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Abstract

We have demonstrated a magneto-optical trap (MOT) suitable for capturing radioac-
tive potassium produced on-line with the UW-Madison 12 MeV tandem electrostatic
accelerator. To do this, we made and characterized the first MOT for potassium, mea-
sured the potassium ultracold collision rate, and developed a numerical trap-loading
rate model that makes useful quantitative predictions. We have created a cold beam of
collimated potassium atoms using a pyramidal magneto-optical funnel and used it to
load a long-lifetime MOT operating at ultrahigh vacuum. We have also built a target
that produces a beam of radioactive 37K and 3*K and coupled it to the magneto-optical
funnel and trap. Once a trap of radioactive *¥K has been demonstrated, the primary
goal of this project is to measure the beta-asymmetry parameter in the decay of **K,

performing a sensitive test of the Standard Model of weak interactions.
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Chapter 1

Introduction

1.1 Overview

In this dissertation I describe a series of experiments involving the magneto-optical
trapping of various potassium isotopes that ultimately culminate in the design and test
of an apparatus to create a beam of radioactive potassium that we attempt to trap.
This chapter provides a motivation for this experiment, some essential background
material on the operation of optical traps, and a brief summary of my accomplishments
over the past few years.

In chapter 2, I describe the first magneto-optical trap ever made for the alkali
potassium and measurements of the vapor-loaded trap properties. I also discuss some
details of the structure of potassium that make it unique among the alkalis. Chapter 3
complements the characterization of a potassium MOT by adding the first measure-
ments of ultracold collisions between potassium atoms.

The following chapters describe our steps toward creating a radioactive beam-
loaded trap. In chapter 4, I summarize my experiments with a beam-loaded natural
potassium MOT, including optical collimation and slowing of the atomic beam. In
chapter 5, I describe a novel atomic funnel that produces a cooled, collimated atomic
beam from a potassium vapor cell and how we couple it to load a high-vacuum MOT.

Next I describe the production of a neutral, radioactive beam of potassium atoms
using the UW tandem electrostatic accelerator in chapter 6. I discuss the integration of
our apparatus and the target, total system efficiency measurements, and our attempts

to trap radioactive potassium. Finally, in chapter 7 we summarize our accomplish-
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ments to date and outline the exciting experiments planned for the radioactive trap
once it is working.

Three appendices give experimental details of our stabilized titanium-sapphire ring
laser, an ultra-sensitive detection scheme for detecting trapped atoms, and the dryfilm

coating procedure used to create our vapor-cell funnel.

1.2 Motivation

The control and precision measurement of atomic states benefitted in the 1930’s from
new atomic beam methods, in the 1950’s by the development of ultra-high vacuum
techniques, and in the 1960’s by the invention of the laser. These technologies gave
experimental spectroscopists superb control over the internal states of atoms, but
measurements were soon limited by the the thermal nature of their beams as well as the
line-broadening (and shifting) effects of collisions. Now, with a deeper understanding
of the mechanical effects of light, the external state of an atom can be controlled,
giving us the ability to cool and confine it to temperatures near absolute zero.

Eleven years ago, when the first magneto-optical trap (MOT) for sodium was cre-
ated by Chu et al. [1986], no one could have predicted the astounding influence it
would have on the atomic and optical community. The MOT is rapidly becoming a
tool, a standard atomic physics apparatus in many labs, on its way to becoming as
ubiquitous as atomic beam experiments have been for decades.

Our unique role for this technique is in an attempt to create a magneto-optical
trap for radioactive potassium isotopes. We choose potassium not only because it is an
alkali and thus has a relatively simple level structure, but also because its radioactive
isotopes 'K and %K are good candidates to make interesting precision beta-decay
measurements.

Currently these types of experiments are limited by poor or unknown sample spin
polarization. By using a MOT, we are able to create a dense, spatially confined sam-
ple of radioactive atoms that can be fully spin-polarized in an environment that is
relatively free from radioactive backgrounds. This gives us the unique ability to mea-
sure the angular distribution of the emitted beta particles with high precision. The
asymmetry in the angular distribution is a measure of the nature of the weak charged
currents, an important test of the standard model of weak interactions. This measure-

ment complements a variety of experiments in weak interaction physics done at large



accelerator facilities like CERN and Fermilab.

Previous methods of measuring the asymmetry are usually limited by poor statis-
tics rather than systematic errors, which usually enter at the 1% level. The decaying
sample has low polarization (typically P = 5%) that is usually measured using a -ray
with a feeble branching ratio (typically f = 2%). However, in our scenario the trap
is optically spin polarized to 100% and we can measure it precisely with optical tech-
niques, further reducing the number of events N necessary to achieve good statistics.
The statistical error in the asymmetry measurement roughly goes as (N/f)~'/2/P; to
get 1% statistics with a trapped sample we need less than 10* counts, whereas the

conventional experiments would require more than 10® counts.

1.3 Magneto-optical trapping

In this section I briefly review the mechanics of trapping, describe how the spontaneous
light force can be used to slow and cool an atom, and how one can create a spatially

confining force by exploiting the internal structure of the atom.

1.3.1 Spontaneous force and viscous damping

Let’s begin by considering this simple system: a two-level atom at rest and in its
ground state is illuminated by a single beam of resonant, single-frequency laser light
propagating to the right (in the +7 direction). At some point, the atom will absorb a
photon from the laser and will be put into its excited state. In the process, it receives
a momentum kick to the right of +hk.

Soon after, the atom relaxes, re-emitting the absorbed photon either through spon-
taneous or stimulated emission. If the emission is stimulated by the laser, the photon
is ejected with momentum +hk? in the same direction as the laser beam and the atom
receives no net push. But if the photon is emitted spontaneously, its direction is ran-
dom and therefore isotropic, on average leaving the atom with some net momentum.
Over many cycles of absorbing laser light of momentum +hk? and emitting sponta-
neously in any direction, the emitted photon momenta average to zero and the atom
receives a net push from the laser. This is often called the “scattering force” since it
results solely from the fact of the atom scattering photons.

A two-level atom illuminated by a single-frequency laser can spontaneously scatter
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photons only as fast as its excited-state lifetime 7 will allow, a maximum rate of 1/27.
Each photon imparts a velocity ik /m to the atom where m is the atomic mass, giving
a maximum acceleration ik/2m7. For the the D transitions in the alkalis, 7 ~ 20 ns,
meaning a narrow-band laser can impose an acceleration of over 10g!

Add to this picture a second laser of equal intensity, but propagating to the left
(along the —7 direction). Let’s tune the frequency of both lasers a few linewidths
[' = 1/277 below the atomic resonance peak. Nestled between these two beams, a
stationary atom scatters relatively few photons from either laser because they are not
resonant. But say the atom has a velocity +v7 towards the right: the atomic resonance
will be Doppler-shifted into resonance with the leftward-propagating laser so that the
atom scatters more photons from the leftward (—37) propagating beam than from the
rightward propagating beam. In other words, the atom scatters more photons and
therefore receives a larger “kick” from the laser it is moving towards. This Doppler-
induced slowing is proportional to the atomic velocity and takes the form of a viscous
damping force.

In 1975, Hansch and Schawlow proposed this as a method to cool atomic gases.
By extending the cooling to three dimensions using a total of six laser beams, each
one propagating along a cartesian axis, the group of Chu et al. [1985] were able to

create the first “optical molasses” in sodium vapor, cooling the atoms to 240 uK.

1.3.2 Confinement

This scheme is quite successful in making atoms very cold, but has no mechanism to
confine them to a particular region in space. Even very cold atoms, jostled about as
they scatter photons, execute a random walk and diffuse out of the intersection of the
laser beams, leaving the molasses forever. The lifetime of the atoms in the molasses
is about 0.1s [Chu et al., 1985]. In order to perform experiments that show subtle
effects, it is desirable to contain the atoms for a much longer time than this. Somehow
a spatially-dependent force must be installed to keep the atoms in place within the
laser beams’ extent.

Many theoretical proposals for spatial confinement using creative arrangements of
laser beams were rapidly published, nearly all of which were proven impossible. The
difficulty is analogous to the Earnshaw theoremof electrostatics, which states that a

charged particle cannot be trapped by an arrangement of static electric fields. This



FI1GURE 1.1: Diagram showing Zeeman level splitting of a J =0 — J = 1 atom in a
nonzero magnetic field. Left- and right-circularly polarized laser beams, both at fre-
quency w, illuminate the atom whose natural resonance is wg. The ¢~ polarized beam
is shifted into resonance and the o™ beam is shifted out of resonance with the atom.
The atom therefore scatters more ¢~ than o photons.

is a direct result of V- E = 0 in a source-free region; zero divergence means there is
always some “escape route” for the particle.

Ashkin and Gordon in 1983 made a direct analogy to this, now dubbed the “optical
Earnshaw theorem,” proving that a particle cannot be trapped by a fixed arrangement
of optical fields relying only on the scattering force of light. The scattering force
is proportional to the Poynting vector S of the light, which is divergence-free, and
therefore the scattering force too has zero divergence.

The key to overcoming the optical Earnshaw theorem is the realization that atoms
do not fall under its stricture because unlike structureless particles, atoms have internal
degrees of freedom. Specifically, the force on an atom is F = (0/c¢)S, where o is the
cross-section for absorption of light by the atom. This cross-section is not necessarily
constant, breaking the direct proportionality between the Poynting vector and the
force, allowing us to make V - F < 0, producing a spatially-confining force. For a
MOT, that position-dependent force comes from the Zeeman level structure in the
atom and is sensitive both to external magnetic fields and to the polarization of the
illuminating light.

Returning once again to our one-dimensional scheme with two counterpropagating,
red-detuned laser beams, we now add a linearly-varying magnetic field that is zero at
the origin: B o bx?. Furthermore, we specify that the two beams have opposite
circular polarization. When the atoms are located away from the origin, the Zeeman

sublevels of the atom are split by the magnetic field, causing them to preferentially
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X

FI1GURE 1.2: A three-dimensional magneto-optical trap. The magnetic field coils pro-
duce a spherical quadrupole field configuration of the form B = (b/2)(—x7 — yj + 22k)
near the origin. The spins S of the photons from each laser beam are arranged so that
the magnetic field will Zeeman shift the atomic energy levels to preferentially scatter
photons, pushing the atom toward the origin.

scatter light of one circular polarization over the other. Figure 1.1 illustrates how a
two-level atom in a magnetic field, illuminated by red-detuned light (hw), will scatter
more o~ (in this case) photons than ot photons. By arranging the circular polarization
of the light such that its angular momentum opposes the applied magnetic field, the
atoms feel a spring-like restoring force that pushes them towards B = 0.

In Figure 1.2 we present a schematic three-dimensional MOT. The arrangement
of two magnetic field coils with current flowing in opposite directions (commonly
referred to as an “anti-Helmholtz” configuration) produces a spherical quadrupole

magnetic field. For coils that are large compared to the trap size, the field has the
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form B = (b/2)(—2i— yj+ 22k) near the origin, where b is the field gradient measured
along the z-direction.

Extending this simple picture from our J = 0 — J = 1 atom to a real atom is fairly
straightforward. The ground state of nearly all isotopes of the alkali atoms (including
potassium) are split by the hyperfine interaction with the nucleus, and the excited
state has four hyperfine levels (these are illustrated in Figure 2.1 in the next chapter).
The details of these complications will be discussed in chapter 2, but the essence is
that by adding a second laser frequency we can cause a real atom to act in a manner

very similar to our model, and thus form a MOT.

1.4 Summary of achievements

In our first year here, Thad, Dominik, Paul, and I created the first MOT for rubidium-
85, in the process building external-cavity grating-stabilized diode lasers and asso-
ciated drive electronics to stabilize and lock them to a saturated absorption spec-
trometer. Rapid progress led us to perform the first studies of cold collisions in 8Rb
[Hoffmann et al., 1992].

Our interest in the effect of using linearly and elliptically polarized light in a MOT
resulted in the vortex-force atom trap [Walker et al., 1992b]. The vortex force allows
us to create an inherently [Walker et al., 1992a], not possible in a conventional MOT
due to the rapidly varying light polarization across the trap. This spin-polarized trap
is useful for studying atomic collisions and for the nuclear beta-decay experiments that
are the ultimate aim of this dissertation.

I then began a new line of investigation, heading towards our goal of trapping
radioactive potassium. To this end, I narrowed and stabilized an argon-ion pumped
ring-cavity Ti:AlyO3 laser to a linewidth of a few megahertz. Using this laser and
building another chamber and optical setup, I created the first MOT for potassium,
characterizing its operation as a function of many adjustable parameters. Among
the characteristic I measured were the loading rate, trap temperature, and ultracold
collision rate [Williamson III and Walker, 1995].

I then designed a more complex and flexible XHV (extremely high vacuum, less
than 107! torr) chamber suited for trapping radioactive potassium. In preparation,
I studied various configurations for collimating and cooling a feeble effusive beam of

natural potassium to efficiently load a MOT, optimizing my apparatus for the three
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naturally occurring isotopes of potassium, 3*~#'K. I also developed an ultra-sensitive
detection scheme, using an additional diode laser to excite the trapped atoms to
produce ultraviolet photons.

I then collaborated with Paul Quin and Paul Voytas to develop a target system
capable of producing a radioactive thermal beam of potassium 3"K and **K. However,
the short radioactive lifetime of 'K (71,2 = 1.2s) made it difficult to produce a large
enough yield for trapping, and the long lifetime of **K (71, = 458s) and high target
vacuum system pressure made trapping reasonable amounts of this isotope directly
from the effusive target unlikely also.

Inspired by the work of colleagues [Lu et al., 1996; Lee et al., 1996], we designed
and built a pyramidal atomic funnel for potassium, capable of operating at poor UHV
pressure (107 torr), that cools and collects room-temperature potassium atoms, then
sends them through a low-conductance hole to a low-pressure XHv MOT [Williamson
[T et al., 1997]. We have successfully integrated the target, funnel, and main MOT to
trap stable potassium isotopes, but have been unable to trap radioactive potassium.
Data from our stable potassium trap has been used to to investigate some possible

reasons for our unsuccessful attempts to trap *K.



Chapter 2

Trapping of natural potassium

2.1 Introduction

In this chapter I discuss the properties of a vapor-cell MOT for potassium. I begin
by presenting some background material, illustrating how natural potassium differs
from the other alkalis because of its small hyperfine structure (§2.2). Section 2.3
discusses some of the basic statistical mechanics of a vapor-cell MOT and introduces
a very simple model of the loading rate. In section 2.4, I derive a simple Einstein
rate-equation model for the trap, used to model the operation of the trap and analyze
our fluorescence data. Then in sections 2.5 and 2.6 I describe some details of our
apparatus and present the measurements I obtained using it, including the loading
rate as function of various trap parameters, and the trap temperature. Finally, I

conclude by mentioning the work of other researchers that followed our discoveries

(52.7).

2.2 Background

To date a variety of atoms have been stably cooled and confined using magneto-optical
traps (MOTs). Since the original demonstration using sodium [Raab et al., 1987], MOTs
have been constructed for the alkalis lithium [Lin et al., 1991], rubidium [Walker et al.,
1992b], and cesium [Sesko et al., 1989, the alkaline earth atoms magnesium [Sengstock
et al., 1993], calcium [Kurosu and Shimizu, 1990], and strontium [Kurosu and Shimizu,

1990], and the metastable states of the rare gases helium [Bardou et al., 1992], neon
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[Shimizu et al., 1989], argon [Katori and Shimizu, 1990], krypton [Katori and Shimizu,
1990], and xenon [Walhout et al., 1993]. All these atoms have relatively simple energy-
level structures, so that trapping can be accomplished using a small number of laser
frequencies. In addition, the wavelengths for the trapping transitions are all in the near
ultraviolet to near infrared, where tunable continuous-wave lasers exist with power of
at least a few milliwatts.

Notably absent from the above list is the alkali atom potassium, which has a con-
venient resonance line at 767 nm. Potassium is unique among the alkalis in that
the nuclear magnetic moments of its isotopes are comparatively quite small, leading
to correspondingly small hyperfine splittings of the optical transitions. As we ex-
plain below, this necessitates a different approach to making a MOT for potassium.
Although lithium also has small excited-state hyperfine splittings, the structure is in-
verted compared to the other alkalis, so the trapping is still done by tuning near the
Siyo(F=141/2)—Ps5(F'=I + 3/2) transition, as is done for sodium, rubidium, and
cesium.

The relevant energy levels for the two most abundant isotopes *K and *'K, are
shown in Figure 2.1. Note that even for 3°K, which has the larger hyperfine interaction,
the splitting between the Pj;(F”'=3) and (F'=2) states is only 21 MHz compared to
the natural linewidth of 6.2 MHz. If the trapping laser frequency is chosen to be
just below the 45 5(F = 2) — 4P3,,(F' = 3) transition (the analogous transition
for other alkali MOTs), the laser will be detuned to the blue of the F' = 1,2 levels,
accelerating and heating the atoms. Furthermore, there is strong of the atoms into the
451 /5(F = 1) state due to the nearby 4P;),(F" = 2) state. Power broadening of the
transitions contributes to the reduction of the spectral isolation needed for trapping
in the usual manner.

To avoid these problems, we trap potassium using light tuned to the low-frequency
side of the entire excited-state hyperfine structure, as shown in Figure 2.1. Two
laser frequencies are used, differing by the ground-state hyperfine splitting. Both
frequencies provide cooling and trapping forces. This arrangement has the advantage
over other MOTs in that the poorly resolved excited-state hyperfine structure creates an
intrinsically large capture velocity for the trap. This is illustrated in figure 2.2, which
shows the calculated light-induced damping force as a function of velocity, calculated
using the rate-equation model described in section 2.4. Clearly the intrinsic capture

velocity for the trap exceeds 30 m/s.
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FIGURE 2.1: Hyperfine structure of the 4251/2 and 42P3/2 states of the two abundant
isotopes of potassium. The bold lines indicate the two laser frequencies used for trapping.
Note that the detuning A is measured from the 425} j5(F = 2) to 42Pyo(F’ = 3) tran-
sition. The hyperfine constants for the various states are: 39K, A(S1/2) = 230.9 MHz,
A(P3/9) = 6.1 MHz, B(P;)) = 2.8 MHz; 4K, A(Sy)2) = 127.0 MHz, A(P3/5) = 3.4 MHz,
B(Py)3) = 3.3 MHz [Arimondo et al., 1977], and the isotope shift is 235.3 MHz [Bendali
et al., 1981].
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39K with trap laser intensity Iior = 270 mW /cm? and detuning A = —39 MHz.
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As an aside, we note that the P/, states of K have significantly larger hyperfine
interactions than the P55 states, so the levels are well-resolved, suggesting that P/,
states can be used for trapping in a manner analogous to the P, “type II” trap
originally demonstrated with sodium [Raab et al., 1987]. In fact, Flemming et al. [1997]
recently demonstrated a vapor-loaded sodium MOT using the P/, states. The key to
operation of this trap is that the two colors used for trapping need to have opposite
polarization, arising from the fact that the both lower levels of the D; transition have
negative Zeeman shifts. It is quite likely that potassium can be trapped on the D,
line in the same manner. We will cover some of these considerations in more detail in

§6.3 where we discuss the structure of radioactive potassium isotopes.

2.3 Vapor-loading

The easiest means of getting atoms into a trapped state is to load the MOT from
a background vapor of alkali atoms. The vapor pressure of most alkalis (including
potassium) is controlled either by adjusting the temperature of the cell or by using a
valve and reservoir of metal. Happily, the conditions of vacuum required for trapping (a
few times 107 torr) nearly match the room temperature vapor pressure of potassium.
Here we outline the basic physics of an alkali vapor and a trap loading from it.

It is interesting to note that measuring the vapor pressure of potassium, as well as
many other elements, is a nontrivial task. Even over a limited range of temperature,
a look through the literature for vapor pressures of potassium give values that vary
by more than a factor of three. Zeng et al. [1985] gives the most accurate and recent
values via Faraday rotation measurements (although the empirical functional form
comes from Killian [1926])

4964
log,, P [torr] = 8.445 — o (2.1)

most accurate for T from 340 to 380 K.
We determine the vapor pressure in the cell by measuring atomic absorption in
the potassium of a frequency-swept, circularly polarized laser beam; this is necessary

because we wish to maintain a vapor pressure of potassium that is slightly below the
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room temperature equilibrium. Using Beer’s law
nol =log(1 — A), (2.2)

where [ is the path length, A is the absorbed fraction of light, and o is the absorption
cross section (2.7-107% cm? for potassium and o* light), we can determine the average
vapor pressure of potassium at the trap region in the cell.

A trap operating in such a cell is completely surrounded by this cloud of vapor, but
is only able to capture the small fraction of atoms that are moving very slowly, below
its “capture velocity” v.. The capture velocity (v.) for the trap is a complex function
of the laser detuning and intensity, the applied magnetic field gradient, the diameter
of the laser beams, and the structure of the atomic levels. Nevertheless, we can make
a simple estimate of the capture velocity by assuming a two-level atom illuminated by
a laser whose intensity Iy > . Traps typically operate best at a few linewidths
I' below resonance; so, for the sake of argument, say A = —I'. This means that the
laser will able to scatter photons from the atoms when they are moving at velocities

which keep them within £1I" of resonance, leading us to
Ve & 2)T, (2.3)

where A is the laser wavelength. For potassium, this is roughly 10m/s.
The speed distribution of a vapor of atoms at temperature 7' is given by the

Maxwell-Boltzmann distribution (Ramsey [1956], for example)

4 o? 2kT
flv) = ﬁ;e_vg/o‘Q, where a =/ gt (2.4)

For room-temperature potassium atoms whose most probable velocity o = 350 m/s,

the fraction of atoms in the thermal speed distribution (equation 2.4) is

R HO RO RS I

For v, < o we can ignore all but the first term, and see that ng = 2-107°. The
trap loads from this tiny fraction of atoms that lie in the slow tail of the thermal

distribution.
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Considering the trapping region to be a sphere of diameter d, and asserting that
any atom with v < v, entering that volume is trapped, the loading rate is [Monroe
et al., 1990]

1 vl
gvap - 5‘/1;2/3 (26)

rap 3>
where V' is the trap capture volume and n.,, is the atom density in the background
vapor, given by the ideal gas law n[cm™3] = 9.66 - 10'® P[torr]/T. We also define a
loading rate coeflicient ¢ = L /n,,, which is dependent only on the parameters of the
MOT itself.

2.4 Six-level model

This section describes the rate-equation model we have developed, not only for de-
termining the total excited-state fraction, needed to estimate the number of atoms
from our fluorescence detection, but also to calculate the force on the atoms and make
predictions about capture efficiency, loading rate, and expected trap performance for
radioactive isotopes.

In alkalis with large (many GHz) ground-state hyperfine splittings, like rubidium
and cesium, optical pumping is readily overcome with a weak repumping laser, and one

can essentially treat the atom as a two-level system, directly calculating the excited-

1 Itot/Is
Pe =3 (1 ¥ Lo /T, + 4(A/F)2> ' (2.7)

Here A is the detuning of the trapping laser from the S /o(F=I+41/2)—Ps)o(F'=I +

3/2) transition, i is the trapping laser intensity incident on the atoms, and I is the

state population via

saturation intensity.

In potassium, however, optical pumping is very strong and it is essential to include
the hyperfine structure in such calculations, necessitating the use of a somewhat more
complex model. Here we describe a rate-equation model for potassium that has been
used extensively in the course of this research that seems to give reasonable results
under most of the conditions we have studied.

The six levels consist of two ground states and four excited states, shown in Fig-
ure 2.3. The populations of each hyperfine state is allowed to vary, assuming uniform

distributions of populations among the Zeeman sublevels of each hyperfine state. In
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FiGURE 2.3: Definitions of the laser detunings and levels in our model. The numeric
labels here correspond to I = 3/2, but the model works for any other value of I.

addition, we ignore optical coherences and simply make a rate-equation model for the
populations in the various states. Therefore the stimulated emission and absorption
rates are calculated using sublevel-averaged oscillator strengths and the population
in each hyperfine state is calculated by simply equalizing the excitation and emission
rates. Except for the unique characteristics of potassium discussed below, our model
is similar to both the model of Lindquist et al. [1992], who also used a rate-equation
model to predict loading characteristics of a cesium vapor-loaded MOT, and to the
model of Gibble et al. [1992].

The atom is illuminated by two laser frequencies v; and 1o, with intensity I,
and I corresponding to each frequency. In addition, we refer to the detuning A,
which we define as the amount that either laser frequency is tuned away from the
2 — 3’ transition frequency r,3. The detuning is typically negative; thus we write
vy = oy + Ag. In Figure 2.3, we label the detunings for each frequency individually,
Ay and As.

As discussed above, all of the odd-A potassium isotopes we consider here (373941K)
have I = 3/2, giving very small excited-state hyperfine structure, and are trapped
“virtual level.” Thus A = A; = A, and the

difference in the two laser frequencies v and v4 is exactly the ground-state hyperfine

with both lasers tuned to the same
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splitting (11 — v = 142). As the laser frequency is tuned (and A changes), both
laser frequencies are swept together with the ground-state hyperfine frequency fixed
between them. However, to trap the even-A isotopes, with their large nuclear spin,
it is necessary to detune the lasers near different levels, and thus 14, # vy, similar to

trapping in sodium or rubidium.*

2.4.1 Populations

The rate equation for the populations of each of the upper-state levels is

pr = Rpi(p1 — pr) + Rp2(p2 — pr) — I'pp, (2.8)

where p; and p, are the two lower-state level populations (denoted generally by py),
Rpy is the excitation rate between levels " and f, and 7 = 1/2xI is the lifetime of the
Ps)5 level. Note that for our potassium trapping paper [Williamson III and Walker,
1995] and most work through 1996 we used 7 = 25.8ns from Wiese and Martin
[1980], the best-known value at the time. Recent measurements by Wang et al. [1997]
using photoassociative spectroscopy methods have resulted in much higher-precision
measurements of the *K 4p state lifetimes. For Py, they find 7 = 26.344 .05 ns, and
for Py /o, 7 = 26.69 & .05 ns.

The lower-state populations are given by

ps =Y [Rrs(pr —ps) + Trppr], (2.9)
F
where I'py = bpfl" and bpy is the branching ratio from F' to f. Note that uppercase
F indicates an upper-state level and lowercase f indicates a lower-state level.

The excitation rates Rp; between upper state F' to lower state f are given by

r I;/1,
Rpp = LIS i/ . (2.10)

2 \1ga (e’

*The computer program used to perform these calculations requests that one specifies the detuning
Ay and a “hyperfine frequency” dnyp, which together determine vy and v,. You can also specify either
that the frequency difference between the two lasers remains fixed and vy = v23/ 4 Opyp, or that laser
v1 remains fixed and v1 = Vo + Onyp = V23' + Onyp + A. Furthermore, the program requests the total
power Iior = I1 + I and a “color ratio,” or feolor = I1/(I1 + I2).
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Here I and vy are the laser intensity and frequency of laser f. The coefficients cpy are
the oscillator strengths, averaged over individual Zeeman levels and over polarizations,
and vpy are the transition frequencies of the atom between upper state F' to lower
state f. For potassium, we use a saturation intensity I, = 3.6mW /cm?, using the
same definition as Lindquist et al. [1992].

In steady state, pr = py = 0, so for any excited state level we get

_ Rpip1 + Rpap2

PF (2.11)

and
Y (Res +Trp)pr
pr=-"L ; (2.12)

> Rry
F

note that explicitly numbered subscripts always refer to ground state levels.

We can then combine equations 2.11 and 2.12 to get ps in terms of p;:

Rpo +T'po
e i
7 Rpi+ Rpp + T

P2 = Rpy + Ty P1-
—~ Rp1 + Rpg + 1

(2.13)

By assigning an arbitrary value p; = 1, we calculate py explicitly, then calculate all
four pr using equation 2.11 again. We can then sum the results of this procedure for

all six levels to give a normalization factor
> pr+ Y pr, (2.14)
7 F

which we divide into all the py and pr to get properly normalized populations. Now we

can get the total excited-state population fraction by simply summing the normalized
Pr:
Pe = pr. (2.15)
F

2.4.2 Forces

With the excited-state fraction secured, we can now calculate the force on an atom

moving in the trap by allowing for Doppler shifts of the resonance frequencies. Since
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the trapping lasers come from six directions, there is a different Doppler shift for each
direction, but for simplicity we have constrained the atoms to have velocity along only
one direction so that only two of the beams have Doppler shifts. We explicitly put in
the Doppler shifts due to the atom’s motion, but this will change the normalization
of the populations. The excitation rates from four of the beams will be calculated as

in equation 2.10, however, the two that are Doppler shifted become

_CFfF ]f/Is
T 19 <1+4[(ufik;u—uFf)/r]2>’ (2.16)

+
Ry

where kv is the Doppler shift due to the velocity v of the moving atom (A = 1/k is
the transition wavelength, 766.7 nm for D, in potassium).

The total excitation rate is then

2 _
b= gJ%FJMLI%;/MLI‘{F}C (2.17)

and the normalization procedure is very similar to that described in §2.4.1.
We can calculate the spontaneous force on the atom due to the counterpropagating

beams from the difference in rates
= ZZ (Rps — Rpp)(ps — pr). (2.18)

A number of assumptions are inherent in this approach, in particular that we
can ignore velocity-dependent dipole forces that may be quite large at high intensity.
Furthermore we have similarly not included magnetic field effects in our model since

we found little effect of the magnetic field on the loading rates.

2.4.3 Loading rates

We can now use the force calculated in equation 2.18 to find the distance zgop needed
to stop an atom of a particular velocity v.. By asserting that the atom must stop
within a volume defined by the diameter of the laser beams, we can treat this velocity
v, as the capture velocity and therefore predict loading rates using equation 2.6.

Beginning with Newton’s second law and a derivative trick

dv dv
F:ma:ma =mu, (2.19)
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and defining the velocity and force in terms of unitless variables v and f

k
F=hkDf(u) and u= ?” (2.20)
equation 2.19 above becomes
AORSLIT (221)
mu— = —f(u .
dz r ’
which we can rearrange and integrate to find
ve u du
stop — . 2.22
o = o ) 22

Using equation 2.18 for f(u) and integrating numerically (by Simpson’s rule) we now
have the stopping distance zgsop(v.) as a function of velocity for any set of trap pa-
rameters (choice of atom, detuning A, intensity I, and color ratio).

For low intensity trapping beams, the stopping distance can be interpreted as
the diameter of the laser beams, but at high intensities, a gaussian beam still exerts
considerable force beyond its waist w=d/2, defined as the point where the beam
intensity drops by 1/e?. For high intensity beams, as were used in most of the work
in this chapter, we use an effective waist that occurs further outside the beam profile,
determined from where the excited-state fraction corresponding to that intensity is

reduced by 1/e? of the excited-state fraction at the peak of the beam. Symbolically,

_w log Liot
\/5 ]<10€0/62) ’

where p.o = p(Liot) is the excited state fraction at the center of the beam, and I(p) is

Wefr

(2.23)

the intensity required to produce an excited-state population p. Using this effective
waist as the stopping distance and the equations of Monroe et al. [1990], we can make
a good estimate of the loading rate coefficient. We will illustrate the effectiveness of

this model later in section 2.6, Results.
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FIGURE 2.4: Apparatus used for vapor-loaded potassium MOT.

2.5 Apparatus

A simplified schematic of our apparatus appears in Figure 2.4. The laser light is
provided by a stabilized argon-ion pumped ring Ti:sapphire laser, purged with dry
nitrogen to eliminate the destabilizing effects of O, which has a well-known absorption
feature near 766.7nm [Nguyen et al., 1994]. The laser system used throughout the
experiments described in this dissertation is described at length in Appendix A.

We always lock the laser to a transition in the most abundant potassium isotope,
39K. In our first potassium trap, we locked the laser directly to the side of a saturated
absorption peak. Though simple, this makes adjusting the laser detuning inconvenient,
and for less abundant or radioactive isotopes, it is not possible to make an absorption
cell filled with the same isotope that is trapped. By adding another acousto-optic
modulator (AOM Vg in Figure 2.4) between the laser and saturated absorption
spectrometer, we can tune the laser to any isotope we please and still lock it to the
more common K. A detailed schematic of the optics used in this locking scheme
appears in chapter 6, Figure 6.13.

The laser is thus tuned to the S; /2(F =2)—P /2 transition in the desired isotope by
offset-locking to the *K S o(F=2)— Py, saturation spectroscopy peak. Because the
excited-state hyperfine structure is unresolved, this leads to a 2-3 MHz uncertainty in
the detuning A.

Part of the light is sent to a second A-O modulator (AOM vy in Figure 2.4),
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whose frequency is fixed to the ground-state hyperfine splitting, providing the neces-
sary Si2(F'=1)—Ps/ light. The output beam from the AoM and the unmodulated
beam are adjusted to have equal power, then combined and sent through the trapping
chamber. Right-angle prisms, with axes mounted orthogonally to minimize effects of
diffraction from their apexes, are used to retroreflect the large beams. With this pre-
caution, the use of prisms rather than waveplates and mirrors does not significantly
degrade the operation of the trap (using prisms for all three axes, the number of atoms
is reduced by only about 20%). This simplifies the apparatus by eliminating the need
for a large mirror and waveplate for each beam.

The trapping chamber is a stainless-steel, ion-pumped vacuum system, containing
a room-temperature potassium vapor at a pressure of 3 x 107 torr (potassium density
1 x 108 em™3). Magnetic field gradient and shim coils are wrapped directly around the
outside of the chamber. Shim coils are necessary to counteract the intensity imbalance
induced by the uncoated windows of the chamber and by the retroreflecting prisms.
A photodetector measures the fluorescence of the atoms as they are loaded from the
vapor, and a video camera is used to determine the size of the trapped atom cloud.

From these measurements we also deduce the density.

2.6  Results

Here we present our measurements of the trap loading rate as a function of many
trapping parameters and our measurements of the trap temperature. In chapter 3 we

discuss in detail our observations of ultracold collisions in potassium.

2.6.1 Method

Most of the measurements we do involve collecting the photons from the trapped
atoms. This entails collection optics, usually a single positive lens, a silicon photo-
diode, and a current-to-voltage converter, which is of our design. The photodiode

current is related to the number of trapped atoms by

Vr

Na oms — 5
! Gr-vGepNQNopt L2y Pe

(2.24)

where



23

T is the excited-state lifetime of the atom,

E, is the photon energy (2.6 - 10719 J),

pe is the excited-state fraction (see §2.4.1),

V' is the measured output voltage of the converter,

grv is the current-to-voltage converter gain (typically 107-10° V/A),

gpp is the photodiode conversion efficiency (0.47 A/W for the Hamamatsu
S2387 silicon detector), and

Nopt 18 the optical efficiency, taking into account reflective losses and filters.

Finally, ng is the solid angle collection fraction, given by

1 (d\?
o = T6 <3> ) (2-25)

valid when d < s, where d is the limiting aperture diameter and s is the object-
aperture distance.
The number of atoms in the trap is given by a balance of the loading rate and
losses of atoms from the trap
dN(t)
——~>=L-TN. 2.26
Here N(t) is the total number of trapped atoms as a function of time ¢ and I' is the
total loss rate of atoms from the trap. We will detail trap loss mechanisms in chapter 3.
In the following sections, we will focus on trap loading rates as a function of various
trapping parameters, deduced by measuring the number of atoms as a function of time

as the atoms load into an empty trap.

2.6.2 Loading measurements

We have characterized the operation of both the 3°K and *'K traps as a function of
the detuning A, beam diameter d, and intensity [;,;. Here, I, refers to the sum
of the laser intensities from each of the six beams and both laser frequencies. In
figure 2.5 we show how the number of atoms, loading rate coefficient, density, and
loss rate depend on A. The 3K data, represented by solid symbols, were taken at
Lot = 220mW /cm? and d = 1.2cm; the YK data, represented by open symbols,
were taken at I, = 470 mVV/cm2 and d = 0.6 cm. Both data sets were taken with
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FIGURE 2.5: (a) number of trapped atoms N, (b) loading rate coefficient ¢, (c) trapped
atom density n, and (d) loss rate I, all as functions of the trap laser detuning A. Filled
symbols represent 3°K, while open symbols represent 4' K. The 3K data was taken with
Lot = 220mW /cm?, d = 1.2 cm, and the 'K data was taken with I, = 470 mW /cm?,
d = 0.6cm. The YK data in (a) has been scaled by 13.9, the isotopic abundance
ratio. The solid lines in (b) are the results of our simple loading-rate model, scaled by
multiplying by a factor of 1.5. Operation of the trap was marginal at very large and
very small detunings, giving large uncertainties in I'.
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FIGURE 2.6: Loading rate coefficient ¢ as a function of (a) beam diameter d and of
(b) intensity Iiot, for a magnetic-field gradient of 16 G/cm, using K. In (a) Iior =
20mW /cm? and A = —32MHz; (b) d = 0.6 cm and A = —21 MHz. The simple loading-
rate model results shown in both cases (solid lines) have been scaled by multiplying by
a factor of 1.5.

a magnetic field gradient of 16 G/cm, while the bias field was adjusted slightly (less
than a gauss) each time A was changed to keep the trap centered in the beams. The
magnetic field gradient could be changed on the order of 50% up or down without
materially affecting trap operation.

Although the *K and #'K data were taken under rather different trapping condi-
tions, we can still compare them qualitatively. When we scale the number of atoms by
the isotopic ratio, we get similar results for both. The differences in the loading rate
coefficients and in density are likely due to the fact that the K trap used smaller,
more intense beams. The difference in the loss rates between the two isotopes will be
discussed in the next chapter.

We have also measured ¢ as a function of d and I, shown in figure 2.6. The
model results, which have been scaled by a multiplicative factor of 1.5 to give a good
fit to Figure 2.6a, follow the data rather well as d is changed (2.6a), but diverge at
high [, (2.6b). This may be attributable to the neglect of dipole forces; nevertheless,
the simple model is useful and has predictive power in the regime in which traps are
normally operated. In addition, we have plotted the model results as a function of A
in Figure 2.5b, where it has been scaled as before. Over a wide range of parameters, it
is clear that the model is good to within a factor of three. We note that the unscaled

Lindquist et al. [1992] model for a cesium MOT also predicted smaller numbers of
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FIGURE 2.7: Trap temperature as determined by release and recapture technique, show-
ing measured data (triangles) and predicted curves for three different trap temperatures.

atoms than were observed. In order to illustrate the ability of the model to predict

trends, they scaled their results by a factor of 3.3.

2.6.3 Trap temperature

The trap temperature was estimated using a release and recapture distribution of the
atoms into a spatial distribution. After some period of time ¢.g, the trap is turned
back on and the remaining atoms are recaptured. By varying ¢, and measuring the
fraction of atoms recaptured, we can roughly determine the trap temperature.

Now we discuss the model we used for this measurement. We begin by assuming
that the trapped atoms have a Maxwell-Boltzmann distribution, given in equation 2.4
(except now T is replaced by T}ap, the trapped atom temperature). We assume that
the initial radius r of the trapped atom ball is negligible compared to the radius R of
the recapture volume defined by the laser beam diameter. We also assume that any

atoms remaining within the capture radius R are retrapped.
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We must now understand how the number of atoms in the recapture sphere changes
with time. To do this, we map velocity into space by simply rewriting f(v) as a function

of distance r and parametrically as a function of time ¢, namely

2
4 T —r2/a2t2

- ﬁozSt_Qe

From this distribution, we can calculate that the number of atoms in a shell of radius
R is

r

fv) = f(r;t) (2.27)

Y U=

R 4N R 2 242
Nt:/ Noo f(r5t) dv = “/ 2o/ 2.28
(t) ; f(r;t) dv el r (2.28)

Integrating this by parts, we arrive at

m R
—. 2.29
2lecrap toff ( )

N(tof) /Noo = erf& — 5%56_52, where ¢ =

We plot our data for a 'K MOT with parameters I;o; = 530 mW /cm?, R = 0.3 cm,
and detuning A = —21 MHz, as well as equation 2.29 for three trap temperatures in
Figure 2.7. From this we can deduce a trap temperature of approximately 200 pK.
Although this temperature is similar to that found in MOTs for other alkalis, it is
below the temperature expected for Doppler cooling of a few millikelvin under our
conditions (high intensity and large detuning). As is true for other alkali MOTSs, our
temperature is likely lower because of the effect of polarization-gradient, or Sisyphus,

cooling also present in the trap.

2.7 Conclusion

We have emphasized in this chapter the different issues involved in studying potassium
atoms in a MOT. With the exception of the roles of the poorly resolved excited-state
hyperfine structure, we find that the trap behaves in most respects quite similarly to
the other alkalis.

Since our first potassium MOT, many groups have followed in building potassium
MOTs of their own. In Connecticut, the group of Phil Gould and Bill Stwalley are
studying potassium via photoassociative spectroscopy [Wang et al., 1996a,b, 1997], in
Brazil, Vanderlei Bagnato’s group created a double-species trap with potassium and

sodium [Santos et al., 1995], and in Canada, Otto Hausser’s group at TRIUMF have



created a MOT for radioactive potassium *"K and 3*K™ [Behr et al., 1997].
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Chapter 3

Ultracold Collisions

3.1 Introduction

To date, a number of studies have been made of excited-state collisions of atoms
in magneto-optical traps (see Walker and Feng [1993] for a recent review). These
collisions are of interest due to the sensitivity of the collision dynamics to weak, long-
range interactions, the similarity of collision and spontaneous emission times, and the
capabilities of precision molecular spectroscopy approaching a few cm™! of the disso-
ciation limit. All these features should in principle be present in ultracold collisions
of potassium atoms.

In this chapter we describe our measurements of the collision rates for both abun-
dant isotopes of potassium using only the trapping lasers to induce collisions. In the
following sections we give a brief summary of how we can observe collisions in a trap
(§3.2), followed by a description of our measurement technique (§3.3). Finally, we

present our measurements of the collision rate coefficient for both isotopes (§3.4).

3.2 Background

As discussed briefly in section 2.6.1, the number of atoms in the trap, whether it is
loaded from a background vapor or from a beam, results from a balance of loading

into and loss out of the trap

dN
— =L—-IN 3.1
= , (31)
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where n is the trapped atom density, L is the loading rate in atom/s, and T is the
total loss rate in s

Our first measurements of 3 were done in a vapor-loaded potassium cell, as de-
scribed earlier in §2.3. The loading rate of a trap in an alkali vapor is just L = fn4,
where £ is the generalized loading rate coefficient in cm?3/s, and n 4 is the alkali vapor
density.

The coefficient I' contains contributions from two sources:

[n2dV
[ndV’

P =n~+8 N:/ndV (3.2)
The coefficient v is the rate due to collisions with untrapped potassium atoms and
hot background atoms, and 3 is the ultracold collisional rate coefficient. Note that
the ultracold loss rate depends upon the distribution of atoms in the trap; since we
work in the radiation-trapping limited regime, [Walker et al., 1990] the trap density

is approximately constant and we can consider the density n to be constant, thus
['=~+ng (3.3)

We refer to I' as the total trap-loss rate, losses due both to hot- and cold-atom col-
lisions. By measuring the total trap-loss rate I' and independently varying the trap
density n we can determine the values for both v and f.

By measuring the number of atoms in the trap as a function of time and under
various conditions, we can isolate each of the parameters above. In our potassium
trapping paper [Williamson IIT and Walker, 1995], we made the first measurements of
£ in K.

An approximate solution to 3.1, appropriate when fn < v is

L

N(t) = Noo (1= e™™), Ny = T

(3.4)
where N, is the number of atoms loaded into the trap as t — oo, i.e, a fully-loaded
trap. Note that this limit is nearly always the case for a vapor-loaded trap; that is, the
background vapor pressure is the dominant limit on the maximum number of trapped

atoms N..
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3.3 Measurement technique

We can readily measure N, the total number of atoms in the trap by simply collecting
the fluorescence from the trapped atoms and calculating the excited-state fraction
pe (equation 2.24), but measuring the density is a bit trickier. The trouble is that
the trap density n is not constant throughout the trap volume, nor is is directly
proportional to the total number N of trapped atoms. As the trap loads from empty,
the density profile changes due to radiation trapping; at high trap density, the photons
scattered by the atoms do not necessarily escape, but are re-absorbed by adjacent
atoms. This produces an effective repulsive potential between the atoms, changing
their distribution and ultimately limiting the density of atoms that can be trapped
(which is the motivation for a variety of other types of traps which do not suffer this
limit, including the far-off resonance trap [Miller et al., 1993] and the dark-sSPOT trap
[Ketterle et al., 1993; Townsend et al., 1996]).

In our previous collisions experiments in rubidium [Hoffmann et al., 1992], we had
the luxury (but complexity) of a second “catalysis” laser, which allowed us to induce
collisions between the atoms while keeping the trapping conditions constant. With
this technique, we could hold the number N and therefore density distribution n(r)
constant while increasing the collision rate by tuning the catalysis laser frequency.
However, at that time diode lasers were not readily available below 770 nm and thus
we developed a technique for observing cold collisions using only the trap laser.”

In order to separate the cold collision rate coefficient 3 from the total loss rate I,
we need an independent means of varying the trap density n (see equation 3.3). We
do this by changing the magnetic field gradient dB/dz, which changes the trap spring
constant as well as the trapped atom density n. We measure the total loss rate I' via
equation 3.1 by measuring the number of trapped atoms N. By plotting I' versus n,
as in Figure 3.1, we see that the y-intercept gives ~ and the slope, 3.

We also need to measure the density of the trapped atoms n, which we do by
imaging the ball of atoms onto a CCD video camera. The two-dimensional image
from the video camera is a column integral of the fluorescence emitted from the three-
dimensional distribution of atoms along the direction perpendicular to the image plane.
Furthermore, if we assume a spherically symmetric distribution, all the information

we need is contained in a single scan-line of the CCD image that passes through the

*Since that time, we have built stabilized, external-cavity diode lasers working at 767 nm.



32

2 — 'S
* .
'S
15 ¢ ¢
'S
'S
o 1 'S
—~ 'S
'S
R
0.5 — .
0 I I
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
n (1010 cm's)

FIGURE 3.1: Dependence of the total collision rate I' on trap density n for 3°K. The
detuning A = —39MHz and total trap laser intensity Iior = 250 mW /cm?,
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center of the trap, which we “grab” using a digital oscilloscope.
Let’s consider two limiting cases for the spatial density distribution of atoms. First,

a “hard sphere” of uniform density ny and radius R, with a step-function distribution

1 ifr<
n(r) =ng l r=To (3.5)
0 ifr > ro,

which is what we expect in the extreme radiation-trapping limit. The column integral

through the center of this distribution is just the equation for a circle
j(z) = 2neV R? — 22, (3.6)

where z is the distance along the central scan line j(z) that we observe on the oscillo-
scope. From this we can readily determine the full-width at half-maximum (FWHM),
2a = v/3R. From this we calculate a simple-minded volume Viymy = (4/3)7a®, and a
density n, = N/V. But this volume is smaller than the correct volume (4/3)7R3 by a

factor 3v/3/8. Thus we determine the correct density from the simple-minded volume

no = 0.65—>— (3.7)

FWHM

Now consider the other limiting case, a gaussian distribution
n(r) = nge "7, (3.8)

which is most correct for a nearly empty trap, not radiation-trapping limited. (Note
that between these two limits, the density is best represented by a Fermi function.)
We readily find that the FWHM for a z-integrated cross section of this distribution is
just 2a = 24/log 20, and we again measure a simple minded-density N/Viwmy based
on this. But the peak density ng is given by integrating this distribution

N = /oo n(r)dV = 7*/*nyo, (3.9)
0

then substituting the FWHM 2a, we find

4(log?2)3? N
(log2) _ o3 N
3\/7_T ‘/;‘WHM ‘/FWHM

(3.10)

Ng =
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FI1GURE 3.2: Example trap loading transient; the solid line is fit to data, dotted line is
loss-less loading rate Lt, and dashed line is the equilibrium number of atoms N.

Of course, our distribution falls somewhere between the above two limits, and for
the measurements presented here we split the difference and use ng = 0.5N/Viwiu-
Although this may seem somewhat arbitrary, there are a variety of other error contribu-
tions in determining ng, including non-spherical trap shape and errors in determining

N.

3.4 Results

As explained above, we determine the loss rate I' directly by measuring the number
of atoms loaded into the trap over time. A sample transient is shown in Figure 3.2,
showing a fit to equation 3.4 and solutions in the limit of ¢ — 0 and ¢ — oco. Two
processes are known to contribute to these rates. First, collisions with hot background
atoms (mostly K atoms in this experiment) can eject the atoms from the trap at a
rate . This process is weakly dependent on the trap depth, and therefore ~ is likely

to be insensitive to the detuning of the lasers from resonance. Second, excited-state
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F1GURE 3.3: Dependence of the collisional rate coefficient 8 as a function of detuning
A, for 3K at intensity Iio; = 220 mW /cm?.

collisions between the trapped atoms can also result in loss of atoms from the trap,
with rate On. The loss rate due to this process should display a strong frequency
dependence since the rate depends both on density n as well as the collisional rate
coefficient 3. The frequency dependence of 3 arises from a number of effects, the most
important being spontaneous emission during the collisions and modification of the
dynamics by hyperfine interactions [Walker and Pritchard, 1994]. Figure 2.5d shows
the dependence of the loss rate on detuning for 3°K. This strongly frequency-dependent
rate suggests that ultracold collisions are important in the trap.

To extract the ultracold collision rates from the data we fix A and study the
dependence of the loss rates on n, which is varied by changing the magnetic field
gradient. Typical data are shown in figure 3.1. The slope of the data gives the
collisional rate coefficient 3. Furthermore, we find that the intercept + varies only
slightly with A, consistent with the interpretation that the intercept is due to collisions
with untrapped room-temperature K atoms. We find that v ~ 0.3s7!.

Figure 3.3 shows the dependence of 5 on A. We find a small variation, roughly a
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factor of 2.5 in § over the detuning range studied. This is not too surprising, since the
range is quite limited compared to “catalysis” laser experiments where the detuning
is varied up to 1 GHz. The absolute rates we measure are comparable to results for
the other alkalis [Monroe et al., 1990]. Thus the detuning dependence of the loss-rate
shown in Figure 2.5d arises mostly from the variation of n with A. The error bars
in Figure 3.3 reflect observed fluctuations in measurements of n and I'; however there
may be systematics that change the vertical axis scale.

For #K the situation is quite different. Even at high intensities, we find only
a slight dependence of the loss rates on detuning, except under extreme conditions
of detuning and (small) magnetic field gradients, where the operation of the trap is
marginal. We find no density-dependent effect at the level of our sensitivity, which
gives an upper limit on 3 for 'K of 3 < 9 x 107''cm?/s at 220 mW /cm?, a factor of
3-5 lower than for 3°K. Of course, these results are not directly comparable due to the
different hyperfine structures and detunings.

The principal uncertainty in the ultracold collision rates is the determination of
the density n. Here the principal issues are the difficulty in determining the precise
density distribution owing to the often asymmetrical shapes of the atom clouds and the
uncertainty in the excited-state fraction. We estimate an overall uncertainty for the
collisional loss rate coefficient 5 of about a factor of two, based on the reproducibility
of the measurements for different cloud shapes and different excited-state fractions.

These ultracold collision measurements provide new insight into the structure of
potassium. Our measurement of the cold collision rate for 3K and placement of an
upper bound on the rate for 'K show a striking difference between the two isotopes.
This is not unexpected, as large isotope effects have been observed in the collisional
loss rates for rubidium [Feng et al., 1993], and in the radiative escape rates for lithium
[Ritchie, 1994]. These differences can be attributed either to the dynamics of the colli-
sion or to different energy-transfer probabilities. In rubidium, the hyperfine structure
of the two isotopes is quite different, so the likely culprit is collision dynamics.

However, in potassium, the hyperfine structure of both **K and 'K is very small
and we detune the trapping (and collision-inducing) laser below the entire upper-state
manifold: therefore we do not expect the collision dymanics to be different, pointing
to a difference in the energy-transfer mechanisms. The two effects that contribute
to energy-transfer are fine-structure changing collisions and radiative redistribution.

Radiative redistribution is unlikely to be affected by isotopic differences, but Dulieu
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et al. [1994] has observed that fine-structure changing collisions are sensitive to small
mass differences. We therefore suspect that the different cold collision rates we observe
between the K and 'K are due to the sensitivity of fine-structure changing collision

dynamics to isotopic differences.
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Chapter 4

Beam-loaded MOT

4.1 Introduction

Here we address the concerns that arise in loading a trap from an atomic beam source
rather than from a background alkali vapor. The experiment described here sets the
stage for loading a MOT with radioactive atoms created on-line, created by bombarding
a target with high-energy particles. Such a source of atoms has the characteristics of
an effusive beam, and in fitting with our eventual goal of making a radioactive trap,
we present our efforts to efficiently collect atoms from a feeble, beam-like source.

We start this chapter by introducing the characteristics of a beam source, both spa-
tially and kinematically, in section 4.2. Next we survey a few of the many techniques
people have devised to create a collimated beam (§4.3), then motivate our simple but
efficient direct-loading method. In section 4.4 we detail our apparatus and some im-
portant considerations relevant to its design. We present our measurements and use
them to derive a trap capture velocity (§4.5), and determine the vacuum-limited trap

lifetime.

4.2 Atomic beams

4.2.1 Angular distribution

The simplest atomic beam is an effusive source emanating from a thin-walled orifice.

The spatial distribution of the atoms from a circular orifice of radius r with a density
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F1GURE 4.1: Cylindrical channel geometry and plot of normalized angular flux distri-
bution ¢(f) for g = 0.25, 1, oc.

of atoms ny,, behind it is well-known [Ramsey, 1956] to be

dq NZS
0= gocost, qo= 7nvapar27 (4.1)

where 6 is the angle normal to the orifice plane (see Figure 4.1), ¢ is the total flux
emerging from the hole, and « is the most probable thermal velocity in the vapor
behind the hole, given in equation 2.4. However for our geometry, because we desire a
somewhat feeble beam and thus r must be very small, we do not satisfy the requirement
that the thickness of the channel [ < 2r. We must use a somewhat more complicated
formulation to account for this [Scoles, 1988].

The geometry of this situation is displayed in Figure 4.1, and the parameter § =
2r/l, so that as § — oo we approach a thin-walled orifice. The total flux ¢ = wqy
through such a channel is reduced by a factor w below the flux ¢y from a thin orifice.

The factor w is given by Scoles [1988] as
2 2 _
w:1+gﬂ—Zﬂw—wﬂ+6%+§ﬂ+awhwﬂ+ﬂ%6{ (4.2)

1 1F-%M@W—mﬂ+wl

a=g- 33 VI+ 3?2 — 32sinh ™ (1/3)

where
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FIGURE 4.2: Fraction of total beam flux emitted through a cylindrical channel into a
cone of 6y ;5. Shown is ng calculated for channel dimensions of = 0.25, 1, and oo; note
that the as the channel grows in length, the total flux emitted drops.

The angular distribution is of course somewhat narrower than a pure cosine distribu-

tion, as shown graphically in Figure 4.1, and given by the equally nasty expression

2
 MyapQT
q(0) = N (4.4)
acosf + %COSQ{(l — @)R(6) + (1 — 2a) {1 —(1— 62)3/2}} if 6 <1
acos + 30 (1 — 2a) cos 6 if 6 >1,

where § = tan /3 and R(6) = cos™' 6 — 6y/1 — 62.

For our geometry using a standard 0.080” thick solid conflat gasket drilled with
a 0.5mm hole, thus g = 0.25, giving a total flux reduction w = 0.23 over a thin-
walled channel, and a distribution shown in Figure 4.1. For a room-temperature

potassium source at 25°C, and using the vapor pressure formula (2.1), we get a total
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flux o = 3.6 - 1079571, By integrating,

1 01/2
na =

= a0, (4.5)

we find what fraction of the total number of atoms emerging from the oven enter
a cone of half-angle ¢,/,. A graph of this integrated form for various values of 3 is

displayed in Figure 4.2

4.2.2 \Velocity distribution

The velocity distribution of atoms in an atomic beam differs from those in a closed
volume of gas, due to the fact that the probability of exiting the volume of gas and
leaving the orifice is proportional to v. Thus the distribution in the beam is just v

times the Maxwell-Boltzmann distribution, properly normalized:

1)3 _Uz/az
flv) = 2@6 : (4.6)
This also means that the dependence of the capture fraction on the trap capture

velocity v, is even stronger than the vapor case and is given by

L1 I 115 SRS

The fraction of a room-temperature potassium beam with speeds below 10m/s is only
3-1077, a factor of 60 less than for a vapor (see equation 2.5). This further emphasizes

the need for high capture efficiency for a beam loaded trap.

4.3 Atomic beam collimation and slowing

4.3.1 Introduction

In chapter 1 we discuss how the spontaneous force in a MOT can is very efficient at
slowing and stopping atoms whose velocity is within the “Doppler limit”, that is,
Vatom < 2AI'. We have already discussed (chapter 2) how an optical trap’s inherent
capture velocity can be increased by using large diameter beams, high laser power,

and natural enhancement due to hyperfine structure details. These factors can give
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us inherent trap capture velocities a few times greater than 2AI', but this is still a
tiny fraction of a room-temperature source’s average thermal velocity. In some cases,
like metastable He*, the source can be cooled thermally to improve the distribution,
but for alkalis with very low vapor pressures even at room temperature, this is not
possible.

To efficiently couple an atomic beam source to a MOT, we must efficiently couple
the broad velocity distribution of a beam can be matched to the narrow one of the
trap. Small changes in the atomic velocity profile can produce large changes in the
loading rate, since at low velocity the distribution goes as v*. Furthermore, the angular
distribution of a typical atomic beam, as discussed above in §4.2, is rather broad, and
either collimation or the beam, or close proximity to the trapping capture volume can
produce improvements roughly as the beam-to-trap distance squared.

Some mechanical means of collimation can reduce the angular distribution, such
as using a long, narrow channel, but this suffers from a severe reduction in the flux as
the channel length grows. Glass capillary arrays,* consisting of small capillary tubes
roughly 10 um diameter by 100 um long, arrayed together by the thousands to form
a plate 5-10 millimeters in overall diameter, have been used to provide significant
collimation.

The beam produced from a “typical” radioactive target is hot (typically 1000°C),
has a broad angular distribution, and produces plenty of undesirable gas. Since the
particular scheme to produce the radioactive potassium had not yet been designed,

we tested our ideas using a simple effusive source of natural potassium.

4.3.2 Some approaches

A wide variety of schemes have been developed to collimate and slow thermal atomic
beams using laser light. The essence of this problem is keeping the laser light and atom
in resonance over a large range of velocities, and to do so in a manner which brings
the atoms to near-zero velocity in a reasonable amount of space and time. Approaches
to slowing and cooling fall roughly into two categories; alter the laser light to interact
with the atoms, or alter the atoms to interact with the light. Some techniques alter
both light and atom (like the MOT), and some techniques provide only slowing or only

transverse cooling. This section is a very brief survey of some of these methods.

*Galileo Electro-Optics
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One of the earliest techniques, barely predating the MOT itself, is chirped cooling
[Ertmer et al., 1985; Watts and Wieman, 1986]. Here a circularly polarized laser is sent
opposite the atomic beam direction and its frequency is swept from many linewidths
below resonance to near resonance. As the laser is swept towards resonance, the atoms
in a particular velocity class are brought to rest. Though simple to implement, this
technique has poor efficiency because it has a low duty cycle: most of the time the
laser is out of resonance with most of the atoms. This method also suffers from the
fact that this technique stops the atoms at a definite point in time rather than a
definite place in space.

Sheehy et al. [1989] improved this technique by combining it with collimation using
transverse optical molasses, wherein resonant laser light running perpendicular to the
atomic beam axis provides cooling to reduce the divergence of the outgoing beam. At
the suggestion of Hoffnagle [1988] other groups (for example, Zhu et al. [1991]; Bradley
et al. [1992]; Chan and Bhaskar [1995]) have purposely broadened the spectral profile of
the slowing laser in addition to sweeping it, further increasing the velocity acceptance.

Still in the category of altering the light to fit the atom is isotropic slowing [Ketterle
et al., 1992]. Here, an atomic beam passes through a tube whose insides are coated with
a special material that has high diffuse reflectivity. Red-detuned laser light is injected
laterally into the reflective tube and bounces throughout the inside, forming a “gas”
of near-resonant photons. The diffuse reflector distributes the photon momentum
vectors nearly isotropically. This changes the angle between the photon and atomic
momentum vectors, varying the effective Doppler shift and making the light resonant
with a broader atomic velocity class.

Another quite popular technique is the Zeeman-tuned slower [Barrett et al., 1991].
Here the atomic beam travels down a long, tapered solenoid with a circularly-polarized
counterpropagating laser beam tuned just below resonance. The tapered coil creates a
changing axial magnetic field that is large when the atoms enter and falls to nearly zero
as the atoms exit. The magnetic field splits the Zeeman levels of the atom, shifting
them out of resonance with the laser light. However, the atoms is shifted back into
resonance by the Doppler effect, and the result is that atoms are continuously slowed
as they travel down the solenoid and are brought to near-rest near the end. A long
slower (roughly 1m) can capture a good fraction of the velocity distribution (> 10%),

but the beam must be well-collimated to overcome solid angle losses.
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4.3.3 Direct loading with collimation

Based on its simplicity and expected competitive results with substantially more com-
plicated techniques, we opted to load the MOT directly, very close to the effusive atomic
beam exit, in conjunction with transverse collimation of the beam. The argument for
this is as follows: Although a Zeeman slower of length z can slow nearly the entire
Maxwell-Boltzmann distribution (roughly, the maximum slowed velocity v oc 2'/2),

4 and

the flux leaving the slower falls off as z72. Since the capture fraction goes as v
the total loading rate is the product of these two factors, the effects roughly cancel
one another. Without an additional, highly efficient collimation stage before the Zee-
man slower, longitudinal slowing techniques suffer from severe solid angle losses that
compete with the large gains in capture velocity.

By placing the trap very close to the atomic beam and by collimating it with a 2-D
MOT, we expect to capture nearly 100% of the angular distribution. The high natural
capture velocity of potassium, as discussed in chapter 2 gives us the ability to accept
a large fraction of the velocity distribution as well, making it competitive with other,

more difficult to implement techniques.

4.4 Apparatus

4.4.1 COverview and Optical system

The scheme we use is shown in Figure 4.3. Our laser system consists of a stabilized
Ti:Al,O3 laser offset-locked to the atomic transition and described in detail in Ap-
pendix A. The two frequencies are launched along an optical fiber and sent to the
trapping chamber, described below. The light is divided among trapping, transverse
collimation, and longitudinal slowing. The oven consists of a small chamber containing
an ampoule of potassium metal, separated from the main chamber by a solid conflat
gasket with a small hole drilled in it (previously described in §4.2.1).

Viewports in the chamber arranged around the oven orifice provide optical access
for four transverse cooling beams, which originate from a single, recirculated beam.
The beam is retroreflected using a right-angle prism, as was done for the vapor-loaded
MOT in chapter 2. Larger viewports provide access for six large trapping beams, again
derived by recirculating a single beam and retroreflecting it, this time using a large

quarter-wave plate and mirror to ensure good beam quality.
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FIGURE 4.3: A schematic of our beam-loaded configuration. The Ti:Sapphire laser light
is offset-locked to the 39K S, /2(F = 2) to P35 transition using one AOM (Voffset ). Another
AOM (vyp), provides light for the Sy ,5(F = 1) to P3/, transition. The two colors are
combined in a polarization-preserving fiber and emerge on a second optical table holding
the chamber and trapping optics. The diode laser provide 694nm light for the 4P/,
to 65}/, transition, which produces cascade 404 nm photons that are detected by the
cooled CCD camera.
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For the slowing experiments, some of the transverse cooling light was sent through
a tunable 40 MHz AOM and a telescope, then sent through a port opposite the oven,

counterpropagating the atomic beam to provide slowing.

4.42 Vacuum chamber

A variety of considerations affected the design of our main trapping chamber, including
being flexible enough to adapt to future changes in the experiment design. We list

some of these concerns here:

e Good optical access for large trapping beams (load rate goes as the square of
beam diameter), for collimation beams near the beam entrance, for fluorescence

detection, and for sending optical pumping and probe beams through the trap.
e High pumping speed for long trap lifetime and to overcome gas load from target.

e Ability to insert or mount equipment into vacuum without interfering with optics
or detectors. Among these things are a (§ detector, recoil-ion detector, and

possibly small, low-inductance bias magnetic field coils.
e A large chamber reduces background due to stray radioactives stuck to the walls.

In Figure 4.4 we show a bird’s eye view of the chamber. It is roughed out through
the all-metal bakeable (AMB) valve to an oil-free utility turbomolecular pump, and
vacuum is maintained via a 150 1/s differential ion pump and a “Varian mini Ti-ball”
titanium sublimation pump (TSP) with an effective speed of 500-1000 1/s (depending
on gas species). The potassium atomic beam enters from the right via a small hole in a
copper gasket. The chamber has nine large diameter viewports used for trapping and
slowing laser beams, and eight smaller ports, four of which are used to collimate the
atomic beam, and four are left for oblique viewing and other accessories. A detailed
consideration of gas loads and pumping speeds which account for this chamber design
is left to §6.4.3.

4.4.3 Magnetic field coils

Because of the large size of the chamber and the problems of placing equipment inside

the chamber, we use a large pair of water-cooled magnetic field coils mounted to
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FIGURE 4.4: Simplified overhead view of main chamber ultra-high vacuum system, used
for the experiments described in this and the following chapters.
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the top and bottom of the chamber. Each coil has 50 turns of 6.35mm wide by
2.54mm thick strip wire, wound 5 turns wide and 10 layers deep. When mounted
to the chamber, the coils provide a gradient of dB,/dz = 0.42] G/cm, where I is
the current flowing through both coils in amperes. An analysis by Murgatroyd and
Bernard [1983] regarding optimal configurations of anti-Helmholtz coils was helpful;
they explain that the classic Helmholtz “coil radius equals distance between coils”
configuration is optimal only when the size and position of the coils are unconstrained.

To keep them as compact as possible, each coil was wound on a removable mandrel
and each layer bonded with high-temperature (400°C), high thermal conductivity, low
electrical conductivity epoxy,’ then wound with a final single layer of 3/8" copper
tubing for cooling. After the epoxy is cured, the entire coil was wound helically with
kapton tape to prevent bits of epoxy from flaking off.

The coils are then securely taped to a circular yoke bearing three tabs, which mount
to brackets with matching tabs on the chamber via vibration-damping grommets.? The
flanges over which the coils are mounted have split conflat-style receiver rings (two
C-shaped pieces), allowing the inside diameter of the coils to be somewhat smaller
(12.5cm). When mounted, the inside surface of the coils are separated by 15.2 cm.

Taken alone, these anti-Helmholtz coils produce a single point with B = 0, where
the main trap lasers intersect to form the trap. But for effective collimation, we must
create another B = 0 region where the collimating beams intersect. This is done
by adding a second, smaller coil (or “bucking” coil) with a field opposing the main
anti-Helmholtz coils. This coil is a rectangle 15cm by 8.4 cm, having 80 turns of 14
gauge wire, with its plane centered 13.3 cm from the trap.

An additional, larger main trap shim coil is placed opposite the bucking coil to
correct the shift in the main trap field zero caused by the bucking coil. These coils
are a rectangle 36.8 cm by 28.6 cm, centered 8.3 cm from the trap, and has 20 turns of
14 gauge wire.

We have calculated the total field of the four coils carefully in order to adjust the
current flowing through each. Figure 4.5 shows the magnetic field coil configuration,

showing the relative locations of the main anti-Helmholtz coils, bucking coil and shim

fStycast 2762FT and catalyst 17, from Grace Specialty Polymers. The epoxy cures at high
temperature to a stone-like consistency.

sodamp C-1002, an engineered thermoplastic made by E-A-R Specialty Composites, available
as “PVC grommets” through McMaster-Carr Supply Company. According to the manufacturer, the
plastic composite is designed “to turn vibrations into heat.”
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coils, the axes along which the trap and collimation beams travel, and the atomic

beam axis.

4.5 Results

Using the configuration described above, we have measured loading rates of the trap
from an effusive beam as a function of detuning, both collimated and uncollimated.
We have also measured the enhancement of the loading rate by adding a detuned,
counterpropagating slowing beam. These loadings rates represent the optimum oper-
ation we were able to achieve given the limitations presented by the geometry of the
chamber, available laser power, and magnetic field configuration.

To begin, we optimized the operation of the trap alone by adjusting the alignment,
collimation, and diameter of the main trapping beams. In our previous vapor MOT
configuration we used a separate retroreflected beam for each axis (see Figure 2.4),
which is reasonably easy to align. Here, to utilize our laser power more efficiently,
we send a single, large-diameter beam through all three orthogonal axes. Refer again
to Figure 4.3, which shows how we do this for two of the three axes. The results is
three beams propagating in the +z, +y, and —z directions; by adding a waveplate
and retroreflector, we generate the beam for the —z, —y, and +z directions.®

Especially good beam alignment and retroreflection were necessary to make the
trap work efficiently; with some practice this has became an easy task, aided in part
by the large diameter of the beams. Despite the fact that every port window is an-
tireflection coated and the mirrors are high-reflectivity dielectric stacksY, after passing
through or reflecting from 35 surfaces with roughly 0.1% loss each, there is a small over-
all loss of power. We counter the effect of this by slightly focusing the beam emerging
from the telescope; this adjustment and the alignment of the retroreflecting mirror act
as final adjustments in optimizing the trap. The beam diameter (2w, = 3.4cm) was
chosen to approximately fill the 3” aperture of the mirrors without suffering significant
diffraction.

Adjustments to the atomic beam collimation followed a similar routine. The beam

was located as closely as the oven hole as possible (beam axis 2.8 cm from the oven

$Note that because the magnetic field direction points out along the z direction (see §1.3.2) but
in upon the z — y plane, the beam must be reflected an even number of times in the x — y plane and
an odd number of times in going from the z- or y-direction to the z-direction.

TMelles Griot, Irvine, Ca.
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FIGURE 4.6: Loading rate of 3°K into beam-loaded trap. Atomic beam flux Qo =
2.2-10°s~!, with bucking and shimming magnetic fields along z-axis. Trap dB/dz =
11 G/cm, collimation dB/dz =~3 G/cm, trap ot = 180 mW /cm? (wy = 1.7 cm), and
collimation Iy = 460 mW /cm? (wo = 0.85 cm).

orifice surface), and had a waist diameter 2wy = 1.7cm. A variety of polarizations
and magnetic field values (bias and gradient) were also tried. Optimal collimation
operation occurred when the magnetic field was zero but provided a moderate gradient
of about 3G/cm and for nearly perfect circular polarization, all consistent with the

conditions for a two-dimensional MOT.

45.1 Loading and effect of collimation

The loading rate as a function of detuning for our fully optimized configuration, both
collimated and uncollimated, is shown in Figure 4.6. Note that collimation loading
rate turns over at about A = —55MHz while the uncollimated rate is still rising.
This may be attributed to the collimation having a smaller capture velocity, probably

due to the smaller diameter beams. The peak of the collimated loading rate is about
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eight times the peak of the uncollimated rate, and represents 5 - 107° of the total flux
effusing from the source.

From our knowledge of the angular beam distribution (§4.2.1) and the trapping
and collimating beam diameters, we can make an estimate of the trap capture velocity
v.. With a trap diameter of 3.4cm, 13.6 cm from the oven hole, we get a half-angle
01/2 = 7.1°. From equation 4.5 (plotted in Figure 4.2) we get the total amount of flux
from our 8 = 0.25 channel into that half-angle, 1.2%. Since the total loading rate is

the product of the velocity capture fraction and the solid angle fraction

Tltot = T 1) (48)

we can use the peak uncollimated loading rate (L = 25,000s™!) from Figure 4.6 to
determine that 1, = 9-10~%. From the formula for 7,, equation 4.7 we find a capture
velocity v. = 72m/s, large for the alkalis, but not unreasonable for potassium.

Continuing further, we can use these measurements to determine the effective
solid angle that the collimating beams send into the trap region. Using the velocity
capture fraction 7, we determined from the uncollimated data and the total capture
fraction with collimation on, we find ng = 6% for the collimation, which corresponds
to 012 = 20°.

4.5.2 Slowing laser

We also added a weak slowing laser beam of approximately 7mW /cm? and observed
the loading rate roughly double; see Figure 4.7 for our data. From the graph inset we
show that intensities much beyond saturation do not materially improve the loading
rate.

We tried a variety of slowing beam diameters and even detuned it slightly from
the trap frequency by using a separate AOM. In general, it was difficult to effectively
optimize the slowing beam because of its strong effect on the operation of the trap at
high intensities. Other configurations, including focusing the beam onto the effusive
oven hole and sending a collimated beam at an angle to avoid the trap was tried. The
improvement is clear, but was not overwhelming enough for us to incorporate it as

part of our final design.
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FIGURE 4.8: Loss rate transient for 'K, loading off, A = —30.5MHz, Iy =

300mW/cm?, dB/dz = 10.5G/cm. For both model fits (including and not includ-
ing cold collisions), the loss rate due to hot background atoms o = 0.00139s~!. For the
model including cold collisions, ng = 6.7-107cm ™3, 3 = 1.1-107% cm3/s; for the model
without, 8 = 0, ng = 1.1 - 10" cm™3. Thus the dotted line represents hot background
atoms collisions, and the difference between the dotted and solid lines is the contribution
from ultracold collisions only.

4.5.3 Trap lifetime

By loading the trap from an atomic beam rather than a background vapor, we can
reduce the background pressure to an arbitrarily low pressure while still maintaining a
useful loading rate. Although loading from a beam reduces the loading rate consider-
ably over the room-temperature vapor case, the huge increase in trap lifetime possible
at low pressures more than counters this effect.

As we lower the background vapor pressure we also reduce v, such that gn is

comparable in magnitude. But we also have the luxury of being able to turn off the
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loading term (L = 0), allowing us to rearrange equation 3.1 as

—dn

——— =dl 4.9
yn + pn? (4.9)

which we can integrate and solve to get

n(t) = [(1 + 5) e’ — 6]1 : (4.10)

No 7 Y

where nyg = n(0), the initial density. Here we work in a different regime than in
chapter 3, in that the trap is nearly empty and the density n is varying. Note that
it is tempting to avoid this messy fitting by simply plotting n/n against n, but the
additional noise in n resulting from numerically differentiating the noisy loading rate
data n(t) produces more error in v than does this technique.

So we fit our loss rate data to equation 4.10, leaving ng, 7y, and 3 as free parameters.
In Figure 4.8 we clearly see the effects of trap-loss collisions as well as measure an
extremely long background-pressure limited lifetime of 720s. It is obvious from this
plot that at short times (and higher trap densities), the loss rate is dominated by g,
whereas after a long time, the loss rate is dominated by . Also plotted in this figure
are the results of this model with # = 0, the curvature of the data showing clearly
how cold collisions drastically shorten the trap lifetime at high densities. As the trap
empties and the density falls, cold collisions are less dominant and the trap loss rate

approaches a simple exponential, shown by the dotted line.
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Chapter 5

Magneto-optical funnel

5.1 Introduction

In order to study radioactive isotopes with moderate lifetimes (tens to hundreds of
seconds), we need to trap them in a chamber with as low a pressure as possible to
minimize background gas collisions thereby extending dwell time in the trap. However,
the target region where the radioactive atoms are made (described in chapter 6) has an
inherently high gas load and limited pumping speed, making it necessary to transport
the radioactive atoms from the target to a region of low pressure where they can be
trapped and other experiments performed.

It is of equal importance to load the trap with high efficiency from the production
region. In fact, this problem also has interest among those doing Bose-Einstein con-
densation [Jin et al., 1997; Bradley et al., 1997; Andrews et al., 1997|, where long trap
lifetimes and a large sample of atoms are necessary for efficient evaporative cooling.

In this chapter we describe the design of a magneto-optical funnel that produces
a collimated source of cold atoms from a vapor cell. We begin with some background
material, describing a few of the past techniques for producing a cold, collimated beam
of atoms (§5.2). We describe our unique funnel design in section 5.3 and give details of
the overall apparatus in section 5.4. Our observations on the operation of the funnel
operating as a MOT and of using the funnel to load a UHV MOT, separated from the

funnel by a low-conductance region with additional pumping are given in section 5.5.
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5.2 Background

Two popular methods for loading a MOT are direct capture from an atomic vapor,
[Monroe et al., 1990] and using a thermal atomic beam and Zeeman slower [Barrett
et al., 1991]. Both methods introduce a large number of uncaptured atoms into the
chamber, raising the pressure, depositing untrapped atoms on the chamber walls,
or both. For experiments involving radioactive isotopes, the untrapped atoms are a
potential source of background when studying nuclear decay processes. Furthermore,
to produce cold, dense samples by evaporative cooling in a magnetic trap loaded from
a MOT, pressure in the low UHV range is necessary for lifetimes of tens or hundreds of
seconds. One way to optimally load a UHV MOT from a source of higher pressure is
to load the MOT from a low-velocity, collimated beam of atoms that passes through
a low-conductance hole or tube. The slow atomic beam can be efficiently captured
by the MOT while presenting a minimal gas load or radioactive background in the
low-pressure chamber.

Several methods have been used to efficiently transfer slow atoms into a MOT.
Gibble et al. [1995] used two traps, and transferred the atoms from the first to the
second using moving optical molasses, requiring lasers (or modulators) additional to
those used for trapping. Wieman and coworkers transferred cold atoms between two
traps using a separate “push beam” to knock the atoms out of the first trap and send
them along to the second. But because the atoms are heated during transport, a long
sextupole magnet along the entire transport region was required to confine the atoms
in the transverse direction during transport [Myatt et al., 1996].

A simpler alternative method is to use an “atomic funnel” that produces a slow,
collimated atomic beam. A number of promising funnels and funnel-related devices
[Riis et al., 1990; Nellessen et al., 1990; Yu et al., 1994; Swanson et al., 1996; Lu et al.,
1996] have been demonstrated, and were carefully considered before we converged on
our design.

The device of Nellessen et al. [1990] used an atomic beam and an optical deflector
to separate the atoms of slow longitudinal velocity from the fast atoms, then uses a
2-D MOT to provide transverse cooling and compression. However, this is inefficient
because it wastes the majority of the atoms, which are in the fast part of the thermal
Maxwell-Boltzmann distribution. Yu et al. [1994] used a similar 2-D MOT arrangement

to produce a highly compressed beam, but instead of deflecting the slow atoms from
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the main beam, adds a counterpropagating longitudinal chirped slowing laser. This
uses more of the atoms, but the chirped slowing is still somewhat inefficient, and this
arrangement does not quite satisfy our requirements.

The funnels of Riis et al. [1990] and Swanson et al. [1996] are quite similar. They
create a 2-D MOT loaded at an oblique angle by a slowed atomic beam. Both fun-
nels have in vacuo hairpin magnetic field wires to provide the required quadrupole
magnetic field. Both use separate moving optical molasses beams to control the lon-
gitudinal velocity of the outgoing cold beam, requiring significant optical complexity
and multiple laser frequencies to operate, as well as having components in vacuo.

The Lvis (Low-Velocity Intense Source) of Lu et al. [1996] has superb efficiency
and output beam characteristics and a geometry which is promising for collection of
our radioactive beam. It consists of a standard 6-beam MOT, but with one small
difference: along one axis, the beam is retroreflected by a waveplate/mirror* side with
a small hole drilled in the center, allowing the central portion of the beam to emerge
rather than be retroreflected. Atoms are collected as in a normal vapor-cell MOT, but
are pushed out of the cell by the unbalanced beam. This is a very nice design, but
still has the optical complexity of a full MOT.

We have designed a funnel (based on the pyramidal-mirror MOT of Lee et al. [1996])
that cools in three dimensions, loads from a vapor, and is efficiently coupled to a UHV
MOT. This funnel combines the good features of the LVIS with optical simplicity.

We have to fulfill a variety of requirements:

e In order to keep the radioactive atoms from instantly reacting and sticking to the
chamber walls, we must coat the surfaces with dryfilm. This allows the atoms

to bounce on surface and accumulate in the cell.

e For maximum number of bounces, the area of coated wall surface must be large

compared to any uncoated surface or ports in the cell.

e A capture volume large compared with the volume of the cell, i.e., a maximal
fraction of the cell must be filled by light.

e The cooled beam exit must present a minimal gas load to the vacuum system.

e The cell must interface with the radioactive beam, as well as be sufficiently

pumped through this port.

*a quarter-wave plate with a hole drilled down the middle and coated on one side with with gold
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5.3 Description

The heart of our funnel system is a four-sided hollow pyramidal mirror whose sides
form a 90° included angle, with a small hole drilled at the apex, shown schematically
in Figure 5.1. A single, large-diameter circularly-polarized beam is incident axially,
illuminating the entire pyramid. Each mirror segment reflects a quadrant of the beam
toward the axis, and the segment on the opposite side reflects it a second time, sending
it back toward the original beam direction.

Each of these reflections approximately reverses the helicity of the light (whose
sense is shown by small black arrows in Figure 5.1). When combined with an ap-
propriate spherical quadrupole magnetic field (grey arrows in inset of Figure 5.1),
the angular momentum carried by the light produces the correct MOT forces [Walker,
1994]. These forces are present everywhere inside the pyramid except along the central
cylindrical region, where there is no retroreflected light due to the hole in the pyramid
apex.

Atoms entering the funnel are slowed, cooled, and pushed towards the axis, where
they are pushed out of the pyramid by unbalanced radiation pressure. As they leave
the funnel, they continue to be accelerated by the narrow light beam exiting the
pyramid. Eventually the acceleration is reduced as the atoms Doppler-shift out of
resonance by a few linewidths. The result is a slow, collimated atomic beam whose
velocity is matched to the MOT capture range.

Note that in their first paper, Lee et al. [1996] made a MOT with both a four-
sided pyramid and an axicon (hollow cone). Based on their results and on some
simple calculations we performed using a simple damped harmonic oscillator model
of the capture mechanism (using damping and spring constants from our six level
rate equation model, §2.4), it appeared that an axicon geometry had inferior loading
characteristics due to the fact that the light field provides no damping of the atomic
motion in the gg direction. More recently however, the same group [Kim et al., 1997] has
created an axicon trap using higher quality mirrors than previously and determined

that the loading rate of the axicon trap and pyramid trap are roughly equivalent.
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FIGURE 5.1: Detail of the pyramidal funnel. The funnel is illuminated from above by a
single large diameter o polarized laser beam. The beam is reflected by each quadrant
of the mirror towards the axis, then reflects from the opposite quadrant back along the
original propagation direction. Each reflection reverses the helicity of the light, which
in combination with a spherical quadrupole magnetic field (indicated in the inset with
grey arrows), creates the correct forces for trapping. Note the small hole at the apex of
the pyramid where the atoms and laser light escape.
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5.4 Apparatus

The funnel is comprised of four identical OFHC copper pieces, formed to make a right
hollow pyramid inside and a cylinder outside (7 cm in diameter), with a 1 mm hole
of conductance ~ 0.051/s through the apex. The surfaces of the mirrors were highly
polished, gold electroplated,’ and evaporatively coated with SiOs.* The silicon dioxide
coating both protects the gold from the corrosive effects of the alkali and provides a
surface for the dryfilm coating (discussed in Appendix C) to attach itself to. Figure 5.2
is a picture of the pyramid from the top, or mirror side, showing the pyramidal hollow
and polished mirror surfaces.

The four pieces were carefully machined by our local shop before being polished
using traditional mirror polishing methods using pitch. Each of the non-mirror mating
surfaces are relieved with a shallow groove down the center of each surface so that
the pieces will register kinematically and accurately, as well as provide a relief path
to prevent virtual leaks inside the vacuum system that the pyramid is placed in. The
four pieces are held together with vented cap screw bolts; this holds them together as
shown in Figure 5.3.

The pyramid is attached to a solid Conflat copper gasket with holes drilled to
accommodate mounting bolts and the emerging atomic/laser beam. The pyramid is
mounted in a custom vacuum cell, shown in Figure 5.4. One end of the vacuum cell has
a glass-to-metal seal with an uncoated pyrex window to let in laser light. The other
end is a 4-5/8" conflat port to which the pyramid and copper gasket are mounted.
Finally, a small port enters the side of the cell at an angle of 60° to the symmetry axis
to allow introduction of atoms and pumping of the cell.

In addition, for the experiments with radioactive atoms described in chapter 6, we
added a pyrex glass liner and glass tube, constructed to closely fit the inner shape
of the chamber/pyramid combination. The liner and tube are approximately 0.1in
thick.5 To ensure a good fit and check tolerances, we created a mock-up of the glass
liner made of aluminum, using a lathe and Dremel tool. When assembled, the glass

tube, liner, window, and SiO, coated mirrors form a nearly contiguous surface which

TMore specifically, the plating consists of a thin gold layer for good adhesion to the copper, a thick
layer of rhodium as a diffusion barrier (copper and gold have a high diffusion coefficient even at room
temperature, which over time can reduce the reflectivity of the gold), and then a final layer of gold
that forms the optical surface.

'hy Rocky Mountain Instruments, Inc.

§Beste Sci-Glass, Grafton, Wisconsin



FIGURE 5.2: Top view photo of pyramid, mounted to a solid conflat gasket.
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FIGURE 5.3: Bottom view photo of pyramid, showing how it is assembled.
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FIGURE 5.4: Exploded view of the pyramid, crown-shaped glass liner, glass tube, and
vacuum cell (shown approximately 60% full scale).
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FI1GURE 5.5: Funnel-loaded trap magnetic field configuration.

can be dryfilm coated. Based on the ratio of the surface area of the cell to the area
of the angled inlet port, atoms entering the cell should average more than 80 bounces
before leaving.

Due to the tight space limits imposed by the final experiment (with large chamber
and radioactive target), six custom-designed magnetic-field coils were used, all wound
on aluminum forms. One pair of coils is mounted axially on the chamber to provide
the magnetic field gradient; this axis corresponds to the z-axis of Figure 5.1. Each
coil consists of 25 turns of 12 gauge high-temperature magnet wire¥. The coil forms
have an inside diameter 8.4cm and possess a channel 1.2cm wide. For a typical
center-to-center distance (measured from the center of the windings only) between
coils of 10.6 cm, the applied gradient is dB,/dz = 0.621 G/cm, where [ is in amperes.
Magnetic field bias (shim) in the z-axis is provided by an adjustable electronic current
shunt, which reduces the amount of current flowing in one of the two anti-Helmholtz
coils. Figure 5.5 shows the configuration of magnetic field coils used for the funnel-

loaded MOT, showing the six coils surrounding the funnel, and the main trap anti-

TBelden heavy armored poly-thermaleze.
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Helmbholtz coils.

The other four coils, all identical in shape, provide field shimming in the z- and
y-directions, and consist of 60 turns of 20 gauge wire, wound on an aluminum form
of inside diameter 7.14 cm with a 0.71 cm wide channel. These four coil frames are
screwed together with small angle brackets to form a square, as shown in Figure 5.5.
They are mounted around the pyramid vacuum chamber and held using standard
optical posts and holders. Each pair provides a uniform shim field of 2.86 G/A.

The laser system is precisely the same as used in the previous beam-loaded ex-
periments (see §4.4). The two colors of light are combined in a fiber, emerge, and
is collimated by a microscope objective. The roughly 1.5 mm collimated pencil beam
is sent towards the axis of the pyramid, circularly polarized, and is expanded by a
telescope consisting of a high-quality 40x microscope objective and f = 120.8 mm,

100 mm diameter lens, producing a gaussian beam of waist wy = 3 cm.

5.5 Measurements

5.5.1 Pyramidal MOT

For the initial proof-of-concept experiment, creating a regular MOT using the funnel
mirrors, the cell was neither glass-lined nor coated with dryfilm. In addition, our first
mirror was not SiOs coated, and the surface reflectivity degraded over the course of
a few weeks due to exposure to a vapor of 10721078 torr of potassium. The initial
test system consisted of an ion pump and potassium reservoir attached to the small
angled arm, and the pyramid outlet was blanked off with a viewport.

We demonstrated the ability to trap roughly 4-107 atoms at a pressure of 1078 torr.
Figure 5.6 shows a typical ball of potassium atoms in the funnel MOT; note the two
additional images flanking the trap caused by multiple reflections from the pyramid
mirrors. As usual, we estimate the number of atoms by measuring the fluorescence of
the trapped atoms, and use our six-level model to calculate the excited-state fraction
Pe-

To find p., we also need to know the total intensity at the trap. Consider the

coordinate system shown in Figure 5.1 with its origin located at the apex of the
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FIGURE 5.6: CCD camera image of potassium trapped in pyramidal funnel with sub-
stantial scattered light background from the mirror subtracted. (The inset in lower right
corner shows relative location of image in the funnel.) The middle blob is the actual ball
of atoms, flanked on either side by images produced the by the pyramidal mirrors. To
create a trap, the pushing beam has been retroreflected with a mirror and quarter-wave
plate, and the magnetic field has been biased slightly along the axis to make the ball of
atoms more visible. The number of atoms here is approximately 1.3 - 10”.
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pyramid. For a trap at location (z,y, z), a gaussian beam
I(z,y) = Ipe 2= 9/us (5.1)

propagating along —z, and mirrors of reflectivity R, the intensities of the each beam
will be

2

I, = RIpe 2w +2")/wg (5.2)
Ii, = Rlpe 2#+2")/wg (5.3)
I, = Ije 2@ +y’)/wg (5.4)
I, = R2Ije 2@ +y’)/wg (5.5)

assuming the apex hole is vanishingly small. The total intensity on-axis (z =y = 0)
simplifies to
Loy = Io (1+ R? 4 4Re™2°/"5) (5.6)

which is what we use to calculate p.. For our first set of mirrors, which were seriously
damaged by the plating company!l, R ~ 85%, reduced mostly by light scattered from
the heavily scratched surface. Later, for the transfer efficiency experiment, we used
re-polished mirrors which have R ~ 96%, nearly the maximum for gold at 770 nm.
From these experiments we learned some rough characteristics of the operation of
a pyramid trap. It operates for detunings, intensities, and magnetic field gradients
quite similar to those of a conventional six-beam MOT, but appears to very sensitive
to the DC magnetic field shim. We also learned that the uncoated gold surface is a
very effective pump for the alkali atoms we introduced, making it difficult to estimate
the effective vapor pressure near the trapping region and thus the overall trapping

efficiency.

5.5.2 Pyramidal Funnel

We next connected our funnel and the XHV MOT chamber that was described in
chapter 4. The integrated apparatus is shown in Figure 5.7. Potassium atoms that
exit the funnel travel through a differentially pumped region and a 0.5 cm diameter

orifice to a MOT operated at a pressure of ~ 107! torr (trap lifetime, 150s). The

I Acteron Corporation.
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FIGURE 5.7: A schematic of our apparatus. The Ti:Al;Og3 laser light, tuned to the desired potassium isotope (A = 37-41)
is offset-locked to the 39K S, /2 (F' = 1) to Py/y transition using one A-O modulator (Voffset). Another A-O modulator (vyr),
provides light for the S /o (' = 1) to P3/ transition in the trapped isotope. The two colors are combined in a polarization-
preserving fiber and emerge on a second optical table near the accelerator which holds the vacuum chamber and trapping
optics. Half of the emerging laser power is sent to the main trap and half to the pyramidal funnel. A small vapor pressure
(sub room-temperature) of potassium is present in the funnel. The laser light cools and slows the atoms, pushing them
towards the vertex of the funnel where they are finally pushed out the hole in the base of the funnel. The atoms then travel
to the other chamber where they are finally trapped in a conventional MOT. *To be added (see chapter 7).
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FIGURE 5.8: Loading rate of 3°K atoms into the MOT from a room-temperature vapor-
loaded funnel. The efficiency, the ratio of the main MOT loading rate over the funnel
loading rate (hole plugged) is about 6% peak. For these initial experiments, the funnel
loads from a room-temperature reservoir of potassium (described in more detail in the
text).

transport distance from funnel apex to MOT is 35cm. We load the funnel from a
room-temperature reservoir of potassium metal through a 15 cm long, 1.7 cm diameter
stainless steel tube.

Both the funnel and MOT are operated using the same Ti:Al;O3 laser and AOM,
with detuning A; here A is the detuning from the P35 F' = 3 level of *K [Williamson
IIT and Walker, 1995]. We have found that the trap/funnel combination works over the
same detuning range of a MOT alone, and we found best operation at approximately
A = —43 MHz, as shown in Figure 5.8. The main MOT was operated at a total intensity
(all six beams) of oy = 90 mW /cm? (beam waist wy = 2.8 cm), with dB/dz = 5 G/cm,
and the funnel was operated from a single beam of Iy = 13mW /cm? (wy = 3cm),
dB/dz = 4G/cm. The magnetic field of the funnel was carefully shimmed, and
optimum operation resulted for B = 0 right near the apex.

The pyramid, operating as a trap, is known to have a loading efficiency comparable
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FIGURE 5.9: Main trap loading rate and lifetime at various funnel pressures. The main
trap is loaded from the funnel, whose pressure is raised by deliberately introducing Ha.
Note that the main trap still has a substantial loading rate and a long lifetime even for
10~ % torr Hy in the funnel.

to a standard MOT [Lee et al., 1996; Kim et al., 1997]. A key issue in determining
the usefulness of this scheme is the efficiency of transferring atoms from the funnel to
the MOT. We determine this by comparing the loading rate of atoms into the MOT
to the loading rate of atoms into the funnel. These rates were deduced by measuring
the fluorescence from the trapped atoms over time as the atoms loaded into an empty
trap.

To determine the loading rate into the funnel, we make the funnel into a MOT
by retroreflecting the laser beam emerging from the hole in the funnel apex using a
mirror and quarter-wave plate at the other end of the large vacuum chamber. It is
also necessary to shim the magnetic field slightly until a uniform ball of atoms forms
in the funnel. Then operating the system as a funnel/trap combination, we measure
the loading rate into the main trap, and the ratio of the two rates gives the transfer

efficiency, which peaked at 6%, as shown in Figure 5.8.
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A essential property of the funnel is the ability to operate at a high background
pressure, much higher than a MOT can tolerate. The number of atoms a MOT can
accumulate is inversely proportional to the density of the background gas. At pressures
of > 1078 torr, the number of atoms one can trap falls off sharply, as the pressure-
limited trap loss rate v > 1s7!. Since the funnel ejects the atoms once they are cool,
the relevant time constant is the damping time required to cool the atoms from the
capture velocity v, to typical MOT velocities. This time is typically a few milliseconds,
which roughly corresponds to 1079 torr.

The low conductance of the apex hole allows a large pressure drop to the MoT
chamber. We successfully ran the funnel at pressures of 107% torr Hy (instead of our
usual ~ 1079 torr) while only reducing the loading rate by a factor of five; at 6-1075 torr
the loading rate dropped an additional factor of ten. At these high pressures the main
MOT lifetime was reduced by only a factor of two. These data are summarized in
Figure 5.9.

5.6 Summary

We have demonstrated the transfer of potassium atoms from a magneto-optical funnel
(a hollow pyramidal mirror) through a 0.051/s conductance hole and into a conven-
tional magneto-optical trap (MOT) 35cm away, with an efficiency of approximately
six percent; this technique should be useful for any experiment requiring high loading
rates with minimal contamination from hot untrapped atoms. We suspect the transfer
efficiency is limited mostly by imperfections in the mirror construction.

In the next chapter we will discuss the extension of this simple scheme by imple-
menting the wall coating techniques for vapor cell loading. Dryfilm coated cell total
capture efficiencies approaching 10% have been demonstrated [Stephens et al., 1994],
and by improving the quality of the mirrors used, it should in principle be possible
to load atoms from a thermal vapor into a MOT with an efficiency approaching unity.
Loading rates corresponding to direct capture from an atomic vapor of 10~ torr should

be possible in a < 1071° torr UHV MOT.
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Chapter 6

Radioactive Isotopes of Potassium

6.1 Introduction

The two-stage, efficient system we have thus far described, consisting of a magneto-
optical trap loaded from a magneto-optical funnel, is potentially an ideal laboratory in
which to perform precision beta-decay experiments. The sample of atoms is spatially
confined, free from perturbing interactions, and well-isolated from sources of radioac-
tive background. Furthermore, the nuclei can be readily and completely spin-polarized
by optically pumping the electronic states. This allows us to make a high-precision
measurement of the asymmetry in the distribution of decaying beta particles. This
measurement, provides a precision test of the Standard Model; specifically it sets a
limit on the mass of the right-handed vector boson*. With large, well-known sam-
ple polarization and precision limited only by systematic errors, we expect to make a
measurement of the asymmetry parameter A in **K to better than 1%, which is both
competitive with current experiments and approaches the level of known recoil and
higher-order corrections in this nucleus.

Currently there are five other groups trapping or attempting to trap radioactive
isotopes, all with the intention of performing low-energy tests of the Standard Model.
The group at Berkeley has trapped ?'Na [Lu et al., 1994] with the intention of per-
forming 3-asymmetry measurements; Stony Brook’s group has trapped Rb [Gwinner
et al., 1994] and #'°Fr [Simsarian et al., 1996a,b; Zhao et al., 1997] with the long-term

intention of performing atomic parity-non-conservation experiments; a collaboration

*A recent review of symmetry tests and weak interactions appears in Deutsch and Quin [1995].
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between LBNL and JILA has trapped ?*'Fr [Lu et al., 1997]; the large collaboration at
TRIUMF has trapped 3K and 3¥K™ [Behr et al., 1997]; and a collaboration between
Los Alamos National Labs and LBNL is attempting to trap radioactive cesium.

This chapter begins by presenting some background material on beta-asymmetry
measurements (§6.2). We then describe some of the unique features which distinguish
the atomic structure of the radioactive isotopes of potassium from the naturally occur-
ring ones (§6.3), as well as our observations of ‘K in the beam-loaded trap described
in chapter 4. Then we discuss our design for creating radioactive 3'K and **K with
the tandem accelerator, including a description of the target (§6.4.1), transport sys-
tem (§6.4.2), vacuum system (§6.4.3), and optics (§6.4.4). Finally, in section 6.5 we
analyze the overall efficiency of the system, from target to trap, and discuss the results

we obtained in our tests with 3K and “°K.

6.2 Background

The Standard Model of weak interactions, now a cornerstone of modern particle
physics, has been tested extensively at high energies using large accelerators that
make measurements on bare nucleons directly accessible. However, on the low-energy
end, within the confines of the atomic nucleus, we can also perform valuable tests
of the standard model by making precision beta-decay measurements [Commins and
Bucksbaum, 1983; Holstein, 1989]. One example is that the comparative half-lives
(or ft values) of superallowed, pure Fermi transitions (I” = 07 — 07) can be used
to determine the Cabbibo quark mixing angle f¢, because these transitions contain
no contributions from axial vector currents. Similarly, asymmetry measurements in
the decay of mirror nuclei, which are mixed Fermi/Gamov-Teller transitions, used in
combination with ft values, can detect deviations from the Standard Model.

For the experiment at hand, we are interested in the beta decay of 3K and **K,
shown in Figure 6.1. Note that 37K, a mirror nucleus with I™ = 3/2* — 3/2%, decays
almost completely to the ground state, while **K decays to an excited state with an
associated y-ray.

The form of the angular distribution of the decaying betas is given by simple

dynamics as
W) =W, (1 + 2P Acos (9) , (6.1)
c



- 6.15 MeV
37
2mc? K 1225
0.018%
1.8%
” 3.60 MeV
5/ 2.80 MeV 98.1%
log ft = 3.66
3 0 MeV
STAr
3+ 5.91 MeV
38
2mc? K 45825
o 3.94 MeV
99.333%
log ft = 4.97
ot 2.18 MeV
o 0 MeV
o 6.04 MeV
: s
2mee 0.924 s
100%
log ft = 3.49
o* 0 MeV
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where v is the (3 velocity, P is the polarization of the nuclear spin, and A is the
asymmetry parameter. By measuring the distribution W, the 3 energy (v), and the
polarization P, we can determine the asymmetry parameter A.

Our prime candidate nuclear process is 3K(I = 3%) —38Ar(/ = 2%), which is a
pure Gamov-Teller transition. In the “manifest left-right symmetric” formulation,
deviations from the Standard Model predictions are explicitly characterized in terms
of vector boson masses. The expression for the G-asymmetry parameter is modified
from the Standard Model prediction by

A= Ag l1 —2 (ﬂﬂ : (6.2)

mg

where Ag, is the asymmetry parameter predicted by the standard model with no right-
handed vector bosons, and m; and mpg are the left- and right-handed vector boson
masses. In other words, if the Standard Model is entirely correct, we expect to see
no deviation of A from Ag,. Note that for this decay Ay, happens to be exactly 1
because it is a pure Gamov-Teller transition with Al = 1.

The decay of 37K is also quite interesting in that it is a mirror decay, making it a
superallowed transition. Measurements of its asymmetry parameter test the conserved
vector current hypothesis, but because it is a mixed decay (containing both vector and
axial vector matrix elements) this also requires some other parameter be measured
with high precision, usually the ft value. The fact that the decay of 3'K is a mirror
transition is appealing because recoil-order effects cancel exactly, whereas in **K, they
are small but nonzero (current theory estimates places the corrections at 0.25%).7
Currently our target yields (discussed in §6.5.1) give us the option only of trapping
3K, however we suspect that some modifications may give us access to usable amounts
of 37K as well.

To determine the improvement over conventional beta-decay experiments that our
technique should be able to achieve, we refer again to the distribution in equation 6.1.
The product (v/c)PA cosf is our observed asymmetry, which we call A, and is usually
contains an average over the (3 spectrum and some finite detector solid angle. If we
measure the number of betas emitted parallel and antiparallel to the nuclear polar-

ization direction, the average beta energy, and the spin polarization, we measure it

tPersonal communication, P. A. Quin.
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A= (8)PA{cosb) = N TN

The signal-to-noise ratio in A, limited by statistics, is given by [Voytas, 1993]

./4 A2

AN 4

gA 1— A2 ’ (6 )
where N = N, + N_.

Combining this result to get the total uncertainty in the asymmetry parameter A,

we find

oA 1— A2

= e 27 5)

3

where o¢ represents systematic errors in £ = (f3), (cosf),or P. For our experiment
using **K, with roughly 1% detector solid angle and a 3 energy endpoint of 2.7 MeV,
and nearly 100% polarization, the first term under the root is roughly 0.6/N. For a
“typical” nuclear experiment with P ~ 5%, that term is 400/N. Thus our experiment
is limited only by systematics, and expect to achieve our desired precision of 1% with
only about 6000 total events; the equivalent traditional approach would require 4 - 10°
events. With roughly 10000 atoms in the trap we should have a detected (3 event rate
of nearly 1 Hz, and a precision measurement could be completed in only a few hours’
worth of counting.

A similar analysis applies to *'K, but because of the higher 3 endpoint energy, (3)
is larger, and the first term in equation 6.5 is about 0.1/N. Furthermore, in traditional
experiments the nuclear polarization would have to be analyzed using the weak 2% ~
branch, requiring roughly fifty times the number of events. Thus to get 1% statistics in
A for 37K with our approach would take ~ 1000 events; conventional methods would
require 2 - 10% events! We easily reach the limit imposed by systematic errors, not

possible with traditional approaches to asymmetry measurements.
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6.3 Radioactive potassium

6.3.1 Hyperfine structure

In the previous section we briefly discussed how the nuclear properties and decay
schemes (Figure 6.1) influence the nuclear measurements we wish to perform. But
we also must be able to optically trap the radioactive isotopes. A variety of factors
influence the “trappability,” or efficiency with which one can capture and confine a
particular alkali species. Of course the excited-state lifetime and saturation intensity
are of primary importance, but there is only a little variation in these across the alkalis,
and none between isotopes. Even the oscillator strengths don’t vary much from isotope
to isotope. But the size of the hyperfine structure, as evidenced in Figure 6.2, varies
greatly between the isotopes because of their different nuclear spins and moments and
can have a profound effect on the trapping properties.

Figure 6.2 shows the hyperfine structure of the five potassium isotopes we are
interesting in trapping. Isotopes 3*~*'K are all naturally occurring, 3°K and 'K are
stable and abundant (93.3% and 6.7%, respectively), and 4K is radioactive with a
half-life of 1.28 - 10° years and abundance 0.01% (we will discuss trapping of °K in
§6.3.3). Potassium-37 and -38, as we have discussed above, are the isotopes we will
create with our accelerator and target system, and are interesting for precision (G-decay
measurements.

Note that in this figure we have not included the hyperfine structure of 3¥K™, a
metastable nuclear state with a 0.9 s lifetime. It has has no hyperfine structure due to
having I = 0, and is also an interesting atom for studying the weak interaction (see
the nuclear decay diagram in Figure 6.1). However, we will not discuss this atom in
any detail within the scope of this dissertation. The group at TRIUMF has magneto-
optically trapped this isotope, as well as 37K, to perform 3 —v correlation experiments,
also of interest in studying the weak interaction [Behr et al., 1997].

Noting the patterns evident in Figure 6.2, we see that the odd-A isotopes3”3%41K
with I = 3/27 have nearly identical excited-state hyperfine structure, with very closely
spaced excited-state levels. Recall from chapter 2 that we trap the natural isotopes
3K and *'K by detuning both trapping laser frequencies below the entire hyperfine
structure. As discussed in §2.2 and evidenced by Figure 2.2, the upper levels act
together as a whole to enhance the capture velocity range. The natural linewidth

of 6.2 MHz combined with considerable power-broadening when I > I, merges the
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38K 39K 4OK
FIGURE 6.3: Three different laser tuning schemes used for trapping 3" ~*'K, showing
only the two S}/, and four P3/; levels. In the center, the scheme for 39K (also used for
41K and 3"K) detunes both lasers to the same “virtual level” below the entire hyperfine
structure, as described in §2.2. On the left is **K tuned as in a sodium “Type I” trap
with each laser tuned to its own level.

oscillator strengths of the upper levels so they act together as one broad line.

Potassium-41 and -37, with slightly smaller structure than 3°K, have somewhat
smaller capture velocities. Our loading rate measurements of 'K in both the beam
and vapor-loaded systems act as an ideal testing ground for determining the efficiency
of the system for 3"K.

On the other hand, the even-A isotopes **K and “°K, with large nuclear spins of
3% and 4~ respectively, show well-spaced excited-state hyperfine levels. Their wide
spacing cannot be overcome even with severe power-broadening, and thus we must
trap these isotopes in a slightly different fashion. In fact, *°K is highly unusual,
having “inverted” hyperfine structure because of its negative dipole and quadrupole
moments. Lithium, too, has inverted hyperfine structure, but is tiny and unresolved,

having much different trapping characteristics [Lin et al., 1991].
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In Figure 6.3 we show the tuning scheme used or proposed for three of our five
isotopes; diagrams for 3"K and *'K are not explicitly shown since the scheme we use
is identical to 3°K. In the center we show the scheme used for 3K, and on the right
we show the scheme used to trap “°K. Each laser is tuned near a separate level, and
detuned a few linewidths away. Unlike trapping rubidium or cesium, both lasers are
detuned and have roughly equal amounts of power. In rubidium or cesium, with large,
well-resolved hyperfine levels, a single laser provides the trapping force, and a small
amount of light is used to optically pump the atom, removing its dark state. We will
discuss the trapping of “°K later in §6.3.3.

On the left in Figure 6.3 we show one proposed detuning for **K; this is just one
possible scheme, since we have yet to trap this isotope. As we will discuss in the
next section, there are other possibilities that may work better. The scheme shown in
this figure corresponds to the way a sodium “type I” MOT is constructed [Raab et al.,
1987]. The hyperfine spacings are nearly identical to sodium, so this scheme seems the
most likely to work. As in sodium and the odd-A potassium isotopes, we share the
laser power roughly evenly between both colors. One problem with using this detuning
scheme, however, is that atoms traveling at high velocities will see blue-detuned light
from the 1 — 1’ transition, heating the atoms and placing a hard limit on the capture
velocity. In the next section we will describe one possible means of overcoming this

limitation.

6.3.2 Zeeman structure

By only considering the hyperfine structure, we overlook the important interaction
between the light polarization and Zeeman levels that is responsible for the confining
force. Without this, we would not be able to produce a trap.

The shift of the Zeeman sublevels of an alkali atom in a magnetic field is given by
the well-known formula

AEZ :gF,LLBJZBmF. (66)

In Figure 6.4 we tabulate the Landé g-factors needed for the the three nuclear spins
of our five isotopes, and in Figure 6.5 we show the splittings given by equation 6.6
for *4K. Here we plot the location of each mp level for the Sy/» and Psp levels at
a static magnetic field of B = 10G. The “slope” formed by each set of sublevels is

of course given by the g-factor, and provides a graphical guide to understanding the
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FIGURE 6.4: Table of Landé g-factors for 3"~ K, used to calculate levels in Figure 6.2

interaction of light polarization and level splittings, as we shall see. The second-order
Zeeman effect, which has a strong effect on the locations of the outermost mpg levels
in order to avoid crossing with adjacent levels, has been ignored here. Despite this,
this picture still acts as an instructive guide to understanding MOT operation.

The difference in the g-factors between pairs of levels (or, graphically, looking
carefully at the slopes in Figure 6.5) gives a rough idea of the strength of the MOT
confining force. Consider illuminating *K with o light, driving transitions with
mp = mp+ 1. In the MOT at a particular magnetic field (e.g., 10 G as in Figure 6.5),
this puts a force on the atom proportional to ( = m/-g% — mpgp. If { > 0 this pushes
the atom towards smaller magnetic fields, and if ¢ < 0, pushes it towards larger field.
Graphically, consider 3K in Figure 6.5: the difference in the slope of all four upper
levels is greater than the slope of either lower level. Furthermore, the slope difference
is greater for the lower F' = 1 state than for the I’ = 2 state, and we would thus
expect the trapping force to be stronger for the 1 — 1’ transition than for 2 — 1.

We see that this argument is also true for 4'K. In 'K, all the upper state “slopes”
are greater than those of the two lower states, and thus the two trapping laser fre-

quencies should be o' in order to push the atoms towards lower field. Note that
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potassium-37 is not shown in Figure 6.5 but has a hyperfine and Zeeman level struc-
ture almost identical to 'K and is trapped in a completely analogous manner.

Now consider 38K and “°K, where g for the excited-states changes sign and there-
fore ¢ changes sign. This is not so serious in *°K because the hyperfine structure is
inverted, and we still trap by tuning the lowest-energy F” levels, 7/2 and 9/2, both
with ¢ > 0. And if we try trapping **K as outlined in the previous section (a sodium
“type I” trap), this is also the case. But this method has not yet worked for us, and
we know also that there is a hard limit on the maximum capture velocity imposed by
heating from the two lowermost excited state levels (F' = 3/2, 5/2).

A promising scheme we have not yet tried is to tune one laser below the F' = 7/2
to [’ = 9/2 transition, and the other below the F' = 5/2 to I’ = 3/2 transition.
Our six-level model seems to indicate this approach has a moderate capture velocity
similar to “°K and no strict limit like the sodium “type I” detuning scheme. However,
referring again to Figure 6.5, note that the lower transition has ( < 0 and the upper
one, ( > 0, meaning that each color will need opposite circular polarization. This also
happens to be the approach used by Flemming et al. [1997] to trap sodium using the
D transition. However, they do not directly discuss loading rates, so we cannot easily

use their data to predict the performance of this scheme in potassium.

6.3.3 Trapping of 4°K

Here we briefly discuss the results we obtained using the effusive beam-loaded trap
described in chapter 4 to trap “°K; in section 6.6. By switching the hyperfine AoM and
tuning the frequencies to the F' = 9/2 — 11/2" and F' = 7/2 — 9/2 transitions, we
were able to successfully load the MOT with about 400 atoms from an extremely feeble
beam of only 2.8 - 105K atom/s. Figure 6.6 shows the loading rate, using transverse
collimation, as a function of detuning, peaking at about 2atom/s for a detuning of
—80 MHz. Loading was observed over a range of about 20 MHz, slightly narrower than
than the 30 MHz range observed in K (see Figure 4.6).

The peak loading rate corresponds to a total efficiency 7 = 7-107°, considerably
smaller than the 7, = 5-107° obtained for **K under similar conditions. This implies
a lower capture velocity for *°K which one would expect based on the fact that the
trapping is done using individual levels rather than an entire manifold. This fact is

also borne out in force versus velocity graphs for *°K done using our model (§2.4). We
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will return to discussing *°K trapping using our atomic funnel and target system in

section 6.6.

6.4 System description

6.4.1 Target

Creating a short-lived radioactive beam of alkalis in a UHV or near-UHV environment
places demands on all aspects of the target. We must effectively utilize the capabilities
of the accelerator facilities to create enough radioactive material to trap. The produced
alkali isotope must be able to escape the target region into free space quickly and in
a manner which allows us to accumulate and manipulate them. The target materials
must not outgas rapidly or have high vapor pressures. The target material must be
robust enough not to degrade too quickly under bombardment, and must not create
unacceptable backgrounds.

The University of Wisconsin’s tandem electrostatic accelerator is capable of pro-
ducing beams of protons, deuterons, *He, and some light nuclei (lithium, for example).
Protons and deuterons can be accelerated up to an energy of 12 MeV, others more.
With these facilities, we have determined that the most efficient, accessible production
mechanism for 33K is *°Ca(d, «)*K, and for 3K, 1°Ca(p, )* K. The Q-value for the
37K reaction is —5.18 MeV [McNally, 1966] and for 33K it is +4.67 MeV. At 12 MeV
beam energies, both of these reactions should progress readily.

Our design was inspired by the early work of Ames et al. [1965], who created
an effusive beam of Na?!' (lifetime 23s) using an 18 MeV beam of protons on natural
magnesium-40, using the Princeton cyclotron. A schematic of his oven design is shown
in Figure 6.7. A fine powder of magnesium (explosive!) was placed in a stainless steel
block with holes drilled for heaters, and a foil placed over the entrance to allow the
proton beam to enter. The oven was heated to 450°C (melting point of Mg is 651°C)
to keep the radioactive sodium in the vapor phase and to encourage it to diffuse out
of the magnesium. The output of the oven was collected on a copper flag and moved
to a region where the decays were counted and further experiments performed.

Although quite novel and functional, we need to make a number of changes and
improvements in this design to work in our environment. Obviously we need to use

calcium instead of magnesium to make potassium rather than sodium. Then by sub-
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FIGURE 6.7: Original oven design of Ames et al. [1965], used on the Princeton cyclotron.
The entire block is heated by inserted cartridge heaters to about 900°C. The cyclotron
beam passes through the tungsten foil, hitting the magnesium powder and producing
Na?!, which diffuses out of the powder and through the beam outlet.

stituting calcium oxide instead of calcium metal, we make two simultaneous improve-
ments. First, the melting point of CaO is 2614°C, much higher than calcium metal
(839°C), reducing its vapor pressure to nearly insignificant levels. The Ames design
produced a significant amount of magnesium vapor, at pressures that would interfere
with the operation of our funnel. Second, CaO is much easier to work with than the
highly reactive metallic form; it can be handled in open air, and it comes in a variety
of particle sizes or can be easily ground to a specified size.

We can make a simple estimate of the optimal particle size, based on a balance
between the time it takes for the newly-made potassium to diffuse out of an individual
CaQ particle and the time it takes for the potassium to travel from where it was made
in the bulk powder to the surface. If the particles are too small, the atoms will spend
too much time bouncing between particles and not getting out of the powder, and if
the particles are too big, they will spend all of their time diffusing out of the bulk
CaO.

Let’s call the average diameter of a CaO particle d and the distance from where

the reaction occurs to the surface of the powder [. The time it takes the potassium to
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become free is
d? I?

tree = — 5
f D+da

where D is the diffusion constant for K in CaO, and « is the most probable thermal

(6.7)

velocity of hot K. The first term results from a solution to the diffusion equation and
the second term is the solution to a random walk between particles. We want to

minimize tge With respect to the particle diameter d:

Ot 24 12

9d "D & " (6.8)
This is satisfied by
DlQ 1/3
- ()" ”

For typical values D ~ 107°cm?/s, a =~ 10°cm/s, and | ~ 0.3cm, we find that
d ~ 2 um. Based on this calculation and some additional testing, we decided to use
3-5 um diameter CaO particles.

Figure 6.8 is a scale schematic of the entire target to which we will refer often in
the rest of this section. The CaO powder is held in a tantalum backed cup, formed
by wrapping and spot welding a small sheet of tantalum foil around a stainless steel
cylinder 1.7 cm in diameter. The cylinder is cut at an oblique angle (7°) both to keep
the powder fairly level and to spread the incoming proton beam over the surface of the
powder, which is 2 mm thick in its holder. The choice of tantalum is multi-faceted: it
can withstand high temperature; as a pure material, it contains very little embedded
hydrogen; and its high Z ensures that it stops the proton beam before it hits the
stainless steel. (Stainless steel contains many elements and irradiating it produces a
plethora of radioactive compounds.)

This holder is mounted to a stainless steel L-bracket held on a conflat flange.
Between the tantalum/steel holder is inserted a ceramic washer and a small loop of
coaxial heater wiret that can provide additional target heating to enhance diffusion
out of the target. The ceramic washer provides electrical isolation, allowing us to
measure the total amount of beam current deposited on the target. In addition, at
the end of the bracket is a small rectangle of tantalum with a small hole near the

center, electrically isolated from the bracket. The deuteron beam passes through the

iThermocoax, Philips Industrial Automation.
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FIGURE 6.8: Schematic of the Wisconsin target system. Protons or deuterons of 11.5
MeV from the UW tandem impinge on a CaO powder with particle size 3-5 ym, which is
2 mm thick overall and backed by tantalum foil to stop the p*/d* beam. The radioactive
potassium isotopes, produced in the powder by either “°Ca(p, )3"K or 4°Ca(d, a)**K,
diffuse out and bounce on the hot (roughly 900°C) yttrium tube, moving towards the
pyramidal funnel. The funnel and cell walls are lined with dryfilm-coated glass. A thin
2.5 pm Havar foil separates our turbo-pumped target vacuum from the tandem vacuum.
For testing, a small dispenser of natural potassium is located near the target.
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FIGURE 6.9: Photo of target flange assembly.

hole, and the beam current measured from the isolated tantalum provides a means of
determining beam collimation and steering.

The target holder assembly also carries a natural potassium metal dispenser, con-
sisting of a potassium salt that is reduced by hydrogen released by a SAES-type St101
getter.y When the getter is heated to roughly 500°C by passing a current through it,
it releases the potassium from the matrix. The amount of material emanating from
the dispenser is notoriously difficult to calculate, with an exponential dependence on
current and a poorly known threshold. Nevertheless, the dispenser holds a total of
about 3mg of material and can emit it at the rate of a few ug/h. We use this to
to test the operation of the whole transport system as well as to “cure” the dryfilm
(discussed in Appendix C).

Figure 6.9 is an actual photograph of the target flange assembly. To the left is
the 2-3/4” flange and electrical feedthroughs. Provided are connections to the target
heater, potassium dispenser, collimator current, and target current. All connections
are UHV compatible, using BeCu connectors and OFHC copper wires. The insulating
ceramics are made of Macor, a machinable ceramic. Near the center right of the photo
you can see the CaO holder (no CaO present in photo), and to the right of that is the

potassium dispenser. On the far right you can see the ceramic insulator and tantalum

Salkali metal dispenser type K/NF/2.9/12/FT 10+10, SAES Getters USA, Inc., Colorado Springs,
(6]0)
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collimator.

6.4.2 Transport

Transporting neutral alkali atoms with high efficiency is not easy. The schemes of
our “competitors,” who have the luxury of isotope separators and/or large production
yield, begin with a moderately energetic beam of alkali ions which can be collimated,
transported, and focused using electrostatic optics. However, our target is designed
to optimize yield using our relatively low-energy accelerator and to produce neutral
potassium straight out of the target; changing the potassium into an ion as an interim
stage would introduce additional complexity we wanted to avoid.

We therefore must transport our potassium atoms out of the CaO target and to-
wards our funnel cell as neutral atoms. The problem with this approach is that the
valence electron of any alkali makes it highly chemically reactive with many materials.
For the remainder of materials with which it does not react chemically, it is typi-
cally adsorbed to the surface with exceedingly long lifetimes, given by the Arrhenius
expression

7 = roeld/FT (6.10)

where 7 is the mean surface lifetime and FEj; is the desorption energy [Scheer et al.,
1971].

Thus we need a material with a low desorption energy and high resistance to radi-
ation. Stephens et al. [1994], among others, has suggested pyrex and alkali resistant
glass. Although these materials have low adsorption energies, their chemical reaction
rate is quite high, especially at elevated temperatures. Recall that the CaO target is
at roughly 800°C and thus materials near it are heated radiatively. Warm sapphire
has a low adsorption energy, but the surface must be carefully prepared to maintain
a low reaction rate.

We next turn to materials with low work functions, below the ionization potential
of potassium (4.34eV). This ensures that the atoms comes off the metal primarily as
neutrals (via the Saha-Langmuir relation). This also means the metal has a small
adsorption energy, which is proportional to the work function. For this material
we chose yttrium, since it has a good balance of work function (3.1eV), workability
(available as a foil), temperature and radiation resistance (melting point 1800 K), and

vacuum compatibility. In addition, Paul Voytas has had experience using yttrium in
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a related application while at Stony Brook [Simsarian et al., 1996a].

Again, referring to Figure 6.8, we see the target and transport scheme. The thin
yttrium foil lines a machined graphite tube¥ that is wrapped by a solenoid of coaxial
heater wire. In turn, this assembly is wrapped with a few layers of thin tantalum foil,
which acts as a heat shield, protecting the nearby stainless steel chamber. Graphite
was chosen as a support because it is readily machinable, thermally conductive, with-
stands very high temperature, and holds relatively little hydrogen in its matrix (most
machinable metals, even pure elements, harbor immense amounts of hydrogen in their
structure that outgas constantly at high temperature). After being machined, the
graphite tube was vitriated! to seal some of the pores and further improve outgassing
properties. We have not tested to see if this vitriation process has a significant effect.

Figure 6.10 is a photo taken from the underside of the target chamber; the facing
flange is a standard 6” conflat. The elliptical shape near the bottom of the chamber
is the entrance to the yttrium/graphite tube. The U-shaped bracket at the center,
bolted to the inside of the chamber, holds two spring-loaded screws horizontally that
support the entrance of the graphite elbow. The feed-through on the right and wires
visible in the photo supply current to the coaxial heater wire. The output end of the
elbow (nearest the funnel cell, see Figure 6.8) is supported by a stainless steel mesh
annulus that centers the graphite tube in the close-coupler mounted to the top of the

chamber, not visible in this photo.

6.4.3 Vacuum system
Description

The main chamber of the vacuum system is the same as described in §4.4 and illus-
trated in Figure 4.4, except that we have now replaced the room-temperature potas-
sium “oven” with the funnel described in chapter 5 and added an all-metal bakeable
valve which serves as an intermediate, differentially pumped chamber. The target
chamber and funnel cell are connected using a novel “close-coupling” adapter*™ that

allows two tapped flanges to be connected with minimal clearance. The entire tar-

TAXF-5Q grade, Poco graphite Inc, Decatur, TX. This grade has high density and zero effective
porosity.
IVitre-cell Inc., Bay City, ML
**Kimball Physics
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FI1GURE 6.10: Photo showing inside of target chamber. The ellipse near the bottom of
the chamber is the yttrium-tube inlet, supported on either side by spring-loaded screws.
The screws are held in place by the U-shaped bracket which is bolted to tapped holes
inside the chamber. The coiled wires provide current to the thermocoax heaters, used
to heat the yttrium tube to 900°C.
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Ficure 6.11: High vacuum system for target and funnel viewed from side; inset is
end view. For clarity, optics, magnetic field coils, suspended optical breadboard, and
accelerator vacuum components are not shown. The target chamber and funnel cell
correspond to chamber “1” in Figure 6.12, the AMB valve to chamber “d”, and the main
chamber to “0.”



95

o s

0 <——
&

|
S
target/funnel main trap

FIGURE 6.12: Schematic of gas load and pumping considerations, showing target cham-
ber, differentially pumped region, and main trapping chamber.

get chamber is pumped by a 2201/s turbopump' backed by a dry diaphragm pump*,
which eliminates the threat of oil contamination. The entire funnel and target vacuum
system is illustrated in Figure 6.11.

This system is separated from the relatively dirty low-vacuum of the tandem by a
thin (2.5 pm) Havar foil mounted between two polished copper gaskets. The sandwich
of gasket-Havar-gasket is mounted as a single conventional gasket would and carefully
clamped; the polished gasket surfaces form a robust seal with the Havar and each
other. The Havar foil is thin enough that minimal scattering of the accelerator beam
occurs. The foil is therefore quite fragile and the target and tandem vacuum systems
must be roughed together. Furthermore, the tandem and foil are separated by a gate
valve which can be closed when not operating to reduce the risk of foil breakage.
When closed, the vacuum between the valve and Havar foil is maintained by a small

appendage ion pump.
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Gas load analysis

A simplified schematic, showing the essential elements of the differential pumping, is
shown in Figure 6.12. Chamber 1 represents the target chamber and funnel combina-
tion; for this analysis, we consider that the funnel and target are at the same pressure.
In reality there is a small pressure drop between them due to the conductance of the
yttrium tube assembly (for Hs, this conductance is approximately 101/s, so our ap-
proximation isn’t too bad). The middle chamber d is the all-metal bakeable valve and
ion pump. Chamber 0 is the main trapping vacuum chamber, pumped by a TSP and
ion pump.

The target gas load () and turbopump S; balance one another to produce an
equilibrium pressure P, = ()1/S7 in the target. This gas load is roughly divided
between out-gassing from the extremely hot yttrium foils, carbon elbow, and coaxial
heater wire (which is filled with alumina powder as an insulator) and by the gas and
heating generated by the deuteron beam. The proton/deuteron beam itself generates
a significant gas load; if we assume that the entire beam recombines into Hy /Do after
thermalizing, for a 2 uA beam and a roughly 11 target volume we get an effective gas
load @ = 2-10"*torrl/s. Since our turbopump’s speed is about 2001/s for hydrogen
and we achieve target pressures P, = 4 - 1078 torr while running, we suspect that the
protons and deuterons are being implanted in the tantalum.

Next we consider the gas load presented by the funnel. Referring again to Fig-
ure 6.12, the gas flux through channel A is given by

SaPy=Ca(P, — Py) (6.11)
and through channel B by
SoPy = Cp(Py— Py) + fCa(Py — Py) (6.12)

where f is the fraction of gas “channeled” through, passing directly through from
chamber 1 to chamber 0, unaffected by the differential pumping. Since we are working
in the UHV range where inter-gas collisions are rare, the differential chamber is short,

and there is a large pressure drop from chamber 1 to chamber 0, this can be a significant

"t Balzers Model TMU 260. This pump runs at 60,000 rpm and has nearly full pumping speed for
hydrogen.
HLeybold, Inc.
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source of gas load on the main chamber.
Under the conditions that f < 1, Cy < Sy, and Cp < Sy, we find the pressure

ratio

By Cy (C B )

—_— = — | — + ; 613

p =5, \s, H (6.13)
thus to achieve a big pressure drop, we obviously want large pumping speeds, low
conductance between chambers, and little channelling.

The gas conductance from the funnel hole, which is really a tube, is well-known

(for example, Roth [1982]):
/T D3

where T' is the absolute gas temperature, m is the mass in amu, and D and L are
the tube dimensions in centimeters. For thermal hydrogen and our funnel orifice
Cy=11/s (D =2mm, L ~3.8mm).

The differential pumping region is served by a 301/s pump, and the second hole
out to the main vacuum system has Cp = 3.51/s for Hy. The main chamber is pumped
by a combination of a 1501/s differential ion pump and a Varian mini-Ti-ball titanium
sublimation pump. Factoring in relative pumping efficiencies and conductances, they
have a speed of about Py = 13001/s combined for Hy at the trap location in the main
chamber. (For Ny and similar gases, they have a combined speed of about 6001/s and
about 401/s for inert gases.)

For our orifice geometry, the channeled fraction f ~ 10~* and is negligible. Com-
bining these values into equation 6.13 above, we get Py/P; = 107%; with about 2 A
of d™ beam on target and the yttrium tube is at typical 1000 — 1100 K operating tem-

perature (no direct target heating), P, = 4-107® torr, for a pressure Py = 4-10712 torr.

Measurements

Using the trap loss-rate methods described in §4.5.3, we measure the hot-background
gas limited trap lifetime to be 170s, consistent with this estimated pressure. When
the yttrium tube is cold and with no beam on the target, the target pressure P; ~
4 -1071%¢torr, and the trap lifetime is approximately 400s. These excellent pressures
were achieved without baking; the entire system was baked out thoroughly when first

assembled, but has been up to air several times and has not been baked since.
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From these measurements of v we can actually estimate a pressure. Using a mag-
netostatic trap operating in a cryogenic environment to produce very low pressure,
Willems and Libbrecht [1995] have estimated van der Waals cross sections for He-Cs
collisions. They report an integrated cross-section of 2 - 1072 cm3/s for 300 K He and
typical MOT trap depths. By assuming the van der Waals interaction strength be-
tween helium and cesium is similar to the interaction between Hy and potassium, we
find that 1/a = 400s corresponds to a pressure of 4 - 107! torr. This may actually
underestimate the vacuum quality since the van der Waals interaction for helium is
stronger than for Hy [Willems and Libbrecht, 1995].

6.4.4 Optical system

The Ti:Al; O3 laser, acousto-optic modulators, and locking electronics are located in a
separate room, well-shielded from radiation and kept fairly clean. Other options were
considered, but limited space in the accelerator area and desire for accessibility were
strong motivators. This also extends the life of the sensitive laser optics and makes
them completely accessible even while running the accelerator, allowing us to change
our laser setup to switch to any isotope while still leaving the accelerator running.

The main drawback of this approach is the requirement of transporting nearly a
watt of single-mode laser light about 45m from the laser room to the trap optical
table located at the end of the accelerator. Running a single-mode fiber of that length
is quite simple, but at such high powers, stimulated Brillouin scattering in the fiber
limits the amount of power we can transport [Smith, 1972].

Brillouin scattering is a nonlinear optical process whereby the propagating (pump)
light induces an index grating in the medium that scatters the pump light through
Bragg diffraction off the induced grating. The bandwidth for this process (propor-
tional to the inverse phonon lifetime) is only about Avg = 10 MHz, and the shift in
the scattered light (for our fiber and wavelength) is about 20 GHz below the pump
frequency [Agrawal, 1989]. Since any light that is generated by the process is shifted
far from any possible atomic resonances and almost all of it is counterpropagating,
this light should not pose a problem.

For a fiber whose length is short compared to the attenuation length (clearly our

situation, with ~3 db/km attenuation), the threshold for this process is approximately
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given by

A
P o~ 21 cff

6.15
VBlef (6.15)

where A.g is the effective cross-sectional area of the fiber, v ~ 510 %cm/W is the
gain coefficient for Brillouin scattering in silica, and l.g is the length of the fiber. For
our 45 m fiber (3M Type 4611, polarization-maintaining, 5.3 um mode field diameter),
this threshold is about 200 mW.

It is interesting to note that in the early stages of our experiments, before we
knew of Brillouin scattering, we observed all of these characteristics experimentally,
including the sharp power threshold and the bandwidth — when the laser frequency
was swept or was multi-mode, the power through the fiber rose substantially.

To overcome these limitations, we made a variety of changes. First we shortened
the fiber to the minimum length necessary. Next, we placed our hyperfine AOM, which
has about 60% efficiency, before the fiber rather than after it. The benefits of this
are twofold: it reduces the total amount of power launched into the fiber, and it
divides the launched power into two different frequencies of light, well separated by a
frequency vhy, > Avpg. Thus each color scatters individually, allowing us to launch
nearly 200 mW of each color rather than total.

Finally, we use a polarization-preserving fiber and launch one color along the slow
axis, and the other along the fast, which may have some additional benefit in raising
the critical power. The output end of the fiber is angle-polished and connectorized,
and the input end is left bare. The angle-polishing (typically 8° to normal) prevents
étalon effects which can cause the output power to fluctuate, and leaving the input
end bare allows the fiber to be easily re-cleaved when the fiber is damaged from the
high incident laser intensity.

The essential optical layout before the fiber is shown in Figure 6.13. As described
in chapter 2, we pick off some of the laser light, shift its frequency using an AOM,
and lock it to a heated vapor cell of potassium. The second hyperfine AOM is used to
produce the other color required for trapping. The AOMs and some associated mirrors
are mounted on kinematic magnetic bases so that they can be removed and replaced
quickly, allowing us to readily switch between trapping any isotope. In addition, each
AOM can be single- or double-passed, with only a minor amount of mirror tweaking.
Changing the setup for different isotopes takes about twenty minutes. In the case of

3K and *°K, only the frequency of the modulators needs to be changed and the switch
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can be done in only minutes, making “°K a convenient test to ensure the entire system
is working properly.

The optics surrounding the trapping chamber and funnel are the same as described
in §5.4 and by Figure 5.7. As is clear from Figure 6.11, there is no easy way to place
optics for launching the funnel beam. These optics are attached to a suspended 3/4”
thick aluminum optical breadboard, which is bolted to the main vacuum chamber and
main optical table using 1.5” diameter posts. This arrangement is quite sturdy and
allows us to mount a telescope, waveplate, and steering periscope out of the way of

the target chamber and pumping system.

6.5 System efficiency

6.5.1 Target and transport yields

Initial proof-of-concept measurements of our production mechanism were determined
by measuring the characteristic gamma ray spectrum of **K using an intrinsic ger-
manium detector. The 2.18 MeV ~ of 3K passes readily through the walls of the
chamber, so simply measuring a spectrum and the detector solid angle gives the ac-
tivity in the source, which for a 400nA, 11 MeV d* beam gives a 38K production rate
of 3-10"s™!, measuring the total amount created regardless of where it goes. For 37K,
this diagnostic is much less sensitive, since a majority (98.1%) decay directly to 3"Ar
(see Figure 6.1) and we were unable to detect a clear y signal. Furthermore, due to
the negative Q-value we expect to produce less 3"K overall.

Another early test involved measuring the transport efficiency of the yttrium tube
assembly using natural potassium. Using a potassium dispenser (described in §6.4.1)
and a hot-wire ionization detector, we measure the transport efficiency of the yttrium
tube under various conditions and temperatures. The optimum value, achieved at
about 900°C, was approximately 10%.

The yield of entire target and transport assembly together was tested by substi-
tuting the funnel cell (see Figure 6.11) with a standard 2-3/4” CF tee and allowing
the potassium to deposit on the side of the tee. To detect the decays, one end of
the tee was sealed with a thin Havar foil (as described in §6.4.3), allowing the beta
particles to escape. The escaping positrons are measured using a AFE — FE telescope

consisting of two stacked plastic scintillation counters operated in coincidence, the
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FIGURE 6.14: Beta spectrum of 38K taken with a AE — E telescope using plastic scintil-
lators; the energy scale is approximate. The endpoint energy for the prominent branch
(99.333%) is 2.72MeV. The two narrow peaks are not part of the 3 spectrum; the first
results from pedestal suppression of noise, and the second is a Compton backscattering
peak.
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first one thin (AFE), the second thick (E). The coincidence provides rejection against
background gamma-rays and neutrons. A typical 8 spectrum we observe for 38K is
shown in Figure 6.14.

Using this technique we measure 3 - 10°s~! of 38K for 400nA at 11 MeV, and
4.5 -10*s7! of 3"K for a beam current of 2 uA. This gives us about 1% transport
efficiency from the target to the tee. This efficiency combines three factors: the
fraction of 3K that effuse out the target, the portion of those that actually enter the
yttrium tube, and of those, the amount that make it out the other end of the tube.
Our separate tube transport measurements then imply that 10% of the potassium

made in the powder escape and enter the tube.

6.5.2 Pyramid loading rates

Let’s now consider the expected loading rate of the funnel from a flux of hot atoms gy,
exiting the heated yttrium tube and entering the illuminated portion of the funnel.
Using a large laser beam to illuminate the funnel results in a good fraction of the cell’s
volume V' being filled by trapping light with intensity greater than saturation intensity
L. Cooling of the atoms in three dimensions occurs only inside the pyramid region,
and in the cylindrical region in front of the pyramid, we cool only axially as there are
no transverse beams here. However, on average, an atom rattling around in the cell
will pass through the trap volume.

In passing through the capture volume, the atom has a probability 7, (equation 4.7)
of being cooled and trapped (in this case, ejected from the funnel). If not captured by
the trap, the atom bounces from the dryfilm-coated walls, re-thermalizes, and makes
another pass through the trap. The ratio of the area of the inlet port from the yttrium
tube to the surface area of the whole cell is about 1:80, and thus we expect the atoms
to bounce about N, = 80 times on average before bouncing out. Finally, once the
atoms are cooled and ejected, they are trapped by the main MOT with a transfer
efficiency nr, which we measured experimentally and discussed in §5.5. Putting this

all together we derive a loading rate

1 v\
Lmain = QO%NWT = §q0 (O./) anT) (616)
using the definition for n, from equation 4.7.

It is instructive to consider this loading process from the vantage of a vapor-loaded
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trap, and compare to the formulation above. Due to the many bounces possible in the
cell, the incoming beam of flux ¢y entering the cell is essentially turned into a vapor

of density n

N = qoT Ny
- 9
V::ell

where 7 is the mean time between bounces, given roughly by the diameter of the cell d

: (6.17)

S{IRSY

and v = (2/y/7)a, the mean thermal velocity. We can then use the vapor cell loading
rate coefficients ¢ we have measured and studied with our simple six-level model (§2.4).
The loading rate of this vapor cell is then just

/
main

= nénr. (6.18)

We might expect these two formulations to agree with one another. Let us ignore
for the moment our loading rate coefficient measurements and recall the simple vapor-

cell loading model of Monroe et al. [1990] discussed in section 2.3:

4
23 U2
rap OéS’

1
gvap = 5‘/:5 (619)

which results from a simple statistical analysis of a thermal beam of atoms crossing

a spherical surface of diameter d. Combining this loading model with equation 6.18

1 o SRV,
o= (—) Ny [ Y2 op 6.20
main 9 do o olT ( 2‘/;611 ( )

above we arrive at

differing from L (equation 6.16) only by a purely geometric factor that accounts for

differences in the trap to overall cell size.

6.6 Preliminary results

We have attempted to trap **K using our funnel-MOT system, but have not yet ob-
served it. Based on our measured target yield and transport efficiency, the funnel
loading rate and transfer efficiency measured in chapter 5, and the enhancement of
a dryfilm coated funnel cell, we should be able to trap at least 100 3¥K atoms in the
main trap. Here we will justify this estimate and attempt to diagnose reasons for not
trapping based on measurements we have made of the entire system using natural

potassium.
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We test the entire system beginning at the target using the natural potassium
dispenser, which emits atoms at the target region. As discussed before (§6.4.1), it
is very difficult to calibrate or measure the amount of potassium coming out of the
dispenser due to the non-linear nature of the release mechanism.

For the hot yttrium tube transport system we rely on our earlier measurements
(86.5.1) using a conflat tee and AE — E telescope, which gave a tube transport ef-
ficiency of about 10% and a total target to tube exit efficiency of 1%. Furthermore,
because we have measured a flux of 3’K with this method, we know that the dwell
time on hot tube must be not much longer than the 37K half-life, 1.2s.

We have little reason to believe these numbers have changed since the funnel cell
was attached in place of the tee, but nevertheless we performed a in-situ test of the
dwell time by turning the dispenser on and allowing it to reach steady-state. By
turning it off abruptly and measuring the loading rate as a function of time since
the dispenser was turned off, we put an upper limit on the dwell time of less than a
minute.

Though we cannot directly measure the natural potassium flux entering the cell,
we can measure it indirectly by blocking the funnel laser light and loading the main
MOT from the effusive beam formed by the vapor cell that results. To be certain that
we are loading from the effusive beam and not from some residual background vapor,
we close the AMB valve that separates the funnel and main MOT; we see no discernible
loading when it is closed. With the valve open, the MOT loads only from the atoms
effusing out of the funnel’s apex hole. We measure a loading rate L = 0.3 atom/s with
Lot = 80mW /cm?, detuning A = —43 MHz, and a field gradient of 12 G/cm, with
2w = 3.4 cm diameter beams.

These loading-rate measurements can be used to calculate the effective atom den-
sity in the funnel, which we can compare with the density of radioactives we expect
using our flux estimates in section 6.5.1. From the Scoles angular distribution discussed
in section 4.2.1 and calculating the solid angle determined by the second aperture sep-
arating the differentially pumped region from the main chamber (see Figure 6.11),
we determine that a fraction ng = 1.4 - 107* of the total flux will enter the trap.
In section 4.5, we used our effusive-beam loading measurements (Figure 4.6) to es-
timate 7, ~ 9 - 107" under those conditions. Here we are using similar beam sizes,
but approximately half the intensity; based on our simple model and measured results

(see Figure 2.6) we note the loading rate scales roughly as the intensity, giving us
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ny ~ 6 - 107* for our conditions.

The total loading rate for this effusively-loaded MOT is then just the product

Lmain = (eftT)2 v (621)

where g is the total flux effusing from the funnel apex hole. Combining this with the
equation 4.1 relating gp to nyap, and our estimates of 7nq, 7, above, and our loading
rate of 0.3 atom/s, we find that ny, (*?K) is 3 - 10* cm™3,

When the funnel is operating and optimized to the best of our ability under the
same conditions, we observe a loading rate of 5300 atom /s, an 18 000-fold improvement
over the effusive case.

In order to use these values to make predictions about *K, it is helpful to see the
effect of loading °K, which should have capture velocity and loading characteristics
more similar to K. However, “°K is 8000 times less abundant than *°K and thus
there is not enough effusive flux to perform the above procedure directly, so we use
Nyap|40] = Nyap[39]/7970 = 4cm™3. We measure a loading rate of the funnel-loaded
MOT for K of L = 0.3atom/s. This corresponds to a 7,[40] ~ 3 - 10~*, half that
of what we observe for 3K, a reasonable result considering “°K lacks the hyperfine-
structure enhancement of v,.

We can directly scale these results to make a prediction for the loading of 3*K by
using equation 6.17 to convert the known flux gy = 3000005~ ! of 3K emanating from
the end of the yttrium transport tube into a density. For the dimensions of our cell

’ more than twice as

and assuming 80 bounces, we expect n = 10 cm ™3 of 3K “vapor,’
much as we have of natural “°K from the dispenser. Assuming similar capture rates
for 3K and K, this predicts a loading rate into the main MOT of about 0.7 atom/s;
with a trap lifetime of 170 seconds, we expect more than 100 trapped **K atoms. Our
detection system is capable of sensing fewer than 20 trapped atoms.

We have also directly measured the loading rate of the funnel operating as a MOT,
now using natural potassium from the dispenser near the target (our method is de-
scribed in detail in §5.5.2). Because of the higher pressures the funnel now operates
under (due to out-gassing from the heated yttrium tube assembly and target), the
trap loads more quickly than our fairly slow ¢CD camera can resolve. Nonetheless, we
can set a lower limit on the funnel loading rate and can measure the loading rate of

the cold funnel beam loading the main MOT to give an upper transfer efficiency limit
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of ny = 3%. We suspect this value is low due to misalignment of the funnel symmetry
axis with respect to the atomic beam axis (defined by the vacuum apparatus) and
with respect to the funnel laser axis. Although the misalignment is only about 2° and
the push beam still propagates exactly down the atomic beam axis, the transverse
cooling beams in the funnel are misaligned and push the atoms off-axis as they leave
the funnel. Steps are currently being taken to correct this misalignment.

In addition, it appears the funnel itself has poor capture efficiency from the vapor.
By combining the vapor density (1.7 - 10%cm™) derived from our effusively-loaded
main MOT with the loading rate made directly in the funnel operating as a MOT
(7-10%s71), we find lynn = 4cm®/s. Using very conservative values for the funnel
parameters of V2% = 100 cm? and v. = 30m/s, and equation 6.19 we get a lower-limit
for the expected loading rate of 90 cm®/s. This points either to an error in our method
of estimating the vapor pressure from effusive loading, or that the funnel has extremely
poor loading efficiency. One source of error in the effusive estimation technique could
be an anomalous source of atoms located between the valve and funnel exit, but we
have no evidence of this.

Comparison with another pyramidal MOT points to inefficient funnel loading. Us-
ing the values given for the rubidium pyramidal MOT Lee et al. [1996] with 1.5cm
beams and 7mW of total power we estimate his loading rate coefficient to be 3 cm?/s.
Considering our much higher power, larger beam diameters, and larger capture veloc-
ity for potassium, our value of ¢ should be much higher than his. Currently we are

attempting to understand the poor funnel loading rate, among other things.
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Chapter 7
Conclusions and Qutlook

In this dissertation I have described a series of experiments leading to the construction
of a funnel-loaded MOT system suitable for trapping radioactive potassium isotopes
with lifetimes of several minutes. Our immediate goal is to measure the angular
distribution of decaying positrons from a a cold sample of radioactive **K to determine
the beta asymmetry parameter, which is highly sensitive to any possible deviations
from the Standard Model of weak interactions.

As part of this process we have studied various methods of loading a MOT and
modeled them using a simple rate-equation model. We observe that the populous
isotopes of potassium K and *'K, because of their small hyperfine structure, are
trapped in a manner slightly different from other alkalis, tuning below the entire hy-
perfine manifold. This has the effect of giving the potassium MOT a broad tuning
range and high capture velocity, significantly enhancing our loading rates. Trap load-
ing measurements confirm the predictive power of our model, thus allowing us to rely
upon its results in directing our experimental approach.

We have thoroughly characterized the vapor-cell loaded MOT for potassium, the
first trap for potassium ever made. We have measured the trap density and load-
ing rates as a function of trap parameters, including trapping beam intensity and
diameter, and laser detuning. In this apparatus we observe evidence of cold collisions
between trapped potassium atoms with a collisional rate coefficient comparable to
that measured in other alkalis (on the order of 107!°cm?3/s). We see a significantly
lower collisional loss rate in #'K than in 3°K, an effect that has also been observed in
other alkalis.

We have also created a beam-loaded potassium MOT with an extremely long
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background-pressure limited lifetime of a few hundred seconds. The trap was loaded
from a very feeble effusive atomic beam of natural potassium to which we added a
two-dimensional magneto-optical collimator. The collimator improved the trap load-
ing rate by a factor of eight, and the addition of simple longitudinal slowing improved
this by another factor of two. Using our measurements of the loading rate, we estimate
a K trap capture velocity in excess of 60 m/s.

The next development towards readying our beam-loaded trap for radioactive
potassium was to create an atomic funnel capable of producing a cold, collimated beam
of potassium. This enables us to maintain substantial trap lifetimes in an extremely
high vacuum environment while loading from a moderate-pressure beam source con-
taining a substantial amount of undesirable species. Our atomic funnel consists of four
mirrors arranged to form a hollow pyramidal shape, with a hole drilled at the apex to
allow atoms and light to escape. The funnel is illuminated by a large-diameter laser
beam, reflecting from the four mirrors in a manner that creates a six-beam trapping
configuration. A portion of the laser beam leaking from the hole pushes cold atoms
out to form a collimated beam. We couple this cold atomic beam to our low-pressure
MOT and see a transfer efficiency between the funnel and trap of about six percent.

To create the radioactive potassium needed for our eventual asymmetry measure-
ments, we have built a unique target and transport system used with the 12 MeV
tandem accelerator. The target is capable of producing a thermal beam of neutral 3"K
and 8K in quantities which should be sufficient to make a trap of 33K with enough ac-
tivity for good signal-to-noise in the 3 detectors. We have coupled the target with our
funnel and trap and have successfully transferred natural potassium from the target
region to the main trap. Although we have not yet trapped radioactive 3*K, we are in
the process of carefully diagnosing each stage of the system to determine why. Among
the many technical reasons that may be hindering our efforts is the possibility that
we simply have not hit upon the right laser frequency tuning scheme that matches the
unique level structure of *8K.

The prospects for these experiments are very exciting. Once we begin trapping **K,
it will become possible to carefully optimize each element of the system to maximize
the number of trapped atoms. To reach a benchmark rate of one detected positron
per second, roughly the rate needed to achieve good statistics in a reasonable time,
we will need to trap about 10000 K. This will give us statistics of better than 1%

while counting for only a few hours; we expect that systematic effects and second-order
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nuclear corrections will be below the 1% level.

A AFE-E detection system has already been constructed to fit a thin re-entrant
UHV-compatible beryllium window for our chamber, with a total detector solid angle
of about 2%. The low-noise electronics and counting equipment are currently being
tested. Since the velocity of cold, collimated atomic beam is well-matched to the main
MOT, there should be little source of background decays from untrapped **K in the
main chamber. Shielding between the trap and target region will likely be necessary
to reduce the number of accidental counts. We have also investigated adding a channel
electron multiplier and electrostatic collection system to detect low-energy shake-off
electrons from the argon decay daughter to provide additional background rejection
(however, the charge state of the final product is poorly understood, see Carlson et al.
[1968]; Nesnidal [1995]).

In addition we have constructed a diode laser operating at 770nm to perform
optical pumping on the P/, state. Light from this laser can also be used to probe
the trapped atom sample to measure the polarization, possibly via non-destructive
Faraday-rotation or absorption measurements. Although our group has developed an
inherently spin-polarized MmOoT [Walker et al., 1992a], we expect that a gated time-
sequence of trapping and spin-polarization will produce larger polarization and reduce
systematic error contributions.

We can also use this stable, narrow-band diode laser to measure the hyperfine
structure constants and isotope shift of 3*K and 37K. The isotope shift in **K currently
has an error of 5 MHz, and the excited-state hyperfine structure constants have never,
to our knowledge, been measured. Using a precision saturated-absorption technique
to lock to our laser to stable 3°K will allow measurements of the 3*K isotope shift
and Py, splitting constants, but the unresolved hyperfine structure in the P/, level
of 3K may hinder investigations of this level. A stabilized étalon may be a possible
frequency reference.

Overall, this project has been quite successful and there is great promise for trap-
ping radioactive potassium *K and 37K, and we have an exciting program of nuclear

and atomic experiments lined up for the years to come.
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Appendix A

Stabilized titanium-sapphire laser

Here we describe the stabilization and locking technique used with our Ti:Al,O3 laser.
In the first section we describe the cavity and optics, in the second we present the
stabilization technique and electronics used, and in the third we briefly discuss the
saturated absorption spectra observed in a natural potassium cell used to lock the

laser on transition.

A.1 Laser cavity

An argon-ion pumped CW Ti:Al,O3 laser system was chosen over a diode system
for two main reasons: desire for high power and lack of availability of laser diodes
operating near 767 nm. High power is essential for efficient capture and slowing of the
small number of radioactive atoms we make. High-power laser diodes that operate
reliably at 767 nm are not yet available.”

Our laser system consists of a Coherent Innova 310 12 W argon-ion laser pumping
a highly modified Schwartz Electro-Optics Titan-CW Ti:Al;O3 laser. The Ti:Al; O3
ring cavity (shown in Figure A.1) consists of four mirrors, an optical diode, an étalon
and a Lyot filter (or birefringent filter, BRF), all mounted on a Super Invar’ baseplate
for improved temperature stability. The argon-ion light is focused and mode-matched
into the Ti:Al,O3 crystal by an adjustable lens system (not shown in Figure A.1). The

optical diode, consisting of a Faraday rotator and waveplate, prevents the competing,

*Recently our group built a chilled diode laser cavity that produces ~4mW of 767 nm light from
a nominal 780 nm diode.
fCarpenter Industries, Inc.
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piezo-driven
output coupler galvo-driven mirror
optical diode Etion
Lyot filter
(BRF)
Z Z from Argon
K& ﬂ ion laser

Ti:Al203 crystal

FicUure A.1: Layout of stabilized Ti:AlyO3 ring cavity, with frequency-selective ele-
ments shown in grey. The galvo-driven étalon and piezo-driven mirror are electronically
controlled by the system shown in Figure A.2.

oppositely propagating ring mode from lasing. The cavity has a free spectral range
(FsR) of about 300 MHz. The stabilization technique we describe here uses elements
of Vassen et al. [1990].

The laser cavity has been hermetically sealed and is kept at a slight positive pres-
sure of nitrogen to keep out atmospheric oxygen (Oy). Molecular oxygen has a well-
known absorption feature near 766 nm (see for example, Nguyen et al. [1994]) which
destabilizes the laser when it is on the D, transition of potassium. This absorption
is negligible for a beam propagating in air, but the high finesse laser cavity (about
200) makes the absorption losses substantial enough to compete with the gain of the
Ti:Al,O3 crystal, forcing the cavity to lase at another wavelength.

Figure A.1 shows the three main tuning elements shaded in grey, but the reflective
dielectric coatings of the four cavity mirrors themselves are the primary limit to the
laser’s tunable wavelength range (about 100nm). The BRF (manually controlled)
further reduces the linewidth to about a nanometer. Finally, the overall cavity itself
restricts the laser to a comb of narrow longitudinal modes separated by 300 MHz. To
select only one of these modes, a thin coated étalon is placed in the cavity.

This étalon, 1 mm thick and coated for ~ 20% reflectivity, is one of two active
cavity-stabilization elements. It is mounted on a stabilized galvanometer to allow
angle tuning. To control the cavity length, one mirror is driven by a high-voltage
piezo (Burleigh Instruments) with 5 um of travel, or about 10 FSR, giving a total of

3 GHz of sweep overall.
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A.2 Stabilization

The étalon angle and cavity length need to be controlled synchronously, in order to
prevent mode hops (transitions from one longitudinal mode to another) as the length
of the laser cavity changes with temperature, and to allow the laser to be continuously
swept without mode hopping over a reasonable range. Synchronization is performed
by making the étalon motion follow the piezo mirror’s motion. We do this passively by
adjusting the amplitude and offset of the voltage sent to the galvo with respect to the
voltage sent to the piezo. In addition, to make up for the nonlinear response between
the lasing wavelength selected by the étalon’s angle, a small quadratic component is
added to the étalon drive signal. In other words, if the signal sent to the piezo is s(t),
then the galvo receives

s'(t) = a+bs + cs?, (A1)

where a, b, and ¢ are user-adjustable parameters. These parameters are determined
empirically by the user, who adjusts the appropriate gain knobs (described in a mo-
ment) to make the laser sweep a continuous mode-hop free spectrum.

The laser frequency is stabilized by locking to a potassium absorption cell, heated
to about 80°C by small kapton heaters (Minco). These cells are made of glass, about
5cm long, and evacuated to approximately 1078 torr and filled with a small amount
of potassium metal. As shown in Figure 2.4, a small amount of laser light is picked
off, sent through an acousto-optic modulator (AOM) into the saturated absorption
spectrometer (optical layout details appeared in Figure 6.13). As described earlier in
§6.4.4, the AoM allows us to trap various isotopes of potassium while always locking
to the populous *’K isotope.

Figure A.2 is a block diagram of the locking electronics. We begin in the lower left-
hand corner with a ramp generator used for sweeping the laser frequency, which is sent
into the locking box. The locking box serves a dual purpose: to adjust the sweep range
and center frequency when sweeping, and to adjust the gain of the feedback loop when
locking to an atomic line. The sweep synchronizer associates the motion of the piezo
and galvo so that mode hops do not occur; in this box, offset, (coarse/fine) gain, and
quad adj correspond to parameters a, b, and ¢ in equation A.1 above. By sweeping
the laser across many FSR and observing a saturated absorption signal, the sweep
synchronizer can be adjusted to give 3 GHz of continuous sweep. The HV amplifier is
a high-bandwidth circuit based on a design by Andrea [1988] at JILA, and the galvo
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42512 — 4*Py 5 (v = 770.1098 nm) 42512 — 4*Py)5 (v = 766.7017 nm)
F— F f (MHz) F— F f (MHz)
2 — 1 —207.9 2 — 1 —189.1
2 — 12 —180.1 2 — 12 —184.45
2 — 2 —152.3 2 — 2 —179.8

12 =1 22.95 2 — 23 —169.3

12 —-172 50.75 2 — 3 —158.8
12 — 2 78.55 12 =071 40.15
1 =1 253.8 12— 1 41.75

1 —172 281.6 12 —-072 44.8

1 —2 309.4 12 =12 46.4
12 — 2 51.05

12 - 13 56.9
12 —-2'% 61.55

1 =0 269.4
1—-01 27

1 -1 272.6
1—-12 27725
1—2 281.9

FIGURE A.3: Transitions in saturated absorption spectroscopy of 3°K. The notation
“12” refers to crossover transitions in the SA spectrum.

driver is from Cambridge Technology, Inc.

Let us again examine Figure A.2, this time considering the locking box as the gain
portion of a feedback loop. Amplifier RF amp 1 drives the offset AOM whose center
frequency vogset is adjusted for the appropriate isotope of potassium. Imposed on this
frequency is a small modulation generated by the lock-in amplifier (Stanford Research
Systems Model 810), allowing the lock-in to generate the derivative of the saturated
absorption peak. This derivative signal (“X out”) is used as an error signal for the
feedback loop to lock the laser. With this simple technique, we can keep the laser
locked for many hours with an average linewidth of 4 MHz FwHM.
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A.3 Saturated absorption spectroscopy

Here we simply present the saturated absorption spectroscopy transitions in potassium
to which we lock our laser. Preston [1996] has provided an excellent introduction to
saturated absorption spectroscopy written at the undergraduate level. Two papers
providing a detailed theoretical analysis of saturated absorption line shapes for the D,
and Dy transitions in the alkalis have been written by Nakayama [1984, 1985].

The table in Figure A.3 labels all of the observed frequencies for the Dy and Dy lines
in 3K, showing both direct peaks and crossovers. Note that because the ground-state
hyperfine splitting is smaller than the Doppler linewidth (about 900 MHz for our hot
cell), we observe crossover transitions not just between pairs of excited state levels, but
also between pairs of ground state levels as well. We lock our laser to the 425 o(F =
1) — Py, transition, which is unresolved. Locking to the derivative spectrum using
a dithered signal and lock-in amplifier gives us about +3 MHz knowledge of our lock
location.

In figures A.4 and A.5 we present measured spectra, taken using the setup shown in
Figure 6.13, with linearly polarized light in both the pump and probe beams, and the
orientation adjusted to enhance the overall height of the peaks. The traces represent
an average of about 10 sweeps, digitized and summed using our LeCroy 9310 digital
oscilloscopes. Although the spectra do not represent completely conditions, they do
represent typical spectra useful for locking our lasers. The theoretical transition fre-
quencies are indicated by vertical lines; long lines represent 3°K transitions, short ones

represent *'K transitions.
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FIGURE A.4: Measured saturated absorption spectra of 3K and ¥'K S, s2— P /o tran-
sition.

[ [ [ I
—200 0 200 400

Frequency (MHZz)

FIGURE A.5: Measured saturated absorption spectra of 3K and 'K S 2 — Pg/y tran-

sition. Vertical lines indicate calculated peak locations; long lines for 3K and short lines
for 4'K.
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Appendix B

Ultrasensitive detection scheme

While target development was progressing, we pursued a short side project intended
to create an ultrasensitive detection scheme potentially capable of observing a single
trapped atom. One group has already detected single trapped atoms [Hu and Kimble,
1994], but this experiment benefitted from having plenty of atoms available to load
an extremely weak MOT. The single atoms were detected using the fluorescence of the
trapped atom, detected just as we normally do. However, these single-atom MOTs are
made weak by reducing the laser intensity used, which also significantly reduces the
amount of stray light scattered into the detector.

At this point, we introduced a liquid-nitrogen-cooled CCD camera as part of the
detection system that would soon become necessary for detection of the rarer isotope
40K and of other radioactive isotopes we will produce.

We use a liquid-nitrogen cooled ¢CD camera® for sensitive detection. We convert
from counts to the number of atoms in a manner analogous to equation 2.24

Cgyer

Natoms - (Bl)

teXannOptpe 7
where
7 is the excited-state lifetime of the atom

pe is the excited-state fraction, calculated using our six-level rate equation

model

*Princeton Instruments model LN/CCD-512-TKB/1; it uses a back-illuminated SiTE (Tektronix)
detector.
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C' is the number of counts generated by the A-D converter and sent to the
computer

Grc is the number of photons per count (or ADU, analog-to-digital units, as
referred to by Princeton Instruments); for the amplifiers in our partic-
ular unit, it is 2.2, 4.3, and 8.7 e~ /count in the most, middle, and least
sensitive settings

Nopt 18 the optical efficiency; note that in addition to the external optical
losses including the lens, the camera alone has six uncoated surfaces
from three glass windows, one between the lens and shutter to protect
the shutter, one to provide a vacuum seal for the camera, and one
mounted to the cCD inside the vacuum

texp 1S the exposure time of the shutter; note this large shutter is rather
slow and has an inherent lag of 12ms beyond the nominal exposure
time, thus texp = tnom + 12ms. Exposures shorter than 200 ms suffer
from significant smearing of the image across the ccD and this must

taken into account.

Finally, the solid angle, using our 50 mm Nikon lens, is

1 (50/fx)"
nQ:E( 0#>7 (B-Q)

where f4 is the f-stop of the camera, and o is the object-lens distance. The image-
object distance d is more readily measured from the experimental geometry, and since
we know that the back principal plane of the lens is 51.6 mm from the back focus,
0=d—5l.6mm.

In the case of “°K or radioactive isotopes made on-line, the source of atoms is
extremely feeble and a large amount of laser power is needed to efficiently load the trap;
reducing the laser power would result in even fewer atoms. By adding a second laser
wavelength to excite the atoms from the P/, state to a higher level, we can stimulate
the atoms to fluoresce at a wavelength far removed from the trapping wavelength,
allowing us to filter the unruly trapping light away.

The excitation scheme we use for this is shown in the level diagram in Figure B.1.
The two trapping laser frequencies constantly cycle the atoms between the 45/, and

4P )5 levels, with an excited state fraction p. in the P/, level of typically 0.1-0.4 for
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FIGURE B.1: Atomic level scheme for ultrasensitive blue photon detection.
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our trap laser detunings and intensities. We further excite some of these atoms by
adding another laser tuned to the 694.1nm 4P3/5 — 65/, transition. They promptly
decay to the 5P/ 3/2 levels from which they again decay to the 45/, level, emitting
an ultraviolet photon at 404 nm.

To produce the 694 nm light we built an external-cavity diode laser, using a very
simple-to-machine and build design, based on the collective design experience of the
members of the lab and myself.” We use a 30mW 690 nm laser diode* which we heat
slightly to get near 694nm. The cavity consists of the diode, collimating lens and
holder (of our own design) and a mirror mount to which is mounted a grating and
piezo actuator. The grating is used in the Littrow configuration, and adjusting the
mirror mount provides coarse laser tuning. Fine tuning is done by using a low-voltage
piezo stack, which adjusts the length of the short (2cm) laser cavity. The laser puts
out roughly 5mW, which is more than enough for this purpose.

For these initial experiments, the laser was tuned on transition using a Burleigh
WA-1500 wavemeter with an absolute accuracy of 50 MHz.® In the future it should
be possible to stabilize the laser by locking it to the two-photon transition by using
a potassium vapor cell illuminated with trapping light and looking for absorption of
the 694 nm laser light.

tThis design has also become popular with a fellow research group because of its straightforward
design.

fMitsubishi model ML1412R

$The WA-1500 is a “moving-cart Michelson interferometer” that sends a stabilized HeNe reference
laser and the test laser through nearly identical optical paths. By changing the path length and
counting and comparing the number of fringes of each laser to within a fraction of a fringe, this
device can measure wavelengths to within a few tens of MHz. We have actually built a similar
device, but it is much less convenient to use than the Burleigh.
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Appendix C

Procedure for coating glass with
SC-77 dryfilm coating

Here we describe the procedure used to coat our funnel cell (§5.4) with dryfilm. All
of the glass surfaces of the pieces shown in Figure 5.4 were coated.

It is important that the glassware be carefully cleaning before dryfilming. The
first step is to clean all surfaces to be coated with Alconox cleaner* and hot water,
scrubbing thoroughly. Rinse all traces of cleaner with hot water, then follow with two
rinses each of distilled water, methanol, acetone, and methanol again.

The final cleaning step is to use a solution which is also used to remove dryfilm
coatings [Fedchak et al., 1997]; we have chosen this one because it is relatively benign'
and can be safely used on glass-to-metal seals. It consists of 45% ethanol, 45% distilled
water, and 10% KOH by volume. The solution is mixed thoroughly and pieces are
placed in it directly or it is poured into the vessel to be coated and allowed to soak
for a few hours. To strip previously dryfilmed pieces, we recommend allowing an
overnight soak followed by ultrasonic agitation. The pieces are then dried overnight
or in a clean 80-100°C oven for about an hour. The pieces must be very clean and
dry before applying the dryfilm coating or it will be cloudy.

Our recipe for dryfilming with SC-77 is similar to that of others [Fedchak et al.,
1997; Stephens et al., 1994; Swenson and Anderson, 1988]. We are able to get optically

*Fisher Scientific Co., cat. no. 04-322-4

fOther groups have used dryfilm stripping solutions of hydrofluoric acid or ammonium bifluoride
[Stephens et al., 1994] or a solution affectionately called “piranha” [Voytas, 1996], because it eats
flesh rather quickly.
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clear, durable coatings with this method. A glass jar is carefully cleaned with Alconox
and rinsed with distilled water and ethanol and distilled water again. Then put 5
mL of distilled water into the jar. Add 10 mL of SC-77 (dichlorodimethylsilane, or
DCDMS)?#; the reaction occurs with vigorous bubbling and evolution of HCI gas. Allow
it to react for 10s, then cover the jar with a rubber stopper and glass tube. Place
the vessel to be coated over the tube and allow the vapor to deposit. The time for
deposition depends on the total surface area; we have an area of roughly 150 cm? and
find that 30 s exposure works well. The coating should be invisible. Before continuing,
the piece is allowed to ‘rest’ for an hour or so to allow the evolved HCI gas to dissipate.

We do all of our coating work inside a nitrogen-purged glove bag which itself is
inside a fume hood. The fume hood is necessary to remove the noxious HCIl fumes
that are generated by the reaction, and the nitrogen-purged glovebag is needed to
keep the humidity low while the dryfilm is being deposited. In climates with lower
ambient humidity this may be unnecessary. Low ambient humidity appears to be an
important factor in producing optically clear coatings.

We then use an after-wash procedure described by Fedchak et al. [1997] who did
AFM scans of a dryfilmed surface before and after passivation, showing significant re-
duction in the surface roughness. The after-wash begins as a solution of 95% methanol
and 5% deionized water to which a small amount of acetic acid is added to reduce the
pH to 4.5-5.5. The solution is allowed to rest for about 5 minutes and 2% trimethyl-
methoxysilane® is added and the mixture stirred. This is poured into the glassware (or
the piece is soaked in it) and allowed to stand for 2 minutes. The solution is poured
out and the piece is rinsed with methanol.

The coating is then cured in a vacuum oven for a few hours at about 200°C at
1073 torr. Heavy hydrocarbons will be evolved which can damage or clog ion pumps
and gauges, so the use of a sorption pump or a liquid-nitrogen trapped roughing pump
is recommended. Once this is done, the coating is stable and will outgas at a rate of
about 2 - 107" torr1s™! em™2 [Stephens et al., 1994].

You can test the coating by putting a few drops of distilled water on the surface.
It should bead up tightly and not wet the surface as you would see on clean, uncoated
glassware. At this point the pieces can be installed in the final vacuum system, and a

second type of curing is done by extended exposure of the dryfilm to a vapor of alkali

tSilar Laboratories, Scotia, NY, cat. no. 0077
§Silar Laboratories, cat. no. 1282
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(10'3 atom s~! em™2). This is necessary because all dryfilm coatings react quickly with

the alkali at first, then ‘cures’ to a constant reaction rate [Stephens et al., 1994].
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