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Abstrakt: Experiment AEGIS bude produkovat chladny antivodik a pro-
vede prvni piimé méfeni pusobeni gravitace na antihmotu. Cilem této
prace bylo provedeni simulaci pohybu positronu v magnetickém poli ex-
perimentu AEGIS a nédsledny névrh zpusobu injekce positronu do hlavni
Casti experimentu. Vysledkem prace je ndvrh positronové transfer linky,
kterda pomoci civek vede positrony z positronového akumuldtoru do hlav-
niho supravodivého magnetu. Positrony jsou radidlné udrzovany a zaroven
vedeny podélnym magnetickym polem tvofenym hlavnimi civkami ob-
klopujicimi vakuovou komoru. Pro korekci drah positronu jsou kolem
hlavnich vodicich civek navrzeny pary Helmholtzovych civek. Soucésti
préce je souhrnny popis experimentu AEGIS, véetné metod chlazeni an-
tiprotont a zpusobu provedeni gravitaé¢niho méfeni.
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Title:
Development of Positron Transfer and injection for the AEGIS
experiment

Author: Daniel Krasnicky

Abstract: AEGIS experiment will produce cold antihydrogen and subse-
quently make the first direct measurement of the gravitational effect on
antimatter. The objective of this work was to perform simualtions of
positron motion in the magnetic field of the AEGIS experiment and sub-
sequently to propose a solution to the injection of positrons into the main
part of the apparatus. The result of this work is a proposal of the positron
tranfer line which will guide positrons from the positron accumulator into
the main magnet. Positrons are guided and radially confined by axial
magnetic field created by the main guiding coils of the transfer line. To
perform track corrections pairs of racetrack coils in Helmholtz geometry
are surrounding the main coils. An overview of AEGIS experiment is also
provided in this work. In particular antiproton cooling methods and the
gravitational measurement in AEGIS are outlined.
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1 Introduction

The Antimatter Experiment: Gravity, Interferometry and Spectroscopy
(AEGIS) is a new experiment primary goal of which is to measure the Earth’s
gravitational acceleration g on antihydrogen. The experiment will be located at
the world’s unique Antiproton decelerator at CERN which delivers slow antipro-
tons for antimatter research. The AEGIS experiment was recently (December
2008) approved by the CERN research board and technical design specifica-
tion of the experiment along with the necessary simulations are currently being
undertaken by the members of the collaboration [1].

The objectives of this thesis were contributing to the final design of the
AEGIS experiment. The objectives were:

e To make simulations of the positron movement in the magnetic field of
the experiment.

e To offer a proposal on the positron injection into the experiment.

In order to complete the objectives I had to learn new simulation techniques with
the OPERA 3D software and overcome the obstacles imposed by other parts of
the experiment. I have spent one month at INFN Genova where I worked on
the positron injection under the guidance of Gemma Testera and her colleagues.
The objectives of this thesis were exceeded. Based on the performed simulations,
the positron transfer line - a solution that I had proposed - was accepted by the
AEGIS collaboration and after a lengthy optimization I had succesfuly presented
a detailed plan and a cost estimate at the AEGIS collaboration meeting. The
results of my work are described in Section 6.

This work was my first encounter with antimatter experimental physics
hence this thesis (aside from the positron transfer line description) gives also an
overview of the whole experiment pinning out some crucial aspects and areas of
my future interest. Since it was my first year studying the considerable number
of experimental techniques used to produce antimatter, the work does not go
into great detail on every subject, but tries to give a comprehensive overview of
the planned AEGIS experiment.

In section 2 a brief physical motivation on the gravity measurement on an-
timatter is given. Section 3 presents the reaction mechanism of antihydrogen
production along with the method of antihydrogen acceleration. In section 4
the setup of AEGIS with individual parts is described. In section 5 the meth-
ods of cooling of antiprotons down to mK range (and maybe even lower) are
presented. The gravity measurement methods along with the explanaition of
the Moiré deflectometer are given in the section 7 and finally there is a short
section 8 devoted to the future possible applications of the AEGIS apparatus.



2 Motivation of AEGIS

During the first phase of AEGIS experiment a 1% precision measurement of
the gravitational acceleration is being expected. Even though this seems rather a
low precision measurement it incorporates state-of-the-art techniques and there
is a reasonable research and development done to improve antihydrogen pro-
duction methods compared to AEGIS predecessor - the ATHENA experiment
[5]. In addition new techniques in antihydrogen production and cooling will be
used.

The gravitational interaction of matter and antimatter is expected to be the
same (especially at 1% level), nevertheless various theories that do allow for dif-
ferences between gravitational interaction on matter and antimatter. As pointed
out by Goldman et al. [2] a broad range of quantum gravity theories introduce
a finite range (Yukawa-type) interaction potentials that have approximately
gravitanional strength. In those theories gravivector (spin-1) and graviscalar
(spin-0) components of the gravitational interaction are allowed (in addition to
graviton with spin-2). Based on those theories (in a static simplified case) the
total gravitational interaction energy between two fermionic massive objects is
governed by:
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where r is the distance between the objects, m; and mo are their masses and a
and b are the products of vector and scalar charges of the particles and v and s
are the inverse masses of the graviphoton (vector) and graviscalar [2]. The sign
in front of a from Eq. 1 is negative in the case of matter and matter interaction.
Models of these interactions were constructed so that the two new (Yukawa-
type) components in Eq. 1 cancel out (based on the observations made so far).
The interest in Eq. 1 to AEGIS lies in the case of matter antimatter interaction
where the sign in front of a changes and the two new components add-up, thus
based on these theories the antihydrogen should experience greater acceleration
than ordinary matter. Goldman et al. even assume that if a ~ b ~ 1; quantum
gravitational effect would make the antiprotons fall by a few percent faster than
protons [3]. These theories of course violate the weak equivalence principle
(WEP) which states that the inertial and gravitational masses are the same.

The above arguments illustrate just some experimental motivation for
AEGIS’ primary goal. There are many other interesting theoretical assump-
tions waiting to be confirmed by the gravitational measurement on antimatter
[4]. The measurement of the gravitational acceleration between matter and an-
timatter in AEGIS is free of any assumptions and even the violation of WEP
would be consistent with the CPT invariance®.

Antihydrogen is composed of antiproton and positron (the counterparts to
proton and electron); thus one might argue that for gravitaional measurement
the 1840 times lighter positron does not play any role. There have been some
experiments [3] performed on antiprotons trying to measure their gravitational
interaction with Earth, but all failed due to large systematic errors. Even small
fringing electromagnetic field acting on a charge overwhelmes the gravitational
force. Antihydrogen is neutral and thus it is affected only by magnetic and elec-
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tic dipole interaction. In addition since the atoms are not polar (as opposed to
some molecules) the electric dipole effect is in regular electric fields insignificant.

The AEGIS apparatus should make it possible to perform other fundamental
tests with antimatter in a second phase of the experiment which is expected to
be undertaken once the first gravity measurement is succesfully achieved (2013).
In the second phase of the experiment antihydrogen trapping is envisaged with
subsequent cooling; that might lead to atom interferometric (higher precision)
gravity measurement. Under the same conditions (trapped and cool H) it would
be possible to perform spectroscopic measurements to test the CPT invariance.
The goals and methods of the second phase of the experiment are described in
Sec. 8.



3 Antihydrogen formation and acceleration in
AEGIS

The AEGIS experiment is based on the experience gained in the previous
antimatter experiments at the CERN Antiproton Decelerator (further on AD).
A major part of the current AEGIS collaboration is coming from the ATHENA
experiment ([6] and [5]), which along with the ATRAP experiment [7] were
the first to create and observe the formation of cold antihydrogen by using
electromagnetic traps.

The particle manipulation techniques prior to the antihydrogen formation
are similar in the AEGIS, ATRAP and ATHENA experiments. First, the
positrons are stored for approx. 300s using a positron accumulator with a 22Na
BT source (see section 4.2), then they are transferred into the 3-6T magnet,
where they are cooled by the emission of synchrotron radiation. Second, the
antiprotons coming from the AD are degraded (slowed down) by a series of
foils so that they could be trapped in the penning traps located in the main
3-6T magnet. The antiprotons are sympathetically cooled down by a preloaded
electron cloud, that in turn cools itself down via the emission of synchrotron
radiation.

3.1 Antihydrogen formation mechanisms

So far the techniques proposed are known and similar to the other experi-
ments, but in AEGIS a differrent approach is used for the antihydrogen forma-
tion. The formation of antihydrogen in AEGIS is based on the charge exchange
reaction between a Rydberg (a highly excited state) positronium? and an an-
tiproton

(efe ) +p=H"+e” (2)
The charge exchange reaction used for the formation of cold antihydrogen was
pioneered by C.H.Storry et al. [8] at ATRAP. The difference between ATRAP
and AEGIS lies in the positronium formation. In ATRAP a reaction of Cesium
atom with positron is used for the creation of positronium. Cesium is excited by
laser and flies into a cloud of positrons, thus creating Cs ion and a positronium

Cs*+et — Cst + (efe) (3)

which flies into the antiproton trap and produces antihydrogen. In AEGIS the
positronium is created by impacting the cloud of positrons onto a porous cold
target (Fig. 1). The specific material that is to be used is currently under
experimental study; so far silica targets seem to be a good choice with yields
close to 30%.

In ATHENA the antihydrogen atoms were created in a nested penning trap
shown in Fig. 2, where the antiprotons were confined with the positrons in
the same space and were let to recombine with positrons in a nested well. In
ATHENA the main antihydrogen production process was through three body
recombination reaction

et +et+p=H+e, (4)

where the created antihydrogen atom occupies highly excited states.

2a bounded state of positron and electron



Figure 1:
[9]
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Figure 2: The nested penning trap scheme used for antihydrogen production in
ATHENA experiment; along x is the length of the trap, along y is the applied
voltage in the trap. [36]

The charge exhange reaction with positronium has many positives when be-
ing compared to the clasical mixing technique used in the ATHENA experiment.
Reaction (2) has a large cross section of the order of agn?, where ag = 0.05nm
is the Bohr radius and n is the principal quantum number of the positronium.
Also the resulting distribution of the formed antihydrogen is similar to the dis-
tribution of the quantum states of the positronium that formed it. This will be
used in AEGIS, as the positronium atoms travel towards the antiproton trap
they will be excited by two laser pulses (tunable) into the required states. In
this way the antihydrogen atoms will be created at relatively narrow band of
highly excited (Rydberg) states. Such pulse production (approx. every 300s)
of antihydrogen atoms that are in distinct Rydberg states is favorable for the
Stark acceleration of neutral antiatoms.

3.2 Stark acceleration of Rydberg antihydrogen

The main experimental challenge of AEGIS is the preparation of a beam of
neutral antimatter. There are many technical obstacles that need to be overcome
in order to prepare such a beam. Some of them have already been pointed out,
such as the formation and excitation of positronium and also the antihydrogen
formation by charge exchange. After (not only) these milestones are fulfilled it
is crucial to accelerate the newly formed antihydrogen in a controlled way onto



the Moiré gratings to perform the gravity measurement.

The deceleration and acceleration of neutral matter was already experimen-
tally demostrated by groups at University of Oxford [10] and at ETH Zurich
[11]. The ETH group (which is part of the AEGIS collaboration) had also
done quite recent experiments with decelerating and trapping Rydberg hydro-
gen atoms [12]. The principle of Stark acceleration or deceleration of neutral
atoms is based on the conversion of potential to kinetic energy as a particle
with large electric dipole moves in an inhomogeneous electric field. The Stark
acceleration is an electrical analogue to the Stern-Gerlach experiment.
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Figure 3: The Stark states of Rydberg hydrogen with n = 30 and m; = 0 plotted
as a function of electric field strength. On the vertical axis is the detuning from
the energy of Rydberg hydrogen in field free region. [4]

The energy of H atom in an electric field F is (in atomic units, to the first
order approximation [11]):

1 2
E = 5,3 + 3nkF, (5)
where k is a quantum number running in steps of 2 from —(n — 1 — |my]) to
(n —1—|my|) and m; is the azimuthal quantum number.

To show how the electric field can accelerate and decelerate lets look at a
case of hydrogen atom in a n = 30 and m; = 0 state (taken from [4]). A picture
of the allowed Rydberg Stark states for such atom is in the Fig. 3, the states
are plotted as a function of electric field strength. If we have an atom in a state
with high positive & value (for example the one drawn A in the Fig. 3) and it
is moving towards higher electric field region, its potential energy increases and
the atom decelerates (so that the total energy is conserved). Such an atom is
in the so-called low-field seeking state®. Vice versa, if we have an atom at a
high-field seeking state (k being negative) it would get accelerated during the

3As if the atom would like to go back to the lower field region where it came from.
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travel towards a higher electric field. Having an atom in one principal quantum
state n, the change in energy (following the equation (5)) is

AE = %nkAF (6)

V,=-1000 V
Z 3 mm

V,=-45V
V,=1000 V

Figure 4: Electrodes schematic setup during Rydberg hydrogen deceleration
prior to hydrogen trapping at ETH [12].

The experimental setup for deceleration and trapping of Rydberg hydrogen
performed at ETH Zurich is shown in Fig. 4. In this experiment the Rydberg
hydrogen atoms at intial velocities of ~750m/s were stopped in a distance of less
than 3mm. To achieve this a voltage pulse of 1kV with sharp rise time and decay
of approx. 10us was applied to the electrodes 3 and 4 (in Fig. 4) at opposing
polarities (V3=-V4). A similar scheme is anticipated in AEGIS with the main
difference that the electrodes will not have a rectangular shape as in the case of
the above mentioned experiments, but will be in form of segmented (elecrically
split) cylinders that quickly change polarities from Penning-type trap into an
atom Stark accelerator. In AEGIS the goal will be to accelerate the cold and
isotropically spreading cloud of antiatoms onto the Moiré gratings located at
the exit from the magnet.

There is another novelty in the Rydberg acceleration on antihydrogen. The
previously mentioned experiments were not done in the presence of strong mag-
netic field. In AEGIS the antihydrogen is created in a Penning trap (sec. 4.5)
where the fields are in the range between 1 and 6T. For (charged) particle trap-
ping it is convenient to have higher axial fields. Unfortunately the dynamics of
Rydberg atoms in arbitrarily crossed magnetic and electric fields is a complex
problem. According to Main et al. [13] there are many different regimes of clas-
sical motion depending on a range parameters (like the angle between the fields,
their strength, the principal quantum number). When the mutual angle between
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the fields is from 40° to 70°, the classical motion might even become chaotic.
The effect of energy levels splitting under strong magnetic fields also plays an
important role in the dynamics of excited atoms. Large perturbations of the
Rydberg antihydrogen are unwanted thus a compromise was chosen between
the field in the trap and the requirement to not perturb the antihydrogen via
strong fields. The perturbations are caused by the linear and quadratic Zeeman
terms. A compromise was chosen to have 1T field in the formation/acceleration
region along with maximum principal quantum number of antihydrogen n=35.
The regime during which formation and acceleration of antihydrogen will take
place will be the so-called weak field regime when the linear Zeeman effect is
stronger than the quadratic one.

12



4 AEGIS apparatus

In this section the AEGIS experiment with its various parts is described. All
the components of the experiment play an important role in achieving the scien-
tific goal. Research and developement on many of those components is currently
in progress; once the construction starts many parts of the apparatus might be
quite different from those presented in this overview. Since the positron tranfer
was the main objective of this thesis it is described in a separate section 6. The
AEGIS experiment will be located in the AD6 zone at the CERN Antiproton
Decelerator (further on AD) and even though AD it is not an integral part of
AEGIS a brief description of this unique device will be given in the section 4.1.

An overall layout of the experiment in the zone is shown in Fig. 5. Antipro-
tons are coming from the AD on the (so-called main) axis of the 5T and 1T
superconducting magnets. The magnets are housed in a 4.2K cryostat which
ends with a 77K chamber housing the Moiré deflectometer gratings with the
position sensitive detector. The positron accumulator - the source of positrons
for the experiment - is located above the antiproton beam line. In the zone
there is also space for laser tables needed for efficient positronium excitation
or for perspective antihydrogen cooling. On the side of the zone there are the
racks for all the needed instrumentation.

Figure 5: The layout of the AEGIS apparatus in the AD6 zone at the CERN
Antiproton Decelerator

4.1 Antiproton decelerator

To produce antihydrogen one needs antiproton p and positron e™. Positrons
are most conveniently formed in 87 decays of unstable nuclides, but there are
no radioactive emitters of antiprotons available. The antiprotons are produced
in collisions of accelerated protons (at GeV kinetic energies) with a fixed target.
At CERN 26GeV protons are accelerated by the Proton Synchrotron and left

13
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Figure 6: A detailed schematic view of the positron accumulator of the
ATHENA experiment. [15]

to collide with a target in which the antiprotons are produced. They are then
extracted and slowed down at high efficiency by the Antiproton Decelerator
(AD).

Empirically the highest yield of antiprotons is at output energy of 3.57GeV
(with protons being at 26GeV). Approximately 5.107p are extracted and guided
into the decelerator ring. The decelerator is similar in construction to an ac-
celerator with the difference being that the acceleration RF cavities are used
to slow down the beam. This brings in the main difficulties. When the bunch
slows down its dispersion or emittance increases (since we reduce the forward
velocity only). In addition the emittance of the incoming primary beam is not
too good (around 200rmm.mrad). To improve the momentum dispersion of the
incoming beam the bunch rotation is applied, thus reducing the dispersion from
+3% to £0.75%. To improve the antiprotons transverse dispersion Stochastic
cooling method is applied, after which their transverse spread is 57mm.mrad
and momentum spread only 0.1%. Then they are slowed down to 2GeV and
stochastically cooled again. In the next stages electron cooling is applied which
is suitable for lower energy beam cooling. The AD finishes the cycle by de-
livering 5.3MeV (100MeV/c) antiprotons with transverse beam emittance of
Irmm.mrad and momentum spread of 0.1%. The whole cycle of the decelera-
tion takes approx. 100s with ~ 2.5.107 antiprotons delivered to the experiments
at the AD experimental hall.

4.2 Positron accumulator

To produce antimatter one also needs the positrons. A standard technique
used in the antimatter experiments is the accumulation of positrons coming
from a radioactive B¥source. In AEGIS the same type of device as in ATHENA
would be used - the so-called Surko type positron accumulator? - which is now
available comercially.

A schematic picture of the ATHENA positron accumulator is in Fig. 6. This
accumulator was the first to use the rotating-wall technique to cool down and
compress the positron plasma; its optimization is thoroughly presented in doc-
torate thesis of T. Watson [15]. The positrons are produced by a 50mCu **Na

4Prof. C.M. Surko’s positron research group at the University of California, San Diego
pioneered these types of accumulators.
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B source. Since the beta decay energy spectrum has a mean yield value in the
MeV range, for low energy experiments a moderation technique to slow down
the positrons is being used. There have been many different types of moderators
used in the past, currently the solid Neon moderator has the highest efficiency
in positron moderation. The radioactive sodium source is mounted on a cold
(cryogenic) head at temperature around 5K, on which Neon gas is let to desub-
limate and grow a layer of ideal (experimentally tested) thickness. The effect of
such moderation is shown in the next Figure 7. Even though the efficiency of
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Figure 7: The 8T energy spectrum before and after solid neon moderation. [15]

such moderation is 7.1073 the resultant spectrum is very narrow and suitable
for low energy trapping and cooling techniques. The source chamber is being
pumped by oil-free turbo pump (there is a risk of moderator contamination)
and divided from the trapping region by a long and narrow vacuum chamber,
acting as a pumping restriction.

Once moderated the positrons fly through the narrow tube into the main
trapping region where Nitrogen buffer gas and Penning-Malmberg traps are lo-
cated®. Here the accumulation proces takes place. This region is surrounded by
0.15T water cooled coil which axially confines the positrons. In order to trap the
incoming positrons they need to loose sufficient amount of energy during their
passage through the trap system so that they would not go over the entrance
electrode voltage barrier. A buffer Ny gas is being used to slow positrons down
via inelastic collisions of positrons and Nitrogen molecules in which positron has
a kinetic energy in the range ~ 7—11eV, that is high enough to excite electronic
transitions in Nitrogen molecule, but not too high to form positronium.

5Penning traps are made from concentric cylindrical electrodes with axial magnetic field.
The magnetic field confines the particles radially while electrostatic field at the end cylinders
confines the particles in the axial direction. Originally designed by F.M. Penning as a vacuum
gauge (the PIG or the Phillips Ion Gauge) it came to be used extensively as an ion source
and also as a charged particle trap. For more details see Sec. 4.5 and Sec. 5.2.
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Figure 8: A schematic of the traps in the positron accumulator main trapping
region with potentials, pressures and electrode dimensions. [15]

Fig. 8 shows schematically the trap dimensions, pressures and the applied
potentials in positron accumulator. The differential pumping scheme allows the
efficient trapping. As a positron gets gradually slowed down by many collisions
with the buffer gas it moves one stage lower (in the potential view) and finally
ends up in the last 10 %mbar pressure region. Here the positrons are being
accumulated and also compressed by the rotating wall technique (5.4), which
will be used also for the antiprotons and positrons in the main 5T and 1T
magnets. Annihilaton of positrons is higher in the high pressure regions; the
gradient of pressures (see Fig. 8) was experimentally chosen as to maximize the
positron accumulation. At the end of the accumulation (after approx. 300s)
there should be approx. 1.5 x 10® positrons ready for transfer into the main
magnet. The accumulation and annihilation of positrons in the buffer gas are
competing processes that is why a saturation effect is seen. In Fig. 9 we can
see the the measured number of accumulated positrons as a function of time
for the ATHENA positron accumulator. The number of accumulated positrons
was measured by dumping the accumulated et cloud on a Faraday cup and
(complementary) measuring the annihilations with a CsI crystal (Fig. 6). The
maximum accumulation occurs at around 300s afterward a sligth decrease is
apparent for both measurements.

4.3 Main magnets and cryostat

As we can see in the layout (Fig. 5) the cryostat is located in the middle of
the zone on the antiproton beam line axis. Inside the cryostat there are three
important components of the AEGIS design: the two superconducting magnets
and the dilution refrigerator - a device capable of achieving temperatures below
the 4.2K liquid *He limit. A picture of the planned AEGIS cryostat is in Fig. 10.
Going from the left to right, there is the 5T superconducting magnet with
the antiproton and positron catching traps. In the middle there is the central
instrumentation region, where the dilution refrigerator (capable of achieving
100mK), as well as the diagnostics and the laser windows are located. The right
part of the cryostat is housing the 1T magnet with the antihydrogen formation
region and finaly there is the 77K liquid nitrogen thermal shield which covers

16
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Figure 9: The accumulation of positrons as a function of time; measured at the
ATHENA positron accumulator. [15]

Figure 10: The AEGIS cryostat housing the superconducting (5 and 1T) mag-
nets, the dilution refrigerator (0.1K capable) and the 77K thermal shield around
the gratings and detector chamber.
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the gravity measurement region.

The 5T magnet is a coil with windings made from superconducting alloy;
the AEGIS 5T magnet has to have a homogeneity of 1074 in a length of approx.
30cm in the centre of the coil in order to achieve long antiproton and positron
storage times. In the 5T magnet there will be the antiproton catching and cool-
ing trap and the positron cooling trap. The 1T magnet is similar in construction
to the 5T one however its magnetic field will be lower. This magnet is housing
one of the critical parts of the experiment - the antihydrogen formation region
with ambient temperature of 100mK and the positronium formation target. As
discussed in section 3.2 the field of 1T is a compromise between the long particle
storage times and the Rydberg antihydrogen perturbations. Since the field is
only 1T, this magnet needs to reach a homogeneity better than 10~° in order
to achieve sufficient plasma storage times. Both of the magnets will have an
anticoil at their end so that their fringing field can be reduced (this will be of
special interest for the gravity measurement region).

4.4 Dilution refrigerator

A dilution refrigerator capable of achieving 100mK temperature is being built
at CERN. It will be located in the central intrumentation region of the cryostat
(Fig. 10). The lowest temperature will be achieved in the centre of the 1T
magnet in the so-called mixing chamber. The principle of dilution refrigerator
can be understood from the phase diagram of liquid helium mixture (mixture
of helium-3 and helium-4) shown in Fig. 11. Helium-4 is liquid below 4.2K (at
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Figure 11: The phase diagram of liquid helium mixture (*He and *He) at low
temperatures.[16]
normal pressure) and becomes superfluid below 2.17K. When we have a mixture

of the two helium isotopes below 0.86K (the triple point in Fig. 11) it separates
into two phases: the He-3 rich phase and the He-3 poor phase. When lower the
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temperature, we move along the equilibrium line either to the right from the
triple point (rich phase) or along the line to the left (the poor phase). Even at
absolute zero the concentration of He-3 in the poor phase is finite at 6.4%.
Below 0.5K the superfluid He-4 has negligible entropy and behaves like a
vacuum to the the He-3 atoms. In the mixing chamber the ultimate cooling
takes place. Here the two phases are together; the rich phase is lighter and ”sits”
above the poor phase (which is heavier due larger He-4 concentration). He-3
atoms are made to cross the boundary between the phases in the mixing chamber
by pumping on the still (Fig. 12) which is located further up at a temperature
slightly below 1K (where the He-3 evaporates). The still is connected to the poor
phase and since we pump mostly He-3 we destroy the 6.4% (at least) equilibrium
in the poor phase. In order to restore the equilibrium He-3 atoms cross the phase
boundary. To do so they acquire energy from the mixing chamber walls. By
using the dilution refrigerator temperatures around 2mK ([17]) can be achieved.

«—— He-3 flow

<«—— Heat exchange

i Dilution cooling

T Evaporation
of He-3

Mixing [l Chamber

! D I
FrIrT YT

Figure 12: A schematic of a dilution refrigerator. [18]

The dilution refrigerator of AEGIS will have a cooling power of approx.
500uW at 100mK temperature. The mixing chamber will be located beneath
the antihydrogen formation trap and connected to the rest of the dilution re-
frigerator via two tubes. The mixing chamber is also specially designed for the
AEGIS antiproton and electron traps (Fig. 13).

All of the ultra-cold components will be isolated by many layers of thermal
insulation. The main heat load in the antihydrgoen formation region will be
coming from the thermal radiation of the warm areas (4.2K, 77K and even
some 300K room temperature radiation). Other heat loads will be coming from
the cables driving the trap voltages and also from the lasers that are needed
to excite the positronium prior to charge exchange reaction. Even though the
lasers would go through the chamber (thus exiting the apparatus) substantial
heat load will be deposited in the formation region.
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Figure 13: The 100mK mixing chamber of the AEGIS dilution refrigerator

4.5 Antiproton and positron traps

Antiprotons and positrons will be caught and stored in Penning-Malmberg
traps situated inside the 5T and 1T magnets. These traps consisting of cylidrical
electrodes (Fig. 14) are well known and extensively used for charged particles
and non-neutral plasma storage experiments. The axial magnetic field confines
the particles radially while the end electrodes create an electrostatic potential
well that traps the particles axially. Penning type trap has a harmonic potentia
while in Penning-Malmberg trap the central electrode is longer, thus creating a
different trapping potential shape (Fig. 14). Stacking, storing and comppresion
of the non-neutral plasmas is being enabled by the trap electrodes which are
segmented in radial and longitudinal directions. The techniques of antiproton
and positron cooling and manipulation are described in detail in section 5.

V(z)
r Penning
r4
7z V()
—_—
B Penning{Malmberg
/ 1 A 2
v \%
a) b)

Figure 14: A schematic of a penning trap (a); the axial magnetic field confines
the particles radially while the end electrodes confine the particles in an electro-
static potential well axially. In (b) the potential along the trap axis for Penning
and Penning-Malmberg trap is schematically depicted.

In AEGIS the trap system will be located along the whole legth of the su-
perconducting magnets. In the 5T magnet there will be one trap located on the
main axis used for antiproton and positron catching and cooling. Such trap is
depicted in Fig. 15. The first part of the trap (left side in Fig. 15) is used for
catching of positrons and antiprotons; this part has two high voltage electrodes
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used for antiproton catching. After the antiprotons had been slowed down in
the degrader foil (located at the entrance to the catching trap) they pass the
entrance electrode which is on ground potential, whilst the second high voltage
electrode is at approx. 10kV. The antiprotons below 10keV bounce back, but
during this time a fast 10kV pulse is applied on the entrance electrode caus-
ing the trap to close down. The positrons are caught after their transfer from
the positron accumulator in a similar way (at lower and thus easier achievable
voltages). The second part of the 5T trap (Fig. 15) consists of the positron

Figure 15: The antiproton and positron catching and cooling trap located in the
5T magnetic field; left side - the catching trap, right side - storage, compression
and diagnostics trap.

and antiproton storage and compression trap, where the already cooled down
bunch of positrons or antiprotons is stored and compressed with the help of the
rotating wall plasma compression method ([19] and Sec. 5.4). The diagnostics
(of the shape and density) of the stored plasmas would be done by nondestruc-
tive plasma mode frequency measurements for which a harmonically shaped
potential is needed (Penning trap).
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Figure 16: Magnetic field along the main axis of AEGIS (OPERA 3D); on the
left 1T field, then the transfer section and on the right 5T magnet field. A small
0.3T bump on the right is the axial coil of the positron transfer line.
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Between the 5T catching and cooling trap and the trap in the 1T antihydro-
gen formation region there will be a transfer region, where the field will drop
from 5T to 1T (Fig. 16). This transfer region will be also filled with cylin-
drical electrodes and thus could be used as a Penning trap. But because of
the lack of homogeinity the storage times of plasmas in this region would be
shorter. Despite of the anticipated short storage times the transfer section (with
a similar multi-electrode set-up as the catching trap) could be used for adia-
batic (slowly changing neighbouring potentials) or ballistic positron/antiproton
transfer into the 1T homogeneous region. In the ballistic transfer method the
cloud of charged particles is accelerated to higher (tens or hundreds eV) kinetic
energies and caught in the region of interest using the same principle as for
antiprotons in the 5T catching trap.

Figure 17: A schematic of the 1T big trap, that is divided into two small traps
in the 100mK region; small axial for antiprotons; small off-axis for positrons
and positronium target.

In the 1T region (where the antihydrogen production takes place) the trap
layout is different from the 5T one. Here the antiprotons or positrons will (at
different times of course) arrive into the 1T homogeneneous field where a trap
with bigger radius (due to the plasma expansion in weaker axial field) will be
located. The trap radius of the 5T catching trap will be of the order of 1.5cm
whereas in the 1T big trap the radius will be around 2.5cm. The 1T trap
schematic is shown in Figure 17, where the positron/antiprotons are coming
from the left (transfer region) on axis. Two smaller traps that both fit within
the radius of the big trap are located in the region of the highest homogeinity
of at least 10~°; they are the antihydrogen formation traps. For the storage of
antiprotons a small trap is located on the axis, while the other one is located
off-axis and suited for positrons. A small positron trap will be followed by
the positronium formation target (section 3.1) oriented in a slanted direction
towards the antiproton small trap, which will have semi-transparent electrode
to allow positronium passage. While the big trap will be at the temperature of
liquid helium (at 4.2K) the small traps will be at the 100mK temperature. The
mixing chamber of the dilution refrigerator (sec 4.3) will be located directly
beneath them and thermally connected to them by copper rods. The small
antiproton trap functions as the antihydrogen formation region and also as the
Stark accelerator. Its electrodes are segmetned and shaped in that respect. The
mixing chamber of the dilution refrigerator is specially designed and tested, so
that high voltage discharges could not occure in the helium mixture (Fig. 13).
In the off axis trap the positron cloud will be compressed via rotating wall
technique or sideband cooling in order to achieve radius of the positron cloud
~ lmm. This compressed positron cloud will then be accelerated at variable
energies (up to several keV - depending on the experimental observations on the
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positronium formation) toward the positronium formation target.

When transfering the positrons from the 5T region into the 1T big trap, they
end up on the axis; in order to inject them into the off-axis small positron trap
one has to make them move across the confining axial magnetic field. This can
be done within the Penning trap with the induction of diocotron motion of the
positron plasma by applying a sine voltage signal with varying frequency (rising)
on one (radial) segment of the electrode. The diocotron motion of plasma was
recently applied experimentally during the development of a new generation of
positron accumulators which should be capable of accumulating and storing 101!
positrons [20]. The above mentioned method allows to control the radial and
azimuthal position of plasma in a Penning-Malmberg trap for relatively long
times (thousands of diocotron periods). Inducing this motion enables to inject
the positrons in a controlled manner into the off-axis trap. J.R. Danielson et
al. show that during the induced radial motion of the electron cloud the plasma
diameter stays almost constant (Figure 18). Thus the diocotron motion is an
effective alternative either to magnetic field changes or to ExB drift methods.
Assuming plasma has axial length large compared to the trap radius Ry, the
linear frequency of the mg = 1,k, = 0 diocotron mode is

"p

/o~ (E)QfE, (7)

where 7, is the plasma radius and fg is the plasma ExB rotation frequency,
dependent on the plasma density and magnetic field B through fr = (¢cne)/B.
Normally the fp is in the kHz range. Apllying a sinusoidal voltage signal
V=V sin (27 ft) with variable (rising) frequency to one of the four radial seg-
ments of an electrode; one can dispalce the plasma radially by choosing the
right final frequency f. In order to displace the plasma in a controlled way the
starting driving frequency is chosen below the linear diocotron frequency (thus
f < fp). Then the driving frequency f is continuously increased until a neeed
displacements is reached. This displacement corresponds uniquely to the final
frequency of the driving signal. This so-called autoresonance method leaves the
plasma at fixed position in radial displacement and in phase. The experimental
results of J.R. Danielson et al. [20] are shown in Fig. 18 and Fig. 19.
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M 0.37 cm

Figure 18: Images of plasma for different values of diocotron driving frequency
f leaving the plasma at different displacement D (plasma dumped at the same
phase ¢ = 0). [20]

Figure 19: Images of plasma with displacement D=0.26cm and at different phase
angles ¢. [20]
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5 Antiproton cooling and plasma compression
techniques

Antiprotons are coming from the AD at 5.3MeV. To stop and catch all of
the 107 antiprotons one would need either to further decelerate them or to
have a trap with end electrodes at MV potentials. This is of course technically
unachievable, thus the already mentioned technique with a set of degrader foils
is used by many antimatter experiments in the AD experimental hall. The
degrader foils spread out the energy spectrum of the antiprotons to produce
a reasonable number of antiprotons in the 0-10keV range which is suitable for
catching. The efficiency of such deceleration method is tenuous. Out of the
2.5 x 107 antiprotons coming from the AD approx. 10* were captured by the
5kV potentials at the ATHENA catching trap [5]. To increase the catching
efficiency it is planned to have trap electrodes at 10kV in AEGIS. Unfortunately
since we are catching the far end of the antiproton energy spectrum by doubling
the catching potentials we only double the number of antiprotons ; in this end
region of the spectrum the curve can be approximated to be linear (as compared
to its exponential behaviour in medium antiproton energies). Because of the
low catching efficiency it is anticipated to stack more shots of antiprotons into
the same catching trap (thus using more AD cycles for the accumulation of
antiprotons). This was done in the ATHENA experiment and the number of
accumulated antiprotons rises linearly with the number of stacked AD shots.
The stacking will be done in a coordination with the positron accumulation,
thus three to four shots of antiprotons are expected to be accumulated due to
the approximate 300s accumulation time in the positron accumulator (Sec. 4.2).

5.1 Antiproton cooling with preloaded electron cloud

After the antiprotons have been caught the first cooling process takes place
- the electron cooling. This cooling mechanism is sometimes also called the
sympathetic cooling. The cooling of hot ions via Coulomb collisions with a cold
cloud of electrons is a routine method used in the lower energy region starting
from relativistic § = 0.65 downwards [23]. It is also routinely used in lower
energy particle accelerators (storage rings) and it is a complementary method
to the Stochastic cooling, which works better for higher particle energies. The
main difference when using electron cooling of p in a Penning trap lies in the fact
that in accelerators we insert a constantly new high current and high quality e~
beam into the ion beam pipe opposed to the Penning trap where we pre-load an
electron cloud and leave it confined in the same trap. In particle accelerators
the new cold electron beam cools down the repeatedly incoming ions, while in
the Penning traps we have the same electron cloud which cools itself via an
emission of synchrotron radiation in the strong (in AEGIS 5T) axial magnetic
field. Despite of those differences the principle of antiproton (ion) cooling is the
same.

If we have a two-component nonneutral plasma where the components share
the same volume and their temperatures differ, the relaxation (exchange in
energy) takes place between them. The relaxation (electron cooling) time 7.

25



can then be calculated using the so-called Spitzer equation [24]:

__(_3me m, KT, | KT, 3/2 -
¢ 8y 2met neZ2LC mpy Me ,

where me, T. and my, T}, are the electron and antiproton masses and temper-
atures respectively, Z is the proton number (for antiprotons = 1), n. is the
electron density and L¢ is the Coulomb logarithm.

A simple model of electron cooling is the binary collisional model, which
assumes electron cloud to be stationary and ions (antiprotons) that fly through
such cloud are scattered according to the Rutherford formula:

d_a_<Z62 1 )2 1 o)
dQ ~ \dmeg 2myv2 sin(0/2)

where the myv} factor is the (non-relativistic) kinetic energy of the ion. Be-
cause of the sin=#(6/2) term in eq. 9 small angle collisions are strongly favoured
and thus the momentum approximation (to first order assuming undisturbed
trajectory of the ion x = vpt ) is justified. Then the momentum transferred in
an individual collision can be easily calculated from

Feo 1 [T Ze? 1 2Ze?
P c / 22 + b2 dmey vpb
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where b is the impact parameter, v, is the velocity of the incoming antiproton
(Fig. 20) and F¢ the Coulomb force. The energy lost in one collision is then
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Figure 20: Kinematics of a binary collision during electron cooling (using the
momentum approximation).

AE; = Ap/2m, and the energy loss per length element dx of the antiproton to
all electrons in a volume element 27 b db dx is

AE =2tn.bdbAE; . (11)

dz
This equation shows the energy loss per length dx for impact parameter interval
(b,b + db) thus to get the energy loss when the antiproton passes the cloud of
electrons we must integrate over the impact parameter b. To do the integration
we need to have limits on the impact parameter. The maximum impact param-
eter by is given when taking into consideration the debye screening length of
the electron plasma
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The minimum impact parameter b,,;, is determined form the maximum mo-
mentum transfer that can occur (which is during a head-on collision)

2 2
1 2Ze — Apmas = 2y — by — 1 Ze

4men Vpbmin 4meg mu2

Integrating the eq. 11 we get the energy loss of antiproton as it passes through
the electron cloud of density n.

dE bwnaz Z2€4 b
—— =2 cbAFEdb = 1 ULk 12
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where we can see the Coulomb logarithm
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Even though this model is very simple and not too exact eq. 12 shows the main
feature of electron cooling techniques: the strong dependance of the antiproton
(ion) energy loss on the v, 2. That is why the cooling rate increases substantially
for lower energies of antiprotons.

The simple model of binary collisions is not exact, in order to get more
precise results one has to take into considerations the velocity distributions of
electrons and ions (antiprotons); a more precise model would also have to take
into account the changes in the distributions. A more precise model for electron
cooling is the Fokker-Planck theory of small angle collisions in a fully ionized
plasma [23]. The electron cooling in AEGIS will be done by loading electrons
coming out from an electron gun into a narrow potential well in the antiproton
catching trap. The same technique was used in ATHENA experiment where
nearly all antiprotons where cooled to eV range within 60s.

5.2 Particle motion in Penning traps

In an ideal Penning trap there is an axial magnetic field confining the par-
ticles radially and an electrostatic quadrupolar potential (in three dimensions)
that confines the particles axially:

222 — 2
V =U 13
028"'7”37 ( )

where zg is the halflength of the trap in axial direction, r( is the radius of the
trap and Uy is the potential on the end electrodes. If we solve the classical
motion of the particle in the above trap we obtain three types of harmonic
motions that superimpose to form the overall motion of the particle in the trap
[25]. There is one axial motion with axial frequency w, = \/4qUo/[m(22Z + 12)]
and phase ¢,

z = Aycos(w.t + ¢.).

And there are two radial motions which are described by vector equation:

)
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and 1

wy = §(wc + Vw2 — 202, (14)
where the Ry are the amplitudes, ¢+ are the phases and w4 are the frequencies
of radial motions. The minus underscore marks the so-called magnetron motion
and the plus underscore marks the so-called modified cyclotron motion. The
we = qB/m is the well known cyclotron frequency of a charged particle (an ion)
in a pure magnetic field. If we have an axially harmonic potential in the trap a

simple equation relates the cyclotron and magnetron frequencies:

We =wt +w_ (15)

Figure 21: Superposition of the two radial motios in the xy plane of a Penning
trap; orbits are not in scale [27].

Fig. 21 visualizes the radial motions in the xy plane (transverse to the mag-
netic field). Under conditions that are normal for Penning traps (field 1-6T, low
voltages on end electrodes) the frequencies of each motion have the following
hierarchy wi > w, > w_. The energy in cyclotron motion is mostly kinetic,
for axial motion the energy runs from kinetic to potential as the particle moves
in the harmonic potential. If we reduce the energy of these motions their am-
plitudes are reduced as well, thus these motions are stable. On the other hand
as it is pointed out in [27] the magnetron motion is different as it is almost
only potential energy. Magnetron motion is a slow motion around the potential
hill in the centre of a Penning trap; thus a decrease in energy leads to increase
in radius of motion and eventually the particles hit the wall®. Fortunately the
damping of magnetron motion in Penning traps is slow and the time needed to
hit the walls is years. Thus one can assume that if the cyclotron and axial en-
ergies are reduced the magnetron motion is untouched and gradually increases
its amplitude.

5.3 Sideband cooling

In order to reduce particles’ radii in a Penning trap and thus to compress
the antiproton cloud in AEGIS; sideband cooling technique can be used. This

6 As if they would roll down from the potential hill.
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method of centering of charged particles is used routinely in Penning traps at
experiments with matter such as the ISOLTRAP at CERN ISOLDE facility [26].
In general a buffer gas (or just residual gas) is needed for such compression
of plasmas; quite recently this method was also succesfully implemented to
antiproton cloud centering by using electron cloud instead of buffer gas [25].
The technique is based on a detailed study of classical motion of individual
particles in Penning traps (Sec. 5.2).

Sideband cooling allows to dump both of the radial components wy. The
central electrode of a Penning trap is divided into four equal segments (radially)
and a quadrupole radiofrequency signal is applied to them. The frequency of
the the signal is chosen to be the same as the true cyclotron frequency w,, then
the two radial motions become mixed and their amplitudes are periodically
converted from pure magnetron to pure cyclotron motion. Thus if a cooling
buffer gas (in case of antiprotons an electron cloud) is introduced along with
the radiofrequency signal, the modified wy frequency is being dumped. But
since the Eq. 15 holds this leads to increase in the magnetron frequency and
thus the position of an antiproton moves toward the centre. This effect of
sideband cooling is shown in Fig. 22. Due to the annihilation of antiprotons,
charged particles instead of neutral ones are used for sideband cooling. With
that being done additional difficulties are encountered which leave restrictions on
the frequencies, electron densities and driving RF voltages, that can be used to
efficiently center and cool the antiprotons. Even with the difficulties encountered
it was possible to observe sideband cooling at the ATHENA apparatus [25] and
it is anticipated to be used in AEGIS as well.

Figure 22: The centering and compression effect of sideband cooling on a charged
particle in a Penning trap; a schematic view in the xy plane [25].

5.4 Rotating wall technique

Another way of plasma compression is via rotating electric field. In this case
the electrodes of the trap are in Penning-Malmberg configuration (ref Fig. 14).
In Penning-type traps a drag on the plasma is created by the natural electric field
inhomogeneities and collisions with the background gas. As a result the plasma
blows up radially and eventually particles are lost on the electrodes. It was
shown [28] that when deliberate rotating electric field asymetry is introduced
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on the central electrode the plasma radius may be increased, kept constant or
even be compressed. This effect is attributed to the rotation and changes in
the angular momentum of plasma. The plasma ExB rotation frequency fg is

given by
fo(r) = -2 (16)

T2
where vg is the ExB drift velocity and r is the radial coordinate. A radiofre-
quency driving signal Vp is put on four (or more) segments of the central elec-
trode of the Penning-Malmberg trap

Vp = Apcos[m(¢; — 27 fpt)], (17)

where ¢; is the phase on the i-th electrode and fp is the driving signal fre-
quency. The m component in Eq. 17 is the mode of the electric field; values
with m = 1 are preffered as they have less significant counteracting harmonics.
Depending on the so-called central slip frequency Af = fp — fg(0) the rotating
wall technique is compressing or blowing up the plasma [28]. For Af < 0 the
plasma rotation is decreased (rotating field acts as an additional drag) leading
to increase in radius. When Af > 0 then the plasma rotation frequency in-
creases (plasma being “spinned up®) and consequently the plasma is radially
compressed. When the frequencies match and Af = 0 it is even possible to
maintain the plasma radius constant.

During the rotating electric field application the energy of the plasma is
increased and its temperature rises [28]. This is attributed to the change in
the density of plasma which changes the on-axis potential and to the excitation
of plasma modes due to unwanted m = 0 components. In order to compress,
cool down and sustain plasmas for a long time some cooling mechanism must
be present. In the positron accumulator (Sec. 4.2) cooling of positron plasma
is done by collisions with the nitrogen buffer gas. In the antiproton rotating
wall compression a cloud of electrons that cools (itself) down by the emission
of synchrotron radiation must be present.

The above mentioned methods (sideband and rotating wall) cool down an-
tiprotons using electrons that radiate the excess energy by synchrotron emission.
One limit for such cooling is the ambient temperature of the trap since electrons
eventually come into an equilibrium with the blackbody radiation. Thus (be-
sides the 100mK region) in most parts of AEGIS 4.2K will be the minimum
temperature of the antiproton and electron cloud. So far the Joule heating
effect which can substantially increse the temperature of the antiproton cloud
was ignored. In Joule heating - due to the above mentioned plasma blow-up
in non-ideal traps - the radial increase causes the plasma potential energy de-
crease, which in turn warms up the plasma. In AEGIS calculations show that
Joule heating could be overpowered provided that high quality traps with small
electrical inhomogeneities and a good alignment with the magnetic field are
constructed. In that case Joule heating could be overpowered by synchrotron
or resistive cooling (in the 100mK region) [4].

5.5 Resistive cooling

When going down in ambient temperature below the 4.2K (for eg. in the
AEGIS 100mK formation region) the cyclotron motion of electrons becomes
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decoupled from the environment due to a small number of blackbody radiation
photons with frequencies close to the cyclotron frequency that could be absorbed
by the electron. At these temperatures cyclotron motion is governed by the laws
of quantum physics. For electron in an ideal Penning trap the potential of the
nucleus is replaced by the quadrupole field of the trap, this configuration is
called the geonium atom [27]. For such electron the cyclotron motion energy
levels are

EC = h(,()+ <TLC + %) (18)

The electrons in cold traps reach the fundamental state with n., = 0 by emission
of radiation. Minimum cyclotron energy in the 1T AEGIS formation region is

hqB

Eemin = (1/2)hw, ~ 5, = 079 % 1075V ~ 0.67K (19)

e

Since this cyclotron motion is in the fundamental state the electron cannot
give any energy to the antiproton cloud, nor it can receive any energy from
antiprotons that are cooler than 0.67K. This is the limit of the synchrotron
emission damping of electrons in 1T field”.

In order to achieve lower temperatures the antiprotons will be cooled down
through the axial motion of the electrons. The radiation rate of the axial motion
w, is negligible. In order to cool the axial motion so that one can reach the
ultimate temperature of 100mK the resistive cooling technique will be used
[27].

Resistive cooling relies on the measurement of induced current in an inductor
surrounding the Penning trap. As the trapped electrons oscilate along the axis
from one endcap to the other they create a RF signal on the endcap electrodes
of the trap and induce a current in an RLC circuit surrounding it (the circuit
is tuned to the axial frequency w.). An idealized scheme of such circuit is
shown in Fig. 23. The frequency w, is in the radiofrequency range (MHz).
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Figure 23: An idealized schematic of the resistive cooling circuit; The tunable
driving RF voltage Vp is used to resonantly increase the amplitude of axial
oscilation so that w, could be distinguished from the noise. [27]

Once the electrons pass the centre of the trap they induce a current ¢ which
along with the resistance R of the circuit (R being parasitic from the circuit
components) induces a voltage difference iR between the endcap and the ring

“In case of higher fields the cooling limit (based on Eq. 19) is even higher.
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electrode (Fig. 23). This voltage drop causes electrostatic damping force acting
against the movement of the passing electrons. The wires of the RLC circuit
will be made out of superconducting material and the whole circuit will be at
100mK. It is expected to cool down the antiproton cloud to 100mK temperature
within tens of seconds.

5.6 Antiproton laser cooling via negative ions - the UNIC
project

All of the above mentioned cooling methods are limited by the ambient tem-
perature of the trap. To perform high precision gravitational or spectroscopic
measurements a lower antihydrogen temperature than 100mK is needed. One
method (described in Sec. 8) is to cool the already formed antihydrogen with
lasers - this needs trapping of antihydrogen and the use of Lyman-« laser. The
other approach is to cool down the antiprotons below the mK range prior to
antihydrogen formation. A novel technique of cooling antiprotons through colli-
sions with laser cooled negative ions is currently being investigated at the UNIC
project (Ultracold Negative Tons by indirect laser Cooling) at Max Planck In-
stitute in Heidelberg [29] [30]. Even though the cooling technique has not yet
been demonstrated, if succesfull it migth have a dramatic impact on the cold
antimatter research.

Laser cooling of ions in electromagnetic traps is a regular technique. The
principle is based on the fact that ions in a trap are excited by directed photons,
but the spontaneous emission in which the ion returns to its ground state is
isotropic. The so-called Doppler cooling is done by having laser frequency tuned
slightly below the transition frequency (energy) in the ion; only the ions moving
fast enough towards the light source are capable of absorbing a photon with the
help of Doppler effect. When the ion re-emits a photon it does so isotropically.
After many absorptions and emissions the ion cools in the direction of the laser.
The photonic field must not be too dense so that stimulated (directed) emission
would not dominate over the spontaneous emission. To cool the ions in all
directions the Doppler de-tuned laser is directed from all directions or the ions
cool in other directions by sympathetic cooling. The limit of laser cooling is the
Doppler temperature Tp, which is related to the natural Doppler linewidth of
the transition; for Lyman-« laser cooling of (anti)hydrogen this temperature is
Tp =2.4mK.

The laser cooling scheme of antiprotons was suggested in [29]. As antiprotons
do not have internal structure available for laser excitation other ions might be
used to sympathetically cool them down through Coulomb collisions. If regular
positive ions would be used, the antiprotons would annihilate quickly as they
would be attracted to the positive nucleus. Thus negative ions are the only
option for such laser cooling scheme. The Os™ ion is the only known negative
ion that has an excited state with a different parity than the ground state and
thus the electric-dipole transition is allowed. The bound excited state of Os™
with excitation energy of 1.066eV and a natural linewidth of I' ~ 10kH z has a
Doppler temperature Tp ~ 0.24uK [29]. If succesfully utilized for laser cooling
the negative Osmium ion could thus in principle cool down antiprotons to puK
range.
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6 Positron transfer in AEGIS

In this section the proposed positron transfer line for AEGIS is presented.
First the goals to be achieved are presented, then the solutions chosen are out-
lined. Since in the beginning there were more possible approaches to the prob-
lem of injection of positrons and there were not that many restrictions on the
specific method of injection, I briefly describe the solutions in a chronological
order. In section 6.4 the finalized version of the positron transfer line for AEGIS
is presented.

Since the positron bunch would be transferred from the positron accumulator
into the main magnet at maximum keV energies a decision to guide the positrons
into the apparatus along the magnetic field lines was undertaken. Thus the
natural field lines of the main coils were altered in the direction needed for the
safe transport. Numerous magnetic field simulations were undartaken in the
OPERA 3D simulation software before a decision was undertaken. OPERA
3D is an electromagnetic simulation software distributed by Vector Fields [33],
it can solve practically any electro-magnetic problem using the finite element
method. In its post-processor OPERA has a particle tracking in-built routine
included. When only non-magnetic materials and coils are used the magnetic
field at a given point is calculated analytically by solving the Biot-Savart law.
This was our case, since we avoided magnetic materials and decided to guide
positrons using coils only. It is important to note that the particle tracking
was done in a single particle regime. A confirmative calculation taking into
account the collective effects of the positron cloud should also be performed in
the future. But this would be above the scope of this thesis.

After a series of simulations and decisions on the vacuum components, the
diagnostics and the positioning of the positron accumulator the positron transfer
line (device) is proposed (Sec. 6.4).

6.1 Requirements on the positron transfer

As mentioned before; in AEGIS the antiprotons from the AD are injected
from one side of the superconducting magnets. On the other side of the main
magnets there are the Moiré gratings for the gravity measurement. Thus the
positrons created in the positron accumulator (4.2) cannot be injected along the
main coils’ axis as in the case of the ATHENA experiment [5]. There is a need
to inject the positrons from an initial position that is off-axis.

Positrons need to be injected into the 5T catching trap (section 4.5) under
these requirements:

e Positrons are injected at maximum radius of 1,5cm from the main AEGIS
axis.

e After the e+ cloud compression in the 5T magnet the positrons need to
be safely transported to the 1T magnet recombination region.

e Homogeinity of the magnetic field in the 5T and 1T regions needs to be
preserved.

e Rapid changes in the magnetic flux in the close vicinity of the cryostat are
prohibited due to dilution refrigerator and the induction of eddy currents.
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e A minimum magnetic flux of 0.1T should be maintained at all points of
the transfer section.

e There has to be space for valves, diagnostics and other vacuum compo-
nents.

The setup of the main coils allows for three places where external apparatus
or particles can be inserted: on both ends or in the central region between the
5T and 1T magnets. On one side there are the already mentioned gratings, thus
there are two possibilities for injection of positrons: from the AD side or from
the central instrumentation region. If we assume to go from the AD side there
are additional requirements that we need to take into account:

e The vacuum of the experiment has to be divided from the AD beam line.

e Degrader used to slow down the 5.3MeV antiprotons has to be removable
to allow for positron injection.

6.2 et injection through the central region

The injection from the centre has some principal advantages and disadvan-
tages. In this case the connection between the AD and AEGIS could be done
in a similar manner as in the ATHENA experiment [5]. There the first foil of
the degrader was a vacuum separation foil made of stainless steel with thickness
of 25um, followed by the other degrading foils (130um Al foil and 67um thick
Silicon beam counter). On the other hand, when injecting from the centre the
space for guiding and correction coils is limited and the magnetic field in this
region is high (1-3T) and directed mainly along the main axis.

In Fig. 24 is the picture of one of the first simulations on the possible injection
from the middle. There were many difficulties encountered. The main problem
in the injection from the centre is that to inject the positrons close to the main
axis the transfer coils (perpendicular to the main axis - Fig. 24) have to have a
magnetic flux of the same order as the local field. Such coils would have to be
superconducting and with a maximum flux of higher than 2T. With the use of
opposing balancing coil one could still maintain a high homogeinity region in the
1T main coil. Unfortunately the positrons were injected off-axis at radii above
the requirements; in addition the compressed cloud would have been blown up
above the requirements when being transferred from the 5T coil back to the 1T
coil (as seen in Fig. 24). Also in this setup one would have very limited means to
make efficient corrections of the positron trajectories. This approach would also
lead to increased complexity of the central intrumentation region which should
house not only the dilution refrigerator, but also laser and diagnostics input.

The problems encountered when trying to inject positrons through the cen-
tral instrumentation region had led to the decision to abandon this possibility
and focus on the injection of positrons from the AD side where less problems
were initially encountered.

6.3 e' injection from the AD side

As explained in the section 6.2 the only place suitable to inject the positrons
was found to be between the AD beam line and the AEGIS cryostat. In this case
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Figure 24: A simulation of injection of positrons through the central region
between the 5T and 1T magnets with magnetic field map in [T] and with field
direction vectors.

the positron accumulator is located above the AD beam line (figures in section
6.4). The injection from this side avoids most of the problems encountered when
transfering the positrons through the central region. If we inject from the AD
side:

e The transport of positrons from the 5T magnet to the 1T magnet is undis-
turbed (is along the axis).

e The field in the central region is axially symmetric.
e The high homogeinity of the main coils is easier to achieve.

e We avoid the use of superconducting transfer coils and the construction
of the central part of the cryostat (with the diagnostics and dilution re-
frigerator) becomes simpler and more economic.

Even though many problems are excluded when injecting from the AD side,
one major problem arose. Experiments need to be safely separated from the AD
vacuum. This is for two reasons. One, the pressure in AEGIS cryogenic region
will be lower than in the antiproton deccelerator. The second reason is that
in the case of a catastrophic aeration of the AEGIS apparatus the whole AD
complex would be aerated as well. To avoid this problem we decided on a use
of thin vacuum separation foil that would have long radiation length to allow
undegraded passage of antiprotons. Such foil must be as thin as possible and
must be able to withstand one sided sudden increase to atmospheric pressures.
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Also this foil has to be placed some distance from the AEGIS cryostat (and the
degrader) as there has to be space for the positron injection. In this scheme the
degrader has to be retractable (in the cryogenic region) from the main axis to
allow for the positron injection. A scheme of this concept is in the Figure 25.

et

l - 5T magnet coils

mavable degrader

catching trap

AD

thin vacuum ~1m

|
A

Figure 25: Schematic view of the e™ injection from the AD side using a re-
tractable degrader and a vacuum separation foil

A Monte Carlo simulation on a number of safe vacuum tight foils was done by
A. Fontana® which showed that it might be possible to use this scheme and avoid
antiproton losses. The results of vacuum separation foil simulations are shown
in Fig. 26. As we can see, the dispersions in energy and angle of the antiprotons
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Figure 26: The angular divergence and the energy spread of antiprotons after
passage through a vacuum separation foil of 145um thickness.[34]

passing through such foil are relatively low (all the protons fit within 0.9°),
on the other hand idealized antiproton beam was used. The 145um thickness
seems to be too safe for a vacuum separation foil [32], thus its thickness will
probably decrease leading to even lower dispersion. Optimization of this foil
is currently under way. As we can see also in the simulations of antiprotons
in Fig. 27 even 1° spread in each direction is still within the acceptance of the
vacuum chamber; especially if we take the 5T magnetic field focusing effect into
account. Fig. 27 shows the simulation of antiprotons with beam diameter 1.2cm
and 1° spread with the vacuum separation foil being placed more than 1m from
the degrader and catching trap; during the antiproton transfer only the axial

8from AEGIS INFN Pavia-Brescia group
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Figure 27: A simulation of 1.2cm antiproton beam with a spread of 1° af-
ter passage through the vacuum separation foil - fieldmap on the background
(OPERA3D). On the left the 5T magnet, on the right the axial coil of the e™
transfer line.
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coil of the transfer line will be powered. The maximum radial size of antiproton
beam is 2cm and thus fits within the DN63 vacuum chamber. Based on the
Monte-Carlo (Fig. 26) and antiproton tracking (like in Fig. 27) simulations we
decided that the proposed scheme of injection of positrons from the AD side is
feasible.

6.4 Positron transfer line proposal

The positron transfer line design presented in this section evolved after series
of magnetic field and particle track simulations. The transfer line is proposed
using warm copper coils of various geometries without water cooling.

The positron accumulator is located above the antiproton beam line. The
positron bunch will be transported into the 5T magnet balistically; the bunch
will be accelerated to 100eV or 1KeV and quickly caught in the 5T catching
trap. To transfer the positrons from the positron accumulator to the main
magnets’ axis solenoids will be used as the main magnetic guides and racetrack
coils in a Helmholtz-like geometry will be used for transverse track corrections
and additional guidance. These two coils are shown in Figure 28.

Since the positron is a light particle and in our case it is has energy in the
range from 10 to 1000eV it obeys the magnetic field line at 0.1T (see Tab. 1).
The positrons thus are confined radially by the field and they gyrate around
the field line and travel in the axial direction. The racetrack Helmholtz coils
(Fig. 28) create a dipole field, however there is a stronger (0.1T) field component
along the solenoid’s axis and thus the dipole component of the Helmholtz coils
only changes the overal direction of the 0.1T vector. In this way the particles
in the combined fields are bent in the direction of the dipole (Helmholtz) field®.
A simulation of on axis injection of positrons (with initial radius of lcm in the
positron accumulator) is shown in Fig. 29; even though the positrons travel into

9As opposed to regular beam optics case, where the only component present in a dipole
magnet is the dipole field, which causes the particles to turn in a direction that is perpendicular
to the field vector.
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Figure 28: The guiding solenoid (in blue) of the transfer line (B > 0.1T) sur-
rounded by the racetrack helmholtz pair used for effective particle trajectory
corrections.

the 5T magnet at one point at large radii (= 1.7c¢cm off-axis) they are compressed
in the 5T field into 0.4cm off-axis position.
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Figure 29: A simulation of on-axis injection of positrons at the AD-AEGIS
instrumentation region. On the left the 5T anticoil. Horizontal axis aligned
with the main AEGIS axis; units in mm; fieldmap limited spacially and by 0.1T
value.
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A three dimensional view of the coils of the transfer line is shown in Fig. 30,
where the racetrack coils are drawn only in one perpendicular direction to the
transfer line axis. In real operation we anticipate a possible need for some
additional correction racetrack pairs that will be placed in the other transverse
direction so that we can correct the paths in all posible directions. A side view
of the whole design with each coil marked is shown in Fig. 31. Besides the
main 0.1T guides (coils Guide_1-6) and racetrack or solenoid correction coils of
various sizes there are also three high power (above 1kW DC) guiding solenoids.
These are used to overcome the regions where the coils could not be inserted
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Figure 30: A three diemensional view of the coils of the positron transfer line; in
the bottom left corner the 5T magnet, on the top rigth the positron accumulator.

(two pumping regions and one diagnostics region). The P_Guide_1 coil (Fig. 31)
has the power take-off of minimum 1.5kW with on axis magnetic flux of 0.3T.
Its geometry is optimized to assure that the field in the positron accumulator
pumping and diagnostics area does not drop below 0.1T. The other two coils
that each take more than 1kW (the P_Guide_2 and the Axis_coil) are used for
the same purpose in the so-called AD-AEGIS instrumentation region, where the
main pump for AEGIS will be situated.

The positron transfer line has an additional output in a perpendicular di-
rection at the positron accumulator pumping section (visible at Fig. 30). The
extraction of positrons through this output will be done by putting a reverse cur-
rent in the P_.GUIDE_1 coil and by powering the special perpendicular output
coil. In this way the positron accumulator can be operated full-time without
any dismantling. Thus positrons can be used for improved measurements on
positronium formation targets or for other material research.

To limit the gas flow from the positron accumulator into the cryogenic region
all the surfaces of the transfer line will be NEG coated; in addition there will
be two UHV gate valves along the line, one in front of the positron accumulator
and the other valve in front of the cryostat to divide the room temperature
region from the cold (4.2K) region. These pneumatically controlled valves will
be opened only for the moment when the particle transfer takes place. In
addition there will be a pumping restriction (a smaller vacuum chamber) within
the high field region of the P_Guide_1 coil to limit the gas flow. The vacuum
chamber of the transfer line was optimized to allow for coil insertion and safe
positron transport with minimum power input in the coils. The coil support
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materials were chosen to be heat resistant so that the chamber can be baked to
high temperatures; if problems are encountered a ventilation space is included
between the baking cables and the coil support for active air cooling.

In order to have a good control over the beam during the transfer there are
three diagnostics regions with Faraday cup detectors mounted on pneumatic
UHYV linear drives. One detector (used for the positron accumulation diagnos-
tics) is located at the positron accumulator pumping section. One Faraday cup
is mounted in the diagnostics region after the first bend and the last one is in
the AD-AEGIS instrumentation region. If additional diagnostics is needed the
external scintilation detectors (detecting the 511keV annihilation photons) can
also be utilized.

particle | mass [a.m.u.] | 7co.1kev [mm] | 7c1gey [mm]
et 1/1840 0.3 1.1
D 1 14 16
Art 40 91 289
Os™ 190 199 630

Table 1: Max cyclotron radii of positron, proton, Argon and Osmium at 0.1T;
Te0.1kev and 7. 1xev are radii at 0.1keV and 1keV energy respectively.

One comment on the use of the positron transfer line for injection of other
particles, that are relevant for AEGIS (electrons, protons, Argon ions or Os-
mium ions). As it was mentioned before the principle of tranfer is based on
the fact that positrons gyrate around the magnetic field line and that their
cyclotron radius is small at the injection energies of 10 - 1000eV. There is no
other transverse focusing method applied in the transfer line besides the radial
confinement done by the axial field. In table 1 we can see that for light particles
(electrons and positrons) at the injection energies the cyclotron radius is small
compared to the vacuum chamber dimensions, but looking at the 1840 times
heavier proton one can immediately understand that even at very low energies
the transfer line cannot be used for other particles than et or e”. A different
injection channel - connected to the AD-AEGIS instrumentation region - will
be used for heavier particles.
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7 Gravity measurement

In the first phase of AEGIS experiment trapping and cooling of antihydrogen
atoms is not envisaged. The temperature of the produced cold antihydrogen will
be determined by the temperature of the antiprotons that created it. The an-
tiprotons are expected to be cooled down to 100mK. In Fig. 32 we see an example
(a simulation [4]) of antihydrogen velocity distribution after Stark acceleration,
where the produced antihydrogen cloud was at 100mK (Maxwell-Boltzmann dis-
tributed) with Rydberg states being in Gaussian distribution with n,eqn = 30
and with o, = 4. For interferometric measurements, parameters like the ve-
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Figure 32: Expected velocity distribution of Stark accelerated 100mK antihy-
drogen atoms [4].

locity distribution of a beam in Fig. 32 are unacceptible and would ruin the
gravity measurement. Since in the first phase of AEGIS no radial cooling of the
antihydrogen beam is expected it was chosen to make the first measurement of
gravity on antimatter using a classical (without interference) Moiré deflectome-
ter. Moireé deflectometer was used already in gravity measurements on matter
by M. Oberthaler et al. [35]. As it will be presented in the latter sections for
1% measurement such a deflectometer does not need a collimated monoenergetic
beam coming from a point-like source.

In the consequent sections tha basic principles of the Moiré deflectometer
measurement will be intorduced and also the challenges that need to be met in
order to measure the gravitational acceleration with the 1% precision.

7.1 Classical Moiré deflectometer

In the first phase of the experiment the measurement of gravitational accel-
eration will be done by using the classical Moiré deflectometer. Measurements
on Argon gas using the deflectometer have been done with precision below 1%
was done by Oberthaler’s group. Their setup is shown in Fig. 33. The motion
of atom in a Moiré deflectometer is classical, there is no interference occuring.
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Gravitation measurement

Atoms

Detector

Figure 33: A schematic of the experimental setup used for gravity measurement
with Moiré deflectometer. [35]

For intereference to occur the wavelength of the phenomena must be similar or
greater than the grating period a. If we want to observe interference of matter
waves and thus construct an atom interferometer we need a grating period a
smaller than the de Broglie wavelength A\p of atoms:

hL
a << \/ApL = prowl (20)

where h is the planck constant, m and v is the mass and velocity of the atom and
L is the distance between the interferometer gratings. For the deflectometer to
work as an (anti)hydrogen interferometer it would have to have grating period
a < 13um (assuming v = 1000m/s, A\p = 3.96 x 107190, L = 0.4m). In
AEGIS L = 40c¢m and a = 80um grating period is envisaged thus being safely
in the classical regime, where interference is negligible. In the Argon experiment
by M. Oberthaler et al. a deflectometer with grating period of 13um and slit
width of 3um in each period and with L = 27¢m was used.

A classical Moiré deflectometer is well suited for gravity measurement of
divergent beams. Basically it is an upgrade to three colimator slits where the
first two colimate the divergent beam and the third one is moved up or down
to measure the intensity. In the classical (atom) deflectometer we increase the
overall transmission (and thus have higher statistics) by putting three gratings
at the same distances L from each other. A principle of Moiré deflectometer is
shown in Fig. 34.

Behind the third grating there is an integral detector which measures the
intensity of the incoming beam. As the third grating is moved vertically we get a
modulation of the incoming signal; by knowing the vertical displacement (with
superior accuracy compared to a) of the 37¢ grating we thus have a position
sensitive detector in the vertical direction. And we can measure the shifts in
the vertical direction due to the force of gravity.

7.2 AEGIS Moiré deflectometer and the gravity measure-
ment

The schematic of implementation of the Moiré deflectometer in AEGIS is
shown in Fig. 35 where the dimensions are not in scale. It is foreseen that in
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Figure 34: The principle of the classical (Moiré) deflectometer. The diverg-
ing atom beam is collimated using two gratings, the third grating is used for
detection. [35]
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Figure 35: A schematic view of the gravity measurement gratings (Moiré de-
flectometer) and the antihydrogen formation region (not to scale). [4]
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AEGIS the distances between the gratings will be L = 40cm and the distance
from the antihydrogen formation region will be Ly = 30cm. The grating period
a will be 80um. The main upgrage of the classical deflectometer used in [35] is
in the substitution of the third grating by a position sensitive silicon detector
and by overall greater dimensions of the gratings (20cm in diameter) due to the
relatively large radial velocity (tens m/s without cooling) of the antihydrogen
beam. With the position sensitive detector in place no movement is needed
as one can record the whole Moiré (fringe) patttern at one moment; also one
reduces the need for higher number of antihydrogen measurements and has
better statistics. A Silicon strip detector of size 20x20cm with a strip pitch
of 25um having a reslution below 10um will be used for the g measurement.
Additional S7 strip detector plates are foreseen to be added behind this detector
to search for pions coming from the annihilations of antiprotons in the silicon;
then the resolution and detection efficiency will increase.

In order to measure the gravity induced vertical displacement on the anti-
hydrogen beam the so-called (gravity induced) phase shift ®4 is measured. The
phase shift @, is the displacement of the beam given in units of the diffraction
grating period a (thus being in radians):

2r L?  2rm

®y = w9z T 39T27 (21)
where ¢ is the gravitational acceleration and v is the velocity and T is the
time-of-flight of the antihydrogen between the gratings. The phase shift @,
is expressed in radians, because the unit of displacement of the fringe pattern
on the detector is measured in relation to the grating period, leading to units
y/a (where y is the vertial displacement). The time-of-flight is known from
the arrival time of the antihydrogen on the detector and from the end time of
Stark acceleration. Even though both of these times are not exact (due to the
velocity distribution) it was shown that by careful time-based analysis of the
fringe pattern the detected signal can be equivalent to few measurements at
different H velocities. In this way more phase shifts are measured for one H
spill.

In Fig. 36 a simulation of the fringe pattern at the position of the third
grating is shown, in this case the gravity force is excluded. In Fig. 37 the same
simulation and fringe pattern as in Fig. 36 was done, but this time with the
gravity vertical shift included in the calculation. In both figures the top plots
show a simulation of an extended source with radial velocity v, = 0, the middle
plots are showing pattern created by a point-like source with the 100mK M-B
velocity distribution used in Fig. 32 and the bottom plots are reffering to the
most realistic case: an extended source with the 100mK velocity distribution.
In both figures it is clear that even with non-ideal divergent beams the phase
shift due to gravity using the classical Moiré gratings can be measured. In
Fig. 36 the 30% opening in the gratings (which was optimized in [35]) is visible.
The presented figures do not take neither the detector efficiency, nor its finite
resolution and the gratings imperfections into account. Considering a detector
with infinite or finite resolution a more realistic fringes appear (Fig. 38). Since it
is not easy to find the exact phase shift ®, from Fig. 38 due to lack of statistics
in each spill of antihydrogen and due to a spread in velocities, a data analysis
procedures are currently studied to obtain the phase shift from Fig. 38. One
technique has promising results. It is based on analysis of the flight time of the
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Figure 36: A simulation of number of atoms at the third grating (detector) in
AEGIS with respect to y/a. Force of gravity is excluded. Red plot - extended
H source with v, = 0; blue plot - point-like source with 100mK H velocity
distribution; Green plot - an extended source with 100mK velocity distribution.
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Figure 37: A simulation of number of atoms at the third grating (detector) in
AEGIS with respect to y/a. Force of gravity is included. The same nomencla-
ture as in Fig. 36 is used. [4]
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Figure 38: The fringe pattern visible on the detector with finite (red) resolu-
tion o4e: = 10pm and infinite (black) position resolution (simulation with 4000
counts). [4]

incoming antihydrogen. If we group the antihydrogen by its time of arrival it
is possible to distinguish different phase shifts for each flight-time group. The
antihydrogen are grouped based on the time-of-flight squared T2 distributions.

The measurement of the phase shift would be done by changing the accel-
eration voltage of antihydrogen resulting in mean velocities from 200m/s to
600m/s. In addition during every measurement (spill of H) one can group
the detected signal based on the time-of-flight distribution and thus distinguish
phase shifts for different velocities in each measurement. Putting all the mea-
sured phase shifts ¢, and their corresponding time-of-flight 7" into a graph and
interpolating it with Eq. 21 the gravitational acceleration g can be determined.
The expected result of the g measurement is shown in Fig. 39.
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Figure 39: The gravitational phase shift ®, as a function of flight time between
the gratings T'; a finite 10um detector resolution assumed, interpolated via
Eq. 21. [4]

Many systematic errors can be encountered during the measurement. To
control some of them the gratings will have a possibility to rotate by 90° and
thus measure without the effect of gravity. Magnetic field gradients are very dan-
gerous to the measurement since % = 1073T/m (for ground state of hydrogen)
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gives an equal force to gravity, this means that sufficient magnetic shielding will
be surrounding the measurement region [36]. Based on simulations [4] a position
sensitive detector with spatial resolution better than 10um is needed in order
to measure with the 1% precision. Also in order to minimize the errors in the
measurement of ®, the Moiré gratings and the detector must be verticaly well
aligned with pm stability; the absolute position (all together) is not influencing
the measurement. In order to control the stability of the alignment of the Moiré
gratings three laser gratings will be attached to each big grating and the verti-
cal misalignment will be constantly monitored. The horizontal alignment of the
gratings is not fatal since it produces blurred images on the detector (reduces
the contrast of min and max Fig. 38), but does not cause phase shifts. The
distance L between the gratings and between the detector and grating should
be the same within two grating periods (2a).
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8 Beyond the first measurement

As was pointed out in the introduction, AEGIS offers more than just 1%
precision measurement of gravitational acceleration. The main goal of the ex-
periment and a large milestone in antimatter physics is the production of cold
beam of antihydrogen through Stark acceleration. Once this goal is achieved
(thus proving the feasibility of the proposed H production techniques) there are
many possible upgrades to the apparatus. The first one being the antihydrogen
trapping'C.

8.1 Trapping and cooling of antihydrogen

Trapping of atoms can be done in static magnetic traps. Atom traps are
routinely used in experiments involving Bose-Einstein Condensates and in other
fields [38]. A particle (an atom) with a magnetic moment /i has in a field B
potential energy

V, = —jiB (22)

thus for an antihydrogen in fundamental state with ¢ = 0.67K /T a magnetic
gradient of 17'/em would confine antihydrogen at 0.67K within lcm. In order
to confine hot antihydrogen at 4K the gradients must be comparable to 67'/cm.

ATRAP and the newer ALPHA experiment [37] (both located at the CERN
AD) continue their quest in creating and also trapping the cold antihydrogen
atoms in one multipole trap. None have been succesful in this goal so far as
it seems that the temperatures of the produced antihydrogen are too high for
catching in a multipole trap. Even though some positive results have been
shown, when imersing a Penning-Malmberg trap into sextupole field in the
transverse plane [39] it is still not sure if the approach of combining a mul-
tipole and Penning-type trap could allow for production and trapping of cold
antihydrogen. Storage times in these combined traps are dramatically shorter
than in Penning traps with highly homogeneous axial fields. If the prepared
cold cloud of antiprotons would be transported into this combined trap only for
the moment of H production it would still probably heat up during the transfer;
in addition the expansion in the combined trap would cause Joule heating of
the antiproton (and positron) plasma. While the results on trapping of cold an-
tihydrogen at ATRAP and ALPHA collaborations is eagerily awaited, AEGIS
production scheme offers an alternative to the combined traps.

In AEGIS the produced antihydrogen beam can be directed (through Stark
acceleration) into a region with different magnetic field, where the trapping can
take place. In this way both the produciton and the trapping procedures can
be optimized. Such magnetic atom trap would be located at the exit of the 1T
magnet, in the gravity measurement region (which will be removed). To trap
the antihydrogen it has to lose some energy as it travels inside the magnetic
trapping potential. Stark deceleration could be the applied mechanism, that
could slow down the antihydrogen in the magnetic trap, so that it could not

10All of the upgrades at one point or another assume to use Lyman-a laser to stimulate
1s — 2s or 1s — 2p transitions in antihydrogen atoms. For an efficient radial cooling of
antihydrogen beam such laser would have to deliver 100mW power in approximately 100us.
Currently such lasers operate at CW mode, but with powers in the nW range. Experimental
effort by members of AEGIS is under way to produce a quasi-CW Lyman-« laser source for
antihydrogen cooling and spectroscopy.
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escape the potential well in Eq. 22. The antihydrogen has to be re-excited
into a Rydberg state so that Stark deceleration can take place. This method
also needs to be verified in the presence of magnetic field gradients, that could
hamper the Stark deceleration techniques.

8.2 Improved gravity measurement using atom interfer-
ometry

Once the trapping scheme proves to be succesful, many experimental possi-
bilities open up for AEGIS apparatus, one of them being an improved gravity
measurement with a use of an atomic interferometer. There have been ex-
tremely accurate measurements on the earth gravitational acceleration g for
Cesium atoms with sensitivity 107'g. Unfortunately there is a need to have
a collimated ultracold uK beam of atoms to perform these precise measure-
ments. Such measurement would become feasible with antihydrogen only if the
antiproton cooling technique via negative Osmium could be applied or if some
other mechanism that cools antimatter to uK range would be developed. On
the other hand with Lyman-«a laser cooling to couple mK in a magnetic trap
it should be possible to perform gravity measurement with 10~* precision in
atomic interferometers.

8.3 Antihydrogen spectroscopy and CPT invariance

S in AEGIS stands for spectroscopy and it is a long term goal of the experi-
ment. Having a trapped antihydrogen and a Lyman-« laser it might be possible
to do spectroscopic measurement on the 1s — 2p transition of antihydrogen.
Spectroscopic measurements on antihydrogen could give a very precise (10715
and maybe better) tests of the CPT invariance by direct comparison of atomic
hydrogen with antihydrogen [4]. Even though the most precise test of CPT is
from the K° and K mass difference (being |(m go —mgo)/myo| < 0.8 x 10718)
[40], spectroscopic measurements on antihydrogen would be the most precise
test of CPT on baryons.
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9 Conclusion

The AEGIS experiment which is currently under preparation will be the first
experiment to measure gravitational acceleration on antihydrogen; thus it will
also test the validity of the weak equivalence principle on antimatter and test
some quantum theories of gravity.

The experiment consists of many components that were desribed in this
work. Antiproton cooling techniques, that are crucial for the antihydrogen pro-
duction were also described. Novel technique in antimatter research - Stark
acceleration - will be used in AEGIS in order to create an antihydrogen (neu-
tral) beam and the gravity measurement will be done using a classical Moiré
deflectometer.

The objective of this work was the development of positron transport and
injection for the AEGIS experiment. A number of simulations in OPERA 3D
software were done in preparation of the positron injection. The positron trans-
fer line, the result of this work, was described in section 6 (shown in Fig. 30 and
Fig. 31). The requirements were fulfilled since positrons can be injected using
warm coils only onto the main AEGIS axis. A new method of vacumm sepa-
ration from the antiproton decelerator was succesfully implemented in order to
inject positrons without significant antiproton losses. The design of the positron
transfer line, including the vacuum chamber, was accepted by the AEGIS col-
laboration.
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