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Abstract

In this thesis we explored various characterisation techniques that can be used
to analyse lenses, including the characterisation of a focus and the
characterisation of spherical aberration. We used these techniques to analyse
two near perfect lenses. We also designed and analysed seven lenses that were
printed using the Nanoscribe Photonic Professional GT 3d printer. From this
analysis we found that 3d-printed lenses performed as decent lenses. The
waist of the focus, produced by the lenses, was smaller than 1 ym for all lenses.
This was within 3 times the diffraction limited waist and the intensity in the
focus was up to 360 (£ 30) times higher than if the lens had not been there. The
Strehl ratio of each of the 3d printed lenses has been estimated, which all lie
between 0.007 and 0.023. We found that the printed lenses behaved in a
predictable manner and even though the micro-lenses show defects under
optical inspection, their behaviour is predictable. We attempted to find the
limits in quality, quantity and size that can be achieved using the Nanoscribe
PPGT and made a beginning in answering this question. We found that
micro-lenses created with the Nanoscribe PPGT can be used by the Quantum
Optics department to enhance the intensity by acting as solid immersion
lenses.
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Chapter 1

Introduction

The production of objects that are of interest to society has had an enormous
impact on the way our society has shaped itself. From the steam engines of
the industrial revolution to current 3d printing, these production methods have
changed the limits to what can be produced. Current research in the field of 3d
printing would be considered science-fiction no more than 50 years ago. Exam-
ples include the ability to print objects such as organs [1] and homes [2].

The Physics department at Leiden university has one such printer, the Nano-
scribe Photonic Professional GT (or the Nanoscribe PPGT) created by the Ger-
man company Nanoscribe. This printer is capable of creating small structures
(of the order of ym to cm). Within the Quantum Optics group the possible
applications of 3d printed optical elements for Quantum Optics have hardly
been investigated. In this Bachelor’s thesis We will discuss the possibilities and
limitations of the Nanoscribe PPGT in creating one type of optical structure:
micro-lenses.

Micro-lenses are interesting because of the following reasons: They can cre-
ate a sharp focus by acting as a solid immersion lens (because the size of a focus
is inversely proportional to the refractive index); They are small and light and
can thus be placed where other lenses can not; And they can be used to focus
light on tiny structures by simply placing the lens on top of it (the lens then also
works as a solid immersion lens, enhancing the focus). A tiny structure that
would benefit from a solid immersion micro-lens is a single photon detector,
which M. de Dood is researching in the Quantum Optics group.
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4 Introduction

A 3d printed structure is unlikely to be exactly as designed, hence altering
the behaviour in (un)predictable ways. In this thesis, we will address the fol-
lowing questions:

1. Is it possible to design and print micro-lenses that behave predictably?
2. What are the limits, in quality, quantity and size that can be achieved?

We will try to formulate an answer to these questions, using and creating mul-
tiple characterisation techniques.

In chapter two we will briefly discuss 3d printers and how objects are actu-
ally printed. In chapter three we will discuss lenses and some parameters that
we can use to characterise them. In chapter four we will discuss the experimen-
tal setup. In chapter five we will analyse some perfect lenses using the param-
eters we discussed. In chapter six we will repeat this analysis for some lenses
that were printed. Finally in chapter seven we will discuss our findings, draw
conclusions and give recommendations. Chapter 8 and 9 contain a step-by-step
guide to producing micro-lenses using the Nanoscribe PPTG and mathematical
derivations.
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Chapter

3D printing

2.1 Possibilities and limitations of 3d printing.

3D printing is a production method in which a material is directly deposited
upon a surface in the form of a Voxel (a smallest building block). By repeatedly
doing this one can create a structure layer by layer, thus creating a 3d object.
3D printing was invented just three decades ago [3] and has been a growing
industry ever since.

Possibilities of 3d printing are that anyone with a 3d printer can create struc-
tures of their own design. A wide variety of different materials [4], which pos-
sess different properties, are available. This allows one to create an object with
highly specific properties. This can be used to even print organs [1] and houses
[2]. Commercially available 3d printers [5] are used to create models, toys and
other creations. Anyone with a 3d printer and a little practice can now create
cheap high quality models that they themselves designed*.

Disadvantages of 3d printing are that it is very difficult to create loose and
overarching objects and that a 3d printer works within specific length scales.
The problem with creating loose and overarching objects is that it is difficult to
print floating objects’, which means that usually one prints from the ground up
and every Voxel is connected. There are strategies to work around the problem
of loose or overarching objects. Let us examine the example of a ball inside a
shell: One can first print the ball and insert it in the shell during its print; A

*A large downside of this is that not everybody is interested in making innocent toys [6]
fFor 3d printers that work in air it is impossible to print a floating object, since gravity will
ruin everything. 3D printers that work by polymerising a fluid can create floating objects.

5
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6 3D printing

second option is printing the ball connected to the shell with a tiny rod that will
break off. These strategies won’t work in every situation and thus limit what
you can create.

We can quantify the quality of a printer in three parameters: Voxel size, pre-
cision and minimal step size.

Voxel size in comparison to the size of the object determines the writing time
and the resolution. If the object is smaller than the Voxel only a single Voxel is
printed (really fast) but it will not look like the object (bad resolution). If the
object is small, but somewhat larger, it will be composed of multiple Voxels. The
more Voxels that are used the smoother the object will appear (better resolution)
but the longer the print takes (longer writing time). Because of this there is an
optimum range where the object is not too large and not too small. Because
different printers have different Voxel sizes one needs to keep the design size in
mind when choosing which printer to use.

Precision is how accurate a Voxel is placed. A printer with a high precision
will place its Voxels exactly where its programmed to, while a printer with a low
precision will place its Voxels randomly around where its programmed to. Ob-
viously a higher precision is better, but it is impossible to have an infinitely high
precision and a higher precision usually comes at the cost of a longer writing
time.

Step-size is the distance between two Voxels. The smaller the step size the
smoother the object will be, but the longer the writing time. While the step
size is adjustable there is a minimum step size that the printer can’t physically
can get below. This minimum step size is determined by the motors used in the
printer and the physical properties of the Voxel (a solid Voxel can’t be placed in-
side another Voxel, but the Nanoscribe uses polymerisation and so it is possible
to have the Voxels overlap).

2.2 Nanoscribe for 3d printing

Nanoscribe is a German company that created the Nanoscribe Photonic Profes-
sional GT (Nanoscribe PPGT). This machine uses two photon polymerisation
(2pp) to create 3d printed structures on a microscopic scale [7]. To write these
structures, the Nanoscribe, with the 63X lens, uses Voxels which are ellipsoidal
blobs with a height of roughly 1 ym and a diameter of the order of 0.2 ym (we
have been told this by J. Mesman-Vergeer in private communication, Ostendorf
[8] and Nanoscribe [9] support this statement).

Two photon polymerisation (2pp) is a technique in which a material consist-

6
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2.2 Nanoscribe for 3d printing 7
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Figure 2.1: The principle of Two photon polymerisation. Figure copied from [7]

ing of monomers is polymerised through the absorption of two photons. The
need to absorb two photons decreases the size of the Voxels. A laser is focused
inside of a viscous monomeric material (see figure 2.1) which is mixed with a
reagent. The reagent is essentially two parts connected by a single chemical
bond:

R—-R

When the reagent is exposed to two photons (or one high energy photon), the
bond will break causing two radicals to be formed. They can then start a poly-
merisation reaction with the surrounding monomers. The reaction is termi-
nated when two radicals react with each other. [10]

Two photon polymerisation uses nonlinear optics to reduce the Voxel size.
This works because the probability of absorbing a photon is proportional to the
intensity distribution (which is Gaussian). The probability of absorbing two
photons at the same time is then proportional to the intensity squared. The in-
tensity squared distribution has a smaller size than that of the normal intensity
distribuition, which causes the Voxel size to be smaller than the diffraction limit
and thus the quality of the product to be higher. [11]

Nanoscribe states that: “The 3D printers from Nanoscribe are designed as
open systems for a broad range of materials” [7]. The materials that Nanoscribe
specifically designed for two photon polymerisation are listed in Figure 2.2. Of
these materials IP-S and IP-Dip have applications that are specific for micro-
optics. We choose to use IP-Dip, as it allows for smaller structures. For light
with wavelength 520 nm, the refractive index of IP-Dip is found to be approxi-
mately 1.55 [12].

The Nanoscribe PPGT can write in two modes: Piezo and Galvo. In Piezo
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8 3D printing

Resin | Advantages State | Scan Sample | Resolu- | Possible applications
speed | size tion

IP-Q High-speed fabrication up to macroscale struc- | Liquid | High Micro/ Stan- Biomedical engineering,
tures with volumes of tens of mm3. Designed Meso/ dard mechanical components,
for Dip-in Laser Lithography (DiLL). Macro micro rapid prototyping.

IP-S Smooth surfaces for micro- and mesoscale Liquid | High Micro/ Medium | Mechanical metamaterials,
fabrication with optical-quality surface rough- Meso micro-optics, integrated
ness and shape accuracy. Designed for Dip-in photonics, microfluidics,
Laser Lithography (DiLL). cell scaffolds.

IP-Dip | Submicron features and high aspect ratios. Liquid | Medium | Nano/ High Photonic metamaterials,
Designed for Dip-in Laser Lithography (DiLL). Micro diffractive optical ele-

ments, microrobots.

IP-G Complex 3D designs, e.g., overhanging ele- Sol- | Medium | Nano/ High Overhanging elements in

780 ments. Submicron features and low shrinkage. | gel Micro biomimetics, photonics,
Designed for oil immersion configuration. microrobots.

IP-L Submicron features and low shrinkage. Liquid | Medium | Nano/ High Plasmonics, photonic and

780 Designed for oil immersion configuration. Micro biomimetic surfaces.

Compatible with DiLL.

Figure 2.2: Overview of the materials provided by Nanoscribe, optimised for two pho-
ton polymerization. Figure taken from [7]

mode the entire substrate is moved with piezos and the laser focus itself doesn’t
move, while in Galvo mode the substrate remains immobile and the laser focus
is moved (using galvo mirrors).

The advantage of Galvo is that it is much faster, allowing for a much shorter
writing time. The downsides are that it is generally less precise, it cannot ac-
count for tilt in the sample, and it covers a smaller area than Piezo mode.

We will compare structures written in both modes.

The lens that is used to create the focus has an impact on both the quality
of the print (through the size of the Voxel) as well as the printing time. There
are multiple lenses available, for example the 20X, 25X and 63X lenses. A lens
with a higher magnification creates a sharper focus (and thus smaller Voxels),
but the print will have a longer writing time. We will use the 63X lens, because
it allows for higher quality.

The substrate on which the object is printed also plays a role and there are
various options. Two of these are the ITO-coated and fused silica. We will use
the fused silica because this is the standard option.

The vertical step size used, in most of our research, was 0.5 ym. This was
indicated to be the standard step size. The horizontal step size was chosen as
the standard value of 0.2 ym (the Voxels do not overlap).

All choices affect each other and it is the combination of lens + substrate
+ material + writing mode + vertical step size that defines the quality of your
print. Not all combinations are practical, for example the fused silica substrate
is almost exclusively used in combination with the 63X lens and almost never
with the 25X lens (private communication with J. Mesman-Vergeer).
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Chapter 3

Lenses

3.1 Short introduction to lenses

A lens is an optical element that bends light depending on where it passes
through the lens, which is done by changing the phase front of the light. A
perfect lens is often characterised using the working distance WD, focal length
f and the numerical aperture NA. Compound lenses, objectives and oculars are
also characterised using the magnification M.

The working distance of a lens is the distance between the focus of the lens
and the lens itself if the source of the illumination is placed infinitely far away.

The focal length describes how the position of the focus spot changes in the
focal plane when a parallel beam illuminates the lens under an angle. f =
dx/d6. For a single thin lens the focal length and working distance are the same
and f is used for both.

The numerical aperture of a lens is defined as NA = nsin(0) with n the re-
fractive index of the medium in which the lens is placed (usually air). When the

lens is illuminated using a parallel beam sin(f) ~ % where D the diameter of

the circular lens and

NA ~ 1P (3.1)

2f
For an objective D is the maximum diameter of the beam at the exit lens (the
effective diameter of the last lens) and f is the working distance.
There is debate about whether sin(f) ~ D/2f or tan(f) ~ D/2f which has
to do with the abbe sine condition (see Small [13]). This condition states that
for a good objective the sine of the opening angle is D/2f and not the tangent
(making equation (3.1) valid for all opening angles). The 3D printed lenses The

9
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10 Lenses

measurements performed in this thesis have large enough uncertainties that we
can consider the two to be equivalent for all 3d-printed lenses.

For a single lens the magnification is defined as the negative of the size of
the image divided by the size of the object (M = —s’/s). For an objective the

magnification is always defined in respect to some tube length (the tube length

is the distance between the focal point of the lens and the image , M = Ljff and

L;.r depends on the manufacturer.

3.2 Aberrations

A real lens has defects which will cause the phase front to be aberrated. There
are multiple types of aberration, but we will limit the discussion to spherical
aberration, which is typically the dominant aberration in a rotational symmet-
ric geometry.

Spherical aberration causes asymmetry along the direction of propagation
and is per definition caused by a radially dependent focal distance*. The optical
field behind a rotational symmetric system with a positive lens with spherical
aberration can be described using the following equation (see section 9.2).

2 4
qmax 7< aquss> 1<:|:7I sqere 7kZ 1q2)
E(p,2) =Eo [ ah(kap)e (i) dg (32)

Where g = sin(0), p and z are the radial and transverse directions, k the length
of the wave vector, gmax = sin(fmax) with Omax half the opening angle. Gsphere
and ggauss have an equivalent definition, but they can be larger than 1. The +
corresponds to positive and negative spherical aberration respectively. gsphere
describes the amount of spherical aberration and ggauss describes the size of
the input beam translated into terms of the opening angle behind the lens (it
essentially describes how Gaussian the incoming light is). Jo(x) is the zeroth
order Bessel function of the first kind.

*In other words the focal distance changes radially from the centre to the edge of the lens.

10
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3.3 Characterisation 11

3.3 Characterisation

Parameters from literature

A Gaussian beam can be described with the following equation (See Svelto [14]
and Mahajan [15] page 336):

I(0,z) = Io ww())e‘ww (33)

and w(z) = wo+/1+ (z/zR)2

A lens can be completely characterised by its effect on the phase front of in-
coming light, but it is really difficult to fully measure the phase front throughout
space. This is why there are different parameters that try to capture aspects of
the lens:

1. waist w(z) and beam waist wy
2. Rayleigh range zg

3. Strehl ratio S

We can visualise the intensity distribution using an I(p,z) plot. This is a
false colour plot that shows the intensity distribution I(p,z) along the direc-
tion of propagation (z) versus the transverse radial direction (p) (an example of
an I(p,z) plot is shown in figure 3.1). This allows one to visually inspect how
the light propagates and see the effects of the phase front (through interference
patterns). It is difficult to quantify the system through this method, so while a
I(p, z) plot visualises the situation we need to use other methods to characterise
the system.

The waist w(z) of a Gaussian beam can be found from (equation (3.3)) and is
defined as:
I(w(z),z) = 1(0,z)e 2 (3.4)

We can define an equivalent waist for non-Gaussian distributions, although for
extremely wild distributions there might be a need to define the waist as the
largest waist. The waist is found in the same manner as the FWHM.

The beam waist wy is defined as the waist in the focus. For a diffraction lim-
ited Gaussian focus wg = A/7NA and for a diffraction limited Airy pattern

11
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12 Lenses
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Figure 3.1: A logarithmic false-colour I(p,z) plot of an unaberrated focus of a fully
illuminated positive lens, calculated using Equation (3.2). The axes are in terms of the
wave vector.

Ax = 0.61A/NA with Ax the distance to the first zero in the Airy pattern.

The Rayleigh range zp is the distance from the focus such that the area of the
cross-section doubles with respect to the focus. This definition is closely tied to

2
the definition of the waist. For a Gaussian beam the following holds: zg = @
w(z))? 2
and (w—0> - <%> =1.
The Strehl ratio S is mathematically defined as (Mahajan [15] p. 54):
5 = Jual02i)z Zi)zizz (3.5)
L (0, zg)zg

Where 1,,(0,z;) is the central intensity of the system at distance z; from the
pupil. I, is the central intensity of a diffraction limited system at distance z.
zg is the Gaussian plane (the focus lies in this plane) and z; is the image plane.

12
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3.3 Characterisation 13

Figure 3.2: An on-axis crossection of a Gaussian beam showing both the beam, lens and
the following parameters: lens diameter D, working distance/focal length f, opening
angle f, beam waist wy and the Rayleigh range zR.

If we use the peak value in the focus of the lens we have that z; = z; and we

can define.

Ipeak

S = (3.6)

Ipeak, unaberrated

where Ipeqx is the peak intensity and Lheak, unaberrated 18 the peak intensity if the
system was unaberrated (for a perfect lens with a circular aperture the intensity
profile is an Airy disk.).

Per definition it holds that S € [0,1]. The Strehl ratio can be difficult to
compute, as it depends on how you illuminate your lens.

Additional parameters

The following parameters can also be used to characterise a lens. We argue for
their usefulness and define their role in the characterisation.

1. Transmissivity T

13
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14 Lenses

2. Focal Power Fraction F
3. Intensity amplification ()

4. z waist Z

We have chosen to define the focus to lie within the waist: Our focus reaches
from the highest intensity to where the power is =2 of the highest intensity. For
a radially symmetric 2d Gaussian distribution the fraction of the intensity that
lies within the focus is roughly 86.5%, while for an Airy pattern this is roughly
77.1%!.

The transmissivity is defined as the power in the focal plane within the lens
radius R divided by the power within that same radius if the lens was not there
at all. It measure the amount of light actually passes through the lens.

T — P 0,with lens (R)
P 0,without lens (R)

(3.7)

The focal power fraction is defined as the power within the focus divided by
the total power within a plane. We measure it by dividing the power in the
focus by the power in a plane far away from the focus. It is a measure of the
fraction of the power that is contained in the focus.

. Pz:O(wO)
— P(w > w(z))

(3.8)

with
o r2r
P.(0) = / / 1(0',2) dp'd6 (3.9)
0 0

For a perfect Gaussian beam F ~ 0.865 and for a perfect Airy profile F ~ 0.771.

The intensity amplification is defined as the average intensity in the focus di-
vided by the average intensity that hits the lens. We can also write this in terms
of the focal power fraction, transmissivity and the relative change in area. It is
a measure of how much light the lens manages to condense.

{Ifocus) A\Z|:f ( D )2
0= ~FT =FT | — 3.10
(Iin) Ap 2wy (3-10)
with
A, = mw?(z) (3.11)

TSee section 9.1

14
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3.3 Characterisation 15

For a diffraction limited Gaussian beam from a perfect lens we can write () as:

DrNA\?
QGauss, ideal ~ 0.865 ( N > (3-12)
The Strehl ratio can be approximated as
S — Ifocus —~ <Ifocus> _ Q0 (3.13)

Ifocus, ideal < I focus, ideal > Qideal

The z waist Z is the distance from the focal plane where the on axis inten-
sity becomes e~2. For a Gaussian beam we can use that the on-axis intensity
distribution is 1(0,z) = Io(1+ (z/zr)?) ™!, so the z waist can be related to the
Rayleigh range in the following way z2 = z%(e* — 1). The reason why this pa-
rameter is useful is because the density of data points is relatively low along
the direction of propagation (in the setup used the density was one data point
per 5 um). Because the Rayleigh range is small (for a diffraction limited system
the Rayleigh range is of the order of A) the uncertainty on its measurement will
completely dominate. For this reason the z waist, which is larger is be easier to
determine.

The z waist, like the Rayleigh range, measures the length of the focus.

Parameter Character Meaning

Numerical aperture NA 1 8in(Omax)

Working distance WD Distance from the lens to the focus
Waist w(z) I(w(z),z) = 1(0,z)e 2
Beam waist wo wo = w(0)

z waist Z 1(0,z) = 1(0,0)e~2
Transmissivity T T = Py with lens (R) /P 0,without lens (R)
Focal Power Fraction F F = Py(wp)/P(w > w(z))
Intensity Amplification Q Q = Iioeus/ Iin

Strehl Ratio 5 S5=1 (0/ O) / Ldiffraction limited (01 0)

Table 3.1: Summary of the parameters introduced in this chapter that we will be using
to characterise foci. z = 0 is the on-axis focal position, R is the lens radius, A, is the
focal area at an on-axis position z, P,(w) is the power in a plane at position z within
radius w, and Oy is the opening angle.

15
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Chapter 4

Micro-lens design, experimental
setup and methods of characterisation

4.1 Designing and creating micro-lenses

There is a large number of different lenses that could be created using the Nano-
scribe PPGT (see section 2.2 for more information), but two designs are excep-
tionally well understood: half ball lenses and thin lenses.

Both are also relatively easy to make and each has their own strengths and
weaknesses. A half ball lens is a sphere cut in half. The light illuminates the
curved surface and exits the length through the flat surface. The flat surface
makes the lens easy to place on top of a structure, which has the added benefit
of allowing the lens to work as a solid immersion lens. The big weakness of a
half ball lens is that they introduce spherical aberration.

A half ball lens (see figure 4.1 for the design) with an infinite height illumi-
nated by a parallel beam has the following focal length as a function of radial
distance (see section 9.3):

R2 — 7’2 nZRZ _ 1’2

with R the radius of the lens and # the refractive index.
In the paraxial limit this reduces to:

n 1 72

n—1

A thin lens (see figure 4.2 for the design) is a lens with two curved surfaces.
A perfect thin lens introduces no aberrations. A big weakness of a thin lens is

17
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18 Micro-lens design, experimental setup and methods of characterisation

that the lens needs to be suspended above the structure somehow. This means
that a structure needs to be designed to hold the lens and it is not unthinkable
that this structure influences the light.

A thin lens obeys the lensmaker’s equation (Mahajan [16] p.26):

1 1 1

—=(n—-1 _— — 4.3

f =) (Rl Rz) @3
With R; and R; the radii of curvature. By using symmetric positive thin lenses
(Re = R1 = —Ry) the lens obeys the following simple equation:

_ R:/2
f= n—1
For a lens with f = 40 ym R, = 44 ym and for =100 ym R, = 110 ym.

(4.4)

Because of these relations it is possible to calculate the expected optimal perfor-
mance of designed thin and half ball lenses.

The lenses were designed in a program called Autodesk Inventor [17] and
forwarded to J. Mesman-Vergeer of the Fine Mechanical Department. He op-
erated the Nanoscribe Photonic Professional GT located on the tenth floor of
the Huygens Laboratorium Leiden to print the lenses. These lenses were then
analysed experimentally analysed.

4.2 Experimental Setup

The analysis of a lens is done by illuminating the lens and analysing the effects
of the lens on the light beam. We do this by imaging the transmitted beam on a
CCD camera and then using various techniques to analyse the various images
taken.

The experimental setup is divided into three distinct parts: the light source;
the lens to be analysed; and the imaging construction.

The light source was an alphalLAS Picosecond Pulse Diode Laser at 520 (&
10) nm. The laser light was sent through four adjustable grey filters into a single
mode AR coated fibre [18]. The end of the fibre was mounted behind a small
lens (20X NA=0.40), by changing the distance between the lens and the fibre the
spread of the resulting beam was changed. This beam is then used to illuminate
a lens that we want to analyse. This lens creates a focus which was imaged on a
CCD camera (Apogee Alta F1) using the combination of a 100X* lens and a f=20

*Nikon TU Plan Apo EPI 100X/0.9 OFN25 WD 2.0

18
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4.2 Experimental Setup 19

Figure 4.1: Half Ball design. The design consists of two parts: half of a sphere with
radius R; and a cylinder with radius R and height h.

lens positioned at 20 cm behind the 100X lens. We also looked at the back focal
plane of the 100X lens by changing the f=20 lens into an f=10 lens. This back
focal plane image is used to estimate the transmission.

The 100X lens is mounted on a precision movable table, allowing the lens
to move in all directions. We used this to not only align the image on the CCD
camera, but also look at different positions along the direction of propagation.
By imaging at intervals of Az = 5 ym the entire 3d structure of the focus is im-
aged.

Four types of lenses will be analysed in this thesis. A close to perfect Mi-
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20 Micro-lens design, experimental setup and methods of characterisation

tutoyo 20X objective’. A close to perfect Nikon 40X objective!. 3D printed half
ball and thin lenses printed using the Nanoscribe PPTG.

The near perfect lenses are as fully illuminated as possible (unless stated
otherwise) by a slightly diverging beam. The 3d printed lenses are illuminated
by a weak focus. The way of illumination can introduce (or compensate) spher-
ical aberration. We expect that full illumination of an objective by a weakly
diverging beam will not introduce spherical aberration (for more information
see Stallinga [19]). The small lenses are illuminated by a weak focus, and as
such the illumination can be treated to be near parallel.

A python program was written to load, reduce and analyse the CCD images
that were made (see Github Repository [20]).

fMitutoyo M Plan Apo NIR 20X /0.40 co/0 £=200
Nikon Plan Fluor ELWD 40X/0.60 c0/0-2 WD 3.7-2.7 with correction ring
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4.2 Experimental Setup 21

Figure 4.2: Thin lens design. The design consists of two parts: a symmetrical thin lens
designed to have diameter and focal length D; and 17 pillars that support the thin lens
a distance D above the surface.

21

Version of June 18, 2019- Created June 18,2019 - 14:17



22 Micro-lens design, experimental setup and methods of characterisation

Figure 4.3: The experimental setup. To the left is the laser and an alignment system
aiming the laser at a fibre. To the right is the actual experiment.
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Figure 4.4: The laser setup. On the top there is the laser (left) with a colour filter and
a fibre entrance (vight). Below there are the mirrors. Halfway on the right there are the
grey filters (below half) and the fibre exit (above half).
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24 Micro-lens design, experimental setup and methods of characterisation

»
.
»
.

Figure 4.5: The experimental setup, zoomed in. To the left is the fibre where laser light
exits with a small lens to control the spread. In the middle there is a mount so that
the 100X lens can scan in 3 dimensions, a small sample holder and a mount to hold
objective lenses. To the right there are the imaging lenses.
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4.3 Fit procedure of a 1(p, z) plot 25

4.3 Fit procedure of a [(p, z) plot

We begin with taking images at various positions around the focus along the
direction of propagation. This allows us to image the entire 3d sturcture of the
focus and by combining this data we can create an I(p, z) plot. Figure 4.6 shows
an I(p, z) plot of one of the lenses we analysed (further characterised in section
5.3).

We can now use equation 3.2 to construct a I(p, z) plot for a given amount
of spherical aberration, pupil illumination and opening angle.

2 4

fmax _(’7 Zuss) i <:|:7T s qere —kzy 1—112>

E(p,z) = Eo /O qJo(kgp)e ( P ) dg (3.2

We wrote a small python program that creates an image for given values of

rho, Z, Gauss, Jspheres Jopen- We can use this to try to fit figure 4.6 by eye. We will
also discuss the advantages and disadvantages of this method.

We will try to fit figure 4.6 which we will also analyse later using the earlier
discussed characterisation techniques.

Two fits have been made by eye, one created by the author and one by the
supervisor M. P. van Exter. We knew that the opening angle of the system was
0.6, gsphere and GGauss have been determined. The resulting best fits are shown
in figure 4.7). We agree that gGauss = 1, but we disagree on ggsppere- Averaging
the two gsphere found we get an estimate of gsppere = 0.27 £ 0.02. The error was
estimated using difference in the parameters between the two fits.

While we can spot differences between figure 4.7, the coarseness of figure 4.6
is so high that we cannot find a better fit. This is the largest problem with this
tit procedure: images with low resolution are difficult to fit. This method also
needs multiple people to examine the image to ensure that the fit is accurate.

The advantage of this method is that it characterises the amount of spher-
ical aberration in a quantitative parameter. This is especially important if you
have an a priori estimate of Osppere Which allows you to compare this with the
measured Osppere- It might also be possible to optimise a fit routine that can
automatically produce a reasonable fit. This would make characterisation of
spherical aberration much easier.

Due to the short amount of time we were not able to use this method to
characterise the various focii discussed in this thesis. Future research could
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26 Micro-lens design, experimental setup and methods of characterisation

attempt to use this method and compare their findings with literature.
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Figure 4.6: A logarithmic false-colour plot of the intensity I(p,z) measured behind a
close to perfect perfect Nikon 40X lens, corrected for 0.4 mm cover glass. The lens is
characterised in section 5.3
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Figure 4.7: Fits of figure 4.6 done by-eye. Left: found are qsppere = 0.29 and qgauss = 1.
Right: found are Gsphere = 0.26 and qGauss = 1.
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Chapter 5

Characterisation of near perfect
microscope objectives

5.1 Mitutoyo 20X objective

We begin with characterising the Mitutoyo 20X objective [21] which is as fully
illuminated as possible. This is done using a slightly diverging beam (the dis-
tance between the fibre and lens is 38 cm, the diameter of the beam measured
as 2 cm). This divergence can influence the working distance and NA.

After collecting images of the beam at different positions around the focus
along the direction of propagation, the characterisation begins with looking at
a visualisation of the beam through a I(p, z) plot (figure 5.1). We see that the
system is almost completely rotational symmetric and as such we will not show
the variation along the y-axis from now on. We also observe that there is a slight
asymmetry along the direction of propagation. This asymmetry suggests that
the system has some internal spherical aberration.

Figures 5.2 to 5.4 show some individual CCD images and the intensity dis-
tribution along a horizontal and vertical axis at three different z-positions. The
intensity distributions has been fitted with a Gaussian fit in each of the images.

Figure 5.3 shows the image nearest to the focus plane. Visible is the first
Airy ring and the central disk. The peak of the first Airy ring is at approxi-
mately 3.2% of the peak intensity. The theoretical value for the Airy pattern is
1.7%. The discrepancy is probably caused by spherical aberration.

The Gaussian fit (7(r,0) = Ae~(")/(27%)) of the intensity distribution gives a
good fit of the central disk. We could use the standard deviation as an estimate
to the beam waist. When x = 20 the Gaussian distribution gives v(20,0) =

Ae—(40%)/(20%) — Ae2, which means that the beam waist and the standard devi-
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30 Characterisation of near perfect microscope objectives

ation of a Gaussian fit are related in the following way: wy = 20. The estimate
of the beam waist from the standard deviation of the Gaussian fit is then 0.67
(£ 0.05) pm. We can also find the beam waist using the definition as given in
section 3.3. Using this method the waist was measured to be 0.65 (+0.05) ym
(We estimate the error from the distance between two pixels on the CCD cam-
era). The Gaussian fit seems to also be a valid method of estimating the beam
waist.

By drawing a straight line between two data points we estimated the value
of the waist (and z waist) between two data points. This gives a more accurate
estimate of the value, but does not reduce the error.

From the image it is also possible to estimate the distance from the central
maximum to the first zero of the airy disk, which is 1.0 (£0.1) ym. For a diffrac-
tion limited beam the expected distance is Ax = 0.61A/NA = 0.79 ym. This
shows that the focus is close to, but not at, the diffraction limit (off by 26%). We
hypothesise that the spherical aberration in the system is the reason why the
diffraction limit is not reached.

The z waist is found to be Z = 9 (£2.5) ym (we estimate the error from the z-
distance between two CCD images). The Rayleigh range can be calculated from
the z waist for a Gaussian beam using the following equation: zg = z/V e — 1.
For a Gaussian beam this would give a Rayleigh range of 3.6 (£ 1) ym. From
the specifications [21] we learn that the indicated depth of focus is 1.7 ym. That
means that the indicated Rayleigh range is 0.85 ym. The difference is probably
because there is spherical aberration in the system.

Looking at figures 5.2 and 5.4 one thing is very clear: there is a large differ-
ence between the two. Figure 5.2 has an intensity distribution that looks a lot
like a top hat and estimating the waist is very easy. Just looking at the intensity
distribution we estimate the waist to be roughly 9 ym, which in the CCD image
is roughly the radius to where the intensity is 1/10 of the peak intensity.

Figure 5.4 has an intensity distribution that looks far more Gaussian. Esti-
mating the waist is difficult and one could easily measure the waist to be 5 ym
using the previous criterion of 1/10 of the peak intensity. It is easy to underesti-
mate the waist in this regime, using the criterion of 1/100 of the peak intensity
does seem to give roughly the same waist as before.

In both cases the Gaussian fit does not reflect the situation accurately any-
more. We have also seen that it is very easy to under estimate the waist of the
beam and that the criterion for estimating the waist lies much lower than one
would expect (in comparison to the half width at half maximum and half width
e~2 of the maximum).
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5.1 Mitutoyo 20X objective 31

A parameter that, at first glance, can easily be estimated from Figure 5.1 is
the Numerical Aperture. At the left side a rough estimation would be that the
opening angle, indicated by the red line, is 0.34 (+0.05) (we estimate the error
by using multiple reasonable estimates for the opening angle) giving an NA
~ 0.34 (£0.05) which differs by 20% from the specified value of 0.4. We ex-
pect that the diverging beam used to illuminate the lens is the reason for the
slight offset in NA. We would argue that this method, while being rough, gives
a somewhat reasonable estimate of the Numerical Aperture.

We could estimate the working distance from the pupil diameter and the
NA. We can estimate the WD using the following equation WD = D /2NA (see
3.1). The pupil diameter of the lens was measured to be 2.00 (£0.02) cm, giving
a WD ~ 2.9(£0.4) cm. The specified working distance is 20 mm, which is al-
most 15 times smaller. We don’t understand why the difference is so large and
the only explanations that come to mind are: The lens is not fully used and as
such the effective diameter is much smaller; Compound lenses are intricate and
equation 3.1 simply does not hold in those cases. It is interesting to find out
what the reason is, but this goes beyond the scope of this thesis.

The focal power fraction is defined in section 3.3. To find it we first calculate
the power in the focus. Then we calculate the total power captured by the CCD
camera in every plane. Finally we divide the power in the focus by the various
total powers which creates a list of focal power fractions. We average of the focal
power fraction calculated for the various planes (and use the standard deviation
of the list as an estimate of the error). In figure 5.1 we notice that the focal plane
has a high background, we tried isolating the system but we could not get rid
of this background. Prof. C. U. Keller has suggested that the high intensity can
cause the bias to rise, which would explain this phenomenon. We manually
subtract this background in the focal plane when we calculate the focal power
fraction (and intensity amplification).

We find that F = 0.77 (& 0.11). For a diffraction limited beam this would
be 0.771 (see section 9.1), so from the focal power fraction we would estimate
that the beam is diffraction limited. We could not measure the intensity at the
entrance pupil, so we make use of the following relationship: Q) = FTA,_¢/ Ao.
For these near perfect lenses it is reasonable to assume that the transmissivity is
1. This gives Q = 1.79 - 108 (4.5 - 10°).

From the focal power fraction we learn that 77% of the light that passes
through the lens is actually condensed into the focus. From the intensity ampli-
fication we learn that the average intensity in the focus is roughly 180 million
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32 Characterisation of near perfect microscope objectives

times larger than the average intensity if the lens was not there. This estimation
is based on the measured lens diameter and if the full lens is not used the real
intensity amplification is lower.

We can approximate the Strehl ratio as:

@) . FT AO,ideal

S~ =
Qideal F ideal AO

(5.1)

Because the focal power fraction is equal to the diffraction limited focal power
fraction and we estimated that the transmissivity is 1 we get that S ~ (wp igea/ o).
For a diffraction limited focus the distance from the central maximum to the first
zero in the Airy distribution for an NA = 0.4 is Ax = 0.793. Using this we have
that S ~ (0.793/1)? = 0.63 (+0.06). The Strehl ratio gives an estimation of the
amount of aberration in the system.

Variation along x-axis
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Figure 5.1: A logarithmic false-colour plot of the intensity I(p,z) measured behind a
close to perfect Mitatoyu 20X lens. Both axes are in units of ym. The top plot has p
vary along the x-axis of the CCD camera, the bottom along the y-axis. Note: even in
this figure we observe spherical aberration.
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Figure 5.2: A cross section of the intensity along the x and y direction (top figure). A
logarithmic false-colour plot of the intensity I(x,y) measured behind a close to perfect
Mitutoyo 20X lens (bottom figure). Both at relative position z = —25 um.
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Figure 5.3: A cross section of the intensity along the x and y direction (top figure). A
logarithmic false-colour plot of the intensity I(x,y) measured behind a close to perfect
Mitutoyo 20X lens (bottom figure). Both in the focal plane (z = 0 um).
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Figure 5.4: A cross section of the intensity along the x and y direction (top figure). A
logarithmic false-colour plot of the intensity I(x,y) measured behind a close to perfect
Mitutoyo 20X lens (bottom figure). Both at relative position z = 25 ym.
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36 Characterisation of near perfect microscope objectives

We also considered the situation where the lens is not fully illuminated (fig-
ure 5.5).

Using the indicated red lines in this figure the NA of the Gaussian beam
changes to 0.26 £0.05. The NA has changed because the beam diameter changed
which in turn changed 6,,,,,. Under the assumption that we would still measure
the same focal length using the same technique, we can now extrapolate the
beam diameter. WD =~ 2.9 (+0.2) cm gives D ~ 1.7 (£0.05) cm, meaning that
the pupil entrance was 72% illuminated. We were trying to get around 50% il-
lumination (by eye).

The intensity profiles shown in figures 5.6 and 5.8 show two things: First,
the beam has become slightly more symmetric, but the figures still differ. We
also see that the Gaussian fits seem to describe the shape somewhat better than
before. Figure 5.7 shows that the focus has become wider and more Gaussian,
the first Airy ring is barely present (peak of the first ring at approximately at
0.5% of the peak intensity).

The beam waist is found to be 0.85 (£0.05) pm. We estimate the diffraction
limited focus for a Gaussian beam (because the first Airy ring is just visible in
log scale). wgirr = A/7TNA =0.64 (£0.12) pm. The measured waist is 33% larger
than the diffraction limited waist. It is surprising that the focus is further away
from the diffraction limit than before. We hypothesise that this is because of
spherical aberration in the system which affects the edge of the beam more than
the centre. The full illumination used before cuts off the edge of the beam, thus
reducing the aberration. This might be interesting to explore further at another
time.

The z waist is again found to be 9 (£2.5) ym. The resulting Rayleigh range is
thus 3.6 &1 ym. The reason that this is much larger than the indicated Rayleigh
range of 0.85 ym (see Mitutoyo [21]) is probably spherical aberration. Interest-
ingly enough the Rayleigh range has not changed between the full and partial
illumination. Because the waist is further from the diffraction limit we would
expect that the Rayleigh range also increases.

The focal power fraction is calculated to be a surprising 1.14 (+0.18). This is
a surprising result, for it would mean that there is more light passing through
the focus than through the beam far away from the focus. This makes no sense
from ray optics (it should be physically impossible for F > 1) and we don’t
know what is happening. An explanation would be that at large values of z
parts of the beam fall outside of the CCD image and are thus not taken into ac-
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5.1 Mitutoyo 20X objective 37

count. Calculating the focal power fraction by hand (and estimating the waist
by eye) gives an estimation of F = 0.8 £ 0.2, which makes more sense.

Using this focal power fraction and the beam diameter we calculated the inten-
sity amplification to be QO = 3.2 - 108 (£9 - 107).

The diffraction limited focus has a beam waist of wy = 0.64 ym. From this we
can estimate the Strehl ratio as S = 0.54 £ 0.15. The Strehl ratio for this situa-
tion and the fully illuminated situation measured to be the same (they lie within
each others error interval). As such we cannot draw the conclusion that there is
more spherical aberration in the system.

In the previous sections we noticed that:

The fits to the intensity distributions can be used for characterising the in-
tensity distribution of the focus. The Gaussian fits do not contribute additional
information to our characterisation of the lenses. From now on we will not show
these fits anymore. Around the focus a Gaussian fit could be used effectively,
but far away from the focal plane a Gaussian distribution is not a good fit for an
aberrated system.

A good estimate for the Numerical Aperture can be found for an unaber-
rated focus using a I(p, z) plot.

For fully illuminated near perfect 20X Mitutoyo lens, the distance from the
central maximum to the first zero in the bessel function is 26% larger than the
diffraction limit. For the partially illuminated case this is 33%. We hypothesise
that the reason why the system is not fully diffraction limited is aberrations in
other parts of the setup. This claim seems to be supported by the fact that there
is spherical aberration visible.

The transmission has not been calculated, but it is reasonable to assume that
it is near 1 for the near perfect lenses.
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Figure 5.5: A logarithmic false-colour plot of the intensity I(p,z) measured behind a
close to perfect Mitatoyu 20X lens which is not fully illuminated.
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Figure 5.6: A cross section of the intensity along the x and y direction (top figure). A
logarithmic false-colour plot of the intensity I(x,y) measured behind a close to perfect
Mitutoyo 20X lens (bottom figure). Both at relative position z = —25 um.
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Figure 5.7: A cross section of the intensity along the x and y direction (top figure). A
logarithmic false-colour plot of the intensity I(x,y) measured behind a close to perfect
Mitutoyo 20X lens (bottom figure). Both in the focal plane (z = 0 um).
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Figure 5.8: A cross section of the intensity along the x and y direction (top figure). A
logarithmic false-colour plot of the intensity I(x,y) measured behind a close to perfect
Mitutoyo 20X lens (bottom figure). Both at relative position z = 25 um.
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42 Characterisation of near perfect microscope objectives

5.2 Mitutoyo 20X objective with a parallel plate of
thickness 6 mm

Spherical aberration can be introduced into the system by placing a parallel
plate in the path of the focus. The parallel plate used is a fused silica parallel
plate of thickness 6 mm. It becomes clear why this introduces spherical aber-
ration if we look at the following equation for the change in focal length that a
parallel plate introduces(see section 9.4):

Af =d (1 ___cos(9) ) (5.2)
n2 — sin?(6)

with d the thickness, 0 the angle of incidence and #n the refractive index.
In the paraxial limit we can taylor expand this and see that:

n—1 n

2
_1 2
Afwd( e TR +) (5.3)

In this form it is obvious how the plate changes the focus. The focus is shifted
proportional to the thickness and refractive index (Afy = d(n — 1)/n). What is
also visible is that there is a relative shift from the new focus which is also pro-
portional to the angle of incidence Af; = 6%d(n? — 1)/2n3. The only observed
change to a I(p,z) plot is the second term, which changes the light depending
on the angle of the light ray (and thus for a non-parallel beam the radial posi-
tion).

In figure 5.9 the spherical aberration is more visible than we have seen be-
fore. On the negative side of the z axis the focus looks roughly like a Gaussian
beam, but on the positive side there are numerous “fringes”. Figures 5.10 to
5.12 show how individual images are affected. To the negative side of the fo-
cus we see the so called “powder box”, the intensity distribution looks almost
Gaussian. In the focus we see patterns resembling Airy rings surrounded by
a lot of structure. To the right we see the so called “bulls-eye” which has a lot
of ring structures. According to convention we call this configuration negative
spherical aberration (half ball lenses introduce positive spherical aberration).

In total it is obvious that the beam is non-symmetric around its focus.

Trying to measure the NA appears to fail spectacularly (see figure 5.9). On
the side of the powder box our estimate (using the black lines in figure 5.9) for
the NA is roughly 0.11 (£0.05). On the side of the bulls-eye our estimate (using
the red lines in figure 5.9) increase to 0.14 (£0.05), which is still nowhere close
to our original (unaberrated) estimate of 0.34.
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5.2 Mitutoyo 20X objective with a parallel plate of thickness 6 mm 43

The reason for the mentioned discrepancy becomes clearer when the reason
for the ring structures is taken into account. The ring structures are probably
interference patterns and not the edge of the beam. We can also understand this
from a ray optics view: spherical aberration is caused because the outer light
rays are refracted less than the inner light rays. This will cause these rays to
cross paths, creating rings where the rays overlap. More research is needed to
confirm this theory.

The question that now arises is whether we can use the measured NA to say
something about how much spherical aberration there is in the system? We will
return to this in section 5.3.

We estimate the distance to the first zero in the Airy pattern to be 1.5 (0.1)
pm (a 50% increase from before) and the z waist to be 30 (£ 2.5) um. Spher-
ical aberration is directly responsible for this huge increase. We expected the
increase in the beam waist, but the large increase to the z waist was surpris-
ing. This means that an aberrated beam is more extended along the direction of
propagation. Spherical aberration increases the Rayleigh range of a beam.

The focal power fraction is estimated to be 0.45 (£0.07). This is a lot lower
than before, which makes sense. Spherical aberration causes non-paraxial rays
to be outside the focus.

The intensity amplification is then 3.7 - 107 (£7 - 10°), about 21% of what we
had before. The spherical aberration messes up the path of the light rays, thus
reducing the focal power fraction and intensity amplification.

We can again find the Strehl ratio if we use the indicated NA (0.4) and the
diffraction limited distance to the first zero in the Airy pattern (Ax = 0.61ANA).
This gives an estimate of

0.45 /0.79\72
~ 2 (227} 20163 +0. 4
0.771 (1.5) 0.163 £ 0.03 (5-4)

The Strehl ratio is a lot smaller than before (without plate S = 0.63 & 0.06).
The Strehl ratio indicates that the system has become more aberrated, which is
exactly what we expected.
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Figure 5.9: A logarithmic false-colour plot of the intensity I(p,z) measured behind
a close to perfect Mitutoyo 20X lens, with spherical aberration introduced by 6mm of
glass.
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Figure 5.10: A cross section of the intensity along the x and y direction (top figure). A
logarithmic false-colour plot of the intensity I(x,y) measured behind a close to perfect
Mitutoyo 20X lens (bottom figure). Both at relative position z = —25 um.
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Figure 5.11: A cross section of the intensity along the x and y direction (top figure). A
logarithmic false-colour plot of the intensity 1(x,y) measured behind a close to perfect
Mitutoyo 20X lens (bottom figure). Both in the focal plane (z = 0 um).
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Figure 5.12: A cross section of the intensity along the x and y direction (top figure). A
logarithmic false-colour plot of the intensity I(x,y) measured behind a close to perfect
Mitutoyo 20X lens (bottom figure). Both at relative position z = 25 ym.
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48 Characterisation of near perfect microscope objectives

5.3 Nikon 40X objective with a correction ring

The Nikon 40X objective [22] has a correction ring. By turning this ring the ob-
jective can correct for a certain amount of cover glass, which has a refractive
index of 1.515 [23]. The perfect test case to see how changing the amount of
spherical aberration changes the system.

We observed the focus of the fully illuminated objective. From the unaber-
rated focus (figure 5.13) we estimate the opening angle to be 0,5, = 0.67 (£0.05)
which gives an NA of 0.62 (£0.04) which differs by only 3% from the specified
value of 0.6. The distance to the first zero in the airy pattern is estimated to be
0.7 (£0.1) pm while for a diffraction limit system this would be 0.53 ym. The
system is thus close to diffraction limited (off by 32%).

The beam waist is measured (see section 3.3) to be 0.40 (£0.05) ym and the
z waist is measured to be a bit smaller than 5 ym, we estimate 4.4 (+£2.5) ym us-
ing a linear line between the nearest two data points. This does not reduce the
error. For a Gaussian beam we know that zg = 7rw3/ A, which would give a z
waist of 2.4 ym. This lies within the error on the z waist, so we cannot conclude
that these parameters don’t match.

We estimate the focal power fraction to be 0.74 & 0.15. This is close to the per-
fect value of 0.771 for an Airy pattern. The pupil diameter of lens is measured to
be 0.7 (£0.02) cm so the intensity amplification is then 5.7 - 107 (& 2 - 107). This
is slightly lower than for the Mitutoyo 20X lens, but this has to do with the fact
that the pupil diameter is smaller (thus less light can pass through the lens).
The Strehl ratio is found using the following method: First we measured the
waist of Airy distribution to be about 4.6% smaller than the waist of a Gaussian
distribution, so we estimate the diffraction limited waist of an Airy distribution

to be A
Wideal ~ 0957IN—A (55)

Second we use that S ~ (F/ Figeal) (Wideal/W0)?.
The Strehl ratio is estimated to be S = 0.4 4+ 0.1. Quite a bit lower than that

of the fully illuminated Mitutoyo 20X lens.

We can repeat this analysis for the lens while setting the correction ring at
04, 0.8, 1.2, 1.6 and 2.0 mm (which means that the lens corrects for 0 to 2 mm
cover glass with refractive index 1.515). The I(p, z) plots for the correction ring
between 0.4 mm and 1.2 mm are shown in figures 5.14 to 5.17. The images for
1.6 and 2.0 don’t add anything and are thus not shown. The apparent NA is

48

Version of June 18, 2019- Created June 18, 2019 - 14:17



5.3 Nikon 40X objective with a correction ring 49

108

105

L 104

p (um)
Counts/s

F 103

102

10!

T T
40 60

z (um)

Figure 5.13: A logarithmic false-colour plot of the intensity 1(p,z) measured behind a
close to perfect perfect Nikon 40X lens.

always measured in the bulls-eye region (the region with ring like structures on
the negative side of the z-axis for figures 5.14 to 5.17).

The results are summarised in table 5.1. A couple of trends are noticeable:
There is a lot of positive spherical aberration visible in the figures. The appar-
ent NA quickly drops from 0.62 to 0.24 over a range of 0.8 mm and then slowly
decreases to 0.20 over the range 1.2 mm to 2.0 mm. The beam waist shows the
same behaviour, sharply increasing in the beginning and then slowly increas-
ing later on. We observe that the apparent NA decreases faster than the waist
increases. The z waist shows an explosive growth becoming more than 5x as
large. The total focal power fraction does not seem to change much (its values
are within the error margin and centred around the same values). The inten-
sity amplification decreases, again first sharply over the first 0.8 mm and then
stabilises around a mean value. The Strehl ratio is also shown and decreases.
We also observe that the Strehl ratio decreases sharply from 0.40 to 0.12 over
a range of 0.4 mm cover glass. The error in the NA remains nearly constant
because we measure the opening angle with the same precision for all figures.
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50 Characterisation of near perfect microscope objectives

The beam waist and z waist error is completely dominated by the discretisation
and as such their errors remain constant.

From this experiment we learn that introducing a small amount of spherical
aberration has an enormous effect on the system, but once there is some spher-
ical aberration introducing a bit more has less effect.

Figure 5.17 depicts the focus that the lens creates when the light passes
through 1.0 (£0.2) mm (measured by hand using a ruler) of fused silica cor-
rected for 1 mm cover glass. The thing to notice is that the amount of spherical
aberration has reduced a lot. One mm glass has more spherical aberration than
figure 5.15 and less spherical aberration than figure 5.16. Figure 5.17 seems to
have less spherical aberration than figure 5.14. The lens corrects for microscope
cover glass (which has refractive index 1.515 [23], while fused silica has refrac-
tive index 1.46 [24]) and as such over corrected for the above image. Keeping
this in mind we conclude that correction ring truly corrects for a glass plate.

Correction (mm) | Apparent NA | beam waist (ym) | z waist (ym)
0 0.62 £ 0.04 0.40 + 0.05 444+25
0.4 0.32 £0.05 0.63 + 0.05 71+£25
0.8 0.24 + 0.05 0.75 + 0.05 175 £ 25
1.2 0.22 +0.05 0.79 + 0.05 18.8 + 2.5
1.6 0.22 £ 0.05 0.80 £ 0.05 30.6 £25
2.0 0.20 £ 0.05 0.83 £0.05 258 £25
Correction (mm) F Q/10° S

0 074 +0.15 |57 +£18 | 04 +0.1

0.4 0544+023 | 17+8 | 0.12 £0.05

0.8 060+033| 13+7 | 0.10 £ 0.05

1.2 058 +033| 11 +7 | 0.08 £+ 0.05

1.6 0.68 £0.50 | 13 £ 10 | 0.09 £+ 0.07

2.0 070 £ 052 | 12+9 | 0.09 &+ 0.07

Table 5.1: The characterisation values for the near perfect 40X objective at different
correction values.
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Figure 5.14: A logarithmic false-colour plot of the intensity I(p, z) measured behind a
close to perfect perfect Nikon 40X lens, corrected for 0.4 mm cover glass.
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Figure 5.15: A logarithmic false-colour plot of the intensity I(p, z) measured behind a
close to perfect perfect Nikon 40X lens, corrected for 0.8 mm cover glass.
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Figure 5.16: A logarithmic false-colour plot of the intensity I(p, z) measured behind a
close to perfect perfect Nikon 40X lens, corrected for 1.2 mm cover glass.
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Figure 5.17: A logarithmic false-colour plot of the intensity I(p,z) measured behind
a close to perfect perfect Nikon 40X lens, through Imm fused silica with correction for
Imm cover glass.
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5.4 Discussion 55

5.4 Discussion

In this chapter we analysed and characterised two near perfect lenses under
various circumstances. One of the most important findings is that if there is
no spherical aberration the NA one would measure from a set of CCD images
will be a reasonable estimate for the actual NA. When there is spherical aber-
ration the NA one would measure will be smaller than the actual NA. We also
observed that the apparent NA decreases faster than the waist increases. We
hypothesised that the apparent NA is directly linked to the amount of spherical
aberration. As are the waist and Strehl ratio. The relation between the three is a
research in and of itself.

Spherical aberration also changes the waist and z waist of the system mean-
ing that the intensity profile around the focus becomes more stretched in all di-
rections. We observed that the waist of a spherically aberrated system is much
larger than than of an unaberrated system (1.5 times larger for the Mitutoyo 20X
lens and 2.1 times larger for the Nikon 40X lens).

We confirmed the working of the correction ring and observed that it indeed
corrected for a parallel plate. We also observed that a small amount of spherical
aberration changes the system a lot. Increasing the amount of spherical aberra-
tion to an already aberrated system changes the system less.

We also observe that the spherical aberration visible for 1 mm of glass of
cover glass for the 40X objective looks much worse than 6 mm fused silica does
for the 20X objective (refractive index for cover glass 1.46 [23], and for fused
silica 1.46 [24]). Spherical aberration introduced by a parallel plate is dependent
on the NA of the beam. Comparing two objectives looking through a glass
plate means that the objective with a higher NA suffers more from spherical
aberrations. Future research could use equation (3.2) to quantify how spherical
aberration affects systems with different NA.
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Chapter 6

Characterisation of 3d printed
micro-lenses

Before the characterisation, analysis or even observation of the lenses can begin,
a single observation is made: the writing time of the lenses. Because the lenses
were created in batches of 5 lenses we only know the total writing time, but this
should still indicate the difference in writing time between galvo and piezo.
Each batch contained 5 different types of lenses: a thin lens with diameter 40
pm (radius of curvature 44 ym); a half ball lens with diameter 40 ym and height
25 ym; a thin lens with diameter 100 ym (radius of curvature 110 ym); a half ball
lens with diameter 100 ym and height 60 ym; and a half ball lens with diameter
100 ym and height 140.9 ym (the focus is exactly at its backside).
In piezo mode the writing time for this batch was roughly 70 hours while in
galvo mode this was 40 minutes. This means that large prints should probably
be done in galvo mode, while short prints could also be done in piezo mode.
Using figure 6.2 we estimate the weak focus, that is used to illuminate the
various lenses in this chapter, to have a waist of roughly 30 ym. The Intensity of
this beam is averaged to 529.25 (& 0.01) counts/s/pixel (the error was estimated
by varying the area over which the intensity was averaged).

6.1 Half Ball lenses

We look at 4 different half ball lenses: diameter 40 ym and height 25 ym in both
piezo and galvo mode; diameter 100 ym and height 60 ym in both piezo and
galvo mode (see figure 4.1 for the design). The characterisation of micro-lenses
begins with an optical inspection using a microscope. In figure 6.1, which was
taken using an optical microscope, ring structures are visible. These structures
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58 Characterisation of 3d printed micro-lenses

are formed by plateaus at different heights. The lens is printed layer by layer
and thus printed in discs with decreasing width, which causes the ring struc-
tures to be visible (the darker rings are probably the edges of the disk which
scatter a lot). The lens is shaped like a circular staircase. We expect that this in-
terferes with the focusing of light and introduce additional interference effects.
We expect that these half ball lenses will not behave as good lenses.

During the optical inspection the diameter of the lens was measured using
the crosshairs in the eyepiece of the optical microscope. The diameter of every
lens was equal to its design (£1 um). A set of cross sections was taken using the
microscope. We estimated the height of the lens by finding the two crossections
where the lens was barely in the focus of the microscope. The measured height
of every lens was equal to its design (within +2 ym).

From figure 6.1 we can also estimate the step height. The inner most disk
has a diameter which is 1/6.5 of the diameter of the lens. The step height is
then roughly Az ~ R(1 — cos(1/6.5)) = 0.6 (£ 0.1) um. We estimated the error
using various estimate of lens diameter in figure 6.1 (the edge of the outer dark
grey ring is the edge of the lens). This is slightly above the indicated value of
0.5 pm

Figure 6.2 shows the back focal plane images of the 100X objective when the
laser illuminates a micro-lens (top image) and when the laser does not illumi-
nate a lens (bottom image). We used this figure to estimate the beam waist of
the weak focus used to illuminate the lenses. We also use figures like this to
estimate the transmissivity of the lens. We do this by calculating the power in
the lens in the top image and dividing this by the power in the same area in the
bottom image.

Looking at the I(p, z) plots shown in figures 6.3 to 6.9 it is surprising how
structured the foci look, the powder box and bulls-eye are easily recognisable.
Their location tells us that there is negative spherical aberration in the system,
that is the fused silica substrate introduces more spherical aberration than the
lenses themselves. This is not strange considering that the height of the lenses
are less than a fifth of the height of the substrate. The fused silica was also
illuminated without a lens, which did not introduce any visible spherical aber-
ration (the weak focus causes a flat wave front to hit the substrate). Purely from
this observation we know that the half ball at least changes the light rays. The
fact that a large amount of structure can be observed suggests that the lens ac-
tually works as a reasonable lens, contrary to our expectation.

When we compare figures 6.3 to 6.9 with each other, we see that the images look
roughly the same. There are some important differences: The 100 ym diameter
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6.1 Half Ball lenses 59

lenses have a higher peak intensity than the 40 ym lenses; The figures seem to
have the same waists and Rayleigh ranges.

The apparent NA is measured by estimating the opening angle on the side of
the bulls-eye (positive side of figures 6.3 to 6.9). The beam waist w is found by
looking in the focal plane, finding the distance from the axis where the intensity
is e=2 of the on-axis value. The z waist is found equivalently but we consider
the on-axis intensity distribution and look for the distance, from where the in-
tensity is e~2 of the focal on-axis intensity, to the focal plane. The focal power
fraction F is found by dividing the power in the focus by the power in a plane,
perpendicular to the direction of propagation, far away from the focus. The
intensity amplification () is calculated by dividing the average intensity in the
focus by the average intensity of the beam illuminating the lens. The transmis-
sion T is found using Back Focal Plane images (shown in figure 6.2). This is
done by calculating the power within the radius of the lens if the lens is there
and dividing this by the power in the same area if the lens is not there.

Table 6.1 summarises the characterisation of the four half ball lenses. The
lenses appear to have the same apparent NA, which is exactly what we would
expect. From equation (4.1) we know that f ~ Rn/(n — 1) inside the half ball
lens and that Omax ~ arctan R/ f so we have that:

NA = nsin(Oopen) ~ Mjens — 1 (6.1)

The refractive index of IP-Dip is approximately 1.55 around 520 nm [12]. The
NA is thus found to be roughly 0.55 (£0.01). The apparent NA that was mea-
sured for the 3d printed lenses was between 0.35 and 0.45, i.e. less than 64%
and 82% of the designed value of 0.55. The diffraction limited beam waist for
a half ball lens that is fully illuminated is w = 0.95A/(7NA) = 0.29 um (see
equation (5.5)). If the lens is not fully illuminated (and the waist is more Gaus-
sian) the waist increases to w = 0.30 ym. Because the waist of the illuminating
beam is comparable to the diameter of the lenses the diffraction limited waist
will lie closer to w = 0.30 ym. Because of this it is reasonable to approximate
the diffraction limited beam as Gaussian and the diffraction limited waist as
0.30 yum.

The designed NA of a half ball lens (0.55) is comparable to the NA of the
near perfect Nikon 40X lens (0.60) so we can compare the reduction in apparent
NA of the half ball lenses with the reduction in apparent NA of the Nikon 40X
lens at different corrections. This would allow us to make an estimate of the
amount of spherical aberration that a half ball lens introduces (in terms of mm
cover glass).
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60 Characterisation of 3d printed micro-lenses

Looking at table 5.1 we see that for 0.4 mm of cover glass, the Nikon 40X
lens has a smaller apparent NA than the half ball lenses. We also estimated by
eye that figures 6.3 to 6.9 show less spherical aberration than figure 5.14. We
know that for an NA of 0.55 Imm of fused silica should introduce spherical
aberration equal to 0.8 £ 0.2 mm of cover glass. The positive spherical aber-
ration introduced by the half ball lenses partially compensates for the negative
spherical aberration introduced by the 1 mm fused silica parallel plate. We can
interpret this to mean that a half ball lens introduces an amount of spherical
aberration equivalent to 0.6 £0.3 mm of cover glass.

The focal power fraction F of the half ball lenses are low (0.27 to 0.45). This
means that only a 27% to 45% of the light going through the lens ends up in
the focus. This is still better than we expected when we looked at the shape of
the lens. The z waist of the piezo written 40 ym diameter lens differs from the
others (the z waist lies more than 1 standard deviation away from the values
of the other samples). The focal power fraction of the piezo written 100 ym di-
ameter lens also differs from the others. While it is likely that these are outliers,
further research into micro-lenses is needed to establish why these values differ.

We can calculate the intensity amplification of a diffraction limited beam for
the half ball lenses as:

D \? D \?
Qmax — Tjdeal, Gauss (2_’600> ~ 0.865 (0.60 ],tm) (6-2)

For a 40 um diameter half ball lens this is 3.84 -10° and for a 100 ym diameter
half ball lens this is 2.40 -10%.

We also note that the beam waist and transmissivity of the 40 ym diameter
lenses is significantly lower than that of the 100 ym diameter lenses. From this
we learn that the smaller lenses perform less optimal than the larger lenses.

The difference in intensity amplification between the 40 ym and 100 ym di-
ameter lenses can be attributed to the size of the lens. A larger lens captures
more power and can thus focus more power in the same area.

What is really surprising is the large difference in transmissivity between
the 40 ym and 100 ym diameter lenses. An explanation could be related to the
vertical step size, because it is the same for all lenses the total number of steps is
much larger for the 100 ym diameter lenses. We will try to explore this further
by printing lenses using a smaller step size (see section 6.2).

We found the diffraction limited beam waist of 0.30 ym, so the measured
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6.1 Half Ball lenses 61
Type (um) | Apparent NA | beam waist (ym) | z waist (ym)
Galvo 40 0.35 £ 0.07 0.66 £ 0.05 9.0+ 2.5
Piezo 40 0.38 £+ 0.07 0.67 £ 0.05 146 +£2.5
Galvo 100 | 0.45 £ 0.07 0.80 £ 0.05 112 +25
Piezo 100 0.40 £+ 0.07 0.76 £ 0.05 11.7 £ 2.5
Type (um) F Q) T S
Galvo40 |032+0.05| 67+£5 |0.20£0.01 | 0.017 £ 0.001
Piezo 40 027 £004| 56+5 |0.16£0.01 | 0.015, £ 0.001
Galvo 100 | 0.32 +0.05 | 230 £+ 20 | 0.77 £ 0.01 | 0.010, 4= 0.001
Piezo 100 | 0.45 4+ 0.05 | 360 £ 30 | 0.73 £ 0.01 | 0.015, 4= 0.001

Table 6.1: The characterisation values for the 4 half ball lenses. Type represents the
writing mode and the diameter (in um) of the lens.

average beam waist of 0.7 (£ 0.1) ym differs by 133%. Quite a bit worse than
the near perfect lenses, but still at twice the diffraction limited beam waist.

The Strehl ratio for all lenses is really low, which is exactly what we expect
for these lenses. The Strehl ratio tells us that these lenses are far from perfect.
The Strehl ratio of the lenses is approximately the same (except for the galvo
written 100 ym diameter lens).

The intensity amplification of all lenses is higher than 1, meaning that they
all improve the intensity in the focus. The highest amplification of the half ball
lenses we have created is 360 =+ 30.

The half ball lenses we created are shaped like a staircase and scatter hard at
the edges and the beam waist of the focus they create is two times larger than
the diffraction limited case. Yet every lens created a focus which had a smaller
focus and a higher average intensity than the beam used to illuminate them.
We find that when we illuminate a 3d printed half ball micro-lens with a weak
focus, the lens will create a smaller focus with a higher average intensity than
the beam used to illuminate it.

This means that these lenses can be used as solid immersion lenses.
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62 Characterisation of 3d printed micro-lenses

Figure 6.1: An optical image of a 3d printed half ball lens with diameter 100 ym. This
lens is written in piezo mode. The intensity of the input beam is Iy = 529.247 counts/s.
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Figure 6.2: A logarithmic false-colour plot of the intensity I(x,y) measured in the Back
Focal Plane of the Nikon 100X lens. The upper image shows the Back Focal plane with
a 3d printed half ball lens with diameter 40 um in the path of the light. The lower image
shows the Back Focal Plane without the lens. The x and y axis are in units of pixels.
These images are used to find the transmissivity.
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Figure 6.3: A logarithmic false-colour plot of the intensity 1(p,z) measured behind a
3d printed half ball lens with diameter 100 um. This lens is written in piezo mode.
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Figure 6.4: A logarithmic false-colour plot of the intensity I(p,z) measured behind a
3d printed half ball lens with diameter 40 ym. This lens is written in piezo mode.
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Figure 6.5: A logarithmic false-colour plot of the intensity I(p,z) measured behind a
3d printed half ball lens with diameter 100 um. This lens is written in galvo mode.
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Figure 6.6: A logarithmic false-colour plot of the intensity I(p,z) measured behind a
3d printed half ball lens with diameter 40 ym. This lens is written in galvo mode.
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66 Characterisation of 3d printed micro-lenses

6.2 Thin lenses

We also created two bi-convex thin lenses with diameter 40 ym (in galvo and
piezo mode resp.) and radius of curvature 44 ym; and 2 thin lenses with di-
ameter 100 ym (also in galvo an piezo resp.) and radius of curvature 110 ym
(see figure 4.2 for the design). Upon optical inspection of the piezo written 100
pm thin lens it showed that the print had failed (we saw a lot of connected
strands of material). We hypothesise that this is because the writing time is too
slow, which causes the bottom layers of the thin lens to drift before they are
connected to the pillars. Because of this reason the 100 ym lenses were both
excluded from the analysis.

The thin lenses are first optically inspected for faults (see figure 6.7), in this
case the lens itself is free from any important obvious faults (the staircase like
shape, also seen in the half ball lenses, is visible; and the missing of a single
supporting pillar on the upper left side, which should not impact the lens).

Looking at the I(p, z) plot of the piezo written thin lens (figure 6.8) we recog-
nise the spherical aberration introduced by the fused silica plate. We observe
that on the upper left side of the I(p, z) plot there is a structure that resembles
the opening angle, which seems to be equal to the opening angle on the right
side. The apparent NA we get from these structures (both on the left and right)
is 0.37 (£ 0.05). The opening angle of the diffraction limited system is 0.5 (the
diameter and focal distance are equal). This is equal to an NA of 0.45 and a
diffraction limited waist of w = A/7NA = 0.37 ym. The calculated diffraction
limited intensity amplification is then 2.95 -10°.

We compare figures 6.8 and 6.3 to figure 6.9. The lack of clear structure is the
first thing we notice and we have difficulty determining the NA from figure 6.9.
This lack of structure is captured by the focal power fraction which shows that
a lot of the power lies outside of the focus (more than 80%). The high z waist
also tells us that the on axis intensity distribution has become wider.

Even though figure 6.9 looks bad, there is still a “focus” with an increased
intensity.

What is interesting is that both lenses still create a spot with a higher in-
tensity and so we can still find the waist, focal power fraction and intensity
amplification. The transmissivity can always be found. The parameters are
summarised in table 6.2.

From this table one thing should be extracted: the lenses do focus the in-
coming light. The galvo lens (which we classify as bad) still manages to create
a "focus” where the intensity is 21 times higher than the intensity of the beam
that illuminates the lens.
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67

The Strehl ratio of the piezo thin lens is better than that of every half ball
lens. This is what we expected, because a perfect thin lens does not introduce
spherical aberrations, while a perfect half ball lens does. The galvo lens has a
lower Strehl ratio, comparible to the half ball lenses. The Stehl ratio is still low,
which we can attribute to the low focal power fraction F, low transmissivity T

and high beam waist wy.

The transmissivity is comparable to the half ball lenses of the same size, but
the number of steps should be roughly twice as large (front and back of the thin
lens). We will return to this in section 6.2.

Type | Apparent NA | beam waist (ym) | z waist (ym)
Galvo - 0.94 £+ 0.05 17.8 £2.5
Piezo | 0.37 £0.05 0.90 £ 0.05 73+£25
Type F @) T S
Galvo | 0.18 £0.03 | 21 £3 | 0.15 £ 0.01 | 0.007, £ 0.001
Piezo | 0.41 £0.02 | 78 10 | 0.15 £ 0.01 | 0.026, £ 0.003

Table 6.2: The characterisation values for the 2 thin lenses. Type represents the writing

mode of the lens.

Figure 6.7: An optical image of a 3d printed thin lens with diameter 40 um. This lens
is written in galvo mode. Note: one of the pillars is missing, this should not influence

the working of the lens.
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p (um)
Counts/s

2 (um)

Figure 6.8: A p — z plot of a 3d printed thin lens with focal length and Diameter 40
um. This lens is written in piezo mode.
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Focus of a 3d printed thin lens f=40 um

£ (um)

F 103

Counts/s

102

z (pm)

Figure 6.9: A p — z plot of a 3d printed thin lens with focal length 40 ym. This lens is
written in galvo mode.
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70 Characterisation of 3d printed micro-lenses

Smaller step size

Four lenses were printed using a 100 nm vertical step size (instead of 500 nm)
using piezo writing. The exposure time that the Nanoscribe PPTG used per
Voxel has not been changed. Two of these lenses were half ball lenses, the other
two were thin lenses. Three of the four lenses showed defects (dark bubbles)
under optical inspection, the last lens (a thin lens) did not. We are interested in
the performance of a failed lens, and so we analysed one of the failed half ball
lenses. The rest of the lenses have not been further analysed.

What is surprising is that a failed lens still produces a reasonable focus (fig-
ure 6.11). It is also surprising that the amount of negative spherical aberration
has increased, now comparable to 0.8 mm cover glass.

From figure 6.11 we can estimate the apparent NA on the positive side (the
bulls-eye) to be 0.32 (£ 0.05). This is comparable to the apparent NA found for
the 40 ym diameter half ball lenses we analysed earlier (see table 6.1).

We estimate the waist to be 0.59 (£ 0.05) ym. The waist has decreased, indi-
cating that the lens is closer to the diffraction limit.

The z waist is measured to be 10.6 (£ 2.5) yum and the focal power fraction
F is 0.30 + 0.09 which is the same as we measured for the 40 ym diameter half
ball lenses we analysed earlier.

The intensity amplification is 29 & 3, quite a bit lower and the transmissivity
is 0.20 £ 0.01 which is the same as measured before.

It is really surprising that this lens, which showed obvious defects under
optical inspection, works almost as good as the lenses we printed before.

What one should take away from this experiment is that a vertical step size
of 100 nm leads to a large number of defective products and that micro lenses
with optical defects still work surprisingly well.

The physical limit in vertical step size that the Nanoscribe PPTG can use is
probably near this 100 nm. A follow up research could focus on the following
three topics: (i) finding this physical limit; (ii) the effect of changing the expo-
sure time that the Nanoscribe PPTG uses to write its Voxels; (iii) finding the
reason why lenses with obvious failures still focus reasonably well.
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6.2 Thin lenses 71

Figure 6.10: Optical image of a failed half ball lens, written using a 100 nm vertical
step size and in piezo. Note the defects just below and to the right of the centre of the
lens (hardly visible in the figure, better visible in pdf).
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p (um)
T
H
<
Counts/s

z (um)

Figure 6.11: Focus of a failed half ball lens, written using a 100 nm vertical step size
and in piezo.

72

Version of June 18, 2019- Created June 18, 2019 - 14:17



6.2 Thin lenses 73

Determining the focal length of the 3d printed lenses.

For on unaberrated system we would estimate the focal length of the system
observed in air to be f ~ D/2NA. The half ball lenses discussed in section 6.1
have an apparent NA that ranges between 0.35 and 0.45. If we take the NA of a
half-ball lens to be 0.4 (£ 0.1) we find that the focal length of the 40 ym diameter
lenses is 50 ym and the focal length of the 100 ym lenses is 125 ym. We know
that the designed focal length is f = Rn/(n — 1), which would correspond to
an observed f = R/(n — 1) in air. This is 36 ym for the 40 ym diameter lenses
and 91 um for the 100 ym diameter lenses. This is a difference between the
estimated and designed focal length is 4 and 36 ym respectively.

The thin lens written in piezo mode in section 6.2 has an apparent NA of
0.37, if we would estimate its focal length we would get 68 ym. The designed
focal length is 50 ym and so the difference between the estimated and designed
focal length is 16 ym.

Our estimations of the focal lengths based on the NA are larger than the
designed focal lengths. We can attribute this to the fact that spherical aberration
changes the NA we measure in an I(p,z) plot. We see that the focal lengths
deviate by 4 ym for the half ball lenses with diameter 40 ym; 36 ym for the half
ball lens with diameter 100 ym; and 16 ym for the thin piezo lens.

We had designed two more 100 ym diameter half ball lenses which have
the following properties: the height of the lens was equal to the focal distance
(like the thin lenses). We found the position of the focus (along the direction
of propagation) of such a lens and compared this with the position of the focus
of a normal half ball lens with diameter 100 ym that was printed on the same
substrate (we changed the position of the substrate using a scanning table which
means that deviations in focal position are due to the fact that the focal length
is shorter).

The position of the focus was determined for the “long” and ”short” 100
pm diameter lenses in both piezo mode and galvo mode. In piezo mode the
difference between the focal lengths was 50 (£ 5) ym and in galvo it was 55 (£
5) ym.

The difference in designed height between the “long” and ”short” lenses was
81 um. The focus distance is longer inside the lens and so we expect a difference
of Az = Ah/n = 52.3. This is exactly what we measured. These measurements
do support the statement that the 2 “long” lenses have the same change in their
focus position with respect to the 2 “short” lenses. This means that the half ball
lenses have a predictable focal length, so even if the focal length does not match
the designed focal length, the difference between the two is constant.

The measurements do not support any definitive statement to whether the
designed focal length and the actual focal length match. Researching the actual
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focal length could be done if one can identify the surface of the fused silica. We
were sadly not able to do this, but further research could prove fruitful.

We can also find the Rayleigh range using the z waist zg = z/Ve? — 1 =
0.40 - z. The z waists of the 3d printed lenses all lie around 11 ym (the galvo thin
lens excluded) giving a Rayleigh range of 4.4 ym. A Gaussian beam with this
Rayleigh range has a beam waist of 0.85 ym (the waists of the micro-lenses are
off by 10 to 20%). The Rayleigh range has a reasonable value given the beam
waists that we measured. This also means that the z waist is indeed a reasonable
parameter to estimate the Rayleigh range.

We made an attempt to verify if the actual focal length of the micro lenses
was equal to the designed focal length. We measured that the focus position
changes as expected when the height of the lens changes. From this we learn
that the focal length behaves predictable. This means a large batch of lenses
with the same design will have a focus length that is equal. We have not de-
termined if the focal length is actually equal to the design and more research is
needed to determine this.

6.3 Discussion

The analysation of the half ball and thin lenses lead to a number of surprising
results. First and foremost the lenses, even though they are bad, still create
a focus. The highest intensity amplification we measured is 360. The lowest
intensity amplification we measured is 21, indicating that every single lens that
we analysed increased the intensity in the focus.

We found that the 3d printed lenses have a beam waist that is close to diffrac-
tion limited. The smallest beam waist we measured was 0.66 ym (for a half ball
lens), 2.2 times larger than the diffraction limited waist (0.30 ym). The largest
beam waist was 0.9 ym (for a thin lens), 2.5 times larger than the diffraction lim-
ited waist (0.37 ym). In the discussion in section 5.4 we saw that the waist for
an aberrated system is larger (we measured up to 2.1 times as large). Compar-
ing these numbers we can conclude that the lenses, in the absence of spherical
aberration, would have beam waists that are close to the diffraction limit.

A lens that showed obvious defects under optical inspection still functioned
as a surprisingly good lens, increasing the intensity 29 times.

We were unable to definitively determine whether the designed focal length
and the actual focal length of the micro lenses match. We observed increasing
the height of a half ball lens has a predictable change in the position of the focus.

We only observed a small sample of lenses, further research should analyse
the behaviour of large number of 3d printed lenses.
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Chapter

Conclusions and recommendations

Let us first look at the two questions that we posed at the beginning of this
thesis:

1. Is it possible to design and print micro-lenses that behave predictably?
2. What are the limits, in quality, quantity and size that can be achieved?

To the first question we have a partial answer:

Yes, it is possible to print micro-lenses that create a focus. When one com-
pares two lenses with the same designed focal length, the lenses will have the
same actual focal length. The fact that different lenses with the same design
have the same focal length makes the lens predictable. We expect that the ac-
tual focal length and the designed focal length match, but further research is
needed to investigate this. We also observed that lenses with the same design
have the same waist and transmission. We also saw that lenses written galvo
and piezo are not identical, but both are of roughly equal quality.

We explored the second question less, but we did find a number of surpris-
ing results from discussion in section 6.3:

(i) The waist of the focus of the various 3d printed micro-lenses is only two
times larger than the diffraction limited waist and in the absence of spherical
aberration the beam waists are expected to be close to the diffraction limit. (ii)
The micro-lenses do not have a smooth surface, the vertical step size and Voxel
size are of order of A. Yet these lenses have waists that are near diffraction lim-
ited. It would be interesting to research lenses whose shape is even less perfect.
For now we conclude that the lenses work closer to the diffraction limit than we
would expect.
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The limit to the vertical step size, without changing the exposure time per
Voxel, is expected to be near 100 nm. This would mean that vertical changes on
the lenses can’t be smaller than 100 nm which imposes a limit to the quality of
the object. The vertical step size must be smaller or equal to 100 nm (~ A /27) to
produce optical components of sufficient high quality. A possibility to achieve
a smaller step size would be changing the exposure time. Finding the optimal
exposure time is a research of itself and could be done in the future.

No discretisation was noticed in the horizontal directions (see 6.1 and 6.7).

This means that for micro-lenses the vertical step size is the important limita-
tion to the quality. The quantity of the lenses that can be produced depends on
the writing time. As noted in chapter 6 the writing time of galvo is roughly 100
times shorter (this is also what the manufacturer specifies [9]). Still it took 40
minutes to write 5 lenses in the galvo modus.
This writing time should be less than the writing time for 5 cylinders with
matching diameters and height. The total volume of these cylinders is 0.1 mm?
which would give an approximate upper estimate on the writing speeds. These
are 0.2 mm?/h for galvo and 0.04 mm?/day for piezo.

The answers to the second question are: The minimum vertical step size,
without changing the exposure time per Voxel, is around 100 nm, which di-
rectly limits the quality and minimal size that can be achieved. We also have an
upper estimate on the writing speeds (0.2 mm?/h for galvo and 0.04 mm?/day
for piezo) which limit the quantity that can be achieved.

In this thesis we explored a method of characterising lenses and showed the
problems that arise due to spherical aberration, which include the changing of
the measured (apparent) NA. This change causes the measuring of small focal
lengths to be difficult. The fact that the apparent NA depends on the amount of
spherical aberration surprised us. We also observed that systems with high NA
suffer more from spherical aberrations. Future research can investigate whether
the apparent NA can be used to quantify the amount of spherical aberration
in the system. This can be done by measuring the apparent NA at increasing
amounts of spherical aberration.

It is possible to quantify the amount of spherical aberration using the pro-
cedure presented in 4.3. This can be used to simulate the effects of spherical
aberration on a system. Because the opening angle is one of the fit parameters,
it is possible to extract the actual NA from the fit. Comparing this with the ap-
parent NA would give an answer to the question above.

There are still some questions left open at the end of this thesis, I will men-
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tion two: (i) In what ways do the printed lens and the designed lens differ?
The discretisation was observed, but the focal length and NA could not be mea-
sured. One way to confirm the focal length would be to use a solid immersion
lens whose focal length is exactly known and compare the absolute z-position
of the solid immersion lens with a 3d printed lens.
(ii) What are the exact limits to the quality and quantity that could be achieved?

A follow up research could focus on the actual limits and explore possible meth-
ods of increasing these limits.

In short, we have found that micro-lenses created with the Nanoscribe Pho-
tonic Professional GT can be used to enhance the intensity by acting as solid
immersion lenses.

77

Version of June 18, 2019- Created June 18, 2019 - 14:17






Chapter 8

Appendix A: Guide to producing
micro-lenses using the Nanoscribe
Photonic Professional GT

In this chapter we will discuss how we designed our micro-lenses. We will do
this using an example: a half ball lens with diameter 100 ym whose focus lies at
its backside. We will print the lens using IP-Dip.

8.1 Designing a lens using Autodesk Inventor

The first step is designing the lens. We know that we want to design a half
ball lens. According to equation (4.1) we know that f ~ 5 R. IP-Dip has a
refractive index of 1.55 [12], so a half ball lens with diameter with 100 ym gives
a focal length of f = 140.9.

Because the half ball design is rotational symmetric, we begin with design-
ing a two-dimensional design (see figure 8.1). By revolving this design around
its axis we get the full three-dimensional design (see figure 8.2). The design is
exported as an .stl file. Make sure that the resolution of the .stl file is set to high
(under options during exportation).

More intricate designs are possible, but are more difficult to design. More
information on Autodesk inventor can be found online. Most technicians that
work with 3d-printers are proficient with a design software, so it is also possible
to work with them to create your design.
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Figure 8.1: The 2D design of the half ball lens with diameter 100 ym and its focus at
its back side.
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Figure 8.2: The 3D design of the half ball lens with diameter 100 yum and its focus at
its back side.
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8.2 Discretising the design using DeScribe 81

8.2 Discretising the design using DeScribe

The created .stl file can’t be printed directly. The design must first be discretised
using DeScribe [7] and a number of choices must be made during this process.

We begin with choosing what lens to use to write our structure. We have
chosen for the 63X lens, which is the best available to us.

We then choose whether to use an adaptive or fixed vertical slicing mode. The
adaptive mode changes the vertical step size depending on the angle of the
design. We have chosen for the fixed slicing mode, because we don’t know
how the adaptive mode changes between lenses. This would interfere with our
characterisation (because we would have allowed an unknown free parameter).
For a better slope evaluation it is advised to use the adaptive mode.

We can also choose the slicing distance, which sets the step size in the z direc-
tion. We will choose this to be 500 nm.

After you have chosen the lens and slicing mode, you get to choose how to
fill the object.

The choice is whether to use a solid structure or a sheet structure (mostly
empty). We have chosen to use the solid structure, because we think that a
sheet structure will not work. It might be interesting to see if a sheet lens would
work, but we expect that it won't.

The hashing distance is the horizontal distance between two Voxels. We used
the standard choice of 0.2 ym.

The contour count is the number of lines that follow the contour (instead of
straight lines). We have chosen not use contour lines.

The hatching angle rotates the writing lines of the next layer by an angle. We
chose the angle to be zero.

The base line count is the number of layers that are not rotated before the writ-
ing lines are rotated by the hatching angle. Because we chose the angle zero, this
doesn’t matter.

Finally we have to choose the output.

We begin with choosing in what mode the structure is written. We have cho-
sen both Piezo and Galvo, Piezo is said to be more accurate, so we will choose
piezo mode for this lens.

Hatch lines determines if every writing line, within a single layer, is written
in the same direction (from south to north) or in opposite direction (south to
north, then the next line from north to south, etc.). We chose to write all line in
the same direction (this allows for a slight cooling of the outer Voxels).

Array gives the option of printing the same object multiple times. We chose
not to do this.
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Splitting mode splits the object in multiple parts that are written one at a time.
This is important for large structures, but we don’t need this so we did not split
our structure.

We are now done, saving our choices creates the exposure job which tells the
Nanosribe PPTG what to do. For more information see the DeScribe manual [9].

8.3 Printing the lens

The final step is actually printing the lens. The last choice is what material to
use to print our structure on. We chose to use fused silica as this is the standard
choice. Because we were not personally involved in this step, we can’t give you
any information.

For many academics the discretising and printing steps are best done in collab-
oration with the technician that operates the machine.

82

Version of June 18, 2019- Created June 18, 2019 - 14:17



Chapter 9

Appendix B: Mathematical
derivations

9.1 Power within the focus of a Gaussian beam

Let us state that we have a Gaussian beam. The radial distribution of the electric
tield can be interpreted as:
2

E(r) = Ege 2 9.1)

where w is the distance from the focus such that the amplitude becomes Ey/e
Then the intensity distribution is simply:

_ 22

I(r) = Ipe «? (9.2)

The power within the focus is defined as the integral over the intensity where
I(r) > Ipe™2. So we can write:

o (27 I(r,0) rsin(0)drdo

Pr=" & o 9.3)
I 27 1(r,6) rsin(6)drde
So for an ideal Gaussian beam this gives:
o’ e dr
Pf, Gauss — = 5,2 (9.4)
Jo re” e dr
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Using equation (9.2) and I(rg) = Ipe=% we know that rg = w and so we can
write:
w 22
Jo re «? dr
Pf, Gauss — = 5,2 (95)
Jo v dr

with y = (r/w)? this can be written as:

1 —2y
e d 1
Pt Gauss = Joedy 5 ~ 0.86466471... 9.6)

Jo e dy

We can also use python to estimate this by calculating the distribution and find-
ing w numerically. This is done using the following four steps:
First, generate a linear set of points used as x values (we used 10 milion points
between 0 and 100). Second, calculate the distributions (Gauss y = e /2, Airy
y = 2J1(x)/x). Third, find where y is e =2 (xo). Fourth, sum over x - y from 0 to
xo and divide this by the total sum over x - y.

This gives us 0.86466458 . . ..

For an airy pattern this method gives: 0.77106516. . ..
From the comparison of the exact solution with the numerical solution we con-
clude that the power fraction within the focus of a Gaussian beam is roughly
86.466% and 77.107% for a beam with an airy pattern.

9.2 Electric Field equation for a spherically aberrated
focus

Here we will derive equation (3.2):
From Fourier analysis we know that:

E(7) = // E(K) e dkdk, 9.7)

Using the rotational symmetry around the z-axis we can also write this as E (k) =
E(0). One can argue that the polarisation scales as cos(0)E(6), but we essen-
tially neglect polarisation for now.

We can write k - 7 = kz cos() + ko sin(6) cos(¢) and the definition for the zeroth
order Bessel function of the first kind:

T 27 .
Jo(x) = % /nelxsm(f) dt = %/0 g—ixcos(T) g (9.8)
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9.3 Focal length of a half ball lens 85

Combining these together we get:
E(F) = E(p,z) = 2m / E(0)]o(ksin(0)p) sin(8)e* <50z 4p (9.9)

If we consider an objective with an NA we understand that there is a limit to
the integral, and we only integrate to Omax. If we use Gaussian illumination
it is obvious that E(6) ~ exp(—60%/62_ ). Spherical aberration is a defect in

Gauss

the phase front, which goes as 6%, so Arg(E(6)) = Fr(6*/ 9§phere) depending
in positive or negative spherical aberration. Combining all of this gives us the

following integral:

emax

E(p,z) = 27 / E(0) Jo(ksin(6)p) sin(6)e<os()7 g 9.10)

0
2 4
o B 929 T : . .
with E(6) = Ege Guss  “shee Now we can absorb the 27t into the Ey, reintro-
duce the polarisation, and write g = sin(6)

Jmax _

E(p,z) = /0 E(9)Jo(kqp)qe™ V10" dp (9.11)

2 4
Fr—2

4
Isphere tinally

__1

~ 2
We use the approximation that we can write E(q) = Ege "Gauss
giving us:

2 4
qmax N < ZUSS ) _i <:t7-[ S qere _kZ 1_q2>
E(o,z) = EO/O qlo(kgp)e ' (qph ) dg  (9.12)

9.3 Focal length of a half ball lens

A half ball Lens with radius R, refractive index nye,g surrounded by a medium
with refractive index 7edium 1S illuminated by a parallel beam. Snell’s law
states that:

The angle of a light ray with respect to the normal of the lens 6,,c4ium is equal to
the angle between the direction of the parallel beam and the radius to a on the

surface at height r .

) r
sin(Omedium) = R (9.13)

Using figure 9.1 and the sine rule we get the following relation:

. - (9.14)
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with x equal to f(r) — R and s the path of the light through the lens to the focus,
which is equal to: s = /r2+ (f(r) — 6)2. f(r) is the focal distance (taken from
the front of the lens to where the light crosses the optical axis). We also know
that sin(7r — 0) = sin(6) and so we get:

§8iN(Bjens) = X SIN(Omedium) = X7 Sin(BOjens) (9.15)

where we used Snell’s law (sin (O medium) = 7 SIN(Olens ), # = Mlens/ medium)- This
gives:

s = xn (9.16)
24 () — 67 = r2(f(r) ~ RY ©17)

using that (R — §)? +1?> = R> = § = R — v/R2 — 12 we can solve for f(r):

n?(f(r) = R)? =1+ (f(r) = R+ V/R2 — r2)? (9.18)
After some calculus it becomes obvious that:
RZ _ 42 n2R2 _ 42
The positive branch must yields the correct results in the limit of » — 0 so:
RZ _ 2 n2R2 _ 42
f(r) =R+ —53—— (1 R (e ) (9.20)

For small radii we can taylor expand this into:
n 1 /r\2
f(r)_n_1R(1—2—nz(E) +) (9.21)

9.4 Focal distance change introduced by a parallel
plate

A light ray at a distance r from the optical axis enters a parallel plate at an angle
6. If we call the thickness of the plate d, the original focal distance from the front
of the plate a, the new focal distance from the back of the plate c and the height
at which the ray leaves the plate r — b we see the following relation a + Af =
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9.4 Focal distance change introduced by a parallel plate 87

¢ + d. There is also the following relations tan(6) = r/a, tan(0) = (r —b)/c and
tan(6,) = b/d. This gives:

B B r—b ro tan(6,)
Af=e—(a—d)=d+ tan(f) tan(f) a <1 tan(6) ) ©-22)
Snell’s law says that sin(f) = nsin(6,) so we can write:
B cos(0)
Af =d <1 m) (9.23)

Using the relation that cos(arcsin(x)) = v/1 — x? we get that

Af=d|1- cos(6) : (9.24)
in(0
ny/1— (—s n( ))
Af=d|1- cos(6) (9.25)
n2 — sin?(6)
In the limit of 6 = 0 we can taylor expand this to:
o n—1 n+1,
Af ~d ” <1-|— 2n29+...> (9.26)
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Bmedium

Figure 9.1: A light ray at a distance r of the optical axis going through a half ball lens.
The figure also shows a number of used variables.
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Figure 9.2: A light ray hitting the parallel plate at an angle 6.
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