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1 Introduction
The goal of our research is to study the properties of a new type of optical trap for
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describe any computer whose opeiats are dictated by quantum mechanics. The

principles of entanglement and the superposition of quantum states can be used to perform

the logic operations necessary to build a quantum computer [1]. Quantum computers will

be able to compute manipody systers in quantum chemistry and biochemistry, and the

prime factorization of large numbers. These problems would take classical computers the

age of the universe to compute. Current RSA encryption relies on the assumption it would

take classical computers unr&anably long to find the prime factors of large numbers, so a

guantum computer could break this encryption scheme.

Our research is exploring one possible method of making a quantum computer using
neutral atoms in ararray ofoptical traps. Atoms will berapped in the near diffraction
pattern of an array ofcircular aperture[2]. Once trapped, we can study how the atoms can
perform the necessary quantum operations foquantum computer. Think of aptical
trap as a point of low potential energy. Fdaoms to be trapped in this point they must have
less energy than the walls of the trap. A magnefatical trap supeicools and collects the
atoms, preparing them to transfer into the optical e he atoms need to be cooled to the

order of 10" Kelvin beause at higher temperatures the atoms would have too much energy



to be held in the optical trap. It is necessary to trap the atomsnialahigh vacuum

because any collision with a stray atom will knock out a trapped atom, and there are very
few stray doms in an ultrahigh vacuum. The quality of the vacuum will largely determine
how long atoms will stay trapped and potentially limit the experiments we are able to

perform.

2 Theory of a Magneto -Optical Trap

2.1 Basic Setup
A magneto optical trap consists sik laser beams shining into a vacuum chamber

clad in two electromagnets [8]. The lasers are red detudeso atoms are Doppler cooled

[5]. Doppler cooling only slows atoms traveling towaadseam, so six beams are shone into
the trap from all x,y,z diréons to slow atoms traveling in any direction. Two

electromagnets are used to create a magnetic field, which has a zero point in the middle of
the trap. The magnetic field inducesetnan splitting in the rubidiuratoms, which allows

us to use the laser parization to collect the atoms at the zero point of the magnetic field.

These techniques will be explained in detail in the following sections.



2.2 Doppler Cooling

The principle of Doppler cooling [5] utilizes stimulated absorption and spontaneous

emissionshown in figure 2.1 An atom can transfer to a higher energy quantum state by

absorbing a photon with the same energy as the difference between the quantum states in

a process called stimulated absorption. The excited state is unstable so the atomowill d

back into the ground stateTo release thexcess energy the atom fluoress; and emits a

photon in a random directionlhis process is called spontaneous emisdighen an atom

absorbs or releases a photon it also recoils from the photon's momentum.

Atom absorbs photon's
energy AE, jumping to an

Photon emitted in random direction
with energy gE through spontaneous

excited state emission
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Photon absorbed by atom in
stimulated absorption

Atom returns to
ground state after
losing energy

Figure 2.1: Stimulated absorption process on the ledt spontaneous emission

proceson the right, notenE=E-E1



Rubidium will only fluoresce when the laser frequency is very close to resonance
with the fluorescence frequency. When an atom is travetowards or away from the laser
source it sees the laser frequency as blue or red shifted, respectively due to the Doppler
effect. By tuning our lasers to a frequency just below the fluorescence frequency (so it is red
shifted), the atom will see the laséequency blue shifted to the fluorescence frequency
when traveling towards the laser beam. When the laser frequency is shifted slightly off the
resonant frequency the atoms are less likely to absorb the photons. Consider the
configuration in figure 2.2Ne tune a laser below the resonant frequency or 'red detune'
the laser. When shining a red detuned laser from the left as below, only atoms traveling to

the left readily absorb photons.
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Figure 2.2: Doppler effect otiraulatedabsorption

Whenan atom absorbs a photon it absorbs the photon's energy and momentum.
The energy from the photon excites the atom into a sHwed excited state. The excited
state for rubidium is relatively short lived with a lifene of only 26.63is [3] before
undergang spontaneous emission. The photon emitted carries momentum as well as the
excess energy from the transition to the groustdte. As an atom undergoes many
stimulated absorption and spontaneous emission cycles, photons emitted are in random
directions sahey exert no net force on the atom. Thus, the overall net force on the atom is

only from absorbed photonsas shown in figure 2.3



We want to slow down and thus cool the Rubidium atoms, thus we only want the
rubidium atoms traveling towards the lasdcsabsorb photons. As the rubidium atoms
traveling towards the beam are absorbing the momentum from the photons they are
slowing down and losing kinetic energy. In this way the photons absorbed slow down the

rubidium. Thisprocesss known as Doppler Coaly.

Momentum Net recoil momentum
transferred by laser from photons emitted
photons in random directions is

q zerq_ © —4

= b N

laser

E1

Atom

traveling left The net momentum

from the laser slows
the atom.

Figure 2.3: Doppler cooling with a single laser.



2.3 Zeeman Effect
In a magnetic field the energy levels of an atom split due to the interaction of the

magnetic field with the magnetic dipole moment of the atom, commonly know as the
Zeeman Effect. Caider the atomic model in figure 2.4 with two energy levels, ground level
E and an excited level,Eand total angular momentum=l0 and g1, respectively. Both the

E and Econtain magnetic nsubstates that are normally degenerate. In a magnetic field
the mystates shift energy. The example atom's excited state splits into three levels with
m;=0x 1 and the ground state will havea0.The shift in energy of fine structure;states

by a magnetic field orientated along theaxis is:

Emagmdipole: g.] /7% mJ Bz

The external magnetic fieldcomponent is denoted Bwhile gis the Landé g
T I OG 2 NiEthe-BghRmagneton. The splitting of the states is proportional to the
strength of the magnetic field. In a magnetic field gradient therdan splitting increases
with a stronger field. Using the same atomic model as above, a stronger magnetic field
would bring the nj=-1 excited energy level closer to the groung=thlevel, so less energy is

needed to make the transition.
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Figure 2.4: Zewan splitting of k£in a magnetic field

The polarization direction of the laser light determines the Zeeman level the
rubidium will excite to. Negatively circularly polarized light will only allow the =0
m;=-1 transition along the quantization axis of a magnetic field due to selection Byes.
controlling the polarization direction and magnetic field within the chamber we can control
the transitions likely for rubidion. Rubidium has a much more complicated atomic structure

but the principles are the same.

2.4  Trapping Atoms
Consider the configuration in figure 2.5 withaf  aSNJ 6 SIFY FTNRBY (KS

beam from the right laser shining into a region with a magn#éld increasing to the right

with zero field in the center. An atom located to the left of the center of the trap



experiences a negative magnetic field which lowers thelrenergy level. This increases
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towards the zero point in the magnetic field. If the atom is located to the right of the zero
point of the trap centerthefF-m Sy SNH@& f S@St A & .pe@aNBshdsOOS&aadA0f ¢

the atom back to the center.

) mj = -1
Ot 0"
mj=1
Laser 1 Laser 2
o+ I Atom I O-
E1

z=0

Figure 2.5: Collecting atoms with a magnefatical trap, adapted from [6]

In our experiment the magnetic field is setup such that it is zero in the center of the

chamber and increases in strength linearly in all directions a in figure 2.6. Sulthia fie
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created between two magnets whose poles face each other, and is called a quadrupole

magnetic field

Coils

AA]

b4

Magnetic 1

Zero-point
field lines ero-poin

in field

Figure 2.6: Quadrupole magnetic field [6]

We shine in three pairs of opposédl y Rbeams from each spatial dimension

such that an atom anywhere outside the zero field will be pushed back by a polarized beam.
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By shining in lasers from all sides, any moving rubidium is traveling towards a red detuned
laser and thus fluorescing driosing kinetic energy due to Doppler cooling. We have now
created a magnetaptical trap that cools atoms through Doppler cooling and then collects
the atoms in the zero point field of a quadrupole magnetic fidlgain, ubidium has a much

more complicged atomic structure but the principles are the same.

3 Experiment: Creation of a Magneto -Optical Trap

3.1 Cleaning the Chamber
azaid yS¢ LI NILIA 6SNBE | f NBFRe& aOftSIyé¢ FNRBY (K

degree of cleanliness, any residual oil from manufaonturivould be detrimental to our
experiment. Every surface was cleaned as thoroughly as pobsitilee assembling the
vacuum chamber, see figure 3Rarts going inside the vacuum were first cleaned with an
ultra sonic cleaner using Contrex AP Powdered bad®etergent, for one hour to remove
any impurities from the surface. After, it is rinsed with distilled water to remove most of the
ultra sonic cleaner soap. This is followed by two subsequent methanol rinses to ensure the
surface is completely clean.vtas common practice to wrap parts in aluminum foil for
transport and storage because it can completely protect against dust, and doesn't produce
any lint. Methanol is our most common cleaner of choice because it is a strong cleaning

solution that evaporats leaving no residue.
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. - K D e
Figure 3.1: Grant Raynassemblinghe vacuum chambemfter thoroughly
cleaning all parts

Thestainless steainetal components of the vacuum chamber were baked to about
400°C in a box furnace for several hours prior to iretiath. Some parts such as the glass
section of the vacuum chamber could not fit in the box furnace and therefore were not
baked out. Parts were heated to bake off any residual "dirt" particles, and the heating forms

an oxide layer on the metal sealing ilecules trapped within the metal. The inside of the
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chamber must be as clean as possible because at ultra low pressures many substances

outgas, increasing the pressure in the chamber.

Outgassing is a general term used to describe the releasing of medeshile under
vacuum. It can happen from the great increase in the vapor pressure of substances normally
liquids or solids at atmospheric pressure so over time they continuously release molecules.

Metals also outgas by releasing molecules trapped withenatomic structure.

Components on the exterior of the vacuum chamber were typically cleaned solely
with methanol. Every part used on the vacuum chamber and support system had to be
thoroughly cleaned. All bolts were cleaned in the ultra sonic cleanensore they had no
residual grease from manufacturing or any other impurities what could vaporize during the
bake out. Even if a part appeared spotless just a little grease residue left somewhere would
smoke during the bake out and potentially stain thasg chamber rendering it useless for

our experiments.

3.2 Pumping station

3.2.1 Roughing pump
The pumping station was used to pump out the vacuum chamber during the bake

out because we expected a large volume of particles to come off during the bake out. We

usedtwo pumps in series, each with a specific role. The roughing psegfigure 3.2was



14

a more traditional pump in its action, and was designed to move a larger volume of air. This
pump works in an oil bath, which could potentially get sucked back iatfamber. We
replaced the original pump with one equipped with an ‘asutkback' valve designed to
stop the back flow of oil into the chamber. This was very important for us as we would have

to meticulously clean the chamber if any oil got in. Whenghessure reached the 0Torr

range the roughing pump was unable to pump any lower.

Figure 3.2: Roughing pump, the orange heat sink keeps the oil bath cool.
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3.2.2 Turbo pump
To be sure all impurities are pumped from the chamber we need much lower

pressures.flany impurity were left it would slowly otgas over time and raise the pressure
we could ultimately reach. A turbmolecular pump backed by the roughing pump let us

reach 1 Torr pressures.

The turbo pumpsee figure 3.3yorks by spinning a series afigled blades at
90,000 rpm [7] knocking molecules down towards the roughing pump. The pressures the
turbo pump operates at are so low air molecules will not be pulled out merely through
airflow; they need to be physically pushed out. It can only beddron around 18 Torr
pressures because its blades spin so fast the air resistance at higher pressures would
damage them. Whenever the turbo pump is on for an hour or more it needs to be cooled
with a liquid chiller to keep it from over heating. Thisspecially crucial during the bake out

when the pumps are run for ten days.
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Figure 3.3: Turbo pump inlet showing the angled blades.

3.2.3 Gate Valve
The gate valvesee figure 3.4allows us to quickly isolate the vacuum chamber from

the pumping station. Iftie roughing pump failed pressure would build behind the turbo

pump and eventually leak into the chamber possibly bringing in contaminants. If the turbo
pump failed, air would rush in and the high speed of the gate valve would be needed to limit
the air andcontaminants sucked into the vacuum chamber. If the glass on the vacuum

chamber broke the gate valve would protect the pumps from debris.
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The valve has a 'gate’ that comes down and seals against a wall. It is powered by 80
psi of air pressure (we usedtmogen). The pressure is controlled by an elegireumatic
solenoid see figure 3.4The solenoid is basically a valve controlled by an electromagnet.
When thee is a current through thelectromagnet the gate is open, but when power is cut
the gate vale closes. Because the gate valve works on air pressure it can still isolate the
chamber in case of a power outage. The solenoid controlling the gate is very sensitive, so we
need to take it up to 80 psi in smalfisi increments while opening and closthg gate
valve to relieve the pressure difference. The valve can be kept at operating pressure to

ensure readiness, which we did during the bake out.
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Figure 3.4: Air actuated gate valve and control box with elgatreumatic solenoid.

Initially we usé a soft air hoséo connect the nitrogen compressed air supply to the
valve, butover timeit weakened and expanded. The section of hose just before the solenoid

had swollen to three times its normal diameters seen in figure 3.6efore we noticed.
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After switching to a harder material hose we haven't had any further problems with the air

hose.

.

Figure 3.5: Soft solenoid air hose swollen from high pressure.
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3.2.4 The Blow Up
During a test, we were pumping down the vacuum chamber prior to the bake out,

and rearing the terminal pressure of the turbo pump. Suddenly we heard a very loud
grinding noise. Everybody immediately knew it was the turbo pump and jumped into action.
Within seconds we closed the gate valve and turned off the turbo pump controller. The

turbo pump had destroyed itself and we needed a new one.

We ordered a replacement turbo pump of the same model (Pfeiffer Balzers TPH
060)from Duniway Stockroonso we could use our same turbo pump controller (Pfeiffer
Balzers TCP 121). Using the same mpdeip also ensures it will bolt up to the plumbing on
the pumping station. Duniway cleaned our refurbished pump very thoroughly before

sending it to make sure we were not going to introduce new contaminants to the vacuum.

3.2.5 lon gauge
The lon gauge workké a vacuum tube. Stray molecules passing through are

ionized by the filament and drawn to the cathode. This creates a current that is then read by
the control box. Over time the glass actually decompa@sesdeposits on the filament his

can be expelletyy raising the voltage of the filament until the contaminants are vaporized

off. This is called degassing. When degassing we change the ion gauge control to '‘Degas' to
allow us to directly control the voltage to the filament and the glass particles seittae

filament. We slowly increase the voltage until a blue glow is seen around the cathode. The
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blue glow is from the ionized glass part&feiorescing. We would only see the blue glow
the first time degassing because that is when there are the rmagaminants. At other

timesthere wouldn't be enough for us to see any fluorescence.

3.3 Preparation for the Bake Out

3.3.1 Test Bake Out
We ran a test bake out to test multiple parts of the bake out working in conjunction.

A thermocouple was placed on the chamli@monitor the temperature over timéiNe

wrapped an unused section of glass and metal just as we would for the bake out. A layer of
aluminum foil was first laid down on the glass section before the entire thing was wrapped
with a heater tape. After the hdar tape the chamber was wrapped many times with new

fiberglass insulation.

The test let us know the temperature response to expect from changes made to the
heater's variac while heating the chamber. We could see, on a specifically made test bake
out Labvew program, the temperature of the chamber over time. While heating the test
bake out for the first time we noticed a peculiar smell and some smoke coming from the
wrapped up chamber piece. We immediately stopped heating, and safely cooled the piece
backto room temperature. Upon investigating we found the fiberglass itself had started to

change color and was the source of the strange smell. The fiberglass was rated to a much
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higher temperature than we had reached in the initial test bake out. The smkoke

we determined were from impurities in the fiberglass that would bake off the first time it
was heated. We couldn't have these impurities bake off of the insulation and stain the glass
of the vacuum chambeSome insulation was therefore bakedabox furnace and we ran

the test bake out again. This time everything worked flawlessly and we baked out the test

piece for 5 days

The rest of the fibergks was then baked out to assure no impurities would bake
onto our chamberThe fiberglass insulatowas wrapped in aluminum foil to contain
anything that may bake off, and then heated to 400°C for an hour and a half before flipping
the insulation and baking for another hour and a half. After leaving the furnace the

insulation had a golden tint compared the ghostly white new insulation.

If we hadn't run the test bake out we wouldn't have known about the insulation
reacting when heated and could have stained the glass on the chamber. The test bake out
also gave us the opportunity to test the Labviewde for the bake out over an extended

period of time in practice.

3.3.2 Mounting the Chamber
For the bake out we wanted the vacuum chamber to be mounted as high as possible

on the posts for easy access but more importantly to isolate it thermally from thespt
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bench. We were worried heat from the vacuum chamber would be transferred through the
posts into the table. This would make the entire bench act as a heat sink lowering the
maximum bake out temperature as well as making the room warmrddnairedheight of

each post was calculated, making sure to leave enough room to mount the ceramic

insulating blocks later.

Closer to the bake out, the mounts for the chamber were placed on insulating
ceramic blocks to isolate them thermally. Metal screws still cotetethe mounts to the
platforms and posts. The screws could transfer heat to the platform, which would then heat
the post and the table. The screws were covered in fiberglass sleeves and ceramic washers
were used where the screw would contact the suppdédtfprm to isolate them thermally.

The stands needed to be milled to clear the washers because the ceramic was very brittle
and needed to be on a flat surface. The amount milled was fairly small and we determined
wouldn't affect the structural integrityd an extent we would need to worry abouthe

setup is shown in figure 3.6
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Figure 3.6: Vacuum chamber mounted on ceramic blocks.

During the bake out we were worried about the bolts bonding to the chamber
mounts and seizing. The bolts holding the vacwlmamber together are silver plated so
they would not seize. Not all bolts were available with silver plating so these needed to be
coated in an antseize. We needed an argeize that could be heated to 300C without
releasing anything that could baketorthe glass of the chamber. We ended up using a
graphite powder with acceptable purity. The powder was mixed with methanol and then
applied to the screws. The methanol would harmlessly evaporate leaving the threads

covered in graphite. After the bake oall bolts unscrewed without a problem.
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3.4 Bake Out

3.4.1 Theory Behind the Bake Out
Even though the turbo pump could reach pressures in th& T range we need

pressures less than frorr or ideally 18° Torr for our experiments. To achieve lower
pressuresve needed to heat the chamber. This had two effects, the pressure inside would
rise with the temperature making it easier to pump out more molecules, and molecules
would outgas from the chamber walls much more quickly. The metal the chamber is made
out of stainless steel, whichcts as a sort of sponge and actually has molecules impregnated
inside. Over time these will slowly leak out of the metal (outgas) and keep the chamber
from reaching the lowest possible pressure. This heating process is also leallied) ‘out’

the vacuum chamber.

3.4.2 Experimental Risks
Uneven heating can cause regions of the chamber to expand at different rates. This

is particularly important at the glagaetal junctions. We had separate heater tapes for the
glass and metal regiong the chamber, and monitored the temperature at six spots using

thermocouples as we heated the chamisere figure 3.7



26

Figure 3.7: Chamber wrapped with heater tapes. The wires leaving the chamber are
from the thermocouples.

3.4.3 Heating Up
When heating up te chamber we wanted to take our time so a temperature

difference wouldn't develop between the metal and the glass. Every thirty minutes we
would check the temperature of all six thermocouples on the chamber. From there we
would decide how much to changeglvoltages of the heater tapes. Because we were
raising the temperature over the course of many hours it was easy to make the small
adjustments necessary. We ended up taking twefiotyr hours to heat up the chamber to a
glass temperature of 300 C and a metl temperature of 340 C. We watched the chamber

twenty-four hours a day when it was heating. Once we got close to our desired temperature



