L aser-Controlled Charge-Exchange Production i
McConnell, Robert Puryear g 9 ion of Antihydrogen

ProQ/uea Dissertations and Theses; 2011; ProQuest
pg. nfa

HARVARD UNIVERSITY
Graduate School of Arts and Sciences

DISSERTATION ACCEPTANCE CERTIFICATE
The undersigned, appointed by the
Department of Physics
have examined a dissertation entitled

Laser-Controlled Charge-Exchange Production of Antihydrogen

presented by

Robert Puryear McConnell

candidate for the degree of Doctor of Philosophy and hereby
certify that it is worthy of acceptance.

Signature M %4—@9

Typed name:__Professor Gerald Gabrielse, Chair

Signature ;j(/b A /é//gﬁ_\

(e

Typed name:: Professor“éric Heller

Signature 4@5/ /Z 4 /w/m/—

Typed name: __Professor Isaac Silvera

Date:  August 24, 2011

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



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



Laser-Controlled Charge-Exchange Production of
Antihydrogen

A thesis presented
by

Robert Puryear McConnell

to
The Department of Physics
in partial fulfillment of the requirements
for the degree of
Doctor of Philosophy

in the subject of
Physics
Harvard University

Cambridge, Massachusetts
September 2011

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



UMI Number; 3491906

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript

and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

UMI

Dissertation Publishing

UMI 3491906
Copyright 2012 by ProQuest LLC.
Al rights reserved. This edition of the work is protected against
unauthorized copying under Title 17, United States Code.

ProQuest

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, MI 48106-1346

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



(©)2011 - Robert Puryear McConnell

All rights reserved.

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



Thesis advisor Author

Gerald Gabrielse Robert Puryear McConnell

Laser-Controlled Charge-Exchange Production of

Antihydrogen

Abstract

Antihydrogen, the bound state of an antiproton and positron, is a unique system
that provides the opportunity for precise tests of matter-antimatter symmetry and
CPT invariance. Confining antihydrogen atoms in a magnetic trap, first proposed
over twenty years ago, is the most promising route to realizing precision comparisons
of hydrogen and antihydrogen via laser spectroscopy. While a recent demonstration of
small numbers of trapped atoms confirms the feasibility of this method, more trapped
atoms will be required for precision spectroscopy of antihydrogen. This thesis reports
three advances toward this goal. First, a field-boosting solenoid and rotating-wall
technique allow the loading of up to 10 million antiprotons in a Penning-Ioffe trap
for antihydrogen production experiments. Second, adiabatic cooling reduces the tem-
perature of up to 3 million antiprotons to 3.5 K, the coldest antiproton temperature
yet measured. Finally, a new apparatus produces antihydrogen by two-stage charge
exchange. The production of 3600 £ 600 antihydrogen atoms per trial by this method
is indicated, a factor of 200 increase over a previous proof-of-principle demonstration.
Antihydrogen produced by charge-exchange should have the temperature of the an-
tiprotons from which it forms, which could aid in the quest to trap sufficient numbers

of atoms for precise comparisons of hydrogen and antihydrogen.
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Chapter 1

Introduction

Antihydrogen (H), the bound state of an antiproton (p) and positron (e*), is the
antimatter counterpart of hydrogen. As the simplest antimatter atom, antihydro-
gen is an obvious choice for the study of antimatter. Unanswered questions about
the relationship between matter and antimatter still remain: are matter and anti-
matter truly opposites, possessing exactly equal mass but exactly inverse electrical
charge? Why does our universe contain large amounts of matter but essentially no
antimatter? While these questions have been approached from many angles—from
cosmological observations, to experiments in high-energy accelerators, to studies in
low-temperature antimatter traps—the ability to confine atoms of antimatter for long
periods of time would present a unique opportunity for high-precision studies of the
properties of these anti-atoms. This thesis presents recent progess towards the study

of antihydrogen in a low-temperature trap.
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Figure 1.1: Timeline showing important milestones toward the production
and study of H since the discovery of antimatter.

1.1 A brief history of antimatter and antihydrogen

The existence of antimatter was first predicted in 1931 by Paul Dirac [1]. His new
equation for the relativistic quantum mechanics of the electron predicted solutions for
the electron of both positive and negative energy. He interpreted the negative energy
states as a “sea” of electrons already in existence, and suggested that absences or
“holes” in this sea would appear to observers as positively-charged particles. Initially
interpreting these holes as protons [2], he soon realized that the negative-energy
solutions also required the same mass as an electron. He therefore proposed the
existence of “anti-electrons” with the same mass but opposite charge as the electron,
and noted that electrons coming into contact with anti-electrons could annihilate and
release their mass energy as radiation. Dirac also suggested that other fundamental
particles, including the proton, should have their own antiparticles [1].

Dirac’s theory found spectacular confirmation in the experimental observation of
the positron just one year later [3]. In experiments in a cloud chamber in a strong

magnetic field, scintillation tracks with the same radius of curvature but curving in
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Chapter 1: Introduction 3

the opposite direction as an electron’s track were observed. The conclusion was that
a new type of particle with the same mass but opposite charge as the electron had
been discovered, and these positive electrons or “positrons” were quickly identified
with Dirac’s anti-electron [4].

Positrons, et, are readily produced by the radioactive decay of certain elements,
but the antiproton (p) is much rarer in nature. The first observation of antiprotons
required a particle accelerator to produce proton-antiproton pairs in the high-energy
collision of a proton with a fixed target [5]. Antiprotons were later identified as a rare
component of the cosmic ray spectrum [6].

The production of P in an accelerator led to innovative proposals for the precision
study of the antiproton and its comparison to the proton (7, 8]. These proposals
focused on the confinement of p within a device known as a Penning trap. The
Penning trap confines charged particles with a combination of electric and magnetic
fields [9]. Proposals to use the Penning trap for antiparticle confinement 7] reached
fruition in the high-voltage trapping of p [10] and the subsequent electron-cooling
of P to cryogenic temperatures [11]. These techniques, now used for all cold p and
H research, allowed for a very precise comparison of the charge-to-mass ratio of the
antiproton and proton [12, 13].

As research on trapped P was ongoing, proposals were made to produce slow an-
tihydrogen in a nested Penning trap [14] and to trap the resulting H atoms in a
magnetic trap to allow for precision spectroscopy [15]. A subsequent proposal to pro-
duce hot (i.e., relativistic) H from collisions between high-energy p and atomic nuclei

[16] resulted in the observation of 11 antihydrogen atoms at CERN’s Low-energy An-
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Chapter 1: Introduction 4

tiproton Ring (LEAR) facility in 1996 [17] and the later observation of 57 high-energy
H atoms at Fermilab [18]). This approach to H production was not pursued further
owing to the difficulty of using relativistic H atoms in precision measurements.

The simultaneous confinement of e™ and P in a Penning trap [19] and the observa-
tion of cooling of P by e™ [20] were milestones that opened the way for the production
of cold antihydrogen in a nested Penning trap [21, 22, 23]. Since then, efforts have
focused on realizing the proposal [15] to confine the resulting H atoms in a magnetic
trap for precision spectroscopy. Confinement of p and e~ within a combined Penning-
Toffe trap [24] demonstrated that the Penning trap for charged particles and magnetic
trap for neutral atoms were sufficiently compatible with each other that charged par-
ticles could be held for long enough to produce H. The first observed production
of antihydrogen within a Penning-Ioffe trap, reported in 2008 by ATRAP [25], es-
tablished that less than 20 H atoms were being trapped per trial. The first signal
from trapped H, the observation of approximately one trapped atom per 9 trials, was
reported in 2010 [26]. This proof-of-principle demonstration was an important step,
but more trapped atoms are needed to achieve the envisioned precision comparison of
hydrogen and antihydrogen. Simultaneous efforts to develop the techniques required
to trap a larger number of atoms have led to the observation of centrifugal separation
of p and e~ [27] and the adiabatic cooling of p to 3.5 K [28]. The evaporative cooling
of b to 9 K [29] has also been demonstrated.

During the past few years, the ATRAP Collaboration has chosen to develop meth-
ods that will allow us to scale up to larger numbers of trapped H atoms. These

methods now allow us to load up to 10 million § and 4 billion e* for experiments
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Chapter 1: Introduction 5

and to adiabatically cool the P to 3.5 K or below. This thesis describes these recent
advances. The method by which H is formed may also be crucial for efforts to trap
more atoms. This thesis focusses on one approach: laser-controlled charge-exchange

production of antihydrogen.

1.2 Antihydrogen and fundamental symmetries

Although the production and trapping of antihydrogen is of some interest in itself,
the larger motivation for its study is to perform high-precision tests of the fundamen-
tal symmetries of nature. The Standard Model of particle physics predicts exact
symmetries between particle and antiparticle, so tests of this equivalence both test
the validity of the Standard Model and search for possible physics beyond the Stan-
dard Model. In particular, experimental comparisons of matter and antimatter are a
test of the symmetry in the Standard Model known as €' PT' invariance.

The combined operation C'PT is a sequence of three discrete operations on a
system. Charge-conjugation, C, inverts the charge of all particles. Parity inversion,
P, inverts the coordinate system, taking all locations ©* — —7" and effectively trans-
forming the system into its mirror image. (Technically, P inversion also requires a
rotation of the coordinate system by 180° about the mirror axis, which is expected to
have no experimental consequences.) Time reversal, T, changes the time coordinate
t — —t; it can be thought of as inverting the velocities of all particles. CPT in-
variance requires equal masses and equal-but-opposite charges for particles and their
corresponding antiparticles.

Although it initially seemed obvious that the physics of our universe would re-
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Chapter 1: Introduction 6

main the same in a “mirror-image” universe, it was pointed out in [30] that a test
for invariance under the P operator for weak-force interactions had not yet been per-
formed. Such a test demonstrated, quite surprisingly, that the weak force (which
governs radioactive decay) violates parity symmetry [31]. In this first demonstration
of P violation, the emission of B particles by magnetically polarized, radioactive ®Co
nuclei was found to be preferentially anti-aligned with the polarization of the nuclei.
In a mirror-image world, the 8 emission would be aligned with the nuclear polar-
ization. Subsequent experiments and analysis confirmed that the weak interaction
maximally violates parity symmetry [32, 33, 34].

This surprising result prompted further investigations. Proposals that the com-
bined symmetry C'P should be conserved in all physical processes [35] were con-
tradicted by the 1964 observation of C'P violation in the neutral kaon system [36].
Subsequent investigations, however, have confirmed invariance of the full symmetry
CPT to a high degree of precision in a number of experiments. The C'PT theorem
in the Standard Model of physics requires C PT invariance in any quantum field the-
ory obeying both locality and Lorentz invariance {37]. There is thus some reason to
expect CPT symmetry to be preserved in nature. (This reason would be more com-
pelling if quantum field theories which incorporate the gravitational force could be
formulated.) Precise tests of CPT represent an important test of the Standard Model
and any violations would point the way to physics beyond the Standard Model.

Figure 1.2 illustrates the relative precision of many tests of CPT invariance. The
ratio of neutral kaon masses my /mz has the lowest fractional precision of any test of

CPT invariance due to the unique ability to use an interferometric measurement to
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Figure 1.2: Comparison of fractional precision of tests of the combined sym-
metry CPT. The projected sensitivity for an H / H comparison is based
on the currently achieved precision for the 15-25 line in H. While an H /
H comparison is an important potential CPT test for a combined lepton-
baryon system, it only tests at the precision shown for C'PT-violating terms
coupling to leptons. C PT-violating terms coupling to baryons are tested at
a factor of ~ m,/m. = 1836 times lower sensitivity.
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Chapter 1: Introduction 8

determine the very small mass difference between the two observable kaon eigenstates
Kiong and Kgpore. This test is also important as it is a test of C PT' invariance in a sys-
tem which demonstrates CP violation. Nevertheless, this test confirms CPT invari-
ance only for the masses of one meson system. Tests in other sysfems—particularly
those involving leptons and baryons—thus seem warranted. It is difficult to know in
advance in what way possible C PT violating terms might appear and in what sorts
of measurements their effects might be seen.

A comparison of the 15 — 28 transition in H and H would be a direct comparison

of the Rydberg constant for hydrogen and antihydrogen,

b () (9 () .

and would therefore be a sensitive test of the equality of charges and masses for both

leptons and baryons. The narrow 1.3 Hz linewidth of the 15 — 2§ transition allows
for extraordinarily accurate measurements of this energy spacing. If ‘spectroscopy on
H can be performed to the same 1.8 x 107 fractional error of this measurement in
H [38], the H-H comparison promises the most accurate test of CPT violation in a
lepton system. While the effect of the p and p masses on the Rydberg constants
for H and H is smaller (as seen in Equation 1.1), the H-H comparison is also a very
sensitive test for C PT-violating terms coupling to baryons. Further theoretical work
on possible CPT-violating terms in an extension of the Standard Model suggests
that study of H 1S — 25 and ground-state hyperfine transitions may provide a more
precise constraint on C'PT violation than other lepton and baryon measurements [39].

How many trapped antihydrogen atoms are required for precision spectroscopy?

The two major requirements are a spectroscopy signal distinguishable from back-
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Chapter 1: Introduction 9

ground fluctuations and a narrow measurement linewidth. One analysis of such a
measurement at the 107'2 level suggests two-photon spectroscopy of the 15 — 2S5
transition of 1,000 H atoms [40]. Excitation is accompanied by microwave quenching
of excited H to the 2P level and subsequent detection of the 121.5 nm photons re-
sulting from rapid decay of the 2P state. It may be possible to achieve even greater
precision by an “annihilation spectroscopy” experiment where atoms are excited to
the long-lived 25 state and then rapidly removed from that state in a way which
ejects them from the magnetic trap; the resulting annihilation signal may provide
better signal-to-noise than detection of Lyman-« photons.

Proposals have also been made to study the interaction of antimatter with gravity
using larger numbers of trapped H- ions laser-cooled to less than 1 mK [41, 42]. The
weak nature of the gravitational interaction (10 cm height difference corresponds to
approximately 100 uK of thermal energy) makes this measurement a challenge. Nev-
ertheless, a new experimental group at CERN proposes to perform an interferometric
measurement of antimatter gravity with an H beam [43]. Both trapped H and cold H
beams may ultimately be able to realize precision tests of antimatter’s gravitational

interaction with matter.

1.3 Overview of this thesis

The field of H study has been especially active since the first observations of
H formation in a Penning trap in 2002 [21, 22]. Efforts have focused on studying
the behavior of charged particles in combined Penning-Ioffe traps, on loading larger

numbers of particles, on producing the coldest plasmas possible, and on experiments
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Chapter 1: Introduction 10

to trap antihydrogen. This thesis discusses much of the work that has been done in
these areas over the last few years.

Chapter 2 of this thesis discusses the ATRAP cryogenic Penning-loffe trap appa-
ratus in detail. Chapter 3 reviews the methods developed by ATRAP to load the
three species of particles we use: electrons, positrons, and antiprotons. It also dis-
cusses techniques for manipulating and detecting these particles. This chapter details
the advances made in particle loading over the last two beam runs, now allowing us
to efficiently load up to 10 million antiprotons and up to 4 billion positrons.

Chapter 4 discusses theory and experiments related to plasmas in a Penning trap.
Chapter 4 also discusses the centrifugal separation of antiprotons and electrons, an
important result from this collaboration in 2010 and the first observation of such
separation with elementary particles. Another important ATRAP result from the
2010 beam run is the adiabatic cooling of up to 3 x 10° antiprotons to a temperature
no more than 3.5 K. Chapter 5 discusses measurements of particle temperatures and
describes the method used to obtain this result.

Chapter 6 discusses antihydrogen formation mechanisms with a focus on three-
body recombination, the mechanism by which antihydrogen was first produced in a
Penning trap. This chapter also discusses important studies by ATRAP and others
into the stability of charged particles within a combined Penning-Ioffe trap, with
important consequences for experiments to trap antihydrogen. Finally this chapter
discusses the recent result of trapped antihydrogen and its implications for the future
of antihydrogen spectroscopy.

Chapter 7 discusses the implementation of a cryogenic Rydberg Cs source to pro-
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duce antihydrogen by two-stage charge exchange. This chapter discusses the benefits
and drawbacks of this approach to forming antihydrogen. Results obtained from the
past two years, including a factor of 500 increase in on-axis charge-exchange Ps pro-
duction (the first stage of the reaction), and good evidence of the production of 3600
+ 600 H atoms by this method, are also discussed. Finally, this chapter briefly de-
scribes the future outlook for antihydrogen production by two-stage charge exchange.
A brief concluding chapter examines the state of antihydrogen research today and the
outlook for high-precision H spectroscopy in the near future.

ATRAP is a collaboration composed of many members, all of whom made signifi-
cant contributions to the work discussed here. As one of two or three people primarily
responsible for operation of the Penning-Ioffe trap apparatus at CERN over the past
few years, I was heavily involved in construction and maintenance of apparatus and
in the major results obtained by the collaboration. This thesis will focus on the work
I have done and the results that I have obtained. Two particular projects for which I
was primarily responsible include the design and implementation of the field-boosting
solenoid for antiproton loading and the construction and operation of the cryogenic

Rydberg Cs source for the production of antihydrogen by two-stage charge exchange.
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Apparatus

The production, detection, and trapping of cold H necessitates a complex ap-
paratus that must meet many requirements. The charged particles which are the
constituents of H must first be confined and made to interact to form H. A set of
Penning trap electrodes, combined with a uniform axial magnetic field, are used for
charged particle confinement. Neutral atoms (not confined by the Penning trap) re-
quire a different trapping mechanism. A Ioffe trap is added as a way to confine the
neutral H. Additional requirements include ultra-high cryogenic vacuum to prevent
annihilation of the antiparticles by matter vacuum contaminants, optical access for
the excimer laser required for e~ loading (and other lasers for future laser cooling and
spectroscopy of H), and a very large number of electrical connections.

The original Penning traps used by the ATRAP collaboration for the production
of H, referred to as HBAR1 and HBAR2, are described more fully in [44, 45, 46].
In order to allow for the combination of a Penning trap and a Ioffe trap we built a

new experimental platform, given the name ATRAP2. Two copies of this apparatus,

12
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Chapter 2: Apparatus 13

informally referred to as ATRAP and BTRAP, were constructed. The apparatus
known as ATRAP is currently scheduled to be converted into an ultra-low-noise trap
for precision measurements on single antiprotons. Experiments in the 2009 and 2010
beam runs were performed in the BTRAP apparatus, which has consequently diverged
somewhat from ATRAP during this time. In addition, a third apparatus, referred to
as CTRAP, is scheduled to come online in 2011. Further details about the CTRAP
apparatus can be found in [47].

This chapter will discuss the essential pieces of the BTRAP apparatus, shown in
Figure 2.1. The heart of the BTRAP apparatus consists of 39 hand-polished Penning
trap electrodes. These electrodes are enclosed within a titanium vacuum enclosure
that provides the required ultra-high vacuum. The Ioffe trap is a superconducting
magnet surrounding the upper regions of the Penning trap electrode stack. Below
the Ioffe trap, a field-boosting superconducting solenoid is mounted that is used to
enhance antiproton loading. The Penning trap electrodes are cooled to 1.3 K by a
pumped liquid helium system mounted above the Ioffe trap. Above this is a reservoir
of liquid helium at 4.2 K. This helium dewar, with a capacity of 40 liters of liquid
helium, cools the superconducting magnets and provides the helium input to the
1.1 K pumped helium system. A series of copper thermal isolation plates covered
with sheets of aluminized mylar isolate the cryogenic parts of the apparatus from
room-temperature radiation. Electrical connections and optical access to the trap
are provided by the room-temperature top plate of the experimental platform. The
entire Penning-Toffe apparatus sits inside of a three-layer cryogenic insert dewar which

is kept at high vacuum to prevent thermal coupling between the apparatus and room
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Figure 2.1: The BTRAP cryogenic Penning-Ioffe trap apparatus used for the
production and trapping of H.
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temperature. The two inner layers of this insert dewar are cooled by a pulse tube
refrigerator (Cryomech PT405) to reduce the radiative heat load on the apparatus.
Outside of the insert dewar are located four layers of scintillating fiber detectors used
to monitor the annihilation signal from p. These detectors are in turn surrounded
by the large superconducting solenoid which provides a constant and high uniformity
background magnetic field of 1 T for the Penning trap. Finally, outside of this solenoid

are located additional scintillating paddles for further detection of p annihilations.

2.1 The Penning trap

2.1.1 Theory

The Penning trap uses a combination of electrostatic and magnetic fields to confine
charged particles [9, 48]. Although an electrostatic field minimum seems like it would
be the easiest way to confine charged particles, Gauss’s law prevents such a minimum
in a region free of external charges. Charged particles can, however, be confined
in a trap consisting of a combination of a uniform axial magnetic field ByZ and an
electrostatic quadrupole potential. The quadrupole potential provides a restoring
force in the axial direction while the magnetic field causes particles to be confined to
field lines, resulting in stable confinement.

The electrostatic quadrupole potential can be written as

8(F) = dolz — 57°), (2.1)

with z the axial coordinate and p the radial coordinate. This potential can be pro-

duced by applying a voltage V; to two hyperbolic electrodes located at +z while
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Figure 2.2: Three motions of a single particle in a Penning trap.

keeping two additional hyperbolic electrodes in the radial plane at V' = 0. In prac-
tice, however, hyperbolic electrodes are difficult to machine and make the access
required for loading particles very difficult. A good approximation to a quadrupole
potential can be provided by a series of cylindrical electrodes [49].

The motion of a single particle in a Penning trap has been studied extensively [48]

and will be reviewed only briefly here. The particle motion obeys the equation
mi = q(—=Vé — 7 x B), (2.2)
which can be simplified to

mz = —qooz (2.3)
mi = q¢ox — qyBo

my = qooy + qTBy.

Simple harmonic motion in the axial direction can easily be recognized with a fre-
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Motion | Frequency (e”) | Frequency (p)
Cyclotron 28 GHz 15 MHz

Axial 35 MHz 820 kHz
Magnetron 22 kHz 22 kHz

Table 2.1: Typical frequencies of the three separable motions for particles
confined within the BTRAP Penning trap.

quency

w, = \/%. (2.4)

The radial equations can be solved by making the substitution v = z+14y and writing

the cyclotron frequency w, = ‘1—5—0 to give:

1
i + dwet — iwzu = 0. (2.5)

F4

The solution to this equation (normally found by separation of variables [48]) is given
by u = e"“tt with
1

we =3 (wc + R — 2w§) . (2.6)

A requirement for the stability of the motion is that
we > V2w, (2.7)

The motion of the charged particle is therefore the sum of three motions: simple har-
monic motion at w,, high-frequency orbits around field lines at the modified cyclotron
frequency wy, and a large-radius “magnetron” motion at frequency w_. The resultant
motion is shown in Figure 2.2. In ATRAP’s Penning traps the three frequencies obey

the relation w, =~ w, > w, > w_. Typical frequencies for these motions are shown in

n
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Table 2.1. The magnetron motion can be understood by reference to the drift velocity
Ug = E x B /B? of a charged particle in crossed electric and magnetic fields and is
thus independent of the particle mass.

Cylindrical Penning trap electrodes do not produce perfect quadrupole potentials.
In addition, we sometimes need to use complicated potential structures to simul-
taneously confine particle clouds of different species near one another, which will
consequently depart further from the idealized quadrupole model. In order to under-
stand how particles in the trap will behave, we need to know the potential produced
at all points in the trap by the voltages applied to our electrodes. We can calculate
this potential either by an analytic expansion [48] or by numerical relaxation methods
(50].

The potential can be expanded about the center of the trap as the sum of a series
of Legendre polynomials, P;(cos(f)); this expansion has been extensively described in
other works and is crucial to the understanding of precision Penning trap experiments
[48]. For a single electrode centered about z = 0, or a series of electrodes to which
potentials symmetric about z = 0 are applied, the resulting trap potential can be

written (in spherical coordinates) as

oo

6(r0) = 3 30 (5) Pieos(0)). 23)

3=0

even
Here the dimensional constant d satisfies d> = 1/2(22 + p2/2), with zo the half-length
of the central electrode and pg the electrode radius. The advantage of this formulation
is that the coefficient C, represents the quadratic or harmonic coefficient of the po-

tential expansion, with all Cy~, representing anharmonic coefficients (Cp represents a

constant and unobservable offset to the trap potential). An antisymmetric potential
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applied to the electrodes can be written as a sum of only odd Legendre polynomials.
The full trap potential can then be represented as a complete sum of all even and
odd terms.

It can be convenient to first represent the trap potential as a sum of modified

Bessel functions, Ip(z):

o0

o(p,z) = Z Sudo(knp) cos(knz), (2.9)
n=0
with
(n+3)w
k,, 7 (2.10)

The coefficients S, can be calculated in a straightforward way from the boundary
conditions:

9 L
Sp = )L/o V(po, z) cos(knz)dz, (2.11)

[o(knpo

where the length of the electrode stack is 2L, the electrode radius is pg and V(po, 2)
represents the potential applied to the electrodes as a function of axial position.
Typically, grid files for the electrode stack are generated by determining the expansion
coefficients S,, for each electrode held at potential of 1 V while all others are held at

0 V. The total trap potential is then calculated by voltage superposition,

Prrap(T) = E Vigi (7 — 2), (2.12)

to find the potential due to all electrodes 4 at positions z; in the stack. The coefficients
S, of the Bessel function expansion and C; of the Legendre polynomial expansion are

related by

c, = 2(“1,,)j/2 i(knd)j Sn. (2.13)
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Calculation of the coefficients C; allows traps to be built with minimum anharmonic-
ity, which has been especially important for precision measurements of single particles
in a Penning trap.

While good convergence from the analytic expansion is obtained for radii p < pg,
an increasing number of terms is required to obtain convergence of the series at large
radii. Numerical relaxation calculations can instead be used to calculate the potential
#(7) in our trap [50]. These relaxation calculations find the unique potential satistying
Laplace’s equation V2¢ = 0 through an iterative method. The procedure can be
thought of as solving a “diffusion” equation, 8¢/dt = D V?¢. As t — oo the rate
of change 9¢/0t — 0 and the resulting potential expression becomes an arbitrarily
good solution to Laplace’s equation. To use the relaxation method in our trap, the
potential is discretized on a grid of points subject to boundary conditions given by the
electrode voltages. In rectangular coordinates a solution can be found by repeatedly
setting the potential at each point equal to the average of its neighbors’ potentials.
The cylindrical geometry renders the solution somewhat more complicated due to the

divergence at p = 0, but the equations can be recast in cylindrical form as

1 1 1
¢ij(n+1) = 1 <¢i+1,j(n) + ¢i1,;(n) + (1 + ;)¢i,j+1(n) + (11— ;)Qbi,j—l(n)) ,
gbi,o(n + 1) = é (qﬁi_l,o(n) + ¢,~+1,o(n) + 4¢i,1(7’l)) . (214)

Here ¢, ;(n) represents the nth iteration of the potential at axial coordinate ¢ and

radial coordinate j. The second equation is used to avoid the singularity at p = 0.
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Figure 2.3: (a) Side view of the Penning trap electrode stack used for confine-
ment of charged particles. (b) Electrode stack with some of the surrounding

titanium vacuum enclosure.
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2.1.2 The ATRAP2 Penning trap

Figure 2.3 shows the electrode stack used in the BTRAP apparatus. The need to
load many species of particles, perform various manipulations on them, bring multiple
species into close proximity and to vary potentials to produce the interactions allow-
ing H formation led to the construction of a stack of 39 hand-polished, gold-plated
electrodes. The potential applied to each of these electrodes can be independently
set.

The electrode stack consists of two main sections, the lower and upper regions.
The lower stack is the region in which antiprotons are loaded. Two electrodes, the Be
degrader and the high-voltage electrode, are capable of being biased to 5 kV in order
to trap high-energy P entering the apparatus. The other electrodes typically operate
at voltages less than 1 kV. Macor spacers electrically isolate the electrodes and are
precision-machined to guarantee proper alignment of the electrode stack. One special
electrode in the upper stack, the cesium electrode, is designed with a small hole in
two ends in order to allow a beam of laser-excited Cs atoms to enter the Penning trap
region. This Cs beam is used to induce H formation by two-stage charge-exchange,
which will be described in greater detail in Chapter 7.

The electrode stack is contained within a titanium vacuum enclosure; the absence
of any ferrous materials (including stainless steel) from the Penning trap regions of
our apparatus minimizes distortion of the uniform 1 T bias field. Copper pinbases
containing brazed electrical feedthroughs permit DC and high-frequency electrical
signals to be applied to the electrodes. Two high-voltage feedthroughs allow voltages

up to 5 kV to be applied to the Be degrader and the high-voltage electrode. The
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titanium vacuum enclosure makes a vacuum connection to the Ioffe trap (described
below) through a custom titanium thermal isolation bellows section. This thermal-
isolation bellows assembly allows the stack vacuum enclosure and trap stack to be
cooled to 1.2 K by a pumped helium system [51| while the Ioffe trap remains at 4.2
K with its superconducting coils bathed in atmospheric pressure liquid helium.

A series of custom-built, low-noise, high-voltage “UberElvis” amplifiers allow us
to independently set potentials up to 1 kV on any of the trap electrodes. These
amplifiers are connected to a “high-voltage matrix” system which allows us to switch
a number of special supplies or monitors, including a Keithley digital multimeter and
a custom ramp generator, to any electrode. Custom-built filter boards mounted above
the pinbases provide RC filtering with a 1 ms time constant for each electrode. The
electrodes are also capacitively coupled to micro-coax lines which allow fast pulses to
be applied to any of the electrodes. These RF lines are 50 §) terminated to prevent
reflections of applied pulses. Exceptions are lines applied to the segmented rotating-
wall (RW) electrodes, to which twisted foursomes of wire allow the application of a
phased sinusoidal drive for control of plasma radius; this technique will be described

further in Chapter 4.

2.2 Ioffe trap for neutral atoms

The Penning trap provides excellent and stable confinement of charged particles
for very long times. However, it cannot be used to trap neutral atoms. Trapping of
neutral atoms, including H, requires a different technology. The BTRAP apparatus

incorporates a Ioffe trap which traps neutral atoms via a gradient magnetic field, as
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Figure 2.4: Zeeman shift of the ground state levels of H in a magnetic
field. Those states whose energy increases with increasing field (“high-field-
seeking”) can be trapped by a magnetic field minimum.

suggested long ago [15].
In its ground state the energy levels of H undergo a Zeeman shift in a magnetic

field B. For sufficiently large field (on the order of 0.1 T') the energy shift is given by
AE = /,Lngij + ,uBglm;B, (215)

with pp the Bohr magneton, g; and g; the spin-orbit and nuclear g-factors, respec-
tively, and m; = £1/2 and m; = £1/2 the electron and nuclear magnetic quantum
numbers. This energy splitting is shown in Figure 2.4. The energy splitting is of
order 1 K for magnetic fields of order 1 T.

A Toffe trap uses a strong magnetic gradient to produce a magnetic field minimum
that can confine atoms in the weak-field-seeking states (those whose energy increases

with increasing field) [52]. The use of such a trap for cold H studies was proposed
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pinch coils

racetrack coils

Figure 2.5: The superconducting Ioffe trap. Racetrack coils produce a
quadrupole magnetic field for radial confinement of atoms, while solenoidal
pinch coils produce axial confinement. The loffe trap is housed in a titanium
enclosure with four elliptical side ports for optical or other access.
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Figure 2.6: Trapping depth for ground-state H (or H) atoms of the nonunifomn
magnetic field produced by the Ioffe trap.

long ago [15]. Magnetic confinement of neutral atoms was subsequently used for
the realization of Bose-Einstein condensation in atomic vapors [53, 54] and for high-
precision two-photon spectroscopy of the H 1S-2S transition [55]. The particular
configuration used in the BTRAP Ioffe trap is shown in Figure 2.5. It consists of four
“racetrack” coils producing a quadrupole magnetic field given to lowest order near the

center of the trap by
Bguaa = B(zZ — y7). (2.16)

The magnitude of the quadrupole field increases with distance p from the central
axis of the trap. The Ioffe trap also includes two circular “pinch” coils (shown in
Figure 2.5) which provide an additional gradient in the axial direction. The field
from the Ioffe trap is superimposed on the 1 T background field generated by our
large superconducting solenoid. The 1 T background field degrades the trapping
depth of the loffe trap to approximately 375 mK from its zero-field value of 650 mK.
At the same time, the Ioffe trap destroys the cylindrical symmetry of the Penning
trap, leading to questions about the stability of charged particles in the combined

fields. These issues will be addressed further in Chapter 6.
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Figure 2.6 shows the Ioffe trap depth within the upper electrode stack region
of our trap at full field, corresponding to 69 A of current within the quadrupole
racetrack coils and 80 A within each solenoidal pinch coil. The Ioffe trap center is
located close to the cesium electrode shown earlier, so that H produced by two-stage
charge exchange will form close to the center of the Ioffe trap. The BTRAP Ioffe
trap has four elliptical 51 mm x 19 mm side ports. These side ports provide space
for mounting the assembly used to introduce Rydberg Cs atoms into the trap and
allow us to couple laser light into the trap (for future laser cooling or spectroscopy on
trapped ﬁ). The Ioffe trap body is constructed of titanium while the windings are
superconducting NbTi wire. Laser windows on the side ports are made from MgF, a
material transparent to 121.5 nm Lyman-« light for laser cooling of H.

Figure 2.7 shows the position of the Ioffe trap within the BTRAP apparatus. The
Ioffe trap is mounted below the “octopod” area of our apparatus. This area also in-
cludes a movable two-dimensional stage, which will be described later in this chapter
and allows us to place different experimental elements (a laser access window, et ad-
mittance, or plasma-imaging system) on axis. Three custom titanium bellows sections
connect the Ioffe trap to the 4.2 K liquid helium reservoir and contain the three sets of
current leads and superconducting bus bars coupling current to the racetrack coil and
the two pinch coils. The bellows sections allow for differential thermal contraction
between the aluminum octopod stage supports and the titanium construction of the
Toffe trap. Within the 4.2 K liquid helium reservoir connections are made between the
superconducting bus bars for the Ioffe trap and the retractable vapor-cooled current

leads (AMI L-100) that minimize the heat load on the experiment when the loffe trap
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Figure 2.7: Location of the Ioffe trap within the entire cryogenic Penning-
Ioffe trap apparatus and connections to the liquid helium dewar.
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is not in use.

The Ioffe trap is equipped with protection diodes that allow current to bypass the
superconducting coils in the event of a quench (in which the superconducting wires
cease superconducting and become resistive, rapidly heating and boiling off significant
amount of liquid helium). The diodes protect the superconducting coils from damage
during the quench. Each diode activates at a potential difference of approximately 5
V. In doing so, the diodes limit the time in which the fields from Ioffe trap can be
turned off to approximately 1 s. Since a rapid turn-off of the Ioffe trap is the main
mechanism by which we look for trapped H, this time and the consequent background
signal limits the number of trapped H atoms we can reliably detect. Experiments in
2007 set a limit of less than 20 tfapped H atoms per trial [25], while improvements in
our ability to discriminate P annihilation events from background counts (described
in Chapter 3) have since reduced this limit to approximately 12. A next-generation
Ioffe trap which can be turned off in 10 ms is currently under construction and should
provide us with background-free detection of any trapped H.

The current BTRAP Ioffe trap was designed at Harvard and fabricated by the

ACCEL company in collaboration with ATRAP team members from Juelich.

2.3 Field-boosting solenoid for improved p capture

Previous generations of TRAP and ATRAP apparatus have used magnetic fields
higher than 1 T for the capture of p in Penning traps. However, these high background
fields are not compatible with reasonable trapping depths in a Ioffe trap for neutral

atoms. As a result, in the BTRAP apparatus the large solenoid background field is
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held only at 1 T. We have observed that the efficiency of our P capture is significantly
reduced in lower magnetic fields [56]. As a result, we implemented a field-boosting
solenoid in the lower stack region of the trap (where p are high-voltage captured and
cooled by e™).

Figure 2.8 shows a cross-section of the antiproton-loading solenoid. When oper-
ating at its typical current of 55 A, the solenoid boosts the field in the lower-stack
region of the trap to 3.7 T. The solenoid is compatible with a 40-s ramp up and ramp
down time, allowing us to rapidly increase the field in this region of the trap for p
catching and then reduce the field in order to transfer P into the lower-field regions
of the trap for H production experiments. For the 2009 and 2010 beam runs, our
electronics limited us to ramping times of approximately six minutes. New power
supplies available for the 2011 beam run allow us to ramp the solenoid in under one
minute. The 7.4-inch bore of the solenoid allows room for the electrode stack, vac-
uum enclosure, and trap wiring within the solenoid’s inner diameter. The solenoid
inductance is 28 H. At its typical operational current of 55 A, the energy stored in the
solenoid is enough to boil off 40 % of the liquid helium stored in our helium reservoir.
Such a quench has occurred once, due to a faulty room-temperature high-current
connection, but aside from boiling off large amounts of liquid helium the quench did
not damage the solenoid or any parts of the cryogenic apparatus.

Figure 2.9 shows the field produced by the antiproton-loading solenoid. Shim coils
within the magnet produce a high field uniformity within most of the lower stack
where D are loaded. The field is at least 3.0 T at all points between the high-voltage

electrode and the degrader.
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Figure 2.8: Side view of antiproton-loading solenoid.
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Figure 2.9: On-axis magnetic field produced by the antiproton solenoid at
typical operating current of 55A (includes the 1 T background field produced
by the large solenoid).

The antiproton-loading solenoid was fabricated by Cryomagnetics, Inc. to design
specifications provided by ATRAP. Immplementation of the solenoid including the sys-
tem which connects the superconducting solenoid leads to a pair of retractable current
leads and then to room-temperature cables was performed by ATRAP members.

Figure 2.10 shows the position of the antiproton-loading solenoid relative to other
components of the BTRAP apparatus. Titanium bellows sections make leak-tight
connections to ports on the bottom of the Ioffe trap, allowing liquid helium to flow
into the antiproton-loading solenoid. Mechanical connection to the Ioffe trap is made
by four aluminum fasteners which bolt to the top of the antiproton-loading solenoid.
A hand-bent copper tube with brass bellows sections to account for differential ther-
mal contraction contains the superconducting current leads for the solenoid. Two

aluminum pieces fasten the top flange of this tube assembly to the octopod plate of
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Figure 2.10: Location of the antiproton-loading solenoid within the entire
cryogenic Penning-Ioffe trap apparatus and connections to the Ioffe trap and
liquid helium dewar.
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the apparatus to provide mechanical stability for the leads. Here a connection is made
to a titanium bellows assembly similar to those used for the loffe trap. Inside this
bellows assembly the flexible superconducting leads are coiled and then compressed
inside of a smaller G-10 tube mechanically fastened to the bellows assembly. This
arrangement allows enough flexibility to account for differential thermal contraction
during cooldown, but provides enough stability that quenches do not occur from mo-
tion of the leads as the magnet is charged. Above this section of the solenoid leads
a 4-inch-long solder joint is made to a pair of semi-rigid NbsSn superconducting bus
bars (American Magnetics, Inc.). These bus bars pass upwards through the liquid
helium dewar. They are mechanically fastened to aluminum tabs glued into the inside
of one vacuum port at the top of the helium dewar, where they make a retractable
connection to a pair of vapor-cooled current leads (AMI L-100).

The anﬁproton—loading solenoid has enabled us to boost our p loading by a factor
of 5. We are now able to trap up to 10 million antiprotons in two hours of loading
and retain 90 % of these p in the 1-T field for H experiments [27]. Results obtained

from the P solenoid will be discussed further in Chapter 3.

2.4 Octopod plate section

Figure 2.11 shows the octopod plate region of the apparatus. The octopod plate
is supported below the liquid helium dewar by eight aluminum posts. This region
contains a two-dimensional translation stage that allows motion of a 6” diameter
flange. This window flange, described in more detail below, separates the room-

temperature et transfer vacuum from the cryogenic Penning trap vacuum. The two-
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Figure 2.11: Octopod plate region of the Penning-Ioffe trap apparatus, show-
ing the two-dimensional translation stage and connections to the liquid he-
lium dewar and loffe trap.
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dimensional translation stage allows us to move this window flange in order to put
different elements on axis. The two-dimensional translation stage is described in
greater detail in [56].

The octopod plate region also contains the pumped helium system for 1.2 K trap
operation (described below). The Ioffe trap mounts to the bottom of the octopod
plate. The window flange makes vacuum connections to the Ioffe trap and liquid
helium dewar via two 6” stainless-steel bellows assemblies. These assemblies preserve
the ultra-high vacuum of the experiment space while allowing motion of the two-
dimensional translation stage.

Initially, commercially-available all-titanium bellows assemblies were installed in
this region to prevent any possible magnetic inhomogeneities due to residual or in-
duced magnetism of stainless steel. These bellows assemblies proved to be very failure-
prone in this application. During the 2008 beam run, multiple failures of the com-
mercial titanium bellows assemblies in this region prevented us from operating the
BTRAP apparatus until the last few months of beam and greatly hindered progress.
To prevent a repeal of this experience, we installed stainless steel bellows assemblies
as replacements. We also redesigned and replaced the vacuum connections in this
region to allow modular replacement of failed bellows assemblies. This major appa-
ratus upgrade, completed in the spring of 2009, allowed reliable operation of BTRAP

throughout the 2009 and 2010 beam runs.
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2.5 Pumped He system for 1.3-K trap operation

In order to produce the highest fraction of H atoms that can be confined in the
sub-Kelvin depth of our Ioffe trap, we desire the coldest possible clouds of particles.
The lowest temperature we expect clouds of e~ or e to reach via synchrotron is the
temperature of the electrode stack itself. To this end, we installed a pumped He
system to reduce the temperature of our stack from 4.2 K to 1.2 K [51].

The boiling point of liquid helium depends on the partial pressure of the surround-
ing He gas. For “He, the boiling point at 1 atm pressure is the well-known number 4.2
K; however, as the pressure is reduced, the boiling point of 4He drops. This can be
used to reduce a bath of *He to below 4.2 K. Below 2.2 K the He becomes superfluid,
flowing without viscosity, and its thermal conductivity becomes remarkably high. The
limit to this cooling technique is that the cooling power Q x e~ YT decreases sharply
at low temperatures due to the rapidly decreasing vapor pressure of “He. The prac-
tical limit for pumped *He systems is slightly above 1 K. Similar systems with liquid
3He can be operated at temperatures down to 300 mK, but require additional effort
to implement as the extreme cost of 3He necessitates a closed cycling system.

Figure 2.12 shows the pumped He system incorporated into the BTRAP platform.
This system and its specifications are described in much greater detail in [51]. A
titanium body holds the low-temperature liquid helium. This “1K pot” contains a
solid copper sleeve to prevent thermal gradients in the system. The 1K pot receives
liquid helium through a very high impedance flow line that allows a significant pressure
difference between the 1 atm helium dewar and the low-pressure 1K pot. A rotatable

G-10 shaft which passes up to room temperature can be turned in order to loosen or
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Figure 2.12: Pumped helium system for sub-4 K operation. (a) Schematic of
the pumped helium system. (b) The 1K pot and its connections to the helium
reservoir and pumping line. (c¢) Connections of the superfluid flow lines and
copper thermal links to the titanium vacuum enclosure for the stack. (d) The
needle valve used to manually restrict liquid helium flow into the 1K pot.
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tighten a needle valve which allows some control over the flow rate of liquid helium
into the pot.

The 1K pot is pumped by a scroll pump at room temperature through a pumping
line designed to be large enough not to be a limitation to to achievable pressure.
Superfluid He from the pot flows through a gold-plated copper flow line which passes
down to the vacuum enclosure for the electrode stack and is thermally anchored
to the outside of this enclosure. The return line then allows superfluid He to re-
enter through the top of the 1K pot. The electrode stack and its vacuum enclosure
must be thermally isolated from the 4.2 K Toffe trap and antiproton-loading solenoid.
Isolation from the Ioffe trap is provided by a titanium edge-welded bellows connecting
the vacuum enclosure to the Ioffe trap; G-10 supports hold this bellows assembly in
place.

The thermal isolation of the electrode stack from the parts of the apparatus con-
taining liquid helium is not a problem when the 1K pot contains superfluid helium;
the thermal conductivity is good enough that the electrode stack operates at only 0.1
- 0.2 K higher than the 1K pot temperature of 1.1 K. However, the coupling between
the 1K pot and electrode stack is much worse when the pot is over 4.2 K and does
not contain any liquid helium. This increases the time necessary to cool down the
entire experiment from room temperature. In order to ameliorate this problem, two
solid 5mm diameter OFE copper thermal links were installed to improve the high-
temperature thermal conductivity between 1K pot and electrode stack. Figure 2.13
shows the time required for apparatus cool-down with and without these additional

links. The copper thermal links reduce the cool-down time of the apparatus from over
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Figure 2.13: (a) Typical cooldown of the ATRAP2 apparatus showing the
helium dewar, 1K pot and electrode stack. The thermal isolation measures
to allow 1.3 K stack operation also limit the cooldown time. (b) Cooldown
of the electrode stack with and without the copper thermal links between 1K
pot and electrode stack.

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



Chapter 2: Apparatus 41

100 hours to a more manageable 60 hours. This improvement agrees with a model of
the stack cool-down we developed which assumes that the stack cool-down proceeds
by thermal conduction through the copper LHe flow lines, the Ti thermal isolation

bellows, and the extra copper lines (once added).

2.6 Window flange for e™ admittance and plasma
imaging

Figure 2.14 (a) shows the window flange used during the 2009 and 2010 beam runs
for et admittance. This window flange is mounted on the two-dimensional cryogenic
translation stage described previously. The two-dimensional stage allows us to move
the window flange to put one of five separate ports on axis. The window flange also
serves to decouple the room-temperature vacuum space through which e* enter the
apparatus and the cryogenic vacuum in which we trap p. For the 2011 beam run, a
new window flange (Figure 2.14 (b)) was installed. This window flange requires less
horizontal motion to place its ports on axis, and was installed because we sometimes
have difficulty achieving the full motion of the translation stage when it is at cryogenic
temperatures.

During typical operation so far, the positron admittance (center) is placed on axis.
This 1.5 mm diameter aperture allows e from the accumulator to enter the electrode
stack. It also permits the focused beam from the excimer laser to enter the eleci
trode stack and hit the degrader, where it liberates photoelectrons used for collisional

cooling of p. The positron admittance is surrounded by a four-quadrant gold-plated
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Figure 2.14: (a) Window flange assembly used for the 2009 and 2010 beam
runs, showing (center) 1.5 mm aperture for et admittance and excimer laser
access with its surrounding segmented Faraday cup for steering, (left) phos-
phor screen assembly for plasma imaging, (right) MgF window for Lyman-o
laser access. (b) New window flange assembly installed for the 2011 beam
run. This window flange requires less motion to place the MgF window or
phosphor screen assembly on axis, making better use of the travel allowed by
the translation stage.
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copper Faraday cup that is an important diagnostic for aligning the excimer laser and
the e™ beam. The charge deposited by the e*, or the e~ liberated by the intense laser
pulses, can be counted with a charge-sensitive amplifier. Information from the four
quadrants then allows us to align these beams so that they enter the apparatus.

The window flange also has a 1" diameter MgF laser access window. The laser
access window will allow us to couple 121.5 nm Lyman-« light into the trap; its larger
size will make it easier to couple the far-UV light into the trap as the intensity of a
Lyman-o source may be too weak for us to use our charge-counting methods to steer
the beam into the smaller e™ admittance.

The final important component of the window flange is the phosphor screen for
plasma imaging. This screen consists of a fluorescent phosphor (Torr Scientific P-20)
deposited onto a fused silica window. The P-20 phosphor emits an average of 240
photons per incident e~ with incoming energy of 6 keV. P-20 emits light over a broad
spectrum of about 150 nm with an average wavelength of 550 nm; the typical decay
time for the fluorescence is 4 ms. This phosphor was chosen for its high quantum
efficiency and short decay time.

The plasma imaging system is designed to work by accelerating a cloud of particles
into the screen at high energy. The screen itself is backed by a conducting layer that
allows it to be biased to a high voltage to give additional energy to the particles,
since the number of photons produced per incident particle scales with the particle
energy. (Unfortunately, the annihilations of antiparticles on the phosphor are likely to
produce decay products and y-rays which will not interact strongly with the phosphor,

so little gain in signal is likely to be realized when imaging clouds of antiparticles). All
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elements of the phosphor screen system are designed to withstand 5 kV except for the
feedthrough pin for the phosphor bias; this feedthrough (Insulator Seal 9411004) is
rated only to 1,000 V. It was hoped that under cryogenic conditions the feedthrough
would operate at 5 kV. In practice, breakdown tests showed that the plasma imaging
system could reliably operate at 2.5 kV but would break down at or slightly below 3
kV. The system nevertheless allows for ¢~ to impinge on the phosphor screen with a
total of 3.5 keV of energy, since the stack electrodes themselves can be biased to 1 kV.
The light produced by the phosphor screen then travels up through the apparatus
and exits via a 4.5” diameter vacuum window on the top of the et transfer guide.
Here, a CCD camera (Sensicam QE) is used to collect the light and produce an image
of the plasma.

Difficulties with the two-dimensional translation stage prevented a full exploration
of the capabilities of the plasma imaging system. In one test with a cloud of 108 e,
no image could be seen of the plasma. Without fully automated and robust control
of the translation stage, moving the window flange off-access to take a plasma image
required a full realignment of the excimer once the positron admittance was moved
back on axis. Plans to fully automate the translation stage movement are underway.
If the current signal level is not sufficient to observe a plasma, further signal may be
obtained by means of a micro-channel plate (MCP). Making the electrical connections
required to operate the MCP in the cramped region of the window flange is a non-

trivial task.
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Particle loading, detection, and

manipulation

A first requirement for antihydrogen production and trapping is confinement of
its constituents, et and p. Also important are the e~ used for collisional cooling
of p. This chapter will describe the methods we use to load these three species of
particles. Greatly improved loading methods developed in the 2009 and 2010 beam
run allow us to load up to 10 million p and up to 4 billion e*. This chapter will also
describe techniques used to count the number of particles loaded and to manipulate

the particles.

3.1 Electron loading

Although electrons are not a constituent of antihydrogen, they are essential to the

ATRAP experimental platform. Most importantly, e~ are used to collisionally cool

45

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



Chapter 3: Particle loading, detection, and manipulation 46

antiprotons from the keV-energies at which the P are loaded and are the only way
that large numbers of P can be reduced to the very low energies (< 1 eV) necessary
for the production of cold antihydrogen [57, 11]. Since we are easily and quickly able
to load large numbers of e, we also use e~ for trap diagnostics and debugging and
in the development of new experimvental tools.

As part of the ATRAP2 experimental platform, we introduced a new and improved
way of loading e~ via photoemission of e~ from a metal surface by excimer laser
pulses [58]. This technique, which was introduced to increase the rate at which we
load e~ replaced the previous method of loading via field-emission point [11]. With
this earlier technique a high voltage applied to a very thin metal tip causes emission
of electrons due to the high electric field. The emitted e~ have enough energy to
liberate background gas cryopumped to the cold electrode walls, and collisions with
this background gas allow the e~ to cool into a static potential well. The advantage
of the field-emission technique is that it is relatively easy to implement and robust.
One disadvantage is that, because e~ must undergo collisions with the low-pressure
background gas in order to cool into the potential well, loading many millions of e~
requires a very long time: approximately 10 minutes per 5 x 10% e~ were required in
the previous-generation apparatus [46]. In addition, difficulties were encountered in
working stably with more than 10 million e~ loaded by this method {11]. As ATRAP
sought to greatly increase the number of particles used in experiments, a new method
of electron loading was developed.

The new ATRAP technique to rapidly load much larger numbers of e takes

advantage of the photoelectric effect [59], where single photons of energy exceeding the
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work function of a metal liberate electrons from the metal surface. Such electrons have
been used to produce e~ beams for photolithography by pulses of 248-nm excimer laser
light incident on a gold surface [60]. An observed quantum efficiency of 107* allowed
a 200 mW laser to produce a 1 pA photocurrent, a yield of more than 102 e /s.

The work function of vacuum-deposited Be has been measured to be 5.08 eV, but
typically decreases to a stable value of 3.6 eV after exposure to oxygen [61]. Since
this energy is less than the single-photon energy of a 248-nm laser (E = hv = 5.0
eV) it is possible to use the Be degrader in ATRAP’s apparatus as a substrate from
which photoelectrons can be liberated. In order to load electrons, we thus couple
pulses from an excimer laser (GAM Laser EX5/250) into our apparatus from optics
mounted off of the room-temperature apparatus top plate (see Chapter 2). These 18-
mJ, 10-ns laser pulses are deflected downwards by a single mirror mounted inside the
room-temperature vacuum space and enter the Penning trap region of our apparatus
through the 1.5 mm diameter aperture for et admittance. By moving this single
mirror out of the way with an electronically-controlled translation stage, we allow
for et access to the trap; we can switch between loading the two species of particles
within 30 s.

Figure 3.1 shows the potential structure we use for loading e~ by photoemission.
A positive voltage applied to the electrode nearest the Be degrader forms a potential
which serves to accelerate emitted e~ away from the degrader and ensures that they
are not recaptured. A voltage “door” is opened by a 2-ps voltage pulse applied to
electrode LBE2, allowing the e~ to enter into a potential well, and is then “closed”

behind so that e~ cannot escape the potential well. The cyclotron motion of the
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Figure 3.1: Potential scheme used for electron loading. The dashed curve
represents the modified potential as a rapid voltage pulse allows electrons to
enter the potential well, where they are subsequently trapped and cooled.

e~ cools by synchrotron radiation and collisions rapidly couple the axial motion and
cyclotron motion so that the e~ kinetic energy reduces to < 1 eV. We have found the
highest rate of loading when the potential well begins at a very shallow voltage and
the depth is increased by 1 V for each additional laser pulse. This scheme minimizes
the potential energy acquired by e~ as they enter the well: the well depth is initially
very shallow, and as the applied voltage increases the space charge potential due
to the larger number of e~ already trapped limits the effective well depth seen by
incoming e”.

Figure 3.2 shows the number of e~ loaded as a function of number of laser pulses
using our optimized loading parameters. We observe linear loading up to 250 x 108 e~
and have loaded as many as 10°. With a pulse repetition rate of 0.5 Hz and a load

rate of 2.5 x 106 e~ per pulse, we can now load 75 million e~ per minute and can

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



Chapter 3: Particle loading, detection, and manipulation 49

250

taa

200 F -7 .
150 F -7 .

100} -7 .

electrons loaded / 10°
\

a
(=)
T
\
\
1

0 20 40 60 80 100
number of laser pulses

Figure 3.2: Number of e~ loaded as a function of number of laser pulses used
for loading. The linear fit shows a slope of 2.5 X 10% e~ loaded per laser pulse.

obtain e~ plasmas of esentially arbitrary size in a timely fashion.

3.2 Positron loading

Positrons, one of the constituent particles of antihydrogen, are obtained from the '
radioactive S-decay of a ?2Na source. The et are emitted at very high energies so
some mechanism is required to reduce their energy to a level which we can trap with
voltage pulses in the 100-V range. Previous ATRAP experiments used a 2-mm thick
W (tungsten) moderator in which metastable Rydberg Ps can form and subsequently
be ionized by a small electric field, allowing e* to be captured in the resulting potential
well [46]. Limitations in the accumulation rate imposed by this technique led ATRAP
to the construction of a separate buffer-gas et accumulator.

Figure 3.3 shows the buffer-gas accumulation apparatus for et. The design is

based on [62], and was first used for H production by the ATHENA Collaboration
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Figure 3.3: The ATRAP positron accumulator, showing the long magnetic
guide used to transfer positrons into the cryogenic Penning trap apparatus.

[21]. ATRAP’s present implementation, spearheaded by collaborators from York
University, is described in greater detail iﬁ [63, 56].

Positrons resulting from radioactive decay of a *?Na source (half life of 2.6 yr
and current strength of roughly 20 mCi) encounter a frozen neon moderator [64] and
emerge with approximately 15 eV of energy. Positrons then enter the main region of
the accumulator, which consists of a multiple-electrode room-temperature Penning
trap with a 0.14 T bias field provided by a water-cooled room-temperature solenoid.
The accumulation region contains a small amount of Ny buffer gas and differential
pumping is used to produce a pressure gradient ranging from 1072 torr to 107 torr.
Collisions with N5 molecules in the higher-pressure region allow the e to cool into
the lowest-potential region of the accumulator where the pressure is kept very low to
reduce background annihilations. In a typical 50-second accumulation cycle we can
accumulate approximately 25 million positrons within the accumulator.

The buffer-gas accumulator cannot fit inside the cryogenic Penning trap apparatus
used for H production (and the buffer gas used would also freeze to the cryogenic trap
walls), so we must transfer the accumulated e into the cryogenic apparatus. Space

constraints prohibit us from locating the e™ accumulator closer than 8 m from the
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cryogenic Penning trap apparatus. A long high-vacuum guide region surrounded by
95 independently-tunable magnets is used to transfer e™ over this distance, through
the 1.5-mm diameter aperture on the window flange and into the electrode stack

where H formation experiments are performed.
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Figure 3.4: Potential structure used for loading et into the Penning trap
electrode stack.

Figure 3.4 shows the potential structure used when loading e* into the cryogenic
Penning trap apparatus. A long trapping well is formed through the entire upper
stack. A voltage “door” is opened by a fast voltage pulse with each transfer and
then closed again to prevent e’ from exiting the electrode region. In order to more
rapidly cool the incoming e*, a cloud of 150 x 10% e~ is located in the middle of the
et trapping region. Collisions with these e~ cause the e* to lose energy and cool
into the deep trapping wells located to either side of the e™ plasma. Although the
electron-cooling of positrons would seem to invite annihilation of the e*, the long-
range Coulomb collision makes annihilations less likely. The primary mechanism for

et loss is formation of Rydberg Ps through three-body recombination and subsequent
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decay to the short-lived ground state of this metastable atom. However, three-body
formation of Ps is strongly suppressed at the high initial e energies and as the et
cool into the deep side wells they are nd longer in contact with the e™. As a result,
annihilations due to the cooling e~ are reduced and we see a significant enhancement

of et trapping by use of the cooling e™.
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Figure 3.5: Number of et accumulated in the cryogenic Penning trap as a
function of number of shots transferred from the buffer-gas accumulator.

Figure 3.5 shows the e stacking as a function of number of shots. Significant
efforts at optimization of the accumulator and transfer process by collaborators from
York University allow the trapping of 10 million e* per transfer, a transfer efficiency
of nearly 40 %. Positron stacking remains linear up to 400 transfers and the accu-
mulation of 4 x 10° et in the cryogenic Penning trap apparatus, a number simply
unattainable with previous methods of e* loading. This linear stacking to very high
numbers requires occasional use of the rotating-wall technique to prevent radial losses

due to long-time-scale radial expansion of the et plasma; this technique will be de-
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scribed in greater detail in Chapter 4.

3.3 Antiproton loading

Antiprotons are the second constituent of H and are the more difficult species to
load and trap. Trapping and cooling of P uses many of the techniques developed by
the TRAP and ATRAP collaborations over a period of many years. These techniques
include the use of matter to slow p down to keV-level energies [65], the use of high-
voltage pulses to trap p in a Penning trap [65], and the collisional cooling of D
below 100 meV of energy with electrons [11]. These methods are now used for all

antihydrogen experiments.

iridium target _
Nﬂ P injection line stochastic cooling
9’9‘%., = L/ e /

e

Figure 3.6: Schematic of the Antiproton Decelerator.

Low-energy antiprotons are uniquely available at CERN’s Antiproton Decelerator

(AD) facility. The AD, shown in Figure 3.6, decelerates high-energy antiprotons
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to energies of 5.3 MeV, enabling ATRAP and other antiproton users to slow and
capture the p. The AD has been extensively described elsewhere [66, 67]. An initial
beam of 103 high-energy protons is incident on an iridium target at suflicient energy
to produce antiprotons with an efficiency of approximately 107¢. These D are then
magnetically guided into the AD, where a series of RF pulses is used to decelerate them
to an energy of 5.3 MeV (longitudinal momentum 100 MeV/c). Stochastic cooling
and collisional electron cooling of the transverse motion of the p beam prevent losses
due to transverse broadening of the p beam. A 200-ns “bunch” of approximately 30
million p at 5.3 MeV is delivered to one of four experimental zones every 100 s.

Antiprotons at 5.3 MeV are still too energetic to be trapped by kV electrical pulses,
so the p energy must first be reduced by other means. Figure 3.7 shows the region of
the ATRAP apparatus where the p are slowed in matter. This region also contains
the Parallel-Plate Avalanche Counter (PPAC) which is used as an aid for steering the
D beam into the cryogenic Penning trap apparatus.

The PPAC consists of several thin aluminum strips coated on thin Mylar windows.
The PPAC has two anode layers of five strips each; each strip is 2mm wide and is
separated from the neighboring strips by 0.5 mm. The PPAC cathode layers consist
simply of a Mylar sheet with one side coated entirely with aluminum. The two PPAC
layers have strips oriented in two orthogonal directions which form an z-y plane
perpendicular to the direction of travel of the incoming p. The PPAC is filled with
1 atm of argon gas and a potential difference of 75 V is applied between each anode-
cathode pair. As P pass through the PPAC region, they can ionize Ar atoms and the

resulting e~ are accelerated by the potential difference, collected by the anode strips,
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Figure 3.7: Diagram of the PPAC and energy tuning cell region of the trap.
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and counted. Despite its name, the PPAC is typically operated in a linear (rather
than avalanche) mode so that the collected signal is proportional to the intensity of
the p beam. The thin aluminum-coated Mylar sheets cause minimal energy loss of
the p; the signal from the PPAC is not due to collecting p. The PPAC signal allows
us to steer the p beam into our apparatus by controlling the current in the final few
AD bending magnets immediately beneath our apparatus. We are typically able to
focus the beam onto a single 2-mm PPAC strip in both the z and y directions.

The energy-tuning region of the apparatus contains several 10-pm thick Ti foils
which reduce the energy of the P beam and also separate regions of 1 atm pressure
from high-vacuum regions. Further energy loss occurs in the energy-tuning gas cell,
which contains a tunable mixture of He and SFg gas. The energy reduction in the cell
is much greater when the cell contains a high proportion of the more dense SFg gas;
overall the energy tuning cell allows us to tune the final energy of the p beam by 0.6
MeV, allowing us to compensate for slight differences in the incoming energy of the
P beam. The majority of the energy loss of the P (approximately 3.5 MeV) occurs in
a 125-um thick Be degrader at the very base of the Penning trap electrode stack.

Figure 3.8 shows the antiproton trapping efficiency as a function of SFg percentage
(by molecule number) in ATRAP’s apparatus. The broad distribution indicates a
spread in P kinetic energies of 150 keV. As the P pass through the Be degrader, they
are expected to emerge in an isotropic angular distribution, so that their energy is
distributed between the axial and radial (cyclotron) degrees of freedom. The cyclotron

radius of a particle with cyclotron energy E. is given by

V2Em
B (3.1)

Te =
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Figure 3.8: High-voltage trapped P as a function of percentage of SFe gas
(by molecule number) in the energy tuning cell; the remainder of the gas
mixture is He.

with B the magnetic field in T. We expect that those particles with cyclotron radius
greater than the electrode radius cannot be trapped. In a 1 T field, the cyclotron
energy corresponding to the 18-mm radius of our electrodes is 15.5 keV. Thus, at 1
T, we expect to trap those P entering the trap on-axis with axial energies less than 5
keV and cyclotron energies less than 15.5 keV. Equation 3.1 shows that the maximum
cyclotron energy of trappable p should increase as the square of the electrode radius
and with the square of the trapping magnetic field. The dependence on electrode
radius was one motivation for ATRAP’s development of larger “x3” electrodes with
18 mm radius, while the dependence on magnetic field motivated the implementation
of a field-boosting solenoid for P catching (described below).

Figure 3.9 shows the potential structure used for high-voltage trapping of p. A
bias voltage of -5 KV is initially applied to the high-voltage (HV) electrode as shown.

The Be degrader is initially biased to +1200 V to prevent any emission of secondary
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Figure 3.9: (a) Schematic view of the lower stack where we high-voltage
capture P. (b) Potential structure used for high-voltage trapping of 5. (c)
Magnetic field for § trapping with (solid curve) and without (dashed curve)
the additional field from the antiproton-loading solenoid.
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electrons as P pass through it. As the P enter the apparatus, a custom-built high-
voltage switch applies a -5 kV bias to the degrader, closing the voltage “door” behind
the p and preventing any p with axial energies less than 5 keV from escaping axially.

When no cooling e~ are present, we cannot cool the P below their initial keV-scale

energy.
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Figure 3.10: High-voltage captured D as a function of delay of the high-
voltage switch.
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Figure 3.11: P loss spectra as a function of axial voltage in the 1-T solenoid

field. The fit shows that captured P have an axial energy distribution corre-
sponding to approximately 400 eV of energy.

o

Figure 3.10 shows the p trapping efficiency as a function of the timing of the
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high-voltage switch pulse relative to the incoming p beam. For very short delays, no
p are caught. The trapping efficiency then rises quickly to a maximum and slowly
decays for much longer times. Figure 3.11 shows the energy distribution of trapped
D as the high voltage applied to the degrader is redﬁced over 100 ms. At the 1-T bias
field shown in this figure, the distribution indicates that only p with axial energies
less than 1 keV are being trapped. The reason for this is not entirely clear. Over the
60-s time in which the P are held before release, collisions between p should result
in evaporative cooling which ejects some higher-energy p and reduces the energy of

those which remain behind, but we have not studied this in detail.
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Figure 3.12: Potential structure used for e cooling and trapping of p.

Figure 3.12 shows the potential structure used for trapping and collisionally cool-
ing P to energies much less than 1 ¢V. In this case, a cloud of N = 100 million e~ is
held on one electrode while the same pulsed-door procedure for high-voltage p trap-
ping is employed. The high-voltage trapped p collide with low-energy e~ and lose

energy over a time period of 60 s. After this 60-s period, the high voltages on the
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degrader and HV electrode can be removed and the P are now confined at low energies
in the same potential well as the e™. At this point we typically no longer need the e~
and eject them from the trap with a series of four high-voltage pulses. These 75-ns,
120-V pulses produced by a saturated switch (DEI HV1000) are applied to a coaxial
cable which is 50-Q terminated at the electrode to prevent reflections, with the result
that the actual pulse voltage delivered at the electrode is approximately 45 V. These
pulses are long compared to an e~ axial bounce time in the well but short relative to

the bounce time for a more massive p and therefore leave the p in the voltage well.

3.4 Improved antiproton loading with the field-boosting

solenoid

Trapping H is a difficult and low-efficiency process, and we desire the largest
number of trapped antiparticles possible from which to produce H so as to maximize
our number of trapped atoms. To this end, the 0.6-cm radius electrodes from previous-
generation ATRAP apparatus were scaled by a factor of three to the current ATRAP2
1.8-cm radius electrodes. The larger area within the electrode stack should allow us
to trap a larger fraction of the entering p, which are expected to diverge over a large
solid angle after passing through the degrader. However, a competing requirement
limits the trappable fraction of incoming p: trapping H requires the gradient magnetic
field of a Ioffe trap, whose trapping depth is severely reduced at bias fields over 1 T.
As a result the large superconducting solenoid surrounding the BTRAP apparatus is

operated at a field of only 1 T. This field is significantly less than the bias field of 5.2
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T used in earlier generations of ATRAP apparatus, including the HBAR1 apparatus
in which ATRAP first produced antihydrogen. The lower bias field limits the gains
we obtain from larger-radius electrodes. The efficiency of p loading in BTRAP at 1

T is in fact similar to that seen in previous apparatus.
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Figure 3.13: HV counts as a function of magnetic field B.

In order to improve our p loading, a field-boosting solenoid for p loading was
installed in the high-voltage trapping region of the cryogenic Penning trap. This
solenoid is described further in Chapter 2. The solenoid boosts the field to 3.7 T in
this region of the trap and is compatible with rapid charging and discharging. Figure
3.13 shows the high-voltage trapped P as a function of magnetic field B. Antiproton
trapping is boosted by a factor of 5 in the higher field produced by the solenoid,
allowing us to trap up to 160,000 p per ejected bunch of p. The counts appear to be
close to saturation at the field of 3.7 T; although the antiproton solenoid is designed
to operate at even higher currents, it is not clear that our P trapping can be improved
without also increasing the high voltage used for trapping.

Figure 3.14 shows examples of P high-voltage trapped as a function of trapping
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Figure 3.14: Number of P high-voltage captured as a function of high-voltage
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Figure 3.15: P loss spectra as a function of axial voltage for different magnetic
fields B.
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voltage for different magnetic fields. Figure 3.15 shows the observed p loss spectra
as the trapping voltage is reduced to zero over 100 ms. The figure indicates that at
higher solenoid fields a significant number of p are trapped at axial energies up to
5 keV. This contrasts with Figure 3.14, which suggests that saturation as a function
of trapping voltage may be appearing even at our highest bias fields. The combi-
nation of these effects suggests that trapping larger numbers of p will likely require
further increasing both the bias magnetic field in the high-voltage trapping region
and the high voltage used for trapping. Other possibilities for increasing the number
of trapped p include radio-frequency quadrupole deceleration [68] or a lower-energy
P source with an electrostatic beam line that would eliminate the need for energy
reduction in matter [69].

The observed saturation of our p trapping as a function of magnetic field is under-
standable. Antiprotons appear to enter our trap with a 150-keV thermal distribution
of energies (as suggested by data from the energy-tuning cell). Given the expression
for cyclotron radius (Equation 3.1), a 3.7-T field should result in a cyclotron radius
less than 18 mm for p with cyclotron energies less than 212 keV. Thus we would expect
that, for P entering close to the center of our trap, only p with energies significantly
higher than the average thermal energy would escape radially. Our ability to steer
the beam onto a single 2-mm PPAC strip in both directions provides some indication
that P enter the trap within a few mm of the center of our electrodes. The observed
saturation of high-voltage P trapping as a function of applied voltage is less easy to
understand. Since our maximum axial trapping depth is 5 kV, it would appear that

we should axially trap only a small fraction of entering P, and that there should be a
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strong dependence of trapping efficiency on applied electric potential. This remains
to be studied in greater detail.
3.4.1 Stacking of antiprotons
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Figure 3.16: Stacking of p. Number of P stacked (red) in the 3.7-T field
produced by the antiproton solenoid. (Blue) P retained in the 1-T trap
background field after the antiproton solenoid has been ramped down.

We desire to perform H production and trapping experiments with substantially
more than 150,000 p, the largest number we can currently load per shot in ATRAP’s
apparatus. In order to load more D, we “stack” successive shots [70]. In this accumu-
lation procedure, a single cloud of e~ can be used to cool the P from several sequential
shots and the P can be confined in a single potential well for the duration of the par-
ticle loading. After the stacking procedure is finished the e~ are pulsed from the trap
as described above. Figure 3.16 shows the linear stacking of up to 10 million antipro-

tons in the 3.7 T bias field. The figure also demonstrates that at the end of stacking,
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and after pulsing out the e, we can retain over 90 % of the trapped p in the 1-T
background field to use in H trapping experiments. In order to achieve these gains, it
is necessary to compress the radius of the loaded particles with a rotating-wall (RW)
drive, which will be described in greater detail in Chapter 4. The antiproton-loading
solenoid, with the larger electrodes of the ATRAP2 apparatus, allows us to routinely
load many millions of p and retain them in a 1-T bias field. This is a a factor of 11
more p than were stacked in previous ATRAP apparatus and a factor of 12 times
more P available in the 1T field of the ATRAP2 apparatus than were ever achieved

without this technique.

3.5 Particle counting

Detection of the number of trapped electrons, positrons, and antiprotons is essen-
tial to understanding our apparatus, performing repeatable experiments and searching
for a signal from trapped H. To this end, a number of particle-detection techniques
are used by the collaboration. In previous TRAP and ATRAP experiments a variety
of resonance measurements [71, 72] for non-destructive particle detection have been
used. In general these measurements have not been very useful for clouds with many
millions of trapped particles, so ATRAP2’s experiments have mostly used destructive
detection techniques. One notable exception is the recent resonance signal from a
single P seen in the ATRAP2 apparatus 73], a result which could open the way to a

search for trapped H - (the single bound state of a P and two e*).
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3.5.1 Counting by charge integration
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Figure 3.17: Schematic of the circuit used for charge-counting of particles.

The first important destructive particle counting technique is that of charge count-
ing via a charge-sensitive amplifier. A schematic of the circuit used for this process
is shown in 3.17. The heart of the circuit is an operational amplifier (Amptek A-250)
with negative feedback produced by a 1-pF capacitor C connected between input and
output. The voltage V produced by charge on the capacitor is proportional to the

number of particles:

V = NC/qe, (3.2)

with N the number of particles. In order to initiate a charge-counting measurement,
high-voltage pulses rapidly eject particles from the trap and into the Be degrader,
where they induce the measured voltage. The Be degrader is biased to +100 V in
order to prevent any emission of secondary e~ from the impact, which could affect
our count. A 300 M resistor in parallel with the charge-counting capacitor causes
the induced signal to decay with a characteristic time constant of RC = 0.3 ms,
allowing us to rapidly perform multiple charge-counting measurements to count all of
the particles within a confined plasma.

Figure 3.18 shows the potential structure we use for charge-counting of a confined
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Figure 3.18: Potential structure used for charge-counting of e™.

e~ plasma. The potential confining the e~ is reduced by a series of 3-V steps. At each
potential depth, a fast voltage pulse is used to release those e~ confined by less than
approximately 5 V. The number of e~ charge-counted at each voltage step is then
summed to obtain the total number of confined e~. Use of this incremental-pulsing
method allows us to avoid saturation of the charge-sensitive amplifier by very large
amounts of charge, which occurs around 50 million charges counted at once.

Figure 3.19 shows a typical oscilloscope trace from the charge-sensitive amplifier
due to charge-counting of e~ by pulse-out. The recorded voltage V' is used to deter-
mine the number of particles incident on the degrader from that pulse. The signal
decays over 300 ps, allowing us to rapidly count larger numbers of particles with many
pulses.

Figure 3.20 shows the charge-counting of 100 million e~ as the confining voltage is

reduced in a series of 3-V increments. The distribution in the figure provides an image
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Figure 3.19: Typical scope trace from charge-counting of e™.
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Figure 3.20: Charge-counting signal from 100 million e~ counted through
incrementally lowering the confining potential in small steps and counting
those e~ that escape as a fast pulse briefly lowers the confining barrier.
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of the confining potential at which most e~ rest; however, the deeper trap potential
off-axis is convolved with the space charge potential of the e~ themselves, so that this
method does not provide a complete diagnostic of the plasma geometry.

The charge-sensitive preamplifier is also used in a similar fashion to count the
number of et loaded. For e™ counting, a voltage ramp accelerates e toward the Be
degrader but the degrader itself is biased to a small positive voltage. This creates
a voltage barrier to the emission of secondary electrons. However, e* annihilations
with core e~ in a nucleus can result in the emission of Auger electrons, some of which
may have energies high enough to escape and affect the count {74]. An earlier study
by ATRAP [56] did not observe a change in the signal from e* pulse counting as
this voltage barrier height was changed, leading us to believe that this method of e*
counting is accurate.

Although e* loading is fast and robust, it is still somewhat slower than e~ load-
ing. When we calibrate e* loading, we typically use less particles than we do when
we calibrate e loading. We therefore suffer from somewhat higher noise on the
measurement. One way around this has been to use the scintillating fiber detectors
(described below) to detect the v photons emitted when e annihilate on the de-
grader. This measurement usually produces a more precise count of the number of et
loaded. However, in order to get an absolute calibration of the annihilation detection
of e*, we compare the charge-counting signals and annihilation signals produced by

identically-loaded clouds of e*.
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3.5.2 Counting by annihilation detection

Counting by charge-sensitive amplifier is a reliable and fast method for counting
large numbers of particles. Each charge-counting signal from a pulse of particles onto
‘the degrader introduces noise on the order of 100,000 particles to the measurement, so
the technique is best suited to clouds of many millions of particles. For antiprotons,
where our largest clouds are on the order of a few million particles, a more sensitive
and lower-noise detection method is desired. The annihilation of p as they encounter
produces a number of high-energy charged particles, typically pions, whose interac-
‘tions with matter can be used as a very sensitive detection mechanism. The average

annihilation event in vacuum can be written [75]:
P +p — 3.0nF +2.07° (average) (3.3)

The high-energy charged pions can excite photons as they pass through and deposit
energy in scintillating crystals. Photomultipliers can be used to amplify this signal,
resulting in a very high efficiency for detecting the passage of a single charged particle
through the detectors. Figure 3.21 shows the multiple annihilation detectors used in
the ATRAP2 apparatus. Two sets of 3.8-mm diameter plastic scintillating fibers
(Bicron BCF-12) are located inside the 1-T superconducting solenoid. The first set
consists of a total of 448 “straight” fibers in two vertically-oriented layers. The second
set consists of 336 “helical” fibers, again in two layers. Each helical fiber is oriented
in a spiral which subtends approximately 155° of arc. Outside of the 1-T solenoid
are two sets of plastic scintillating paddles (Bicron BC404). The outer paddle layer
includes 8 large paddles in an octagonal configuration around the experiment. In

front of each large paddle are two smaller inner paddles which combine to subtend
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Figure 3.21: Schematic of the scintillating detectors used for counting anni-
hilations of p and et.

the same total arc as the large paddle; thus, there is nearly a 100 % chance that
a particle which passes through one of the two inner paddles also goes through the
corresponding outer paddle. All of these detectors have a very high efficiency for
detecting the passage of a single high-energy charged particle. The major limit in
our detection sensitivity is therefore set by the solid angle for the charged particles
resulting from p annihilations to pass through the detectors.

The scintillation light from the detectors is then read out by a photomultiplier.
A discriminator changes the analog voltage seen by the photomultiplier into a digital
signal which is passed into the fast data-acquisition system. The detector and data-
acquisition system is described in much greater detail in [76].

Although the detectors have inherently low noise, cosmic rays consisting of high-

energy charged particles constantly bombard the experiment, resulting in a finite
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background count rate. In order to reduce this background rate we can select only
those events which cause multiple detectors to fire simultaneously. Signals from our
detectors are recorded in 50-ns bins, with a required 50-ns “wait” after each count, so
that we can record a maximum of 10 million events in one second. Our apparatus is
currently configured to rapidly discriminate and record the counts produced by four
types of events, as depicted in Table 3.1. A “fiber” count is recorded when at least
one scintillating fiber in any of the layers fires during a time bin and is therefore
our most sensitive detector measurement (at the cost of a very high background
rate). A “paddle coincidence” count is registered whenever at least one large outer
paddle and at least one of its two corresponding smaller inner paddles fire in the
same window. “Trigger-1” type events require at least two fibers and one paddle
coincidence during the same 50-ns time window, while “Trigger-2” events require at
least two fibers and two paddle coincidences during the time window. This table
indicates the expected detection efficiency for P annihilating at the degrader; the

expected efficiency is somewhat higher for those P annihilating at the center of the

loffe trap.
Detection type Efficiency | Background rate, Hz
Fiber 2.1 2,500
Paddle coincidence 0.75 450
Trigger-1 0.48 30
Trigger-2 0.16 4

Table 3.1: Calculated efficiencies and measured backgrounds for the different
coincidence detection methods used in the ATRAP detectors.
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Figure 3.22: Events recorded by the full detector data recording system cor-
responding to (a) a cosmic ray traveling in a straight-line trajectory, (b) a p
annihilation which cannot be reconciled with a single straight-line trajectory.

The ability to observe annihilation events meeting these four criteria in real-time
allows us to react to changing conditions within the experiment. When very sensitive
detection is required, though, we have the capability to record full data from each
detector event for later analysis, showing exactly which fibers and paddles fired. Ex-
amples of the data produced by this “full acquisition” are shown in Figure 3.22. By
analyzing exactly which detectors fired in an event, we can discriminate the spurious
signals produced by cosmic rays (which typically activate detectors only in a straight
line) from those produced by p annihilations (which are typically not consistent with
a single straight-line trajectory). The full acquisition can record a maximum of 500
events per second; to minimize the inclusion of events of limited interest we typically
run this system so as to record only events already meeting the Trigger-1 criteria.
Due to the large data files generated by the process (and the time-consuming post-
processing required to analyze these events), we typically only use this mode to record
the results of antihydrogen production or trapping trials or other trials requiring the

highest sensitivity.
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In order to take full advantage of the information provided by the full acquisition
system, we first determine a number of characteristics of each event. We look at the
straight fibers which fired and divide them into “clusters” of neighboring fibers, since
a single cosmic passing through along a tangent of the fiber circle could easily activate
multiple adjacent fibers. We require a gap of at least 2 fibers between different clusters
in case there is a single fiber in between which did not happen to fire (the induced
voltage did not reach the threshold for firing, for example). We also record whether
each cluster consists of a single straight fiber firing (which could possibly be due to
electrical noise) or if the cluster has at least two fibers firing. We refer to clusters
with at least two fibers firing as multiplicity-2 clusters. Finally, we look at how many
straight fiber clusters are separated by at least 7/8 radians (this angle, although
arbitrary, also corresponds to the arc subtended by each of the 16 inner paddles). We
do the same for the helical fiber clusters. We record the number of paddle coincidences
(an inner paddle firing in coincidence with its corresponding outer paddle), and also
the number of non-neighboring paddle coincidences. Finally, we do a number of checks
to see if the detectors which did fire are consistent with a straight-line trajectory. This
analysis enables us to determine which of twelve separate criteria each event satisfies.

The criteria used are as follows:
1. At least 1 paddle coincidence
2. At least 3 helical fiber clusters of any kind
3. At least 3 straight fiber clusters of any kind

4. At least 3 non-neighboring paddle coincidences
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5. The sum of the number of helical fiber clusters of any kind plus the number of

straight fiber clusters of any kind is at least 5

6. At least 3 multiplicity-2 helical fiber clusters separated by more than 7/8, at
least 4 multiplicity-2 helical fiber clusters, at least 4 helical fiber clusters sepa-

rated by more than 7/8, OR at least 5 helical fiber clusters of any kind

7. At least 3 multiplicity-2 straight fiber clusters separated by more than 7/8,
at least 4 multiplicity-2 straight fiber clusters, at least 4 straight fiber clusters

separated by more than 7/8, OR at least 5 straight fiber clusters of any kind

8. At least two helical fiber clusters of any kind and at least one paddle coincidence
or straight fiber; a straight line through these helical fiber clusters cannot pass

through the paddle coincidence or straight fiber

9. At least two straight fiber clusters of any kind and at least one paddle coinci-
dence or helical fiber; a straight line through these straight fiber clusters cannot

pass thrpugh the paddle coincidence or helical fiber

10. At least two paddle coincidences and at least one straight fiber or helical fiber;
no straight line which passes through the paddles can pass through this fiber as

well

11. At least 2 multiplicity-2 helical fiber clusters separated by more than 7/8 where
a straight line through the helical fiber clusters is more than 7/8 away from 1

paddle coincidence or more than 7/8 away from 2 straight fiber clusters

12. At least 2 multiplicity-2 straight fiber clusters separated by more than w/8
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where a straight line through the straight fiber clusters is more than 7/8 away

from 1 paddle coincidence or more than /8 away from 2 helical fiber clusters

We next divide events into one of 2!2 = 4096 possible mutually exclusive classes based
on which of the twelve criteria are satisified by each event. The software is then
“trained” on approximately 20,000 events due to cosmic background and a separate
set of 20,000 events produced by a radial dump of p in the trap. Each of the 4096
event classes is given a merit rating based on the ratio of p events falling into the class
to cosmic events falling into the class (i.e., a class with a merit rating of 100 means
that 100 times as many D annihilation events as cosmic events fall into this class).
This procedure then allows us to make a “cut” by selecting all events from a data set
with a merit rating greater than a certain value. Those cuts which use high merit
ratings accept less P events (giving less signal) in return for a reduced background
count rate (i.e., less noise).

Figure 3.23 shows the overall detection efficiency and cosmic background rate for
cuts that select events according to different merit factors. (The data used for this
plot is a different set of events than those events used for “training.”) Although those
cuts with strictest sensitivity might initially appear most useful, their low efficienéy
of detection can be a liability. The strictest cuts also show a precipitous decline in
detection efficiency for only a modest reduction in background rate. A cut with a
detection efficiency of 25 % and background rate of 0.5 Hz is typically what we use
when looking for very low numbers of events in a limited time window (for example,
when looking for a signal from trapped H). When we look for larger signals we can

decide which cut to use in an objective way by minimizing the uncertainty in the
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Figure 3.23: Detection efficiency and background rate of event cuts of dif-
ferent merit factors. Cut 1 is the strictest cut while Cut 16 is least strict.
Efficiency and background for Trigger-1 and Trigger-2 type events are also
shown for reference.

number of p based on the best prior estimate of the number of p and the known
efficiency and background rate of the cut.

We are also able to use annihilation detection to count e*. The energetic v photons
from et annihilation trigger the scintillating fibers with an observed efficiency of 1
fiber count per 200 e*. (This efficiency is obtained by comparing charge-count signals
from equal-number clouds of e~ and e™). We do not reliably observe paddle counts
from et annihilation. Due to the high background counts of the fiber detectors, our

sensitivity for e™ detection is not as good as that for p.

3.6 Particle movement and manipulation

In order to produce H, we need to not only load its constituent et and B, but

must also manipulate these particles in order to get them to interact. An important
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process is the movement of clouds of particles within the Penning trap. This allows
us to transfer p from the lower stack region, where they are trapped, into the upper
stack region where we perform H production experiments. We must also move et
plasmas in order to get them into the center of the Ioffe trap field and as close to the

p as possible.
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Figure 3.24: Previous procedure used for adiabatic transfer of particles from
one electrode to an adjacent electrode.

Figure 3.24 shows the method first developed by ATRAP for the adiabatic transfer
of particles from one electrode to another. The particles begin in a potential well
located on one electrode. The potential is then increased on the neighboring electrode
over a period of 1 ms, much longer than an axial bounce time for the particles. This
satisifies the adiabatic condition (dw/dt)/w < w and prevents heating of the particles
during the transfer. The potential on the original electrode is then ramped down to

zero over 1 ms, leaving the particle cloud on the new electrode. This technique can
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be repeated to transfer particles through many electrodes in an “inchworm” style.
This “adiabatic transfer” technique has been a robust method for moving particles
from one location to another within the electrode stack. One limitation is that it
cannot be used to move one species of particles (e.g., positrons) past another species
(e.g., electrons or antiprotons). In previous incarnations of ATRAP the technique
of pulse-catching, where one high-voltage pulse ejects a cloud of particles from one
well and a second pulse is used to catch and trap them in a distant voltage well,
has been used to get around this limitation [46]. This technique has not yet been
demonstrated reliably for the very large numbers of particles typically used in the

BTRAP apparatus.
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Figure 3.25: More sophisticated transfer procedure used to keep constant
and quadratic terms in the potential fixed and linear and cubic terms equal
to zero as the particles are transferred from one electrode to the next.

When moving many millions of P, particularly from the lower stack to the upper
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stack, we observed disproportionate losses when transferring by the standard “inch-
worm” technique described above. In order to reduce these losses we developed a more
sophisticated technique of particle transfer. This technique is shown in Figure 3.25.
The confining voltages are slowly changed in a series of 50 steps in such a way that
the linear and cubic terms of the on-axis potential are kept at zero and the constant
and quadratic terms are held fixed. Thus the well in which the particles are confined
remains unchanged throughout the transfer except for the slow translation in the ax-
ial direction. This technique is slower than the simpler transfer technique, requiring
up to 30 seconds per electrode, set by the time constants of the existing electrical
filters multipled by the large number of steps necessary to execute this motion. We
have observed less losses of valuable p with this technique, though. We also hope
that this new movement technique further restricts the possibility of heating the p
as no potential energy is added to the particles at any time. We typically do not use
this technique for the transfer of lepton species, since their synchrotron cooling allows
them to radiate away any energy introduced in the transfer process and any losses in
transfer can be easily compensated by loading a slightly larger number of particles

initially.
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Chapter 4

Theory and measurements on

plasmas in a Penning trap

A plasma is an ionized gas or a collection of charged particles. Plasmas in nature
typically occur at a temperature so high that thermal fluctuations exceed the binding
energy of the atoms or molecules of the material, so that electrons from the atoms or
molecules are collisionally ionized and become unbound. Most plasmas in nature are
also electrically neutral, since otherwise Coulomb repulsion between charged particles
would cause the plasma to expand and blow apart. Examples of such plasmas include
flames, lightning bolts, and the Sun.

Laboratory techniques have made it possible to produce non-neutral plasmas by
confining a cloud of charged particles or ions with electric and magnetic fields. The
fields allow confinement of like charges by overcoming the Coulomb repulsion between
the particles. Since the plasma in this case has a net charge (and may in fact consist

of a single species of particle or ion), recombination into neutral atoms will not readily

82
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occur, and cooling techniques can be used to produce a plasma with a temperature far
below the limits observed in plasmas in nature. The dense clouds of charged particles
used in ATRAP’s experiments are plasmas of this type, with temperatures as low
as T =~ 3.5 K, which is much smaller than the typical scale of atomic or molecular
binding energies.

In the low-density limit, our clouds of particles will generally obey the single-
particle dynamics described in Chapter 2, subject to perturbations due to the Coulomb
interaction between the particles and to collisions which can couple different motions
together. Two requirements are necessary for a particle cloud to be considered a

plasma. Both relate to the Debye length of the plasma [77], given by

_ Gok'BT
Ap =4/ e (4.1)

with n the density, ¢ the charge (of magnitude e for all particles used in ATRAP’s

experiments), and T the temperature of the plasma. The Debye length is the distance
at which electrostatic forces on a test charge within the plasma are screened out by the
motion of charged particles close to that test charge. One requirement for a plasma
is thus that this screening length is significantly smaller than the overall dimensions
of the plasma. The second requirement is that the interparticle spacing a, defined
implicitly by 47na®/3 = 1 and sometimes referred to as the Wigner-Seitz radius, be
significantly less than the Debye length. In other words, many particles are located
within a Debye length of a test charge to provide the electrostatic screening that is
needed.

For an antiproton cloud of 5x 10® p with a typical radius of 6 mm, the axial extent

in a 100-V well will be roughly 1.5 mm. The Debye length of this particle cloud is
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82 nm, and the interparticle spacing is 22 pm. This particle cloud thus satisfies the
inequality a < Ap < Lpiasmae (22 pm < 82 pm < 1500 pm) and can be considered a
plasma, albeit barely. Roughly 50 p are contained within the volume 47\ /3 of one
“Debye sphere,” enough so that we can consider these p to screen out the electrostatic
effects of particles located further away.

In the plasma regime, the electrostatic potential due to the particles themselves
(the “space charge” potential) can become comparable to the potential depth by which
the particles are confined and must be taken into account in analyzing the system. A
rough estimate of the space charge potential can be obtained by assuming a spherical
plasma of uniform density n and radius R. Charges with this geometry generate a

potential (at the plasma center, and assuming V' = 0 at infinity) of

enR?

V= .
260

(4.2)

For the case of N = 108 particles and a density of 5 x 107 cm™3 (parameters typical
for ATRAP’s e~ and e' plasmas), the space charge potential is approximately 28 V.
This is the minimum potential well depth required to confine this number of particles

at this density.

4.1 Length and time scales in trapped plasmas

Several length scales besides the Debye length are also relevant in trapped plas-
mas. The first of these, known as the distance of closest approach, characterizes
collisions within the plasma. Collisions between particles in the plasma are an im-

portant mechanism for redistributing energy and achieving the plasma’s equilibrium
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shape (described below). Particles within a plasma interact primarily through the

long-range Coulomb potential
e
T Armegr

V{(r) (4.3)

The total Coulomb cross-section is infinite due to the long-range interaction. The
plasma screens out those interactions with range longer than the Debye length,
though, so we expect that the effective collisional cross-section in the plasma will be

finite. An approximate expression for the collisional cross-section is given by [77, 78]

o = 4mb*In A, (4.4)
with
2
e
.= 4.
47T60kBT ( 5)
and
InA=In -/;—)2. (4.6)

The quantity b, is known as the classical distance of closest approach; it represents
the smallest distance two particles within the plasma can get before the electrostatic
potential energy due to their interaction equals the particles’ average thermal energy.
The Coulomb logarithm, In A, results from the upper and lower cutoffs for the integral
of the Coulomb potential. Since In A does not vary strongly with the parameters
Ap and b. and is typically in the range 5 - 20, InA =~ 10 is often a reasonable
approximation.

The collision rate within a plasma is then given by

V., = nov, | (4.7)
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with v the average particle velocity. Taking into account the temperature dependence
of b, and v, the collision rate scales as 7732, This counterintuitive result suggests
that the collision rate increases sharply with decreasing temperature. For a typical
e~ plasma of density n = 5 x 107 cm~3, the collision time 7. = v;* = 14 ns and is
faster than any other process within the plasma. However the collision rate is much
lower when the particles involved have energies on the order of eV.

The correlation parameter I' = ¢*/4meqakpT = b./a represents the ratio of
nearest-neighbor Coulomb potential energy to thermal energy kgT in the plasma
[79]. When I' « 1 the plasma is uncorrelated and random motion analogous to an
ideal gas is expected; for I’ > 1 correlations between neighboring particles become im-
portant. Fluidlike behavior is expected for I' > 2 and crystalline behavior is expected
for I' > 174 [79]. For a typical e~ plasma of density 5 X 107 cm™3, the correlation
parameter is less than 0.1, so our plasmas exhibit uncorrelated behavior.

Two other important length scales come into play in a confined plasma. One is

the thermal cyclotron radius, given by

Vmk,T
’;’”B__b , (4.8)

Te =
where m is the mass and ¢ the charge of the confined species. The plasma can be
considered to be strongly magnetized when the magnetization parameter b./r. > 1
[80]; note that r. — oo in the limit that B — 0. Magnetic field effects become
important in the strongly-magnetized regime. In particular, it becomes increasingly
difficult for collisions to couple axial energy to radial energy as the particles become

pinned to field lines, leading to the possibility of different axial (T}) and radial (7';)

temperatures. The isotropization rate of Ty and T in the weakly-magnetized case
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Figure 4.1: Predictions of isotropization rate of parallel and perpendicular
temperatures in an electron plasma as a function of magnetization parameter.

was found to be similar to the zero-field collision rate [81], with a later analysis
finding that the isotropization rate in the regime b, < r. < Ap requires replacing the
Debye length A\p with the cyclotron radius 7. in the Coulomb 1ogarithm‘ [82]. This
analysis breaks down in the strongly magnetized regime, where b./r. > 1 and the
Coulomb logarithm becomes undefined. In this regime the isotropization rate has
been calculated to be suppressed by a factor I(g) [83], with & = \/’I?Te/—/,bbc/’r‘c the

magnetization parameter with reduced electron mass u, and

o° 6_02/2 =/ 2
I(R) =~ 0.67 /0 76"3‘14"’/” , (4.9)
which in the limit s > 1 reduces to
I(R) ~ 0.47R™1/5¢=204R>/% (4.10)

Fig. 4.1 shows the changing isotropization rate for a typical ATRAP e~ plasma as
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a function of temperature. Experiments on trapped electron plasmas confirmed this
suppression of temperature isotropization for magnetic fields B such that r. < b, [84].

As we will see in Chapter 5, the typical equilibrium temperature for our plasmas
is in the range 10 - 30 K, where the isotropization rate still exceeds 1 kHz so we
expect T = T. However, collisional coupling of T and T, becomes exponentially
suppressed below 10 K, which may have consequences for the effectiveness of antihy-
drogen production from particle clouds whose axial motion has been cooled below 10
K by one of a few realized schemes.

One additional feature of strong magnetization in a plasma is a long time scale for
radial redistribution of the particles in their approach to the equilibrium geometry.

This time constant for radial transport has been found to be approximately [85]

8 (w.\*
Trt. = 3 <—C) Teolls (411)

3 \wp
with 7. the collision time and w, = \/W the plasma frequency (discussed
below). In an ATRAP e~ plasma of 10° e~ at B = 1 T, this time constant is
evaluated to be 200 s to within an order of magnitude. Such a time constant is in
general agreement with measurements on the expansion of plasmas within our trap
(discussed below).
The final important length scale in the plasma is the de Broglie wavelength of the

electron, given by

orh
Ap = —, (4.12)
mu

which is the length scale at which quantum mechanical effects become important.

For a typical e~ plasma of density n = 5 x 107 cm™*, Fig. 4.2 shows many of

the relevant length scales as a function of temperature. Our plasmas typically fall
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Figure 4.2: Various length scales of interest within an e~ plasma of density
n=>5x 107 cm™3 as a function of plasma temperature 7T'.

into the temperature range 3 - 30 K, with the result that A\gp < r. < b. < a < Ap.
We thus typically work within the regime of a strongly magnetized but uncorrelated

plasma where quantum mechanical effects can largely be neglected.

4.2 Equilibrium geometry of a plasma in a Penning

trap

The cylindrical symmetry of a plasma confined within a Penning trap allows
greater information to be obtained about the plasma, and in fact allows an exact
solution of the equilibrium plasma shape if an ideal quadrupole potential is assumed.

One feature of the cylindrical symmetry is a conserved angular momentum given by
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[86]

1
Py = merjp? + §eBp§. (4.13)

J

In a typical ATRAP e~ plasma of 10® particles with radius of 5 mm, the mechanical
term in the angular momentum sums to 7.6 x 1072 kg m? /s, while the field term is
8.0 x 1077 kg m? /s, five orders of magnitude larger. The field angular momentum
then dominates, and implies that the product of magnetic field B and mean square
radius of the plasma is éonserved.

The thermal equilibrium condition for a confined plasma at zero temperature is
that the density within the plasma is constant and that the plasma. exhibits a uniform
rotational frequency w, [79]. The rotational frequency is analogous to the large-radius
magnetron motion of a single particle and can also be thought of as an E x B drift,
with the self-field of the plasma now playing an important role in producing the E
field. In a plasma of finite temperature and w, < w,, the density will remain constant
through the bulk of the plasma but will drop exponentially to zero at the edges of
the plasma with a length scale given by the Debye length [87].

Solving Poisson’s equation, V¢ = p/¢y within the constant-density plasma leads

to the result that the density n obeys [88]

2 —
p = 2eomen(we = wr) (4.14)

q2

This result is often expressed in terms of the plasma frequency w,, the frequency
at which collective excitations (“plasmons”) travel within the plasma. The plasma

frequency is written as

wy = —— = 2, (We — wr). (4.15)
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Figure 4.3: Behavior of plasma frequency w, or plasma density n as a function
of w,/we.

The possible plasma frequencies (and therefore densities) as a function of rotation
frequency w, are shown in Fig. 4.3. One consequehce of the behavior of the plasma

frequency is that the plasma has a maximum density at w, = w./2 of

B260

maz = . 4.16
n o (4.16)
By recognizing that egug = 1/¢* we can rewrite this as
B2
M Nmar = —» (4.17)
2/,L0

or that the maximum mass energy density which can be confined in the Penning trap
is equal to the energy density stored in the magnetic field. This fact has important
(and unfortunate) consequences for efforts to use trapped antimatter plasmas as fuel
for interstellar travel. For plasmas used in ATRAP, typical rotation frequencies are

less than 200 kHz while the cyclotron frequency for leptons is 28 GHz, so w,/w. =~
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Figure 4.4: (a) Equipotential lines due only to the trapping electrodes. (b)
Equilbrium plasma geometry (dark gray shape) and modified equipotential
curves in the presence of an N = 108 e~ plasma with radius of 5 mm.

10-%. ATRAP’s plasmas therefore possess a density much smaller than the maximum
possible density of a confined plasma.

For an ideal quadrupole potential, the equilibrium zero-temperature plasma shape
has been calculated to be a spheroid [89]. In an actual Penning trap the effects of
image charges and deviations from an ideal quadrupole potential modify this shape
in a manner that does not admit of analytic solution. Instead we use finite-difference

calculations to self-consistently solve Poisson’s equation in the presence of a uniform-
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density plasma. The computer program eguilsor [90] calculates the thermal equilib-
rium plasma geometry in the presence of realistic trap potentials which we calculate
through methods of numerical relaxation. Fig. 4.4 shows the equilibrium shape for
a plasma of 10® e~ of radius 5 mm confined in a 100V well on electrode LTE3. The
figure indicates that the deviation from a spheroid is not severe for plasmas of rela-
tively small radius. However, larger-radius blasmas show greater deviations from the
spheroidal approximation [46].

For a given trap (empty-well) potential ¢qp, particle number /N, and plasma
radius 7, there is a unique zero-temperature equilibrium geometry for the plasma
[91]. We can thus specify other parameters for the plasma including axial extent
z, aspect ratio o, and density n in terms of these parameters. More generally, for a
fixed ¢yrqp only two parameters are needed to completely specify the zero-temperature
equilibrium. In addition the finite-temperature equilibrium in general involves only
the exponential decrease of plasma density to zero over a Debye length at the edge

of the plasma [87].

4.3 Collective excitations within a trapped plasma

If a perturbation is applied to a plasma in thermal equilibrium, normal modes
within the plasma can be excited [92, 93]. An analytic theory for the frequencies
of these modes in a spheroidal plasma has been developed [94]. The modes can be
characterized by two integers (£, m) with £ > 0 and |m| < £. Modes with |m| = 0
are cylindrically symmetric. The lowest-order mode, (1,0), is simply a center-of-mass

oscillation of the plasma in the axial direction, analogous to the harmonic axial motion
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Figure 4.5: Axial oscillation modes of a plasma as a function of plasma aspect
ratio.

of a single particle, with frequency wig = w,. The (2,0) mode, known as the “axial
quadrupole” mode, represents an oscillation of the plasma’s aspect ratio in time. Fig.
4.5 shows the frequencies and a representation of the motion for several higher-order
modes with |m| = 0 as a function of plasma aspect ratio (in the approximation of a
spheroidal plasma).

Figure 4.5 shows that the frequencies of plasma modes can be used to determine
the aspect ratio of the plasma and, in conjunction with knowledge of the particle
number N and trap potential, thus completely characterize the plasma. The equations

governing this relation are

€

4 _ ke P)Qyk)
YT T R ER)QiR) (4.18)

3
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with
[ — (4.19)
Vol -1+ %
£
(6

P, and Q, are Legendre functions of the first and second kind, respectively, and the
prime symbol denotes their derivates. The final equation needed to specify plasma

geometry as a function of modes is [95]

2
W,

O

0
o 1(k2)
_wg =T (4.21)

with Q9 an associated Legendre function of the second kind. Using these equations,
the knowledge of two modes of plasma motion (typically axial center-of-mass and axial
quadrupole) allows us to determine the geometry of the plasma under the assumption

that the plasma is a spheroid.

4.3.1 Measurements of collective plasma modes

Normal modes of a nonneutral plasma were first observed by detecting the trans-
mission of an applied drive through a cylindrical pure-electron plasma [92]. Normal
modes were first observed in a spheroidal plasma by detecting the Doppler shift in an
optical transition due to excitation of the plasma modes in a cold 9Bet plasma [93].
Further work observed normal modes in a spheroidal pure electron plasma through
peaks in the noise resonance of a cryogenic tuned circuit [96]. Normal modes have
become an important diagnostic tool for studying the e~ and e* plasmas used for p
cooling and H formation [97, 91, 98, 46]. Previous ATRAP measurements used an RF

drive applied to one electrode adjacent to the plasma and measured transmission of
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Figure 4.6: Schematic of setup used for measurements of plasma modes.

-

the drive through to a receiver located on the other electrode adjacent to the plasma
[98].

Fig. 4.6 shows a newer method ATRAP recently implemented to measure collec-
tive excitations within a plasma. A drive to excite the plasma (Programmed Test
Source PTS250) is applied to an electrode adjacent to the plasma while the resulting
signal is read from the other electrode adjacent to the plasma. The drive is applied at
the estimated oscillation frequency of the plasma and is gated by a 1 ps voltage pulse
(Stanford Research Systems DG535, Mini-circuits ZYSWA-2-50DR). The resulting
excitation therefore has a bandwidth of Af =~ 1/(2rAt) ~ 170 kHz and allows us to
excite the plasma within a range of frequencies. We then wait typically 5 ps before
measuring the induced signal on the readout electrode. This measured signal will be
at the plasma oscillation frequency. The resulting signal is amplified and recorded
and a Fourier transform is taken to determine the oscillation frequency. This tech-
nique allows us to make a measurement in approximately 5 s, with the time required

dominated by the time needed to calculate the best fit to the observed signal. Even
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Figure 4.7: (a) Axial center-of-mass and (b) axial quadrupole modes of an

N =108 e~ plasma.
when we do not have a good estimate of the plasma oscillation frequency in question
we can scan over a range of many MHz in 500 kHz steps, which we have found are
steps sufficiently small to ensure we do not step over the oscillation frequency. We can
thus find the desired oscillation frequency in at most a few minutes. The efficiency
of this technique allows us to characterize the geometry of the plasmas used in each
experiment we run, and also avoids any particles losses we have sometimes observed
with other mode measurement techniques [98].

Fig. 4.7 shows the axial center-of-mass and axial quadrupole frequency spectra
for an N = 10® e~ plasma. The fit allows us to determine the oscillation frequency
to within 1 kHz; the linewidth of the spectrum is determined mainly by collisional
broadening. The modes have a quality factor Q ~ 5 x 10°.

Fig. 4.8 shows variations of the modes as the confining trap potential V' and
magnefic field B are varied. As the trap potential is lowered, the axial confining force

on the plasma is reduced and the plasma expands. The approximately harmonic axial
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Figure 4.8: Variation of the modes as (a) confining potential and (b) magnetic
field are varied. Black points indicate measured dimension as the potential or
field is increased, while gray points indicate measured dimension as potential
or field is subsequently returned to its orginal value. Gray ellipses represent
the dimensions of the plasma assuming it is spheroidal.

confining potential ¢ =~ k2?/2 oc V, so that a reduction in applied voltage V' leads to

an equivalent increase in z2 . The length of the plasma therefore scales as 1 / VV. As

magz
the magnetic field is lowered, the conservation of angular momentum Bp?/2 implies
that plasma radius scales as 1/v/B. |

The conserved angular momentum expressed above suggests that the radius of a
trapped particle cloud should remain stable. Fig. 4.9 shows a study of this stability
in the upper stack. An N = 6 x 107 e~ plasma is initially prepared with a radius of
2.354+0.1 mm via the rotating wall technique (described below). We follow the modes
of the plasma as it remains in the confinement well over time. In a well formed by
applying a symmetric set of voltages to 5 electrodes which are calculated to minimize
anharmonicities in the trapping potential, no expansion is observed for many minutes

of confinement. Even in a very shallow “harmonic well” of this nature, no expansion

is observed to within the uncertainty. However, in a less-harmonic well formed from
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Figure 4.9: (a) Final radius of an N = 6 x 107 ™ plasma, initially of radius
2.35 + 0.1 mm, held for 360 s in either five-electrode harmonic wells or sin-
gle radius-length electrode wells of varying on-axis depths. No expansion is
observed in the harmonic wells to within the measurement uncertainty, but
the single-electrode wells exhibit significant expansion. (b) Expansion in a
single radius-length electrode well as a function of time. The fit is to linear
increase of the plasma radius with rate 1 mm / 110 s.
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a single radius-length electrode with 57 V on-axis depth, the plasma expands linearly
in time at a rate of 1 mm / 110 s. The expansion is seen to be even more extreme
for shallower single-electrode wells. We have found that this rapid expansion occurs
only in potential wells of limited axial extent: a longer well formed from two radius-
length electrodes set to the same voltage V' prevents expansion. Furthermore, we
do not see expansion of e~ plasmas confined in the lower stack for long periods of
time, where the typical electrode length of 3.06 cm approximates the length of a

two-radius-electrode-long well.

4.4 Manipulation of plasma radius with a rotating

wall technique

The mode-measurement technique discussed above allows the determination of
normal modes of the plasma and therefore a good estimate of the plasma geometry,
but an additional technique is required to control plasma geometry. Such control has
numerous applications. In room-temperature trapped plasmas, limited confinement
times on the order of 1 — 10* s are observed due to plasma expansion, with a general
scaling of B~2 [99]. This expansion results from breaking of the cylindrical trap
symmetry due to background gas collisions and small asymmetries in the trapping
potential. In ATRAP’s cryogenic plasmas confinement times do not suffer from such
a limitation, but control over plasma geometry can increase the overlap between D
and et plasmas, allow for greater repeatability of experiments, and prevent particle

loss when the higher field for p catching produced by the antiproton-loading solenoid
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is reduced to the 1-T field compatible with H trapping experiments. In addition,
radial compression can counteract observed effects of plasma expansion within single-
electrode wells or from the movement of particles throughout the apparatus.

Radial compression of a confined plasma has recently been produced by the appli-
cation of a phased “rotating wall” drive [100]. In this technique, the plasma has
typically been confined in a long Malmberg-style trap with aspect ratio a > 1
with an electrode cut into 4, 6, or 8 segments located near one end of the plasma
(100, 101, 102]. To each segment of the electrode a sinusoidal drive is applied with
phase ¢ = 275/ jmaz, With j the number of the segment and jmq, the total number of
segments. The drive thus breaks the cylindrical symmetry and applies a torque to the
plasma; when the drive is applied such that increasing phase ¢ corresponds with the
direction of plasma rotation, the plasma rotation speed will increase and the plasma
will compress.

The rotating-wall technique has been applied to trapped Mg* [100] and Be* ions
[103] and to plasmas of pure electrons [101]. The rotating-wall drive has been found
to be most effective when coupling to collective plasma modes of nonzero angular mo-
mentum [104] and has been observed to have a relatively broad frequency dependence
[103]. In the case of uncorrelated plasmas the frequency of drive frw applied has
been much larger than the plasma rotation frequency w,/2m [101, 104]. In contrast,
in a laser-cooled 9Be* plasma exhibiting crystalline behavior the plasma rotation fre-
quency was observed to “phase-lock” to the drive frequency (103, 105]. Rotating wall
drives have even been used to compress a trapped et cloud of density so low that

single-particle Penning trap dynamics applied [105]; in this case the compression was
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observed in a narrow frequency band centered on the axial frequency w, of the et
which exceeded the rotation frequency by a factor of 10 - 100.

More recent experiments have found a “strong-drive” regime where the plasma can
be compressed to a point where the final rotational frequency is equal to the drive
frequency [106, 107]. In these experiments there is little dependence of compression
on drive frequency and therefore the final rotational frequency of the plasma can be
quickly changed by changing the drive frequency frw.

A rotating wall drive has been used to enhance the brightness of et beams [105], to
prepare et plasmas for antihydrogen production experiments [108, 109], and to extend
the lifetime of room-temperature trapped plasmas from the minutes scale to greater
than 24 hours [106]. (The plasma expansion and limited lifetime in this case were
due to collisions with residual gas in the room-temperature vacuum environment. In
the ATRAP experiment, the extremely good cryogenic vacuum allows long plasma
lifetimes even without an applied rotating wall, but the rotating wall technique is still
useful as it allows us greater control over the plasma radius).

Figure 4.10 shows the segmented electrode to which phased rotating wall drives
are applied and the potential structure in which particles are held for rotating wall
compression. Following the method outlined in [106], we hold plasmas either in an
axially long “flat well” produced by applying identical potential V4 to 3-5 electrodes
or by a multiple-electrode “harmonic well” where a least-squares routine is used to
minimize anharmonicities of the trap potential. The “flat well” structure is more
closely analogous to the Malmberg-style traps used in previous rotating wall experi-

ments. We have successfully compressed plasmas in long harmonic wells, though, and
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Figure 4.10: Potential structure used for rotating-wall compression of plas-
mas in the lower stack. (a) Location and approximate shape of the plasma
during rotating-wall compression. (b) Flat and (c) harmonic potential wells
used to confine particles while the rotating wall drive is applied. (d) Rotating
wall electrode split into four segments to which sinusoidal drives differing by
phases of 7/2 are applied to radially compress the plasma.
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Figure 4.11: Rotating wall compression of an N = 10% e~ plasma. (a) particle
losses and (b) final plasma radius as a function of drive duration for drive
frequencies of 3 MHz and 7 MHz. (c) particle losses and (d) final plasma
radius as a function of drive frequency for drive duration of 400 s.

have found these well structures to reduce the losses observed during rotating wall
compression.

The rotating wall drive itself is a custom multichannel synthesizer built around
four phase-locked single-chip direct digital synthesizers (Analog AD9954). A signal of
9 V peak-to-peak is typically applied to the segmented rotating wall electrode. Fig.
4.11 shows the compression and particle loss observed as a function of drive duration
and frequency, for a plasma of N = 10® e~ confined in a seven-electrode harmonic
well of varying depth. The initial radius of these clouds was 8 mm in all cases.
Maximal compression is observed for drive frequencies in the range of a few MHz,

which obey w,/27T < frw < w,/2m. We observe the strongest compression, but
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Figure 4.12: Radial compression of e~ and e* by the rotating wall drive as a

function of drive duration.

also the largest particle losses, in the shallowest wells. In all cases the compression

appears to approach a minimum radius of 2 mm. This corresponds to a plasma

rotation frequency of 100 - 200 kHz, much less than frw, so that we do not appear

to be in the strong-drive regime.

Fig. 4.12 shows the results of rotating wall drives applied to e* and e~ clouds of

108 particles each. The direction of the applied drive must be reversed to account

for the inverse sign of charge. Aside from this one change, we are equally able to

compress clouds of e~ and et as expected.
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4.5 Centrifugal separation of p and e~

The Penning trap geometry allows for the confinement of multiple species of
charged particle in the same potential well, presuming that they have the same sign of
charge. ATRAP, for example, confines both e~ and P in a single potential well during
the time that e~ are used to sympathetically cool D [11]. When multiple species of
different mass are confined in a single well, the centrifugal force experienced by a
particlé in the frame rotating with the plasma leads to an effective energy difference
between the two species; AE = (m; — mao)w2p®. When this energy difference becomes
on the order of the thermal energy kg7, centrifugal separation in the plasma has
been predicted [110], with the more massive species moving to larger radius. In 2010,
centrifugal separation of p and e~ was reported by the ATRAP Collaboration [27].
This demonstration of centrifugal separation in a two-component plasma was the first
done with elementary particles and the first where neither species can be laser-cooled.
Similar separation was subsequently reported by the ALPHA Collaboration [111]

By use of Equation 4.15 and the fact that m, > m., we can write the temperature

at which centrifugal separation is expected as

mye? /np\?
Typp = 22 (—) . 4.22
P SngB B ( )

For early experiments with e~ cooling of trapped P, the combination of high magnetic
field and low density produced Ty, =~ 1 K, less than the 4.2 K temperature of the
trap electrodes at that time [57]. Therefore, no centrifugal separation of the particles
was expected or observed. Experiments with laser-cooled plasmas of two ion species

[112] did observe centrifugal separation, as did later experiments with simultaneously
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Figure 4.13: ¢~ and D lost as the confining potential is reduced to 0 V in a

series of rapid steps. The different potentials at which e™ and p are observed

to emerge indicates that the P are more deeply confined, and therefore at a

larger radius, than the e™.
confined laser-cooled ions and symathetically cooled positrons [113]. For ATRAP’s
current experimental parameters, the plasma density n ~ 10% cm™3, p ~ 5 mm and
B = 3.7T combine to produce a separation temperature Ti., ~ 90 K, well above the
temperature of the trapped particles.

In order to investigate centrifugal separation of trapped p and e~, we performed
two types of experiments. In the first, the confining potential for the particles was
lowered while P and e~ were simultaneously confined in the potential well. The
regime is such that the space charge effects of the trapped particles greatly exceed
the thermal energies. Because the potential well is least deep on-axis, those particles
closest to the center leave the well first.

Fig. 4.13 shows the number of e~ and P lost as the confining potential is reduced by
a series of rapid 2-V steps. The e~ can be counted with a charge-sensitive amplifier,

while the P annihilations are counted via our detector system. The resulting plot

shows that the P are located at lower confining potential and thus at a larger radius
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Figure 4.14: Onset of D loss as the confining magnetic field is reduced from
3.7 T to 1 T. From the field at which p loss begins, we can extrapolate the
initial radius of the p. No detectable number of e~ is lost during the field
ramp-down; for a starting e~ radius of less than 5.5 mm we do not observe
any p loss during the ramp-down.

than the e™.

In the second type of experiment done to investigate centrifugal separation, we
first load p and e~ in the B = 3.7 T field of the antiproton-loading solenoid, then ramp
down the solenoid to reduce the magnetic field to 1 T. Because of the conservation of
angular momentum pg < Bp?, as the field is ramped down we expect the radius of the
plasma to expand and scale as B~'/2. During this process we find that significant p
loss occurs as the P expand into the trap walls and annihilate, but no e~ are lost. Fig
4.14 shows the field (and P radius) at which P losses begin as a function of the initial
radius of the cooling e~. The initial e~ radius is produced by compression with the

rotating wall drive and is determined by measurement of collective plasma modes, as

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



Chapter 4: Theory and measurements on plasmas in a Penning trap 109

described earlier in this chapter. The magnetic field measurements confirm that the
p are located at a radius greater than that of the e™.

This demonstration of centrifugal separation is the first with elementary particles
and the first where neither confined species can be laser-cooled. The observed separa-
tion has some important consequences for H production, not all of which are positive.
Centrifugal separation may increase the effectiveness of the pulse-out technique used
to remove e~ once collisional cooling has reduced the p temperature tQ < 16V, and
may also limit the amount of kinetic energy that the p acquire as the space charge
potential of the confined e~ is rapidly reduced during these pulses. However, cen-
trifugal separation makes it more difficult to produce a p cloud with a very small
radius. With p and e™ initially confined in the same voltage well used to initially
cool the p, the p will be located a;c a larger radius than the e”. When the e are
ejected from this well by voltage pulses (described in Chapter 3), some of the p will
fill in the central region vacated by the e, but the conserved angular momentum
> Bp? requires that other p must then move outward as well. As the magnetic field
from the antiproton loading solenoid is ramped down, some further expansion of the
p cloud will also take place. As will be discussed in Chapter 6, it can be desirable to
introduce P into a e* cloud at the smallest radius possible when forming antihydrogen
by three-body recombination methods. One way we may be able to get around this
constraint is to directly apply a rotating wall drive to a cloud of trapped p. We have
not yet demonstrated this technique, and some experiments have found it difficult to
achieve rotating wall compression of a particle species where no cooling mechanism

is present [114].

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



Chapter 5

Particle temperature: Measurement

and cooling methods

State-of-the-art superconducting Ioffe traps confine only those atoms with veloc-
ities corresponding to thermal energies of a fraction of 1 K. For this reason, the
temperature of H produced is a crucial parameter to optimize as we pursue increased
trapping of H. I production by two-stage charge-exchange is expected to produce H
at the temperature of the p from which they form [115]. H production by three-body
recombination [20, 22, 116] is expected to take advantage of e™ cooling of D as the P
enter and interact with an et plasma, as well as possible collisional cooling of H as it
exits the et plasma. There is thus a strong incentive to produce the coldest possible
p and e* clouds.

This chapter discusses methods by which we measure and reduce the tempera-
ture of particle clouds. It begins with a discussion of cooling by radiative damping.

Collisions allow this single-particle effect to cool both axial and cyclotron motions of
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particles in a plasma, and allow e cooling of P to cryogenic temperatures [11]. The
chapter continues with a discussion of two methods studied by ATRAP to measure
the temperature of confined particle clouds. Finally, this chapter discusses ATRAP’s
recent result of adiabatic cooling of P [28], in which clouds of up to 3 million an-
tiprotons were cooled to temperatures of 3.5 K or below. This result, the coldest
temperature yet observed for P, is a crucial step on the way to producing H with a

few-K (or less) distribution of thermal energies.

5.1 Cooling by radiative damping

A single particle in a Penning trap exhibits harmonic and circular motions which
involve continuous acceleration and therefore constantly emit radiation [117]. The

Larmor formula gives the radiated power,

e2

P

ke (5.1)

6megcd

For the cyclotron motion, ¥ = ¢ x B/m = w,x Band E, = %m(?}2 Thus the energy

damping can be written as

dE
with «y, the time constant equal to
e2w?
= —— . 5.3
T 3megme’d (5:3)

Similar calculations for the magnetron motion give

2,2
e‘wn,

Ym = 57 3
™ 3mwegmed’
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e~ oret D
Motion Frequency | Damping time | Frequency | Damping time
Cyclotron | 28 GHz 2.6 s 15 MHz 1.7 x 10 s
Axial 35 MHz 3.3 x10%s 820 kHz 1.1 x 10" s
Magnetron | 22 kHz 4.2 x 1012 s 22 kHz 7.7 x 10% s
Table 5.1: Typical radiative damping times for different motions of a particle
in the BTRAP Penning trap at a magnetic field of 1 T.
and for the axial motion
e2w?
, = . 5.5
K 6megme’d (5:5)

Table 5.1 shows typical damping times for a particle in our trap at a field of 1 T.
Only the cyclotron motion for leptons has a damping time that allows reasonable
cooling rates on experimental time scales. In the higher, 3.7-T field produced by the
antiproton-loading solenoid, this damping time for leptons is reduced further to 0.2
S.

Cooling by radiative damping is a single-particle effect and on its own cools only
the cyclotron motion of a particle. In a cloud of particles, though, elastic collisions
couple the axial and cyclotron motion together and allow significant cooling of the
particles’ axial motion as well. (The magnetron motion, which is an E x B drift,
will be determined by trap and plasma fields, so it will not cool by collisions.) This
allows us to use clouds of e~ as a cooling mechanism for p in our trap. (The fact that
e~ will not annihilate with P is also essential here. Annihilations of p and p limit

the use of some other cooling methods, such as sympathetic cooling with laser-cooled
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trapped ions). Electron cooling of p [11] is the technique used by all groups studying
antiprotons to cool high-voltage-trapped P to energies much less than 1 V.

The synchrotron radiation can theoretically cobl the leptons until they reach ther-
mal equilibrium with the electrode walls. However, such equilibration will not be at-
tained if external noise sources can enter the trap and induce heating of the particles.
Since there is such a premium on using the coldest possible particles for H production,

we have investigated methods of measuring the temperature of cold plasmas.

5.2 Measurements of plasma temperature

Several techniques have previously been used to measure the temperature of .
When the kinetic energies of high-voltage-captured D greatly exceed the potential
energy due to space charge, the P loss rate as the confining potential is reduced can
be fit to an exponential to estimate temperature [70]. When electrons were first
used to cool P, an upper bound for the thermal energy of the p at 9 meV = 100 K
could be established by the width in voltage over which P left a harmonic well as the
confining potential was inverted [11]. In cold particle clouds, the potential energy
due to repulsive electric interactions among the particles themselves causes a finite
width in voltage over which particles leave the harmonic well. This space charge effect
initially prevented a more precise measurement of the temperature of cold confined
plasmas.

Since that time, ATRAP has investigated two techniques for more accurately mea-
suring the temperature of trapped plasmas when the thermal energy of the particles

is less than the potential energy due to space charge. One technique exploits the shift
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in electrostatic plasma modes due to a change in plasma temperature [118], while
the second samples only the high-energy tail of a Maxwell-Boltzmann distribution of
particle velocities as the confining potential for the plasma is rapidly reduced to zero

[119].

5.2.1 Temperature measurement by shift of plasma modes

In the first temperature measurement method we investigated, the axial center-
of-mass frequency wpy and axial quadrupole frequency w, of a trapped plasma are
monitored as the temperature of the plasma is changed by some external source (for
example, an applied noise drive, or by changing the temperature of the surrounding
electrodes). A change in plasma temperature will lead to a shift in {requency of the
axial quadrupole mode. For a finite-temperature plasma, the thermal particle motion
leads to an effective pressure [120]. By changing the equilibrium geometry and the
restoring force experienced by the plasma, the temperature-dependent pressure leads
to changes in the frequency of the plasma’s response to an external perturbation.
These frequency shifts relate to changes in the plasma temperature and on their own
do not determine the base temperature of the plasma. For a plasma confined in an
ideal quadrupole electric potential, and in the limit that the Debye length is much
less than the plasma size, the temperature-dependent shift of the axial quadrupole

frequency has been calculated to be [118]

ksT
(w2 = (w5)? + 200y — g(e] 22T, 56)
with
a? UJZ 82A3
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where w5 is the zero-temperature quadrupole frequency, o the plasma aspect ratio,
w, the plasma frequency, L the length of the plasma, v (the number of degrees of

freedom of the particles) is 3, and

a2 -1 "~
where Q; is a Legendre function of the second kind. Although the derivation is
complicated, the formula predicts a small quadrupole mode shift for our experimental
conditions of order of magnitude 1 kHz / K (the exact value of the shift will depend
on the plasma geometry). This method was used to investigate temperature changes
in e~ plasmas [121] and to measure a temperature shift in an e* plasma of 150 meV
= 1700 K [97]. ATRAP now uses this method to study temperature shifts in trapped
e~ and et plasmas with temperatures much less than this limit. One complication is
that the the shift in quadrupole frequency determines only a change in temperature
and not the base temperature of the plasma. More details on our studies of plasma

temperatures via this effect can be found in [47].

5.2.2 Temperature measurement by rapid plasma ramp-out

A second method to measure the temperature of a trapped plasma involves rapidly
reducing the confining potential for the plasma and measuring the increase of particle
loss rate with decreasing confining potential [119]. This method has been used for
some time to measure the energy distribution of p prior to electron cooling [70]. The
finite space charge potential of the particles initially made it more difficult to use this
method to study very cold particle clouds. In the 2009 and 2010 beam runs, ATRAP

began to look carefully at the first few particles to escape the well as the confining
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Figure 5.1: Potentials applied in order to measure the temperature of a p
cloud. (a) Location of the p plasma within the lower stack. (b) The well
depth W is decreased until p begin to leave the well. (c) Close-up of the well
structure showing the single-particle well depth Wy and modified well depth
W < Ws.
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potential is reduced (amounting to no more than a few percent of the particles),
to avoid the problems introduced by the finite space charge of the particles. This
method was also independently used by the ALPHA Collaboration [29] to measure
the temperatures of antimatter plasmas at about the same time.

Figure 5.1 shows the potential structure used to implement this temperature mea-
surement. A P cloud is initially confined in a potential well. This well can be char-
acterized by the potential energy depth W, that would be experienced by a single
particle in the well, which is a well-understood property of the electrode geometry
and the potentials applied. The P cloud modifies the single-particle well depth W, to
a depth W.

In addition to the potential energy, T at a finite temperature have a distribution of
kinetic energies. Elastic collisions within the plasma serve to distribute the kinetic en-
ergy among the particles and to couple the cyclotron and axial temperatures together.
The axial component of kinetic energy, Ej, thus acquires a Maxwell-Boltzmann dis-

tribution

J(Ey) = D -Eu/kaT. (5.9)

As we reduce the confining potential Wy, those particles with the highest energy leave
first. The loss rate increases exponentially with the change in confining potential,

obeying the relation [119]
dlnN 105
aw — kgT’

(5.10)

We derive the temperature by fitting a line to the slope of the logarithm of the loss
rate versus Wy. In order not to perturb the bulk of the plasma, the measurement is

made only on the first few percent of the particles to escape the trap, and is ideally
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Figure 5.2: (a) Loss spectra as well depth W, is reduced for N = 2 x 10°
up to N = 3 x 10° p. (b) The logarithm of P loss rate vs. Wy can be fit to

extrapolate the p axial temperature.
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performed fast enough that collisions cannot cause a re-equilibration of the plasma
temperature.

We must make a significant correction to this raw fit to account for the modified
well depth W that results from the self-field of the p. Initially, the repulsive plasma
interactions reduce the “zero-particle” well depth, Wy, to a smaller value W. As we
reduce W, by reducing the voltage applied to the confining electrode, the equilibrium
plasma shape will also change, changing W as well. We account for this shift by using
finite-difference calculations (described further in Chapter 4) to find the equilibrium
plasma shape in different zero-particle well depths. This allows us to find the reduc-
tion of actual well depth W that accompanies a specified reduction of zero-particle
well depth Wy. The correction factor we thus find allows us to account for the fact
that the loss rate dN/dW should increase exponentially with a reduction in actual
well depth W rather than zero-particle well depth Wy. This correction ranges from
30% up to a factor of 2 for the coldest plasmas, and is the largest source of uncertainty
in the measurement. Figure 5.2 shows the results of some of our measurements on
cold p plasmas.

Figure 5.3 shows a histogram of temperatures of 5 x 10° p ramped out from
LTES3, the electrode where P are initially cooled by e~. The results indicate that the
initial set of pulses used to remove e~ from the P produces a broad distribution of p
energies on the order of 0.1 — 1 eV. However, it also indicates that a small number
of e~ are not ejected by the pulses and remain behind. If we wait for 600 s before
measuring the temperature of the p, we find that these remaining e~ have cooled the

P to a temperature of 31 +6 K. Our results indicate that these “embedded electrons”
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Figure 5.3: Histogram of measured p temperatures with (blue) and without
(red) a 600 s wait time to allow D temperature to reach T,, = 31 K. Measured
temperatures have been corrected to account for adiabatic cooling (described
later) which occurs during the ramp-out process.
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provide effective cooling, provided that the wait time is sufficient, even though the
ratio N,- /N5 < 107°.

In the absence of any external source of heating, we would expect that the e syn-
chrotron radiation would cool the e~ to the 1.3 K temperature of the trap electrodes
[51]. The elevated equilibrium temperature of 31 K seems to depend on external
noise sources which make their way into the trap. We may model the relaxation of
the plasma to equilibrium, assuming that rethermalizing collisions themselves are a
rapid process within the plasma, by

dT

'a? = _'YC(T - Telectrode) -2 (T - Tnoise); (511)

where 7, = (0.2s)7! is the synchrotron cooling rate of the particles and -y, represents
the rate at which a noise source with effective temperature T,,,;;. heats the particles.
This equation results in familar exponential relaxation to an equilibrium temperature,
with |

T = YeTetectrode + V2 Tnoise (5.12)

eq — )

Ye T V2

and overall rate vitar = Ve + 2. The equivalent temperature of the external noise
source, Theise, is likely much higher than 300 K if this noise is due to rf signals from
electrical equipment or nearby radio or TV stations; we can take room temperature
as a lower limit since no active electronics or resistors are located at an intermediate
temperature between the 1.3 K trap electrodes and room temperature. Since the
observed equilibrium temperature of 31 K is much closer to 1.3 K than to 300 K, we
know that the coupling +, to the trap electrodes is much stronger than the coupling v,
to the external noise source. Using Equation 5.12 and the known 7. = (0.2 s)"! in the

3.7-T field, 7, is constained to be no more than (1.7 s)~!. It is appropriate to think
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of the particles reaching an equilibrium in a time scale governed by the synchrotron
radiation.

Due to the much greater mass of the P, only the electrons cool via synchrotron
radiation, and experiments on adiabatic cooling (described below) suggest that ex-
ternal noise sources which heat the particles also act primarily on the e~. The p thus
contribute additional heat capacity but do not directly heat or cool the combined

plasma. The actual rate of equilibration thus seems to be

B N.- N
7&q - 'VcNe“ +N§ ~ Ye ]V5

~ (200s)7". (5.13)

We typically introduce wait periods of 600 s into our experiments to make sure that

our particles have reached their equilibrium temperature.

5.3 Cooling methods for antiprotons

Cooling by collisions with cold e, as described earlier, is the workhorse method
by which we cool P from keV energies to much less than 1 eV. If no external noise
sources were present, we would expect particles to cool to the 1.3 K temperature of
the trap walls. However, as we discovered that the actual temperature of e™-cooled
P in our apparatus was no colder than 31 K, we looked to other methods to further
reduce this temperature.

One method to reduce p temperature is evaporative cooling, where the potential
well confining the particles is reduced in strength until particlé loss begins. At this
point, the most energetic particles are lost, and elastic collisions within the plasma

cause a redistribution of the remaining energy. Evaporative cooling was the method
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by which clouds of atoms were first cooled to the regime of Bose-Einstein condensation
[122, 53]. Evaporative cooling of antiprotons was mentioned as a possible p cooling
mechanism shortly after the first P were high-voltage trapped [11], but was first
studied carefully in 2010 [29]. Unfortunately, due to the relatively low numbers
of P that can be trapped and confined (compared with the orders of magnitude
larger number of matter atoms that can be trapped as a precursor to Bose-Einstein
condensate formation), the necessary losses incurred during the evaporation process
limited the total number of cooled P to 3 x 10% and the final temperature to 9 K in
this demonstration. ATRAP instead sought a technique of P cooling which did not

require any particle loss.

5.3.1 Adiabatic cooling of antiprotons

Adiabatic cooling is a method which can produce efficient cooling without particle
losses. A classical ideal gas which expands slowly and while not in contact with a
thermal reservoir (that is, adiabatically), will cool from an initial temperature 7; to

a final temperature

v\ 23
T, =T, — , 14
) (Vf) (5.14)

with V; and V} the initial and final volumes of the gas. In the appropriate rotating
frame, particles in the bulk of an uncorrelated trapped plasma feel no effective force
and so the plasma system acts much like an ideal gas [123]. If the confining potential
for the plasma is reduced, the plasma length and therefore volume will increase so
adiabatic cooling is expected [124].

Adiabatic cooling requires reversibility. If the time for the plasma to redistribute
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Figure 5.4: Potentials used for adiabatic cooling of p. (Solid curve) p are
held in a deep well of depth W; for 600 s to allow them to reach Ti,. (Dashed
curve) Once the plasma has reached its equilibrium temperature, the well
depth is reduced, causing the plasma to expand and adiabatically cool.

in response to a change in confining potential is 7, the general requirement is that

T L d—m, (5.15)

where the second term represents the time scale for the energy of the plasma to change
appreciably. If our plasma acts much like an ideal gas, then the time for response
to a change in confining potential should be 7 & [, /vy, with [, the plasma axial
extent and vy, the axial thermal velocity of the particles. For ATRAP’s p plasmas,
vy, Tanges from 200 to 600 m/s, while the plasma axial extent is typically 1 —2 cm.
This gives response times 7 less than 100 ps. If our external changes to the potential
are much slower than this, adiabaticity should be maintained.

In order to produce the coldest P clouds, we take advantage of both adiabatic
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Figure 5.5: Adiabatic cooling and (dashed curves) predicted cooling as a
function of initial well depth W;.

cooling and the cooling provided by leftover e™ in the p. Figure 5.4 shows the method
by which we use these two different methods of cooling to produce a low-temperature
cloud of p. The particles begin in a well of depth W = W;. We then wait for a period
of 600 s, during which the cyclotron damping of the remaining e~ slowly reduces the
cloud temperature to our equilibrium temperature, Tpq = 31 K.

Once the P have reached T.;, we then reduce W, allowing the plasma to expand
and cool. Figure 5.5 shows the cooling we observe as a function of initial well depth
W,. The deeper the initial well, the more expansion occurs as the well depth is
reduced and the colder the final temperature. When the initial well in which the p
equilibrate is sufficiently deep, we observe a final temperature equal to 3.5 £0.7 K.
This value may represent a limitation of our measurement technique, in which case

the actual temperatures for the deepest starting wells may be even lower than 3.5 K.
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Figure 5.6: After the adiabatic cooling process is complete, the temperature
of the plasma gradually relaxes to Ty = 31 K. The relaxation time is longer
when 4 high voltage pulses leave N.- = 900 e~ remaining in the trap than
when only 3 pulses leave an order of magnitude more e~ remaining.

However, it is also possible that the efficiency of the cooling changes for our deepest
initial wells or that some unknown noise source prevents cooling the P to below 3.5
K.

Figure 5.5 indicates that observed cooling does not follow the ideal gas prediction.
The ideal-gas model for the plasma is an approximation which may not be entirely
valid, particularly at the edges of the plasma where the density of the plasma drops
exponentially to zero over a Debye length. These edge effects may be responsible for
the observed dependence of the adiabatic cooling on initial well depth.

Once W has been reduced and the P have been adiabatically cooled, collisions with
the e~ remaining in the p cloud will again heat the P to the equilibrium temperature of
31 K. Figure 5.6 shows the equilibration of P temperature to the final temperature of
31 K. The time for this equilibration changes according to the number of e~ confined

with the P, which we can control by varying the number of high-voltage pulses used
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to initally eject most e~ from the p. If we use many more than 4 pulses, the nu;nber
of e~ remaining is small enough that we have at least ten minutes before the p warm
appreciably.

The dependence of the heating rate on number of e~ remaining shows that the
source of heating appears to directly couple to the e, which then in turn heat the
p through collisions. (If the heating is due to rf inteference from radio or television
stations, radio frequencies on the order of 100 MHz may more readily couple to e~
than to the p. The frequencies of trapped p motions are all much less than 100 MHz).
This fact allows us to keep the adiabatically cooled P at a low temperature for times
sufficient for us to produce cold H.

Further support for the hypothesis that external noise sources heat the particles
to 31 K is provided by the fact that unplugging a known source of noise (the HV-
pulsing cable) from the experimental apparatus immediately drops this equilibrium
temperature to 17 K. As mentioned earlier, this still-elevated temperature may be
due to radio-frequency noise coupling into our experiment from nearby radio or TV
stations, or from the many pieces of electrical equipment located in the AD hall. A
more thorough investigation into any noise sources that may be heating our particles
remains to be completed. Given the large number of leads attached to the trap
electrodes and the ease with which small amounts of noise can heat particle clouds,

eliminating this source of heating may be a challenge.
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. 5.3.2 Conclusions

In summary, efficient trapping of H requires that the H be produced at low en-
ergies, preferably comparable to or lower than the maximum trapping energy of the
superconducting Ioffe trap used to confine them. Producing H with these energies
certainly requires that either the e™ or p plasma used in H formation be at a very low
temperature, although merely having cold plasmas does not guarantee that H will
form at this temperature. ATRAP’s experiments have demonstrated the cooling of
up to 3 x 10° p to 3.5 K, the coldest measured temperature yet reported for p. We
have also demonstrated that the P so cooled can remain at these low temperatures
for times sufficient for us to use them in H formation and trapping experiments. Two
important future avenues of research for us include a more thorough investigation
into the noise sources that produce the initial T, = 31 K, and the possible combi-
nation of evaporative cooling with adiabatic cooling to produce even lower final p

temperatures.
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Chapter 6

Antihydrogen production in a

combined Penning-Ioffe trap

The most promising route to precise spectroscopy of antihydrogen is confinement
of the H in a magnetic trap [15]. Since state-of-the-art Ioffe traps can confine only
those H atoms with energies less than kp -1 K, production of very cold H is required.
This route to H spectroscopy raises many questions: how can cold H be formed? Will
T formation be compatible with the nonuniform fields of a magnetic trap for atoms?
Can H be trapped? This chapter discusses recent results related to H production
and trapping in a Penning-Ioffe trap. The discussion begins by outlining theory re-
lated to radiative recombination and three-body recombination formation of H. The
production of antihydrogen by three-body recombination in a nested Penning trap
[21, 22, 23], experiments establishing the stability of particles in a combined Penning-
Toffe trap [24], the first production of antihydrogen in a combined Penning-Ioffe trap

[25], and antihydrogen trapping experiments are also discussed in this chapter. Anti-
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hydrogen production by two-stage charge exchange is discussed in Chapter 7.

6.1 Methods of antihydrogen formation

Antihydrogen is the bound state of a p and e*. The nonzero binding energy means
that some third body is required to carry away excess energy and momentum from
the initially free p and e*, leaving them in the bound state. Several mechanisms for
H formation at low temperatures have been proposed [14, 115, 125]. In the method
of radiative recombination, a p and et can combine while emitting a photon. In
three-body recombination, or TBR, a second e% is the required third body. Due to
its high rate of H formation, TBR has become the workhorse method of H production
in Penning traps. Finally, in the method of charge-exchange, the third body is an
e, typically contained within a metastable Positronium (Ps) atom. Antihydrogen
production by two-stage charge exchange is discussed in Chapter 7. Onme further
proposed mechanism for H formation, that of field-induced recombination [125], was

tried unsuccessfully and is not discussed in this thesis.

6.1.1 Radiative recombination

The use of radiative recombination for H production was considered long ago [126]
and compared to other methods [14]. In radiative recombination, a p and e* combine

to form H and a photon is emitted. The reaction can be written as

p+e = H+1. (6.1)
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The cross-section for radiative recombination into a state with principal quantum

number n can be written [127]

Eg

E(Eo + n?E)’ (6.2)

orr(n) = (2.1 x 107*cm?)
n

with Ey = 13.6 €V the ground state energy of H, and F the thermal energy of the et
involved. It is worth noting that the cross-section is largest for the lowest n states.
Recent simulations suggest that the cross-section should not be strongly affected by
magnetic fields in the 1-2 T range [128]. The total radiative recombination cross-
section at 4.2 K for states n < 100 is 4.2 x 10717 cm?; states with n > 100 are likely
to immediately ionize anyway due to stray electric fields within the trap. The overall
radiative recombination rate for a cloud of e™ with temperature 4.2 K and density
5x 107 cm™3 is 2.1 x 1073 s~* p~*. If 10° P are used in an experiment, then the
overall rate of H formation is 2100 s~! a significant rate. However, an actual signal
from radiative recombination of H has proved difficult to see, as at low temperatures
the rate for H production by three-body recombination is orders of magnitude larger.

A laser can be used to enhance the rate of radiative recombination through stim-

ulated emission. The enhancement rate can be written [126]

I3

9= 8rhe(Av)’ (6:3)

with I the laser intensity and Av the frequency width of the laser. Laser-stimulated
recombination was reported in merged beams of protons and electrons [129, 130}, with
a gain of up to 10°. Experiments to produce H by this method were performed with

a 15-W CO, laser operating at wavelength of 11 pm (corresponding to recombination

into the n = 11 state), but no signal of H production was observed [131].
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6.1.2 Three-body recombination

A much higher rate of H formation results from three-body recombination (TBR),
where a second et is used to carry away excess energy from the bound p — e* pair.

This reaction can be written as [14]
p+et+et s H+eh (6.4)

Because the reaction requires two e* to be present, the rate depends strongly on the
et density. An approximate form for the rate of H formation by TBR can be written
[132]

FTBR = C’I’Lg+’l}e+bg, (65)

with ne+ and ve+ the et density and velocity, and b, = e?/4dmeqkgT the classical
distance of closest approach (see Chapter 4 for more details). This reaction rate
can be understood as the typical collision rate for a P and e™, nvb?, multiplied by
the probability nb? that a second et also is located within the collision radius b..
Calculations of the cross-section in zero magnetic field for this process find a coefficient
C of order unity [133, 132]. Further calculations in the strong magnetic field limit
found a ten times reduced coefficient C = 0.07 [80]. Even further calculations have
found a coefficient of the same order of magnitude but which exhibits some dependence
on magnetic field B and e* temperature T' [134]. These calculations also found that
the formation rate of H is suppressed when the speed of the D is greater than that of
the et, corresponding to p energies of To+(mg/me+) which are on the scale of eV.
The factor 6% is responsible for the strong temperature dependence of the TBR

process, which is predicted to scale as T~%2. At low temperatures, three-body is
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Figure 6.1: Calculated rates for H formation by radiative recombination and

three-body recombination, and the expected rate for e* cooling of p.
the high-rate mechanism for the formation of H, but it is not predicted to have an
appreciable rate for room-temperature experiments.

Figure 6.1 shows the predicted rates of TBR and radiative recombination forma-
tion of H for typical ATRAP experimental conditions with a e* density of 5 x 107
cm™3. The figure also shows the expected rate of e* collisional cooling of p, given by

[135]

dp TN (]
Farag = 2 = —(43 x 1072 T 'm% ™) g,

i (6.6)

with B the field in T. The expected rate of TBR formation of H dominates radiative
recombination at the temperatures and densities typically used by ATRAP experi-
ments. Below approximately 8 K, the H formation rate becomes higher than the rate
of cooling by e*, so that cooling of the P below 8 K is not expected. Some additional

collisional cooling of the H may occur, though, as the H atoms exit the e plasma.
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Figure 6.2: Overview of the nested well structure allowing e* and p to interact
and form H. (a) Overlapping clouds of § and et allowed by high-energy
ejection of P into (b) a nested well structure containing a smaller, inverted
well for e within a larger well for p. From [14].

6.2 Demonstrations of cold antihydrogen formation

in a Penning trap

The first demonstration of H production resulted from collisions between GeV-
energy p and atomic nuclei [17]; as the relativistic D passed close to a target nucleus
production of an e~ — e™ pair with subsequent capture of the e* by the P produced
1142 high-energy H. This method requires relativistic p and is therefore not suitable
for cold H production.

In parallel to these experiments, earlier proposals to produce cold H by three-body
recombination in a Penning trap [14, 136] led to the simultaneous confinement of e*
and P [19] and the subsequent et cooling of P [20]. These results opened the way to
H experiments at low temperatures and the possibility of magnetically trapped H,

first proposed in [15].

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



Chapter 6: Antihydrogen production in a combined Penning-Ioffe trap 135

Experiments to produce H utilized the nested Penning trap methods suggested
in [14] and closely followed the experimental procedures used to realize e* cooling of
p. In these experiments, a “nested Penning trap” (Figure 6.2) composed of a large
(positive-voltage) well which can contain p has within it a region where a smaller
negative-voltage well can simultaneously confine et. A cloud of e* is initially confined
within this smaller well, while p begin in a small well located nearby but not within the
nested Penning trap. A voltage pulse lowers the barrier between the p and the nested
well, quickly injecting them into the nested well with several eV of energy. Collisions
with the trapped e* cool the P into the side-wells of the nested well. Finally, the
confining potential for the et is slowly reduced, bringing them into contact with the
p and allowing them to collisionally cool the P further and form H.

Evidence for H production by this method was first observed in [21]|, where co-
incidence annihilations of P and et (as suggested in [14]) served as a signal of H
production. A resonantly heated et cloud (in which the 7~%2 formation rate is
strongly suppressed) served as a control experiment. At roughly the same time, a
background-free observation of H production was made [22], where a high electric
field stripped Rydberg H and allowed the resulting P to be captured in a “detection
well” as the signature of H production. This detection well method allowed an anal-
ysis of the n states of produced H. A further analysis suggested a distribution of
produced n states scaling as n~° [23]. This later paper also introduced the use of a
resonant drive to add energy to an initially cold cloud of P in order to allow them to
interact with e*, leading to an order-of-magnitude increase of the H production rate

over previous efforts.
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Further studies into H production investigated the temperature dependence of
the H production rate. In [137], the temperature of the e* used for H formation was
varied from 15 K to 3500 K with application of an axially resonant drive. While this
experiment yielded an unexpected 7%7 behavior of the formation rate, it is not clear

" that the p would have had time to thermalize with the e* cloud before forming H in
these trials. This paper also gave an estimate of the total H formation rate at cold
temperatures of 432444 s™! per 10* p, a rate significantly higher than that expected
for radiative recombination but lower than expected for three-body methods.

Another unexpected result came from an investigation into the velocity distri-
bution of produced H [138]. In this experiment, a time-varying electric field “pre-
stripped” H before they could reach the detection well; only H fast enough to pass
through this pre-stripping region in less than one field oscillation period could reach
the detection region and be counted. These experiments suggested the production
of at least some H with roughly 2400 K of axial energy, much higher than the ther-
mal energy of the few-K e* used for H production. However, H production may not
have been monoenergetic, and the experiment did not rule out the possibility of other
atoms produced at lower velocities. Later theoretical studies suggested that these
high-velocity H might result from charge-exchange with fast P in the side wells of the
nested trap, suggesting that a significant number of much slower H might have been
produced as well in these experiments [139)].

Overall, early investigations of H formation demonstrated a promisingly high for-
mation rate. However, some factors were difficult to calculate, such as the geometric

overlap of p and e*, the relative rates of thermalization and H formation in a dense
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Figure 6.3: Fields in the Penning-loffe trap. (a) The Ioffe trap distorts
cylindrically symmetric field lines into characteristic twisted bow-tie shapes.
(b-d) Electrostatic contours (grey) and magnetic field lines (blue) for particles
held in a 50 V well in (b) the 1-T background field only, (c) the field produced
by the quadrupole racetrack coil only, (d) the full field of the Penning-Ioffe
trap including the solenoidal pinch coils.

et plasma, and the possibly non-isotropic distribution of final H velocities.

6.3 Particle stability in a combined Penning-Ioffe trap

Trapping H requires both the Penning trap configuration to confine the charged
particles which are the ingredients of H and a magnetic (Ioffe) trap to confine the
resulting neutral atoms. A traditional Penning trap of course uses a uniform B field
to provide radial confinement of the particles, but magnetic trapping of neutral atoms
relies on a nonuniform magnetic field with a minimum located at the trap center. The

two traps are thus in conflict with one another to some degree, and debate has ensued
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over the stability of charged particles when the fields of a [offe trap are superimposed
on the uniform Penning trap fields.
The lowest-order nonuniform magnetic field which can radially confine neutral

atoms is a quadrupole field, which can be written as
équad = ﬁ(l‘i’ - yg) (67)

The magnitude of the magnetic field in this case increases linearly with radial distance
p from the center of the trap. Quadrupole magnetic traps are described in more detail
in Chapter 2, but use four vertical current-carrying bars to produce the required field
configuration. The cylindrical symmetry of the pure Penning trap is removed due
to the non-symmetric quadrupole field, so the simple and separable single-particle
motions described in Chapter 2 become coupled. However, it has been suggested that
adiabatic invariants for single-particle motion allow confinement within a combined
Penning-Ioffe trap {140]. These adiabatic invariants apply so long as resonances or
collisions which couple the magnetron and axial motion of the particle together can
be avoided.

In addition, early theoretical studies of single-particle motion in a quadrupole
Penning-Ioffe trap noted that there is no confinement for particles beyond a certain
radius [140]. The electric field in Penning traps is not confining in the radial direction
and a particle trajectory which leads along field lines to the electrode which applies
the confining voltage is not a trapped trajectory. If a quadrupole magnetic field is
gradually increased in a Penning trap, some of the field lines on which particles lie will
intersect the trapping electrode and the particles will be transported to the wall. If

the electrode length is comparable to the electrode radius, only field lines starting at
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a large radius will end on the same electrode; field lines nearer to the center will end
on adjacent electrodes which provide a confining electric field and the particle is not
lost (see Figure 6.3). This loss mechanism was investigated in a Malmberg-style trap
with electrode axial extent much greater than the radius [141], where the quadrupole
field led to very large losses.

The motion of a trapped plasma in a Penning-Ioffe trap is more complicated as the
single-particle motion is also perturbed by the self-field of the plasma. Preliminary
investigations into the stability of plasmas in this field configuration were conducted
in a Malmberg-style trap (with electrodes of length much greater than their radius)

[142]. These experiments found that a resonance condition,

N

- (6.8)

WyTy =

with w, the plasma rotation frequency and 7, the axial bounce time, leads to particle
orbits which are rapidly transported outward by field lines. In a Malmberg-style
apparatus with long axial extent, the axial bounce time 7, is maximized, while other
experimental conditions (low B field and relatively high e~ density) conspired to
make w, large as well. However, in a shorter-electrode Penning trap and at a higher
background B, the resonance condition (which can be rewritten as f./f, < 1/4) is
easier to avoid and in fact ATRAP’s plasmas lie significantly below the resonance
condition for diffusive loss of this type.

Early results of particle instability when quadrupole magnetic fields were added
in Malmberg-style traps led to claims that quadrupole fields were incompatible with
particle confinement [141]. It is also possible to magnetically trap atoms with a

higher-order multipole trap, such as an octupole trap. These higher-order traps con-
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tain a correspondingly higher number of current-carrying bars to produce the radial
grédient. The radial component of magnetic field in a general multipole trap grows
with radius p aé Bragiat < p*7 Y, with 2n the number of current-carrying bars in
the Ioffe trap. (2n = 4 for a quadrupole trap and 2n = 8 for an octupole trap).
Higher-order traps cause less perturbation of the fields near the center of the Pen-
ning trap electrodes. However, quadrupole traps result in greater compression of the
trapped atoms and, because they contain less current-carrying bars, make it easier
to add ports for laser access to the trap. While concerns about particle stability in
a quadrupole Penning-Ioffe trap led the ALPHA Collaboration to construct an oc-
tupole magnetic trap for antihydrogen, ATRAP instead chose to build a quadrupole
trap and investigated the stability of plasmas in this field configuration.

ATRAP’s experiments demonstrated stable confinement of e~ and P plasmas in a
quadrupole Penning-Ioffe trap [24]. These experiments started with a particle cloud
held on a single radius-length electrode, initially in only the 1-T background field
of the Penning trap. The quadrupole field of the Ioffe trap was then slowly ramped
up. As explained further in Chapter 2, the full Ioffe field includes radial confinement
by a quadrupole coil and axial confinement by a pair of circular “pinch coils” which
produce a gradient in the axial direction. At the specification currents of 69 A in the
quadrupole coil and 80 A in the pinch coils, the ATRAP Ioffe trap depth (including
the background field of the 1 T) solenoid is 375 mK. For these particle stability
experiments, the quadrupole Toffe fields were ramped up at a rate of 0.1A /s, SO
reaching full field required 690s.

Fig. 6.4 shows the retention fraction of a plasma of 36 X 108 e~ as the quadrupole
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Figure 6.4: Retention of e”in the quadrupole field of the loffe trap. (a)
Retention fraction of 36 x10° e~ as a function of final quadrupole current
for different holding times at the specified quadrupole current. (b) Retention
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current is ramped up to a specified value, held at that value for a certain amount
of time, then ramped back to 0 A. The line at fr/By = 0.78 represents the ratio
of radial-to-axial field at which the full Ioffe trap operates, as the pinch coils act to
increase the axial field to approximately 2 T in the center of the trap. A significant
fraction of e~ survive even for 600 s at this ratio of radial to axial field, long enough
to produce H by either three-body recombination methods or by the charge-exchange
method to be described in Chapter 7. Fig. 6.4 (b) also indicates that e~ loss tends
to increase sharply at a “knee.” This knee occurs at a higher currents for deeper
confining potentials, which is not surprising since the plasma axial extent [, o V-2,
Longer axial extent of the plasma increases the inhomogeneity of the fields sampled
by the e~ and makes it more likely that resonances leading to diffusive loss of the
plasma are encountered.

Fig. 6.5 shows the fraction of clouds of 90,000 and 280,000 p retained as the
quadrupole current is ramped up to a specified value, held for 300 s, and then ramped
down. The p were held in a 50 V well for this study. The retention of the p is
quite good. This is understandable given that the density of P used in this trial
is low enough that the cloud is not a plasma and single-particle dynamics should
apply. Most of the p losses which do occur are observed during the ramp-up of the
quadrupole fields and the stability of the cloud after the specified current is achieved
is very good.

The obsefved stability of p and e clouds in a combined Penning-Ioffe trap resolved
a longstanding controversy and suggested that it should be possible to produce H

in a Penning-Ioffe trap. This motivated ATRAP’s investigations into antihydrogen
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Figure 6.5: Retention of P in the quadrupole field of the Ioffe trap. (a)
Retention of (filled circles) 90,000 and (filled triangle) 280,000 P as a function
of final quadrupole current. (b) Rate of P loss as the Ioffe quadrupole current
is ramped to its maximum value of 69 A at a rate of 0.1 A/s, held at that
value for 300 s, then ramped down to zero at the same rate.
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formation in a Penning-Ioffe trap.

6.4 Antihydrogen production in a combined Penning-

Ioffe trap

ATRAP carried out the first demonstration that H could be formed when a
quadrupole magnetic field is superimposed on the uniform magnetic field of a Penning
trap [25]. Fig. 6.6 shows the procedure by which H was formed and detected in these
experiments. The trials were performed with an average of 6 X 107 e* and 200,000 p.
Initially a nested well structure is formed with e* in the center; the P are located in
a nearby electrode but are not yet in the nested well. The Ioffe trap is then ramped
up to a certain fraction of full field at ramp rates of 0.1 A/s in the quadrupole coil
and 0.2 A/s in the pinch coils.

A 1.75-ms voltage pulse temporarily lowers the barrier between the p and the
nested well, allowing the p to enter the nested well region. As the p fall into the
nested well, they gain several eV of energy. Collisional cooling with the e* reduces
the energy of the § until they are cool into the side wells, at which point they no
longer have sufficient energy to interact with the e*. About 50 % of the D are lost
during this process. Once sufficient time has passed for P to cool into the side wells,
the potential applied to the e*-confining electrode is increased over 660 s, bringing
the P into contact with the et. P enter the et cloud and form .

A detection well for Rydberg H is located above (to the left of in the figure) the 0

formation region. A high electric field in this region can field-ionize Rydberg H and
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Figure 6.6: Procedure for forming H by three-body recombination. (a)
200,000 P are confined near a nested well structure containing 6 x 107 e*. (b)
A 1.75 ms voltage pulse allows P to enter the nested well region, where they
collisionally cool into the side wells. (c) After Ioffe fields are ramped up, a
detection well is formed. (d) The confining well for e* is reduced over 660 s,
allowing P to interact with e* and form H. (e) Any remaining particles in
the nested well are removed from the trap with electric fields. (f) Particles
are rapidly removed from the detection well, allowing us to count the number
of p captured from field-ionized H.
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Figure 6.7: Production of antihydrogen in (a) the full Penning-Ioffe trap, (b)
the Penning-loffe trap with only pinch coils energized.

trap the p which result from H ionized between 20 V/cm and 120 V/cm. The resulting
P remain trapped in the detection well and can be counted after the experiment is
over. The detection well is designed so that any p not bound within a neutral H
will not have enough energy to enter the detection well, and even if they did, the p
would simply enter, bounce and exit the detection well and then be ramped to the
lower trap where they would annihilate. The detection well is not formed until p have
collisionally cooled into the side wells.

Fig. 6.7 shows the results of H production experiments in a combined Penning-
Ioffe trap [25]. The surprising result of somewhat enhanced H production within the
quadrupole field is enhanced even more by the higher axial fields provided by the pinch

coils. This first demonstration of H production within the combined Penning-Ioffe
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Figure 6.8: Fraction of H trappable in 375 mK trap depth (blue) and 600
mK trap depth (red) Ioffe traps as a function of H temperature. The plot
assumes a thermal distribution and does not take into account the additional
factor lost by recombination into non-trappable states.

trap opened the way towards H trapping experiments.

6.5 Experiments on trapping antihydrogen in a Penning-

Ioffe trap

Even given the encouraging demonstration of H production within a Penning-
Ioffe trap, trapping H is not an easy matter. To begin with, only the coldest atoms
produced can be trapped within the sub-K trap depth of state-of-the-art Ioffe traps.
If the H form from a thermal distribution of energies at temperature 7', then the

energies will follow a Maxwell-Boltzmann distribution,

f(E)=2 ﬂTfTFe_E/kBT' (6.9)
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Figure 6.8 shows the fraction of H which can be thermally trapped for trap depths of
375 mK (corresponding to the current ATRAP Ioffe trap) and 600 mK (corresponding
to the next-generation Ioffe trap). For temperatures T larger than the depth of the
Ioffe trap, the trappable fraction scales as T-3/2,

In addition, only those atoms combining into low-field seeking states can be
trapped, no matter their energy. In zero magnetic field, symmetry would guarantee
equal recombination into the magnetic quantum states m; = +1/2 and m; = —1/2.
However, calculations for nonzero magnetic field have suggested that a smaller frac-
tion of produced H will recombine into low-field-seeking states [143, 144]. The fraction
of low-field-seeking H produced is nevertheless expected to be in the range of 16‘ - 31
%.

One final concern in trapping H is the rotational velocity of the et cloud in which
H forms. For a typical ATRAP e* plasma of 6 x 107 e* with radius of 5 mm in the 2-T
field at the center of the combined Penning-Ioffe trap, the rotational frequency is 50
kHz. This corresponds to a rotational velocity of 314 m/s, with r the radius in mm.
Antiprotons entering this plasma acquire this rotational {felocity within one cyclotron
period, more quickly than they can form H through three-body recombination. Since
the rotational velocity is an E x B drift, its magnitude does not depend at all on the
mass of the particles. Any H formed with speed greater than 90 m/s (the maximum
speed for a trapped H atom in our Ioffe trap) cannot be trapped unless collisions as
it exits the e* plasma reduce this speed below 90 m/s. For the above plasma, only
p entering at radius of less than 0.28 mm will produce H slow enough to be conﬁnéd

by the magnetic trap. As a result, reducing the rotational frequency of the et cloud
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Figure 6.9: (a) Record of voltage induced across antiproton-loading solenoid
during Toffe quench provides an indication of the time interval during which
to look for a signal from trapped H. (b) Detector counts recorded during
the Ioffe trap quench after a trapping trial, with 1-s window of maximum
sensitivity during which we look for an excess annihilation signal.

is crucial to trapping H produced by three-body recombination. Some fraction of H
untrappable due to high rotational velocities will probably occur even in the best-case
scenario. (H formation by two-stage charge exchange, discussed in Chapter 7, gets
around this problem by not requiring the p to enter the et plasma at all).
Attempts to trap H proceed by forming H in a combined Penning-Ioffe trap,
sweeping any remaining charged particles out of the trap with electric fields, then
ejecting any trapped H as rapidly as possible and looking for the resulting annihilation

signal. Although various schemes might be used to annihilate trapped H, in practice,
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both collaborations working at CERN do so by turning off the Ioffe trap fields as
quickly as possible. In ATRAP’s case, this is accomplished by means of a resistive
heater mounted on one of the side-ports of the Ioffe trap. This resistor is heated
with a current of 2 A for 1 - 2 s. The heater is located as close as possible to one
of the quadrupole magnet coils, although the heat must pass through the Ti body of
the Ioffe trap. The heater causes the nearby quadrﬁpole coil to stop superconducting
and quench, opening a large “hole” in the magnetic trap through which confined H
can pass, hit the trap walls, and annihilate. The quench heater reliably allows us to
quench the Ioffe trap on demand. Protection diodes within the loffe trap limit the
turn-off time to roughly 1 s, though.

In order to determine the exact time at which the quench occurs we monitor
the voltage induced across the antiproton-loading solenoid as the Ioffe fields rapidly
ramp down (Fig. 6.9(a)). The induced voltage V = MiadI/dt can be integrated to
get a time-profile of the current, from which we find that 80 % of the trapping depth
reduction occurs within 1 s of the quench initiation. We thus search in the 1-s window
following the quench for an excess of annihilation events corresponding to trapped
H being released. Fig. 6.9 (b) shows a typical data record for a quench event. We
use a series of cuts on the recorded data to further eliminate background events, as
described in Chapter 2. These cuts have an estimated 25 % overall sensitivity to D
annihilations and a measured 0.5 Hz background rate. If the background events are
Poissonian, there is a 98.6 % chance of 2 or less events in the 1-s window following
the quench, so that 3 detected events (corresponding to approximately 12 trapped H)

indicate a likely signal for trapped H.
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Despite a number of attempts, a signal for trapped H was not seen in ATRAP’s
experiments. ATRAP’s initial report of antihydrogen production within a Penning-
Toffe trap set a limit of no more than 20 atoms trapped per trial [25], and subsequent
improvements allowed us to lower this limit to no more than 12 atoms per trial. This
is consistent with the trapping efficiency observed in the recent report of trapped
H. The 2010 ALPHA collaboration report of one trapped atom per 9 trials [26]
(recently improved to one trapped atom in 2 trials [145]), was enabled by a Ioffe trap
able to turn off in only 10 ms. In these experiments a resonant drive was used to
give approximately 30,000 P per trial the energy needed to interact with a plasma of
2 x 10% e*. The efficiency of H trapping was approximately one trapped anti-atom
per 2 x 10* H atoms produced. It is encouraging that at least some of the trapped
H atoms have been confined for up to 1000 s, which shows that trapped H can reach

the ground state without decaying into untrapped states.

6.6 Conclusions and future plans

Much progress has been made since the first proposals to produce [14] and trap
[15] antihydrogen in a magnetic trap. Three-body recombination production of H in
a nested Penning trap was first observed in 2002 (21, 22, 23]. ATRAP’s experiments
in 2006 established that charged particles could be confined in a Penning-Ioffe trap
for times long enough to produce H [24]. The first observation of H production
in a combined Penning-loffe trap [25] opened the way to H trapping experiments.
The recent ALPHA report of small numbers of trapped H atoms is an important

proof-of-principle demonstration. However, precision spectroscopy on H will likely
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require many more than one trapped atom per trial. A crucial goal now is scaling
up H trapping to much larger numbers in an apparatus compatible with precision
spectroscopy.

ATRAP’s next-generation apparatus includes a Ioffe trap compatible with rapid
turn-off which can use either a quadrupole or octupole field to confine atoms. This
apparatus also includes laser-access ports and is compatible with the charge-exchange
method of H production (see Chapter 7) which may exhibit more favorable scaing
to larger numbers of trapped atoms. We hope that these advances will allow us to

confine many H atoms for precise spectroscopy.
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Chapter 7

Antihydrogen Production by

Two-Stage Chargé Exchange

As discussed in the previous chapter, antihydrogen formation always requires some
third body to carry away excess momentum and energy from the bound p and et
pair. In three-body recombination (TBR) experiments a second positron performs this
function. In 2004, ATRAP demonstrated a second method: laser-controlled charge-
exchange formation of antihydrogen [146]. Here, the electron from a Ps atom is the
required third body. While too few atoms were produced in the 2004 experiment for
detailed study, this proof-of-principle demonstration encouraged ATRAP to further
pursue the charge-exchange method. An important goal of ATRAP’s research in the
2009 and 2010 beam runs was to implement a new apparatus to produce H by laser-
controlled charge exchange with the much larger clouds of particles now available to
us. We were able to demonstrate a factor of 500 increase in on-axis Ps production

(the first stage of the two-stage reaction to produce H) from the 2004 results, and

153
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found good evidence of the production of 3600 & 600 H atoms per trial, a factor of
200 increase from the earlier proof-of-principle experiment. This chapter describes
our new charge-exchange apparatus and related experiments.

The production of H by charge-exchange between positronium and antiprotons
was first proposed in 1987 [147] and the formation of hydrogen by charge-exchange
between ground-state Ps and protons was first observed in 1997 [148]. The cross-
section for ground-state Ps to charge-exchange and produce H is very small, on the
order of 10716 cm?2. This low cross-section makes the formation of H from ground state
Ps prohibitively difficult given the scarcity of P as an input to the process. However,
the cross-section for charge-exchange scales as n*, where n is the principal quantum
number of the atom involved in the reaction [149]. Hence a proposal was made to
produce large quantities of Rydberg Ps through an initial charge-exchange reaction
with a Rydberg alkali atom, then to use these highly-excited Ps atoms to efficiently
produce H [115].

Figure 7.1 shows a schematic of the charge-exchange process for forming antihy-
drogen using Rydberg Cs atoms as the initiator of the process. The reaction can be

written as:
Cs+hv — Cs*
Cs*+e — Ps*+Cst
Ps*+p — H+e™ (7.1)
A beam of Rydberg Cs* is produced via laser excitation inside a cryogenic Penning

trap in which e and P plasmas are stored near one another. The Cs* atoms enter the

et plasma and undergo a first charge-exchange, producing Rydberg Ps* and leaving
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Figure 7.1: Schematic of the charge-exchange process.

behind a positive Cs* ion core. The Rydberg Ps* atoms thus formed are no longer
confined by the Penning trap as they are electrically neutral. They will thus leave the
trapping region for et. Some of the Ps* will enter the region where p are trapped,
where they can undergo a second charge-exchange reaction and form H.

The method of two-stage charge exchange has several benefits towards the goal of
trapping H when compared with H production by three-body recombination. One of
the most important is that I produced by this process should be formed with veloc-
ities given by the thermal velocities of the P from which they form [115]. Ps* atoms
enter the trapped P cloud and interact with the P without any need to add energy
to the p. This enables charge exchange H production to easily take advantage of p
that have been cooled via adiabatic or evaporative cooling (perhaps to a temperature

lower than that of the surrounding electrodes), dramatically increasing the fraction
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of atoms that can be magnetically confined.

A second advantage of two-stage charge exchange is that the H atoms produced
will form with binding energies similar to the binding energies of the Cs* atoms which
initiated the process [115]. Since the initial n state of the Cs atoms is set by the laser
excitation frequencies used, charge exchange offers a way to tune the final binding
energy of the I atoms produced. This binding energy is typically much deeper than
that of atoms produced by TBR methods, so atoms produced by two-stage charge
exchange are much more likely to survive stray electric fields in the trap.

One final advantage of H production by two-stage charge exchange relates to
the rotational velocities acquired by D as they enter a dense et plasma during TBR
experiments. Asshown in chapter 6, D entering such a plasma will acquire a rotational
velocity vy = (E x B )/ B? within one cyclotron period. In a dense plasma any p beyond
a certain radius will quickly acquire a rotational velocity high enough to prevent them
from being confined by a magnetic trap. In contrast, charge-exchange H production
does not require P to enter the et plasma at all; as long as the density of the p cloud
and the electric fields within it are kept small enough, rotational velocities should not
be large enough to eject H formed by this method from the magnetic trap.

Compared to TBR methods for producing H, two-stage charge exchange does in-
cur certain drawbacks as well. No source of alkali atoms can produce an appreciable
atom flux until it reaches a temperature of (at minimum) the atoms’ melting point
of roughly 300K. Producing an alkali beam therefore requires heating an atom source
to a temperature much greater than the surrounding cryogenic Penning trap environ-

ment. Although radiation shielding can minimize the heat load, some heating of the
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apparatus will always occur during charge-exchange experiments. In addition, the
requirement for two charge-exchanges to occur before H is produced introduces two
solid-angle factors into the reaction rate, so that making large numbers of H by this
method requires longer times than making similar numbers via TBR methods.

The ATRAP Collaboration first demonstrated Ps production by a single charge-
exchange with a Rydberg alkali atom [150] and production of H by two-stage charge
exchange in 2004 [146]. In this proof-of-principle experiment, approximately 17 H
atoms per trial were produced in an earlier generation apparatus used by the ATRAP
Collaboration for the study of H formation. Implementing an apparatus to produce
much larger quantities of H in a manner compatible with magnetic trapping of the H

produced was one of ATRAP’s major goals for the 2009 and 2010 beam runs.

7.1 Apparatus

A central challenge is to produce a Rydberg Cs beam inside of the cryogenic
Penning-Ioffe trap and send it through the electrode stack without introducing ex-
cessive heating of the 1.3-K electrodes. Figure 7.2 shows the apparatus we built to
accomplish this goal. The Cs source (Alvatec AS-3-Cs-150-V) consists of a BiyCs
alloy enclosed in a nonmagnetic stainless steel “boat.” A current of 4-5 A through
the stainless boat heats the source to a temperature of approximately 600K. Within
360 s, pure Cs begins to sublimate from the alloy and leaves the stainless boat. The
Cs source is enclosed within an aluminum box to limit radiative heating of nearby
parts of the apparatus during operation. The Cs source is electrically and thermally

isolated from this box by alumina and G-10 spacers. Radiation baffles provide ther-
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Figure 7.2: Assembly used for charge-exchange experiments.

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



Chapter 7: Antihydrogen Production by Two-Stage Charge Exzchange 159

3.0; 6

source current, A

1.0 . . , . .
0 20 40 60 80 100

time after turn—on, min.

upper stack temperature, K

Figure 7.3: Temperature of the Penning trap electrodes as the Cs source

heats to 600K and remains at this temperature during a 4000-s Ps production

experiment.
mal shielding of the 1.3 K electrode stack from the source. As will be discussed in
a later section, our longest charge exchange experiments require 4000 s (67 minutes)
of operation after the Cs source has heated up to its operating temperature. Figure
7.3 shows the temperature of the electrode stack during this process. From an initial
temperature close to 1.3K, the stack heats up to approximately 2.1 K over the course
of an hour. Once the source is turned off, the stack slowly returns to its base temper-
ature over about an hour. As t.he source itself cools very rapidly, this slow cooling of
the stack is probably related to thermal energy stored in the radiation baffles which
is slowly conducted away through the baffles’ insulating supports.

The Cs beam enters the laser excitation region (described below) and then passes
through an 0.8 mm diameter collimating hole in one radiation baffle before entering
the Penning trap electrode stack through a second 0.8 mm diameter collimating hole
in one of these electrodes. The collimating elements are designed to ensure that any
Cs atom entering the electrode stack will leave via a larger 2.5 mm diameter hole in

the opposite side of the stack without any atoms striking an electrode. This prevents a
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buildup of Cs inside the stack that could produce a short between adjacent electrodes.

The Cs source contains a total of approximately 150 mg Cs. This corresponds
to approximately 6 x 10% atoms of Cs, many orders of magnitude more than we
would need for charge-exchange experiments. However, the amount of Cs available for
experiments is significantly reduced by the small solid angle for Cs atoms to actually
enter the Penning trap electrodes and is further reduced by the finite lifetime of
the Cs Rydberg state. In practice, one Alvatec source contained enough Cs for us to
perform experiments throughout the 2010 beam run without the need to warm up the
experiment and exchange the source. The Alvatec source was a major improvement
over a previous Cs source which contained significantly less Cs and did not last an
entire beam run.

As the quantity of Cs remaining in the source is depleted, the signal from Rydberg
Cs we observe at a given current slowly declines and we must run the source at a
slightly higher current to compensate. Our base “operating current” in the 2010 beam
run increased from 4.0 A at the beginning of the beam run to 4.25 A at the end of
the beam run, corresponding to the source retaining approximately one-third of its

original quantity of Cs.

7.1.1 The Cs atom in a magnetic field

Although any alkali atom could in principle be used for these experiments, we chose
Cs primarily for the convenient laser wavelengths used for excitation to a Rydberg
state. We use a two-photon process to produce Rydberg Cs, first using 852 nm

photons to excite Cs from the ground 65, state to the 6P/, state, and then using
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Figure 7.4: (a) Simplified level diagram of Cs atom in 0 T and 1 T field.
(b) Zoom-in of calculated Rydberg levels in the 1-T field, with green curve
showing chosen level. (c¢) Optimization of the n state to use based on state
lifetime, amount of D character, and cross-section for Ps production, leads
to a narrow window of optimal states in the range n = 41 to n = 44.

511 nm photons to excite to a Rydberg state. Figure 7.4 shows the Cs energy levels
relevant to our excitation scheme in magnetic fields of 0 T and in the background field

of 1 T. In the higher field provided by the Ioffe trap, the n-states are even more mixed

and the final n of our Rydberg state is not well defined. A detailed examination of

the Cs D lines can be found in [151].

The 65,/ — 6P;/; transition
In a magnetic field, the Hamiltonian for the ground state (n = 6) levels of Cs can

be written:

HB:Ahfsf'j+gJUBj'§+gIMBf'§7 (72)
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where Apss is the hyperfine constant for the particular fine structure level under
consideration, J=L+S represents the total angular momentum (spin plus orbital)
of the electron, I is the nuclear angular momentum, and g; and g; are the electron

and nuclear g-factors.

97 (65172) 2.0025
gs (6F32) 1.3340
g1 -.0003989
Ass, ., h- 2.298 GHz
Aspy ), h- 50.275 MHz
Tsar 2.71 mW / cm?
b h- 13.996 GHz / T
Zero-fleld 651/, hyperfine splitting h-9.2 GHz
1-T field energy shift gyugm ;B h-14 GHz

Table 7.1: Parameters for the Cs 65;/2 — 6P/, transition.

In the case that the energy shift due to the field is much greater than the hyperfine
splitting but less than the fine structure splitting between the D levels, I is no longer

a good quantum number but m;, my, I, and J are. We can write
Hp = Apgsmimy + gspam;Bo + grusmiBo. (7.3)

In a 1T field the magnetic field energy shift gjupmsBo ~ 14 GHz. This greatly
exceeds the hyperfine splittings in the 6P;/» state which are only a few hundred MHz,

but is on the order of the 9.2 GHz hyperfine splitting between the ground-state 6.5/
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levels. Fortunately, an expression has been derived for the ground state energies of

alkali atoms in intermediate fields [152],

AFE

E(Fﬂ: :I:tl/2,m) = — m—gIMBmBO (7.4)
2 4m 2,2 n2
£ (ARt o 1(9] — gn)pBAE + (g5 — 91)*1w3Bs,

where AFE is the zero-field hyperfine splitting between the levels and m = m; +m.
This equation (known as the Breit-Rabi equation) gives rise to 16 sublevels in the
ground state corresponding to two manifolds of 8 nuclear sublevels each separated
by a larger energy gap corresponding to whether the single electron is aligned or
anti;aligned with the magnetic field. As an electric dipole transition cannot change
the nuclear spin, the transitions to the 6P, state are split into 6 manifolds of 8
transitions each. The manifolds correspond to the transitions m; = +1/2 = m; =
~1/2,41/2,+3/2 and my; = —=1/2 = m; = —3/2,—-1/2,+1/2. Of these manifolds,
only two (my = +1/2 — my = +3/2 and m; = —1/2 — m; = —3/2) will be closed-
cycling transitions appropriate for our use; exciting a transition in another manifold
will quickly pump the Cs atoms into a different ground state not addressed by our

laser.

The 6P3/; to nD transition

We must now excite the Cs atom to a Rydberg state. The selection rule Al = +1
means we must excite to either an nS or an nD state. As we will see, the magnetic
field couples those states together differing by A¢ = +2. The zero-field lifetime of
both S and D states is quite short, but the D state mixes more readily with higher-

states with longer lifetimes. We therefore aim to excite to an nD state.
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Cs is a hydrogenic atom, so the energy levels and wavefunctions for high principal
quantum number n correspond very closely to those of hydrogen. The zero-field
energy levels for principal quantum number n and orbital quantum number [ are

given by
—~13.6eV
(n— 5(n, 0))*’

where é(n, £) is the quantum defect for the level [153]. The Hamiltonian terms due

Em = (7.5)

to a nonzero magnetic field B = By3 are given by [154]

2BQ

Le"By 5 . o
Hp = upBy(geme + gsms) + ngCQT sin”(6). (7.6)

In a sufficiently strong magnetic field (of order 0.1 T for n = 40) the energy shifts
due to the field become comparable to the energy differences between n states so n
itself is not a good quantum number, although m; and mg remain good quantum
numbers. The second term in the Hamiltonian above serves to couple states differing
by Al = 0,42. In a 1-T field we are able to calculate the energy of states with
some D character by diagonalizing a Hamiltonian containing all relevant zero-field
states from n = 10 to n = 60. In the higher field of the Ioffe trap we found that the
number of energy levels required to get an accurate calculation by this method was

prohibitive, but we were able to use the high-field approximation [155]

| B =V e = (= &

where n, = n' —m; — 1 is the “radial quantum number.” n’ > 0 gives a rough idea of
the binding energy but does not correspond exactly to the zero-field n. The effective
potential V.yy is given by

R? (mg+1/2)? e? 1 €

2 Aregr | 8,2 Bor® = s Bome. (7.8)
e

V. =
7= om, T
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Figure 7.5: Quantities relevant to the choice of principal quantum number n
for Rydberg excitation of Cs.

Although the zero-field principal quantum number n is not a good quantum number
in the field, quantized energy levels spaced by ppByge exist and can be found by this
method.

The choice of n state (or, more correctly, the choice of binding energy of the
final Cs state) represents a compromise between multiple requirements. Figure 7.5
demonstrates some of the relevant parameters. The Rydberg state must survive for 6
cm to reach the center of the trap which corresponds to a lifetime of 250 us at typical

thermal velocities. The lifetime of a Cs D state is given by
Tap = 0.67ns (n — 6(n, £))*, (7.9)

with the quantum defect for D states approximately equal to 2.5. The higher £ states
which are mixed in significantly enhance this lifetime. The lifetime for a fully-mixed

state corresponding to principal quantum number n is given by [156]

§.n5a_5i 1
4 pctIn(2n — 1) — 0.365’

(7.10)

Tn ~
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with y the electron reduced mass.
Equally importantly, the cross section for both charge-exchange reactions scales as
n*. Classical trajectory Monte Carlo calculations [115] predict zero-field cross sections

of

ops = 9.Tng.ma, (7.11)

og = 58nb.mas ~ 14.5np,ma] (7.12)

where ag = .529 is the Bohr radius. Further calculations have found that the predicted
charge-exchange cross sections are not strongly affected by magnetic fields [144].

Set against these arguments for using the highest n state possible are the fact that
the higher-n states are more mixed and contain less D component to which we can

excite. In addition, the electrical field which will ionize the Rydberg atoms,

Esr = n~4(12)2 3 x 103V /em, (7.13)

e

drops below 50 V/cm around n = 50. We would run the risk of Stark-ionizing such
atoms by electrical fields generated either by the trapping potentials or by the space
charge of the e* cloud. In practice, we optimized the choice of level by taking all of
these factors (lifetime, D fraction of the state, and cross-section for charge exchange)
into account. This optimization, shown in Figure 7.4(c), suggested a narrow window
of states in the range n = 41 to n = 44, of which we chose n = 42. Rydberg
Cs with this approximate n can also survive electric fields up to approximately 100
V/cm, sufficient to avoid ionization by electric fields within our Penning trap. This
appproximate n state is slightly higher than the n ~ 37 state used in ATRAP’s

2004 proof-of-principle experiment [150]; in that case the n state was set by the fixed
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frequency of the commercially available copper vapor laser.

In the higher and nonuniform magnetic field due to the Ioffe trap, more £-states
mix in at a lower binding energy (equivalent to lower n), and the lifetime becomes
much longer for lower equivalent n. For excitation within the Ioffe field, we could
not repeat the exact optimization calculation described above (too many states were
required to be included for the optimization). Instead we chose a state with binding
energy corresponding to n ~ 37, representing a rough compromise between higher
cross-section for charge-exchange (scaling as n*) and D fraction of the state to which
we can excite (which is higher for lower n). This state is also similar to the state used

successfully in a high magnetic field in ATRAP’s earlier demonstration.

7.1.2 Production of Rydberg Cs

Figure 7.6 shows an overview of the laser systems built by ATRAP collaborators
from the University of Mainz for excitation of Cs atoms to a Rydberg state. The laser
system is a substantial improvement over that used in the 2004 proof-of-principle ex-
periments, in that we can now tune the 511 nm laser to select an optimized Rydberg
state for an experiment. In the earlier 2004 charge-exchange experiments, a commer-
cially available copper vapor laser provided the second-stage excitation. This laser’s
frequency could not be tuned, and its 10 GHz bandwidth meant that only a fraction
of its power was available to excite atoms to a Rydberg state.

The 6512 — 6P;/, transition is excited by a grating-stabilized 852 nm tunable
diode laser. The 852 nm diode can provide up to 200 mW maximum power, but we

typically use only a few mW as the D, Cs line is easy to saturate.
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Figure 7.6: Schematic of lasers used in the charge-exchange process.

The 6P5/2 — 42D transition is excited by a frequency-doubled diode laser system.
A grating-stabilized 1022 nm tunable diode laser provides up to 100 mW of infrared
power. 20 mW of power from this laser are fed into a tapered amplifier which can
produce up to 1W of power at 1022 nm. The amplified laser enters a frequency-
doubling cavity where it is converted to 511 nm light. The cavity is stabilized with
a Hansch-Couillaud locking scheme [157], where a linear polarizer inside the cavity
produces an elliptically polarized reflected beam when the cavity is not in resonance;
a differential photodiode can use the ellipticity of the reflected beam as an error signal
in order to stabilize the cavity. The frequency doubling element in the cavity is a
BiB3;Og (BiBO) crystal. The BiBO crystal is birefringent and serves as the linear

polarizer as well. This system can produce up to 180 mW of 511 nm light.
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Both laser systems are locked to a wavemeter. The grating angle and temperature
of the laser system are adjusted to stabilize the frequency. The linewidth for both
lasers is approximately 1.5 MHz, well below the Doppler broadening we observe from
Cs transitions in the apparatus. The wavemeter is housed inside of a thermally insu-
lated box which prevents significant drifts due to changing ambient temperatures over
the course of an experiment. We still observe day-to-day drifts in the wavemeter read-
ings which we correct by periodic Doppler-free spectroscopy of a room-temperature
Cs vapor cell (not in a magnetic field).

A dichroic mirror allows us to couple both Cs excitation lasers into a 10-m, 62.5
pm-core multimode optical fiber (THORLABS M31L10) which transmits the laser
light to our experimental zone. Light from this fiber is coupled into our experimental
space through a fiber feedthrough and enters a second optical fiber. This second fiber
mounts off of the main CF flange which supports the Cs source (see Fig. 7.2). The
tip of this fiber butts up against a 10mm ball lens (Edmund Optics NT48-897) with
index of refraction 2.00, so that the focal length of the ball lens is equal to its radius.
This ball lens therefore collimates the light from the fiber with an angle of divergence
caused by the finite size of the fiber output given by ¢ =r/f = 0.2°.

" Once it has been collimated by the ball lens, the laser light passes through a 1/4”
window in the vacuum flange. It is redirected downwards by a right-angle mirror and
encounters the Cs beam. At this point the laser beam is roughly 1.5mm in diameter,
ensuring that we can excite Cs atoms which will enter our electrode stack even if
minor misalignments to the laser system occur during cooldown. The distance of tfle

laser excitation point from the center of the electrode stack is carefully chosen to be

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



Chapter 7: Antihydrogen Production by Two-Stage

Charge Exchange

170

© © o o
N w F-3 [3,]
———

fluorescence signal, nA
°
v

e
=)

o o
NN
o O
S
<
o
<
(o]
<o

e

o

o
sl

0.10 M/

0.05

fluorescence signal, nA

(b)

0.00 —— — :
0 2 4
f — 351 765 GHz

Figure 7.7: Fluorescence signal observed from excitation of Cs to the 6P
state in (a) the 1-T solenoid background field and (b) the full combined field
of the 1-T solenoid and Ioffe trap. Diamonds indicate calculated values for
the transition frequencies. Breaks in signal traces indicate points at which
it was necessary to re-tune the laser in order to cover the entire frequency

range.

the point where the B field due to the the Ioffe trap is at a maximum. This minimizes

the broadening of the optical transitions due to magnetic inhomogeneities when the

Ioffe trap is energized.

Excitation of the 65/, — 6P;/, transition

Figure 7.7 shows excitation from the |6Sl/2,mJ = +1/2> to ]6P3/2, my = +3/2>

states. An InGaAs photodiode (Hamamatsu Photonics G8941-01) positioned close to

the region of excitation measures fluorescence from the transition. We chose InGaAs
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for a photodiode material as this semiconductor does not undergo carrier freeze-out
until below 4K, and is also insensitive to the large amount of green laser power we
put in to the trap to excite the Rydberg transition. We observe 8 different peaks,
corresponding to the nuclear sublevels. We are able to excite to the 6P level in both
the 1T background field of the solenoid and the 3.11 T field due to the Ioffe trap and
1T solenoid. The 65 — 6P transition shows no appreciable broadening in the Ioffe
field.

The saturation intensity for the Cs 6512 — 6P/, transition is 2.7 mW / cm?.
We typically use 3 mW of laser power focused into a 1.5 mm diameter spot to excite
this transition; even accounting for some losses from the uncoated input optics, we
expect to be well above the saturation intensity for this transition. Because we can
only address one of the 16 sublevels of the ground state, though, we can excite at
maximum 50% /16 of the Cs atoms into the 6P state at one time. A battery of 16
852 nm diode lasers would be able to excite all ground-state Cs atoms to the 6P state
and could provide a major improvement to the efficiency of our Rydberg excitation,
although we would also need 16 511 nm lasers for the Rydberg excitation. We have

not yet undertaken this significant apparatus upgrade.

Excitation of the 65/, — nD transition

After excitation to the 6P level, the 511 nm laser excites atoms to an n ~ 42
Rydberg state. While the 852 nm laser intensity greatly exceeds the saturation in-
tensity for the D, transition, the saturation intensity is much higher for the Rydberg

transition and even with 180 mW of power at 511 nm we are well below this value.
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Figure 7.8: Field-ionization current from Rydberg atoms observed in (a)
the 1-T solenoid background field and (b) the full combined field of the 1-T
solenoid and Ioffe trap, about 3.1 T.
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The lifetime of the 6P state is only 30 ns, so we must excite to the Rydberg state at
the same location as we excite to the 6P state.

In order to verify that we have excited to the Rydberg state, we-apply a high
electric field between two conducting plates on the near side of the electrode stack to
Stark-ionize the atoms and measure the resulting current collected on one of the two
plates. This current is amplified by a low-noise current amplifier (Femto DLPCA-
200) and is then read through a lock-in amplifier. We modulate the current produced
by chopping the 852 nm laser with a standard laboratory chopping wheel. Figure
7.8 shows the field-ionization current seen as we sweep the laser frequency over the
Rydberg transition while applying a stripping field of 200V /cm between the plates.
We are able to excite to the Rydberg state in both the 1T background field of the
solenoid and in the higher field due to the Ioffe trap. The width of the Rydberg
transition in the uniform 1T background field is consistent with the Doppler width
due to a beam of 600K Cs atoms with angular divergence of 9°. In the Ioffe field we do
see significant broadening due to the inhomogeneous magnetic field, and a consequent
loss of signal, but we are still able to excite without difficulty.

Figure 7.9 shows the field ionization current we observe as a function of the
ionizing electric field. The current changes sign as we change the direction of the field
since in the one case we collect positive Cs* ions while in the other case we collect
negative e~. The shape of the field ionization curves is similar in the 1T background
field and in the field of the Ioffe trap. In both cases we also observe a small but
noticeable residual current at 0 V/cm field. We believe this is because our Rydberg

collection plate doubles as a radiation baffle in a region where the Cs beam is not
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Figure 7.9: Field-ionization current from Rydberg atoms as a function of
applied electric field in (a) the 1-T solenoid background field and (b) the full
combined field of the 1-T solenoid and Ioffe trap, about 3.1 T.
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Figure 7.10: (Black) Rydberg field-ionization current observed as a function
of time as (gray) current through the Cs source is turned on at 4.25 A for
360 s and then lowered to an operating value of 4 A. The current schedule
we use allows us to produce a relatively constant Rydberg current of 250 fA
once the 360-s warm-up period is complete.

perfectly collimated. Some Rydberg Cs atoms may strike the front of the baffle and
be collisionally ionized. It appears that we collect some positive Cs* ions as a result
of this process while the lighter electrons are not collected (or are collected in smaller
quantities). The overall Rydberg current observed is symmetric about this zero-field
“offset current.”

The Cs apparatus also contains a pair of field-ionization plates on the far side of
the electrode stack from the Cs source. Observing a Rydberg signal here provides
confirmation that the Cs beam has passed through the electrode stack and should
avoid the “offset” current described earlier. We observed a Rydberg signal at these
plates at the end of the 2009 run, but we did not observe any signal at these plates
during the 2010 run. It is likely that one of the signal wires to the plates broke
during the apparatus installation or cool-down. During the 2010 beam run, we used
Ps production (described below) to confirm that the Rydberg Cs beam was entering

the electrode stack and functioning as expected.
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During our Ps and H production experiments we desire a beam of Rydberg Cs
entering the trap whose intensity is constant in time. This is difficult to achieve if
a constant current is supplied to the source as the source takes a long time to reach
its final equilibrium temperature and the rate of Cs release depends exponentially
upon the source temperature. To more quickly achieve a constant beam intensity
we first pre-heat the source with a current 0.25A higher than our final operating
current for 360 s. Figure 7.10 shows the Rydberg current we observe as a function
of time. It takes a few minutes before any Rydberg Cs is observed at all; after this
point the Rydberg current increases exponentially in time as the source temperature
increases. After 360 s we reduce the current to its final operating value. The ob-
served field-ionization current rapidly drops to a stable value of approximately 250
fA. Over the course of the 2010 beam run we would periodically increase the source
current used in order to keep the observed Rydberg signal constant as the source
was gradually depleted. When we perform Ps or H production experiments we use
a similar current schedule to heat the source and only introduce the green laser to
begin charge-exchange after 390 s, after the beam has reached a reasonably constant

intensity.

7.2 Production of Rydberg Ps by charge-exchange

Figure 7.11 shows the trap potentials used for experiments to produce Rydberg
Ps. Typically 30 million positrons, spun to a radius of 4.5 = 0.5 mm, are loaded
into a harmonic multi-electrode well. We found that a reasonably harmonic well was

necessary to prevent expansion of the e plasma during the experiment. The harmonic
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well also reduces the radial electric field seen by entering Cs* atoms, allowing us to
perform the experiment with more e without field-ionizing the Cs* before they reach
the e™ plasma.

Near the et cloud we form a detection well. Ps* atoms entering the region of the
detection well will be field-ionized and the et from these atoms will be trapped in
the detection well. The detection well has a maximum field of 300 V/cm (on-axis)
which exceeds the highest fields we need to ionize incoming Cs* atoms (see Figure
7.9). The et from on-axis Ps atoms which ionize at a field of less than 50 V/cm will
not be trapped by the detection well, but instead will pass through it and will exit
the trap throﬁgh the top of our electrode stack (left in the figure). The detection well
remains good out to a radius of p &~ 16 mm, although the minimum ionizing field
required for the stripped et to be caught at that radius has increased to 80 V/cm.
The detection well is also designed so that any et which escape the main positron well
by some mechanism other than Ps formation will simply pass through the detection
well region; the chance for them to collide with other trapped e in a single pass and
remain trapped in the detection well is extremely small. The potential structure is
designed so that any electrons resulting from field-ionization of Ps atoms will quickly
be accelerated downwards (to the right in the figure) and will eventually hit our Be
degrader.

As described before, we preheat the source at a slightly higher current for 360 s,
then reduce the current by 0.25A to provide a relatively stable Rydberg Cs beam. At
390 s after turning on the source we introduce the 511 nm laser into the experiment

and begin producing Ps by charge-exchange with Rydberg Cs. After a specified
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Figure 7.12: Ps production as a function of Rydberg Cs beam duration ex-
hibits rise to a maximum value with a time constant of 1,680 s. No Ps
production is observed when the 852 nm laser is detuned from resonance.

Rydberg beam duration (Figure 7.12) we turn off the Cs source; the source cools
within seconds by radiation and Ps production ceases. We dump any remaining e*
towards the Be degrader by inverting the voltage well in which they are stored. We
can count how many e* remain in this well by observing the counts recorded by our
detector system due to the v photons emitted as the et annihilate. We then do
the same for the detection well. The detection well dump is done in 100 ms so we
can observe the relatively small signal from e* in the detection well over the natural
background count rate of our detectors.

Figure 7.12 shows the number of e™ collected in the detection well as a function of
duration of the introduced Cs* beam. The production is initially lincar in time and
demonstrates a time constant of 1,680 s. For our longest trials (4,000 s), we do not
observe any et remaining in the initial e* holding well. We do not observe any et in
the detection well in control trials where we detune the 852 nm laser from resonance.

If charge-exchange Ps* is to be used for H production, only the Ps* which travels

relatively parallel to the trap axis will pass through a confined P cloud and have a
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chance to produce . We can therefore write the number of H produced as

dNPs

Ng = —2=
s |,_,

Q}—)nr—,apsf,, (714)

with Qp the solid angle subtended by the P cloud, np the p density, and opsp the
cross section for Ps* to charge-exchange a second time and produce H. Our detection
well subtends a small solid angle on axis and thus gives us a very good estimate of

the quantity dfivgs relevant to production of H by two-stage charge exchange.

For our longest trials we find 4%—5 = 2.1 x 108 atoms/sr, a factor of 520 increase
from earlier experiments in a similar apparatus [158]. Much of this increase is due
to the larger number of e loaded in the ATRAP2 apparatus, but a factor of three
increase in the efficiency per et input into the process is also observed. We attribute
this increase to greater care in ensuring that high-energy e~ from field-ionized Ps*
cannot make multiple passes through the et well and collisionally heat the e*. If the
et temperature exceeds the Cs Rydberg electron velocity v = ac/n = 5 x 10* m/s,
the predicted cross-section for charge exchange has been found to be significantly
reduced [159].

The overall efficiency for Ps production depends on the angular distribution of
produced Ps and on the effective solid angle of the detection well, which in turn
depends on the electric field required to ionize the Ps. We estimate that 92 + 7.5
% of the e* ultimately form Ps in our longest trials. This estimate is based in part
on classical-trajectory Monte Carlo calculations which we use to estimate the field
at which Ps* with binding energies equivalent to those of n = 42 Cs will field-ionize
either from the axial electric field in the detection well or the transverse electric field

generated by the relativistic transform of the Ps motion in the 1 T background mag-
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netic field. Our calculations suggest that the pinning of e~ and e* to B-field lines
suppresses field-ionization of Ps* by an electric field transverse to the B-field. Thus,
the distribution of Ps* trajectories should be close to isotropic. This calculation gen-
erally agrees with earlier simulations [144] on the trajectories of Ps” in a background
magnetic field. Those e* which do not ultimately form Ps* probably slowly annihilate
over the 4,000-s run time due to collisions with the Cs* ions which are captured in

the e™ holding well.

7.3 Antihydrogen  production by two-stage charge-

exchange

Figure 7.13 shows the trap potentials we used for antihydrogen production exper-
iments. A large plasma of e* is held in a multiple-electrode harmonic well centered on
the Cs electrode. Up to 5 million P are held nearby in a two-electrode-long well that
is harmonic enough to prevent significant expansion of the p during the hour-long
experiment. We typically used 300 million et per experiment. The space charge from
this many e*, combined with the trapping fields, produces radial electric fields of
50 V/cm which start to approach field-ionization of the incoming Cs* (which would
occur around 100 V/cm). The need to avoid field-ionizing incoming Rydbergs sets a
limit on how many et can be used as an input to the process.

A detection well which field-ionizes H is located below (Figure 7.13(b)) the con-
tainment well for p. As with the Ps production experiments, the high electric fields

in this region can field-ionize Rydberg H and the resulting p may be trapped in the
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Figure 7.13: (a) Location of particle clouds and detection well in the electrode
stack during charge-exchange H production experiments. (b) On-axis (solid
curve) and 12 mm off-axis (dashed curve) trap potentials used during H
production experiments.
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detection well.

As with Ps production experiments, the potential structure for H production must
fulfill several criteria. The detection well produces a maximum electric field of 300
V/cm and should be able to trap any H which ionize between 50 V/cm and 300
V/cm. Moreover the detection well is designed to trap the p from any H which ionize
within a radius of 10 mm from the center of the trap. The potential structure is
designed to minimize the electric fields experienced by Rydberg Cs atoms entering
the electrode stack. It is also designed to guarantee that any high—énergy et produced
by the field-ionization of Ps* will be ramped towards the upper end of our electrode
stack and that any e~ produced by the same process will be ramped down towards
the Be degrader. All of these high-energy particles should leave the H production
region in a single pass so they will have a minimal chance to heat any of the etorp
used in the charge-exchange process.

Our typical H production experiments lasted approximately 1 hour. Due to the
very large number of e used, we increased the current through our Cs source by 0.25A
compared to the current used for the Ps production experiments. This increased the
intensity of the Cs beam by a factor of three relative to earlier Ps experiments. After
the hour-long experiment, only a few percent of the initially trapped et remained.
Although we always observe some background losses of b when clouds of several mil-
lion  are held in the upper stack for periods of tens of minutes or longer, we retained
more than 90% of the initial p through the entire charge-exchange experiment. The
scintillating fiber detectors showed a clear increase of about 500 counts per second

(where normal background is around 3,000 counts per second) due to e* loss as we
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Figure 7.14: Charge-sensitive preamplifier showing (a) 1.2 X 108e~ pulsed
from the charge-exchange detection well at the end of an H production trial,
(b) no e~ pulsed from the detection well in an otherwise identical trial with
the 852 nm laser detuned from resonance.

produced Rydberg Cs, corresponding to Ps production. This signal would disappear
if we briefly blocked the 511 nm laser light from entering the trap.

Despite the large number of particles used and the well-controlled parameters in
the experiments, we did not find any P in our detection well at the end of any H
production experiment. It is not the first time that lofty ambitions have not met
with immediate success [160]. In order to understand these results we performed
additional experiments. The first type of experiment is based on the observation that
the detection well for H can also strip Ps* atoms and that the resulting e can also
be caught in the detection well. Our annihilation detectors cannot see electrons, but
we were able to use a 75-ns voltage pulse to remove e~ from the detection well at the
end of our experiment and measure the charge deposited onto a collection electrode
(as used for calibration of our e~ loading, described in Chapter 3). Figure 7.14 shows

the electrons pulsed out of the detection well in one full H experiment and in one
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Figure 7.15: Example potential used for studies of § loss when dropped into
deep wells similar to the charge-exchange detection wells. 90,000 p in an
initial shallow well drop into the deep well when the barrier separating the
wells is removed (dashed curve) either adiabatically or with a 1.75-ms voltage
pulse. Trials with many different shapes of deep well were performed.
control experiment where all particles were present and the Cs source was run but
the 852 nm laser was detuned from resonance. In two full experiments we pulsed out
an average of 1.0 & 0.28 x 10° electrons and in two red-detuned control experiments
no electrons were pulsed out. This result verifies that we were producing Ps during
the full H experiments, that Ps atoms were traveling through the p cloud (since they
must have done so in order to reach the detection well), and that our detection well
was able to strip Rydberg atoms and confine the resulting particles.
In order to confirm that the more massive P would not be lost as they dropped
into a very deep detection well, we conducted a series of experiments where a small

number of antiprotons were dropped from a shallow well into an empty but very deep

well. A typical potential structure used for these experiments is shown in 7.15. In
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as a function of on-axis well depth, in (a) the upper stack, with p introduced
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introduced to the deep well by a pulse-in process, (c) the lower stack, with
p introduced to the deep well by adiabatic ramp-in.
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these experiments, a cloud of 90,000 P begin in a shallow well separated from a deep
well by a potential barrier. The barrier is inverted and the p then drop into the deep
well, gaining hundreds of eV of energy in the process. The barrier can be removed
either adiabatically, by slowly inverting the barrier over a period of 1 s, or quickly
by a 1.75-ms voltage pulse. The number of § which survive either type of process
decreases drastically for the deepest wells. We obtained similar results whether any
cooling e~ were present in the deep well or not (1.5 million e~ were typically used)
and at different physical locations within our electrode stack. Figure 7.16 shows
the result of several of these experiments as a function of well depth. The results
of many of these trials are also summarized in Table 7.2. We also confirmed that
the wells themselves were not the cause of the loss. When p are initially placed in
a shallow potential well and the depth of this well is increased adiabatically, the p
remain stable. We confirmed this with clouds of 90,000 p adiabatically placed into a
harmonic well formed by electrodes UTCE, URING and UBCE (on-axis well depth
of 765 V) and a 5-electrode flat well formed by electrodes UTR8, UTR7, CS, UTRS,
and UTR4 (on-axis well depth of 975 V).

Note that the much less deeply bound atoms produced by TBR experiments can
be stripped at a lower field and therefore require a less deep detection well; Figure
7.16 shows that these shallower detection wells do not lead to the same loss as the
very deep wells. We do not understand yet why the more massive p cannot survive
this “drop-in” process while lighter lepton species are not lost in similar experiments.
There are two main differences between our conditions and those in the 2004 charge-

exchange experiment, where counts from a few p in the detection well were observed.
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One is the much higher energy gained by our p as they drop into this well, 760 V in
our case but less than 300 V in 2004. The other difference is that the 2004 experiments
were conducted in a much higher field (5.3 T as opposed to our 1 T field).

The results of our experiments suggested that detection wells were an inappropri-
ate tool to look for H production by charge-exchange under our experimental con-
ditions. As a result we switched to a different detection method. In a second series
of experiments we use a rotating chopper wheel to modulate the intensity of 852 nm
laser light entering the trap. During periods when the 852 nm laser is allowed into
the trap, charge-exchange H formation should take place. This H formation should
cease during the periods when the chopper blocks 852 nm light from entering the
trap. We thus look for an excess of P annihilations during periods when the laser
is entering the trap compared to those periods when it is blocked. A beam sampler
sends a small portion of the 852 nm light after the chopper to a photodiode, which
allows us to tell whether detector events occur while the laser is entering the trap or
while it is blocked. We acquire full readout data for each detector event during the
experiment.

These trials assume that H production by charge-exchange will be the only effect
to produce p losses that results in an observable difference in the loss rate between
periods when the chopper is open (allowing the laser into the trap) and periods when
the chopper blocks the laser. Since some possible effects pfoducing p losses, such as
laser-induced heating of the D, are expected to take times longer than the chopper
period to begin and end, they would average out over many chopper oscillations and

would not contribute to our signal. We developed a numerical simulation to further
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Figure 7.17: Signal recorded from chopped H production experiments. The
gray curve represents the photodiode signal recording the modulation of 852
nm laser intensity entering the trap by the chopper wheel. The black dots
represent the times at which P annihilation events are recorded from the
detection system.

analyze these effects, which is described later in this chapter.

Figure 7.17 shows a short sample of data from one of these chopped-laser ex-
periments. After the experiment is over we look at the timestamp for each recorded
annihilation. Following the procedure described in Chapter 3, we discard those events
whose detector profile makes them more likely to be cosmic rays than real p annihi-
lations. We then subtract the number of annihilation events occurring during time
windows where the laser is definitely entering the trap from the number of events
occurring during time windows where the laser is blocked. We refer to this excess an-
nihilation count when the laser is entering the trap as AN. Events that occur during
the shorter time periods when the photodiode signal is increasing or decreasing are
discarded.

Figure 7.18 shows the results of several chopped-laser experiments. When the

852 nm laser is tuned to resonance, we observe an excess of AN = 3600 £ 610p
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Figure 7.18: Excess P annihilations seen during periods when the 852 nm
laser is entering the trap in chopped H production experiments.

annihilations during periods where the laser is entering the trap. The observed excess
AN is the same when the chopping wheel modulates the laser intensity at 117 Hz
or 9.3 Hz. In two trials with the 852 nm laser detuned from resonance, no excess is
observed. The error bars are given by the square root of background counts observed
in the experiment. The excess in each of the two on-resonant trials exceeds 5 standard
deviations from zero. If we assume a Gaussian distribution of counts from the trials,
the probability of obtaining the 5.7-0 result from the 117 Hz trial by chance is 1.3 X
1078; the probability to obtain the 8.3-0 result from the 9.3 Hz trial is less than
1015, While come cosmic-ray events contribute to the background observed in the
experiment, the majority of background counts are due to slow losses of b throughout
the experiment. While these losses total less than 10 % of the number of p used in
each experiment, they vary some from trial to trial, and the somewhat higher losses
in the control trials are responsible for the larger error bars in these trials.

The chopped-laser trials suggest that H formation is taking place in our charge-

exchange experiments. To further exclude the possibility that some process other

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



Chapter 7: Antihydrogen Production by Two-Stage Charge Exchange 192

antiproton loss rate

IRVRAVRVAVAVRURVAVAVRVAVAVAVAVAVAVAVAVAYE

time

Figure 7.19: Numerically integrated model of P loss for chopped H experi-
ments. (Gray curves) Periodic forcing function I'mq.(t) representing the effect
of 852 nm light entering the trap. (Black curves) Simulated response of p
loss signal to the forcing function given time constants 7, = 7 = 25 ms.

than H formation could be responsible for the excess loss observed only when the
852 nm laser is on resonance, we developed a model of the loss process. Any laser-
induced loss must require some time constant 7; before it reaches a maximum value;
71 must be at least 200 us (the time required for 600 K Cs atoms to travel from the
excitation region to the center of the trap). After the laser is blocked, there must
be some second time constant 7, over which the loss returns to its lower background
level. The observed agreement between the chopped-laser trials at frequencies of 9.3
Hz and 117 Hz constrains the values which this second time constant may take.

We modeled the process of antiproton loss by writing the loss rate of antiprotons
I'; as

dT5(t)  Tmaa(t) = T's(t)

dt Ti

, (7.15)

where [, is a function which varies according to the laser power entering the trap

and represents the observed effect of the 852 nm laser on the antiproton annihilation
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Figure 7.20: Comparison of the ratio ANy 3/AN117 produced by the simula-
tion for different time constants 7. Only those 75 < 2 ms are consistent with
the observed agreement in experimental trials.

rate, and

. 71 U5 < Thaz (7.16)

T2 5 > I'imas

represent the two time constants for excess P loss to begin and end. We can easily
numerically integrate the expected antiproton loss over time, as illustrated in Figure
7.19 for the case where 73 = 7, = 25 ms. In the example the antiproton loss rate
responds sufficiently fast to follow a signal modulated at 9.3 Hz, but cannot effectively
follow a signal modulated at 117 Hz.

The simulated antiproton loss rate can be analyzed in the same way as the actual
antiproton annihilation events recorded during our trials. We obtain AN, the
simulated excess events, by subtracting the total expected events during time periods
when the laser is not entering the trap from the total expected events during time

periods when the laser is entering the trap. The difference in expected events depends

on the magnitude of T'qq; however, the ratio of this difference in a trial at 117 Hz to
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the difference in a trial at 9.3 Hz will not depend on the magnitude of I',,,. Figure
7.20 shows the ratio of the expected difference ANg3/AN;;7 as a function of time
constant 7o assuming that 7, = 100 us. For long times 7 this ratio approaches the
ratio of the two frequencies, (117 Hz)/(9.3 Hz), as expected.

From the observed experimental results we can see that

ANg.a
ANq7

= 1.08 £0.21, (7.17)

so that at the 5-0 confidence level we can say that ANg3/AN117 < 2.13. As shown in
7.20, this constrains the time 75 to be less than 2 ms. Note that assuming a longer
time 7, would impose a stricter constraint on 7. By assuming that 7, <« 7 we thus
find the limit for times 7, which are not consistent with any 7.

The agreement of the experiments with the laser chopped at 117 Hz and 9.3 Hz
thus constrains the “turn-off” time constant 7, of any process responsible for the excess
antiproton losses to be less than 2 ms. Heating of the antiprotons by energetic et or
e~ is thus ruled out, because the fastest possible time constant for cooling of particles
in the trap is given by the electron synchrotron damping time which is 2.6 sina 1 T
field.

The observed agreement between different frequencies also rules out centrifugal
separation as a possible source of the excess p annihilations observed. The time scale
for radial transport in a plasma may be written as [85]

w2

Trt =~ Tcoll——ga (718)
wp

with 7., the collision time. In the P cloud, even with as many as 5 million electrons

trapped with the p the time scale for centrifugal separation exceeds 10 s and is not
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consistent with the observed results. The chopped-laser trials therefore provide strong
evidence that 3600 &+ 610 H atoms per trial have been produced by two-stage charge-
exchange, a factor of 200 increase from the number of H produced per trial by this

method in 2004.

7.4 Conclusions

Although production of H by two-stage charge-exchange is more difficult than
production of H by other methods, the technique has benefits which may be important
in the quest to trap larger numbers of H atoms. The technique does not require D
to enter an et cloud in order to form H, allows control over the final state of the H
produced, and does not require any energy to be added to the p during the process.
Two—sfage charge exchange therefore allows H formation compatible with initially
cold P and from large clouds of et and p. We have demonstrated robust formation
of Rydberg Ps and strong evidence of the formation of 3600 & 610 H atoms by two-
stage charge exchange. The Rydberg Cs source used to initiate this process is also
compatible with use inside of an energized Ioffe trap, allowing us to use this method in
H trapping trials. The production of cold H by two-stage charge exchange may play
an important role in trapping sufficient numbers of H atoms to perform spectroscopic

comparisons of H and H.
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Conclusions

At the outset of this research, experiments on H production in a Penning trap
had revealed some of the intricacies of the formation process, but experiments on
particles in a combined Penning-Ioffe trap were just beginning. Early H production
results [21, 22, 23] had shown that H could be produced in nested Penning traps [136].
Subsequent measurements of the state distribution [23] and velocity of produced H
atoms [138] had been performed, and some claims about the temperature dependence
of H production by three-body recombination [137] had been made. ATRAP’s ex-
periments demonstrated the stability of charged particles in a Penning-Ioffe trap [24]
and the first production of H within a combined Penning-Ioffe trap [25]. ATRAP also
established that less than 12 atoms per trial were being trapped, leading us to seek
ways to increase the number of H atoms we might hope to trap.

Several important advances towards the trapping and eventual precision spec-
troscopy of antihydrogen are described in this thesis. First, the capability to load

much larger clouds of et and p has been demonstrated. New plasma control tech-
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niques allow the loading of up to several billion e* in a timely fashion. A ﬁeld—Boosting
solenoid now allows us to load up to 10 million antiprotons in two hours. With the
addition of rotating wall techniques to compress the radius of the e™ plasma which
cools the P, we can retain dver 90 % of these P in a 1-T field in a manner compatible
with H experiments. These larger numbers of particles will be necessary as we seek
to scale up antihydrogen trapping to the numbers necessary for spectroscopy.

We now understand and control our plasmas much more precisely. We can now
measure plasma modes, an indicator of plasma geometry, within a few seconds and for
clouds of as few as 30 million positrons or electrons., A rotating wall drive allows us to
reduce the radius of our trapped plasmas to as little as 2 mm. These new techniques
allowed us to study changes in the geometry of plasmas in our trap and to optimize
our H production trials. In combination with the antiproton-loading solenoid, these
techniques led to the demonstration of centrifugal separation of e~ and D [27], the
first such demonstration with elementary particles.

Techniques for measuring and lowering the temperature of cold P were imple-
mented. Temperature measurements made by studying the loss rate of the first few
P to leave the trap as the confining potential is reduced allowed us to discover that
our particles do not yet cool to the temperature of the electrode stack walls. We now
have a diagnostic allowing us to find ways to reduce the temperature of our particle
clouds. Adiabatic cooling of up to 3 x 10° p to temperatures of 3.5 K or below was
demonstrated [28]. This temperature is three times lower than any other reported
temperature of p to date. This method of cooling does not require any particle loss

and is thus compatible with producing very large clouds of cold p.
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Important upgrades to the ATRAP experimental apparatus were made to enhance
its reliability and versatility. A MgF window for Lyman-a access and a plasma
imaging system were added to the moveable window flange to allow access for laser-
cooling of H and to enable direct measurements of plasma geometry. Copper thermal
links were added to the pumped helium system, reducing the cooldown time of the
apparatus from 4.5 days to 2.5 days. In a major reliability upgrade, a failure-prone
titanium bellows assembly connecting to the movable stage was replaced with a more
durable stainless-steel assembly.

Finally, and most importantly to this work, a cryogenic Rydberg Cs source was
implemented for the production of antihydrogen by two-stage charge exchange. Pro-
duction of a Rydberg Cs beam was demonstrated in both the 1-T background field
of the experiment and the higher, nonuniform field produced by the Ioffe trap. Well-
controlled production of Rydberg Ps was demonstrated. We observed a factor of 520
increase in on-axis Ps production per experiment and three times higher efficiency per
eJr used than previous Ps-production experiments. Good evidence of the production
of 3600 £ 600 H atoms per trial by charge-exchange was obtained. This is a factor of
200 increase over the production rate per trial in a previous proof-of-principle exper-
iment. H production by two-stage charge exchange in a Penning-Ioffe trap is ideally
suited to take advantage of the larger numbers and colder temperatures of P we can
now produce.

ATRAP’s 2008 demonstration of H production in a combined Penning-Ioffe trap
established that less than 20 atoms were being trapped per trial [25]. Two different

approaches were taken in response to this limit. Better detection sensitivity enabled
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the 2010 report of one trapped antihydrogen atom per 9 trials [26], an important
proof-of-principle demonstration. Believing that more trapped H atoms will be re-
quired for the envisioned [15] high-precision spectroscopy of antihydrogen, ATRAP
instead sought to increase the number of atoms that could be trapped. ATRAP’s
demonstration of the accumulation of greatly increased numbers of particles [27] and
the coldest P clouds yet observed [28] are important advances towards trapping larger
numbers of H atoms.

There are several avenues of research the ATRAP Collaboration hopes to pursue
during the 2011 beam run. One important priority for ATRAP will be finding ways
to improve the stability of larger particle clouds in a Penning-Ioffe trap. This will
permit the collaboration to take full advantage of the large particle clouds used during
H trapping experiments. Equally important is demonstrating cold p in the Penning-
Ioffe field, and finding ways to reduce the base temperature of lepton clouds in the
apparatus to the temperature of the 1.3 K electrode stack.

During the 2011 beam run, the collaboration also hopes to implement the next-
generation Penning-Ioffe trap platform. The key upgrade to this apparatus is a new
Toffe trap with 600 mK trapping depth which can be turned off in 10 ms. This will
greatly boost the signal-to-noise ratio of ATRAP’s H trapping experiments and will
hopefully allow ATRAP to see a signal from trapped H. In conjunction with our
ability to load large clouds of trapped particles, we hope to be able to optimize to
trap many more than one H atom per trial.

Production of H in the next-generation Ioffe trap by two-stage charge-exchange

with up to 10 million cold antiprotons is ATRAP’s most promising route to a large
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number of trapped atoms. If, as predicted, one-sixth of atoms formed by charge
exchange are produced in low-field-seeking states [144|, and if the antiprotons can
be cooled to a thermal 1 K distribution, as many as 170 antihydrogen atoms may
be trapped given our current efficiency for H production. It may also be possible to
further optimize this method of H formation.

ATRAP also plans to install lasers and microwave sources for measurements on
trapped H. The collaboration will install a 30 GHz microwave source which can
drive spin-flips of H in a 1 T field. This source permits a measurement to be made
of the magnetic moment of H and might also be used to eject H from the trap as
confirmation of H trapping. Installing 121-nm lasers for laser cooling of trapped H is
an even more important objective. ATRAP members from the University of Mainz
are building a continuous-wave Lyman-a source which we hope to install this year.

While many challenges lie ahead, ATRAP’s recent advances and upcoming im-
provements give reason for optimism. With luck and hard work, ATRAP will soon
be able to demonstrate large numbers of trapped antihydrogen atoms. The next few
years will hopefully see the dawn of precision measurements on this unique antimatter

system.
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