials can be used for optical cloaking for
visible light [19]. Optical communications and computers need high speed switching
and modulation which could possibly be achieved in the future with plasmonic metamaterials [18]. The nanofabrication technology used to fabricate plasmonic structures
and metamaterials is already quite mature. During the last two decades, fabrication of
metamaterials has turned from heroic demonstrations into a standard process resulting in
high quality nanostructures [20].
More than ever, the emphasis of present and future work will be in improving the current
level of understanding of the light-matter interactions, which knowledge can also be later
used when new metamaterials and samples are designed. Therefore, better simulation
techniques and tools are needed [21–24], along with better experimental techniques. The
emphasis on this Thesis was to advance the latter aspect by designing and building a new
measurement setup to study nonlinear properties of materials.
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1. Introduction

For a long time, characterization of nanoparticle arrays was limited to a single incident
wavelength [20, 25–34]. However, it was acknowledged that better insights into nonlinear
processes could be gained by studying their spectral dependence. This thesis describes
the theory and implementation of a wavelength scanning instrument to measure secondharmonic-generated light from various samples. There are plenty of cases where such
an instrument is extremely useful, but our pressing reason was to measure SHG from
nanoparticle arrays.
Our light source is an optical parametric oscillator (OPO) pumped with a pulsed titaniumsapphire (Ti:sapph) laser. We can set the absolute power value, polarization and wavelength
(from 1000 nm to 1300 nm) of the beam on the measured sample. The angle of light
collection from the sample and the collected polarization can be chosen. We use a
photomultiplier tube as a detector in conjunction with a photon counting system. We
calibrate also the measured power and thus can perform spectral conversion efficiency
measurements of SHG. We have written an extendable and intuitive measurement software
to perform the measurements automatically.
This Thesis is divided into six Chapters. The first Chapter is this Introduction and the
last Chapter concludes the Thesis. The theory behind this Thesis is covered in Chapter
2. Starting from Maxwell’s equations we derive the mathematics to describe propagation
of light and the occurring light-matter interactions. The theory is developed to cover
the fundamentals of nonlinear optics with emphasis on SHG and phase-matching effects,
which are crucial to understanding how nonlinear processes occur in thicker media. This
Chapter also introduces the practical calculations we used to estimate the input laser beam
powers in SHG experiments. Chapters 3 and 4 describe the hardware and software of
the implemented measurement instrument, respectively. Chapter 3 covers the practical
aspects of the instrument and explains why particular opto-mechanics and optics were used
when building the instrument. Chapter 4 is devoted to software considerations, where we
describe the underlying architecture and how to use the software. The chosen approaches
are explained both from the users’ and from the programmers’ point of view. Chapter 5
describes and discusses the measurements we performed using the built instrument. Two
different sample types were measured. First, we measured SHG from a quartz crystal to
determine a second-order susceptibility tensor component for quartz to demonstrate the
capabilities of our instrument. Second, we measured spectral SHG responses from two
different metal nanoparticle array configurations. We compare the results and discuss the
implications we found.
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2. THEORY

Light is electromagnetic radiation composed of oscillating electric and magnetic fields.
Starting from Maxwell’s equations we will next derive the electromagnetic wave equation
and use it to find a propagating plane wave solution for the electric field. This field will
then be used to describe light-matter interactions of our interest, i.e., nonlinear interactions,
where new frequency components of light are generated. Practical concepts related to laser
physics, such as calculations of the instantaneous laser power and irradiance are covered at
the end of this Chapter.

2.1

Maxwell’s equations

We start with the macroscopic Maxwell’s equations of electromagnetism which describe
⃗ in matter [35]:
the electric field E⃗ and the magnetic flux density field B
⃗ = ρf ,
∇·D
⃗ = 0,
∇·B
⃗
∂B
,
∂t
⃗
∂D
∇ × H⃗ = J⃗f +
.
∂t
∇ × E⃗ = −

(2.1)
(2.2)
(2.3)
(2.4)

The divergence ∇· and curl ∇× are vector differential operators that are calculated using
dot (·) and cross (×) products of vectors, respectively, with ∇ = x̂ ∂∂x + ŷ ∂∂y + ŷ ∂∂z in three
dimensions and Cartesian notation, where x̂, ŷ and ẑ are vectors of unit length along the
Cartesian coordinate axes, and t is time. The free charge density ρ f and free current density
J⃗f (electric current per cross sectional area) are the charge and current densities not bound
⃗ and magnetic field H⃗ are defined as
to the material. The electric displacement field D
⃗ = ε0 E⃗ + P
⃗,
D
1 ⃗
− M⃗ ,
H⃗ = B
µ0

(2.5)
(2.6)

where ε0 and µ0 are the vacuum permittivity and vacuum permeability, respectively. The
⃗ and magnetization field M⃗ describe the response of the material.
polarization field P
Gauss’ law (Equation 2.1) states that the flow of electric field (electric flux) through a
closed surface is directly proportional to the charge inside the volume enclosed by the
surface. Similarly, Gauss’ law for magnetism (Equation 2.2) states that the magnetic
flux through a closed surface is zero. Equivalently, this means that there are no magnetic
monopoles.
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2. Theory

⃗ is associThe Maxwell-Faraday Equation 2.3 states that a time-varying magnetic field B
ated with a non-conservative (curl is non-zero) spatially-varying electric field E⃗ . Ampere’s
law with Maxwell’s addition (Equation 2.4) is similar for the magnetic field H but, in
⃗ the free current density J⃗f causes
addition to a time-varying electric displacement field D,
a spatially-varying non-conservative magnetic field.

2.1.1

Wave equation in vacuum

⃗ or magnetization (M⃗ ) fields, which lead to
In vacuum, there are no polarization (P)
⃗ = ε0 E⃗ and H⃗ = B/µ
⃗ 0 . By substituting these fields to Equation 2.4, we get
D
⃗
⃗ = µ0 J⃗f + ε0 µ0 ∂ E .
∇×B
∂t

(2.7)

Also there are no free currents (J⃗f = 0) or charges (ρ f = 0) in vacuum. Then by taking
the curl of the left-hand side of Equation 2.3, by using a vector calculus identity and
substituting with Equation 2.1, we can write
∇ × ∇ × E⃗ = ∇(∇ · E⃗ ) − ∇2 E⃗ = −∇2 E⃗ .

(2.8)

The curl of the right-hand side of the same equation and substituting with Equation 2.7
gives us
∂
∂ 2 E⃗
∂B
= − ∇ × B = −ε0 µ0 2 .
(2.9)
−∇×
∂t
∂t
∂t
Now by combining Equations 2.8 and 2.9 we have derived the electromagnetic wave
equation
∂ 2 E⃗
2⃗
∇ E − ε0 µ0 2 = 0 .
(2.10)
∂t
A solution for the wave equation is presented in Section 2.2.
Next we will derive the propagation speed of the wave fulfilling the wave equation i.e.
the speed of light. We recall that a generic wave equation with wavefunction ψ and
propagation speed v is written as
⃗
1 ∂ 2ψ
∇ ψ − 2 2 = 0.
v ∂t
2⃗

(2.11)

The speed of light in vacuum c0 is then determined by comparing Equations 2.10 and 2.11
1
c0 = √
.
ε0 µ0

2.2

(2.12)

Electromagnetic waves

We now know that electric and magnetic fields are related to each other. Next we will
show how simple the relation can be for monochromatic fields, making it often enough
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2.2 Electromagnetic waves

to use only the electric field to completely describe the electromagnetic field and the
occurring light-matter interactions. A monochromatic wave is described by electric field
amplitude E0 , frequency f and wavenumber κ. Wavelength λ = 1/κ is commonly used.
One-dimensional (propagation along z-axis) scalar monochromatic wavefunction is written
as
E (z,t) = E0 ei(2πnκz−2π f t) + c.c. ,

(2.13)

where z is position along z-axis. The complex conjugate (c.c.) of the first term ensures the
reality of the total field. The refractive index of the medium where the wave propagates
is n. Wavenumber is defined as k = 2πnκ = 2πn/λ . The angular frequency ω = 2π f is
later referred to only as frequency and we simplify the notation
E (x,t) = E0 ei(kz−ωt) + c.c. .

(2.14)

The speed of a wave is determined by keeping kz − ωt constant (z = ωk t + constant) which
gives the speed ω/k. The speed of light in a medium is
c=

ω
ω
c0
=
= ,
k
nk0
n

(2.15)

where k0 is the wavenumber in vacuum. Note that ω is independent of the medium.
⃗
In three
⏐ ⏐ dimensions, the wavevector k = kx x̂ + ky ŷ + kz ẑ is used in place of the wavenumber
⏐⃗ ⏐
k = ⏐k⏐. The electric field also oscillates with respect to time and space, and this oscillation
direction is polarization of light denoted as p̂. The expression for a monochromatic plane
wave is
⃗
E⃗ (⃗x,t) = E0 p̂ei(k·⃗x−ωt) + c.c. ,
(2.16)
where ⃗x is position in three dimensional space. This plane wave is a solution to the wave
equation (Equation 2.10). Equation 2.16 can be also written as
(
)
⃗
⃗
E (⃗x,t) = 2E0 p̂ cos k ·⃗x − ωt ,
(2.17)
where we note that the electric field amplitude E0 is sometimes defined as 2E0 which can
lead to confusion. In this Thesis, we will keep the previous definition for E0 (Equation
2.16).
In order to find the relation between the electric and magnetic parts, we consider Equation
2.1 in an isotropic medium, stating that the the electric field is divergence-free (∇ · E⃗ = 0).
We apply this to our plane wave Equation 2.16
⃗
∇ · E⃗ (⃗x,t) = iE0⃗k · p̂ei(k·⃗x−ωt) + c.c. = i⃗k · E⃗ (⃗x,t) = 0 .

(2.18)

This shows that the propagation direction ⃗k and the electric field E⃗ (⃗x,t) (and thus polarization p̂) are perpendicular. In other words, a monochromatic plane wave E⃗ (⃗x,t) in an
isotropic medium is transverse.
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⃗ We start from Equation 2.3 and
Next, we find the relation between the fields E⃗ and B.
substitute in our plane wave (Equation 2.16)
⃗ x,t)
∂ B(⃗
∇ × E⃗ (⃗x,t) = i⃗k × E⃗ (⃗x,t) = −
,
∂t

(2.19)

which we can integrate over time resulting in
⃗
⃗ x,t) = i k × E⃗ (⃗x,t) .
B(⃗
ω

(2.20)

Looking at Equation 2.20, we see that the electric and magnetic fields are perpendicular to
each other and that they are related with a phase shift of i or 90°. For the amplitudes of the
monochromatic plane waves the following relation applies
⏐ ⏐ k⏐ ⏐
n ⏐⏐ ⏐⏐
⏐⃗⏐
⏐ ⏐
(2.21)
⏐B ⏐ = ⏐E⃗ ⏐ = ⏐E⃗ ⏐ ,
ω
c0
which follows from the substitution of Equation 2.15 into Equation 2.20.
So far we have only been concerned with monochromatic plane waves but according to
Fourier’s theorems, any kind of physical electromagnetic wave can be described as
E⃗ (⃗x,t) =

∫ ∞∫
−∞ K

⃗

E0 (⃗k, ω) p̂(⃗k, ω)ei(k·⃗x−ωt) d⃗k dω ,

(2.22)

where K denotes integration over the wavevector ⃗k-space. This follows from the fact that
the derived wave equation (Equation 2.10), and the integral in the Equation 2.22 are linear
with respect to the electric field. Therefore, if each frequency component of the right-hand
side of Equation 2.22 is a solution of the wave equation, the composed arbitrary wave is
also a valid solution.

2.2.1

Irradiance

To calculate the power or irradiance of a monochromatic field we define the Poynting
vector as [36]
⃗ ⃗
⃗S = E × B .
(2.23)
µ0
Since Equation 2.21 can be used to relate the magnetic and electric fields of a monochromatic plane wave and c20 = 1/(ε0 µ0 ), we can write the magnitude of the Poynting vector
as
⏐ ⏐
⏐ ⏐2
⏐⃗ ⏐
⏐⃗ ⏐
S
=
nε
c
(2.24)
⏐ ⏐
0 0 ⏐E ⏐ .
⏐ ⏐
⏐ ⏐
The time average of ⏐⃗S⏐ is the irradiance I of light. It is defined as energy per unit time and
area. We use the Equation 2.17 to calculate the irradiance for a monochromatic plane wave
I = 2nε0 cE02 ,

(2.25)

which we will later use to estimate laser powers and instantaneous field amplitudes.
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x
n1

kn1
kt1

n2

k⃗1
θ1
z
θ2

θ1
kn3

kt2
kt3

k⃗3

Material 1

kn2
k⃗2

Material 2

Figure 2.1. Interface of two media.

2.3

Fresnel coefficients

From a macroscopic point of view, reflection and transmission occur at an interface between
two materials with different refractive indices. We use the transmission coefficients in
Chapter 5 to analytically calculate SHG from quartz. Let us have the configuration shown
in Figure 2.1 with refractive index n1 for material 1 when z ≤ 0 and n2 for material 2
when z > 0, i.e., the interface lies in the z = 0 plane. The surface normal is −ẑ while
the monochromatic plane wave travels in xz-plane with wavevector ⃗k = kx x̂ + kz ẑ. With
reflection (r12 ) and transmission (t12 ) coefficients for a wave coming from material 1 to
material 2 we can calculate the reflectance R and transmittance T of the interface. Since
the incident and reflected wave travel in the same medium
R = |r12 |2 ,

(2.26)

which is obtained from Equation 2.25 with incident wave amplitude E0 and reflected wave
amplitude r12 E0 . Due to energy conservation
T = 1 − R = 1 − |r12 |2 .

2.3.1

(2.27)

Transverse-electric waves

For the transverse-electric (TE) field case, the electric field is perpendicular to the plane of
incidence. The plane of incidence is the plane formed by the surface normal vector and
the wavevector. In our case the plane of incidence is the xz-plane (shown in Figure 2.1)
which leads to the electric field oscillating only in y-direction (E⃗ = E0 ŷ). The tangential
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components of the interface of the E⃗ and H⃗ fields must be continuous. First, the continuity
of the tangential component of the E -field implies
−ẑ × (E⃗ + r12 E⃗ ) = −ẑ × (t12 E⃗ ) ,

(2.28)

Ey (1 + r12 ) = t12 Ey ,

(2.29)

t12 = 1 + r12 .
The H -field is

i ⃗k ⃗
1 ⃗
=
H⃗ = B
×E ,
µ0
µ0 ω

(2.30)

(2.31)

according to Equations 2.6 and 2.20. We recall that ⃗k is dependent on refractive index.
Then applying this equation to the H -field tangential component continuity
⃗ 1 + r12 H
⃗ 3 ) = −ẑ × t12 H
⃗ 2,
−ẑ × (H
i k⃗1 ⃗
i k⃗3 ⃗
i k⃗2 ⃗
−ẑ ×
× E − ẑ × r12
× E = −ẑ × t12
×E ,
µ0 ω
µ0 ω
µ0 ω

(2.32)
(2.33)

with the vector triple product ẑ × (⃗k × E⃗ ) = ⃗k(ẑ · E⃗ ) − E⃗ (ẑ ·⃗k) = −E⃗ kz . Note that the
reflected wave has opposite kz component. Let’s denote kz by kn1 = n1 k0 cos θ1 in the
material 1 and kn2 = n2 k0 cos θ2 in material 2 and the equation simplifies into
E⃗ kn1 + r12 E⃗ (−kn1 ) = t12 E⃗ kn2 ,
kn1 − kn1 r12 = kn2t12 .

(2.34)
(2.35)

When we combine this with the Equation 2.30 we can write
kn1 = kn2 (1 + r12 ) + kn1 r12 ,

(2.36)

and solve the Fresnel coefficients as:
kn1 − kn2 n1 cos θ1 − n2 cos θ2
=
,
kn1 + kn2 n1 cos θ1 + n2 cos θ2
2n1 cos θ1
2kn1
t12 =
=
.
kn1 + kn2 n1 cos θ1 + n2 cos θ2

r12 =

2.3.2

(2.37)
(2.38)

Transverse-magnetic waves

The equations for the transverse-magnetic (TM) case can be derived in a similar manner
by examining the continuity of the tangential components at the interface for the E⃗ and
H⃗ fields. These are not used in this work. However, for completeness the equations for
the reflection and transmission coefficients are [37]
n21 kn2 − n22 kn1 n2 cos θ1 − n1 cos θ2
=
,
n21 kn2 + n22 kn1 n2 cos θ1 + n1 cos θ2
2n1 n2 kn1
2n1 cos θ1
t12 = 2
=
.
2
n1 kn2 + n2 kn1 n2 cos θ1 + n1 cos θ2

r12 =

(2.39)
(2.40)
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2.3.3

Filtering

Light can be absorbed by materials and such materials can be used as optical filters. The
metrics to characterize the filtering strength are the transmittance T and optical density
OD which are defined as:
T=

It
,
Ii

(2.41)

( )
Ii
OD = log10
= − log10 T ,
It

(2.42)

where It is the transmitted irradiance and Ii is the irradiance incident on the material.
Also filters and other components that are not absorptive, e.g., interference filters, can be
characterized with these quantities. Therefore, the introduced metrics are quite general.

2.4

Material polarization

⃗ is induced. For most materials,
When light enters a medium, material polarization (P)
this can be approximated as
⃗ = ε0 χ (1) E⃗ ,
P
(2.43)
where χ (1) is the linear electric susceptibility tensor of rank 2. If the material is isotropic,
χ (1) can be replaced by a scalar χe and the electric displacement from Equation 2.5
becomes
⃗ = ε0 (1 + χe )E⃗ ,
D
(2.44)
which leads to the wave equation for isotropic materials without magnetization
∇2 E⃗ − ε0 (1 + χe )µ0

∂ E⃗
= 0.
∂t

(2.45)

The speed of the wave squared is
c2 =

c2
1
1
= 02 ,
ε0 µ0 1 + χe n

(2.46)

thus the relation between the refractive index and linear susceptibility is
n2 = 1 + χe .

(2.47)

The phenomenon that the susceptibility χe and thus the refractive index n are frequency
dependent is called dispersion.

2.5

Nonlinear optics

The field of nonlinear optics studies optical phenomena arising in most cases from the
⃗ and material magnetization (M⃗ ), which depend nonlinearly on
material polarization (P)
⃗ respectively. In this Thesis,
the incident electric field (E⃗ ) and magnetic flux density (B),
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only effects concerning electric polarization are studied since they are usually stronger
compared to the effects related to the magnetization [38]. We start by writing the relation
⃗ for the case of a linear
between the incident electric field E⃗ and the material polarization P
interaction. After this, we extend our approach to include weak material nonlinearities
which are the kind of nonlinearities studied in this Thesis.
The linear polarization not following the electric field instantaneously is given by the
equation
∫ ∞
⃗
P(t) = ε0
χ (1) (τ)E⃗ (t − τ)dτ ,
(2.48)
0

where integration is from 0 to ∞ because the system is causal which means that future
values of the incident field can not affect the polarization field at time t. Equation 2.48
also implies that the interaction is time invariant. Therefore, the integral corresponds to
convolution and can be written as
⃗
P(t)
= ε0 χ (1) (t) ∗ E⃗ (t) ,

(2.49)

where ∗ is the convolution operator. Recalling the convolution theorem, which states that
a Fourier transform (F [ ]) of a convolution corresponds to multiplication of the Fourier
transforms, we can write
[
]
[
] [
]
(1)
⃗
⃗
F P(t) = ε0 F χ (t) F E (t) .
(2.50)
Therefore, in the frequency domain we can write the following relation for the polarization
⃗
field P(ω)
and the incident electric field E⃗ (ω)
⃗
P(ω)
= ε0 χ (1) (ω)E⃗ (ω) ,

(2.51)

⃗ is still linear with respect to the incident
which tells us that the material polarization P
field E⃗ . In addition, we see that the material polarization oscillates at the same frequency
as the driving field.
Next, we consider how this situation changes when the incident field becomes strong, i.e.
with laser light, and Equation 2.43 no longer strictly applies. In this case, the polarization
⃗
P(t)
can often be expressed as a power series in the field E⃗ (t) [39]:
⃗
P(t)
= ε0

(∫
0

∞

χ (1) (τ) ∗ E⃗ (t − τ)dτ+

∫ ∞∫ ∞
0

0

χ (2) (τ; τ ′ ) ∗ E⃗ (t − τ) ∗ E⃗ (t − τ ′ )dτ dτ ′ +

∫ ∞∫ ∞∫ ∞

χ
0

0

0

(3)

)
(τ; τ ; τ ) ∗ E⃗ (t − τ) ∗ E⃗ (t − τ ) ∗ E⃗ (t − τ )dτ dτ dτ + ... ,
′

′′

′

′′

′

′′

(2.52)
where χ (n) is the nth order susceptibility tensor which is of rank n + 1. By taking a Fourier
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transform, similarly to Equation 2.50, we get
( [
[
] [
]
]
⃗
F P(t) = ε0 F χ (1) (t) F E⃗ (t) +
[
] [
]2
F χ (2) (t) F E⃗ (t) +
)
[
] [
]3
(3)
⃗
F χ (t) F E (t) + ... .

(2.53)

Typically light sources that induce a measurable nonlinear polarization are continuous
wave lasers or pulsed lasers that are still well-approximated as monochromatic sources.
Therefore, the experiments can usually be well described by using only a few frequency
components (ω1 , ω2 , ...) of the electric field E⃗ . Equation 2.53 is typically written as sums
with all permutations, denoted as a sum over (m, n, o), of frequencies of the monochromatic
waves
[
⃗
= ε0 ∑ χ (1) (ωm )E⃗ (ωm )+
∑ P(ω)
(m)

χ (2) (ωm + ωn ; ωm , ωn )E⃗ (ωm )E⃗ (ωn )+

∑
(m,n)

∑

χ

(3)

]
(ωm + ωn + ωo ; ωm , ωn , ωo )E⃗ (ωm )E⃗ (ωn )E⃗ (ωo ) + ... . (2.54)

(m,n,o)

This equation is usually divided into equations that describe the polarization component
oscillating at frequency ω
[
⃗
P(ω)
= ε0 χ (1) (ω)E⃗ (ω)+

∑

χ (2) (ω = ωm + ωn ; ωm , ωn )E⃗ (ωm )E⃗ (ωn )+

(m,n)

∑

χ

(3)

]
⃗
⃗
⃗
(ω = ωm + ωn + ωo ; ωm , ωn , ωo )E (ωm )E (ωn )E (ωo ) + ... .

(m,n,o)

(2.55)
Many nonlinear optical processes can be described using the Equation 2.55.
Next, we list a few such processes [38, 40]. Second-order processes related to χ (2) include
SHG, optical rectification, sum-frequency generation and difference-frequency generation.
Third-order processes, described by χ (3) , are for example third-harmonic generation and
four-wave mixing. A χ (3) effect where the refractive index of a material is intensitydependent is the optical Kerr effect. Most process names are self explanatory, for example
in sum-frequency generation, two incident fields oscillating at ω1 and ω2 frequencies emit
a new frequency component at ω1 + ω2 .

2.5.1

Second-harmonic generation

Second-harmonic generation is a second-order nonlinear process where two incident
electric field components E⃗ (ω) with frequency ω are converted into an electric field E⃗ (2ω)
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with twice the frequency of the original field. Energy and momentum are conserved in this
process. The second term in Equation 2.54 gives us the second-order material polarization
⃗ (2) which for a monochromatic field oscillating at frequency ω is
P
[
]
(2)
(2)
⃗
⃗
⃗
(2.56)
∑ P (ωm + ωn) = ε0 ∑ χ (ωm + ωn; ωm, ωn)E (ωm)E (ωn)
(m,n)

(m,n)

[

= ε0 χ (2) (2ω; ω, ω)E⃗ (ω)E⃗ (ω)+
χ (2) (−2ω; −ω, −ω)E⃗ (−ω)E⃗ (−ω)+
χ (2) (0; ω, −ω)E⃗ (ω)E⃗ (−ω)+
]
(2)
χ (0; −ω, ω)E⃗ (−ω)E⃗ (ω) .

(2.57)

The susceptibility tensors are equal as follows [38]
χ (2) (0; ω, −ω) = χ (2) (0; −ω, ω) ,

(2.58)

χ (2) (2ω; ω, ω) = χ (2)∗ (−2ω; −ω, −ω) ,

(2.59)

because E(−ω) = E ∗ (ω), where ∗ denotes the complex conjugate, and the order of the
two conjugate fields in the calculations does not affect the result. Now dividing Equation
2.57 into frequency components, we obtain
⃗ (2) (0) = 2ε0 χ (2) (0; ω, −ω)E⃗ E⃗ ∗ ,
P
⃗ (2) (2ω) = ε0 χ (2) (2ω; ω, ω)E⃗ (ω)E⃗ (ω) ,
P
⃗ (2) (−2ω) = P
⃗ (2)∗ (2ω) .
P

(2.60)
(2.61)
(2.62)

When using only one input frequency there are two effects that arise from the second-order
susceptibility χ (2) . Equation 2.60 describes optical rectification and it creates a static
electric field in the medium. SHG is described by Equations 2.61 and 2.62 because they
describe material polarization oscillating at frequency 2ω.
In real measurements, the input parameter is the laser power P and not the electric field
amplitude E . Therefore, we want to describe SHG power as a function of the incident
power. Considering that the incident fundamental laser power Pi and the irradiance Ii are
proportional to each other we can use Ii as a substitute for Pi and solve the incident electric
field amplitude E (ω) from Equation 2.25 as follows
√
Ii
E (ω) =
.
(2.63)
2nω ε0 c
⃗ (2) (2ω)
Since the emitted electric field E (2ω) is proportional to material polarization P
we can write
⏐
⏐
⏐ (2)
Ii ⏐⏐
(2)
2
⏐
E (2ω) ∝ ε0 χ (2ω; ω, ω)E (ω) + c.c. = 2⏐χ (2ω; ω, ω)
.
(2.64)
2nω c0 ⏐
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Again from this we solve the emitted irradiance ISHG using 2.25:
⏐2
n2ω ε0 Ii2 ⏐⏐ (2)
⏐
ISHG ∝ 2
⏐χ (2ω; ω, ω)⏐
nω c0

(2.65)

⏐
⏐2
⏐
⏐
Thus the emitted SHG power PSHG is proportional to factors ⏐χ (2) (2ω; ω, ω)⏐ and Pi2
because Pi ∝ Ii .

2.5.2

Phase-matching effects

In the previous discussion of nonlinear optics, we treated the electric field as having only
temporal dependence. In the case of bulk materials with a measurable depth along the
optical axis, this is not enough to describe the nonlinear interactions. Next, we will explain
phase-matching for SHG but note that the principle is more general and is applicable to
most nonlinear processes [38, 40].
⃗

Let’s start with Equation 2.61 and add the propagator (eik·⃗x ) from the plane wave Equation
2.16
⃗ (2) (2ω) = ε0 χ (2) (2ω; ω, ω)E⃗ (ω)ei⃗k·⃗x E⃗ (ω)ei⃗k·⃗x .
P
(2.66)
The initial phase of the emitted electric field is thus 2⃗k ·⃗x = 2n(ω)⃗k0 (ω) ·⃗x depending
on the position inside the nonlinear material. The propagator for the emitted field is
⃗
ei·n(2ω)k0 (2ω)·⃗x . Recall from Equation 2.15 that k0 = ω/c0 . In order for all the emitted
waves to be in the same phase, so as to add up constructively, the phase-matching condition
must hold
2ω
ω
2n(ω) k̂0 (ω) − n(2ω) k̂0 (2ω) = ∆⃗k = ⃗0 .
(2.67)
c0
c0
Phase-matching is thus achieved when
n(ω) − n(2ω) = 0 .

(2.68)

Unfortunately, for most materials the dispersion relations are such that the refractive index
is monotonically increasing with respect to the frequency. There are phase-matching
techniques that achieve this condition such as birefringent phase-matching and quasiphase-matching but they are not described in this Thesis [38, 40].
When the phase mismatch ∆k is non-vanishing, the second-harmonic field amplitude
oscillates as a function of the length of the nonlinear medium [38]. Such oscillations are
known as Maker fringes [41].

2.6

Laser pulses

The temporal profile of laser pulses from mode-locked lasers are typically well-approximated
by a Gaussian profile [42]. Laser specifications are typically given as average power Pavg ,
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Figure 2.2. Comparison of temporal laser pulse profiles. The top-hat profile has width
of 1. The Gaussian profile has FWHM of 1, and Gaussian squared profile is this profile
squared. The Gaussian profile has the same energy as the top-hat profile. Note that the
top-hat profile squared is equal to the original top-hat profile. It is clear that the Gaussian
squared pulses have less energy than top-hat pulses squared with these width parameters.

repetition rate Rr and pulse duration τ p which is given as the full width at half maximum
(FWHM). For a Gaussian profile, the instantaneous power is
2

P(t) = Pp e−At ,

(2.69)

where Pp is the peak power and A is a constant determined by τ p which is used to denote
pulse duration (FWHM). We can write
2
1
1
1
P( τ p ) = Pp = Pp e−A( 2 τ p ) ,
(2.70)
2
2
which leads to A = 4 ln(2)/τ p2 and our equation for power (Equation 2.69) becomes

( )2
−4 ln(2) τtp

P(t) = Pp e

.

(2.71)

One laser cycle duration (time separation between pulses) is 1/Rr and average power
during the cycle is the same Pavg thus the cycle energy is Ec = Pavg /Rr . Because cycle
duration is typically long compared to pulse duration (FWHM) we can integrate our
Gaussian function from −∞ to ∞ to yield the cycle energy
√
( )2
∫ ∞
Pp τ p
π
−4 ln(2) τtp
Ec =
Pp e
dt =
.
(2.72)
2
ln 2
−∞
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Now we can solve the peak power by setting the previous equation equal to Ec = Pavg /Rr
and obtain
√
2Pavg ln 2
Pp =
,
(2.73)
Rr τ p
π
√
where 2 ln(2)/π ≈ 0.94 is the factor relating the top-hat profile amplitude Pp = Pavg /(Rr τ p )
and the Gaussian profile amplitude. Both profiles with equal pulse energies are plotted in
Figure 2.2.
SHG scales to power squared so we need to calculate the following integral
(
( )2 )2
∫ ∞
2τ √
t
P
π
p
−4
ln(2)
p
τp
.
EcSHG =
Pp e
dt =
2
2 ln 2
−∞

(2.74)

SHG = E SHG R leads to average
Finally substituting the peak power and calculating Pavg
r
c
second-harmonic power in relation to the laser parameters
√
2
P
2 ln 2
avg
SHG
Pavg
=
.
(2.75)
Rr τ p
π

It can be seen that the correction factor with respect to the trivial top-hat time profile is
√
2 ln(2)/π ≈ 0.664. The result is visualized in Figure 2.2, where we can see that the
Gaussian pulse squared has significantly less energy than the Gaussian pulse.

2.6.1

Spatial laser beam profile

Laser beam profiles are also often spatially Gaussian, which leads to irradiance being
distibuted along the xy-dimensions for a wave propagating in z-direction. This time we
assume our irradiance distribution to be
I(x, y) = I p e−Bx

2 −Cy2

.

(2.76)

For simplicity, i.e., for a circular profile, we set B = C which are dependent on the FWHM
beam diameter d p . On a circle x2 + y2 = d 2p /4 we get
d 2p

I = I p e−B 4 =

Ip
.
2

(2.77)

Similarly to the temporal case, we get B = 4 ln(2)/d 2p and our irradiance becomes
−4 ln(2) x

I(x, y) = I p e

2 +y2
d 2p

.

(2.78)

To get the average power we integrate the result and get
∫ ∞∫ ∞

Pavg =

−∞ −∞

(
)
2 2
−4 ln(2) x +y
2
dp

Ip e

(

= Ip

∫ ∞ −4 ln(2)
−∞

(
= Ip

dp
2

e
√

π
ln 2

x2
d 2p

)

)2
=

(2.79)

dxdy
(

dx

∫ ∞ −4 ln(2)

−∞
2
Ip d p π

4 ln 2

e

.

y2
d 2p

)

dy

(2.80)
(2.81)
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From here we get the peak irradiance
I p = Pavg

4 ln 2
.
d 2p π

(2.82)

SHG scales to intensity squared, thus, like for the time dependence, we calculate the
following integral and substitute I p from Equation 2.82 to get
SHG
Pavg
=

∫ ∞∫ ∞

(

−∞ −∞

(
) )2
2 2
−4 ln(2) x +y
2
dp

Ip e

(

∫ ∞ −8 ln(2)
2

= Ip

x2
d 2p

(

)

(2.83)

dxdy

∫ ∞ −8 ln(2)

y2
d 2p

)

dx
e
dy
−∞
)2
( √
)2 (
d 2p π
d
4
ln
2
π
p
= Pavg 2
= I p2
2 2 ln 2
d pπ
8 ln 2
e

(2.84)

−∞

2
= Pavg

2 ln 2
.
d 2p π

(2.85)
(2.86)

This is similar to the result in Equation 2.75 but the correction factor is now squared
because in space we have two transverse dimensions. The term 2/(d 2p π) can be written as
twice the area of the beam A = πd 2p /4 inverted, allowing us to write
SHG
Pavg
=

2
Pavg
ln 2
.
A 2

(2.87)

This gives us the correction factor of ln(2)/2 ≈ 0.347 for circular Gaussian beams when
compared to a beam with a top-hat spatial profile.
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3. INSTRUMENTATION FOR SPECTRAL SHG
MEASUREMENTS

The design of the instrument can be separated into hardware and software considerations.
The hardware includes physical optical components and devices such as lenses, mirrors
and detectors. The software is used to control the key elements of the hardware with a
computer. This Chapter describes the design of the instrument, whereas instructions for
the use of the instrument are given in Appendix A.

3.1

Design and specifications

Ideally, the specifications for an instrument should be chosen such that they are suitable
for the purpose the designed instrument is going to be used. Here the main purpose was to
measure the spectral responses of SHG from small nanoparticle arrays. However, it was
understood that this kind of instrument would be applicable also to other kinds of sample
types. Therefore, the instrument was designed to be easily customizable. Some of the
specifications were dictated by the equipment already existing in the laboratory, such as
available light sources. Other specifications were tried to keep as multipurpose and easily
configurable as possible. The final specifications are shown in Table 3.1.
Table 3.1. Specifications of the instrument
Wavelength
1002 nm . . . 1298 nm
Wavelength resolution
2 nm
Wavelength stabilization time (avg.)
20 s
Power at sample plane (all wavelengths) 2 mW . . . 90 mW
Beam spot diameter at sample plane
25 µm
Light collection angle from sample plane 60°
Measurement modes
Wavelength scan, Polarization scan,
Power scan, Combined wavelength
and polarization scan
Input parameters (before sample)
Wavelength, Power, Polarization
Output parameters (after sample)
Polarization, Angle of detection,
Measurement time

The measurement modes listed in Table 3.1 could be easily extended by programming new
modes or combining existing modes. The physical setup is also easily configurable to suit
different purposes. A schematic drawing of the instrument is shown in Figure 3.1. A similar
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Chameleon
Ti:Sapphire laser
770 nm
200 fs @ 82 MHz
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Figure 3.1. Schematic drawing of the measurement instrument. The focal lengths of the
lenses are: 30 mm (L1), 150 mm (L2), 150 mm (L3), 16 mm (L4), 150 mm (L5), 50 mm
(L6), 150 mm (L7) and 40mm (L8). HWP = Half-wave plate, P = Polarizer, A = Aperture,
BS = Beam splitter, LPF = Long-pass filter, SPF = Short-pass filter, FP = Film polarizer
and DM = Dichroic mirror. Red color denotes fundamental beam and SHG signal beam is
marked with green color.

measurement setup has been used by Metzger et al. [43] and Niesler et al. [44]. Note
that spectral measurements done in this Thesis using a wavelength-scanning narrowband
light source are different to white-light spectroscopy using a broadband chirped laser
source [45].

3.1.1

Light source

An OPO pumped with a pulsed mode-locked Ti:sapph laser is used to scan the wavelength
of the input beam. The pump laser and the OPO that can be used in this setup are
Chameleon Vision II (Coherent) and Chameleon Compact OPO (Coherent) [46, 47]. The
wavelength output range in the OPO datasheet for our pump laser is from 1000 nm to
1350 nm [47]. However, for unknown reasons, the OPO does not reach longer wavelengths
than 1300 nm regardless of the used pump wavelength. The OPO limits also the spectral
resolution to around 2 nm because the output wavelength fluctuates by 1 nm around the set
wavelength.
Changing the wavelength of the OPO is a slow operation. However, the time required to
change the wavelength is dependent on the chosen pump wavelength. Faster operation
makes it possible to collect more measurement points, in practice facilitating measurements
with a broader wavelength range and/or better spectral resolution. Typically, scanning time
under 30 minutes is desired. The fastest operation was observed when the OPO pump
wavelength was 770 nm.
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Sometimes the OPO does not reach the requested wavelength. When this happens, the
internal spectrometer of the OPO shows two peaks with varying amplitudes. The OPO
system does not recover from this and the wavelength has to be changed manually to
another wavelength and back to the requested wavelength. This unwanted behavior is
accounted for in the written software.
Also the actual wavelength reading of the internal spectrometer slightly deviates (±1 nm)
from the requested wavelength. This can be problematic especially near 1000 nm and
1300 nm, since those wavelengths can not be reliably reached. This can cause complications in input power calibration (see Section 4.3.2). The solution is to restrict the scanning
range from 1002 nm to 1298 nm. This also limits the resolution to 2 nm since the OPO
might not adjust the wavelength if the previous wavelength, which is measured internally
in the OPO with 0.1 nm resolution, is too close to the new requested wavelength.

3.1.2

Photomultiplier tube

The primary light detector in the instrument is a photomultiplier tube (PMT). PMT generates a current pulse every time a photon is detected. Our PMT is a PMA-C 192-M
(PicoQuant), which is a photon counting PMT including a preamplifier, peltier cooling and
an internal shutter [1]. The pulses generated by the PMT are counted using a computer
with a counting hardware, as described in Section 3.2.3.
PMTs have dark counts which means that they generate current pulses even when no input
light is present. Dark counts are mainly caused by heat and cooling the PMT reduces the
number of dark counts. After the PMT has been cooled down to a stable temperature the
dark counts are in the range from 470 to 610 counts/s at an average of 540 counts/s. Due
to this reason all PMT readings are corrected by subtracting the average dark counts.
Like with all detectors, the sensitivity of the PMT is wavelength dependent. This sensitivity
or quantum efficiency is dictated by the cathode material used. The sensitivity for our 192
model is shown in Figure 3.2 with brown color. It is slowly decreasing in the wavelength
range used in this Thesis (from 500 nm to 650 nm). The decrease in the sensitivity can be
taken into account by performing a power calibration (described in Section 4.3.3).

3.1.3

Lenses

Lenses are used to focus and disperse light throughout the beam path. The lenses in this
setup are named sequentially such that smaller numbers correspond to lenses that are
closer to the OPO in the main beam path (see Figure 3.1). All lenses are achromatic with
the exception of lens L4 which is aspherical. Achromatic lenses are designed to reduce
unwanted focal length shift in relation to the used wavelength.
Lenses L1 (AC127-030-C-ML, Thorlabs) and L2 (AC254-150-C-ML, Thorlabs) expand
the initial beam five-fold. A small aperture A1 (diameter 25 µm, P25H, Thorlabs) between
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Figure 3.2. Quantum efficiency of the PMT according to the manufacturer [1]. Model 192
shows decrease in sensitivity from 500 nm to 650 nm. Other models are not used in this
Thesis.

the lenses functions as a spatial filter. The beam is expanded to result in a smaller spot size
at the sample plane when focused with lens L3 (AC254-150-C-ML, Thorlabs). Expanding
the beam also makes imaging the sample easier since a larger field-of-view can be utilized
during sample alignment (see Section 3.1.7).
Aperture A1 and lenses L1 and L2 can also be removed to enable excitation of the sample
with higher beam power, or in conjunction with removing lens L3 lens, to illuminate the
sample using a collimated beam. Note that removal of the lens L3 requires a new input
power calibration as described in Section 4.3.2.
Lens L4 (ACL25416U-A, Thorlabs) has a short effective focal length of 16 mm and is
used to collect light emitted from the sample. Using arguments based on ray optics and
trigonometry, the angle of detection α can be calculated with
(
)
Do
,
(3.1)
α = arctan
2 fb
where Do is the diameter of the output aperture and fb is the back focal length. In this
configuration the maximum collection angle is 60°. The output aperture is changed by
placing an aperture or an adjustable iris between lenses L4 and L5 (AC254-150-A-ML,
Thorlabs). This limits the collection angle that can be calculated using Equation 3.1.

3.1.4

Filters

Filters are used to block and pass different wavelengths of light. The Ti:sapph laser is
operated at 770 nm and is used to pump the OPO. The output of the OPO ranges from
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Figure 3.3. Optical density and transmission of the filters and the dichroic mirror used in
the setup. The data is from the manufacturers of the filters [2–5].

1000 nm to 1300 nm and it is used as the fundamental beam in the nonlinear experiments.
Thus SHG wavelengths range from 500 nm to 650 nm and third-harmonic generation
(THG) signal would occur in the range from 333 nm to 433 nm. The fundamental beam
power at the sample plane varies from 2 mW to 90 mW and the measured SHG signal
power is typically of the order of femto- to picowatts. This means that there is a nine
to twelve orders of magnitude difference between the fundamental and SHG signals,
complicating the filtering of the SHG signal from the fundamental beam. Due to this
reason, two short-pass filters and a dichroic mirror are placed after the sample. In total, this
filtering is carried out with an absorption filter, interference filters, a dichroic mirror and
by utilizing the PMT’s wavelength response (Figure 3.2). The transmissions and optical
densities of the used optical filtering elements are plotted in Figure 3.3.
Absorption filters are made of absorptive materials, which absorb a range of wavelengths.
The absorbed energy is converted to heat. Absorption depends on the path traveled in
the material. The path is longer for out of axis rays but other than that the properties of
absorption filters do not change with light coming from different angles. This makes them
a good choice when the angle of incidence varies.
Interference filters reflect filtered light and transmit only the wavelengths they are designed
to transmit. They consist of thin films of materials that have different refractive indices. By
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changing the thicknesses of the films and the number of films, the filter can be engineered
to meet the required filtering specification. The properties of interference filters depend on
the incident angle. Dichroic mirrors work the same way as interference filters but they are
designed to be used at a 45° angle of incidence.
The first short-pass filter SPF1 (FGS900-A, Thorlabs [3]), used to block the fundamental
beam, is an absorption filter (colored glass) with an anti-reflection coating. An absorption
filter is a good choice here because of the SHG emission from the sample can occur also to
other directions than along the optical axis. The second short-pass filter SPF2 (FESH0900,
Thorlabs [4]) is positioned just before the PMT ensuring that light cannot enter the PMT
unfiltered. This filter is an interference filter. Interference filters are associated with
sharp transitions from filtering to passing light depending on the wavelength. They also
offer higher optical densities for blocking and higher transmissions for passing light than
absorption filters.
Filtering is also performed using a dichroic mirror (DMLP950, Thorlabs [5]). The dichroic
mirror (DM) is used to reflect the measured signal to the PMT, and to aid in alignment of
the sample by allowing a camera to be used (see Section 3.1.7). The DM does not reflect
the fundamental beam, thus allowing it to pass to the camera.
The optical components before the sample can also produce measurable SHG and THG
signals. Especially half-wave plate 1 (HWP1) and polarizer (P1) can produce measurable
signals, since the components are always subject to high power OPO output. It was also
noticed that a residual from the Ti:sapph pump beam is still present in the OPO output.
Due to these reasons, there is a long-pass filter LPF1 (FEL0900, Thorlabs [2]) right before
the sample which blocks SHG, THG, and the residual from the pump but not the OPO
signal beam.
Stray light is a big problem when a high sensitivity sensor (PMT) is used to measure very
weak signals. The stray light is reduced by building the part of the setup after lens L2
inside a light tight box. Also a lens tube attached to the PMT is used to further limit the
amount of stray light that can enter the PMT.

3.1.5

Polarization components

Ideal linear polarizers are fully transparent to light that has a polarization along the axis of
the polarizer and fully opaque to light polarized perpendicular to the axis of the polarizer.
The intensity of light transmitted through a polarizer can be calculated using Malus’
law [37]
I = I0 cos2 (θ p ) ,

(3.2)

where I0 is the initial beam intensity and θ p is the angle between the axis of the polarizer
and the incident polarization of light.
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Polarizers P1 and P2 are Glan-Taylor polarizers (GT10-B, Thorlabs) that transmit ppolarized (TM wave) light and reflect all s-polarized (TE wave) light and some p-polarized
light. They are made of two right-angle calcite prisms with a thin air gap between the
long surfaces of the prisms. Since calcite has different refractive indices for s- and ppolarized light (birefringence), the long surface of the prism at 45° incidence reflects all
s-polarized (ordinary refractive index) light due to total internal reflection. Most of ppolarized (extraordinary refractive index) light is transmitted. When Glan-Taylor polarizers
are rotated along the optical axis, the beam shifts position, due to refraction in the air gap
interfaces. This is not a problem, since polarizers P1 and P2 do not need to be adjusted
or rotated in the normal operation of the instrument. Glan-Taylor polarizers are preferred
because they offer superior ratio between transmitted p- and s-polarizations (extinction
ratio).
A film polarizer FP1 (LPVISE100-A, Thorlabs) is used as an analyzer to choose the
measured polarization of light. Film polarizers are made of dichroic materials that absorb
light polarized in a specific direction. Therefore, film polarizers do not have the unwanted
beam shifting property of Glan-Taylor polarizers and that is the reason why a film polarizer
is used.
There are two achromatic half-wave plates HWP1 (AHWP05M-980, Thorlabs) and HWP2
(10RP52-3B, Newport) that are made of crystalline quartz and magnesium fluoride. A halfwave plate is constructed from a birefringent material such that the retardation between
the ordinary and extraordinary axes through the plate is π + 2πn, where n is an integer.
Achromatic wave plates are constructed using two different birefringent materials (both
follow normal dispersion) such that the ordinary axis of the first material is along the
extraordinary axis of the second material. In the setup, half-wave plates are used to rotate
linear polarization.
The incident power to the sample is controlled by rotating HWP1 using a motorized
rotation stage (SR50CC, Newport). The OPO output beam is linearly polarized, thus by
rotating HWP1 the polarization of the beam is changed. The transmitted irradiance through
polarizer P1 depends on the incident polarization according to Equation 3.2.
Polarizer P2 is used to ensure that the fundamental beam is p-polarized by rejecting
possible polarization deformations along the path from polarizer P1 to polarizer P2. HWP2
is also mounted in a motorized stage (SR50CC, Newport) and it is used to control the
sample input polarization from the measurement software.

3.1.6

Mechanical mounting

The sample is mounted on a three-axis translation stage with z-axis along the optical axis.
Filter SPF1 along with lens L4 are mounted together in a xy-translation lens mount which
is mounted on a small z-directional translation stage. This translation stage is connected to
the same z-axis translation stage that also moves the sample. This means that the collecting
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Figure 3.4. Image of the focal plane of the lens L3 after removal of lenses L4 and L5. The
focal spot is marked with a yellow circle. The sample holder is on the right side of the
focal spot.

lens L4 can be centered with respect to the laser beam and translated along z-direction
in order to ensure that it properly collects the light emitted from the sample plane. This
configuration also ensures that movement of the sample in z-direction does not affect
the lens position relative to the sample, which makes it easy to change the input focus
parameters without affecting the light collection scheme.
In order to use the camera to the full potential and make the sample alignment easy, filter
SPF1 and lenses L3, L4 and L5 are mounted on flip mounts to make removing and inserting
these components fast. Aperture A1 and lenses L1 and L2 are built inside a cage system
such that they can be removed and reinserted collectively without losing their relative
alignment.

3.1.7

Camera and alignment

A key factor in making the instrument precise and easy to use is the camera, which is
used to align the fundamental beam and the sample. We used a DCC1545M (Thorlabs)
monochrome complementary metal-oxide-semiconductor (CMOS) camera together with a
MVL50M23 (Thorlabs/Navitar) camera lens. The focal length of the lens is 50 mm and it
has an adjustable focus ring allowing a sharp image to be formed when the object is at a
distance range from 200 mm to infinity away from the camera. Focusing and alignment of
the laser beam is quick and repeatable with the camera, since lenses L3, L4 and L5 are
mounted on flip mounts. Since the sample and beam alignment should be done always
when a new sample is inserted, the camera and its proper usage makes the instrument easy
to use.
First, components SPF1, L4 and L5 are removed from the beam path allowing the camera to
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(a)

(b)

Figure 3.5. (a) An image of a sample fiber using the same camera lens focus setting as in
Figure 3.4. A larger field-of-view image of the sample plane is formed by removing the
lens L3. (b) The sample can be now easily aligned and focused with respect to the laser
spot (yellow circle).

be focused on the focal plane of lens L3. In practice one sets the laser power to minimum
and uses a short wavelength (we used 1030 nm), to ensure that the CMOS camera is
sensitive at that wavelength and can form an image of the sample in the later stages of
alignment. Then the focus ring of the camera lens is adjusted such that the size of the laser
beam in the camera image is minimized and it retains its round shape. The focal spot is
then marked on the image screen of the camera software. An example image screen is
shown in Figure 3.4.
The second step is to remove lens L3 from the beam path resulting in a collimated beam
with a large beam diameter passing through the sample to the camera. The sample can now
be imaged with the camera [shown in Figure 3.5 (a)]. The camera lens focus is not adjusted
from the last step because the lens now images the plane where the fundamental beam is
focused into, and is thus the plane where alse the sample should be aligned. The sample
is aligned by moving it onto the marked spot on the camera image with the xy-directions
of the translation stage. To ensure that the sample lies in the focal plane of lens L3, the
sample is moved with the z-directional translation stage such that it is in focus. Small
impurities or sharp edges on the sample area can be used to easily find the right focus [see
Figure 3.5 (b)].
In the last step, the camera lens focus is set to infinity and lens L4 is reinserted. The image
formed at the camera is equivalent to the image formed at the PMT when using lenses L4
and L5. By aligning lens L4, the light collected from the sample is focused into the PMT.
Lenses L3 and L5 are still not used. Since lens L4 is in the same mount with filter SPF1,
laser power and camera exposure need to be increased to image the sample [Figure 3.6
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(b)

Figure 3.6. (a) and (b) The sample fiber imaged with lens L4 in combination with the
camera lens focused at infinity. Lenses L3 and L5 are removed from the setup. The
reflections on the left side of the image are ignored. (b) The correct z-position of the lens
L4 is found by finding the plane where the image is again focused.

(a)]. From Figure 3.3 it is seen that SPF1 has an optical density around 3 which is not a
problem. Now the laser spot at the sample plane is also aligned to the center of the camera
image with the lens mount’s xy-translation. The camera image is focused by moving lens
L4 with the small z-directional translation stage [Figure 3.6 (b)] which does not move the
sample, described in Section 3.1.6.
After this alignment procedure has been performed, all optical components are reinserted
into the beam path with flip mounts. Now the sample is at the focal spot of lens L3 and the
sample plane image is formed at the PMT.

3.1.8

Photodiode and input power

The power incident on the sample is measured indirectly by using a germanium photodiode
(PDA50B, Thorlabs [48]). The photodiode is placed in the reference beam path shown in
Figure 3.1. Readings from the photodiode are converted to powers at the sample plane by
using a lookup table (LUT) discussed later in Section 4.3.2. The position of the photodiode
is after aperture A1 and lenses L1 and L2, which leads to correct power values even if
the position of aperture A1 is adjusted, e.g. to optimize incident beam power. It is also
possible to remove components A1, L1 and L2 without affecting the power calibration.
A germanium photodiode was chosen because of its good sensitivity range for the OPO
wavelengths compared to silicon photodiodes. Particularly, the chosen model PDA50B
has a large active area of 5 mm diameter which makes the system more reliable and the
alignment easy. Relatively low response time of a few kilohertz [48] depending on the gain
is not a problem because the reading rate of the detector is under one kilohertz.

3.1 Design and specifications

3.1.9

27

Power meters

In order to calibrate the absolute fundamental and SHG power values, a power meter (Nova
II, Ophir [49]) was used with two different sensors. The sample input power calibration
(Section 4.3.2) was done using a 3A (Ophir) sensor [50]. The SHG power calibration
(Section 4.3.3) was performed by measuring SHG from the sample with a RM9-PD (Ophir)
sensor [51]. These power sensors are relatively slow and take multiple seconds to give a
stable reading.
In order to calibrate the sample input power, the sample is replaced by the power sensor.
Lens L3 is used as in normal operation to focus the light on the sensor. Light is not focused
tightly on the sensor because at higher powers the sensor could be damaged.
Measured SHG power calibration is done simply by placing the power sensor in the position
of the PMT. The sensor (RM9-PD) requires a chopped input switching at 18 Hz [51], which
is achieved by placing a rotating chopper plate before lens L1. The distance from the
chopper to the power sensor should be long enough to prevent ambient light from interfering
with the measurement [51]. If the chopper is too close to the sensor, both ambient and
SHG light would be simultaneously chopped at the same frequency, resulting in very noisy
power measurements.

3.1.10

SHG reference beam path

In Figure 3.1, the reference beam path is highlighted by a dashed blue rectangle. The idea
for the reference path originates from Metzger et al. [43], where it was used to compensate
for unwanted changes in the measured signals due to variations in the fundamental input
beam. Variations in pulse duration or spatial beam profile can affect SHG considerably as
explained in Sections 2.6 and 2.6.1. The reference beam path was designed to provide a
secondary SHG measurement done concurrently with the SHG measurement of the sample
to compensate for these variations for each individual measurement point.
A thick quartz crystal acts as the reference sample which is used at a 45° angle of incidence
to produce SHG from the front surface of the crystal. Reflections from the back surface
were a problem with a thin quartz crystal and phase-matching effects (Section 2.5.2)
similar to those in Section 5.1 were observed. With a thick crystal the propagating beam
is first incident on the side surface of the crystal and is thus not directly incident on the
back surface. In this configuration the SHG from the bulk and related phase-matching
considerations can be avoided, since only the SHG from the front surface is measured.
Filters LPF2 and SPF3 are identical to filters LPF1 and SPF2, respectively. Reflection
from the quartz is also weak in this configuration and thus acts as an effective filter for the
fundamental light. Lens L7 is identical to lens L3, ensuring that the focusing characteristics
of the incident beam are similar in both beam paths. This fact can account for possible
focal length shifts due to varying wavelength but the SHG measurement configuration at
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an angle probably behaves differently to from the case of normal incidence to the sample.
Lens L8 is used to collect and focus the light onto the avalanche photodiode (APD).
The APD is an ID100-20 (IDQ) and it has a small detection area of 20 × 20 µm2 which we
found to be problematic [52]. The alignment of this APD to efficiently and reliably collect
the SHG signal has to be very accurate. When the APD was aligned perfectly it worked
for the rest of the day but the next day the signal was gone due to slight misalignment of
the beam. It was realized that this kind of unstable reference measurement is useless.
We ended up in not using the reference at all for SHG measurements. The performed
SHG measurements were found to be repeatable, due to the use of the power calibrations
(Sections 4.3.2 and 4.3.3), and it seems that the reference is not necessary. Anyway the
reference path is still there and with a better detector (such as another PMT) it could be
made to work.

3.2

Computer environment

The measurement software described in Chapter 4 is designed with portability in mind.
Little effort is needed to modify the program for another operating system or to use other
device manufacturers. Free and open-source software (FOSS) is preferred due to openness
in science, ease of use, control over software and cost reasons. In some cases, usually
when interfacing with specific hardware, FOSS is not used because it is not possible, is
expensive or is very difficult to implement.
The program is deployed on an Ubuntu derivative Linux Mint operating system, as the
author is more experienced with GNU/Linux operating systems [53]. Ideally, the operating
system should not affect how the program is written but unfortunately some things such as
serial port names are system specific.

3.2.1

Python

Python is an increasingly popular language in the scientific community. It is a generalpurpose programming language which means it can be used for anything [54]. For example,
in this Thesis, Python (version 3) is used to write the measurement program, to analyze
the data and to visualize the data (plotting). Due to its popularity, several quality FOSS
libraries (packages) are available. The main libraries used in this work outside the Python
standard library are SciPy, NumPy and matplotlib [55–57].
IPython shell was decided to be used as the interface between the user and the measurement
program [58]. No other user interface was needed to be implemented. The user can directly
call Python functions within IPython. This makes every function accessible to the user
and as the user interface is based on Python it is very flexible and powerful. Also, from
the programmer’s point of view, there is no need to implement a user interface allowing
the programmer to have more time to write other parts of the software. Some basic
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programming knowledge is required to use IPython effectively but it is not expected to be
a problem given that the users are highly educated.

3.2.2

Data interfaces

Serial port (RS-232) is an old standard but it is still widely used in instruments. The main
alternatives for serial ports are Universal Serial Bus (USB) ports and General Purpose
Interface Bus (GPIB) ports. USB ports are plentiful in modern computers but USB-devices
are sometimes troublesome with proprietary protocols and drivers. Serial ports can still
be found in modern computers and USB-to-serial converters are common and cheap.
GPIB ports are expensive and not as common as serial ports. Serial port devices with
proper command listing are easiest to work with. Same goes for USB devices which use
USB-to-serial converters.
Chameleon Compact OPO (Coherent) and ESP 301 (Newport [59]) motor controller use
serial interface, have proper command listing and are simple to use. The power meter we
used in this Thesis (Nova II, Ophir) is also equipped with a serial interface and a USB
interface. Here we used the serial interface since we did not get the USB interface working.

3.2.3

Photon counting

The interface between the photon counting hardware and the software turned out to be the
most difficult interface to implement. We only needed basic photon counting functionality
so the cheapest solution was bought. The choices were TimeHarp 260 (PicoQuant) and
PMS-400A (Becker & Hickl [60]) photon counting cards of which the latter was bought.
PMS-400A is a peripheral component interconnect (PCI) device, which was installed
inside the computer chassis. Unfortunately the software to interface with the card (driver)
is proprietary and works only on Windows operating systems.
The first unsuccessful attempt to install PMS-400A driver was with Wine compatibility
layer [61]. Although installing the driver might be possible with Wine it is not obvious how
to do it. Also if the driver would install it is not clear if it would work as the manufacturer
intended it to work.
The next idea was to try running Windows operating system in a virtual machine using
QEMU and communicate through a virtual serial port [62]. This turned out to be quite
simple to implement and was chosen as the solution to interface the PMS-400A with the
measurement software.

3.2.4

Arduino

In order to interface other electrical devices with the measurement software we used a
Due (Arduino) single-board microcontroller which is internally using an Atmel ARM
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Cortex-M3 microcontroller [63]. The Arduino platform was chosen because it has a large
community support behind it. This leads to good availability of tools and community
support. Tools are also FOSS and very easy to use. The microcontroller board Due is
referred to as Arduino in this work.
The main purpose of the Arduino board is to use it as a simple and inexpensive analogto-digital converter (ADC) mapping read analog voltage values from the germanium
photodiode to integer values which are transfered to the measurement software. The
availability and resolution of the ADC was the main criterion for choosing this particular
board.
In this Thesis, Arduino was used as a USB device, which was programmed such that it
shows as a serial device in the operating system, which enables reading of ADC values
using a simple and robust serial command interface. Other simple functions such as
opening and closing the PMT shutter were also done with the same interface.

3.3

Future development

There are, of course, always possibilities to improve the capabilities of the measurement
instrument. This Section covers the improvements that could be implemented with little
effort. One improvement that could be done easily is to change the APD detector on the
reference arm into a PMT detector (see also discussion in Section 3.1.10).

3.3.1

Motorized sample translation stage

The z-axis of the sample translation stage could be motorized to allow precise and computer
controlled movement of the sample in and out of the focal plane of lens L3. This could be
used to change the spot size on the sample and thus to maximize SHG from the sample.
Although, the lenses used in this Thesis are achromatic their focal lengths depend slightly
on the wavelength of incident light. The sample could be moved to the perfect focal spot
for every wavelength. This could be performed independently for each measurement point
by maximizing the PMT counts for each wavelength but it would be slow. A compromise
would be to do it once for one sample and save the relative changes in focus into a
lookup table. This way the perfect focal position has to be determined only once for each
wavelength.
The sample xy-translation stage could also be motorized to allow the measurement software
to move the sample such that the beam hits another area on the sample. If there are multiple
different sample areas, the instrument could be programmed to measure all of them
automatically.

3.3 Future development

3.3.2
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High sensitivity camera

A high-sensitivity camera as detector in place of the PMT could be a beneficial addition,
since it could be used to record the angular distribution of the emitted SHG radiation from
the sample. In theory, the camera could be placed a focal length away from lens L4 to
capture the light as a Fourier transform of the intensity distribution of sample plane. In
practice, a microscope objective would give better quality results than the currently used
inexpensive lens L4.
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The software controlling the whole instrument is called the Measurement program (MP)
which is written in Python 3. The main object in the program is sm, which encompasses
all functionality and is of class type ShgMeasurements. The intended usage of the MP is
to use this sm object to perform all tasks. The basic usage is illustrated in Figure 4.1.
First, an IPython console is opened and main.py is executed in it. Next, all devices
connected to the computer are initialized by calling init() function. Then, depending
on the measurement, we set the wavelength, measurement time, input polarization, and
input power. Some measurement types do not require all of these four parameters to
be set. For example, no preset single wavelength is needed when a wavelength scan
measurement is performed. In main.py there are some convenient shorthand functions
such as swl() which calls sm.power_control.set_wavelength_nm() with
the requested wavelength as a parameter. For a more detailed step by step guide, see
appendix A.

4.1

Software architecture

The measurement software is divided into three different programs. The MP and the Photon
counting program (PCP) are visible to the user of the instrument. The Arduino program
(AP) is located inside the Due (Arduino) microcontroller. PCP and AP are described in
Sections 4.1.3 and 4.1.4, respectively. Here we describe how the MP interfaces PCP, AP
and measurement devices in the instrument.
Python is an object-oriented programming language meaning that it allows the programmer
to define classes (types) and create individual instances of them (objects). A class defines
the internal data structure of the object and how the object behaves. Member functions,
defined by the class, are called by writing an object name followed by a dot and the
function name, for example sm.measure().
The class ShgMeasurements, defined in file shg_measurements.py, has a single instance
in the MP called sm. The sm object encompasses an object of practically every class in
the MP. These classes are denoted in red, while objects contained in sm are highlighted
with green in Figure 4.2. The init() function in main.py creates and initializes the
ShgMeasurements object sm. The initializer of ShgMeasurements creates a directory
"results/DATE" corresponding to the current date and a log file in the directory, if they do
not already exist. The init() function also calls sm.initialize() with parameters
corresponding to the current running environment. The parameters include the input power
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Run main.py in IPython
Call init()
sm is now defined.
Set measurement time:
smt(value_in_seconds)
Set wavelength:
swl(value_in_nm)

Do Measurement
Set polarization:
pa(hwp_angle, 1)

Set power:
sp(value_in_mW)

Short functions call respective functions in sm.power_control and sm.pms
Power scan:
sm.measure_powers()

Wavelength scan:
sm.measure_wavelengths()

Polarization
scan

Measurement will be automatically done.
Results saved in "results/DATE/filename".

Measure again

End measurements
Call term()
Resets motors and releases devices.
sm no longer defined.
Close IPython console

Figure 4.1. Basic operation flow of the instrument. Function calls are orange, IPython
actions are blue and other actions are red.

calibration file name (see Section 4.3.2) and the serial port names for the OPO, motor
controller, Arduino, power meter and photon counting system.
After measurements are done, a call to term() function in main.py safely deinitializes
all devices by calling sm.terminate(). This includes closing the OPO shutter and
moving all waveplate motors to zero angle.

4.1.1

Motors

There are two motors in the instrument, which both rotate half-wave plates as described
in Section 3.1.5. The motor controller driving the motors uses a serial port interface
(see Section 3.2.2). The MotorController class is used to synchronize the use of the
serial port with the Motor objects in the MP. Motor class provides all required functions, such as move_absolute(), move_relative(), to rotate the motors, and
wait_to_stop(), correct_errors() and get_position().
From the software programmer’s point of view, the power_control_motor object is used
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Figure 4.2. Simplified dependency diagram of classes in the Measurement program. Objects contained in ShgMeasurements are green. Classes from which an object is contained
in the class ShgMeasurements are red. Measurement (orange) is a class of which an
object is created during a measurement. Files are cyan and physical devices, software
components and actions are blue.

to rotate the power control motor between 0° (minimum power) and −45° (maximum
power) positions to control the incident power on the sample. Similarly the object
polarization_contol_motor is used to select the input polarization of incident light on
the sample. When the motor is at 0° and 45° positions y-polarized and x-polarized light are
transmitted, respectively. Polarization in y (x) direction corresponds to vertical (horizontal)
polarization.

4.1.2

OPO

The Opo class controls the light source described in Section 3.1.1 through a serial interface (Section 3.2.2). The wavelength of light incident on the sample can be set with
set_wavelength_nm() function. The OPO has an internal shutter to block light. The
shutter is closed using function set_opo_shutter() with parameter False and it is
opened with parameter True. Updating all OPO state variables can be done with function
update_parameters(). To read an updated value, use the functions starting with
"get_", e.g. function get_opo_wavelength_reading().
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Table 4.1. Serial command listing for the MP to interface with the PCP.

Command Description
Return value string
SMT X
Set Measurement Time to X seconds Measurement time in seconds
SAV X
Set AVeraging count to X
Number of averages
PP
Print Parameters
Parameters (’\n’ replaced by ’\t’)
MEAS
MEASure photon counts C1 and C2 "M0: C1 M1: C2"
Table 4.2. Serial command listing for the MP to interface with the AP.
Command Description
a
Read ADC value
b
Read average ADC value
c
Close PMT shutter
o
Open PMT shutter

4.1.3

Return value string
Integer from 0 to 4095 followed by ’\r\n’
Integer from 0 to 4095 followed by ’\r\n’
None
None

Photon counting program

Our photon counting system only provides drivers for Windows as described in Section
3.2.3. The quick solution to use other operating systems, was to run Windows in a virtual
machine and to use a virtual serial port to communicate with the MP. This requires an
additional small PCP to also run in the virtual machine. The same Python environment
as in the MP is installed in the virtual machine and the PCP is written also in Python for
convenience. This program implements a small serial interface with the commands listed
in Table 4.1.
The MP is modular such that if a better solution is discovered or another photon counting
device is used, it would be easy to integrate into the existing code. Photon counting device
code is in class Pms in file pms.py. Pms is a simple class including member functions
measure(), print_parameters() and functions to set and get the measurement
time and averaging count parameters. In the MP the Pms class is implemented using the
previously described serial interface (Table 4.1). The same Pms class inteface is used in
the virtual machine to implement the PCP but there the class implementation relies on
the Becker & Hickl provided dynamically loaded library (DLL) for PMS-400A counting
hardware.

4.1.4

Arduino program

The Arduino is programmed with the Arduino programming language which is similar to
the C programming language [64]. The AP implements the serial command interface shown
in Table 4.2. The class Arduino in the MP communicates with the AP through a serial port
(see Section 3.2.4). The PMT shutter can be opened with set_pmt_shutter_open()
and closed with the same function using parameter False.
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The reference diode voltage can be read with function get_diode_voltage() which
returns a floating point value in volts. This function should not be used to guarantee
future compatibility. Instead, class ArduinoReferenceDiode should be used with function
get_voltage() which in this case is equal to the previous method. However, if the
diode would be read with another instrument, for example an oscilloscope, we could
program another class OscilloscopeReferenceDiode to follow the same class interface
as ArduinoReferenceDiode. In this way, only the type of reference diode object would
change leaving the code using the diode untouched.

4.2

Measurements

Performing measurements requires the use of most of the software components in the MP
(Figure 4.2). All measured data is stored in a Measurement object and from there it can
be saved into a comma-separated values (CSV) data file. This object can also be later
loaded from the data file. Measurement object includes basic plotting features to quickly
visualize the measured data. A new measurement object is created with measurement
= Measurement(file_name, True), while loading an existing one is done with
Measurement(file_name). Measurements done with the program follow the flow
in Figure 4.1.
The measurement functions start internally another thread of execution to perform the
measurement. This allows the measurement function to return immediately enabling the
user to call other functions when the measurement is running. However, calling some
functions may have negative effects on the running measurement, for example changing
the wavelength manually should not be done during a wavelength scan. There is a special
object stopper, of class StopperIpython defined in file stopper.py, which can be used to
terminate the current measurement. While measuring, the only function the user can safely
call is stopper.stop(). This function terminates the measurement saving the already
measured data.
The stopper object also offers the possibility to check whether a measurement has been
completed remotely via Bluetooth. This is convenient, since entering the dark room where
the measurements are done may interfere with the measurements. Other communication
channels can be added in the future.
All measurement modes use the same PMT integration time value, which is adjusted by
calling the function sm.pms.set_measurement_time(). The default value is 1 s.

4.2.1

Wavelength scan

Wavelength scan is the most used measurement mode of the instrument. The only
required parameters to call sm.measure_wavelengths() are the file name for
the saved measurement and a WavelengthRange object which can be initialized from

4.3 Power adjustment loop
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a list of wavelengths or using other methods. The incident power on the sample is
an implicit parameter which means that the desired power value must be set before
the measurement by using sm.power_control.set_power_mw() function. Another implicit parameter is the input polarization on the sample which is chosen with
sm.polarization_control_motor.move_absolute().
Wavelength scan works by iterating the list of wavelengths in the WavelengthRange object.
In order to obtain a single measurement point, the following procedure is applied. First, the
OPO wavelength is set using power_control.set_wavelength_nm(). Second,
the program waits for the OPO to be ready and the power to adjust accordingly. Both
of these actions are accomplished by power_control.wait_power_stable().
Third, the PMT photon counts are recorded with pms.measure(). Fourth, the wavelength that the internal OPO spectrometer reports and other parameters are read with
power_control.get_loop_parameters(). Lastly, all the read data with the
current set power and the HPW2 angle included are added to the measurement by calling
measurement.add_point().

4.2.2

Polarization scan

Performing a polarization scan is done with sm.measure_hwp_angles() using a
measurement file name and a list of HWP2 angles as the parameters. It is similar to
the wavelength scan. The only difference is in the first step of an iteration. Instead of
setting the wavelength, polarization control motor (HWP2) angle is set by the function
polarization_control_motor.move_absolute(). The input power on the
sample and the measured wavelength must be set before starting the measurement by using
the function sm.opo.set_wavelength_nm().
There is also an extended version of wavelength scan which does also a polarization scan.
It can be performed using function sm.measure_wavelengths_hwp_angle(). A
list of half-wave plate angles for the HPW2 is given to the function as additional parameter
compared to the wavelength scan.

4.2.3

Power scan

Power scan is like wavelength scan but the first step of an iteration is replaced by setting the
power with the power_control.set_power_mw() function. The input polarization
and wavelength on the sample must be set beforehand. Power scan is started using the
function sm.measure_powers() with a measurement file name and a list of powers
as the parameters.

4.3

Power adjustment loop

The power incident on the sample can be set by the user or is automatically set by the MP
in some measurement modes, for example in power scan. This power value is converted to
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a photodiode voltage reading using a lookup table (class PowerCalibration). The lookup
table generation is described in Section 4.3.2. The MP implements a proportional-integral
(PI) controller to regulate the rotation of the motorized half-wave plate (HWP1) controlling
the power (see Section 3.1.5). Loop feedback is given by the germanium photodiode read
via the Arduino microcontroller (see Section 4.1.4).
The photodiode reading is the process variable (PV ) and the value read from the lookup
table based on the set power is the setpoint (SP). The control variable (CV ) is the HWP1
angle. Error (ER) in the process variable is defined as ER = SP − PV . Discretized PI
control function using a constant time step follows the equation
k

∆CV (tk ) = K p ER(tk ) + Ki ∑ ER(ti ) ,

(4.1)

i=0

where ∆CV (tk ) is change in the HWP1 angle and tk is time at kth time step. Proportional
and integral gains are K p and Ki , respectively. They can be tuned, for example by using the
Ziegler-Nichols method [65].
The Power adjustment loop (PAL) keeps the power stable and it is started with member function start_power_adjustment_loop from the class PowerControl. This
function actually starts two threads of the program execution that run simultaneously
to the main thread of execution. The first and second threads run OPO update loop
(opo_update_loop) and PAL (power_adjustment_loop) functions, respectively.
The division into two loops is due to performance considerations. Communicating with
the OPO is too slow (around 30 ms for one operation) to be done in the PAL which runs at
around 20 Hz.
OPO update loop is the only place where the OPO hardware is accessed in the software
when the PAL is running. It handles the shutter mechanics, wavelength adjustments and
setting the SP variable according to the current read wavelength value from the OPO and
the set power level.
PAL essentially keeps changing HWP1 angle according to Equation 4.1 in order to maintain
the photodiode voltage at the SP level thus maintaining constant power on the sample.
When the photodiode voltage has been close to the SP in five successive loop iterations,
the power is marked to be stable.

4.3.1

Power calibrations

There are two power calibrations, input power calibration (Section 4.3.2) and SHG power
calibration (Section 4.3.3), in the MP. Both power calibrations follow the pseudocode
Program 4.1 shown below. It is important to note that the OPO wavelength is read from
the internal spectrometer of the OPO which may differ from the set wavelength value (see
Section 3.1.1). Also the reading of the power meter is slow (many seconds) and thus it
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should be done before reading the other values in Program 4.1. Read also Section 3.1.9 for
practical power calibration considerations.
foreach wavelength:
set opo_wavelength
foreach waveplate_angle:
set waveplate_angle
read meter_power
read photodiode_voltage
read pmt_counts
read opo_wavelength
read opo_power
write all values to LUT

# slow
# Input power calibration
# SHG power calibration

Program 4.1. Power calibration pseudocode.

4.3.2

Input power calibration

In order for the power adjustment loop to work, it needs input power calibration. Input
power calibration is done by measuring simultaneously the germanium photodiode and
the power meter placed in the sample position (see Figure 3.1). Wavelength and halfwave plate HWP1 angle, and thus power, is varied to take into account the photodiode’s
wavelength dependencies shown in Figure 4.3.
The photodiode voltage is linear with respect to power when the wavelength is constant
[Figure 4.4 (a)]. Multiple half-wave plate angles are still measured to compensate for the
possible effects of the germanium photodiode heating and changing characteristics when
using higher input powers. The proportionality factor between the voltage and the power
is wavelength dependent.
It is interesting to note how linearly the voltage changes with respect to wavelength while
keeping constant power with the HWP1, shown in Figure 4.4 (b). This is a property
of germanium photodiodes at this wavelength range. Other photodiodes can behave
differently. Note that the proportionality factor is different for each power value.
With these results in mind, the wavelength calibration could only take place at 1000 nm
and 1300 nm measuring just one power value and the results could be linearly interpolated.
This is not generally true with photodiodes but in this region with a germanium photodiode
it seems to be a good approximation. Since power calibration is not a common operation it
does not matter how quick it is. The input power calibration is quite slow and can take
several hours when used with good resolution such as the calibration file that produced
Figure 4.3.

4.3.3

SHG power calibration

Calibration of the PMT is possible with a power meter that can measure femtowatts. This
SHG power calibration procedure is similar to input power calibration but this time a
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Figure 4.3. Input power calibration data for the whole wavelength range at HWP1 angles
of 15° (blue), 24° (orange) and 45° (green). Solid lines are germanium photodiode voltages
with scale on the left. Dashed lines are measured power values taken using the power
meter at the sample location with scale on the right.
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Figure 4.4. (a) Input power calibration showing the linear relation between the photodiode
voltage and the measured power. The proportionality factor is dependent on the wavelength.
Wavelengths 1001 nm, 1083 nm, 1181 nm and 1299 nm are shown. (b) Photodiode voltage
as a function of wavelength with constant power values 10 mW, 30 mW, 50 mW, 70 mW
and 90 mW. The relation could be approximated with a first-order polynomial. (a), (b) and
Figure 4.3 plot the same calibration data.
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Figure 4.5. SHG power calibration data shows close to linear dependence between the
SHG power (measured using a power meter) and the PMT count rate. The wavelength
scale shows the fundamental beam wavelength.

sample that produces SHG light is required. First, we tried using a quartz plate but it
was not a very good sample for this kind of calibration because of the occurring Maker
fringes (see Section 5.1). Flexible crystals [copper(II) acetylacetonate] were found to be
a good calibration material producing a strong signal throughout the whole wavelength
spectrum [66]. Due to this reason they were used in the SHG power calibration in this
Thesis.
SHG power calibration is performed in two similar steps. The program 4.1 is run first
with the normal instrument configuration (Figure 3.1). Next, the PMT is replaced with the
power meter and the program is run again. This way we have the sample measured twice
with the same incident beam parameters.
We fitted the PMT count rate to the measured power using a least squares approach with
only a proportionality factor as the fitting parameter. The result was that one PMT counts/s
is equivalent to 5.2 attowatts. Comparison of the results from the PMT and the power meter
are shown in Figure 4.5. The PMT sensitivity is slightly lower for longer wavelengths in
the range from 500 nm to 650 nm (Figure 3.2) which is also observed in our results (Figure
4.5). However, this difference is minor for our purposes.
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Motivation to build a measurement instrument originates from its possible applications.
The main reason to implement the capability to perform spectral SHG measurements
was to study the nonlinear responses of metal nanoparticle arrays (Section 5.2). During
the instrument assembly process, we used a quartz crystal as a test source for SHG and
observed something similar to the well-known Maker-fringe pattern [41].

5.1

Quartz crystal

Quartz has a long history as a nonlinear crystal in studies of SHG. In fact, the first
observation of SHG was from a quartz crystal in 1961 [67]. Maker fringes, which are
variations of SHG intensity with respect to changing sample angle due to phase-matching
effects (see Section 2.5.2), were observed in the same year [41]. Varying the wavelength
creates a similar effect to Maker fringes due to changing phase-matching condition.
There are analytical approaches to calculating Maker fringes [68, 69]. We use a formula
from Herman and Hayden’s paper [69]:
( 2
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where ψ = (2πL/λ )(n1 c1 − n2 c2 ), P2ω
and Pω are the second-harmonic and fundamental power, respectively, L is nonlinear material length, A is beam focus area on the sample,
(ab)
λ is fundamental beam wavelength. In addition tuv are Fresnel transmission coefficients
for a = 1 and b = γ for input fundamental frequency and polarization and a = 2 and b = p
for SHG light frequency and polarization, respectively. The interface is specified air to
film uv = a f , film to substrate uv = f s and substrate to air uv = sa.
√ The refractive index of
the nonlinear material at frequency ω (2ω) is n1 (n2 ) and cm = 1 − (1/nm )2 sin2 θ and
c0 is the speed of light in vacuum. The terms R1 , ..., R4 , which are dependent on different
parameters (described by Herman and Hayden [69]), take into account the reflections on
the medium surfaces. We assume negligible reflections for simplicity, thus setting them to
zero. It is noted that Equation 5.1 follows the proportionality rules in Equation 2.65 for
square power and susceptibility relation.

In our experiments, we used a Y-cut quartz crystal of 0.5 mm thickness (measured with a
Vernier caliper). When such a crystal is illuminated by light at normal incidence, only the
χxxx component of the second-order susceptibility tensor is important, where x-polarization
is along the ordinary axis of birefringence [70]. In our measurements the incidence angle
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θ is 0° resulting in cm = 1 and ψ = (2πL/λ )(n1 − n2 ) which includes the phase-mismatch
term (Equation 2.67). With the above configuration, the only susceptibility component
contributing to χe f f is χxxx and thus in contracted notation de f f = (1/2)χxxx . The quotient
Pω2 /A is modified for Gaussian beams according to Equations 2.75 and 2.87 to include a
√
factor of ln(2) 2 ln(2)/π/(2Rτ p ). By taking all these factors into account, Equation 5.1
becomes
√
(
)
(1x) 4 (2x) 2 (2x) 2
16π 3 ln 2 2 ln 2 [ta f ] [t f s ] [tsa ] Pω2 2πL 2 2 sin2 ψ
(x→x)
P2ω
=
.
(5.2)
χxxx
cRτ p
π
A
λ
ψ2
n22
Note that Equations 5.1 and 5.2 are written using the Gaussian system of units. To use
the International system of units (SI), χxxx needs to be multiplied with 4π/(3 · 104 ) ≈
4.189 · 10−4 [38]. For each wavelength, the refractive indices for quartz crystal were
calculated using the method described by Ghosh [71], and transmission coefficients were
calculated using Equation 2.38.
We used weakly focused x-polarized laser light with a beam diameter of 25 µm incident on
the sample. Input pulsed laser power was Pω = 5 mW with repetition rate R = 82 MHz and
pulse duration τ p = 200 fs. The analyzer was set to measure only x-polarized light from the
sample. We performed the wavelength scan measurement (Section 4.2.1) from 1000 nm
to 1300 nm. The results are shown in Figure 5.1. To make sure that the quartz crystal
is in fact Y-cut and that it is properly aligned, the measurement was done with all four
polarization combinations of incident and analyzer polarizations in the x- and y-directions.
Other polarization combinations did not produce any appreciable SHG signal.
The analytical formula in Equation 5.2 was fitted to the experimental data by minimizing
the sum of squared differences in the analytical formula and the experimental data. The analytically calculated response is plotted in Figure 5.1. The fit parameters are χxxx and L and
the results for these parameters are χxxx = 0.53 pm/V and L = 0.477 mm. The thickness is
well in the measurement error range (0.5 ± 0.05 mm). The thickness mostly affects how
well the peaks align in the wavelength axis. The second-order susceptibility affects mainly
the signal strength. According to literature the susceptibility tensor component for quartz
is χxxx = 0.6 pm/V (one significant digit) [38]. Due to the precision of the literature value,
it could be interpreted to be between 0.55 pm/V and 0.65 pm/V. The difference between
our measured value and the lower bound of the literature value is very small. Errors in
our calculations are possible because we did not measure the pulse duration (value from
manufacturer [47]). Another value used in the calculations is the beam diameter which we
measured using the camera in the instrument (Figure 3.1). The precision of this method
could be further improved.
The data fits very well to the analytical formula until the last peak around 630 nm. There
could be a few reasons why this last peak is not as high as the analytical formula would
suggest. It could be a focal length shift of the lenses or variation in the laser parameters
such as pulse duration when longer wavelengths are used. Also errors from the detector sensitivity can have a small contribution to the difference in measured data (see Section 4.3.3).
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Figure 5.1. Analytically calculated and experimentally measured SHG power as a function
of SHG wavelength. Analytical result is fitted to experimental data using sample thickness
(0.477 mm) and second-order susceptibility (0.53 pm/V) as fitting parameters.

However, filter transmittances are taken into account from Figure 3.3. The susceptibility
χxxx is also a function of wavelength (dispersion), which is not taken into consideration
in our approach. The small amount of SHG measured at points where the analytically
calculated signal is zero could be the result of us ignoring the reflection terms R1 , ..., R4 .
Alternatively, it could be attributed to the weak focusing of the beam on the quartz surface.
Therefore, the incident electric field is not strictly in x-direction.
The result that we got by measuring a quartz crystal is a very good indicator that the
instrument gives trustworthy results. Therefore, we can be confident that also conversion
efficiency can be reliably calculated from the measurement results of our instrument. This
may become useful in the future.

5.2

Nanoparticle arrays

Next, we will discuss how SHG emission can occur also from L-shaped nanoparticle arrays.
In particular, we want to demonstrate how, by properly designing the array configurations,
the occurring local fields near the nanoparticles can be considerably enhanced resulting
also in stronger SHG responses. This local-field enhancement is attributed to more
favourable interparticle interactions, where the scattered field from the neighbouring
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Figure 5.2. (a) and (c) Particle configurations for Samples A and B, respectively. (b) and
(d) Scanning electron microscopy images of the Samples A and B, respectively. The dotted
blue squares are the unit cells of the lattice configurations. The lattice axes of Samples A
and B are at 45° angle with respect to each other. Coordinate system for both samples is
embedded in the image (d). [6]

particles constructively adds up with the incident field. The instrumentation built in this
Thesis was used to perform the spectral SHG measurements of the fabricated arrays,
and will be discussed below. The details of this experiment will also be discussed in an
upcoming article [6].
Plasmons are quantized oscillations of the electron gas in electrically conducting materials [16, 72]. Plasmonic structures can be utilized to enhance the local electric field
in the medium, which subsequently enhances the occurring nonlinear optical responses.
In addition, the excited plasmon oscillations can become localized and exhibit resonant
behavior, if the dimensions of the plasmonic structures are of the order of incident wavelength [16,23,28]. These resonant electron oscillations are called localized surface plasmon
resonances (LSPRs), and can be utilized to tailor the optical properties of the plasmonic
nanoparticles simply by changing the dimensions of the particles [32]. Interestingly, the
optical properties of nanoparticle arrays can be tailored also by changing the array parameters (mainly periodicities). This is due to the fact that nanoparticles can efficiently
scatter the incident field also to neighbouring particles. When the optical path length
travelled by the scattered field becomes a multiple of the wavelength of incident field, the
scattered fields from many neighbouring particles can constructively interfere resulting
in considerably enhanced local fields [15, 73]. This process depends very sensitively on
the incident wavelength, and can result in remarkably narrow resonances, also known
as surface lattice resonances (SLRs) [73, 74]. Since the nonlinear responses scale very
favourably with the local field, such a mechanism might also considerably enhance the
nonlinear responses. This intuitive picture is also supported by recent theoretical and
experimental works [21, 75].
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In this work, we measured L-shaped gold nanoparticle arrays with dimensions chosen to
give rise to a LSPR inside the scanning range of the OPO. In fact, the L-shaped structures
support two LSPRs (see Figure 5.3), however only the shorter wavelength resonance near
1080 nm (excited using x-polarized light) coincides with the tuning range of the OPO.
The longer wavelength resonance occurs near 1700 nm and is efficiently exited using
y-polarized light [see the coordinate system used in Figure 5.2(d)]. The large resonance
peaks at longer wavelengths with x- and y-polarized light are related to the length of
the arms of the particle [32]. Smaller resonance peaks at lower wavelengths are usually
related to the arm width of the particle. Better quality samples lead to narrower plasmon
resonances [76]. The L-shape for the particle was chosen as it is non-centrosymmetric and
thus allows efficient SHG to occur [77]. Due to symmetry of the particles, the non-zero
(2)
(2)
(2)
(2)
second-order susceptibility tensor components are χyyy , χyxx and χxxy , χxyx [29].
The sample arrays were fabricated at the University of Eastern Finland (by Ismo Vartiainen
and Markku Kuittinen) on a fused silica substrate using electron-beam lithography and
lift-off methods. A 3 nm thick adhesion layer of chromium was first evaporated on the
substrate. The gold nanoparticles were fabricated on top of the adhesion layer and a
20 nm thick protection layer was added on top of the samples. The L-shaped nanoparticles
were 20 nm thick, and the arm lengths and widths of the bars were 275 nm and 100 nm,
respectively. The design of the nanoparticle arrays and their scanning electron microscopy
(SEM) images are shown in Figure 5.2. Sample A [Figure 5.2 (a) and (b)] has a square
lattice with lattice constant of 500 nm. Sample B [Figure 5.2 (c) and (d)] has also a square
lattice but it is rotated 45° compared to the lattice of Sample A. The lattice constant for
√
Sample B is 707 nm = 2 · 500 nm, thus the particle number density of Sample B is only
half of that of Sample A. However, the array periodicity of Sample B is designed to support
a stronger SLR near the shorter wavelength LSPR (near 1080 nm), resulting in stronger
SHG response.
In these kind of nanoparticle arrays, the effective second-order susceptibility is linearly
proportional to the particle number density according to the Lorentz model [38, 78].The
emitted power from Sample A should then be four times the emitted power from Sample B
according to SHG power scaling (see Equation 2.65). However, the Lorentz model neglects
any possible effect due to SLRs.
Before the SHG measurements, the extinction spectra were measured using two spectrometers (AvaSpec-2048-USB2, Avantes and NIR-128L-1.7-USB, Control Development)
with different wavelength detection ranges (from 400 nm to 900 nm and from 900 nm
to 1700 nm). The samples were illuminated with a collimated linearly polarized white
light beam from a halogen lamp light source. The transmitted light from the measured
sample array was coupled into an optical fiber using a microscope objective. The fiber
was switched between the two spectrometers to measure broad wavelength range. The
extinction spectra of both samples at two orthogonal polarizations along the coordinate
axes [Figure 5.2 (d)] are shown in Figures 5.3 and 5.4.
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Figure 5.3. Sample A: Extinction spectrum (dashed lines) and a spectral SHG measurement of y-polarized light (solid line). Shifted (SHG) signal aids in interpreting the results.
Note that optical density is a logarithmic unit.
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Figure 5.4. Sample B: Extinction spectrum (dashed lines) and a spectral SHG measurement of y-polarized light (solid line). Shifted (SHG) signal aids in interpreting the results.
Note that optical density is a logarithmic unit.
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The samples were designed to have a y-polarized resonance inside the measurement
wavelength range (1000 nm to 1300 nm) of the instrument. This is confirmed in the
extinction spectra (Figures 5.3 and 5.4). The x-polarized resonances are not in our SHG
measurement range, thus only y-polarized light will generate measurable second-harmonic
light in our instrument. Since we are measuring the sample at normal incidence, the
sample can only emit y-polarized SHG light due to χyyy being the only non-zero tensor
component with incident y-polarization. Therefore, the input polarization to the sample is
in y-direction and light is measured with an analyzer passing only y-polarized light. The
results of SHG measurements are shown in Figures 5.3 and 5.4 with a solid line.
The SHG results are easier to interpret when the SHG spectrum is shifted to overlap with
the fundamental spectrum (blue solid lines in Figures 5.3 and 5.4). The SHG signal is
observed to follow the optical density, although some blueshift is noticed for the SHG
signal [43]. For both samples, the SHG signals are normalized to the maximum signal of
Sample B. The SHG signal of Sample A is lower at the longer wavelengths, which can be
partially attributed to the higher extinction of longer SHG wavelengths of the y-polarized
spectrum. Sample B has much lower extinction at these wavelengths.
Because Sample A has higher particle number density, recalling the Lorentz model one
would generally expect that Sample A generates more second-harmonic light than Sample
B. However, the signal peak from Sample B is four times as strong as the signal peak from
Sample A. Since particle number density of Sample A is two times that of Sample B, the
SHG signal per particle is enhanced eight-fold by halving the particle number density.
Sample B signal is actually 16 times the signal we expected on the basis of the signal from
Sample A and the Lorentz model scaling rules. This enhancement of SHG emission is
attributed to more favorable SLRs, resulting in enhanced local fields [6]. This conclusion
is also supported by recent numerical simulations [21].
We conclude this Section by noting that the presented experimental results could not have
been obtained with the previous measurement capabilities in our laboratory because the
peaks of the SHG signals occur at different wavelengths. Previously, we could have only
measured SHG responses with the fundamental wavelength at 1060 nm. However, with
that fundamental wavelength no enhancement is observed between Samples A and B,
since the excitation is slightly off-resonant. Therefore, it is clear that this new measurement instrument is very useful in the future research on nonlinear light interactions from
nanoparticle arrays.
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We have successfully designed and built an instrument to measure SHG in a wide spectral
range. Measurements can be done using absolute power values in watts for the incident
laser beam on the sample. The input polarization on the sample is configurable to any
linear polarization direction. Both of of these parameters and the incident wavelength are
computer controlled. Measurements using these parameters can be performed automatically
by the measurement software after the sample is inserted into the instrument and aligned
properly with the camera into the beam path. The basic operation modes are wavelength,
polarization and power scans. These modes can be easily combined and new arbitrary
modes can be programmed using Python. Usually, manual intervention for measuring a
sample is needed only when changing the analyzer angle.
On the detection side, we can set the analyzer to choose a linear polarization to detect
or remove the polarizer to detect unpolarized light from the sample. Light collection
angle from the sample can be adjusted manually using an iris. The raw data from the
measurement instrument is given in PMT counts that can be divided by the measurement
time to result in PMT count rate. This PMT count rate is shown to be linearly proportional
to the power emitted by the sample. Therefore, we can measure absolute power values.
These values have to be corrected by dividing by the total transmission values (Figure 3.3)
of the filtering elements after the sample (Figure 3.1). In combination with the absolute
power values incident on the sample, we can easily determine SHG conversion efficiency
values for the samples.
In comparison to the previous measurement techniques used in the laboratory, the new
instrument provides entirely new capabilities. The obvious improvement is the ability to
do spectral SHG measurements compared to only a spot measurement at one wavelength.
Setting the power in the software also speeds up doing measurements considerably when
compared to the old way of manually adjusting the power with a power meter and rotating
a half-wave plate. Alignment of the sample and the incident laser beam with a camera is
easier, faster and more precise when compared to aligning the sample using an infrared
luminescent card.
The software user interface using IPython is well suited for the evolving needs of the user.
There is no need to implement a user interface for newly defined functions, thus reducing
the complexity of the program and allowing new users to modify the system easily. Also
the software includes convenience features, such as using Bluetooth to remotely check
whether the measurement has completed.
In the future, we could add more features to our instrument. A computer controlled
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motorized sample translation stage would make measuring multiple sample areas quick
and automatic. The sample could also be moved in the direction of the optical axis to
compensate for focal length shifts of the lenses. On the detection side, we could replace
our PMT with a high sensitivity camera in order to measure the SHG radiation pattern
from a sample. We could also increase our wavelength range by using a better light source
and use a PMT on the reference arm to have a continuous reference SHG measurement.
In this Thesis, we also demonstrated that the instrument works and gives repeatable
measurement results. We measured two kinds of different nonlinear materials to show that
the instrument is ready to be used in scientific work.
SHG from a quartz crystal was measured to relate and compare our results to other people’s
work since SHG from quartz has been measured from the beginning of the studies in
nonlinear optics. We successfully demonstrated that our measurement instrument can
deliver absolute power values of the measured samples. The results were in the margin of
error and could be related to the values in literature. Therefore, trustworthy conversion
efficiency measurements can also be performed.
The main purpose of the instrument was to measure SHG from nanoparticle arrays. We
demonstrated this by performing experiments on L-shaped gold nanoparticle arrays. We
observed enhancement of SHG while reducing the particle density of such arrays. These
unintuitive results were explained to be due to more favorable interparticle interactions,
which enhanced the local fields present in the array resulting in considerably enhanced
SHG. These results were obtained with the new measurement instrument, and would have
been impossible to achieve using the existing setups and instruments.
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APPENDIX A: USAGE

This Appendix is a detailed user manual for our particular setup configuration. Follow all
instructions in order, unless other specified. Phases Setup, Laser and OPO can be done
simultaneously since they are independent of each other.

A.1

Setup

1. Turn power strip on. Powers PMT, power reference diode, mirror, etc.
2. Wait at least 5 min for the PMT to cool down to get lower dark counts.
3. Check that Windows 10 virtual machine is running. (Optionally restart pms.py)
4. SHG setup is in folder /home/optics/Setups/opo_shg_measurements.
5. Open main.py in Spyder.
6. Wait for IPython console to open.

A.2

Laser

1. Turn interlock on.
2. Check coolant temperature = 20 ◦C. Two coolers.
3. Press exit to clear interlock fault.
4. Set laser wavelength to 800 nm and press Select.
5. Turn laser key to ON.
6. Wait for mode-locking and status OK. Check on the oscilloscope.
7. Check spectrum on computer.
8. Open shutter.
9. Set wavelength to 770 nm.
10. Check mode-locking.
11. Log information from Menu -> System diagnostic -> System information to logbook
after laser has been running for some time (> 1h).

A.3

OPO

1. Turn OPO mains switch on from back left bottom corner. Green led turns on the
front.
2. Turn OPO computer on by pressing green small button under the screen on the left
for two seconds.
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A.4

Appendix A: Usage

Run Measurement Program

After Setup, Laser and OPO are completed:
1. Run main.py in Spyder (F5 or green triangle).
2. Call init() in IPython console.
Calling functions in IPython console can usually be done without parenthesis. If using
negative arguments or multiple arguments use parenthesis.

A.5

Useful commands

Motors:
Ensure that the motor is enabled in the controller.
pa(hwp_angle, motor_number=2)
pa 0
Set power control motor (number 2).
to 0° (least power).
pa 45, 1
Set polarization control motor (number 1).
to 45° (x-polarization).
pp()
Print motor positions.

Power adjustment loop:
PI controller to keep constant power. Wavelength LUT may not be from 1000 nm to
1300 nm. It is usually from 1002 nm to 1298 nm. Power adjustment does not work outside
this range.
sp(power_mw) Set power for power adjustment loop which
actively keeps the power at power_mw.
spal()
Start power adjustment loop. Power control motor (number 2)
can not be set manually with pa(). OPO shutter must be open
for the adjustments to take place.
epal()
End power adjustment loop. Power control motor (number 2)
can now be set manually.

OPO:
oo()
Open OPO output shutter.
oc()
Close OPO output shutter.
swl(opo_output_wavelength_nm) Set output wavelength.
Takes time, check with opop().
opop()
Print OPO parameters.

A.6 Wavelength scan measurement
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Measure and PMT:
m()
smt(time_seconds)
po()
pc()

A.5.1

Do single measurement.
Set measurement time.
Open PMT shutter.
Close PMT shutter.

Restarting main.py

1. Call term().
2. Good idea to restart Spyder or IPython console before running main.py or calling
init() again.

A.6

Wavelength scan measurement

1. Set power. sp(power_mw)
2. Set measurement time. smt(time_seconds)
3. Set input polarization. sm.polarization_control_motor.pa(half_
waveplate_angle) or pa(half_waveplate_angle, 1)
4. Measure.
sm.measure_wavelengths("filename.wl", wavelengths, 3)
Every point repeated 3 times, wavelengths can be:
fp.wnr(40), 40 wavelengths between 1002 and 1298 (even wavenumber spacing).
fp.wlr(40), 40 wavelengths between 1002 and 1298 (even wavelength spacing).
WavelengthRange([1060, 1100, 1250]), List of wavelengths.
5. Shutters and power adjustment loop used automatically.
Do not set anything while running measurement.
Can check pp() and opop().
6. To cancel measurement call stop() and wait. CTRL+C can be used to force a stop
but then the measurement results are not saved.
7. Saved in /home/optics/Setups/opo_shg_measurements/results/date/filename.wl .

A.7

Turning off everything

1. Turn power strip off.
2. IPython and Laser can be done concurrently:

A.7.1

IPython console

1. Call term(). Sets motors to 0° and closes shutters.
2. Wait for motors to move to 0°.
3. Close Spyder.
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A.7.2

Appendix A: Usage

Laser

1. Close shutter.
2. Turn key to Standby.
3. Turn interlock off.
After IPython and Laser are completed:

A.7.3

OPO

1. Close program.
2. Shutdown Windows.
3. Turn mains switch off.

