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Abstract

This work documents the computer-aided design and ex-
perimental performance test of a microscope objective
to image ultracold quantum gases. It also highlights an
alternative approach to measure the wavefront error of
optical systems, one which has received little attention in
this particular field. The objective is with one exception
made from off-the-shelve lenses and reaches a formidable
resolution close to 1.6 microns and a diffraction limited
field of view of 100 microns while also showing axial
and lateral achromatic performance for two wavelengths
671 nm and 766 nm. Our goal is to improve an existing
imaging system in an experiment investigating ultracold
quantum gas mixtures of Lithium and Potassium.






1 Introduction

The development of optical instruments to magnify distant or small objects has rapidly
improved the understanding of processes which could not be seen by the eye itself. The
microscope, which was an improvement from the magnifying glass, was in particular
helpful across many fields of sciences to enhance our ability to investigate the micro-
scopic world. Robert Hooke was probably the most important contributor in developing
a compound microscope in the 17th century similar to the ones used nowadays, with an
objective and an eye piece [1]. Over centuries of development and exploration beyond
optical microscopy, there are currently three main techniques that have further subdivi-
sions: optical-, scanning probe- and electron microscopy. In optical microscopy visible
light is used to image an object either by transmitting light through the sample or re-
flecting light off the sample. This method has a wide spread use in biology, medicine and
physics to probe tissues or gases. Scanning probe microscopy is a technique that creates
an image of a surface by scanning an area of interest with a sub millimeter sized probe.
It is mostly used to manipulate surfaces on a nano scale, leading to nanolitography. In
electron microscopy, electron beams are used to image an object of interest. This works
quite similar to optical microscopy and has in principle a very significant advantage.
One of the limiting factors on the resolution of an imaging system is the wavelength
of the light or electrons respectively. While the visible regime is between roughly 400
and 700 nm, electrons can achieve shorter wavelengths at high velocities due to special
relativity which leads to a higher resolution. It is however technically more difficult and
more expensive to implement, hence optical microscopes are preferred if the resolution
is sufficient. In the field of cold atoms, most laboratories use optical microscopes to
investigate the properties of an atom cloud with the help of an imaging beam resonant
to the atoms.

1.1 Imaging in quantum gas experiments

In quantum gas microscopy, both optical and electron microscopy have found appli-
cations. For optical microscopy, there are two different ways to image a quantum gas,
namely absorption and fluorescence imaging. In absorption imaging, the intensity distri-
bution of a light beam passing through the cloud of atoms is recorded on a detector and
compared with the intensity without atoms in its path. In fluorescence imaging, the gas
gets excited and fluorescence photons are collected. Fluorescence imaging is in general
the preferred method for single-atom sensitivity in a lattice due to its higher signal-to-
noise ratio. Absorption imaging is better suited for getting information about the whole
cloud. Furthermore, one can distinguish between imaging a trapped, tightly confined



gas, commonly known as in situ imaging and time-of-flight (TOF) imaging, where the
gas gets released from the trap and expands in free space. These two methods allow
studying different properties, as in situ is primarily used to get real space information
such as the atomic density, density fluctuations and correlation functions, which need
a higher resolution because of the high sample density compared to the TOF method.
TOF imaging reveals the momentum distribution of the gas if the expansion is ballistic
and is in general easier to realize than in situ imaging [2], from a technical point of view.

As an example for imaging in the field of cold atoms, a remarkable observation was
made more than two decades ago as the first Bose-Einstein-condensate (BEC) [3], shown
in Figure 1.1, was experimentally realized and eventually imaged with time-of-flight
absorption imaging. While the imaging part itself or the method used didn’t play a role
in creating the BEC, the images eventually hold all the information which are crucial for
investigating its properties. The images show an area, or field of view, of 200x270 pm
hence a magnifying imaging system is imperative to obtain information.

Figure 1.1: A false colour image of the velocity distribution of a Rubidium-87 cloud. The
images from left to right show the formation of a BEC after several cooling stages in the center
of the cloud. Image taken from [3].

1.2 High resolution imaging

In quantum gas microscopy, one of the technical problems to achieve high resolution is
the accessibility of the sample. The ultrahigh vacuum chambers in quantum gas ex-
periments typically feature thick glass walls in the order of several millimeters, limiting
optical access for imaging system. This results in lower numerical aperture (NA) values,
which directly affects the resolution limit, of the imaging system compared to other ap-
plications where no vacuum chambers are required. Workarounds to these problems have
already been developed, such as placing optical elements inside the vacuum chamber or
using solid immersion oils to increase the NA. Increasing the NA also means that the
imaging depth of focus decreases.



In high NA systems ( 0.8), that depth is usually no more than a few micrometers. To
achieve sharp images of a gas cloud, the samples depth along the optical axis should not
exceed the imaging depth of focus, which is usually done by creating quasi 2D samples.
These are experimentally realized by confining a sample of trapped atoms stronger along
the optical axis than in the plane perpendicular to it. Such shallow samples can be
created in various ways, for example with adding a 1D lattice as shown in Figure 1.2.

|| Objective

Trapping —
beams Lattice

’-

Imaging laser

Figure 1.2: Schematic setup for preparing a 2D sample as its done by the Chin group in
Chicago [2]. A trapped sample of atoms (red dot in the center) gets strong confinement in
imaging direction from two lattice beams approaching from a small angle with respect to the
trapping beams plane. The imaging beam, approaching from below, can then be used for
absorption imaging. Image adapted from [2].

In high resolution absorption imaging, the imaging beam typically requires to be a
short pulse of a few micro seconds with an intensity satisfying I > I, where I, is
the saturation intensity. This is necessary because the shallow depth of focus doesn’t
provide much room for atom displacement before getting kicked out the focus and the
high intensity reduces effects from the scattered radiation fields on an atom imposed by
other atoms. The atomic density can eventually be derived by a modified Lambert-Beer
law for this 2D geometry [4]

lo IO_It) (1.1)
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where o is the radiative cross section of an atom, [y the intensity of the incident imaging
beam and I; the intensity after passing the sample. This formula can be used to convert
intensity images to atomic density profiles, as shown in Figure 1.3 which can subsequently
be used to derive quantities like equations of state, local density fluctuations, the density-
density correlation function and the static structure factor [2] [4].
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Figure 1.3: Absorption images of a 2D atomic sample. Images a) and b) differ mainly by the
imaging beam strength I/Iy = 40 for a) and I/Iy = 0.5 for b). The radial density profile is
shown in ¢), where the hollow circles refer to a) and the filled circles to b). Image taken from

[4].

1.3 Quantum gas microscopes

The term quantum gas microscope refers to microscopes that feature up to single atom
sensitivity by utilizing fluorescence instead of absorption imaging. They are mainly used
to study condensed matter models, using quantum gases trapped in optical lattices [5].
The samples are typically created by preparing a 2D sample as discussed in the previous
section and then loading the atoms in a 3D lattice. When the imaging resolution is
smaller than the lattice constant, it is possible to identify single lattice sites in a single
lattice plane [6]. A list of quantum gas microscopes known to the author is given in
table 1.1.

Table 1.1: List of quantum gas microscopes around the world. The resolution is the given by
the experimentally measured FWHM of point sources. The Erbium experiment in Harvard is
in the planning phase to date.

Laboratory Species Resolution in nm Reference

Harvard 5"Rb 600 7]
Harvard °Li 520 8]
Harvard Er - -

Strathclyde 10K 580 9]
MIT K 640 [10]
Toronto K 600 [11]
MPQ o 900 12]
MPQ STRb 700 13]
Kyoto YD 310 [14]
Tokyo YD 320 [15]

The single-site resolution features a way to study quantum correlation at the smallest
possible scale. Bosonic quantum gases for example were used in quantum gas microscopy
to study phase transitions from superfluid to the Mott insulating regime [16]. Shown in
Figure 1.4, in situ fluorescence images are taken to determine the exact site occupation
in the lattice. The known lattice geometry and the fluorescence signal of the atoms
from in situ images are then used in an algorithm to precisely determine which spots are



occupied. Further evaluation of the data concludes a probability of 94.9(7)% to spot an
atom per site at 16F,. Having such precise determination of the occupation numbers
allows a reliable experimental study of thermometry in the Mott state.
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Figure 1.4: Single-site fluorescence imaging of a quantum gas transitioning from the superfluid
regime A to a Mott insulator D, varying with lattice depth E,.. The top row shows the actual
in situ images while in the middle row an algorithm is used to determine which individual
lattice sites are occupied by an atom and which are empty. The lattice constant is 680 nm.
Image taken from [16].

Further study in this field include phase transitions from a paramagnet to an anti-
ferromagnet [17], strongly correlated dynamics in optical lattices [18] and string order
in low-dimensional Mott insulators [19]. In fermionic systems, measurements so far in-
cluded spin correlation functions [20] and in situ temperature and entropy measurements

[13].

1.4 OQOutline of the thesis

This work documents the design and experimental testing of a microscope objective for
imaging ultracold quantum gases. Its goal is to upgrade the current imaging system in
the Fermionic Lithium (and Bosonic) Potassium experiment, or FeLi(Bo)Kx, in one of
our labs. The experiment is set to investigate properties of quantum gas mixtures, Fermi-
Fermi or Bose-Fermi gases, and was successful in creating one of the first heteronuclear
Fermi-Fermi mixtures [21]. Over the past decade since its construction, imaging was
done by a x4 magnification lens system, which was sufficient for its studies. In a recent
publication about probing the interface of a phase-separated Bose-Fermi mixture, it is
shown that the resolution of the current imaging system might soon reach its limit for
further investigating the interplay between bosons and fermions in such mixtures. As
shown in Figure 1.5, a small BEC of #'K atoms is submerged in a Fermi sea of 5Li atoms.
Given the detector pixel size of 6.8 pm, the BEC in this cloud is roughly two pixels wide.
This makes for example the investigation of the spatial overlap between both regions,
which is even smaller, nearly impossible as much of vital information would be hiding in
a single pixel.
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Figure 1.5: a) Density profiles from left to right at increasingly repulsive interaction between
both species. Eventually at stage III the components are phase separated. b) Left: Exper-
imentally measured density for a slice of the Fermi sea. Right: The inverse Abel transform
reveals the real radial density profile for the gas cloud. Image taken from [22].

The example given in Figure 1.5 is just one of the reasons to upgrade the current
imaging system. Throughout this work, the reader is introduced to principles of optical
systems and wave optics of image formation in chapter 2. Classical aberrations and
their description in terms of wavefront errors are discussed in section 2.5. A method for
optical phase retrieval by nonlinear optimization, first introduced by James R. Fienup
and Gregory R. Brady in [23], was applied to quantify the objective’s performance. The
code for such an algorithm was written by Mirsolaw Marszalek [24] and was used with
little modification as the author proposed it. The phase retrieval algorithm is described
in 2.7. Chapter 3 and 4 describe the design process of the objective and the experimental
testing of its performance. In section 4.4 the experimental values are compared to the
predicted ones by the design simulation. Eventually a summary and outlook is given in
chapter 5.



2 Optical systems and their properties

This chapter lays the groundwork to understand the imaging process in terms of wave
optics. The concept of stops and pupils in optical systems is introduced and then the
reader is guided through the image formation theory described by wave optics. Aberra-
tions are presented in their classical appearance and then described in terms of wavefront
aberrations. Furthermore, the problem of retrieving an unknown phase from intensity
measurements is discussed and it is shown how solving this particular problem helps
to analyze the performance of an imaging system. At the end, some quality evaluation
techniques are discussed.

2.1 Aperture stop and numerical aperture

Optical systems can only collect a limited amount of light depending on the diameter of
the optical elements. The amount of light accepted can further be adjusted by adding
an aperture stop. The aperture stop is typically an iris diaphragm and it plays an major
role in optical systems, as it allows control of illumination and spherical aberrations. An
illustration of the aperture stop in an optical system is shown in Figure 2.1.

Aperture
stop

Figure 2.1: A point source is placed along the optical axis of a setup consisting of an aperture
stop followed by a lens. The aperture stop is limiting the amount of light that is accepted into
the following optical system. From the maximum angle of a light ray that passes through the
stop, the numerical aperture N A is defined.

Such an aperture stop can be placed before, after or embedded within an optical sys-
tem depending on the design. If no separate stop is present, then the amount of light
accepted by a system is simply limited by the lens diameters. Therefore, the aperture
stop can be defined precisely as the aperture that physically limits the accepted angle
of incident rays the most [25].



Consider a point source along the optical axis illuminating light isotropically, then
one can define a mathematical quantity derived from the angle subtended from the

point source to the rim of the physical aperture stop 6, known as the numerical aperture
NA

NA =n-sin(0). (2.1)

In this definition, n is the refractive index of the medium between the point source
and the optical system. This means that the numerical aperture is conserved if rays
go through flat refractive interfaces, as in Snell’s law. This becomes important when
imaging through materials with n#1, like glass or solid immersion oils. The numerical
aperture can be defined on both sides of the system, with respect to the object and the
image plane. For an optical system with some magnification M, the numerical aperture
in object space N A, and image space N A; uphold the relation

NA; = |M|NA,. (2.2)

2.2 Entrance and exit pupil

The concept of entrance and exit pupils is particularly helpful for describing more com-
plex optical systems. They are defined as the images of the aperture stop depending on
from which side one looks through the system. For example in Figure 2.1, there are no
imaging elements between stop and object plane, which means that the stop is also the
entrance pupil. The same concept applies for a stop after a lens, where the exit pupil
would coincide with the physical stop, when observed from the image plane. However, it
gets more challenging in a system with multiple lenses when the stop is embedded inside
the optical apparatus. Such a case is considered with two lenses in Figure 2.2.

ExP

|
|
~._ L, EnP

Figure 2.2: An optical system with two lenses at L; and Lo and a physical aperture stop (AS)
inbetween. The entrance (EnP) and exit (ExP) pupil are images of the stop with respect to
the observation point Py or Py’. Image taken from [26]



When looking from the object side Py, one would not see the aperture itself but the
image of the stop through the elements between observer and the physical stop. The
same applies to the exit pupil, when the observer is located at Py’ then the exit pupil is
the image of the stop imaged through the elements between stop and image plane. As
shown in Figure 2.2, when a point source illuminates light isotropically, the maximum
angle where light rays are still accepted by the aperture stop are called marginal rays.
The numerical aperture is defined with respect to these rays. A hypothetical extension
of these rays through the first lens, indicated by dashed lines, leads to the entrance pupil.
The exit pupil is found the same way from the image points perspective. The exit pupil
has an important meaning in image processing, because as it will be seen later diffraction
formulas will be used with respect to the exit pupil and also the resolution limit is tied
to the exit pupil radius [25] [26].

2.3 Diffraction theory

In this section the Fresnel- and Fraunhofer approximations are derived from the Huygens-
Fresnel principle, which are very useful to describe the diffraction phenomenon. The
Huygens-Fresnel principle itself arises from the Rayleigh-Sommerfeld diffraction theory
which is not discussed here, the reader is referred to [27]. A few mathematical basics are
briefly introduced to then go on with image formation theory and phase retrieval.

Consider a monochromatic wave
u(z,t) = A(z)cos(2mvt + ®(x)) (2.3)

with some amplitude A(z), a Phase ®(z) and v being the frequency. Optical waves must
obey the scalar wave equation for every source free point

n? 0%u

with the refractive index n and c is the speed of light in vacuum. It follows from equation
(2.3) and (2.4) that u(z,t) has to satisfy the Helmholtz equation

(V2+kHu=0 (2.5)

with k& = 27” Throughout this work, monochromatic waves propagating through space
are considered to obey the Helmholtz equation.

2.3.1 Huygens-Fresnel principle

Consider an aperture in the &, 7 plane illuminated by monochromatic light, as shown
in Figure 2.3. The diffracted wave in the observation plane can be described by the
Huygens-Fresnel principle [27]

10



eikr&
U(Ry) = % / /2 U(P) 2 cos(0)ds (2.6)

701 ]
where vector rg; is pointing from F, to P;. The angle 6 is between rg; and the normal
vector 77 orthogonal to the pupil plane. This mathematical formula can be physically
interpreted as the field U(F) in the observation plane is consisting of a superposition
of diverging spherical waves which come from every other point within the aperture. In
rectangular coordinates and using the cosine definition cos(0) = %, a more convenient
form is

> eikr
Uwy) =5 [ [ Utem)Sdedn (2.7
L b To1
The length of the vector rp; known to be
[ror|= V22 + (x = )2 + (y — )% (2.8)

These expressions already uses two approximations. It is assumed that the light field
is a scalar field and rg; > A is upholding.

nk plané

Figure 2.3: Conceptual diffraction geometry. A light source illuminating the 7, £ plane from
the left and the diffracted light field in the z,y plane.

Fresnel approximation

The Huygens-Fresnel principle according to equation (2.7) can be simplified for the near
field by approximating the |ry;| according to

11
VIHD=1+3b— b+t . (2.9)

where b is a small quantity. Applying the first two terms to equation (2.8) with b =
(z = €)%+ (y — n)* one gets

7"01%z<1—|—%<x;£) —l—%(y;n)) (2.10)
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and the field in the image plane can be expressed as

U(&,n)é i ((2—€)*+(y—m)? Vdédn. (2.11)

U(z,y)

z/\z

Expressing the exponent in equation (2.11) in a different way, it is easier to see that this
is a Fourier transform of the product of the aperture distribution U(&, n) and a quadratic
phase function

Uz, y) = 622(1’2+y )// )elzs I GER )}6—%’;’“(x£+yn)d§dn’ (2.12)

which is commonly referred to as Fresnel diffraction integral. This approximation holds
true as long as the observation plane is close to the diffracting aperture. An important
note is that the spherical wave which travels from the aperture to the observation plane
is given by a quadratic phase exponential. For a wave travelling along positive z-axis the
phase exponential represents a diverging spherical wave if it has a positive sign e%(xzﬂf),
while for a converging spherical wave the sign requires to be negative e~ @) Tp the
case of waves travelling along negative z-axis, the signs need to be the opposit. [27].

Fraunhofer approximation

Another important approximation can be made in regard to the far field

k 2 2 max
z»ii%ﬂ—< (2.13)
If in addition to the assumptions of the Fresnel approximation also the far field approx-
imation holds, then we get the result from equation (2.12) but with the quadratic phase

e 2 €+ converging to

6

Ulz,y) = -

wrﬂl/ U(E,n)e™ ne @t gedn, (2.14)

This is convenient because the field in the observation plane can be retrieved by a
simple Fourier transformation of the aperture distribution. The Fourier transform in
equation (2.14) can then be evaluated at frequencies fx = x/Az, fy = y/\z [27].

2.3.2 Diffraction pattern for circular aperture

For experimental application, the intensity is the measurable quantity of an optical
field, therefore we are now eager to find the intensity distribution of diffracted light by
a small aperture. If we consider a circular aperture of radius w, then the amplitude
transmittance of such an aperture t4 can be described by

talq) = circ(%), (2.15)

12



where circ() is the circle function, a function with circular symmetry that is 1 inside
of w and 0 outside, and ¢ denoting the radial coordinate of the aperture. The circu-
lar symmetry allows us to use the Fourier-Bessel transform B{} to substitute the two
dimensional Fourier transform in the Fraunhofer approximation in equation (2.14)
6“92 ik (.2
U(r)= ——e=")B{U(q)}| (2.16)
A2 =i
with 7 denoting the image plane coordinate and p = /fZ + f7 is the radius in spatial
frequency domain. Under the assumption of unit amplitude illumination with an or-
thogonal incident wave vector, the aperture field distribution U(q) can be replaced with
the amplitude transmittance ¢4(q). The Fourier-Bessel transform of a circular function
has a known solution [27]

B{circ(g>} _ 4 21Cmuwp) (2.17)

w TWwp

where A = mw? is the area of the aperture and .J; is a first order Bessel function of
the first kind. Using the result in equation (2.17) in (2.16) and applying the modulus
square, we arrive at the intensity distribution 7(r)

1\2 Ji(kwr/z)\2
1) = U= () A2 ) 2.18
1 =1W0)P= (5) At (2.18)

The result in equation (2.18) is also commonly known as Airy pattern or Airy disk
and is shown in Figure 2.4. The first minimum in this pattern occurs at ro=1.22, hence

the relation
Az

ro=1.22— (2.19)

w
defines the radius of the center peak, which also defines the resolution limit or Rayleigh
criterion in optical systems. This means that two peaks have to be at least a distance

of ry apart in order to be resolvable by common means.

1.0

T T

08— —
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02— | —

Figure 2.4: Left: View of an ideal airy pattern observed from the aperture. Right: Intensity
distribution I in the airy pattern as a function of distance r from the center center peak. The
total power P(r.) = 1— J&(nr.) — JZ(7r.) inside a circle area of radius 7., is also shown. Image
taken from [28].
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2.3.3 Thin lens properties

Lenses are key components of optical systems which are used to focus, collimate or
diverge light. As they are made of transparent materials with some refractive index
larger than the one in air, the light wave is slower when propagating through lenses
than through air. A thin lens is considered to be one where every point on the incident
wave is assumed to leave in approximately the same spatial coordinate mirrored to the
opposite side of the lens [27].

Considering a thin lens with refractive index n, a thickness A, at the center and a
position dependent thickness A(x,y). The total phase delay ®(x,y) imposed on a wave
traveling through lenses is given by

O(z,y) = knA(z,y) + k(Ao — A(z,y)), (2.20)

with knA(z,y) being the phase delay caused by the lens material and because the wave
has to travel through air for longer on the rim of lens than in the center, it is imposing
another phase delay characterized by k(A¢— A(x,y)). Ilustrating this by Figure 2.5 a),
a point in the wavefront hitting the center of this lens will see the thickest part of the
lens, so it will sustain a longer phase delay than a point going through the edge of the
lens. This can as well be written as a phase transformation

ti(z,y) = e*oehn=hay) (2.21)
and the field before the lens U)(z, y) and after the lens U/ (x, y) are connected via relation
Uiz, y) = ti(z, y)Ui(z,y). (2.22)

The thickness function A(z,y) depends on the shape of the lens. For most common
simple lenses, a thickness function can be derived by geometrical means as shown in

Figure 2.5.
(x.y)
H1 i

a) , b)
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Ty 2
AT nelfZER T
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ag —

1] | (x Iy}
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Figure 2.5: a) A thin lens with some thickness function A(z,y). b) The lens split into 3 parts
to derive the thickness function. Figure modified from [27].

Without going into detail of the geometry, one can derive the thickness function as

2_|_ 2 2+ 2
A(x,y)on—Rl(l— 1—”5R2y>+32<1— 1—xR2y>, (2.23)
1 2

14



with Ay = A1 + Age + Az according to Figure 2.5. While the thickness function is
complete in that form, it can be simplified by only taking rays near the optical axis into
account. Hence, x and y are small, and we can use the Taylor approximation to expand
the roots in equations (2.23)

22 42 2?4y
1—-——=1- 2.24
TR 2R, (224

Ultimately, the thickness function within the paraxial approximation is given by

Awy) = Ag— 248 (i - i) . (2.25)

With the thickness function known, the phase transformation in equation (2.22) may be
written as .
ti(w,y) = e & (2.26)

where f := [(n — 1)(1%1 - Riz)]_l is the focal length of the lens. The constant phase
ehnBo in equation (2.22) is neglected since it is position independent. The result in
equation (2.26) is quite useful for calculating the exit field of a lens for a given incident
wave for a whole variety of lens geometries. As an example, considering a biconvex lens
as in figure 2.5 a), if the incident wave is a plane wave then the result is simply the result

of equation (2.26) _
Uz, y) = e 2@+ (2.27)

which is in a physical context a converging spherical wave that focuses at the focal
distance f which is positive for this lens.

2.4 Image formation

As the previous section has shown how lenses translate light fields, the focus in now on
how an object is imaged through a lens. Restrictions are kept to a thin aberration free
lens illuminated with monochromatic light. A simple imaging setup is shown in Figure
2.6, where a planar object represented by a field Uy(&, 1) is placed at a distance z; before
a lens and its image U;(u,v) is formed at zo after the lens [27]. The field in the image
plane is given by

Uituro) = [[ b€ mtiale. ngan, 229
with the point spread function (PSF) h(u,v,&,n). The PSF

h(u,v,&,m) =~ Ko(u+ ME v+ Mn) (2.29)

is the field amplitude at the image plane generated by a point source in the object plane,
which is why it is assumed to be a delta function. Furthermore, K denotes a complex
constant and M is the magnification of the system.

15
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Figure 2.6: Schematic imaging setup in a nutshell, with an object plane Uy in distance z;
from a lens and the image plane U; at a distance z9. Light propagation follows by convention
from left to right.

Once the point spread function is found, the imaging system can be fully described.
Under the assumption of an illuminating point source in the object plane, we would
expect spherical light waves being emitted, diverging towards the lens plane U,

1 2 2
Ul($,y) — i/\216221(( —&)*+(y—n) ) (230)

The field U] on the right side of the lens is calculated by using equation (2.22)
/ _ — 35 (#*+?)
Ul (l’,y) - Ul(x,y)P(x,y)e 2 : (231)
The function P(z,y) is called pupil function and is simply a geometric constraint that
ensures the field is zero outside the pupil. The pupil function is 1 inside of the lens and

0 elsewhere. The exit field can now be propagated to the image plane by using Fresnel
diffraction according to equation (2.12) and ignoring constant phase shifts

hlu,v.&om) = // Ul yer= = 0 gy (2.32)

which provides a rather inconvenient expression

B0, 1) = eSO A )
Z1%92
B(L+L-1)@2+9?) k(S +2)eH(E+2)y) (2.33)
// 2 1729 F Y e z1 29 71 Z2yd$dy.

With equations (2.28) and (2.33), a relation between object and image can be established.
However, there are a few more simplifications that can be made to the latest expression.
One may notice the term i + i — % in one of the exponents, which has to be exactly
zero according to geometrical optics and is also known as the lens law

S (2.34)
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if z5 is chosen to be the image plane. This has the quite obvious consequence, that we

cannot calculate the field in defocused planes anymore. Next, the quadratic phase factor

ik 2 2
u?4v?)
6222

can be neglected because the phase field in the image plane is not of interest.
o (&24n?)

The phase term e can also be neglected when considering that the response to
a point in the object space spreads just over a small region in the image space. In this

case, the phase term can be replaced by a phase that depends on image coordinates
ik u2+v2
e?s1 M? where M = —2 is the magnification of the system. This term, now depending

on image coordinates, can be neglected again because only the intensity in image space
is of interest. The argument for dropping the latter phase term is rather crude here as
it would otherwise require a lengthy discussion. For a thorough explanation the reader
is referred to [29].

Applying these approximations, equation 2.33 is simplified to
127

h(u,v;€,m) ~ // (x,y)e *=2 (=M@= 1o . (2.35)
2129

This gives an important result, as the impulse response can be found via Fraunhofer
diffraction with an additional factor of /\L

2.4.1 Object-image relation

With the impulse response known, the relation between object and image can be stated
in a convenient form by introducing normalized coordinates & = M¢ and 17 = M, so
the point spread function (2.35) revises to

- ~ — 27 (&) (v—7]
h(u,v; €, 1) )\2le2 // (, y)e e 0TI gy, (2.36)
and with another set of normalized coordinates T = %, § = <L, h = L h we can write
Az Azo M

the relation from equation 2.28 as

Ui(u,v)://_oo h(u— &0 — )[|M|U(A§4 ]\Zﬂdﬁcf (2.37)

[e.9]

where Uy(&,n) = ﬁUO(%, 1) is the image definition from geometrical optics and

h(u,v) = / / P(\2o, Azof)) e~ 2@ tod) gz dy; (2.38)

is the PSF according to diffraction theory. The important property that has been
shown is that the image of an object is the convolution of the ideal image according
to geometrical optics and the Fraunhofer diffraction associated to the lens aperture
Ui (u,v) = h(u,v) ® U(u,v) [27], ® denoting the convolution operation.
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2.5 Aberrations in general

The last sections dealt with thin, aberration free lenses. However, in a realistic optical
setup the effect of aberrations have to be taken into account. Aberrations lower the
performance of an optical system, but as it will be seen there is a certain threshold
where aberrations are considered acceptable. This section will discuss defocus and the
five Seidel aberrations [25].

Defocus

While defocus is technically not an aberration, it is still an error source when the image
plane is not set properly. Consider a bundle of rays travelling through a lens as shown
in figure 2.7. The cross sections tell the devastating effect when the image plane is out
of focus. In the focus, the rays would ideally converge to a point, but as raytracing was
done with a real lens it is spread over a finite area.

1000,00
100,00
1000,00

Figure 2.7: Top: Rays travelling through a lens from the left and intersecting at the paraxial
focal plane b. Bottom: Cross sections of three planes showing the ray distribution around the
optical axis.

Spherical aberration

Consider the same case as in 2.7, but this time the lens features larger spherical aber-
rations due to a bigger aperture stop diameter. The rays entering the lens at the rim
intersect further on the optical axis than the rays close to the center. There is merely a
spot where the rays are closest to one another, sometimes called as the circle of least con-
fusion. Spherical aberrations are present in every lens and there is no way to completely
remove them, however, there are tricks to decrease their magnitude in multi element
systems, as it will be seen in chapter 3. The effect of spherical aberration is shown in
Figure 2.8.
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400,00
1000, 00

Figure 2.8: Top: Rays travelling through a lens with spherical aberration from the left and
intersecting at different planes. Bottom: Cross sections of three imaging planes showing the
ray distribution depending on the distance from the lens. The smallest spot diameter, or circle
of least confusion, is at plane b.

Coma

To illustrate the effect of coma, consider an aberration free lens and let the incident
wave be tilted as seen in Figure 2.9. Opposed to spherical aberrations, coma only occurs
when rays approach off axis.

2000, 00

1000,00
2000,00

Figure 2.9: Top: Rays coming from an angle through the aperture and propagating through
the lens. Bottom: Cross section of the rays in various spots around the circle of least confusion.

Similar to spherical aberrations, the ray pairs closer to the axis have a different focus
spot than the rays hitting the rim of the lens. The cross section plots also show that
coma is not a symmetrical aberration like spherical aberrations, but rather has a cone
shape. Coma happens because the magnification depends on the size of the object height,
which cannot be seen in the paraxial approximation since it is a non paraxial problem.
Rays going through the center are imaged at different heights copmared to those going
through the rim.
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Astigmatism

Probably the most complex aberration to illustrate is astigmatism, hence it is shown in
a 3D sketch in Figure 2.10.

tangential focus

tangential plane -
sagittal focus

lens

sagittal plane

a{\s )

2\
ot

object

Figure 2.10: Schematic drawing of astigmatism. The marginal rays from an off-axis point
source intersect at different focus points. Image adapted from [25].

Astigmatism is illustrated with respect to an object point that is off the optical axis.
Now take two marginal ray bundles where one goes through the tangential plane and
the other ray bundle goes through the sagittal plane. These two bundles do not focus
at the same point because the source is off axis and therefore the magnification changes
for different points in the field, just like for coma.

Field curvature and distortion

Field curvature and distortion are off axis aberrations that shift the location of image
points without having an impact on the quality. Both are presented in figure 2.11.
Considering both effects independently of each other, field curvature occurs when the
angle of the incident rays increases with respect to the axis, so the paraxial focus plane
is bending, which is equivalent to a curved image surface. While the rays still focus on
a point that lies on the chief ray, this point is not on the paraxial plane indicated by the
dotted line in figure 2.11a). Since detectors are usually flat, field curvature will always
be present for off axis points. If only distortion is considered, as shown in Figure 2.11
b), all the rays form a good precise spot on the image plane, but it is radially displaced
from the chief ray. This displacement as well increases with an increased angle of the
incident rays hitting the lens. As Distortion scales with the cube of the image height,
it shows most in the edges of the image, in particular the corners, to be displaced with
respect to more centered points.
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Figure 2.11: Illustrations of a) field curvature and b) distortion. The plane introduced by
field curvature is also known as the Petzval curvature, is the surface where off axis points
are focused. On a flat image plane, as indicated by the dashed line, points further from the
optical axis are increasingly defocused. Distortion occurs when off-axis points are closer (barrel
distortion) or further (pincushion distortion) away from optical axis. The dashed line indicates
where the paraxial approximation predicts the focus on the chief ray position, but the actual
position is displaced.

2.6 Wavefront aberrations

To describe aberration properly by wave optics, consider a point source emitting light
rays isotropically according to Figure 2.12. Each of these rays has a optical path length
OPL = length - n consisting of it’s length times the refractive index of the medium it’s
propagating through. The OPL can be seen as the radius of the sphere emerging from
the point source. All these rays have the same phase since they have the same origin,
but this property breaks when it interacts with a real optical system. In the ideal case
of an aberration free system, the wavefront which is emitted at the exit pupil would
converge to a finite point in the image plane according to diffraction theory.

wEvefront optical
system
ps J//

A X
ps / entrance pupil exit pupil

Figure 2.12: Left: The concept of a wavefront illustrated with light rays. At its surface the
rays have the same phase, if they emerge from the same point source (ps). Right: An ideal
imaging system where the wavefront from a point source PS diverges towards the entrance
pupil and forms an ideal spherical wavefront at the exit pupil converging towards the image
point.
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However, even in well corrected system, imperfections in lenses lead to a deformation
of the wave front, such that it no longer is spherical. Like shown in Figure 2.13, points
on the real wavefront differ from the ones on the ideal one which is described by the
optical path difference W'.

exit pupil image plane
ideal wavefront

aberrated ‘\
wavefront

THE—W(p0)

h o
! .
) o
/ -
! .
—

Figure 2.13: Illustration of an aberrated wavefront (dashed line) compared to the ideal refer-
ence wavefront. The optical path difference or wavefront error W is the path difference between
a point on the ideal wavefront and the same point on the real, aberrated wavefront. Depending
on the error sources it may change the lateral and axial focus point, spot geometry or simply
broaden the image spot.

To describe the aberrated wavefront, typically a series of polynomials is used. This
allows a precise investigation since each polynomial can be defined such that each one
fits a certain type of aberration. Zernike polynomials are one way of describing the
aberrated wavefront. They form a complete set of orthogonal polynomials over the unit
circle which corresponds to the exit pupil plane. For a rotationally symmetric exit pupil,
one can define an aberration function W(p,#) as an expansion of orthonormal Zernike
circle polynomials Z™(p, 0) [26]

W(p,0)=> > = camZ(p,0) (2:39)

n=0 m=0

with 0 < p < 1 and 0 < 6 < 27. The indices n, m correspond to radial degree and
azimuthal frequency. The coefficients ¢, m are defined as

1 27 2
= [ [ Win.0)Z (0. 00pdpas (2.40)
™Jo 0

because of the orthogonality of Z™(p,#). This allows to express the mean and mean
square of the aberration function to be expressed as

(W(p.0)) = coo (2.41)
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and
W2(p.0) =33 &, (2.42)

This leads to the particular quantity of interest, the root-mean-square of the wavefront
error W s

(2.43)

Some polynomials are given as an example in table 2.1. In general, polynomials
independent of 6 describe sphercial aberration, where cos# terms correspond to coma
and cos 26 terms to astigmatism.

Table 2.1: List of the first 13 Zernike circle polynomials Z;(p, §) where j denotes the polyno-
mial number corresponding to some combination of m,n. If j is even, then the corresponding
polynomial is symmetric and for an odd j the polynomial is antisymmetric.

j n m Zj Aberration Name

1 0 0 1 Piston

2 1 1 2pcosh x-tilt

3 1 1 2psind y-tilt

4 2 0 V3(20%-1) Defocus

5 2 2 +/6p’sin26 45 Primary astigmatism

6 2 2 +6p*cos20 0 Primary astigmatism

7 3 1 /8(3p®—2p)sind Primary y-coma

8 3 1 /8(3p®—2p)cosh Primary x-coma

9 3 3 8p’sin3d

10 3 3 V8pPcos3b

11 4 0 +/5(6p*—6p>+1) Primary spherical aberration
12 4 2 /10(4p" — 3p?)cos20 0 Secondary astigmatism
13 4 2 /10(4p* —3p?)sin20 45 Secondary astigmatism
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2.7 Phase retrieval

In order to determine the diffraction limited performance of a microscope and get in-
formation on the origin of aberrations, various methods are available [30] [31]. In this
work a wavefront reconstruction algorithm based on non-linear optimization proposed by
[23] is used to retrieve the wavefront in the exit pupil. The algorithm requires intensity
measurements of defocused planes in the image space as shown in Figure 2.14.

slaves master focal plane

exit pupil /“\ﬂ;\_’k

o

Zp \ \ \ j 2 B 28 zf 28
'[ optimization

propagation to the pupil

Figure 2.14: Illustration of the phase retrieval algorithm procedure. Optimization is done by
propagating light fields between defocused planes with respect to a randomly chosen 'master
plane’ and minimizing their difference in phase. After the phase gradient has been minimized,
the wavefront is propagated back to the exit pupil. Image taken from [24].

By measuring intensities I in a defocused planes, we chose one of them as the master
plane, denoted with index j, then the relation

5 (x, y)|= /L2, y) (2.44)

can be used to find the complex field amplitude F' with x and y being the pixel
coordinates in the field. A numerical field G is then created by using one of the measured
amplitudes and a randomly guessed phase 6;(z,y)
Gj ($, y) = |Fj(x7 y) |€i0j(z7y)‘ (245)
In each iteration cycle, this field is numerically propagated from the initial master
plane to slave planes k # j by angular spectrum propagation
ij((E, y) = ‘F_l (.F(G](LE, y))Tk’](ua U)) ) (246)

where F and F~! are the discrete Fourier transform and the inverse one with the
transfer function

Tk](u7 'U) — eQWiAzkj\/l/)\2f(u2+’v2). (247)
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The transfer function in equation (2.47) considers the field propagated a distance Az,
from the j* to k*" plane. In the next step, the fields are compared with the measured
intensities in each of the slave planes by using a normalized sum of squared errors as an
objective function

D 1) SN (12 e < A
’ Zk;ﬁj Zx,y|Fk(x7y>’2
The minimum of equation 2.48 with respect to the phase ¢;(x,y) gives the best phase

estimate in the master plane. To minimize F;, the analytic expression for the gradient
is introduced

(2.48)

Yo _ QImGj(x’ Y) Zk;éj qu'ul:(xa y)'
6¢;(x,y) Dty Doy R (2, y)
This is convenient because it is much faster to compute than other nonlinear opti-

mization algorithms requiring second derivatives. GJ(z,y) is defined as the inverse
propagated field from k** to j*" plane

(2.49)

Ge(2,y) = [Pz, y)|ero@nen) — Gyy(z, y). (2.50)

For a given amount of measurement planes K, equation (2.49) features an effective
way to compute the gradient for arrays of (pixel) size N - M using 2(K — 1) propagations.
Once the phase in the master plane is retrieved by the methods described above, the
field is propagated to the focal plane by angular spectrum propagation, similar as in
equation (2.46), and then inverse Fraunhofer diffraction is used to acquire the field in
the exit pupil plane

Gp(p, q) _ ]-'_1 <Gf(1’,y)€_ AAi;rfp*(:ﬂ—i-yQ)) ' (2.51)

Coordinates p, g represent exit pupil coordinates and Azy, is the distance from exit
pupil to focal plane. Eventually, the complex phase of G,(p,q) can be related to the
wavefront error by

A
W(p,q) = %arng(n q). (2.52)
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2.8 Image quality

There are several ways to evaluate image quality by utilizing ray tracing. Some of the
standard tools that most optical design software products feautre are about to be dis-
cussed.

2.8.1 Spot diagram

The standard spot size diagram displays the cross section of the ray distribution accord-
ing to ray tracying in the plane of interest. An example is shown in Figure 2.15.

Figure 2.15: A spot diagram showing the cross section of rays in a plane in image space.

The quantity that can be retrieved from it is the root mean square radius r,.,; =
M for n rays and the center ray r.. The spot diagram is particularly helpful in
the early design stages to get a good estimate on the resolution and aberrations present

in the system [32].

2.8.2 Strehl ratio

The Strehl ratio S is a quantity that compares the irradiance of the center peak in the
aberration free diffraction pattern with the aberrated one. This can be stated as

1,(0) _ ha(0)

T = 10) T ha(0)

(2.53)

which is the ratio of the center peak intensities or the ratio of the point spread functions
with the indices @ and u denoting the aberrated and unaberrated system. However, a
more applicable expression for the Strehl ratio is

S m e (X Wrms)? (2.54)

with the wavefront error W,,,s. This, however, only holds true if the aberrations are
sufficiently small. It is generally defined that the wavefront error has to satisfy the
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condition W5 < 1’\4, such that equation (2.54) is a good approximation, which equals
a Strehl ratio of 0,8 [28]. Furthermore, a system is considered diffraction limited if this
approximation holds true. With this definition, phase retrieval can be used to extract
the wavefront in the exit pupil and with Zernike polynomial fitting on the wavefront

map W,,,s is calculated to eventually get the Strehl ratio.

2.8.3 Modulation transfer function

Aside from resolution, another important property to describe the visual quality of
an image is contrast, which essentially compares the singal regions to the surrounding
background. Contrast m has a straightforward interpretation of

]max - Imin
mar — Zmin (2.55)

e Imaac + ]mzn

However, imaging systems impose a resolution dependet limit on the transfer of con-
trast from object to image plane. The modulation transfer function (MTF) |H(f,, f,)]
describes the loss of contrast of an optical system, given by

0= \h u, v)|2e 2 feut fuv) dudy
‘ 2 |h(u, v) [Pdudv

As we can see from equation (2.56), the MTF is the Fourier spectrum of the PSF
h(u,v), normalized by background. MTF plots are a commonly used and powerful tool
to quantify imaging systems because they show the loss of contrast depending on spatial
frequency, which holds more information about the system than single numbers like the
strehl ratio or the rms spot size. The spatial frequency in an MTF plot corresponds to
resolution and has a cutoff frequency of f. = %. Beyond the cutoff frequency, objects
can no longer be resolved. The effect of aberrations in an imaging system lower the
transfer of contrast, while the cutoff frequency is unaffected as shown in Figure 2.16.

H(fz, )= (2.56)

1 4

——— ideal imaging system
- aberrated imaging system

MTF

. Sy |
spatial frequency 1o

Figure 2.16: Illustrated modulation transfer function. A real imaging system will always
have a lower modulation due to arbitrary aberrations. It will however, have the same cutoff
frequency f. as the ideal imaging system according to diffraction theory.
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3 Designing and modelling of the
objective

Nowadays, there are various ray tracing software products available to assist in design-
ing and analysing optical systems. However, these tools typically do not instruct the
user in developing the actual design. Hence, a good knowledge of the basic concepts of
microscopy is useful to develop a design which delivers a satisfying performance for given
conditions. The software is basically assisting by varying parameters like lens thickness,
radii and the distances between elements until the quantity of interest reaches a satisfy-
ing value while any boundary constraints are upheld. This quantity can be for example
the focal length of the system, the radial spot size of converging beams or the wavefront
error. In this work the software OpticStudio is used for this task and the quantity of
interest is the wavefront error.

3.1 Design considerations

There are several design challenges that come along when imaging ultracold quantum
gas mixtures. First of all, the sample is located in an ultra-high vacuum environment
and thus surrounded by a glass cell with a thickness of typically a few millimetres which
introduces significant spherical and chromatic aberrations. The position of the gas cloud
inside the vacuum chamber is not precisely known, therefore the objective should either
feature a movable focusing lens to adjust the focus depth or be entirely movable to con-
trol the working distance. The imagining wavelength for the lithium-potassium mixture
are 671 nm and 766 nm, and are supposed to be imaged on two different cameras so
the beam will pass a beamsplitter at some point before the image is formed. To re-
move additional spherical aberrations induced by converging light rays passing through
a beamsplitter, the concept of infinite conjugate imaging can be applied. In such sys-
tems, the objective itself does not form an image but a collimated beam which forms
the image at infinity. Hence, one can put a beamsplitter in the collimated beam path
to separate the imaging beams without having to worry about additional aberrations.
After the beamsplitters, a lens for image forming can be placed in each path. Once a
lens system is optimized, it should feature diffraction limited performance (Strehl ratio
>(.8) for both wavelengths over an appropriate field of view in the order of a few tens of
micrometers. In addition, achieving achromatic performance is seen as an optional goal,
which would allow both wavelength to be imaged on the same camera without having
to adjust the focus.
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3.1.1 Imaging through polarizing optics

A special case to consider in this experiment is the implementation of an optical element
that substitutes all the optics required for the one of the magneto-optical trap (MOT)
beams. It is essentially made of a A/4 plate followed by a wire grid polarizer, oriented
45° to the A/4 plate. This element reflects light polarized parallel to the wire grid while
light perpendicular to it passes through. It is placed on top of the glass cell in the path
of the bottom MOT beam and will reflect the beam, such that from the atom’s point
of view as a MOT beam coming from the top. The imaging beams are travelling the
same path as the bottom MOT beam but those are going to pass the grid due to their
polarization. This trick is used to remove the optics required for the top MOT beam
and provides sufficient free space to place the objective close on top of the cell, which
increases the numerical aperture of the system substantially. While the exact material
composition of this polarizer is unknown, its refraction index is known and can thus be
modelled in OpticStudio as another glass plate on top of the glass cell. A simplified
picture of the apparatus is shown in Figure 3.1

objective

iolarizer -

vacuum
chamber atoms®

Figure 3.1: Schematic experimental setup with a microscope objective, a polarizer element
and the vacuum chamber housing the atoms.



3.1.2 Lens shapes

The behaviour of aberrations depending on the lens shape is reviewed in Figure 3.2.
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Figure 3.2: Axial difference of the focal length in cm as a function of the lens shape factor
q, with the correponding lens drawn below the x-axis for ¢ = —2,—1,0,1,2. The two curves,
representing spherical aberrations (dashed line) and coma (solid line), show the magnitude of
axial dispalcement of the focal point. The data was taken by raytracing with lenses that feature
the same index of refraction and a focal length of 10 cm [33]. The shape factor ¢ = 2L is a

2—T1
common quantity to characterize lenses, where ry o are the lens radii.

The plot in Figure 3.2 shows a few interesting properties, as for example the focal
point displacement by coma can be reduced to zero for ¢ = 0.8 while the one for spheri-
cal aberrations is always nonzero for typical lenses. One would think, that picking only
lenses near the spherical aberrations graph’s minimum would provide the best result,
which is, in fact, true for many applications. However, it has already been mentioned
that imaging through a glass window induces spherical aberrations before the light cone
hits the objective. In some cases, it can be useful to pick lenses with higher spherical
aberration if they have the opposite sign of those already present in the system. Finding
the right shape will be the task of the raytracing software. Commercial retail lenses are
rarely available with the ideal curvatures, but we can use multiple commercial lenses to
achieve a satisfying performance without requiring custom lenses.

3.1.3 Magnification

The magnification will be set by the image forming lens after the infinite conjugate
plane, however to avoid undersampling on the CCD chip the magnification should satisfy
|M|> ML/\NA". Regardless of the final design, the detector pixel size of our CCD chip
is known to be 6.8 ym and the smaller imaging wavelength is 671 nm. Microscopes
in quantum gas experiments, that are not quantum gas microscopes, usually have a
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numerical aperture of 0.5-0.6. In that case the criteria would require the magnification
|M|> 20.3 or |[M|> 24.3 in the latter case. It is a lesser problem to worry about, since
there is some room to adjust the magnification with the imaging lens in the infinite
conjugate plane.

3.2 Considered design

After various different design approaches were made, a design which satisfies all condi-
tions was generated by Emil Kirilov, senior scientist of the group. The lens assembly is
shown in Figure 3.3 and a table with lens specification in table 3.4.

a ) Aperture stop = - b )

Imaging == —
lens [ ]

~~ \\> /\

Objective —

= ~

Polarizer

Glass cell \

Vacuum chamber V

Figure 3.3: a) A 2D lens profile of the setup. The blue lines indicate the light’s path through
the system. The two outmost beams are known as the marginal rays, which define the numerical
aperture. The aperture stop at the top is an iris diaphragm, which sets the numerical aperture
in the system. b) Cross section of the objective tube with the lenses in place. The lenses
are held in place by spacer rings where the lens bed is following the lens curvatures. This is
supposed to ensure a more precise lens placement than with optical glueing or using standard
retaining rings. The front lens holder at the very bottom is movable along the vertical axis to
move the focus.

s
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Table 3.4: Table of lens parameters in the design. All values are in mm.

4 Surf:Type Comment Radius Thickness Material Coating Clear Semi-Dia
0 OBJECT Standard ~ Object plane  Infinity 985,000 0,863
1 STOP Standard ¥ Iris diaphragm | Infinity 10,000 13,302
2 (aper) Standard ~ AC508-1000-B -3440.... 2,800 SF10  THORBSLAH64 25,400
3 (aper) Standard v 398,100 4,200 N-BAF10 25,400
4 (aper) Standard ~ -4943... 5,000 THORBSLAH64 25,400
5 (aper) Standard v Swarovski lens  Infinity 6,000 N-SF66 THORB 25,400
6 (aper) Standard v 59,690 5210 25,400
7 (aper) Standard ~ AC508-080-B 312,600 2,000 N-SF6HT ~ THORBSLAH64 25,400
8 (aper) Standard ~ 44,600 16,000 N-BAF10 25,400
9 (aper) Standard ~ -51,800 30,012 THORBSLAH64 25,400
10 (aper) Standard ~ LA1417 77,300 7,300 N-BK7 THORB 25,400
11 (aper) Standard ¥ Infinity 0,109 THORB 25,400
12 (aper) Standard ~ LE1418 47,900 7.300 N-BK7 25,400
13 (aper) Standard ~ 119,300 9,069 25,400
14 (aper) Standard ~ LA1102 25,800 7,300 N-BK7 THORB 15,000
15 (aper) Standard ~ Infinity 1,814 THORB 15,000
16 (aper) Standard ¥ Infinity 13,000 SILICA 12,700
17 (aper) Standard ~ Infinity 11,000 VACUUM 12,700
18 IMAGE Standard ~ Image plane  Infinity - 12,700

3.3 Estimated performance

The ray tracing optimization was set to minimize the wavefront error as suggested in
[24]. This comes at the cost of a lower peak Strehl ratio on-axis but a an overall higher
Strehl ratio for off-axis points. Figure 3.5 shows the Strehl ratio as a function of off-axis
distance.
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Figure 3.5: Strehl ratio as a function of off-axis distance. The solid line corresponds to 766 nm
light and the dashed line to 671 nm. The dash-dotted line at 0.8 marks the diffraction limit.
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Figure 3.6: Spot diagrams for both wavelength. The left diagram shows the on axis spot and
the right one 50 microns off the focus, each for an aperture stop diameter of 24 mm. The entire
field shown measures 10x10 pm.

According to the ray tracing simulation the field of view should be roughly 80 pm and
100 pm with peak Strehl ratio values of 0.83 and 0.87 for 766 nm and 671 nm respectively.
The spot diagrams give an estimate of the broadened instensity distribution due to
wavefront errors. If there were no aberrations in the systems, all rays would converge
to the image plane strictly by diffraction theory. From the spot diagrams in Figure 3.6

the on-axis Airy disk radius is indicated as solid line and yields r{® = 1.093 pm and
r$™ = 0.957 pum for the respective wavelength. The achromatic performance is shown

in Figure 3.7.
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Figure 3.7: Wavelength as a function of focal shift between 671 nm and 766 nm. The inter-
section of the solid curved line with the x-axis marks the focal shift and yields A = 0.424 pym.
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The results show, that the chromatic focal shift A = 0.424 pum is below the diffraction
limited range of 4,57 pm. The diagrams for the optical path difference in figure 3.8 and
the MTF in figure 3.9 are included for completeness, however the MTF is not a subject
to be investigated in the experimental part. The topic of wavefront error in association
with optical path difference was discussed in chapter 2.

IMA: 0,0000 mm IMA: 0,0500 mm

W W

Figure 3.8: Optical path difference as a function of pupil coordinate on-axis (left) and 50
microns off-axis (right).
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Figure 3.9: The modulation transfer function for 766 nm indicating the performance of res-
olution and contrast as spatial frequency increases. The blue lines show on-axis performance
and the green ones show 50 micron off-axis performance, whereas the solid lines correspond to
the tangential plane and the dashed lines to the sagittal plane. The solid black line is the ideal
aberration free MTF.
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4 Experimental characterization of the
objective

This chapter focuses on the experimental work carried out to test the microscope’s per-
formance. A setup is assembled to carry out two similar but independent measurement
methods, and the results are presented below. The first measurement method involves
the examination of a 500 nm pinhole where monochromatic light is sent through. Once
the objective-pinhole system is properly aligned, the light passing through the pinhole
proceeds through the objective and gets focused onto a CCD chip. As the pinhole
features a circular opening with a radius below the microscopes resolution limit, it is
expected to see an Airy pattern on the CCD and the disks zero order radius corresponds
to the resolution limit. In general, if the aperture of the light source is smaller than the
resolution limit, there is no significant difference to an ideal point source.

While magnification and resolution are straight forward measurements which do not
require much computational effort, the calculation of the Strehl ratio is based on the
algorithm explained in section 2.7. With the Strehl ratio known, the field of view can
be quantified as well. At last the focal shift between the two wavelengths of interest
is measured. The second measurement method uses the same setup, but the pinhole
is replaced by a SNOM fiber with a 100 nm tip. The idea behind the SNOM fiber
measurement is primarily to verify the resolution limit provided by the pinhole. Beyond
that, SNOM fibers are very useful in high resolution microscopy because of the small tip
diameter and wide angle of light emission. For optical microscopes with high numerical
aperture, and by using blue light, the resolution limit can easily be pushed below 500 nm
where commercial pinholes are not known to exist. In such cases, SNOM fiber probes
can provide a light source with an aperture of 70 nm.
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4.1 Experimental setup

To test the microscope’s performance, a test setup as shown in 4.1 is assembled. The
criteria for this setup are that both, camera and pinhole, are movable along the optical
axis for defocus (z-axis) and the pinhole needs to be movable orthogonally to the optical
axis (x- and y-axis).

Figure 4.1: Experimental setup for characterizing the microscope. Via an optical fiber cable
(1) either 766 nm or 671 nm light is guided to a tube system where the pinhole is located (2).
The microscope sits above it in the golden tube (3) and atop a mirror (4). A camera is put
along the optical path at (5).

A MOGLabs cateye diode laser is used as a source for the 766 nm and a M squared
TiSa laser for the 671 nm. The light is guided by a fiber into the tube apparatus, shown
in Figure 4.2, where the pinhole is located. The light gets diffracted at the pinhole and
propagates further through a glass plate and the MOT reflecting piece. The glass plate
shall imitate the top glass cell wall of the vacuum apparatus as discussed in chapter
3. The light leaving the tube will further pass through the microscope and atop of it
through an iris diaphragm which serves as an aperture stop with a maximum diameter
of 25 mm. Then, a mirror is used, for convenience, to avoid having to mount the CCD
camera one meter in the air above the microscope. Eventually, the light is collected by
an Apogee Alta F32 CCD camera which is placed on two translation stages to adjust
height and depth along the optical path. The distance of the Camera is initially set to
be roughly 85 cm away from the mirror, and the distance from the mirror to the last
achromatic lens of the microscope is about 15 cm. This ensures that the camera is close
to the achromat’s f = 1 m focal length. The microscope itself features a movable front
lens and a detachable lens holder after the infinite conjugate plane, as shown in Figure
4.2.
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Figure 4.2: a) Disassembled microscope with 1) the microscope front lens, 2) the microscope
tube, housing all other lenses until the infinite conjugate plane, and 3) the back achromatic
lens defining the focal length. The objective’s design allows to exchange the last lens in the
microscope, which features easier switching of the focal length. The working distance can be
changed by rotating the front lens for about 5 mm. b) Close up image of the tube, housing
the fiber connection (4), providing light to illuminate the pinhole from below (5) and the glass
plate and MOT reflecting piece atop of it (6). This tube is mounted on a tiltable plate on
a XYZ translation stage. The microscope is embedded in the golden tube above, which is
mounted independently of the translation stage.

The objective’s design allows to exchange the last lens in the microscope, which fea-
tures easier switching of the focal length. The working distance can be changed by
rotating the front lens for about 5 mm.

4.2 Pinhole measurements

Before any measurements can be done, the pinhole-objective-camera setup has to be
aligned. This can be done by having the camera in the correct focus position of the
last achromatic lens and then using the XY7Z translation stage to get the pinhole in
the working distance and the field of view. Once the Airy spot can be observed on the
camera, any obvious tilts and comas can be corrected by defocusing the pinhole a bit to
see more rings of the Airy disk. By seeing more rings, it is easier to visually identify any
bias in the intensity distribution which can then be corrected by using XY translation
axis and the tilt plate. Once the system is well corrected, the measurement process
begins. The camera is operated with the open source microscopy software Micromanager
and for early image processing ImageJ is used. ImageJ has some great features built
in that are very useful in the early testing stages. An example of a defocused pinhole
image and its profile plot is shown in Figure 4.3.

37



5000 [~
4500 |-

4000 |-

@
E]

oy Val

& 3500 |-

G

Figure 4.3: Left: raw intensity image of the pinhole in a defocused plane. Center: 3D intensity

plot of the same image. Right: intensity profile of a horizontal slice through the center of the
airy disk. The image was taken for an exposure time of 50 ms.
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The quality of these images can be improved by using the subtract background pro-
cess, which features two utilities. It enhances the image quality by replacing each pixel
value with the average of the surrounding 3x3 pixels to reduce noise and then subtracts
background. A method known as the rolling ball algorithm [34] is used to subtract the
background in images, which is in particular useful because it corrects non constant
background well. An example is given in Figure 4.4.

b) I — iy
b e L
! ‘ | e S
Iy U —— rj ’w —/4— - T ‘

‘

. |
e e ww%mwmwwi

Figure 4.4: Showing the effect of the background subtraction tool in ImageJ. a) Raw image
of the same spot as in Figure 4.3. b) Intensity profile inside the yellow rectangle in a), the
x-axis shows the horizontal distance and the y-axis is the vertically averaged pixel intensity.
c) 3D profile of the raw image. d) Raw image after performing background subtraction and
smoothing. e) Averaged intensity profile of d), now showing a reduced and rather constant
background. f) 3D profile of d).

Using the background subtraction in ImageJ makes further processing easier. The
smoothing supresses artifacts caused by defect pixels and smoothens the peak intensity
in the airy disk center, which allows a more precise determination of the center. The
rolling ball algorythm creates the background by scanning the backside of the surface of
the intensity map with a paraboloid of some radius of curvature and then subtracts that
background from the intensity map. Care has to be taken as the radius of curvature is
entered by the user and may not be chosen too small, because it would treat more of the
signal region as background as well, the smaller the radius get. Hence, a radius much
larger than the signal is preferred and was chosen to be 100 pixel. Conventional back-
ground subtraction by taking a the average intensity of a ring around the signal region
and subtracting it will eventually remove the remaining background properly, but both
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methods combined seem to be the best solution. Such irregularities in background in-
tensity as showcased in Figure 4.4 were avoided in actual measurements, but the method
has proven to be effective even in extreme cases.

4.2.1 Magnification

In order to measure the objectives magnification, the pinhole is displaced stepwise along
the xy plane and for each step the position of the Airy disk on the CCD is recorded.
Since the pixel size of the camera is known to be 6,8 um, the relation

dimg =M - dobj (41)

can be used to determine the magnification M from the displacements in object space do;
and image space d;py. This measurement is done for the x and y axis of the translation
stage independently to possibly identify systematic errors. The results with 766 nm light
are shown in Figure 4.5.
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Figure 4.5: Measurement for the magnification. The pinhole is moved in 10 pym steps and the
spot position on the CCD chip gets mapped. The two different colours each correspond to one
axis. Two linear fits with x error of the form y = kx + d are fitted to get the magnification.

From the fits the parameters k;=>5,01(5) pj}r{;l and k,=5,12(5) p;}frfl are obtained. Parameter
d is fixed at zero.

The magnification can be calculated with the slopes retrieved in Figure 4.5 to
M = 34,4(4), (4.2)

where M corresponds to the arithmetic mean of M, and M,. As both values are within
2.50 of each other, their difference can be seen as statistical fluctuation. Furthermore,
this value is also used for the 671 nm measurements.
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4.2.2 Resolution

To verify the resolution experimentally, several shots of the pinhole are made in the focal
plane. Then, Gaussian fits are applied to determine the full width at half maximum
(FWHM), corresponding to the experimental resolution. Figure 4.6 shows the results of
10 shots for each wavelength with an aperture stop diameter of 17 mm and the average
resolution measured and corrected by the magnification. The stop diameter at 17 mm
showed the best resolution and is used for all subsequent measurements in this section.
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Figure 4.6: a) Gaussian fit to extract the FWHM of a point source (b) after background sub-
straction. ¢) Measurement for 766 nm. A constant fit y = d is fitted through 10 measurement
points to gain the average spot radius at FWHM=1.55(1) ym with y2=1,5. The red shaded
region shows the 1o confidence interval. The dashed line at 1,36 pum is the Rayleigh limit.
d) Measurement for 671 nm. The constant fit y = d provides the average value for the spot
radius at FWHM=1.43(1) um and x2=1,4. The reference dashed fit at 1,19 zm represents the
theoretical resolution limit.

Following the results from Figure 4.6, the measured resolution for each wavelength is

FWHM" = 1,55(1) pm

FWHM™ = 1,43(1) pm.

The uncertainties in each measurement point in ¢) and d) in figure 4.6 are the fit errors
from the FWHM parameter in the Gaussian fit. The discrepancy to the theoretical
resolution limit, which is certainly larger than 50, may be caused by aberrations.
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4.2.3 Strehl ratio

With the magnification and resolution known, the next quantity of interest is the Strehl
ratio, as it is further required to quantify the field of view, as well as the focal shift. To
retrieve it, the algorithm which was described in section 2.7 is applied. As the simulation
estimates the objectives wavefront error to be smaller than A\/14, the relation

S s e~ (2T Wrms)® (4.3)

can be used to approximate the Strehl ratio. A Python code to execute wavefront re-
construction by Zernike polynomial fitting was written by Miroslaw Marszalek and is
used in this work [24]. A series of intensity measurements of the Airy disk around the
focus is required to do a wavefront reconstruction, therefore a total of 100 images for
both wavelengths are taken +20 mm of the focus along the imaging axis. Some image
processing is required prior to using them for wavefront reconstruction.

All defocused images have to be normalized by the total power to obtain correct
relative intensities between defocused images. In the first step, the total power of each
image gets estimated by summing up all the pixel values around the center peak. Then
the background is estimated by taking the average pixel value of a circular region far from
the signal region. By fitting a y = A-sinc?(a(x—x0)) function through power normalized
peak intensities against defocus, the correct relative position from the image to the focus
spot is extracted. Images are then cropped, get background subtracted and normalized
by power and are further used for phase retrieval. A total of 20 optimization runs with
500 iterations with 2 images each are performed. The extracted Zernike polynomials are
shown in figure 4.7 and figure 4.8. The results provide the first 40 Zernike coefficients
which are used to calculate the W,,,, and Strehl ratio values S for both wavelengths,
with piston and tilt not included

WO —0,0531(2), S = 0,894(3)

rms

W76 = 0,0574(3), S™ = 0,878(5).

rms

The predicted values from the simulation Sj},, =0.86 and S{%S  =0.83 are statisti-
cally significantly lower than the measured results. This seems to be reasonable, since a
bigger aperture stop diameter of 24,8 mm was used in the simulation, which gives rise

to spehrical aberrations, reducing the Strehl ratio.
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Figure 4.7: Zernike polynomials extracted from phase retrieval for 766 nm. The values in
black represent the predicted ones by Zemax and the red bars are the experimental results.
Error bars have been obtained by averaging multiple optimization runs, they do not appear
due to their small size though.
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Figure 4.8: Phase retrieval results for 671 nm. The black bars show the predicted values and
the red bars are the retrieved ones.
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4.2.4 Field of view

In real experiments, the region of interest likely exceeds the diameter of a diffraction
limited spot. Therefore, it is crucial to know how large the area around the optical axis
is where the microscope still provides a Strehl ratio greater than 0,8. This diffraction
limited area is known as the field of view (FOV).

Displacing the pinhole orthogonal to the optical axis causes an peak intensity loss
which is directly connected to the loss of Strehl ratio. Comparing the peak intensities of
power normalized images off-axis with the known on-axis Strehl ratio value from phase
retrieval, allows to determine the field of view. The results for both wavelengths are

presented in Figure 4.9.
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Figure 4.9: Measurements for a) 766 nm and b) 671 nm. The two colours indicate the x-
and y-axis orthogonal to each other and to the optical axis. Each data point is an average
of 3 points measured in the same position. The dashed line is the diffraction limit or Strehl

ratio=0,8.
From the data presented in 4.9, the field of view is estimated to be
FOV™® ~ 90 pm,

FOV®™ ~ 110 pm.

The fov in the simulation with the same aperture stop of 17 mm should roughly be
twice as large, which is most likely caused by larger spherical aberration, coma and
astigmatism than the simulation predicts.
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4.2.5 Chromatic focal shift

As the refractive index is a function of wavelength due to dispersion, the microscope
uses achromatic lenses to reduce the magnitude of the chromatic focal shift between
both wavelengths. To quantify this shift, the peak intensity loss is being measured for
both wavelengths when moving the camera out of the focus along the optical axis while
keeping the pinhole in the same position. It follows the same principle as in section
4.2.4, by comparing normalized peak intensities. The results are shown in Figure 4.10.
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Figure 4.10: Measurement for the focal shift between both wavelengths. Left (red) data are
for 766 nm and right (black) for 671 nm. Two fits of the form y = A - sinc?(b(z — x¢)) +y0 are

used to extract peak position at z9. The parameters 27%6=0,391(7) mm and z§71=0,024(5) mm
are obtained. The dashed line indicates the diffraction limit.

With the data from Figure 4.10, the focal shift is deduced to
Azy=0,37(1) mm. (4.4)

Another information that can be extracted is the field where both wavelengths are
diffraction limited. The narrow overlap area is 0,2 mm in width.
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4.3 SNOM fiber measurement

In this section, experimental work carried out with a 100(30) nm SNOM fiber tip at
766 nm is presented. The measurements presented are supposed to verify the results
independently of the pinhole. Especially with a resolution being far off the estimate, the
pinhole itself would come into question as an error source as well.

4.3.1 Experimental adaptation to probe a SNOM tip

There is a little experimental alteration required to operate the SNOM fiber with the
current setup. The items used to utilize the SNOM are shown in Figure 4.11.

Figure 4.11: Tools used to operate the SNOM fiber probe. a) (1) A SM1F1-250 fiber clamp
holding the tip of the SNOM fiber (encircled in red). b) The other end of the fiber is guided
through a single mode/polarization-maintaining fiber connector (3) which can be connected
to one side of a fiber connector adapter (2). The fiber connected to the opposite side of the
adapter provides the light source.

The fiber clamp inside the tube in Figure 4.11 is used to maintain the SNOM fiber tip,
centered within the tube for easier probing under the microscope. This tube replaces
part 4 and 5 in caption 4.1 and part 6 is screwed on top of the clamp tube. Thus the
light emitted from the SNOM tip propagates along the same path as the one from the
pinhole. Prior to the measurements, the spot is once again corrected to obvious tilts
and comas by iterating with the translation stage and relative intensities are compared
to find the diffraction limited area.
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4.3.2 Resolution

The resolution measurement is done for 766 nm in, however this time in dependence of
the aperture stop radius in Figure 4.12.
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Figure 4.12: The graph shows the measured FHWM resolution versus aperture stop radius.
The stop radius starting at 11,5 mm is decreased by 2 mm steps and several measurements are
taken at each position. The errors are the averaged fit errors from each Gaussian fit, as it was
done in figure 4.6. The dashed line marks the theoretical airy disk radius for the according to
equation (2.19).

The measurements in figure 4.12 are basically an extended measurement from figure
4.6, where each measurement point is the average of 10 measurements for the respective
stop diameter. This graph shows the behaviour of the experimental resolution which
is decreasing for an increasing stop diameter, until at some point spherical aberrations
get dominant enough to cause a broadening of the FWHM and thereby worsen the
resolution. In contrast, the theoretical resolution limit according to the Rayleigh criterion
is continously decreasing for an increasing stop diameter. The graph suggests a stop
diameter between 15 mm and 17 mm is favourable for the best possible resolution while
still being diffraction limited.
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4.3.3 Strehl ratio

The wavefront error is retrieved for the SNOM measurement as well. It is of interset,
whether or not rebuilding the tube and having the new light source not in the exact
same spot as before still provides the same results. This time, 10 optimization runs are
performed with 500 iterations each, two images per iteration. The averaged results of
the Zernike coefficients are presented in Figure 4.13
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Figure 4.13: Zernike polynomials from phase retrieval for 766 nm. The black bars represent
the theoretical expected values and red the retrieved ones.

With the coefficients shown in Figure 4.13, the wavefront error and Strehl ratio is
calculated

Wiz~ O™ = 0,0557(8), STOSNOM — 0, 88(1).

The value is within its 1o deviation of the pinhole measurement. At first glance, when
comparing the Zernike values, the fifth and sixth term dropped the most, corresponding
to a lower astigmatism. This could relate to either the front lens or the back achromatic
lens not being aligned the same way as in the pinhole measurement since they were
removed and put back in a couple of times. Or, it is simply of statistical nature since
less optimizations are made, thus a larger error.

47



4.4 Measurement discussion

The measured values are compared to the predicted values in table 4.1. Since the aper-
ture spot in the experimental setup was chosen to be 17 mm, all values are compared to
a the same stop diameter in the simulation.

Table 4.1: Comparison between measurement results and ray tracing estimates.

Parameter Simulation results Experimental results
Magnification 35,1 34,4(4)

1,19 pm for 671 nm 1,43(1) pm for 671 nm
1,36 pm for 766 nm 1,55(1) pm for 766 nm
0,935 for 671 nm 0,894(3) for 671 nm
0,943 for 766 nm 0,878(5) for 766 nm
220 pm for 671 nm 110 pm for 671 nm
220 pm for 766 nm 90 pm for 766 nm
Focal shift (image space) 400 pm 370(10) pm

Resolution limit

Strehl ratio

Field of view

The measured magnification is in good agreement, within 2, of the expected value.
The measured resolution is roughly 20% larger than the Rayleigh limit which is most
likely due to spherical aberrations being higher than expected from the simulation, hence
a smaller aperture stop is chosen to compensate for those. Overall the system shows
diffraction limited performance over a sufficiently large field of view, even though the
values are not a good as the simulation suggested. This is not entirely unexpected
since four of the lenses were commercial lenses with larger uncertainties in their radii
and thickness compared to more expensive custom lenses. The chromatic focal shift is
within the maximum predicted focal shift range. The reason for giving a range in the
predicted value instead of an exact value, is because moving the entry lens has an impact
on the chromatic performance, according to the simulation. Ideally it should be kept in
its designed position to avoid losing achromatic performance.

The Zernike polynomials extracted from phase retrieval indicate where the aberrations
come from. Figure 4.14 shows their shape. According to the model, the j=4 coefficient
or defocus is dominant, which arises from the fact that the design features achromatic
performance. As phase retrieval was performed for each wavelength separately, the
measured value should be taken with a grain of salt. Astigmatism and coma are most
likely enhanced by improper alignment of the pinhole with the objective. Apart from
that, surface tilt with respect to each other inside the lens tube would also cause these
types of aberrations. Spherical aberrations are subject to lens spacings and can be
enhanced by uncertainties in lens thickness. Higher order terms, as well as tre- and
pentafoil, can not be specified to a simple origin, but are likely a result of uncertainties
in lens parameters, such as thickness and diameter. The cut-off at 40 polynomials was
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chosen because earlier runs have shown that higher order terms up to 80 made up less
than 1% of the total wavefront error.
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Figure 4.14: Plots of the first 45 Zernike polynomials. Image taken from [35].
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5 Summary and Outlook

In this work, the prerequisites for designing an objective to image ultracold quantum
gases were discussed and its experimental testing was done and compared to simulation
results. It is remarkable, that given all the boundary conditions such as being able to
image through a vacuum glass cell, having achromatic performance and a resolution
far below 2 micron, such an objective could be built almost entirely from off-the-shelve
standard lenses for little cost. The results of the ray tracing software also seem to be
reliable and are thus an important asset in the design process.

In the next step, the objective could be implemented into the experiment and replace
the x4 magnification system, as mentioned in section 1.4. As both wavelengths are in-
tended to be imaged on separate CCD cameras, a polarizing beamsplitter would have to
be placed in the infinite conjugate plane and then two imaging lenses in each of the arms
to form the image on the CCD chips. The PBS should ideally not add an additional
wavefront error in the infinite conjugate plane, as it just adds a constant phase delay
as discussed in section 2.3.3. The upgraded imaging system will hopefully contribute to
allow a deeper analysis of the ongoing research in the FelLiKx group as future studies
might include investigating the two dimensional character of the interface between the
bosonic and the fermioninc layer [22].

The phase retrieval algorithm used has yet seen limited application in microscopy ex-
periments, apart from [24]. Even though the results agree fairly well with the predicted
wavefront error from the OpticStudio simulation, it would be interesting to compare
these results with the wavefront error retrieved by other, more common, means for ex-
ample with a Shack-Hartmann wavefront sensor [36].
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