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A Comparative Study of Entrainment in

Supersonic Beams

Karl A. Burkhardt, M.A.
The University of Texas at Austin, 2016

Supervisor: Mark G. Raizen

In the field of atomic physics, there is a growing demand for large num-
bers of dense, trapped atoms. The traditional method of generating trapped
atoms is through laser cooling, however the field has reached saturation in
terms of cold atom flux and phase-space density and is fundamentally limited
to atoms that can be addressed using a two-level transition accessible with
available lasers. Because of this a new, more general technique of generat-
ing dense clouds of trapped atoms is necessary. This technique will surpass
laser cooling with higher cold atom flux and phase-space density, as well as be
applicable to particles which cannot be put into a two-level system.

This thesis explores the first step necessary for the generation of a new

method of cooling which will be more general than laser cooling and will pro-
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duce a higher cold atom flux in denser phase-space. This method of cooling will
rely on the sympathetic cooling of vaporized particles with a pulsed supersonic
beam before slowing the entrained particles to rest using magnetic fields. Be-
cause the cooling in the entrainment step relies on sympathetic cooling, there
is no two-level requirement and thus it is applicable to all paramagnetic species
including both atoms and molecules.

The experiments outlined in this thesis focus on utilizing different meth-
ods of entraining vaporized atoms into a supersonic beam as an alternative
method of generating cold atoms. A comprehensive comparison of entrainment
efficiency using these different entrainment techniques is included as well as a

discussion regarding future applications of this new cooling process.
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Chapter 1

Introduction

Scientists have been studying atoms and their properties since the 17th century
[1], however, it has only been in the last quarter century that scientists have
been able to utilize atoms and their properties as tools. The purposes served
by these atoms have varied greatly, ranging from atom lasers [2, 3], atomic
clocks [4] and atom interferometers [5, 6], to measuring fundamental constants
[7] and searching for gravity waves [8]. In addition to using atoms as tools,
scientists have recently been able to use atomic physics experiments for the
purpose of studying other systems such as superfluidity [9, 10] and condensed-
matter and many body physics [11, 12], as well as observing thermodynamic
principles in their most elementary form [13].

Although these recent results are extremely encouraging, there is a ma-
jor limitation in their scalability. In order to scale these experiments, cold
atom flux must be increased drastically. Currently, cold atom flux is limited
by the very method used to generate cold atoms, laser cooling [14]. This
means that a fundamentally new method of cooling is necessary to progress

past the current limitation. The work outlined in this thesis aims to remove



this fundamental limitation by finding the most efficient method of entraining
hot atoms into cold supersonic beams; the first step in realizing a new method

of cooling.

1.1 The Need for Cold Atoms

Many cold atom experiments have been performed in the last quarter century
that give encouraging results regarding future practical applications including
atoms interferometers for purposes of position, navigation, and timing [5, 11,
15, 16], and trapped atom quantum bits for quantum computing [17, 18]. In
addition to these applications, cold atoms can be used as an atom laser which
was heralded as the next great lithography tool [2, 3].

Unfortunately however, the hype surrounding the lithography machine
died down due to the small size of the Bose-Einstein condensates (BEC’s) that
are required to produce the laser. Because of this, research in the field has
largely come to halt, although the capability to produce larger condensates
would likely kindle newfound interest.

In addition to lithography applications, a higher flux of cold atoms
would have a drastic effect on many other active areas of research, including
areas which require the loading of optical lattices and optical tweezers where
loading fidelity would be increased [19]. A higher flux of atoms would also
benefit experiments such as tests of the weak equivalence principal [20, 21]

and even gravitational wave detection [22, 23].



1.1.1 A Case Study - The Atom Laser

Because traditional optical lithography techniques are limited by the Rayleigh
limit to half the wavelength of light used [24, 25|, there has been a recent push
to find new lithography sources which have shorter wavelengths [26]. Atoms
have come to the forefront as possible replacement candidates for traditional
visible lithography techniques because of their shorter de Broglie wavelengths
[27].

Although atomic sources are able to be focused to a smaller spot size
than visible light due to their shorter wavelengths, the atoms must be cooled to
form a more coherent beam leading to a focal spot with minimal aberration [28,
29]. Ideally, atoms would be Bose condensed before being used as lithography
tools to achieve optimal focusing [30].

The problem with using a BEC as a lithography tool is that there is
a limited number of atoms in a BEC. Because the generation of BEC’s rely
on evaporative cooling, which is an inherently destructive technique to a large
number of the originally trapped atoms, the resulting condensate onlt has
a small fraction of the atoms which were initially trapped. For example, a
typical BEC resulting from the evaporative cooling of a cloud of laser cooled
and trapped atoms will be smaller in number by a factor of approximately
1,000 [31].

A new method of cooling which could trap a larger cloud of atoms prior
to evaporative cooling would have two distinct advantages. The first advantage

would be a larger cloud of trapped atoms prior to evaporative cooling, resulting



in a larger condensate. As can be seen in Eq. 1.1

T(t) (N(t))“ "

where T, and T'(t) are the original and time-dependent temperatures of the
cloud, N, and N(t) are the original and time-dependent number of atoms in
the cloud, and « is a unit-less factor determined by the rate of cooling [31],
starting with a larger value of N, would result in a larger or colder condensate
at a time ¢ after evaporation.

The second advantage arises from the fact that atoms are not trapped
in a perfect vacuum; since there is a non-negligible background pressure in the
chamber, collisional heating is a significant source of loss in many experiments
[32]. Eq. 1.1 assumes no external heating over the duration of the evaporative
cooling process, but the reality is that the longer the cooling process takes,
the more atoms are lost due to collisional background heating. By starting the
evaporative cooling process with a larger number of atoms in the same space,
cooling is a faster process resulting in less heating due to background pressure.

With a sufficiently brighter source of trapped atoms, evaporative cooling
would be a faster, more efficient process which would result in larger, denser
condensates [31]. These condensates would in turn have more atoms for use
in lithography applications, overcoming the issue of weak flux that caused
research in the field to stop.

A brighter source of trapped atoms would lead to a larger condensate
with which to perform atom lithography. By improving the cold atom flux
used to generate these BEC’s, atom lasers would have high enough flux to

realize their full potential as lithography tools.



1.2 Current Methods of Cold Atom Genera-
tion

As previously mentioned, scientists are already able to generate cold atoms
using a variety of methods, the most common of which is laser cooling [14, 18].
Another popular technique is sympathetic cooling which has been used to
cool particles which are difficult to address using commercially available lasers
[33, 34, 35]. The basic principles of each method and their advantages and

shortcomings are discussed below.

1.2.1 Laser Cooling

Laser cooling relies on the scattering of multiple photons where, on average,
each scattering event removes energy from the atom. This process is continued
until the atom reaches its Doppler limit

Ty

T, —
D okn

(1.2)

where T is the Doppler limit in Kelvin, A is the reduced Planck constant,
is the natural linewidth of the radiative transition, and kg is the Boltzmann
constant [36]. At this limit, cooling reaches a steady state where the heating
and cooling rates due to scattered photons are equal.

Although there are other methods of cooling which can be applied to
the atoms such as resolved sideband [37], Sisyphus [38], or evaporative cooling
[39], the initial laser cooling step, Doppler cooling, is fundamentally limited
to Tp. In addition to having a temperature limit, Doppler cooling also has a

density limit of 10° atoms/cm? [40]; because the cooling process is dependent



on scattered photons, a dense enough cloud of atoms will eventually disperse
due to internal radiation pressure [14].

In addition to these limitations, laser cooling is only applicable to
species with an accessible two-level transition. Even for atoms with true two-
level transitions that do not require repump lasers such as hydrogen, laser
cooling can be extremely difficult due to the complex laser systems required
[41, 42].

For the vast majority of species however, there is no two-level transition
which would not require repump lasers. The majority of atoms require repump
lasers for laser cooling while all molecules require repump lasers, increasing

experimental complexity [43, 44].

1.2.2 Sympathetic Cooling

The second most popular method of generating cold atoms is sympathetic
cooling. Many different schemes have been developed ranging from cooling
trapped ions with magneto-optically trapped atoms [45] and other trapped
ions [46] to using a buffer gas to cool molecules [47, 48].

Rather than being limited to a temperature inherent to the species being
cooled like the linewidth of a radiative transition in laser cooling, sympathetic
cooling is limited only to the temperature of the cooling species [49]. Many
different species have been used to sympathetically cool target particles, even
vacuum chambers walls have been used to sympathetically cool hydrogen prior
to Bose-Einstein condensation [50, 51]. The most important factors in deter-
mining a species for sympathetic cooling are a low ratio of inelastic to elastic

collisions and a low initial temperature [47, 49].



Fortunately, noble gases meet both of these requirements and are good
sympathetic cooling candidates. Noble gases are unlikely to interact inelasti-
cally with other atoms or molecules and therefore have a low ratio of inelastic
to elastic collisions, and are able to be cooled to low temperatures before con-
densing. In addition, supersonic beams composed of noble gases have many
favorable properties which make them ideal for sympathetically cooling en-
trained particles.

For a small number of target particles relative to carrier gas particles,
the temperature ratio of the target species to the carrier gas is

B () ) 13

where T,(0) and Ty () are the temperatures of the target species after 0 and
[ collisions with the carrier gas, respectively, T, is the temperature of the
carrier gas, and

(M +m)?

S S 1.4
" 2Mm (1.4)

where M and m are the masses of the target and carrier gas species, re-
spectively [49]. To minimize x and therefore reduce the number of collisions
required to significantly cool the target species, the mass of the target species
and carrier gas must be well matched. Optimal cooling is achieved for the case
of M =m.

In the case of lithium as the target species and helium as the carrier gas
as is used our this experiments, it is possible to calculate the number of col-
lisions required to reach a reasonable temperature. Assuming Ty, = 1,000 K,
T, =80 mK, and r = (7 +4)?/(2 x 7 x 4) = 2.16, on the order of twenty col-

lisions are required to reduce the lithium temperature to below 100 mK.



Fractional entrainment of up to 1% of the supersonic carrier gas has
been achieved previously, albeit with carbon atoms which are not of great
interest to atomic physicists [52]. In addition, Monte-Carlo simulations of
supersonic expansion suggest that fractional entrainment of up to 2-3% should
be possible without significant heating of the beam [53].

Because each pulse of the Even-Lavie nozzle used in our experiments
contains 10! atoms, 3% of which get through the skimmer, there are 3 x 10
carrier gas atoms past the skimmer. Assuming 3% entrainment, this gives rise
to an upper limit of 9 x 10'? entrained atoms/shot before significant heating

of the beam is expected.



Chapter 2

Sympathetic Cooling with

Supersonic Beams

This chapter discusses the basic principles of supersonic beams which are in-
strumental in the experiments detailed in this thesis. In addition, some of
the advantages that sympathetic cooling has over laser cooling are discussed.
There is also consideration given to the advantages and disadvantages of var-

ious gases which can be used as cooling sources.

2.1 Supersonic Beams

Supersonic beams were first pioneered by physical chemists in the 20th cen-
tury to produce cold gases for the purposes of spectroscopic measurements
[54, 55]. Over the years these beams have been used for a variety of experi-
ments including measurements of molecular properties such as polarizability
and magnetic moments [56], precision spectroscopy [57], and measuring re-

action rates [58, 59]. The expansion cools all degrees of freedom and so the
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nozzles have been especially useful for molecular spectroscopy of cold organic
molecules [60, 61, 62]. The reason supersonic beams are used in our experi-
ments is their low temperatures; beams are capable of being cooled to below
100 mK through their supersonic expansion [63].

One experimental caveat of using supersonic beams is that the high
gas load in the nozzle vacuum chamber necessitates a skimmer. The skimmer
serves two purposes, it helps to shave off divergent particles, leaving only the
coldest particles in the center of the beam, and also allows differential pumping
between the nozzle chamber and the science chamber [64].

In our own experimental setup, pressure in the nozzle chamber reaches
a peak value of 5 x 1077 Torr when the nozzle is pulsed and a low pressure
of 1 x 1078 Torr after the nozzle is closed and the turbo vacuum pump re-
moves the carrier gas which was scattered from the skimmer. If the nozzle is
cooled with the cryostat then cryopumping reduces the pressure in the noz-
zle chamber further to 5 x 107 Torr. The science chamber will spike up to
5 x 1078 Torr when the nozzle is pulsed but quickly reaches a steady state
pressure of 3 x 10~ Torr.

The resulting beam after passing through the skimmer is on the order
of 100 mK. A sample image of a supersonic beam of pure helium at a nozzle
backing pressure of 20 atm is shown in Fig. 2.1 at a temperature of 90 mK.
This is typical of our experiment.

These low temperatures are what make supersonic beams desirable as
sympathetic cooling candidates, although the do have their drawbacks. The
primary drawback is the speed at which the beams move after ejection from
the nozzle. Because the thermal energy of the beam is converted into transla-

tional kinetic energy, the mean velocity of the beam is fast for typical nozzle
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Figure 2.1: A pure helium supersonic beam with a nozzle backing pressure of
20 atm at 90 mk
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Gas T, (K)
Helium 24
Neon 121
Argon 241
Krypton | 503
Xenon 790

Table 2.1: Nozzle temperatures required by different noble gases to produce
a beam travelling at 500 m/s for acceptance into the adiabatic decelerator
detailed by Lavert-Ofir et al. [72].

temperatures. For ideal gases

) = 3 (2.1)

where (v) is the mean velocity of the beam, R is the ideal gas constant, T,
is the temperature of the nozzle, N, is the Avogadro constant, and m is the
mass of the particles composing the beam [65].

Although molecular beams composed of noble gases typically move at
a few hundred m/s, there has been a significant push to tame them in recent
years [66, 67]. By slowing the beams using a magnetic decelerator, beams can
be brought to rest [68, 69, 70| and even trapped [71].

A new adiabatic slower which will serve to slow the atoms entrained
in our supersonic beam is limited to an acceptance speed of 500 m/s [72].
Knowing the maximum acceptance of our slower and Eq. 2.1, it is possible
to calculate the required temperature of the supersonic nozzle for different

species:

(v)QNAm'

T, =
SR

(2.2)

12



Table 2.1 shows the nozzle temperatures required to produce a slow
enough supersonic beam to be magnetically stopped using an adiabatic decel-
erator. It should be noted that the values of T, included in Table 2.1 are upper
bounds as the species are approximated as ideal gases for this calculation.

Clustering in the non-ideal case of a real gas can heat and increase the
speed of the beam, requiring a lower nozzle temperature to produce a beam
travelling at 500 m/s or less [73]. It is for this reason that only noble gases
are considered in Table 2.1. Noble gases have low enthalpies of clustering and
are therefore least effected by cluster formation [65]. In the specific case of
helium, the gas used in this experiment, beams are atomic until the nozzle is
cooled to approximately 20 K [63].

Through inspection of Table 2.1 it should be noted that only noble gas
supersonic beams composed of krypton and argon do not require cooling below
room temperature. By using a liquid nitrogen cryostat (7, = 77 K) both neon
and argon are able to be cooled enough to be accepted into the adiabatic
decelerator. Helium on the other hand requires cooling to temperatures below
24 K. Cooling a nozzle in vacuum to 24 K is easily achievable through use
of a commercially available 10 K cryocooler. Because of increases in recent
demand, many different companies now make 10 K cryocoolers, reducing the
cost to the order of $10,000 [74].

The experiments reported in this thesis were performed with a nozzle
temperature of 77 K. In the future, a Sumitomo CH-210L 10 K cryocooler will
be used to cool the nozzle further and slow the beam below 24 K for acceptance

into the adiabatic slower.

13



2.2 Temperature Measurement

To properly characterize entrainment into the supersonic beam, it is necessary
to be able to measure the temperature of the beam. The beam is detected
using a residual gas analyzer (RGA) operated in a time of flight mode for char-
acterization. As helium strikes the hot filament on the RGA it is ionized and
pulled toward the detector through a quadrupole mass analyzer. By setting
the radio frequency on the mass filter to eject particles that do not have a
mass to charge ratio of 4 amu/C, only helium is detected.

By fitting a Gaussian to the data acquired by the RGA and taking the
full width at half maximum (FWHM), it is possible to determine the speed
ratio of the beam

t,V/In2

5= FWHM (2:3)

where S is the speed ratio of the beam, t, is the time between opening the
nozzle and the center of the Gaussian recorded by the RGA, and the FWHM
is the full width at half maximum of the fitted Gaussian [62].

The speed ratio is simply the ratio of the mean forward velocity of the
beam divided by the mean transverse velocity of the beam. The higher the
speed ratio the more directional the beam is and therefore the colder it is;
because of this, a molecular beam with a large speed ratio is desirable.

Taking the speed ratio, it is possible to calculate the temperature of the

beam
T,

T=—"° _ 2.4
1+2/55? (2.4)

where T is the temperature of the beam and T, is the temperature of the

nozzle. Knowing the temperature of the beam is important for understanding
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the impact of entrainment. For example, it may be optimal to entrain fewer
atoms while lowering the temperature of the beam as optimal entrainment is
defined by optimized phase-space density.

Phase-space density is defined as
p=n\ (2.5)

where n is the atomic density and A is the de Broglie wavelength of entrained

particles [75]. Because

hn/ 2w

)\ = 2.6
vV MkEkgT (2.6)
where M and T are the mass and temperature of the entrained atoms,
n

meaning that both temperature and atomic density play a critical role in
determining the phase-space density. Because of the dependence of phase-
space density on both temperature and atomic density it is important to not
neglect the temperature of the beam.

Simply entraining more atoms into a beam is not optimal as supersonic
beams have a limited cooling capacity and eventually the temperature will
start to rise, leading to a decrease in phase-space density. This decrease is fur-
ther exacerbated by the fact that phase-space density is inversely proportional
to the square root of temperature cubed while only being directly proportional
to the atomic density.

It is because of the importance of temperature in our experiments that

we have chosen to use an Even-Lavie valve. Even-Lavie nozzles have trumpet

15



shaped openings which produce a more directional beam than the traditional
conical designs, leading to lower beam temperatures [73, 76]. In addition,
Even-Lavie valves provide a much denser expansion of gas allowing for higher

density of entrained particles given the same entrainment fraction [77].
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Chapter 3

Methods of Entrainment

This chapter considers a variety of methods which can be used to entrain
particles into a supersonic beam. Because the majority of atoms which are
of interest to atomic physicists are in the solid state at room temperature,
vaporization is required for most gas phase experiments. There are a number
of ways to generate these atomic sources, some of which are described in detail

below.

3.1 Entrainment Considerations

One consideration for generating atomic sources is that it is useful to match the
atomic and cooling sources. As previously discussed, our experiment utilizes
a pulsed nozzle which emits a supersonic beam with which to sympathetically
cool the vaporized atoms. Because only a portion of the beam will travel
through the skimmer and because the nozzle is operated in a pulsed rather
than continuous mode, it is necessary to consider both spatial and temporal

factors.

17



To match the atomic source spatially the source should only eject atoms
into the path of the beam or return atoms which are not entrained into the
beam to the source. To match the atomic source with a pulsed nozzle tem-
porally the source should only eject atoms at the time of the pulse or return
atoms which are not entrained into the beam to the source. An atomic source
which emits atoms only when the nozzle is pulsed is well matched temporally
while a source that only emits atoms in the trajectory of the supersonic beam
is well matched spatially.

As discussed in Sec. 1.2.2, there are other considerations inherent to
sympathetic cooling which are also important to consider with respect to an
entrainment source. For example, it is important to match the masses of the
carrier gas and target species as this reduces the number of collisions necessary
to cool the target particles [78, 79].

Fortunately, lithium and helium which are the target species and carrier
gas used in these experiments have similar mass with x = 2.16, and helium cre-
ates a colder supersonic beam than other gases which allow the target species
to reach extremely cold temperatures. It is also important to have a low ratio
of inelastic collisions to elastic collisions as inelastic collisions are disruptive

to the cooling process [47, 49].

3.2 Experimental Setup and Detection

Our experimental setup is primarily enclosed in two large 8 inch ConFlat (CF)
crosses separated by a 5 mm diameter skimmer. They are held at approxi-
mately 1 x 1078 Torr for the nozzle chamber (shown on the left in Fig. 3.1)
and 3 x 1072 Torr for the science chamber (shown on the right in Fig. 3.1).

18



These two chambers are connected by a 2 3/4 inch CF cross which is used
for spectroscopy detection as well as a 2 3/4 CF bellows and are differentially
pumped by two 8 inch Varian Turbo-V 550 L/s turbo pumps. In addition to
being pumped by one 8 inch Varian Turbo-V 550 L/s turbo pump, the nozzle
chamber is also cryopumped by a 77 K cryostat during experiments. When
the nozzle is not being pulsed and the nitrogen cryostat is filled the pressure
can reach as low as 5 x 1079 Torr.

The nozzle chamber houses the Even-Lavie valve as well as the entrain-
ment tools (with the exception of the heat pipe which is placed between the
nozzle and science chamber) while the science chamber houses the wire detec-
tor and will eventually house a magnetic trap for the slowed particles. The
final chamber on the right which is used for RGA detection of the supersonic
beam is held at approximately 1 x 10~ Torr and is pumped by a 4 1/2 inch
Varian Turbo-V 70 L/s turbo pump. This chamber is separated from the
science chamber by a solid copper CF gasket which has a 2 ¢m hole bored
through the center.

Because the number of entrained atoms in a supersonic beam is less
than the number of carrier gas atoms in a beam by a factor of 100 or more,
it is difficult to detect entrained atoms using a RGA. Because of this, a new
method of detection is required. Measurements reported in this chapter were
taken with a Langmuir-Taylor detector [80, 81]. The Langmuir-Taylor detector
used in these experiments is based on the design of Delhuille et al. [82] and is
shown in Fig. 3.2.

When a lithium atoms strikes the rhenium wire in the center of the

19



Figure 3.1: Solid Edge drawing of the complete experimental setup with pulsed
ribbon and directional oven displayed. On the left side of the image is the
nozzle chamber housing a 77 K cryostat with an Even-Lavie valve mounted
underneath. Both the directional oven and ribbon are shown between the
nozzle and skimmer. To the right of the skimmer is a red spectroscopy laser
followed by a wire detector and RGA. Total distance separating the nozzle
from the white ionizer connected to the RGA is 89 cm.
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Figure 3.2: Langmuir-Taylor detector used to detect lithium entrainment in
our experiment. The detector is shown here without a heated wire in the
center of the structure as this picture was taken while maintenance was being
performed.
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detector it is ionized with probability

1

B = T /g )eanl (I — ©)/kaT)

(3.1)

where g, and g, are the statistical weights of ion and atom ground states (in the
case of alkali atoms such as lithium g¢,/g, = 2), © is the work function of the
rhenium wire, I is the ionization potential of the atom, kg is the Boltzmann
constant, and T is the temperature of the rhenium wire [82]. For typical
operation in our experiment, a lithium atom is ionized with P, ~ 0.3.

If the rhenium wire is held at room temperature then the ionized particle
will stick to the detector and will not be detected. However, by running a
current of roughly 3—4 A through the wire in the center of the detector, the wire
reaches a temperature of approximately 2,000 K. At this temperature alkali
ions do not stick to the detector, but instead are pulled toward the negatively
biased structure surrounding the wire. By monitoring the ion current, it is
possible to detect the number of atoms which strike the wire as a function of
time.

The data displayed in Fig. 3.3 was acquired by positioning the Langmuir-
Taylor detector at a known position in space using a linear manipulator and
monitoring the ion current from ionized lithium atoms over time. By integrat-
ing the signal over time the total number of entrained atoms at this point in
space is known since the wire has a known width. By translating the wire
across the beam and integrating over time again another data point is ac-
quired. By performing this over the entire width of the beam and integrating
these points it is possible to determine the total number of entrained atoms in

the beam. At 60 cm away from the nozzle source where our detector is located
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Figure 3.3: Langmuir-Taylor detector signal with 2 x 10! atoms. Data was
taken using both the pulsed ribbon and directional oven operated at 825 K at
a repetition rate of 1 Hz.

a 100 mK beam is approximately 4 cm wide.

Fluorescence and absorption measurements are also useful in determin-
ing the number of entrained atoms in a supersonic beam. An unfortunate
drawback of using a Langmuir-Taylor detector is that the detector itself is
destructive to the supersonic beam.

Because the wire used to ionize the entrained atoms disrupts the beam,
the RGA detects an artificially heated carrier gas. The primary advantage of
using fluorescence and absorption measurements is that entrained particles can
be observed in parallel with supersonic beams while a Langmuir-Taylor detec-
tor limits experimentalists to serial measurements of entrained atom number

and beam temperatures.
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3.3 Laser Ablation

Laser ablation has been used for the purpose of vaporization with great success
for many years [49]. By using a pulsed laser, a large amount of energy is
transferred to the absorbing medium over a short period of time. Because
of the high concentration of energy, there is local vaporization in the area
immediately surrounding the laser pulse [83, 84]. By timing the laser ablation
pulse with the supersonic nozzle pulse, it is possible to entrain the ablated
media into the resulting supersonic beam, which will cool the ablated material
and accelerate it in the forward trajectory of the beam [85].

Laser ablation has been used in many supersonic beam experiments as
a source for entrainment over the past 20 years, and has achieved considerable
success including loading molecules into ions traps [85], as a source for induc-
tively coupled plasma mass spectrometry [86] and for precision spectroscopy
experiments [87]. However, these experiments do not require a large number
of entrained atoms.

In order to improve on the limited cold atom flux provided by laser
cooling, it is necessary to entrain a large number of atoms into the supersonic
beam. Our experiment used a Minilite 1064 nm Nd:YAG ablation laser with
a pulse energy of 50 mJ and pulse width of 5 ns fired at a target shown in
Fig. 3.4. A Solid Edge rendering of the target in vacuum with the nozzle and
skimmer is shown in Fig. 3.5.

Although we were able to efficiently generate a high density cloud of
lithium atoms, these single atoms quickly condensed into clusters in the ex-
panding plume [88, 89]. The formation of these clusters compromised the

cooling ability and therefore the entrainment efficiency of the beam for two
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Figure 3.4: Ablation target taken out of vacuum. While in vacuum the target
is composed of highly purified lithium although after removal from vacuum
the target degrades over time and forms a white oxide layer as shown here.
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Figure 3.5: Solid Edge rendering of the ablation target used for entrainment.
The ablation target is placed between the nozzle and skimmer and the laser
was fired in time with the nozzle to achieve optimal entrainment.
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reasons.

The first is that supersonic beams are most efficient at cooling similar
mass species [62, 79], which is one of the reasons why helium was chosen as
the carrier gas for lithium entrainment. Since the clusters are composed of
grouping of 10-1,000 atoms, the mass ratio between the carrier gas and the
clusters becomes large, thereby decreasing the ability of the carrier gas to
efficiently cool the target species and resulting clusters.

The second reason is that there are more energetic particles being en-
trained into the supersonic beam given a set number of single atoms. Since
the supersonic expansion is composed of a limited number of atoms, the beam
has a limited cooling capacity. Because the clusters themselves are composed
of many single atoms, one cluster can eat away as much cooling power as 1,000
single atoms while contributing nothing to cold atom flux [88, 90].

Laser ablation is a messy method of entrainment because of the clusters
which are also entrained into the beam. If laser ablation resulted in a pure
atomic cloud which was entrained into the supersonic beam then the method
would likely yield better results. However, cluster formation is inevitable if
the result of laser ablation is to yield a large number of atoms.

The limits of laser ablation as a method of entrainment found in this
thesis were 2 x 10'° entrained atoms per shot at a beam temperature of 750

mK.

3.4 Effusive Oven

Because entrainment of atoms using the laser ablation technique lead to sig-

nificant heating of the supersonic beam a new atomic source was required. An
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oven was developed to test entrainment in a different manner. The advan-
tage of using an oven as a source of atoms is that there is no clustering. The
cause of clustering in ablation plumes is the extremely high local density of
ejected particles due to rapid heating and the correspondingly rapid cooling
(83, 88, 90].

In contrast, an oven emits atoms over a relatively large area (in the
case of our effusive oven, 28 mm?). By spreading the energy used to heat
the sample out, a number of ejected particles comparable to laser ablation
can be generated but without the high density which results in clustering.
This purely atomic source is much less perturbative than ablation and has a
negligible effect on the temperature of the beam.

Unfortunately, the oven which is shown in Fig. 3.6 and in Fig. 3.7
with the nozzle and skimmer was only designed to operate at temperatures
below 875 K. Due to short heating wire lengths used to heat the nozzle of the
oven, temperatures in excess of 875 K led to heating wire failure. However,
a temperature this high is still enough to give rise to a local lithium vapor
pressure of 50 mTorr [91, 92].

Ultimately, the effusive oven was limited to 4 x 10'° atoms entrained per
shot at an oven temperature of 875 K, however there was no noticeable heating
of the beam which is in stark contrast to laser ablation. The temperature of
both the pure helium beam and the helium beam with 4 x 10'° lithium atoms

entrained was 100 mK.
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Figure 3.6: Effusive oven after being taken taken out of vacuum.
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Figure 3.7: Solid Edge rendering of the effusive oven between the nozzle and
skimmer.

30



3.5 Directional Oven

Even though entrainment using the effusive oven at 875 K was successful, there
were experimental hindrances which caused rethinking of the design. Namely,
only one or two experiments were able to be performed before the oven had
to be refilled due to depleted lithium.

There are two main considerations which are able to be optimized with
respect to the entrainment source: pulsing the atomic source and aiming the
source toward the path of the beam to avoid wasting atoms. Although it is
difficult to create an oven with a low enough thermal mass to generate vapor
in pulses [93], it is relatively easy to control the oven in space by limiting the
divergence of the beam [94]. By designing a directional oven as shown in Fig.
3.8, we are able to optimize spatial parameters although temporal parameters
are still not optimized.

The directional oven works by limiting the number of divergent particles
leaving the oven. This limitation is achieved by placing capillaries shown in
Fig. 3.9 at the exit point of the oven which allow particles travelling toward
the path of the supersonic beam to exit, while hindering particles which would
be outside the path of the beam. The idea of limiting the flux of divergent
particles is not new, and was instrumental in the construction of the first maser
[95], but had not been applied to atomic physics experiments where the atoms
of interest required significant heating until recently.

By heating both the reservoir to generate a hot vapor of lithium atoms
and the capillaries which control the directionality of lithium atoms, Senaratne
et al. [96] was able to apply this technique to alkali atoms commonly used in

atomic physics experiments. When divergent atoms collide with the wall of
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Figure 3.8: Directional oven taken out of vacuum. The two wires shown heat
the reservoir and capillaries.
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Figure 3.9: Close up of capillaries used to limit the divergence of the directional
oven.
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Figure 3.10: Solid Edge rendering of capillary oven.

a capillary they are adsorbed and subsequently re-emitted. In this process
there is no memory of a previous trajectory before striking the wall since the
rescattering process is equally likely to eject an atom at any angle over 2. The
result is that the majority of divergent atoms are returned to the reservoir,
limiting wasted material.

One limitation of the directional oven shown in our experiment in Fig.
3.10 is that divergent atoms are returned to the reservoir if they only interact

with the capillary walls. While this is a good approximation at low reser-
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voir temperatures, higher temperatures result in a greater pressure within the
capillaries themselves, leading to atom-atom collisions. Because there is a net
flux through the capillaries as well as a significant number of collisions between
atoms at high reservoir temperatures, the directional oven eventually loses its
directionality.

The directional oven at 875 K was ultimately limited to 4 x 10'° atoms
entrained per shot at a beam temperature of 100 mK. Although this number
is identical to the effusive oven, the main advantage is a longer oven life. By
limiting the number of wasted atoms, the experiment stays operational for
longer.

It is important to remember that only atoms which would have missed
the supersonic beam of helium are restricted from leaving the directional oven.
Because of this, it is not surprising that there is no increase in efficiency
from the directional oven over the effusive oven when operated at the same

temperature.

3.6 Pulsed Ribbon

The directional oven conserved many atoms that would have been wasted at
low reservoir temperatures, but when the temperature of the reservoir was
pushed high enough the beam eventually became more divergent. Because of
this, at the temperatures required to entrain 4 x 10'° atoms/shot, the direc-
tional oven wasted a significant number of atoms which severely limited the
length of time that the oven could be operated before depletion.

To fix this problem, a thin (50 gm) Nichrome ribbon shown in Fig. 3.11

was installed above the directional oven that was able to be flash heated with
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Figure 3.11: Ribbon made of Nichrome shown from the bottom of the nozzle
chamber. The ribbon is flash heated using an IGBT which controls a 150 mF
capacitor bank charged to 300 V. The directional oven is aimed at the ribbon
and the supersonic beam shoots from the left side of the figure to the right.

a high current pulse. The directional oven is kept at a low enough temperature
to maintain its directionality (825 K) and aimed at the ribbon which measured
6 mm wide and 50 mm long, providing a constant flux of lithium for coating.
In time with the supersonic beam, a high current pulse resistively heated the
ribbon, causing the adsorbed lithium to be ejected into the path of the beam.
In this manner, we were able to optimize temporal aspects of entrainment as
well as spatial aspects by combining the ribbon with the directional oven. The
ribbon as used in tandem with with the directional oven is shown in Fig. 3.12

and 3.13.
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Figure 3.12: Experimental setup of ribbon and directional oven with the nozzle
shown on the left.

It is because the ribbon is so thin and the thermal mass so low that
we are able to efficiently heat the ribbon in sync with the nozzle. Because
the surface area of the ribbon is large relative to its volume, the temperature
decays primarily through radiation at an extremely fast rate, on the order of
tens of milliseconds [97].

The ribbon design is somewhat similar to the ovens used by DeVoe
and Kurtsiefer [98] and Vittorini, Wright, Brown, Harter, and Doret [99], but
instead of placing the ribbon inside of a blackbody shield, the ribbon is exposed
and the supersonic beam travels between the two oven stages.

The limits of entrainment using both a directional oven at 825 K and

a flash heated ribbon in tandem are 2 x 10! atoms entrained per shot at a
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Figure 3.13: Solid Edge rendering of the ribbon and directional oven placed
between the nozzle and skimmer.
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beam temperature of 100 mK at a repetition rate of 1 Hz. For comparison, the
directional oven entrains 1 x 10*° atoms entrained per shot at a temperature
of 825 K. Using the ribbon in tandem with the directional oven amplifies the

signal to 2 x 10!, yielding a x20 amplification factor.

3.7 Heat Pipe

The final entrainment design discussed in this thesis is a heat pipe. The heat
pipe is similar in concept to a reflux oven where atoms which strike the side of
an oven and therefore would not have been of use in an experiment are returned
to the main reservoir [100]. The design used in this experiment resembles the
charge transfer cell used by Boffard et al. [101]. As can be seen in Fig. 3.14
and 3.15, the supersonic beam shoots through the pipe itself while lithium
atoms enter the pipe from below.

The heat pipe relies on the concept of capillary action and surrounding
the pipe with a medium through which the atoms ejected from the oven can be
wicked back to the reservoir [102]. This is accomplished by cutting a fine mesh
(316 stainless steel, 35 pm wire diameter with 70 gm opening) and wrapping
the mesh around the inside of the pipe while letting strands of the mesh dangle
into the reservoir.

By maintaining the temperature of the heat pipe slightly above the
melting point of the atoms being ejected from the hot oven the ejected atoms
will condense on the mesh and be wicked toward the hottest region of the pipe,
the reservoir [103]. This is achieved by only heating the reservoir while letting
the rest of the pipe be heated by thermal conduction [97].

Because of the low temperature of the pipe relative to the temperature
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Figure 3.14: Heat pipe shown disassembled and detached from the experiment.
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Figure 3.15: Solid Edge rendering of heat pipe placed after the skimmer.

of the reservoir, the majority of pressure inside the pipe is from the reservoir
which does not have a direct line of sight out of the pipe. This limits the
number of non-entrained atoms which are able to leave the pipe.

Fig. 3.16 and 3.17 show the temperature gradients simulated in COM-
SOL for a reservoir held at 800 K after 60 minutes. The center region of the
pipe is in a temperature range where lithium is a liquid while the outer flanges
are below the melting point of lithium. This gradient allows lithium to flow
back toward the reservoir while holding the pipe itself at a temperature low
enough to not have a significant vapor pressure [91, 92].

Although the heat pipe has not been used for purposes of entrainment
yet, preliminary tests have been performed which confirm a significant vapor
pressure within the pipe, but a drastic reduction outside the pipe. A cold

cathode gauge located close to the heat pipe reported an observed pressure of
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7 x 107° Torr while the heat pipe was at a temperature of 1,000 K. At these
temperatures, lithium has a vapor pressure of 7 x 107! Torr [91, 92] leading

to a pressure suppression factor of 10,000.
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Figure 3.16: Finite element simulation of the heat pipe using COMSOL. The
reservoir temperature was set to 800 K and the rest of the heat pipe was
allowed to heat up over 60 minutes.
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Figure 3.17: Temperature profile of the heat pipe shown in Fig. 3.16. The
y-coordinate runs along the topside interior of the heat pipe with its axis in
line with the supersonic beam. The increased gradient exhibited at -5 and
5 cm is the end of the thermally conductive pipe and the beginning of thin
vacuum walls which serve to thermally isolate the pipe from the nozzle and
science chambers.
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Chapter 4

Conclusion

Research on cold atoms is a popular and versatile area, filled with experiments
ranging from using strontium clocks to physically realize the meter and second
[104], to using interferometry with cesium atoms to put constraints on dark
energy [105], to using spectroscopy on dysprosium to search for dark matter
[106]. The entrainment techniques discussed in this thesis are only the first
step in a new cooling process which will enhance and expand the possibilities
of this field.

It has been shown that by using a pulsed ribbon which is constantly
doped by a directional oven, up to 2 x 10! atoms can be entrained into a
supersonic beam in a single shot at a repetition rate of 1 Hz yielding a cold
atom flux of 2 x 10! atoms/s. By combining this entrainment method with
an adiabatic coilgun [72], atom number is able to be conserved while bringing
the particles to rest and trapping them in a magnetic trap.

In comparison, laser cooling saturates at a cold atom flux of 10 atoms/s
[14]. By pairing entrainment with a pulsed ribbon and directional oven with

an adiabatic decelerator capable of slowing atoms at a repetition rate of 1 Hz
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Method of | Entrainment Efficiency | Temperature
Entrainment (atoms/shot) (mK)
Laser 10
Ablation 210 750
Effusive 4 % 1010 (875 K) 100
Oven
Directional 4 x 101 (875 K) 100
Oven 1 x 101 (825 K)
Pulsed 1
Ribbon 2 x 10" (825 K) 100
Heat Pipe No data yet No data yet

Table 4.1: Comparison of entrainment efficiency of the different entrainment
techniques outlined in this thesis and the resulting beam temperatures. The
pulsed ribbon experiment was achieved through constant doping of the ribbon
using the directional oven held at 825 K.

which is the current limit of the decelerator desceribed by Lavert-Ofir et al.
[72], our new method of cooling will have a higher cold atom flux than laser
cooling by a factor of 200.

The limits of the various entrainment techniques described in this thesis
are shown in Table 4.1 which shows optimal entrainment being reached by a
pulsed ribbon used in tandem with a directional oven. However, the pulsed
ribbon starts to lose effectiveness when it is pulsed at a repetition rate faster
than 1 Hz which is why the heat pipe was designed and optimized for experi-
ments operating at faster repetition rates. The advantages and disadvantages

of each entrainment method are outlined in Table 4.2.
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Method of - :
Entrainment Positives Negatives
Laser Easy to implement Significant beam heatin
Ablation Y tomp & &
Effusive : Wastes the majority
Oven Easy to implement of atoms
Directional Works best when
Limits wasted atoms supplemented with
Oven .
pulsed ribbon
Large entrainment Loses effectiveness at
Pulsed o . o
: numbers for low repetition | higher repetition rates
Ribbon
rates (< 1 Hz) (> 1 Hz)
: Arbitrarily high
Heat Pipe repetition rate Unproven

Table 4.2: Advantages and disadvantages of each entrainment technique de-
scribed in this thesis.
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Figure 4.1: Solid Edge rendering of the experimental setup complete with heat
pipe and adiabatic slower.

Work is currently underway to improve the repetition rate of the adi-
abatic decelerator. Unfortunately, due to the cool down time of the ribbon
after it has been heated, it is most effective at repetition rates less than 1
Hz. However, a source such as the heat pipe which is capable of reaching
temperatures in excess of 1,000 K combined with a new high repetition rate
decelerator would yield an even higher atomic flux. The ultimate repetition
rate is limited to 1 kHz due to this being the limit of the Even-Lavie nozzle
[62]. A Solid Edge rendering of the the slower used with the heat pipe as the
entrainment source is shown in Fig. 4.1.

In addition to generating a larger number of cold atoms than laser
cooling, entrainment is species independent. Because the noble gases used
in supersonic beams do not typically react with other species [107], collisions

during the entrainment process are elastic and the target species is collisionally
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cooled. This is in stark contrast to laser cooling where particles are cooled by
driving a two-level transition.

Since the majority of atoms do not have an easily accessible two-level
transition and the complexity of molecules introduce rotational and vibrational
degrees of freedom, laser cooling is only applicable to a select number of species
[108, 109]. Even when laser cooling is applied to more complex species, many
different repump lasers are required, making some experiments cost prohibitive
[43]. Because entrainment is species independent, this new cooling technique

is a more generally applicable method than laser cooling.
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Chapter 5

Future Work

Future experiments hope to use the aforementioned entrainment techniques as
the first step in a new cooling process. This new cooling process will translate
the entrained atoms to rest using an atomic coilgun [72, 110], allowing new
experiments which will benefit from higher cold atom flux than is currently
achievable with laser cooling. In addition, by entraining two paramagnetic
species into the same supersonic beam, both species are able to be translated
to rest and trapped [111], at which point one species can be evaporatively
cooled, sympathetically cooling the other species [112, 113].

By using sympathetic evaporative cooling in tandem with our new cool-
ing technique, a wide variety of experimental opportunities become available,
and many atomic physics labs will become more efficient. For example, a lab
that only possesses a laser that is capable of addressing lithium is now able
to perform experiments with any of the alkali metals as long as those metals
are co-entrained with lithium. In addition to co-entraining different types of
alkali atoms, it would also be feasible to co-entrain and trap two dissimilar

species such as lithium and hydrogen. By evaporatively cooling lithium until
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it is completely ejected from the trap, a BEC of hydrogen could be formed,
allowing new fundamental studies of the hydrogen three body association rate

[114):

H+H+H— Hy,+H. (5.1)

In addition to studying the three body association rate of pure hydrogen
which is of fundamental importance in determining the rate at which the first
stars developed in the early universe [115, 116, 117], other astrophysically
relevant reactions could also be studied. Because the primordial universe was
primarily composed of hydrogen but also contained deuterium, helium, and
lithium [118, 119, 120], reactions involving deuterium and lithium are also
important in understanding our early universe [121, 122].

These reactions could be probed by repeating the hydrogen three body
association reaction under conditions where a mixture of hydrogen and deu-
terium were entrained into the beam. In addition, reactions between lithium
and hydrogen could be probed by stopping the evaporative cooling process
before all lithium is ejected, leaving enough to observe reactions such as three

body association of hydrogen where lithium carries away the excess energy:

H+ H + Li — Hy + Li. (5.2)

Future work which will require an even higher increase in atomic den-
sity is still feasible using this cooling technique. After trapping the entrained
atoms, they can be compressed in phase-space using a technique called magneto-
optical (MOP) cooling [40]. MOP cooling takes trapped atoms and compresses

them in phase-space through velocity and spatially selective optical pump-
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ing steps and magnetic kicks, effectively doubling the phase-space density
with each step. Eventually, optical pumping will be limited by the rescat-
tering of resonant photons [123], limiting MOP cooling to an atomic density
of 10 — 10'? atoms/cm?.

By following MOP cooling with evaporative cooling, an ultra-cold and
ultra-dense BEC can be formed. Since atom lithography has been limited
by weak atom flux as well as magnetic lens aberrations [124], these larger
condensates combined with an aberration-corrected pulsed magnetic lens will
push the boundaries of atom lithography farther than has previously been
realized [125].
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