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Abstract

Improved techniques for preparing cold antimatter plasmas and a new apparatus
for trapping antihydrogen bring us closer to the long-term goal of the precise spec-
troscopy of antihydrogen. Antihydrogen is synthesized within a magnetic trap for
the first time. With the aim to capture a large number of antihydrogen atoms, we
implement methods to characterize and control the antiproton and positron plasmas
from which they are produced. The geometry and density of trapped plasmas are
determined by measurements of internal oscillation frequencies and controlled with
rotating electric fields. The temperature of plasmas are investigated by two methods:
direct measurement of the axial energy distribution and the temperature dependence
of oscillation frequencies. Improved accumulation methods prepare plasmas of up to
10 million antiprotons and 4 billion positrons, a greater than ten-fold improvement in
each case. Antiproton cooling by embedded electrons and adiabatic expansion pro-
duce temperatures as low as 3.5 K, the coldest antiprotons yet achieved. Centrifugal
separation in antiproton-electron plasmas is observed for the first time. The design
and construction of a second-generation apparatus is discussed. A unique magnetic
trap provides for single-atom detection, an improved trap depth, and the generation

of two trap geometries.
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Chapter 1

Introduction

Antihydrogen provides a unique opportunity to investigate fundamental physics
with antimatter. As the counterpart to the common hydrogen atom, antihydrogen
(H) consists of a positron (e*) and antiproton (p). Antihydrogen atoms are stable
and amenable to the precise experimental control achieved in modern atomic physics.
This provides the potential for new and compelling measurements with antimatter
such as precise spectroscopy and the study of gravitational acceleration. A few years
ago, low-energy H was synthesized for the first time [1, 2, 3]. A central goal of H
research is now to capture substantial numbers of H atoms in a neutral particle trap
for the long-time confinement required for laser cooling and spectroscopy [4]. This
thesis present progress toward that ambition.

We begin with initial experiments performed in a combined Penning-Ioffe trap
[5], an apparatus designed to confine H produced from trapped positrons and an-
tiprotons. These studies include the first synthesis of H within an atom trap [6] and

efforts to detect captured atoms. We find that too few atoms are trapped to enable
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Chapter 1: Introduction 2

spectroscopy, so the principle focus of this thesis becomes the development of ex-
perimental methods and apparatus for increasing the quantity of trapped H and the
sensitivity with which we can detect it.

To this end, we explore and implement techniques to fully characterize the trapped
plasmas used in H production. These diagnostics are used to investigate novel tech-
niques to cool P, improve p accumulation, and study the dynamics of electron-
antiproton plasmas. Antiproton plasmas containing up to 10 million particles as
cold as 3.5K (a factor of three colder and 10* more particles than previously real-
ized for cryogenic p) are prepared for H experiments. These improved P plasmas
promise direct application in greatly increasing the number of trapped H, and the
diagnostics developed for e* plasmas will enable careful study of the formation of
cold, trappable H. The second focus of this thesis is the design and construction of
a second-generation Penning-Ioffe trap for antihydrogen studies. The principle im-
provement in this apparatus is a unique loffe trap which provides an improved trap
depth, generation of multiple field geometries, and a brief turn-off time for detection

of a single trapped atom.

1.1 Antihydrogen and Fundamental Physics

A principle motivation for this work is to achieve a precise test of CPT symmetry.
This symmetry pertains to an invariance of fundamental theories to the combined
operations of charge conjugation (C), parity inversion (P), and time reversal (7).
Although it is not a readily apparent property of nature, invariance to this combi-

nation of operations is at the core of modern physics. CPT invariance is feature
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Chapter 1. Introduction 3

of any Lorentz-invariant local quantum field theory [7], and as such it underlies the
Standard Model of particle physics. A consequence of CPT symmetry that is acces-
sible to precise low-energy tests is that a particle and its corresponding antiparticle
have equal masses and opposite electric charges. For hydrogen and antihydrogen,
CPT invariance predicts equal bound-state energies and, thus, identical spectra — a
prediction that we strive to precisely test.

Until fifty years ago, it was widely believed that each of the discrete operations that
constitute CPT corresponded to individual symmetries. These were seen as intuitive
properties of nature, and there were no experimental observations to the contrary.
In 1956, however, a proposal was made to test P invariance of weak interactions
for the first time [8]. Remarkably, P violation was demonstrated shortly thereafter
in the B-decay from polarized 5°Co [9]. Experimental confirmation followed, and
it was soon accepted that P symmetry is in fact maximally violated in the weak
interaction. Shortly thereafter, it was proposed instead that nature is invariant under
the combined transformation CP [10], and this became a widely accepted symmetry
of nature. In 1964, however, a small CP violation was first observed in the decay of
neutral kaons [11].

It now appears that nature is invariant under the combined transformation CPT.
This symmetry has been supported by all observations to date, and as mentioned,
it appears to be an intrinsic feature of quantum field theories. On the other hand,
there are serious problems yet resolved by this theoretical framework. Notably, a
quantum field theory of gravity has yet to be formulated, and we lack a compelling

explanation for the observed matter-antimatter baryon asymmetry in the observable
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Figure 1.1: Comparison of fractional precisions relevant to hydrogen 1s-
2s spectroscopy (black) and precise CPT tests (gray), including kaon mass
[16], electron magnetic moment [17], and proton charge-to-mass ratio [18]
comparisons. Adapted from Ref. [19)].

universe. Given the scope of these challenges.that confront modern physics, it seems
prudent to precisely investigate CPT symmetry in various aspects of nature accessible
to measurement.

An attractive CPT test with H and H is provided by two-photon spectroscopy of
the 1s—2s transition. For H, this transition has been measured to a relative uncertainty
of 1.4x 10~ and the fractional linewidth of 5 x 107'¢ suggests further improvements
are attainable [12]. However, this measurement was achieved with a cold H beam, an
approach that would require the production of H beyond foreseeable capabilities. The
scarcity of H motivates us instead to undertake spectroscopy in a magnetic trap [4].
For trapped H, a relative uncertainty of 1.2 X 10712 on the 1s—2s frequency was
achieved in a measurement limited by laser stability [13]. As proposed in Ref. [14],
it appears this level of accuracy can be achieved with 10° H at 0.2K in a magnetic
trap, and one-atom spectroscopy may become possible in the future (14, 15].

Figure 1.1 compares these hydrogen 1s-2s benchmarks to the relative uncertainty
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Chapter 1: Introduction 5

achieved by a variety of tests of CPT symmetry. The decay of neutral kaons can
be interpreted as a mass comparison with a relative uncertainty of 107'® [16]. For
leptons and baryons, the most precise tests currently involve the study of single
particles in a Penning trap [17, 18]. While the relative natural linewidth indicates
an eventual potential for the measurement, even at a relative uncertainty of 1072,
1s—2s spectroscopy of H and H achieves a greater relative uncertainty than current
tests with either leptons or baryons. To directly compare these measurements, we

may consider the associated Rydberg constants

(Roo)u _ e+ <q_§>2 (&)Qm (1.1)

(Roo)H Me- \Gp Qe- 1+ me"‘/mﬁ

where for this comparison, we needn’t consider the small additional nuclear affects
included in deducing Re from the 1s-2s frequency at high precision [20]. With this
framework, we see that the proposed comparison of H and H is most sensitive to the
equality of the charges of the constituent particles as well as the masses of the leptons.

Without a specific theory for CPT violation, it is not clear how various tests of
CPT can be compared. For this reason, above we argued for precise tests in a variety
of sectors. A possible framework for comparing various measurements is provided by
the Standard-Model Extension, an effective field theory that seeks to parameterize
small Lorentz violating additions to the Standard Model (some of which involve CPT
violation) that are consistent with other seemingly well-grounded principles such as
energy-momentum conservation [21]. Within this framework, it has been verified that
precise spectroscopy of the 1s—2s transition in trapped H and H promises an improved
constraint on Lorentz violation [22]. It is also noted that the hyperfine transition

between the two trapped low-field-seeking states, which amounts to a proton (or P)
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Chapter 1: Introduction 6

spin flip, provides for a separate test of CPT violation related to the proton (and p)
magnetic moments. An ambitious experiment underway at CERN is working towards
producing a spin-polarized H beam suitable for such a measurement [23].

Lastly, we mention the intriguing possibility that cold H may provide for the
first measurement of the gravitational acceleration of antimatter. Notably, ﬁ avoids
the stringent requirements on stray electric fields that predictably thwarted previous
gravitational studies with antiprotons [24]. The challenge of a precise measurement
of gravitation even with I, however, is apparent from a comparison of thermal and
gravitational energies. The short wavelength of cooling transitions and small mass
conspire to set foreseeable laser cooling limits at roughly 1 mK [25], and as pointed
out in Ref.[26], 1mK of energy is approximately equal to the gravitational energy
gained by an H atom elevated by 1m. As H trapping and cooling methods advance,
however, a precise measurement may nonetheless be possible. As a start, an exper-
iment currently under construction at CERN proposes to measure the gravitational
acceleration with a beam of H atoms to a relative uncertainty of 1072 [27]. An al-
ternate, novel approach proposed in Ref. [25] suggests that much colder H for gravity
experiments, in the 10-100 uK range, might be produced by starting with sympathet-
ically cooled positive antihydrogen ions (the bound state of one p with two et)in a

Penning trap.

1.2 A Brief History of Antihydrogen Research

The current goals of low-energy antihydrogen research were proposed nearly twenty-

five years ago [4]. Shortly after the first capture of low-energy antiprotons, it was sug-
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Chapter 1: Introduction 7

gested that low-energy H could be produced from p and e confined in a Penning trap.
Furthermore, Ref. [4] recognized that precise measurements of even a small number of
H would be possible if they were confined in a magnetic trap. Low-energy H research
that has grown from this initial vision is currently undertaken by four international
collaborations at CERN’s unique Antiproton Decelerator [28, 29, 30, 31].

This research program is made feasible by key developments that enable us to slow
[32], trap [33], and electron-cool [34] antiprotons. Antiprotons are currently produced
with GeV of energy and slowed to MeV within the Antiproton Decelerator storage
ring, but antihydrogen must be produced at energies 10! times lower to be confined
in a magnetic trap. Groundbreaking p résearch made this plausible, demonstrating
the first factor of 10% early on in P clouds suitable for antihydrogen production [34]
and presenting methods for further improvement [35]. Reference [36] is a relatively
recent review of these techniques that are now used in all H experiments.

Positrons have a relatively longer history in charged-particle traps, as they are
readily available from radioactive sources. A variety of methods to provide e* for H
experiments have been developed since the H trapping was first proposed (reviewed
in Ref. [19]). Current H experiments accumulate et in apparatus in which fast e*,
originating from decays in **Na, collisionally cool in a series of room-temperature
Penning traps with progressively lower buffer-gas pressure [37].

While progress to produce and trap H was underway, a proposal was made to look
for H formed by energetic P binding to a e formed by pair production [38]. This led
to an exciting result of 9 atoms detected [39], which was later confirmed by another

laboratory with another 37 atoms [40]. While these experiments demonstrated the
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Chapter 1: Introduction 8

existence of H for the first time, the approach was not continued as it did not provide
a means to precisely measure properties of the atoms.

Cold H has now been synthesized by two methods that appear to be compatible
with our goal of precise spectroscopy. Despite the opposite electric charge of p and et,
a nested-trap scheme allows for the interaction of p and e that remain confined [41].
Shortly following the first co-trapping of e and P [42] and observation of collisional
cooling of p by e* [43], thousands of H atoms were produced and detected by this
approach [1, 2, 3]. In this method, H is formed as a relatively low-density antiproton
cloud passes through a positron plasma. The dominant formation mechanism at
cryogenic temperatures appears to be three-body recombination, involving a collision
of a p and two e™ (the second e™ is required to conserve momentum and energy) [41].

The use of this nested-well scheme to load atoms into a magnetic trap depends on
the velocity and internal state of the atoms that result from the complicated dynamics
of the p and H within the e™ plasma. Although the distribution of H produced is
largely unknown (in particular for the slowest, most deeply-bound H), we should note
a pair of novel experiments that are the only to directly measure the properties of
some H produced [3, 44]. In these experiments, two sequential Stark-ionizing regions
were positioned near the nested Penning trap. The first region was varied in strength
and duty cycle to filter atoms depending on their internal state and velocity, while
the second region provided for counting transmitted atoms. Another very recent
experiment reports the magnetic confinement of H for 1000s, an important indirect
demonstration that ground-state antihydrogen has been produced [45].

The second method used to form cold H involves two charge-exchange reactions
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Chapter 1: Introduction 9

[46]. First, Rydberg positronium is formed as a Rydberg Cs beam is directed through
a positron plasma. Some of this positronium travels through nearby trapped p and
undergoes a second charge-exchange reaction to create H. A first proof-of-principal
demonstration detected 14 H atoms [47]. A focus of a Ref. [48], a very recent thesis,

is scaling-up this initial experiment to produce useful amounts of trapped H.

1.3 Overview of this Work

The research presented in this thesis was undertaken within the ATRAP collabo-
ration from 2005 to 2011, and it has benefited greatly from close collaboration within
this team as well as the achievements of previous members. In particular, the entire
ATRAP apparatus and our standard trap techniques (Chapter 2) result from the
contributions of many researchers. The author’s contributions to these are varied:

| the design and construction of a robust upper vacuum and XY-stage bellows assem-
bly with a compact window flange; the preliminary design of the antiproton-loading
solenoid, Rydberg Cs apparatus, and an in-vacuum antif)roton energy tuning foil;
and the fabrication and installation of 1-K cooling lines, trap electrodes, wiring, and
control electronics. For the initial studies in the Penning-Ioffe trap (Chapter 3), a
central focus of a previous thesis [49], the author studied the consequences of the sta-
bility cut-off radius for antihydrogen production and created software to conveniently
calculate and analyze the trap fields, which is now used widely in our collaboration.
Furthermore, these studies contain the first antiproton experiments run by the au-
thor during brief visits to CERN. For the remaining studies presented (Chapters 4

through 8), the author has had a principle or co-principle role in designing, running,
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Chapter 1: Introduction 10

and analyzing the experiments, which were undertaken at CERN over the previous
two years. The second-generation Penning-loffe trap (Chapter 9) is 2 major appara~
tus development led by the author throughout his involvement with JATRAP Design
and construction of the new magnet system, including detailed collaboration with
the manufacturer, was the sole responsibility of the author. Additionally, the author
designed the modified cryostat for this apparatus and undertook much of its construc-
tion. Important contributions to all of these projects by collaborating researchers will
be represented in other theses: oversight of the daily operation of the ATRAP ap-
paratus [48]; running many antiproton experiments, design of centrifugal separation
measureménts, and construction of the second-generation Penning trap [50]; and the
undertaking of positron loading experiments [51].

We begin in Chapter 2 by reviewing the apparatus and standard experimental
methods for trapping antiprotons, positrons, and electrons that have been developed
over the years. Chapter 3 then describes an initial search for trapped H. The first
demonstration of H synthesis within a magnetic trap is followed by a test for captured
H atoms, in which a limit of fewer than 12 trapped atoms is established by our detector
resolution. The following chapters set out to develop methods and apparatus to
greatly increase this quantity.

Chapters 4 and 5 present techniques to measure the properties of trapped plas-
mas used to produce H. In Chapter 4, we improve methods used to nondestructively
determine the geometry, and thus density, of a plasma from its frequencies of internal
oscillations. This diagnostic is then used to implement a rotating-wall technique, in

which a rotating electric field is used to control the radius of plasmas. In Chapter 5 we
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Chapter 1: Introduction 11

use two methods to measure the remaining key parameter of trapped plasmas: tem-
perature. First, p temperatures are determined by a direct measurement of the axial
energy distribution. Then the temperatures of e~ and e* plasmas are investigated by
measuring a pressure-shift in their internal oscillation frequencies.

The following three chapters apply these trapped-plasma techniques to prepare
plasmas that promise to greatly increase the achievable number of trapped H. In
Chapter 6 we study two methods to cool p: sympathetic cooling by embedded elec-
trons and cooling by adiabatic expansion. Used together, these produce plasmas of
up to 3 x 108 p at 3.5 K, 10° more P and a 3-times lower temperature than previously
realized for cryogenic p. In Chapter 7, methods for improved particle accumulation
are investigated, including use of the rotating-wall technique to avoid radial loss of
particles. Accumulation of 10 million p and 4 billion e* is achieved with loading
that is linear in time, improvements by factors of 14 and 20 over previous meth-
ods. Chapter 8 investigates centrifugal separation in electron-antiproton plasmas,
a first for two—component plasmas that cannot be laser-cooled or optically imaged.
The implications of centrifugal separation on trapped-antihydrogen experiments are
discussed, including its effect on the geometry of P plasmas and a novel method to
remove electrons from electron-antiprotons plasmas.

Chapter 9 presents the second focus of this thesis: the design and construction
of a second-generation Penning-loffe trap that provides improved performance and
expanded capabilities for future antihydrogen experiments. A unique superconducting
magnet design, made possible by emerging fabrication methods, generates octupole-

Toffe and quadrupole-Toffe trap geometries. Thorough optimization of the magnet
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Chapter 1: Introduction 12

windings results in an improved trap depth over our first-generation apparatus for
both configurations. Potential detection of a single trapped atom is made possible
by a rapid turn-off time. The second-generation Penning-Ioffe trap, along with its
cryostat and substantial high-current circuitry, are now assembled at CERN, and the

final preparations for its first use are underway.
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Chapter 2

Apparatus and Standard Methods

In 2006, ATRAP commissioned a new apparatus to undertake antihydrogen trap-
ping experiments for the first time [49]. At the heart of this apparatus is a combined
Penning-Ioffe trap, an unusual trap geometry designed for the production and cap-
ture of antihydrogen atoms. The Penning trap provides confinement of the ingredients
used to synthesize antihydrogen, antiprotons and positrons. Following now-standard
methods that have been developed over the last twenty-five years, these particles are
trapped, cooled, and manipulated to form cold antihydrogen. The Ioffe trap, a critical
new addition, provides for the confinement of these neutral atoms. In this chapter, we
describe the Penning-loffe trap and ancillary apparatus that is used throughout this
thesis. Additionally, we'll introduce standard methods used to capture, move, and
count charged particles in the Penning trap. These topics are reviewed thoroughly in
two recent theses [49, 52|.

Our antihydrogen apparatus is located within the Antiproton Decelerator (AD)

at CERN. Figure 2.1 shows the experiment layout within the AD hall. The Penning-

13
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S

Figure 2.1: Layout of the ATRAP apparatus within the Antiproton Decel-
erator at CERN with the marked locations of the (1) control room, (2) laser
Faraday cage, (3) equipment platform, (4) Penning-trap Faraday cage, (5)
antiproton beam line, (6) Penning-Ioffe trap, and (7) positron source.
Toffe trap receives antiprotons from the AD beam line and positrons from the ATRAP
positron accumulator via a magnetic guide. As a consequence of the limited AD real
estate, the positron accumulator is located in a zone separated from the Penning-Ioffe
trap by approximately 10 m. Equipment for the Penning-Ioffe trap cryostat, detectors,
and superconducting magnets are located on and near the adjacent platform. The
Penning trap electronics are located in a Faraday cage with a shield extending to the
trap feedthroughs. A second, larger Faraday cage contains lasers used in Rydberg Cs
charge-exchange experiments and will house the lasers in development for the cooling

and spectroscopy of antihydrogen. The control room allows for remote control of the

antihydrogen apparatus.
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2.1 Penning-loffe Trap

Our cryogenic Penning-Ioffe trap is shown in Fig.2.2. The cryostat sits within
the room-temperature bore of a superconducting solenoid that produces a uniform
magnetic field of up to 3 T over the length of the Penning trap. Thermal insulation
from this primary solenoid is provided by a thin three-layer insert that is cooled by a
pulse-tube cryocooler. This insert absorbs the radiated heat from the solenoid bore,
and acts as a vacuum enclosure within which the cryostat is suspended.

All feedthroughs (electrical, mechanical, and optical), as well as access to the
cryogen and vacuum spaces of the cryostat, are located at the top plate, commonly
referred to as the hat. Beneath the hat hang radiation baffles and a reservoir for
liquid helium. A full reservoir, approximately 40 L, typically provides for one to two
days of operation. The liquid helium space continues below to two superconducting
magnets: a loffe trap and an antiproton-loading solenoid. Following a standard cryo-
genics method, a second, smaller volume of liquid helium, referred to as a 1-K pot, is
connected to the main reservoir with poor conductance. This 1-K pot is kept at pres-
sure of approximately 100 Torr through a dedicated pumping line, and the resulting
equilibrium temperature is just above 1 K. Details about this pumped helium system
are published in Ref. [53].

A separate vacuum enclosure surrounds the inner bore of the experiment, the
space in which particles are trapped. Above the cryostat, this space connects to a
room-temperature, ultra-high vacuum positron transfer line. Below the liquid helium
reservoir, a 1.5 mm diameter, 13 mm long aperture located on the window flange

reduces the conductance to the improved vacuum of the cryogenic trap region. This
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Figure 2.2: The entire cryogenic Penning-Ioffe trap (left) and a closer look
at the trap region (right).
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small aperture provides access to inject the trap with low-energy positrons. Other
devices may be centered on the trap axis by an X-Y translation stage which moves
the window flange. The current flange includes a large-diameter ultraviolet window,
a photoelectron-loading gold foil, and a phosphor imaging screen, while the addition
of a microwave horn is being pursued.

The trap region contains a stack of 39 cylindrical electrodes which generate the
electric potentials of the Penning trap (Fig.2.3). Each electrode is connected to low
and high frequency signal leads which are joined with filters mounted on the lower
vacuum enclosure. A full wiring diagram is shown in Ref. [52]. The trap electrodes,
lower enclosure, and electrical feedthroughs in Fig. 2.3 are all connected to the 1-K pot
with superfluid-helium cooling lines, resulting in a typical operating temperature of
1.3 K. This structure is isolated from the 4.2-K Ioffe trap, which encloses the upper

trap region, by insulating edge-welded bellows and support rods.

2.1.1 Penning Trap

An ideal Penning trap consists of a quadrupole electric potential ¢ o 22— p?/2
and uniform axial magnetic field B = By3. The electric potential provides axial
confinement (along 2) of either positively or negatively charged particles, while the
magnetic field provides for radial confinement.

Within our apparatus, a trap vpotential may be generated anywhere along the
stack of electrodes shown in Fig. 2.3. For example, the potential produced by applying
100V to a single radius-length electrode (e.g. UTR3) with respect to the others is

shown in Fig. 2.4a-b. Near the trap center, the generated potential (solid line) is well
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Figure 2.3: The stack of cylindrical electrodes that comprise the Penning
trap.
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Figure 2.4: (a) Electrostatic equipotentials generated by applying 100V to

the central radius-length electrode shown. The trap potential (solid), shown

at 10V spacings, is well-approximated by a quadratic potential (dashed)

near the trap center. (b) The corresponding on-axis potentials. (c) A single-

particle trajectory and (d) a spheroidal plasma of charge particles in a Pen-

ning trap.
approximated by a quadrupole potential (dashed line). The degree to which a trap
minimum is approximated by a quadrupole potential can be improved by a judicious
choice of electrode lengths and voltages. Our stack of many electrodes has regions
to generate highly harmonic trap potentials (e.g. LTCE to LBCE), which have been
used for single-particle studies [52], as well as a region of short, identical electrodes
(UBR3 to UTR15) which provide flexibility to design complex potential structures
for antihydrogen experiments. Design of the electrode stack is discussed in Ref. [52].

A single charged particle in a Penning trap undergoes three harmonic motions,
illustrated in Fig. 2.4c: a rapid cyclotron orbit, an axial oscillation, and a slow ExB

magnetron orbit [54]. In our experiments, the interaction between particles sub-

stantially alters the latter of these two motions. In particular, we'll typically work

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 2: Apparatus and Standard Methods 20

with plasmas of charged particles within which the axial electric fields are completely
screened out. In this case, the single-particle axial oscillation is replaced by an axial
thermal motion, confined by a strong electric field at the ends of the plasma. Ad-
ditionally, the space-charge electric fields increase the frequency of the E x B orbit.
The equilibrium distribution of plasma in a Penning trap, illustrated in Fig.2.4d, is
a uniform density spheroid that undergoes shear-free rotation about the z-axis [55].

The properties of these trapped plasmas are discussed in Chapter 4.

2.1.2 Ioffe Trap

A magnetic trap confines neutral atoms with a magnetic moment (i anti-parallel to
the local magnetic field B e [i- B < 0. For these so-called low-field-seeking atoms,
the trap potential U = —/i- Bis confining about a magnetic field minimum. We define
the trap depth as the difference in the trap potential on the maximum equipotential
surface that exists within the electrode inner surfaces and that of the local minimum
it surrounds. We will typically specify trap depths in terms of low-field-seeking anti-
hydrogen with the lowest principle quantum number, for which a magnetic moment of
approximately one Bohr magneton up results in the trap potential U = u3|§ |. The
substantial challenge of trapping atoms is apparent in that a large field differential of
1T results in a confining potential (in temperature units) of only 700 mK.

We use a Ioffe-type magnetic trap [56], which is a geometry potentially compatible
with the axial field of the Penning trap (charged-particle confinement in this non-
uniform magnetic field is discussed in Section 3.1). Radial confinement in a multipole-

loffe trap is provided by a transverse multipole coil of order n which generates a
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Figure 2.5: (a) Schematic of the Ioffe trap coils with current directions labeled
and (b) the actual coil geometries.

magnetic field

B(p6) = B, (R#) (cos(n6)p — sin(n6)3) 21)

where we specify the field strength by its magnitude B, at the electrode inner radius

R.. The corresponding trap potential for low-field-seeking ground-state antihydrogen

is thus

U(p) = ugB; (é)n_l (2.2)

A standard quadrupole-loffe magnet, for which n = 2, generates a trap potential
linear in radius, Uguaq o< p. For the octupole-loffe magnet described in Chapter 9,
n =4 and Uy ox p.

Axial confinement in a loffe tfap is provided by two solenoidal coils, referred to
as pinch coils, that increase the axial magnetic field at the ends of the trap. In
practice the radial gradient caused by these coils near the trap center is too small to
significantly alter the radial trapping fields described in Eq.2.1. It should be noted
that an additional axial field of 1T from the primary Penning-trap solenoid is present

throughout this thesis when the Ioffe trap is used.
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Figure 2.6: (a) The Ioffe trap coils positioned outside of the upper electrodes
generate (b) trap contours shown within a cross-section of the electrodes.
The magnetic field magnitude, including a uniform 1-T axial Penning-trap
field, is shown (c) transverse to the trap axis at the axial center and (d) along
the trap axis.

The coils of the quadrupole-Ioffe trap used in this thesis are shown in Fig.2.5. A
full trap is created when 80 A are supplied to each pinch coil and 68 A to the four race-
track coils, which are connected in series. The resulting magnetic field superimposed
with 1T from the Penning trap solenoid provides a trap depth of 0.56 T (Fig.2.6),

corresponding to 380 mK for ground-state antihydrogen.

A radial port runs through the center of each racetrack coil providing access to
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the trap center (as seen in Fig.2.2). These ports currently house a Rydberg Cs
beam source used for charge-exchange experiments [48] and a small resistive heater
used to induce a quench to rapidly discharge the magnet (used in Section 3.3). For
future experiments with trapped antihydrogen, this access is foreseen to be critical

for efficient use of ultraviolet laser light.

2.2 Particle Loading

In this thesis, we undertake experiments with three types of trapped particles:
electrons, antiprotons, and positrons. An overview of the method used to load each
of these into the Penning trap is discussed below, while further details are provided

in Refs. [49, 52].

2.2.1 Electron Loading

Electrons are injected into the trap via the photoelectric effect [57]. An 18-mJ, 10-
ns pulse of 248-nm light from an excimer laser (GAM Laser EX5/250) is directed down
the trap axis from above the hat, travels through the window flange aperture, and
strikes the beryllium foil below the electrode stack. The 5.0-eV photons have sufficient
energy to eject electrons, which are guided by the magnetic field and accelerated by
the electrode potentials towards the trap.

The resulting pulse of electrons is caught in-flight by the electric potentials shown
in Fig.2.7a. A blocking potential on electrode LBE1 is lifted for 2us to accept
the pulse originating from the foil, DEG. The electrons are then trapped between

electrodes LBE1 and LTE3 and cool until they are confined within electrode LTE2.
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Figure 2.7: (a) An electron plasma located within a cross-section of the trap

electrodes. (b) In the electron loading procedure, the on-axis potential (solid)
is briefly lowered (dashed) to accept a pulse of photo-electrons originating
from the foil DEG. (c) Electrons may continue to be loaded from additional
laser pulses.

The cooling occurs by synchrotron radiation from the cyclotron motion while collisions

thermalize the cyclotron and axial motions.

This loading procedure can be repeated to stack multiple injections of electrons.

A laser repetition rate of 0.5 Hz and load rate of 2.5 X 10° electrons per pulse, results

in 7.5 x 107 electrons loaded per minute. Linear loading of 250 million electrons in

just over 3 min is shown in Fig. 2.7c. Our photo-electron loading method is described

in detail in Ref. [57].

2.2.2 Antiproton Loading

Antiprotons are injected into the trap from the Antiproton Decelerator (Fig. 2.8)

in bunches of approximately 30 million particles every 110 seconds. These 5.3-MeV
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Figure 2.8: Location of the ATRAP Penning-Ioffe trap within the Antiproton
Decelerator ring.

antiprotons lose most of their energy as they pass through the 125- pm-thick beryllium
degrader. As in electron loading, the antiprotons are then caught in-flight with a
pulsed potential. Since the synchrotron radiation rate for the antiprotons is much
too long, however, they do not cool on their own. Instead, electrons are first loaded
to cool the antiprotons via collisions. The achieved cooling rate is sufficient for the
stacking of sequential antiproton injections.

The methods used to slow [32], catch [33], electron-cool [34], and stack [36] an-
tiprotons in the apparatus used in this thesis are reviewed in Ref. [49]. In Chapter 7,
improvements are discussed that lead to the accumulation of 10.5 million antiprotons
from 50 injections. The observed linear accumulation at an efficiency of 6 x 10-3

results in a loading rate of 1.2 x 10° antiprotons per minute.
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Figure 2.9: Positrons from a ??Na source are continuously accumulated in a
separate room-temperature Penning trap and occasionally transfered to the
Penning-Toffe along a magnetic guide.

2.2.3 Positron Loading

The positron source used in this work, based on the apparatus presented in
Ref. [37], is the primary responsibility of the ATRAP team from York University.
Positrons emitted by the radioactive decay of a ?Na source first slow in a frozen neon
moderator. Subsequent collisional cooling occurs in a series of room-temperature
Penning traps with a progressively lower pressure of a buffer gas of nitrogen. After a
typical accumulation time of 30-50 seconds, the positrons are injected into the cryo-
genic Penning-Ioffe trap via a long magnetic transfer guide (Fig. 2.9). This magnetic
guide contains nearly one hundred independent coils to steer the positrons to the
central axis of the Penning-loffe trap. The large magnetic field of the Penning-Ioffe
trap then serves to radially compress the positron bunch and guide it through the
small aperture on the window flange (Fig.2.2). As in the other loading methods, the
positrons are caught in-flight with a pulsed potential in the cryogenic Penning trap.

The accumulation and transfer of positrons is described in further detail in Ref. [49].
An improvement to this procedure in Chapter 7 is the use of the rotating-wall tech-
nique to compress the positron plasma as multiple positron transfers are stacked.

With this technique, we demonstrate the loading of 4 billion positrons at a constant
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Figure 2.10: (a) An electron plasma is transfered from its position within
electrode UTR4 (dashed) to UTR5 (solid) by continuously adjusting the (b)
trap potentials with the voltages of electrodes UTR3 through CS.

rate of 8 x 10° positrons per second, corresponding to an efficiency of approximately

1 x 1073 per radioactive decay.

2.3 Particle Transfer and Detection

In this final section, we review the standard techniques to move and count trapped

particles that are used throughout this thesis.

2.3.1 Particle Transfer

Moving trapped particles from one region of the Penning-loffe trap to another is
often desired. In the antihydrogen experiments of Chapter 3, for example, antiprotons
and positrons are simultaneously loaded in separate regions of the trap and then

moved to adjacent potential wells for the atom formation procedure. To achieve this,
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trap wells are smoothly translated along the stack of electrodes. Figure 2.10 shows the
trap potential at four times during such a translation. In this case, four electrodes are
used to maintain a constant quadratic component of the potential during the transfer
" from a well centered on electrode UTR4 to an identical well on electrode UTR5. The
move procedure is adiabatic since the changes in electrode voltages occur over many
milliseconds, a time much longer than the timescale for relevant particle oscillations.
This smooth many-electrode translation will be described further in a future thesis

[50] and is compared to a previous two-electrode approach in Ref. [48].

2.3.2 Charge Counting

The number of trapped electrons or positrons can be determined by ejecting the
particles out of the trap and collecting them on the degrader foil, which serves as
a Faraday cup electrode. A charge-sensitive preamplifier connected to the degrader
produces an output voltage proportional to the net charge deposited and an absolute
calibration is determined with test pulses of known charge [58]. Care must be taken
to bias the degrader voltage to prevent the emission of secondary charges, which
would change the net charge deposited and cause counting inaccuracy. As has been
previously discussed [49], this problem is well understood for electrons. The situation
for positrons is more complicated, since annihilations can cause processes such as the
ejection of high-energy Auger electrons, however it is found that appropriate blocking
voltages result in accurate counting [49].

The counting procedure for a typical electron plasma is shown in Fig.2.11. The

plasma is held in a well centered on electrode LTE3. A pulsed voltage on electrode
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Figure 2.11: (a) Electron plasma location and (b) on-axis trap potentials
during the charge-counting procedure. Electrons that escape when the po-
tentials (solid) are briefly lowered (dashed) are counted. (c) Repeating this
process as the voltage applied to electrode LTE3 is decreased allows all of
the particles to be ejected and counted.

LTE2 reduces one side of the well, and electrons that are ejected accelerate to the
degrader DEG. To prevent saturation of the preamplifier, the ejection procedure is
repeated in small steps while the voltage on electrode LTE3 is reduced. The charge
count for each step is shown in Fig. 2.11c¢ for a total of 190 & 10 million electrons. The
typical error of 5 to 10% is acceptable for the measurements in this thesis, but it should
be mentioned that this uncertainty may likely be reduce with careful calibration and

optimal choice of pulse amplitudes.

2.3.3 Antiproton Annihilation Detection

To count antiprotons, they are ejected from the trap and the resulting annihila-

tion products are detected. The annihilation of an antiproton and proton produces on
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Figure 2.12: (a) Side and (b) cross-section views of the ATRAP annihila-
tion detector geometry. (c) Annihilation detection efficiency as a function of
background rate for various detector cuts.

average 3.0 charged pions [59], and these products are observed as they pass through
nearby scintillating detectors (Fig.2.12). This detector system is the primary re-
sponsibility of the ATRAP team from Forschungszentrum Jiilich. The first detector
group, located between the cryostat and large solenoid, consists of 448 straight and
336 helical 3.8-mm diameter optical fibers. The second detector group is comprised of
16 inner-layer and 8 outer-layer large-area plastic paddles. Each detector is coupled
to a photomultiplier tube which detects luminescence caused by the interaction of the
scintillating material with the high-energy charged pions.

Annihilation detection achieves a high signal-to-noise by discriminating between
antiproton annihilations that typically produce multiple ionizing particles and back-
ground events from single cosmic rays. To do so, detection events are conditioned on

signals arising from multiple detectors in a geometry that is unlikely to be triggered
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by a cosmic ray. This approach is limited primarily by the solid angle subtended by
the scintillators, which restricts the pion detection efficiency. More stringent detec-
tion conditions result in fewer counts from antiproton annihilations as well as cosmic
rays. This trade-off between antiproton detection efficiency and background rate is
shown by the range of cuts in Fig.2.12c, which are developed in Ref. [48].

For the detection of a few trapped antihydrogen atoms (investigated in Chapter 3),
the signal-to-noise for annihilation detection is critical. In these experiments, the data
from each detector is recorded so that event determination can be made afterwards
in software. For typical antiproton counting throughout this thesis, however, the
full detection record is unnecessary and would generate an unwieldy amount of data.
Instead, hardware coincidence logic and counters are used. The typical cut used
throughout this thesis is a coincidence of at least one each of the straight fibers,
helical fibers, inner paddles, and outer paddles. For annihilations of antiprotons
ejected to the degrader foil, this cut results in antiproton detection efficiency of 48%
and a background rate of 30 Hz. This detection efficiency was determined by Monte
Carlo simulation [60], and further discussion of the detector geometry and cuts can

be found in Refs. [49, 48].
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Chapter 3

Search for Trapped Antihydrogen

Antihydrogen (H) has now been synthesized by two methods [19] that appear com-
patible with our long-term goal of the precise spectroscopy of trapped H [4]. In this
chapter, we take the next step toward this goal: a Ioffe trap to confine neutral atoms
is superimposed on a Penning trap used to produce H for the first time. The primary
challenge of this combined Penning-Ioffe trap is that the addition of the magnetic field
gradients required to trap low-field-seeking H atoms ruins the cylindrical symmetry
that guarantees stable confinement of charged particles in a Penning trap [61, 62].
We nonetheless demonstrate confinement of p and e~ (a temporary substitute for
e™) that appears to be sufficient for typical H formation methods [5]. We proceed
by demonstrating H synthesis in the combined Penning-Ioffe trap [6]. The chapter
concludes with search for trapped H, in which a limit of fewer than 12 captured atoms
is set by the annihilation detection sensitivity. The experiments presented here have

been published in Refs. [5, 6] and are the principle focus of a previous thesis [49].

32
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3.1 Charged Particles Confined in a Penning-loffe
Trap

We begin by investigating the confinement of charged particles in a Penning trap
when the magnetic field of a Toffe trap is added. As introduced in Section 2.1, a
Penning trap consists of a uniform magnetic field Byz and a quadrupole electric
potential ¢; o< 2% — p?/2. The axial confinement of charged particles is provided by
&, and radial confinement is a consequence of the conservation of angular momentum
about fhe trap axis, Py. As discussed further in Section 4.1, to a good approximation
Py o< By(p?), providing a constraint on the mean square radius of trapped particles.

With the addition of the radial-trapping field of a quadrupole Ioffe trap, cylindrical
symmetry of the trap fields (and thus conservation of P) is lost, and charged-particle
confinement is no longer guaranteed. The magnetic field of the Penning-Ioffe trap is
approximately B =B+ B(xi — yg) where B specifies the strength of the magnetic
trap gradient and we have neglected the axially-symmetric gradient from the pinch
coils. This field is illustrated in Fig. 3.1a, where field lines that extend from a circle
form the shape of a twisted bow tie. Traveling in the Z-direction, field lines diverge
maximally in the z-z plane. In this case, a line that starts at a position zy bends
outwards to z(z) = z¢exp(Bz/By). Some representative maximally divergent field
lines are illustrated in Fig.3.1b.

The first theoretical study of charged-particle confinement in a Penning-Ioffe trap,
presented in Ref. [61] investigated single-particle trajectories. For small radii p, where

the quadrupole-Toffe field is much smaller than the axial field, 8p < By, stable
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Figure 3.1: (a) Representative magnetic field lines of the Penning trap (left)
and Penning-Ioffe trap (right). (b) Representative magnetic field lines for
B, /By = 0.8 (solid) and electrostatic equipotentials in 5V intervals (dashed)
within of a Penning-Ioffe trap shown inside of a cross-section of the trap
electrodes. (c) Electrostatic well depth along the field lines shown in part b
originating from the axial center of the trap at the specified radius. Field lines
beyond the apparent cutoff radius p = 12mm are no longer confining. (d)
Cutoff radius as a function of the relative quadrupole field strength, B,/By.
Adapted from Ref. [6].
trajectories are found by associating adiabatic invariants with each of the three well-
known Penning-trap orbits [63], the shapes and frequencies of which are modified due
to the Ioffe field. Even though stable single-particle trajectories exist, this report
brings up two potential challenges to confining many particles, as is desired for H
experiments. First, a maximum possible radius in a stable orbit is given pmax = Bo /B.
At pmax, the radius at which the Ioffe field strength is equal to the axial field strength,
the electric potential is no longer confining along the maximally divergent magnetic

field lines. Second, unstable trajectories exist for narrow resonances corresponding

to certain integer ratios of trap frequencies. For example, a particle trajectory that
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rotates about the trap axis (an Ex B drift) at twice the frequency of its oscillation
parallel to the magnetic field will rapidly increase its position beyond stable radii.
Furthermore, increasing the particle density can introduce collisions and space-charge
fields that broaden resonances [61]. Therefore we expect the addition of the Ioffe trap
fields will cause an initial immediate loss of particles at large radii followed by possible
continuous loss as particles gradually increase their radial position.

Before moving on to experimental tests of these potential limitations, we should
note that since the trap electric potential differs substantially from an ideal quadrupole
at large radii, the actual maximum stable radius differs from pmax. This cutoff radius
in a realistic trap generated by finite-length electrodes has a simple explanation, il-
lustrated in Fig.3.1b-d. Consider the electrostatic well depth of a particle traveling
along each magnetic field line shown. Each line that terminates to the right at a
grounded electrode has a well depth equal to the magnitude of the potential at the
axial center of the trap. A line that starts at a large enough radius, on the other
hand, terminates at the central electrode and provides no confinement. Figure 3.1c
shows the effective well depth along field lines that start at the specified radius, with
a sharp transition from confined to unconfined occurring at the effective cutoff ra-
dius. In Fig. 3.1d, the cutoff radius is shown as a function of magnetic field strength
parameterized by the ratio B,/By, where B, is the quadrupole field at the electrode
inner radius R, = 18 mm, i.e. B, = fR..

We begin experiments by loading either 9x 10* or 2.8 x 10° p in a uniform magnetic
field (By = 1T, = 0) in a Penning-trap well centered in the Ioffe trap (methods

in Section 2.2.2). Briefly, 4 x 108 e~ are used to stack P from 3 or 10 consecutive p
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Figure 3.2: (a) Integrated fractional loss (solid) for 2.5 x 10° p as the
quadrupole current (dashed) is increased to generate a relative peak field
of B,/By = 1.7, held for 300s, and returned to 0. (b) Total fraction remain-
ing in trials of 9 x 10* (filled) and 2.5 x 10° (open) p with the relative peak
field B, /By specified. Adapted from Ref. [6].

injections. After the e~ are removed by pulsed ejection, the P are transferred to a
well created by applying 50V to a standard radius-length electrode in the position of
electrode CS (shown in Fig. 2.2).

Figure 3.2a shows the fraction of 2.8 x 10° D lost as the Ioffe quadrupole coil
is increased to 69 A (corresponding to B,/B, = 1.7) at 0.1 A/s, held for 300s, and
returned to 0 A (the corresponding field strength is discussed below). Antiproton loss
is determined by annihilation detection (Section 2.3.3). The P loss rate increases until
the maximum field is reached, after which losses are marginal. This observation is
consistent with the immediate loss of particles beyond a maximum stable radius and
little continuous expansion and loss due to multi-particle effects.

Figure 3.2b shows the fraction of 9 x 10* and 2.8 x 10% p that survive this procedure

for various maximal magnetic fields. Note that this test has been undertaken without
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Figure 3.3: Fraction of e~ remaining after the radial trap field is increased to
the relative field strength B,/By, held 0 to 600s as specified, and returned
to B, = 0. Smooth curves are added to guide the eye. Adapted from Ref. [6].

the solenoidal pinch coils that provide axial confinement (see Fig.2.5), since this
allows us to probe larger relative field strengths B,/By. When the full loffe trap
is energized, the pinch coils increase By to 2.1T, resulting in B,/By = 0.78. We
conclude from these studies that P confinement appears sufficient for H production.

For the second ingredient required to make H, Fig. 3.3 shows an analogous mea-
surement undertaken with e™, as a convenient substitute for e*. In this study, 4 x 107
e~ were used. The first particle loss is observed for B,/By =~ 0.5, corresponding to
an initial maximum electron radius of approximately 14 mm inferred from the cutoff
radius. In contrast to the P study, appreciable constant-field loss is observed in these
trials. Without sophisticated models of this loss it is not feasible to differentiate
the immediate and continuous loss mechanisms from these data, since the magnetic

field changes occur over a relatively long time scale. Nonetheless, it is apparent that
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confinement is sufficient for H formation with procedures that take on the order of
100s.

Here we have only presented a proof-of-concept demonstration of stability in a
Penning-loffe trap. While further results are presented in Ref. [49], detailed studies,
enabled by the plasma diagnostics developed in Chapters 4 and 5, are left for future
study if they become necessary to optimize H experiments.

Our measurements were preceded by a series of experiments that prompted a
much different outlook for the prospects of the Penning-Ioffe trap [62, 64|. In a study
closely related to ours, loss of roughly 80% of e~ within 20s at B, /By = 0.8 led the
authors to conclude that antihydrogen could not be produced within a substantial
quadrupole-Ioffe trap [64]. In their experiment, the temperature, length, and density
of the plasmas each differed from our studies by at least a factor of 10, and By = 0.4 T.
Reference [49] offers some speculation on these differences, although it is difficult to
say much without more data. A diffusive model for radial transport presented in
Ref. [65] is a start to understanding these éxperiments, but the model has only mixed
success describing measurements near the resonance [66] and has yet to be studied for
rotation frequencies significantly less than the axial bounce frequency, as is the case
in our plasmas. Moreover, to apply to our e~ and et plasmas, the collisions dynamics

used in the model must be altered to accommodate strong magnetic fields [67).

3.2 Antihydrogen Produced in a Penning-Iloffe Trap

Since charged-particle confinement appears sufficient, we move on to a proof-of-

principle demonstration of H synthesis in a Penning-Ioffe trap. To begin, 1 x 10°p
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Figure 3.4: Trap potentials during the H formation in a nested well. (a)
The P cloud and et plasma, schematically shown within a cross-section of
the trap electrodes, are held in the (b) initial nested-well trap potentials.
(c) After the Ioffe trap field is increased to the desired strength, a detection
well is created with electrode UTR10. (d) H formation occurs as the e* well
(dashed) is decreased until it is eventually inverted (solid).
and 6 x 107 et are loaded into a nested Penning trap [41] as shown in Fig.3.4a-b.
The P are loaded by injection from a well with large potential energy on electrode
UTR3. Collisions with e cool the P to their positions shown, with axial energy on
the order of the well depth, 10,eV. The e, meanwhile, cool via synchrotron radiation
to equilibrate with blackbody radiation from the 4K trap electrodes.

As in the stability studies above, the Ioffe trap current is then increased at 0.1 A/s

to the desired field. The deepest trap is produced by 69 A in the quadruple coil and
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80 A in the solenoidal pinch coils. As discussed in Section 2.1.2, this corresponds to
a trap depth of 380 mK for low-field-seeking ground-state H. Once the magnets have
been energized, a deep P well is created on electrode UTR10 (Fig. 3.4c) which will be
used to detect H.

Antihydrogen is formed as the e™ confinement is decreased over 11 min, as shown
in Fig. 3.4d. Once the potential barrier is just low enough, a p enters the e* plasma
with relatively little kinetic energy. Atoms are formed by three-body recombination,
when a p-e* bound state is formed as a second et carries away excess energy. At
the end of this procedure, the remaining positrons escape since they are no longer
confined by the trap potential (solid line in Fig. 3.4d).

Antihydrogen atoms are detected by a Stark-ionization technique [2]. Atoms that
travel to the detection well on electrode UTR10 and are stripped in an electric field of
20-120 V/cm leave their b trapped within this well. These electric fields correspond
to detection of guiding center atoms with a radius of 0.2 to 0.4 um [49]. After H
formation, the Ioffe trap fields are removed over 1 min and the P remaining in the H
formation region are ejected. In the final step, the P delivered to the detection well
by H are ejected and counted (methods in Section 2.3.3).

Figure 3.5 shows the number of H detected by this method. The key demonstration
is a count of 200 H atoms produced within the full Ioffe trap field. Interestingly, this
is an increase from the roughly 100 atoms detected when no Ioffe field is applied.
For comparison, trials are also shown for which only the solenoidal pinch coils were
energized. These trials also generally show an enhancement with 500 atoms detected

at full field, although there are some outlying, yet reproducible, counts at intermediate
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Figure 3.5: Antihydrogen atoms detected by counting P collected by Stark
ionization. Trials are conducted in varying Ioffe trap strengths with (filled)
and without (open) the radial trapping field. Smooth curves are added to
guide the eye. Adapted from Ref. [6].

fields. Speculatively, the enhancement may be due to increased plasma densities at
higher magnetic fields (see Section 4.2.2). This enhancement is then partially offset
by the deleterious effects of the radial quadrupole field. Although these trials conjure
many questions, as a proof-of-concept the data are clear. Many H atoms have been
formed within a Ioffe trap. This is an important milestone toward the goal to loading

a magnetic trap with H for spectroscopy.

3.3 Search for Trapped Antihydrogen

To search for trapped H, we detect p annihilations while the Ioffe trap is turning
off. In these trials, no Stark-ionizing detection well is used, and after the atom
formation procedure, all charged particles are ejected from the Penning trap with an

electric field on the order of 1V/cm along the entire trap axis. The trap is opened by
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Figure 3.6: Opening the Ioffe trap to look for captured H by quenching a
radial racetrack coil. (a) Cross-section of trap contours in the axial center
of the trap during the quench. The trap boundary, a Penning-trap electrode
surface is shown (dashed). (b) The rapid change in field induces a voltage on
a nearby solenoid which is used to determine (c) the diminishing trap depth.
(d) Trapped H would appear as detector counts above background while the
trap is opening.
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quenching one of the four racetrack coils of the quadrupole magnet with a resistive
heater. This approach is used to turn off the trap in a time shorter than that which
is otherwise limited by internal protection diodes [52].

This quench procedure is illustrated in Fig. 3.6. Here, the quench is observed by
the voltage induced on a nearby magnet, the antiproton-loading solenoid. The mutual
inductance of the quenched racetrack coil and solenoid is used to determine the coil
current, and thus trap depth, during the quench. This measurement has also been
verified with a magnetometer located outside of the cryostat. Figure 3.6¢c shows that
approximately 80% of the trap is removed in 1s, and the corresponding detection
window is shown in Fig.3.6d on real-time data collected for a particular detector
channel. As discussed in Section 2.3.3, the detector performance may be improved
by considering certain combinations of detectors that distinguish antiproton annihi-
lations from cosmic rays. A nearly optimal combination with our current detectors
proposed in Ref. [48] corresponds to an efficiency of 25% with a background rate of
0.5 Hz. Detection of H with 99% confidence in one trial requires three counts with this
detector scheme, corresponding to roughly 12 atoms. This trial therefore sets a limit
on the number of H atoms that are trapped. A slightly worse detection scheme was
used in the first atom-trapping trials, resulting in our report of fewer than 20 trapped
H per trial [6]. It should be noted that over the last two years, trapped-antihydrogen
experiments have been conducted by ATRAP for various particle numbers and nested-
well mixing schemes in our apparatus, although these measurements are not a focus
of this thesis. Last year trapped atoms were detected by the ALPHA collaboration

in an apparatus that is optimized for detecting small numbers of H atoms. A first
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report demonstrated an average of 0.1 atoms captured per trial [68], and a recent up-
date announces roughly 1 atom per trial [45]. While consistent with our experiments,
these important studies quantify the challenge remaining to substantially increase the

number of trapped atoms, as desired for precise spectroscopy.

3.4 Discussion

This chapter presents a key milestone toward our goal of the spectroscopy of Hina
magnetic trap. In our first experiments in a combined Penning-Ioffe trap, we find that
although the confinement of p and e™ is worsened by the asymmetric magnetic field,
it appears sufficient for H formation. The following proof-of-principle H synthesis in
a Penning-Toffe trap succeeds, and a first attempt to trap H atoms sets a limit of
fewer than 12 trapped atoms.

Moving beyond this first demonstration, the experimental goal is clear. We seek to
substantially increase the number of H atoms that can be loaded into a magnetic trap.
The optimal procedure and plasma parameters for doing so are much less certain.

The parameters of the nested-well scheme that we may be able to control, for
example, include the density, size, and temperature of the e* plasma, the number of
p and the kinetic energy and radial position with which they enter the e* plasma. The
optimal P parameters are most apparent. Since many fewer p than et are available
for experiments, the number of atoms produced should scale linearly with the number
of p. The importance of the initial P velocity depends on the effectiveness of cooling
in the e* plasma, yet small velocities are likely advantageous. (It should be noted

that the number of P used may effect the initial p velocity since an increased collision
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rate in the side of the nested well acts to thermalize the P cyclotron and axial motions
and evaporate P into the et plasma at relatively large axial velocities.) Additionally,
the P are best kept near the trap axis for both stability in the Penning-loffe trap
and more importantly, to reduce the rotational velocity acquired due to the radial
electric field within the et plasma. A low et density reduces this effect at the cost of
diminished atom-formation and cooling rates.

A considerable experimental challenge is the lack of diagnostics available to mea-
sure the properties of H that is produced. An innovative use of Stark-ionizing filters
has previously allowed for measurement of the velocity and internal states of a subset
of H produced |2, 44], but this technique is not sensitive to slow, deeply-bound atoms
in which we are most interested. Without other methods available, we first seek to in-
crease the number of trapped H until measurements with these atoms provide further

diagnostics. The following chapters constitute a substantial step toward this goal.
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Chapter 4

Controlling the Geometry of Trapped

Plasmas

To optimize the production of antihydrogen that may be confined in a magnetic
trap, we first seek to characterize and control the trapped antiproton and positron
plasmas from which it is synthesized. In the present chapter, we consider the geometry
and density of these plasmas.

Following a brief review of the macroscopic properties of trapped plasmas, the
oscillation frequencies of these plasmas are shown to provide an experimentally con-
venient approach to determine their geometry. Instrumentation used to measure these
oscillations is described, along with a demonstration in which the shape of a plasma is
controlled by varying trap fields. In the final section, a rotating electric field is used
to apply torque to radially compress plasmas. Plasma radii as small as 2 mm are
achieved, and the possibility for further compression is discussed. For plasmas with a

known number of particles, provided by the loading and counting methods of Sections

46
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2.2 and 2.3, the techniques in this chapter allow for control of their size, density, and
rotation frequency. These parameters are foreseen to be critical to optimizing the

formation of cold, trappable antihydrogen.

4.1 Theory

The properties of trapped nonneutral plasmas have been extensively reviewed
elsewhere [55]. A brief summary is presented here.

Radial confinement of a plasma in a Penning trap can be viewed as a consequence
of angular momentum conservation. The canonical angular momentum of a plasma
with N particles, each with charge g, mass m, azimuthal velocity vy, and radial
position p is

N

Py = jzzlmve,j/)j + %Bﬂ? ~ %B<P2> (4.1)
where B is the strength of the uniform, axial magnetic field. For plasmas considered in
this work, the mechanical angular momentum, the first term on the right, is typically
five orders of magnitude smaller than the contribution due to the magnetic field, the
second term. Therefore, to a very good approximation the cylindrical symmetry of
the trap, which implies conservation of Py, results in a constraint on the mean square
radius of the plasma. In real-life traps, slight asymmetries are unavoidable and the
resulting torques cause radial expansion of a trapped plasma. In practice, we find
that these torques are small enough to achieve plasma confinement times of many
days.

The thermodynamic equilibrium state of a trapped nonneutral plasma has a uni-

form density n and undergoes rigid-body rotation at frequency w,. The uniform den-
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sity is a consequence of the particles moving to shield out the external trap potential,
as viewed in the rest frame of the plasma. The length scale over which external fields
are shielded is the Debye length Ap = \/W , so at the outer edge of a plasma,
the density falls to zero over a length Ap. The rotation results from the crossed elec-
tric and magnetic fields. The density of a plasma is related to the rotation frequency
by

_ 2epmuw, (W, — wr) _ 2epmuw,we

n = p ~ = - (4.2)

where the w, = ¢B/m is the familiar cyclotron frequency which is typically three
orders of magnitude larger than w,, so to a good approximation w, o n.

In the case of an ideal Penning trap, the trap potential is a quadrupole and
the resulting plasma shape has been shown to be a spheroid [69, 70]. It is con-
venient to characterize the trap potential in terms of an axial frequency w,, i.e.
¢, = (mw?/2q)(2? — 1p?), and the spheroidal plasma shape may be characterized
by its axes in the radial and axial directions, r, and z,. The relative shape of a
plasma, given by its aspect ratio o = z,/rp, is related to its density and the trap

strength by

w? _ Qi(a/va? —1)

2 2 _
W o 1

(4.3)

where w, = 1/q2n/(eom) is the plasma frequency and @ is the Legendre function of

the second kind [70]. A second equation relates N to n by the absolute size of the

plasma

4
N = gwa'rgn (4.4)

Finally, by calculating the mean square radius of a spheroid, Eq. 4.1 gives the angular
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momentum of a spheroidal plasma in terms of its radius

1
Py =~ quBr; (4.5)

in the our typical limit that w, < w,.

Equations 4.3 and 4.4 reveal that only two parameters are needed to specify the
geometry of a plasma in known trap fields. In particular, any two of n, a, 7, and
N are sufficient, except for the pair n and « which are directly related by Eq. 4.3.
The two additional parameters w, and P, are each given by their own bivariate rela-
tionship: Eq.4.2 relates w, to n and Eq. 4.5 relates Py to r,. The latter relationship
is particularly useful in understanding how a plasma evolves when the trap fields
are gradually changed, provided undesired torques can be neglected. When w, is
gradually decreased, for example, 7, remains unchanged since F o< Tg. The plasma
expands axially according to Eqgs.4.3 and 4.4. A decrease in B results in an increase
in rp,, since B o« 7, 2. An accompanying slight decrease in z, is predicted, a result
of the decrease in the space-charge potential. These relationships are confirmed by
experiments in Section 4.2.2.

In typical experiments, the number of particles N is determined by reproducible
loading methods (Section 2.2). Furthermore, it is often possible to determine N at
the end of an experiment by a final destructive counting method (Section 2.3). For
the second parameter needed to specify the geometry, r, can be determined from
this same count if a detector with spatial resolution is used [71]. A previous ATRAP
apparatus, for example, employed a Faraday cup aperture that clipped the plasma at
a particular radius [72]. The following section summarizes an alternate method to be

used throughout this work to determine a second plasma parameter: the frequency
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of an internal oscillation of a plasma gives an independent relationship between the
n and « [73].

Before moving on, we should note that a plasma does not have the shape of
a spheroid if the electrostatic trap potential deviates substantially from an ideal
quadrupole. In this case, the plasma shape may be calculated iteratively with the
computer code equilsor2 [74] that has been implemented in previous ATRAP re-
search [58, 49]. This code determines the equilibrium geometry of a plasma by self-
éonsistently solving Poisson’s equation and the plasma density distribution by finite
difference methods. Such a calculation was needed, for example, to interpret mea-
surements of a plasma with a radius that was a substantial fraction of the electrode
radius [75]. Since the development of the rotating-wall technique, discussed below,
it is typically desirable to work with near-spheroidal plasmas of relatively small radii
which avoid this complication. However, for experiments that require axial particle
loss from a well, such as the antihydrogen experiments in Chapter 3 and antiproton
temperature measurements in Chapter 5, the plasmas deviates substantially from a

spheroidal geometry and numerical calculations of the plasma shape are needed.

4.2 Plasma Modes of Oscillation

A deformation of the density distribution of a trapped plasma results in oscilla-
tions about the equilibrium distribution. For small displacements, this motion can be
described in terms of linear normal modes of oscillation. For the case of a magnetized
(w, > w,) zero-temperature spheroidal plasma, the eigenmodes are known analyti-

cally [73]. By convention, the modes are classified by two integers (I, m) with axial
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mode number satisfying [ > 0 and azimuthal mode number satisfying [ < m < 0.
The azimuthal mode number m describes variations along the azimuth, and the axial
mode number [ corresponds to variations along the spheroid surface perpendicular
to the azimuth. In general, there are many modes for a given ({,m). In the case
of axially symmetric modes in which m = 0, for example, there are 2/ modes with
indices (1,0) [73].

The eigenfrequency w; of the axisymmetric mode (I,0) is given by

Wk Blk)Q(k) (462)

WPk B (k) Qu(ks)
where P, and Q) are Legendre functions of the first and second kind respectively, F/

and Q)] are their derivatives, and we define

(0% (o4

[a? —1 + :7” a? -1
1

This is a generalization of Eq.4.3, which considered just the (1,0) center-of-mass
frequency w; = w,. Relative frequency corrections to this expression due to finite
temperature [76] are on the scale of 10 °/K for the low-order modes of plasmas
measured in this work. Although this shift is negligible in the determination of plasma
geometry, its application as a temperature diagnostic is considered in Section 5.2.
Equation 4.6 introduces an independent relationship between n and o for each mode
frequency w; measured. Below we will use this to fully specify a plasma of known
N by measuring the (2,0) quadrupole mode frequency wy. The axial frequency w, is
measured as well, since this gives a more precise determination of the trap potential
than is known otherwise.

Modes of spheroidal plasmas were first measured with *Be™ ions by detecting a
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change in fluorescence due to Doppler shifts resulting from a resonant radio-frequency
drive applied to the trap electrodes [77]. In addition, eigenfunctions have been directly
imaged by this technique [78]. For plasmas that cannot be optically imaged, modes
may be detected by oscillating image currents induced on trap electrodes. Modes of
spheroidal electron plasmas, for example, were first measured as peaks in the noise
spectrum of a cryogenic tuned circuit [79]. In these studies, plasmas of very low
aspgct ratio were used so that many mode frequencies fit within the resonance of the
tuned circuit.

For antihydrogen experiments, electron and positron plasmé mode frequencies
have been measured by applying a radio-frequency drive to a trap electrode and mea-
suring the signal transmitted to a neighboring electrode [80, 75, 58]. Plasma modes
are indicated by an increase in transmission due to the resonant excitation of the
plasma. In an important study, this technique was used to show that the geometry of
a plasma determined by mode measurements agrees with that subsequently measured
by a segmented particle-counting detector [75]. It should be noted that for a plasma
in a non-equilibrium distribution, it is difficult to determine the geometry from mode
frequencies. In recent experiments by the ALPHA collaboration, this has motivated

the use of an alternate destructive measurement scheme [81].

4.2.1 Instrumentation and an Example Measurement

For the work presented in this thesis, a pulsed-drive ring-down-detection mea-
surement scheme has been implemented, as shown in Fig.4.1. A drive signal of

10 to 100 MHz is generated (Programmed Test Sources PTS 250) and gated by
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Figure 4.1: Schematic of apparatus used to excite and detect plasma modes.

a pulse with a typical duration of 1 us (Stanford Research System DG535, Mini-
circuits ZYSWA-2-50DR). The resulting pulsed drive has a spectrum approximated
by a sinc function centered at the drive frequency with a full-width-half-maximum
equal to the reciprocal of the pulse duration. This drive is applied to a trap electrode
adjacent to the plasma. The resulting plasma motion induces an oscillating current
on the opposite trap electrode which corresponds to a voltage generated across a re-
sistor in that electrode’s cryogenic electrical filter (see Section 2.1) . This signal is
amplified by room-temperature broadband amplifiers, heterodyned with the initial
drive frequency, passed through an anti-alias filter, and recorded by an oscilloscope
(Cleverscope CS328A-4).

This measurement scheme has a few advantages over the tuned-receiver approach
used previously. In that case, the sweep time is constrained by the resolution band-
width and precludes the resolution of a mode spectrum in a single transient ring
down. As a result, the modes must be measured during continuous excitation. Alter-

nately, operating the analyzer in zero-span mode allows for detection during the ring
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Figure 4.2: Measured ring-down spectra of (a) axial and (b) quadrupole mode
resonances. The plasma parameters and fit results are discussed in the text.

down while using a pulsed drive, but requires multiple measurements as the drive and
receiver frequencies are swept across the resonance [49]. In contrast, the ring-down
detection scheme above can determine the mode frequency to a few kHz within in a
range of a few MHz in a single measurement. This reduction of scan time was sought
for development of the rotating wall discussed below, which can result in shifts of tens
of MHz in mode frequencies. Even after modes are identified, this scheme provides
for an improved measurement rate due to instrument data transfer rates. Averaging
multiple measurements improves the signal-to-noise ratio to achieve a measurement
uncertainty of 100 Hz within a minute, which enables the resolution of slight tempera-
ture shifts, as discussed in Section 5.2. Further improvement in the measurement rate
by two orders of magnitude, made possible by removing downtime due to data trans-
fer with multiplexed oscilloscopes, would further increase the signal-to-noise achieved
within this measurement time.

Figure 4.2 shows typical center-of-mass and quadrupole ring-down spectra. These

data result from the fast Fourier transform of recorded voltages starting 3ps af-
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Figure 4.3: The length and radius of a plasma determined by mode frequency
measurements as the (a) trap potential and (b) magnetic field are first in-
creased (circles) and then decreased (diamonds). The shape at a few rep-
resentative points is shown in gray. The prediction of Eq.4.3-4.5 are shown
(dashed).

ter the end of the excitation drive. For this example, the measured frequencies
w, /27 = 35.6980+0.0005 MHz and w, /27 = 51.326+0.001 MHz and particle number
N = (96 & 2) x 10°® correspond to a plasma with radius 7, = 5.12 & 0.04mm and
density n = (8.800 + 0.002) x 105 cm™3. The reported uncertainties in the mode fre-
quencies are estimated from typical trial-to-trial fluctuations, while the Lorentzian fits
in Fig. 4.2 estimate parameter errors approximately five times smaller. The dominant
error in the calculated radius comes from the uncertainty in N, which was determined
at the end of the trial. The resonance widths of 9.4 kHz and 9.8 kHz, for the axial
and quadrupole modes respectively, correspond to exponential damping times of ap-
proximately 20 us. The measured spectra are independent of the delay between the

drive and measurement as well as of the drive power (checked over a range of 20 dB).
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4.2.2 Controlling the Geometry of a Plasma with Trap Fields

One application of the non-destructive determination of geometry from mode fre-
quencies, is to investigate the manipulation of the shape of a plasma with trap fields.
For this example, a plasma of electrons with N = 90 x 10° and r, = 7.2 mm is loaded
with B = 1T in a trap produced by applying 98 V to electrode LTE3 (Fig. 2.3) with
respect to the the other electrodes. The length 2z, and radius r, of the plasma are
determined from a measurement of w, and wy as the applied voltage and magnetic
field are varied. Figure 4.3a shows z, as the potential is varied from 70 to 204V
with B = 2.2 T. The plasma shortens with increasing trap potential while the radius
remains constant. Next, r, is varied by changing the magnetic field from 1 to 3.4T
while the potential is held at 98 V, as shown in Fig. 4.3b. These measurements agree
with the prediction of Egs. 4.3-4.5 (dashed lines) Again, the measured geometry is
in agreement with the predictions. For both tests, data is shown for increasing (cir-
cles) and decreasing (diamonds) trap fields, demonstrating that the manipulations

are reversible.

4.3 Compression of a Plasma by a Rotating Electric

Field

For control of the geometry of trapped plasmas beyond what is possible by vary-
ing trap fields, we need another method to change the angular momentum of the
plasma. According to Eq.4.5, an applied torque results in either radial compression

or expansion. This has been achieved, for example, by off-axis resonant laser beams
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directed perpendicular to the trap axis [69, 77]. For trapped particles without op-
tical transitions, as for our trapped particles, a torque may be applied by breaking
the cylindrical trap symmetry with an azimuthally asymmetric rotating electric field.
This method is commonly referred to as a rotating wall [82].

In the first demonstration of the rotating-wall technique, it was found that the
applied torque is greatest when the rotating wall frequency wrw is resonant with
plasma modes of non-zero angular momentum [82, 83, 84]. As the excited modes damp
through collisions, their angular momentum is transferred to the bulk distribution of
the plasma. As a consequence, exciting modes that rotate faster than the plasma
causes radial compression. In principal, the plasma can compress until its rotation
frequency w, equals the plasma mode resonant with wgw. However, typically the
background drag due to trap asymmetries increases with density, resulting in a torque-
balanced state with w, < wgw. Further complications arise from heating due to the
rotating-wall drive, which results in frequency shifts of the plasma modes [84].

Recently, a qualitatively different rotating-wall regime was observed with a suffi-
ciently strong rotating-wall drive, plasmas with high aspect ratios, and a large mag-
netic field [85, 86, 87|. In this strong-drive regime, a large torque is achieved over
a broad range of wrw without tuning to plasma modes. Furthermore, the resulting
plasma rotation frequency nearly matches the drive frequency w, = wgw. Neither the
torque mechanism nor the parameters for which the strong-drive regime is achieved
are yet clear. Preliminary experiments point towards a coincidence in the emergence
of the these results with the onset of a new density-independent transport regime

[85]. Speculatively, this suggests that a large particle cooling rate may be important
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to reduce the plasma temperature during the rotating-wall drive. A low temperature
corresponds to large collision rates that enable reduced transport. A second experi-
ment that demonstrated w, &~ wrw studied a crystallized spheroidal plasma of 9Be™
ions [88, 89]. Notably, in these experiments the rotating-wall drive was applied over
the entire length of the plasma, which is in contrast to Ref. [85] in which good com-
pression was only achieved if the drive was applied over less than half of the plasma
length.

Despite these unresolved theoretiéal issues, the rotating wall technique has been
used in a number of experiments to achieve high-density plasmas and improve storage
times by mitigating radial expansion. A rotating wall operated during buffer-gas
cooling of positrons, for example, has been used to enhance the brightness of positron
beams [90]. Control of positron plasmas by a rotating wall has previously been

implemented in antihydrogen experiments [91, 92].

4.3.1 Demonstration

The ATRAP apparatus (Fig.2.3) contains electrodes that can be used to apply
rotating-wall fields in both the positron and antiproton loading regions. As illustrated
in Fig.4.4d, these rotating wall electrodes consist of four azimuthal segments with
independent radio-frequency electrical connections. For this study, the segments are
driven at wrw, each with a unique phase that differs from its neighboring segments by
7/2. These drive signals are generated with a Harvard-built multichannel synthesizer
using single-chip direct digital synthesizers (Analog AD9954). The resulting rotating-

wall field near the trap center corresponds to a rotating dipole potential ¢rw o<
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Figure 4.4: (a) An electron plasma positioned within the trap electrodes
during a rotating-wall procedure in a (b) flat or (¢) harmonic (w,/2r =
13MHz as shown) trap. Potentials along the trap axis (solid) and at the
electrode surface (dotted) are shown. The quadratic potential (dashed) is
well-approximated by the harmonic trap. (d) Schematic top view of the
segmented electrode LTRW with drive phases.

ysin(wrwt) —  cos(wrwt).

Figures 4.4b-c show two examples of trap potentials used during application of the
rotating wall in the antiproton-loading region of the trap. In Fig. 4.4b, a flat Penning-
Malmberg potential is created by applying a uniform voltage to three diameter-length
electrodes. In Fig.4.4c, an approximate quadrupole potential is created with seven
adjacent electrodes. In this latter case, a least-squares routine is used to find the
electrode voltages that best approximate a harmonic potential with specified w, over
the region of the plasma. Although flat potentials allow for closer comparison with

previous work, particle loss is typically observed during both the formation of these

wells from single-electrode wells and at the start of the rotating-wall drive. As seen
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Figure 4.5: (b) Rotating-wall compression of the plasma radius as a function
of drive duration. (d) Compression achieved in 300s as a function of drive
frequency frw = wrw/27. The harmonic rotating-wall potential is varied ac-
cording to the specified f, = w,/27. (a,c) The number of particles remaining
at the end of each corresponding trial. Smooth curves are added to guide the

eye.
below, these losses are avoided with the use of harmonic potentials.

A demonstration of radial compression due to a rotating wall is presented in
Fig.4.5. Each trial begins with an electron plasma of N = (100 £ 5) x 10° and
r, = 8.0mm loaded in a single-electrode well formed by electrode LTE3 with mag-
netic field B = 1 T. The initial number of particles is estimated from the measured
reproducibility of the loading procedure. The plasma is moved to electrode LTE2
(per method in Section 2.3.1) and a seven-electrode harmonic well, as in Fig. 4.4,
with specified w, is formed by smoothly change the electrode voltages over 10s. A
rotating-wall drive with peak-to-peak amplitude of 9V, duration Trw, and frequency

wrw is applied to the filter network for the segmented electrode LTRW (schematic
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in Ref. [52]). The resulting drive amplitude at the electrode vary from 0.7 to 3.5V
for wyy /27 of 1 to 8 MHz. After the drive, a wait of 60s allows the plasma to rether-
malize. The plasma is then returned to electrode LTE3 by the reverse of the initial
move procedure, the modes are measured, and the plasma is ejected to determine the
number of particles remaining (see Section 2.3.2). No change in plasma geometry was
found if the adiabatic move from the rotating-wall well to the mode-measurement
well was repeated many times or the cooling time was varied.

Figure 4.5b displays the plasma radius as a function of rotating-wall drive dura-
tion. The observed compression times, determined by fits to an exponential function,
are 50s and 300s for rotating-wall potentials corresponding to w,/2m = 7MHz and
19 MHz, respectively. The drive frequencies wrw chosen were those that were found
to achieve maximal compression for the corresponding w,. The higher compression
rate for lower w, may be due to a higher torque achieved as a consequence of the prox-
imity of the longer plasma to the segmented electrode. It is unexpected, however,
that different torques result in similar steady-state compression. Speculatively, this
may be a consequence of increased plasma heating in the case of the higher-torque
drive in which the difference between wrw and w, is greater, but further studies are
needed to explore this hypothesis. The number of particles remaining for each trial
is shown in Figure 4.5a. Typically, 95-100% of the initial particles remain at the end
of the trial.

The frequency dependence of the compression achieved in Tgw = 300s is shown
in Fig. 4.5d. Note that the rotation frequency of the maximally compressed plasmas,

wr /27 =~ 100 to 200kHz, is substantially lower than the drive frequency (wrw/wy >
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10). As discussed above, this suggests that we are not in the strong-drive regime
[85]. On the other hand, the relatively smooth frequency-dependence observed is not
consistent with sharp mode resonances [84]. It is possible that these rotating-wall pa-
rameters correspond to a transition region between these two regimes. Alternatively,
it may be that the high-frequency drive interacts with closely spaced high-order modes

which are substantially broadened by an elevated plasma temperature.

4.3.2 Suggestions for Further Rotating-Wall Studies

The rotating-wall method demonstrated in Fig.4.5 allows for reliable control of
electron and positron plasma geometries, enabling the studies presented in the follow-
ing four chapters. As discussed above, however, there remain outstanding questions
concerning the technique (for example, see Ref. [86]). To further motivate future
studies in the ATRAP apparatus, it appears that compression of the radius by an-
other order of magnitude, as has been achieved in similar experiments, is possible
[85, 84, 91].

If we decide to improve the compression achieved in the ATRAP apparatus, the
transition between weak and strong rotating-wall regimes should be further investi-
gated [86]. In particular, studies of compression as a function of drive frequency, as
in Fig.4.5d, should show a qualitative change from mode-resonant to a frequency-
independent compression as the drive amplitude in increased. These studies should
also be extend to drive frequencies as low as the initial rotation frequency, wrw =~ wy.
The importance of particle cooling may be investigated by the magnetic-field depen-

dence of the drive amplitude needed to achieve strong-drive compression. Addition-
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ally, plasma expansion rates may be measured as a function of plasma density to
test whether a density-independent rate coincides with the strong-drive regime, as
has been previously noted [85]. Lastly, monitoring the frequency shifts of plasma
modes (see Section 5.2) during and immediately after the rotating-wall process might
enable direct measurement of the plasma heating, provided the plasma remains in a

near-equilibrium state throughout the process.

4.4 Summary

In this chapter, we described the measurement and control of the geometries of
trapped plasmas used in the production of antihydrogen. A non-destructive mea-
surement of the frequency of two plasma modes, the center-of-mass and quadrupole
modes, is used along with the number of particles, estimated from reproducible load-
ing methods, to completely specify the geometry of trapped plasmas. Two methods
were then used to control this geometry. A plasma was expanded and compressed
within a limited range by varying the strength of the trap potential and magnetic
field. A rotating electric ﬁéld is used to apply a torque to a trapped plasma, resulting
in radial compression. This so-called rotating-wall method allows ATRAP to realize
plasmas with radii as small as 2mm. This technique results in control over a number
of related plasma, parameters critical to antihydrogen experiments, including density
and rotation frequency. Furthermore, the methods developed in this chapter enable
the experiments in the following four chapters, in which we will investigate the tem-
perature of trapped plasmas, develop techniques to cool antiprotons, demonstrate an

improved antiproton loading method, and investigate the nature of two-component
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electron-antiproton plasmas.
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Chapter 5

Measuring the Temperature of

Trapped Plasmas

We have previously seen how the number of particles (Section 2.2) and geome-
try (Chapter 4) of a plasma may be determined. The present chapter considers the
remaining parameter required to specify a trapped plasma in an equilibrium state,
its temperature. Two methods to determine the temperature of a plasma are inves-
tigated: measuring the axial energy distribution and measuring pressure-dependent
plasma mode oscillation frequencies.

The temperatures of positron and antiproton plasmas are key parameters in the
formation of cold, trappable antihydrogen. For antihydrogen formation schemes in
which the antiproton plasma is stationary, such as charge-exchange with a Rydberg
positronium beam [93, 48|, the kinetic energy of the antiprotons will directly deter-
mine that of the antihydrogen produced. For schemes in which the antiprotons are

injected into the positron plasma, such as three-body recombination in a nested well

65
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[41] (see also Chapter 3), the relationship is more complicated. The initial antiproton
temperature along with the mixing method will determine the velocity distribution
of antiprotons introduced into the positron plasma. From there, the positron temper-
ature plays a role in collisions that slow antiprotons and the complicated dynamics
that produces more deeply bound, low-energy, low-field seeking antihydrogen atoms

[19, 94].

5.1 Axial Energy Distribution

In this section, we use a direct measurement of the axial energy distribution to
determine the temperature of a trapped plasma. This is achieved by counting the
number of particles that are sufficiently energetic to escape past a known potential
barrier. This technique was first demonstrated with electron plasmas with tempera-
tures on the order of 10* K [95]. In this work, the method is extended to much lower
temperatures with antiproton plasmas temperatures as low as 3.5 K.

Consider a trapped 'antiproton plasma centered in electrode LTE2, as shown in
Fig.5.1a. The well depth W is defined as the maximum potential energy gained by
an antiproton as it travels along a magnetic field line, parallel to the trap axis, from
inside the plasma to escape over the confining barrier. Initially, the plasma is held
in a deep well in which W is much larger than the thermal energy, W > kT. The
plasma is then in thermal equilibrium with a distribution of axial energies E, well

approximated by a Boltzmann distribution

FUB) =\ = g e (‘,j) (5.1)
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Figure 5.1: (a) A plasma with 5 x 10° antiprotons shown in a cross-section
of the trap electrodes. (b) The diminishing on-axis trap potential at three
times during the measurement. (c) Expanded view of a shallow trap potential
(solid) and corresponding total potential, which includes the plasma space-
charge (dashed).
since truncation due to finite well depth is negligible. In general, a plasma may be
in a quasi-equilibrium state with two temperatures T = T}, and T, corresponding
to motion parallel and perpendicular to the magnetic field. This is possible since the
time scale to couple energy between these motions may be much longer than the time
required for each to independently thermalize [96].

To measure the plasma temperature 7T}, the potential applied to electrode LTE2,
and hence W, is continuously reduced, and the corresponding antiproton loss is
recorded by standard annihilation detection (see Section 2.3.3). The temperature
is deduced from the number lost as a function of W. We will limit the analysis to the
first fraction of the losses, typically 0.1 to 1%, which simplifies the calculation of the
space-charge potential, discussed below.

Neglecting collisions that redistribute energy between particles during the brief

measurement duration, the number of particles that escape dNe. when the well depth
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W is reduced by dW is determined from the axial energy distribution

W4+dW
N = N / F(E.)dE,
1%%4

= erf(vVW + dW) — erf(VW)
NdW [W W
w V 7er P ( kT ) (5:2)

The approximation in the last line simplifies the data analysis and is valid when dW/

2

is small compared to W and kT. This validity is easily checked by calculating the
exact result in terms of error functions, and for the measurements presented in this
thesis, the approximation is good to better than 5%.

Equation 5.2 assumes a static energy distribution, as would be the case if the
measurement was brief compared to the collision time. If this assumption is not met,
collisions can cause additional loss. A particle that initially has insufficient energy to
escape can acquire this energy in a collision while the measurement is underway. This
process is known as evaporation (for example, see Ref. [97]) and has been studied for

ions held in an electron beam ion trap [98]. The resulting loss is

dN,, = —

N —
Ndt  Ndt 3kT exp( W) (53)

Tev T Tl m— kT
where the evaporation time 7., has been rewritten in terms of the collision time 7,
which is discussed further below.

If the well depth W is reduced linearly in time, the total loss dV is easily ana-
lyzed. In particular, due to the common exponential term in the direct escape and
evaporation processes, the plasma temperature can be extracted from a linear fit to

a logarithm of the loss data

dN w %4
) = = R — 4
ln(dw) kT+aan+b kT+C (5.4)
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where the constants a, b, and ¢ are introduced for simplicity and to a good approxi-
mation In W does not vary significantly throughout the measurement.

To estimate the relative contributions of d N and dN,,, we must calculate 7.
A classic calculation of collision and transport properties of plasmas in no magnetic
field is presented in Ref.[99]. These calculations are performed by integrating over
all possible binary collisions, characterized by the impact parameter. If we define
Teot(B = 0) as the time required for collisions to redistribute k7" of energy from an
initial direction of motion to one in a perpendicular direction, the well-known result
is Teo(B = 0) = (4nb2nvg In A)™! for average thermal velocity v = \/Q—kT—/?ﬁ and
classical distance of closest approach b, = ¢?/(4wegkT). The Coulomb logarithm
InA = In(\p/b.) results from the limits of relevant impact parameters, b, and the
Debye length Ap.

In a magnetic field strong enough that the average cyclotron radius r. = V2mkT /(eB)
is smaller than Ap, the collision kinetics are substantially altered. In particular, the
dynamics are no longer isoptropic and processes parallel and perpendicular to the
magnetic field may occur at much different rates. Reference [100] shows that the
influence of the magnetic field on processes parallel to the magnetic field can encap-
sulated in a generalized Coulomb logarithm, In Ag. For so-called strongly-magnetized
plasmas where 7, < b, it is approximated by In Ag = r2/2b2. For typical antiproton
plasmas studied in this section, the calculated collision time 7e &~ 1ms correspond
to evaporation times 7., ~ 100s. Note that the magnetic field is estimated to have
increased these times by In Ag/In A = 300. This factor should be taken with some

caution, since plasma dynamics in strong magnetic fields is an ongoing area of study,
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and these results have yet to be verified experimentally. Nonetheless, for our typical
measurement duration of 1 ms, dN., is found to be insignificant compared to dNegc.

In addition to causing evaporative loss, collisions also act to reestablish a new
thermal energy distribution. In the case of substantial particle loss the new distri-
bution has a lower temperature, a result commonly called evaporative cooling. Since
we will analyze fewer than the first 1% of losses, the average energy per particle, and
thus temperature, would not change significantly during the measurement even if the
collision rate was sufficiently large.

Finally, it should be noted that the above discussion glosses over the radial de-
pendence of the trap potential by characterizing the confinement by the on-axis well
depth W = W(0). Instead, the analysis can be separated for particles at each radius
p, with corresponding well depth W (p). The well depth W {(p) increases with p since
the magnitude of the external potential Wy(p) increases with p while the repulsive
space-charge potential decreases with p. To make this explicit, Eqs. 5.2 and 5.3 can
be written in terms of dN(p), N(p), and W(p). The total loss is then determined by
integrating over p. The simplified Eq. 5.4 is valid as long as the off-axis well depths are
proportional to that on-axis throughout the measurement. This assumption has been
verified with the space-charge model discussed below. As a check, a full calculation
that includes radial dependencies has been found to agree with the on-axis analysis

for the measurements presented in this chapter.
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5.1.1 Space-Charge Potential Model

As shown in Fig.5.1c, the well depth W differs from the external potential Wy
due to the plasma space-charge potential. The Coulomb repulsion of particles sub-
stantially reduces the kinetic energy required to escape. Moreover, we will see that
it is a poor approximation to take the space-charge effect as constant throughout the
measurement. This complicates the analysis, since unlike W, which is determined
only by the electrode voltages, W requires a model of the plasma.

The geometry of the plasma throughout the temperature measurement is calcu-
lated with the computer code equilsor2 [74], discussed in Section 4.1. An equilibrium
geometry is preserved throughout the measurement since the axial expansion of the
plasma occurs at a time scale much slower than the relevant internal plasma dynam-
ics. The geometry is uniquely determined by the external potential, particle number
N, and total angular momentum FP; (see Section 4.1), so the ramp-out is modeled by
a series of calculations with specified N and P, for the trap potential at various times
throughout the measurement. A continuous model is constructed by interpolation.
The angular momentum is related to the initial spheroid radius r, by Equation 4.5.
Since we consider fewer than the first 1% of losses, N and P, are approximately con-
served in so far as they affect the plasma geometry. Extending the analysis further
would require including the effects of loss, which creates a non-equilibrium state with
its density preferentially diminished near the trap axis. Moreover, this distribution
would result in possible radial transport on the time scale of the measurement [101].

The on-axis potentials calculated at three times during the temperature measure-

ment of a 3-mm-radius plasma are shown in Fig. 5.2a along with the corresponding
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Figure 5.2: (a) On-axis trap (dashed) and total (solid) potentials calcu-
lated at three times during a simulated measurement, with corresponding
plasma outlines (inset). (b) Calculated well depth W as a function of volt-
age V applied to electrode LTE2 for measurements of plasmas with radii ry.
(c) dW/dV as a function of plasma temperature for each simulated plasma.

plasma shape (inset). For each of these curves, which corresponds to voltage V' applied
to electrode LTE2, the axial well depth W is determined. The calculated mappings
W (V) for plasmas with 1.2, 1.8, 3.0, and 5.0 mm radii are shown in Fig. 5.2b. These
curves differ primarily due to an increased on-axis space-charge potential caused by
radial compression.

To extract the temperature from particle loss data, Eq. 5.2 can now be expressed
in terms of V instead of W. To do this, a linear approximation of W(V) is taken over

the range of the measurement, near V =V,

dW
WV = W) = W(Vo) + -7 | (V= Vo) (5.5)
Equation 5.4 can now be expressed in terms of V'
dN V dW
In <a—‘/—> =~ —k:—j;—d‘—/: Vo + const. (56)
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An appropriate V; is determined by the value of W (V;) for which the total loss
dN/dW calculated by Egs.5.2 and 5.3 corresponds to the observed loss during the
measurement (typically 10 to 100 per meV). The resulting dW/dV calculated for plas-
mas of varying radius and temperature are shown in Fig. 5.2c. The slight temperature-
dependence of dW/dV is included when extracting the temperature from a fit to
Equation 5.6. Figures 5.2b and 5.2c show that although V; depends strongly on the
plasma radius, dW/dV during the measurement does not. Interestingly, data such as
those shown in Fig.5.2b and the measured voltage at which losses start provides a
direct measurement of the plasma radius. For example, determining this voltage to
within 10 mV corresponds to an uncertainty in radius of approximately 0.1 mm for
the smaller plasmas considered. The accuracy of this approach, however, requires a
careful consideration of patch effects on electrode surfaces and other limitations to
controlling the trap potentials. In practice, we find agreement with the 7, inferred
from electron mode measurements to within 0.4 mm.

Accounting for the space-charge potential is necessary since the space-charge po-
tential changes significantly throughout the measurement. The expansion of the
plasma increases the space-charge contribution to the total potential at the barrier
maximum. The space-charge potential inside of the plasma also diminishes slightly.
Neglecting this effect, corresponding to dW/dW, = 1, would be an error of factor of
1.3 to 2. This is in contrast to the original axial energy distribution measurements of
hot electron plasmas, which considered only very high aspect-ratio plasma for which
the change in space-charge potential was appropriately neglected [95]. It should be

noted that our analysis does agree with work on lower-aspect-ratio electron plasmas,
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Figure 5.3: (a) Antiproton loss recorded as W is reduced linearly in time for
five trials with plasmas containing the number of particles indicated. (b) The
measurement region of loss data for three plasmas of varying temperature.
The data are aligned by an offset in W, chosen so that the slopes, which
reveal the temperature, may be easily compared. Adapted from Ref.[103].

that we learned about during the writing of this thesis [102].

5.1.2 Measurement Example

Data from typical temperature measurements are shown in Fig.5.3. Antiproton
plasmas are prepared with a 2-mm radius in a 3.7-T magnetic field and transfered to
the potential scheme in Fig.5.1 with methods described in Chapters 2 and 4. The
voltage applied to electrode LTE2 is then reduced linearly in time, resulting in a
decrease in Wy of 2.2 eV/s. The antiprotons counted per unit change in well depth is

recorded as a function of the decreasing well depth.
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Five trials in which the number of antiprotons is varied from 2 x 105 to 3 x 10° are
shown in Fig. 5.3a. As a consequence of larger space-charge potentials, plasmas with
more particles show loss starting at a larger Wy. The nearly-vertical onset of particle
loss contains the first few thousand counts used to determine the temperature. This
fit region is shown for three trials with 5 x 10° antiprotons in Fig. 5.3b. These plasmas
were prepared at different temperatures by a varied amount of adiabatic cooling, as
discussed in Chapter 6. The temperatures are determined by a fit to Eq.5.6 to be
2.9+0.3,9.4+0.7, and 21 & 3 K, where the error estimated from the fit is due to the
error in counting small numbers of antiprotons. A better indicator of the uncertainty
in the temperature measurement is reproducibility with which plasmas of a certain
temperature can be prepared and measured, since this sets a practical limitation on
tests for systematic errors. In Section 6.2, for example, eighteen identically prepared
piasmas are cooled to mean temperature of 3.5 K. The standard deviation of 0.7K
in these repeated trials is a reasonable estimate of the precision of low-temperature
measurements. Within this reproducibility, identical temperatures are determined

when the measurement rate is varied from 1.1 to 4.3 eV/s.

5.1.3 Discussion

In the first demonstration of electron-cooling of antiprotons, an upper limit on
the resulting temperature was estimated by the total width of loss curves such as
Fig. 5.3a [34]. The method presented in this chapter improves upon this work by
calculating the space-charge potential and deducing the temperature from the high-

energy tail of the energy distribution revealed in the onset of losses. As a result,
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for the first time the temperature of antiproton plasmas are measured to a precision
greater than the space-charge energy, which is an energy on the order of 1000 K for 108
particles. In Chapter 6, this measurement method is used to study two techniques to
cool antiprotons: sympathetic cooling of antiprotons by a small number of electrons
embedded in an antiproton plasma, and cooling by adiabatic expansion. Concurrent
with this work, a closely related measurement was developed and used to demonstrate
evaporative cooling of antiprotons [104].

A lower limit on the temperatures amenable to this measurement is likely set
by fluctuations in the trap potentials. In particular, fluctuations on the order of a
few kT that occur on the time-scale of the measurement will completely obscure the
data. It is not clear what this limit is in our apparatus, since we have yet to produce
antiproton plasmas cold enough to create anomalous loss data. It is possible higher-
frequency fluctuations will heat plasmas during the measurement process so that such
a limit cannot be reached.

Lastly, we should note that although the analysis presented is applicable to positron
and electron plasmas, these measurements are hampered in our current apparatus by
less efficient counting techniques. Since positron detection efficiency is less than 1%,
reproducing measurements in this chapter based on only a few thousand particles
is not possible. To accommodate larger losses, the space-charge model developed in
Section 5.1.1 must be extended beyond the constant-N approximation. Alternately,
a high-efficiency detector such as a micro-channel plate may be used if it can be

practically incorporated into the complex apparatus.
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5.2 Measurement of Plasma Oscillation Frequencies

An alternate determination of plasma temperatures uses measurement of the fre-
quencies of internal oscillations of a trapped plasma (introduced in Chapter 4). In
contrast to the axial energy measurements discuss above, this method does not require
destructive counting of small numbers of particles. This approach appears well-suited
to the continuous monitoring of plasma temperatures, a diagnostic that could, for ex-
ample, lead to precise control of the temperature of positrons during antihydrogen

synthesis.

5.2.1 Background and Theory

A temperature-dependent correction to the zero-temperature expression for mode
frequencies (Eq.4.6a) arises from a finite plasma pressure [76, 105, 106]. While pres-
sure does not alter the (1,0) center-of-mass oscillation frequency, higher-order internal
oscillations increase in frequency with temperature. In this study, we measure the
temperature-dependent (2,0) quadrupole frequency ws(T'), which is predicted [76] to

differ from its zero-temperature value w,(0) according to

o = o + 20 (5 2 e O (2B ) o)

mz2 2 [we(0)]2002 | a2 -1

where Q; is the Legendre function of the second kind and k; = a/va® — 1 as intro-
duced in Eq.4.6a. For a small change in temperature AT, the corresponding change

in quadrupole frequency Aws is approximately linear in AT
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which is valid for Aw,/wy < 1. This criterion is satisfied for plasmas in this study,
for which a temperature change of 1K results in Aws/w, &~ 107°.

The first measurements of the temperature dependence of spheroidal-plasma modes
were undertaken using electron plasmas in the temperature range of 30-150 meV [76].
More recently, this technique has been applied as a diagnostic of positron plasmas
heated by 50-500 meV [107] and electron plasmas at temperatures of 500-3000 meV
during the electron-cooling of high-energy protons [108]. In a related approach, the
temperature-dependent resonance widths of electron-plasma modes in a Penning-
Malmberg trap have been measured for temperatures of 50-5000 meV [109, 110].
Below we study substantially colder plasmas than those in these previous studies. In
particular, we investigate temperature changes of 0.1-0.3 meV (1-3 K) in cryogenic

plasmas.

5.2.2 Measurements

A temperature variation AT = 2.6K in a spheroidal electron plasma is shown
in Fig.5.4. In this example, the plasma parameters are N = 104 million, w,/27 =
35.5 MHz, a = 2.21, and r, = 4.82 mm. To produce this modulation in temperature,
the surrounding trap electrodes are varied between 1.5 and 4.5 K by altering the
pressure in the pumped helium cryostat [53] (see also Section 2.1). The electron
cyclotron motion couples to the electrode via blackbody radiation with a characteristic
time of (7,) ™" = 3meomec®/g’w? = 2s in the 1-T magnetic field used throughout these
studies. The equilibration of motion parallel to the magnetic field with the cyclotron

motion occurs at a rate strongly dependent on the plasma temperature [96, 111|. For
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Figure 5.4: Relative quadrupole mode frequency Aw, and temperature AT,
of a spheroidal electron plasma (parameters specified in the text) in response
to a varied electrode temperature Tpe.. (a) Plasma mode (points) and Ty
(line) measurements. (b) Explicit time dependence is removed and coincid-

ing temperatures are shown with a best-fit line (solid) and AT, = AT
(dashed).

the plasma described here, the equilibration time is predicted to vary from 0.01 to 40s
for temperatures of 4.0 to 1.7K.

Figure 5.4a shows the relative quadrupole frequency and plasma temperature, per
Eq. 5.8, as the electrode temperature (solid line) is modulated. The mode frequen-
cies are measured at a repetition of approximately 1Hz by the methods discussed
in Section 4.2, alternating between w, and wy. For clarity, the data points shown
are averages of 75 consecutive measurements, and a linear drift of the quadrupole
frequency in time of 9kH2 over the measurement duration has been removed. This
drift is likely due to gradual radial expansion of the plasma, corresponding to a rate
of 7 ym/hr.

In Fig. 5.4b, the explicit time dependence of these data is removed and the relative
plasma temperature AT, is displayed as a function of relative electrode temperature

AT.e.. The data are consistent with a linear dependence on electrode temperature.
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Figure 5.5: Relative temperature shift measured for plasmas with varying
radius and number of particles.

For this example, the best fit line gives AT,/AT e = 0.83 = 0.09. In contrast, the
dashed line corresponds to the plasma temperature chahges equaling those of the
electrode, AT, /ATy = 1.

Figure 5.5 summarizes multiple trials following this procedure with plasmas of
varying r, and N as specified. The observed fractional temperature change of less
than unity and its dependence on the plasma geometry is not yet understood. As
displayed, trials with different numbers of particles are roughly consistent, suggesting
the simplest explanation involves the plasma radius, rather than for example, aspect
ratio, plasma length, or density. It should be noted that neither improving the well
harmonicity by biasing three adjacent diameter-length electrodes, instead of just one,
nor decreasing the mode drive amplitude has a measurable effect.

A fractional temperature shift less than unity is predicted by a simple thermal

model in which the plasma is coupled to a second thermal reservoir at a temperature
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higher than that of the electrodes. The observed variation in Fig. 5.5 could then
correspond to a geometry-dependent coupling strength. However, a possible heat
source has not been identified. The time constant for coupling to room-temperature
resistors, for example, is prohibitively long. This is, in fact, why resistive cooling was
originally rejected as an undesirable approach to cooling high-energy antiprotons [35].
It should be noted that an undesirable heating of electrons embedded in antiproton
plasmas is observed in Chapter 6, and may be related to these results. Lastly, it is
possible that Eq. 5.7 is inadequate for a more fundamental reason, as wy(T") has not
previously been investigated in the few-Kelvin regime, but possible heat sources in

our apparatus must be better characterized to make this experimental claim.

5.2.3 Discussion

Precise plasma mode frequency measurements have been demonstrated to resolve
changes in the plasma temperature on the order of 100 mK. The method is non-
destructive and can be used to continuously monitor the temperature of a plasma,
provided that any changes in geometry or particle number are independently deter-
mined. As a first application, this measurement was used to study the use of the trap
temperature to vary the plasma temperature via blackbody radiation. A few other
applications and suggestions for future studies are discussed below.

Monitoring the plasma temperature allows for controllable heating with weak os-
cillating electric fields that excite plasma modes. For example, in preliminary studies
we have shown reliable heating of 10-100 K by varying the strength of a 400-kHz-

bandwidth noise drive with a central frequency tuned to the quadrupole mode. The
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temperature of positron plasmas has previously been varied by similar methods to
study antihydrogen formation mechanisms [107] and will likely be a useful parame-
ter in understanding the production rate of trapped antihydrogen. Heated positron
plasmas may also be amenable to the axial-energy measurements discussed in Section
5.1, providing experimental corroboration of the two methods, as well as possibly
connecting the relative mode temperature to an absolute value. Heating electrons
in an electron-antiproton plasma may allow for an investigation of the centrifugal
separation temperature discussed in Chapter 8.

A second application of this temperature measurement is to study possible tem-
perature anisotropization [96, 112, 111]. As mentioned above, the rate at which colli-
sions equilibrate particle motions perpendicular and parallel to the magnetic field is
strongly suppressed for sufficiently low temperature and strong magnetic field. Pa- |
rameters predicted to result in substantial anisotropization are within reach of our
experiments. For example, the equilibration time for the plasma studied in Fig. 5.4
decreases from 0.01 to 40s for a temperature decrease from 4 to 1.7K. If the mag-
netic field is increased from 1.0 to 1.7 T, however, the rate is predicted to drop from
0.4 to 10*s for this same change in temperature. This predicted decoupling between
cyclotron cooling and axial motion would result in a drastic change from the linear-
ity shown in Fig.5.4b, unless an additional cooling mechanism is significant [113].
The equilibration rates at these low temperatures has important implications for the
cooling of antiprotons by embedded electrons, studied in Section 6.1.

Finally, there is the important possibility of using plasma mode measurements for

an absolute, rather than relative, measurement of temperature. One approach is to
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measure an additional plasma mode frequency with a different temperature depen-
dence. For example, the temperature-dependence of the upper (3,0) mode frequency
wg()) is roughly four times larger than that of wyo for a plasma with o = 1 [106].
For the example measurement shown in Fig. 5.4, wyo was measured to a fractional
precision Aw/w = 2 x 1076, If wg’lg were measured to the same precision, the ab-
solute temperature would be determined with an uncertainty of 0.3 K. Preliminary
measurements failed to detect w:%, so it remains to be seen what level of precision

is achievable. An alternate approach to determining an absolute temperature may

consider the damping time of an excited mode [110].
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Chapter 6

Embedded-Electron and Adiabatic

Cooling of Antiprotons to 4 K

A central challenge to efficiently trapping a large number of antihydrogen (H)
atoms is producing atoms with sufficiently low kinetic energy to be captured in a
magnetic trap. As was noted when trapping H was first proposed [4], a state-of-the-
art loffe trap can only confine ground-state H with less than 0.1 meV (1K) of energy.
Since the initial kinetic energy of a H is determined by that of the antiproton (p)
from which it formed, a substantial increase in trapping efficiency may be achieved
by reducing this p energy to lower than Ioffe trap depth. The present chapter works
towards this goal by studying methods to reduce the temperature of p available for
H experiments.

We investigate two methods to cool antiprotons: sympathetic cooling by embed-
ded electrons and cooling by adiabatic expansion. First, cooling by a small number of

electrons (e~) co-trapped with P is studied. These so-called embedded e~ are found to

84
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effectively remove heat added to the p during typical trap manipulations. Addition-
ally, we find that the number of embedded e~ can be reliably determined from mea-
sured equilibration rates. Cooling beyond the limit of electron-cooling is achieved by
subsequent adiabatic expansion. As the confinement potential is gradually reduced,
the plasma. expands while doing work on the trap fields. We demonstrate adiabatic
cooling with trapped plasmas for the first time, while reducing the p temperature by
nearly an order of magnitude.

The combination of these two cooling methods is used to produce plasmas of up
to 3 million p at 3.5 & 0.7K, many more particles and a lower temperature than
has previously been achieved for cryogenic-temperature p plasmas. In a Boltzmann
energy distribution for an antiproton temperature 7, substantially higher than our
Toffe trap depth of 0.4 K, the number of antiprotons with energy less than this trap
depth is proportionate to Tp_g/ 2. The cooling demonstrated in this chapter, from
roughly 30K to 3.5 K, increases the number of sufficiently low-energy p by a factor
of 25, and further improvements seem attainable. Much of the work presented in this

chapter has been published in Ref. [103].

6.1 Embedded-Electron Cooling

In all p plasma and antihydrogen experiments to date, the energetic p loaded
into a trap are sympathetically cooled by simultaneously trapped electrons [34, 114].

During this process, the electron cyclotron energy damps by synchrotron radiation at
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a rate given by

2, .2
q*w?
Ve (6.1)

" Bregmec®
For the magnetic field B = 3.7 T used in the experiments discussed below, the electron
cyclotron frequency w, = ¢B/m results in a cooling rate v, = 5Hz. For electron
motion other than the cyclotron orbit, as well as antiproton motion, acceleration is
much too small for a significant radiative cooling rate. Instead, collisions provide the
necessary coupling to bring the two-component plasma into equilibrium with the trap
environment.

This standard electron-cooling procedure, however, leaves an important challenge
in removing the electrons. The typical method is to remove the trap potential for a
brief time, during which the electrons accelerate out of the trap while the much more
massive P are unable to leave. The sudden removal of the 10° e~ typically used to
load P, however, changes the space-charge potential by tens of volts and results in a
substantial heating of the P.

The key idea studied here is that very few e™ may be left with the p and these e~
provide for the removal of energy incurred during electron ejection and subsequent
trap manipulations, such as transferring the plasma to a different location. In a
standard antiproton-electron plasma realized for electron-cooling, the e™ account for
99% of the plasma and the P reside in a thin shell surrounding a core of e~ due to
centrifugal separation (see Chapter 8). In contrast, the antiproton-electron plasmas
investigated below contain only 0.2% to 1% e, which are evenly distributed through-
out. To distinguish these qualitatively different plasmas, we describe these relatively

few e~ as embedded in the p plasma.
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Figure 6.1: (a) Electrons are ejected from an antiprotons plasma shown

within the trap electrodes. (b) On-axis trap potentials used to eject elec-

trons. (c) The elevated antiproton temperature immediately after the ejec-
tion (black) is greatly reduced after 600s by embedded-electron cooling (gray,
inset).

A first demonstration of embedded-electron cooling begins by loading 5 x 10° p
with 1.0 x 10® e~ (by methods in Section 2.2). For these studies, the initial loading
e~ are removed as shown in Fig.6.1a. The antiproton-electron plasma is held in
a potential well formed by applying 60V to electrode LTE3. A sequence of four
square-pulses each remove the confining potential for a brief duration of 50 ns, with
consecutive pulses separated by approximately 1s. An quick estimate demonstrates
that electrons are ejected much more readily than antiprotons: in 50ns, an electric
field of 1V /cm will move an electron 2cm, while a much more massive antiproton
will only move 10 um. For the first two pulses, the number of ejected e~ that strike
the degrader is sufficient to be detected with standard charge-counting methods (see
Section 2.3.2).

The P temperature approximately 3s after the e™ ejection is thousands of Kelvin,

as shown in Fig.6.1b. The large variance in these initial temperatures, likely due
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to fluctuations in the delay between e ejection and the temperature measurement,
is not important for this demonstration. If a 600s delay is introduced before the
measurement, however, the p temperature is 31 £ 6 K (see figure inset). Cooling by
embedded e~ has reduced the temperature by two orders of magnitude. We'll take a

closer look at this process below.

6.1.1 Temperature Rate Equations

During embedded-electron cooling, the temperatures T,, and T, of IV, antiprotons

and N, electrons, respectively, are described by the coupled rate equations

d N,

ETIJ = ﬁp"yep (Te - Tp) (62&)
d

Et‘Te = Yep (Te - Tp) — Ye (Te - Tt) (62b)

The effective trap temperature 7} corresponds to the steady-state temperature reached
by the plasma. It is determined by blackbody radiation from the trap electrodes along
with any electrical noise that heats the e~ directly.

While the electrodes are cooled to 1.3 K by a pumped helium system (Section 2.1),
we measure T} to be substantially higher (31K above, improved to 17K below). As
discussed below, the more than fifty high-bandwidth electrical lines that allow for
versatile use of our Penning trap present a considerable challenge to reducing T;.

The electron-antiproton equilibration rate 7., results from collisions between the
two species. Following Ref. [99], we generalize the expression introduced in Section 5.1

for collisions between different species. The predicted rate is

o npq* In Ag <I~ch N kTe>_3/2 (6
» 3\/§7r3/2€%mpme mpy Me
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where the generalized Coulomb logarithm In Ap encapsulates magnetic-field effects
[100], as discussed in Section 5.1.

For p plasmas studied in the following section with density n, = 4 x 107 cm ™3
and T, = 5 to 30K the equilibration rate varies from v, = 2 to 30 kHz. Since
Yep > Ve, the temperature evolution described by Eq. 6.2 simplifies. Within the short
time frame of (vep) ™', Te changes to match T),. After that point, the D temperature

follows
d N,

%Tp ~ _]Tf;% (Te —Ti) =% (T — T2) (6.4)

where the effective p damping rate is
Yo = YeNe/Np (6.5)

The rate -, is slower than v, due to the large number of P that must be cooled along
with the e~. Note that this simplification of Eq.6.2 is not valid at much lower p

densities or higher temperatures where 7., may be less than ..

6.1.2 Counting Embedded Electrons

To investigate the thermal equilibration of § described by Eq.6.4, we prepare
5 x 10° p at 4K by adiabatic cooling (to be discussed in Section 6.2). In Fig. 6.2, the
exponential return to the equilibrium temperature T; = 26 K is found by measuring
T, after a varied delay. Experiments are performed with three and four of the initial
electron-ejection pulses shown in Fig.6.1a. The resulting number of e™ for these two
procedures is determined to be N, = 6000 and 900 from the measured ~, = 616 mHz

and 9.740.7 mHz. Notably, this equilibration rate measurement provides an e~ count
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Figure 6.2: The equilibration of antiproton plasmas prepared with three (cir-
cles) and four (triangles) electron-ejection pulses. The measured equilibration
rate reveals the number of embedded electrons. From Ref. [103].

with much greater sensitivity to small number of particles than is possible with typical
charge counting. Using this method, electron-ejection procedures may be developed

to prepare plasmas with any desired number of embedded electrons.

6.2 Adiabatic Cooling

Adiabatic cooling occurs when the plasma expands axially as the restoring force
from the trap potential ¢, ~ (2m,m2f?/q)(2* — p*/2) is gradually reduced. For sim-
plicity, in this section we will characterize the trap potential by the p axial frequency,
denoted f. Just as an expanding gas does work against a retracting piston, the ex-
panding plasma does work against the diminishing trap restoring force. Adiabatic
cooling is observed as a P plasma with initial temperature 7; with axial frequency fi
cools to a temperature Ty when the frequency is gradually reduced to fy.

We begin with a plasma with N, = 5 x 10°, N, = 6000, and r, = 2mm loaded

into the potential structure used for temperature measurements, shown in Fig.3.1.
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Figure 6.3: (a) Temperature of antiprotons after adiabatic cooling from an
initial trap potential given by f;. Adapted from Ref.[103]. (b) Repeated
trials with f; = 600 kHz show T, = 3.5 £ 0.7.

The initial frequency f; is chosen between 3 MHz and 90 kHz by varying the voltage
applied to electrode LTE2 between 1000 and 0.5V. Thermal equilibrium at 7; is
established as the plasma is left in this initial well for a time much longer than (7ye,) "
The trap frequency is then reduced in hundreds of milliseconds to f¢, corresponding
to a well depth just sufficient to confine the plasma. The plasma temperature is
subsequently measured in the standard way by continuing to reduce the well depth
and recording particle loss (see Section 5.1). The expansion and measurement occur
in a time much shorter than (,,)~! so embedded-electron cooling has minimal effect
during the adiabatic cooling and measurement. Figure 6.3 shows the measured T,
resulting from expansion determined by the initial trap frequency f;. The reported
uncertainties arise from the variance observed in repeated trials.

In the low-temperature limit, adiabatic expansion of a weakly correlated plasma

is expected to be that of an ideal gas [55]. The resulting temperature is given by

Ty = (Vi/Vp)*P* T, (6.6)
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where V; and V; are the initial and final volumes of the plasma. The validity of this
approximation relies on two assumptions: the average energy stored in the interaction
between neighboring particles can be neglected and the potential energy is constant
throughout the plasma, as viewed in the rest frame of the plasma. Inter-particle
interactions are characterized by the correlation parameter I' = ¢*/(4mweqakT) where
the Wigner-Seitz radius a is the typical particle spacing, with 47a®n/3 = 1. The
correlation parameter is just the ratio of the typical nearest-neighbor Coulomb energy
to the thermal energy. Antiproton plasmas in this study are weakly correlated with
' =0.01 to 0.1.

The second assumption is valid except within a Debye length Ap of the plasma
edge, where the external potential is not fully screened. For p plasmas considered
here, however, A\p = 0.05 to 0.3 mm. A relatively large A\p results from the substan-

/2 Consequently, the

tial decrease in density during the expansion, since A\p o< n~
boundary region can account for as much as 30% of the plasma volume. As a result,
the cooling predicted by Eq.6.6 does not describe perfectly the cooling observed in
Fig.6.3. For small f;, the observed cooliﬁg is more effective than predicted for an
ideal gas. The gain at larger f;, however, diminishes to the extent that the 7, mea-
sured for f; > 500kHz are consistent with no additional cooling beyond T}, = 3.5 K.
This same limit is reached when the number of p and initial temperature are var-
fed: N, = 2 x 10° to 3 x 10% and T; = 35 to 17K. It remains to be seen whether a
more sophisticated cooling model incorporating the non-ideal boundary layer predicts

this behavior or whether a technical limit to the temperature measurement method

prevents lower measurements (discussed in Section 5.1).
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The observed cooling is unchanged when the expansion rate is reduced by a factor
of five, as expected for a process that is both adiabatic and reversible. Thermody-
namic adiabaticity is achieved since the expansion time is fast compared to the rate of
heat transfer ~.,. Reversibility, which is required for maximal cooling, means that the
plasma remains in an equilibrium state. This is achieved since the expansion occurs
on a time scale much longer than those associated with relevant internal dynamics
of the plasma. For example, since the center-of-mass oscillation frequency changes
very little in one period, f /f* <« 1, the change in external potential does not cause

non-equilibrium displacements in the center-of-mass.

6.3 Discussion

The above studies demonstrate a general two-stage procedure to produce cold
p for antihydrogen (H) experiments. After an electron-ejection procedure leaves a
desired number of embedded e~ in the P plasma, the plasma is moved to a desired
location and trapped in a compressed state with a strong trapping potential. The p
are held for a sufficient time to come to equilibrium via embedded-electron cooling.
In a second cooling stage, adiabatic cooling proceeds by reducing the trap potentials
to the minimum required for the desired application. If desired, a third cooling stage
employing forced evaporation [97, 104] could follow to reduce the temperature further
at the cost of a decrease in the number of p.

Note that any cooling achieved beyond embedded-electron cooling is lost as the
plasma re-equilibrates via e~ synchrotron radiation. Therefore, the number of em-

bedded e~ must be chosen so that this time is sufficient for the intended application.
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One important example is the production of H by charge exchange with Rydberg
positronium [93]. The production of trappable H should benefit greatly from cold
D since the kinetic energy of the H formed is directly tied to that of the trapped P.
The typical duration of a charge exchange experiments so far has been roughly one
hour, a time dictated by the optimal operation of the cesium source [48]. For this
application, a small fraction of e~ should be used: N, = 2000 and N, =5 x 10% in
B = 1T gives (7,)} = 2h . Note that as a consequence of this approach, the initial
embedded-electron cooling must take longer than the application.

An important finding of these cooling studies is that the effective trap tempera-
ture 7T} is higher than that of the 1.3-K trap electrodes. The steady-state temper-
ature is found to be independent of the ratio N./N,, suggesting that the undesired
heating mechanism couples only to e, as modeled in Eq.6.2. An effort to improve
electrical shielding and filtering of the trap reduced 7; from 31 to 17K when the
high-voltage antiproton-catching electronics were removed. Continued technical im-
provements should be able to further reduce T, although a substantial challenge is
present by the over fifty high-bandwidth electrical lines used to control our versa-
tile stack of electrodes. Furthermore, the space-charge of the antiprotons broadens
electron resonances that may be driven by this noise.

A possible limit to embedded-electron cooling may result from the decoupling of
e~ cyclotron and axial energies at low temperatures, discussed in Section 5.2.3. Ref-
erence [96], for example, predicts that the equilibration of the cyclotron and axial
motions in an e~ plasma with n = 5 x 10" cm™3 and B = 3.7 T to occur at a rate that

decreases from 500 Hz at 20K to 0.01 Hz at 5 K. For embedded-electron cooling, such
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a decoupling should effectively decrease v, at low temperature. However, this this is
not apparent in Fig.6.2 in which the observed heating fits a single exponential. To
be cautious, this theoretical calculation has yet to be tested this far into the magne-
tized regime [112]. Moreover, other mechanisms may contribute to the equilibration
rate [113]. Speculatively, however, there may be an advantage to this possible lim-
itation. Consider a p plasma cooled by adiabatic expansion well beyond the limits
of embedded-electron cooling, as determined by decoupling of the e cyclotron mo-
tion. As a consequence of this decoupling, re-equilibration is impeded, and the p will

remain at the low temperature for a very long time.
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Chapter 7

Improved Particle Accumulation:

10" Antiprotons and 10 Positrons

A central focus of current antihydrogen (H) research is to increase the number
of atoms that can be loaded into a magnetic trap for laser-cooling and precise spec-
troscopy. This may be achieved by either increasing the number of antiprotons ()
and positrons (e*) used to form H or increasing the efficiency with which trappable
atoms are produced. In the present chapter, we present progress towards the former
approach. With improved methods, we accumulate up to 10 million p in a 1-T mag-
netic field. This is a 14-fold increase over our previous methods [49], equaling the
largest numbers accumulated with much slower p from a radio-frequency quadrupole
decelerator [115]. Additionally, we trap up to 4 billion e*, a 20-fold increase over our
previous methods [49)].

These improved loading procedures have already been incorporated in ongoing

studies of H production via two-stage charge exchange, resulting in a factor of 200
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increase in H yield from previous efforts [48, 93]. We are also currently working to
incorporate these new methods in H production by three-body recombination in a
nested well [41]. A very recent experiment optimized for detecting small numbers of
trapped atoms used this production scheme to achieve an average of 1 atom trapped
per trial, demonstrating an efficiency 6 x 107° [45] trapped H per p. With the
number of P now available in the ATRAP apparatus, this efficiency would correspond

to 700 trapped atoms.

7.1 Improved Antiproton Accumulation

Following a brief review of the standard techniques used to accumulate antipro-
tons, we demonstrate a large gain in capture efficiency when fche magnetic field is
increased by a new solenoid installed for this purpose. To load these antiprotons
into a trap at the reduced field of 1T, as desired for antihydrogen experiments, the
rotating-wall technique (Section 4.3) compresses the antiprotons to avoid loss due to
their expansion in the decreasing field.

The established methods we use to accumulate low-energy P in a trap were intro-
duced in Section 2.2.2 and are extensively reviewed in Ref.[114]. In particular, we
slow P in matter [32], catch them by pulsed trap potentials [33], and sympathetically
cool them with co-trapped electrons [34]. Multiple injection bunches are accumu-
lated in a process commonly called stacking [116]. Antiproton accumulation in the
apparatus used in this work is described further in Ref. [49].

Antiproton accumulation begins by loading a plasma of N, = 108 electrons with

radius r, = 6 mm in a trap potential produced by applying 100V to electrode LTES,
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Figure 7.1: (b) Electron-antiproton plasma located within a cross-section of
the trap electrodes during the p loading procedure. (b) Trap potentials to
accept (dashed) and trap (solid) injected P bunches. (c) Potential applied
during the rotating-wall procedure.

as shown in Fig.7.1a. The ATRAP apparatus receives a 200-ns bunch of 30 million
P at 5.3 MeV every 110 seconds from the Antiproton Decelerator. To catch an p
injection, -5KV is applied to the electrode HV, while the degrader foil DEG is held
at 600V (shown dashed in Fig.7.1b). After the p bunch passes through the foil, the
foil voltage is rapicﬂy switched to -5kV (shown solid) in a time much shorter than
required for the B to return and escape. Trapped P cool by collisions with the electrons
over many passes through the long catching well. Eventually the resulting electron-
antiproton plasma reaches equilibrium. During this process, the electrons cool by
synchrotron radiation, as discussed in Section 6.1. The p thermalize before the next
bunch of § arrives, so the loading technique may be repeated to stack subsequent p

bunches.

An antiproton is captured only if it has sufficiently low energy after it passes
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through the degrader foil. In particular, the energy along the magnetic field E,
must be smaller than the applied potentials, E, < 5keV. In addition, the energy
perpendicular to the magnetic field E. must correspond to a cyclotron orbit with a
radius r, = \/m /qB that fits within the 18- mm-radius trap electrodes.

The initial P energy and alignment is adjusted to optimize the number of P cap-
tured, as determined by these requirements. While most of a p’s initial 5.3 MeV of
energy is lost as it passes through the degrader, a 125-um-thick foil of Be, tuning the
P energy prior to this foil is made possible by a He-SFg gas cell. The difference in the
energy lost in 1-atm of SFg rather than He results in a tuning range of approximately
600keV. To align the incoming p with the trap axis, the beam position and focus is
adjusted with dipole and quadrupole beam-line magnets. The incident beam waist is
found to be smaller than 2mm by imaging with a parallel plate ionization chamber

just below the tuning cell [49].

7.1.1 Increased Magnetic Fields

The slowing of P in matter by inelastic collisions with electrons is a stochastic
process. Consequently, the P that emerge from the degrader have parallel and per-
pendicular energy distributions much broader than the range trapped by achievable
trap fields, which are limited in practice by superconducting magnet and fast high-
voltage switch technology. Moreover, for H trapping experiments, the magnetic field
is further restricted by a desire for a deep loffe trap potential. As discussed in Chap-
ter 3, the radial magnetic trap is diminished by the uniform axial magnetic field,

due to the addition of orthogonal field vectors. Throughout this thesis, we choose
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Figure 7.2: Number of antiprotons trapped from one injection as as a function
of (a) magnetic field with a catching voltage of 5keV and (b) catching voltage
for the specified magnetic fields.

a compromise of a 1-T Penning-trap field which still provides sufficient e~ and e™
synchrotron cooling rates.

The substantial gain in P catching at larger magnetic fields is shown in Fig.7.2.
At B = 3.7T, for example, 160 x 10° p are caught, whereas at B = 1T this number
is reduced to 30 x 103. For these experiments, a 1-T field is generated by the primary
ATRAP solenoid, and additional field over the P catching region is provided by a
secondary antiproton-loading solenoid (shown in Fig.2.2). This new solenoid can
generate a greater magnetic field than the primary solenoid, and it is more convenient
to adjust due to its relatively small inductance. Further details regarding the design
and operation of the antiproton-loading solenoid are provided in Ref. [48].

The challenge presented by loading p with B = 3.7T and subsequently reducing
the field to 1T, is illustrated in Section 4.2.2. As the magnetic field is reduced, the
trapped plasma expands radially so that to a good approximation B(r?) is constant,

as dictated by angular momentum conservation. In Chapter 8, this effect is used to
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study centrifugal separation in electron-antiproton plasmas by recording the magnetic
field at which P strike the electrode surface and annihilate. For p loading, however,
this effect completely negates the original gains from the increased magnetic field.
Before moving on, we should note an important feature of the data shown in
Fig.7.2. The increase in p yield for additional increases in magnetic field or trap
voltages appears marginal, even though the best efficiency demonstrated here traps
only 0.5% of the incident p. This is likely a consequence of axial energy E, and
cyclotron energy F. distributions that are not independent. Each curve shown in
Fig. 7.2 results from a fit to a Gaussian energy distribution. Correlations between
E, and E, are observed in Fig.7.2b, where it is found that the width of the parallel
energy distribution increases 15% when B = 3.7T rather than B = 1T'. Tt is likely,
then, that further increases in both the magnetic field and trap voltage, if feasible,

would result in gains larger than is at first apparent from these data.

7.1.2 Compression of Antiprotons by a Rotating Wall

To compensate for expansion caused by reduction of the magnetic field, the
electron-antiproton plasma is compressed by the rotating-wall technique discussed
in Section 4.3. As before, we begin with a plasma of 10® electrons with r, = 6 mm
in B = 3.7T. A desired number of p bunches is then stacked [116]. Figure 7.3 shows

~ the resulting linear accumulation of up to 10.5 million P in 90 minutes. The rotating-
wall procedure begins with a dipole rotating-wall drive with a frequency of 1 MHz
and peak-to-peak amplitude of 2.2 V on the nearby segmented electrode LTRW. The

plasma is adiabatically moved from electrode LTE3 to LTE2 (method in Section 2.3.1)
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Figure 7.3: Antiprotons captured from the specified number of injections in
B = 3.7T (empty circles) and retained after the field is reduced to B = 1T
(filled circles). A more gradual rotating-wall procedure, discussed in the text,
reduces the loss at 1-T observed for the largest load (triangle). Antiprotons
captured in B = 1T (diamonds) are accumulated at a rate 5-times smaller.

and then the trap potential is gradually expanded over 250s to the three-electrode
flat well shown in Fig.7.1c. The rotating wall drive continues for 1000s before the
plasma is returned to its initial location in 30s and the rotating wall drive is turned
off. The resulting plasma has a radius 7, = 2mm, as determined by electron mode
frequencies (methods in Section 4.2). The electrons are then ejected (by methods in
Section 6.1), and the magnetic field is reduced to B = 1T with minimal losses.
Figure 7.3 shows that the accumulation of up to 1.0 x 107 p in a 1-T field by this
method is nearly linear with the number of p bunches stacked. The loading rate is a
factor of 5 higher than that achieved by stacking at B = 1T, allowing for a much larger

number of particle to be accumulated without substantially increasing the duration of
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Figure 7.4: Antiproton loss rate and integrated losses for loads of 10 million
(black) and 7 million (gray) particles during (a,b) the 1300s rotating-wall
procedure and (c,d) the subsequent reduction in magnetic field.

an experiment. For the largest loads of 50 injection, loss-free accumulation is achieved
with a reduced drive amplitude of 1.3V applied for twice the typical duration.

The slight fractional losses due to the rotating wall and field reduction with the
1300s rotating-wall procedure described are shown in Fig.7.4. These losses increase
with the number of P, and for the largest stack of 10.5 x 106 p in B = 3.7T, approx-
imately 10% are lost in these steps. Additionally, greater losses are observed for an
increase in the rotating-wall drive amplitude or the rate at which the rotating wall
trap potential is formed. These losses are not yet understood and are a subject for
further study. One promising route to develop a faster and lower-loss procedure is
to implement a multi-electrode harmonic well during the rotating wall, as discussed

in Section 4.3. It should be noted that in previous demonstrations of compression
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Figure 7.5: (a) Rotating wall demonstration in the positron-loading trap
region with positrons (filled circles) and electrons (empty circles). (b) Linear
accumulation of 4 x 10° positrons with 450 transfers over 5 hours.

of antiproton-electron plasmas with a rotating wall, losses over 50% are reported for
experiments with 3 x 10* and 5 x 10° p [117, 118].

Intriguingly, Fig. 7.3c-d shows that even though the magnetic field changes at a
constant rate, the P loss rate slows before this process is completed. Since most
of the P remain trapped, this suggests that the p are not in a smooth equilibrium
distribution. One possible explanation is that the p geometry does not follow that
of the electrons if the compression is too rapid, an effect that has been previously
noticed [117]. In this case, some P are stranded in a non—eciuilibrium distribution in

which the time scale for radius-changing collisions is too long for re-equilibration.

7.2 Improved Positron Accumulation

In this section, we briefly report the use of the rotating-wall technique to load up to

4 x 10° e*, a 20-fold improvement in linear accumulation for our apparatus [49]. The
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methods used to load et in the ATRAP apparatus were introduced in Section 2.2.3
and are described in detail in Ref.[49]. Positrons are injected into the trap in short
bunches of 5 to 10 million et that are caught by pulsed voltages, an approach similar
to catching P. Injections are typically repeated every 30-50s, which allows sufficient
cooling time for consecutive injections to be stacked. In our previous studies, loss-free
accumulation has only been achieved for up to 2 x 108 e*, due to radial expansion of
the trapped plasmas [49]. Expansion of the plasma is caused by both misalignment
of injected et with the trap axis and drag due to trap asymmetries (see discussion
in Section 4.3). Notably, Ref.[48] measures an expansion rate as large as 0.0l mm/s
for some electron plasmas in the ATRAP apparatus in trap potentials similar to
those used during e* loading. The expansion rates are expected to depend on the
plasma radius and density, however, and a detailed study has not been undertaken.
To mitigate radial expansion, a rotating-wall drive is intermittently applied during
long e* loading procedures. In Fig.7.5a the compression of e~ and e* plasmas are
compared in implementing the methods of Section 4.3 in the positron-loading region
of the trap. In Fig.7.5b, this rotating-wall procedure was used to compress the plasma
to approximately 3mm every 50 transfers. As a result, the linear loading of 4 X 10°
et is achieved, a 20-fold improvement for our apparatus.

This demonstration of trapping 4 billion et marks a substantial increase in the
number of et available for H experiments. In contrast to increased p accumulation,
which is expected to correspond to a proportionate increase in H production, however,
the gains from more e* will depend on the application. For the synthesis of H by a two-

stage charge-exchange reaction (see Section 1.3), the number of H produced should
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be proportionate to the number of et available, since only a very small fraction of the
p available undergo charge-exchange collisions. This is true up to a limit at which the
et space-charge electric field is large enough to Stark-ionize the incoming Rydberg
Cs beam. For recent experiments, this limit was approximately 0.5 billion et [48],
although it may possibly be increased by lengthening the e™ trap region or decreasing
the Rydberg energy level.

In the case of H formation by three-body recombination in a nested well (see
Section 3.2) an increase in the number of e will beneficially increase the number
of antiproton-positron and antihydrogen-positron collisions that thermalize p and H
velocities, and form and de-excite H (see for example Ref. [94]). On the other hand,
a potential restriction on the number of usable et arises from the fast rotational
velocities in large and dense et plasmas [119]. From Eq. 4.2, the E x B drift velocity
of a P that enters a e™ plasma at radius p is vp = pw, x pne+. Note that this
velocity is greatly increased from that in an empty trap (the magnetron velocity
[63]) due to the et space-charge electric field. For example, a plasma of 5 x 107
et with a radius of 5mm would have a rotational frequency w,/2m ~ 20kHz in the
nested-well trap potential shown in Fig.3.4 and a 2-T axial magnetic field. The
corresponding rotational kinetic energy of a P is greater than the 400 mK Ioffe trap
depth for ground-state H if it has a radial position p > 0.7mm. It therefore seems
that profitably increasing the number of e in nested-well experiments requires that
antihydrogen-positron collisions are able to slow H atoms before they escape the et

plasma.
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Chapter 8

Centrifugal Separation of Antiprotons

and Electrons

Particles in a Penning trap experience a centrifugal force associated with their ro-
tation about the trap axis. As in a centrifuge, where a mixture is separated into com-
ponents of different densities, a multi-species trapped plasma will separate by mass at
sufficiently low temperature [120]. Centrifugal separation in a two-component plasma
was first demonstrated when laser-cooled ions were used to sympathetically cool a sec-
ond ion species [121]. More recent studies with laser-cooled ions have demonstrated
complete separation in ion-ion [122, 123] and ion-positron [124] plasmas. This chap-
ter presents the observation of centrifugal separation in antiproton-electron plasmas,
the first such demonstration with particles that cannot be laser-cooled or optically
imaged [125].

Electron-antiproton plasmas are realized in all cold antiproton experiments, since

the collisional cooling of antiprotons by electrons is the only method yet used to cool
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antiprotons to cryogenic temperatures [34, 114]. The spatially-separated plasmas
shown here are typical plasma geometries after the electron-cooling of antiprotons.
This separation is critical to understanding the pulsed ejection of electrons from
electron-antiproton plasmas, as is typically done before antihydrogen formation. The
initial antiproton geometry dictates the equilibrium radial distribution realized after
electrons are removed, which is an important parameter in antihydrogen-trapping
experiments (Chapter 3). For example, the geometry of an antiproton plasma affects
its confinement in a Penning-Toffe trap (Section 3.1), and the radius with which an
antiproton enters a positron plasma determines the rotational velocity it acquires
(Section 7.2). Additionally,r the separation provides an alternate, gradual method to
remove some electrons by taking advantage of radial dependence of the axial trap

potential.

8.1 Density Distribution and Separation Tempera-

ture

The density distribution of an uncorrelated pure electron plasma

1 qBw.p® mw?p?
no(p, 2) = e exp }ﬁ <q¢<p,z>+ e (8.1)

depends upon its central density n., temperature T, and rotation frequency w;, [55]
(see also Section 4.1). The first term in the exponential describes the interaction with
the total electric potential ¢(p, z), which includes both the external trap potential and
space-charge potential. The second term is the potential due to rotation through the

magnetic field, and the third term is the centrifugal potential.
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In an electron-antiproton plasma, each component has a density distribution of
this same form, but the space-charge potential includes contributions from both
species. In the case of a relatively few antiprotons, however, the total space-charge
potential is to a good approximation due to only the electrons. Therefore, the electron

distribution is unchanged and the antiproton distribution

1 (m, — me)wip?
(9, 2) o€ ne(p, 2) exp | oy T2 )

kT 2 8.2)

differs only due to the increased centrifugal potential. Separation of antiprotons from
the electrons becomes pronounced when differences in centrifugal potential energy
between the two species are larger than the thermal energy. This is expected for

temperatures greater than

2,.2 2
Mpld, Tp mpq NeTp

Lo = =53 ™ Beti (5 )2 (8.3)

where r, is the radius of the electron plasma and the rightmost expression uses the

good approximation w, =~ qn/(2¢pB) < w, (see Eq.4.2). In a plasma of temperature
Tiep, the maximum rotational velocity w,r, equals the antiproton thermal velocity
Ugh = \/W;, and the antiproton density will be a factor of e higher at p =,
than in the center p = 0. Correspondingly, we define the characteristic radial length

scale

sep = T'p

V2kT[m, - (81&332) (8.4)

Wy T mynq?
which describes the distance over which the density diminishes, i.e. mn,(p, 2)
exp(p®/dg,,). Note that dsep = 1, for T = Teep.
As demonstrated below, electron-antiproton plasmas realized in current antihydro-

gen experiments cool into the well-separated regime. Previous experiments that first
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Figure 8.1: (a) Schematic of electron-antiproton plasma showing centrifugal
separation within a cross-section of the trap electrodes. (b) 100V applied to
electrode LTE3 produces wells that are nearly harmonic well on axis (solid)
and deepen off axis (p = 12mm shown dotted). Adapted from Ref. [125].

demonstrated the electron-cooling of antiprotons, on the other hand, used smaller,
less dense electron plasmas in a higher magnetic field [126, 35]. In these experiments,
with typical parameters n, = 107cm™3, r, = 1cm, B = 6 T, the temperature of 4.2K

was higher than T, =~ 1 K.

8.2 Measurement by Axial Ejection

In this first demonstration of centrifugal separation, the radial-dependence of the
Penning trap axial confinement is used to investigate the radial distribution of antipro-
tons from their axial escape. We begin by loading a plasma of N, = (100+£5) x 10° elec-
trons with 7, = 5.0 £ 0.2mm in B = 3.7T (methods in Section 4.3). Approximately
N, = 10° antiprotons are then loaded from typically nine injection bunches from

CERN'’s Antiproton Decelerator (methods in Section 2.2.2), and the two-component
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Figure 8.2: Number of antiprotons and electrons ejected from the trap as the
applied potential is reduced by sequential, nonadiabatic 2-V steps. Adapted
from Ref. [125].

plasma subsequently cools via electron synchrotron radiation to a temperature well
below Ty, ~ 74K (see Section 6.1).

Figure 8.1a represents the resulting electron-antiproton plasma located within a
cross-section of the trap electrodes. Axial confinement is created by applying 100V to
electrode LTE3 relative to the other electrodes. As shown in Fig. 8.1b, the resulting
trap confinement is shallowest along the trap axis, 80eV, and increases with radius.
Near the electrode surface the potential approximates a rectangular function with an
amplitude of 100eV. As discussed in Section 5.1, the plasma space-charge potential
increases the radial-gradient of the axial confinement, since the axial repulsion is
greatest along the trap axis and diminishes at larger radii.

Centrifugal separation of antiprotons is observed when the axial confinement is
reduced and particles at small radii preferentially leave leave the trap. As a first
measurement (shown in Fig. 8.2), the axial confinement is reduced in a series of 2-
V steps, as in typical charge counting (method in Section 2.3.2). After each step,

ejected particles accelerate towards the degrader foil. Antiprotons are counted by
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Figure 8.3: Fraction of antiprotons and electrons remaining after the well
depth is decreased to the indicated value, with smooth curves to guide the
eye. From Ref. [125].

detecting their annihilation products and electrons are counted by integrating the
charge deposited on the foil. The difficulty of interpreting the charge deposited by
antiprotons is avoided since there are relatively few particles and they are essentially
all ejected in one pulse. Figure 8.2 shows the numbers of electrons and antiprotons
ejected in each step. The antiprotons, residing in a relatively deep electrostatic well
due to their location at a large radius, are nearly all ejected in the last step in which
the well is finally inverted. As expected, the measured electron distribution appears
unchanged by the addition of the antiprotons (a comparable electron distribution is
shown in Fig. 2.11).

In a related experiment, the confining potential is instead decreased at a constant
rate over 10s from 80 eV on-axis to a chosen value, so that a fraction of the particles
are lost. The potential is then returned to the initial depth and the remaining particles
are counted from a series of ejection pulses identical to those used in Fig. 8.2. As seen
in Fig. 8.3, a majority of the electrons are spilled out of the trap before any significant

antiproton loss is detected. Once the on-axis trap depth is reduced to 2eV, only 10%
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of the initial electrons remain while 80% of the initial antiprotons are kept. This
essential result does not change when the time over which the confining potential is
reduced is varied between 0.1 and 10s, although complete loss curves as in Fig. 8.3
for varying times have not been compared due to limited antiproton availability. This
independence from ramp time is consistent with a more recent study that reports

radial transport times of less than 100ms for similar two-component plasmas [127].

8.3 Measurement by Magnetic Expansion |

A second probe of the radial distribution of the antiprotons is achieved by reducing
the magnetic field so that the plasma expands and strikes the trap electrode surface.
From Eq. 4.1, the canonical angular momentum Py of a trapped plasma is to a good
approximation proportional to a product of the mean square radius <7"2) and magnetic
field, Py o« B(r?). Accordingly, as B is reduced the plasma expands radially, as
demonstrated in Section 4.2.2.

These measurements begin with a plasma with N, = (100 + 10) x 10° and N, =
(1.040.1) x 10° in B = 3.7T with a varied radius r, = 4.8 to 7.8 mm. Antiproton
annihilations are then recorded as the magnetic field is reduced to 1.0 T at a constant
rate of 7x 1073 T/s. Once the magnetic field has reached 1T, the remaining particles
are counted by the methods used in the previous section. The detection sensitivity
for antiproton loss is limited by the cosmic-ray background to approximately 104
antiprotons, and that for electron loss is limited by the loading reproducibility of
5 x 10° electronsv. For trials with an initial plasma radius r, < 6 mm, no particle loss

is detected. Centrifugal separation is apparent for trials with an initial r, > 6 mm
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Figure 8.4: Initial antiproton radial extent as a function of the initial electron

radius, deduced from the magnetic field at which antiprotons losses are first

observed when B is reduced from 1 to 3.7 T. An assumption that the relative

plasma geometry is constant is made, as discussed in the text. No antiproton

loss is observed for the four leftmost measurements. The electron radius

(gray) is included for comparison. From Ref. [125].
where, in contrast, a majority of the antiprotons are lost while still fewer than 5 x 108
electrons are lost. The antiprotons all reside at larger radii than nearly all electrons.

The magnetic field at which antiproton loss is first observed is dictated by the
initial distribution, since B oc 1/{r?). If we assume that the relative plasma geometry
does not change during expansion, e.g. the plasma remains a spheroid, the antiproton
radial extent 7pa o< 1/ v/B. With this assumption, Figure 8.4 shows the initial
antiproton radial extent as a function of the initial electron radius r,. The magnetic
field at which the first antiproton loss is observed is shown on the right axis. The
magnetic field could not practically be reduced below 1T, so a resolution limit is
reached corresponding to an initial radial extent of 9 mm.

Figure 8.4 shows that the inferred initial antiproton radial extent is 3 to 5mm

larger than the initial electron radius. This may indicate that a few antiprotons are

poorly coupled to the electrons, and thus the antiprotons are in a non-equilibrium
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distribution. This is not the case for most antiprotons, however, since the radii of
antiproton plasmas determined by axial ejection (Section 5.1) are consistent with
the initial electron plasma radii. Alternately, the discrepancy may be due to the as-
sumption that the relative plasma geometry is constant, which is likely poor once the
plasma expands beyond the quadratic potential of the central trap region. The geome-
try of large plasmas that extend to non-quadratic trap potentials have been previously
studied in our trap [58, 52]. In particular, Ref. [52] shows that it is possible that 7pax
grows faster than (r?) as rmax approaches the electrode radius. This effect could
be studied by computing the equilibrium geometry of a series of single-component
plasmas that simulate an expansion. A precise determination of the plasma distri-
bution from this expansion technique, however, may be limited by uncertainty in the
trap potential close to the electrodes due to, for example, patch effects on electrode
surfaces. In addition, such a calculation of equilibrium geometries in non-ideal trap
potentials would assume sufficient radial transport rates to maintain an equilibrium
distribution throughout the expansion. As mentioned above, a very recent measure-
ment suggest this is achieved [127]. In agreement, we find that the expansion loss

results are unchanged when the expansion is slowed by a factor of two.

8.4 Discussion and Suggestions for Further Studies

The centrifugal separation of antiprotons and electrons is detected here for the
first time by two different methods. This observation provides confirmation that
the plasma temperature is below the calculated Tiep of 50 to 100K for plasmas with

radius of 8 to 4 mm, in agreement with the measurements in Chapter 6. Furthermore,
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the separation is important to undérstanding the evolution of electron-antiprotons
plasmas throughout antihydrogen experiments.

For example, in the standard method to remove the initial cooling electrons from
antiprotons, the trap potential is pulsed off for a brief duration in which electrons
escape but the more massive antiprotons do not. If the antiprotons are evenly dis-
tributed throughout an initial spheroidal plasma with radius rp, the resulting antipro-
ton plasma also has a radius r,. On the other hand, if the antiprotons are initially
located in a thin shell with radius r,, the antiprotons will not be in an equilibrium
distribution once the electrons escape. In this case, the antiprotons re-equilibrate
through radius-changing collisions to a spheroid with increased radius \/5—/57“1,.

As discussed, the precise determination of the antiproton distribution by the ax-
ial ejection and magnetic expansion methods described is complicated by accurately
calculating loss in non-ideal trap potentials. A promising route for future studies is
to directly image the electron and antiproton distributions by ejecting them onto a
phosphor imaging screen that has been installed on the translating window flange
(see Fig.2.2) but not yet used. A similar imaging system was used in very recent
measurements of equilibration dynamics in electron-antiproton plasmas [127]. Al-
ternately, the window-flange aperture may be used as a spatial filter in counting
ejected plasmas. Measurement of the antiproton distribution width dg, will provide
an estimate of the plasma temperature, complimenting the temperature measure-
ment methods developed in Section 5.1. Furthermore, measurements of equilibration
rates will provide insight into the dynamics of electron-antiproton plasmas used in

antihydrogen experiments.
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Chapter 9

An Improved Penning-loffe Trap

Initial studies of charged-particle confinement [5] and antihydrogen production
[6] in a Penning-Ioffe trap have been accomplished in our first apparatus to incor-
porate a magnetic trap for antihydrogen atoms (Chapter 3). The simple coil geom-
etry and traditional construction of this first-generation magnetic trap enabled its
timely and reliable fabrication. However, it was recognized early on that substantial
gains could result from an improved magnet design [52]. In particular, we desire
to improve the atom-detection sensitivity and trap depth which currently limit our
trapped-antihydrogen experiments (Section 3.3). The potential benefits of higher-
order transverse trapping fields are also compelling, yet less certain (Section 3.1).

This chapter describes the design and construction of a second-generation appa-
ratus motivated by these issues. Central to this upgrade is a unique loffe trap with a
number of advantages, including a rapid turn-off capability for single-atom detection,
a greater trap depth, and the capability to produce both octupole and quadrupole

radial trap geometries. The new second-generation Penning-loffe trap incorporat-
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ing this magnet and the cryostat that supports it are currently being mounted by
members of ATRAP at CERN.

The second-generation Ioffe trap is enabled by emerging direct-wind magnet fabri-
cation methods [128, 129] not available to us earlier. By these techniques, transverse-
field magnets are constructed by laying wire directly onto an insulating bore tube,
while mechanical support is provided by subsequently added fiberglass overlayers. Se-
quential layers can be constructed by repeating the process, building to larger radii.
For our application, this fabrication approach allows for large flexibility in coil design
and minimizes the radial space required by the magnet assembly. In one example of
direct-wind methods developed at Brookhaven National Lab, a winding layer is ini-
tially tacked with adhesive then secured with a tensioned overwrap [129, 130]. This
method was recently used to construct an octupole-Toffe trap used in the antihydrogen
apparatus of the ALPHA collaboration [131].

For our trap, we chose wire-in-groove fabrication, an alternate approach developed
by the Advanced Magnet Lab (AML) [128]. In this method, wire is laid into closely
machined grooves in a G-10 tube, after which the structure is vacuum-impregnated
with epoxy. Successive layers are constructed by adding additional G-10 which is
then machined down to a minimal support structure. The result is a single, robust
composite of G-10, conductor, and epoxy. This method has previously shown excellent
performance with planar quadrupole coils, which were shown to operate with nearly
ideal superconductor performance after minimal quench training [132, 133].

A conceptual design based on this fabrication method was formulated, and in

early 2007 and an agreement was made for AML to undertake construction of our
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magnet system. The final magnet design resulted from a close collaboration with
AML, including prototyping to test the technical limits of fabrication methods. Per
our contract, AML agreed to provide a complete and tested magnet system but backed
out of this contract when difficulties arose with the planned construction of a liquid
helium enclosure. With few options to move forwards, a new contract was made in
the summer of 2008 under which AML would only fabricate the magnet coils and
forgo other aspects of the project, leaving it to us at Harvard to solve the technical
problems that they could not. These magnet windings were delivered to Harvard
in 2010, and they have now been integrated into a suitable liquid helium enclosure.
Below we describe the design, construction, and expected performance for this new

[offe trap.

9.1 Design Objectives

A principle design requirement of a new Ioffe trap is compatibility with our ex-
perimental platform (Section 2.1). A schematic of the Ioffe trap located within the
ATRAP apparatus is shown in Fig.9.1. The radial dimensions of the Ioffe trap are
established by the inner radius of the cryogenic insert located just inside of the inner
fiber detectors shown. Additionally, the axial dimension is set by our current Ioffe
trap to allow for the interchangeability of parts, including the XY-stage and antipro-
ton catching trap. A further requirement is that the magnet includes four radial ports
that provide access to the central trap region. This access is currently needed for the
creation of a Rydberg atom beam for charge-exchange experiments and is foreseen to

be critical for future access of ultraviolet laser light.
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Figure 9.1: Schematic of the Ioffe trap mounted within the Penning-loffe
apparatus (left) with a closer view of the cross-section of the loffe trap,
showing the four coils embedded in the winding structure (right).

A second design objective for the Ioffe magnet is a turn-off time sufficiently brief
to enable the detection of a single trapped antihydrogen atom (as discussed in Sec-
tion 3.3). Our current detector system has a background rate of 0.5 Hz due to cosmic
rays while detecting antiproton annihilations with an efficiency of 25%. For this per-
formance, a 20-ms trap ejection is required to have less than a 1% probability of a
background event during the ejection. (As discussed in Section 2.3.3, this may be ad-
justed with a trade-off made between antiproton detection efficiency and background
rate.) The turn-off time 7 of a magnet that generates a specified trap field is pro-
portional to the inverse of its operating current I and the turn-off voltage V, i.e.

7 o< (VI)~r. We thus desire to use the maximum operating currents that are feasible
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for our cryostat and achieve a large turn-off voltage, which is ultimately be limited
by electrical breakdown.

A final design objective concerns the magnetic fields generated. As discussed
in Chapter 3, charged-particle confinement in a Penning-Ioffe trap is expected to
be improved within an octupole-Ioffe field as compared to a quadrupole-Ioffe field.
Since the magnitude of a multipole field is proportionate to p"~* (Eq.2.1), for equal
trap depths an octupole field (n = 4) is substantially smaller than a quadrupole
field (n = 2) near the trap axis. On the other hand, the larger trap gradient of the
quadrupole trap improves the compression of trapped atoms resulting in, for example,
greatly improved laser cooling rates. Early in the design process, it became apparent
that a substantial quadrupole coil could be nested outside of the octupole coil with
little detriment to the octupole design. Such nested coils give us the capability to
directly compare the two field geometries in antihydrogen experiments, and it may
even provide the possibility of transferring atoms initially captured in an octupole
trap to a quadrupole frap for laser cooling and spectroscopy.

Within the conceptual arrangement of nested octupole and quadrupole coils, we
seek to optimize the trap depths created with each of these two field geometries. As
with lowering the kinetic energy of the antihydrogen synthesized (discussed in Chap-
ter 6), increasing the trap depth will enable more atoms to be captured. For atoms
with an average thermal energy much greater than the trap depth Uy;qp, the number of
trapped atoms is proportional to (Utrap)g’/ 2. A critical feature of the second-generation
apparatus that enables us to achieve significant trap depths with the nested-coil ge-

ometry are novel ultrathin Penning-trap electrodes (Section 9.5), which minimize the
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Figure 9.2: Nested coils that comprise the new Ioffe trap. For clarity, only a
single layer of each coil is shown.

distance between the coil windings and the trap region.

Before moving on to the design details of our new magnet, we should note the
performance of the first-generation magnet with regards to these design objectives.
Our current magnet produces a quadrupole trap depth of 380 mK. To detect trapped
antihydrogen atoms, the trap depth is reduced by 80% in approximately 1s with an
induced quench of a racetrack coil (Section 3.3). Undesirably, the quench dissipates
energy in the magnet coils and appears to cause unreliable magnet performance. As
we will see below, the second-generation magnet will produce a quadrupole trap as
deep as 790 mK as well as aﬁ octupole trap depth of 510 mK. For atom detection, the
magnet is minimally disturbed as the coil energy is dissipated in a resistor outside of
the cryostat. For the octupole trap, we anticipate a reduction in trap depth by 80%

in just over 10 ms.

9.2 Winding Design

An overview of the magnet windings is shown in Fig.9.2. The octupole coil is

located as close to the inner bore as possible to maximize its usable field. Outside
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Second generation First generation

octupole trap quadrupole trap | quadrupole trap

octupole coil 680 A 0 -
quadrupole coil | 0 500 A 69 A
pinch coil 330 A 390 A 80 A

bucking coil 250 A 340 A -

trap depth 0.78T (510mK) | 1.20T (790mK ) | 0.57 T (380 mK)

Table 9.1: Operating currents and trap depths of the new second-generation
magnet compared to those of our first-generation magnet. The trap depths
are specified as a field magnitude as well as an energy (in temperature units)
for ground-state antihydrogen atoms.

of this, a quadrupole coil is positioned with a matching azimuthal orientation to
accommodate four radial ports through the nested windings. Lastly, four solenoidal
coils are located at the largest radius. The outer two solenoid pinch coils operate
with the same sense of current to provide axial confinement, as in those of the current
apparatus (Fig. 2.6). Undesirably, these pinch coils generate an appreciable axial field
in the center of the trap due to their large radius and relatively small axial separation.
The vector addition of this axial field and the multipole field reduces the radial trap
depth. To remove this unwanted axial field near the trap center, the two additional
bucking coils are added, which operate with an opposite sense current.

The trap depth achieved by these coils is limited by the performance of the mul-
tipole windings. For these coils, a large diameter, high superconductor content, mul-
tifilament NbTi wire was chosen to maximize the fields generated while operating at
a high current. A wire with a copper-to-superconductor ratio of 1:1 is used, which
is the the minimum copper content that would still provide necessary thermal and

current-sharing properties,. A wire diameter of 0.85 mm, the largest readily available,
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results in a coil with relatively few turns that operates at a high current, as required
for a rapid turn-off time (Section 9.4, below). While multi-wire cable can provide even
higher operating currents, it was avoided due to potentially worse mechanical stabil-
ity. For the wire chosen, we use the minimum wire spacing that could be achieved
with the AML wire-in-groove fabrication technique.

To determine the optimal wire configuration, the trap depth is calculated for
various coil parameters (number of turns and layers, azimuthal distribution, bore
diameter, and spacing at the coil ends). The trap depth is determined by calculat-
ing the maximum possible operating current supported by the superconductor given
the peak magnetic field on the conductor. This calculation is done iteratively, since
the primary contribution to the peak field is the coil’s own field, although the field
contributions from the pinch coils, bucking coils, and primary Penning-trap solenoid
(providing 1T) are also accounted for. The operating currents and corresponding
trap depths for the optimized geometry is shown in Table 9.1. These trap depth
calculations account for the thickness required for Penning-trap electrodes. In the
constructed apparatus, ultrathin electrodes with an inner radius of 36.0mm (Sec-
tion 9.5) fit within the magnet bore with a radius of 49.7mm. It should be noted
that these specifications assume ideal superconducting performance (short sample
current), and actual superconducting magnets often perform somewhat worse than
this due to, for example, mechanical defects [134]. It is encouraging, however, that
previous multipole coils constructed by this wire-in-groove technique have operated
at over 90% of the ideal performance [132, 133].

A detailed view of the multipole coil windings is presented in Fig.9.3. A cross-
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Figure 9.3: Windings of the octupole and quadrupole coils shown in (a) a
cross-section at the axial center with current direction for each wire group
Jabeled and (b) rolled-out views for the innermost coil layers.

section of the wires at the axial center of the windings displays the alternating axial
currents in the magnet poles. The innermost layers of the octupole and quadrupole
coils are shown in a rolled-out view in Fig.9.3b. To accommodate radial access
to the trap center, the octupole wire azimuthal position is altered near the trap
center. The high-order transverse-field harmonics generated by this distortion do
not significantly penetrate into the trap region, although a slight axial asymmetry is
caused by azimuthal currents. Empirically it is found that roughly 100 mK of trap
depth is gained with this distortion, in comparison with a straight-wire design of fewer
turns that accommodates access ports of the same size.

The pinch and bucking coil cross-sections are shown in Fig.9.1. These coils are

wound with rectangular wire with a cross-sectional area of 1.48 mm? and a copper-
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Figure 9.4: Trap depths generated by the octupole (solid) and quadrupole
(dashed) traps. The trap depth is shown (a) along the trap axis, (b) along
the radius at the trap center, and (c,d) in equipotentials spaced by 0.1T.

to-superconductor ratio of 2.7. In contrast to the multipole coils, the performance of

which will determine the trap depth, these solenoidal coils will be operated at less

than 30% of the maximum current determined by the peak field on the conductor.

The two pinch coils and two bucking coils are operated independently so that the

relative currents in each pair can be optimized for the as-built geometry.

The magnetic fields generated by the octupole and quadrupole traps are com-

pared in Fig.9.4. As discussed, the octupole trap center is axially shifted from the

quadrupole trap center by 1.7 cm due to the side-port adjustment.
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9.3 Liquid Helium Enclosure

To achieve the calculated operating currents, the coils must be submerged in liquid
helium. This reservoir allows for rapid dissipation of any heat generated within the
coils. In this section, we describe the enclosure that we constructed to surround
the coils and separate the cryogen volume, outer insulating vacuum, and inner trap
vacuum.

A central challenge in constructing this enclosure is to minimize the distance be-
tween the trap boundary (the inner surface of the Penning-trap electrodes) and the
octupole coil windings, which generate a field that diminishes rapidly over this dis-
tance. If, for example, the enclosure occupied a radial thickness of 3mm, the trap
depth would be reduced by more than 30%. In addition, the joining techniques used
to construct the enclosure are restricted by the requirement that the coil structure
not be damaged during its fabrication. Given the proximity of the windings to the
side ports, in particular, we decided that the feasibility of welding side tubes to a
bore tube was not certain and would require a substantial effort to study. Instead,
the joining method chosen was epoxy overlap joints, which do not require an in-
creased temperature and enable the coil bore to serve as the bore of the enclosure.
As discussed above, these epoxy joints are what AML was not able to successfully
fabricate.

The enclosure was assembled with twenty sequential epoxy joints made between
the twelve parts shown in Fig. 9.5a. First, the two aluminum end plates are fastened
to the G-10 outer tube and winding structure. Each end plate contains five explosively

bonded titanium flanges which allow for seals to the cryogen and trap-vacuum spaces.
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Figure 9.5: (a) Exploded view of the liquid helium enclosure. (b) Cut-away
view with a detailed view of an epoxy joint.

Next, four side ports are joined to the inner bore of the windings and the outer tube.
At this point, the cryogen space is sealed. Lastly, to separate the inner trap vacuum
and outer insulating vacuum, four copper indium-seal flanges are attached to the
outer tube with a short G-10 coupling tubes.

A typical epoxy joint is detailed in Fig. 9.5b. On all joints, a low-viscosity cryogenic
epoxy (Stycast 1266) was applied to the top of a 0.0030 & 0.0005 inch gap. Over a
period of approximately 10 minutes, the epoxy wicks onto the clean, lightly sanded
surfaces to fill the gap (with a minimum length of 0.10 inch) and create smooth
fillets at the joint corners, as shown. This technique has previously been used to
create vacuum cells in‘cryogenic apparatus by joining G-10 to both metal and glass
[135]. We constructed many test joints between G-10, Al, and Cu, and found that

the method was reliable and the joints survived dozens of thermal cycles between 300
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and 77 K.

During the process of designing the enclosure, three full-sized mock-ups were cre-
ated to test joint geometries and assembly jigs. The first test prompted a redesign of
the end-plate joints to minimize the overlap of excess epoxy with the top aluminum
surface. It was found that the epoxy cracks in this region after thermal cycling, and
a leak appeared after 15 thermal cycles. A second mock-up tested a revised geome-
try that limits the surface exposed to excess epoxy and survived 40 thermal cycles.
In testing the final enclosure, it was found that the substantial thermal mass of the
coils, which was not present in the mock-ups, resulted in catastrophic temperature
gradients during thermal cycling. Small leaks in each joint between the side-port
tubes and winding structure were repaired by applying a few drops of epoxy to the
joint while the cryogen space was under vacuum. The enclosure then survived three
gradual thermal cycles in which the cooling occurred over 12 hours and the end-plate
temperatures we observed not to differ by more than 30 K. Thermal cycling of the
magnet system when it is incorporated in the full apparatus will be more gradual.

By current methods, this process takes over 30 hours.

9.4 Rapid Turn Off and Quench Protection

To count antihydrogen atoms captured in the trap, a magnét coil is rapidly de-
energized (Section 3.3) and coinciding antiproton annihilations are detected. For our
new magnet system, this will be accomplished with the high-current magnet circuitry
shown in Fig. 9.6 for each of the four coil sets (octupole, quadrupole, pinch, and

bucking) that are run independently. In normal operation, the current from a power
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Figure 9.6: (a) Schematic of high-current magnet circuit. (b) The calculated
turn off of the octupole coil.

supply (one or two Agilent 6681A units) passes through a closed switch (Semikron
SkiiP 1513GB172, IGBT-based integrated power device) and continues through the
magnet coil. To de-energize a coil, its switch is oaned and the current is diverted
through a dump resistance R, located outside of the cryostat. The calculated resulting
decay of the current in the octupole circuit, for example, is shown in Fig. 9.6b.

To minimize the turn-off time, the dump resistance and capacitance should be
chosen so that the maximum acceptable voltage is achieved and the circuit is critically
damped. We estimate a maximum voltage of 800V to use for calculations here. The
switch and magnet coils are rated for more than 1kV, but a potential limit comes from
the current and voltage-sense wires in the cryostat. These leads exit the cryostat in
helium, a gas with particularly low breakdown voltage, so a lower voltage limit may be
determined as this installation is tested. We choose a parallel capacitance of 1680 pF
to be pre-installed in the switches, and while this may be altered, it puts us in an
acceptable operating range. The resistors R4 are then chosen so that the circuits

are slightly overdamped (to prevent oscillations) and the voltage does not exceed the
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Inductance L | Dump resistor R, | Turn off (1/e)
octupole coil 19.9 mH 1.6 8.5 ms
quadrupole coil 113.1 mH 1.8 60 ms
pinch coil 107.4 mH 3.5 0 23 ms
bucking coil 19.5 mH 1.5 Q 9.6 ms

Table 9.2: Circuit parameters for each coil and the resulting turn-off time.

determined limit. The achieved turn-off time for each coil, defined as the time over
which the current reduces by a factor of exp(1l), and the chosen Ry are shown in
Table 9.2.

The octupole turn-off time of 8.5 ms results in a 90% trap reduction in 15ms. For
the detection of antihydrogen atoms during this window, a single count is a signal
of at least one trapped atom with 99% confidence for the detector scheme employed
in Section 3.3. If the detection efficiency is increased to over 50% (see Fig.2.3.3), a
single count still corresponds to nearly 80% confidence. This calculation suggests the
feasibility of single-trial, single-atom detection with the new Ioffe trap.

To achieve these turn-off times, quench protection diodes could not be incorpo-
rated in the magnet windings. As a result, an active quench-protection system is
used [134]. A quench is detected by mohitoring voltages across coil segments. A
comparison between different segments differentiates a resistive voltage, indicative of
a quench, from expected inductive voltages caused by changes in current. If a quench

is detected, the turn-off switch is triggered and the coil energy is rapidly dissipated.
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Figure 9.7: (a) The new Penning-Ioffe trap and cryostat, with enlarged views
of a (b) custom high-current lead cluster, (c) compact window flange, and
(d) stack of ultrathin Penning-trap electrodes.

9.5 Penning Trap and Cryostat

While the new Ioffe trap is broadly compatible with the current apparatus, a
new cryostat (shown in Fig.9.7) was needed to accommodate large currents to op-
erate the magnets. Two custom current-lead clusters are each constructed from two
750 A and two 350 A detachable vapor-cooled current leads and superconducting bus

bars (American Magnetics Inc.). The hat, baffles, and liquid helium container were
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modified from those shown in Fig. 2.2 to accommodate these large assemblies.

Other important revisions to the apparatus include ultrathin, large-diameter Penning-
trap electrodes, shown in Fig.9.7d. These electrodes maximize the trap depth by
minimizing the distance between the multipole coils and the electrode inner surface
(the trap boundary). A detailed description of the novel electrode construction is
anticipated in a future thesis [50]. Additionally, a compact window flange has been
designed to minimize the necessary X-Y stage travel. While not directly related to
the new loffe trap, this important improvement will enable use of the stage while
minimizing the risk of catastrophic failure of its edge-welded bellows [48]. This new
design has recently been installed in the previous apparatus as well. Lastly, it should
be mentioned that an additional cryocooler-cooled insert dewar has been acquired for
operation of this cryostat. This insert matches the dimensions of our previous appara-
tus, and has demonstrated slightly improved performance due to increased insulation
between the dewar layers. This second insert is foreseen to enable the interchange of
two cold apparatus, eliminating the loss of experiment time due to thermal cycling.

The entire apparatus shown in Fig.9.7, as well as the high-current and control
circuitry for the new magnet, has recently arrived at CERN, and mounting of the
magnet is currently underway by members of ATRAP. The first experiments with
this new apparatus, including quench training of the magnet system, should take

place soon.
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Conclusion

The feasibility of producing antihydrogen within a combined Penning-loffe trap,
envisioned long ago [4], has now been demonstrated [6]. Despite well-founded concerns
about the stability of charged particles in this trap geometry [61, 62], we measured
typical conﬁnerﬁent times on the order of 100s, sufficient for atom production [5].
A proof-of-principle demonstration follows in which antihydrogen that was formed
in a Ioffe trap with a trap depth of 380 mK for ground-state atoms was detected by
a counting antiprotons stripped by a Stark-ionization.[6]. A first search for trapped
antihydrogen determines a limit of fewer than 20 atoms trapped per trial while more
recent experiments lower this bound to 12. Within the last year, similar experiments
with an apparatus optimized for detection sensitivity found at first 0.1 atoms [68]
(and later, up to 1 atom [45]) trapped per trial.

The principle motivation of this thesis is to greatly increase the number of antihy-
drogen atoms that may be captured in a magnetic trap for spectroscopy. Progress has

been made on two fronts. First, we implement experimental methods to measure and
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control the properties of trapped antiproton and positron plasmas used for the synthe-
sis of antihydrogen. Second, we design and construct a second-generation Penning-
Ioffe apparatus which promises greatly improved performance and some unique ca-
pabilities for antihydrogen experiments.

To characterize and control our antimatter plasmas, we first implement a method
to determine the geometry and density of a trapped plasma by measuring its oscil-
lation frequencies. This diagnostic enables the study of rotating electric fields that
compress electron and positron plasmas to radii as small as 2mm. Reproducible
plasma geometries that are independent of particle loadingv methods are now the
standard in our apparatus.

The temperature of trapped plasmas, the second critical parameter for antihy-
drogen experiments, is investigated by two methods. First, the temperature of an-
tiprotons is measured by counting particles that escape past a diminishing potential
barrier. An analysis which accounts for the evolving space-charge potential of the
plasma extends this standard technique to our few-Kelvin antiproton plasmas. A
second temperature diagnostic, which does not rely on the sensitive detection of a
small number of ejected particles, comes from the temperature dependence of plasma
oscillation frequencies. In relative temperature measurements, electron plasma tem-
peratures are studied with a resolution on the order of 100 mK as the trap-electrode
temperature is modulated.

The trapped plasma diagnostics are applied in studies that allow for the prepara-
tion of greatly improved plasmas for trapped-antihydrogen experiments. A two-step

process for cooling antiprotons was demonstrated [103]. First, a small number of
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embedded electrons within an antiproton plasma effectively remove heat prior to an-
tihydrogen synthesis. Additional adiabatic cooling is achieved by letting the plasma
expand. These two methods together produce plasmas of up to 3 million antiprotons
at a temperature of 3.5 K, 10® more particles at 3-times lower temperature than has
previously been measured for cryogenic antiprotons. These cooling methods increase
the fraction of antiprotons with energy lower than our Ioffe trap depth by a factor of
25, a promising improvement for increasing the trapping efficiency of antihydrogen,
and further improvements seem attainable.

Substantial increases in the number of antiprotons and positrons available to pro-
duce antihydrogen are reported. An increased magnetic field, generated by a new
antiproton-loading solenoid, and compression by the rotating-wall technique greatly
improves the antiproton loading efficiency. This approach is used to accumulate over
10 million antiprotons into our Penning trap for antihydrogen experiments, a 14-fold
improvement over previous methods. The rotating-wall technique also counteracts
gradual expansion of large plasmas realized during positron accumulation. A constant
positron loading rate achieves up to 4 billion positrons, a 20-fold improvement for our
apparatus. These large particle numbers provide a promising start towards scaling-
up the production of trappable antihydrogen. The efficiency of 6 X 1075 trapped
atoms per initial antiproton recently reported in Ref. [45], for example, corresponds
to 700 trapped atoms if it can be equaled with our large antiprotons plasmas. A recent
thesis [48] incorporated these particle-loading improvements in the charge-exchange
production of antihydrogen and demonstrated a factor of 200 increase in antihydrogen

yield from a proof-of-principle demonstration with many fewer particles [93].
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Centrifugal separation is observed for electron-antiproton plasmas [125], a first
for these two-component plasmas used in all cold antiproton and antihydrogen ex-
periments. Implications for the geometry of antiprotons prepared for experiments
is discussed. The separated ge‘ometry provides for a gradual procedure to remove
electrons and a potential new method for determining the plasma temperature from
the antiproton radial distribution.

The second focus of this thesis,‘undertaken concurrently with the experimental
advances, is the design and construction of a second-generation Penning-Ioffe trap for
trapped-antihydrogen experiments. The central improvement of this apparatus is a
unique Ioffe trap which provides a number of advantages over the first-generation trap
used for the experiments in this thesis. Recent developments in magnet fabrication
methods enable a nested octupole-quadrupole coil design that allows the use and
comparison of these two trapping-field geometries. A second key feature is a turn-
off time sufficient for single-trial, single-atom detection with our current annihilation
detector system. The magnet operates with currents roughly 10-times larger than
those in the first-generation magnet, and an active quench protection system allows
for large voltages to de-energize the coils. A considerable challenge arose when the
manufacturer failed to produce a liquid helium enclosure for the new magnet system.
Nevertheless, we were able to design and fabricate a proper enclosure at Harvard after
thorough development and testing of epoxy joining techniques. Construction of the
second-generation Penning-Ioffe trap, and the new cryostat with which it operates, is
complete.

These advances are substantial progress toward our long-term goal of precise spec-
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troscopy with antihydrogen confined in a magnetic trap. We now seek to apply these
improvements to antihydrogen-trapping experiments. Studies undertaking scaled-up
antihydrogen production in the first-generation Penning-Ioffe trap are underway, and
meanwhile, the second-generation magnet has just been mounted on its cryostat at
CERN. Much remains before precise tests with antihydrogen can be undertaken, but

there are good reasons for optimism about the future of antihydrogen research.
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