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Abstract

Large numbers of dysprosium and holmium atoms are trapped using the technique
of buffer gas (3He) loading. The two-body loss rate coefficient, g2b, is measured to be
(1.8 ± 0.2) × 10−12 cm3 s−1 at 506 mK for dysprosium and (7.2 ± 1.5) × 10−13 cm3

s−1 at 360 mK for holmium. These are consistent with scaling of dipole relaxation
rates of hydrogen and other alkalis. They are also favorable for evaporative cooling
if the elastic cross section is large.

A theoretical model is developed which incorporates the effects of finite back-
ground gas densities during an evaporative cooling process. The details of the col-
lisions with the background gas are studied as a function of trap depth and atom
temperature. The large vapor pressure of 3He at cryogenic temperatures (compared
to that of 4He) makes it more difficult to attain the background gas densities necessary
for thermal isolation.

Despite this, 2 × 1011 dysprosium atoms are evaporatively cooled from 300 mK
to 50 mK. The analytical model is used to estimate the background gas density and
the atom-atom elastic collision cross section. The ratio of elastic to inelastic collision
rates for Dy-Dy collisions is estimated to be about 50. This value may be large enough
to achieve effective evaporative cooling. Plans are outlined to attempt further cooling
of dysprosium atoms as well as other atomic species.
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Chapter 1

Introduction

In the 23 years since the first neutral atoms were confined in a magnetic trap [1],

cold atomic physics experiments have made number of significant scientific advances.

Among these advances are the realization of quantum degeneracy [2–6], superfluidity

in dilute gases [7–9], and quantum gas insulators [10, 11]. Cold trapped atoms allow

for precise control of external and internal degrees of freedom. These systems pro-

vide a platform for better precision measurements of fundamental constants [12] and

atomic clocks [13].

In spite of all of these advances, the number of different systems which can be

studied is limited to a small fraction of magnetic atoms. The majority of experiments

use laser cooling to load magnetic traps. Laser cooling is highly dependent on the

electronic configuration and level structure of the atoms. This limits many experi-

ments to the small set of mostly alkali atoms with S ground states. Molecules and

more complex atoms, with many vibrational levels or complex electronic structures,

can not be trapped. Developing new methods which can expand cold temperature

regime research to other systems could yield new experimental discoveries.

Buffer gas cooling and loading of magnetic traps is one alternative method that

has been proposed to expand the list of species that can be trapped [14–16]. Buffer gas

cooling has proven to be very good for loading magnetic traps with various species

of atoms and molecules [17–25]. Specifically, it is one of the few techniques that

allows trapping atoms with non-zero orbital angular momentum in their ground state
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[17]. In addition buffer gas loading experiments have demonstrated further cooling if

thermal isolation from the buffer gas can be achieved [20–23]

This thesis reports on experiments in which highly magnetic non-S state rare earth

atoms have been trapped and loaded using buffer gas cooling techniques. We have

measured the rates of spin relaxation due to atom-atom collisions in both holmium

and dysprosium after the buffer gas has been mostly removed. These measurements

contribute to theoretical studies of dilute dipolar gases [26–28]. The rates are also

shown to be favorable for efficient evaporative cooling. Initial attempts at enhancing

evaporation rates demonstrate cooling of large numbers of dysprosium atoms to 50

mK.

In addition, a model is developed of trap dynamics in the presence of finite back-

ground gas densities. This model fills a gap in buffer gas trapping theory by in-

corporating exothermal collisions with background gas atoms into the evolution of

temperature and number of magnetically trapped atoms. We find that for cooling

with a 3He buffer gas, these effects are important because of the high vapor pressure

of 3He below 1 K.

1.1 Magnetic Trapping

An atom (or molecule) with a magnetic dipole moment, µ, in a magnetic field "B

experiences a potential

U = −"µ · "B. (1.1)

The weak field seeking ground hyperfine states of a neutral atom can be mag-

netically trapped in a magnetic minimum. However, magnetic traps are relatively

shallow with the deepest magnetic traps of a few Kelvin [29]. Trapping is possible

only when the thermal energy kBT is smaller than the depth of the trap. To put this

more concretely, I introduce a parameter η as the ratio of the trap depth to the atom

temperature.
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η ≡ Utrap

kBT
(1.2)

For successful trapping in our apparatus, η must be greater than ten [25]. This

requires cooling most atoms to temperatures less than one Kelvin.

1.2 Methods of Atom Cooling

The most common method for cooling atoms is laser cooling. In one dimension, laser

cooling can be understood with a simple model. A laser is red de-tuned from an

atomic transition such that it is resonant with atoms moving towards the beam at

a specific velocity. Photons are absorbed from the beam, promoting atoms to an

excited state. These atoms are slowed due to photon recoil during the absorption.

When the excited state decays, the photons are radiated with equal probability in

any direction (not just into the mode of the laser), with an average energy equal to

the a photon absorbed by an atom at rest. The emitted photons on average have

more energy then the absorbed photons resulting in cooling of the atoms [30].

There are two main limitations to laser cooling. The first is that it requires a

“closed” transition; where the excited state only couples to the original ground state.

If the atom decays into a different state, another laser must be used to “repump”

the atom back into the cooling state. Laser cooling has been proven to work well for

the alkali atoms but for only a limited number of other atoms. This technique can

quickly become impractical for atoms with more complex electronic structure or for

molecules with their many closely spaced vibrational and rotational levels.

The second limitation is that each photon scattering event carries away only a

small amount of energy. An atom traversing the laser beam can undergo thousands

of scattering events each resulting in a small amount of cooling. However, unless the

atoms are pre-cooled, only a small fraction of the atoms are cooled to low enough tem-

peratures for trapping. While the alkali metals have provided an excellent platform

for atomic physics experiments, there is desire to develop techniques that expand the

species that can be cooled and trapped to include more complex atoms and molecules.
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Figure 1-1: Vapor densities of various cryogenic gases [32, 33]. The shaded region
indicates the typical densities necessary for buffer gas loading. The H2 curve is ap-
proximate and the dashed line is an extrapolation. The isotopes of He are best suited
for buffer gas loading into shallow magnetic traps.

Buffer gas loading is an alternative method for cooling various species without

regard of their spectral properties. Magnetic atoms are introduced into a magnetic

potential in the presence of a cold non-magnetic background gas or “buffer gas”. The

un-trapped buffer gas is kept in thermal equilibrium with a thermal reservoir (such

as the mixing chamber of a dilution refrigerator). Elastic collisions with the buffer

gas remove energy from the atoms, cooling them to temperatures low enough for

trapping. To date, 17 atoms and 4 molecules have been successfully trapped from

various families of the periodic table [17–25, 31].

For successful buffer gas loading, each atom must undergo ∼100 collisions with

the buffer gas atoms before it leaves the trapping region [14]. If we assume an elastic

collision cross section of 1 × 10−14 cm2 and a 10 cm long cell, the buffer gas density

needs to be 1 × 1015 to 1016 cm−3. This requires that the buffer gas have an adequate
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vapor pressure at low temperatures. Figure 1-1 shows the vapor densities of various

cryogenic gases. Only 3He and 4He have vapor pressures sufficient for buffer gas

loading below 3 K. In addition helium, as a noble gas, has no valence electrons. As

we will see in the next section helium’s closed shell structure is ideal for minimizing

inelastic collision rates.

All of the experiments in this thesis use a 3He buffer gas. This facilitates loading

at the lowest temperature for a given buffer gas density; corresponding to the largest

possible value of η for a given trap depth.

Removing the Buffer Gas

At the temperatures where the trap is loaded, typically 200 to 500 mK, cold collision

studies of atoms with the helium gas have yielded insight into the physical mechanisms

at work in the collision and into some aspects of atomic structure [17, 24]. However,

to reach the ultracold temperature regime where the deBroglie wavelength is on the

same order as the atom separation, the atoms need to be cooled further.

The presence of the buffer gas in the trapping region continues to connect the

temperature of the atoms to the cell walls. For further cooling, thermal isolation

of the atoms must be achieved through removal of the buffer gas atoms. This can

be achieved in one of two ways. In the first method, the bulk of the buffer gas

is physically removed from the trapping region into another chamber. The second

method is to cool the whole system to a temperature where the helium vapor density

is very small. In the experiments discussed in this thesis, both techniques are used in

combination. We physically remove the buffer gas by opening a valve in the trapping

chamber connecting it to another chamber maintained at high vacuum. At the same

time, we cool the cell, decreasing the equilibrium background gas densities.

Once the buffer gas has been removed we are left with a magnetically confined

sample of atoms. This sample is suitable for studying atom-atom collisions. Further-

more, thermal isolation of the atoms opens the way for attempting further cooling of

the sample.
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1.3 Atom-Atom Collisions

Atom-atom collision studies in the cold temperature regime have so far been mostly

limited to atoms with no orbital angular momentum in the ground state. This is

due to the difficulty of achieving long lived cold samples. In this thesis, I will present

measurements of atom-atom collisions between two lanthanide atoms. The lanthanide

series is composed of the atoms in the periodic table with atomic numbers from 57

to 71. These atoms are also called rare earth atoms. In addition to certain transition

metal atoms [18], rare earth atoms offer an interesting atomic system for study because

of the complex electronic structures. The lanthanides have unfilled d- and f- valence

shells (see Table 1.1). Outside of these highly anisotropic valence shells, there are

filled s-shells which have larger average radii than the unfilled valence shells. The

filled symmetric s-shell has been found to suppress anisotropy in the interatomic

potentials and as a result the inelastic collision rates with helium atoms are much

smaller than naively expected [17, 34]. Our apparatus is ideally suited to extend the

study of shielding and anisotropy of collisions involving rare earth atoms.

1.4 Evaporative Cooling

Evaporative cooling has proven to be the key to reaching temperatures and phase

space densities necessary for quantum degeneracy of magnetically trapped samples.

The cooling mechanism at the atomic level is the same process that is familiar from

everyday experience; more energetic particles are lost to the environment resulting

in a lower equilibrium temperature for the remaining system. In atomic physics, this

process is enhanced by manipulating trap geometries and collision processes [12, 35].

Evaporative cooling of a non-S state atom to quantum degeneracy would expand

the study of ultracold phenomena to new atomic and molecular systems. In addition

to the possibility of exploring a new regime of physics with ultracold samples of

non-S-state atoms, a trapped sample of highly magnetic rare earth atoms has been

proposed as a platform for quantum computing [36]. It has also been predicted that

20



the relativistic corrections to the transition frequencies for atoms with large open

shells such as dysprosium and holmium could reveal variations in the fine structure

constant [37–40]. Cold, long lived atom samples could increase the precision of these

measurements.

After a hot atom “evaporates” from the trap, collisions rethermalize the remaining

atoms to a new equilibrium temperature. The time that this takes depends on the rate

for the atoms to undergo these collisions, the elastic collision rate. At the same time,

inelastic collisions and trap losses are decreasing the atom population and in some

cases increasing the equilibrium temperature of the sample. Successful evaporative

cooling requires that the rate of “good” elastic collisions be much greater than the

rate of “bad” inelastic collisions.

S-state atoms have spherically symmetric electron density distributions. The elec-

tronic interaction of two colliding S-state atoms does not effectively drive spin relax-

ation from the weak field seeking Zeeman levels. The inelastic (Zeeman state chang-

ing) collision cross section of S-state atoms with other S-state atoms is usually small

while the elastic cross section is high. The ratio of good to bad collisions is favor-

able for evaporation. For non S-state atoms, the electronic interaction of two colliding

atoms is strong due to the interaction of the magnetic dipole moments during the col-

lision. The electronic angular momentum can be strongly coupled to the rotational

angular momentum of the collision. The resulting interaction is anisotropic [28] and

is very effective at spin relaxing the trapped Zeeman levels making evaporation in

these systems more difficult [36, 41–43].

Four atomic species have been evaporatively cooled from a buffer gas loaded mag-

netic trap – chromium, europium, molybdenum, and meta-stable helium [20, 22, 23,

44]. All of these atoms have magnetic dipole moments greater than 3 µB and have

were loaded using 4He. Our system uses 3He as the buffer gas. This is done be-

cause of a parallel experimental goal of expanding buffer gas cooling and loading to

weakly trapped 1 µB species. As mentioned earlier, 3He permits loading at colder

temperatures and larger η. However, the larger vapor density of 3He at cryogenic

temperatures also makes it more difficult to remove the buffer gas to levels accept-
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Atom µ(µB) Mat(amu) Ground State Isotopes
Dy 9.94 162.5 4f10.6s2 5 (160,161*,162,163*,164)
Ho 8.97 164.9 4f11.6s2 1 (165)

Table 1.1: Basic atomic properties of species studied in this thesis. *Designates
isotopes with non-zero nuclear angular momentum. All data is from the NIST Atomic
Spectrum Database [45].

able for evaporative cooling. Removing enough 3He can not be done by lowering the

cell temperature alone, as it is done in a 4He experiment. Bulk removal of the gas is

needed.

1.5 Thesis Overview

This thesis presents the results of experiments with two highly magnetic rare earth

atoms, holmium and (multiple isotopes of) dysprosium. The basic atomic properties

of these atoms can be found in Table 1.1.

Much of the most of the effort in the research described here was in building a

robust and versatile buffer gas loading apparatus that provides the flexibility required

to magnetically trap a variety of species with different electronic structures and atomic

properties. Chapter 2, provides an overview of the experimental apparatus and I

describe the general methods and procedures used to create and study the atomic

ensembles. In addition, this chapter outlines the various parameters we can tune and

adjust in our system for different types of experiments.

Chapter 3 presents measurements of atom-atom collisions in dilute gases of holmium

and dysprosium. We find that the rate of inelastic collisions suggest that further evap-

orative cooling may be possible for these non-S state atoms.

Chapter 4, describes a theoretical model I developed to assist our pursuit of evap-

orative cooling. Many evaporation models have been developed in other work [46, 47],

but our model is different because it includes effects of small densities of background

gas. The model shows us that to fully isolate the atoms, the background gas densities

must be decreased to lower levels than previously believed.
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Chapter 5 will present data which demonstrate cooling of dysprosium atoms from

200 mK to less than 50 mK. I will use the model developed in Chapter 4 to understand

the mechanisms of cooling. In addition, I will outline experimental improvements

which are currently underway to attempt further cooling of dysprosium.

Finally, Chapter 6, discusses other possible future evaporation experiments that

might be pursued in our experimental apparatus.
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Chapter 2

Apparatus and Methods

This thesis describes experiments involving several atomic species and addresses a

variety of experimental goals. All experiments were performed in the same buffer

gas cooling apparatus and employed a common experimental procedure. The appa-

ratus has an adaptable setup that can be modified for different experiments. In this

Chapter, I will describe the procedures to produce, cool, and load a generic dilute

atomic gas into a magnetic trap. It is a general procedure that applies to a variety of

different atomic species. The specifics of times, temperatures and atom numbers will

vary from species to species. The procedures outlined here are intended to be used as

a reference for future experiments. More detailed information about the apparatus

can be found in the theses of Brahms [25] and Johnson [48]. Modifications made for

a specific experiment will be detailed wherever they are appropriate.

2.1 Overview of the Apparatus

A diagram of the apparatus is shown in Figure 2-1. The atoms are buffer gas loaded

and studied in the “collision chamber” that is attached to the mixing chamber of

an Oxford Kelvinox 400 dilution refrigerator [49]. The refrigerator cooling power

has been measured as 31 mW/K2 and reaches a base temperature of 16 mK when

no external heat loads are attached. The refrigerator and experiment are contained

within a triple walled cryostat. We extended the internal vacuum chamber around the
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refrigerator to contain an experimental cell (described below). The vacuum chamber

extension is inserted in the bore of the magnet.

Optical access is through the bottom of the apparatus. Light is passed through

a series of three BK-7 windows that are located at each shield of the cryostat and

maintained at progressively lower temperatures. The window on the 77 K shield is

sealed to a steel welded bellows attaching the bottom of the inner vacuum chamber to

the cryostat base. This seal maintains separation between the outer cryostat vacuum

and the inner vacuum chamber around the refrigerator and cell.

Magnet

The magnet is made by American Magnetics Inc. [50] according to the designs of the

“Mark V” magnet described in [29]. It consists of two coils aligned along a vertical

axis. Each coil can be controlled independently. In the Helmholtz configuration –

both currents in the same direction – the field is roughly uniform across the cell. In

the anti-Helmholtz configuration – currents in opposite directions – there is a point

of zero field near the center of the cell. For all of the experiments in this thesis

the magnet is run in the anti-Helmholtz configuration that produces a ellipsoidal

quadrupole magnetic trap.

The super-conducting magnet is located in the 4He bath space of the cryostat.

Vapor cooled leads with copper/superconductor bus bars deliver current from room

temperature. A maximum current of 101 A in the anti-Helmholtz configuration cre-

ates a field at the cell walls of 4.0 T. For safety, the magnitude of the currents in each

coil should not differ by more than 80 A.

A bucking coil is secured to the top of the magnet cask and is wired in series with

the top coil but configured such that the current runs in the opposite direction. The

bucking coil was designed to cancel the magnetic field at the mixing chamber and

cell top, minimizing eddy current heating when the magnetic field is changed quickly.

The specifics of this design are described in Appendix B.

A diagram of the alignment of the magnet and cell is shown in Figure 2-2 along

with contour plot of the magnet potential inside the cell dimensions. The magnetic
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Figure 2-1: A cross sectional view of the cryostat. The valve itself is not shown as
it is inside of the cell. However the pneumatic actuation system, controlled at room
temperature using a “string and spring” method, can be seen on the right side of
the diagram. Both the ablation and detection lasers enter the apparatus from the
bottom. The cell (not shown here) fits inside the core of the magnet.
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field has been modeled using Biot-Savart Software designed by Cirrus Software [51].

Good agreement has been found between the modeled fields and measured fields of

the magnet.

Cell

A cut-away view of the cell is depicted in Figure 2-3. The cell used in the experiments

for this thesis is a wire-wrapped plastic cylinder. There are about one thousand, 10

mil diameter insulated OFE copper wires, lining the exterior of a thin G-10 cell wall.

These extend the length of the cell and are bound at the top and clamped to the

mixing chamber of the refrigerator. The wires provide thermal contact along the

entire cell wall in order to decrease cell cooling time and thermal variations. The thin

diameter minimizes eddy current heating while the magnetic fields are changed.

The cell is composed of two chambers. The bottom chamber is centered in the

bore of the magnet such that the magnetic field minimum with the magnet in anti-

Helmholtz configuration is about 5 cm above the bottom of the cell. The bottom of

the cell is sealed with a sapphire window, chosen for good thermal conduction. The

sample holder is located 5 cm above the trap minimum. Pieces of solid metal of each

species to be studied are glued to the underside of the sample holder. The samples

are easily targeted by the ablation laser entering from the bottom of the cell.

The upper chamber of the cell, or “pump chamber”, is separated from the bottom

chamber by a fast cryogenic valve. The walls of the pump chamber are lined with

an activated charcoal sorb. At low temperatures, the sorb effectively pumps helium,

reducing the vapor pressure to an extremely low value [32]. The valve consist of a 2

inch diameter teflon boot that seals against a ring of highly polished alumina. The

valve is sealed with∼20 lbs of force from slight compression of a large phosphor bronze

spring manufactured by Southern Spring [52]. It is actuated pneumatically at room

temperature by pulling on a wire rope to further compress the spring. The valve boot

can be displaced vertically by 2 inches in 30 ms. Varying the pressure in the room

temperature actuator allows the valve to open more slowly to minimize the number

of trapped atoms swept out with the buffer gas. Considerable experimental effort was
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Figure 2-2: A diagram of the cell and magnetic field alignment. In addition to coaxial
alignment, the height of the magnet is carefully adjusted to put the trap minimum
roughly equidistant between the mirror and the window when the currents in the two
coils is equal.
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Figure 2-3: A cut-away view of the plastic cell used in all evaporation experiments.
The cell is constructed of thin G-10 tubing lined on the outside with thin copper
wires. This allows for good thermal conduction along the cell walls but very little
eddy current heating during fast magnet ramps. The bottom end is sealed with with
a sapphire window attached to the cell with epoxy.
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Atom Ground State Excited State λ A
Term gJ Term J’ g′J Level (cm−1) (nm) (108 s−1)

Dy 5I8 1.24 5H 7 1.26 24708.99 404.7 1.92a

Ho 4I15/2 1.2 (15/2,1)* 17/2 unknown 24360.38b,c 410.5 1.8b,c

Table 2.1: Atomic level information for the optical transitions used for absorption
spectroscopy in this thesis. The last column, A, is the line strength. All data from
Ref. [45], except Ref. [55]a, Ref. [56]b, Ref. [57]c. *(J1,J2) coupling.

expended in the design and implementation of the valve. A complete description of

the valve and actuation can be found in [25].

The top part of the cell is thermally anchored to the mixing chamber through a

flexible copper heat link manufactured by Janis Research [53]. The base temperature

of the cell has varied from 100 - 130 mK depending on the force supplied by the

screws which bolt the heat link to mixing chamber.

Optical Detection of the Atomic Sample

The atoms in the trap are detected by absorption spectroscopy. The method is

shown schematically in Figure 2-4. For experiments on dysprosium (holmium), the

light source is an external cavity stabilized 405 nm (410 nm) laser diode centered

on a frequency resonant with an atomic transition. Optical properties of the atomic

transitions used in this thesis are listed in Table 2.1. The laser is swept across an

interval centered on the transition frequency using a triangle or sine wave sweep.

The sweep is controlled by a Stanford Research Systems DS345 function generator

[54] that outputs a control voltage to a piezo which varies the external cavity length.

Details of the specific laser diodes used can be found in Chapter 3.

The resonant laser light is split into two beams. One beam remains on the optics

table and is passed through a Coherent Wavemaster wavemeter [58], and then into a

Fabry-Perot cavity (fsr = 750 MHz). This setup provides a rough measure of optical

frequency with the wavemeter and a determination of the frequency offset from the

free spectral range of the Fabry-Perot cavity.

The other beam is either coupled into a fiber or passed through air to the optics

31



board hung from the bottom of the dewar. Once the beam is on the board, it is

again split into two beams. The first beam goes into a “reference” photomultiplier

tube (PMT). The second “probe” beam is directed into the cryostat, through the

atom cloud, and retro-reflected by a small 1 cm diameter mirror in the center of

the sample holder (see cell description above). The retro-reflected “signal” beam is

separated from the incoming probe beam with another beam splitter and aligned into

a second detector that is closely matched to the reference detector. Care is taken

every day to check that the ingoing probe beam is hits the center of the cell mirror

and that the retro-reflected beam overlaps it on the mirror at the bottom of the

cell. This procedure ensures that the beam passes through the center of the cell (the

trap minimum) twice. The PMTs used for 400 nm detection are Hamamatsu R2557

photomultiplier tubes [59]. All of the alignment optics are attached to the bottom

of this board. Consequently, the optical alignment is done upside down and must be

carried out while lying on one’s back beneath the apparatus.

Data Acquisition

The experiment is run with a program written for National Instruments Labview

7.1 that was later upgraded to Labview 8.5. It controls the timing sequence, data

acquisition, and records the operation parameters of the refrigerator. Data acquisition

is carried out using an internally buffered NI-6070E DAQ board [60]. The signals from

the signal and reference PMTs, one cell thermometer, driving voltage for the probe

laser, and the currents in both coils are recorded with a time stamp stored in a general

format text file.

2.2 General Experimental Procedures

Almost all of the experiments reported in this thesis were done using the basic ex-

perimental procedures outlined here. Each “data acquisition” cycle consists of some

or all of the following basic steps. Below is a list and basic description of each step.

Each step is further explained (when necessary) in greater detail below.
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Figure 2-4: Optical detection setup for both dysprosium and holmium.
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Step 1. Load buffer gas into experimental chamber to desired den-

sity by applying a heater pulse to the waiting room. The

amount of buffer gas loaded depends on the power of the heater

pulse as described below.

Step 2. Raise magnet currents to attain desired trapping field.

Step 3. Start scanning laser across the transition with desired fre-

quency and begin data acquisition to get a zero absorption

signal.

Step 4. Heat the cell walls to desorb enough buffer gas to load the

magnetic trap. This is explained in greater detail below.

Step 5. Ablate atom precursor to introduce hot atoms.

Step 6. Wait 20 - 100 ms for initial thermalization. If there is no

magnetic trap, the buffer gas density can be determined from

lifetime of the lowest order diffusion mode of the atoms in the

trap. See Chapter 3 for a more detailed explanation.

Step 7. Open valve for evaporation or two-body collision rate mea-

surement.

Step 8. Lower the magnet currents (for evaporative cooling).

Step 9. Heat cell to empty trap of atoms in order to establish an

empty cell baseline with the valve open.

Step 10. Close valve and ramp down magnet.

If the valve is not opened during the experiment (i.e. for measurements of colli-

sions with buffer gas), Step 1 does not have to be repeated for each subsequent data

acquisition cycle. Small modifications can be made at each step for optimization for

a given experiment.
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The timing is controlled by a NI-6534 High Speed Digital I/O board by National

Instruments [60] with 1 ms resolution. The entire sequence (with the exception of

buffer gas loading) is programmed for each acquisition prior to execution. The fol-

lowing descriptions add more detail to the steps outlined above.

Loading the Buffer Gas

The buffer gas needs to be loaded into the bottom chamber of the cell after each

data acquisition cycle if the valve has been opened. It is stored in a small “waiting

room” maintained at 4 K. The waiting room contains an activated charcoal sorb that

is saturated with He at the beginning of each experimental run. The waiting room is

connected to the bottom chamber of the cell by a large impedance. A heater attached

to the waiting chamber can be pulsed for 90 sec periods to heat the sorb to around 12

K in order to desorb a gas of He. This builds enough pressure behind the impedance

to load ∼20 monolayers of gas on the colder cell walls. The voltage of the pulse

changes the buffer gas pressure in the waiting room so that various amounts of buffer

gas are loaded into the cell. We can vary the buffer gas density from 1015 to 1018

cm−3. The lifetime of 3He buffer gas in the cell at 150 mK with the valve closed is

about 1 day.

Ablation: Atom Gas Production

For all of the experiments described in this thesis, the atom gas is created through

ablation of a solid precursor attached to the sample holder in the cell. Ablation is

done using a Continuum Minilite II 532 nm Nd:YAG laser [61] capable of 5 ns pulses.

The delay between the flashlamp and the Q-switch triggers can be varied to generate

pulse energies from 5 to 25 mJ.

The ablation beam enters the refrigerator through the windows on the bottom

of the cryostat near the path of the probe beam. A separate mirror setup is used

for alignment. The beam passes through a telescope for beam shaping. The circular

beam is then passed through a 1 m focusing lens before entering the apparatus. The
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focus is adjusted to maximize production from each target.

The ablation pulse heats the cell by approximately 50-100 mK. The cell top ther-

mometer peaks about 100 ms after ablation.

Loading the Trap

To load atoms into the trap, we need to create densities of buffer gas in the trapping

region on the order of 1016 cm−3. This can be done one of two ways.

Hot Loading. A ∼1-5 J heater pulse is applied to the cell top 1.5

seconds before the ablation pulse. This heats the cell by about

300 mK which desorbs enough buffer gas for loading.

Cold Loading. Only the ablation pulse is used to heat the cell. 3He

frozen on the cell walls is desorbed by the∼50 mK temperature

rise (as measured by a thermometer at the top of the cell). This

can create densities large enough to load atoms. The cell is

heated less and the atoms are trapped at a lower temperature.

However, this loading scheme is not successful with all species.

Each of these techniques has benefits and drawbacks. Hot loading results in a

warmer cell that takes a longer time to cool to base temperature. However it can

result in better removal of buffer gas atoms (see Appendix A). Cold loading heats

the cell less but leaves more 3He atoms adsorbed to the cell walls rather than fully

removed from the system. Small swings in the cell temperature (i.e. induced by

magnet ramps) can then desorb more 3He from the cell walls decreasing trap lifetime.

Opening the Valve

The valve can be opened at any time after the ablation pulse. In general we aim to

have the valve open at peak optical absorption (∼100 ms after ablation). While the

minimum valve opening time is 30 ms, the electronic relay and pneumatic cylinder

system takes about 50ms to begin opening the valve. Thus we assume 80ms from the
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point of the trigger to valve fully open. We can change the speed at which the valve

opens by partially closing a valve on the exit chamber of the pneumatic cylinder.

For lighter atoms such as lithium, or for lower trap depths, this can be utilized to

minimize “wind” effects during buffer gas removal [62].

Ramping down the magnet (for evaporation)

As will be discussed in more detail in Chapter 4, enhanced cooling from evaporation

is achieved by lowering the trap depth, Umax = µBmax. This can be done one of

two ways: by ramping the current in the magnet coils down together or ramping one

current relative to the other. In the former configuration, the maximum trap depth is

determined by the field at the walls Bmax = Bwalls. We call this evaporation against

the walls. In the latter configuration, the trap minimum is actually translated along

the vertical axis. If the current in one coil is less than ∼69% of the current in the other

coil the trap depth is determined by an axial surface – the window or the mirror at

the cell ends – such that Bmax = Bsurf . In practice, the trap can be ramped towards

either axial surface. This is known as evaporation against the window (or mirror).

The coils of the magnet are controlled with separate four-quadrant power sup-

plies. One is a Cryomagnetics CS-4 [63] and the other a Lakeshore 622 [64]. These

supplies are controlled programmatically through voltage controls from the computer.

However, internal protection circuitry prohibits the Cryomagnetics power supply from

ramping at rates greater than -1.7 A s−1. Systems for faster ramping will be described

in Chapter 5

2.3 Signal Processing

Throughout each data acquisition cycle, the probe laser is scanned across the spectral

lines of an atomic transition at a rate from 10 to 500 Hz. As the laser center frequency

approaches resonance we observe increased absorption of the probe beam. We are

able to resolve spectral features of our atoms by detecting the change in absorption

as a function of frequency.
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The transmission signal, T , is calculated by dividing the measurement of the signal

intensity, S, by the reference intensity, R. This allows us to calculate a quantity of

optical depth defined as

OD = −ln(
I

I0
) = −ln(1− T ). (2.1)

According to this definition, in the absence of absorption, T = 1. In our experi-

ment, the intensities of light entering the signal and reference PMTs are not matched.

To account for this, we record a 500 ms baseline at the beginning of each data acqui-

sition cycle. We normalize the transmission signal by this baseline. For acquisitions

when the valve is opened, this can cause a shift in this baseline. Often on these scans

we take a late baseline by removing atoms from the trap with a heater pulse.

This method of data processing automatically divides out any noise in the system

that is common to both the signal and reference beams, such as intensity fluctuations

of the laser. Other sources of noise include physical vibrations of the mirror at the top

of the cell, electronic noise, or shot noise. By looking at the variation in the baseline

scans we are able to verify that these sources of high frequency noise in our system

are less than 2%.

Once we have measured the optical density as a function of laser frequency, we can

perform a fit to the spectrum. The fitting procedure employs a model that accounts

for all parameters affecting absorption including position dependence of the atom

density, probe beam radius and position, light polarization, and magnetic broadening.

The spectrum modeling software was developed by Brahms and deCarvalho [25, 65].
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Chapter 3

Collisions in the Low Buffer Gas

Density Regime

Collisions play a central role in any atom cooling and trapping experiment. As a

general rule, elastic collisions, in which the internal states of the atoms are unchanged,

lead to thermal equilibrium of the translational motion of the atom ensemble. In

the buffer gas loading method, atoms are cooled through elastic collisions with a

cold helium buffer gas to a temperature at which they can be magnetically trapped.

Inelastic collisions with the buffer gas lead to trap losses, as they change the spin

state of the atoms to an un-trapped state. After the buffer gas is removed, collisions

between trapped atoms determine the lifetime and temperature of the sample.

In addition to their relevance for magnetic trapping of atoms, studies of colli-

sions, especially at low temperatures, reveal details of fundamental atomic properties

and interactions. The rate of spin relaxation in a trapped atom sample can probe

anisotropy of the interatomic potential or the effects of higher order processes (such

as spin-orbit coupling). For atoms with complex asymmetric electronic configurations

this is very difficult to analyze theoretically. For these atoms measurements of colli-

sions are useful for testing theory and to model collisions of atoms (and molecules)

with non-S state ground states [28].

The experimental apparatus described in Chapter 2 is well suited for collision

studies of various atomic species. In a series of earlier experiments, we have used
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the apparatus to investigate collisions of atoms with helium. A study of collisions

of noble metal (Cu, Ag, Au) atoms with 3He revealed an anomalous loss process

that could not be explained by currently understood atom collision models [24]. In

addition, attempts were made to buffer gas load transition metal atoms; cobalt, nickel,

and iron [48]. These attempts at trapping were unsuccessful, although they made it

possible to place limits on the rates of inelastic collisions with helium.

In addition to being able to study collisions of atoms with the helium buffer

gas, the valved chamber construction of the cell permits removal the buffer gas and

the study of the subsequent atom-atom collisions. In this chapter, I will report on

measurements of inelastic collision rates between two rare earth atoms, dysprosium

(Dy) and holmium (Ho). These measurements build on the work done by Hancox, et

al, studying the collisions of rare earth atoms with helium. Her research, performed

in a similar buffer gas cooling apparatus, found smaller inelastic collision rates than

expected [17]. Our measurements help to extend the model proposed by Krems and

Buchachenko [34], that the filled s-state shields valence electrons in the f- and d-

shells, decreasing the anisotropy of the interatomic potential. First, I will give a

brief overview of the physics of collisions at cold temperatures as it applies to buffer

gas cooling and loading (atoms colliding with helium), as well as evaporative cooling

(atoms colliding with atoms).

3.1 Trap Loading: Collisions with the Buffer Gas

Elastic collisions with a cold buffer gas thermalize the ablated atoms to the temper-

ature of the cell walls. This reduces the kinetic energy to a value where the atoms

may be trapped in a laboratory-realizable magnetic field.

To load the trap through buffer gas collisions, the mean free path of the atoms

traveling through the buffer gas, λ = 1/σbgnbg must be much smaller than the radius

of the trap. Here σbg is the elastic cross section of the atoms with the buffer gas and

nbg is the buffer gas density. In addition, the atoms must undergo enough collisions
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to be cooled from the hot temperatures at which they are produced1 to the cell wall

temperature. Experiments have shown that this is on the order of 100 collisions for

atoms being loaded through ablation at starting temperatures around 1000 K [14].

If we assume a collision cross section of atoms with helium, σbg ∼10−14 cm2, and a

trap length of 10 cm, buffer gas densities on the order of 1016 cm−3 are necessary

for loading2. At high buffer gas densities, the atoms are at approximately the same

temperature as the buffer gas within a few milliseconds.

At these densities, the motion of the atoms through the cell is diffusive. The

temporal evolution of the atoms density, n, is determined by the diffusion equation

∂n

∂t
= D∇2n. (3.1)

D is the diffusion constant defined as [66]

D =
3π

32

vµ

nbg σd
. (3.2)

Here nbg is the buffer gas atom density and σd is the diffusion cross section3. vµ is

the thermally averaged relative velocity. For two particles with different masses, m1

and m2, and temperatures, T1 and T2,

vµ =

√
8kB

π

(
T1

m1
+

T2

m2

)
. (3.3)

If the particles are in thermal equilibrium then T = T1 = T2, and Equation 3.3

reduces to the average thermal velocity of a particle with the reduced mass.

Solutions to the diffusion equation can be described as a series of eigenmodes of

the form

1In our experiments, the atoms are produced through ablation. Other buffer gas loading schemes
use a discharge or beam of particles. The production temperature for ablation or discharge is on
the order of 103 K. Beams are usually pre-cooled to ∼ 4 K [19].

2This is consistent with observations in the experiment.
3In general for distinguishable particles, the diffusion cross section is smaller than the elastic

cross section σel by order unity. In this thesis we will assume them to be equal.
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n("r, t) =
∑

i

ni("r)e
−t/τi . (3.4)

Each ni("r) is a spatial eigenfunction determined by the boundary conditions of

the problem. We solve for only the lowest order mode in this problem as the higher

order modes decay more rapidly.

If the trapping field is off, Equation 3.1 is easily solved for simple geometries. For

a cylindrical cell of length, L and radius, R, and n = 0 at the cell walls, the solution

is

n("r) = n(0)J0

(
j01 r

R

)
cos

(π z

L

)
. (3.5)

τdiff =
nbg σbg

gcylvµ
. (3.6)

gcyl =
3π

32

(
j2
01

R2
+

π2

L2

)
. (3.7)

J0(r) is the zeroth-order Bessel function and j01 is the location of its first zero.

If the trapping field is on, the atoms feel a retarding force that can be approximated

with a drift velocity term on the right hand side of Equation 3.1. This will have the

effect of increasing the lifetime of the trapped atoms. For an ellipsoidal quadrupole

trap, in a cylindrical cell the diffusion lifetime can be approximated by [25]

τcyl =
nbgσd

gcylvµ
e0.31η+0.018η2

. (3.8)

In the high buffer gas density regime, necessary for loading, the lifetime of the

atoms in the trap increases linearly with the buffer gas density.

Not all collisions with the buffer gas are elastic. Inelastic collisions between atoms

and buffer gas can change the internal state of the atoms. Trapped atoms are in

the weak field seeking mF states. A collision which changes the projection of the

total spin to a high field seeking mF state will result in the loss of an atom from the
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trap. This is known as “Zeeman relaxation”. The rate of atom losses due to Zeeman

relaxation can be described by

Ṅat = −ΓZRNat. (3.9)

Where,

ΓZR = nbgσZRvµ. (3.10)

We call this a “one-body” loss mechanism, as each collision involves only one

trapped atom. The lifetime due to Zeeman relaxation is 1/ΓZR and is inversely

related to the buffer gas density. For most atoms, the inelastic cross section with

helium, σZR, is much smaller than the elastic cross section, σbg. However, if there

is enough buffer gas in the cell, the Zeeman relaxation time limits the trap lifetime.

A more rigorous discussion of the physics of Zeeman relaxation is given in Johnson’s

thesis, Ref. [48].

The loss processes we have described so far occur in the high buffer gas density

regime necessary for loading. All of the experiments in this thesis will take place

after the atoms have been loaded and the buffer mostly removed. To isolate the

atoms inside the trap, there must be a range of buffer gas densities for which the

lifetime of the atoms is long enough that we can open the valve, or about 100 ms.

We will define a parameter γ to describe the ratio of the rates of elastic to inelastic

collisions with the buffer gas

γbg ≡
Γel

Γin
. (3.11)

The 100 ms lifetime requirement places an empirically derived minimum on this

ratio for successful buffer gas loading4.

γbg ≥ 104

4I will derive a similar limit for γ corresponding to atom-atom collisions later in this chapter.
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Collisions in the Low Buffer Gas Density Regime

In the low buffer gas density regime, there is no diffusion. The trap lifetime due to

interactions with the buffer gas is inversely proportional to the buffer gas density.

After removal of the buffer gas, any residual background gas couples the trapped

atoms to the temperature of the cell walls. In this regime, increasing the buffer gas

density couples the temperature of the atoms to the cell walls, increasing the heat

load on the atoms and decreasing the trap lifetime. The details of this interaction

will be important for attempting evaporative cooling. I will quantify the interaction

of the atoms with low densities of background gas in the next chapter, and derive a

limit for the maximum background gas density which can be tolerated. Typically it

is on the order of 1011 cm−3.

We have been successful in removing the buffer gas below the level where the

trap lifetime is dominated by collisions between the atoms. Appendix A discusses the

removal of the buffer gas. The rest of this chapter is concerned with the interaction of

trapped atoms with other trapped atoms assuming the low buffer gas density limit.

3.2 Atom-Atom Collisions

Once the buffer gas is removed, collisions between atoms are responsible for the

thermal equilibrium and most of the losses from the trap. Similar to the helium-

atom collisions described above, elastic collisions with other trapped atoms bring the

ensemble into thermal equilibrium and can cause losses near the trap edge. Inelastic

collisions result in atom losses from any location in the trap.

At any point "r in the trap, the local loss of atom density, n, due to intra-atomic

collisions will vary as the atom number density squared

ṅ = −g2bn
2. (3.12)

Here, g2b is the two-body rate constant with units of cm3 s−1. The rate constant

for any process can be related to the cross section by the thermally averaged velocity,
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g ≡ σvµ. For a homogenous gas Equation 3.12 has a unique solution

n(t) =
n(0)

1 + n(0)g2bt
. (3.13)

However, the local density, n, is not a measurable quantity in our experiment as

we can only measure bulk atom cloud behavior. In a spherical quadrupole magnetic

trap, the local number density is weighted by the Boltzmann distribution.

n("r) = no e−U(#r)/kBT (3.14)

Here no is the peak density of atoms found at the center of the trap where the

atoms are coldest and the density is largest. We can define an effective volume such

that N = no Veff , where N is the total number of atoms in the trap.

Veff ≡
∫ #rmax

0

e−U(#r)/kBTatdV (3.15)

If we insert Equation 3.14 into Equation 3.12 and integrate over the actual trap-

ping volume, we find

ṅo = −g2b

8
n2

o. (3.16)

Solving Equation 3.16 we find an equation similar to 3.13 but for the observable

quantity, no.

no(t) =
no(0)

1 + no(0)g2bt/8
(3.17)

3.2.1 Elastic Collisions

General quantum mechanical elastic scattering is treated in most quantum mechanics

textbooks [67, 68]. A useful discussion of atomic collisions can be found in Ref. [66].

At room temperature elastic cross sections are typically in the range of 10−15 to

10−14 cm2 [69]. The elastic collision cross section depends strongly on the interference

of scattering paths when the incoming atoms are in a superposition of total orbital
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Atom (F, mF ) σel (cm2) Source
H (1,1) 1× 10−15 [72]

7Li (2,2) 3× 10−13 [73]
23Na (1,-1) 6× 10−12 [74]
39K (2,2) 1× 10−13 [75]
52Cr (3,3) 5× 10−14 [20]
87Rb (1,-1) 5× 10−12 [76]

Table 3.1: Elastic collision cross sections in the cold to ultracold limit for various
atoms. While all of these atoms are S-state, their elastic cross sections at low tem-
perature vary greatly.

angular momentum states. The difference between interatomic potentials from these

states introduces a phase shift in the scattering amplitude with a finite probability

of a spin change during a collision. As the atoms are cooled, higher order angular

momentum partial waves are “frozen out” because the atoms do not have enough

energy to tunnel through the angular momentum barrier of the interatomic potential.

We call this the limited partial wave or “cold” regime. Further cooling brings the

atoms into the near zero-energy limit, or the “ultracold” regime. In these collisions

only the s-wave contributes to the scattering amplitude and the elastic cross section

approaches a constant. Extensive treatment of atomic collisions in the cold and

ultracold collisions can be found in review articles [70, 71]. The ultracold elastic cross

sections for various species of atoms are shown in Table 3.1.

Elastic Losses

While elastic collisions are mostly thermalizing, they can also lead to atom loss in a

magnetic trap. A more rigorous discussion of this process will be given in the next

chapter, but I will provide a brief discussion of it here for completeness. Although the

total energy is conserved, the atoms can exchange momentum during the collision;

one atom exits the collision with greater energy and one with less than before the

collision. If such a collision occurs near the edge of the trap, this can excite one atom

to an orbit that will cause it to leave the trap. This atom will carry away the extra

energy gained in the collision, leaving its collision partner still in the trap. This is
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the basic idea behind evaporative cooling.

Unlike the inelastic collisions discussed below, not every elastic collision leads to

trap loss. Only some small fraction of collisions will result in an atom attaining

enough energy to leave the trap. However, closer to the trap edge, the probability

increases. We will see in the next chapter that this probability will scale roughly

as
√

ηe−η. For very deep traps (η > 10) this process will account for a very small

fraction of atom losses.

3.2.2 Inelastic Collisions

Three types of inelastic collisions affect magnetically trapped atoms: spin exchange,

dipolar relaxation and three-body recombination. In most traps, three-body recom-

bination rates are very low due to the relatively low densities [47, 77]. The first two

types of collisions are binary collisions involving only two atoms. Both of these types

of collisions lead to spin relaxation from a trapped state to a magnetically un-trapped

state of one or both atoms.

Spin Exchange

Spin exchange collisions preserve the total spin angular momentum of the two colliding

atoms and occur frequently in a magnetically trapped sample. In the case of spin 1/2

particles, the molecular interaction of a spin up and spin down particle introduces a

phase shift in the scattering amplitude during the collision. Depending on the length

of the interaction, the atoms can exchange spin states.

In collisions involving particles with spins greater than 1/2, the molecular potential

couples the input state to output channels with the same total angular momentum

projection. For simplicity consider two atoms with no nuclear spin. The electronic

spin state is represented by |S1,m1;S2,m2〉, such that St = S1 + S2 and Mt = m1

+ m2. As the atoms approach each other, the total spin projection Mt = m1 + m2,

remains a good quantum number and couples the state of the incoming atoms to

outgoing interatomic states with the same total spin projection. There is a finite
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probability the atoms will leave the collision in any state |S1,m′
1; S2,m′

2〉, such that

Mt is conserved.

If both atoms are in the most-weak-field-seeking state (or the most-high-field-

seeking state), meaning that m = ±S, the molecular potential can only couple to

the same outgoing states; thus spin exchange is forbidden. For atoms trapped by a

potential minimum, atoms in any spin state other then the most “stretched” state

can end up in an un-trapped state and immediately leave the trap.

A similar argument can be made for atoms with non-zero nuclear spin in fields

where mF is a good quantum number. In this case, the molecular potential will

couple exit states that maintain total |mF 〉 in the collision, resulting in all of the

atoms quickly decaying into the most-weak-field-seeking state, |mF 〉 = F for each

hyperfine level. Once the system is fully polarized, further spin exchange is forbidden

because of angular momentum conservation [47, 78, 79]. Consequently, spin exchange

has the effect of “purifying” the spin state of the samples into the most-weak-field-

seeking state.

For alkali atoms, spin exchange rate constants are typically 10−12 cm3 s−1 [47].

If we assume similar rates for the rare earth atoms, at the densities in our trap, the

sample will be spin polarized in each of the hyperfine levels in about one second.

After that, spin exchange no longer plays a role in trap population evolution.

Dipolar Relaxation

Dipolar relaxation couples the internal spin angular momentum to the orbital angular

momentum of the colliding atoms. This can cause spin relaxation out of the trapped

state during a collision of two spin polarized atoms. The Hamiltonian for this collision

is simply the classical expression describing the interaction of two magnetic dipole

moments.

Hdip(r) =
4µ2

r3
[J1 · J2 − 3(J1 · n)(J2 · n)] (3.18)
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n is the unit vector connecting the two magnetic moments and r is the distance

between the two atoms. Since Hdip varies as r−3, dipole relaxation is a long range

interaction. Classically, when two colliding atoms approach to a distance ro, they feel

a perturbation Hdip(ro) for a characteristic time τc. In the classical approximation,

τc = ro/v where v is the velocity during the collision. The inelastic dipole cross

section varies as the probability that the spin is changed, squared.

σdip ∝
(

µ2

vr2
o

)2

(3.19)

The cross section will scale as µ4 and as r−4
o . The velocity, v, in this expression

(unlike most other velocities in this thesis) is not simply the average thermal velocity.

Instead this velocity will depend on the interatomic potential of the collision. As

temperature approaches zero, the cross section will tend to zero too. This is due

to higher order partial waves being “frozen” out of the interaction (see the section

on Elastic Collisions above). I will assume for the atom temperatures in this thesis

(40-500 mK, well above the s-wave limit) that the dipole cross section is constant and

the two-body rate constant will vary as the
√

T . For alkali atoms (µ = 1µB) dipolar

rate constants have been calculated to be typically 10−15 cm3 s−1 [80, 81]. Unlike

spin relaxation, dipole relaxation can occur between two fully polarized atoms. After

spin exchange has polarized the samples, dipole relaxation dominates the inelastic

processes.

3.2.3 Limits on γ2B

As I will discuss in detail in the next chapter, in order to cool by evaporation or

to achieve long lifetimes in the trap, the losses due to inelastic atom-atom collisions

must be small compared to the rate of thermalization. Assume that if an ensemble

of atoms is not in thermal equilibrium with its surroundings, each atom needs to

undergo n collisions to effectively thermalize to equilibrium. We introduce a ratio of

the coefficients of elastic to inelastic collision rates for two-body collisions similar to

that for one-body collisions.
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γ2b =
gel

gin
(3.20)

If γ2B is too small, the atoms never rethermalize to a new thermal distribution.

Instead, the sample size is simply decreased. For successful evaporative cooling,

γ2b + 1

Buffer gas loading, which is capable of attaining large initial trap populations, is

well suited for attempts to achieve evaporation even in the case of small γbg.

3.3 Rare Earth Atoms

The rare earth atoms are interesting for cold atom research because they are non-S

state atoms that can be loaded into a magnetic trap using buffer gas cooling. This

presents the intriguing possibility for loading, and perhaps cooling to degeneracy,

atoms or molecules with orbital angular momentum.

In 2005 Hancox et al. studied collisions of a variety of rare earth atoms with 3He

[17]. The result of their research is summarized in Table 3.2. The rare earth atoms

have γbg large enough to allow for buffer gas trapping and lifetimes long enough for

removal of the buffer gas. This comes about because the unfilled valence shell (f or

d) is partially shielded by filled shells (including a filled 6s-shell) with average radii

greater than the unfilled valence shell. These filled shells decrease the anisotropy of

the interaction of the rare earth atom with helium [28, 82]. The atom-He elastic

collision cross sections were all found to be large, on the order of 10−14 cm2.

According to Krems et al., similar suppression of anisotropy might also increase

the elastic collision cross section for atom-atom collisions [34, 83]. The filled s-shells

repulse each other so that the average interaction radius is greater than it would be

for unshielded f- valence shells. For dipolar spin relaxation, the rate varies as r−4 and

could be sensitive to the repulsive forces that increase the radius of interaction.

Our apparatus is ideally suited to measure the inelastic rates of rare earth intra-

atomic collisions as well as to attempt evaporative cooling. The fast-opening cryogenic
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Atom Term µ (µB) Number Trapped γbg (104)
Tm 2F7/2 3.99 2 × 1011 2.7±1.4
Er 3H6 6.98 2 × 1011 4.3±2.3
Nd 5I4 2.41 1 × 1012 8.7±4.9
Tb 6H13/2 9.94 2 × 1011 12±0.6
Pr 4I9/2 3.29 3 × 1011 13±0.8
Ho 4I15/2 8.96 9 × 1011 28±1.6
Dy 5I8 9.93 2 × 1012 45±2.4

Table 3.2: Ratio of elastic to inelastic cross sections for the various rare earth atoms
as measured by Hancox et al, Ref. [17]. For all of these atoms unfilled f- and d- shells
are shielded by filled 6s shells giving rise to suppressed anisotropy of the interatomic
potential.

valve, low cell temperature, and the ability to do fast magnetic field changes were all

designed with the intent to carry out evaporative cooling of various species.

Considering that the dipole-dipole interaction scales with µ4, holmium and dys-

prosium with µ equal to 9 and 10 respectively, might seem less than ideal lanthanide

species for evaporative cooling. However, we chose these atoms because their large

values of γbg is efficient for loading and cooling the atoms with a helium buffer gas.

We initially attempted to measure the two-body relaxation rate of praseodymium.

Problems with the low signal-to-noise ratio, short trap lifetime in the presence of

buffer gas, and low production thwarted our efforts.

3.4 Two-body Collision Rate Measurement

Our apparatus allows us to remove the buffer gas atoms quickly and measure atom-

atom collision rates. To determine collision rates we measure the lifetime of atoms in

the trap. The lifetime is determined by both losses of atoms due to evaporation (an

elastic process) and losses due to inelastic collisions that result in an un-trapped atom

as explained above. If the lifetime due to background gas collisions is longer than 100

ms, we can decrease the buffer gas density in the trapping region to approximately

1011 cm−3 by opening the valve. At these buffer gas densities, the lifetime of the

atoms is dominated by the atom-atom collisions. By measuring this lifetime and the
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temperature, we can derive the inelastic collision rate constant.

We load atoms into a magnetic quadrupole trapping field using buffer gas densities

of approximately 1016 cm−3, trapping more than 1011 atoms at 500 mK. The exact

temperature depends on the magnetic moment and the mass of the atoms as well as

the temperature of the cell after ablation.

Once the atoms are cooled to temperatures where η is greater than ten, we open

the valve in less than 200 ms. This removes the majority of the buffer gas and isolates

the atoms.5

After the buffer gas has been removed, we can measure the decay of the atoms in

the trap and fit it to Equation 3.17 to determine the two-body rate constant. The

losses account for all atoms that leave the trap due to any two-body process, whether

elastic or inelastic. For the reasons mentioned in Section 3.2.1, the elastic loss rate

is highly suppressed for a trap with η greater than ten. Additionally, we fit the data

only for times greater than one second, after spin exchange has purified the sample.

The procedure for taking two-body measurements is simple. We start by record-

ing a spectrum at zero field. After verifying the buffer gas density in the cell, laser

alignment, and frequency centering, we establish an ellipsoidal quadrupole trap geom-

etry with the gradient in the axial direction being twice that in the radial direction.

We record a spectrum in the trapping field before opening the valve, to check that

nothing has changed during the magnet ramp. Finally, we take a scan across the

transition frequency while the valve is opened but and the magnets are maintained

at constant current maintaining a constant current in the magnet coils. Opening the

valve often introduces a new offset into the signal. In order to account for this, at

the end of the data acquisition cycle we heat the cell to remove any remaining atoms

and get a new baseline of the empty cell signal.

Both dysprosium and holmium atoms are ablated using a 10 mJ pulse. For both

atoms we used a similar laser setup. In dysprosium, the 404.71 nm transition between

the 5I8 state and the 5H7 state can be reached with a standard blue laser diode

5Removal of the buffer gas can sweep out some of the atoms due to “wind”. For highly magnetic
atoms the loss is insignificant for most trapping geometries. The losses are estimated with Monte
Carlo in much greater detail in Brahms’ thesis [25].
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Atom Isotope Abundance Isotope Shiftc (MHz)
Dy 164 0.282 0

163 0.249 130
162 0.255 370
161 0.189 510
160 0.0234 810

Atom Isotope Ground State Excited State
Aa(MHz) Ba(MHz) A(MHz) B(MHz)

Dy 163 162 1152 190±10c 1000±200c

161 -116 1091 -140±10c 1700±200c

Ho 165 800.583 -1688 653±2b -500±200b

Table 3.3: Data used for spectrum fitting of Dy and Ho spectra. aRef. [85], bRef.
[86], cBest fits to zero field data.

centered near 405 nm. Similarly, we used a second blue diode centered around 410

nm to reach the 410.5 nm transition between the 4H15/2 ground state and the (J1,J2)

= (15/2,1) excited state for holmium atoms.6 The diodes were installed in a Toptica

Photonics DL100 laser head [84].

3.4.1 Fitting the Data

We use a similar process to fit the spectral data for both dysprosium and holmium.

Dysprosium

Figure 3-1 shows the zero-field dysprosium spectrum. There are 5 isotopes of dys-

prosium with populations greater than 2%. Two of these isotopes have I = 5/2 with

hyperfine structure. The energy levels of two isotopes of dysprosium are shown in

Figure 3-2. Details of the transition, including the isotope shifts and hyperfine con-

stants we used to fit the data, are in Table 3.3. At zero-field, with typical loading

buffer gas densities, the Dy has a diffusion lifetime of approximately 100 ms. We have

6The laser diodes were harvested from a Sony Playstation HD-DVD player bought at Best-
Buy. As the HD-DVD technology lost out to Blu-Ray, HD-DVD players became very inexpensive.
With minimal effort, the laser diode was removed and the lasing frequency determined. Using a
diffraction-grating stabilized external cavity allows precise tuning and scanning of the laser frequency
for spectroscopy.
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Figure 3-1: Dy spectrum at zero field on the transition 5I8 → 5H7 at 404.7 nm[45].
There are five isotopes of Dy with occupation greater than 2%. From the spacings of
the isotope peaks for 165Dy, 163Dy, and 161Dy at zero field, we can estimate the hyper-
fine constants (A, B) for the excited state (see Table 3.3). Finite residual magnetic
fields broaden the zero field spectrum slightly so temperature information can not be
found from this spectrum.

good production of atoms with maximum optical depths of about 0.5, (about 60%

absorption of the beam).

Most of the data were taken with the magnet ramped to 30A in each of the coils

creating a magnetic field at the cell walls of 1.25 T. We load approximately 1011

dysprosium atoms at 500 mK with buffer gas densities of 9 × 1015, for an initial

trap depth, η = 16.5. Trap lifetimes before opening the valve are about 500 ms. We

optimized the valve opening time to 100 ms after the ablation pulse to give maximum

signal at late times.

To extract the value of g2b, we convert the optical depth spectrum profile into

meaningful numbers. We can fit the averaged atomic spectrum to a spectrum model

that accounts for atom number, atom temperature, hyperfine state populations, mag-

netic trap parameters, and the detection laser beam profile at various times after
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Figure 3-2: Energy levels of the 5I8 ground state Dy. We magnetically trap the weak
field seeking states of each isotope. (a) 164Dy: I = 0. J is always a good quantum
number. (b)163Dy: I = 5/2. At high field mJ is a good quantum number. Each mJ

manifold has 6 states corresponding to each mI state.
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Figure 3-3: The spectrum of dysprosium trapped in an 8.5 K deep trap, taken 4.5
seconds after the valve is opened. The fit shows atom densities of (1±0.1)×1012 cm−3

at 440±40 mK with χ̃2 = 0.38.

ablation. The beam profile and magnetic trap parameters can be estimated from the

experimental setup. The populations of the different hyperfine levels are estimated by

assuming a thermal equilibrium distribution based upon the energy splittings. The

atom number density, no, and temperature of the atoms can be adjusted for the best

fit. An example of one of these fits for Dy is shown in Figure 3-3. The atom fitting

model is described in detail in Brahms’ thesis [25].

The standard deviation in the spectrum fitting is on the order of ±10% of the fit

parameter for both temperature and atom density. We also extract χ̃2 value for each

spectrum fit. Each fit is adjusted until χ̃2 is less than 5 to ensure a smaller systematic

error in the model fit to the data.

After attaining atom number and temperature information for various times after

ablation, the atom density is plotted versus time and fitted to a one-body or two-

body curve. Figure 3-4, is a comparison of a one-body fit – Equation 3.9 – and a
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Figure 3-4: A comparison of a one-body decay model and a two-body decay model
fit to the atom number density of dysprosium evolving in time. Each point on the
plot was found by fitting to an average spectrum. The better agreement of the
two-body fit (R2 = 0.997) implies that the loss mechanism is primarily due to intra-
atomic collisions. We uncertainty in the atom number fit is ∼ 10%. We estimate
the uncertainty in the rate constant measurement by averaging the fits from many
different experimental runs.

two-body fit – Equation 3.17 – to the atom number as a function of time. The quality

of the two-body fit verifies that the mechanism behind the population decay in our

trap, once the valve is opened, is due to primarily to atom-atom collisions rather than

collision with the buffer gas. The two-body fit gives values for g2b and the initial atom

number density. We extract a number for g2b for each data file. To extract a final

value, we average g2b for thirteen different files and use the standard deviation of the

values to estimate the uncertainty of the measurement.
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Figure 3-5: Holmium spectrum at zero field on the transition 4I15/2 → (15/2, 1) at
410.5 nm. For fitting purposes we only use transitions to the 4H15/2 state.

Holmium

We followed the same basic fitting procedure for the holmium data as for dysprosium.

The transition used in holmium for detection is from the 4I15/2 ground state to the

(J1, J2) = (15/2, 1) state, at 410.5 nm. The exact configuration of the excited state

in the L,S basis is unknown. A fit for the transition to the 4J17/2 state was done at

zero field. This transition accounts for the largest peaks in the spectrum as seen in

Figure 3-5. At zero field and loading buffer gas densities, we see lifetimes of about

100 ms. Production of atoms is good, giving peak optical depths greater than one.

We load 5 × 1011 holmium atoms into a 12.4 K deep trap with about 8 × 1015

cm−3 buffer gas density at 330 mK. Unlike dysprosium, holmium has only one isotope.

However, because I = 7/2, there are 7 hyperfine levels in the ground state and 9 in the
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Figure 3-6: Energy levels of the 4H15/2 ground state of 165Ho as a function of magnetic
field. We magnetically trap weak field seeking states. I = 7/2 and at high field J is
a good quantum number. Each mJ manifold has 8 states corresponding to different
mI states.

excited state (see Figure 3-6). The spectrum is Zeeman broadened at high magnetic

fields so that only the most populated hyperfine levels are resolvable. The separation

of these states along with thermal broadening provide the necessary information for

a reasonable fit. An example of a fit to a trapped spectrum is shown in Figure 3-7.

The details of the spectrum are are not resolvable in the data. The spectrum is broad

(about 12 GHz wide) and is difficult to scan across quickly.

In spite of complications with fitting the spectrum, the holmium data also supports

a two-body loss model better than a one-body loss model. Figure 3-8 shows a typical

fit to the data. We averaged over nine similar fits to attain the final value and

uncertainty of g2b.

3.4.2 Results

The results of our study of two-body collisions in holmium and dysprosium are sum-

marized in Table 3.4. The uncertainty reported is the standard deviation of the

two-body rate constant averaged from multiple data acquisition cycles. It does not
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Figure 3-7: The spectrum of holmium trapped in an 12.4 K deep trap, taken 2.5
seconds after the valve is opened. The fit gives atom densities of (3±0.3)× 1012 cm−3

at 330±30 mK with χ̃2 = 0.66.
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Figure 3-8: A comparison of a one-body decay model and a two-body decay model fit
to the atom number density of holmium evolving over time. Each point on the plot
was found by fitting the an average spectrum. The better agreement of the two-body
fit implies that the loss mechanism is primarily due to atom-atom collisions.
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g2b (cm3s−1) Temp. (mK) σdip cm2

Dy 1.8(0.2)×10−12 516(26) 1.6(0.2)×10−15

Ho 0.72(0.14)×10−12 403(57) 0.7(0.2)×10−15

Table 3.4: Final results from the study of Ho and Dy trap losses due to intra-atomic
processes.

include systematic uncertainty in the spectrum model fitting. As seen above, the

two-body rate constant is related to the collision cross section by the velocity of the

collision.

g2b = σdipv (3.21)

We assume that the rate of collisions is determined by the average thermal velocity

and v =
√

16kBT/πm. In the absence of a shape resonance or Feshbach resonance

the two-body rate constant should depend on temperature (through the velocity), but

not on the average magnetic field. To check our that our measurements were not due

to some other process that looked two-body, we performed the measurement at two

different fields. We found good agreement within the uncertainty of our measurements

at various fields.

If we assume that different species of atoms have similar interaction lengths, r,

the dipolar cross sections should scale as µ4. We can compare our results to similar

measurements on hydrogen atoms, which found g2b=(1.2±.5)×10−15 cm3 s−1 at 43

mK [87–89]. This corresponds to σdip(H) = 3.5×10−19 cm2. We estimate that σdip for

rare earth atoms to be 104 times larger than the hydrogen cross section at a similar

temperature. The collision cross sections we have measured are only 3 × 103 times

larger hydrogen. This could be due to a slight suppression of the anisotropy of the

interatomic potentials due to shielding from the filled s-shells [83].

In addition, we can compare the dysprosium and holmium measurements to each

other. We expect for cross sections to scale such that σdip(Dy)= 0.66 σdip(Ho). We

measure the ratio to be 0.44, in reasonable agreement with the expected value. These

comparisons uphold the hypothesis that the two-body decay rates is dominated by
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dipolar relaxation.

In addition, these rates are favorable for evaporation. If the elastic atom-atom

cross section is large (as found in collisions with He), γ2b will be large, easily satisfying

the requirement of 50 elastic collisions per inelastic loss, and evaporation will be

feasible with these non-S state atoms. We report in Chapter 5 on successful adiabatic

cooling of dysprosium atoms to 50 mK, and progress towards further evaporation.

First, I will discuss the details of evaporative cooling in a buffer gas apparatus in the

context of a model designed to take into account the affects of background gas. This

model will be used to understand the data collected during evaporating.
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Chapter 4

A Model of Evaporative Cooling

The technique of evaporative cooling has been key in the development of ultracold

atomic physics and generally essential for cooling to the degenerate regime. Evapora-

tive cooling refers to a variety of experimental techniques that preferentially remove

more energetic atoms from a trapped sample. As these atoms are removed, the re-

maining trapped atoms rethermalize to a lower energy state, thus cooling the entire

ensemble. It is similar to the mechanism through which a cup of coffee cools. This

technique has been used in most experiments that have achieved degenerate dilute

gases. The fundamental physics of evaporative cooling is now well developed. It is

covered in many sources, such as Ref. [35, 47]. However, evaporative cooling in a

buffer gas apparatus is a unique situation because of the more pronounced effects of

background gas collisions.

Collisions with a background gas of un-trapped atoms lead to additional heating

and loss during the evaporation process. In this chapter, I will develop a model

of evaporative cooling in the presence of a background gas. This model is built

upon previous work done in both this group at MIT and at Harvard by Doyle, et al

[20, 46, 90, 91]. Previous success of evaporative cooling in a buffer gas apparatus has

been achieved with 4He as the buffer gas. The vapor pressure of 4He at our loading

temperatures is orders of magnitude less than that of 3He , and too small to be used

for trap loading. We have found that even with the removal of most of the buffer gas

with the valve, there is still some small density of 3He in the cell. This residual 3He
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is enough to affect the evaporative cooling process. Building on previous work, the

model presented here expands our understanding of collisions with background buffer

gas. Specifically, it incorporates a more realistic model of background gas collisions

in the range where the background gas stops cooling and begins to heat the trapped

sample. This model shows the need to reduce the background gas density to lower

levels than previously believed necessary to achieve efficient evaporative cooling of

the sample. In the remainder of the thesis, the model will expand our understanding

of what is happening in the system at low background gas densities, temperatures,

and trap depths.

In this chapter, I assume that the majority of the buffer gas has been removed

from the trap region. I will refer to any residual buffer gas as the “background gas”

and use the subscript bg. In addition, the background gas is non-magnetic and is

unaffected by the trapping potential. Similarly, “atoms” (and the subscript at) will

refer the trapped neutral atom that is being evaporated. For numerical calculations,

I will assume that the background gas is 3He. In addition, we will use the the elastic

cross section of He with Dy as 1.4 × 10−14 cm−2 [86], and with Li as 3 × 10−15 cm−2

[16].

4.1 Methods of Evaporative Cooling

Today in cold physics, evaporative cooling is a term used to describe a variety of

experimental techniques designed to cool trapped atom samples. In 1986, following

the first observation of trapped of neutral atoms, Hess proposed a technique of de-

creasing the magnetic field at one point in the trap to allow atoms to escape and

enhance cooling [35]. Hess made this proposal while working with the ultracold hy-

drogen group here at MIT. The group put the proposal to work in a high aspect ratio

Iöffe-Pritchard trap, which they “opened” at one end. In this approach the confining

radial gradient at the center of the trap remained constant during the evaporation.

As the atoms cooled, they settled into the center of the trap, building up a density

so high that the two-body dipolar decay became prohibitive. This problem was ad-
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dressed by simultaneously lowering the radially confining magnetic field, though at a

different rate optimized to achieve the most efficient cooling path. In 1988 Hess’s the-

ory was realized when hydrogen was evaporatively cooled to 1mK using this method

[87]. A decade later, in 1994, the idea was combined with laser cooling techniques,

as proposed first by Pritchard [12] in 1983, to evaporatively cool other alkali atoms.

Using a radio frequency optical excitation, known as an “RF-knife”, atoms are ex-

cited from trapped hyperfine levels to un-trapped hyperfine levels at a specific trap

depth. In 1995, this technique was used in the first realizations of a Bose-Einstein

condensate (BEC). It is now a standard experimental technique in the atomic physics

community.

If the atom position in the trap is determined by total energy, then evaporative

cooling can also be achieved by introducing a surface, such as a wall or window, into

the trapping region. If an atom’s orbit intersects a surface, it is removed from the

trapping region. This is usually done by translating the trap minimum.

In our experiment we control the shape and magntitude of the magnetic potential

by manipulating the currents in the two magnet coils. Evaporative cooling is achieved

by lowering the overall trap depth at the walls or moving the atom cloud toward a

surface like the window or mirror as described in Chapter 2. RF evaporation is

not practical in our apparatus because the high magnetic trapping field requires

impractically high frequencies of microwave power.

4.2 Collisions and Losses

Both thermalization and losses result from collisions between atoms in the trap, with

other atoms and with the background buffer gas. Atom loss is either exothermic

(cooling) or endothermic (heating). If the energy of the atom lost is greater(less)

than the average trapped atom energy, the loss contributes to cooling(heating). In

addition, collisions with hot(cold) background gas atoms, can add(subtract) energy

from the atom cloud. Most evaporation models do not take into account the effects of

background gas because these are negligible for most experimental setups. In a 3He
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buffer gas cooling apparatus however, the background buffer gas plays a much larger

role. With this in mind, a number of phenomena need to be considered.

1. Collisions between two trapped atoms: These collisions can be both elastic or

inelastic. However, both cause losses from the trap as described in Chapter

2. Inelastic collisions result in an un-trapped state. Inelastic collisions are

most common in the high density low temperature region of the trap. These

losses increase the equilibrium temperature of the cloud. Elastic collision cross

sections determine the rate of cooling, as evaporation is due to elastic collisions

bringing the system into thermal equilibrium.

2. Collisions with the background gas atoms: Background gas collisions can lead

to heating of the trapped atoms because the background gas in is in thermal

contact with the cell walls and can conduct heat to a cold atom sample. In

addition, background gas atoms with enough energy lead to atoms being lost

from the trap. For the purposes of this model, we assume that our buffer gas

density is small compared to the necessary loading density of 1016 cm−3. In

this regime, the collisions with the buffer gas can cause atoms to be removed

from the trap. Collisions with background gas that do not cause atom loss can

either add or remove heat from the sample, depending on the temperature of

the buffer gas.

3. As the magnetic field is ramped down, some atoms are removed from the trap

before any thermalization can occur, as the tail of the Boltzmann distribution

is effectively removed. We refer to these losses as forced evaporation.

4. Majorana losses due to the geometry of the trap minimum in a quadrupole trap:

At the minimum of a quadrupole trap the magnetic field goes to 0 and then

changes direction. If the gradient of the field at the trap minimum is so large

that the atoms, precessing at the Larmor frequency, cannot follow the change

in the magnetic field, the atoms can be lost from the trap. In general, this loss

process plays a minor role.
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5. Changes in the trap volume and geometry can lead to adiabatic heating and

cooling with no atom losses.

In the next few pages, we will review each of these processes and give specific

functional forms to atom number loss and the average energies involved.

4.2.1 Changing Trap Volume

The rate of all collisional atom loss processes depends on the density of atoms. As the

trap shape is changed, the effective volume of the trap which an atom will explore,

also changes. To understand how this volume evolves, we will start with the definition

of the Veff previously introduced in Equation 3.15 and restated here for clarity.

Veff ≡
∫ #rmax

0

e−U(#r)/kBTatdV

Such that N = no Veff as defined in Chapter 3.

The volume integral extends over all "r, where U("r) is less than or equal to the

trap depth, Umax. As the magnet is ramped U(r) changes, thus changing the effective

volume. In our experiments the magnetic trapping field can be approximated by an

ellipsoidal quadrupole field. Thus we can write a functional form of U(ρ, z) where ρ

and z are the radial and axial distances from the trap minimum.

U(ρ, z) = µ
√

(βrρ)2 + (βaz)2. (4.1)

Here, βr is the gradient in the radial direction and βa is the gradient in the axial

direction. When the magnitude, I, of the currents in each coil are equal, the trap

depth is defined by the cell wall (radial surface) such that , βr = Bmax/rwall. As can

be seen in Figure 4-1, near the trap minimum βa = 2βr.

The trap volume changes if we evaporate against an axial surface. Figure 4-1 shows

the changing trap potential and position as one magnet is ramped down while the

other is held constant. As the trap depth is lowered, the trap minimum is translated

towards the surface and the gradients also change. For the purposes of modeling the
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Figure 4-1: Simulations of the magnetic trapping potential during the ramp [51].
The solid lines on the contour plots are the outline of the cell. Contours are spaced
every 1 T and assume I1 = 100 A. Below I2 ≈ 69% I1 the maximum trap depth is
located on the axial window surface. α is the ratio of the gradients in the axial and
radial directions. The right side panels show the magnitude of the magnetic field as
a function of distance from the trap center in the radial (solid line) and axial (dashed
line) directions. The solid line at the top of each plot defines Bmax.
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effective volume of the trap, we will assume that the trap is linear in both the axial

and radial directions and define the parameter α ≡ βa/βr. In the radial direction

we can continue to estimate, βr = Bwall/rwall. In the axial direction, we can see

from Figure 4-1 that the trap is not actually linear out to the evaporation surface.

However, near the trap minimum, where the atom density is largest, its potential

approaches linearity. We numerically calculate the trap gradient using Biot Savart

[51].

In terms of α, the effective volume (for η greater than three) is approximated by

Veff =
8π

α

(
R

η

)3

. (4.2)

Here R is the distance to the evaporation potential surface. Figure 4-2 is a plot

of Veff as the trap minimum is moved toward the window at constant η.

Implicit in this treatment is the assumption that the evaporation surface limits

the trap at Umax in all directions. In reality, the evaporation surface occupies only

a fraction of this potential space. At the edge of the trap, the density of trapped

atoms is very low. The average time between collisions increases exponentially with

the distance from the trap center, but the orbital period only increases linearly with

distance. For a trap with η greater than four, an atom with energy greater than Umax

will most likely encounter the evaporation surface before encountering another atom.

Throughout the following discussion, we will use the assumption that atoms with

energy close to the trap depth will orbit many times before interacting with other

atoms.

4.2.2 Atom Loss from Atom-Atom Collisions

The physics of atom-atom collisions is discussed in Chapter 3. Here I will consider

these collisions as they affect evaporative cooling. Elastic atom-atom collisions, while

conserving total energy and the internal states of the atoms involved, can change each

atom’s kinetic energy. Imagine two atoms colliding near the edge of the trap. One

atom is scattered into a lower energy orbit, while the other is scattered into a higher
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energy orbit. If the energy of that new trajectory is larger than the trap depth and

the atom does not encounter any other atoms, the atom will quickly be lost from

the trap. On average atoms lost through this process carry energy larger than the

average energy of the trap leading to cooling of the trapped sample. This is known

as “evaporation” over the trap edge and is the physical process we aim to make most

efficient by changing the trap depth.

We can write an equation describing the loss of atoms due to elastic evaporation

as a function of trap depth η. We start by considering the atom loss at a position "r

in the trap.

ṅev("r) = −geln
2
at("r)f̃ev(η, "r) (4.3)

As in Chapter 3, the loss of atoms is dependent on n2
at and is a two-body loss

process. For atoms in thermal equilibrium, f̃ev(η, "r) is the fraction of collisions in

which one atom emerges with energy greater than the trap depth, ηkBTat.

To calculate the total number of atoms lost we have to integrate equation 4.3 over

the entire trapping volume.

Ṅev = −gel
Vev

8

(
N

Veff

)2

(4.4)

Where [46, 47],

Vev −−→
η≥ 4

4
√

2 η e−η Veff . (4.5)

Vev has units of volume and can be thought of as the fraction of trap volume which

is evaporated from the trap in a single collision. .

In the case of inelastic collisions, the definition of the rate constant gin assumes

that every collision results in an atom loss. Following a similar process of starting

with the local loss rate of n("r) and integrating over the entire trapping volume, for

all traps of the form given in Equation 4.1, we find
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Loss Evaporation Inelastic Majorana Background Gas
Process (elastic) Collision Collisions

Avg. Energy (kBTat) (η +1) 3 9/2 0

Average Trapped Atom Energy 〈Eat〉 = 9/2kBTat

Table 4.1: Average energies carried away by atoms lost from the trap by different
processes for deep traps η ≥ 4. Evaporation is a cooling process. Majorana and
inelastic collisions cause heating. Losses due to buffer gas cause either heating or
cooling. Detailed calculations can be found in Ref. [46]

Ṅin = −gin
N2

at

8 Veff
. (4.6)

For both of these types of losses g = σvµ. Changes in temperature affect the loss

rate through the velocity.

To calculate the average energies of the trap and the atoms lost from the trap,

we will assume a spherical quadrupole trap distribution1. deCarvalho calculated the

average energies for atoms in an infinite spherical quadrupole trap for all η [46].

For large η, these are good approximations of the energies in the trap. For η less

than four, the average energies begin to significantly decrease with decreasing η.

This is because of the distortion of the normal Boltzmann distribution for small trap

depths. However, at these low trap depths, evaporation is very inefficient. For most

evaporation trajectories, the large η limit is sufficient.

The average energies of different loss mechanisms in the trap, for large η, are

summarized in Table 4.1. Inelastic losses effectively heat the sample because they

occur most frequently at the trap minimum where the density is the highest but the

atoms are the coldest. Meanwhile elastic collision losses cool as they occur most

frequently at the trap edges.

1To first order variations from the symmetric spherical quadrupole to a slightly elongated ellip-
soidal geometry will affect the energy density of states by a factor, but will preserve the power law
dependence on energy.
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4.2.3 Collisions with the Background Gas

Buffer gas cooling experiments are especially susceptible to the effects of the back-

ground gas during evaporative cooling. Prior models of evaporative cooling in a

buffer gas experiment have assumed that the residual background gas only causes

atom losses, but does not affect the thermal equilibrium of the sample. In an experi-

ment with 3He , it is difficult to remove the buffer gas to densities where the thermal

effects on the trapped atoms is negligible. To understand the full evolution of the

trapped samples in our trap we have developed a model that includes these effects.

For an atom at any point, "r, in the trap, the rate of elastic collisions between

atoms and background gas density and is proportional to the background gas density.

Γbg = nbgσbgvµ (4.7)

Here, vµ is an average thermal velocity defined by Equation 3.3, and nbg is the

density of the background gas, and σbg is the cross section of the atom with the

background gas.

The amount of energy transferred during the collision depends on the kinetic

energy and mass of the atoms.

To treat this problem, we need to calculate the probability that an elastic collision

between a trapped atom – with mass, Mat, and in equilibrium with a thermal reservoir

at temperature, Tat – and a background gas atom – with mass, mbg, in thermal

equilibrium with a thermal reservoir at temperature, Tbg – will result in the trapped

atom increasing its kinetic energy above a certain reference amount. Calculating

this probability is further complicated by the distortion of the trapped atom energy

distribution, limited by the finite trap depth. We will make the following simplifying

assumptions:

• The spatial distribution of atoms in the trap is n("r) = no e−U(#r)/kBTat for r ≤

rmax and 0 elsewhere. rmax is the radius of the trapping potential.

• At each point "r, the atoms are in thermal equilibrium with the other trapped
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atoms, and the average kinetic energy of any atom is (3/2) kBTat.

• The background gas density is constant throughout the trap.

• The background gas is in thermal equilibrium with the cell walls so that Tbg =

Tcell. The average thermal kinetic energy of the background gas is 3/2 kBTbg.

• The average energy transport cross section will be weighted by a unitless factor χ

related to the masses of the atoms. This factor is separated from any statistical

averaging of the trapped ensembles. This is described in more detail below.

• Finally, we will assume that a collision with background gas atoms can result

in either an immediate atom loss or heating of the total atomic sample, but

not both. This continues the assumption used previously that once an atom is

excited to an energy greater than the trap maximum, it leaves the trap before

interacting with other atoms.

Armed with these assumptions, we developed a model to account for collisions

with a low density of background gas atoms in a finite magnetic trap.

In her thesis, Kim [92] shows that in a single collision between two atoms at and

bg, with masses M and m respectively, the average energy transferred from atom at

to atom bg, integrated over all scattering angles, can be described by

〈∆E〉 = χ(M, m)(Kbg −Kat). (4.8)

Here Kat,bg is the kinetic energy of each atom respectively, 3/2kBTat,bg in this case,

and χ(M, m) describes the efficiency of energy transfer of two particle of different

masses for any collision.

χ(M,m) =
2Mm

(M + m)2
. (4.9)

An atom at position "r in the trap has total energy Eat, with potential energy

U("r) = µB("r), and kinetic energy Kat. After a collision with a background gas atom,

the total energy of the trapped atom is Enew = Eat + 〈∆E〉. If Enew is greater than
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the trap depth, Utrap = µBmax = ηkBTat, the atom will leave the trap. For collisions

where Enew < Utrap, the atom does not leave the trap but instead redistributes energy,

〈∆E〉, to the other atoms. If the background gas is hotter than the atoms, this causes

heating of the entire sample.

The rate at which the atom number decreases due to collisions with the back-

ground gas is just the collision rate scaled by the fraction of collisions which result in

Enew greater than Utrap. The rate at which atoms are lost due to collisions with the

background gas, Ṅat·bg, is

Ṅat·bg = −ΓbgNFbg = −nbgσbgvµNFbg. (4.10)

Here Fbg is the volume averaged fraction of background gas collisions which result

in Enew greater than Utrap causing the loss of an atom from the trap. All other

background gas collisions cause heating. Any atom with potential energy greater

than Umax ≡ Utrap − 3/2kBTat − 〈∆E〉 will leave the trap after a collision with a

background gas atom. Using the distribution of atoms in the trap from the first

assumption above, we find the fraction of collisions which will cause an atom to leave

the trap, Fbg.

Fbg =

∫ Utrap

Umax

e−U/kBTatU2dU

∫ Utrap

0

e−U/kBTatU2dU

(4.11)

Figure 4-3 plots Fbg with η of 7 and Tbg = 200 mK, as a function of atom tem-

perature. For large mass ratios (Mat + mbg), the background gas removes fewer

atoms out of the trap once the atoms are colder than the buffer gas. This means

that heavier atoms are in thermodynamic contact with the background gas atoms

to lower temperatures. This would make it difficult to get effective cooling during

evaporation. For smaller mass ratios on the other hand, the sample is very sensitive

to background gas losses once the trap depth has been lowered.

We can also look at the lifetime due to background gas collisions versus atom

temperature, shown in Figure 4-4. We set η = 7 and Tbg = 200 mK and the buffer
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Figure 4-3: Fraction of collisions with a background gas of 3He that result in an atom
immediately leaving the trap as a function of atom temperature. The model assumes
evaporation on the walls (radial) with constant η = 7 and Tbg = 200mK. Even at high
temperatures, the kick fraction does not go to zero for a finite trap; some collisions will
still cause losses. As the temperature of the atoms decreases below the temperature
of the background gas the fraction of collisions leading to atom loss will increase.
Eventually, for very cold atoms, all collisions will lead to losses.

78



10
−3

10
−2 10−1 10

00

1

2

3

4

5

6

Tat (K)

τ
b

g
(s

)

 

 

Dy
Li

Tbg

Figure 4-4: The lifetime due to atoms being energized into an un-trapped orbit and
then lost from the trap (η = 7) due to background gas collisions. This process only
decreases the atom number. The background gas is at constant density of 1011 cm−3

throughout the trapping region at Tbg.

gas density is set to 1011 cm−3. To understand this plot, we start on the far right of

the figure where the atoms are hotter than the background gas. As the atoms cool

the lifetime increases because the rate of collisions is decreasing as the atoms slow

down. At the same time, very few of these collisions will remove atoms from the trap.

If the atoms are significantly colder than the background gas, a larger fraction of

background gas collisions remove atoms from the trap. For very cold atoms, almost

all collisions result in atom losses the lifetime approaches the collision rate.

Background Gas Heating

Interactions with background gas atoms thermalize the atoms to the temperature of

the environment, in our case the cell walls. In our model, the background gas collisions

that do not result in immediate atom loss add energy 〈∆E〉 to the ensemble. 〈∆E〉

is either positive or negative depending on whether the background gas is hotter or

colder than the atoms.

Using the assumptions outlined above, we write an equation for the heating due
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Figure 4-5: Energy absorbed per atom due to background gas collisions during evap-
oration at η = 7, as a function of atom temperature. Background gas density is 1011

cm−3and Tbg = 200 mK. When the atoms are hot, interactions with the background
gas cool the sample. As the atoms cool below the temperature of the background gas,
the collisions start to heat the system. Finally, at low enough temperatures, atoms
are removed from the trap by most collisions and cause no extra heating.

to buffer gas for the entire trapped volume.

Ėbg = ΓbgN(1− Fbg)〈∆E〉 (4.12)

Figure 4-5 shows total heating of atoms due to background gas for a constant

η = 7. For larger atoms, we see that they are thermally affected by the buffer gas

for a larger range of temperatures. Not until the atoms are very cold are they fully

disconnected from the cell walls. In Section 4.4, we will put a limit on the buffer gas

density that can be tolerated in the cell during evaporation. But first let us finish

considering the other loss processes occurring in our trapped sample.

4.2.4 Other Loss Processes

Other physical phenomena contribute to the dynamics of the system during evapora-

tion. These include losses due to the immediate “forced” evaporation of any atoms
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with energy greater than the trap maximum; Majorana losses due to the zero field at

the trap minimum; and adiabatic cooling as the trap volume changes as the magnetic

field changes.

As the magnet is ramped down, atoms with total energy greater than the trap

depth will be immediately removed from the trap. In the limit of large η, the fraction

of atoms in a ergodic trap with energy greater than the threshold energy, ηkBT is

2
√

η/πe−η, independent of trap geometry [47]. At a given temperature, the rate of

atom loss due to “forced” evaporation, Nf , is determined by the rate of ramping [91].

Ṅf = 2

√
η

π
e−η µḂ

kBT
N. (4.13)

This loss is in addition to the loss due to continued evaporation at a constant trap

depth described by Equation 4.4. On average each of the atoms removed has energy

Eev = (η + 1)kBT . This is greater than the average trap energy and leads to cooling.

Majorana losses occur in the minimum of the trap. These losses are due to the

zero-field minimum of the trap where the magnetic field direction changes direction

in such a way that the atoms can not adiabatically follow. An atom aligned with

the magnetic field in the positive z hemisphere crossing through the origin will now

see a magnetic field pointing in the opposite direction. If the atom crosses the zero

field point faster than it can precess about the magnetic field, then it will be in an

un-trapped state and leave the trap. For a quadrupole trap, Nmaj scales as [79],

Ṅmaj ∝ 4
!
m

N

Veff

kBT

µB′∆mF
. (4.14)

Where B′ is the absolute value of the gradient of the trap at the minimum and

∆mF is difference in spin projection which would take the atom from a trapped spin

state to an un-trapped spin state. The expression is not exact. Defining an exact

expression requires summing over transitions into each of the lower Zeeman levels.

These losses scale roughly as η2 as the magnetic field changes. Not only do these

atoms decrease the eventual sample size, they are also the coldest atoms in the trap,

with potential energy approaching zero. Each atom loss increases the average energy
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in the trap. In larger atoms, like dysprosium, with relatively high inelastic collision

rates, the lifetime due to Majorana losses, τmaj, is greater than 104 s and should not

play a major role in evaporation [93]. Majorana lifetimes can be limiting however for

smaller mass atoms with small inelastic cross sections, like lithium.

Finally, there is adiabatic cooling due to the changes in trap volume during evap-

oration. In our experiment, we change the absolute magnitude of the magnetic field

as well as the trapping geometry during evaporation. This changes the volume of the

trap causing a change in the internal energy and cooling of the system, according to

Ėad = 3kBT
Ḃ

B
N. (4.15)

4.3 Assembling the Pieces

Combining all of the processes described in the previous sections, we can develop a

model to predict atom number as a function of time.

Ṅat = Ṅev + Ṅin + Ṅa·bg + Ṅf + Ṅmaj (4.16)

For each atom lost, the heating or cooling that occurs in the trap is determined

by amount of energy it carries away compared to the average energy of an atom in

the trap. For large η, the average energy per atom can be shown to be

E = 9/2kBTat (4.17)

We can use this to find the evolution of the atom temperature as a function of

time.

Ṫat = 2N
9kB

[(Eev − E)Ṅev + (Ein − E)Ṅin

+Ėbg + (Ef − E)Ṅf + (Emaj − E)Ṅmaj + Ėad] (4.18)
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We solve these differential equations for a set of initial conditions and set of

parameters using a first order differential solver in Matlab [94]. We define g = σvµ

and incorporate the change in collision rate through the thermal velocity. We assume

the cross sections for each collision process (elastic, inelastic and background gas) to

be constant in the temperature ranges discussed in this thesis. In addition, we assume

the background gas temperature decays exponentially with the same time constant

of the cell walls. We calculate the evolution of the buffer gas density as discussed in

Appendix A. Finally, we specify the currents of the two magnet coils as a function of

time to calculate the trapping potential during the evaporation.

4.3.1 Evaporation Efficiency

To gauge the success of evaporation, we can look at the kinetic energy lost per atom.

We define a parameter χe as the efficiency of evaporation [47].

χe ≡
Ṫ /T

Ṅ/N
(4.19)

In other words, we can compare the fraction of energy removed from the trap to

the fraction of atoms removed from the trap. If χe > 0, the atom sample is cooling

overall. If χe < 0, the atom sample is actually being heated. Previous successful

attempts at evaporative cooling achieved χe ≥ 1.5. For efficient evaporation, we

would like to maximize χe.

In the absence of significant background gas, χe is a function of η. We could define

ηopt to achieve the best evaporation that we could attain by continually changing the

currents in the magnets to maintain constant ηopt in the trap. However, in the presence

of background gas, χe is also a function of Tbg. This will change ηopt as we lower the

trap depth and lead to a more complicated evaporation trajectory.
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4.4 Thermal Isolation

The atoms become thermally isolated from the buffer gas when the cooling rate from

evaporation (ie. atom-atom elastic collisions) exceeds the heating due to buffer gas

collisions2. As seen in above, the amount of heating due to the background gas varies

depending on the trap depth, the cell temperature, and the atom temperature. Using

equations 4.4 and 4.12, and the average energy of an evaporated atom (Table 4.1),

we can write an equation for the isolation buffer gas density as a function of η.

niso(η) = nat
σel

σbg

(
2 Tat

Tat + M
m Tbg

)1/2
Vev

Veff

(η − 3.5)

(1− Fbg) 〈∆E〉 (4.20)

In the range where the background gas is hotter than the atoms, we plot Equation

4.20 in Figure 4-6. For thermal isolation of the atom sample, the background buffer

gas density must be removed below the minimum of the curve in Figure 4-6. For a

density of 1011 cm−3 dysprosium atoms, niso ∼ 1010 cm−3. Below this buffer gas den-

sity, the cooling from the evaporation will dominate. For more efficient evaporation,

the background gas density should be at least ten times smaller than the minimum.

For colder atom temperatures, niso increases because background gas collisions simply

remove atoms from the trap.

Decreasing η moves the curve in Figure 4-6 up and narrows the range of tem-

peratures that cause heating. Evaporation at a lower η might be more successful.

However, lowering η also makes evaporation less efficient, in that each evaporated

atom carries less relative energy. Increasing the density of the trapped atoms would

also increase niso. However, losses and heating due to inelastic collisions increase as

n2
at, making evaporative cooling very inefficient. Finally, one can imagine first adia-

batically cooling the atoms into a regime where the buffer gas is mostly causing atom

loss but no heating. If this could be done, the atoms would be thermally isolated

from the background gas. However the lifetime would be limited by these collisions.

2We can neglect the other processes if we assume constant η. Adiabatic cooling will be zero, as
will forced evaporation. The other processes lead to heating of the sample, but independent of the
cell temperature.
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Figure 4-6: The maximum background gas density tolerable for thermal isolation
of the trapped atoms, as a function of Tat for an η = 7 and no = 1 × 1011 cm−3.
Plot assumes σel(Li) = 1.3 × 10−13 cm2 [73] and σel(Dy) = 8 × 10−14 cm2, which is
estimated in Chapter 5.

4.5 Applications of the Model

Evaporation is a dynamic process. The decrease in atom number, necessary for cool-

ing, can also decrease signal making it difficult to make measurements. Until cooling

is observed, which will increase the optical depth due to increased density of atoms at

in the cold center of the trap, it is hard to monitor the changing physical properties

of the atoms in the trap. In the next chapter, we will use the model described in

this chapter to help understand the data taken during magnet ramps. The model

accepts variations in the atomic species, the starting temperature, the initial number

of trapped atoms, the buffer gas density, and the ramp trajectory. In addition to

these input parameters, we can vary the rates of elastic and inelastic collisions. By

fitting to the data available during the ramp process, we can make educated guesses

about the changing dynamics of the atom sample.
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Chapter 5

Evaporative Cooling of Dysprosium

Successful evaporative cooling has been limited to atoms with no orbital angular

momentum, or S-state atoms. The electron density distribution of an S-state atom is

spherically symmetric. The electronic interaction of two colliding S-state atoms does

not strongly drive spin relaxation from the most weak field seeking Zeeman level and

the ratio of elastic to inelastic collisions, γ2b, is large.

For non-S-state atoms, the interaction of the atoms’ magnetic dipoles during the

collisions can cause rapid decay from the trapped spin state. Previous attempts made

by other groups have found it to be virtually impossible to evaporatively cool other

non-S-state atoms such as strontium [41–43].

The measurements of the two-body rate constants for dysprosium and holmium

described in Chapter 3 suggest that these rare earth atoms may have slightly sup-

pressed inelastic collision rates. If the elastic collision rates are similar to alkali-alkali

atoms (∼ 10−15) then about 100 elastic collisions could occur for every inelastic colli-

sion, large enough to permit efficient evaporative cooling. The large magnetic dipole

moments of dysprosium and holmium atoms increase the dipolar relaxation rate but

allow for trapping in that we can use much smaller currents to trap the atoms. This

makes ramping much easier as there is much less power to dissipate.

Armed with the model developed in the last chapter, we can try to understand

what is going on inside of the system during the dynamic process of lowering the trap

depth. In this Chapter, I will describe two experimental runs where we attempted
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evaporative cooling of dysprosium atoms. In the second attempt, we demonstrated

successful adiabatic cooling from 300 mK to 50 mK. In the last section I propose

future experimental plans to enhance this cooling.

5.1 Initial Attempt: Slow Ramp with Rapid Atom

Loss

We made a series of initial attempts to evaporatively cool dysprosium by ramping the

magnets such that the atoms moved toward the window at the bottom of the cell.

For atom densities of about 1 × 1012 cm12, the 1/e time of the trapped atoms due to

inelastic collisions is about 10 seconds. In the first run, the ramp was controlled using

the magnet power supplies which are internally limited to -1.7 A s−1 ramp rates for

the inductive loads of our coils. The slow ramp rate means that the time necessary to

ramp to an η sufficient for evaporation is on the same order as the inelastic collision

loss lifetime.

We started by loading into an asymmetric trap with 30 A and 20 A in the top

and bottom coils respectively. At this ratio of currents the magnetic field at the wall

and the window is approximately the same and corresponds to a trap depth of 0.94 T

or 6.25K. Cooling was attempted by decreasing the current in the lower coil. As the

current in the lower coil is decreased, the trap minimum moves toward the window

and the trap depth becomes determined by the field strength at the window, allowing

the atoms to evaporate against this surface.

We load about 1011 dysprosium atoms at 350 mK into the asymmetric trap,

through a hot loading scheme where the cell is heated to approximately 350 mK

before the samples are ablated. The valve is opened 100 ms after the ablation pulse.

The lower coil is ramped from 20 A to 14 A in about 5 seconds. We expect to observe

initial cooling due to adiabatic expansion as the trap volume is increased of about 35

mK, followed by evaporation of atoms and possible cooling. Instead, we see an initial

increase in the temperature as seen in Figure 5-1.
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Figure 5-1: The first attempt to cool dysprosium. It was determined that the magnet
ramp was too slow and we lost all atoms before the magnet ramp ended.
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We also see a large decrease in signal during the ramp. This could be because

of either atom loss or a decrease in density due to the changing volume. At the

beginning of the magnet ramp η is approximately 18. With no cooling during the

ramp, η is only decreased by a factor of two by the end of the ramp. As the effective

volume scales as η−3, we would expect to see the density to decrease by a factor of

6. Instead the peak density drops by a factor of 100. From this we conclude that we

are observing atom number loss.

To explain this loss, we return to the different loss mechanisms described in the

last chapter. For large η, the fraction of the atoms lost due to evaporation over the

trap edge is very small. Therefore the atom loss must be due to inelastic collisions

and/or collisions with the buffer gas. However these two losses are distinguishable.

We fit the number density as a function of time and find that it fits well to a one-body

curve decay curve with a time constant of 1.5 s, Figure 5-2. From this we conclude

that there are significant losses due to buffer gas during this ramp.

If the culprit is indeed buffer gas, we need to accomplish two things. The first

is to ramp faster in order to finish the ramp before buffer gas collisions destroy the

sample. The second is to decrease the background gas as much as possible.

5.2 Modifications

To increase the ramp rate, we installed large shunt resistors which allow us to ramp

down the magnets at a rate of 10 A/s.

To increase the signal-to-noise ratio when loading a large volume trap, we removed

the lens that focused the probe beam onto the atom cloud. Additionally, the beam

radius was increased to 0.5 cm – the width of the retro-reflecting mirror at the top of

the cell – in order to see as much of the cloud as possible.

As these changes were being made, the apparatus was warmed up and it was

discovered that the heat link from the cell wires to the mixing chamber was not well

attached. This connection was tightened. Upon cool down, the time constant for cell

cooling had decreased by a factor of 2 and the minimum base temperature dropped
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by 30 mK. The lower cell temperature allowed us to use the YAG ablation pulse to

desorb enough buffer gas from the cell walls to load the trap while placing a minimum

heat load on the cell. This procedure is well suited for loading atoms into the cell at

a colder starting temperature. In addition it makes it easier to cool the cell to lower

temperatures more quickly after the ablation pulse.

5.3 Evaporative Cooling

Once the new magnet ramping system was in place, the first experimental ramp,

which ramped both magnets to zero, showed cooling of trapped dysprosium atoms

to 50 mK. During this experiment, the atoms were loaded using the “cold loading”

method described in Chapter 2. The valve was never opened. Approximately 100

ms after the ablation pulse, a switch that bypasses the shunt resistors was opened

and the current was allowed to fall to zero amps in both coils simultaneously. This

procedure maintains the relative gradients in both the axial and radial directions and

aims to evaporate against the cell walls.

Before the ramp, we loaded 1 × 1012 dysprosium atoms at 300 mK in a 5.6 K

deep trap. We fit to the spectrum to get specific information about atom number and

temperature. Figure5-3 shows the evolution of the temperature of the atoms. The

After eight seconds there was about 0.2 A of current in the coils. This corresponds to

a 56 mK deep trap. We fit the atomic spectrum here for 7 × 1010 atoms at 54 mK.

We fitted the data using the model developed in the last chapter. The input

parameters for the model are the currents in each coil at each time, the starting

temperature and density of the buffer gas atoms, and the starting temperatures and

density of the trapped atoms. In addition, we input the calculated spectrum the

cross sections for each collision process. To achieve a better fit, the starting buffer

gas density and the atom-atom elastic cross section are varied.

The model begins just after the ablation pulse or about 0.5 seconds before the

coils are ramped down. We assume a exponential decay of the currents from 20 A to

0 A with a time constant of 2.2 seconds. The first data point is one second after the
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ablation pulse. We assume the initial atom temperature of 320 mK just after the ab-

lation pulse. The initial atom temperature and buffer gas temperature are assumed

to be equal at this point. The buffer gas temperature will decrease exponentially

with a 10 second time constant which mimics the behavior of the cell temperature

measurement. The atom temperature is allowed to evolve according to the model.

For these temperature ranges the cross sections are assumed to be temperature inde-

pendent. However the collision rates will depend on thermal velocities and
√

T . The

cross section for dysprosium-helium collisions, σHe, is taken to be 1.4 × 10−14 cm2

[17]. The inelastic Dy-Dy collision cross section is 1.6 × 10−15 cm2, from Chapter 3.

We find good agreement with the data for an initial nbg of 2.4 × 1012 cm−3 and an

elastic Dy-Dy collision cross section of 8 × 10−14 cm2. The data and the model are

shown in Figure 5-4. The model and data are in good agreement until very late times

when η is smaller than 4, in accordance with the assumptions made in the modeling

for high η. Uncertainties have not yet been estimated as this is only one set of data

and is very preliminary.

The assumed Dy-Dy elastic collision cross section (8 × 10−14 cm2) corresponds to

a γ2b of 50. However, it is only a single data point and the uncertainty can not yet

be determined. However, by varying the model we find a systematic uncertainty of

± 50. Further experimentation is necessary check this measurement. If it is correct,

evaporation of dysprosium atoms will be more difficult, but could be possible with

the right experimental setup.

We can use the model to gain insight into what is happening as the trap is ramped

down. Figure 5-5 shows the contributions to the atom losses and the cooling for col-

lisions with the buffer gas, intra-atomic collisions, and adiabatic cooling. This shows

that the heating due to interactions with the background gas is mostly canceled by

cooling from evaporation. The actual temperature change of the atoms is due to

adiabatic cooling. However, adiabatic cooling alone does not account for the atom

number loss. In this model, buffer gas collision seem to be dominating the loss mech-

anisms. If this is true, reducing background gas density more, might help evaporative

performance.
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Figure 5-4: The evolution of temperature and peak density of the Dy atoms during
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5.4 Prospects

The observed cooling of dysprosium atoms by lowering the trapping field is promising

for further evaporative cooling of dysprosium atoms. If the model is correct, and the

background gas is heating the atoms at the same rate as evaporation for most of this

ramp, then further decreasing the background gas density by opening the valve could

confirm this hypothesis.

A switch to 4He as the buffer gas could also assist in lowering residual gas densities

in the trap. To do this, the cell needs to be heated to about 600 mK for each load. The

large magnetic dipole moment of the atoms should permit trapping at these higher

temperatures. In the past, however, we have had problems getting large enough

densities of 4He in our cell for loading.

In addition, modifications are currently being made to allow for fast ramps onto

a second power supply. This would enable us to control the end point of evaporation

and stop it at various trap heights. Such experiments could result in an actual

measurement of γ2b.
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Chapter 6

Conclusions and Prospects

We have isolated two rare earth atoms in a magnetic trap and measured the two-body

collision rate coefficients. For dysprosium, µ = 9.94µB, we find, g2b = (1.8±0.2)×

10−12 cm3s−1. For holmium, µ = 8.97µB, we find, g2b = (0.7±0.2)× 10−12 cm3s−1.

These measurements are consistent with dipolar relaxation as the dominant spin

relaxation mechanism.

We have also demonstrated evaporative cooling of dysprosium atoms, from 300

mK to 50 mK, ending with 7 × 1010 atoms at the low temperature. Cooling efficiency

is currently limited by collisions with background gas in the trapping region left by

the 3He buffer gas. We estimate the ratio of atom-atom elastic to inelastic collision

rates, γ2b, of 50, which may be sufficient for further evaporative cooling. Modifications

of the apparatus are underway for better dynamic control of the magnetic trap depth

to enhance evaporative cooling. In addition, better removal of the background gas

will also be attempted.

This thesis also proposes an analytical model for predicting trap dynamics in the

presence of finite background gas density. The model shows good agreement with the

observations.

Further cooling of dysprosium could lead to the creation of a quantum degenerate

gas of non-S state atoms, in which we may gain new insight into collisions and inter-

actions of atoms with angular momentum. In addition, it could provide a guide for

cooling molecules, with more complex electronic structure, to quantum degeneracy.
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Cold samples of dysprosium and other large open shelled atoms could provide a new

probe for making precision measurements of relativistic effects due to variations in

the fine structure constant [37, 38, 40].

6.1 Future Directions

The experiments described in this thesis demonstrate the effectiveness of buffer gas

loaded magnetic traps as a platform from which to begin evaporative cooling of mul-

tiple species. The results with holmium and dysprosium suggest that other atomic

species which have been shown to have smaller inelastic collision rates because of

suppressed anisotropies [18, 82] might be efficiently loaded and evaporatively cooled

in a buffer gas cooling apparatus.

Historically, it has been the aim of the ultracold hydrogen group at MIT to do

precision measurements using cold hydrogen. When the apparatus described in this

thesis was originally designed it was intended to eventually be used to trap and

possibly cool deuterium, which can not be trapped using the techniques used for

trapping hydrogen [95]. We have demonstrated trapping of weakly magnetic species

with µ= 1µB [25]. Trapping these species requires buffer gas loading with 3He . The

demonstrated success of evaporative cooling in this thesis is the first in a 3He buffer

gas experiment and is an important step in extending these techniques to weakly

trapped atoms.
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Appendix A

Buffer Gas Removal

In order to achieve thermal isolation and be able to evaporatively cool a trapped atom

sample, the buffer gas must be removed from the system. In order to load a magnetic

trap in a cell 10 cm long, we need buffer gas densities on the order of nbg = 1016 cm−3.

However with buffer gas densities in this regime, the lifetime of the trapped atoms

is essentially a diffusion problem with a small drift velocity toward the trap center.

In order to do evaporative cooling, we need to remove as much buffer gas as possible

from the trapping region.

There are two ways to reduce the buffer gas density in the cell. The first is

to remove the bulk of the buffer gas through a valve. The second is to reduce the

temperature of the cell walls so that the 3He vapor pressure decreases. We attempt to

use both of these methods in our experimental apparatus. Details of the experimental

apparatus and achievable temperatures can be found in Chapter 1, and specifics of

the fast cryogenic valve can be found in Brahms’ thesis [25].

When the valve is opened not all of the buffer gas is removed from the cell. A

film of helium is left on the cell walls. The vapor pressure of helium above this film

determines the background gas density will be in the cell during evaporation. A

paper by Huang et al , gives an numerical model of the 3He vapor pressure at cold

temperatures from empirical data [33]. This model predicts the vapor pressure to be

significantly larger than the extrapolation of vapor pressure above the critical point

use in previous buffer gas experiments [62, 91] (see Figure A-1). As we saw in chapters
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3 and 4, the background gas can determine the success of evaporation. We will use

the revised 3He vapor pressure curve to predict background gas densities after the

valve opens and as the cell cools after an ablation pulse.

A.1 Valve Conductance

The throughput, Q, of a valve can be defined as

Q = Ṗ · V = C · P. (A.1)

Here V is the volume of the chamber to be evacuated, P is the pressure inside the

chamber, and C is the conductance of the valve. From Equation A.1, the pressure

and the buffer gas density will decay with a time constant τ = V/C. Assuming that

the pressure in the chamber on the back of the valve is always low1, Michniak [62]

shows that the conductance of a valve, for 3He, can be approximated by

C = 3.8Av

√
T . (A.2)

This equation uses Av in cm2, T in Kelvin, and C in L s−1. The lower chamber of

our cell has a volume of ∼375 cm3, and the valve time constant, τv, is approximately

14 ms for a cell temperature of 500 mK.

A.2 He Film

In addition to buffer gas leaving the cell, helium atoms are adsorbing and desorb-

ing from the cell walls, changing background gas density at rates ṅa and ṅd. The

adsorption rate ṅd is [62]

ṅd = P (d)
A

V
f

√
1

2πkBTm
. (A.3)

1The chamber above the valve is lined with activated charcoal which acts as a pump in the upper
chamber.
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Figure A-1: Density as a function of temperature for 3He below the critical point.
The numerical model of empirical results developed in Huang et al [33] (solid lind)
predicts that the vapor number density to be 100 times greater at 100 mK than the
extrapolation used in previous buffer gas simulations [65] (dashed line). The new
model is also in better agreement with the 1990 International Temperature Scale
(shown by the thick solid line) for all temperature ranges. The ITS-90 is defined by
the 3He, 4He vapor pressure relations for temperatures 0.65 K and 5 K [96]. For bulk
3He, the cell temperature would need to be less than 120 mK to reach buffer gas
densities less than nbg = 1011 cm−3
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Where A is the cell surface area, V is the cell volume, and f is the sticking probability

(∼0.75 for He on a solid surface) [97]. P (d) is the pressure above the film as a function

of thickness of the film. This is determined for thin films according to the classic

equation [69]

P (d) = P0 exp

(
−α

Td3

)
(A.4)

Here, d is the thickness of the film on the walls, P0 is the vapor pressure of 3He,

α is the Van der Waals coefficient describing the strength of He-surface bond. For

He on a G-10 surface, α = 1900 K/Å[98]. Since the pressure scales as ed−3
, the closer

layers are bound much more tightly than the top layers. This leads to continuous

desorption of background gas from the cell walls.

In equilibrium, ṅd is equal to ṅa. However, because the valve is open, the helium

will continue to be pumped out of the system at a rate ṅv = nHe/τv as described in

the last section. We can write the adsorption equation as a function of the current

buffer gas density in the cell.

ṅa = nHekBT
A

V
f

√
1

2πkBTm
. (A.5)

Combining Equations A.3 - A.5 gives Equation A.6 for the time evolution of the

buffer gas density as a function of temperature and film thickness.

ṅHe(T, d) =
−nHe

τv
+

A

V
f

√
1

2πm

(
P0 exp(

−α

Td3
)− kBTnHe

)
(A.6)

The film thickness varies as a result of the balance of adsorption and desorption

from the cell walls.

ḋ =
dl

Nl
Ṅ =

dl

Nl
V (ṅa − ṅd) (A.7)

Here dl is the thickness per layer and Nl is the number of atoms per layer. We can

estimate the initial thickness of atoms in the film by finding d from Equation A.4. At

500 mK and initial buffer gas density of 1016 cc−1, there is a film about 9 Å thick.
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During the loading process, we heat the cell both with a heater and the ablation

pulse to temperatures as high as 700mK. We can vary this peak temperature to achieve

the most effective buffer gas removal. For our purposes I will assume an exponential

decay of the temperature from some peak temperature with a time constant of about

20 seconds.

We can solve for this system of differential equations to find the buffer gas density,

background pressure, and layer thickness as a function of time and temperature.

To first order, the goal is to reduce the buffer gas density in the shortest period

of time. As can be seen in Figure A-2, we can decrease our buffer gas density faster

by starting the pump out (i.e. opening the valve) at a higher temperature. However,

while the buffer gas density decreases faster, the cell temperature will be higher. In

effect, this will make the atoms equilibrate to a higher temperature and decrease the

trap depth.
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Figure A-2: Buffer gas density as a function of time after the valve is opened while
the cell cools to base temperature of 150 mK. The initial buffer gas density is 1016

cm−3. The solid blue line describes the trajectory starting where the cell starts at
temperature 500 mK while the dashed red line starts at 800 mK. The removal of
buffer gas is more efficient starting from a higher temperature.
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Appendix B

Bucking Coil Design

In order to lower the magnetic field quickly without overly heating the cell and refrig-

erator, a number of modifications needed to be made to the apparatus. The rapidly

changing magnetic flux through metal surfaces will cause eddy current heating. While

not in the maximum of the magnetic field, the mixing chamber, cold plate, and heat

link as well as the top of the cell all have significant surface area perpendicular to the

magnetic field lines. Figure B-1 shows the magnitude of the field along the axis of

the magnet at the distance of the mixing chamber, located around 38-40 cm above

the trap minimum.

B.1 Design

We designed a bucking coil which bolts securely to the top of the larger magnet cask

to cancel the magnetic field at critical points in the apparatus. This coil is run in

series with the top coil but with the current in the opposite direction.

Biot-Savart simulations show that the bucking coil reduces the field near the mix-

ing chamber to about 4 gauss as seen in Figure B-1 with both coils running 100A. In

practice we see very little measurable heating of the mixing chamber when ramping

both coil currents together at a fast rate.

However, when lowering the trap toward the window, the changing current in the

lower coil does not change the current in the top and bucking coil. This results in
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Figure B-1: Simulation of the magnetic field along the axis at the distance of the
mixing chamber with and without the bucking coil. The magnitude field corresponds
to 100 A in all three coils, but scales linearly with the current. When everything is
aligned, the mixing chamber is about 38 cm above the magnetic field minimum.
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a larger field at the mixing chamber and can cause more heating, which can in turn

cause more buffer gas to be desorbed from the walls and destroy weakly trapped atom

samples.

B.2 Construction

The bucking coil is wound onto a titanium form. A 5 mil thick piece of kapton tape

was wrapped around the inner diameter of the form to insulate the wire from the

form. A 5 mil thin piece of G-10 was inserted along the walls of the form on both

sides to further protect the wire. Using a slow slow lathe turning at less than 1 rpm,

a continuous strand of 0.7 mil diameter magnet wire was wrapped around the form.

There are 23 layers with 28 turns per layer for a total of 644 turns. Each layer is

separated by a thin layer of fiberglass coated with Stycast 1266 Epoxy. In addition,

the wire was coated with epoxy as it was turned onto the form.

After wrapping, the wire was kept under tension and the epoxy was allowed to set

overnight. The leads are protected with tubing and then soldered to lugs that screw

into the and vapor cooled magnet leads.
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