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We demonstrate an atom chip trapping system that allows the placement and
high-resolution imaging of ultracold atoms within microns of any 100 ym-thin,
UHV-compatible material, while also allowing sample exchange with minimal
experimental downtime. The sample is not connected to the atom chip, allow-
ing rapid exchange without perturbing the atom chip or laser cooling apparatus.
Exchange of the sample and retrapping of atoms has been performed within a
week turnaround, limited only by chamber baking. Moreover, the decoupling
of sample and atom chip provides the ability to independently tune the sample
temperature and its position with respect to the trapped ultracold gas, which
itself may remain in the focus of a high-resolution imaging system. As a first
demonstration of this system, we have confined a 200-nK cloud of 1 x 10* ¥ Rb
atoms within 100 um of a gold-mirrored 100-um-thick silicon substrate. The sub-
strate was cooled to 35 K without use of a heat shield, while the atom chip, 100
um away, remained at room temperature. Atoms may be imaged and retrapped

every 16 s, allowing rapid data collection.
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CHAPTER 1
INTRODUCTION

Strongly correlated and topologically nontrivial materials pose interesting
unanswered questions as well as offer tremendous potential for device and ma-
terial applications [16-18]. Much progress has been made in understanding
these materials using techniques such as angle-resolved photoemission spec-
troscopy (ARPES) [19,20], scanning tunneling microscopy (STM) [21-23], and
superconducting quantum interference devices (SQUID) [24-26].

Despite this progress, outstanding questions remain, such as the origin of
anomalous noise in the pseudogap of cuprate superconductors [27], the coexis-
tence of magnetism and superconductivity in iron-based superconductors [28]
and at the LAO/STO interface [29,30], as well as the role of electronic ordering
in high temperature superconductors [31,32], and how to differentiate bulk from
surface state conduction in topological insulators [24,33]. All of these questions
would benefit from further study in a sensitivity-resolution and temperature
regime that is inaccessible to current probes.

In this thesis we describe the atom chip microscope (ACM)-a magnetic and
electric field microscope capable of working at the 1077 flux quanta level and be-
low. The ACM uses either Bose-Einstein condensates (BECs) or thermal clouds
of ¥Rb as a probe to measure fields as near as 1 um away from a sample of in-
terest. With 1 um spatial resolution and magnetic field sensitivities as low as 1
nT, atom chip microscopy provides a unique window into mesoscopic physics
in novel materials.

In addition to operating in a regime of spatial resolution and field sensitiv-
ity that few other probes can match, atom chip microscopy can image samples

at temperatures ranging from cryogenic temperatures to well above room tem-



perature. The sample temperature is fundamentally limited only by the micro-
scope’s vacuum pressure at high temperatures, and the cryostat at low temper-
atures.

The ACM is more than an electric and magnetic field microscope, it is a
powerful tool for studying hybrid quantum systems. The ACM will provide
the ability to couple atoms to solid-state qubits [34], nanowires [35], and the

Casimir-Polder potential [36].

1.1 Other Probes

There exists many different kinds of magnetometers with long histories of suc-
cess. Figure 1.1 compares different magnetometers according to their field sen-
sitivity and spatial resolution. Comparing magnetometers only by field sen-
sitivity and spatial resolution ignores many of the important differences be-
tween probes that can be crucial to determining the applicability of a probe to
a given measurement. In order to understand where atom chip magnetometry
fits among these probes we must examine the strengths and weaknesses of other
probes.

One probe that has been incredibly successful studying a range of materials
has been the SQUID [6-10]. SQUIDs consist of a loop of superconductor with
one or more Josephson junctions, and rely on the quantization of magnetic flux
through the superconducting loop to provide very sensitive magnetic flux mea-
surements [37]. These probes have demonstrated field sensitivities as low as 40
fT cm™!2 Hz™'/2, for measurements at 100 Hz, but 1/f noise prevents them from
achieving that sensitivity at DC [8].

Magnetic Resonance Force Microscopy (MRFM) has demonstrated incredi-



ble spatial resolution, measuring a single electron spin with a spatial resolution
of 25 nm in a silicon dioxide sample [5]. MRFM relies on cantilevers with a fer-
romagnet on the tip. External fields are used to drive spin flips in the sample,
which show up as forces on the cantilever tip [38,39].

Atomic vapor cell magnetometers have realized field sensitivities as low as
0.54 fT Hz™!/? [40]. These magnetometers consist of a cell containing a gas of al-
kali atoms that are spin polarized by a pump laser. A probe laser is sent through
the gas perpendicular to the pump laser to measure the precession of the elec-
tron spin due to the magnetic field [41]. While these probes are very sensitive to
magnetic fields, their spatial resolution is limited by the need to have a macro-
scopic vapor cell to probe.

Diamond Nitrogen Vacancy (NV) centers can be treated as artificial atoms
embedded in either bulk diamond or diamond nanocrystals [2,3]. Nanocrys-
tal diamond NV centers have shown a magnetic field sensitivity of 56 nT
Hz~'/2 [42], but are only able to achieve this sensitivity for AC measurements
(~ 33 kHz). At DC the same NV magnetometer as a sensitivity of 6 uT Hz /2.
Diamond NV centers also have applications beyond magnetometry, acting as

nanoscale thermometers inside living cells [43].

1.2 Why Atom Chip Magnetometry

One can divide the magnetometers shown in Figure 1.1 into two groups. One
group, consisting of SQUIDs, atomic vapor cells, and bulk diamond NV centers,
has very high field sensitivity, but poorer spatial resolution. The other group,
consisting of MRFM, scanning diamond NV nanocrystals, and scanning hall

probes, has very good spatial resolution, but poorer field sensitivity.



10 T = T — e
sensitivity-resolution limits
Magneto-optic imaging | - ---- b
-4 3
10 [ | 7
Scanning-Hall probe
10—6 Scannﬁg diamond NWA\panocrystal i
A |
E 108 | I |
> L *Rb atom chipy(current technology)
2 0 N A Bulkdiamond™Ny
s 10 ¢ N |
c A Y
[ N
[72) \
-12| Q i
10 _
14 S
10 = ~ s ] |
~ < _
qotelmearatontime®s L L ... Atomig vapor cBits
-2 —1 0 1 2 3 4
10 10 10 10 10 10 10

Resolution (um)

Figure 1.1: Field sensitivity vs. spatial resolution plot of different mag-
netometers [1-12]. Blue lines are lines of constant flux quanta.
The Rb atom chip point reflects the work in [13,14]. The dashed
line shows the theoretical sensitivity-resolution limit discussed
in Section 1.4.

Rubidium atom chip microscopy sits in the sparsely populated space be-
tween these two groups. The proof of principle work [13], shown as the red star
in Figure 1.1, demonstrates 3-um spatial resolution and 4-nT magnetic field sen-
sitivity [44]. As the theoretical sensitivity-resolution limit (dashed line in Figure
1.1) indicates, there is room for improvement. Single micron spatial resolution
and nT field sensitivity should be possible with a 0.4 numeric aperture imaging
system.

While SQUIDs have had incredible success as magnetometers, they suffer
from the need to keep the superconducting probe below its critical temperature
(T.). This presents a challenge when trying to measure samples above the T, of

the SQUID, since the temperature of the SQUID and the sample are coupled by



black-body radiation. It is possible to do a room temperature SQUID measure-
ment [9], but the requirements of shielding the probe from the sample further
limits the field sensitivity and spatial resolution of the measurement.

Atom chip magnetometry avoids this problem because the temperature of
the ultracold * Rb gas probe is decoupled from the temperature of the sample,
allowing a 100-nK BEC to be brought a distance of 1 ym away from a room tem-
perature sample. In order for light to interact with an atom, the frequency of the
light must be near an allowed atomic transition. Black-body radiation at 300 K
has a wavelength of approximately 10 um [45], far from any atomic transitions
in *Rb.

The high end of the temperature range of the probe is limited by the power
of the heating element on the sample, and by the increased vacuum pressure
lowering the lifetime of the atomic cloud. At the low end, the sample temper-
ature is currently limited to 35 K by the cooling power of the cryostat and the
large solid angle exposure to room temperature black-body radiation. Installa-
tion of a liquid nitrogen cooled heat shield should allow the sample to reach a
temperatures below 10 K.

Another advantage of atom chip magnetometry is that it does not suffer
from 1/f noise [37]. Instead it is shot-noise limited in the ability to image Rb
atoms [13]. This allows atom chip magnetometry to make DC measurements.

The atomic cloud to be used for field measurements will have dimensions of
approximately one micron in the transverse direction and one millimeter in the
longitudinal direction. This will allow a single image of the cloud to provide
one dimensional information about the field. By scanning the one dimensional
cloud over a sample, a wide area field map can be quickly created.

Atom chip magnetometry allows simultaneous electric and magnetic field



sensing. YRb has a scalar polarizability @ = & x 0.0794(16) Hz/(V/cm)* [46],
allowing an electric dipole moment to be induced via an applied electric field.
When a bias electric field is applied, the atoms become sensitive to spatially
varying electric fields. Electric field sensitivities as low as .4 V/cm having been

demonstrated [13].

1.3 Atom Chip Trapping

Atoms in a magnetic field experience a potential V = u|B|. For ¥ Rb, u = grmrup
where gr is the Landé g-factor. A magnetic field will split the degeneracy be-
tween different my sublevels. This Zeeman splitting allows certain states to be
trapped at the minimum of a magnetic field. We call these weak field seeking
states, and they include the |SZS 12, F=1,mp= —1> ground state, as well as the
|5281/2, F=2mp= 1>, and |5251/2, F=2mp= 2> metastable states.

Magnetic traps for cold atoms have traditionally been created by macro-
scopic wire coils. One of the simplest coil geometries consists of two
anti-Helmholtz coils creating a quadrupole magnetic potential (Figure 1.2.)
Quadrupole traps produce large field gradients that lead to atomic clouds with
large real space densities. Unfortunately, they are unsuitable for producing
Bose-Einstein Condensates (BEC) because of the absolute magnetic field zero
at the center of the trap [47].

In order for trapped atoms to stay in a weak field seeking state, the spin must
be able to adiabatically follow changes in the magnetic field. This gives the re-
quirement that field direction # must change at a rate slower than the Larmor
frequency [48]. This requirement cannot be met at the center of a quadrupole

trap where the magnitude of the field is zero.
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Figure 1.2: Figure showing (a) anti-Helmholtz coils for generating a
quadrupole magnetic trap, and (b) coil geometry for generat-
ing an loffe-Pritchard trap. Arrows show direction of current
flow.

An loffe-Pritchard trap (Figure 1.2) provides a harmonic potential with a fi-

nite magnetic field at the trap bottom. The field of an Ioffe-Pritchard trap is

given by [47]
1 0 ) 2 - % (y2 + zz)
U B
B=By|lo|+ B -y + 7 —Xy (11)
0 z —XZ

These coils can provide large trap geometries with ample optical access.
However, in order to obtain a trap located near a surface with high trapping
frequencies, a topological transformation must be made from macroscopic coils,
to microfabricated wires. These microfabricated wires form an atom chip [49],
and are a versatile tool for atomic physics.

Ultracold gases trapped near cryogenic surfaces using atom chips [50-52]
can serve as elements of hybrid quantum systems for quantum information
processing, e.g., by coupling quantum gases to superconducting qubits [53], or

as sensitive, high-resolution, and wide-area probes of electronic current flow



[13, 44, 54], electric AC and patch fields [55, 56], and magnetic domain struc-
ture [57] and dynamics. Previous experiments have succeeded in trapping
and imaging ultracold thermal and quantum gases of alkali atoms around car-
bon nanotubes [35], near superconductors [58-62] at 4 K, microns from room-

temperature gold wires [14], and within a helium dilution refrigerator [63].

1.3.1 H-Trap and Z-Trap

The simplest atom chip trapping geometry consists of a microfabricated wire
and a homogenous bias field provided by macroscopic coils. The field from the
wire will subtract from the bias field, forming a field zero above the trapping
wire

Iwire
B(Z) = Bbias - ﬂ;nz (12)

where z is the height above the wire. This has the effect of creating a quadrupole

trap in the transverse direction, with no longitudinal confinement.

(a) (b)

Figure 1.3: Diagram of wire geometries in (a) a Z-Trap and (b) a H-trap.
Arrows show the direction of current flow.

Adding two trapping wires perpendicular to the original trapping wire cre-

ates what is called an H-trap (Figure 1.3.) The two perpendicular wires provide



longitudinal confinement of the cloud, and if the currents in these wires are anti-
aligned, the trap is still a quadrupole trap. If the perpendicular arm wires are
aligned, an loffe-Pritchard trap is realized [47, 64, 65].

A Z-trap consists of one or more wires forming a Z shape (Figure 1.3) and a
homogenous bias field. The long middle section of the Z-trapping wire provides
tight transverse confinement, while the ends of the Z-wire provide longitudinal
confinement. Like a H-trap, a Z-trap produces an loffe-Pritchard trapping po-
tential [48]. For both the H-trap and the Z-trap, a bias field pointing along the
longitudinal trap access can be applied to adjust the magnetic field at the bottom

of the trap and to tune B, and thus the trap frequency according to [48]

B & B2 _ B_”
Wperp = \/m (BO 2 ) (13)

1.4 Magnetic Field Imaging

Atoms trapped in a one dimensional harmonic magnetic trap, e.g. a Z-trap,
should take on a smooth, cylindrical shape tapering at the edges. Early exper-
iments found that as the atomic cloud was brought closer to the chip (< 100
pum) [66], the cloud would begin to fragment. The fragmentation was found
to be the result of angular deviations in the current path through the trapping
wire [54].

More precisely, distortions of the current path lead to nonzero components
of the current perpendicular to the wire. These perpendicular currents cause a
magnetic field in the longitudinal trap direction, leading to a spatially varying

perturbation of the magnitude of the magnetic field. The real space density of a



BEC will reflect these perturbations according to [14]

Vo + V(x) = —hw, 1 + dagn;p(x) (1.4)

So by imaging the atomic density, n,p, one can determine the spatially varying

potential at the atoms, which in turn will give the magnetic field at the atoms.

CCD camera CCD camera

absorption image absorption image

\\\\\

atom chip atom chip

[ —— [S—————

|/ smooth current distorted current path
in microwire !
imaging Iaser’ imaging laser ’

Figure 1.4: Figure illustrating how fragmentation atom chip magnetome-
try works. (a) An atomic cloud in a Z-Trap. The imaging laser
and CCD camera show how absorption imaging gives the den-
sity distribution of the cloud. As the cloud is brought closer to
the trapping wire (b) the cloud begins to fragment due to dis-
tortions in the trapping wire current path. The fragmentation
appears in the absorption image of the atoms.

Since a,n;p << 1 we can rewrite equation 1.4 as
Vo + V(x) = —hiw,, (1 + 2a,n,p(x)) (1.5)

Focusing on the spatial dependence, we can write
V(x) = =2hw,asn;p(x) (1.6)

Writing equation 1.6 in terms of the magnetic field and the spatial extent of the
cloud in the tight direction, py = VA/(w,m), we find the relationship between

the atomic density and the local magnetic field to be

—2h%a;
B(x) = — = pip() (1.7)

gFmF/JBmp(z)
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and the magnetic field sensitivity is given by

AN

AB =vy
P%AXO

(1.8)

Where AN is the smallest atom number that can be resolved by the imaging
system, py is the transverse size of the cloud, Ax is the spatial resolution of the
imaging system, and y is given by

2h’a;
Y= — (1.9)

SFMpUpm

Where a; = 5.2 nm is the scattering length of *’Rb, gr is the Landé-g factor, and
m is the mass of ¥’Rb. Since the field sensitivity (Eq. 1.9) scales as 1/my, we
choose to use the metastable state |52S 12, F =2, mp = 2> for magnetometry in-
stead of the absolute ground state |52S 12, F =1, mp = —1>.

The field sensitivity vs. spatial resolution limit can be divided into two
regimes (Figure 1.1.) In the first regime, we set the transverse size of the cloud
po equal to the longitudinal imaging resolution Ax. Here the field sensitivity
scales as 1/Ax’ This scaling holds for Ax = 0.5 — 10 um. The regime is bounded
at Ax = 0.5 um by the diffraction limit of the spatial imaging resolution. For
A =780 nm the imaging resolution limit is about 500 nm. The right hand bound
is set by py = 10 u m. The ground state size of a BEC in a harmonic trap is given
by xx = \/mzw,,’ and a BEC with a transverse ground state size of 10 um corre-
sponds to a trapping potential of w, = 27 x 1 Hz. It is very difficult to create
and hold a BEC against gravity in a trap with a transverse frequency of less than
27 x 1 Hz [67].

The second regime is one of anisotropic spatial resolution. In this regime we
set pp = 10 um and are free to set the imaging resolution Ax to values greater
than 10 um. Now AB scales as 1/Ax.

Looking at Eq. 1.9 one sees that the only way to improve the sensitivity-

resolution limit is to replace ¥’Rb with an atom with greater mass and larger
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magnetic moment. Dysprosium is an excellent candidate because it is twice as
massive as Rb, and has a magnetic moment of ten Bohr magnetons compared
to rubidium’s one Bohr magneton [68]. Dysprosium also has many Feshbach
resonances [69] which could allow the measurer to tune the scattering length a;
and further improve the field sensitivity.

It is also possible to do magnetometry with a thermal cloud. For a thermal

cloud, the density along the longitudinal direction is [70]
no(2) = AeTs" (1.10)

where A is a constant. Consider a cloud in a one-dimensional perturbed har-
monic trap given by V(z) = V,(z) + AV(z), where V,,(z) is the harmonic potential

and AV(z) is the perturbation. We can then write Eq. 1.10 as

n(z) = Ae _Vh(;;ém (1.11)
v A
n@z) = Ae o (1 - kZ(TZ)) (1.12)

We can now write An(z) = n(z) — no(z) as

An(z) _ SFrMpUp
n(z) kgT

AB(z) (1.13)

A thermal cloud will achieve a worse field sensitivity than a BEC, but it
does offer an increased dynamic range. A thermal cloud will occupy the entire
potential with a Maxwell-Boltzmann distribution, while a BEC will only occupy

the potential up to the chemical potential p.
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1.5 Electric Field Imaging

Even though neutral 8Rb atoms are used as the field probe, one can still mea-

sure electric fields [13]. An applied electric field will induce a potential,
U, = —aE* (1.14)

where « is the scalar polarizability of ¥ Rb. To measure a weak, spatially varying

electric field E(x) we can apply a large bias electric field E,
U, = —a(E(x) + Eg)* = —aE(x) - E (1.15)

The bias electric field acts to amplify the signal from E(x), allowing electric fields

as small as 0.4 V/cm to be measured [13].

1.6 Reconstructing a Current Image

One of the strengths of atom chip microscopy is its ability to image transport
in a material [54,71]. Imaging density perturbations in the atomic cloud reveals
the magnetic field at a point in space above the sample. From that magnetic
field map, an image of the current path through the sample can be recreated by
inverting the Biot-Savart law

B(r) = 22 f md%’ (1.16)

4n ¥ —rf

Where y is the permeability of free space, j is the current density. For the case of
magnetic field sensing using a 1D BEC, the atomic cloud is sensitive to magnetic

tield perturbations in the longitudinal direction.
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_mo () (=) =0 (1) (e - )

4 |r' — r|3

’

d’r (1.17)

B,

If we assume a 2D current source at y = 0 with j, = 0 then we can write Eq.

1.17 as

B -t f [ Jie(r 0.13) drdr. (1.18)
(

47 / o132
re—r)r+ rf, +(r, — rz)z]

Now Eq. 1.18 can be written as the convolution of two functions

Bzsz(r’)g(r—r’)d%’ (1.19)

Where

f@)= Z—frjx (r,.0.7.) (1.20)

ry—rx+rx

1) = (1.21)
8 (1‘ I ) [(rx — P 2+ (r - r;)zr/z

Taking the Fourier transform of both sides of Eq. 1.19 and using the convolution

theorem we obtain

¥ (B) = F(f(1)F (g(r)) (1.22)

Rearranging the equation and taking the inverse Fourier transform we find,

(1.23)

=5 =5 (@)

7 (g(1)
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CHAPTER 2
LASER SYSTEM

Work on this project began in 2009 at the University of Illinois at Urbana-
Champaign. In January of 2012 the experiment, along with the rest of the lab,
moved from the University of Illinois to Stanford University. While the need
to disassemble, move, and reassemble our vacuum chamber and laser system
caused a severe setback in the short term, it did allow improvements to be made
to the experiment. The most significant changes were made to the laser system.
In this chapter we will briefly describe the original laser system as it was built
at the University of Illinois at Urbana-Champaign, but will focus our discussion
on the system as it currently exists at Stanford.

The laser system is divided into two separate systems, one at 780 nm and
one at 1064 nm. The 780-nm laser system provides light for trapping, cooling
and imaging the ¥Rb atoms. The 1064-nm light creates the optical dipole trap
tweezers (ODTT) that is used to transport the atoms from the production cham-

ber to the science chamber.

2.1 780-nm Lasers

2.1.1 First Generation

The original 780-nm laser system consisted entirely of homebuilt laser and ta-
pered amplifier systems. The light was provided by two external cavity diode
lasers (ECDL) (Figure 2.1) and a slave diode laser. One of the ECDLs was locked

to the ¥ Rb repumper transition. This repumper laser was used to beat note lock
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(Section 2.1.5) the master cooler ECDL and to injection lock the slave laser. The
repumper slave and ECDL provided all of the repumping light, while the mas-

ter cooler ECDL was amplified using a homebuilt tapered amplifier.

Figure 2.1: Picture of the original master cooler laser. The optical grating
is mounted in a high stability optics mount. A piezo allows
electronic feedback control of the grating in order to frequency
stabilize the laser.

When rebuilding the laser system at Stanford, we took the opportunity to
replace the homebuilt lasers with commercial lasers. This was done to increase
laser power, increase stability, and to increase the mode-hop free range of the
lasers. We also replaced the homebuilt tapered amplifier with a commercial am-
plifier, in order to achieve greater amplification and easier fiber coupling. The
rest of this chapter will describe the second generation laser system currently in

use.
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Figure 2.2: Picture of the original 780-nm laser system under construction
at the University of Illinois at Urbana-Champaign. The three
aluminum enclosures along the edge of the breadboard house
the 780-nm lasers.

2.1.2 Second Generation

The 780-nm optics are spread across two large optical tables. The smaller table
is called the laser table and only holds lasers and the most sensitive components
of the optical systems. The light is generated on the laser table and transferred
via optical fiber to the larger table, called the experiment table. The experiment
table contains all of the physical beam shutters in order to isolate the lasers and
sensitive optics from shutter vibrations. Enclosures are built around the 780-nm
optics on both the laser and the experiment table to prevent stray resonant light

from reaching the atoms.
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Figure 2.3: Diagram of the laser system on the laser table (a), and the ex-
periment table (b). Master cooling light near the |F =2) —
|F ‘= 3> cycling transition is shown in red and repumper light
near the |[F = 1) — |F "= 2> transition is in blue. Purple indi-
cates where the master cooling light is overlapped with the re-

pumper light. Fibers 1, 2, and 3 on the laser table (a), connect
to fibers 1,2, and 3 on the experiment table (b).

2.1.3 Lasers and Optics

The 780-nm light comes from external cavity stabilized diode lasers. The mas-

ter cooler (MC) light is provided by a commercial Vortex (TLB-6900 Vortex II)

laser from Newport, which supplies approximately 35 mW of 780-nm light. The

beam passes through two optical isolators providing roughly 70 dB of isolation.

A tapered amplifier amplifies 1 mW of MC light to 1.06 W, of which 600 mW

is directly coupled into a single-mode polarization maintaining fiber. The fiber
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Figure 2.4: (a) Picture of the laser table containing the two external cavity
diode lasers and two tapered amplifiers. (b) Picture of the laser
break out optics on the experiment table. (c) Picture of the 1064-
nm laser system on the experiment table.

routes the light from the laser table to the experiment table where it is broken
out to provide light to the MOT, Zeeman slower, optical pumping, and imag-
ing.

The MOT light is directly coupled into one of the fiber inputs of a2 — 6
tiber splitter resulting in about 20mW power per output fiber (Table 2.1.) The
Zeeman slower light is coupled into the —1 mode of an acousto-optic modula-
tor (AOM) driven at 140.5 MHz. The AOM output passes through a polarizing
beam splitter (PBS) cube and is coupled into an optical fiber that routes 45 mW
of power to the production chamber. The imaging light is coupled into the +1
mode of an AOM driven at 80 MHz. The main purpose of the imaging AOM is
to provide fast (< 1 us) switching to the imaging light. The imaging light is then
coupled into several different fibers, bringing roughly ImW of light per fiber to
the chamber. The light for optical pumping is coupled into the -1 mode of an
AOM being driven at 80 MHz. The light is then coupled into optical fibers and
brought to the chamber.

The repumper light is provided by a Toptica DL100 diode laser. The repump

laser produces 100 mW of power that is sent through two optical isolators, pro-
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Figure 2.5: Diagram of 780-nm beam routing on the laser table. The MC
light (A) originates at the Vortex laser. The optical isolator re-
jects a beam (H), which is used to provide a SAS signal. (A)
is split by a PBS, sending (C) to the tapered amplifier and (B)
to the beat note lock photodetector. The repumper light (D)
is split by a PBS, sending (E) to a tapered amplifier and (F) to
the SAS lock setup. The output of the tapered amplifier (G) is
coupled into an optical fiber.

viding approximately 70 dB of isolation. The light is then divided into three
paths. The first path sends several mW of light to the saturated absorption spec-
troscopy (SAS) setup. The second path goes directly into an optical fiber, which
routes about 30 mW of light to the experiment table. The third path seeds a
tapered amplifier with 14 mW of power, which is then amplified to 400 mW
and coupled into an optical fiber. The light is then routed to the experiment
table where it is coupled into the +1 mode of an AOM driven at 160 MHz. The
output of the AOM is then split off for the MOT repumper, octagon imaging
repumper, and science chamber repumper. The MOT repumper light is coupled

into one of the input fibers of the 2 — 6 fiber splitter. The imaging and atom chip
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repumper light is coupled into separate fibers and routed to the experiment.

In most cases an AOM is used to provide fast switching of the beams, but
every fiber leading to the experiment must be preceded by a physical shutter
to block stray light from reaching the atoms and CCD cameras. This includes
leakage light from the AOMSs that will be in the +/- 1 mode even with the RF
drive off.

Initially the shutters were built in lab from discarded hard drives. The mag-
netic memory material was removed and a hole was drilled through the case
of the drive for the beam to pass through. The read/write head was used to

shutter to beam.

Figure 2.6: Picture of a beam shutter made from a hard drive. A hole is
drilled in the casing to allow the beam to pass. A black metal
piece is glued to the read /write head and is used to shutter the
beam. The black metal was cut out of a Coca-Cola Zero can.

While these shutters provided sub millisecond beam shuttering, the read-
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Fiber Output Power

MOT Fiber 1 20 mW MC, 3.3 mW repumper

MOT Fiber 2 21 mW MC, 2.8 mW repumper

MOT Fiber 3 23 mW MC, 3.3 mW repumper

MOT Fiber 4 22 mW MC, 4.4 mW repumper

MOT Fiber 5 20 mW MC, 3.0 mW repumper

MOT Fiber 6 20 mW MC, 3.7 mW repumper

Zeeman Slower 40 mW MC, 15 mW repumper
Octagon Imaging 340 uW
Octagon Repumper 1.1 mW
o* Optical Pumping 600 uW
Science Chamber Imaging 42 mW
ODTT Axis Imaging 62 uW
Science Chamber Repump 3.8 mW

Table 2.1: Table giving the maximum fiber output power at the experi-
ment.

/write head was prone to rebounding open/close for several milliseconds. The
timing delay between sending the shutter command and when the read /write
head would block/unblock the beam would change by several milliseconds as
the rubber material used to reduce rebounding would relax. Because of these

problems, we replaced the shutters with commercial shutters (Thorlabs SHO5).

2.1.4 Saturated Absorption Spectroscopy

The repumper laser is locked using frequency modulated saturated absorption
spectroscopy [72]. The laser diode drive current is modulated with a frequency
of 5.52 MHz by an Instek SFG-2110 function generator. The laser is locked to
the ¥Rb |525 12, F = 1> — |52P3/2,F "= 2> crossover transition. An AOM shifts
the repumper light by 76.5 MHz so that the repumper laser is detuned -155
MH?z from the ¥’Rb |5251/2, F = 1> — |52P3/2, F = 2> transition.

To see how the frequency modulation lock works consider the voltage signal

from the photodetector,

Vep o I (wy + 6cos (wy,t)) (2.1)
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where [ is the intensity of the light on the detector which is a function of w, the
laser frequency and w,, the modulation frequency. Taking a Taylor expansion of
I we have,

/
Vpp o I(a)o) + 66—COS (wmt) (22)
ow

The signal from the photodetector is mixed by a Minicircuits ZAD-3+ mixer

with the 5.52 MHz modulation signal V; = Bcos (w.t + ¢) to give

ol
VioVpp o« Bcos (wpt + @) [ I(wy) + 6£cos(wmt) (2.3)

1 0l 1.0l
o BI(wg)cos (wpt + ¢) + =B6—cosp + —=Bo—cos 2wt + ¢) (2.4)
2 Ow 2 Ow

The first and third terms in equation 2.4 are removed by a Minicircuits BLP-1.9

low pass filter to give an error signal

1 ol
err & =B6— 2.5
Ve 5 ) awcos¢ (2.5)
that is zero when 2. = 0 which corresponds to the peaks of the SAS signal

(Figure 2.7.)

The MC laser also has a SAS setup that is used for coarse adjustment of the
laser frequency and for diagnosing problems with the beat note lock. The MC
laser is not locked to the SAS signal itself, but is locked via its beat note signal

with the repumper light.

2.1.5 Beat Note Lock

The MC laser is locked to the repumper laser by a beat note lock. Several milli-

watts of MC light is split off after the initial optical isolators and is overlapped
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Figure 2.7: (a) Trace of the SAS photodetector signal of the F = 1 — F
transitions. Arrows label the FF = 0, F = 1, and the F' = 2
peaks as well as the 0,1 crossover, 0,2 crossover, and the 1,2
crossover peaks. (b) Error signal used to lock the repumper
laser. The error signal (Eq. 2.5) is zero when the derivative of
the SAS signal is zero. We lock the laser to the 1,2 crossover
peak.

with several milliwatts of repumper light on a 50/50 beam splitter. The over-
lapped beams hit a GaAs photodetector (EO Tech EOT-4000), which measures a
beat signal at the frequency difference of the MC and repumper light. The EO
Tech photodetector has a bandwidth of 12.5 GHz, and runs off of two batteries (3
V, 24.5 mm) that must be replaced every few months. The detector is unampli-
tied and DC coupled. The active area of the diode is small, making alignment of
the beams on the detector difficult. The DC coupling of the photodetector helps
alignment by allowing us to first optimize on the DC laser intensity before opti-
mizing the beam overlap.

The beat note signal from the detector is near 6.35 GHz and is amplified
(Minicircuits ZVE-8G+ and ZVA-183+) before being sent to a phase-locked loop
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(PLL) (Analog Devices AD4108 evaluation board.) A direct digital synthesizer
(DDS) (Analog Devices AD9958 evaluation board) provides a reference fre-
quency to the PLL. The PLL mixes down the beat note signal and compares the
beat note and the reference signal (Figure 2.8.) From this, the PLL produces an
error signal which is zero when the beat note frequency matches the reference
frequency. The settings of the PLL board are controlled using Analog Devices

INT-N PLL software (Figure 2.9.)

v
+24 dB
ZHL-3A Rem

PLL

AD4108 Eval Board

MBV BV 53V
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P Fiter
AD9958 Eval Board |***' 70 MHz

sasv
1

Voltage
Offset

Laser Lock
Controller

Function
Generator

/-| MC Laser

EOT-4000
Photodiode

Repumper Light

Figure 2.8: Diagram of the beat note lock electronics. The beat note signal
from the photodiode is compared by the PLL to the reference
signal from the DDS to generate an error signal. The lock box
servos the master cooler laser frequency against the beat note
error signal.

The beat note lock allows us to easily change the frequency of the MC laser
during the experiment by changing the DDS generated reference signal. Over
the course of a typical experiment the MC light is swept over a range of 160
MHz [15, 73] as the experiment loads the MOT, sub-Doppler cools, optically

pumps, and images the atomic cloud.
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»|Analog Devices Int-N PLL Software: Q‘i
File  Tools Help
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Figure 2.9: Screen capture of the PLL board settings in the Analog Devices
INT-N PLL software.

2.2 1064-nm Lasers

The 1064-nm light used to generate the ODTT is generated by a Nd:YAG fiber
laser (IPG Photonics YLM-30-1064-LP). The 30 W output of the fiber is colli-
mated and sent through an optical isolator (Thorlabs 10-5-1064-VHP). After the
isolator the beam passes through a half-wave plate and a polarizing beam split-
ter. The light reflected from the PBS is sent into a beam dump (Thorlabs BT600).
During normal operation the reflected beam is minimized to allow maximum
power to the ODTT, but during alignment the PBS is used to reduce the power
in the transmitted beam to ease alignment. While the output power of the 1064-
nm laser can be safely reduced to 30% of their maximum output, one should
not align the optics in this state, since there can be slight differences in the beam
profile and beam direction as the output power is increased.

The beam transmitted through the PBS passes through an AOM (Gooch and
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Housego R23080-1-1.06), which is used to provide beam switching and intensity
control. The AOM is driven at 80 MHz by a voltage controlled oscillator (VCO)
(Minicircuits ZOS-100+). The output of the VCO passes through a voltage vari-
able attenuator (VVA) (Minicircuits ZX73-2500-S+) before being amplified by
a Minicircuits ZHL-32A-S amplifier. The VVA allows us to change the drive
power of the AOM, and thus change the amount of light that is transferred to
the +80-MHz beam. We use this to tune the power of the ODTT, for example,
allowing us to linearly ramp down the depth of the optical trap as we transfer
the cloud to the macrowire trap.

After passing through the AOM, all light that is not in the +80-MHz beam is
routed into a beam dump (Thorlabs BT600). The +80-MHz beam passes through
a telescope consisting of a 75-mm focal length achromatic doublet (Thorlabs
AC508-075-C-ML) and a 500-mm focal length achromatic doublet (Thorlabs
AC508-500-C-ML). The telescope expands the beam to a Gaussian diameter of
6.4 mm as measured with a CCD camera beam profiler.

The beam is focused on the atoms by a 750-mm focal length achromatic dou-
blet (Thorlabs AC508-750-C-ML) mounted on a linear air-bearing translation
stage. At its focus, the beam has a waist of 63 um and a Rayleigh length of 1.2
cm [74]. The translation stage is used to move the focus of the 1064-nm ODTT
beam, and the atoms trapped at the focus, from the center of the octagon to 3.2-
mm below the atom chip in the science chamber, a distance of 33.3 cm in about
4 seconds.

The ODTT beam is sent into the vacuum chamber by a dichroic mirror, which
reflects 1064-nm light and transmits 780-nm light. The dichroic mirror (Fig-
ure 2.10) allows a 780-nm imaging beam to be overlapped with the ODTT. This

imaging beam is used to image the atoms in the science chamber in order to
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overlap the focus of the ODTT with the location of the macrowire trap.

Figure 2.10: Picture of dichroic mirror and ODTT axis imaging. Also pic-
ture is the linear air-bearing translation stage with the 750-
mm focal length lens. As pictured the focus of the ODTT is
at the center of the octagon. To transfer the atoms to the sci-
ence chamber, the stage will move the lens 33.3 cm towards
the dichroic mirror.
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CHAPTER 3
EXPERIMENTAL CONTROL AND DATA ACQUISITION

Virtually every piece of hardware associated with the experiment-AOMs, shut-
ters, laser frequencies, translation stages, etc.—is controlled by a single computer.
This control is accomplished by sending digital logic signals (0 or 3.3 V), analog
signals (-10 V to 10 V), or through Ethernet commands. All of these signals must
be precisely timed and controlled in order to run an experiment. In this chapter
I will discuss how we implemented the experiment control system and how we

acquire data from the experiment.

3.1 Control Hardware

The digital logic for the experiment is provided by a National Instruments (NI)
data acquisition (DAQ) board (PCle-6536) while the analog signal is provided
by NI-DAQ boards PCI-6733 and PCI-6723. These boards are installed in the
PCI/PCle slots of the control computer and are connected to each other via
a Real-Time System Integration (RTSI) cable. Precision experimental timing is
provided by an on-board clock, with synchronization via the RTSI cable.

Radio frequency analog signals for laser locking and radio frequency evapo-
ration are provided by an Analog Devices (AD9958) DDS. We first controlled the
DDS board using the digital outputs on the NI PCI-6733 digital output board.
While this provided acceptable control of the DDS board and easy integration
with the control software, it suffered from severe timing and moderate func-
tional limitations. The time it took to update the DDS board was limited by the

experimental time step to about 20 ms. Also, we can only program the DDS
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to output a single frequency or a linear ramp between two frequencies. To the
address the update rate limitation, we use an Arduino to act as an intermediary
between the control computer and the DDS. Before the start of an experiment
sequence, the DDS output profile is loaded onto the Arduino which can then
update the DDS during the sequence at a much faster rate of one instruction

every 500 us.

3.2 Control Software

3.2.1 Overview

The front-end control of the experiment is implemented in MATLAB to al-
low easy access to powerful analysis and visualization tools. Another factor
in choosing MATLAB over more flexible implementations, like Python, is the
widespread familiarity with MATLAB among most lab researchers. While the
choice of MATLAB has allowed more researchers to easily understand and alter
the control software, it has made implementing certain features more difficult,
such as communicating between different computers.

Direct control of the NI boards is provided by NI through the NIDAQmx
C library. Initializing the NI boards and loading the experiment sequence into
their buffer is the final step up of the control process and is done by MATLABs
call to the NIDAQmx library via the calllib function.

An experiment sequence can be represented by a matrix (Table 3.1) where
the columns correspond to each digital or analog output and each row corre-

sponds to an experimental time-step. The number in spot (i, j) is the value of
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Hardware Outputs
(Digital) Output 1 | (Analog) Output 2 | (Analog) Output 3 | (Digital) Output 4
T, 1 0 -2.3 0
T, 1 0.25 -2.3 0
T3 1 0.5 -2.0 0
Ty 0 0.75 -1.7 0
Ts 0 1.0 -1.4 0
Te 1 1.0 -1.7 1
T; 1 1.0 -2.0 1
T 0 1.5 -2.3 1

Table 3.1: The matrix representing an experiment with four hardware lines
and eight times steps. Each column gives the output of a single
hardware line for the entire experiment, which each row gives
the state of every output at that particular time step.

output j at time-step i. The main function of the control software is to generate
this N x M matrix where N is the number of time-steps in an experiment and M
is the number of digital and analog outputs.

Figure 3.1 shows the overall structure of the control software. A single exper-
iment object contains one Block object to represent the control hardware, several
SubBlock objects to represent the experiment sequence, and several dozen Line-

Data objects to represent individual hardware outputs.

3.2.2 SubBlocks

To generate the matrix corresponding to the experiment sequence, we divide
the experiment into SubBlocks representing different parts of an experiment se-
quence. For example, the LoadMOT SubBlock corresponds to the part of the
experiment that loads the MOT and can be represented as a 7' x M matrix where
T is the number of time steps in LoadMOT and M is the number of digital and
analog outputs.

This division allows for modular experiment design by piecing together dif-
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Figure 3.1: Schematic representation of the control software. The Exper-
iment object contains SubBlock, LineData, and Block objects.
Each SubBlock object contains the hardware instructions for
a particular segment of the experiment while each LineData
object contains the instructions for a single hardware output
for the entire experiment. The Block object contains three
pDAQDevice objects, one for each of the NI-DAQ boards, each
with a N x M; matrix representing the output for each hardware
line on a specific NI-DAQ board.

ferent SubBlocks to form a unique experiment. While every experiment will
call LoadMOT, not every experiment will optically evaporate the atomic cloud
before transporting it in the optical dipole trap tweezers. By using SubBlocks,
we can easily stitch together different experiment sequences without having to
alter any of the SubBlock code.

The contents of each SubBlock is determined by a corresponding MATLAB
script, the function of which is to fill in the values of the T x M matrix represent-
ing the SubBlock. Because the basic structure of each SubBlock rarely changes,
e.g. LoadMOT will always turn on the MOT coils, open the atomic shutter,
and turn on the MOT light, the SubBlock scripts rarely change. Changes to the
experiment, such as the current in the MOT coil or the length of time to open
the atomic shutter, are set in a separate parameters file from which the entire

experiment can be controlled.
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3.2.3 Representing Hardware

Digital and analog output lines are represented as DigitalLineData and Analog-
LineData objects respectively. Each of these inherit from the LineData object and
represent a Nx 1 vector where the i” entry is the digital or analog value ati” time
step. Besides storing this vector, DigitalLineData and AnalogLineData contain
methods for updating the vector values as well as hardware specific properties
such as shutter on/off delay times.

Each Nx1 vector is initialized as an Nx1 vector of MATLAB’s Not-a-Number
(NaN). As each SubBlock writes to the LineData vector, it replaces the NaNs
with an appropriate value. Before compiling the experiment sequence the con-
trol software checks each LineData object to make sure that none of the entries
are NaN. This ensures that each piece of hardware has been given an output
value for each time step in the experiment.

Since DigitalLineData only stores values of 0 or 1, the update methods are
fairly straightforward and usually just set the value over some time interval to
either 0 or 1. AnalogLineData values can take any value between -10 V and
+10 V and the update methods reflect this increased flexibility. For example,
AnalogLineData has methods that will create linear ramps, sine waves and er-
ror functions. Since AnalogLineData is written in MATLAB, it is easy to use
MATLABSs built in function library to create complex analog signals.

The outputs of the DDS are represented as DDSLineData objects. The DDS
can be programed to emit a single frequency tone or to do a linear sweep be-
tween two frequencies. Unfortunately the DDS can only have one tone or linear
ramp as its current state, and a single additional command in its buffer. This
means that the DDS commands must be sent to the DDS throughout the ex-

periment. Since it takes 500 us to load a ramp into the DDS bulffer, arbitrary
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frequency sweeps must be approximated by a series of linear ramps where each
linear segment can be no shorter than 500 us.

Like DigitalLineData and AnalogLineData objects, a DDSLineData ob-
ject contains a N x 1 array representing the output frequency of the
DDS line at each experimental time-step. Since linear ramps are cal-
culated by the DDS, the DDSLineData array encodes linear ramps as
[startFrequency,—1,—1, ...,—1, endFrequency] where startFrequency is the starting
frequency of the ramp and endFrequency is the ending frequency of the ramp.
The number of —1 entries determines how long the sweep will take. When the
experiment is compiled, the Experiment object parses the DDSLineData object

array and sends the appropriate instructions to the Arduino.

3.2.4 Block Object

The Block object contains hardware specific information for the NI-DAQ boards.
It is also the object that communicates with the NI-DAQ boards using the
NIDAQmx C library. The Block object takes the N x M experiment matrix and
breaks it into N X M; matrices where M, is the number of digital and analog out-
puts being used on the i"* NI-DAQ board.

Each NI-DAQ board is represented as a pDAQDevice object. The pDAQDe-
vice object contains hardware specific information as well as the N x M; matrix

giving the output of each hardware line on the NI-DAQ board.
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3.2.5 Experiment Object

The Experiment object ties everything together. Its central task is to read each
of the SubBlock scripts for the given experiment and construct DigitalLineData,
AnalogLineData, and DDSLineData objects for each hardware output. It does
this by first creating an appropriate LineData object for each line of hardware
and then going through the SubBlock scripts and collecting each call to that
LineData object. The Experiment object then goes through each call and creates

the N x 1 vector representing the desired line output.

3.2.6 Defining an Experiment

A particular experiment may need to be repeated many times. Because of this,
we designed the system so that an experiment sequence can be generated once
and then reused as many times as the experiment needs to be run. We call the
step where we generate the experiment sequence compiling, even though the
code is not compiled in the usual sense.

Compiling an experiment results in a Block object containing the N X M ma-
trix representing the experiment. To run the experiment, the Block object loads
the Nx M, matrices onto their respective NI-DAQ board and then tells the boards
to run. This running step takes a negligible amount of time.

Compiling the experiment and creating the Block object can take a signif-
icant amount of time. The time intensive step is when the Experiment object
creates the N x M matrix. This step scales with the size of the matrix and can
become a limiting factor as the experimental time-step decreases or the length

of the experiment increases.
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In early implementations of this scheme, a new Block object with a new NxM
matrix was created every time an experiment was compiled. For typical experi-
ments, N could be as large as 2.5 x 10° with M = 50. Creating a Block object with
a matrix of that size took approximately 30 seconds, even though the experi-
ment would only run for 25 seconds. Consider the example of measuring the
response of the atoms to an applied magnetic field. The magnetic field value
is set by the current through a magnetic field coil controlled by a single Digi-
talLineData object. For every value of magnetic field we wish to measure, we
have to recreate the entire N x M matrix, even though we only change one col-
umn of the matrix.

For some experiment runs, compile time could take over 50% of the total ex-
periment time. To alleviate this bottleneck, a second generation of the control
system was implemented. Each Block object is now associated with a hash list.
The hash list contains the name of every (Digital / Analog/DDS)LineData object
created and associates with it a hash value. The hash value is an identifier that
is uniquely determined by the N x 1 LineData vector.

When a new experiment is compiled, the software first generates the hash
list, without generating the N X M experiment sequence matrix. The hash list
is then compared to the hash lists from the previously compiled experiments
to find the hash list with the fewest number of differing LineData objects. The
Block object associated with this hash list, which contains the N x M matrix
from a previous experiment, is loaded into the workspace. The Experiment ob-
ject then goes through and updates only the columns of the matrix that have
changed for the new experiment sequence. This new compile process has led to

up to a 4x decrease in compile times.
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Figure 3.2: Flow charts representing (a) the original compile sequence and
(b) the second generation sequence. In (a) the array represent-
ing each hardware line is generated every time an experiment
is compiled. In (b) the Block object from a previous experiment
is loaded and only the hardware lines that differ between the
new and the old experiment are generated. This can lead to a
factor four decrease in compile time for (b) relative to (a).

3.3 Imaging

3.3.1 Absorption Imaging

All of the atomic imaging is done using absorption imaging. In absorption
imaging, laser light resonant with an atomic transition is sent through the

atomic cloud and onto a CCD camera. The atoms absorb some fraction of the
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light and cast a shadow onto the CCD. By measuring the depth and location of
the shadow, we can produce an image of the atomic cloud.

We measure the depth of the shadow by the optical depth (OD).

3.1)

OD(X,y) =In (A(x,)’) - D(x»)’))

L(x,y) = D(x,y)
where A(x, y) is the intensity image captured on the CCD with the atomic cloud
present, L(x,y) is the image with the imaging beam on, but no atoms present,
and D(x,y) is an image with no atoms or imaging light. The OD is actually a
function over x, y, and z but since the imaging beam naturally integrates along
its propagation direction, all we can get from a single image is OD(x, y).

The OD is related to the local atomic density n(x, y, z) according to

OD(x,y) = o(Q) f n(x,y,z)dz (3.2)

where o(1) is the scattering cross-section and is given by [75]

hiwll . 1
2Usar 4 4(%)2 + =

sat

o) = (3.3)

where I is the natural line width of the imaging transition, w is the imaging
transition frequency, A is the detuning of the imaging light from the imaging
transition, / is the intensity of the imaging light, and /,, is the saturation inten-
sity.

We rarely image atoms in a magnetic trap. Instead, we abruptly turn off
the trapping potential and allow the atoms to free fall for a length of time
called the time-of-flight (TOF.) One of the benefits of TOF imaging is that the
atomic cloud will be less dense after expanding, allowing us to image clouds
that are too dense to accurately image in the trap. It also allows for the ap-
plication of a well defined magnetic quantization axis to ensure we image on

the |F =2,mp =2) > |[F =3,m}, = 3) cycling transition. Imaging in the octagon
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within 3 ms of turning off the MOT coils is difficult because of persisting eddy
currents that distort the magnetic quantization field.

We also use TOF imaging to measure the temperature of the atomic clouds
[76]. For the atomic traps we use, a thermal cloud of atoms after some TOF
will have a Gaussian density distribution. After a TOF ¢ the density distribution

with have a standard deviation of

O = AJOE + O (3.4)

where o is the standard deviation of the initial distribution, and o, = VkzT/m
for temperature T and atomic mass m. After imaging the cloud at multiple

TOF’s, we can fit the width of the cloud to give the temperature.

3.3.2 Cameras

The experiment utilizes two types of cameras, DragonFly cameras from Point
Grey Research and PIXIS cameras from Princeton Instruments. The DragonFly
cameras are cheaper than the PIXIS camera and are useful for low resolution,
high signal images. They consist of a CCD on a circuit board and are thus eas-
ier to mount than the PIXIS camera, which is much larger, heavier, and has an
internal fan that can introduce vibrations into the experiment.

The PIXIS camera offers many improvements over the DragonFly cameras,
such as a low dark count, high efficiency CCD array. It also supports a frame
transfer kinetics mode, which allows the acquisition of images at intervals as
short as one microsecond.

The rate limiting step to reading out images from the PIXIS camera is the
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analog to digital conversion of the CCD pixels. To read out a full image of the
1024 x 1024 CCD array takes 583 ms. In kinetics mode, most of the CCD array
is masked off, leaving only a small section of the array to acquire images. An
image is acquired on the exposed area of the CCD. The image is then shifted
into the masked area of the CCD at a rate of 30.2 ns per line. This process can
be repeated until the CCD array is full, after which it must be read out at the

normal 583 ms rate (Figure 3.3.)

(a) (b) (c)

A1 B1 C1 D1

A2 B2 C2 D2

A1 B1 C1 D1 A3 B3 C3 D3

A2 B2 C2 D2 A4 B4 C4 D4

A1 B1 C1 D1 A3 B3 C3 D3 A5 B5 C5 D5
A2 B2 C2 D2 A4 B4 C4 D4 A6 B6 C6 D6

Figure 3.3: Illustration of frame transfer kinetics mode where only the bot-
tom two rows of pixels are used to acquire images. In (a) the
first image is acquired. In (b) the second image is acquired
while the first image is shifted into the two adjacent rows of
pixels. In (c) the third and final image is acquired while the
tirst and second image are shifted again. After the CCD array
is full, the image is read out in the normal way.

Images are acquired, viewed, and manipulated using MATLABs image ac-
quisition toolbox. Support for the DragonFly cameras in the image acquisition
toolbox is provided by Carnegie Mellon Universitys DCAM drivers [77]. Un-
fortunately, no similar drivers were available for the PIXIS camera on 64-bit
MATLAB. In order to integrate the PIXIS camera into the existing image acqui-

sition software, a C++ library was written to provide image acquisition toolbox
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support for the PIXIS camera.

3.3.3 PIXISAdaptor

The PIXISAdaptor is the driver library written to allow the PIXIS camera to be
used on 64-bit MATLAB. The library was written in C++ following the struc-
ture outlined in the MATLAB manuals [78] and utilizes the Picam library from
Princeton Instruments for interfacing with the PIXIS camera.

The adaptor needs to implement five functions:

1. InitializeAdaptor: This function initializes the Picam library and returns a

list of available adaptors

2. getAvailHW: Provides the image acquisition toolbox with information

about the PIXIS camera

3. getDeviceAttributes: Provides the toolbox with all hardware specific prop-

erties of the PIXIS camera
4. createlnstance: Instantiates an object of the PIXISAdaptorClass

5. uninitializeAdaptor: Cleans things up and uninitializes the Picam library

It must also create the PIXISAdaptorClass, which has five important methods:

1. openDevice: Prepares the camera for acquisition and creates the ac-

quireThread
2. closeDevice: Closes the acquireThread and releases the camera

3. startCapture: Tells the acquireThread to start acquisition
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4. stopCapture: Tells the acquireThread to stop acquisition

5. acquireThread: Acquires images from the camera until the stop condition

is met

The PIXISAdaptor also implements the PIXISPropGetListener and the PIXIS-
PropSetListener. The PIXISPropGetListener is called whenever MATLAB asks
for a camera property. The PIXISPropGetListener retrieves the parameter value
from the camera and returns the value to MATLAB. The PIXISPropSetListener
acts in the same way as the PIXISPropGetListener, except that it sets the param-

eter value on the camera to be the value passed from MATLAB.

3.3.4 Imaging Optics

Four cameras are installed in the experiment to image atoms in the octagon and
in the science chamber. The imaging system in the octagon is mounted to the
chamber through the MOT cage optics. Linearly polarized imaging light res-
onant with the F = 2 — F' = 3 transition is reflected off a PBS and sent into
the octagon. Before entering the chamber the light is circularly polarized by a
quarter-wave plate such that, given the appropriate bias magnetic field, it will
drive o* transitions. After interacting with the atoms the light leaves the cham-
ber and passes through another quarter-wave plate, returning it to its original
linear polarization. The beam reflects off of a PBS and is collected by a two lens
system onto a DragonFly camera. Imaging in the octagon has a magnification
of 0.23 and is used primarily for diagnostics and optimizing atomic trap.
Imaging along the ODTT axis is sometimes necessary to align the trans-

ported atomic cloud with the macrowire trap. Imaging light resonant with the
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Figure 3.4: Picture of the imaging optics for the ODTT-axis imaging (a) and
the science chamber imaging (b).

F =2 — F' = 3 transition is overlapped with the 1064-nm ODTT on a dichroic
mirror that reflects 1064-nm light and transmits 780-nm light. The imaging light
passes through the vacuum chamber and exits the science chamber, where it is
split from the ODTT using another dichroic mirror. The atoms are imaged onto
a DragonFly camera using a two lens system with a magnification of 0.32.
Imaging in the science chamber is complicated by the need to image atoms
with high resolution near the sample surface and to image centimeter long
clouds far from the sample. A dual magnification system is used, consisting

of three achromatic doublet lenses and two DragonFly cameras The imaging
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light is collected by a 150 mm focal length lens and then sent to either a 200-mm
lens (magnification = 1.3) or a 75 mm focal length lens (magnification = 0.5.)

To focus the imaging system on the atoms we first set the lens nearest to the
camera. We set this lens by sending in a collimated imaging beam, and focus-
ing it on to the CCD camera. Once this lens is set, we place the second lens a
distance f from the atoms, where f is the focal length of the second lens. For
fine adjustment we image the atoms in the ODTT. The high density of the one
dimensional cloud produces fringing in the images if the cloud is not in the fo-
cal plane of the imaging system. To adjust the focus, we move the position of

the second imaging lens until there are no more fringes in the atomic image.

3.4 Translation Stages

3.4.1 ODTT Stage

The location of the ODTT is controlled by a linear air-bearing translation stage
(Aerotech ABL15050). We originally installed this stage with a switching power
supply (Aerotech SOLOISTCP20-MXU) that introduced 40-kHz electronic noise
throughout the lab. Changing to a linear supply (Aerotech SOLOISTML10) re-
moved the 40-kHz noise.

The stage is controlled using Aerotech’s proprietary software language. The
first version of the Aerotech control software was generously provided by
Daniel Steck with further development being done in lab. The Aerotech soft-
ware runs on the SOLOISTML motion controller and listens for commands from

the experiment control computer via an Ethernet port. The stage accepts com-
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mands to wait for a time ¢, wait for an external trigger, and move to position x
with speed v and acceleration a.

Before an experiment is run, all of the motion commands for the experiment
are sent to the SOLOISTML by the control computer via the Ethernet port. Once
the stage has gone through all of the commands in the buffer, it will return to
the first command in the buffer and begin executing the commands again in the

same order. For most experiments, the stage commands look like:

1. Move to x = 133 mm with v = 200 mm/s and a = 150 mm/s?. This sets the

ODTT focus to be in the octagon
2. Wait for trigger

3. Move to x = 466 mm with v = 200 mm/s and a = 75 mm /s2. This translates

the ODTT to the science chamber

4. Wait for trigger

Because the commands are sent to the stage before the experiment sequence
starts, we don’t have to worry about how long it takes to send commands over
the Ethernet. The stage is synced to the experiment sequence through a trig-
ger provided by one of the digital logic outputs of the NI-DAQ boards. The
SOLOISTML executes an infinite loop where it keeps checking input buffer to
see if it has received any new commands, and then checking to see if the trigger
line is high. Because of the timing uncertainty in the SOLOISTML loop evalu-
ation, there is an uncertainty of several milliseconds as to when the stage will
execute a command. We account for this by building in extra time in the ex-
periment sequence before and after stage motion. The uncertainty in the stage
trigger leads to uncertainty in how long the atoms spend sitting in the ODTT

before and after motion, which is not critical.
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3.4.2 Sample Stage

The sample mount in the science chamber is controlled using a three-axis trans-
lation stage. The stage is controlled by a Newport XPS motion controller and
consists of two Newport VP-25XL stages providing horizontal translation of up
to 25 mm in the x and y directions, and a Newport VP-5ZA that provides 5-mm
travel in the vertical direction. These stages promise 1-um position accuracy
and 140-nm bidirectional repeatability in the horizontal plane, and a 3-um accu-
racy a 300-nm repeatability in the vertical direction. While the vertical accuracy
is greater than the 1 um imaging resolution goal, the atom-sample distance can
always be calibrated through reflected absorption imaging of the atomic cloud.

In the current experiments, the sample stage is moved between experimental
runs, not during. This allows us to send motion commands to the XPS controller
via the Ethernet, and have those commands execute before the start of the exper-
iment. The XPS controller does accept external triggers, which will allow future

experiments to sync the motion of the XPS stage to the experiment sequence.
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CHAPTER 4
PRODUCTION CHAMBER

The vacuum chamber is divided into two main sections, the production cham-
ber, where cold atomic gases are prepared, and the science chamber, where the
gases are brought near a sample of interest (Figure 4.1.) The two chambers
are separated by a pneumatic gate valve (MDC GV-1500M-P), allowing us to
isolate the vacuum in the two chambers. With the gate valve closed, we can
rapidly change samples in the science chamber without disturbing the produc-
tion chamber. We model the production chamber on the apparatus described

in [73]

4.1 Cleaning Procedure

Grease and oil from the machining process and from human skin will outgas
and limit the vacuum pressure of the chamber. All parts of the chamber must
be cleaned prior to assembly and be handled carefully while wearing uncon-
taminated gloves.

First the parts are sonicated in a detergent solution, we used Alconox, for
fifteen minutes. One exception to the Alconox clean is bellows. The worry is
that Alconox will be trapped in the ridges of the bellows. After sonicating in
Alconox, the parts are sonicated in acetone for fifteen minutes. Acetone will
dissolve most of the organics on the piece and it is important that acetone never
be allowed to evaporate from the surface of the part. This will leave a residue
that might not be removed in later cleaning steps. To avoid this, rinse the part

in methanol immediately after removing it from the acetone. Do not allow the
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Figure 4.1: Computer rendering of the vacuum chamber. The production
chamber is divided into four sections, the oven section, the
Zeeman slower, the octagon, and the pump section. The sci-
ence chamber contains the atom chip, cryostat, and sample to
be measured. The production chamber is separated from the
science chamber by a pneumatic gate valve, allowing the sam-
ple in the science chamber to be replaced without disturbing
the production chamber.

part to dry in air, either submerge it directly in methanol for the next cleaning
step, or use pure, high pressure air to blow off the methanol. Next, sonicate the
part in methanol for fifteen minutes. Again, do not allow the part to air dry. Use
pure compressed air to blow off the methanol.

Viewports with glass to metal seals are excepted from the above cleaning
procedure. Since sonication can weaken the glass to metal seal, these pieces
should simply be rinsed with methanol and blown dry.

After they are clean, the steel parts need to be pre-baked to 400°C to remove
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excess hydrogen. Hydrogen outgassing can limit the vacuum pressure in the
chamber to the 107'° level. Do not pre-bake delicate parts such as windows that
cannot be heated to 400°C.

To pre-bake the chamber parts, we construct an oven out of thermally insu-
lating bricks. Each part of the vacuum chamber is first wrapped in ultra-high
vacuum (UHV) foil. The wrapped parts are then wound with heater tape and
covered by another layer of UHV foil. The parts are placed in the oven and
heated to 400 °C for three to four days, after which the steel parts will have

changed color to a golden brown. The chamber is now ready to be assembled.

4.2 Oven Section

The oven section contains the ¥ Rb source and provides an atomic beam to the
Zeeman slower. The oven section is pumped by a 75-1/s ion pump and achieves
a typical pressure of 7 x 107! at room temperature, measured by an ion gauge
(Agilent 571 ionization gauge.) The pressure in the oven section is isolated from
the rest of the apparatus by a differential pumping tube.

The oven section is loaded with one gram of Rb ampuled under argon (Alfa
Aeasar 44214.) One gram of Rb has lasted through two years of continuous
running, with no sign of diminished atomic flux. The Rb ampule is placed in-
side a flexible bellows. Once the chamber has been baked and is under vac-
uum, the Rb ampule is broken by bending the flexible bellows. The outside of
the bellows and the oven-tube (Figure 4.4) is wrapped with heater tape. Dur-
ing operation, the tape heats the bellows to 80 °C and the oven-tube to 120
°C. These temperatures are controlled by two Omega temperature controllers

(Omega CSI32K.) Heating the Rb increases the vapor pressure from 2x 10~ Torr
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to 6x 1073 Torr [75] which, when combined with the oven-tube at 120 °C, creates
a beam of Rb atoms.

In order to prevent Rb contamination of the ion pump, the end of the oven-
tube is placed inside a copper cold cup. The cold cup is cooled by an external
thermoelectric cooler (TEC) to —10 °C so that any Rb atoms that impact the cup
will be stuck to the cup, and not released back into the chamber. The connection
between the TEC and the copper feedthru must be well insulated or ice will
build up around the interface. Initial attempts to insulate the cold side of the
TEC using insulating strips were insufficient, as the irregular shape of the cop-
per feedthru to TEC connection made wrapping difficult. The second approach

using insulating foam proved sufficient to prevent ice build up (Figure 4.2.)
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Figure 4.2: (a) Picture of the TEC covered in ice due to insufficient thermal
insulation. (b) Picture of the TEC in foam insulation without
ice buildup.

The cold cup has a hole through which the collimated atomic beam passes
(Figure 4.4.) On the opposite side of the cold cup from the oven-tube is a shut-
ter (Uniblitz LS6FEC). The shutter allows us to block the atomic beam after the
MOT has been loaded. The atomic shutter is screwed onto the cold cup to pro-

vide mechanical and thermal connection (Figure 4.3.) The thermal connection

50



to cold cup is crucial, since there is no air to help dissipate the heat generated

by the shutter drive solenoid.

Figure 4.3: Picture of the oven chamber top flange, with attached cold cup
and Uniblitz atomic shutter. The wires connecting the Uniblitz
shutter to the chamber feedthru are glued to the cold cup using
thermally conductive, vacuum safe epoxy (Torr Seal.)

While we have had issues with shutters failing shortly after their first use,
the shutters that have survived this initial period have proven robust and reli-
able. Because of this, we recommend any new shutters being installed be tested
prior to baking the chamber. To test the shutter, install it as normal and pump
the chamber down to moderate vacuum using a turbopump. Test the shutter by
cycling it open and closed with a 10-s on, 20-s off duty cycle for at least thirty
minutes. We test the shutter under vacuum to account for the reduced heat dis-
sipation compared to operating the shutter in air.

After passing through the shutter the atomic beam goes through a differen-

tial pumping tube and enters the Zeeman slower.

51



Shutter
E=] Thermal -~ L/<
window || ey __.'_?E“E H s 20 Refan
’ | — - I — il : T Slower
| /!/ DPT
Rb : E.El|d - P 4
Resevoir 80°C Cup

Figure 4.4: Diagram of the cross section of the oven section. The window
on the Rb oven is used for coarse alignment of the Zeeman
slower beam. A glass thermal break isolates the temperature
of the oven-tube from the rest of the oven section. A differen-
tial pumping tube (DPT) protects the octagon from background

gas.

4.3 Zeeman Slower

The atoms enter the Zeeman slower traveling with a speed described by a ther-
mal distribution with the most likely velocity of 340 m/s [73,79]. Before they can
be loaded into the MOT, the atoms must be slowed to approximately 35 m/s.
To accomplish this, light resonant with the D, |F =2, mp = 2) — |F "=3,m, = 3>
transition is sent along the length of the production chamber against the direc-
tion of the atomic beam. As the photons collide with the atoms they transfer
momentum to the atoms, slowing the atoms over many collisions.

As the atom are slowed by the Zeeman slower, the Doppler shift causes them
to move out of resonance with the |F = 2,mp = 2) — |F "=3,m, = 3> transition.
To compensate for the Doppler shift, we apply a spatially varying magnetic field
along the length of the Zeeman slower [80]. The magnetic field changes the Zee-

man shift between the |F = 2, mp = 2) and |F "=3,m, = 3) states to compensate
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for the Doppler shift.

In order to reduce the magnitude of magnetic fields we need to produce, we
set the frequency of the Zeeman slower beam to be -162 MHz detuned from the
|IF=2,mp=2) > |F '=3,m, = 3>. This allows us to create a magnetic field that
crosses zero inside the Zeeman slower and to keep the maximum field below
150 G.

The 40 mW Zeeman slower beam enters the chamber at the pump section
with a waist of roughly one centimeter and comes to a focus at the Rb oven. The
Zeeman slower beam is given a circular polarization to drive o transitions in
the positive field section of the Zeeman slower. Fifteen milliwatts of repumper
light is combined in fiber with the Zeeman slower beam and detuned -155 MHz
from the |F = 1) — |F = 2> repumper transition.

The spatially varying magnetic field is produced by two single layer coils
with opposite current directions. The magnetic field is varied by changing the
spacing between coil windings along the length of the Zeeman slower. Follow-

ing the prescription in [79], we model the coils by

r(p) = [x(p), y(p), z2(p)]

x(p) = RcosO(p)
y(p) = Rsiné(p)
2(p) =c1p +cy

0p)= > cup" (4.1)

m=0...6
where p € [0,2n] is the free parameter, z is the distance along the coil, and R is
the radius of the Zeeman slower. The coil design is then determined by the nine
parameters ¢; and the field inside the Zeeman slower can be calculated using

the Biot-Savart law [81].
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Positive Coil | Negative Coil
Co 0 T
¢y | -75.22588 4.26216
¢ | 27.04621 -18.95554
3 -2.5647 10.52419
4 0 -2.9767
Cs 0.02279 0.43914
Co 0 -0.02765
c7 -0.10299 0.04828
g 0.60307 0.2972

Table 4.1: The ¢; design parameters for the positive and negative Zeeman
slower coils with R = 38.3 mm and /,,, = 72 A and [,,, = 42 A.
The parameters were found by fitting the field from Eq. 4.2 to
the ideal field given by Eq. 4.3

, I 21 / /
m@—if‘ﬂﬂﬁi (42)
0

T Arm r
where u is the magnetic permeability, I is the current in the coil, and r' = r +
(0, 0, z'). The ideal magnetic field is found by mcatching the Zeeman shift to the

Doppler shift and is given by,

hk 2nhikD
Bigea (2) = By — — V2 - nhkl'z
u

- (4.3)

where B, is a constant offset that determines the location of the field zero, v, is
the peak velocity of the atoms to be slowed, k is the wave number of the Zee-
man slower laser, and x' = up (geme - ggmg). n is a free design parameter giving
the ratio of atomic deceleration to the optimal deceleration. 1 < 1 allows for
imperfections in the slowing laser and the magnetic field. Our Zeeman slower
was designed for n = 0.7 [73].

We calculate the design parameters ¢; by fitting the field given by Eq. 4.2
to the ideal magnetic field given by Eq. 4.3 (Table 4.1) [79]. We measure the
Zeeman field using a flux magnetometer and find good agreement with the de-

signed field (Figure 4.5)
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Figure 4.5: Shows the ideal Zeeman slower field (dashed black line) from
Eq. 4.3, the designed field (solid red line) from Eq. 4.2, and the
measured field (blue Xx).

4.4 Octagon

The octagon is where the atoms are initially trapped and cooled before being
transported to the science chamber. The top and bottom of the chamber are
formed by bucket windows that are recessed into the chamber to allow for
placement of magnetic field coils approximately 5 cm from the atoms. Two op-
posite sides of the octagon open to the Zeeman slower and the pump chamber,
with one of the sides half way between them opening to the science chamber.

The rest of the sides contain windows to allow optical access to the atomic cloud.
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Figure 4.6: Pictures of the aluminum MOT coil holder before winding the
coil (a) and after the winding the coil (b).

The MOT coils provide the quadrupole field necessary for creating the MOT
and hybrid magneto-optical trap. They are each composed of eleven turns of
hollow square wire and are placed inside the top and bottom bucket windows.
The coils are wound around a specially designed holder. The MOT coil holder
tits inside the bucket window, allowing the MOT coils to be placed as closed
to the atomic cloud as possible. The coil holder also has a slit cut through it
to prevent eddy currents from forming when turning on and off the field coils
(Figure 4.6.) Chilled water flows through the hollow wire to allow for currents
up to 850 A to be safely sent through the coils. The chilled water is kept at 59 °F
while a 120-p.s.i. differential pressure is maintained across the coils.

To create a MOT we use three pairs of counter propagating laser beams. The
MOT light and MOT repumper light are brought from the laser area to the oc-
tagon on a two to six port fiber splitter. It is important to provide a good heat
sink for the fiber splitter. Temperature fluctuations can change the power dis-
tribution among the output fibers, leading to instabilities in the MOT. The six
output fibers are mounted directly to the chamber using a cage optics system

(Figure 4.7). This allows the MOT optics to be rigidly registered to the chamber
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and reduces beam drift compared to free space optics. The trade off is that we
have less flexibility in aligning the MOT beams, since the coarse alignment is set
by the rigid cage mounting.

Each MOT beam exits its fiber and is collimated to a 2-cm diameter by a 100-
mm focal length lens. The beam then passes through a PBS cube to ensure the
polarization purity of the beam. Besides purifying the beam polarization, the
PBS cubes allow a second beam to be overlapped on top of the MOT beam. This
is done with imaging beams and optical pumping beams. Before entering the
chamber, the beams pass through a quarter-wave plate to give them a circular
polarization (Figure 4.7.)

Three pairs of magnetic field coils are placed around the windows corre-
sponding to the x, y, and z-axis (Figure 4.7). The x and y-bias coils have
approximately 65 turns each and the z-bias coil has approximately 15 turns.
These coils are wound to provide a bias field of up to several gauss in an ar-
bitrary direction inside the octagon. The bias coil field calibrations are as fol-
lows: x-bias = (=400, -350,30) mG/A, y-bias = (-400, 300, 50) mG/A, and z-
bias = (-120, 40, -2700) mG/A, where —% points towards the science chamber, §
points towards the pump section, and Z points into the optical table.

A DragonFly camera for imaging the atomic cloud inside the octagon is
mounted to the vacuum chamber by cage optics. The imaging beam is over-
lapped with one of the MOT beams on a PBS cube. After exiting the far side of
the octagon, the imaging beam reflects off of another PBS cube and is directed
onto the camera. During the loading of the MOT, some of the light from the
MOT beam will be reflected by the PBS cube onto the camera. Since the camera
takes approximately 150 ms to clear its CCD array, the MOT light will distort

the images of the atomic cloud if the images are taken too soon after loading the
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Figure 4.7: (a) Diagram showing top down view of the octagon. Z-axis
MOT beams, imaging beams, and optical pumping beams not
shown. (b) Picture of the octagon section of the production
chamber. Arrows show the direction of the MOT light, the
imaging light, and the ODTT. (c) Diagram showing side view
of the octagon. Connections to the rest of the chamber and the
z-axis beams not shown.
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MOT. To avoid this affect, we installed a physical shutter in front of the camera
to prevent any exposure of the CCD array before imaging the cloud.

Even though we image on the |[F =2) — |F "= 3> cycling transition, we still
need to repump on the |[F = 1) — |F ‘= 2) transition. Because of the imperfect
extinction of the PBS cube in the cage optics, we cannot use the MOT repumper
light from the 2—6 fiber splitter during imaging. Instead we use an independent

optical fiber to send in repumper light orthogonal to the imaging bream.

4.5 Pump Section

The pump chamber provides a 75-1/s ion pump and a titanium sublimation
pump for the production chamber, allowing the pressure in the pump section to
reach 2.6 x 107" at room temperature, as measured with an ion gauge (Agilent
UHV-24P.) The titanium sublimation pump (Agilent 9160050) consists of three
Ti filaments mounted in a 3-inch diameter, 9-inch long cylinder. A fresh layer of
Ti then gives a H, pumping speed of 1,300 1/s, although the effective pumping
speed at the octagon is limited by the 100-1/s conductance between the pump
section and the octagon.

The end of the pump chamber has a window through which the Zeeman
slower beam enters the chamber. The Zeeman slower beam is brought to the
chamber by an optical fiber, which is mounted via a cage system to the vacuum
chamber. The fiber output is collected by a 150-mm focal length lens, which fo-
cuses the beam at the Rb oven in the oven section. Before entering the chamber
the beam passes through a quarter-wave plate, giving it a circular polarization

to drive o transitions in the positive field area of the Zeeman slower.
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CHAPTER 5
SCIENCE CHAMBER

Our apparatus is rare among ultracold atom experiments in that we plan on
breaking vacuum frequently to study different samples. This requirement led
us to separate the vacuum chamber into a production chamber and a science
chamber. The two chambers are separated by a pneumatic gate valve, allowing
us to break vacuum in the science chamber without disturbing the production
chamber.

The use of cage optics in the production chamber allows the science cham-
ber to be wrapped in heater tape and vacuum baked without disturbing any of
the production chamber’s laser cooling and trapping optics. We have demon-
strated one week sample replacement times, limited by the time required to
bake the science chamber. This procedure has such a minimal affect on the
production chamber that we can immediately begin transferring atoms to the
science chamber, without having to tweak any production chamber steps. The
optics associated with the science chamber are mounted on breadboards that
can be removed from the optical table when baking the science chamber. Re-
placing the breadboards after a chamber bake requires minimal realignment of
the optics.

Vacuum pumping in the science chamber is currently provided by a SAES
NEXTorr D200-5 combination getter/ion pump and a titanium sublimation
pump. The getter pump provides 200-1/s pumping of H, and a 5-1/s ion pump,
but is limited by the conduction to the rest of the chamber to an effective pump-
ing speed of 30 1/s. The titanium sublimation pump provides roughly 10-1/s
effective pumping. With these pumps we can achieve room temperature sci-

ence chamber pressures of 2 x 107!% Torr. At this pressure the trap lifetimes in
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the science chamber is limited to approximately 10 seconds.

To increase the trap lifetime, we have designed and will soon install a new
pump section to the science chamber. This new pump section will replace
the currently installed titanium sublimation and NEXTorr pump. The science
chamber will be pumped by a titanium sublimation pump providing 300 1/s of

pumping, and an ion pump giving another 70 1/s pumping.

Figure 5.1: Pictures of the science chamber. The vacuum pumps as well
as imaging optics are labeled. The imaging optics are on
breadboards, which can easily be removed during sample ex-
changes.

Traditionally samples of interest are fabricated on the same atom chip that
contains the atom trapping microwires [35,54]. This design has several draw-
backs, chief among them the coupling of the temperature of the trapping wire
with the temperature of the sample. Placing the sample and trapping wires on
the same chip poses a severe challenge to cryogenic cooling of the sample, since
it must contend with the heat load from the normal-state microwires. Addi-

tionally, the temperature of the microwires can increase over 10 °C during an
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experimental cycle, leading to sample temperature changes during measure-
ment. Heating from the trapping wires can be avoided if they are supercon-
ducting [58, 61], but then all sample measurements must be below the critical
temperature of the superconducting trapping wires.

More problems arise if one wants to translate the atoms across the sample.
One can change the location of the magnetic trap by applying a transverse bias
field, but this requires adjusting the other trapping fields as well to maintain
height and trap frequency. Also, one must consider the depth of focus of the
imaging system. If the atoms are to be moved a distance greater than the depth
of focus of the imaging system, then the imaging optics must move along with
the atomic cloud.

It can also become difficult to separate the effects of the sample on the atoms,
from the effects of the trapping wires. The primary field detection channel is
fragmentation of the atom cloud, but this is exactly what one sees when trap-
ping atoms within 100 um of the trapping wires [66,70, 82,83]. If the sample is
on the same substrate as the trapping wires, then it can become difficult to dif-
ferentiate fragmentation from the sample and fragmentation from the trapping
wires.

Finally, every time the sample is changed, the atom chip would need to be
changed as well. This greatly increases the fabrication time and expense, as well
as the difficulty of optimizing the loading of the microtrap each time the sample
is changed.

We avoid these pitfalls by physically decoupling the sample from the atom
chip (Figure 5.2). The atom chip is glued to a water-cooled assembly, while the
sample is attached to a physically separate mount. Because the sample is not

connected to the atom chip, the only thermal contact between the sample and

62



the rest of the chamber is radiative. We place the 100-um thick sample within
100 um of the atom chip. With the atoms 300 um from the atom chip, the trap-
ping will not fragment the atomic cloud, meaning any density changes to the
cloud we see are due entirely to the sample.

By placing the sample mount on a three-axis translation stage located out of
vacuum, we can scan the field probe across the sample without ever changing
the location of the atom chip trap. The horizontal translation distance is limited
to 5 mm by the bellows connecting the translation stage to the sample mount.
Because the atoms don’t move, we can have an imaging system with a depth of
focus < 3 um and take wide area field maps without ever moving the imaging

optics.
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Figure 5.2: Schematic of the relative positions of the atoms, sample, sam-
ple substrate, holder, and atom chip wires from the viewpoint
along the imaging axis (a) and along the ODTT axis (b). (c)
Sketch in perspective of the atom chip with sample substrate
underneath.
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5.1 Cryogenics

We cryogenically cool the sample using a He flow through cryostat (Janis ST-
400). The cold finger is mounted at the top of the science chamber and connected
to the sample mount using copper braids. The sample mount is connected to
the base of the science chamber and the translation stage by a hollow titanium
rod to limit thermal conductance between the sample mount and the rest of the
chamber. The temperature at the cold head and at the sample are measured
using silicon diode thermometers.

We wished to characterize temperature gradients across the 100-um thick
silicon sample substrates as well as our ability to servo the temperature of the
sample. To this end, we fabricated a 100-um thick sample substrate with several

diode thermometers spread across (Figure 5.3.)

Figure 5.3: (a) Diagram of the cryogenic temperature test sample showing
the location of the gold leads, where the blue rectangles are
diode thermometers. (b) Image of the cryogenic temperature
test sample attached to the sample mount.

64



We first cooled the sample using liquid nitrogen (LN,) to 100 K, the lowest
temperature we can achieve with LN,. Once the sample is at 100 K we replace
the LN, flow with liquid helium (LHe) and continue to cool the sample. We
reach a minimum sample temperature of 35 K when the cold finger is at 4.3 K.
Through both LN, and LHe cooling we measure no temperature gradient across
the sample to within the measurement accuracy of the diode thermometers (+/-
0.25K.)

With the sample at 35 K, we tested the ability to control the sample temper-
ature using a heater element in the cold finger. We use a commercial Lakeshore
model 331 temperature controller and the heater element to servo the temper-
ature of the cold finger to an accuracy of +/- 50 mK. We found the tempera-
ture stability of the sample to be within in the measurement error of the diode
thermometers. We also measured the time it takes the sample temperature to
respond to changes in the cold finger temperature (Figure 5.4) to be approxi-
mately 10 minutes.

The science chamber currently has no heat shielding, despite this, we are
able to cool the sample to 35 K when the cold finger is at 4.3 K (LHe), and to
100 K when the cold finger is at 77 K (LN,). Future improvements to the ex-
periment will include the installation of heat shielding in the science chamber
to both decrease the minimum achievable temperature and to reduce the use of

cryogens.

5.2 Macrowire Assembly

The ODTT must be kept far from the sample and atom chip to avoid heating

and damaging them. The ODTT is located 3.2 mm away from the sample in-
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Figure 5.4: (a) Shows the response of the sample temperature (red) to
changes in the cold finger temperature (black.) (b) Shows the
time needed for the sample temperature to reach steady state
after a change in the cold finger temperature.

side the science chamber. This poses a challenge to loading the atoms from the
ODTT into the atom chip trap, since we would need to pass more current than
the wires can support to trap the atoms so far from the wires.

We solve this problem by using macroscopic copper wires with character-
istic dimensions of several millimeters to magnetically transfer the atoms from
the ODTT to the atom chip trap. The macrowires are heat sunk via their macor

support to a water-cooled stainless steel heat exchanger (Figure 5.5), allowing
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the macrowires to support up to 55 amperes of current.

Figure 5.5: (a) Picture of the macor piece that holds the macrowires in po-
sition. This is also where the atom chip is glued. Note the
metallic piece glued to the macor is a fragment from an atom
chip used to test gluing the chip to the macor. (b) A copper bias
macrowire. (c) The macrowire assembly mounted in the macor
piece. The macor piece is connected to a water-cooled stainless
steel heat exchanger, which is mounted to the top flange of the
science chamber.

With approximately 30 A of current, the macrowires are able to magnetically
trap the atoms 3.2 mm away from the sample. By ramping the currents in the
macrowires we both transfer the atoms close to the sample and compress the
atomic cloud from a length of 1 cm in the ODTT to 2 mm a distance of 350 um
from the atom chip. The atoms can then be transferred into the atom chip trap.

One design flaw that has become apparent over time is the way we con-
nect the macrowires to the high current feedthrus in the science chamber’s top
flange. The macrowires connect to a complex arrangement of copper pieces
that eventually connect to high current feedthrus in the science chamber’s top

flange. The high current feedthrus in the top flange are connected to copper rods
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by barrel connectors that use set-screws to maintain electrical contact and me-
chanical stability. Those copper rods in turn are connected to the macrowire as-
sembly by clamp connectors. Both of these methods of connection have proven
vulnerable to coming loose during chamber baking and the thermal cycling of
normal use.

When these parts loosen, the macrowires can short to each other inside the
macor piece. When this happens we must break vacuum to eliminate the short.
In order to prevent the macrowires from shorting if the connectors come loose,
we have placed thin Kapton sheets between the bare copper macrowires inside
the macor piece. The macrowires can also short to the bucket window. We pre-
vent this by using epoxy to attach thin Kapton sheets to the macrowire assembly
near the bucket window.

Since the macrowire assembly is hanging from the top flange, gravity will
pull the macrowires down towards the atom chip. If the connectors come loose,
the macrowires will push against the atom chip, which is held to the macor piece
by epoxy. Over time the macrowires will push the atom chip off of the macor
piece and will eventually require replacing the atom chip.

A second generation science chamber top flange and macrowire assembly
is currently being designed that will replace these connections with ones less

prone to coming loose.

5.3 Atom Chip

The first atom chip used a Z-trap configuration made of three independent
wires. This design allowed the central and arm wire currents to be set indepen-

dently, giving some independent control over the transverse and longitudinal
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potential. The first atom chip also had a wire halfway between the Z-trap arms
to create a dimple trap, as well as a separate wire running parallel to the central
wire to act as an RF antenna (Figure 5.6.)

Because none of the arm, dimple, or central wires cross each other as they do
in an H-trap geometry, we can drive several amperes of current through each of
the wires. One drawback to this design is that we cannot add more sets of arm
wires to the single layer atom chip. The rough size of the Z-trap is limited to
what is allowed by the single set of Z-trap arm wires.

The first atom chip was fabricated in lab at the University of Illinois at
Urbana-Champaign. The chip was fabricated on a doped silicon substrate with
a resistivity of approximately 10 Qcm and a 20-nm thick oxide layer. On top of
this was deposited a 20-nm titanium adhesion layer followed by a 3-um silver
layer. The silver and titanium were ion milled to define the 100-um wide trap-

ping wires.
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Figure 5.6: (a) Image of the first generation atom chip after wire bond fail-
ure. Bubbles can be seen in the silver near the wire edges. (b)
Diagram of wire layout and current flow in the first generation
atom chip shown in (a).
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After fabrication, the atom chip was glued to the macrowire supporting ma-
cor block using thermally conductive epoxy (Epo-Tek H77.) Electrical contact to
the micro-fabricated wires was made using gold wire bonds between the wires
and pins mounted in the macor piece. Each wire was initially connected to its
pin by approximately ten wire bonds. During operation these wire bonds began
to fail, leading eventually to the loss electrical connection to the central Z-trap
wire.

Another problem that arose during use was the loss of adhesion between
the titanium adhesion layer and the silver wires (Figure 5.6.) This problem was
accelerated by the thermal cycling that would occur when 2.5 A were passed
through the microwires. While we could trap atoms in the Z-trap, the bubbling
of the wires would have prevented us from doing magnetometry with BECs
even if the wire bonds had not failed.

To replace this chip, we designed a second generation atom chip (Figure
5.7.) This atom chip used an H-trap geometry with a single central microwire
and five perpendicular arm wires crossing the central microwire. Unlike the
tirst generation atom chip, we can choose different combinations of arm wires
to give us greater flexibility to determine the size of the H-trap or Z-trap.

We pay for this flexibility by having the arm wires each connect to the cen-
tral microwire at a single point. In an H-trap configuration, we must be careful
to ground the central microwire current supply, but to leave the two arm wire
supplies floating. In a Z-trap configuration a single power supply can be used.

Another drawback of the H configuration is that the maximum current is
limited by the heating of the microwires at the arm-central microwire connec-
tion. Each wire can comfortably carry 3 A of current, but the heating of the

arm-central microwire intersection is determined by the sum of the currents in
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Figure 5.7: (a) Image of the second generation atom chip glued to the
macrowire macor piece. (b) Drawing of the microwire layout
on the second generation atom chip. There are five arm wires
intersecting the central wire. We refer to the middle wire as
the dimple microwire. The two arm wires closest to the dimple
wire are each 1 mm from the dimple wire, and the two furthest
wires are each 3 mm from the dimple wire.

the central microwire and the arm microwire. We can avoid this problem by op-
erating in a Z-trap configuration, but then we lose the ability to independently
tune the central microwire current and the arm microwire current.

The second generation atom chip was fabricated on an intrinsic silicon sub-

strate without a grown oxide layer. An intrinsic silicon substrate gives better

71



Central
Microwire

100 pm

AN

Arm Microwires

Figure 5.8: Diagram of the currents in the second generation atom chip.
The black line indicates the current direction in the Z-trap. The
blue and purple lines show the currents in the H-trap

thermal conductivity and has a resistivity of greater than 10,000 Qcm. A 5-um
thick layer of copper was sputtered on top of a 20-nm titanium adhesion layer.
The copper wires were covered by a 200-nm thick gold protection layer.

The second generation atom chip was epoxied to the macor block in the same
way the first generation chip. Because the first generation chip’s wire bonds
failed, the electrical connection between the second generation atom chip and
the macor mounted pins was made using gold ribbon wire bonds. The ribbon
bonds have a dimension of 25.4 yum x 254 ym and in aggregate offer a lower

resistance connection to the microwires.

5.4 Sample

Our design relies on placing the sample on an independent substrate between

the ultracold atomic cloud and the atom chip. In order to trap the atoms as close
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as possible to the atom chip, and thus achieve high trap frequencies, we need
the sample substrate to be as thin as possible.

We tested two different substrates, a 40-um thick Si substrate and a 100-um
thick Si substrate. In order to achieve good thermal connection between the
sample substrate and the sample mount, as well as to reduce mechanical oscil-
lations of the sample substrate, our substrates must have a length of 5.8 cm and
a width of 2.5 cm. We found that 40-um thick Si substrates with these dimen-
sions were too fragile to use, as they would often break during preparation. The

100-um thick substrates require careful handling, but have proven fairly robust.

One of our design concerns was mechanical vibrations of the cantilevered
sample substrate. Our 100-um thick substrate extends one centimeter beyond
the base of our sample mount. Any vibrations of the sample would imprint
themselves on our measurement and reduce our field resolution. Before con-
struction we calculated the vibrations of the sample substrate using finite ele-
ment analysis. We calculated that the RMS vibration amplitude should be less
than 100 nm, well below our imaging resolution.

We measured the vibrations of a mirrored 100-um thick substrate in-situ us-
ing a Mach-Zehnder interferometer [84](Figure 5.10.) The interferometer optics
were mounted below the science chamber and the mirrored sample was used to
back reflect the interferometer probe beam.

One of the arms of the interferometer was shifted 80 MHz from the other arm
using an AOM, allowing us to separately measure the vertical displacement of
the sample and the angular deflection of the sample. We measured RMS am-
plitude oscillations below 150 nm (Figure 5.11), where some contribution to the

amplitude came from the interferometer optics, and not the sample itself.
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Figure 5.9: (a) Image of atom chip attached to macrowire-macor base and
chilled-water block. View of science substrate mount from (b)
ODTT viewpoint and (c) imaging beam viewpoint. (d) Science
substrate 120 um below atom chip.

To see why we frequency modulated one of the arms of the interferometer,
consider what the detection signal would look like without modulation. Inter-

fering two beams,

E1 = Elei“’t (51)

E2 — Ezei(wt+§) (5.2)

74



Mirrored Sample
LLLLL

50/50
Splitter Detector

. N

% +80 MHz
AOM
=

Figure 5.10: (a) Diagram of the interferometer used to measure vibrations
of the mirrored sample.

Where ¢ is the phase difference between the two arms of the interferometer. We

measure the intensity on a photodetector,

[=|E +E) (5.3)
I=|Ee® + By (5.4)
I = E} + E; + 2E,E»c0s6 (5.5)

Changes in ¢ tell us the changes in path length between the two arms and
thus the motion of the mirrored sample. In this scheme, vertical displacement
of the sample mirror causes changes in the phase ¢, while angular deflection of
the sample mirror would change the interference intensity via E,. Simply by
looking at the measured intensity we cannot tell the difference between these
two types of motion.

Now consider the case where we modulate the frequency of one of the beams
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by A,

E] = Elei“’t (56)
E2 — Ezei((w+A)t+6) (57)
The interference signal is now,
I =|E e +E, ei((w+A)t+6)|2 (5.8)
[ = E} + E5 + 2E,Eycos (At + 6) (5.9)

and we can differentiate between angular deflections, which appear as ampli-
tude modulations, and vertical displacements, which appear as a phase on the

80 MHz modulation signal.

10+

Amplitude (hnmvHz)

0 ‘ 0.‘2 ‘ 014 ‘ O‘A6 ‘ 0.‘8 ‘ 1 .‘0 ‘ 1 .‘2 ‘ 1 .‘4
Frequency (kHz)

Figure 5.11: Vibration amplitude of the 100-um thick, cantilevered sub-
strate as measured using a Mach-Zehnder interferometer.

The sample substrate is mounted to the sample mount (Figure 5.9b,c) by

electrically conductive epoxy (Epo-Tek H20E.) The sample mount is made from
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copper and macor pieces and has a gap of 8 mm between the two arms to allow
an imaging beam to pass. One concern with this design was the possibility of
straining the thin sample substrate during thermal cycling. The sample mount
was designed to minimize such strain by choosing the dimensions of the copper
and macor pieces such that their thermal expansion would offset each other.
The titanium rod connecting the sample mount to the three-axis translation
stage does contract by approximately 300 um, but this can easily be compen-

sated for with the translation stage.

5.5 Bucket Window and Imaging

In order to achieve imaging resolutions less than 3 yum we need a short work-
ing distance between the atoms and the imaging lens. For flexibility and ease
of alignment we opted for a bucket window with an out of vacuum imaging
system. The custom bucket window (Figure 5.12) allows us to bring the first
imaging lens as close as 15 mm away from the atomic cloud.

Imaging atomic clouds near surfaces can be more difficult than imaging
atoms in free space. When the atoms are within 100 um of a surface, the diffrac-
tion of the imaging beam from the surface can obscure the image of the atoms.
By sending the imaging beam in at an angle to the surface, and reflecting it off
the surface, one can increase the distance between the peaks of the diffraction
pattern as well as move them away from the atomic cloud [85].

Reflecting the imaging beam off of a mirror surface causes the camera to
image the atomic cloud and a mirror image of the cloud (Figure 5.13.) The dis-
tance d between the atom image and its mirror image provides a calibration of

the distance & between the atomic cloud and the mirror (d = 2hcosf) where 6 is
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Macrowires

Figure 5.12: (a) Computer drawing of the macrowire assembly 1 mm away
from the bucket window. The atom chip is attached to the bot-
tom of the macrowire assembly. The sample mount is shown
100 um from the atom chip. (b) A picture of the actual assem-

bly.

the incident angle of the imaging beam [86].
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(b)

Figure 5.13: (a) Absorption image and mirror image of atoms 100 um away
from a mirror substrate. (b) Illustration of reflected imaging
showing the creation of the mirror image.
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CHAPTER 6
SYSTEM CHARACTERIZATION

In this chapter we describe the process of bringing a cold *’Rb gas 100 um away
from a cryogenically cooled substrate. First we will discuss the process of cre-
ating a cold gas and loading it into the ODTT. Then we will show how to bring

the gas close to the cryogenically cooled sample.

6.1 Cold 8’Rb Gas Production

Loading atoms into the ODTT follows the process described in [73] and [15].
A 3D magneto-optical trap is loaded from a thermal Rb source via a Zeeman
slower. The atoms are loaded from the MOT into a hybrid quadrupole magnetic
trap and a 1064-nm optical dipole trap where they are cooled by forced radio
frequency evaporation. After evaporative cooling the quadrupole field is turned
off and the atoms are loaded into the pure optical dipole trap. In the following
sections we give further details of this process, as well as benchmarks of the

system performance.

6.1.1 MOT

The MOT [87] is loaded from a thermal beam of 3’Rb supplied by the oven
section and slowed to approximately 35 m/s by the Zeeman slower [73]. The
MOT uses six beams of approximately 20 mW each, detuned -21.5 MHz from the

|IF=2)— |F = 3> cycling transition. The MOT beams also carry approximately
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Figure 6.1: Absorption images of the atomic cloud at various stages in the
production chamber. (a) Over 1 x 10° atoms in the MOT with a
5-ms TOF. (b) 1 x 10° atoms at 20 uK after sub-Doppler cooling
and a 5-ms TOF. (c) Atoms after being optically pumped to the
|F = 2,mp — 2) state. (d) Atoms in the hybrid magneto-optical
trap after 10-ms TOF. (e) 1 x 10® atoms at 80 uK after forced RF
evaporation and a 10-ms TOF. (f) 2 x 107 atoms in the ODTT
after a 5-ms TOF.

3 mW each of repumping light detuned -5 MHz from the |[F = 1) — |F ' = 2>
repumper transition (Table 2.1.) A field gradient of 18 G/cm in the Z direction is
supplied by the anti-Helmholtz MOT coils. The MOT loads 1 x 10° atoms in 5

seconds (Figure 6.1a.)

6.1.2 Sub-Doppler Cooling

After loading the MOT, the atoms undergo polarization gradient cooling [88].
This is done by lowering the total repumper power to 750 uW and ramping the
detuning of the MOT beams from -21.5 MHz to -136.5 MHz over 19 ms. This

process cools the cloud to 20 uK with negligible atom loss (Figure 6.1b.)
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6.1.3 Optical Pumping

For magnetometry we wish to prepare the atoms in the |F = 2, my = 2) state to
take advantage of the increased magnetic field sensitivity (Eq. 1.9.) We optically
pump [89] the atoms into the |F = 2,my = 2) by applying a bias magnetic field
in the +Z direction and shining circularly polarized light in from the bottom of
the octagon. The light is resonant with the |[F = 2) — |F " = 2> transition and the
polarization is chosen such that the light only drives o* transitions. Repumper
light -5-MHz detuned from the |F =1) — |F f = 2> is applied to repump any

atoms falling into the F = 1 manifold (Figure 6.1c.)

6.1.4 Hybrid Optical-Magnetic Trap

After the atoms have been prepared in the |[F = 2,m; = 2) state they are mag-
netically trapped. The magnetic confinement is provided by the MOT coils. We
load the trap by rapidly turning on a quadrupole 24 G/cm field (in the strong 2

direction). The field is ramped on using an error function trajectory

erf(x) = 2 f Cetds (6.1)
0

T
An error function is used in order to reduce overshooting and ringing by the
home built current controllers.

The initial field gradient of 24 G/cm is chosen to both maximize trap load-
ing, and to purify the atomic state population. For ¥Rb atoms in the 55, state
the three magnetically trapped states are |F = 1,mr = —1),|F = 2,mp = 1), and
|FF = 2,mp = 2). By setting the gradient below the 30.5 G/cm needed to hold
the mr = 1 atoms against gravity and holding the atoms for half a second, we

ensure that only atoms in the |F = 2, mp = 2) remain in the trap.
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We then compress the trap adiabatically by linearly ramping the field gra-
dient from 24 G/cm to 215 G/cm in 0.8 seconds. At the start of compression,
we abruptly turn on the ODTT with 10 W of laser power. At the end of this
compression step we are left with 8 x 10® atoms at a temperature of 300uK and

a peak real-space density of 8 x 10''em™ (Figure 6.1d.)

6.1.5 RF Evaporation and Loading the ODTT

Forced radio frequency (RF) evaporation [90, 91] is performed using a single
turn, 1.5-inch diameter coil antenna. The RF frequency is generated by the DDS
and is amplified from -8 dBm to 35 dBm (Minicircuits TIA-1000-1R8 and ZFL-
500LN+). The RF frequency is linearly swept from 35 MHz to 8 MHz at a rate
of 5 MHz/s. At the end of the evaporation sequence, 1 x 10* atoms remain with
a temperature of 80 uK (Figure 6.1e.)

Evaporation in a quadrupole trap is made difficult by the Majorana loss of
atoms from the cloud [48]. Majorana loss occurs when atoms pass through the
absolute field zero at the center of the magnetic trap. At |B| = 0 the mf states
of the atom become degenerate and it is possible for the atom to spin flip into a
strong field seeking state. Majorana loss also leads to heating as the spin-flipped
atoms collide with other atoms while being ejected from the trap. This process is
particularly detrimental since it is the lowest energy atoms that spend the most
time near |B| = 0 are thus most likely to be lost.

In order to mitigate Majorana loss, we place the focus of the ODTT beam
65 um below the center of the magnetic trap. This shifts the trap minimum
away from |B| = 0, reducing the amount of time cold atoms spend near the

field zero [73]. It also allows us to load the atoms into the ODTT once the main
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RF evaporation ramp is complete.

The atoms are loaded into the ODTT (Figure 6.1f) by linearly ramping down
the quadrupole field from 215 G/cm to 6 G/cm in 2.1 seconds. The bias field is
ramped along with the quadrupole field to maintain the position of the cloud
during the quadrupole ramp. During this process the RF frequency is ramped
from 8 MHz to 7 MHz. We can then turn off the RF knife and the quadrupole
magnetic fields to leave 2 x 107 atoms in the ODTT at a temperature of 15 uK.

The transverse frequency of the ODTT is measured by parametric heating to

be 500 Hz. With 10 W of laser power this gives a trap depth of 210 uK [74] .

6.2 Loading the Atom Chip Trap

In this section we discuss bringing the cold atomic gas from the production
chamber and loading it into the atom chip trap. Once in the atom chip trap, the
atoms are cooled to 200 nK by forced RF evaporation at a distance of 100 um

from the mirrored sample.

6.2.1 Transfer to the Science Chamber

Once the atoms are loaded into the ODTT they are ready to be transported to
the science chamber. The focus of the ODTT is moved from the octagon to the
science chamber by moving the ODTT focusing lens, which is mounted on the
Aerotech translation stage. The translation stage travels 33.3 cm, causing the
focus of the ODTT to move the same distance.

The stage accelerates at an average rate of 75 cm/s* to a maximum speed of
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Figure 6.2: The ODTT stage motion profile. This shows an SCURVE value
of 100, giving linear changes in acceleration (c), and a corre-
sponding velocity (b) and position (a) profile.

160 cm/s. The stage acceleration profile is linear (Figure 6.2.) The acceleration
profile is set by the SCURVE parameter in the Soloist control code. SCURVE
accepts values between 0 and 100, and sets the percentage of the stage acceler-
ation profile that is linear. For example, a SCURVE value of 0 corresponds to
constant acceleration, while an SCURVE value of 50 (Figure 6.3) gives an accel-
eration that is constant for half of the acceleration time, and linear in the other
half.

During the course of running the experiment we noticed that the atom num-
ber transfer efficiency fell from 50% to 10%. By transferring the atoms to an
intermediate point between the octagon and the science chamber, and back to

the octagon, we found a sharp drop in the number of atoms transported when
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Figure 6.3: The ODTT stage motion profile. This shows an SCURVE value
of 50, giving acceleration profiles that are half linear ramps, and
half constant acceleration (c), and a corresponding velocity (b)
and position (a) profile.

the ODTT passed through the gate valve. Measuring the magnetic field around
the exterior of the gate valve with a flux magnetometer confirmed that the gate
valve was producing a magnetic field of several gauss. The magnetic field gra-
dient produced by the gate valve was causing atoms to be removed from the
ODTT as they passed through the gate valve.

Removing the current from the gate valve drive solenoid had no effect on the
magnetic field. The gate valve had been magnetized by the operation of some
of the large field coils installed nearby. Fortunately we found that the field coils
that had caused the magnetization were not needed to operate the experiment.

We degaussed the gate valve by winding a field coil around the gate valve.

We drove the coil with a variac variable transformer which was connected in
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series with a high power 1-Q resistor. To degauss the gate valve, the variac was
very quickly ramped up to 40 A and then ramped back down to zero current
over the course of approximately 15 seconds.

This process was repeated several times, until the flux magnetometer mea-
sured no field from the gate valve. After degaussing, the atom number transfer

efficiency returned to 50%.

6.2.2 Loading the Macrowire Trap

The ODTT brings the atoms to a point 3.3 mm below the atom chip. Once there,
they are loaded into the macrowire magnetic trap. The macrowire trap is formed
by the central macrowire, the y-bias coil, the axial macrowires, and the bias
macrowire. The macrowires are the mm scale copper wires mounted above the
atom chip. The currents are linearly ramped over 35 ms from zero to 25.2 A in
the central macrowire, 42 A in the y-bias coil, 4 A in the axial macrowires, and
4 A in the bias macrowire (Table 6.1.) After ramping up the magnetic field, the
ODTT power is linearly ramped off over 40 ms. Through this process we are
able to transfer 1.1 x 10" atoms into the macrowire trap at a temperature of 1 uK

The atoms are then brought from 3.3 mm to 350 yum away from the atom
chip. In the process they are compressed into a trap with transverse trap fre-
quencies of 27 x 95 Hz and 27 x 160 Hz, called the macrowire compress trap.
This compression is done by linearly increasing the bias macrowire and axial
macrowire current while decreasing the central macrowire current (Table 6.1)
over 800 ms. We are able to load 8 x 10° atoms into the macrocompress trap with

a temperature of 16 uK.
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Trap
Macrowire Capture | Macrowire Compress | H-Trap | Z-Trap
Central Macrowire 25.2 14 0 0
Bias Macrowire 4 23 27 33
Axial Macrowire 4 8 0 0
Y Bias 42 0 0 0
X Bias 0.3 2.2 3 0
Central Microwire 0 0 25 n/a
Arm Microwire 0 0 0.5 n/a
Z Wire 0 0 n/a 2.8

Table 6.1: The current in Amps for each of the macrowire, microwires, and
external coils involved in trapping atoms in the science cham-
ber. The n/a values indicate that the wires are not used in that
configuration for the given trap.

6.2.3 Loading the Microwire Trap

The atoms are then loaded into the microwire trap formed by the on chip micro-
fabricated wires. We have trapped atoms using two different kinds of traps, an
H-trap and a Z-trap (Figure 1.3.) In the H-trap the transversely confining central
microwire and the axially confining arm microwires are controlled separately.
In the Z-trap the central confinement and the axial confinement are provided
by the same length of wire. The H-trap gives us greater flexibility in controlling
the transverse trap frequency relative to the axial trap frequency. The drawback
of the H-trap is the limited amount of current we can safely pass through the
central and arm wires. The current is limited by the heating at the point where
the central and arm wires cross, making us limited by the sum of the currents
in the central and arm wires. In the Z-trap we lose the ability to independently
tune the transverse and axial confinement, but the current is now limited by the
current in a single wire. We are thus able to achieve much higher trap frequen-
cies in the Z-trap than the H-trap.

The currents for the H-trap are supplied by three HighFinesse BCS 4/12 low

noise 4-A bipolar power supplies. One of the power supplies is grounded and
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connected across the central trapping wire (Figure 5.8.) The two remaining sup-
plies are kept floating, and each supply is connected across one of the inner arm
microwires.

To load the H-trap we linearly ramp up the central microwire current to
2.5 A and the arm microwire current to 0.5 A over 100 ms. At the same time,
we linearly ramp the central and axial macrowire currents to zero and the bias
macrowire current to 27 A. We also apply a 9.5 G bias field via the X-bias ex-
ternally sound Helmholtz coil (Table 6.1.) Through this process we can transfer
3 x 10° atoms at 14 uK into the H-trap. The H-trap has a transverse trap fre-
quency of 2 x 200 Hz and a longitudinal frequency of 27 x 20 Hz.

We also can load the atoms into a Z-trap. The Z-trap is created by connect-
ing a grounded HighFinesse BCS 4/12 supply to opposite ends of the two inner
arm microwires (Figure 5.8). The Z-trap is loaded by ramping the current in the
wire up to 2.8 A over 100 ms (Table 6.1.) This process loads 1.25 x 10° atoms at
50 uK.

The Z-trap has a transverse trap frequency of 27 x 830 Hz and a longitudinal
frequency of 2rx34 Hz. The trap frequencies were measured by abruptly chang-
ing the location of the trap and observing the oscillations in the cloud position

(Figure 6.4.)

6.2.4 RF Evaporation on Chip

Once the atoms have been transferred to the microwire trap and brought within
400 um of the atom chip we evaporatively cool the atoms using forced RF evap-
oration. The RF signal is generated by the DDS, and is amplified to approxi-
mately 3 W by a Minicircuits TIA-1000-R8 amplifier. The RF antenna is a wire
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Figure 6.4: Plot of trap oscillation as a function of hold time after moving
the center of the trap. (a) Solid line is sine fit to the transverse
oscillations showing a trap frequency of 2 x 830 Hz. (b) Solid
line is sine fit to longitudinal oscillations showing a trap fre-
quency of 2rr x 34 Hz.

coil with a 3.8 cm diameter and 2 turns. The antenna is matched to 50 Q using
a m-network. The coil is mounted inside the science chamber bucket window
approximately 4 cm away from the atoms.

Atoms loaded into the H-trap start at a phase space density of 5 x 107%. We
divide the RF evaporation into two linear frequency ramps. First, the RF fre-
quency is ramped from 15 MHz to 4 MHz at a rate of 5 MHz/s. It is then
ramped from 4 MHz to 2.75 MHz at 0.5 MHz/s. At the end of this sequence we
have 8 x 10* atoms at a temperature of 700 nK corresponding to a phase space

density of 2 x 1072.

Atoms loaded into the Z-trap start with a phase space density of 1.4 x 107°.
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(a) x science substrate surface

thermometer

3.2mm

Figure 6.5: Time-of-flight absorption images of: (a) 1.1 x 10" atoms 2 ms
after release from the ODTT in the science chamber; (b) atoms
5 ms after release from the macrowire capture trap; (c) 8 x 10°
atoms at 16 uK in the macrowire compress trap at & = 350 um
from the mirror sample, 1 ms after release; (d) 8 x 10* atoms
evaporatively cooled to [T, T.] = [470,810] nK, 1 ms after re-
lease from the H-Trap [15].

The RF evaporation frequency sweep in the Z-trap is divided into six linear seg-

ments (Figure 6.6.) The RF frequency ramp was chosen according to the process
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Figure 6.6: Figure showing the RF frequency sweep during evaporation in
(a) the Z-trap, and (b) the H-trap.

described in [92]. At the end of the RF evaporation 1 x 10* atoms remain with a

temperature of 200 nK, corresponding to a phase space density of 4 (Figure 6.7.)

Figure 6.7: Absorption image of 10* atoms at 200 nK, 9 ms after release
from the Z-trap.
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CHAPTER 7
CONCLUSION AND OUTLOOK

We have demonstrated an instrument capable of bringing ultracold ¥ Rb gases
microns away from arbitrary materials at temperatures ranging from 35 K to
room temperature. The modular design of the apparatus allows the rapid re-
placement of samples with minimal disturbance of the atom cooling and trap-
ping equipment. The flexibility of the sample mounting scheme allows compat-
ibility with a wide range of samples. The only sample requirements are that it
be vacuum safe at the 107'? level and that be relatively thin (< 100 um.)

Our near term work will focus on optimizing the procedure to produce large
BECs in the atom chip trap. Once that is accomplished, we will calibrate the
magnetic field sensitivity and spatial resolution of the microscope using a cal-
ibration sample (Figure 7.1.) The calibration sample is a 100-um thick silicon

substrate with 200-nm thick gold wires deposited in two types of arrangement.

Figure 7.1: Pictures of a photomask of the calibration sample. (a) Shows
grids of wires of different widths and (b) shows grids of differ-
ent wire widths and spacing.

One arrangement consists of rows of uniform wires with a set spacing be-

tween the wires. Each row is an array of wires with different widths and spac-
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ing, ranging from 0.6 um to 15 um such that the width of the wire is equal to the
spacing between the wires. The second arrangement consists of wires of vary-
ing widths, ranging from 0.6 ym to 15 um. By placing the atomic cloud above
increasingly small features, we will be able to directly measure the smallest fea-
tures the microscope can detect, and by varying the current in the wires, we will
be able to determine the true field sensitivity.

Once the atom chip microscope is fully calibrated, we will be able to study
a wide range of strongly correlated and topologically nontrivial [33] materi-
als. Besides these materials, the apparatus will be well suited to studying the

Casimir-Polder potential [36,93] as well as hybrid quantum systems [35,53].
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APPENDIX A
CONTROL HARDWARE OUTPUTS

The digital control output is provided by a National Instruments PCle-6536
board. Table A.1 gives the mapping between the board output and the hard-
ware being controlled. Analog output is provided by a National Instruments

PCI-6733 board (Table A.2) and a PCI-6723 board (Table A.3)
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Port, Line Output Digital High Equals
0,0 Zeeman Beam Shutter Open
0,1 Repumper AOM On
0,2 MOT Beam Shutter Open
0,3 Zeeman Beam AOM Off
04 Octagon Camera Trigger Capture
0,5 Atomic Beam Shutter Open
0,6 Science Chamber Imaging Beam Shutter Capture
0,7 Imaging Beam AOM On
1,2 DDS Profile Pin 1
1,3 DDS IO Update 1
1,4 DDS Reset 1
1,7 ODTT AOM On
2,0 Octagon Imaging Beam Shutter Closed
2,1 MOT Repumper Beam Shutter Open
2,2 RF Switch Science Chamber
2,3 DDS RF Profile Pin 1
24 Optical Pumping o* Shutter Open
2,5 Octagon Imaging Repumper Shutter Open
2,6 Octagon Camera Shutter Open
2,7 ODTT Axis Imaging Shutter Open
3,0 Beat Note Lock Lock
3,1 Optical Pumping o~ Shutter Open
3,2 Optical Pumping AOM On
3,3 Diagnostics and Testing Line 1
34 Science Chamber Camera Trigger Capture
3,5 ODTT Axis Imaging Beam Shutter Open
3,6 Aerotech Stage Trigger Trigger
3,7 Science Chamber Imaging Repumper Shutter Open

Table A.1: The mapping between digital device 1 (NI PCle-6536) and the
hardware being controlled.

Line Output

AO0 Octagon X Bias Coils
AO1 Octagon Y Bias Coils
AO2 | Octagon Quadrupole Coils
AO3 Octagon Z Bias Coils

AO 4 | MOT Repumper AOM Power

AOS5 RF Evaporation Power
AO6 | Imaging Beam AOM Power
AO7 ODTT AOM Power

Table A.2: The mapping between analog device 2 (NI PCI-6733) and the
hardware being controlled.

96



Line Output

AO 8 Science Chamber Y Bias Coil
AO9 Dimple Macrowire Current
AO 10 Science Chamber X Bias Coil
AO 11 | Science Chamber Compression Coil
AO 12 Science Chamber Z Bias Coil

AO13 Zeeman Slower Section 1
AO 14 Bias Macrowire Current
AO 15 Central Macrowire Current
AO 16 Axial Macrowire Current
AO17 Arms Microwire Current
AO 18 Central Microwire Current

Table A.3: The mapping between analog device 3 (NI PCI-6723) and the
hardware being controlled.

97



BIBLIOGRAPHY

[1] M. R. Freeman and B. C. Choi. Advances in magnetic microscopy. Science
294(5546), 1484 (2001)

[2] G.Balasubramanian, I. Y. Chan, R. Kolesov, M. Al-Hmoud, J. Tisler, C. Shin,
C. Kim, A. Wojcik, P. R. Hemmer, A. Krueger, T. Hanke, A. Leitenstorfer,
R. Bratschitsch, F. Jelezko and J. Wrachtrup. Nanoscale imaging magnetometry
with diamond spins under ambient conditions. Nature 455(7213), 648 (2008)

[3] J. R. Maze, P. L. Stanwix, ]J. S. Hodges, S. Hong, J. M. Taylor, P. Cappellaro,
L. Jiang, M. V. G. Dutt, E. Togan, A. S. Zibrov, A. Yacoby, R. L. Walsworth
and M. D. Lukin. Nanoscale magnetic sensing with an individual electronic spin
in diamond. Nature 455(7213), 644 (2008)

[4] L. K. Kominis, T. W. Kornack, J. C. Allred and M. V. Romalis. A subfemtotesla
multichannel atomic magnetometer. Nature 422(6932), 596 (2003)

[5] D. Rugar, R. Budakian, H. J. Mamin and B. W. Chui. Single spin detection by
magnetic resonance force microscopy. Nature 430(6997), 329 (2004)

[6] R. L. Fagaly. Superconducting quantum interference device instruments and ap-
plications. Review of Scientific Instruments 77(10), 101101 (2006)

[7] N. C. Koshnick, M. E. Huber, J. A. Bert, C. W. Hicks, J. Large, H. Edwards
and K. A. Moler. A terraced scanning superconducting quantum interference

device susceptometer with submicron pickup loops. Applied Physics Letters
93(24), 243101 (2008)

[8] M. L. Faley, U. Poppe, V. Y. Slobodchikov, Y. V. Maslennikov and K. Urban.
A high temperature superconductor dc SQUID planar gradiometer measurement
system for routine inspections. Superconductor Science and Technology 17(5),
S301 (2004)

[9] E. Baudenbacher, L. E. Fong, J. R. Holzer and M. Radparvar. Monolithic
low-transition-temperature superconducting magnetometers for high resolution

imaging magnetic fields of room temperature samples. Applied Physics Letters
82(20), 3487 (2003)

[10] G. Panaitov, H.-]. Krause and Y. Zhang. Pulsed eddy current transient tech-
nique with HTS SQUID magnetometer for non-destructive evaluation. Physica
C: Superconductivity and its applications 372, 278 (2002)

98



[11] H. Xia, A. Ben-Amar Baranga, D. Hoffman and M. V. Romalis. Magnetoen-
cephalography with an atomic magnetometer. Applied Physics Letters 89(21),
211104 (2006)

[12] A.Sandhu, A. Okamoto, I. Shibasaki and A. Oral. Nano and micro Hall-effect
sensors for room-temperature scanning hall probe microscopy. Microelectronic
Engineering 73, 524 (2004)

[13] S. Wildermuth, S. Hofferberth, I. Lesanovsky, S. Groth, P. Kruger,
J. Schmiedmayer and I. Bar-Joseph. Sensing electric and magnetic fields with
Bose-Einstein condensates. Applied Physics Letters 88(26), 264103 (2006)

[14] P.Kruger, L. Andersson, S. Wildermuth, S. Hofferberth, E. Haller, S. Aigner,
S. Groth, I. Bar-Joseph and J. Schmiedmayer. Potential roughness near litho-
graphically fabricated atom chips. Physical Review A 76(6), 063621 (2007)

[15] M. A. Naides, R. W. Turner, R. A. Lai, J. M. DiSciacca and B. L. Lev. Trapping
ultracold gases near cryogenic materials with rapid reconfigurability. Applied
Physics Letters 103(25), 251112 (2013)

[16] M. Z. Hasan and C. L. Kane. Colloquium: Topological insulators. Reviews of
Modern Physics 82(4), 3045 (2010)

[17] X.-L. Qiand S.-C. Zhang. Topological insulators and superconductors. Reviews
of Modern Physics 83(4), 1057 (2011)

[18] E. Dagotto. Complexity in Strongly Correlated Electronic Systems. Science
309(5732), 257 (2005)

[19] A.Damascelli, Z. X. Shen and Z. Hussain. Angle-resolved photoemission spec-
troscopy of the cuprate superconductors. Reviews of Modern Physics 75(cond-
mat/0208504), 473 (2003)

[20] Y. L. Chen, J. G. Analytis, J. H. Chu, Z. K. Liu, S. K. Mo, X. L. Qi, H. J.
Zhang, D. H. Lu, X. Dai, Z. Fang, S. C. Zhang, 1. R. Fisher, Z. Hussain
and Z. X. Shen. Experimental Realization of a Three-Dimensional Topological
Insulator, Bi2Te3. Science 325(5937), 178 (2009)

[21] P. Roushan, J. Seo, C. V. Parker, Y. S. Hor, D. Hsieh, D. Qian, A. Richardella,
M. Z. Hasan, R. J. Cava and A. Yazdani. Topological surface states protected
from backscattering by chiral spin texture. Nature 460(7259), 1106 (2009)

99



[22] Z. Alpichshev, J. G. Analytis, J. H. Chu, I. R. Fisher and A. Kapitulnik. STM
imaging of a bound state along a step on the surface of the topological insulator
Bi,Te;. Physical Review B (p. 041104) (2011)

[23] H. Beidenkopf, P. Roushan, J. Seo, L. Gorman, I. Drozdov, Y. S. Hor, R. J.
Cava and A. Yazdani. Spatial fluctuations of helical Dirac fermions on the sur-
face of topological insulators. Nature Physics 7(12), 939 (2011)

[24] K. C. Nowack, E. M. Spanton, M. Baenninger, M. Konig, J. R. Kirtley,
B. Kalisky, C. Ames, P. Leubner, C. Briine, H. Buhmann, L. W. Molenkamp,
D. Goldhaber-Gordon and K. A. Moler. Imaging currents in HgTe quantum
wells in the quantum spin Hall regime. Nature Materials (2013)

[25] C. C. Tsuei, J. R. Kirtley, C. C. Chi, L. S. Yu-Jahnes, A. Gupta and others.
Pairing Symmetry and Flux Quantization in a Tricrystal Superconducting Ring
of YBa Cu-2 O-37-delta. Physical Review Letters 73, 593 (1994)

[26] C. Hicks, T. Lippman, M. Huber, ]J. Analytis, J.-H. Chu, A. Erickson,
I. Fisher and K. Moler. Evidence for a Nodal Energy Gap in the Iron-Pnictide
Superconductor LaFePO from Penetration Depth Measurements by Scanning
SQUID Susceptometry. Physical Review Letters 103(12), 127003 (2009)

[27] D. S. Caplan, V. Orlyanchik, M. B. Weissman, D. J. Van Harlingen, E. H.
Fradkin, M. J. Hinton and T. R. Lemberger. Anomalous Noise in the Pseudogap
Regime of YBa,Cu30;_s5. Physical Review Letters 104(17), 177001 (2010)

[28] Z.Shermadini, A. Krzton-Maziopa, M. Bendele, R. Khasanov, H. Luetkens,
K. Conder, E. Pomjakushina, S. Weyeneth, V. Pomjakushin, O. Bossen and
A. Amato. Coexistence of Magnetism and Superconductivity in the Iron-Based
Compound Csg g(FeSey9s)>. Physical Review Letters 106(11), 117602 (2011)

[29] D. A. Dikin, M. Mehta, C. W. Bark, C. M. Folkman, C. B. Eom and V. Chan-
drasekhar. Coexistence of Superconductivity and Ferromagnetism in Two Di-
mensions. Physical Review Letters 107(5), 056802 (2011)

[30] J. A. Bert, B. Kalisky, C. Bell, M. Kim, Y. Hikita, H. Y. Hwang and K. A.
Moler. Direct imaging of the coexistence offerromagnetism and superconductio-
ityat the LaAlO. Nature Physics 7(10), 767 (2011)

[31] G. Ghiringhelli, M. Le Tacon, M. Minola, S. Blanco-Canosa, C. Mazzoli,
N. B. Brookes, G. M. De Luca, A. Frano, D. G. Hawthorn, F. He, T. Loew,
M. M. Sala, D. C. Peets, M. Salluzzo, E. Schierle, R. Sutarto, G. A. Sawatzky,

100



E. Weschke, B. Keimer and L. Braicovich. Long-Range Incommensurate
Charge Fluctuations in (Y,Nd)Ba,Cu3Oe... Science 337(6096), 821 (2012)

[32] J. Chang, E. Blackburn, A. T. Holmes, N. B. Christensen, J. Larsen, ]. Mesot,
R. Liang, D. A. Bonn, W. N. Hardy, A. Watenphul, M. von Zimmermann,
E. M. Forgan and S. M. Hayden. Direct observation of competition between su-
perconductivity and charge density wave order in YBa,CusOg ¢7. Nature Physics

8(12), 871 (2012)

[33] B. Dellabetta, T. Hughes, M. Gilbert and B. Lev. Imaging topologically pro-
tected transport with quantum degenerate gases. Physical Review B 85(20),
205442 (2012)

[34] D. Petrosyan, G. Bensky, G. Kurizki, I. Mazets, J. Majer and J. Schmied-
mayer. Reversible state transfer between superconducting qubits and atomic en-
sembles. Physical Review A 79(4), 040304 (2009)

[35] M. Gierling, P. Schneeweiss, G. Visanescu, P. Federsel, M. Héffner, D. P.
Kern, T. E. Judd, A. Giinther and J. Fortagh. Cold-atom scanning probe mi-
croscopy (pp. 1-6) (2011)

[36] G. Moreno, R. Messina, D. Dalvit, A. Lambrecht, P. Maia Neto and S. Rey-
naud. Disorder in Quantum Vacuum: Casimir-Induced Localization of Matter
Waves. Physical Review Letters 105(21), 210401 (2010)

[37] J. Clarke and A. Braginski, eds. The SQUID Handbook (Wiley-VCH, 2004)

[38] J. A. Sidles, J. L. Garbini, K. J. Bruland, D. Rugar, O. Zuger and others.
Magnetic resonance force microscopy. Reviews of Modern Physics 67, 249
(1995)

[39] J. A. Sidles. Folded Stern-Gerlach experiment as a means for detecting nuclear
magnetic resonance in individual nuclei. Physical Review Letters 68(8), 1124
(1992)

[40] D. Sheng, S. Li, N. Dural and M. V. Romalis. Subfemtotesla Scalar Atomic
Magnetometry Using Multipass Cells. Physical Review Letters 110(16),
160802 (2013)

[41] I Savukov, S. Seltzer, M. Romalis and K. Sauer. Tunable Atomic Magnetome-
ter for Detection of Radio-Frequency Magnetic Fields. Physical Review Letters
95(6), 063004 (2005)

101



[42] P. Maletinsky, S. Hong, M. S. Grinolds, B. Hausmann, M. D. Lukin, R. L.
Walsworth, M. Loncar and A. Yacoby. A robust scanning diamond sensor for

nanoscaleimaging with single nitrogen-vacancy centres. Nature Nanotechnol-
ogy 7(5), 320 (2012)

[43] G.Kucsko, P. C. Maurer, N. Y. Yao, M. Kubo, H.J. Noh, P. K. Lo, H. Park and
M. D. Lukin. Nanometre-scale thermometry in a living cell. Nature 500(7460),
54 (2013)

[44] S. Wildermuth, S. Hofferberth, I. Lesanovsky, E. Haller, L. Andersson,
S. Groth, L. Bar-Joseph, P. Kruger and J. Schmiedmayer. Bose-Einstein con-
densates: Microscopic magnetic-field imaging. Nature 435(440) (2005)

[45] D. Griffiths. Introduction to Quantum Mechanics (Pearson Education, Inc.,
2005)

[46] T. Miller. Atomic and Molecular Polarizabilities (CRC Press, 2000), 81 edition

[47] W. Ketterle, D. Durfee and D. Stamper-Kurn. Making, Probing, and Under-
standing Bose-Einstein Condensates. In M. Inguscio, S. Stringari and C. Wie-

man, eds., Proceedings of the International School of Physics “Enrico Fermi”,
Course CXL, (pp. 67-176) (1999)

[48] J. Reichel and V. Vuletic, eds. Atom Chips (Wiley-VCH, 2011)

[49] ]. Reichel, W. Hansel and T. W. Hansch. Atomic micromanipulation with mag-
netic surface traps. Physical Review Letters 83(17), 3398 (1999)

[50] J. Reichel. Microchip traps and Bose-Einstein condensation. Applied Physics B
74(6), 469 (2002)

[51] R. Folman, P. Kriiger, J]. Schmiedmayer, J. Denschlag and C. Henkel. Micro-
scopic atom optics: from wires to an atom chip. Advances in Atomic Molecular
and Optical Physics 48, 263 (2003)

[52] J. Fortagh and C. Zimmermann. Magnetic microtraps for ultracold atoms. Re-
views of Modern Physics 79(1), 235 (2007)

[53] J. Verdu, H. Zoubi, C. Koller, J. Majer, H. Ritsch and J. Schmiedmayer.
Strong Magnetic Coupling of an Ultracold Gas to a Superconducting Waveguide
Cavity. Physical Review Letters 103(4), 043603 (2009)

102



[54]

[55]

[56]

[571]

[58]

[59]

[60]

[61]

[62]

[63]

S. Aigner, L. D. Pietra, Y. Japha, O. Entin-Wohlman, T. David, R. Salem,
R. Folman and ]J. Schmiedmayer. Long-Range Order in Electronic Transport
Through Disordered Metal Films. Science 319(5867), 1226 (2008)

J. Obrecht, R. Wild and E. Cornell. Measuring electric fields from surface con-
taminants with neutral atoms. Physical Review A 75(6), 062903 (2007)

P. Bohi, M. F. Riedel, T. W. Hansch and P. Treutlein. Imaging of microwave

fields using ultracold atoms. Applied Physics Letters 97(5), 051101 (2010)

S. Whitlock, B. Hall, T. Roach, R. Anderson, M. Volk, P. Hannaford and
A. Sidorov. Effect of magnetization inhomogeneity on magnetic microtraps for
atoms. Physical Review A 75(4), 043602 (2007)

T. Nirrengarten, A. Qarry, C. Roux, A. Emmert, G. Nogues, M. Brune, J. M.
Raimond and S. Haroche. Realization of a Superconducting Atom Chip. Phys-
ical Review Letters 97(20), 200405 (2006)

T. Miiller, B. Zhang, R. Fermani, K. S. Chan, Z. W. Wang, C. B. Zhang,
M.]J. Lim and R. Dumke. Trapping of ultra-cold atoms with the magnetic field of

vortices in a thin-film superconducting micro-structure. New Journal of Physics
12(4), 043016 (2010)

T. Mukai, C. Hufnagel, A. Kasper, T. Meno, A. Tsukada, K. Semba and
E. Shimizu. Persistent Supercurrent Atom Chip. Physical Review Letters
98(26), 260407 (2007)

D. Cano, H. Hattermann, B. Kasch, C. Zimmermann, R. Kleiner, D. Koelle
and J. Fortagh. Experimental system for research on ultracold atomic gases near
superconducting microstructures. The European Physical Journal D 63(1), 17
(2011)

S. Minniberger, F. Diorico, S. Haslinger, C. Hufnagel, C. Novotny, N. Lip-
pok, J. Majer, S. Schneider and ]J. Schmiedmayer. Magnetic conveyor belt
transport of ultracold atoms to a superconducting atomchip. Applied Physics B
(2014)

F. Jessen, M. Knufinke, S. C. Bell, P. Vergien, H. Hattermann, P. Weiss,
M. Rudolph, M. Reinschmidt, K. Meyer, T. Gaber, D. Cano, A. Giinther,

S. Bernon, D. Koelle, R. Kleiner and J. Fortagh. Trapping of ultracold atoms in
a 3He/4He dilution refrigerator. Applied Physics B (2013)

103



[64] D. E. Pritchard. Cooling neutral atoms in a magnetic trap for precision spec-
troscopy. Physical Review Letters 51(15), 1336 (1983)

[65] V. S. Bagnato, G. P. Lafyatis, A. G. Martin, E. L. Raab and R. N. Ahmad-
Bitar. Continuous stopping and trapping of neutral atoms. Physical Review
Letters 58, 2194 (1987)

[66] ]J. Fortagh, H. Ott, S. Kraft, A. Giinther and C. Zimmermann. Surface effects
in magnetic microtraps. Physical Review A 66(4), 041604 (2002)

[67] A.E.Leanhardt. Cooling Bose-Einstein Condensates Below 500 Picokelvin. Sci-
ence 301(5639), 1513 (2003)

[68] S. Youn, M. Lu, U. Ray and B. Lev. Dysprosium magneto-optical traps. Physi-
cal Review A 82(4), 043425 (2010)

[69] K. Baumann, N. Q. Burdick, M. Lu and B. L. Lev. Observation of low-field
Fano-Feshbach resonances in ultracold gases of dysprosium. Physical Review A
89(2), 020701 (2014)

[70] J. Estéve, C. Aussibal, T. Schumm, C. Figl, D. Mailly, I. Bouchoule, C. West-
brook and A. Aspect. Role of wire imperfections in micromagnetic traps for
atoms. Physical Review A 70(4), 043629 (2004)

[71] S. Wildermuth. One-dimensional BECs in micro-traps. Ph.D. thesis, Ruperto-
Carola University of Heidelberg (2005)

[72] K. B. MacAdam. A narrow-band tunable diode laser system with grating feed-
back, and a saturated absorption spectrometer for Cs and Rb. American Journal
of Physics 60(12), 1098 (1992)

[73] Y.]. Lin, A. Perry, R. Compton, I. Spielman and J. Porto. Rapid production
of R87b Bose-Einstein condensates in a combined magnetic and optical potential.
Physical Review A 79(6), 063631 (2009)

[74] R. Grimm, M. Weidemtdiller and Y. N. Ovchinnikov. Optical dipole traps for
neutral atoms. Adv. At. Mol. Opt. Phys. 42, 170 (2000)

[75] D. Steck. Rubidium 87 d line data (2010). http://steck.us/
alkalidata/

104


http://steck.us/alkalidata/
http://steck.us/alkalidata/

[76] T.M. Brzozowski, M. Maczynska, M. Zawada, ]J. Zachorowski and W. Gaw-
lik. Time-of-flight measurement of the temperature of cold atoms for short trap-

probe beam distances. Journal of Optics B: Quantum and Semiclassical Optics
4(1), 62 (2002)

[77] http://www.cs.cmu.edu/S$\sim$Siwan/1394/
[78] MATLAB. Image Acquisition Toolbox™ Adaptor Kit User’s Guide

[79] S. C. Bell, M. Junker, M. Jasperse, L. D. Turner, Y. J. Lin, . B. Spielman and
R. E. Scholten. A slow atom source using a collimated effusive oven and a single-
layer variable pitch coil Zeeman slower. Review of Scientific Instruments 81(1),
013105 (2010)

[80] H. Metcalf and P. van der Straten. Laser Cooling and Trapping (Springer,
1999)

[81] J. Jackson. Classical Electrodynamics (John Wiley & Sons, Inc., 1999)

[82] M. Jones, C. Vale, D. Sahagun, B. Hall and E. Hinds. Spin Coupling between
Cold Atoms and the Thermal Fluctuations of a Metal Surface. Physical Review
Letters 91(8), 080401 (2003)

[83] A. Leanhardt, Y. Shin, A. Chikkatur, D. Kielpinski, W. ketterle and
D. Pritchard. Bose-Einstein Condensates near a Microfabricated Surface. Phys-
ical Review Letters 90(10), 100404 (2003)

[84] P. Hariharan. Basics of Interferometry (Academic Press, 2007)

[85] S. Schneider, A. Kasper, C. Hagen, M. Bartenstein, B. Engeser, T. Schumm,
I. Bar-Joseph, R. Folman, L. Feenstra and J. Schmiedmayer.  Bose-
Einstein Condensation in a simple Microtrap. Physical Review A 67(cond-
mat/0210488. 2), 023612. 4 p (2002)

[86] D. A. Smith, S. Aigner, S. Hofferberth, M. Gring, M. Andersson, S. Wilder-
muth, P. Kriiger, S. Schneider, T. Schumm and J. Schmiedmayer. Absorption
Imaging of Ultracold Atoms on Atom Chips. Optics Express 19(9), 8471 (2011)

[87] S. Chu, J. E. Bjorkholm, A. Ashkin and A. Cable. Experimental observation of
optically trapped atoms. Physical Review Letters 57(3), 314 (1986)

105



[88] J. Dalibard and C. Cohen-Tannoudji. Laser cooling below the Doppler limit by
polarization gradients: simple theoretical models. JOSA B 6(11), 2023 (1989)

[89] W. Happer. Optical Pumping. Reviews of Modern Physics 44(2) (1972)

[90] K. B. Davis, M.-O. Mewes, M. A. Joffe, M. R. Andrews and W. Ketterle.
Evaporative Cooling of Sodium Atoms. Physical Review Letters 74, 5202 (1995)

[91] W. ketterle and N. J. Druten. Evaporative Cooling of Trapped Atoms. Advances
in Atomic Molecular and Optical Physics 37, 181 (2005)

[92] C. Roux, A. Emmert, A. Lupascu, T. Nirrengarten, G. Nogues, M. Brune,
J. M. Raimond and S. Haroche. Bose-Einstein condensation on a superconduct-
ing atom chip. Europhysics Letters (EPL) 81(5), 56004 (2008)

[93] H. Casimir and D. Polder. The influence of retardation on the London-van der
Waals forces. Physical Review 73(4), 360 (1948)

106



	Dedication
	Acknowledgements
	Table of Contents
	List of Tables
	List of Figures
	Introduction
	Other Probes
	Why Atom Chip Magnetometry
	Atom Chip Trapping
	H-Trap and Z-Trap

	Magnetic Field Imaging
	Electric Field Imaging
	Reconstructing a Current Image

	Laser System
	780-nm Lasers
	First Generation
	Second Generation
	Lasers and Optics
	Saturated Absorption Spectroscopy
	Beat Note Lock

	1064-nm Lasers

	Experimental Control and Data Acquisition
	Control Hardware
	Control Software
	Overview
	SubBlocks
	Representing Hardware
	Block Object
	Experiment Object
	Defining an Experiment

	Imaging
	Absorption Imaging
	Cameras
	PIXISAdaptor
	Imaging Optics

	Translation Stages
	ODTT Stage
	Sample Stage


	Production Chamber
	Cleaning Procedure
	Oven Section
	Zeeman Slower
	Octagon
	Pump Section

	Science Chamber
	Cryogenics
	Macrowire Assembly
	Atom Chip
	Sample
	Bucket Window and Imaging

	System Characterization
	Cold 87Rb Gas Production
	MOT
	Sub-Doppler Cooling
	Optical Pumping
	Hybrid Optical-Magnetic Trap
	RF Evaporation and Loading the ODTT

	Loading the Atom Chip Trap
	Transfer to the Science Chamber
	Loading the Macrowire Trap
	Loading the Microwire Trap
	RF Evaporation on Chip


	Conclusion and Outlook
	Control Hardware Outputs
	Bibliography

