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Chapter 1

| nt roducti on

1.1 CQuantum Theory

In quantum mechanics, under certain conditions
el ectromagnetic radiation can exhibit “particle”
characteristics, and matter can exhibit wave properties.

In order to study these wave properties, the matter nust

ll, where m is the
mv

have a | arge De Broglie wavel ength, | =
mass of the object, v is the velocity, and h=6.626"10*JxS
I's Planck’s constant. One way to this wave phenonena is to

scatter the atonms off a known potential and to | ook for

interference effects. For small particles such as

el ectrons, where m=911"10%kg, their wavel ength is

approxi mtely 10°m at room tenperature. But for |arger
particles, such as atons, in order to get a conparable
wavel ength their velocity has to be very small. Maxwell’s
gas law tells us that the average kinetic energy is
proportional to the tenperature. By cooling the atons, we
| ower the velocity. It is at these | ow tenperatures that

the De Broglie wavelength is | ong enough to study the wave



properties. Cooling atonms to these tenperature is done
using |l asers and magnetic coils to create a magneto optic
trap (MOT).
1.2 Brief H story of Laser Cool ed Atons
Wthin the last half of the 20'" Century, major

strides have been made within | aser technol ogy, which has
I nproved physicists’ ability to mani pul ate and trap atons
in a confined space inside an evacuated chanber. Laser-
cooling of atons is one of the expanding topics in physics,
and Atom c, Mol ecular, and Optical (AMO) physics has
energed as one of the nost fascinating areas in physics due
to these advancenents in lasers. |In 1997 the Nobel Prize
I n Physics was given for advanci ng the technol ogy of cool ed
and trapped atons, and nore recently, in 2001, for Bose-
Ei nstei n condensation, which is an exotic quantum state of
a cloud of extrenely cold atons.
1.3 Research G oup

The overall goal of our experinent is to specifically
denonstrate the action of slow atons under the influence of
| aser |light and a magnetic field, and the reflection of
these slow atons off a magnetic surface. Laser cooling
I nvol ves the process of using a |laser to slow the notion of
a gas of atons so that their tenperature is near absol ute

zero, as low as 1 mcro Kelvin. Atom trapping is the



ability to hold the cooled atoms, in our case using a
conbi nation of laser light and a magnetic field called a
magneto optic trap (MJI).

Qur research group is interested in cold atons because
one can denonstrate the wave nature using the phenonenon of
di ffraction. Diffraction | aws state that a wave t hat
scatters off a finely stripped reflective surface will
reappear at certain discrete angles. |In previous work,
| aser cool ed rubidium atoms were dropped onto a striped
magnetic surface. As they fell they gained downward
nmoment um but then were repelled by the strong magnetic
field of the surface, causing themto bounce back up. This
reflection was observed, but the large gain in mmentum
(and reduction of wavel ength) prevented neasuring any wave
characteristics in the distribution of reflected atons.

We are in the process of extending the previous
research that denonstrated the scattering of |aser-cooled
Ro atons off a striped nagnetic surface. W are now using a
nore finely striped nagnetic surface and using |aser |ight
forces to throw the atons upward where they will strike the
magneti c surface near the top of their trajectory. In this
way, their average momentum w || be near zero, primarily
determ ned by their tenperature. The tenperature of the

atoms is important for the same reason as mentioned



earlier: we want the cloud of atonms to have small nonmentum
and thus a | arge wavel ength, so they will scatter off the
surface at |arge angles. In the previous experinent the
gain in momentum as the atoms fell caused the atonms to
scatter at small angles and prevented any denonstration of
t he wave characteristics of the slow atons.
1.4 Thesis Qutline

The maj or goal of ny research thesis is to assist in
produci ng the cool ed atonms and nmeasuring and anal yzing the
tenmperature of the cloud of atons using a Tinme-of-Flight
(TOF) technique. This technique determ nes the velocity by
observation of the expansion of a cloud of cold atonms once
they are released froma trap. In order to produce cold
atonms, one nust first understand how to properly use | aser
technol ogy and precision techniques in order to tune and
stabilize a laser to the exact frequency at which the atons
are excited. Therefore ny thesis will include explanations
and descriptions of some of the precision techni ques and
the experinental apparatus that | constructed in the |ab

First, I constructed an external cavity di ode-I| aser

system 1In doing so, | |earned how to successfully control
a di ode | aser and how to adjust the optical paranmeters in
order to tune the laser to the proper frequency for cooling

and trapping Ro atonms. Second, | becane famliar with high



vacuum t echnol ogy, such as the turbonol ecul ar punp, ion
pump, and high vacuum gauges. | also identified and
cali brated spectra of rubidiumfor use as frequency | ocking
references. Lastly, | conpleted and tested the electric
control systens of the |laser and built a feedback circuit
to frequency | ock the diode | aser.

Chapter 1 begins with a description of our |aser and
the devices we use to operate and stabilize the laser. |
will also introduce other instrunents and devices we use in
the experiment. Chapter 2 discusses the theory of how
| asers work. | will also discuss the Magneto Optic Trap
(MOT). In Chapter 3, | wll discuss the technique we use to
keep the | aser |ocked at 780nm spendi ng most of the
chapter discussing the significance of the Doppler-free
saturation absorption spectroscopy experi ment, and
explaining the atom c structure of rubidiumand why we are
cooling rubidiumatonms instead of a different el ement.
Chapter 4 describes sonme different mat hemati cal nodel s of
the Time of Flight technique we will use to measure the
tenmperature of the cloud of atoms. | will conclude with a
brief overview of the inportance of nmy research to the

future of the research group.



Chapter 2

Appar at us

2.1 The D ode-Laser

OQur laser is a Htachi (HL78516) 785 nanonmeter (nm
near infrared laser, with a threshold current of 45
mllianperes (mA) and a maxi num operation current of 170mA.
We operate the | aser at 60mA. We do not operate our | aser
at nmore than 80mA because we will be using a grating to
reflect part of the laser directly back into the | aser. | f
the intensity of the beamthat travels back into the | aser
has too nuch high the | aser itself can be destroyed.
2.2 Laser Precision Devices Overview

The diode laser is a very sensitive device. For a
| aser to operate properly, one nust be able to control and
nonitor the tenperature of the |aser for reasons that |
will discuss in this chapter. The current must al so be
stable. Controlling the current and the tenperature of the
| aser gives us precise control over the frequency of the
| aser. A grating that reflects a percentage of the |ight
back into the | aser gives further control. To ultimtely

stabilize the | aser we wll neasure the | aser absorption in



a cell of Rb gas, which allows us to set the frequency of
the laser and lock it at that frequency using electrical
feedback. | will discuss this technique in detail in

Chapter 2. Figure 2-1 is a diagramof our |aser.

Adjustable
Collimating mirror mount
Peltier Lens <>
Cooler C >
™/ “Piezo
L e Grating
L"_m Adjustment
Diode

Figure 2-1 D agramof an external cavity diode | aser
[ Roach, 1995]

2.3 Laser Tenperature Control

783.00 -
782.50
782.00

781.50 1 \

Wavelength ( nm)

781.00

780.50 ] T T T T T T T T T T T T T T T T T T T T T T T T T T
15.0 17.0 19.0 21.0 23.0 25.0 27.0

Temperature

Figure 2-2: Wavelength vs. Tenperature



Control of the tenperature is extrenely vital to the
operation of a | aser because any small change in
tenperature affects the wavel ength of a laser. You can see
from Figure 2-2 that as the temperature of the | aser
I ncreases the wavel ength becomes | arger. A heating and
cooling unit specifically for the |ab controls the
tenperature of the room W control the actual tenperature
of the | aser using a thernoel ectric nodul e.

2.4 Thernoel ectric Mdule (Peltier Cooler)

The thernoelectric nodule (Peltier Cooler) allows us
to adjust and fix the tenperature of the laser. Figure 2-1
shows a drawi ng of the thernoelectric nodule attachnment to
the laser. The device is fixed between two al um num pl at es
and the alum num pl ates are glued to the bottom of | aser
nmount . The al um num pl ates allow the device to snoothly
distribute the heat fromthe thernoelectric nodule to the
| aser. The thernoelectric nodule has two sides to it. On
one side, the device heats as current flows positively, and
on the other side, it cools as current flows positively.
Reverse current does not destroy the device; it only
switches the job of the two sides. Figure 2-3 is a plot
t hat shows the effect of positive and negative flow ng

current through the thernoelectric device. Side A is when



the cooling tenperature is being neasured using positive
current, and side B is when the cooling tenperature is

measur ed usi ng negative current.

Peltier Cooler
85.0

80.0

|
<
75.0

70.0
65.0 :

4

60.0

Temperature (F)

55.0

50.0 T T T T T T T T
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50

¢ Side A m Side B

Power Supply (V)

Figure 2-3: Peltier Cool er Performance

The thermoel ectric modul e appears to reduce the
tenperature of the |laser fromroomtenperature down to
about 60 degrees Fahrenheit, which correspond to adding
about 5 Volts to the thermpelectric module. After the
voltage is turned up further than 5 Volts, the tenperature
becones unstabl e because the hot side of the thernoelectric
modul e gets so hot that it causes the cold side to rise
I nstead of drop in tenperature. Although the device has

limtations, it works perfectly well for our experinent.
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2.5 Laser D ode Driver

To control the current of the |laser a hone-built |aser
di ode driver is used, built around a commercial nodule (LDD
2P by Wavel ength Electronics). The | aser diode driver
allows us to adjust the laser and to set a current |limt to
protect the |l aser by preventing any high current from
passing through the |aser. Also for further protection of
the laser, the driver slowy turns on the current so that a
sharp high current does not suddenly travel into the |aser
whi ch could destroy it. The current imt and actual
current are monitored via a signal in volts instead of
current wwth the rel ati onshi p bei ng:

V. = , 25V

pin IIimit/current m ( l)

Li ke the tenperature, a change in current also shifts the

| aser’ s wavel ength. This is shown in Figure 2-4.
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Figure 2-4: \Wavelength vs. Current

2.6 Gating

The | aser beamis set up to hit an optical diffraction
grating so that two beans wll reflect at different angles,
as seen in figure 4. The grating is oriented so 65. 7% of
the beamtravels back into the laser, and 13. 7% is used for
our experiment. Because the |aser diode is extremely
sensitive, we |imt the operational current to 80mA so that
Intensity of light that reflects back into the | aser does
not danmage the |aser.

Once the beamreflects back into the |aser, the path
the beamtravels in a round-trip becomes | onger than
initially. The length of cavity that the beam travels

t hrough is inportant because it determ nes the wavel ength
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of the nodes of the |aser. The wavel ength therefore shifts
as the cavity is | engthened or contracted.
2.7 Piezoelectric Stack

Al'so seen in Figure 2-1 is a small piezoelectric stack
(pi ezo) (nmodel AE0203D04 by Thorlabs) that is attached to
the grating. This device controls the length of the cavity
of the laser under the influence of an applied voltage, up
to a maxi num vol tage of 150V. By using an external device
to sweep the voltage, we can scan a particular range of
| aser frequencies. Once the desired frequency is found, we
can manually set the piezoelectric stack to a certain
vol tage so that we can renmain at that frequency. W are
also able to send an oscillating voltage into the piezo
driver in order to nmodul ate the | aser for spectroscopy
pur poses. By sweeping through the frequencies of the
| aser, we see the spectral lines of the gas of rubidium
atons and we can use this spectrumto |lock the |aser at a
particular line. Chapter 3 will discuss this process nore
t hor oughl y.

The piezoelectric stack only becones effective when
the grating is aligned so that the reflecting beamtravels
directly back into the laser. There are a nunber of ways
to properly align the grating and each technique requires a

bit of practice. | will outline the process of the



13

technique that requires the | east anount of tinme. In order
to performthis technique you nust have an IR video canera.

1. Al'ign the grating so that the reflecting
beam travel s back into the | aser as good as
your eyes allow you to.

2. Point the camera and | aser onto an index
card or a black sheet of construction paper.
Turn the lights off (depends on the |ighting
in the lab, but for first tinmers this is a
good i dea)

3. Turn the |laser down just bel ow the threshold
current. That is when the |aser begins to
start lasing. You should easily be able to
see this using an | R canera.

4. Adj ust the grating adjustment knobs until

you see a sharp increase in laser intensity,
observed with the IR canera.

2.8 Oher Instrunments and Devices

Figure 2-4 is a diagram of our optical table. I wll
briefly describe each device's function. | wll discuss the
nost i nmportant instruments and devices in the foll ow ng

chapters.



Beam Expander & Beam Splitters
Glass q Smmdﬁne ffii
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\@ppler Free Saturation Spectroscopy Mirrors — : ; i
li_-_____n_ll—- —_jlt,?—i'_"_zf 3 -/',,—-"::::.\__\ ] |i/-' :
Figure 2-4: Optical Table
Laser: Not shown here or in the laser in Figure 2-1
Is the mcrowave frequency that we input
into the laser to add extra punping (see
chapter 4).
Prism The ananor phi c prism changes the origina
beam shape froman oval to a circle.
Lens: The I ens has a focal length of 750 mm and is
use to decrease the beamsize so that it
will fit through both AOM s.
AOM s: AOM is an acronym for Acousto Optic
Modul ator. They are use to shift the
frequency of the light by 60-100 MHz.
G ass: The two thick glass plates are use to split

the light into three beans as shown in the
diagram The two reflected parallel beans
are approximately 4% of the original |ight,




Pol ari zers:

Filter:

Expander :

Splitters:

Spect r oscopy:

Lock-i n:

Chamber :
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and beam t hat passes directly through is

approxi mately 92%

The six polarizers are used to circularly
pol arize the |light (see chapter 3).

Makes the circul ar shape of the beam
snoot her.

Expands the beamto a dianeter of
approximately 1 cm

Splits the laser into 3 beamw th equal
Intensities.

Doppl er Free Spectroscopy setup which
I's used to obtain the hyperfine
spectrum of rubi di um which we use to
| ock the |aser.

Stabilizes the | aser through a feedback
process (see Chapter 4).

Evacuat ed chamber where we cool the atons.
The pressure inside is approxi mately

3" 10 °mbar .
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Chapter 3

Laser Cool i ng

3.1 How does a Laser Work?

First, let’s briefly review the structure of an atom
usi ng Bohr’s theory [ Ohanian, 1995]. An atomis made up
el ectrons, protons, and neutrons. The protons and neutrons
are tightly bound together by the nuclear force and form
t he nucl eus of an atom The electrons travel around the
nucl eus in distinct orbits. You can think of the orbits
also as levels with distinct energies. 1In a neutral atom
the number of protons always equals the number of
el ectrons. An electron always wants to be in the | owest
possi bl e energy level and will eventually fall down to that
| evel ; this process is called spontaneous enm ssion. As the

electron drops to a lower level it emts a photon with a

frequency that is given by the follow ng equation: v:£§i,

where DE is the difference of the two levels, and h is
Pl anck’ s const ant.

Early in the twentieth century, physicists understood
t hat electrons could absorb energy and be excited up to a
hi gher energy level. Einstein cane al ong and showed t hat

you can also force an electron to fall into a | ower |eve
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If you hit it with a photon with the right amount of
energy. As the electron falls, a photon is emtted, just as
I n spontaneous emi ssion, so the process is called
stinmul ated em ssion. The emtted photon and the incident
electron are in phase because they are identical to one
anot her. Einstein also showed that the probability of
phot on absorption by an atomin the |ower level is equal to
the probability of stinmulated em ssion by an atomin the
upper level [Giffiths, 1994].

In stimul ated em ssion, a photon that knocks an
el ectron down to a |ower |evel can cause a chain reaction,
and the concept of |ight amplification automatically
foll ows because two photons energe, the incident photon and
the emtted photon. The chain reaction is started because
t hose two photons cause two nore photons to be emtted for
a total of four, and those four photons cause four nore to
be emtted totaling eight, and so on. All the photons
emtted are identical meaning that they have the sane
wavel engt h and frequency making the Iight nmonochromatic. In
order to create anplification there nust be nore el ectrons
in the higher level than in the |lower |evel otherw se atons
in the ower level wll absorb the photons. This neans that
the electrons in the |ower |evel nust first be punped up to

a higher level. This arrangenent is called a popul ation
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I nversion. Creating a population inversion that is
continuous is the basic principle behind the operation of
the LASER, which means the Light Amplification by
Stinmul ated Em ssion of Radiation. Wthout a continuous
popul ati on inversion, a |aser can not work.

Ei nstein’s theory on the probability and rate of
em ssion or absorption being equal also tells us that we
could never get photon amplification if we tried to
optically excite electrons in a two |level atom c system
because at best only one-half the electrons will eventually
end up in the upper state [Giffiths, 1994]. To overcone
this dilemm, processes involving three or four levels are
used. Both operate in simlar ways. First you to force
nost of the electrons that are in the ground level up to an
unstable level in which the electrons will fall to a
met ast abl e | evel that is higher than the ground |evel.
Met ast abl e means that the probability for spontaneous
em ssion is very low. This is where the popul ation
I nversion occurs because as all the electrons wil
eventually end up in this higher metastable |evel. Now
once an electron falls down to the ground or other | ower
| evel, the anplification process as nentioned above begins.
The punping is maintai ned continuously to produce a beam of

light. Mrrors are often used to reflect the photons so
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that they will make nmultiple passes through the atons and
so hel p stinulate nore photon emissions [Giffiths, 1994].

The process that | just described is the basic theory
behind a gas |aser. Qur laser is a sem conductor diode, and
It operates in slightly different way. To be very brief, a
di ode is made of two types of materials, p- and n-type,
with different electrical properties. Each material has two
upper energy bands, the top of one being the conduction
band and the | ower the valence band. In the n-type
material, the valence band is conpletely full of el ectrons,
and the conduction band is mostly empty so that the
electrons in it can flow freely. In the p-type materi al,
t he val ence band is not conpletely full of electrons, and
there are no electron in the conduction band.

Once the two materials cone together, the electrons
in the conduction band are above the enpty spaces in the
val ence band, which are known as holes. This creates a
popul ation inversion. A current is applied to the diode
whi ch adds electrons to the conduction band in the n-type
and depletes the electrons in the valence band of the p-
type. This continuous flow of current through both

materials creates a | aser.
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3.2 How do Lasers Cool Atons?

A | aser beam cools a gas of atonms by decel erating
them The beam of nonochromatic |ight contains photons with
h
®

nmomentum p= As the | aser beam cones into contact with

an oppositely moving atom iif the |aser beamis at the
resonance frequency of the atom it causes the atomto emt
or absorb a photon. Once the atom absorbs a photon, it
wll receive a boost of nmonentum and begin to decel erate as
the atomtravels into the |l aser beam The deceleration is
due to conservation of nonentum The force is proportional
to nunmber of photons that the atom scatters per second
[ Chu, 1992]. The photon scattering rate for a single |aser

beamis

e /1 Qg
G _§1+I/IS+(2D/g)§2 (1)

. 1 . .
where the resonance natural w dth g:t—, is the inverse of

the natural lifetine, | is the light intensity, and I, is

s
the saturation intensity of the transition. D=W,-w_-wp)
Is the de-tuning between the light (frequency w;) and the
atom c resonance (frequency w,) taking into account the

Doppl er shift w, [Roach, Chapter 4].
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Atoms in a gas nove in all directions, sone towards
and some away fromthe | aser beam So, to increase our
chances of cooling the atoms, we use two counter-
propagati ng beans that are tuned a little |ower than the
resonance frequency. Sonme atons will be noving at just the
right velocity so that the light fromone of the |aser
beans appears at the resonance frequency due to the shift
created by the atonms notion. They rapidly absorb photons
and sl ow down due to the photon scattering force nentioned
above. For atoms nmoving away fromthe light, they wil
experience an opposite Doppler shift, and will not absorb

photons as strongly as the atons noving into the |ight

because they will be moving away from the resonance
frequency. These atonms wi ||l experience a scattering force
that will increase their speed, but the force is extrenely

smal| conpared to the force of on atons moving into the
| aser beam [ Cohen- Tannoudji and Phillips, 1990]. The
overall net force of the two beans will eventually slow
down the atons along the direction of the two | aser beans.
I f you use six counter-propagating beams along three
per pendi cul ar axes, you will slow down the atonms in al
di rections.

There will be fast atons that will collide with the

atons that are being slowed, but the slow ng forces created
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by the six counter-propagati ng beans are strong enough to
overcone the random i npul ses of the colliding atonms, thus
the cooled atons are said to be in a “optical nolasses”.
The atonms will eventually reach a | ow average velocity and
cool no further because the frequency of the cool ed atons
are slightly somewhat away fromthe | aser frequency because
there is al mst no Doppler shift [Phillips an Metcalf,
1987] .

As an atom absorbs a photon, it will also de-excite
and emt a photon in random direction by spontaneous
em ssion in order to conserve energy which also heats up
the atons. Although the nomentumkick is very small, it is
not exactly zero, so the heating force conpetes with the

cooling force mentioned earlier and causing a cooling

limt. This Doppler Iimt is given by the followi ng
equati on:
hg
Ty =— 2
© = 2k, (2)

g::%, and for rubidium 06=25nsec, therefore T, =150nK.

By choosing certain polarizations of |ight, one can
cause shifts in the magnetic sublevels of the ground state
to achieve | ower temperatures. This process is rather

conplicated and I will not describe it [Roach, Chapter 4].
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Il will note that we use circularly polarized |ight which
allows us to cool to tenperatures as low as a few m cro-
Kel vi n.
3.3 Magnetic Field

The atoms menti oned above are cooled using two
velocity dependent forces. The first is the |aser |ight
Itself using the Doppler shift phenonenon. Then circularly
polarized light is used to cool the atons further. In order
to confine the atons, we introduce a magneti c quadrupol e
field that creates a position dependence to go along with
the two vel ocity dependencies. The magnetic field becones
greater as the atons nove away fromthe center of the trap
where the six counter-propagati ng beans neet. The nagnetic
field creates a varying change in the energy |evels of the
atoms which causes them to absorb nore |light as their
resonance frequency shifts towards the | aser frequency. The
magnetic field is such that the atons beconme nore resonant
wth the | aser beans as they travel away from center of the
trap. [ Roach, Chapter 4] So as they travel away fromthe
center the field and | asers create a restoring force which
pushes the atons back toward the center of the trap

By combining the three techniques: six de-tuned
count er-propagating beans, polarized |ight, and nmagnetic

fields, we are able to cool atons to tenperatures as |ow as
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a few mcro-Kelvin and confine thema small region creating
a Magneto Optic Trap (MOT).
3.4 References

There are other techniques that you can use to trap
atons, but the process describe in this chapter is the way
our trap works. The references for this chapter have nore
theoretical descriptions to the process of |aser cooling
and briefly nmention the different ways you can trap neutral

at ons.
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Chapter 4

Rubi di um and Lock-in Anplification

4.1 Wy do we use Rubi di unf

The nost commonly used neutral atonms in atom c cooling
experiments are those from colum one of the periodic
table. All of these atonms have just one outer val ence
electron. For this single electron, the Coul onb binding
force is weak conpared to that holding the electrons in the
i nner orbits. Only this single electron is involved in nost
chem cal and optical processes for these atons.

Al t hough it is theoretically possible to excite the
el ectrons of other elenments in order to do |l aser cooling,
the colum one el enents have an advantage because there are
fewer allowed energy levels. If there are nore levels, then
one needs nore frequencies of light in order to control the
el ectronic transitions. For exanmple rubidiumhas 2 | ow
| evel states and we only need two colors of |ight.

The cooling process nentioned in the previous chapter
t heoretically works for any of the colum one el enents.
Rubidiumis a colum one element, and we use it in our
experinment. Two inportant reasons we have chosen rubi di um

atoms followi ng. First, there are readily avail able
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I nexpensive tunable diode |asers that operate at the
wavel ength that corresponds to the energy of the rubidium
cooling transition. Secondly, a |ow pressure gas of Rb can
easily be produced by evaporation of the metal or from a
commercially avail able “getter” source.

4.2 Atomc Structure of Rubidium

A 4
121 MHz
P,
3
A 63
29 2
1
Trap
Laser
780 nm Hyperfine
(D, lines) Repumper
Laser
3
5Sy; 3036 MHz
(ground state)
2

Figure 4-1 Energy Levels of Rb 85

Pure Rubi di um has two isotopes, ®Rb and ®Rb, with a
nat ural abundance of 28% and 76% respectively. The ground
el ectron configuration of Rb is 1s22s22p®3s23p®3d1°4s24p°5s?.

For our | aser cooling we are exciting the atons from 5s ;>
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| evel up to the 5pg, level. Figure 4-1 shows the atomc
energy levels of ®Rb. As you see in the figure the energy
gap between the two | evels corresponds to a wavel ength of
780nm The splitting of the two |levels are due to the spin-
orbit coupling. The F quantum nunbers are used to | abel the
|l evels split by the hyperfine interaction. F=I1+L+S, where
| is the nuclear spin, L is the electron orbital angul ar
momentum and S is electronic spin. As you see in the
diagramin Figure 4-1 the ground state 5s 1, has two
hyperfine | evels and 5ps2 has four.

Figure 4-2 shows the spectra of the transitions
starting fromthe upper ground state hyperfine | evel of ®Rb
and ®Rb. These signals were produced using Doppler-free

saturation spectroscopy.

Rb 87 & 85
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Figure 4-2: Spectra of rubidium85 & 87
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We will use the peak | abeled F =4 (F denotes the upper
| evel ) of the spectrum of the isotope of ®Rb to frequency
| ock our |aser, but we could just as well use ®Rb it we
want to cool that isotope.

Al t hough we tune the | aser to excite the electrons
fromthe F=3 to the FF =4, there is a very small chance that
some of the atoms will be excited to the F =3 |evel and
fall back down to the F=2 level (quantum selection rules
which state that AF=0or+1) and will not be excited any nore
by our |aser. We use the m crowave side band nentioned in
Chapter 2 to produce light resonant with the F=2 to F =3
transition so as to re-punp these electrons back to the
F =3 level. Fromthere they can decay back to the F=3 where

they will be cool ed.

4.3 Frequency Locking the Laser
We nodul ate the | aser frequency by injecting a snal

sinusoidal current with a frequency of approxi mtely 90kHz.
This modul ation will distort the spectruma little,
produci ng a nodul ati on wherever the slope is not zero. W
t hen send the photodetector signal fromthe Doppler-free
absorption spectrometer into the lock-in anplifier. The
| ock-in measures the anplitude and sign of the signal

nodul ati on which is proportional to the derivative of the
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spectrum signal. If we |ook at the spectrum after it has
been sent through the lock-in amplifier, top trace in
Figure 4-3, we see that the steeper the slope in the

absorption spectrumthe bigger the signal fromthe | ock-in

anplifier
Rb® Lock-In Graph

" | .
. I
- 0
RIS ACAY W,
" NEBVAY/8\Vat Vit
g iy bﬁm“”“jgww*m“"“”.m

) Sweep Signal (s) h

Figure 4-3: 85Rb Spectrumwth anplified slope received
fromthe lock in Anplifier

We | ock the laser in the follow ng nethod. First we
manual |y set the | aser frequency to the | ock point (peak
F=3). Then we connect the | ock-in output to the input of
the |l aser piezo control. This acts as negative feedback
that will create a restoring force that causes the | aser
to stay | ocked onto the point where the slope equals zero

as neasured by the lock-in anplifier.
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Chapter 5

Measuring the Tenperature of Cold Atons

5.1 Tinme of Flight

In this final chapter, | will discuss tenperature
determ nations using three different nodels. We measure
the tenperature of the atons using a Tinme of Flight (TOF)
techni que. TOF descri bes the velocity measurement by
observation of the expansion of a cloud of cold atons once
they are released froma trap. The Root Mean Squar e( RMS)
average velocity of the atons is related directly to the
tenperature of the atons by the foll owi ng equation:

1 , 3
=nv° =—KkgT 1
2 2 ° (1)

Equation 1 is a consequence of the ideal gas |aw where Vv is
t he average velocity of the cloud of atoms, k; is Boltzmann

constant, m is the mass of the atoms, and T is the
tenperature. You see that the |larger the velocity the
hi gher the tenperature, and vice versa, the smaller the
velocity the [ ower the tenperature.

We can observe the expansion of the atoms using a
probe | aser beam Because the cloud is inside an evacuated
chamber, once the MOT is turned off, gravity will

accelerate the cl oud downward toward the probe beam As
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the cloud of atons falls through the beam it will give off
fluorescence. Figure 5-1 is a diagram of the cloud of
atoms as they fall through the probe beam Notice that
there are no magnetic coils or trapping beanms shown. This
I's because we must turn off the trapping beams and the
magnetic coils in order to neasure the tenperature. As you
see in the Figure 5-1, we use special lenses to capture the
fluorescence, and record it with a photodetector. Figure 5-

2 is a typical graph of a fluorescence signal received from

t he phot odet ect or.

Eiperimental
Setup

vacuum
chamber

cold
atoms
expanding

Figure 5-1 Diagram of falling atoms passing through probe beam and captured with
a photodetector
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Figure5-2: Fluorescence signal receive asthe atomsfall through the probe beam
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The fluorescence signal is approximtely a Gaussi an
di stribution, known for its bell curve appearance. This
appearance i s expected because Maxwell’'s theory on the
di stribution on nol ecular speeds tells us that nolecul es
In a gas have a variety of speeds. The characteristic

mat hemati cal equation that relates to this distribution is:

2

| =A e’ (2)
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We use equations of this formin an Excel spreadsheet
to produce a fitted curve to the fluorescence signal, and
hence cal cul ate the tenperature of the atonms. As nentioned
In earlier chapters, the tenperature is inportant to our
experinments because the atons nust have snmall nonentum and
thus a |l arge wavel ength so that they will scatter off the
magnetic surface at |arge angl es.

When neasuring the tenperature of atons, there are two
approaches we can use. W can either neasure the atons far
away fromthe trap’s central position (short TOF) or
relative close to the central position (long TOF). What |
mean by | ong TOF conmpared to short TOF is that the fall
time is at |least five times greater than the ratio

Initial Cloud Radius
Thermal velocity

for long TOF.

I n previous work, the tenperature of the cloud of
atonms was measured using the |long TOF model, which is
mat hematically sinmpler. Although the Ilong TOF gives us a
very good neasurenent, we unfortunately can not use this
nodel in our lab. Qur present |ab setup has Iimtations; we
do not have the luxury of allowing the cloud of atons to
fall over a very long distance. The current arrangenment
has been designed with space to allow the atoms to be

| aunched upwards rather than to fall
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In order to get a very cl ear understandi ng of TOF,
wi Il now discuss and conpare short and long TOF. | wil
model three different scenarios; the first two will
represent a long TOF, and the final one a short TOF. The
first mpdel will be the sinplest one. As | nove to the
second and third models, | will include more physical
properties of the expandi ng cl oud.

5.2 Model 1

We start with a cloud of cooled atons that has been

all owed to expand for a time t, beginning from an
infinitesimal point. |Its density along the z axis has the
form
dn 1, -%%
—H —"e? 3
dleat (3)
a’m
with T= (4)

where a is the nost probably speed, and z is the vertical
di stance fromthe center of the cloud. As the cloud falls
t hrough the probe beam it gives off fluorescence intensity
| proportional to the density of the cloud at the point
where the probe beam strikes. If you | ook at the graph in
Figure 5-2, alpha is proportional to the width of the bel

shaped curve. Equation 5-3 is actually a nodified version
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of a 3-dinensional Maxwellian integrated over the x and y
vel ocities [Roach pg. 58]. Finding a is the key to
cal cul ating the tenperature of the cloud of atons as shown
by Equation 5-4. We use a |least-squares fit to calculate
the value of a from our data.

We now consider the cloud at sone tinme after the trap
I's turned off and the cloud passes through the probe beam
We assume both that the cloud s velocity along z is
constant and that the cloud of atoms is not expanding
during the short tinme that it falls through the probe beam
Thus, in Equation 3 we replace t with the constant value t o,
the time center of cloud reaches the probe beam The
cloud's dowmward velocity at this point is therefore:

v, =gt (5)
Now t hat we know the speed, we also know that z (the
coordinate of the piece of the cloud being probed) at sone
tinme later is equal to
z=v,(t- t,) (6)

We now have everything to devel op our equation that
will represent the intensity of fluorescence enitted by the
cloud of atons s a function of time for Model 1. In order

to prepare the equation for our spreadsheet, we will first

. . . V,
put Equation 5 and 6 into Equation 3. Next we let A=-2%
a
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Y .
and C,=—2. Thus we get an expression for the photodetector
a

o

signal :
_aeA(t-to)'_(:jz

S'gnal:N(t):Offset+cl'eg oo (7)

The offset is added because the scattered | aser |ight does

not make it to the photodetector.

Mode 1

Cloud of Atoms Expanding
e
e|nitial cloud sizeis negligible

*Cloud is not accelerating

*Cloud does not expand as it o,
passes through the probe beam Z=V, "t

*Thickness of probe beam is
ignored

Probe
Beam

_aaA(t-to)'g

Sgnal = N(t) =Offset+C," e € © 2

2 Ak

Figure5-3: Summary of Model 1

If you | ook at figure 5-3, | summed up the inportant
poi nts of nodel one. Notice that we are not neglecting the

fact that the cloud of atonms is expanding; we are saying
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that as it passing through the beam the expansion is
negligible. W are neglecting the initial size of the
cl oud because the cloud has fallen so far that the initial
size cloud is very small conpared to the cloud once it has
expanded.

We use a fluorescence signal from previous work to
test our theory. In our Excel spreadsheet we fit a curve to
the fluorescence signal. We have unknown parameters:
Of fset, the constant Cjy, a, and. We compared our
tenmperature to the tenperature using a simlar nodel from
previ ous work, and we get the sane value, 26.7 nK. [Roach

pg. 58] One would think that since the tenperature is the
sanme we could stop here, but as nentioned earlier, we have
negl ected sone very inportant physics. This nodel is still
for a long TOF, which will not be useful to us.
5.3 Mbdel 2

In order to include nore of the physical properties
rel ated the expanding cloud of atoms, we will not assune
that the cloud of atons is falling at a constant velocity.
W will still make the assunmption that the initial cloud
size can be neglected, but we will allow the cloud to
expand as it passes through the probe beam Now as the

cloud falls the position at sone later tine t is:
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1 .
Z:'_gt +Zo (8)
2
where zp is the distance fromthe probe to the trap center
To correct equation 5-3 all we have to do is replace the
old z with this new z, and we would get an expression for

t he phot odet ect or signal as:

g
& a -
N@) =Offsa+ S e 5 (9)
ta
This time in our excel spreadsheet we do not substitute A

V, . . .
for > but we do include the initial velocity of the cloud
a

of atoms, v,, into the constant paranmeter and T is cal cul ated
usi ng Equati on 5-4.

Figure 5-4 is a quick outline of Model 2. Our
t enperat ure neasurenent using Mddel 2 is 27.25 nK, which is
slightly higher. W do not expect the tenperature val ue

for Model 1 to change nuch than Model 2, and we see it does

not .



39

Modd 2

Cloud of Atoms Expanding
®

eInitial cloud sizeis negligible
*Cloud is accelerating

*Cloud expands as it passes

through the probe beam z(t) = - %gtz + 2,
*Thickness of probe beam is
ignored
) 2 Probe
B O Ll
o o

N(t) = Offset + = &
ta

Figure 5-4 Summary of Model 2

5.4 Model 3

The description of our final nodel schematically | ooks
the sanme as Figure 5-3 except, notice that | illustrate
Model 3 is a shorter TOF by decreasing the distance between
the probe beamand the initial cloud size (See figure 5-5).
| also increase the wdth of the probe beamto show that we
are not going to neglect it in this model. So, in this
final nodel, we include every possible physical aspect of

the cloud of falling atons. As you will see in this short
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TOF the profile and shape of the probe | aser beam becones
very inmportant. What | nmean by profile is that the |ight
com ng fromthe probe beam has a Gaussi an distribution just
as the cloud of atonms, so when the atons fall through the
probe | aser beam the two distributions will overlap
creating what is mathematically called a convolution. The
physi cal cross-section of the beam whether it is tall vs.
short or wide vs. narrow, will also be important in
calculating a fit to the fluorescence signal. A very short
and wi de probe beam works best for reason | will discuss

shortly.

Mode 3

Cloud of Atoms Expanding
(O]

e|nitial cloud sizeisimportant

-1 e
«Cloud is accelerating At)=- g +z,

*Cloud does expand as it passes

through probe beam
_°Thi ckness of probe b i o
important Prke
, - Y
g_ aﬂ(—)ﬂ T — k_S V2
_N(t)=0ffset+ G, - 8 zﬁmbg ]

2 2,2
\Satst

Figure 5-5: Summary of Model 3
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The mat hemati cal expression for Mddel 3 [Brzozowski et

al ., 2002] is:

P
Nt)=—+ ° \* e (10)
p\[62+siki+s?))
Wi th T:kMsf (11)

B

P is the power of the probe |aser beam t, again is the

(o]

time the center of the cloud reaches the probe beamand s,
and s, are the Gaussian beamradii along the x (vertica

and y (horizontal) axes. s,=.62+s’”) is the Gaussian

v

radius of the ballistically expanded cloud of atonms, where

s, Is the initial Gaussian radius of a spherically

0
symmetric cloud of atoms, and sV:a/JE is the therml

velocity. In the limt when the cloud is expanding over a
l ong distance s, <<s;t and s,,s, <<s,t, Equation 5-10

becones:

P ¢
Nt)=—=2=" €
O s

Equation 5-12 is essentially the same as Equation 5-7 with

(12)

C = R and fﬁ:_jl_, except there is no offset. Note that

Y 2psit? t, 2s

v
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In the denom nator of the prefactor, t, has been repl aced

with t, because the two are approxi mately equal during the

I nteraction.

Earlier | stated that we will use a short flat probe
| aser beam to nmeasure the tenperature cloud of atonms. It
does not require a lot of physics to understand that a very
short and wi de flat probe beam will give us the best

fluorescence signal of the cloud of falling atons; this is

because the wide beamw Il illum nate nearly all the atons.
Now i f we nmodel a short TOF that nmeans that s >>s,, soO

i ofv) 9

C, ; ggzﬁ s§+sv2t2g5

equation 5-10 becones: N(t)=Offset +

D

VS 2 +s 2t?
(13)
where s,=,s’+s represents the effective width of the

P
——2—. The

SIy\/g

cloud and the probe beam and the constant C,=

nost noticeable difference between the Equation 5-9 and
Equation 5-13 is that we add s_, in as a paraneter, which
accounts for the inportance of the initial cloud size and
t he probe beam size. The tenperature nmeasurenent that we

get fromthis nodel is 21.09nK.
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5.5 Conparison of the Three Model s

Model 1

Model 2

Model 3

eInitial cloud sizeis
negligible

*Cloud is not
accelerating

*Cloud does not
expand as it passes
through probe beam

*Thickness of probe
beam is ignored

T = 26.75 microKelvins
*RMS = 2.05

eInitial cloud sizeis
negligible

*Cloud is accelerating

*Cloud expands as it
passes through probe
beam

*Thickness of probe
beam is ignored

T = 27.25 microKelvins

*RMS = 2.13

eInitial cloud sizeis
important

*Cloud is accelerating

*Cloud expand as it
passes through probe
beam

*Thickness of probe
beam is important

T = 21.09 microKelvins

*RMS = 2.08

Figure5-7 Three Models
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Before | begin to review the three nodels, see Figure
5-7 for a summary. To anal yze the accuracy of the three
nodel s we neasure the average di stance that the data points
are away fromour fit (RMS deviation), and we see that
Model 1 has the | owest RMS deviation as shown in Figure 5-
7. The lower the RVMS value the better the fit. Al of the
val ues are | ow, neaning they are about the size of the RVMS
devi ati on when no signal is present. The reason that Model
1 fits best is unclear to us. The RMS value of Mdel 3 is
| ower that Model 2 which is no surprise because
mat hemati cal |y, addi ng an extra paraneter should nake a fit
better. Conparing all the nodels, the tenperature for
Model 3 is the |owest, and considerably |less than for the
other two. Though all the nodels fit the data very well,
we concl ude that we should not ignore the probe |aser beam
and the initial cloud sizes because they will definitely
affect the tenmperature. Model 3 provides an inportant
i ncrease in accuracy for our future temperature

nmeasur ement s.
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