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Chapter 1

Introduction

1.1 Quantum information

In the 1980s it was argued that the amount of resources needed to simulate a
quantum system scales exponentially with the size of the system [1, 2]. Richard
Feynman proposed quantum simulation1 as a possible solution. The idea is that a
quantum system can be prepared to study another, less controllable or accessible,
quantum system [3]. Quantum simulation can be useful for different quantum
mechanical problems from solid state physics [4] to chemistry [5].

In 1985 the idea to realize a digital quantum computer was developed by
David Deutsch [6]. For the short and medium term, however, Feynman’s ideas of
quantum simulations are much more realistic as fewer quantum bits are needed
for a meaningful result.

Various platforms are tested for realization of quantum computers and sim-
ulators: superconducting circuits [7], quantum dots [8], trapped ions [9], and
neutral atoms [10], among others. All these systems have their own strong and
weak points. We will not discuss them here, but rather concentrate on the plat-
form to which we contribute in our experiment: neutral atoms in a Rydberg state
(so-called Rydberg atoms).

1.2 Using Rydberg atoms and atom chips for quan-
tum information

Rydberg atoms [11] are atoms with a high principal quantum number n. Usually,
atoms with n > 20 are called Rydberg. These atoms show extraordinary proper-
ties, scaling steeply with n [12]: atomic radius ∝ n2, lifetime ∝ n3, van der Waals

1To prevent confusion let us remark here that quantum simulation is also called analog quantum
computing.
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interaction strength ∝ n11, polarizability ∝ n7. This makes them an attractive
tool for quantum information: interparticle interaction can be tuned as well as
switched on and off. For example, the strong dipole-dipole interaction between
two Rydberg atoms can induce so-called Rydberg blockade [13]. By using the
blockade effect, it is possible to realize logical operations on Rydberg qubits [14].
Moreover, coherent manipulation can be achieved with a very low spontaneous
decay rate: typically Rydberg lifetimes are tens of µs [15], and in case of circular
Rydberg states they can even reach tens of seconds [16]. These properties made
Rydberg atoms a popular tool for quantum information [17, 18].

Using neutral atoms for quantum information requires trapping. There are
various ways to realize platforms for trapped neutral atoms: optical tweezers [19,
20], optical lattices [21], and atom chips [22, 23]. In our experiments we choose
to work with atom chips. Usually, on an atom chip an ultracold atomic cloud is
trapped by means of magnetic field, created by current carrying wires. In our
experiment, on top of the usual wires we have a layer of a permanently magne-
tized material [24–26]. This layer is etched in such a way, that it creates a lattice of
magnetic microtraps. Working with magnetic lattices has many advantages: they
are easily scalable, the trapping geometries can be almost arbitrary at will.

In this work we describe different projects, each of them aimed to tackle an-
other challenge to realize a platform for quantum information on magnetic lat-
tices with Rydberg atoms.

1.3 Overview of this thesis

In chapter 2 we describe our work on a spatial light modulator (SLM). In order to
perform quantum information tasks in a lattice of ultracold atoms one has to be
able to address different lattice sites. We use a liquid crystal SLM to shape beams
of two lasers in order to create different spot patterns in a test setup. The two
lasers have the same wavelength as excitation lasers in our experiment (780 nm
and 480 nm). The SLM was also used to measure and reduce optical aberrations
in our test setup. Once the Rydberg excitations in the microtraps are achieved,
the SLM setup can be moved to the experiment.

A big issue of using atom chips for manipulating Rydberg atoms is stray elec-
tric fields. Rubidium atoms get adsorbed to the surface and form a distribution
of dipoles, which causes stray electric fields. As Rydberg atoms have a large po-
larizability, they are very sensitive to stray electric fields. Thus these fields have
to be reduced. In chapter 3 we discuss our work on the measurement and the
reduction of stray electric fields on our atom chip. We use Rydberg spectroscopy
to measure these fields. By changing the duty cycle (i.e. the effective application
time) of one of the two Rydberg excitation lasers (the blue laser), we change the
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dipole distribution and hence the stray electric field. Based on the stray electric
field measurements we create a model to describe the surface density of adsorbed
Rb atoms. We also examine the dynamics of the adsorption/desorption process.

In chapter 4 we present a more comprehensive model, describing the adsorp-
tion and desorption dynamics of ad-atoms, measured in chapter 3. We start off
by describing the adsorption and desorption of the rubidium atoms within one
experimental cycle. By dividing the per-cycle change by the cycle time, we obtain
a differential equation. This differential equation describes the slow (i.e. tak-
ing 120− 200 experimental cycles) evolution of the ad-atom distribution after a
change of the duty cycle of the blue excitation laser. We compare the steady state
and time dependent solutions of this equation with the measurements from chap-
ter 3 to get estimates on the parameters that describe the interaction between an
ad-atom and the chip surface.

In chapter 5 we describe the experimental setup of our current Magchips
experiment and of our new Magchips Nano experiment. We mostly focus on
the new elements that were added to the laser system and optical components,
needed for atom trapping.

In chapter 6 we describe the first steps, taken to bring the Magchips Nano
experiment to life. We characterize the magneto-optical trap (MOT), the u-wire
based magneto-optical trap (uMOT), and the magnetic Ioffe-Pritchard trap. Un-
fortunately to this moment ultra-cold temperatures on the new chip were not yet
realized. We discuss reasons of this issue.





Chapter 2

Beam shaping with a spatial
light modulator

In the Magchips experiment we have lattices of microtraps for
ultracold atoms. A spatial light modulator (SLM) was set up to
spatially address the microtraps with Rydberg excitation lasers.
In this chapter we discuss the work which was done on laser
beam wavefront calibration and shaping by means of the SLM.
First, the spatial light modulator was used to apply small phase
shifts to different parts of the wavefront in order to estimate its
quality. Then numerical methods were used to retrieve the wave-
front quality from the measured data. Finally, the proper phase
was applied to the spatial light modulator in order to compensate
for the wavefront imperfections and generate improved spot pat-
terns of laser light. We also multiplex the SLM for the two wave-
lengths (780 nm, the "red" laser and 480 nm, the "blue" laser) as
needed for Rydberg excitation, and finally we present our work
on matching the chip geometry with the generated spot pattern.

This chapter is partly based on [27].
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2.1 Introduction

Rydberg atoms attract a lot of attention as an instrument for quantum simulation
[16, 17, 28] and quantum computation [14, 29, 30] due to their unique properties,
such as switchable interaction over micrometer distances, long life times, and the
blockade effect. Another promising tool is provided by atom chips [22, 31, 32]
carrying the promise to realize a compact and scalable quantum platform, where
small clouds of ultracold atoms are trapped in an array of microtraps [24, 25]. In
our experiment we want to combine Rydberg atoms and atom chips. In this appli-
cation one would like to address the microtraps individually using laser beams,
either for quantum simulations with Rydberg atoms [14, 29], or for exploring lat-
tice physics [33, 34]. For laser beam manipulation a spatial light modulator (SLM)
can be used [35, 36].

In experiments addressing small atomic ensembles or even individual atoms
the light field distribution (and thus wavefront quality) becomes very important
[35, 36]. Ideally, all the aberrations, caused by the optical elements or by the SLM
itself should be eliminated. Luckily, both the aberration measurement and its
compensation can be done using the SLM [37, 38].

This chapter partly overlaps with [39]. In Sec. 2.2 we briefly describe the SLM,
which was used in this chapter. In Sec. 2.3 - 2.5 we describe the wavefront mea-
surement and reconstruction techniques, and in Sec. 2.6 we discuss the wavefront
reconstruction results. In Sec. 2.7 we present our work on multiplexing the SLM
for the two wavelengths (780 nm "red" laser and 480 nm "blue" laser) as needed
for Rydberg excitation, and finally in Sec. 2.8 we present our work on matching
the chip geometry with the generated spot pattern.

2.2 The spatial light modulator

In general, spatial light modulators (SLM) control amplitude, phase or polariza-
tion of the light on a per-pixel basis. The most commonly used realizations of
SLM are digital mirror devices (DMDs) and liquid crystal displays (LCDs). The
DMDs consist of micro mirrors with typical size of ∼ 10 µm, which can be indi-
vidually switched between two positions and thus the light reflection is binary
controlled per pixel. The LCDs consist of liquid crystal material (with pixel size
of a few microns) where the electric voltage can be applied to each pixel indi-
vidually and thus the reflected light phase can be controlled. The DMDs offer a
high update rate (up to 50 MHz against 60 Hz for LCDs) but a lower diffraction
efficiency. The best diffraction efficiency for DMDs is ∼ 10% whereas for LCDs
it can be almost 90%. In our case the update rate is not critical because the pat-
tern needs to be changed once per experimental cycle (∼ 20 s). The diffraction
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l/2 l/2

f =18.85mm

f =11mm f =11mm

DM

M=25/6 M=6

M=2

M=2

f =600mmf =300mm

f =600mmf =300mm

FIGURE 2.1: Test setup for the spatial light modulator (SLM).
The 780 nm and 480 nm beams are outcoupled from polarization
maintaining fibers. Telescopes are used to match the beam sizes
to one half of the SLM. Dichroic mirrors (DM) are used to over-
lap and separate the laser beams. The second telescope for both
lasers is in the 4f-configuration to ensure that the beams hit the
center of the imaging lens independently of the deflection angle

of the SLM [36]. The figure is adapted from [40].

efficiency, on the other hand, is very important because for the Rydberg excita-
tion high laser power is needed. For this reason we chose to work with an LCD
device. Our SLM is HoloEye Photonics AG, PLUTO-BB HES 6010 BB, this device
has a maximum update rate of 60 Hz and a fill factor of 87%. The fill factor refers
to the part of the surface, which is active (voltage controlled) and determines the
efficiency. The theoretical diffraction efficiency for our spatial light modulator is
(fill factor)2 = 76%. In the experiment the diffraction efficiency of 76% was mea-
sured [40]. Our SLM has 1920× 1080 pixels , the display size is 15.36× 8.64 mm2

(8µm pixel pitch).
To characterize the performance of our spatial light modulator a test setup

was built (see Fig. 2.1). The setup has previously been described in [27, 40].
Here we give a short overview. We use single mode polarization maintaining
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fibers to deliver both red and blue laser beams to the setup. Using telescopes, we
increase the diameters of the beams, such that each of them covers one half of
the SLM canvas. To be able to send the two beams to the SLM surface we have
to partly overlap them with a dichroic mirror. The beams hit the SLM with an
angle of incidence of 6◦ and diffract from the applied phase grating on the SLM.
The specular reflection of the beam (the zeroth diffraction order) is blocked with
a razor blade. After the beams leave the SLM, we separate them by a dichroic
mirror and double their size to match the size of the high NA lens. This lens is
identical to the one inside the vacuum chamber where the SLM should eventually
be applied. After the magnification we overlap the two beams with an another
dichroic mirror1. Finally, the patterns formed in the image plane of the high-
NA lens are imaged onto a CCD camera (PointGrey Fl2G-13S2M-C) using a ×16
magnifying objective.

2.2.1 Pattern generation

In the experiment, the SLM will be used to generate patterns of spots, in order
to spatially address individual traps on the atom chip. Comparison of the zonal
and the modal methods was done by comparing different spot patterns (see for
example Fig. 2.7) created by the SLM. We briefly describe the procedure used to
create the spot patterns. The phase, which we need to apply to the SLM surface
for achieving the desired intensity distribution in the focal plane, was calculated
using the Gerchberg-Saxton algorithm [41, 42]. The code implementing this tech-
nique was realized by [43] and modified by [39]. Here we give a short explana-
tion. Fig. 2.2 illustrates the operating principle of the algorithm. The input light
amplitude of the beam has a Gaussian profile, and the light on the SLM plane is
described as εineiφ0 , where φ0 is an initial phase distribution applied to the SLM,
which can be taken uniform. A fast Fourier transformation is then applied to cal-
culate the light amplitude and phase in the focal plane: ε̂eiψ. The light amplitude
ε̂ in the focal plane is then compared to the desired amplitude εout, and if it is close
enough, the algorithm has converged and the phase φ is recorded. Otherwise the
amplitude ε̂ is substituted with the desired one εout (this is called amplitude con-
straint) and the reverse fast Fourier transformation is taken in order to find the
light distribution in the SLM plane ε̃eiφ. Next, the amplitude constraint2 ε̃ → εin
is applied again (this time in the SLM plane) and the FFT is used again to calcu-
late the light distribution in the focal plane. In this manner the Gerchberg-Saxton

1Here we have to mention, that for technical reasons we were missing the last dichroic mirror and
thus it was not possible to take images of the red and the blue laser beams at the same time. This will
be important in Sec. 2.7 and 2.8.

2As we are not interested in the focal plane phase ψ, we follow [43, 44] to leave it as a free param-
eter.
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algorithm iteratively converges to the SLM phase distribution φ which creates the
desired light amplitude εout in the focal plane.

F

  -1F

SLM plane Focal plane

initial
guess

≈if
return desired
phase 

FIGURE 2.2: Illustration of Gerchberg-Saxton algorithm. Figure
adapted from [41].

2.3 Wavefront measurement

For precise control of the light distribution we have to avoid or correct optical
aberrations in the system. For this purpose we want to measure the wavefront of
the laser beam, i.e. local deviation of the wavefront from a flat one. The wavefront
is reconstructed from a map of the local tilt (transverse phase gradient), measured
by using the SLM as a Shack-Hartmann sensor (see Fig. 2.3(a)) [45]. A Shack-
Hartmann device is an array of apertures or lenses which displace the focused
spot in the focal plane in proportion to the average phase tilt over the aperture.
To mimic the Shack-Hartmann sensor a phase grating pattern is applied only to
a small part of the SLM canvas as depicted in Fig. 2.3(b) and the focal point3

of the first order diffracted laser beam is recorded with the camera. The zero
order is blocked. Because of the local tilt of the wavefront, this beam is focused
to a different point in the focal plane than if the phase pattern was applied to the
whole SLM. This procedure is repeated for the whole beam. If the wavefront were

3Here we use a high numerical aperture lens Edmund Optics, type NT47-727, NA = 0.4, f =
18.85 mm. This is the same lens as in the Magchips experiment.



10 Chapter 2. Beam shaping with a spatial light modulator

θ

x
y

θ

(x ,y)i j

| |
(x ,y )i,j 0

SLM lensWF CCD

| |
(x ,y )0 0

f

(a)

(b)

FIGURE 2.3: In figure (a) a sketch of the Shack-Hartmann pro-
cedure with an SLM (not to scale) is shown. For simplicity the
SLM is shown as an aperture, whereas in reality it reflects light.
However, the key feature of the Shack-Hartmann procedure is
depicted: only a small part of the laser beam reaches the lens af-
ter hitting the SLM. Note that in the setup a magnifying telescope
is used between the SLM and the lens in order to match the lens
size. Figure (b) shows an example of an aperture phase grating

applied to the SLM canvas
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flat, all the points would coincide, however because of the wavefront distortions
they deviate. We record these displacements between the focal points of different
parts of the beam and the focal point of the whole beam as vectors in the plane
of the camera. As shown in Fig. 2.3(a), these vectors are directly proportional to
the gradients of the wavefront at the position of the spatial light modulator. Thus
the information about the local gradients of the laser beam wavefront is obtained
and the wavefront can be recovered.

Let us assume that a flat wavefront would focus to the point (x
′
0, y

′
0) in the

focal plane. A wavefront with a tilt in x direction will focus to a point (x
′
i , y
′
0). We

apply a phase gradient of the laser beam to a point (xi, yj) on the SLM surface.
If at this point the wavefront is tilted, then in the focal plane of the lens the laser
beam will have a displacement of (∆xi,j, ∆yi,j) (where ∆x

′
i,j = x

′
i,j− x

′
0 and ∆y

′
i,j =

y
′
i,j − y

′
0) as it can be seen from Fig. 2.3(a):

∂Ψ(xi, yj)

∂x
=

∆x
′
i,j

f
(2.1)

∂Ψ(xi, yj)

∂y
=

∆y
′
i,j

f
. (2.2)

In the Eq. (2.1)-(2.2) f is the focal length of the lens, and Ψ(x, y) is the wave-
front at the SLM surface in units of length. Once the wavefront gradients are
measured, the wavefront can be recovered either by direct integration (zonal ap-
proach) or by approximating the data by a sum of polynomials (modal approach).
Then the compensating phase Φ = − 2πΨ

λ can be applied to the SLM to flatten the
wavefront of the reflected beam.

The measurement quality depends on three parameters: the step size, the di-
ameter of the circle aperture with applied phase, and the grid size (see Fig. 2.4).
The grid size should be taken as large as possible to ensure high wavefront recon-
struction quality. On the other hand, it cannot be taken too large, because, when
measuring the wavefront at the wings of the laser beam, its intensity is too low to
give a good signal to noise ratio on the CCD.

The aperture diameter must be chosen to be less than the grid size (i.e. beam
size) but large enough to have good signal of the diffracted laser beam on the
camera. The step size should be much less than the beam size. The beam diame-
ters of the 780 nm and 480 nm laser beams are 5.94 mm and 5.5 mm respectively.
Empirically the best sizes of the circular phase grating and the step were found
to be both equal to 500 µm for the 780 nm laser, and both 300 µm for the 480 nm
laser. The grid size was 4× 4 mm for the red beam and 3× 3 mm for the blue
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1

2 Nxi1

2

j

Ny

x

y

grid size

step size aperture
diameter

 +DYx

 +DYy

+0.5DYx
+0.5DYy

FIGURE 2.4: For the Shack-Hartmann procedure a rectangular
Nx × Ny grid was taken. For a good quality reconstruction three
geometrical parameters have to be considered: grid size, step

size, and the aperture diameter (not to scale).

beam.

2.4 Zonal wavefront reconstruction method

In the zonal method we use direct numerical integration to recover the wavefront
from the discrete gradient measurements. The partial derivatives of the wave-
front are defined on the grid of size Nx × Ny (see Fig. 2.4). The step in x and y
directions are hx and hy respectively. The value of the wavefront at the very first
point Ψ(x1, y1) (left top in Fig. 2.4) was set to zero. Then the values of the wave-
front on the edges of the grid Ψ(xi, 0) and Ψ(0, yj) for i = 1...Nx and j = 1...Ny
were calculated. After that the values at all the other points were calculated as a
half sum of the integrals from two neighbors 4:

4For simplicity let us write Ψi,j = Ψ(xi , yj) and
∂Ψi,j

∂x = ∂Ψ
∂x

∣∣∣∣
(xi ,yj)

.
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Ψi,1 = Ψi−1,1 + hx
∂Ψi−1,1

∂x
, (2.3)

Ψ1,j = Ψ1,j−1 + hy
∂Ψ1,j−1

∂y
, (2.4)

Ψi,j =
1
2

(
Ψi−1,j + Ψi,j−1 + hx

∂Ψi−1,j

∂x
+ hy

∂Ψi,j−1

∂y

)
. (2.5)

This reconstruction method is fast and easy to implement, however a small
step size hx,y needs to be chosen as the resulting error scales linearly with it. In
practice the step size was limited by the size of the applied phase shift circle of
the Shack-Hartmann sensor.

2.5 Modal wavefront reconstruction method

In the modal wavefront reconstruction method a set of polynomials is used to
approximate the wavefront. In Eq. (2.6) Zk are the basis polynomials and ak are
fitting coefficients.

Ψ =
15

∑
k=1

akZk (2.6)

A conventional choice of polynomials are Zernike polynomials as they are
orthonormal. The orthogonal property means that the expansion coefficients are
independent of each other. Zernike polynomials were specifically designed for
optical problems such that each of them represents a specific type of aberrations.
All this ensures that a good wavefront approximation can be reached by a small
number of polynomials.

Originally Zernike polynomials were defined to be orthonormal over a unit
circle (these are called circular Zernike polynomials), but since in our work we
use a square SLM aperture, we need to use polynomials, orthonormal over a
rectangle. In this section we first introduce the original circular polynomials and
then present the square polynomials, derived from the circular ones.

Circular Zernike polynomials can be defined as [46]:

Zj(ρ, θ) =


√

2(n + 1)Rm
n (ρ) cos(mθ), if j is even, m 6= 0√

2(n + 1)Rm
n (ρ) sin(mθ), if j is odd, m 6= 0√

n + 1R0
n(ρ), m = 0,

(2.7)
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where (ρ, θ) are the polar coordinates in the plane of a pupil of unit radius
0 ≤ ρ ≤ 1, and Rm

n (ρ) are radial polynomials defined as:

Rm
n (ρ) =

(n−m)/2

∑
s=0

(−1)s(n− s)!
s!
( n+m

2 − s
)
!
( n−m

2 − s
)
!
ρn−2s. (2.8)

In Eq. (2.8) n and m are non-negative integers, satisfying (n− |m|) is even
and non-negative. The index j in Eq. (2.7) is a mode ordering number and is a
function of n and m. Here we won’t write the the exact relation j(n, m) (it can
be found in [46]) as we are not using the circular polynomials in our work. The
rectangular Zernike polynomials will be explicitly presented later.

Now let us go from the conventional circular Zernike polynomials to the rect-
angular ones (orthonormal on the unit rectangle) {Fk}, which were derived in
[47] by means of a Gram-Schmidt orthogonalization process [48] using circular
Zernike polynomials as basis functions. For the sake of shortness we will not
rewrite the derivation, but rather explain the idea. In this orthogonalization pro-
cess the new basis is built recursively: F1 = Z1 = 1 and Fk+1 = ∑k

j=1 ck+1,jFj +

Zk+1, where at each step the orthonormal condition was applied in order to find
the coefficients cj. In our work only the first 15 polynomials (up to fourth order)
were used.

In Fig. 2.5 the polynomials are shown. One can see that the first four polyno-
mials closely resemble specific aberrations: constant overall phase shift, horizon-
tal tilt, vertical tilt, and spherical aberration.

Since the rectangular Zernike polynomials are orthonormal on a rectangle
with unit half-diagonal, we have to map the measurement area (x ∈ [xmin, xmax],
y ∈ [ymin, ymax]) on to the unit rectangle (x̃ ∈ [−a, a], ỹ ∈ [−

√
1− a2,

√
1− a2])

and go from wavefront function Ψ defined on coordinates (x, y) to Ψ̃ defined on
(x̃, ỹ):

x̃ =
x− xcenter

ξ
, ỹ =

y− ycenter

ξ
; (2.9)

where ξ = 1
2

√
(xmax − xmin)2 + (ymax − ymin)2 is the half diagonal, and xcenter =

xmin+xmax
2 , ycenter =

ymin+ymax
2 are the coordinates of the center of the measurement

area.
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TABLE 2.1: Orthonormal rectangular Zernike polynomials,
where ρ2 = x2 + y2. In this table we use the following no-
tation: µ = (9 − 36a2 + 103a4 − 134a6 + 97a8)1/2, ν = (49 −
196a2 + 330a4 − 268a6 + 134a8)1/2, τ = 1/[128νa4(1− a2)2], and
η = 9− 45a2 + 139a4 − 237a6 + 210a8 − 67a10, a is the half-size

of the rectangle in the x-direction.

F1 = 1

F2 = (
√

3/a)x

F3 =
√

3/(1− a2)y

F4 =
[√

5/(2
√

1− 2a2 + 2a4)
]
(3ρ2 − 1)

F5 =
[
3/a
√

1− a2
]

xy

F6 =
{√

5/
[
2a2(1− a2)

√
1− 2a2 + 2a4

]}
[3(1− a2)2x2 − 3a4y2

−a2(1− 3a2 + 2a4)]

F7 =
[√

21/(2
√

27− 81a2 + 116a4 − 62a6)
]
(15ρ2 − 9 + 4a2)y

F8 =
[√

21/(2a
√

35− 70a2 + 62a4)
]
(15ρ2 − 5− 4a2)x

F9 =
{√

5
√
(27− 54a2 + 62a4)/(1− a2)/

[
2a2(27− 81a2 + 116a4 − 62a6)

]}
×
[
27(1− a2)2x2 − 35a4y2 − a2(9− 39a2 + 30a4)

]
y

F10 =
{√

5/
[
2a3(1− a2)

√
35− 70a2 + 62a4

]}
[35(1− a2)2x2 − 27a4y2

−a2(21− 51a2 + 30a4)]x

F11 = [1/(8µ)]
[
315ρ4 − 30(7 + 2a2)x2 − 30(9− 2a2)y2 + 27 + 16a2 − 16a4]

F12 = [3µ/(8a2νη)][35(1− a2)2(18− 36a2 + 67a4)x4 + 630(1− 2a2)

×(1− 2a2 + 2a4)x2y2 − 35a4(49− 98a2 + 67a4)y4 − 30(1− a2)

×(7− 10a2 − 12a4 + 75a6 − 67a8)x2 − 30a2(7− 77a2 + 189a4

−193a6 + 67a8)y2 + a2(1− a2)(1− 2a2)(70− 233a2 + 233a4)]
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TABLE 2.2: Orthonormal rectangular Zernike polynomials (Con-
tinued)

F13 = [
√

21/(2a
√

1− 3a2 + 4a4 − 2a6)](5ρ2 − 3)xy

F14 = 16τ[735(1− a2)4x4 − 540a4(1− a2)2x2y2 + 735a8y4

−90a2(1− a2)3(7− 9a2)x2 + 90a6(1− a2)(2− 9a2)y2

+3a4(1− a2)2(21− 62a2 + 62a4)]

F15 = {
√

21/[2a3(1− a2)
√

1− 3a2 + 4a4 − 2a6]}
×[5(1− a2)2x2 − 5a4y2 − a2(3− 9a2 + 6a4)]xy

Ψ̃(x̃, ỹ) = Ψ (ξ x̃ + xcenter, ξ ỹ + ycenter) , (2.10)

∂Ψ̃(x̃, ỹ)
∂x̃

=
∂Ψ
∂x

dx
dx̃

, (2.11)

∂Ψ̃(x̃, ỹ)
∂ỹ

=
∂Ψ
∂y

dy
dỹ

. (2.12)

Thus, the "squeezed" 5 function Ψ̃(x̃, ỹ) shows the same behavior on the unit
rectangle as the measured wavefront Ψ(x, y) on the area of measurement. Note
that after approximating the function Ψ̃(x̃, ỹ) by polynomials {Fk} (k = 1...15),
we need to "stretch" it back to obtain the wavefront:

Ψ(x, y) = Ψ̃ (x̃, ỹ) . (2.13)

Let us express the wavefront as a linear combination of rectangular Zernike
polynomials up to fourth order:

Ψ̃(x̃, ỹ) =
15

∑
k=1

akFk(x̃, ỹ). (2.14)

5Here by "squeezing" we mean scaling without changing the aspect ratio. Since our measurement
area is square for both lasers, the calculation area is also square.
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F4 F5 F6
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F11 F12 F13 F14 F15

FIGURE 2.5: The first fifteen rectangular Zernike polynomials
(up to the fourth order) used in the modal approach.

As displacement in the focal plane is proportional to the wavefront gradient, we
can write 6:

∆x′

f
=

∂Ψ̃
∂x̃

=
15

∑
k=1

ak
∂Fk(x̃, ỹ)

∂x̃
, (2.15)

∆y′

f
=

∂Ψ̃
∂ỹ

=
15

∑
k=1

ak
∂Fk(x̃, ỹ)

∂ỹ
. (2.16)

We can rewrite Eq. (2.14) in matrix form. For this purpose we number all the
points on the measurement grid along a 1D index i = 1...Nx×Ny. Then Eq. (2.14)
can be rewritten as:

Ψ̃ = Fa, (2.17)

where Ψ̃ is a vector consisting of values of the wavefront in all the measured
points, F is a matrix where an element Fi,j has a value of Zernike polynomial Fj at

6Here we recall that coordinates (x̃, ỹ) correspond to the "squeezed" measurement area of the SLM,
and coordinates (x′, y′) correspond to the focal plane of the lens.
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the ith measurement point. Eq. (2.17) will give the reconstructed wavefront once
we find the expansion coefficients {aj}

To find these coefficients we combine Eq. (2.15)-(2.16) into one matrix equa-
tion:

1
f



∆x′(1)
∆x′(2)

...
∆x′(Nx Ny)

∆y′(1)
∆y′(2)

...
∆y′(Nx Ny)


=



∂F1
∂x̃ (1)

∂F2
∂x̃ (1) · · · ∂F15

∂x̃ (1)
∂F1
∂x̃ (2)

∂F2
∂x̃ (2) · · · ∂F15

∂x̃ (2)
...

...
. . .

...
∂F1
∂x̃ (Nx Ny)

∂F2
∂x̃ (Nx Ny) · · · ∂F15

∂x̃ (Nx Ny)
∂F1
∂ỹ (1)

∂F2
∂ỹ (1) · · · ∂F15

∂ỹ (1)
∂F1
∂ỹ (2)

∂F2
∂ỹ (2) · · · ∂F15

∂ỹ (2)
...

...
. . .

...
∂F1
∂ỹ (Nx Ny)

∂F2
∂ỹ (Nx Ny) · · · ∂F15

∂ỹ (Nx Ny)




a1
a2
a3
a4
· · ·
a15

 .

(2.18)
The 2Nx Ny × 15 matrix in the right hand side of Eq. (2.18) contains values

of partial derivatives of the rectangular Zernike polynomials at the measurement
points (1)...(Nx Ny). Thus the number of columns in the matrix corresponds to
the number of polynomials being used (15 in our case) and the number of rows
correspond to two times the number of measurement points in the grid on the
SLM canvas.

We want to solve this system of linear equations, written in the matrix form
(2.18). As there are more rows than columns in the matrix in the left hand side of
the equation, the system is overdetermined, which gives us an opportunity to use
the least square method to find the optimal solution [39, 49]. Let us call the vector
of slopes in the left part of Eq. (2.18) S, the matrix of derivatives on the right side
D, then the least square method finds the coefficients vector a that minimizes the
vector of residuals R(a) =‖ S − Da ‖2. This is easy to realize, let us write Eq.
(2.17) for some a with a vector of residuals e:

S = Da + e. (2.19)

Then we write the sum of squares of the residuals as:

R(a) = ∑
i

e2
i = e>e = (S− Da)> (S− Da)

= S>S− a>D>S− S>Da + a>D>Da,
(2.20)
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where > sign stands for transposition. In order to minimize R(a) we write7 [50]:

∂R
∂a

= −2D>S + 2D>Da. (2.21)

By setting the derivative to zero, we are able to find a:

a =
(

D>D
)−1

D>S. (2.22)

(
D>D

)−1
D>S is called the generalized inverse matrix and in case of nonsingu-

lar D coincides with the Moore-Penrose pseudo inverse matrix, which is fortu-
nately a standard function in MatLab. And finally, using (2.17) we reconstruct
Ψ̃.

2.6 Wavefront reconstruction results

The ultimate goal of using the spatial light modulator in our experiment is to
excite Rydberg atoms in the micro traps on the atom chip by spatially addressing
them. The atoms are excited by two-photon excitation [51, 52]. This is realized
by using two lasers with different wavelengths: 780 nm and 480 nm. Our goal is
to learn to use the SLM for controlling both 780 nm and 480 nm laser beams and
compensating for the optical aberrations in the setup.

Before discussing the results of the phase correction for the 780 nm and 480 nm
laser beams, we should mention that for a liquid crystal device there is a nonlin-
ear dependence between the phase retardation of the light and the applied volt-
age. This dependence (so-called gamma curve [53, 54]) is unique for a specific
wavelength. Due to the SLM software restrictions it is possible to use only one
gamma curve for the SLM at a time. In this section we present results where
the "red" gamma curve was applied for working with the red beam, and a "blue"
gamma curve was applied for working with the blue beam. Later in Sec. 2.7 we
present our work where a conversion function was applied to half of the SLM
canvas in order to operate both laser beams while using only the "red" gamma
curve.

7Note that R(a) has a scalar value, whereas a is a vector with 15 components. ∂R
∂a should be

understood as a vector with components
(

∂R
∂a1

, ∂R
∂a2

, · · · , ∂R
∂a15

)
. The derivation of equation 2.21 can be

found in [50]
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780 nm laser 480 nm laser

beam waist, mm 5.94 5.5

grid size, mm 4× 4 3× 3

step size, µm 500 300

diameter of the circular
grating area, µm

500 300

TABLE 2.3: The grid size, step size, and the size of the circular
grating area that optimize the Shack-Hartmann measurement.

2.6.1 Reconstruction result for the 780 nm laser beam

Here we compare results of using zonal and modal approaches to reconstruct
the wavefront for the 780 nm laser beam. In Fig. 2.6 the phase, reconstructed
with zonal and modal approaches, is shown. The two pictures look qualitatively
similar. In both pictures a diagonal stripe of a relatively large phase and a vertical
narrow stripe of a relatively small phase can be seen. However the difference
between the two methods is apparent: in the case of modal correction the phase
change is more pronounced and the picture is in general smoother. The latter can
be explained by the finite step size of the scan during the measurement.

In Fig. 2.7 an example of a spot pattern in the focal plane of the lens for
three different cases is shown: (a) no correction applied8, (b) zonal correction
applied, and (c) modal correction applied. The relative intensity between the pic-
tures should not be compared as the SLM diffraction efficiency fluctuates (this
will be discussed in Sec. 2.10), however it can be seen that the relative inten-
sity between different light spots within one picture is much more uniform in the
case that wavefront correction is applied (pictures (b) and (c)). Also the spots in
the two corrected cases are more circular. The result of the modal wavefront re-
construction method appears to yield slightly better shaped dots. The intensity
distribution and shape are of great importance for coherent spatially addressed
Rydberg excitation as the Rabi frequency depends on the laser intensity.

8Here we have to mention that for all the work with the 780 nm laser beam a so-called factory
correction is used. This is a phase correction which compensates for the non-flatness of the SLM back
plane. The measurement procedure as well as the result of compensation is described in [27, 39, 40].
The factory correction was not used when working with the 480 nm beam.
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0
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��(a) (b)

FIGURE 2.6: Phase reconstructed by the zonal (a) and modal (b)
methods for the 780 nm laser. See text for discussion.

We want to compare the results of the phase reconstruction in a more quanti-
tative way. For this we fit the four light spots from figures 2.7 (a)-(c) to 2D Gaus-
sians. Ideally, in each figure the four Gaussians would have the same height9

and sizes σx and σy. In Fig. 2.8 we present the intensity distribution of the light
spots for the three cases: no phase correction applied, zonal correction applied,
and modal correction applied. The ratios of minimum to maximum intensity for
these three cases are: 63% without any correction applied, 75% with the zonal
correction applied, and 86% with the modal correction applied. In Fig. 2.9 we
present the sizes (σx and σy) of the fitted Gaussians. One can see that the size
distribution is more uniform after applying correction. Another important fea-
ture here is circularity of the points. Without the phase correction applied, the
points tend to be more elliptical. We analyze the ellipticity by calculating the ra-
tio: σx

σy
. This gives the following result: 1± 0.9 without correction, 1.1± 0.3 with

zonal correction, and 1.1± 0.1 with modal correction. This shows that the phase
correction significantly improves the spot shape.

9We do not compare the relative intensities between different figures as the apparent diffraction
efficiency fluctuates in time (see Sec. 2.10), we compare only relative intensities between different
light spots within one figure.
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(a) (b)  (c)

FIGURE 2.7: An example spot pattern for the red laser beam for
three different cases: (a) no phase correction applied, (b) zonal
phase correction used, and (c) modal phase correction applied.

FIGURE 2.8: Normalized intensity of the light spots, presented in
Fig. 2.7. Each spot was fitted to a Gaussian. The normalization
for each case (none, zonal, and modal) was done separately. One
can see a clear improvement in the intensity distribution after the

phase reconstruction.
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FIGURE 2.9: Size distribution for the 780 nm beam (Fig. 2.7).
Each spot was fitted by a 2D Gaussian. One can see that the size
distribution is more uniform after the phase reconstruction. The
vertical size is indicated by diamonds and the horizontal size by
circles. The light spots are more elliptical before the phase re-
construction. For example, the highest lying circle and diamond

without reconstruction belong to different spots.
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2.6.2 Reconstruction result for 480 nm laser beam

0

�

��(a) (b)

FIGURE 2.10: Reconstructed phase for the 480 nm laser beam by
zonal (a) and modal (b) methods. One can see a circular shaped
phase distribution, this can be either caused by spherical aberra-

tions, or by non-optimal collimation of the beam.

In Fig. 2.10 the measured phase distribution of the blue laser beam is shown. One
can see a circular-shaped phase distribution of the laser beam, which reminds of
the Zernike polynomial F4 from Fig. 2.5. This phase distribution can be a result of
either spherical aberration, or non-optimal beam collimation. The modal method
(Fig. 2.10), however, does not show this phase distribution as clearly as the zonal
one. One can also see that the phase change in Fig. 2.10 is larger than in Fig.
2.6, this indicates that in our optical setup aberrations of the blue laser beam are
larger than of the red one.

Fig. 2.11 shows an example of 4 spots generated for three cases: (a) no phase
correction applied, (b) zonal correction, and (c) modal correction. From compar-
ison of the figures (b) and (c) one can see, that the amount of unwanted light
around the spots relative to the spot intensity is the lowest for the zonal case.

We characterize the light spot patterns from Fig. 2.11 by fitting them to 2D
Gaussians. The procedure is the same as for the red beam. In Fig. 2.12 we present
the intensity distribution of the light spots for the three cases: no phase correc-
tion applied, zonal correction applied, and modal correction applied. The ratios
of minimum to maximum intensity for these three cases are: 65% without any cor-
rection applied, 78% with the zonal correction applied, and 81% with the modal



2.6. Wavefront reconstruction results 25

(a) (b)  (c)

FIGURE 2.11: Example of a spot pattern for the blue laser beam
for three different cases: (a) no phase correction applied, (b) zonal
phase correction used, and (c) modal phase correction applied.

correction applied. In Fig. 2.13 we present the sizes (σx and σy) of the fitted Gaus-
sians. One can see that, as in the case of the red beam, the size distribution is more
uniform after applying correction. We also analyze the ellipticity and the value σx

σy

is: 0.8± 0.3 without correction, 0.9± 0.2 with zonal correction, and 1.0± 0.2 with
modal correction. This confirms that the spots are more circular and uniform in
size after the phase correction.

We notice, however, that the modal reconstruction method does not give sta-
bly good results because the performance quality strongly depends on the gen-
erated spot pattern. For some pattern geometries the modal reconstruction ap-
proach even deteriorates the picture compared to the case when no phase cor-
rection was applied. A possible way to improve the modal phase reconstruction
approach is to use more Zernike polynomials.

2.6.3 Wavefront measurement after reconstruction

While our primary goal was to improve the quality of generated spot patterns,
we also want to demonstrate the effect of wavefront reconstruction on the wave-
front quality. For this example we choose to work with the blue laser beam. We
apply the zonal compensating phase to the SLM for the 480 nm laser beam, and
superimpose a phase grating, applied to a small circular area, that shifts the first
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FIGURE 2.12: Normalized intensity of the light spots, presented
in Fig. 2.11 (480 nm laser). Each spot was fitted to a Gaussian.
The normalization for each case (none, zonal, and modal) was
done separately. One can see a clear improvement in the intensity

distribution after the phase reconstruction.

FIGURE 2.13: Sizes of the spots from Fig. 2.11 (480 nm laser). Ver-
tical size is shown with diamonds, horizontal size is shown with
circles. Each spot was fitted to a Gaussian. One can see that the
size distribution is more uniform after the phase reconstruction.
The vertical size is depicted with diamonds and horizontal one

with circles.
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FIGURE 2.14: Picture of the zeroth order illustrating the diffrac-
tion pattern from the square SLM aperture. The Fraunhofer
diffraction from a square phase-reconstructed area can deterio-

rate the beam quality. See text for details.

order by 50 µm horizontally. After that we repeat the Shack-Hartmann measure-
ment procedure described in Sec. 2.3. After the reconstruction we expect the
phase to be perfectly flat. However, the wavefront still deviates from a flat one.
In fact the measured phase profile is hardly flatter than before the reconstruction.
This can be explained by diffraction of the zeroth order beam. We measure the
phase in a square region, and thus the phase compensation is applied only to a
square on the SLM canvas. This means that the SLM phase changes rapidly from
some value to zero outside the region of reconstruction, which causes the diffrac-
tion pattern shown in Fig. 2.14. Here, the zeroth order is shown together with
the diffraction pattern. The diffraction structure reminds of Fraunhofer diffrac-
tion from a square aperture, described by the sinc2 function [55]. To demonstrate
that the diffraction pattern in Fig. 2.14 is caused by the Fraunhofer diffraction
from a square pupil, we apply the wavefront reconstruction phase over a twice
smaller area (1.5× 1.5 mm2). In this case the distance between the adjacent in-
tensity maxima of the diffraction pattern is twice larger, just as expected from
Fraunhofer diffraction.

Because of the small size of the phase-reconstruction area, the light, reflected
from the SLM, can experience Fraunhofer diffraction. The light, diffracted from
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the zeroth order beam, can mix with the first order beam and deteriorate its qual-
ity.

In order to remove the effect of the Fraunhofer diffraction from the measure-
ment we deflect the first order beam by 50 µm in the vertical and 70 µm in the
horizontal directions. This ensures that the beam does not overlap with one of
the diffraction spots. We calculate the root-mean-square deviation from a flat

surface with the formula δrms =

√
∑N

i=1(Ψi−Ψ)2

N , where Ψi is the value at the data
point i, Ψ is the mean value, and N is number of the data points. The δrms is im-
proved from 1.58λ before the phase reconstruction to 0.6λ after the zonal phase
reconstruction.

2.7 Operating two colors on the SLM

The goal of this project is to set up the SLM for spatially selective two-photon
Rydberg excitation in microtraps. This is challenging as different wavelengths
require different period and amplitude of the phase grating. In our experiment
we use two-photon Rydberg excitation with 780 nm and 480 nm lasers. Though
excitation schemes where only one beam is spatially controlled can be thought of,
in general it is useful to be able to control both beams at the same time. Two dif-
ferent techniques exist for simultaneous control of two laser beams with different
wavelengths with an SLM: using a multiorder phase shift, that allows to combine
two colors on the same canvas area [56], and spatially dividing the SLM canvas
for each of the wavelengths [57]. The latter method is more versatile and allows
for creating complex phase patterns.

In our spatial light modulator each pixel is digitally programmed in the 8-
bit configuration, so that the phase is defined by a so-called gray value, ranging
from 0 to 255. In practice, however, the phase retardation response is not linear
to the applied voltage. A linearization curve (so-called gamma curve) is used to
compensate for this nonlinearity [58]. In our setup interferometric measurements
were performed in order to calibrate the gamma curves for the 780 nm and 480 nm
laser light [27, 59].

Due to factory limitations it is not possible to supply separate gamma curves
to different parts of the SLM canvas. Thus, if we want to simultaneously operate
the two different wavelengths, we have to recalculate the applied phase for one
of the lasers, such that it can be used with another gamma curve. We assume
that the maximal phase shift provided for the blue laser by the red gamma curve
is 780

480 2π > 2π, so using the red gamma curve is the obvious choice. We want
to use a linear formula to recalculate the gray value for the blue beam: gnew =
α× gold + g0, where α is a proportionality factor and g0 is an offset. One could
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expect α to be 480
780 = 0.62, however empirically we found the optimal values to be

α = 0.4 and g0 = 10.

(a) (b)

FIGURE 2.15: Illustration of using the red gamma curve for han-
dling the blue beam. In (a) the 3× 3 pattern applied with a stan-

dard procedure, in (b) result of the recalculated gray value.

In Fig. 2.15 the same 3 × 3 spot pattern generated with the blue laser and
using the red gamma curve is shown: (a) before and (b) after the gray value
recalculation. In (a) besides the desired first diffraction order, other orders (both
horizontally and vertically displaced) are present with comparable intensity. In
(b) there is an obvious improvement in the spot pattern quality.

2.8 Matching the desired lattice geometry

As mentioned before, the final goal is the spatially selective excitation of atoms
into a Rydberg state in the microtraps on the atom chip. The current Magchips ex-
periment has two different lattice geometries: square and hexagonal [25]. Hence,
in order to be able to spatially address different microtraps on the chip, we need
to be able to define a light spot pattern not only on a rectangular lattice but also
on an arbitrary one.

The resolution of forming the light field in the focal plane is defined by the
smallest feature that we can address, so-called focal unit (FU). The FU size is in-
versely proportional to the SLM size through the Fourier transformation:
∆xmin × ∆ymin = λ f

m Lx
× λ f

m Ly
, where Lx = 15.36 mm, Ly = 8.64 mm are the phys-

ical dimensions of the SLM [43], and m = 2 is the magnification of the telescope
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780 nm laser 480 nm laser

FUx 0.46 µm 0.3 µm

FUy 0.91 µm 0.56 µm

TABLE 2.4: Values of the focal units (FU) for the two lasers. Focal
units define precision of addressability in the focal plane of the

high NA lens.

between the SLM and our lens (see Fig. 2.1). The values for the FU sizes for the
red and the blue beams are listed in table 2.4. The position of each spot in the
focal plane is defined on a grid with a size of NFU,x × NFU,y, where NFU,x and
NFU,y are numbers of focal units in horizontal and vertical directions. The grid
size (number of points) is related to the pixelized structure of the SLM canvas.
We get a new lattice by defining the lattice vectors through the integer numbers
of horizontal and vertical focal units as:

−→
k = (n1,x, n1,y), and

−→
l = (n2,x, n2,y)

[39]. Then a vector (αi, βi) to a spot i, which needs to be addressed with a laser, is
defined through an integer multiple of the lattice vectors αi

−→
k + βi

−→
l .

0-4-8 4 8 0-4-8 4 8 0-4-8 4 8
x (mm) x (mm) x (mm)

(a) (b) (c) 

FIGURE 2.16: Example of creating a hexagonal lattice geometry
with two laser beams. Figure (a) shows the simulation of mag-
netic fields for creating microtraps (figure taken from reference
[60]. Figures (b) and (c) show the light distribution in the focal
plane of the lens for 780 nm and 480 nm laser beams respectively.

In this way we can produce spot patterns with different geometries. In Fig.
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2.16 as an example we show the magnetic field distribution for creating a hexag-
onal microtrap lattice (a) [60] and the light field distribution matching the hexag-
onal pattern for the red (b) and blue (c) lasers. Here it should be mentioned that
we also apply an additional lens phase to the blue beam in order to compensate
for the chromatic aberration of our high numerical aperture lens. Note that due
to absence of the last dichroic mirror in our setup (refer to Fig. 2.1) the pictures
2.16 (a) and (b) were not taken at the same time. Instead, a usual mirror was put
in and out to take these images. Thus, at this stage it was not possible to optimize
the overlap between the red and blue beams.

2.9 Discussion

We learned how to use the SLM for compensating aberrations, generating arbi-
trary spot patterns, and overlapping them with microtrap lattices. This is done
to create Rydberg excitations in microtrap lattices for quantum computation and
simulation. In this section we discuss the feasibility of such implementation.

For coherent manipulation of excitations in atomic ensembles the light inten-
sity at the position of each cloud should be precisely controlled because the Rabi
frequency is proportional to the square root of the intensity. Several factors can
influence the intensity homogeneity at the position of different atomic clouds.

First, we analyze the maximum possible intensity difference for different atom-
ics clouds, addressed with the red laser. The resolution in the focal plane is de-
fined by focal units (FUx = 0.46 µm,FUy = 0.91 µm), hence a light spot can miss
the cloud by FUx/2, FUy/2. On average, the red light spots have the size of
σx = 0.85 µm, and σy = 0.78 µm10. This means that only ≈ 81% of the maximum
intensity will be delivered to the center of the cloud. Moreover, intensity inhomo-
geneity between different spots can be as high as 16%. So in total the maximum
ratio of intensities between centers of different clouds is 0.86× 0.81 = 70%.

We do the same analysis for the blue laser. The average spot size is σx =
1.1 µm, σy = 1.1 µm 11. Intensity inhomogeneity between different spots can be
as high as 19%. Together with the data from table 2.4, this gives us a maximum
ratio of intensities between centers of different clouds of 0.95× 0.81 = 77%.

We must also remember that the cloud size in a microtrap is sub-micron, thus
comparable to the light spot size. This means that light intensity can vary across
the cloud. A possible solution would be to increase the spot size for both the

10It is interesting to compare these sizes to the diffraction limit. The diameters of the spots are
4σx = 3.36 µm and 4σy = 3.12 µm, and the diameter of the Airy disk (diffraction limitted spot size) is
1.22 λ

NA = 2.38 µm. This means that the generated spots are still larger than the diffraction limit.
11The same calculations as for the red spots yield the spot diameter of 4.4 µm, and the diffraction

limited spot diameter of 1.46 µm.
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lasers by a factor of 2 or 3, such that the spot size is larger than the cloud size and
focal unit.

In order to reduce the intensity inhomogeneity between different light spots
an active feedback system can be implemented [36]. In such a system intensity
distribution is recorded online on a camera and the SLM phase pattern is recal-
culated to compensate for the non-uniformity of intensity between different light
spots.

Here we also mention that position fluctuation of the spot patterns was mea-
sured. The fluctuation can be as much as 1 µm. This could be solved by further
optimizing the optical setup, for example, increasing the mechanical rigidity.

Another issue is that the relative intensity of the first order to the zeroth on
the imaging camera fluctuates over the course of the experiment. The amplitude
of the fluctuation can be as high as 60%, and the typical period is around 3 min.
Using the power meter we ensured that these fluctuations are not real. They
probably have something to do with the camera settings. However, we could not
find proper settings to get rid of the fluctuations and the same type of behavior
was observed with another camera (Thorlabs DCC1545M).

2.10 Conclusion

The Shack-Hartmann procedure was adapted to use the SLM for measuring the
wavefront aberrations. These aberrations can be either caused by the optical com-
ponents in our beam path or be a result of the SLM itself (e.g. inhomogeneity of
pixel performance). Two numerical methods were used to reconstruct the actual
wavefront from the Shack-Hartmann measurement, namely zonal and modal. We
compare the ability of these two methods to compensate for the aberrations in the
system (see Sec. 2.6.1 and 2.6.2). This technique is used to operate with 780 nm
and 480 nm laser beams as we want to use our SLM for spatially addressed Ryd-
berg excitation. We find that for the red laser beam both zonal and modal meth-
ods, applied after the back plane correction, show significant improvement in the
spots shape and intensity distribution. The result of the modal method, however,
yields slightly more homogeneously distributed intensity between the spots. For
the blue beam the zonal method shows a substantial improvement in the spot
pattern generation both in the intensity distribution and the shape of the spots.
The modal method, on the other hand, does not show any stable (in the sense of
generating different spot patterns) improvement of the spot pattern generation,
and for some spot patterns it even deteriorates the picture. In future one could
try to use Zernike polynomials of higher orders to improve the modal algorithm
performance. Even after using the Shack-Hartmann wavefront reconstruction the
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intensity variation among different sites in a spot pattern is up to 16% for the red
laser and up to 19% for the blue.

In Sec. 2.7 we present our results on the simultaneous control of two beams
with different wavelengths on the SLM. We programmatically divide the SLM
screen in half and dedicate each half to one of the lasers. A linear relation gnew =
α× gold + g0 was used to recalculate the gray value for the blue laser, and the red
gamma curve was used to control the blue laser beam. The optimal parameters
were empirically found to be α = 0.4 and g0 = 10.

We adjusted the software to be able to define an arbitrary lattice in the focal
plane of the lens and direct the light to selected points on that lattice (see Sec. 2.8).
As an example we overlap both the beams on geometries, corresponding to the
real microtrap geometries in the current Magchips experiment.

As discussed in Sec. 2.9, there are still some aspects that should be improved
and finetuned before using the SLM in the real experiment. First, further work is
required before implementing the SLM setup in the real experiment because the
conventional way to use an SLM in cold atom experiments is to split the beam to
two identical parts: one going to the atoms and the other going to a camera for
online observation and control of the laser field. Then the SLM performance can
be enhanced by implementing a feedback system, that would adjust the phase
pattern until the intensity distribution reaches the required uniformity. Second,
the issue with the relative power fluctuations between the first and the zeroth
order should be resolved.





Chapter 3

Controlling stray electric fields
on the chip surface

Here we present our measurements of Rydberg excitations of an
atomic cloud in the vicinity of an atom chip. The Rydberg exci-
tations experience a DC Stark shift from a stray electric field. We
find adsorbed Rb atoms on the chip surface to be the source of the
stray field. We report a way to modulate the ad-atom distribution
(and hence the stray field) by irradiating the chip surface with a
laser. We discuss the adsorption/desorption mechanism as well
as its dynamics.

Apart from sections 3.4.2 and 3.5 , this chapter closely follows [52].
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3.1 Introduction

Due to their extreme properties, atoms in a Rydberg state are interesting objects
for creating strongly interacting quantum systems [14, 35, 61, 62]. For example,
Rydberg atoms strongly interact over large interatomic distances [63–66] with a
van der Waals interaction that scales with principal quantum number n as ∝ n11

[11]. This interaction can be switched on and off by exciting and de-exciting the
atoms to and from the Rydberg state. In addition, Rydberg states have long life
times, ∝ n3, required for quantum information purposes. However, the large
electron orbit also leads to a large polarizability that scales as ∝ n7, and makes
Rydberg atoms sensitive to electric fields. Managing electric fields is therefore an
important issue for experiments handling Rydberg atoms near the surface of an
atom chip [51, 67, 68].

An attractive way to realize a scalable Rydberg quantum platform, is to trap
small atomic clouds in arrays of magnetic microtraps close enough to each other,
such that they can interact [25], using an atom chip [24]. However a small in-
tertrap separation (∼ 5 − 10 µm) also implies a similarly small distance to the
surface. At such a short range the stray electric fields can be prohibitively large.
In fact Rydberg atoms are used to measure electric fields [69, 70].

In this chapter we investigate a method to control the electric field by locally
affecting the surface of the atom chip with a blue laser. The mechanism behind
this change is likely a combination of thermally activated desorption and light-
induced atomic desorption (LIAD) [71–74]. Both these effects are known and
used in the cold atoms community. Changing the temperature of the surface is
used to decrease the stray electric field [75, 76] and thus facilitate Rydberg exci-
tation [70]. LIAD has been used by many groups mostly as a controllable atom
source in cold atoms experiments and in particular to increase the number of
atoms collected in a magneto-optical trap (MOT) [77, 78].

In this work we focus our Rydberg excitation lasers onto the surface. This
changes the adsorbate distribution on the surface depending on the duty cycle of
one of the lasers. We probe the electric field at various distances from the chip
using two-photon Rydberg spectroscopy. The measurements show that this tech-
nique can affect not only the strength of the field but also its direction. We model
the ad-atom distribution and the resulting stray field, based on the deposition
and desorption of ad-atom patches during the experimental cycle. We also take
into account the calculated temperature profile caused by the heating laser.

This technique holds promise for spatially controlling electric fields in Ryd-
berg experiments, which is necessary for building a scalable platform for quan-
tum information with long coherence times.
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3.2 Experimental apparatus and measurement tech-
nique

Our setup for Rydberg experiments on an atom chip has been described ear-
lier [51]. Briefly, we transfer atoms from a magneto-optical trap into a z-wire
magnetic trap, yielding a cigar-shaped cloud of 87Rb atoms with peak density of
≈ 0.14× 1012 cm−3 and a temperature of ∼ 3 µK. We excite atoms into the 25S1/2
state using a two-photon transition. The ground state |5S1/2,F = 2, mF = 2〉 is
coupled to the Rydberg state through the intermediate state |5P3/2,F′ = 3〉with a
large blue intermediate-state detuning ∆ = 2π × 1.5 GHz to prevent population
of the intermediate state. In Fig. 3.1(a) we show the level scheme of the two-
photon Rydberg excitation using two lasers: a red laser (780 nm) with a power
Pr = 35 µW, and a blue laser (∼ 480 nm) with a power of Pb = 55 mW. Both
laser beams have waists (1/e2 radius) of w0 ≈ 100 µm. This gives a two-photon
Rabi frequency Ω = ΩrΩb

2∆ ≈ 2π × 276 kHz. The one-photon Rabi frequencies
(Ωr, Ωb) were calculated using the Alkali Rydberg Calculator software [79]. For
the measurements discussed here the bottom field of the magnetic trap BIP is be-
tween 1 G and 3 G depending on the distance from the surface of the chip. The
Rydberg transition should not be affected by the magnetic field because our light
polarization allows only for excitation of the mj = 1/2 state, which experiences
the same Zeeman shift as the |2, 2〉 ground state.

In Fig. 3.1(b) we show an example of an absorption image of an atomic cloud
in the z-wire trap. When excited into a Rydberg state, atoms have a high proba-
bility to either decay into an untrappable state or to be ionized and escape from
the trap. Thus we observe a decrease in the number of trapped atoms in the area
where the two laser beams are focused. The exposure time of the blue excitation
laser was varied between 35 ms to 18 s, the exposure time of the red excitation
laser was kept fixed at 100 µs for all the measurements. Imaging of the cloud was
done in-trap 100 µs after the depletion pulse, so atoms from the neighboring areas
don’t have time to refill the depleted area.

In Fig. 3.1(c) we sketch the local environment of the atomic cloud. The in-
vacuum lens ( f = 18.75 mm, NA = 0.4), through which the Rydberg and absorp-
tion imaging lasers are focused, is coated with a conductive material, indium tin
oxide (ITO), so that an electric field Eapp between the lens and the chip can be ap-
plied and the z-component of the stray electric field (Ez) can be compensated. By
focusing the two lasers we excite part of the atomic cloud and observe a depletion
because of the Rydberg atoms escaping the trap. We then scan the frequency of
the red laser and record the loss of atoms. We take spectra for different voltages
applied between the chip and the lens. This results in Stark maps such as shown
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Si substrate

200nm FePt

1μm Su8
90nm Au
25nm SiO2

FIGURE 3.1: (a) Two-photon excitation scheme to the Rydberg
state. (b) Example of an absorption image of an atomic cloud,
trapped in a magnetic ’z-wire’ trap. The normalized depletion is
obtained by taking the ratio of the number of atoms in the ’hole’
area (where the excitation lasers are focused) and the number of
atoms in the ’ref’ area. (c) Sketch of the setup (not to scale). The
high numerical aperture lens is coated with ITO which allows the
application of a voltage between the lens and the chip to com-
pensate for the z component of the stray electric field. In order
to probe the electric field on different heights, the atomic cloud
(red) can be moved up and down by varying the current through
the trapping wire (z-wire; not shown). The chip contains a stack
of layers of different materials, including a 1 µm SU8 polymer
layer which provides thermal insulation and leads to heating of
the surface (see section Temperature simulation). (d) An example
of a Stark map at a height of 163 µm. For each value of the voltage
between the chip and the lens, a spectrum is taken by scanning
the detuning of the red laser and measuring the normalized de-
pletion. The red line is a fit to the Stark map; the values of Ez and

Ex,y are retrieved from the fit.
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in Fig. 3.1(d). The observed peaks are symmetrically broadened, this can be par-
tially a result of resonant dipole-dipole interaction between the excited 25S state
and the neighboring P states, to which the atoms can decay through black body
radiation [66, 80, 81]. Following [80] we estimate our linewidth broadening to be
≈ 2π× 3 MHz while the minimum measured line width is ≈ 2π× 6 MHz, this is
in agreement with the approximate theory. Closer to the surface of the chip the
spectral widths increase. This could be partly due to an increase of density as the
cloud is compressed closer to the surface. Another possible contribution to the
linewidth broadening could be increased electric field gradients.

The Stark map has a parabolic shape, as expected for a Ryberg S state for
small fields. In the center of the parabola the z-component of the stray electric
field is compensated by the applied field. Thus the applied compensation field
yields a measurement of the stray field z-component. The zero-frequency detun-
ing corresponds to the resonance, as calibrated in a spectroscopy vapor cell at
room temperature in a field free environment using electromagnetically induced
transparency (EIT) [82, 83]. Thus the remaining frequency shift of the vertex of
the parabola is due to the uncompensated Ex,y (parallel to the chip surface) com-
ponent of the stray electric field. Rydberg energy levels are calculated by di-
agonalizing the Stark Hamiltonian using Eapp as an input parameter and using
(Ex,y, Ez) as fitting parameters. To obtain a good fit, we also introduce as an ex-
tra fitting parameter a factor that enhances Eapp − Ez. This is necessary because
some of the measured Stark maps have different (typically larger) curvature than
what is expected from the polarizability of the investigated Rydberg state. In
some measurements we also observe an asymmetry between the two branches of
the parabola which can also increase the apparent parabola curvature, in a few
cases up to a factor of 4. By fitting separately the two branches of the parabola,
we verified numerically that this asymmetry does not affect the position of the
vertex to within the error bars. We speculate that these effects may be due to
spatially dependent deposition of ions or electrons, originating from ionized Ry-
dberg atoms. On the surface these charges form dipoles with their mirror charge
in the gold layer, and contribute to the stray field. A full understanding of this
complex interplay is beyond the scope of this chapter.

Finally, by changing the current in the z-wire we vary the distance between
the atomic cloud and the atom chip and retrieve the dependence of the electric
field Ez on the distance to the chip.

3.3 Experimental results

In previous experiments we observed large stray electric fields above a gold sur-
face [84] and even ∼ 10 times larger fields above silica-coated gold [51]. In other
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studies [70] adsorbate fields were cancelled by binding low energy electrons to
the surface. In our present experiment we use the focused blue excitation laser
to induce local rubidium desorption through LIAD and heating of the chip sur-
face. We vary the average laser power, incident on the chip, by the fractional time
(duty cycle) of the blue laser during the experimental cycle. The pulse length
of the red excitation laser (100 µs) is kept constant for all the measurements. We
then measure the z-component of the electric field for different duty cycles of
the blue laser. Because the power and the exposure time of the red Rydberg
laser and the imaging laser are much lower than for the blue one, their effect
on the chip surface is negligible. The result of the measurement of Ez on different
heights for different duty cycles is shown in Fig. 3.2. The results are reproducible
to within the error bars (1− 2 V/cm): after changing the duty cycle and letting
the system reach the new steady state (typically ∼ 2.5 − 3 hours) we measure
Ez, corresponding to the new duty cycle. We checked that the measured elec-
tric field does not depend on the previous value of the duty cycle by comparing
with different ordering of duty cycles. The observed values of the frequency shift
of the parabola vertex correspond to the parallel component (x, y plane) of the
stray field between (0± 1)V/cm at ∼ 160 µm and increasing to (10± 2)V/cm at
∼ 60 µm. No dependence of Ex,y on the duty cycle was observed. The in-plane
field can be explained by a spatial mismatch [breaking the symmetry, as can be
seen from Fig. 3.1(b)] between the excitation beam and the Gaussian patches of
the dipole distribution. The error bars are standard errors for the fits of the mea-
sured Stark maps, the solid lines show the results of the fitted electric field Ez
using the model described below. The experimental cycle time is ∼ 21 s. The
uppermost blue data shows the determined Ez for the shortest exposure time of
the blue laser of ∼ 35 ms, and thus 0.2% duty cycle. The electric field increases
closer to the surface of the chip. However for higher duty cycles Ez decreases
and at some point even changes sign. Below we present a model to describe this
behavior.

3.4 Model

3.4.1 Electric field simulation

To explain our results we use a model based on a distribution of electric dipoles,
formed by Rb adsorbates on the silica surface. An example is shown in Fig. 3.3,
where the chip (gold and silica layers) is shown with a dipole distribution (red
curve). The positive direction of the z axis coincides with gravity. The value of Ez
is indicated by color intensity. Blue (red) indicates Ez pointing down (up). White
color means absence of Ez. First we assume the distribution [see Fig. 3.1(a)] is a



3.4. Model 41

Duty
cycle

Saturation 
parameter �

0.2%  set to 0 

0.6% 0.54

1.07% 0.76

1.3% 0.95

2.02% 1.79

86% 68

FIGURE 3.2: Dependence of the electric field on the distance from
the chip for different duty cycles of the blue laser. The result of
the measurement of Ez is shown with error bars. The solid lines

show the result of a single collective fit (see text for details).
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(a) (b)

SiO2

Gold

0

FIGURE 3.3: Simulation of the electric field Ez due to a distribu-
tion of dipoles on the surface. The red curves show the dipole
distribution. The golden and the cyan parts show the two outer-
most layers of the chip, the gold and the silica respectively. The
Ez is indicated by color, blue (red) indicating electric field point-
ing down (up). Figure (a) corresponds to a short duty cycle of
the blue laser (see Electric field simulation), (b) adsorbate distri-
bution with a Gaussian hole in it, corresponding to a long duty
cycle of the blue laser. In the area where the blue laser (dashed
line) hits the surface, a hole in the adsorbate layer occurs due to

thermal and light-induced atomic desorption.

double Gaussian so that the electric field points down everywhere. The narrow
Gaussian corresponds to atoms released from the z-wire trap. The wide Gaus-
sian distribution represents atoms released from the MOT. Once the blue laser is
applied to the center of the dipole distribution for a long enough time, it causes
local desorption of the dipoles. The resulting distribution is shown in Fig. 3.3 (b).
It looks like the original distribution with a hole in the center. In the new case
the field lines change direction from down to up in the center of the hole, and a
small region with no stray field appears (the white area). Experimentally, after
the blue laser starts to act on the surface, the desorption of ad-atoms is locally en-
hanced. We attribute this effect to a combination of LIAD and a local increase of
the temperature. The temperature of the spot where the beam hits the surface in-
creases instantly on the experimental time scale (see section 3.4.2) and accelerates
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the desorption of the ad-atoms. When the blue laser pulse ends, the temperature
of the heated area instantly cools down to room temperature. The density of the
remaining ad-atoms (and thus the dipole distribution) depends on the exposure
time of the blue laser during the experimental cycle (duty cycle).

The dependence of the electric field on the dipole distribution was simulated
using MatLab software. The z-component of the electric field at a distance z from
the chip produced by a single dipole on the surface is

Es
z(0, 0, z; x, y) =

p
4πε0

1
(x2 + y2 + z2)3/2 ×[

3
z2

x2 + y2 + z2 − 1
]

, (3.1)

where (x, y, 0) are the coordinates of the dipole, p is the dipole moment of a single
Rb ad-atom. For p we take the value p = 12 D [51, 70] multiplied by a correction
factor ε+1

ε ≈ 1.26 (ε = 3.9 is the dielectric constant of silica) to account for im-
age dipoles due to the gold surface (see appendix A). The z axis coincides with
the Rydberg excitation beams. The electric field Ez at the point (0, 0, z) is then
calculated as:

Ez(0, 0, z; x, y) =
¨

Sch

Es
z(0, 0, z; x, y) ρd(x, y)dx dy, (3.2)

where ρd is the surface dipole density. The integral in (3.2) is taken over the area
of the chip Sch = LxLy, with Lx = 16 mm, Ly = 20 mm.

We simulate the dipole distribution as two Gaussian patches: the first one is
narrow with the size of the atomic cloud in the z-wire trap (σn,x ≈ 170 µm, σn,y ≈
21 µm), and the second one is wide due to atoms expanding from the MOT (σw =
4.5 mm). The size of the hole in the dipole distribution (wh = 2× σh = 100 µm)
is taken to coincide with the waist of the blue laser beam. This choice is obvious
for the LIAD mechanism. For thermal desorption our model (see section 3.4.2)
indicates that the temperature profile is only negligibly wider than wh. However,
we find that for obtaining good fits at large duty cycles it is necessary to assume
that the hole broadens. We describe this by introducing a saturation mechanism.
This saturation can be justified by the fact that the measured electric field is very
sensitive to the duty cycle for small duty cycles, but loses its sensitivity for larger
duty cycles. Also the fact that the data for the case of the largest duty cycle is the
least noisy, suggests that the surface is then clean and the measurement suffers
less from shot to shot fluctuations of the adsorbate density.

We describe the total dipole density as:
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ρd = (ρw + ρn)(1− h), (3.3)

where h is the hole depth, 0 < h < 1 with h → 1 corresponding to full depletion.
In Eq. (3.3) ρw is the broad truncated Gaussian distribution:

ρw(x, y) =

{
Nw

2πσ2
w

e−(x2+y2)/2σ2
w , |x, y| < Lx,y/2;

0, elsewhere;
(3.4)

and Nw is the number of atoms in the Gaussian distribution. The narrow Gaus-
sian part is:

ρn(x, y) =
Nn

2πσn,xσn,y
e−x2/2σ2

n,x−y2/2σ2
n,y , (3.5)

with Nn the number of atoms in the narrow distribution. The hole depth is mod-
eled as:

h(x, y) =
γe−(x2+y2)/2σ2

h

1 + γe−(x2+y2)/2σ2
h

. (3.6)

We introduce here a heuristic saturation parameter γ used as a fitting parameter
in the model, as are Nw and Nn. This saturation model for the depletion provides
the necessary broadening mechanism for the dipole distribution.

For the sake of stability of the fit, we set γ = 0 for the 0.2% duty cycle (blue
open circles in Fig. 3.2). This is justified by the fact that this is the shortest duty
cycle which still allows to see the Rydberg depletion in the atomic cloud and is
the best approximation to the dipole distribution without the effect of the blue
laser. Also for stability reasons Nn is set to 0 for the highest duty cycle data (86%
duty cycle), justified by the fact that for such a large saturation the small dipole
distribution effectively vanishes. All the curves are simultaneously fitted to a
single set of parameters: Nw is the same for all six data sets, Nn is the same for
all duty cycles except the highest 86%, andγ is individually fitted for each data
set. The result of the fit is shown in Fig. 3.2. The error bars on the data are based
on the fit to the Stark maps. The curves are the result of the fit of the hole in the
dipole distribution. In the table on the right hand side of Fig. 3.2 for each curve
the corresponding values of duty cycle and saturation parameter are shown.

The fit gives the values for the dipole distribution: Nw = (6.47 ± 0.02) ×
1013 dipoles and Nn = (4.13 ± 0.01) × 109 dipoles. This gives a peak surface
dipole density ρmax = 7.03 × 105 atoms/µm2. The found dipole density gives
a minimum average ad-atom spacing of ∼ 1.2 nm. This is of the same order as
in other studies: in [70] the estimated surface density and average inter ad-atom
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spacing are 4× 105 atoms/µm2 and∼ 1.5 nm, respectively. The x and y cuts of the
dipole distributions for different values of γ are shown in Fig. 3.4. For the largest
value of γ = 68 (brown curve) the saturation is clearly visible as a widening of
the hole.

(a)

(b)

FIGURE 3.4: X cut (a) and y cut (b) of dipole distributions from
the data fits for different duty cycles (see Fig. 3.2). The distribu-
tion consists of a 2D Gaussian on a broad layer of dipoles and a

saturated hole in it.

3.4.2 Temperature calculation

In order to understand the heating mechanism of the chip during the experiment,
the temperature of the chip was simulated. As shown in Fig. 3.1 (c) the atom



46 Chapter 3. Controlling stray electric fields on the chip surface
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FIGURE 3.5: Sketch for the analytical heating model. A gold ring
of radius r and radial thickness dr is considered. From below it
absorbs laser power PL(r). It loses the power PSU8(r) to the SU8
layer, and exchanges the power PAu(r) with the adjacent rings of

radii r− dr and r + dr.

chip is a stack of layers with different materials. The ad-atoms are adsorbed and
desorbed from silica (∼ 25 nm layer). There is a thin layer of gold (90 nm) for the
mirror MOT, and a 1 µm layer of dielectric (SU8) for planarization of the magnetic
structure (200 nm FePt), which is used to create magnetic microtraps. The last
layer of the chip is a relatively thick (∼ 300 µm) silicon substrate. The chip is
clipped to a metal construction. Since the thermal conductivity of silicon is much
higher than for the SU8 (148 W/m K against 0.2 W/m K ), we assume the SU8 - Si
interface to be at room temperature 296 K. The laser heats the chip surface locally
at the gold-SiO2 interface. The laser beam has a Gaussian profile with a waist
(1/e2 radius) of∼ 100 µm and power of 55 mW. We estimate the absorption of the
blue laser power by the chip to be between 70% and 80%. We use two approaches
to calculate the temperature distribution: semi-analytical and numerical. With
the purpose to optimize the computational time we solve both problems in 2D
axisymmetric mode instead of 3D. We justify this by the fact that the chip size
(16× 20 mm2) is much larger than the laser beam radius (∼ 100 µm), and thus
the chip structure in the x, y plane does not affect the temperature distribution.
The simplified structure, for which the temperature was simulated is shown in
Fig. 3.5. For the temperature calculations we neglect the heat transfer by the
silica layer.

Also, we calculate only steady state temperature because simple considera-
tions suggest that the temperature change is instant on the experimental timescale.
Thermal diffusion is described by the equation: ∂T

∂t − α∇2T = f (x, y, t), where
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α = k
ρcp

is the thermal diffusivity, and k
[

W
m K

]
is the thermal conductivity, ρ

[
kg
m3

]
is the density, and cp

[
J

kg K

]
is the specific heat capacity. The characteristic time

of the temperature change can be found as τheating = ∆h2/α, where ∆h is the
characteristic length of the problem. These numbers are listed in the previous
paragraph, and inserting yields τheating on the order of microseconds or less. This
is much faster than ∼ 21 s for the experimental cycle time and > 20 min of the
characteristic time of the electric field change (see section 3.5), and most impor-
tantly, it is much shorter than the shortest ’blue’ exposure time of 35 ms.

First let us describe the semi-analytical approach. We calculate the temper-
ature distribution by considering a cylindrically symmetric problem of the heat
transfer in a gold ring with radius r and radial width dr (sketched in Fig. 3.5).
The underlying Si chip has a temperature of 296 K. For simplicity, we set it to
T0 = 0, and thus calculate the surface temperature increase relative to the Si chip.
The power, absorbed from the laser, can be written as:

PL(r) = 2π IL(r)rdr, (3.7)

where IL(r) is absorbed laser intensity.
The difference between the powers received and lost to the adjacent rings by

thermal conduction PAu(r) is written as:

PAu(r) = 2πdλAU

(
(r + dr)

dT(r)
dr

∣∣∣∣
r+dr
− r

dT(r)
dr

∣∣∣∣
r

)

= 2πdλAu
d2T(r)

dr2 rdr + 2πdλAu
dT(r)

dr
dr, (3.8)

where d is the thickness and λAu is the thermal conductivity of the gold layer.
The power PSU8(r) conducted to the silicon by the SU8 layer , is written as:

PSU8(r) = −2πrλSU8
T(r)

D
dr, (3.9)

where D is the thickness and λSU8 is the thermal conductivity of the SU8 layer.
Here we account only for vertical heat conductivity in the SU8, where the tem-
perature gradient is T(r)−T0

D . In steady state all the powers sum up to zero and we
get a second order differential equation for temperature:

d2T(r)
dr2 +

1
r

dT(r)
dr
− 1

dD
λSU8

λAu
T(r) +

IL(r)

λAud
= 0. (3.10)
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FIGURE 3.6: Pizza cut of the chip (bottom side view). The tem-
perature distribution in two layers (gold and SU8) is shown with

the colors (not to scale).

It is convenient to rewrite Eq. (3.10) as:

r2
0

d2T(r)
dr2 +

r2
0
r

dT(r)
dr
− T(r) +

D
λSU8

IL(r) = 0 (3.11)

Here r0 =
√

DdλAu/λSU8 ≈ 12 µm is the characteristic length scale of tempera-
ture change, D and d are the thicknesses of the SU8 and gold layers respectively,
λAu = 318 W/m K and λSU8 = 0.2 W/m K are the thermal conductivities. This
equation is solved by the triangular matrix algorithm [85] in MatLab for a Gaus-
sian laser beam. The result is shown in Fig. 3.7 (b) (solid black). Let us first
describe the second solution method and then discuss the results.

We also solved this problem by numerical simulation. The numerical solution
is found by using the finite element method (FEM) [86, 87], realized in COM-
SOL software. The FEM is a numerical method where the domain of interest is
divided into sub-domains. The grid size and geometry can vary between the dif-
ferent sub-domains. This helps to have a finer grid where the small geometrical
parts are included and thus increase the accuracy, but keep it sparse where the
geometry is still large to save the computational time. In Fig. 3.7 (a) an example
of the temperature distribution is shown with colors. The chip is cut out in the
x, y plane at the center of the laser beam. One can see a simplified structure of
the chip, namely the gold and SU8 layers. Note that the temperature gradient is
exaggerated for illustrative purposes.

The calculated temperature as a function of radial direction is shown in Fig.
3.7 (b) with a dashed black line. The temperature maximum of the COMSOL and
semi-analytical simulations are 11.5 K and 12.1 K respectively. The temperature
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FIGURE 3.7: Temperature distribution on the gold surface in the
radial direction, calculated with the semi-analytical model (solid
black) and COMSOL (dashed black). The red curve shows the

normalized intensity of the laser beam.

distribution closely follows the Gaussian form of the laser beam with a root mean
square width σT ≈ 53 µm, only slightly larger than the laser beam σlaser = 50 µm.
The temperature profile resembles the laser beam profile almost perfectly because
the characteristic length scale of the temperature variation r0 is much smaller than
the beam diameter.

The effective heating of the surface is due to the fact that gold is a relatively
bad mirror for the blue light, and also because SU8 is a very good thermal insu-
lator compared to gold.

3.5 Temporal behavior

To better understand the mechanism of the adsorption/desorption process, we
investigate the temporal dynamics of the stray electric fields. Previous work [51]
describes the temporal behavior of the stray electric field in our experiment under
the influence of LEDs, where UV light at 365 nm is shone into the chamber by nine
1 W LEDs. The result of the experiment was that at 134 µm the Ez component
of the stray electric field was reduced approximately by a factor of three after
the first cycle with LEDs on. However if the LEDs are kept on, the stray field
slowly (over a period of a week) recovers to the old values and the number of
atoms loaded into the MOT is also slowly decreased. This suggests that the LEDs,
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FIGURE 3.8: Evolution of the excitation spectra of the Rydberg
25S state. The spectra were recorded at the distance of 130 µm.
Right before the first spectrum the duty cycle was changed from

86 % to 0.2 %.

instead of influencing the chip surface, rather desorb the atoms from the quartz
windows, which in turn creates a more uniform layer of ad-atoms on the chip.
And as the quartz gets cleaner, the number of atoms, released by the LIAD during
each cycle is reduced and the positive effect disappears.

Here, however, we want to measure the dynamics of the adsorption/desorption
process of the Rb atoms on the chip surface. In order to do this, we let the sys-
tem reach the steady state with duty cycle DC = 86 %, then we change the duty
cycle to 0.2 % and record the excitation spectra (see Fig. 3.8). These spectra were
recorded with no applied voltage between the lens and the chip. One can see that
as the time increases, we observe both a frequency shift and transition narrow-
ing. In Fig. 3.9 we plot the resonant frequency and the linewidth as a function of
time. After exponential fitting we obtain the time constants: τres ≈ 29 min and
τwidth ≈ 35 min. We think that the resonant frequency fit is more reliable as the
linewidth may undergo more complicated dynamics than the resonant frequency.
There are different broadening mechanisms involved, and on top of that the Stark
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FIGURE 3.9: Frequency (red) and linewidth (green) of the evolv-
ing spectra from Fig. 3.8. The solid curves show exponential fits

to the data.

broadening is asymmetric for an S state.
We also did the same measurements for two other combinations of duty cy-

cles. For the case of switching the duty cycle from 0.2 % to 23.6 % the time con-
stant is τres ≈ 21 min, and for the case of switching from DC = 0.2% to DC = 9.2%
we obtain τres ≈ 39 min.

A model, describing the adsorption and desorption processes in our experi-
ment, is proposed in Ch. 4. Potentially, this approach could give a better under-
standing of the process and give insight on the atom-surface interaction.

3.6 Discussion

By varying the average time of the blue laser acting on the chip we are able to
control the z-component of the stray electric field above the chip surface. We ar-
gue that this is possible due to a combination of thermal desorption and LIAD
[77]. Usually, for LIAD either UV or violet light is used [88], however in some
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Duty cycle change characteristic time

86% −→ 0.2% τres = 29± 1 s

0.2% −→ 9.2% τres = 39± 13 s

0.2% −→ 23.6% τres = 21± 4 s

TABLE 3.1: Characteristic change times of the transition after
changing the duty cycle.

special cases of low adsorption energy the LIAD effect is seen even in the red
wavelength range [71]. In our case even though the blue photon energy is not
particularly high, the laser intensity is several orders of magnitudes higher than
in usual LIAD experiments. Estimates for thermal desorption and LIAD based
on the numbers provided in [70, 88] suggest that the desorption is dominated
by LIAD due to the high beam intensity, while the mild local heating only con-
tributes in a minor way. As we estimate the Rb coverage of our surface to be
only a few percent of a monolayer, we do not expect that the surface electronic
structure is modified to an extent that photoelectrons could be released [70, 89].
Both the precise adsorption-desorption mechanism in our experiment and the
dynamics of this process are subject for future research.

Despite the strong electric field reduction in our experiment, no reliable Ryd-
berg excitation could be created in the microtraps at ∼ 10 µm distance to the sur-
face. As the atomic cloud approaches the surface of the chip we see broadening
and suppression of the excitation spectra. This prevents Rydberg excitation closer
than∼ 40 µm from the chip, whereas the microtraps are located 6− 8 µm from the
surface of the chip. As mentioned before, one possible broadening mechanism is
resonant dipole-dipole interaction. Another source of spectral broadening and
instability of the stray electric field can be creation of free charges due to the Ry-
dberg ionization close to the surface and the deposition of those charges onto the
surface.

3.7 Conclusion

In this chapter we demonstrate and analyze a novel technique to control stray
electric fields in atom chip Rydberg experiments, changing the local adsorbate



3.7. Conclusion 53

dipole distribution by changing the surface conditions with one of the two Ryd-
berg excitation lasers.

This effect of an excitation laser changing the local surface dipole distribu-
tion through heating and/or LIAD changes conditions of the experiment. It has
therefore to be taken into account in the design of Rydberg experiments on a chip.

The method presented in this chapter provides a path forward towards stable
Rydberg excitation closer to the surface of an atom chip, in particular in mag-
netic microtraps. The reduction of the stray electric fields can be improved by
optimization of the affected area. This can be done, for example, by scanning the
beam position or changing its shape with a spatial light modulator [27, 36].





Chapter 4

Dynamical model for
adsorption and desorption on
the atom chip

In this chapter we construct and explore a model to describe the
adsorption and desorption processes that occur at the surface of
our atom chip. We start by describing the adsorption and des-
orption during the various stages of an experimental cycle. We
then develop a differential equation, describing the slow (over
many cycles) process of reaching a new steady state upon chang-
ing the duty cycle of the blue laser. The characteristic timescale of
the dipole distribution change is 120− 200 experimental cycles.
In our experiment desorption is governed by thermal desorption
and light-induced atomic desorption (LIAD). We find that LIAD
dominates over the thermal desorption. From the analysis of the
steady state and the time dependent solution of this equation we
obtain estimates on the parameters, describing adsorption and
desorption, such as activation energy, LIAD cross section, atomic
influx, and number of deposited atoms from the magnetic trap.
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In Ch. 3 we discuss the impact of Rb atoms adsorbed to the atom chip on the
stray electric field directly above the chip surface. The adsorbed Rb atoms carry
an electric dipole moment and, hence, create stray electric fields. We are able
to change this electric field by changing the dipole desorption rate with one of
our two Rydberg excitation lasers. For this we change the duty cycle of the blue
(480 nm) laser. Here we investigate these adsorption and desorption processes in
more detail. We aim for a comprehensive model that can, at least in principle, de-
scribe this interplay quantitatively. Using the model we obtain qualitative insight
into the relative importance of the various physical processes. Full quantitative
description could in principle be obtained with better knowledge of all relevant
parameters.

We first describe the adsorption and desorption processes changing the dipole
distribution within one cycle of the experiment. Then, by dividing the per-cycle
change by the cycle time, we obtain a differential equation describing the slow
evolution of the dipole distribution. The processes taking place during each cycle
are sketched in Fig. 4.1. We start an experimental cycle with some position de-
pendent dipole distribution ρ(x, y). Immediately after the beginning of the cycle
we deposit some additional amount of atoms ∆ρ+ = ∆ρ+(x, y) from the mag-
netic trap. In addition to the atomic deposition from the trap, another source of
adsorbed atoms is a uniform atomic flux density j from the background pressure:
j = p√

2kBmRbπT0
[90], where p is the partial rubidium pressure, kB is the Boltz-

mann constant, mRb is the mass of a rubidium atom, and T0 is the assumed room
temperature of the background gas. Here for simplicity we assumed a 100% prob-
ability for atoms to stick to the surface after collision. A probability less than one,
would not change our further derivation, but could change our estimated values
for the adatoms deposition.

The desorption happens as a two-step process during the cycle. At the be-
ginning of the cycle atoms desorb from the surface by thermal excitation in the
"dark" (i.e. without an influence of the blue laser) during the time tdark with a des-
orption rate γdark. The surface is at room temperature T0. After that the blue laser
is switched on and the surface instantly (on the experimental cycle timescale, see
section 3.4.2) heats up locally by an amount ∆T and for the rest of the cycle time
tblue the atoms desorb with an increased rate γblue. This increase of desorption
rate is partly due to the temperature increase, and partly due to light-induced
atomic desorption (LIAD). Because of the laser beam profile, γblue is position de-
pendent, whereas γdark is not. We shall use this in Sec. 4.2.

For both desorption phases ("dark" and "blue") we use a rate equation to de-
scribe the change of the dipole density.
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FIGURE 4.1: Sketch of the adsorption and desorption processes.
First, at the beginning of the cycle, the surface density is in-
creased by ∆ρ+. After that desorption at a rate γdark (with the
blue laser being shut) occurs for the time tdark. Then, for the time
tblue desorption occurs at a (higher) rate γblue under the influence

of the blue laser.

4.1 Rate equation

The time averaged rubidium partial background pressure causes a homogeneous
atomic flux density j to the surface. Then the surface dipole distribution ρ is
described by the following equation:

dρ

dt
= j− γρ, (4.1)

where γ is a desorption rate. Note that γ and ρ will be spatially dependent in
general. The flux density j is spatially uniform but does vary in time during the
cycle. We suppress the spatial dependencies here to avoid unnecessary clutter.
For the flux density j we take the time average. The solution of Eq. (4.1) looks as
follows:

ρ(t) = j/γ + (ρ(0)− j/γ)e−γt. (4.2)
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This equation describes desorption dynamics with the rate γ from the original
value ρ(0) in the presence of an incoming flux density j. This equation would
be still correct if we assumed that right at the very beginning of the process we
deposit (instantly) some additional amount of atoms ∆ρ+ from the magnetic trap.
Let a cycle start at time ti. Right after the beginning of the cycle we deposit some
atoms and the desorption with rate γdark starts and lasts for the time tdark =
tcycle − tblue, then after the "dark" desorption we have:

ρ(ti + tdark) = j/γdark + (ρ(ti) + ∆ρ+ − j/γdark)e−tdarkγdark . (4.3)

After the "dark" desorption the blue laser is switched on and we have the "blue"
desorption till the end of the cycle. So at the end of the cycle we have:

ρ(ti + tcycle) = ρ(ti+1) = j/γblue + (ρ(ti + tdark)− j/γblue)e−tblueγblue . (4.4)

The total change in the surface density after one cycle is therefore:

∆ρ = ρ(ti+1)− ρ(ti) = ∆ρ+e−η+

j
[

1
γdark

(1− e−tdarkγdark)e−tblueγblue +
1

γblue
(1− e−tblueγblue)

]
− ρ(ti)(1− e−η),

(4.5)

where η = tdarkγdark + tblueγblue.
While Eq. (4.5) describes the change in ρ per cycle, in the experiment we

always wait for the equilibration to a steady state where the change per cycle
vanishes. The electric field is measured at the end of each cycle. We are thus in-
terested in the steady state reached after many cycles, as well as the time (number
of cycles) in which this equilibrium is reached, as shown in Fig. 3.9. For this, it is
convenient to transform Eq. (4.5) into a differential equation.

For this purpose we divide Eq. (4.5) by the cycle time tcycle and set dρ
dt ≈

∆ρ
tcycle

.
This approximation is correct when the typical change of the surface density is
slow on the cycling time scale (see times of the resonant frequency relaxation τres
from section 3.5). This yields the following differential equation that describes
the slow evolution of the surface density:

dρ

dt
=j

[
1

γdarktcycle
(1− e−tdarkγdark)e−tblueγblue +

1
γbluetcycle

(1− e−tblueγblue)

]

+
∆ρ+e−η

tcycle
− 1− e−η

tcycle
ρ. (4.6)
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Eq. (4.6) is the core result of our model as it describes the dynamics of the adsorp-
tion and desorption process. More precisely, it describes the slow (i.e. happening
during many cycles) evolution of the surface density. Since Eq. (4.6) has the form
ρ̇ = B− ρ/C, we can immediately conclude that the steady state is ρss = B× C
and the equilibration time scale is C. We should remember though that spatial
dependencies have been suppressed here. From the experiment we know that
C � tcycle so we can already conclude that η � 1.

The time dependent solution of Eq. (4.6) describes evolution of the dipole
distribution after switching the duty cycle of the blue laser to a new value. This
solution looks as follows:

ρ(t) = ρss − (ρss − ρ0)e
−t(1−e−η)/tcycle ≈ ρss − (ρss − ρ0)e

−tη/tcycle , (4.7)

where ρ0 is the dipole distribution before the switching and ρss is the steady state
solution of Eq. (4.6). In the right hand side of Eq. (4.7) we made an approximation
1− e−η ≈ η.

The steady state solution of Eq. (4.6) looks as follows:

ρss =
∆ρ+

eη − 1
+

j
eη − 1

[
1

γdark

(
etdarkγdark − 1

)
+

1
γblue

(
eη − etdarkγdark

)]
≈

∆ρ+

η
+

j
η

[
1

γdark

(
etdarkγdark − 1

)
+

1
γblue

(
1 + η − etdarkγdark

)]
. (4.8)

This equation can be further simplified. Knowing that γdarktdark < η � 1, we
write: eη − 1 ≈ η and eγdarktdark − 1 ≈ γdarktdark. Then:

ρss ≈
∆ρ+

η
+

j
η

[
tdark +

1
γblue

(η − γdarktdark)

]
=

∆ρ+

η
+

j
η
[tdark + tblue]

=
∆ρ+ + jtcycle

γdarktdark + γbluetblue
. (4.9)

Eq. (4.9) looks remarkably simple: the term in the numerator consists only of
adsorption, and the term in the denominator consists only from desorption.

We now want to use this result to analyze the data from Ch. 3: the steady state
electric field measurement for different duty cycles of the blue laser (see Fig. 3.2)
and time evolution of the resonant excitation frequency after changing the duty
cycle (see Fig. 3.9). For this purpose we will analyze the time dependent and
steady state solutions later in sections 4.3 and 4.4. Before doing so we must first
specify the "dark" and "blue" desorption rates.
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4.2 Desorption rates

We first consider thermal atomic desorption from a surface. Following [90] we
write that on average, after hitting the surface and before leaving it, an atom
spends time τ, with an Arrhenius-type temperature dependence:

τ = τ0eEa/kBT , (4.10)

where Ea is the activation energy (i.e. the necessary energy for an atom to leave
the surface), kB is the Boltzmann constant, and T is the surface temperature; τ0
(typical values 0.01− 1 ps) is called "oscillation time" and has the meaning of an
oscillation period of an adsorbed atom.

The desorption rate in case of the "dark" surface (without the blue laser) is
spatially uniform and can be simply taken from Eq. (4.10):

γdark =
1

τdark
=

1
τ0

e−Ea/kBT0 , (4.11)

where T0 denotes room temperature.
We know, that desorption from the surface, influenced by the blue laser, is

governed not only by the temperature, but also by light-induced atomic desorp-
tion (LIAD) [72]. The "blue" desorption rate is therefore written as:

γblue =
1

τblue
=

1
τ0

e−Ea/kBTblue + γLIAD. (4.12)

Here we must remember that Tblue as well as γLIAD has a spatial dependence
determined by the blue laser beam profile. To construct a LIAD related desorp-
tion rate, we note that the number of atoms, leaving the surface per unit area per
unit time due to LIAD, is proportional to the photon flux, multiplied by the LIAD
cross section σLIAD. The latter can also be thought of as the product of the photon
absorption cross section and the desorption probability. Thus

γLIAD =
1

h̄ω
I0 e−2r2/w2

laser σLIAD. (4.13)

In Eq. (4.13) h̄ω is the photon energy, I0 and wlaser are the peak intensity and the
waist of the laser beam. Unfortunately, it is difficult to find reliable values for
the LIAD cross section. In reference [91] a typical value of 10−21 − 10−22 cm2 was
reported. However in that case the surface, atomic species, and the photon energy
were all different. The quoted numbers were for Xe atoms on Au(001) surface,
and the photon energy was 6.4 eV. In reference [92] a value of (2± 1)× 10−20 cm2
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was reported for K atoms on Cr2O3(0001) for photon energies between 3.5 eV and
5 eV. In our case the photon energy is 2.6 eV.

In Eq. (4.12) the temperature of the "blue" surface Tblue can be written as:

Tblue = T0 + ∆T e−r2/2σ2
T , (4.14)

where ∆T is the local maximum of the temperature increase and σT ≈ 1
2 wlaser is

the root mean square width of the temperature profile (see section 3.4.2 for details
on the temperature calculation). The expressions in Eq. (4.13) and (4.14) can now
be substituted into Eq. (4.12) to obtain an expression for γblue.

4.3 Time dependent solution

In Ch. 3 we present our measurements of the dynamics of the resonant Rydberg
frequency after we switched our duty cycle of the blue laser from 86% to 0.2%
(see Fig. 3.9). We can now compare the time dependent solution, Eq. (4.7) to
describe this time evolution. Here remember that Eq. (4.7) describes not the fast
dynamics within the cycle but the slow dynamics, which happens during many
cycles after changing the duty cycle of the blue laser. It describes how the adatom
distribution reaches a new steady state. In Fig. 3.9 we show the evolution of the
resonant frequency. This evolution has a typical timescale of ≈ 29 min.

We already noted that the relevant time scale is tcycle/(1− e−η) ≈ tcycle/η (for
η � 1). It is now important to remember that this time scale also has a spatial
dependence, η = η(x, y). This means that different points on the chip surface
undergo the desorption dynamics with different rates. Therefore, in general it
is not possible to generalize Eq. (4.2) for the electric field by taking the time
dependence out of the integral:

Ez(0, 0, z, t) =
¨

Sch

Es
z(0, 0, z; x, y) ρ(x, y, t)dx dy, (4.15)

where Es
z(0, 0, z; x, y) is the z-component of the electric field at the point (0, 0, z)

from the chip produced by a single dipole at the point (x, y, 0) on the surface (see
Eq. (3.1)), and the 2D integration is taken over the surface of the chip.

However, if the blue laser duty cycle is switched to a very short value (DC =
0.2% for tblue = 35 ms), then we can maybe neglect the additional desorption
from the "blue" surface (i.e. when the blue laser is on). Let us check this as-
sumption. For this we have to compare tblueγblue and tdarkγdark. We note that
the amount of additional thermal desorption when the blue laser is on is small
compared to the amount of desorption when the laser would stay off. This is due
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to the short duty cycle:

e
Ea
kB

(
1

T0
− 1

Tblue

)
tblue

tcycle − tblue
. 10−2. (4.16)

For the LIAD effect however, the situation is quite different. Later in section
4.4 we will find an estimate on the LIAD parameters. We shall use these esti-
mate for the cross section σLIAD ≈ 3× 10−24 cm2 here. We then estimate that the
amount of desorption due to LIAD is only a factor 4.8 smaller than the dark des-
orption, despite the fact that the "blue" time is≈ 600 times shorter than the "dark"
time:

tblueγLIAD

tdarkγdark
=

tblue I0 σLIAD/h̄ω

(tcycle − tblue)e−Ea/kBT0 /τ0
=

1
4.8

. (4.17)

This number is not very accurate because quantitative knowledge about LIAD
is presently lacking. Nevertheless, this indicates that LIAD appears to be more
important than the increased thermal desorption. This means that strictly speak-
ing we cannot neglect the LIAD effect even if it is applied only for 35 ms. If we
nevertheless take the time dependence out of the integral in Eq. (4.15) we obtain
an analytical estimate for an upper limit on the value of γdark. We take the time
scale from Eq. (4.7) and set it equal to twice the time scale from the fit to the data
in Fig. 3.9. We have to take twice the characteristic time of the frequency change,
because the electric field ε changes twice slower than the resonant frequency f of
the quadratic Stark shift for an S state: since f ∝ ε2 we have ḟ / f = 2ε̇/ε so the
inferred rate of change of the field is only half the measured rate of change of the
resonance frequency.

Hence, writing
tcycle

1−e−η = t̃ with t̃ = 58 min, we obtain η ≈ 6× 10−3. Finally,
using η ≈ tcycleγdark, we obtain τdark ≈ 3.5× 103 s = 58 min, so τdark is essentially
the observed relaxation timescale. This means that on average an atom spends
58 min on the cold surface. Exact values of oscillation time and activation energy
cannot be extracted. However, approximate values can be evaluated. If we vary
τ0 between the typical values 10−12 s and 10−14 s (see [90] for example), the in-
ferred activation energy is in the range between 0.91 eV and 1.03 eV. This value
for the activation energy is somewhat higher than for Rb on a single crystal quartz
surface, which was reported to be 0.66 eV [70]. This is plausible, because our chip
surface consists of a sputtered SiO2 film, which is less flat and less well defined.
Typical values that have been reported for the activation energies of alkali metals
range from ≈ 0.5 eV on glasses [76, 93–95] to a few eV on metals [96].
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4.4 Steady state solution

In Ch. 3 we measured the dependence of the z component of the stray field for
different values of the duty cycle of the blue laser. Here we explore the possibility
of fitting the steady state solution of Eq. (4.6) to the data from Fig. 3.2. The steady
state dipole distribution is written in the form of Eq. (4.9). To calculate the z
component of the field, produced by the adsorbed atoms and measured along
the axis of symmetry, we must evaluate integral (4.15) with substituted steady
state dipole distribution ρss.

In principle one could now calculate the dependence Ez(0, 0, z) for each value
of duty cycle we measured and fit it to the data, presented in Fig. 3.2. This
would allow us to get an estimate on the unknown parameters. In practice, a
direct fitting procedure does not converge in most cases, unfortunately. This may
be due to the number of unknown parameters. Furthermore, some parameters
are exponentiated multiple times, which makes the result extremely sensitive to
these parameters. Even after the approximation η � 1, so that η itself is no longer
exponentiated, it still contains exponential terms:

η = tblueγblue + (tcycle − tblue)γdark

= tblue

[
1
τ0

e−Ea/kBTblue + γLIAD

]
+ (tcycle − tblue)

1
τ0

e−Ea/kBT0 . (4.18)

The right hand side of Eq. (4.18) contains terms, with exponential functional
dependence: the increased temperature Tblue has a Gaussian spatial dependence
(see Eq. (4.14)) and the spatial dependence of the LIAD desorption rate γLIAD is
also Gaussian (see Eq. (4.13)).

Let us now inspect the unknown parameters. First, as discussed in the begin-
ning of the chapter, the value of ∆ρ+ is determined by release of the magnetic
trap (2D Gaussian with sizes 170 µm and ≈ 21 µm). The number of released
atoms is typically 3× 107 [60]. A reasonable estimate would be that half of the
trapped atoms are deposited on the surface. Second, the atomic flux density j can
be estimated from the ambient Rb pressure. Thus, the two unknown parameters,
related to adsorption, are j and the number of atoms released from the magnetic
trap Ntrap. Third, the other unknown parameters are those describing the surface
adatom interaction: the activation energy Ea and the oscillation time τ0

1. Finally,
the LIAD cross section σLIAD is perhaps the least known parameter. We conclude
that we have up to five unknown parameters, some of which are exponentiated

1A relation between τ0 and Ea is found in section 4.3. We found an estimate of γdark, from which
for typical values of τ0, Ea can be found. Here, however we do not want to restrict ourselves to those
values as the aforementioned value of γdark is only a upper limit.
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Parameter value

number of atoms in the narrow
Gaussian distribution

Ntrap = 2× 107

activation energy from steady state
solution

Ea = 0.93− 1.05 eV

activation energy from time
dependent solution

Ea = 0.91− 1.03 eV

LIAD cross section σLIAD = 3× 10−24 cm2

atomic flux density j = 4× 109 atoms
cm2s

TABLE 4.1: Estimated values for the free parameters in our
model. The parameter Ntrap is of the same order as expected: a
few times smaller than the number of atoms in the magnetic trap.
For σLIAD we did not have an expected value, but it seems to
be 2− 4 orders of magnitude smaller than for other wavelength,

atomic species and surfaces [91, 95].

several times. We find that fitting Eq. (4.15) to the data as shown in fig. 3.2 in
practice does not yield a stable result.

We can however obtain an estimate of these parameters, which would quali-
tatively reproduce the adatom surface density distributions, obtained in Ch. 3. In
Ch. 3 we empirically found a dipole distribution, well describing the measured
electric field. The number of atoms in the Gaussian distribution Ntrap atoms we
leave as a free parameter. Typical values for the oscillation time τ0 lie in the range
10−14− 10−12 s [90]. The room temperature is 296 K, and the temperature increase
due to the laser heating is ∆T = 12 K, as calculated separately (see Sec. 3.4.2). The
laser parameters are: power P = 55 mW (between 70% and 80% is absorbed and
thus goes to heat), wavelength 480 nm, and Gaussian waist wlaser = 100 µm. We
leave the activation energy Ea and the LIAD cross section σLIAD as free parame-
ters.

We manually adjust the free parameters Ntrap, Ea, j, and σLIAD until the dipole
distribution looks qualitatively similar to what we obtained in Ch. 3. Note that
this is not a fitting procedure but rather a way to roughly estimate the values for
our parameters.

The y-cut of the dipole distribution, obtained from the procedure described
above, is shown in figure 4.2. It resembles the dipole distribution, obtained in
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FIGURE 4.2: Output of the model after manual adjustment of the
parameters resembles the distribution, obtained in Ch. 3. Here
we show the y cut of this distribution (compare to Fig. 3.4 (a)).
Different curves correspond to different values of the duty cycle

of the blue laser.

Ch. 3: there is a constant dipole layer with a narrow bump in the center. This
narrow bump (deposited from the magnetic trap) creates a stray electric field,
increasing closer to the surface (blue curve from Fig. 4.3). As the duty cycle of
the blue laser increases, a hole in the center of the dipole distribution appears.
Because the dipole density is lower in the center, the z-component of the field is
decreased and even changes sign for large value of the duty cycle, in agreement
with the measurements in Ch. 3.

The resulting electric fields are very sensitive to these values. For example,
by changing the activation energy by 0.1 eV we change the z-component of the
electric field by ≈ 4000 V/cm. Changing the cross section by 10% changes the
electric field by 3 V/cm. The number of atoms in the narrow dipole distribution
is comparable to the number of atoms in the initial magnetic trap [60] Ntrap =

2× 107. The resulting set of parameters is presented in table 4.1.
As for the σLIAD = 3× 10−24 cm2, it is difficult to find out whether this value

is plausible or not. There are many publications on the LIAD effect [71, 72, 74, 88,
97], but the cross section is almost never measured. Reference [91] reports a 2− 3
orders of magnitude higher value for Xe on Au (001): 10−21− 10−22 cm2 for 6.4 eV
photons. In reference [92] a cross section of (2± 1) × 10−20 cm2 for potassium
atoms on a Cr2O3 (0001) surface was reported for photon energies between 3.5
and 5 eV. We also note that in some studies the LIAD rate was found to saturate
at intensity values in the range of 5 W

cm2 [97] to 20 W
cm2 [71]. In our experiment,
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Duty
cycle

0.2%

0.6%

1.07%

1.3%

2.02%

86%

FIGURE 4.3: Dependence of Ez on the distance from the chip for
the dipole distribution, shown in Fig. 4.2. The fields are com-
parable to those shown in Fig. 3.2. The parameters, obtained

during this procedure, are discussed in the text.

we have much higher peak intensity (350 W
cm2 ), as well as lower photon energy

(2.6 eV), which means that our LIAD rate can be saturated and hence the cross
section can be suppressed by one or even two orders of magnitude.

The value for the activation energy is between 0.93 eV and 1.05 eV depending
on the oscillation time. This is similar to the values we retrieved from section 4.3.

Finally, for the incoming atomic flux density we obtain j ≈ 4× 109 atoms
cm2s . Us-

ing the expression j = p√
2kBmRbπT

, we find that this flux density corresponds to

an effective rubidium partial pressure p = 10−11 mBar. This value is difficult to
predict because in reality the rubidium pressure is not constant over the course
of the experimental cycle. However it seems to be lower than expected because
∼ 10−11 mBar is the base pressure when the dispenser is switched off.

4.5 Discussion and conclusion

In this chapter we construct a model, describing the adsorption and desorption
dynamics in our experiment. We start off by describing the dynamics within one
cycle. Then we take advantage of the fact that, after switching the duty cycle of
the blue laser, the characteristic time of the electric field change is much longer
than the experimental cycle (≥ 130 times longer). This allows us to construct
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a differential equation, describing the slow dynamics. We investigate a steady
state and a time dependent solution of this equation and show that our model
can qualitatively reproduce the dipole distributions, observed in our experiment
in Ch. 3. These dipole distributions yield stray electric fields, similar to the ones,
observed in the experiment, also with a change of the field direction for long duty
cycles of the blue laser.

We find that the average time, which an atom spends on the surface, is >
58 min. This time can be shortened drastically by applying the blue laser beam to
the surface. We also get reasonable values for estimates on the unknown adsorp-
tion and desorption parameters (see table 4.1).

However, we note that the estimate on the unknown parameters is not a re-
sult of a proper fit: a fitting procedure does not seem to be feasible because in
our steady state and time dependent solutions we have too many unknown pa-
rameters and the expressions fitted to the data are too sensitive to the parameter
values. The proper way to proceed is to initiate more studies on atom-surface
interaction and adatom-light interaction. In particular the following parameters
are unknown: activation energy Ea, oscillation time τ0, and LIAD cross section
σLIAD. If at least two of these parameters were known then the third one together
with the number of atoms in the dipole distribution and value of the atomic flux
density could be acquired from fitting.

With some more fine-tuning, our model could be very useful for cold atom
experiments on chips as it describes the dynamics of adatom surface density. It
could, in particular, predict stray electric fields. Moreover, high sensitivity on
the fitting parameters could be used for precise measurement of atom-surface
interaction.





Chapter 5

Experimental setup

In this chapter we briefly discuss the laser system for the Mag-
chips experiment and subsequently focus on the new Magchips
Nano experiment. We mainly focus on the lasers and the opti-
cal components for the new experiment. The laser system con-
sists of two lasers, divided into the cooling, optical pumping, re-
pumping, and imaging beams. A switch board was assembled to
frequency-shift these beams and distribute them to the Magchips
and Magchips Nano experiments.
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5.1 Introduction

In this chapter we discuss two separate experimental setups: "Magchips" and
"Magchips Nano". By the beginning of the work described in this thesis, the
Magchips setup was already operational. The measurements in chapter 3 were
performed in this setup. Here we describe briefly some new parts that were
added to the Magchips setup. In parallel, the newer setup "Magchips Nano" has
been built up. The vacuum system together with a novel chip were already in-
stalled [98], so here we will focus on the newly added parts, in particular the
optical setup.

5.1.1 Magchips

The experiments presented in chapter 3 were performed on the Magchips ma-
chine. The vacuum system was described in [60]. It provides us with a base
pressure of ∼ 10−11 mbar. The atom chip and the atom-chip mounting were
described in [40, 60]. In short, the chip consists of a stack of layers of various
materials. Most importantly, it contains a lithographically patterned, permanent
magnetic layer of FePt for creating permanent magnetic microtraps. The chip is
mounted on a copper arm, suspending it in the vacuum chamber.

In the beginning of the project, described in [52], the optical setup described
in [60] was used. In 2015 a new laser (Toptica TA pro), producing 3 W of power,
was added. The light from this laser system was shared between the CELSIUS
and Magchips experiments using single-mode (polarization maintaining) optical
fibers.. All the necessary work on beam shaping, frequency stabilization, and
locking was done in the CELSIUS lab and is described in [99, 100]. The laser is
locked to the F = 2 −→ F′ = (1, 3) crossover resonance (see figure 5.3). A switch
board was built to distribute the light into cooling, optical pumping, and imaging
beams with the appropriate frequency shifts. This switch board is also used to
switch between the Magchips and Magchips Nano experiments. We gradually
started to use this switch board in 2016. The switch board is described in section
5.2.

For the Rydberg excitation we use a laser system described in [40], where a
red (780 nm, Toptica DL pro) and a blue (480 nm, Toptica TA SHG pro) lasers are
frequency-stabilized to a high-finesse cavity (2× 104 finesse with a free spectral
range of 1.5 GHz from Stable Laser Systems). We used a self heterodyne beating
[101] setup to make sure that the laser linewidth was less than the typical Rydberg
state linewidth (∼ 10 kHz). This setup is described in detail in [27, 40]. The
light from the laser is split into two paths: one passes through a 12 km long fiber.
The other one goes through a double-pass AOM, resulting in 160 MHz frequency
shift. These two beams are overlapped on a fast photo diode (PD) and a beat
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FIGURE 5.1: Self-heterodyne beating spectrum for the 960 nm
laser (black), and the fit (red). The height of the interference
fringes depends the linewidth of the laser and the period de-

pends on the delay time after passing through the fiber.

signal is measured. As an example, in figure 5.1 we show the power spectrum
of a beat signal from the 960 nm laser (The output of the TA SHG pro before
frequency doubling). The spectrum shows strong interference fringes, indicating
that the 12 km path length difference is shorter than the coherence length of the
laser. The width of the central peak is not a good measure for the linewidth. The
linewidth can be obtained from a fit of the spectrum [102]. The fit results in a
linewidth not larger than ≈ 2 kHz for the 960 nm laser. We also obtain a similar
result for the 780 nm laser.

5.1.2 Magchips Nano

For the Magchips Nano experiment, several parts including the vacuum system
as well as the atom chip setup were described in great detail in [98]. One of the
advantages of this new setup is the loadlock, through which the magnetic chip
is inserted into the vacuum. This mechanical solution allows ao relatively easy
exchange of the atom chip without breaking vacuum in the main chamber. The
pressure in the chamber is on the order of ∼ 10−11 mbar.

For the Magchips Nano experiment a new chip was made [98]. On this chip
we have a richer set of lattice geometries (rectangular, triangular, square, and ta-
pered) and lattice periods (from 200 nm to 20 µm). The chip in the Magchips Nano
experiment contains many lattices with various geometries for probing Rydberg
as well as ground-state lattice physics [26].

In Magchips Nano as well as in Magchips we use a mirror MOT [22, 31]. In
this configuration the quadrupole magnetic field is realized as usual, with a pair
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FIGURE 5.2: Schematic representation of the mirror MOT.
Two coils work in anti-Helmholtz configuration to create a
quadrupole magnetic field with zero amplitude at the center of
the chip. Two laser beams come in at 45◦ angle to the z axis
and reflect into each other from the chip surface. These two
beams create a trapping force in the y− z directions. Two other
beams enter the vacuum chamber parallel to the x axis. These
two counter-propagating beams create a trapping force in the x

direction.

of coils in an anti-Helmholtz configuration, but only four laser beams are used:
two horizontal (in our case almost parallel to the x axis) and two diagonal (in
our case lying in the y − z plane and making an angle of 45◦ with the z axis)
(see figure 5.2). The used polarization states are defined in the figure1. In section
5.3 we describe the optical setup, which was built around the vacuum chamber
to realize this magneto-optical trap, as well as optical pumping for the z-wire
magnetic trap, and imaging. In this setup we use two imaging systems: side
imaging and bottom imaging. The side imaging is used to take absorption images
of the MOT (see section 5.3.3) and the bottom imaging is for taking absorption
images of atoms in the microtraps on the chip (see section 5.3.6).

1Here we should mention that by the right-handed (left-handed) polarization we understand the
electric field vector rotating clockwise (anti-clockwise) as defined from the point of view of the re-
ceiver.
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5.2 The switch board
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FIGURE 5.3: Energy level diagram for 87Rb showing the hyper-
fine levels, relevant to this experiment, and corresponding transi-
tions. The laser transitions, used for cooling, trapping, and imag-

ing atoms are shown (see text for explanation).

A system necessary for distributing laser light from the TA pro laser in the
CELSIUS laboratory into the cooling, imaging, and optical pumping arms, was
built on an optical breadboard. This was placed on the optical table together with
the Magchips Nano experiment.

The laser is locked to F = 2 −→ F′ = (1, 3) crossover resonance (see figure
5.3). We use a double-pass acousto-optic modulator (AOM) to shift the laser fre-
quency up by 199 MHz to be 13 MHz (∼ 2Γ) red detuned from the F = 2 −→ F′ =
3 resonance. This light is used for capturing and cooling atoms in the MOT [103,
104]. The double-pass AOM arrangement allows tuning of the cooling frequency
in the range from−80 to +20 MHz around the resonant frequency without losing
the fiber coupling efficiency. This is useful for optimizing both the atom number
and the temperature in the MOT.

The optical pump frequency is shifted down by 55 MHz by a single-pass AOM
to be on resonance with F = 2 −→ F′ = 2 transition. The optical pump is
used to spin-polarize the atoms and bring them into the magnetically trappable
|F′ = 2, mF = 2〉 state. This is an important step before loading the magnetic
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FIGURE 5.4: Sketch of the optical switch board. Laser light
from the CELSIUS experiment is brought with a high-power
polarization-maintaining optical fiber. After the fiber we have
500 mW of laser light, locked to F = 2 −→ F′ = (1, 3) crossover.
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z-wire trap [105]. The single-pass AOM arrangement does not allow for broad
frequency scans, but once the optimal optical pump frequency is found, it does
not need to be changed.

The probe laser frequency is shifted up by 212 MHz by a double-pass AOM in
order to match the F = 2 −→ F′ = 3 imaging transition. The double pass AOM
arrangement allows scanning of the frequency in the range from−90 to +12 MHz
around the resonant frequency. The possibility to scan the imaging frequency is
important when imaging in a magnetic trap, where the resonant frequency can
be shifted due to the Zeeman effect.

In figure 5.4 a sketch of the optical switch board is shown. The laser light
is brought in from the neighboring CELSIUS laboratory with a 10 m high-power
polarization-maintaining single-mode fiber (PMJ-A3HPCA3HPC-780-5/125-3AS-
10-1 from OZ optics). We outcouple the light with a lens (C171TMD-B from Thor-
labs) to have a beam with a diameter of approximatelly 1.2 mm. After the fiber
we have 450− 500 mW of laser power. This beams is then led through a sequence
of PBS’s, splitting off adjustable amounts of light for different purposes.

First PBS splits a part of the light to the cooling arm. In the cooling arm we
use a double-pass AOM (AA opto-electronic) to shift the laser frequency. To opti-
mize the diffraction efficiency and speed of the AOM performance, we focus the
laser beam into the AOM with f = 200 mm lenses. The same telescopes were
used for all AOMs on this breadboard. Before coupling light into a polarization-
maintaining (PM) fiber we clean the polarization with a Glan-Thompson polar-
izer (GTH10M-B from Thorlabs) and match the polarization axis to the fiber axis
with a combination of λ/2 and λ/4 wave plates. In theory only a λ/2 wave
plate is needed to rotate the polarization, but in practice a combination is used
to compensate for imperfections of the half-wave plate or the polarization of the
light. For incoupling we use the same lens as for outcoupling. All fibers used on
the breadboard, except the one which brings light from CELSIUS, are PM single-
mode FC/APC patch cables from Thorlabs. At the fiber output we have≈ 80 mW
of the cooling laser power.

A second PBS sends excessive laser power to a beam dump. A third PBS splits
part of the light into the probe arm. This light serves for absorption imaging
[106, 107]. The frequency is shifted to the resonance with a double-pass AOM
(Gooch&Housego 3110-120). All other parts are identical to the cooling arm. At
the fiber output we have ≈ 1.5− 2 µW.

All remaining light is sent into the optical pump arm, where a single-pass
AOM (NEOS 46045-1-.78-TEO2) shifts it 55 MHz down to the |F = 2〉 −→ F′ = 2〉
transition. After the fiber we have ≈ 1.5 mW of optical pump power.

The switch board was designed to be used for both the Magchips and the
Magchips Nano experiment. For this purpose we acquired three fiber switches
from Laser Components GmbH. The switches were custom-made for 780 nm.
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Such a switch is a MEMS device with one input fiber and two output fibers.
A TTL pulse is applied to control the working output. Regrettably, the opti-
cal switches did not meet the promised specifications. The specified transmis-
sion was > 83%, whereas we measured at the six different outputs of the three
switches transmission values between 60% and 68%. The measured polarization
extinction ratio (PER) was between 15 dB and 40 dB. The PER was measured with
a polarimeter (Schafter+Kirchhoff).

As the optical switches performed poorly, we decided to switch the fibers
manually instead. In each arm the light is coupled into a 1 m long single-mode
polarization-maintaining optical fiber (Thorlabs P3-780PM-FC-1). These fibers
can be connected to the fibers either going to the Magchips experiment or to
the Magchips Nano experiment. For this purpose we use fiber mating sleeves
(ADAFCPM2 from Thorlabs). With these sleeves one can physically connect the
two fibers. This is a convenient and reliable way of connecting fibers. How-
ever one should be careful because the PER in such a connection is typically only
20 dB. This can cause unforeseen issues as we explain in appendix B.

In experiments with cold atoms it is very important to completely isolate the
atomic cloud in a magnetic trap from any resonant light [108, 109]. For this pur-
pose we put three laser beam shutters (Uniblitz) on the optical breadboard. In
order to isolate the breadboard and the main experiment from the vibrations,
produced by the shutters, we put another small breadboard on two damping
posts (model 75 from Newport). The shutters are suspended from this small ex-
tra breadboard, and thus do not disturb the optics alignment.

5.3 Optical setup for Magchips Nano experiment

In this section we discuss the optical components used in the new Magchips Nano
experiment to realize a MOT, a uMOT, and a magnetic trap. Characterization of
these steps is presented in chapter 6. The MOT optical system consists of two
layers (see figures 5.5 and 5.6) The design of the vacuum system is discussed in
[98], so here we just give a brief overview of the parts of the chamber, which are
important from the optics point of view. The chamber has two large windows
in its 8-inch ports. These windows are used for the two horizontal MOT beams,
entering with a small angle (≈ 9◦) to the x axis. The repump light is overlapped
with these cooling beams. Along the y-axis side imaging and optical pump beams
enter the vacuum chamber through two windows: 15.9 mm and 68.3 mm in di-
ameter respectively. The optical pump beam enters the chamber with an angle
of ≈ 8◦ to the y axis, and the side imaging beam coincides with the y axis. In
this experiment we have two imaging systems: one for imaging the MOT (’side
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FIGURE 5.5: Bottom layer of the MOT optics for the Magchips
Nano experiment. The optics is mounted on two breadboards.
These breadboards are 17.3 cm above the optical table. The two
green shades on the left and right hand side indicate the over-
lap with the top optical breadboards. The vacuum chamber is
excluded from this figure. Note that the two 45◦ beams lie in
the y− z plane, and thus are out of the plane of the figure. For

further explanation see text.

imaging’) and one for imaging atoms on the chip (’bottom imaging’). Below we
discuss each of the laser beams in more detail.

5.3.1 Repump

The repump laser is used during the MOT stage to bring atoms which decayed
to the F = 1 hyperfine state, back to the F = 2 ←→ F′ = 3 cooling cycle. As the
repump frequency has to be ≈ 6.8 GHz larger than the rest of the laser frequen-
cies, described in this section, we cannot use an AOM to shift the beam frequency.
Therefore we use another laser (DL100 from Toptica) for repumping. We lock the
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FIGURE 5.6: Top layer of the MOT optics for the Magchips Nano
experiment. The optics for the cooling and repump lasers is set
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ble. The cooling laser is brought by a mirror from the bottom
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tics. The cooling, optical pump and probe beams are shown in
slightly different colors in illustrative purposes, in reality they
have the same wavelength. The vacuum chamber is excluded

from the figure.
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laser to F = 1 −→ F′ = (1, 2) crossover and then, with an AOM, shift its fre-
quency up by ≈ 80 MHz to be resonant to the F = 1 −→ F′ = 2 transition. With
an optical fiber we bring this light to the experiment. We have 8 mW of laser
power after the fiber.

5.3.2 Cooling

The power of the cooling beam is ≈ 80 mW at the output of the fibre. The optical
setup consists of two layers: bottom and top (see figures 5.5 and 5.6 respectively).
The MOT light, used for trapping and cooling, is brought to the bottom layer of
the experimental setup from the switch board with an optical fiber. For outcou-
pling we use a lens with the focal length f = 145 mm. This gives us a beam
diameter (2× the waist) of ≈ 29 mm. After the outcoupling we placed an iris.
All irises are used only for alignment purposes. The first PBS and the half wave
plate before it are used to clean up the polarization. We do this to reduce the
unwanted power fluctuations (see appendix B). The second PBS is used to dis-
tribute the light between the bottom and the top layer. The third PBS is used to
split the power equally between the two 45◦ beams. After bringing the light to the
top layer we use a fourth PBS to split the light equally between the two cooling
beams and to overlap them with the repump light. The λ/4 wave plates, be-
fore the cooling light enters the chamber, are used to create circular polarization.
Here it is useful to mention that the polarization of three beams (two horizontal
and one 45◦, which does not coincide with the axis of the magnetic coils) should
have the same handedness. The polarization of the fourth beam should have the
opposite handedness. Or in other words, the polarization of the radial beams
(perpendicular to the axis of the coils) is opposite to the polarization of an axial
beam (parallel to the axis of the coils). The used polarization states are shown in
Fig. 5.2: we have three beams with right-hand circular polarization and the axial
beam has left-hand circular polarization.

5.3.3 Side imaging

In figure 5.6 the side imaging beam is shown. We outcouple this beam to yield
a beam diameter (2× the waist) of 14.9 mm and power of 1.5− 2 µW. The beam
propagates along the y axis, hits the MOT and goes to the camera. Before the
camera we use two lenses with focal lengths 200 mm and 100 mm to demagnify
the image. The lenses are almost in physical contact with each other, located at
the distance 200 mm from the MOT and 100 mm from the camera. The demagnifi-
cation is done to have more space on the camera canvas, because we want to take
time of flight (TOF) images of the MOT to measure its temperature. The camera
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(UI-5240CP-NIR-GL from IDS) has a resolution of 1.31 Mpix (h×v = 1280× 1024
pixels); the pixel size is 5.3× 5.3 µm2.

5.3.4 Optical pump

The optical pump beam enters the vacuum chamber through the 68.3 mm diam-
eter window with an angle of ≈ 8◦ to the y axis. The beam size is 14.9 mm in
diameter (2× the waist), has a power of ≈ 1.5 mW, and is σ+ polarized. The
magnetic field is By = 3.8 G. Since the exit window on this axis is much smaller,
the optical pump beam does not leave the vacuum chamber.

5.3.5 Fluorescence imaging

In order to estimate the lifetime of the MOT, fluorescence imaging was performed.
The MOT (i.e. the dispenser, the magnetic coils as well as the repump and MOT
lasers) was running continuously and the fluorescence signal was recorded with
a photo detector (PD), connected to an oscilloscope. The MOT was imaged to the
PD with a f = 9 cm lens. The lens was at a distance 2 f from both the MOT and
the PD.

5.3.6 Bottom imaging

In figure 5.7 the optical setup for the bottom imaging is sketched. The core of the
imaging system is the imaging lens (A50-40HPX from Asphericon). This lens is
described in [98], but it is useful to repeat its characteristics here. It is a high nu-
merical aperture lens (NA = 0.45). The diameter and the focal length of the lens
are 40 mm, and the working distance is 31.3 mm. The lens has anti-reflective coat-
ings for both 780 nm and 480 nm, which makes it possible to use it for Rydberg
excitations in the future.

The lens is mounted on a flexible bellow, and it is possible to move it up to
2.2 mm in the radial direction. This horizontal movement is done by two microm-
eter screws with 1 µm precision. Three other micrometer screws control the tilt
and the vertical position of the lens with a 0.1 µm precision.

The lens is glued with an epoxy (T7109-19 from Epotek). This was inspired
by [110]. In [98] the challenges related to baking and pressure minimization are
described. However, later it was found that this connection cannot keep ultra
high vacuum because water vapor diffuses through the epoxy. this problem was
solved by flushing the glue with dry nitrogen from the outside. A detailed inves-
tigation of this process is ongoing.

Light is delivered to the imaging setup with an optical fiber. We outcouple
the light with a lens of f = 200 mm, which gives us the beam diameter of 36 mm.
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FIGURE 5.7: Optical setup for imaging atoms in the microtraps
on the atom chip. We use a lens with focal length f = 200 mm to
outcouple the light from a polarization maintaining (PM) single
mode optical fiber. For the chip imaging we telescope the beam
down to 2.9 mm in diameter. We use a high numerical aperture
lens (NA=0.45, f = 40 mm). Later the imaging beam is focused
onto the camera with a f = 600 mm lens. This provides us with

a sub-micron resolution. See text for more detail.

We then use a lens with a focal length 500 mm, which together with the high-
NA imaging lens telescopes the beam down to 2.9 mm in diameter at the chip.
After the f = 500 mm lens we use a pellicle beam splitter (39-486 from Edmund
Optics) to direct the light into the vacuum chamber. The beam splitter is 76.2 mm
in diameter. It is specified to reflect 8% and transmit 92%. We, however, see
strong dependence of these parameters on the angle of incidence. In our setup
the reflectance is 4− 5%. Inside the chamber the probe beam is collimated, and
has a 2.9 mm diameter, large enough to cover the area of interest. To image the
atoms in the microtraps onto the camera (ANDOR iKon-M) we use a lens with
focal length of 600 mm and achieve a 15 times magnification. Our camera has a
resolution of 1024× 1024 pixels. The pixel size is is 13× 13 µm2. Together with
the aforementioned magnification this provides us with calculated sub-micron
resolution. The camera can be cooled down to −80◦ to reduce the dark count
rate. A typical picture of the chip is presented in section 6.2
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5.4 Experiment control

A system for controlling the Magchips experiment was described in [40, 60]. The
Magchips Nano control system to a large extent copies the one for Magchips [98].
An experimental cycle is defined in a so-called ’time-frame’, a .csv file containing
a table of times and events (for example, shutting a laser, or switching a current,
etc.). The in-house developed and now universally available Python-based soft-
ware Labalyzer [60, 111] is used to convert the time frame files into digital and
analog signals. These signals are sent to all the experimental machinery: mag-
netic field coils, laser devices, and etc. Timing is referenced to a Rb atomic clock
for stabilization. MATLAB-based software is used to generate the time frames
[112]. The same software is used for simple data manipulation: data acquisition,
fitting of absorption images, TOF fitting, etc.

5.4.1 Time sequence

The time sequence of the experiment consists of several stages. First, hot Rb
atoms are captured in the MOT. For this purpose we use two out of the three
dispensers in our vacuum chamber. One of them is fixed in the vacuum chamber
and contains 10 mg of rubidium and the other is located on the insert and contains
5 mg of rubidium 2. The dispensers run in series with a current of 7 A. Simultane-
ously with the dispensers we switch on the cooling and repump lasers as well as
the magnetic fields. The MOT1 and MOT 2 coils work in an anti-Helmholtz con-
figuration and have currents of 29.85 A and −29.1 A respectively. We also apply
small currents to so-called Small coils (providing field in x direction) and Big coils
(providing field perpendicular to the one from MOT coils) of 0.6 A and−0.1 A re-
spectively. The estimated magnetic field gradient is≈ 13 G/cm [98]. This helps to
optimize the position of the quadrupole trap with respect to the chip surface. We
run the dispensers for 12 s to build up rubidium pressure and accumulate atoms
in the MOT. Then we switch the dispensers off and keep the MOT for 4 s. This
allows the background pressure in the chamber to decrease, which increases the
magnetic trap lifetime further on.

Sixteen seconds after the beginning of the experimental cycle we transfer the
captured atoms from the MOT to the uMOT. For this we simultaneously ramp
the current in the u-wire to 9.7 A, the current in the MOT coils to −0.523 A,
and current in the BIG coils to −0.198 A. This creates a homogeneous bias field
{−0.8, 3.8, 0.1}G. All the currents are ramped in 47 ms. The ramping time as
well as the current values were optimized on the number of atoms in the uMOT
trap. The ramping time should be slow enough so that the currents in the coils

2See [98] for details of the vacuum setup, dispensers, and magnetic coils configuration.
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do not experience oscillations during the ramp (see section 6.7). Once the atoms
are transfered into the uMOT, we ramp the detuning of the cooling laser from
−15.3 MHz to −27.6 MHZ in 13 ms. This detuning ramp is done to achieve a
lower temperature of the atoms in the trap.

The uMOT stage is followed by the optical pumping stage, that lasts for 2.5 ms.
Once the atoms are pumped into the magnetically trappable state (|F′ = 2, mF =
2〉), they are loaded into the z-wire magnetic trap. For this purpose we switch on
the current in the z-wire, and step the currents in the MOT and Big coils to create
a homogeneous bias field.

The z-wire trap stage is followed by an evaporation stage. The experimental
cycle is finished with a trap release and absorption imaging. Characterization of
the atomic cloud at these stages is discussed in chapter 6.

5.5 Conclusion

In this chapter we presented the experimental components for Magchips Nano
experiment. The main focus was on the optics. High-power laser light (780 nm)
from a neighboring lab was brought in with an optical fiber. An optical bread-
board was assembled in order to shift the light frequency and distribute it to the
cooling, optical pump, and probe arms of the experiment. An additional laser
was used for repumping the atoms back to the cooling cycle during the MOT
stage.





Chapter 6

Magchips Nano experiment

This chapter discusses various stages towards ultracold atoms in
microtraps in the new Magchips Nano experiment. We describe
here the magneto-optical trap (MOT), the MOT created by a chip
u-wire (uMOT), and the magnetic z-wire trap. We characterize
each stage in terms of number of atoms, temperature and fre-
quency of the magnetic traps. Finally, we also discuss our attempt
to realize evaporative cooling.
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6.1 Introduction

In order to reach the ultracold regime using our atom chip (typically a few mi-
crokelvin or less), we follow the following recipe: first the atoms are trapped and
cooled in the MOT [103, 104]. Then they are loaded into a so called uMOT, which
is a magneto-optical trap with magnetic field being a sum of fields from a chip
u-wire and a homogeneous bias field [113]. This step serves for smoother load-
ing from the MOT to the consecutive magnetic trap. The magnetic trap (Ioffe-
Pritchard trap [114, 115]) is created by a combination of magnetic field from a
z-shaped chip wire and a homogeneous bias field. Once the atoms are loaded
into the magnetic trap, the final step is evaporative cooling [116, 117] to achieve
the ultracold regime.

As we discussed in chapter 1, the aim of the experiment is to load the atoms
into the microtraps. In section 6.2 we present a bottom image of the chip ge-
ometries. Once atoms are loaded into the microtraps, this kind of images will be
used for imaging them. Further in this chapter we discuss several steps towards
loading atoms into the microtraps.

6.2 Chip image

An example of a bottom image of the chip geometries is shown in Fig. 6.1. The
image was taken without the atoms. Once the atoms are loaded into microtraps,
this imaging system will be used to measure the number of atoms in the mi-
crotraps. The lattices are visible due to the fact that the chip surface is not flat:
our lattice structures are relatively high (100 nm) and the platinum layer, used to
cover the chip for mirror purposes, is relatively thin (50 nm) [98].

To understand better what we see in Fig. 6.1 we show a chip design in Fig.
6.2, showing the layout of all the lattices, which were defined on the chip. The
area - imaged in Fig. 6.1 is indicated with a black square, and is 887.5× 887.5 µm2

in size. The cyan-colored structures show rectangular nano-lattices with lattice
periods of 200 nm, 400 nm, 600 nm, and 900 nm. Dark blue structures show ta-
pered lattices, where the period changes from 5 µm to 250 nm. Yellow-colored
structures show square and triangular lattices with periods of 200 nm, 400 nm,
600 nm, and 900 nm. Finally, the white-colored structures show so-called Rydberg
lattices. These lattices have larger lattice period than the other lattices, which is
aimed at using them for Rydberg excitation. The periods are: 4 µm, 5 µm, 10 µm,
and 20 µm for the square geometry, and 4 µm, 5 µm, and 10 µm for the triangular
lattices. These periods were chosen to match the typical length scales over which
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FIGURE 6.1: An example of a bottom image. The area of the
image is 887.5 × 887.5 µm2. In the figure one can see several

nanoscale lattices. See text for more details.
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FIGURE 6.2: Layout of the different structures on the chip. Refer
to the text for an explanation of the lattices. The hatched yellow
line shows the underlying wire. For the long (6 mm) z-wire we
use connections 4− 7, and for the short 3 mm z-wire trap we use
4− 6. The chip wires are shown in Fig. 6.6. The black square

shows the area - imaged in Fig. 6.1.
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Rydberg atoms can interact, with the aim of exploring Rydberg physics in mag-
netic lattices on a chip. For more details on the lattice geometries and magnetic
potentials, see the PhD thesis of Arthur La Rooij [98].

In Fig. 6.2 a yellow hatched line shows some of the electric wires. The short
z-wire is formed between the connections 6− 4. This shows that the atomic cloud
in the trap is above the nano-lattices in the black square.

6.3 Magneto-optical trap

The first stage that was realized in this new cold atom experiment, is a magneto-
optical trap (MOT). In this section we describe and characterize this MOT.

The basic concepts of a MOT are described in [104] and the more comprehen-
sive theory can be found in [118, 119]. In short, a quadrupole magnetic field is
created by a pair of coils (here called MOT coils) in an anti-Helmholtz configu-
ration, such that the magnetic field is zero in the center. For the atomic cloud
to be trapped, it needs to experience a radiation pressure from six red-detuned
circularly-polarized laser beams. In our experiment one out of six directions is
blocked by the chip, so we implement a so-called mirror MOT [31], as shown
schematically in Fig. 5.2. We have two horizontal laser beams along the x axis,
and two beams in the y− z plane with an angle of 45◦ to the z axis reflecting into
each other from the chip surface. The 45◦ beam which comes in along the coils’
axis has a left circular polarization. The other three beams have right circular
polarization (see Fig. 5.2). Then, as the magnetic field changes direction in the
center, due to the Zeeman effect the atoms at different sides of the trap tend to
absorb from different beams. This creates a position-dependent trapping force.
Moreover, because the laser is red detuned, the atoms also experience cooling.

6.3.1 Fluorescence imaging

In order to monitor the MOT we set up a fluorescence detector. After establishing
the MOT, we first measured its lifetime and the build up time by monitoring the
fluorescence.

For measuring the lifetime we run the dispenser in a continuous mode to let
the pressure stabilize, then we turn it off and record the fluorescence signal, which
is assumed to be proportional to the number of atoms in the MOT, as a function
of time. An example of such a measurement is shown in figure 6.3. During the
lifetime and build up time measurements, the pressure was changing between
≈ 9× 10−10 mBar and ≈ 2× 10−9 mBar. We fit an exponential function to the
number of atoms in the MOT, which yields a lifetime τlifetime = 8.5± 0.1 s. This
is an important number to keep in mind because the real experiment works in
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t =8.5slifetime

FIGURE 6.3: An example of the fluorescence measurement of the
MOT lifetime. The black point represent voltage on the oscillo-
scope as a function of time. The blue curve shows a fit of an
exponential function to the data. Red point are excluded from
the fit and correspond to the time before switching the dispenser

off.

cycles and in every cycle after loading the MOT, we hold it with the switched off
dispenser to let the background pressure drop. Hence τlifetime sets an upper limit
on the holding time.

To measure the build-up time we keep the cooling and the repump lasers on,
then we switch on the magnetic field and record the PD signal as the function of
time. We fit an exponential function to the data and obtain τbuildup = 2.1± 0.1 s.
In principle, it is possible to retrieve the pressure in the vacuum chamber (and
thus the ultimate lifetime) by comparing lifetimes and buildup times for different
values of dispenser current [120, 121].

6.3.2 Absorption imaging

In order to retrieve size, number of atoms, and temperature of the MOT, we set
up absorption imaging. We do this by exposing the atomic cloud to laser light,
resonant to the F = 2 −→ F′ = 3 transition (see Fig. 5.3). For absorption imaging
we choose the laser intensity well below the saturation intensity [106, 122], but
high enough, such that the light, transmitted through the atomic cloud is above
the noise level of the camera. Experimentally we found the optimal power to be
1.5− 2 µW at the fiber output with a beam waist of 7.45 mm. The optical setup
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is sketched in Fig. 5.6. The absorption imaging is done with only the probe light
present, the cooling and the repump beams are off.

For an absorption image three pictures are taken: a picture with a MOT, a
reference picture without the MOT, and a dark picture. Three such pictures are
shown in Fig. 6.4 as an example. In Fig. 6.4(a) one can see a shadow from the
MOT (encircled in red). Fig. 6.4(b) is taken under the same conditions as 6.4(a)
but without atoms, after releasing the MOT. Fig. 6.4(c) is taken with all the lasers
shut: this dark picture is needed to substract stray light on the CCD.

atoms no atoms dark

optical density

(a) (b) (c)

(d)

FIGURE 6.4: Three pictures, taken for absorption imaging. In
(a) one can see the imaging laser beam with a shadow (encircled
with red) corresponding to the MOT. Fig. (b) shows the same
beam after the trap release. Fig. (c) shows a background image
without laser light. These images are used to calculate the optical

density using equation (6.2), with Fig. (d) showing the result.

At low intensity (low saturation) light is attenuated according to Beer’s law:

Iout = Iine−nσ0 = Iine−OD, (6.1)

where n = n(x, z) =
´

ρ(x, y, z)dy is the column density (in units of atoms per
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unit area) of the atomic cloud and the integral is taken along the propagation
direction of the probe beam, σ0 = 1.327 × 10−9 cm2 is the resonant scattering
cross section, averaged over different mF sublevels [122], and OD is the optical
density of the cloud.

The OD of the atomic cloud is obtained from the absorption images using
[123]:

OD = ln
(

Ino atoms − Idark
Iatoms − Idark

)
, (6.2)

where Iatoms is the laser intensity, recorded with the MOT present, Ino atoms is the
laser intensity after the MOT release, and Idark is the laser intensity after all the
lasers were shut. As an example, Fig. 6.4(d) demonstrates the OD retrieved from
Figs. 6.4 (a)-(c).

From the optical density, the column density follows as:

n =
OD
σ0

. (6.3)

If we assume that the column density is constant over the area of one pixel, we
can find the total number of atoms as:

N = ∑
all pixels

npixel Apixelm2, (6.4)

where Apixel = (5.3 µm)2 is the pixel area and m = 2 is the optical demagnifica-
tion (see Fig. 5.6).

After optimization we found the number of atoms in the MOT to be N ≈
1.2× 108 atoms, and fitting by a Gaussian yields the sizes: σx = 1.2 mm, σz =
980 µm. This number of atoms is lower than typical values for mirror MOTs:
in [60], for example, the reported value was 2 × 108 atoms. A possible reason
is that the platinum top layer of the chip has relatively low reflectance (65% at
45◦ incidence angle). As a consequence, the laser intensity is imbalanced in the
vertical direction. This can lead to a lower number of atoms. However, further
investigation on this topic and MOT optimization are perhaps necessary.

We should also mention here that the peak density from our measurement
(≈ 1010/cm3) is well below the maximum density allowed by repulsive pressure,
which is caused by reabsorption of fluorescence (∼ 1011/cm3 [104, 124]).

6.3.3 Time of flight measurements

The concept of temperature in the strict thermodynamical sense is not applicable
to cold atom traps [104], so conventionally "temperature" is understood simply
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T =1mKx

T =200mKz

FIGURE 6.5: TOF measurement of the MOT cloud expansion.
Blue data shows expansion in horizontal direction (along the x
axis) and the red data corresponds to expansion in vertical direc-

tion (z axis). The straight lines are linear fits to the data.

through mean kinetic energy of atoms: 3
2 kBT = 〈Ek〉.

We use time of flight (TOF) measurements to extract the temperature of the
atomic cloud. In the TOF measurements we release the atomic cloud from the
trap and let it expand for a varied time tTOF. For each value of the tTOF we fit
the atomic cloud by a 2D Gaussian and record its vertical and horizontal sizes
(Gaussian root mean square width): σx and σz respectively. The size can be related
to the time of flight through the formula [125]:

σ2
i (tTOF) = σ2

i,0 + v2
i t2

TOF, (i = x, z) (6.5)

where vi is the velocity component of an atom in direction i and σi,0 is the initial
size of the cloud in the i direction. The temperature is related to the thermal
velocity through the formula:

v2
i =

kB Ti
mRb

, (6.6)

where kB is the Boltzmann constant and mRb is the mass of a Rb atom. We use
linear fitting of σ2

i to t2
TOF to extract the temperature.

We notice that the expansion in the horizontal direction (along the x axis) is
faster than in the vertical direction (z axis). In Fig. 6.5 we show the measurement
results: blue data for the x direction and red for the z direction. The solid lines
show the linear fit to the data. The fit yields temperatures of Tx = 1000± 100 µK
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and Tz = 200± 20 µK, where the error bar is given by the linear fit. We do not
know the reason of this behavior. It could be partly explained by the long switch-
ing time of the magnetic field, produced by the coils: After the coils are switched
off, the current oscillates with a relaxation time of a few milliseconds. This can
influence atomic dynamics during the time of flight and thus the measured tem-
perature. See section 6.7 for detailed discussion on the current oscillation.

6.4 U-wire based magneto-optical trap

The MOT stage is followed by the uMOT stage. The uMOT [113, 126] has the
same principle of operation as the MOT: atoms are trapped by a quadrupole
magnetic field and laser beams. The difference is that the magnetic field for the
uMOT is created by a current carrying u-shaped wire and a homogeneous bias
field. This makes the field gradients constant only over a small region of space.
For this reason a uMOT has a smaller capture volume and hence is not typically
used for initial trapping. We also find that the number of atoms in the uMOT
decays rapidly. Therefore it is best used in a transient way to compress the cloud
from the preceding MOT stage.

In our chip we can use different wires for creating the magnetic field of the
uMOT. In Fig. 6.6 the wire configuration is shown. First, we investigated a uMOT
based on the long wire, made of connections 7− 4− 4R (depicted with red). The
7− 4R wire was used as a u-wire, and 7− 4 was used as a z-wire. This wire has
a middle part of 6mm. The advantage of using a long wire is that with a longer
cloud in the magnetic trap one can expect to easily load atoms into different pat-
terns of microtraps (see Fig. 6.2).

Second, we investigated the use of a short wire, made of connections 6− 4−
4R (depicted with black in Fig. 6.6). The 6− 4R wire was used as a u-wire, and
6− 4 was used as a z-wire. This wire has a middle part of 3mm. A shorter wire
has the advantage of creating higher magnetic trap frequencies and thus higher
collision rates, which is important for evaporative cooling.

6.4.1 Long (7− 4R) u-wire MOT

To create the necessary magnetic field we ramp the current in the u-wire to 9 A
and the bias field to {Bx, By, Bz} = {1.31, 5.5,−1}G. The ramp time was empir-
ically optimized (by measuring the number of atoms transferred from the MOT
to the uMOT) to 47 ms. Directly after the transfer we ramp the cooling laser de-
tuning from −15.3 MHz to −27.6 MHz in 13 ms in order to decrease the cloud
temperature. In the uMOT we measure ≈ 8 × 107 atoms with a temperature
Tx ≈ 100 µK and Tz ≈ 50 µK.
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FIGURE 6.6: Chip wires, seen looking upward. For producing a
uMOT and z-wire trap either the red (7− 4R− 4), or black (6−
4R− 4) configuration can be used. The 7− 4 connection creates
the long z-wire trap, and connection 6− 3R creates the short z-

wire trap.

6.4.2 Short (6− 4R) u-wire MOT

For the short uMOT we ramp current in the u-wire to 8 A and the bias field
to {Bx, By, Bz} = {−0.8, 3.8, 0.1}G. The ramp time is the same as for the long
uMOT: 47 ms. Right after the transfer we ramp the cooling laser detuning from
−15.3 MHz to −27.6 MHz in 13 ms to decrease the cloud temperature. In the
short uMOT we measure ≈ 8 × 107 atoms and temperature Tx ≈ 120 µK and
Tz ≈ 110 µK .

6.5 Magnetic trap

Immediately after the detuning ramp in the uMOT the atoms are loaded into
the z-wire trap, where they are trapped by means of magnetic field [127, 128].
The z-wire trap is an Ioffe-Pritchard trap [114, 115], where the magnetic field is
created by a z-shaped current carrying wire and homogeneous bias field. The
bias field points in y direction (perpendicular to the middle part of the z-wire) so
that together with the z-wire field it generates a minimum of the magnetic field.
If the atoms are in a so-called low-field seeking state (i.e. in a state, that increases
its energy with magnetic field strength), it is attracted to the minimum of the
magnetic field. Because of the two legs of the z-wire, the field in the minimum
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is not zero. This is important to prevent spin-flip Majorana losses [129], where
atoms undergo a transition into an untrappable state near the point of zero of
magnetic field.

In order to bring the atoms into a magnetically trappable |F = 2, mF = 2〉
state, we apply the optical pump laser for 2.5 ms between the uMOT and the z-
wire trap stages. Application of the optical pump doubles the loading efficiency.
Once the atoms are pumped into the magnetically trappable state, we switch on
the z-wire trap. We investigated magnetic traps using two different z-wires: one
with 3 mm long middle part and the other with 6 mm middle part.

6.5.1 Long magnetic trap (6 mm wire)

The long z-wire has a middle part of 6 mm length. For the long z-wire trap
we step the current in the wire to −20 A, and the bias field to {Bx, By, Bz} =
{−1, 20, 0}G. In the long z-wire trap we measure a maximum number of atoms
of 13× 106, which corresponds to a transfer efficiency from the uMOT of ≈ 15%.
However, because of the magnetic field oscillations the number of atoms in the
z-trap experiences shot-to-shot fluctuations. The minimum number of atoms can
be two or three times smaller than the maximum number. The measured lifetime
of this trap is 2.8± 0.2 s. The temperature is typically around 80− 90 µK. Fitting
a Gaussian function to the image of the atomic cloud yields sizes of σx ≈ 700 µm
and σz ≈ 115 µm.

In order to measure the trap frequencies we displace the initial loading po-
sition of the cloud by displacing the position of the uMOT. Then we record the
position as a function of time. The frequencies fitted to the sloshing motion are
fz = 94± 2 Hz in the radial direction and fx = 14.8± 0.1 Hz in the longitudinal
direction. The calculated values are fz = 65 Hz and fx = 11 Hz.

6.5.2 Short magnetic trap (3 mm wire)

The short magnetic trap is created by using the z-wire with 3 mm middle part.
In this case we apply a current of −20 A to the wire, and use a bias field of
{Bx, By, Bz} = {8, 40, 0}G.

The number of atoms fluctuates between 4× 106 and 13× 106. The measured
lifetime of this trap is 1.3 ± 0.1 s, and the temperature is around 90 − 130 µK.
Fitting a Gaussian function yields sizes of σx ≈ 450 µm and σz ≈ 61 µm. We
measured a longitudinal frequency of fx = 23.7± 0.3 Hz. It was not possible to
measure the radial frequency because the amplitude of the cloud oscillation in the
z direction is less than the resolution of the side imaging system. The calculated
trap frequencies are fz = 141 Hz and fx = 28 Hz. In table 6.1 we summarize the
results of the characterization for the long and short traps.
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Trap maximum number
of atoms, ×106

temperature, µK

MOT 120 Tx = 1000, Tz = 200

uMOT on the long wire 80 80

uMOT on the short wire 80 80

magnetic trap on the long
wire

13 80− 90

magnetic trap on the
short wire

13 90− 130

TABLE 6.1: Results of characterization of different traps. These
numbers should be taken only as an indication. The real values
are in this range but can differ due to instabilities in magnetic
field. In fact, the typical number of atoms in the long magnetic
trap is a factor of 2 smaller, and the number of atoms in the short
magnetic trap is approximately a factor 3 smaller than the maxi-

mum one.

6.6 Towards evaporative cooling

For the final step of transferring the atoms from the z-wire trap into the micro-
traps it is important to start from low temperature (high phase space density)
in the macroscopic magnetic trap [25]. In previous experiments in our group it
was observed that this step induces significant heating and loss of atoms. This is
likely due to (adiabatic or non-adiabatic) compression into the very tightly con-
fining microtraps.

The established technique to achieve ultra-cold temperatures below what is
reachable by laser-cooling in trapped atomic clouds is evaporative cooling [130–
132]. Here we briefly discuss the parameters in our experiment from the perspec-
tive of evaporative cooling. A comprehensive description can be found in [117].
The basic idea of evaporative cooling is the following: the most energetic atoms
in a magnetic trap are coupled through RF radiation to an untrappable state and
thus escape the trap. After rethermalization the temperature of the atomic sample
is reduced. By slowly decreasing the frequency of the RF radiation it is possible
to reach very low temperatures and high phase space densities.
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A first attempt to achieve evaporative cooling in the Magchips Nano experi-
ment was done in the long z-wire trap, because it is easier to load from the uMOT.
After applying RF cooling we see a decrease in the number of atoms but not in the
temperature. The likely reason that the evaporative cooling did not perform as
anticipated was a lack of thermalizing collisions. Therefore a second attempt was
made in the short z-wire trap. The idea here is that higher trap frequencies will
also lead to higher collision rates needed to start the evaporative cooling process.
Unfortunately also in the short z-wire trap the collision rate was insufficient for
evaporative cooling. Further we analyze our system in order to understand the
reasons for the aforementioned observations.

The main requirement for an increase of phase-space density is that the ther-
malization happens fast enough compared to the lifetime of the trap. Thermaliza-
tion depends on elastic collisions between the atoms in the trap (so-called "good
collisions"). The lifetime is limited by loss or heating mechanisms. For alkali
atoms, the dominant loss mechanism is collisions with background gas (so-called
"bad collisions"). Thus the condition for the the run-away evaporation is that the
ratio of good to bad collision R exceeds some minimum value Rmin. Let us call
the elastic collision rate 1

τel
and the loss rate 1

τloss
. Then the ratio of good to bad

collisions can be written as R = τloss/τel. The peak (in the center of the cloud)
elastic collision rate is given by:

1/τel = n0 σel v
√

2, (6.7)

where n0 is the peak atomic density in the cloud, σel is the elastic collision cross
section, and v

√
2 is the average relative velocity between two atoms. The thermal

velocity is v =
√

8kBT
πmRb

, where kB is the Boltzmann constant , mRb is the mass of a

Rb atom, and T is the cloud temperature. We take the loss rate 1
τloss

as an inverse
to the lifetime in the trap.

Now we want to estimate the good to bad collision ratio for the long and the
short magnetic trap. The cloud temperature is≈ 100 µK for both traps. This gives
us a thermal velocity of (v2)

1
2 = 16900 µm

s . The elastic cross section is given by
σel = 8πa2, where the s-wave scattering length is a = (102− 107)a0 [133–135],
and a0 = 0.53× 10−4 µm is the Bohr radius. The peak density in the magnetic trap
is easy to estimate if we approximate it by a Gaussian shape: n0 = Nmax

(2π)3/2σxσyσz
.

Inserting the numbers from sections 6.5.1 and 6.5.2 we obtain the peak densities
for the long and the short traps: n0, long = 0.09 atoms

µm3 and n0, short = 0.5 atoms
µm3 . The
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elastic collision rates are then obtained as

1
τel, long

= 8π a2 v
√

2 n0, long ≈ 1.5
collisions

s
, (6.8)

1
τel, short

= 8π a2 v
√

2 n0, short ≈ 8.4
collisions

s
. (6.9)

By using the numbers for the lifetimes from sections 6.5.1 and 6.5.2 we obtain
the good to bad collision ratios for the long and the short traps:

Rlong ≈ 4,

Rshort ≈ 11. (6.10)

The values from the equation (6.10) are too low for run-away evaporative cool-
ing. From the reference [117] we know that minimum values (for run-away evap-
oration) for Rmin are around 400. It should be possible to increase the lifetime
by decreasing the background pressure while keeping a high number of atoms in
the MOT. In other cold atoms experiments the values for lifetimes are usually by
one order of magnitude higher than in our experiment. In our experiment it is
challenging to increase the number of atoms by one order for two reasons: (1) the
MOT is relatively small because of the low reflectance of the platinum chip which
adversely affects the power balance between the incident and reflected beams
and (2) the transfer efficiency from the MOT to uMOT and from the uMOT to the
magnetic trap is low because of the magnetic field oscillations. This last issue we
discuss in section 6.7.

6.7 Current oscillations in the coils

During an experimental cycle different magnetic field configurations are used for
different traps. First, a quadrupole magnetic field is created by the pair of MOT
coils1 for capturing the atoms in the MOT. Then the current in the u-wire on the
chip is ramped up, and the current in the two pairs of coils (MOT coils and so-
called "Big" coils) is ramped to provide a homogeneous bias field. After that, the
u-wire is ramped down, the z-wire current is ramped up and the current in the
coils ramped to a new bias field, needed for the magnetic trap.

During the ramps we see that the current in the coils (and hence the magnetic
field) oscillates. These oscillations have sometimes amplitude comparable to the
ramp range and thus deteriorate the loading efficiency. In Fig. 6.7 we show an
example of the oscillations. The blue line shows the current, measured in the Big

1See chapter 5 or reference [98] for more information on the coils.
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FIGURE 6.7: Current oscillations in the magnetic coils. In the
range from 30 ms to 49 ms we see the ramp from MOT to uMOT.
At 65 ms the currents are ramped to the z-wire configuration and

strong oscillations appear.

coils. The yellow line shows the current in the MOT1 coil, and the red line shows
the current in the u-wire as a reference. Here we do not show the current in the
MOT2 coil as it has similar behavior to the MOT1 coil. In the figure we notice
several things after stepping the currents to the values of the z-wire trap. First,
there is a step which very quickly brings the current to approximately the needed
value, and second, after the step there are oscillations. Right before and after this
step we also see large spikes. Such short spikes in the coil currents are unlikely
to occur in reality because of the large coil inductance. Thus we think that the
spikes are an artifact of our current measuring system, and hence do not affect
dynamics of the trapped atoms. The current oscillations, on the other hand, live
relatively long and have large amplitudes. For example, in case of the MOT1 coil
the relaxation time (1/e) is around 7 ms and the peak-to-peak magnitude is 3.3 A
whereas the desired current value is −4.5 A. The big coils have an even longer
relaxation time (about 12 ms) and larger peak-to-peak magnitude (3.9 A) whereas
the set current value is −5.6 A.

The observed current oscillations are likely caused by the rather large self-
inductance of the coils2. In order to rapidly change the current we apply high

2The measured values for the coils inductance are: 5.14 mH and 5.12 mH for the MOT coils,
4.84 mH and 4.83 mH for the BIG coils, and 0.39 mH and 0.37 mH for the SMALL coils.



100 Chapter 6. Magchips Nano experiment

voltage (from 170 V to 800 V). For this reason we connect the coils to power sup-
plies3 through home made high-voltage current control systems. These systems
comprise highly charged capacitors. When it is needed to quickly increase the
current, the capacitors are discharged into the coils. Or, if it is needed to decrease
the current, the capacitors are charged from the coils. This means that a sudden
change of current excites oscillations with an eigenfrequency of the LC circuit
made of the inductance of the coils and capacitor inside our power supply.

A possible solution for a future experimental design could be using different
coils with a lower number of windings (and hence lower inductance). This would
allow the use of lower voltages to change the current. In this case the whole
switching process could be done only with a power supply with no need for an
external high voltage capacitors.

6.7.1 Possible effect of current oscillations on TOF measurements

In this section we already discussed current oscillations in the magnetic coils.
We saw that after switching the magnetic fields, the current magnitude oscillates,
slowly reaching the set value. The characteristic relaxation time is 7 ms for the
MOT coils and 12 ms for the Big coils. Here we address the question whether
these oscillations can affect our time of flight measurements. For example, in
section 6.3.3 we saw that in TOF the MOT experiences anisotropic expansion: the
apparent temperature in the x direction is five times higher than in the z direction.

After shutting the currents in the magnetic coils, the currents start to oscillate
with different periods and relaxation times. Here we do not want to calculate the
exact forces, experienced by atoms due to these fields, but rather to estimate the
maximum possible effect. A magnetic field gradient causes a force:

−−→
Fmag = µBgFmF∇|

−→
B |, (6.11)

where µB = 9.274× 10−24 J/T is Bohr magneton, gF is the Landé g-factor, and
∇|−→B | is the magnetic field gradient. In the MOT cycle the state, experiencing
the highest Zeeman force, will be |F = 2, mF = 2〉 with gF = 1/2 [122]. For the
MOT trapping we use ≤ 30 A currents in the MOT coils, which corresponds to a
magnetic field gradient ≈ 13 G/cm [98]. We can compare the distance, traveled
by the atoms due to the magnetic field gradient, to the thermal expansion:

lmag =
amagτ2

MOT
2

=
Fmag

mRb

τ2
MOT
2

, (6.12)

3In our experiment we use power supplies from Delta Electronics: model SM-45-70D for the Small
coils and SM-70-45D for the Big, MOT1, and MOT2 coils.
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where as the characteristic time we took the MOT coil relaxation time τMOT =
7 ms. Equation (6.12) yields lmag ≈ 200 µm.

In Fig. 6.5 we plotted the dependence of σ2 on t2
TOF for the MOT in the x

and the z directions. If the MOT would have the same apparent temperature in
the x direction as in the z direction (200 µK), σx after 7 ms TOF would be 690 µm
smaller than it is now. This suggests that the magnetic field oscillations cannot be
alone responsible for the measured difference between Tx and Tz. We conclude
that magnetic forces due to the oscillating fields have only limited effect on the
atomic dynamics (at least for these relatively high temperatures). We also note
that for the magnetic traps the TOF measurement and the RF spectroscopy yield
similar results.

6.8 Conclusion

In this chapter we presented our work on the Magchips Nano experiment. We
realize several steps, necessary to bring the new experiment to life: a magneto-
optical trap with 120 × 106 atoms, a uMOT with 80 × 106 atoms, and a z-wire
magnetic trap (both with a 3 mm and a 6 mm wire). In the short as well as the
long z-wire trap we have ≈ 13× 106 atoms. Characterization of these traps was
done by side imaging. We also realized a bottom imaging setup for imaging
atoms in the microtraps, where the imaging beam is perpendicular to the chip.

Unfortunately, it was not possible to realize evaporative cooling and hence
to load the atoms into the microtraps. The reason for that is current oscillations
in the magnetic coils: after switching the current we observe strong oscillations
in the current with typical relaxation times between 7 ms and 12 ms. In future,
this problem could be overcome by using new magnetic coils with lower self-
inductance. Running a higher current through these coils would provide with the
necessary magnetic field. At the same time it would be less technically challeng-
ing to realize a fast current change without excitation of the current oscillations.





Appendix A

Mirror charge calculation

A central topic in this thesis is given by the stray fields emanating from electric
dipoles adsorbed on the chip surface. Measurements of the stray fields are pre-
sented in Ch. 3. The presence of the dielectric SiO2 layer, effectively acting as a
spacer between the dipole and the gold, makes this an interesting electrostatics
problem. Not only does the dipole see its image in the gold mirror, there will
be an infinite series of mirror images, as a result of the additional SiO2-vacuum
interface.

The problem has been solved for a single charge positioned in a three-dielectric
medium [136, 137]. Here we use these solutions to obtain the results for a dipole
as formed by an adsorbed Rb atom. For this, we combine two solutions: one
for a positive charge just outside the dielectric and one for a negative charge just
inside. This then yields an infinite series of mirror dipoles.

We want to calculate the effect of the mirror charges from the gold on the
electric field of the dipoles on the silica surface1. In Fig. A.1 we show the cross
section of the system.

First we consider a single charge Q, located on the vacuum side. Following
the notation of [137], we write the two-dimensional Fourier transform V(k, z, z′)

1Some useful experimental information about electric field from Rb dipoles on the surface can be
found in [75] and [76].
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0
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vacuum
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e1

e2

e3

FIGURE A.1: Illustration of three-layer structure for calculating
the mirror charges. As an example, we show a dipole on the
silica-vacuum interface and its mirror dipoles. See also table A.3

of the electrostatic potential at z generated by a point charge at z′ > a as:

V33(k, z, z′) =
α

ε3

(
e−k(z−z′) + L32e−k(z+z′−2a) − 4ε2ε3

(ε2 + ε3)2 L12
e−k(z+z′+2a)

1− L12L21e−4ka

)

=
α

ε3

(
e−k(z−z′) + L32e−k(z+z′−2a) − 4ε2ε3

(ε2 + ε3)2 L12e−k(z+z′+2a)
∞

∑
n=0

(
L12L32e−4ka

)n
)

= α

(
e−k(z−z′) + L32e−k(z+z′−2a) − 4ε2

(ε2 + 1)2 e−k(z+z′+2a)
∞

∑
n=0

(
L32e−4ka

)n
)

,

(A.1)

where k is the modulus of the wave vector in the xy-plane, V32 is the potential
in medium 3 created by a charge in medium 2, α = 2πQ/k, and Lij =

εi−εj
εi+εj

is a
reflection coefficient at the i− j interface.

In the last line of Eq. A.1 we used the values for the metal-dielectric-vacuum
stack. The reflection coefficients Li2 = εi−ε2

εi+ε2
, so if medium 1 is metal (ε1 −→ ∞)

and medium 3 is vacuum, (ε3 = 1), then L12 −→ 1 and L32 = 1−ε2
1+ε2

< 0.
From Eq. A.1 we recognize the strength and position of the charge and mir-
ror charges. For example the first term yields the familiar potential of a point
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charge after a 2D Fourier transformation. Indeed, following [136, 137] we write
the 2D Fourier transformation of the potential of a point charge in CGS units as´

Q e−i(k·R)√
R2+(z−z′)2

d2R = 2πQ
k e−k|z−z′ | for z 6= z′.

TABLE A.1: Position and strength of the mirror charges for the
charge in vacuum

charge position, z = height above the surface,
z− a =

QI
0 = Q z′ h

QI
1 = L32Q −z′ + 2a −h

QI
2 = − 4ε2

(ε2+1)2 Q −z′ − 2a −h− 4a
...

...
...

QI
m = − 4ε2

(ε2+1)2 Lm
32Q −z′ − 2a(2m + 1) −h− 4a(m + 1)

Second, for the case of a charge located in the dielectric layer: Following the
notation of [137], we write the two-dimensional Fourier transform V(k, z, z′) of
the electrostatic potential at z generated by a point charge located at z′ < a as:

V32(k, z, z′) =
2α

ε2 + ε3

(
e−k(z−z′) − L12e−k(z+z′+2a)

) 1
1− L12L32e−4ka

=
2α

ε2 + ε3

(
e−k(z−z′) − L12e−k(z+z′+2a)

) ∞

∑
n=0

(
L12L32e−4ka

)n

=
2α

ε2 + 1

(
e−k(z−z′) − e−k(z+z′+2a)

) ∞

∑
n=0

(
L32e−4ka

)n
. (A.2)

In Eq. A.2 we substituted values for the stack of metal-dielectric-vacuum;
L12 = ε1−ε2

ε1+ε2
→ 1 in the case that medium 1 is a metal (ε1 −→ ∞). Medium three

is vacuum (ε3 = 1), thus L32 = 1−ε2
1+ε2

< 0.
From Eq. A.2 we again recognize the strength and position of the charge and

image charges as following:
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TABLE A.2: Position and strength for the mirror charges for the
charge in the dielectric layer. Here QII

0 is the partially shielded
charge, i.e. the charge that, if placed in vacuum, would produce

the same potential as charge Q inside the dielectric.

charge position, z = height above the surface,
z− a =

QII
0 = 2Q

1+ε2
z′ −h

QII
1 = −QII

0 −z′ − 2a h− 4a
QII

2 = QII
0 L32 z′ − 4a −h− 4a

...
...

...
QII

2m = QII
0 Lm

32 z′ − 4am −h− 4am
QII

2m+1 = −QII
0 Lm

32 −z′ − a(4m + 2) h− 4a(m + 1)

In order to describe the situation of a rubidium adatom, we now combine
these two cases. We assume that the rubidium atom transfers part of its charge
to the surface. Thus we place a charge Q at height h above the surface and the
charge −Q at height −h (below the surface). The charges and mirror charges
from the tables A.2,A.1 can now be combined to make a series of dipoles. The
result is listed in Table A.3.

TABLE A.3: Position and strength for the mirror dipoles, model-
ing a rubidium adatom on the surface.

dipole moment height above the
surface, z− a =

p0 = 2Qh 0
p′0 = 2

1+ε2
p0 −4a

p′1 = L32 p′0 −8a
...

...
p′m = Lm

32 p′0 −4a(m + 1)

Note that the charge −Q at height −h is partially shielded. However, the
charge Q at height h (in vacuum) also induces a mirror charge L32Q at height
−h. If we add this to the partially shielded charge, they sum up to −Q. So the
dipole on the surface is indeed p0 = 2Qh and the net charge vanishes. The first
reflection, p′0, has the same polarity as p0. After that, subsequent image dipoles
alternate in polarity, as L32 < 0.



Appendix A. Mirror charge calculation 107

To estimate the maximal correction to the electric dipole field, we assume the
mirror dipoles to be at the same location z = a, and write the total dipole moment
as a series:

p =p0 +
∞

∑
m=0

Lm
32 p′0 = p0 + p′0

1
1− L32

=p0

(
1 +

2
1 + ε2

/(
1− 1− ε2

1 + ε2

))
= p0

ε2 + 1
ε2

= 1.26p0, (A.3)

where we substituted ε2 = 3.9 for SiO2. This gives us the upper limit on the
enhancement of the effective dipole moment due to the mirror charges.
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Polarization and power
fluctuations

The optical fibers used in the Magchips Nano experiment (single-mode polariza-
tion-maintaining patch cables with FC/APC connection from Thorlabs) have a
finite polarization quality. According to the specifications polarization extinc-
tion ratio (PER) is 20 dB. This means that the power ratio between desired and
spurious polarizations is 100. In our fibers we observe an even better perfor-
mance: 25− 30 dB at the output, when the input polarization has PER = 40 dB
(cleaned with Glan-Thompson polarizers). In case of connecting two fibers with
a mating sleeve (ADAFCPM2 from Thorlabs), the polarization quality is often
deteriorated to 20 dB, which still satisfies the specifications. However, for our ex-
periment this is not good enough: the polarization fluctuations on the level of 1%
(PER = 20 dB) cause power fluctuation of ≈ 30% after a polarizing beam splitter
(PBS) in the MOT optical setup. In this appendix we explain why.

A power ratio of 100 (20 dB) means that the ratio of the electric field ampli-
tudes is only 10. Let us write the electric field vector of the light after the fiber
as:

~ε = ~εd + ~εs, (B.1)

where ~εd is the vector with the desired polarization and ~εs is the vector with spu-
rious polarization. Let us assume that the desired polarization ~εd after the fiber
coincides with the y axis and the spurious polarization ~εs coincides with x in some
coordinate system. Let the transmissive axis of the PBS make an angle α with the
y axis. This situation is depicted in figure B.1. Polarization fluctuations in an op-
tical fiber mean fluctuations of relative phase shift between the two polarization
components. Thus, to calculate minimum and maximum transmitted power, we
project both the vectors ~εd and ~εs on the transmissive axis and sum up in case of
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FIGURE B.1: polarization fluctuations

them being in-phase or subtract in case of them being in anti-phase. Thus, the
ratio of minimal to the maximal transmitted power can be calculated as follows:

< =

(
εd cos α− εs sin α

εd cos α + εs sin α

)2
=

(
cos α− ξ sin α

cos α + ξ sin α

)2
, (B.2)

where ξ = εs/εd.
From equation B.2 it follows that < = 67% for α = π/4 and ξ = 0.1, the

value that we observed experimentally. It is interesting to note, that by taking a
derivative d<

dα , we find that the angle α, where < reaches its minimum, depends
on ξ.

In practice, we clean up the polarization by introducing an additional PBS
after the fiber output with transmissive axis along ~εd. This prevents the 30%
power fluctuation and costs only 1% of the power (attributed to the spurious
polarization).
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Summary

Quantum information science is a rapidly growing field. One of the ways, by
which physicists can contribute to this field, is to realize platforms for quantum
computation and quantum simulation.

Quantum computation uses quantum bits (qubits). Qubits, like classical bits,
have two possible states, but in contrast to their classical counterparts they dis-
play quantum behavior: quantum superposition and entanglement. This in-
creases the amount of stored information exponentially with the number of qubits,
and thus makes quantum computers superior to classical ones for some specific
tasks, for example factorization problems or data base search.

For quantum simulation one would prepare a system of interacting quantum
particles with some specific interaction, resembling another, less controllable or
accessible system. By measuring this model system, one can learn something
about the complex one. Quantum simulators can be useful for different areas
of physics and chemistry. An important difference with quantum computers is
that more modest numbers of qubits are already enough for interesting scientific
applications.

This thesis contributes to the quantum platform based on an atom chip. In
our atom chip, atoms are trapped by means of a magnetic field. This magnetic
field is created by a very thin (100− 200 nm) layer of a permanently magnetized
material, which is etched to create a periodic structure. Together with an applied
homogeneous bias field this structure creates a periodic lattice of magnetic field
minima. Cold atoms are trapped in these minima (so called microtraps). In our
experiment we want to induce interaction between atoms in different lattice sites
by exciting them into so-called Rydberg states: atomic states with a very large
principal quantum number n. These states have some extreme properties: very
strong van der Waals interaction (scaling as ∝ n11), polarizability (∝ n7), and
long lifetimes (∝ n3). This makes Rydberg atoms promising candidates to build a
quantum platform. In this thesis we investigate different challenges that one en-
counters on the way to a quantum platform based on an atom chip with Rydberg
atoms.

In chapter 2 we present our work on a spatial light modulator (SLM). The idea
of using an SLM in our experiment is that the atomic states in the microtraps can
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be manipulated by spatially addressing laser beams to only some specific micro-
traps on-demand. We calculate the phase patterns needed to apply to the SLM, to
be able to operate both lasers for the two-photon Rydberg excitation at the same
time: a 780 nm ("red") laser beam and a 480 nm ("blue") laser beam. This ensures
that simultaneously a red and a blue laser spot are directed to selected lattice
sites. We also use our liquid crystal SLM device to measure and compensate for
the aberrations in our test optical setup. The aberrations measurement is done
by a so-called Shack-Hartmann procedure, where a local tilt of the wavefront is
measured. Later we use two different approaches to reconstruct the wavefront
from the measured map of local tilts: zonal and modal approaches. The zonal
method is essentially a direct integration, whereas in the modal method a num-
ber of polynomials is used to approximate the wavefront and reconstruct it from
the measured data. We compare these two methods and find that the result de-
pends on the wavelength: the modal method works better for the 780 nm beam,
whereas the zonal method shows better results for the 480 nm beam. Finally, we
also modify existing software to enable the generation of spot patterns of arbi-
trary geometries.

In chapter 3 we present our experimental results on measuring and control-
ling stray electric fields on our atom chip. The enormous polarizability makes
Rydberg atoms very sensitive to stray electric fields. We use the Rydberg sensi-
tivity to measure the z component of the stray fields at different distances from
the chip. Moreover, we find that by illuminating the chip with our blue laser,
we can adjust the field strength and even change its direction. We find a regime
of the blue laser exposure, where the z component is compensated with a preci-
sion of 0.2 V/cm. It is known that the stray field is created by adsorbed atoms on
the chip surface. We model ad-atoms distributions, which explain the measured
fields.

Even though the dipole distributions, causing the fields discussed in chapter 3
are known, the precise adsorption and desorption mechanisms are to be revealed.
In chapter 4 we construct a comprehensive model, describing such mechanisms
in order to describe the measured fields as well as its dynamical change. We
see that our model can qualitatively describe the results. However there are too
many unknown physical parameters in our model, which makes direct fitting
impossible. We conclude that more studies are needed in order to find those
parameters.

In chapter 5 we present a setup for our new Magchips Nano experiment. In
this experiment we have a new chip with different lattice geometries (triangular,
rectangular, tapered) and periods (from 200 nm to 20 µm).

Finally, in chapter 6 we present our first steps, taken to bring the new Magchips
Nano machine to life. We characterize the following steps: a magneto-optical
trap (MOT), a u-wire based magneto-optical trap (uMOT), and a z-wire based
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magnetic trap. We report that evaporative cooling was not possible because of
insufficient density. This was likely caused by magnetic field oscillations during
the switch from the uMOT to the magnetic z-wire trap, limiting the loading ef-
ficiency of the magnetic z-wire trap. We find the reason of the oscillations to be
a spurious (but difficult to avoid) LC circuit between the coils inductance and a
capacitor in the power supply.

The current oscillations could be overcome by installing new coils with lower
self-inductance and using different power supplies. Then it will be possible to
try Rydberg physics and lattice physics with ground state atoms on the chip. The
construction of our vacuum chamber will allow relatively easy exchange of the
chip and thus probe different chips with new lattice geometries and surfaces.
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Samenvatting

Quantuminformatie is een snelgroeiend veld. Een van de manieren waarop natu-
urkundigen kunnen bijdragen aan dit veld, is door het realiseren van platforms
voor quantumcomputers en quantumsimulatie.

Quantumcomputers maken gebruik van quantumbits (qubits). Net zoals klas-
sieke bits, hebben qubits twee mogelijke toestanden, maar in tegenstelling tot
hun klassieke tegenhangers vertonen ze quantumgedrag: quantum superpositie
en verstrengeling. Dit leidt ertoe dat de hoeveelheid opgeslagen informatie ex-
ponentieel toeneemt met het aantal qubits, en quantumcomputers voor sommige
specifieke taken superieur zijn aan klassieke computers.

Voor een quantumsimulatie zou men een systeem van quantumdeeltjes kun-
nen uitrusten met een bepaalde interactie, dat lijkt op een ander, minder con-
troleerbaar of toegankelijk systeem. Door aan dit modelsysteem te meten, kan
men iets leren over het complexe systeem. Quantumsimulatoren kunnen nuttig
zijn voor verschillende gebieden van natuurkunde en scheikunde.

Onze aanpak om een quantumplatform te realiseren, is om een atoomchip te
gebruiken. Op onze atoomchip worden atomen gevangen door een magnetisch
veld. Dit magnetisch veld wordt gegenereerd door een dunne (100 − 200 nm)
laag van een permanent gemagnetiseerd materiaal. Dit materiaal is geëtst in
een periodiek patroon. Samen met een homogeen bias-veld creëert deze peri-
odieke magnetische structuur een periodiek rooster van magnetische veldmin-
ima. Koude atomen zitten gevangen in deze minima (zogenaamde microvallen).
In ons experiment willen we interacties tot stand brengen tussen atomen in ver-
schillende roosterposities door ze te exciteren naar een Rydbergtoestand. Ry-
dbergtoestanden zijn atomaire toestanden met een hoofdquantumgetal getal n.
Deze toestanden hebben enkele extreme eigenschappen: zeer sterke Van der Waals-
interactie (schalend als ∝ n11), grote polariseerbaarheid (∝ n7) en lange lev-
ensduur (∝ n3). Dit maakt Rydbergatomen tot veelbelovende kandidaten om
een quantumplatform te realiseren. In dit proefschrift onderzoeken we verschil-
lende uitdagingen, die men tegenkomt op de weg naar een quantumplatform
gebaseerd op een atoomchip met Rydbergatomen.

In hoofdstuk 2 presenteren we onze experimenten aan een spatial light mod-
ulator (SLM). Het idee van het gebruik van een SLM in ons experiment is dat de
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atoomtoestand in de microvallen kan worden gemanipuleerd door adressering
van bundels naar slechts enkele specifieke microvallen. We berekenen het fasep-
atroon dat nodig is voor de SLM, om twee lasers tegelijkertijd op dezelfde rooster-
positie te concentreren voor de twee-foton-Rydberg-excitatie: een 780 nm ("rode")
en een 480 nm ("blauwe") laserbundel. We gebruiken onze SLM met vloeibare
kristallen ook om de aberraties in onze optische test setup te meten en te com-
penseren. De aberratiemeting gebeurt door een zogenaamde Shack-Hartmann
procedure, waarbij een lokale helling van het golffront wordt gemeten. Vervol-
gens gebruiken we twee verschillende benaderingen om het golffront te recon-
strueren uit de gemeten kaart van lokale hellingen: zonale en modale benaderin-
gen. De zonale methode is een directe integratie, terwijl in de modale methode
een aantal polynomen wordt gebruikt om het golffront te benaderen en het uit de
gemeten gegevens te reconstrueren. Wij vergelijken deze twee methoden en vin-
den dat het resultaat afhangt van de golflengte: de modale methode werkt beter
voor de 780 nm-bundel, terwijl de zonale methode betere resultaten geeft voor de
480 nm bundel. Tenslotte wijzigen we bestaande software om patronen van laser
foci met willekeurige geometrieën te genereren.

In hoofdstuk 3 presenteren we ons werk aan het meten en verminderen van
elektrische strooi-velden nabij onze atoomchip. De enorme polariseerbaarheid
maakt Rydbergatomen zeer gevoelig voor strooivelden. We gebruiken de Rydberg-
gevoeligheid om de z-component van de strooivelden te meten, op verschillende
afstanden van de chip. Bovendien vinden we dat als we het chip oppervlak met
onze blauwe laser belichten we de grootte en zelfs de richting van het veld kun-
nen veranderen. We vinden een regime waarbij het gebruik van de blauwe laser
de z-component compenseert met een precisie van 0.2 V/cm. Het is bekend dat
het strooiveld wordt gecreëerd door geadsorbeerde atomen op het chipopper-
vlak. We vinden de verdelingen van ad-atomen die de gemeten velden verklaren.

Hoewel de dipoolverdelingen, die de velden uit hoofdstuk 3 genereren bek-
end zijn, willen we ook het precieze adsorptie- en desorptiemechanisme beg-
rijpen. In hoofdstuk 4 presenteren we onze poging om een uitgebreid model te
construeren, dat zowel de gemeten velden als de dynamiek van de dipoolverdelin-
gen beschrijft. We zien dat ons model de resultaten kwalitatief kan beschrijven.
Niettemin er zijn te veel onbekende fysieke parameters in ons model, die direct
fitten onmogelijk maken. We concluderen dat aanvullend onderzoek nodig is om
die parameters te vinden.

In hoofdstuk 5 presenteren we een setup voor ons nieuwe Magchips Nano-
experiment. In dit experiment hebben we een nieuwe chip met verschillende
roostergeometrieën (driehoekig, rechthoekig, taps toelopend) en periodes (van
200 nm tot 20 µm).

Tenslotte presenteren we in hoofdstuk 6 de eerste stappen die zijn gezet om de
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nieuwe Magchips Nano machine tot leven te brengen. We karakteriseren de vol-
gende stappen: een magneto-optische val (MOT), een op een u-draad gebaseerde
magneto-optische val (uMOT), en een op een z-draad gebaseerde magnetische
val. We vinden dat verdampingskoelen niet mogelijk was vanwege een onto-
ereikende dichtheid. Dit werd veroorzaakt door magnetische veldoscillaties ti-
jdens het schakelen tussen de uMOT en de z-draadval. De oorzaak van de os-
cillaties ligt in een (moeilijk te vermijden ) LC-circuit, gevormd door de inductie
van de spoelen en een condensator in de voeding.
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