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Abstract

The ATRAP collaboration has been creating antihydrogen, the simplest antimatter
atom, since 2002 and has a long-term goal of performing precision laser spectroscopy
on these antihydrogen atoms. ATRAP has produced antihydrogen by positron cooling
of antiprotons and by a laser-controlled charge-exchange process. Both methods require
large numbers of antiprotons and positrons (the constituent particles of antihydrogen).
This dissertation describes the methods developed to increase the number of positrons
available for the ATRAP experiments by a factor of 200. The development of the new
positron loading scheme has enabled the ATRAP collaboration to greatly increase the
daily rate of antihydrogen production.

Positrons originating from a radioactive source travel through a moderating material
and are accumulated in a differentially pumped vacuum chamber. When required, the
positrons are sent through a complex magnetically-guided beamline to the location where
antihydrogen is produced. The system built allows for a reliable, highly-efficient method

of providing positrons to the ATRAP experiment.
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Chapter 1

Introduction

1.1 Antihydrogen

Antihydrogen is the simplest neutral antimatter atom. It is a bound state of an an-
tiproton (p) and a positron (e*). The first creation of antihydrogen was accomplished at
CERN in 1996 [1]. In this first demonstration, nine antihydrogen atoms were detected, but
these atoms were travelling at almost the speed of light. With widespread interest in the
creation of antihydrogen, there has been a push to create antihydrogen that could be even-
tually trapped and studied (and eventually used for precision spectroscopic research). In
response, the Antiproton Decelerator (AD) was built at CERN [2] near Geneva, Switzer-
land. The AD was completed in the year 2000. In 2002, two groups using the AD, ATRAP
[3] and ATHENA [4], were successful in creating much slower antihydrogen atoms.

Antihydrogen research is an exciting field of study with many significant implications
to the physics community. CPT (charge conjugation, parity, time reversal) invariance
implies that the energy levels of hydrogen and antihydrogen would be identical. Any

measurement of the energy levels of antihydrogen could (when compared to existing high-



precision spectroscopy in hydrogen) form a test for CPT. Also, since antihydrogen is a
neutral form of antimatter, it is ideal for testing gravity acting on a system consisting only
of antimatter. Finally, antimatter physics tests are important in that the matter/antimatter
balance in the universe (that is, the fact that the universe is dominated by matter) is still

not understood.

1.1.1 Antihydrogen Constituents: e™ and p

Paul Dirac first postulated [5] the existence of antimatter particles in 1928. He for-
mulated a theory that describes the behaviour of relativistic electrons and his equation
permitted negative energy values, indicating the possibility of antielectrons. Positrons
(the antimatter counterparts of electrons) were first observed [6] in a cloud chamber pho-
tograph of cosmic rays in 1933 by Carl D. Anderson. That same year, the creation of
a positron and electron by pair production was observed [7] by Blackett and Occhialini.
The positron has become an important tool in medical diagnostics, material science, and
fundamental physics. Positrons can be obtained from 3*- decay of radioactive isotopes
(**Na, %1Cu,?8Co, etc.) or pair production (of e™ and e~) from high-energy photons.

The antiproton (the antimatter counterpart of the proton) was discovered [§] by Owen
Chamberlain and Emilio Segre in 1955 at what is now known as the Lawrence Berkeley
National Laboratory using the Bevatron accelerator. Antiprotons are now produced in
large numbers at accelerator facilities around the world, but CERN is the only facility

able to supply large numbers of decelerated antiprotons.



1.2 Motivation for the Buffer-Gas Accumulator

This report details the new positron production and accumulation apparatus used by
the ATRAP collaboration for the creation of antihydrogen. Before the construction and
implementation of the apparatus detailed here, the loading time of positrons (not antipro-
tons) was the bottle-neck for antihydrogen production. A new method of loading large
numbers of positrons in a short period of time was required to go forward in the pursuit
of antihydrogen research. This dissertation describes the buffer-gas positron accumula-
tor that was built and interfaced with the ATRAP apparatus to provide large numbers of

positrons for ATRAP experiments.

1.3 ATRAP Collaboration

The ATRAP collaboration is made up of scientists from York University, Harvard
University, Forschungszentrum Jiilich and Johannes Gutenberg Universitit Mainz. In
2002, ATRAP [3] and ATHENA [4] demonstrated the creation of cold antihydrogen in a
cryogenic environment. Both groups identified three-body recombination of an antiproton
and two positrons as the likely mechanism for antihydrogen production. Two years later,
ATRAP demonstrated the first laser-controlled production of antihydrogen [9]. Although
many exciting developments have occurred in antihydrogen research since then, these
developments are not included in this thesis since they occurred after (November 2007)

the completion of the research described in this dissertation.



1.4 CERN and the Antiproton Decelerator

Bunches of low-energy antiprotons are provided by the CERN Antiproton Decelerator
(AD). These antiprotons are produced by a beam of 26-GeV/c protons hitting a fixed
iridium target. The antiprotons are collected at 3.5 GeV/c and directed into the AD,
where they are cooled by stochastic and electron cooling.

Every 100 seconds, a short pulse of cooled antiprotons is ejected from the AD at a
momentum of 5 MeV/c. These antiprotons are directed to the ATRAP apparatus, where
their energy is further reduced in a Be degrader. The antiprotons are then captured in
a Penning trap and further cooled by electrons [10, 11, 12, 13]. The techniques to trap
and cool antiprotons were developed by the TRAP collaboration, the predecessor to the

ATRAP collaboration.

1.5 Penning Trap

A Penning trap consists of a uniform magnetic field in the z direction that confines
charged particles to orbits around the magnetic field lines and electrodes to provide elec-
tric fields that confine particles in the z direction. A Penning trap is used to load, store
and manipulate charged particles (positrons and antiprotons in the case of antihydrogen

experiments).

1.5.1 Theory

A charged particle travelling in a spatially-uniform magnetic field feels a force in the

direction transverse to the magnetic field and travels in a circular cyclotron orbit [14, 15].



The cyclotron frequency is magnetic field dependent:

(1.1)

This circular orbit constrains the motion transverse to the magnetic field direction but
does not constrain the motion along the direction of the field. The particle can be bound
along the field direction by superimposing an electrostatic potential on the magnetic field.
A Penning trap consists of such a superposition of a uniform magnetic field B = B.%and

a quadrupole electrostatic potential of the form [14]

V=V 2 (1.2)

2d%
where d is a distance that characterizes the size of the trap and p and z are the radial and
axial distances from the centre of the trap.

The motion of a charged particle in a Penning trap is the superposition of three mo-
tions: cyclotron motion, axial motion and magnetron motion, as depicted in Figure 1.1.

The axial motion, which is decoupled from the magnetic field, is simple harmonic motion:
P4 wiz =0, (1.3)
where the axial frequency is given by

oo Ve (1.4)

[\

The radial motion is described by

mi = q [5(2‘;2) + (7= B)]. (1.5)

where p'= pp, with p being a unit vector in the radial direction. Substituting the cyclotron



I?(axial direction)

magnetron
motion

axial
motion

Figure 1.1: The three motions of a charged particle in a Penning trap

frequency w,. and the axial frequency w, into Equation 1.5 gives

. . 1
P — @ X f— §w§ﬁ: 0. (1.6)

The term — %wf p comes from the fact that there is a repulsive radial term in the quadrupole
potential of Equation 1.2. An implication of this term is that the cyclotron motion is
superimposed upon a magnetron orbit with a much lower frequency w,,. The magnetron
motion is an E x B drift due to the perpendicular E and B fields. Figure 1.1 shows the
superposition of the cyclotron and magnetron motions in the plane normal to B, along
with the harmonic axial motion. For typical values of B , Vo and d, the frequencies of the

three motions are related by

We >> Wy >> Wy, (1.7)



1.5.2 Electrode Stack: Implementation of a Penning Trap

To produce the quadratic potential of Equation 1.2, axially-symmetric hyperbolic
electrodes could be used [14]. However, hyperbolic electrodes are difficult to construct
and they would not allow for easy access for particle loading. A geometry based on hol-
low cylindrical electrodes can be used to give an approximately quadratic potential [16],
while still allowing for open access to the centre of the electrode, as shown in Figure
1.2. Such access is required to allow the charged particles to travel into and out of the
Penning trap. Cylindrical electrodes can be easily machined to much greater accuracy
in a much shorter time than hyperbolic electrodes could be. All Penning traps used by
ATRAP use the cylindrical geometry, with different sizes (length and diameter) used for

different traps.

Figure 1.2: Three cylindrical electrodes. Each electrode is a hollow cylinder and is elec-
trically isolated from the adjacent electrodes. Positive potential applied to the two end
electrodes cause axial confinement of positrons to the central, grounded electrode. The
open ends of the cylinder allow for easy access to the trap centre.



1.6 Antihydrogen Production

Antihydrogen in a Penning trap was first produced with positron-cooled antiprotons

[17] via three-body recombination [18],
p+e+et — H+4et, (1.8)

The three-body recombination is largely due to a positron captured in a high-n state and a
second positron efficiently carrying off the excess energy that results from weak binding
of the first positron to the antiproton.

A second demonstrated method [9] of creating antihydrogen uses lasers to excite ce-
sium atoms to weakly-bound Rydberg states (Cs*). Antihydrogen is produced via two

resonant charge exchange collisions [19]:

Cs* +et — Ps*+Cs™ (1.9)

and

Ps*+p— H +e . (1.10)
Cesium atoms from a thermal oven are excited by two lasers (852.2-nm light from a diode
laser and 510.7-nm light from a copper-vapour laser). A transition between cesium 6S;
(m; = +1/2, m; = -5/2) and 6P3/,, (m; = +3/2, m; = -5/2) is excited with the diode-
laser light. Subsequently, the copper-vapour-laser light excites the cesium from 6P; 5 to a
Rydberg state which is a mixture of many states due to the presence of the large Penning-
trap magnetic field, with the mixture including some 37D character. The excited cesium
(Cs*) travels through a cloud of trapped positrons and, via a resonant charge exchange,

the Rydberg electron is captured by the trapped positron to create a Rydberg positronium

atom (Ps*). Since positronium is neutral, it is no longer confined by the magnetic and



electric fields of the Penning trap. A small fraction of the Ps* moves in the direction of
the cloud of trapped antiprotons. A collision of a Ps* atom and a trapped antiproton can

produce Rydberg-states of antihydrogen (H) via a second charge exchange.

1.7 New ATRAP Apparatus

After successfully producing antihydrogen by these two methods, the ATRAP col-
laboration designed and constructed a new apparatus with the intent of not only creating
antihydrogen, but of capturing it as well. The new apparatus still uses a Penning trap
to load, confine and manipulate the charged-particle constituents of antihydrogen. The
addition of a loffe trap (a magnetic neutral atom trap in which the Zeeman shift of the
atom is used to attract atoms to a local minimum of magnetic field magnitude) enables
the potential of capturing cold antihydrogen atoms.

Figure 1.3 shows the new ATRAP apparatus. The axial magnetic field of the Penning
trap is produced by the superconducting solenoid shown in the figure. The electrostatic
potentials for the Penning trap are produced by biasing the stack of hollow cylindrical
electrodes positioned near the bottom of the apparatus and the loffe trap surrounds the
top half of the stack. The antiprotons are loaded through a thin titanium window from the
bottom of the apparatus. The positrons are loaded from the top, as will be described in

detail in this dissertation.

1.7.1 ATRAP Electrode Stack

Figure 1.4 shows the ATRAP electrode stack, along with the naming convention for

each electrode. The stack consists of 36 gold-plated copper cylindrical electrodes. In-



Thermal isolation
stage

superconducting
solenoid

xy translation

stage
22m
loffe trap
Penning trap Electrode Stack
vacuum tube located on axis
over the height
indicated

Figure 1.3: The new ATRAP apparatus
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of loffe trap
L

— upper electrode stack -

4

high-voltage electrode

lower electrode stack

Be degrader

Figure 1.4: Cut away showing the interior of the ATRAP electrode stack
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sulating macor spacers are placed between the electrodes so that each electrode can be
individually biased. The entire electrode stack resides in the vacuum chamber near the
bottom of the ATRAP apparatus, at the location indicated in Figure 1.3. The electrode
stack is kept at a temperature of 4 kelvin by thermal contact with the liquid-helium reser-
voir shown in Figure 1.3. The low temperature is important for cooling the charged parti-
cles, and also provides the exceptional vacuum that is imperative for long-term antimatter
confinement.

There are two main regions in the ATRAP electrode stack: the upper electrode stack
and the lower electrode stack, as labelled in Figure 1.4. The lower stack is primarily used
for capturing antiprotons, while the upper stack is used for trapping positrons and for
combining the two species to create antihydrogen. Because the upper stack is the region
of antihydrogen production, the Ioffe trap is located in this region, as shown in Figure
1.4. Without the loffe trap, when antihydrogen is produced inside the Penning trap, the
neutral atom is not confined by the Penning trap, and therefore drifts out to the cylindrical
electrodes and annihilates. The Ioffe field gives a possibility for neutral atom trapping

within the low-pressure region of the ATRAP apparatus.

1.8 Previous ATRAP Method of Positron Loading

Prior to the method described in this dissertation, the ATRAP collaboration had been
capturing positrons since 1999. Positrons were loaded into the ATRAP Penning trap by
field ionization of strongly-magnetized Rydberg positronium [20].

A transmission moderator, made from a 2-pm-thick tungsten crystal, W(100), was
placed at the top of the electrode stack inside the magnetic field of the Penning trap.

Attached to the other end of the electrode stack was a 2-mm-thick W(110) crystal which

12



acted as a reflection moderator. A ??Na radioactive source capsule (similar to the one that
will be described in Section 2.1) was mechanically lowered into the magnetic field to a
position directly above the electrode stack, but outside the vacuum system. The high-
energy positrons entered the vacuum system through a thin titanium window at the top of
the vacuum chamber of the electrode stack. Most of the positrons from the source capsule
had enough energy to traverse the window and enter the exceptionally good vacuum in
the electrode-stack region.

Once the positrons passed through the window, they encountered the tungsten trans-
mission moderator. The key to this loading technique is for a positron to capture a sec-
ondary electron from the surface of the moderator upon leaving the W crystal and for the
electron and positron to bind into a highly-magnetized, weakly-bound state of Rydberg
positronium. The positronium could subsequently be Stark-ionized by applying a volt-
age on one of the cylindrical electrodes. The resulting positron can be captured in the
potential well created by the applied voltage, while the excess energy is carried off by
the electron. The key benefit of this method of positron loading is that it enables load-
ing directly into a closed, cryogenic vacuum chamber, which, in a similar apparatus [10],
has been shown to have an exceptionally good vacuum of 5 x 1077 torr. Extremely low
pressures are required for antihydrogen studies to ensure long lifetimes of antiprotons and
antihydrogen, since both can annihilate with background gas.

The Rydberg positronium method produced a peak loading rate of 4 x 10* (e*/hr) per
mCi of #2Na in the radioactive source [20]. Currently, the largest 22Na source available
i1s 50 mCi, so loading 5-million positrons required 2.5 hours. Furthermore, the loading
rate was dramatically reduced when the magnetic field was lowered. The old experiments

were done in a 5-tesla magnetic field, while the new apparatus requires a much smaller

13



field of only 1 tesla in order to allow for a loffe-trap field and this smaller field would

reduce the 4 x 10* (e*/hr)/mCi loading rate by more than an order of magnitude.

1.9 Overview

This report details the method in which the rate at which positrons are provided to the
ATRAP experiments has increased by a factor of 200 using a buffer-gas positron accumu-
lator. This increased rate has dramatically changed the experimental procedure for cre-
ating antihydrogen for the ATRAP collaboration and has enabled many new experiments
that were not possible with the old technique of positron loading. Chapter 2 describes
the buffer-gas accumulator apparatus that initially traps the positrons emitted from a ?’Na
source with an efficiency of 0.4%. This apparatus was York University’s contribution
to the ATRAP collaboration. It was a team effort from the research groups of Dr. Eric
Hessels and Dr. Cody Storry. Chapter 3 describes the method in which positrons are
ejected from the accumulator. Chapter 4 describes the apparatus designed and built to
transfer the positrons from the accumulator to the ATRAP antihydrogen apparatus. The
Positron Guide was my main contribution to the collaboration. I was responsible for the
initial design, building, testing and the ultimate success of this section of the experiment.
Chapter 5 describes the method in which the positrons are efficienty caught in the ATRAP
Penning trap, where they are subsequently used for antihydrogen experiments. The final
chapter discusses the results obtained with the new positron loading technique.

Figure 1.5 shows an overall view of the new buffer-gas accumulator, the transfer sec-

tion and the ATRAP antihydrogen trap.
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Chapter 2

Buffer-Gas Accumulator

The design of the buffer-gas accumulator is based on the apparatus designed and built
by the Surko group at the University of California, San Diego [21, 22, 23, 24]. This
type of apparatus was already used by the ALPHA collaboration (another antihydrogen
project working out of the AD) for antihydrogen production. The apparatus consists of
three sections, as shown in Figure 2.1: a source of positrons, a moderating material to
slow down the positrons, and a capture region made up of a Penning trap where the buffer
gas is introduced. It is in the accumulator Penning trap that the positrons are captured,

cooled and stored until they are transferred into the ATRAP Penning trap.

2.1 22Na Source

The source of positrons is a 50-mCi ?2Na salt sealed within a titanium capsule with a
5-pm-thick titanium window at the front of the capsule. Positrons are produced when the

radioactive *?Na undergoes a nuclear transition, changing one proton into a neutron:

2ZNa— 2Ne+et +uv,.
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Ti window

Figure 2.2: Source capsule for ?*Na

The resulting positron and electron neutrino share the 546 keV of energy available from
the decay. The source therefore produces positrons at a range of energies between 0 and
546 ke V.

The **Na source was manufactured by iThemba LABS and had an initial radioactivity
of 52.5 mCi (1940 MBq) measured on October 20, 2006. The capsule in which the ??Na
salt is enclosed is shown in Figure 2.2. A *?Na salt solution is dried onto a piece of
tantalum at the back of the source capsule [25]. The source is then sealed with a 5-pm-
thick, 4-mm-diameter titanium window [26].

?2Na has a half life of 2.602 years. Figure 2.3 shows the decay scheme for *?Na to
22Ne. When ?2Na decays, 90.57% of the time it emits a positron and 9.43% of the time
it decays by electron capture (EC) and does not produce a positron. Since the source
produces positrons isotropically, only 50% of the positrons are travelling towards the thin
titanium window and thus in the direction of the Penning trap. An additional yield of 25%
is due to the backscattering off of the tantalum backing [25]. The backing is chosen to be
a high-Z material, specifically tantalum, because the backscattering coefficient increases

with higher Z (since elastic scattering of positrons of this energy increases faster with Z
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2.602 years

1274.58 keV

Figure 2.3: Decay scheme for ??Na. 2?Na decays by either 5+ decay or electron capture.

than inelastic scattering [27]).

Of the positrons directed towards the Penning trap, approximately 50% are lost due
to self-absorption inside the source material itself and another 28% are absorbed within
the 5-pm titanium window [28]. Therefore, approximately 27% of the positrons that are
created by *?Na decay leave the window and can be used for moderation (approximately
24% of the disintegrations). Table 2.1 shows the strength of the iThemba 2>Na source
as it decays over time. From the table, it can be seen that at the time of construction

(November, 2006) the source had 471 million e*/s emerging from its front window.

2.2 Neon Moderator

For the positrons that are emitted from the source to be useful for our accumulator,
they must be in the form of a low-energy beam that has a small energy spread. Such
a beam is produced by passing the high-energy positrons through a moderator and us-
ing a magnetic field to guide the resulting low-energy positrons. The efficiency of the
moderator is defined as the ratio of the number of slow positrons in this beam to the num-
ber of positrons emitted by the source. The most efficient material used for moderating

positrons is solid neon [29] and we have implemented a cryogenic solid neon moderator
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Date Activity (mCi) Total e+ from source (x10°) /s | Usable e+ (x10°) /s
2006/11/01 52.0 1.73 471
2006/12/01 50.9 1.70 461
2007/01/01 49.8 1.66 450
2007/02/01 48.7 1.62 440
2007/03/01 47.7 1.59 431
2007/04/01 46.6 1.55 422
2007/05/01 45.6 1.52 413
2007/06/01 44.6 1.48 403
2007/07/01 43.6 1.45 395
2007/08/01 42.6 1.42 386
2007/09/01 41.7 1.39 377
2007/10/01 40.8 1.36 369
2007/11/01 39.9 1.33 361
2007/12/01 39.0 1.30 353
2008/01/01 38.1 1.27 345
2008/02/01 37.3 1.24 337
2008/03/01 36.5 1.22 330
2008/04/01 35.7 1.19 323
2008/05/01 34.9 1.16 316
2008/06/01 34.1 1.14 309
2008/07/01 334 1.11 302
2008/08/01 32.6 1.09 295
2008/09/01 31.9 1.06 289
2008/10/01 31.2 1.04 283
2008/11/01 30.5 1.02 276
2008/12/01 29.9 0.99 270
2009/01/01 29.2 0.97 264
2009/07/01 25.6 0.85 231
2010/01/01 22.4 0.74 202
2010/07/01 19.6 0.65 177
2011/01/01 17.1 0.57 155
2011/07/01 15.0 0.50 136
2012/01/01 13.1 0.44 119
2012/07/01 11.5 0.38 104
2013/01/01 10.1 0.33 91
2013/07/01 8.8 0.29 80
2014/01/01 7.7 0.26 70
2014/07/07 6.7 0.22 61
2015/01/01 5.9 0.20 53
2015/07/01 5.2 0.17 47
2016/01/01 4.5 0.15 41
2016/07/01 4.0 0.13 36
2017/01/01 3.5 0.12 31
2017/07/01 3.0 0.10 27
2018/01/07 2.7 0.09 24
2018/07/01 2.3 0.08 21
2019/01/01 2.0 0.07 18
2019/07/01 1.8 0.06 16
2020/01/01 1.6 0.05 14

Table 2.1: Table of the iThemba source strength and positron yield (usable positrons refers
to the fact that only 27% of the positrons from the source make it through the titanium
window).
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for our positron apparatus.

2.2.1 Moderator Theory

Solid neon is a wide-band-gap insulator. As the high-energy positrons from the ??Na
source enter into the frozen neon, they quickly lose energy due to ionizing collisions.
Since solid neon is an insulator, energy loss due to ionizing collisions can only occur if the
positron has enough energy to create an electron-hole pair, an exciton, or a positronium
atom. Once below the energy threshold at which these processes can occur, the only
energy-loss mechanism available is phonon emission. The maximum phonon energy is
very small, and therefore it is very likely that a positron that is cooled below this energy
threshold will escape from the thin layer of solid neon. The positrons escape as long as
they reach the surface of the neon before their energy falls below the positive positron

work function of the solid neon [30].

2.2.2 Moderator Design

In order to use neon as a moderating material, the source must be cooled to below 15
kelvin, well below the freezing point of neon. Achieving this low temperature is accom-
plished using a Janis Research 4-kelvin coldhead. The coldhead is suspended from the
underside of the source chamber, as shown in Figure 2.4. Figure 2.5 shows the copper
holder which houses the 2?Na source. The source and holder are in thermal contact with
the coldhead, but are electrically isolated from it (and thus from the rest of the vacuum
chamber). This allows for a bias on the source, and thus enables the kinetic energy of the
moderated positrons to be tuned to any value. The electrical isolation is accomplished

with a disk of sapphire which is a good electrical insulator and has good thermal con-
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ductivity. When the positrons leave the surface of the moderator, they accelerate due to a
positive voltage applied to the moderator. The source is mounted in the horizontal direc-
tion with a copper cone placed directly in front of it, as shown in Figure 2.5. The solid
neon moderator forms on the cold surfaces of the source capsule and of the cone. The
cone geometry has been found to produce the most efficient positron moderators [31],
since this geometry allows the fast positrons that failed to be moderated in the solid neon
on the titanium window to have a second chance to moderate if they are directed at the
cone. The source chamber is evacuated by an 8-inch ion pump directly attached to the
side of the chamber. Copper blocks are placed within the vacuum chamber in the posi-
tions shown in Figure 2.4 in order to shield radiation coming from the 2?Na source. These
blocks are not sufficient to enable a safe working environment, and therefore the entire

source-end vacuum chamber is housed within a lead bunker (not shown in Figure 2.4).

2.3 Jog Section and Drift Tube

Once the positrons leave the moderator, they are magnetically guided towards the
accumulator, as shown in Figure 2.6. (Guiding of positrons by magnetic fields will be
discussed in great detail in Chapter 4.) The jog section serves a dual purpose: to physi-
cally offset the axis of the source and the rest of the apparatus (which reduces the need
for shielding), and, more importantly, to filter the slow (moderated) positrons, which are
guided by the magnetic field lines, from the high-energy, unmoderated positrons. The
amount of deflection of the slow positrons is governed by the current through the jog coil
of Figure 2.6.

To avoid contaminating the accumulator with neon and to avoid contaminating the

neon moderator with gases from the accumulator, a two-meter tube with an inner diameter
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Figure 2.6: Source and jog section to filter out the unmoderated fast positrons

of 4.7 cm separates the moderator from the accumulator, as shown in Figure 2.1 and, at
the half-way point of this tube, a 4.5-inch turbo pump with 1.27-cm-diameter, 20-cm-long
pumping restrictions on either side further isolates the two vacuum systems. The positrons
are guided along this drift tube and through these pumping restrictions by the magnetic
field produced by solenoids wound directly onto the vacuum tube, and by additional coils

near each of the pumping restrictions.

2.4 Scintillation Detection for Particle Counting

To measure the efficiency of the moderator, Nal crystals are used to detect the gammas
produced from positron annihilations. When a positron strikes a surface, it annihilates

with an electron. More than one gamma must be produced from the annihilation due to
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Figure 2.7: Positron annihilation signal on Nal detector and photomultiplier

conservation of energy and linear momentum. The most common case is that the annihi-
lation will produce two gammas, each with an energy equal to the rest mass of the electron
(0.511 MeV). Three or more gammas are also possible, but are much less probable. If a
gamma penetrates the Nal crystal (positioned outside the vacuum chamber) and if it loses
energy in the crystal (mostly from Compton scattering), scintillation photons are created
inside the crystal. The crystal is abutted to a photomultiplier tube (Crismatec Scintibloc,
model 12 S 20/3X) which detects the scintillation photons and amplifies the signal. 900V
is typically applied to this PMT. Figure 2.7 shows the signal from the photomultiplier due
to a single gamma detected by the Nal crystal. Once the signal is amplified and shaped
by a discriminator it is fed into a ratemeter, from which the rate of positron annihilations

can be determined.
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2.5 Moderator Growth

The moderator is grown with ultra-pure neon gas (99.999%). The neon is introduced
into the vacuum chamber through a mass-flow controller which controls the flow rate,
and thus the neon pressure in the source chamber. The neon freezes onto all of the cold
surfaces, but the positrons come into contact with only the neon which is deposited on the
titanium window of the source and on the copper cone (see Figure 2.5). We find that the
most efficient moderators are grown when the source chamber is not being pumped on
during the growing process, contrary to what has been determined by other groups [32].
Neon is introduced at a rate such that the pressure of neon in the source chamber reaches
1 millitorr after 22 minutes.

As a diagnostic tool, a Nal detector is positioned outside of the vacuum chamber, as
shown in Figure 2.6. The Nal-crystal PMT signal is fed into a ratemeter to determine
the rate at which positrons annihilate at the closed gate valve of Figure 2.6 and thus the
efficiency of the moderator.

Figure 2.8 shows the ratemeter signal of low-energy moderated positron annihilations
during the period in which Ne gas is introduced into the source chamber. As shown in
Figure 2.8, when the Ne gas is first introduced, the signal starts to climb, indicating that
positrons are being moderated. After about 15 minutes, the signal starts to level off, and
22 minutes 1s found to be the optimum growing time. If a lower flow rate is used, a
similar signal is acquired except that it takes longer to achieve the peak rate, and this peak
rate is lower, indicating that a less efficient moderator is produced. Due to the equipment
available, we were limited to a maximum of 10 sccm of gas flowing into the chamber (due

to the range of the mass-flow controller used), so higher flow rates were not investigated.
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Figure 2.8: Signal from the ratemeter during moderator growth
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2.6 Moderator Efficiency

To determine the moderator efficiency, the detection efficiency of the Nal detector
must be estimated. This estimate must take into account the position and type of crystal
used, shielding due to surrounding materials and the discriminator efficiency. To under-
stand the first two factors, the software package GEANT4 is used to model the positron
annihilations as they would occur in our apparatus. GEANT4 simulates the passage of
particles through matter [33]. For our GEANT4 simulation, the material around the an-
nihilation point is approximated by the geometry shown in Figure 2.9. The vacuum tube
shown is a 304L stainless steel tube (with an outer diameter of 50.8 mm and a wall thick-
ness of 1.9 mm) with a standard 3.375-inch-diameter Conflat flange. The simulation
begins with low-energy positrons travelling through the vacuum chamber. Once they en-
counter the closed gate valve, they annihilate and produce gammas. The tracks of some
sample gammas are shown in green in Figure 2.9. The gammas that pass through the
Nal crystal and deposit energy in the crystal are counted as a signal by GEANT4. The
GEANT4 simulation is run for 1,000,000 positrons that are incident on the gate valve.
The fraction of positrons that produce a signal gives the simulated detection efficiency for
this Nal detector. The GEANT4 simulation of 1 million positrons shows that 1 gamma is
detected by the Nal crystal for each 47 positrons that hit the gate valve shown.

The discriminator efficiency takes into account the electronics that must be added into
the Nal crystal/PMT/ratemeter circuit. The main electronic component used is a discrim-
inator, which has a threshold voltage to filter out noise. The discriminator introduces
an efficiency factor since some signals from the PMT are below the threshold. To cal-
ibrate the discriminator efficiency, oscilloscope traces from the Nal crystal/PMT were

compared to the output of the discriminator. 10-us oscilloscope traces are observed with
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Figure 2.9: Schematic of the assumed geometry used for the GEANT4 simulation to
calculate Nal detection efficiency. Green lines represent possible annihilation events.

random triggering to determine (by eye) how many counts are detected by the Nal crys-
tal/PMT compared to how many counts are output by the discriminator. For 270 10-us
oscilloscope traces, 175 discriminator counts corresponds to 274 counts observed on the
oscilloscope. The counts and discriminator counts corresponds to an efficiency factor of
0.64(7). Experimentally, the ratemeter signal shows that there is a count rate of 6.5(1)

% 10 per second. Thus, the rate of moderated positrons is

. ratemeter signal
rate of slow positrons = ———— . . . (2.1)
discriminator efficiency x detection efficiency

= 4.8(7) million moderated positrons per second . 2.2)

The ratemeter measurement was taken in November 2007 when the source strength

measured 40(1) mCi (see Table 2.1) and the number of 37 particles emitted from the front
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of the 2Na source was 1.33(3) x 10°. Thus, the moderator efficiency is

) # of slow positrons
moderator efficiency = p

— 0.36(6)%. 23
# of positrons from source (6)% (2.3)

2.7 Energy Spread of Moderated Positrons

A computer-controlled bias enables the axial kinetic energy of the moderated positrons
to be adjusted. Figure 2.10 shows the energy distribution of the moderated positron beam
when the moderator is set to 10 V, 20 V and 30 V. The data shown are measured by having
the beam of moderated positrons annihilate on the output valve (of Figure 2.1) after pass-
ing through the accumulator Penning trap. A Nal crystal detector is positioned beside the
output valve to measure the annihilation rate of positrons. A blocking potential is applied
to the Penning trap, and, by varying this blocking potential, the energy distribution of the
moderated positrons is determined, as shown in Figure 2.10.

The energy distribution changes dramatically when the moderator bias is changed. For
larger biases, the positron number increases, but the energy spread increases more sub-
stantially. Because the energy spread is greatly increased when applying higher voltages
to the moderator, and because the accumulation efficiency decreases for a wide energy

spread, the optimal moderator voltage for accumulating positrons is found to be 10 V.

2.8 The Accumulator Penning Trap

Once the beam of low-energy positrons leaves the drift section shown in Figure 2.1,
it enters the accumulator. The accumulator is made up of a 0.15-tesla, 2-m-long solenoid

that provides radial confinement for the positrons. Inside the solenoid there is a series
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Figure 2.10: Energy distribution of the moderated positrons. The graph shows how the
distribution changes when the moderator is biased at 10 V, 20 V and 30 V. The data
shows that most of the positrons have axial kinetic energy of between 7 and 11 eV when
the moderator is set to 10 volts, between 10 and 22 eV when it is set to 20 volts, and
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of coaxial cylindrical electrodes that provide axial confinement for the positrons. The
positrons are trapped, accumulated and stored in this Penning trap until they are trans-

ferred into the ATRAP Penning trap.

2.9 Buffer-Gas Accumulation

The accumulator design is based on a three-stage accumulation scheme developed by
the Surko group at the University of California, San Diego [21, 22, 23, 24]. A diagram of
the accumulator is given in Figure 2.11. It is made up of a specially designed electrode
stack (labelled Stage 1, 2 and 3 in Figure 2.11) inside of a 0.15-T axial magnetic field. The
slow beam of moderated positrons enters the accumulator electrodes from the left of the
figure. The three stages have high (P ~ 10~ torr), medium (P ~ 10~ torr) and low (P ~
10 torr) pressures, respectively, as shown in Figure 2.11. The high pressure is obtained
by introducing nitrogen gas into Stage 1. The increased pumping speed obtained by the
larger inner diameter of the Stage 2 and Stage 3 electrodes gives the lower pressures in
these two regions. As discussed in Section 2.9.2, the positrons are initially captured via
inelastic collisions with the nitrogen gas in the high-pressure region and are then stored
in the low-pressure region, where they are less likely to annihilate with the electrons in

the nitrogen gas.

2.9.1 Magnetic Field

The 0.15-T axial magnetic field of the accumulation Penning trap is produced by a
copper solenoid wound by New England Technicoil. The solenoid is wound with square

copper tube to enable cooling water to flow through the coils to dissipate the 15 kW of
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Figure 2.11: Schematic of the accumulator. The accumulation electrode stack is designed
to produce the approximate pressures shown.

heat produced. The solenoid produces a field of 0.15 tesla with a current of 400 A (which
requires a voltage of 38V). The magnetic field on-axis is shown in Figure 2.12a. The
solenoid was designed by Dr. Matthew George to theoretically produce an axial field that

varies in magnitude by < 0.0015% over the central 1.5 m of the solenoid.

2.9.2 Positron Interactions with Nitrogen Molecules

Low-energy positrons can interact with nitrogen molecules in several ways. They can
lose energy to the nitrogen molecules via both inelastic collisions (ionization, electronic
excitation, dissociation, vibrational excitation, rotational excitation, or charge exchange)
and elastic collisions (momentum transfer). The rate at which each of these processes
occurs depends on the positron energy, but each (except for elastic collisions) has an
energy threshold below which the process is forbidden. Murphy and Surko have shown
[21] that the dominant energy-loss mechanism in a nitrogen buffer-gas accumulator is the
excitation of a nitrogen molecule, which has an average energy loss of 9 eV per collision,
and a lower threshold of 7 eV. For higher-energy positrons the presence of vibrational

modes of the electronically excited state creates a large increase in the number of available
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states.

The positron can also directly annihilate with an electron in the nitrogen molecules
or form positronium, which also leads to the positron annihilating. The threshold for
positronium formation is 8.8 eV. When the positron energy is 11 eV, the efficiency of
positron formation and electronic excitation are equal. At higher energies, loss due to

positronium formation dominates.

2.9.3 Pressures in the Accumulator

The electrode stack of Figure 2.11 is divided into three stages, each having a different
inner diameter, with the diameters chosen to produce the desired pressures along the axis
of the trap. The nitrogen buffer gas is introduced into the electrode stack in Stage 1,
where the inner diameter of the electrodes is small (1.27 cm). The last electrode in Stage
1 (to the right of the electrode in which nitrogen is introduced, shown in Figure 2.11) has
radial holes drilled into it to provide an alternate path for the nitrogen to be pumped out
other than axially through the open end of Stage 1 (at the left side of Figure 2.11), or
through Stages 2 and 3. The inner diameter of Stage 2 is larger (3.05 cm) to produce an
intermediate pressure region between the high pressure of Stage 1 and the low pressure
of Stage 3. The inner diameter of the electrodes in Stage 3 is made as large as possible
(20.5 cm) to provide the largest pumping conductance from the downstream cryopump
(shown to the far right of Figure 2.11). Table 2.2 shows the length and inner diameter of

the electrodes in each stage of the accumulator.
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# of electrodes | Total Length (m) | Inner Diameter (mm) | Approx. Pressure (torr)
Stage 1 3 0.57 12.7 1x10°°
Stage 2 3 0.565 30.5 1x10™
Stage 3 4 0.681 205 1x10°

Table 2.2: The dimensions of the electrodes in each stage of the accumulator.

2.9.4 Electrostatic Potentials in the Accumulator

The electrode stack is designed to utilize the electronic excitation of nitrogen as the
energy loss mechanism within the electrode stack. An energy-loss mechanism is required
because any positron that has enough kinetic energy to enter the Penning trap also has
enough energy to leave the trap. To be trapped within the electrode stack, the positrons
must lose axial kinetic energy within one round trip though the accumulator electrodes.
Figure 2.12b shows the electrode stack and Figure 2.12¢ shows the on-axis potentials
produced by the potentials applied to the electrodes during accumulation.

The three-stage accumulation process is shown in Figure 2.13. The low-energy positrons
(from the moderator) enter the Penning trap from the left with an average kinetic energy
of 10 eV, as shown in Figure 2.10. They travel through the electrode stack until they
encounter the large positive potential applied to the final electrode. This large poten-
tial reflects the positrons back towards the source end (as shown in Figure 2.13a). The
positrons must undergo one collision with a nitrogen molecule during this return trip to be
trapped (otherwise the reflected positrons continue back to the moderator and annihilate)
and the 1073 torr pressure in the Stage 1 is chosen to ensure that the majority of the 10-eV
positrons experience this one collision.

After a positron loses approximately 9 eV of kinetic energy from this first collision, it
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is axially trapped within the electrode stack. After a second collision, the positron loses
approximately another 9 eV of energy and is then held in the region of Stage 2 and Stage
3, as shown in Figure 2.13b. After the positron loses another 9 eV of kinetic energy due
to a third collision, it becomes trapped within Stage 3, as shown in Figure 2.13c. At this
point, the positron energy is below the threshold of positronium formation. With this low
kinetic energy, a positron trapped in Stage 3 of the accumulator, where there is very little

background gas, can survive for a long time as shown in section 2.11.2.

2.10 Rotating Wall

In an ideal Penning trap, the confinement time for charged particles is infinite. In
reality, whether it is due to mechanical asymmetries, non-uniformity in the magnetic
or electric fields or misalignment of the electric and magnetic fields, clouds of charged
particles tend to expand [34]. The rate of such expansion is increased in our trap due
to the presence of nitrogen gas. Both the nonidealities of the trap and the background
gas break the cylindrical symmetries of the Penning trap and cause a drag on the rotating
plasma. The drag causes the plasma to expand and subsequently causes particle loss. The
drag can be counteracted by a rotating electric field, which imparts angular momentum to

the plasma, thus spinning it up and reducing its diameter.

2.10.1 Rotating Wall Theory

The coupling between the rotating electric field and the plasma [35] can only occur if

the cloud of particles constitute a well-defined plasma. To be a well-defined plasma, the
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Debye length must be much smaller than the length and radius of the the plasma:

Ap << Ly, 1p, (2.4)
where
k’T 1/2
M:<%2> , (2.5)
Nee

k is Boltzmann’s constant, T is the temperature of the plasma and n. is the density of the

plasma. Additionally, to be a well-defined plasma, it is required that

NeAD >> 1. (2.6)

The cloud radius in our accumulator (without the rotating wall present) is measured
to be R, = 6.2 mm (using the technique described later in Section 2.11.1). The length of
the cloud is not measured, but, due to the geometry of the electrode stack and the shape of
the potential applied during accumulation, it is estimated to be approximately 15 cm. For
a typical accumulation of positrons, the particle number is 20 million by the end of the
accumulation period. The density (which should be approximately uniform) is therefore
n, ~ 1.1 million e*/cm®. The apparatus is at room temperature, so that kT = 0.025 eV,
and from Equation 2.5, the Debye length is A\p ~ 1.1 mm, and therefore the condition set
out in Equation 2.4 is met. Additionally, the condition set out in Equation 2.6 is met since
n. A% =~ 1500. Therefore, the cloud can be considered a plasma and the rotating wall can
be expected to effectively spin-up the cloud.

While spinning up the plasma, the rotating electric field also heats up the particles.
To counteract the heating, a cooling mechanism is required. One possible cooling mech-

anism is synchrotron radiation that is given off by the positrons as they undergo cyclotron
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orbits. However, the cyclotron cooling time . ' is given by

_,_ 3megmc?

Ve (2.7)

e2w?
where w, is the cyclotron frequency of the positron, and, in the 0.15-T magnetic field of
the accumulator, . ! is 115 seconds, much too long to be considered as an efficient cool-
ing mechanism. The method employed instead to counteract the heating of the positrons
is the use of a neutral buffer gas. This gas should have a low annihilation cross section
since it is being introduced into the region where the positrons are being stored. As well,
a large cross section for low-energy inelastic processes (such as vibrational and rotational
excitation) is required to provide an efficient cooling mechanism. Finally, the gas should
have a low elastic-collision cross section in order to avoid cross-field transport.

Since nitrogen is already introduced as a buffer gas for the accumulation process, it
is an obvious choice to use as this cooling gas as well. Some groups have chosen to use
nitrogen, but it has been found [35] that SFs and CF,4 have lower annihilation rates and
much shorter cooling times. In the present accumulator, SFg is introduced at pressures
as low as 8 x 107 torr (as measured at the top of the downstream cryopump shown in

Figure 2.11).

2.10.2 Rotating Wall Implementation

To apply arotating electric field, the first electrode in the third stage of the accumulator
is split into four quadrants, as shown in Figure 2.14. The quadrants are electronically
isolated from each other with sapphire rods and can be independently biased. The DC
component (to all 4 quadrants) produces the potential on axis shown in Figure 2.12c. A

sinusoidal AC component is added to each segment, with a phase offset of 90° between
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adjacent quadrants. The rotating wall is applied during the entire accumulation process,
and thus the positrons interact with the rotating wall electric field during the entire time

that they spend in Stage 3 of the accumulator.

2.11 Plasma Compression with Rotating Wall

The most important function of the rotating wall is to decrease the plasma radius. This
reduction not only reduces losses by counteracting plasma expansion, but also a small
plasma radius will be essential for transferring of positrons into the ATRAP Penning trap,

as will be discussed in Chapter 3.

2.11.1 Plasma Radius Measurement

The radial plasma size is measured using a skimmer that is positioned after the final
electrode (within the accumulator vacuum chamber, as shown in Figure 2.15). The skim-
mer is positioned in the fringing field of the 0.15-T accumulation solenoid, where the
magnetic field is approximately 0.02 tesla. The skimmer is constructed out of aluminum
attached to a linear translation stage. When the plasma of positrons is released from Stage
3 of the accumulator, they must pass by this skimmer. The number of positrons that pass
the skimmer can be measured using a Faraday cup. As the skimmer is lowered, the total
number of positrons making it to the Faraday cup is measured and therefore the vertical
profile of the positrons can be determined.

Since the skimmer is in a smaller magnetic field than the electrode stack, the positrons
are expected to have an expanded radial profile at the position of the skimmer. The ex-

pansion is due to the conservation of magnetic flux ¢ through the cross sectional area (A)
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Segmented
electrode

Figure 2.14: a) Axial view of the segmented electrode that produces the rotating wall. b)
Position of the segmented electrode in Stage 3.
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Figure 2.15: Picture of skimmer used to make plasma radius measurements.The skimmer
can be moved vertically outside of vacuum using a translational stage.
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of the positron cloud, where
O =—. (2.8)

Thus, as a plasma moves between two different magnetic fields, the cross-sectional area of
the plasma scales as the ratio of the magnetic fields, and thus the diameter is proportional
to the square root of the ratio of the magnetic fields.

The magnetic field at the skimmer is 7.5 times smaller than in the accumulation
solenoid, and thus the positron cloud diameter is /7.5 times smaller inside the accu-
mulation solenoid than it is at the skimmer where it is measured.

Without the rotating wall applied, the vertical extent of the positrons is measured to be
33.6 mm at the position of the skimmer, as shown in Figure 2.16. This would correspond
to a plasma diameter of 12.4 mm in the accumulation magnetic field.

When the rotating wall is applied, the vertical extent of the positrons is measured to
be 6.2 mm at the skimmer (see Figure 2.16), thus giving a diameter of 2.3 mm inside the
accumulation solenoid. The rotating wall decreases the radius of the plasma by a factor

of 5.4 and increases the central density of the positron cloud by a factor of 30.

2.11.2 Number of Accumulated Positrons Versus Accumulation Time

Because the rotating wall is effective in reducing plasma expansion, it allows for in-
creased load times. Figure 2.17 shows the number of accumulated positrons versus load
time. The number of accumulated positrons is measured by ejecting them and observing
them on a Faraday cup that is situated three meters away. For the positrons to make it
to the Faraday cup, they must have a radial extent (diameter) of less than 4.8 cm (in a

0.02-T field). Plot (a) shows the number of positrons counted on the Faraday cup when
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Figure 2.16: a) Vertical profile measurement at the skimmer with rotating wall applied.
The vertical extent (FWHM) is measured to be 6.2 mm. b) Vertical profile measured at
the skimmer without the rotating wall. The vertical extent (FWHM) is measured to be
33.6 mm.
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the rotating wall is turned off. Plot (b) shows the number of positrons counted on the
Faraday cup when the rotating wall is applied and shows that accumulation is improved
when the rotating wall is used. Even at 20 seconds, when the number of particles is <10
million, there is a clear improvement due to the application of the rotating wall. With
this number of positrons, the density is lower and the Debye length is large, leading to a
cloud that is not a plasma because it does not satisfy the conditions defined by Equations
2.4 and 2.6. This result contradicts the widely-accepted idea that the plasma modes are
being excited by the rotating wall. The group of Allan Mills [32] has also found strong
evidence of non-plasma rotating wall effects, but to date, no mechanism has been found
to explain the method of imparting angular momentum into a non-plasma cloud.

The fact that the accumulation number is proportional to time for the first 50 seconds
(as shown in Figure 2.17) indicates that annihilation of positrons is not a major concern

on this time scale.
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Figure 2.18: The AC component to the split electrode potentials that makes up the rotating
wall. These are the standard settings used for the rotating wall. The amplitude is measured
as a Peak-to-Peak voltage of 1.15 V with a frequency of 500 kHz.

2.11.3 Rotating Wall Amplitude and Frequency

The rotating wall is applied via a control box that sets the amplitude applied to each
quadrant of the segmented electrode independently, and which sets a 90° relative phase
shift between adjacent quadrants. The AC voltage applied to each segment is shown in
Figure 2.18. The common DC and independent AC components are fed into bias tees,
which are in turn attached to each of the 4 quadrants of the segmented electrode shown in
Figure 2.14.

At normal running conditions, the amplitude (peak-to-peak) of each quadrant is set to
1.15 V. Figure 2.19 shows the positron number as this amplitude is changed. The pressure

of SF¢ defines how much cooling is available in order to counteract the heating inherent
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Figure 2.19: Number of positrons counted on the Faraday cup while changing the ampli-
tude of the applied rotating wall (frequency set to 500 kHz and SFg pressure at 8 x 1078
torr).

in the application of the rotating wall electric field. During normal running conditions,
the SFg pressure is set to 8 x 1078 torr as measured in the 14-inch supercross that is
downstream of the accumulator.

As can be seen in Figure 2.20, the response to the rotating wall is rather broadband in

character. Optimally, the rotating wall is set to a frequency of 500 kHz.
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Figure 2.20: Number of positrons counted on the Faraday cup while changing the fre-
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Chapter 3

Transferring Positrons

3.1 Pulsing Positrons Out of the Accumulator

Once positrons have been accumulated for approximately 50 seconds, they are trans-
ferred from the accumulator into the ATRAP Penning trap. The positrons accumulate into
a negative well in Stage 3, as shown in Figure 2.13c. The positrons are guided magnet-
ically through a grounded positron guide into the ATRAP apparatus (see Figure 1.5). In
order to travel through this grounded guide, the positrons must start at a positive poten-
tial, and thus, after accumulating, the potential well containing the positrons is offset by
a positive potential, as shown in Figure 3.1a. The positrons can then be launched into the
positron guide by pulsing up the voltage of the well containing the positrons, as shown in

Figure 3.1b.
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3.1.1 Timing Sequence

To prepare the positrons for pulsing, they must be moved between the final accumula-
tion well (shown in Figure 2.13c) and the positively-offset single-electrode well shown in
Figure 3.1a. The sequence of potentials used for this move is shown in Figure 3.2. After
completing the typically 50 seconds of positron accumulation, the potential on the first
electrode is raised (Figure 3.2b) to prevent more positrons from entering the electrode
stack. The positrons are then moved into a single-electrode potential well from the longer
potential well used for accumulation (Figure 3.2c). Next, the positrons are moved into
the electrode from which they will be pulsed (Figure 3.2d-g). Finally, this potential well
is offset by a positive potential, so that the positrons are ready to be transferred (Figure
3.2i)).

The steps shown in Figure 3.2b-j take approximately 5 seconds due to the time con-
stant of the voltage source used. (This long time constant ensures that all voltages sup-
plied to the electrodes are free of high-frequency noise.) By applying a voltage pulse to
the electrode that is holding the positrons, the positrons are pushed in the axial direction
away from the accumulator (to the right in Figure 3.1b). The positron kinetic energy ac-
quired during the pulsing step can be adjusted to any level by simply offsetting the well in
which they are sitting in. To avoid temporal spread of the beam, the well must be raised as
quickly as possible during the pulsing stage and this is achieved using an Avtec saturated
switch with a rise time of 10 ns, which is triggered by a Stanford Research DG535 pulse
generator. An oscilloscope trace of the Avtec pulse is shown in Figure 3.3. The length
of the pulse is not important, as the positrons are all pulsed out during the very short rise
time near t=0 in the figure. Once the positrons leave the electrode stack, they are shielded

from any electric fields by the grounded stainless steel vacuum chamber of the positron
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Figure 3.2: The on-axis potentials applied to prepare the accumulated positrons to be
pulsed. For each step, the position of the positron cloud and the potential change is
labelled.
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Figure 3.3: Potential applied by the Avtec saturated switch (t=0 corresponds to the time
that the switch is triggered). The ringing between 0 and 0.5 us and the voltage spike at
3.1 ps result from the switching hardware and are not expected to affect the launch of the
positrons.

guide and are guided solely by magnetic fields (as will be discussed in Chapter 4.)

3.2 Counting Accumulated Positrons

To study the number of positrons that are accumulated, two destructive counting tech-
niques are used. Both techniques rely on the fact that the positrons are ejected from the
Penning trap in a very short time window. The first technique is based on counting the
charge resulting from the positrons striking a Faraday cup. The second technique uses
a Nal detector to look at the annihilation gammas generated when the positrons hit a

surface.
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3.2.1 Charge Measurement

When a cloud of positrons is pulsed onto the surface of a Faraday cup, the positive
charge deposited can be measured to determine the number of positrons. The charge mea-
surement is accomplished by use of a charge-sensitive preamplifier designed by Andrew
Speck [36]. This amplifier is composed of an operational amplifier with a 1-pF feedback
capacitor. The output of the charge-sensitive preamplifier is given by V,,; = Q/C, where
(@ is the input charge (the charge of the positron cloud). A 300-M¢ resistor is placed in
parallel with the C = 1-pF capacitor to allow the charge to dissipate with a time constant

of 300 ps.

3.2.2 Calibrating the Charge Amplifiers

The length of coaxial cable between the Faraday cup and the charge amplifier adds
significant capacitance to the circuit and cannot be ignored. The capacitance of this input
line effectively increases the capacitance in the operational amplifier feedback loop. To
get an accurate measure of the effective capacitance, each preamplifier is calibrated in-situ
(with the input cable attached) using the circuit shown in Figure 3.4. For test purposes,
as shown in Figure 3.4, the input voltage is supplied by the DG535 pulse generator. A
40-dB attenuator is used to to reduce the charge incident on the preamplifier to a @;,
that is within the range that it can measure. The effective capacitance (which takes into

account the blocking capacitance and the cable length) is

Qin.

5 3.1
‘/drop ( )

Ceffecti'ue =

where Vg, 1s the voltage drop as seen on the 50-ohm-terminated oscilloscope due to the

pulse from the DG535. An example of such an oscilloscope trace is shown in Figure 3.5.
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Figure 3.4: Physical setup to calibrate the charge amplifiers

When a positron hits a surface, it sometimes kicks out a secondary electron, which
would appear as additional net positive charge into the charge amplifier. To prevent this
additional current due to secondary electrons, all Faraday cups are biased positively at a
potential lower than the energy of the incoming positrons so that any electron that leaves
the surface is attracted back onto the Faraday cup, while incident positrons are still able
to overcome the potential barrier and hit the Faraday cup. From the observed signal on
the 50-ohm-terminated oscilloscope shown in Figure 3.5, the voltage drop V jpserveq gives

a measure of the charge accumulated on the Faraday cup:

Vvobserved
_ Lobserved (3.2)
Q Ceffective

The number of positrons hitting the Faraday cup is proportional to the charge:

N =Q/e. (3.3)
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Figure 3.5: Positron signal on charge preamplifier

3.2.3 Nal Integral Counting

To use the charge-sensitive preamplifiers to count the positrons (as shown in Figure
3.5), it is necessary that there be little electrical noise. Near the accumulator electrode
stack, capacitive pick-up of the pulsed potential shown in Figure 3.3, which is used when
pulsing the positrons out of the accumulator, is a large source of noise that prevents the
use of the preamplifiers. A secondary detection technique was developed for use at this
location. A Nal crystal detector is used to measure the number of positrons hitting the
output gate valve shown in Figure 2.1. The signal from the Nal detector is viewed on
an oscilloscope. Since there are millions of positrons annihilating at the same place, the
detector is placed at a point 11.2 m away from the gate valve to avoid saturation of the

signal on the photomultiplier that detects the light produced in the Nal crystal when a
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Figure 3.6: Signal on the Nal detector from 28 million positrons annihilating on the output
valve. The integral of the signal is proportional to the number of positrons.

gamma passes through it. The photomultiplier signal of 28 million positrons annihilating
on the output valve is shown in Figure 3.6. The integral of the signal is another measure
of positron number. Figure 3.7 shows that to within an accuracy of 20%, the integral is
proportional to the number of positrons (as determined from measurements using charge

counting on a Faraday cup signal).
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Chapter 4

Bridging the Gap: The Positron Guide

After the accumulation process is complete, the positrons must be transferred from the
accumulator Penning trap into the ATRAP Penning trap, where they are combined with
antiprotons to create antihydrogen. A positron guide (see Figure 4.1) bridges the gap
between the two Penning traps, as shown in Figure 1.5. Positrons are first accelerated,
then magnetically guided through an 8-meter-long vacuum chamber into the supercon-
ducting solenoid of the ATRAP Penning trap. Once there, they are captured to be used

for antihydrogen creation. The capture process will be described in Chapter 5.

4.1 Magnetic Field of the Superconducting Solenoid

The first consideration for the design of the positron guide is the magnetic field due to
the superconducting solenoid of the ATRAP Penning trap. This superconducting solenoid
provides the large magnetic field required for both antiproton loading and antihydrogen
creation. It has the capability of producing a central field of 3 tesla, but is normally run

at 1 tesla. The total height of the superconducting solenoid is 2.2 meters, and it has an
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inner-bore diameter of 51.2 cm. Due to the large field and the large physical size of the
solenoid, its fringing field is very large. Figure 4.2 is a contour plot of the magnetic field
strength surrounding the superconducting solenoid. The positrons must travel through the

fringing field, so the design of the positron guide must take it into account.

4.2 Location of the Positron Accumulator

The ATRAP Penning trap is oriented vertically, as shown in Figure 1.3. The experi-
mental hall in which it is housed has a strict height restriction, and thus the positron accu-
mulator could not be placed on axis with the 1-tesla superconducting solenoid. The com-
plete positron accumulation system measures more than 4 meters in length and weighs
over 2000 kg, and thus it is sensible to orient it horizontally and place it on a solid, stable
surface. A new experimental area was required to house the positron accumulator, and,
since the nearest area available in the AD was 5 meters away from the ATRAP Penning
trap, the positron guide was required to be several meters long. The large distance be-
tween the accumulator and the superconducting solenoid also helps to reduce fringing
fields at the position of the positron accumulation system that would otherwise interfere
with the accumulation process.

Since the accumulator and ATRAP Penning traps are not coaxial, and since the positrons
are guided along magnetic field lines, the direction of the magnetic field lines due to the
1-tesla superconducting solenoid must be considered. The ATRAP electrode stack (as
shown in Figure 1.4) has an inner diameter of 3.6 cm and is positioned near the centre
of the 1-tesla superconducting solenoid. For the positrons to make it into the Penning
trap, they must follow field lines that pass through this 3.6-cm-diameter circle. Figure 4.3

shows some field lines due to the 1-tesla superconducting solenoid. Only the field lines
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Figure 4.3: The relative position of the large 1-tesla superconducting solenoid and the
accumulation Penning trap. Some field lines produced by the 1-tesla solenoid are shown.
Only the field lines in blue pass through the electrode stack. The field lines in dark blue
pass through the central 1-mm diameter of the superconducting solenoid.

that are almost axial (shown as the blue lines in the figure) pass through the inside the

electrode stack. Thus, the positron guide must transport the positrons onto the blue field

lines to get them into the electrode stack.
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4.3 Vacuum Considerations

Another consideration for the design of the positron guide is the large difference in
vacuum conditions for different sections of the apparatus. The pressure ranges from as
high as 1073 torr in Stage 1 of the buffer-gas accumulator (see Figure 2.11), to perhaps as
low as 5 x 10717 torr inside the ATRAP Penning trap (as measured in a similar apparatus
to the ATRAP Penning trap [10]).

To transfer positrons between the two systems (the buffer-gas accumulator and the
ATRAP Penning trap), there must be an unimpeded, evacuated path between the two,
since positrons can annihilate with any residual gas that is present. Since the positrons
are being transferred from the accumulator at low energies (10 eV - 400 eV) and these
low-energy positrons cannot pass through even a very thin piece of material, no vacuum
window can be used to isolate the ultra-low-pressure region of the ATRAP Penning trap.
Instead, the vacuum chamber in the ATRAP Penning trap now has a 1-mm-diameter,
12.7-mm-long opening on axis to allow the positrons to enter into the electrode stack
(as shown in Figure 1.3 with a close-up view in Figure 4.4). This opening acts as a re-
striction between the positron guide and the ultra-low-pressure region of the trap. The
tube is placed within the 4-kelvin region of the ATRAP experiment so that both sides of
the combined vacuum chamber have significant cryopumping ability. The cryopumping
significantly reduces background gas near the electrode stack where it would cause sig-
nificant loss of trapped positrons and antiprotons. Activated charcoal is placed above the
opening (as shown in Figure 4.4) in order to increase the 4-kelvin surface area, thus in-
creasing the cryopumping above the opening. Despite this opening, a cloud of antiprotons
can be held for over fifteen hours in the ATRAP Penning trap with no noticeable loss, thus

the vacuum conditions in the ATRAP Penning trap are sufficient to perform antihydrogen
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experiments, even with the presence of the 1-mm tube.

The addition of the 1-mm opening has a dramatic effect on the possible field lines
that the positrons can follow to make on their way into the electrode stack. Only the field
lines due to the 1-tesla superconducting solenoid that are shown in dark blue in Figure 4.3
pass through the 1-mm tube. From the figure, one can see that these dark blue field lines
expand to only a 6-cm diameter at a height of 3-m above the centre of the superconducting

solenoid.

4.4 Motion of a Positron in a Magnetic Field

4.4.1 Homogeneous Magnetic Field

Once the positrons are ejected from the accumulator, they are guided by magnetic
field lines. No electric field is present since there is a grounded vacuum chamber along
the entire path length. The guiding fields along most of the path are applied using elec-
tromagnetic solenoids. Since the fields inside of the solenoids are approximately homo-
geneous, motion of a positron within a homogeneous magnetic field is considered in this
section.

The Lorentz force F, that describes a force acting on a particle with charge () moving

with velocity ¢ in an external electromagnetic field is

—

Fy, = Q(E + 7 x B). 4.1

For a homogeneous magnetic field along the z-axis (B = B.2), E =0. The particle’s ve-

locity is divided into a component in the direction of the magnetic field and a component
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perpendicular to the magnetic field,

U=, + U], 4.2)
with

U = Uy + Uy 4.3)

From Equation 4.1, there is no force in the direction of the magnetic field, and thus

the positron advances in the z-direction with a constant velocity
Ty = Tos, 4.4)

where ,, is the initial velocity of the particle in the direction of the applied magnetic
field.
Since a magnetic force does no work on a particle, the magnetic field cannot change

the magnitude of the velocity of the particle, therefore the total speed is
|U] = v, = constant, 4.5)

where v, is the initial speed of the particle. Since ¢ and v, are constant, |/, | must also be
constant.

Equation 4.1 for () = +e simplifies to

Fp = eB, (7, x 2). (4.6)
The constant force always acts in the Xy plane and is perpendicular to the direction of

the velocity component in the plane. F;, must equal the centripetal force:

mu? |

R

= evo Bo, 4.7
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Position Magnetic Field (T) Cyclotron Frequency (f,) Cyclotron Radius (um)
Source and Moderator 0.011 308 MHz 48
Jog Section 0.007 196 MHz 76
Drift section 0.020 560 MHz 26
Main Accumulation Solenoid 0.150 4.2 GHz 3.5
ATRAP Superconducting Solenoid 1.0 28 GHz 0.53

Table 4.1: Cyclotron frequencies, cyclotron radius and magnetic fields at different posi-
tions

and thus the positron travels in a circular path in the xy plane with a radius of

muve

R = . 4.8
B, (4.8)
The quantity 67%’ has the dimensions of frequency and
B,
we=2rf, =< (4.9)
m

is the cyclotron frequency of a positron in a magnetic field By. Table 4.1 shows the
cyclotron frequencies for different positions along the path the positrons follow. The
period

27 2mm
_ — 4.10
We eBy ( )

T

is the time required for a positron to complete one revolution in the xy plane. Since the
motion along the direction of the magnetic field is a constant, the positron advances, for

each revolution, a distance of

h = v,,T, (4.11)

Thus, the positron moves along a spiral (helical) trajectory and after passing a distance h,

returns to the same field line on which it started.
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The magnitude of the magnetic moment,

_ KE,
==

(4.12)

2
is a constant of the motion, where KE, = 2+ is the kinetic energy in the direction

perpendicular to the magnetic field vector.

4.4.2 Non-Homogeneous Magnetic Field

Most of the positron guide is constructed using long solenoids and other electromag-
nets in order to produce as nearly homogeneous magnetic fields as possible. Figure 4.5
shows the magnetic field gradient seen by the positrons as they travel between the ac-
cumulator and the ATRAP Penning trap. As the positrons leave the 0.15-T field of the
accumulation solenoid, they travel from the high field of the accumulator into a low fring-
ing field and then into the 0.02-T field of the positron guide. Along the positron guide,
the field is made as uniform as possible, but between solenoids there is a increase in
the magnetic field magnitude due to additional electromagnets at the junctions. As the
positrons make it to the end of the positron guide field and take a 105° bend (see Fig-
ure 4.1) into the fringing field of the 1-tesla superconducting solenoid, they encounter a
magnetic field minimum inside the vacuum cube at the bend location. After the positrons
have made it around the bend, they travel down the central axis of the 1-tesla supercon-
ducting solenoid, and they encounter the largest field gradient along this downward path
to the superconducting solenoid. Because the large field is required inside the ATRAP
Penning trap, this significant field gradient is inevitable. At points along the positron path
where the magnetic field gradient is not zero, the positrons are not travelling in the simple

motion discussed in the previous section. More analysis must be done to understand the
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Figure 4.5: The magnetic gradient along the positron path between the accumulator and
the 1-tesla superconducting solenoid.
positron’s motion while travelling through these non-homogeneous magnetic fields.

As a particle traverses a magnetic field gradient, the magnitude of the angular momen-
tum (or, equivalently, the magnetic moment of Equation 4.12) is conserved. To achieve
this conservation, the perpendicular kinetic energy must increase in proportion to the in-
crease of magnetic field. Since a magnetic field does no work on the charged particle,
speed v is constant as the particle traverses a magnetic field gradient.

The pitch angle ®, shown in Figure 4.6, is defined as the angle between the positron
velocity ¢ and the magnetic field B = B,:. A consequence of the invariances in u

(Equation 4.12) and v is that, as the particle encounters an increasing magnetic field, the
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Figure 4.6: The pitch angle ® is the angle between the particle velocity and the magnetic
field. The magnetic field is along the z-axis.

perpendicular component of speed (v, ) increases with a resulting decrease in the axial
component of speed (v,). If the magnetic field increase is large enough, the particle will
lose all of its v, and turn around. This effect is known as magnetic mirroring.

From the definition of the pitch angle in Figure 4.6,

v, = vsind. 4.13)

Inserting v, into Equation 4.12 for a positron travelling from a field B, to a field B, >

B,

. mu?sin®®, _ mvzsin2<1>2. 4.14)
2B, 2B,

Magnetic mirroring will occur if the angle in the large magnetic field ®, equals 90°. To
avoid magnetic mirroring there is a maximum pitch angle ®; at which the particle must

start with when it is in the smaller magnetic field B;. Rearranging Equation 4.14 leads to

sin®; < ¢/ —. (4.15)



Incorporating the definition of the pitch angle leads to an initial velocity equation
that must be met in order to avoid magnetic mirroring for positrons travelling from the

positron guide (B; = 0.02 T) to the 1-tesla superconducting solenoid (B, =1 T),

s 22 1 =238 (4.16)

If the initial velocity ratio of ;’T in the positron guide is 2.38 or less, the particles
will be magnetically mirrored and therefore never make it into the ATRAP Penning trap.
The condition of Equation 4.16 is very easy to achieve as long as the kinetic energy of
the positrons, acquired during the pulsing stage described in Section 3.1, is aligned with
the magnetic field. Accurate alignment is accomplished by ensuring that the accumulation
electrode stack is physically aligned with the magnetic field produced by the accumulation
solenoid, as shown in Figure 2.11. The inner bore of the solenoid is 5 cm larger in
diameter than the vacuum chamber in which the electrode stack is positioned and thus
orientation of the solenoid can be adjusted relative to the electrode stack to ensure proper

alignment.

4.5 Additional Design Considerations

If the accumulator solenoid and the ATRAP 1-tesla superconducting solenoid were
coaxial, a solenoidal field would be sufficient to guide the positrons from one solenoid to
the other. Since the two solenoids are not coaxial, as shown in Figure 1.5, a much more
complicated set of guiding electromagnets must be used. These magnets must guide
the positrons onto one of the dark blue field lines of Figure 4.3. Once guided onto one
of these field lines, the 1-tesla superconducting solenoid will guide the positrons into

the ATRAP Penning trap. To get the positrons onto the correct field lines, the fringing

75



field of the 1-tesla solenoid must be cancelled, leaving only the 0.02-tesla solenoidal
field of the positron guide until it reaches the required field line. The cancelling can be
accomplished in one of two ways. Magnetic shielding could be used to surround the
positron guide field. Such shielding would attract the fringing field of the 1-tesla solenoid
into the high permeability material of the shielding, effectively removing the effect of
the fringing field. The magnetic shielding method was explored and rejected because
the shielding can saturate, thus a very large amount of shielding material is needed to
adequately shield along the entire length of the positron guide. Another reason magnetic
shielding was avoided is because the entire path cannot be shielded, and an interface
between the shielded and unshielded regions would cause very large local fields.

The other method for dealing with the fringing fields is to produce fields that cancel
out the fringing field of the 1-tesla solenoid. Producing an opposing field is accomplished
by adding a series of rectangular coils along the entire length of the positron guide. The
current though each coil is independently controlled so that the field can be adjusted to
approximately cancel out the fringing field thus leaving only the guiding field.

To determine the best path to take between the accumulator and the ATRAP Penning
trap, the magnitude of the fringe field shown in Figure 4.2 must be taken into account.
Since the fringing field is strongest near the superconducting solenoid, it is advantageous
to be as far away as possible from the 1-tesla superconducting solenoid in the vertical
direction before letting the fringing field guide the particles the rest of the way. Thus
the guiding solenoidal field ends at the highest vertical point possible (determined by the
height restrictions due to the building in which the experiment is housed) at 2.2 m from
the top of the superconducting solenoid (see Figure 4.1). At this height, the fringing

field is 0.003 tesla (in the vertical direction). The rectangular coils are designed to allow
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the ATRAP superconducting solenoid to be run at 3 tesla, the maximum field that it can
produce. At 3 tesla, the fringing field is three times larger than it is at 1 tesla, meaning

that the field at 2.2 m is 0.09 tesla.

4.6 Modelling

Before constructing the electromagnets of the positron guide, the magnetic fields and

particle trajectories were modelled.

4.6.1 Magnetic Field Modelling

As explained in Section 4.4, if the magnetic field is homogeneous, the positrons will
spiral along magnetic field lines at a constant speed. In a non-homogeneous field, as long
as the condition of Equation 4.16 is met, the positrons will still approximately follow
magnetic field lines, but not at a constant speed. Thus, by plotting the magnetic field
lines along the entire positron guide, the approximate trajectory of the positrons can be
determined. The calculation of magnetic fields is done with a software package for Math-
ematica called Radia. Radia is a magnetostatic computer code which produces accurate
and fast computations of three-dimensional magnetic fields for any defined set of elec-
tromagnets. Radia is used to create the field lines in Figure 4.3 and the contour plot in
Figure 4.2.

Using the Radia software, a wide variety of positron guide magnet-coil geometries
could be explored and optimal coil designs are used to produce a robust and reliable
method of transferring positrons between the buffer-gas accumulator and the ATRAP

Penning trap.
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4.6.2 Trajectory Modelling

To get a more accurate trajectory calculation, a Fortran program was written by Dr.
Eric Hessels. The program calculates the positron trajectory using first principles. To
make this calculation, the magnetic field must be known at all points in space. The same
Mathematica program used in the previous section is used to create a grid of magnetic
field vectors. A three-dimensional grid of 1-mm spaced magnetic field vectors is produced
throughout the entire vacuum chamber of the beam line. Figure 4.7 shows a close-up of
the grid around the position of the positron. For each position, there exists a set of eight
magnetic field vectors which surround the point in the form of a cube. These eight points
enable the magnetic field to be interpolated for any point within the cube.

For the trajectory calculations, the positron is assigned an initial velocity vector and
position. The only force acting on the positrons is the Lorentz force (Equation 4.1), so
the acceleration for any point in space is given by

i= (7 x B). 4.17)
m

To evaluate the path that the positron takes, the fourth-order Runge-Kutta method is used
to determine the next step in position and velocity. Figure 4.8 shows the calculated final
axial velocity of the positrons when they are given different amounts of initial kinetic
energy in the direction of motion. The perpendicular kinetic energy in this case is due
solely to the thermal energy at room temperature (i.e., 0.025 eV). From the modelling,
it can be seen that the positrons must have a parallel velocity component greater than
300,000 m/s which corresponds to a kinetic energy of 0.25 eV. Similar to the analysis
shown in Equation 4.16, this condition is easily met as long as the pulse step imparts

kinetic energy in the direction along the axis of the accumulator solenoid.
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Figure 4.7: Black points represent the position of magnetic field vectors at 8 corners
surrounding the point at which the trajectory is being calculated. The red point represents
the position of the positron travelling through the magnetic field. The magnetic field at
the red point is interpolated from the values of the field calculated by Radia for the 8 black
grid points shown.
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Figure 4.8: The modelled final axial velocity of the positrons when they enter the ATRAP electrode stack as the initial
axial energy is changed. The perpendicular velocity is 9 x 10 m/s, which is due to thermal energy at room temperature.
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The trajectory modelling can also explore what will happen if the perpendicular ve-
locity component is greater than the velocity associated with the thermal energy at room
temperature. This would occur if the electrode stack and the accumulator solenoid are
not coaxial and the pulse step imparts kinetic energy in the direction perpendicular to the
direction of motion. Figure 4.9 shows what will happen if the perpendicular velocity com-
ponent is increased. An increased perpendicular velocity component implies an increased
initial pitch angle (Figure 4.6). If the pitch angle is increased enough, the positrons will
magnetically bounce, as shown in Figure 4.9.

Another result from the trajectory modelling is the motion in the y-direction (into and
out of the page in Figure 4.1). When the positrons travel through an increasing magnetic
field, they move to the left. Similarly, when the positrons travel through a decreasing
magnetic field, they move to the right. Figure 4.10 shows the modelled y-position of the
positrons as they travel along the transfer line. In a homogeneous field, the y-displacement
would not be expected to change by more than the diameter of the cyclotron orbit. In the
case of a non-homogeneous field, as shown, the y-displacement is significant enough that
compensation coils must be added. The y-direction motion motivated the construction of
the y-direction magnets in Figure 4.1. Based on the considerations discussed in Sections
4.1 to 4.6, the design choice for the magnetic guide included the 94 electromagnets shown

in Figure 4.1. The details of this design are given in section 4.7.

4.7 Overview of Positron Guide

The positron guide, shown in Figure 4.1, uses a 0.02-tesla magnetic field to act as
the guiding field for the positrons. As the positrons leave the accumulator and enter the

guide, the minimum field that they encounter is 0.02 tesla (at the position of the skimmer,
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where the cloud size is measured, as shown in Figure 2.15). Since this magnetic field
matches that inside the positron guide, and, as discussed above, the radial extent of the
cloud is a function of the magnetic field, the cloud will have the same radial size within
the positron guide as its measured size at the skimmer. Thus, the diameter of the cloud
along the positron guide is 6.2 mm.

A total of 94 electromagnets are used to create the guiding field, as shown in Figure
4.1. These electromagnets are grouped into four categories: (1) those near the initial 15°
bend at the exit of the accumulator, which are used to guide the positrons into the positron
guide (9 windings, as listed in Table 4.2), (2) those producing the axial guiding field along
the positron guide (17 coils, as listed in Table 4.3), (3) those used to compensate for
non-axial magnetic fields (mostly due to the fringing field of the 1-tesla superconducting
solenoid) along the positron guide (58 coils, as listed in Tables 4.4 and 4.5), and, (4) those
to do the final steering around a 105-degree bend and into the ATRAP Penning trap (9
coils, as listed in Table 4.6).

The first electromagnets (Table 4.2) are used to transfer the positrons from the 0.15-
tesla field of the accumulator solenoid into the positron guide, which is angled upwards
at 15 degrees. Coils SC axial, SC L/R, SC U/D are wound directly onto the flanges of
downstream cross. These magnet coils have the geometries shown in Figure 4.11b and c.
Coils B1 through B4 (all attached in series), provide the initial 15° bend into the positron
guide. The geometry of these coils is shown in Figure 4.11a.

The main solenoidal magnets of the positron guide (S1 through S5 of Figure 4.1 and
Table 4.3) are constructed by wrapping insulated copper wire directly onto the stainless
steel vacuum chamber of the positron guide, as shown in Figure 4.12a. To make the entire

positron guide modular and transportable, the vacuum chamber is split into five sections,
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Figure 4.11: Different types of coils that make up the initial bend to transfer the positrons
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each measuring 1 m in length. This leaves small gaps between the solenoids where the
flanges for the vacuum chamber are situated. Additional shorter solenoids (shown in
Figure 4.12b) are placed around these gaps. These shorter solenoids can slide in and out
to enable to vacuum chamber to be put together.

The positron guide is divided into two sections (the 2-m section and the 3-m section,
as shown in Figure 4.1). A turbo pump (shown in Figure 4.1) is installed between these
two sections. Two all-metal gate valves are also installed, so that the entire system does
not have to be vented each time the two sections are disconnected. Thin circular magnet
coils are installed in the turbo-pump region to apply the 0.02-tesla guiding field. These
coils are named P1 through P5 (see Table 4.2 and Figure 4.1) and have the geometries
shown in Figure 4.12b and c.

The third category of electromagnets is for cancelling non-axial magnetic fields that
are present near the positron guide. These fields are almost entirely due to the 1-tesla
superconducting solenoid. This cancellation is accomplished by a series of rectangular
coils along the 2-m and 3-m sections of the positron guide shown in Figure 4.1. There are
three different types of rectangular coils, as shown in Figure 4.13. The rectangular coils
are all constructed using insulated copper tape with a thickness of 0.25 mm and a width
of 22 mm.

The rectangular coils are oriented as shown in Figure 4.14. The coil pair A & B
produce fields in the vertical direction. At locations along the positron guide where large
vertical magnetic fields need to be cancelled, coils with a larger number of turns (shown
in Figure 4.13a) are used. Where smaller fields are required, the smaller coils (shown in
Figure 4.13b) are used. The coil pair C & D of Figure 4.14 produce much smaller fields

in the horizontal directions and these coils have the geometry shown in Figure 4.13c.
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Figure 4.12: Different types of coils that produce the axial field along the positron guide.
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Figure 4.13: Geometry of the rectangular coils
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Figure 4.14: Rectangular coils used to cancel out the fringing field of the 1-tesla super-
conducting solenoid. Coils A and B produce a field in the vertical direction, while C and
D produce a field in the horizontal direction. The main guiding solenoid fits within these
coils. The entire solenoidal path is surrounded by sets of these rectangular coils.
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The main purpose of the vertical magnet coils (which are labelled VO through V14 in
Figure 4.1) is to compensate for the fringing field of the 1-tesla superconducting solenoid.
The main purpose of the horizontal coils (named H1 through H14) is to compensate for
any stray horizontal magnetic fields. Figure 4.15 shows the offset orientation in which
neighbouring rectangular coils are placed. There are two reasons for the geometry shown.
Ideally, the vertical compensation magnets would be a continuous line of current bars in
the direction of the solenoidal field. The bar current geometry is provided by the long
sides of the rectangular coils. The short sides provide current in the perpendicular direc-
tion that cause the field to change less uniformly. To minimize the effect that the short
lengths of current carrying wire have, subsequent pairs of rectangular coils are oriented as
shown in Figure 4.15a. Using the geometry shown, each short side will be approximately
cancelled out by the following coil since the currents will be in opposite directions. The
second advantage to the offset orientation is that, in order to produce the strongest fields
possible, the rectangular coils need to be as close as possible to the centre of the 1-m
solenoids. A difficulty arises due to the flange coils, which are much larger in diam-
eter than the long solenoids. Figure 4.15b shows that, using the staggered orientation
allows for the placement of the flange coils in the sections where the rectangular coils
are offset from the 1-m solenoids. Using the overlap geometry, the continuous fringe-
field from the 1-tesla superconducting solenoid can be approximately cancelled out and
the positrons travel through the vacuum chamber as if they were being guided by the
0.02-tesla solenoidal field alone.

The final category of magnet coils used to steer the positrons into the ATRAP Penning
trap are labelled as final steering magnets in Figure 4.1. All of the magnets previously

discussed are used to get the positrons to a position where they can be dropped on a field
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Figure 4.15: a) Overlap of rectangular vertical coils. The arrows represent the direction of
the current passing through the magnets. b) The position of the flange and 1-m solenoids
inside the vertical magnet assembly.
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line of the 1-tesla superconducting solenoid that will continue into the bore as close to
the central axis as possible. Final steering is required to make certain that the positrons
will make it into the ATRAP Penning trap. Three identical hoop magnets (shown in
Figure 4.16) are installed on the front, back and bottom of the vacuum cube situated at
the highest-most vertical point directly above the 1-tesla solenoid. The coils are named
Cube Front, Cube Back and Cube Bottom. These coils are used to facilitate the 105°
bend between the positron guide’s solenoid guiding field axis and the axis of the 1-tesla
superconducting solenoid. Following the hoop coils, four rectangular coils are positioned
on the downward leg where otherwise the only field present is the fringe field from the
I-tesla superconducting solenoid. These four rectangular coils are of the type shown
in Figure 4.13a. Two are used to steer the positrons in the front/back direction (named
FBDeflector) and two are used to steer the positrons in the left/right direction (named L1

& L2).

4.8 Control of Current to the Magnets

The currents for the electromagnets are provided by power supplies, which can pro-
duce up to 30 A of current. Each pair of vertical coils has its current provided by one
power supply. Table 4.4 shows the currents applied to each vertical coil and how they
are controlled. The horizontal coils are also grouped in pairs but more often than not,
more than one pair of coils is controlled by a single power supply since the fields in the
horizontal direction are not large. Table 4.5 shows the currents applied to each of the coils
and explains which coils are connected in series. Most other coils are controlled by an
individual power supply to have control over individual magnetic fields. The solenoidal

magnet currents are shown in Table 4.3, the initial bend coils are shown in Table 4.2 and
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Figure 4.16: Hoop coils positioned around the vacuum cube to provide steering into the
ATRAP Penning trap.
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the final steering magnet currents are shown in Table 4.6. Each supply is running as a
constant current source, computer controlled via an Opto22 DAC module using Labview.
The current and voltage of each power supply are recorded using a data acquisition sys-
tem where their values can be monitored to ensure the desired current is present. The
monitoring also detects power supply failure, overheating and indicates possible shorts in
the magnets. For some of the magnets along the positron guide, a change in current of
as little as 0.1 A changes the positron trajectory enough so that the positrons no longer
make it all the way into the electrode stack. The monitoring is critical to ensure that the

positron transfer remains consistent and robust.

4.9 Optimization Tools

Magnetic field modelling using Radia aided in the design of the electromagnets and
provided an estimate currents that would be needed in each magnet. The modelling is lim-
ited by how well the magnetic fields from outside sources are known. There are two other
experiments in the AD Hall that use large superconducting magnets that cause small fields
along the positron guide. Also, the antiprotons are guided around the AD ring by mag-
netic fields that change over time. These changing magnetic fields are strong enough to
change the positron path drastically enough so that transfer along the guide is no longer
possible during the times when these magnets are energized. The path length that the
positrons must travel is over 8 meters and the field line on which they travel is defined by
a total of 94 magnets powered by 50 computer-controlled power supplies. For transfer-
ring positrons between the accumulator Penning trap and the ATRAP Penning trap, the
parameter space is enormous. It took many months of optimizing the positron trajectory

to achieve an efficient transfer. Real-time optimization techniques were developed to aid
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magnet name | magnet type | position along guide (m) | power supply name | power supply type | current(A)| current density (A/cm?)

B1 Fig4.11a -0.2 ps213 20A, 30V 9.9 180

B2 Fig4.11a -0.15 ps213 20A, 30V 9.9 180

B3 Fig4.11a 0.1 ps213 20A, 30V 9.9 180

B4 Fig4.11a -0.05 ps213 20A, 30V 9.9 180

SC axial Fig4.11b around supercross ps203 20A, 30V 13.2 240
SC left Fig4.11c around supercross ps626 5A, 18V 0.0 0
SCright Fig 4.11c around supercross ps626 5A, 18V 0.0 0

SCup Fig 4.11c around supercross ps204 20A, 30V 8.0 119

SC down Fig 4.11c around supercross ps204 20A, 30V 8.0 119

Table 4.2: Initial bending coils
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magnet name | magnet type | position along guide (m) | power supply name | power supply type | current(A)| current density (A/cm?)
S1 Fig 4.12a 0.50 ps306 20A, 30V 9.0 134
S2 Fig 4.12a 1.50 ps302 20A, 30V 9.0 134
S3 Fig 4.12a 3.12 ps401 20A, 30V 9.0 134
S4 Fig 4.12a 4.12 ps404 20A, 30V 9.0 134
S5 Fig 4.12a 5.12 ps305 20A, 30V 8.1 120
FC2m(a) Fig 4.12b 0.00 ps311 20A, 30V 12.0 179
FC2m(b) Fig 4.12b 1.00 ps311 20A, 30V 12.0 179
FC3m(d) Fig 4.12b 2.00 ps311 20A, 30V 12.0 179
FC3m(a) Fig 4.12b 2.62 ps212 20A, 30V 12.0 179
FC3m(b) Fig 4.12b 3.62 ps212 20A, 30V 12.0 179
FC3m(d) Fig 4.12b 4.62 ps212 20A, 30V 12.0 179
P1 Fig 4.12c 2.07 ps205 20A, 30V 17.1 311
P2 Fig 4.12c 2.19 ps206 20A, 30V 17.3 315
P3 Fig 4.12c 2.27 ps207 20A, 30V 14.5 264
P4 Fig 4.12d 2.35 ps208 20A, 30V 17.0 309
P5 Fig 4.12c 2.43 ps209 20A, 30V 17.0 309
P6 Fig 4.12c 2.55 ps210 20A, 30V 17.3 315

Table 4.3: Axial coils along the positron guide
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magnet name | magnet type | position along guide (m) | Height along guide (cm) | power supply name type |current(A)| current density (A/cmz)
VO top Fig 4.13a -0.18 115 ps301 20A, 30V 5.0 91
VO bottom Fig4.13a -0.18 9.0 ps301 20A, 30V 5.0 91
V1 top Fig 4.13a 0.18 6.7 ps310 20A, 30V 8.3 151
V1 bottom Fig4.13a 0.18 -6.7 ps217 20A, 30V 11.8 215
V2 top Fig 4.13a 0.5 4.1 ps313 20A, 30V 2.6 47
V2 bottom Fig4.13a 0.5 -4.1 ps313 20A, 30V 2.6 a7
V3 top Fig 4.13a 0.81 6.7 ps314 20A, 30V 4.0 73
V3 bottom Fig4.13a 0.81 -6.7 ps314 20A, 30V 4.0 73
V4 top Fig 4.13a 1.16 6.7 ps309 20A, 30V 5.1 93
V4 bottom Fig4.13a 1.16 -6.7 ps309 20A, 30V 5.1 93
V5 top Fig 4.13a 1.47 4.1 ps304 20A, 30V 2.2 40
V5 bottom Fig4.13a 1.47 -4.1 ps304 20A, 30V 2.2 40
V6 top Fig 4.13a 1.78 6.7 ps202 20A, 30V 33 60
V6 bottom Fig4.13a 1.78 -6.7 ps202 20A, 30V 3.3 60
V7 top Fig 4.13c 2.09 14.0 ps214 20A, 30V 7.0 127
V7 bottom Fig 4.13c 2.09 -14.0 ps214 20A, 30V 7.0 127
V8 top Fig 4.13c 2.4 14.0 ps201 20A,30V| 3.0 55
V8 bottom Fig 4.13c 2.4 -14.0 ps201 20A, 30V 3.0 55
V9 top Fig 4.13b 2.69 6.7 ps303 20A, 30V 3.2 58
V9 bottom Fig 4.13b 2.69 -6.7 ps303 20A, 30V 3.2 58
V10 top Fig 4.13b 2.9 6.7 ps602 5A, 18V 5.0 91
V10 bottom Fig 4.13b 2.9 -6.7 ps602 5A, 18V 5.0 91
V11 top Fig 4.13b 3.21 6.7 ps617 3A, 30V 2.2 40
V11 bottom Fig 4.13b 3.21 -6.7 ps617 3A, 30V 2.2 40
V12 top Fig 4.13b 3.52 6.7 ps605 5A, 18V 0.2 4
V12 bottom Fig 4.13b 3.52 -6.7 ps605 5A, 18V 0.2 4
V13 top Fig 4.13b 3.83 6.7 ps613 5A, 18V 0.0 0
V13 bottom Fig 4.13b 3.83 -6.7 ps613 5A, 18V 0.0 0
V14 top Fig 4.13b 4.14 6.7 ps614 5A, 18V 0.3 5
V14 bottom Fig 4.13b 4.14 -6.7 ps614 5A, 18V 0.3 5
V15 top Fig 4.13b 4.45 6.7 ps601 3A, 30V 1.1 20
V15 bottom Fig 4.13b 4.45 -6.7 ps601 3A, 30V 1.1 20
Table 4.4: Rectangular vertical coils
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magnet name | magnet type | position along guide (m) | height above guide (cm) | power supply name | type | current(A) | current density (A/cmz)
H1 right Fig 4.13c 0.18 16.5 ps611 5A, 18V 2.0 36
H1 left Fig 4.13a 0.18 -16.5 ps611 5A, 18V 2.0 36
H2 right Fig 4.13c 0.5 16.5 ps616 5A, 18V 0.0 0
H2 left Fig 4.13c 0.5 -16.5 ps616 5A, 18V 0.0 0
H3 right Fig 4.13c 0.81 16.5 ps606 3A, 30V 1.0 18
H3 left Fig 4.13c 0.81 -16.5 ps606 3A, 30V 1.0 18
H4 right Fig 4.13c 1.16 16.5 ps606 3A, 30V 1.0 18
H4 left Fig 4.13c 1.16 -16.5 ps606 3A, 30V 1.0 18
H5 right Fig 4.13c 1.47 16.5 ps606 3A, 30V 1.0 18
H5 left Fig 4.13c 1.47 -16.5 ps606 3A, 30V 1.0 18
H6 right Fig 4.13c 1.78 16.5 ps632 5A, 18V 0.5 9
H6 left Fig 4.13c 1.78 -16.5 ps632 5A, 18V 0.5 9
H9 right Fig 4.13c 2.69 16.5 ps604 3A, 30V 0.0 0
H9 left Fig 4.13c 2.69 -16.5 ps604 3A, 30V 0.0 0
H10 right Fig 4.13c 2.9 16.5 ps615 3A, 30V 1.1 20
H10 left Fig 4.13c 2.9 -16.5 ps615 3A, 30V 1.1 20
H11 right Fig 4.13c 3.21 16.5 ps625 3A, 30V 0.0 0
H11 left Fig 4.13c 3.21 -16.5 ps625 3A, 30V 0.0 0
H12 right Fig 4.13c 3.52 16.5 ps625 3A, 30V 0.0 0
H12 left Fig 4.13c 3.52 -16.5 ps625 3A, 30V 0.0 0
H13 right Fig 4.13c 3.83 16.5 ps625 3A, 30V 0.0 0
H13 left Fig 4.13c 3.83 -16.5 ps625 3A, 30V 0.0 0
H14 right Fig 4.13c 4.14 16.5 ps625 3A, 30V 0.0 0
H14 left Fig 4.13c 4.14 -16.5 ps625 3A, 30V 0.0 0
H15 right Fig 4.13c 4.45 16.5 ps625 3A, 30V 0.0 0
H15 left Fig 4.13c 4.45 -16.5 ps625 3A, 30V 0.0 0

Table 4.5: Rectangular horizontal coils
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magnet name | magnet type | height above magnet (m) | x position (cm) | y position (cm) | power supply name type |current(A)| current density (A/em?)
front cube Fig 4.16a 2.07 12.7 0.0 ps307 20A, 30V 4.9 73

back cube Fig 4.16a 2.07 -12.7 0.0 ps308 20A, 30V 8.6 128

bottom cube Fig 4.16a 1.92 0.0 0.0 ps312 20A, 30V 11.4 170

left cube Fig 4.16b 2.07 0.0 12.7 ps623 20A, 30V 0.2 3

right cube Fig 4.13b 2.07 4.1 -12.7 ps623 20A, 30V 0.2 4

front deflector| Fig4.13a 1.23 10.2 0.0 ps218 20A, 30V 4.0 73

back deflector | Fig4.13a 1.23 -10.2 0.0 ps218 20A, 30V 4.0 73

L1 Fig 4.13a 1.23 0.0 -10.2 ps403 20A, 30V 6.1 111

L2 Fig 4.13a 0.89 0.0 2.5 ps402 20A, 30V 7.7 140

Table 4.6: Control of all of the Final steering coils




in efficiently transferring the positrons.

4.9.1 Faraday Cup Detection

The first technique to optimize the transfer of positrons between the accumulator and
the ATRAP Penning trap utilizes a series of retractable Faraday cups placed along the
positron guide shown in Figure 4.17. Using the technique as described in Section 3.2.1,
the number of positrons at each Faraday cup can be determined and thus a transfer effi-
ciency at several points along the guide can be determined.

The first Faraday cup is mounted on a linear translating stage and is referred to as
the retractable 3-m Faraday cup, as shown in Figure 4.17. When inserted, it intersects
the middle of the positron guide vacuum tube at a position three meters away from the
output of the accumulator (at the same position as the turbo pump used to pump out the
positron guide). The 3-m Faraday cup is used to make the measurements of the number
of accumulated positrons (all of the Faraday-cup measurements found in Chapter 2 were
done using the 3-m Faraday cup).

The second Faraday cup is positioned along the downward leg on the positron guide,
along the axis of the 1-tesla superconducting solenoid (labelled as the mirror Faraday
cup in Figure 4.17). This Faraday cup is also attached to a linear stage, and this linear
stage also has a mirror attached to it to allow laser light into the ATRAP Penning trap
during times when the positrons are not being loaded. The magnetic field magnitude
at the position of the mirror Faraday cup is 0.02 tesla, thus there is no magnetic field
compression between the mirror Faraday cup and the main guiding field. The mirror
Faraday cup gives valuable information concerning the number of positrons that make it

all the way through the positron guide and around the 105° bend. Figure 4.18 shows the
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positioning of the mirror Faraday cup. To allow positrons to enter the ATRAP Penning
trap, the mirror and mirror Faraday cup are completely retracted, as shown in Figure
4.18a. When laser light is used to load electrons (to be discussed in Section 5.4.1), the
linear stage is positioned as shown in Figure 4.18b. When the mirror Faraday cup is in
position (Figure 4.18c¢), the positrons are prevented from going into the ATRAP Penning
trap and are instead counted.

The first Faraday cup inside the 1-tesla field is positioned on top of the 1-mm opening
into the ATRAP Penning trap vacuum system, as is labelled 4-segment Faraday cup in
Figure 4.17. This Faraday cup (shown in Figure 4.20), is split into 4 segments with a 1-
mm diameter hole through the centre. The Faraday cup is built on a printed circuit board
and bolted directly onto the vacuum chamber, within the uniform 1-tesla magnetic field.
The four segments of the Faraday cup are used to steer the positrons into the 1-mm tube
thus into the ATRAP electrode stack.

The final Faraday cup is the degrader, a thin piece of beryllium positioned at the end
of the ATRAP electrode stack, as shown in Figure 1.4. When not loading antiprotons (as
described in Section 1.1.1), the degrader is attached to a charge amplifier and acts like
a Faraday cup. The degrader is used to look at positrons that make it through the 1-mm
opening and all the way into the ATRAP electrode stack. The degrader is an especially
useful Faraday cup since it is after the ATRAP electrode stack. Using the electrodes
and the degrader Faraday cup, the energy distribution (Section 5.1.1) and the temporal
distribution (Section 5.1.2) of the transferred positrons can be determined.

As another diagnostic tool, an electron gun is installed in the drift tube of the accu-
mulator, at the position indicated in Figure 4.21. Electrons are emitted by thermionic

emission from a tungsten filament and magnetically guided along the same path as the
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Figure 4.19: The 1-mm tube for admitting positrons into the ATRAP Penning trap



1-mm hole

Figure 4.20: The 4-split segmented Faraday cup positioned on top of the 1-mm tube of
the ATRAP Penning trap vacuum chamber. The Faraday cup is made of a printed circuit
board and each segment is attached to a separate charge amplifier.

positrons. Since the electron beam is CW, it enables a real-time signal to be seen on the
Faraday cups. The electron gun runs at a current of 0.52 A through the filament, which
is biased to -33 V relative to ground. The back plate shown in Figure 4.21 is also bi-
ased to -33 V relative to ground. The front plate is biased at 18 V relative to the back
plate. Electrons exit through a hole in the front plate in the direction of the accumulator
Penning trap and through the positron guide. To acquire a CW signal, a Faraday cup is
attached to a Fempto-Amp current amplifier so that the electron current can be measured.
The electron gun produces a electron current of 20 ©A measured on the 3-meter Faraday
cup. With a CW signal produced by the electron gun, the particle trajectory (defined by
the field lines produced by the series of magnets that make up the positron guide) can be

adjusted much more quickly since the currents of the magnets can be adjusted and the
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Figure 4.21: The electron gun that is placed on a retractable arm inside the drift tube of
the accumulator.

result is immediately visible through either an increase or decrease in the signal seen on
the Faraday cup. Since positrons need to be accumulated and transferred, the adjustment
procedure is much slower when positrons are used.

Using the Faraday cups (both with positrons and electrons) works well to optimize
the number of particles making it to the positions where Faraday cups are present. Op-
timization can be done by changing magnet currents, thus changing the magnetic field

lines and the trajectories of the particles along the positron guide. When the particles are
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steered considerably off target, and there is no signal present on the Faraday cups, another

method must be used to direct the particles onto the Faraday cups.

4.9.2 Timing Signals

Using antimatter particles provides a unique diagnostic tool. As explained in Sec-
tion 2.4, when a positron hits the side of the vacuum chamber along the positron guide,
gammas are produced and can be detected using Nal detectors. The energy at which the
positrons are ejected from the accumulator can be adjusted between 10 eV and 400 eV by
simply changing the potential of the well in which the positrons are sitting before being
transferred. Since the positrons are being given energy in the axial direction (along the
positron guide axis), the speed at which they are travelling is well known. With a known
speed, the annihilation position can be determined by measuring the time at which the
gamma was detected on the Nal crystal. Table 4.7 shows expected delay times for various
axial energies and various annihilation positions.

Using the timing information, the position where the positrons are annihilating along
the positron guide can be deduced. A Nal detector (the same detector and position used in
the measurements done in Section 3.2.3) positioned at 11.2 m from the accumulator is ap-
proximately equidistant from the the entire positron guide, so the annihilation signal along
the entire travel path can be seen by the detector with approximately equal efficiency. Fig-
ure 4.22 shows the annihilation signal at two different points. The first annihilation point
is when the output valve of the accumulator is closed so that the positrons annihilate be-
fore entering the positron guide. The second annihilation point is at the pump section
shown in Figure 4.1. The gate valve that isolates the 3-m section and the pump section

is closed to provide the surface on which the positrons annihilate. The distance between
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Energy (eV) |Speed (m/us) |Distance Travelled (m) [Delay Time (us)

3 1.03 1.0 0.971
3.0 2.913

6.0 5.825

8.0 7.767

61 4.64 1.0 0.216
3.0 0.647

6.0 1.293

8.0 1.724

100 5.94 0.6 0.101
3.0 0.505

6.0 1.010

8.0 1.347

400 11.87 1.0 0.084
3.0 0.253

6.0 0.505

8.0 0.674

Table 4.7: Expected delay times at different axial energies. The positron annihilation
signal will be delayed for different amounts of time depending on how far along the
positron guide the positrons make it before they annihilate. The energy that is used to
transfer positrons is highlighted.
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Figure 4.22: Scintillation signal at A) the output valve and B) the 3-m valve. From
the spacing between the two peaks, there is a time delay of 0.69 us between the two
annihilation points, which are separated by 3.2 m along the positron guide.
the two annihilation points is 3.2 m. From Figure 4.22, the difference in the annihilation
times is measured to be 0.69 ps. Assuming that the positrons do not accelerate between
the two points because there is no electric field present and the positrons are travelling
in a mostly-homogeneous field, as shown in Figure 4.5, the positrons are travelling at a
speed of 4.6 m/us. The kinetic energy of these positrons is 61 eV.

The knowledge of the annihilation positions is a very important tool when one con-
siders the complexity of the positron guide and the number of independently controlled
magnets. When the positrons are not making it through the entire guide and into the

ATRAP Penning trap, the annihilation signal gives information on the position at which
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they are annihilating, and thus an indication of which magnet needs to be adjusted. Fig-
ure 4.23 shows four annihilation signals. Lines A & B are the same annihilation signals
as shown in Figure 4.22. Line D shows the annihilation signal once the positrons have
made it around the 105° bend and are annihilating on the mirror Faraday cup. Line C
shows the annihilation signal when the positrons are not making it all the way through the
positron guide and are annihilating somewhere along the guide. From the timing, it can
be deduced that they are annihilating 40 cm before they enter the top of the vacuum cube
(where they make the 105° bend).

The annihilation signals can also be used to diagnose if the entire positron cloud is
passing through the transfer line. First, when the positrons are annihilating on the Faraday
cup, the Nal signal also shows whether or not there is loss at earlier times. Any earlier
signals imply that some of the positrons are annihilating somewhere along the guide be-
fore the Faraday cup. Secondly, when the Faraday cup is retracted, if there are no longer
any annihilations at that point, the entire annihilation signal must be due to annihilations
on the Faraday cup, thus all of the positrons are hitting the surface of the Faraday cup. As
shown in Figure 4.23b, for the 3-meter Faraday cup, both of these conditions are met. The
transfer efficiency to the 3-meter Faraday cup is thus considered consistent with 100%,
and all of the positrons that are being ejected from the accumulator are being counted at
the 3-meter Faraday cup. It can also be seen that there is no loss along the entire positron
guide up until the mirror Faraday cup shown in Figure 4.23d. When the positrons are well
steered, the positrons counted on the mirror Faraday cup and the 3-meter Faraday cup are
equal, thus providing a 100% transfer efficiency between the accumulator and the mirror

Faraday cup before entering the 1-tesla superconducting field.
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Figure 4.23: Signal from the Nal detector and PMT viewed on a digital oscilloscope. The
output valve is positioned at the end of the accumulator, before the transfer guide (A).
The 3-m annihilation point is obtained by closing a gate valve located 10-cm from the
3-meter FC along the transfer guide (B). The next annihilation point (C) is obtained by
applying a field with a horseshoe magnet laid directly onto the guiding solenoidal field, 40
cm from the end of the last solenoidal magnet. The final annihilation point occurs when
the positrons hit the mirror FC, positioned along the vertical leg of the transfer guide (D).
In all cases, the positrons are travelling with 61 eV of kinetic energy.
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Chapter 5

Catching Positrons in the ATRAP

Penning Trap

The positrons ejected from the accumulator travel through the positron guide and enter
the ATRAP Penning trap through the 1-mm tube separating the electrode stack vacuum
chamber from the positron guide vacuum chamber. The positrons that make it through the
I-mm tube are then free to travel through the electrode stack unabated. Since the positrons
are pulsed from the accumulator, they are bunched together in a cloud and can be captured
inside the electrode stack in a similar method to that used to capture the antiprotons. The
captured positrons and antiprotons can then be used to create antihydrogen (as described

in Section 1.6).

5.1 Cloud Characteristics

To capture the positrons in the ATRAP Penning trap, the characteristics of the pulsed

cloud of positrons must be understood. In order to catch the cloud of positrons in the most
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Figure 5.1: Sections of the ATRAP Penning trap
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reliable and efficient manner possible, the energy distribution, temporal distribution and

cloud shape must be known.

5.1.1 Energy Distribution

The energy profile once the positrons have reached the ATRAP 1-tesla superconduct-
ing solenoid is determined using the ATRAP electrode stack. The positrons that make it
through the 1-mm tube will continue on through the electrode stack (if grounded), until
they reach the degrader, positioned on axis, as shown in Figure 5.1. As described in Sec-
tion 4.9.1, the degrader can be used as a Faraday cup (since it can be attached to a charge
amplifier) to measure the number of positrons hitting its surface.

A blocking potential is applied to the first 5 adjacent electrodes in the ATRAP elec-
trode stack shown in Figure 5.1. The number of positrons that make it past the blocking
potential is measured. The on-axis blocking potential is shown in Figure 5.2 for settings
of 55V, 60V and 65V. The resulting energy distribution is shown in Figure 5.3. As mea-
sured inside the ATRAP Penning trap, the positrons have an average energy of 63 eV and
an energy spread of 8 eV (FWHM).

Prior to transferring the positrons from the accumulator, they are held in the final well
(depicted in Figure 3.2) for a short time (approximately 1 second) where they cool due
to collisions with the buffer gas. They are not left in the final well for longer since the
positrons will also annihilate with the buffer gas. The positrons will not all cool into
the bottom of the well, so the final energy spread (shown in Figure 5.3) can partially be

attributed to the initial pulsing conditions.
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Figure 5.2: The on-axis potential of of the ATRAP electrode stack to measure the energy
distribution. The number of positrons is measured using the degrader. The potentials
shown are for settings of 55V, 60V and 65V.

115



0.8 ) _
0.6 - .

04t 1

0.0‘|““|‘“‘l‘“‘l““l“"‘l““‘_‘_
50 55 60 65 70 75 80

blocking potential (V)

fraction of e+ through blocking potential

Figure 5.3: The energy distribution measured inside the ATRAP Penning trap. The block-
ing potential is applied by setting 5 adjacent electrodes to the voltage shown to ensure that
the electric field within the centre of the trap is equal to the applied voltage. The num-
ber of positrons is measured using the degrader, positioned on axis as the bottom of the
electrode stack, as a Faraday cup.
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5.1.2 Temporal Distribution

The temporal spread is also measured using the degrader as a Faraday cup. A positive
potential is applied to an electrode in the ATRAP Penning trap that completely blocks
the positrons from the hitting the degrader. As seen in Figure 5.3, any potential higher
than 72.5 V will completely block the incoming positrons. The same electrode is attached
to a DEI pulser, capable of producing a pulse at 1 kV (in the negative direction) with a
fall time of 7 ns. A pulse, equal in magnitude and opposite in direction to the +72.5 V
potential applied to the electrode, is applied by the DEI pulser for 100 ns and the number
of positrons hitting the degrader is recorded. When the positrons are ejected from the
accumulator, a trigger signal is sent to a pulse generator triggering the DEI pulser for
the ATRAP electrodes. Figure 5.4 shows the potentials applied to measure the temporal
spread. Figure 5.4b shows the potential at the point where the positrons are pulsed from
the accumulator. Figure 5.4c shows the potential applied once the DEI pulser is triggered.
The time between when the positrons are released from the accumulator and when the
DEI is pulsed down, as shown in Figure5.4c, is the delay time for the pulse. Figure 5.4d
shows the potential applied 100 ns after the the DEI pulser is triggered. The delay time
between when the trigger-signal arrives and when the DEI pulser is triggered is varied so
that different time windows are sampled and the entire temporal picture can be viewed.
Figure 5.5 shows the number of positrons counted on the degrader for different 100-ns
bins. The result is a measure of the temporal spread of the positron cloud transferred from
the accumulator and measured inside the ATRAP Penning trap.

Another method of acquiring information concerning the temporal spread of the cloud
of positrons is to use scintillating fiber detectors, originally designed to detect antiproton

annihilations inside the ATRAP electrode stack. The fiber detectors are very useful since
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Figure 5.4: a) The ATRAP electrode stack. b) On-axis potential applied when positrons
are initially pulsed from accumulator. c¢) On-axis potential applied when DEI pulser is
triggered. d) On-axis potential applied 100 ns following DEI pulser trigger.
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Figure 5.5: Temporal spread measured using the degrader as a Faraday cup. A front
door voltage is applied to an electrode and is pulsed down for 100 ns to let the positrons
through during a specified time window. The delay time is in reference to the signal sent
from the accumulator indicating that the positrons are being transferred.
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Figure 5.6: The fiber detectors used to count antiprotons are also sensitive to positron
annihilation gammas. This signal shows the annihilation signal from a cloud of approx-
imately 8 million positrons annihilating on the degrader. This signal is the raw analog
signal from one quarter of the fiber channels, before they are input into the counting
electronics.

they cover most of the solid angle around the degrader, where the positrons annihilate.
These fibers are however quite insensitive to positron annihilations, with a positron count-
ing efficiency of only 0.5%. Since the number of positrons hitting the degrader is as large
as 10 million, the poor efficiency is not a problem. When a cloud of positrons annihilates
on the degrader, the fiber detectors show the analog signal shown in Figure 5.6.

The temporal spread is not unexpected because, as the positrons travel along the
positron guide, they do not all travel along the same path. The cloud has a diameter of 6.2
mm in a 0.02-tesla field (the average guiding field along the transfer system). The extent
of the cloud will travel along slightly different field lines, thus different path lengths, pro-

ducing different travel times. Different travel times will translate into different segments
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of the cloud arriving to the degrader at different times, thus temporally spreading out the
cloud.

A more dominant effect arises due to the energy spread in the cloud of positrons, as
can be seen in Figure 5.3. The faster positrons will take a shorter amount of time to travel
the distance of the positron guide than will the slower positrons, again spreading out the
cloud. Since the positrons do not travel in a homogeneous field the entire way along the

positron guide, they also slow down and speed up due to the magnetic mirroring effect.

5.1.3 Cloud Shape

The vertical profile of the positron cloud is determined at the exit of the accumulator,
as described in Section 2.11.1. The radial profile can also be determined (in two dimen-
sions rather than only one) inside the 1-tesla superconducting magnetic field. The 1-mm
tube and associated 4-segment Faraday cup shown in Figure 4.20 are mounted on an xy
stage. The stage shown in Figure 5.7 moves relative the rest of the ATRAP apparatus
so that the 1-mm tube can be translated relative to the axis of the electrode stack. By
moving the 1-mm tube, a radial profile is obtained by measuring the number of positrons
that make it thought the tube. At each tube position, the number of positrons making
it through the 1-mm tube is measured on the degrader. A contour plot of the position
measurements is shown in Figure 5.8.

The contour plot shows that, inside the 1-tesla magnetic field, the cloud extends ap-
proximately 1.5 mm in one direction and 1 mm in the other direction. At this size, the
entire cloud cannot travel through the 1-mm tube. In fact, the large cloud size is quite
clearly seen in the segmented Faraday-cup signals positioned above the 1-mm tube. Even

when the cloud is steered through the centre of the 1-mm tube, and the signal on the de-
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Figure 5.7: XY stage that enables the 1-mm tube to be moved relative to the electrode stack. The red arrows indicate the
two directions in which the stage can move.
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Figure 5.8: The radial profile of the positron cloud measured using the degrader Faraday
cup and moving the 1-mm tube on the x-y stage.
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grader is therefore maximized, there is still a significant signal on the segmented Faraday
cups positioned round the 1-mm tube shown in Figure 4.20.

The height of the cloud is measured at 6.2 mm in a 0.02-tesla field (see Section 2.11.1).
Due to magnetic compression, the height measurement represents a diameter of 0.88 mm
in a 1-T field, which is consistent with the measurement of the diameter shown in Figure
5.8. The cloud shape does not greatly change along the positron guide and there is no sig-
nificant radial expansion occurring during the transfer (other than the expected expansion

due to changing magnetic fields).

5.2 Catching Positrons in the ATRAP Electrode Stack

Once the positrons travel through the 1-mm tube at the top of Figure 4.19, they can be
captured within the electrode stack. The ATRAP electrode stack is split into two regions,
to simultaneously capture antiprotons and positrons. The upper 0.3 m of the electrode
stack shown in Figure 5.1 is used to capture positrons while the lower stack is used to
capture antiprotons. The last electrode in the upper stack is biased positively to reflect the
positrons back out up the electrode stack. Therefore, the positrons can travel twice the
distance of the upper electrode stack (a distance of 0.6 m) before they leave the electrode
stack.

To capture the positrons, a DEI pulser is attached to the first electrode of the ATRAP
electrode stack in the same way as described in Section 5.1.2 where it is used to measure
the temporal distribution. The pulsed electrode acts as a door to the positrons. When the
trigger-signal from the accumulator is acquired (signaling the pulsing of the positrons out
of the accumulator), the negative pulse from the DEI pulser pulses down the first electrode

to let the positrons enter the catching region. Using the timing information from Figure
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5.4, the duration of the pulse is set to 1600 ns, just after all of the positrons have entered
the electrode stack.

To efficiently capture positrons within the ATRAP electrode stack, the positrons are
slowed down during their time in the stack. At an average kinetic energy of 63 eV (in
Figure 5.3), the speed of a positron is 4.8 x 10° m/s. At this speed, a positron travels
a distance of 0.6 m (the return path through the 0.3 m used for capturing positrons) in
126 ns. 126 ns represents only approximately one quarter of the temporal width of the
positron cloud as shown in Figure 5.5. For positrons travelling at 63 eV, the catching
window is too small to capture the entire cloud of positrons pulsed from the accumulator.
By removing kinetic energy from the positrons, the effective temporal window for which
the positrons can be captured is greatly increased.

To reduce the kinetic energy of the positrons, a potential is applied to the ATRAP
electrode stack, as shown in Figure 5.9. The positrons must first climb the potential
barrier, thus losing kinetic energy. As long as the potential is not high enough to reflect
the cloud of positrons, it provides an efficient method of lengthening the time window
in which the positrons can be captured. As shown in Figure 5.3, at 55 V, none of the
positrons are reflected, meaning that all of the positrons have more axial kinetic energy
than 55 eV. By applying a potential of 55 V, the positrons have an average speed of 1.8 x
10° m/s inside the electrode stack and a catching window of 337 ns, nearly the temporal
extent of the cloud shown in Figure 5.5.

Once the positrons have been slowed down and captured, they are travelling between
the first and last electrode of the upper stack. To be useful for antihydrogen experiments,
the positrons must be contained within a single-electrode well. To get into a single-

electrode well, the positrons must first cool to the bottom of the long well, and then
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further cool into the single electrode well, labelled the ‘positron well’ in Figure 5.9.

The cooling method is well understood [37]. The kinetic energy in a Penning trap is
divided between the axial and cyclotron motions. Since the magnetic field of the ATRAP
Penning trap is large (1 tesla), cooling can occur via synchrotron radiation of the cyclotron
motion. Even after the positron is slowed down by the potential ramp, it still has 8 eV of
kinetic energy in the axial direction. For a single particle in an ideal Penning trap, there
is no coupling between the axial, cyclotron and magnetron motions; each motion can be
considered separately. For a single particle, the axial motion cannot be damped using the
technique of synchrotron radiation.

When a large number of particles are trapped in a Penning trap, collisions occur be-
tween the trapped particles. These collisions couple the axial and cyclotron motions and
as the cyclotron energy is decreased by synchrotron radiation the axial motion is damped
as well.

As seen in Figure 5.9b & c, a single electrode potential well is applied to the catching
region. After the initial capture, as the positrons travel between the back barrier and the
front door, they lose energy due to synchrotron radiation and collisions that allow for the
exchange of axial and transverse momentum and eventually cool into the bottom of the
single well . From the single well, they can be moved into other regions of the electrode

stack to combine with antiprotons to create antihydrogen.

5.3 Counting Positrons in the ATRAP Penning Trap

Once the positrons have cooled into a single-electrode well, they can be adiabatically
moved one electrode at a time to any electrode in the electrode stack by changing the

potentials applied to neighbouring electrodes. The sequence of potentials used to transfer
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Figure 5.9: a) Diagram of the ATRAP electrode stack. b) On-axis potential applied to the
ATRAP electrodes before trigger signal from the accumulator is sent. A single electrode
well is applied in the middle of the stack in which the positrons will eventually cool. c)
On-axis potentials applied to accept positrons into the stack. The fist electrode is pulsed
down with a DEI pulser. d) On-axis potentials applied when the front door is closed and
positrons are captured within the electrode stack.
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the positrons adiabatically along three electrodes in the ATRAP electrode stack is shown
in Figure 5.10. Another method of moving the particles is to pulse them out of the trap.
The pulsing technique is also used to pulse the trapped positrons onto the degrader where
they are counted.

The potential for pulsing is setup by adding a back wall to the single electrode well,
to force the positrons in the direction of the degrader, and not towards the top of the elec-
trode stack. The back wall is produced using the electrode directly above the trapping
electrode, and produces a slightly non-symmetric potential, as shown in Figure 5.11. The
electrode in which the positrons are held is also attached to an Avtec saturated switch (the
same type of switch used to pulse to positrons from the accumulator) . The switch acts as
a pulser, since the rise time is only 10 ns. The well where the positrons are held is initially
set to a voltage of -100 V, significantly deeper than the 10 V the filtered pulser can apply.
The pulse is applied for 200 ns, in which the positrons that are within the top 10 V of the
well are pulsed towards the degrader. The potential of the electrode where the positrons
are being held is then raised by 10 V and the process is repeated. Subsequent pulses
enables the energy distribution within the single electrode to be determined. The distribu-
tion changes with different numbers of positrons in the potential well. A sample energy
distribution is shown in Figure 5.12, for 138-million positrons cooled and subsequently

counted with the ATRAP Penning trap.

5.4 Electron Cooling of Positrons

As described earlier, for the positrons to be used for making antihydrogen, they must
be cooled within a single-electrode potential well. From a single-electrode well, they can

be adiabatically moved along the electrode stack and positioned to create antihydrogen.
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Figure 5.10: Adiabatic transfer of positrons between three electrodes in the ATRAP Penning trap
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Figure 5.11: On-axis potential applied to pulse positrons onto degrader. a) At an applied
voltage of -100V. b) At an applied voltage of -90V. c) At an applied voltage of -80V.
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Figure 5.12: Energy distribution of 138-million positrons collected and cooled in ATRAP
Penning trap.

To get them into the single-electrode well, they must cool into the bottom of the poten-
tial well used for positron loading shown in Figure 5.9. For a typical positron transfer, 5
million positrons are trapped in the ATRAP electrode stack and the cloud is spread over
the 30-cm trapping region, and thus the positron density is low, and collisions are infre-
quent. With a low particle density, a long time is required to transfer the axial energy into
cyclotron energy and thus cool the axial energy of the positrons.

Using a method similar to that of electron cooling antiprotons [38], large numbers of
electrons are used to cool the positrons. Since the electrons and positrons have opposite
charges, the electrons are held in a nested Penning trap, as shown in Figure 5.13, to
simultaneously hold electrons and create a potential well in which the positrons can be
cooled. Once captured between x and y in Figure 5.13a, the positrons encounter the large

cloud of electrons at z on each pass, providing a greatly increased collision frequency and
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a substantially faster cooling time.

5.4.1 Electron Loading

To increase the collision frequency, very large numbers of electron are required. Large
numbers of electrons are loaded into the ATRAP Penning trap using photoelectrons from
short pulses of 248-nm laser light [39]. 10-ns pulses of 248-nm light are provided by a
KrF excimer laser and are directed (with a mirror positioned on the same linear stage as
the mirror Faraday cup shown in Figure 4.18) down a 1.5-m path, along the axis of the
1-tesla superconducting solenoid, towards the electrode stack. The light travels through
the 1-mm tube and hits the degrader.

Once the light hits the degrader, 10-ns pulses of photoelectrons are emitted and are
captured within the ATRAP Penning trap. The electron pulses are synchronized to the
laser pulses. Since the electron pulses are short and the timing well known, a method
similar to that of trapping the positrons is used to trap the electrons. Figure 5.14 shows
the potential structure used to capture the pulses of photoelectrons. Once the light hits
the degrader, the pulse-electrode is lowered by 12V (shown in Figure 5.14c) to allow
low-energy electrons to enter the region between the barriers shown in Figure 5.14b. The
voltage on an electrode is then suddenly pulsed on, which completes the door of a poten-
tial well in which the electrons are enclosed shown in Figure 5.14d. Once the electrons
are captured, they cool to the bottom of the potential well and the process is repeated to
capture subsequent pulses of electrons. Using the pulsing scheme described enables up
to a 4-eV slice of the photoelectron distribution to be captured.

The electrons are loaded with very little axial kinetic energy and have only a few elec-

tron volts of energy once they are liberated from the degrader surface. The electrons are

132



Potential on-axis (V)  Potential on-axis (V)  Potential on-axis (V)

A% 07 0 7O 150 A0 o0 T o10 -150 -1 00 7 150

a) b) | o | d)

@ = electron cloud

+
e s

e+
e+

W

Figure 5.13: a) Diagram of the ATRAP electrode stack. b) On-axis potential applied to
the ATRAP electrodes before trigger signal from the accumulator is sent. The electrons
are held in a positive well while two negative single-electrode wells are applied where
the positrons to cool into. ¢) On-axis potentials applied to accept positrons into the stack.
The fist electrode is pulsed down with a DEI pulser. d) On-axis potentials applied when
the front door is closed and positrons are captured within the electrode stack.
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Figure 5.14: a) Diagram of the ATRAP electrode stack. b) On-axis potential applied to
the ATRAP electrodes to capture photoelectrons off of the degrader. ¢) On-axis potentials
applied when the laser light hits the degrader. The pulsed door drops to allow the low-
energy photoelectrons to enter the capture electrode. d) On-axis potential applied 2.3-us
after the the pulse door is pulsed down. The low-energy electrons are captured in the
potential well where they cool.
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trapped in a small region and thus have a large density, allowing frequent collisions which
couple the axial motion to the radiating cyclotron motion, thus cooling the electrons to the
bottom of the well. The frequency at which the laser pulses are repeated is approximately
1 Hz. With good alignment of the mirror, it takes approximately 70 laser pulses to load

150 million electrons.

5.4.2 Enhancement Using Electron Cooling

The advantage to using electron cooling is that the cooling time (defined as the time
that is required for the positrons to cool to energies below the offset voltage of 55 eV
so that they are confined within the one-electrode well labelled ‘positron well” in Figure
5.9) is dramatically reduced. The cooling time is measured by lowering the back door
at different times after the positrons are loaded. If the positrons are not cooled into the
single-electrode well, they have enough kinetic energy to leave the trapped region and
travel to the degrader, where they annihilate. The resulting gammas can be seen on the
fiber detectors that are surrounding the Penning trap. Figure 5.15 shows the difference
in cooling time with and without cooling electrons. When cooling electrons are used,
a cloud of 150-million electrons is loaded using the method described in the previous
section and is positioned into the Penning trap in the configuration shown in Figure 5.13.
The numbers shown on the graph are determined by counting the positrons that are left
in the single-electrode well after the back door has been dropped. As can be seen from
Figure 5.15, the cooling time is reduced by two orders of magnitude when using 150
million electrons to increase the collision frequency. Figure 5.16 shows how positron
loading is dependent on the number of cooling electrons that are used. For 50-second

cooling times, the required number of electrons is greater than 50 million, and 150 million
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is the standard number that we used.

5.5 Stacking Positrons

To get the largest possible clouds of positrons in the ATRAP Penning trap, we must be
able to stack subsequent pulses of positrons. Stacking is only possible once the positrons
have cooled into the single-electrode well because the front door must be pulsed down to
accept the next pulse of positrons as shown in Figures 5.9 & 5.13. Stacking is possible
with and without the use of electrons but the waiting time is greatly increased if no cool-
ing electrons are used. Looking at the loading rate of the accumulator alone (Figure 2.17),
the positron loading is only linear for the first 75 seconds, and completely levels off after
150 seconds. To maximize the number of positrons that are caught in the ATRAP Penning
trap, the accumulation step should not last longer than 75 seconds, the time in which there
is a linear loading rate. A very short accumulation time is not efficient since the pulse step
shown in Figure 3.2 to prepare the positrons to be transferred out of the accumulator takes
5 seconds, in which positron loading must be stopped. Another consideration concerning
the amount of time used to accumulate and transfer the positrons is the fact that the AD
antiproton cycle is 100 seconds. Since repeated bunches of antiprotons are caught every
100 seconds, the sequence for positron capture must not conflict with the sequence for
antiproton capture. All these conditions taken into account, the most efficient repetition
rate for accumulation was found to be 50 seconds (which includes 45 seconds of accu-
mulation and 5 seconds for set-up and transferring the positrons). A repetition rate of
50 seconds enables two positron transfers for every antiproton shot (defined as one AD
cycle).

Because the most efficient transfer frequency is once every 50 seconds, electron cool-
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Figure 5.17: Stacking positrons into the ATRAP Penning trap. 150-million electrons are
used to cool the positrons into the single-electrode well. The pulse frequency is once
every 50-seconds, meaning that two pulses of positrons are caught during each AD cycle.
ing must be employed in order to achieve stacking. Figure 5.17 shows the efficiency of
stacking positrons inside the ATRAP Penning trap. The stacking is linear up to 20-AD
cycles at 11-million positrons per AD cycle. The maximum number of positrons that were

accumulated, cooled and counted in the ATRAP Penning trap was 350 million.
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Chapter 6

Summary of Results

Positrons can now be loaded in a robust, efficient and repeatable manner for antihy-
drogen production. The number of positrons transferred to each region of the accumula-
tor/positron guide are shown in Figure 6.1 for a 50-second loading window. At a ??Na
source strength of 39.9 mCi and a moderator efficiency of 0.36(4)%, the accumulation
effiency was 17%. A 100% efficiency of transfer along the positron guide was achieved
as measured on the mirror Faraday cup. Magnetic mirroring is the likely reason for the
loss in signal between the mirror Faraday cup and the segmented Faraday cup located
inside the 1-tesla superconducting solenoid.

The 1-mm tube opening is one of the main areas of positron loss throughout the entire
transfer path. In future work, a larger tube will be implemented to increase the throughput
of positrons, since it is found that there was no significant loss (due to poor vacuum) with
the 1-mm tube.

With the old technique of positron loading, it would take over 3 hours to load the same
number of positrons that have been loaded in 50 seconds. Positrons can be loaded at the

same time as antiprotons and large numbers for each experimental run can be achieved.
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Position [Number of Positrons (for 50s)
Moderated (after jog) | 150-million
Accumulated 26-million
Mirror Faraday cup 26-million
Segmented Faraday cup | > 17-million
Hitting Degrader | 10-million
Caught and Cooled in ATRAP | 5.5-million

Table 6.1: Efficiencies along the transfer system and into the ATRAP Penning trap. The
accumulation time is 50-seconds (including pulse sequence). All other parameters are set
to maximize the signal at each point.

With a peak rate of over 1 x 107 (e*/hr)/mCi, the buffer-gas accumulator has greatly
enhanced the production of antihydrogen for the ATRAP collaboration.

ATRAP has been working towards confining ground-state antihydrogen, with a goal
of using the confined antihydrogen for precise spectroscopy. In 2006, a completely new
apparatus was built to incorporate a magnetic neutral atom trap (Ioffe trap) that will even-
tually be used to capture antihydrogen. The first step towards the ultimate spectroscopy
goal is to determine whether charged particles (antiprotons and positrons) can be confined
in a charged particle trap (Penning trap) in the presence of the quadrupole magnetic field
of a loffe trap. ATRAP showed [40] not only that the constituent charged particles can be
held for long enough to create antihydrogen, but that the rate of detected antihydrogen is

increased by the application of the Ioffe field.
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