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Introduction

Motivation

The gravitational acceleration of antimatter produced by a body made of ordinary mat-
ter has never been measured. As Einstein General Relativity was conceived before the
discovery of antimatter in cosmic rays, the validity of the Weak Equivalence Principle is
questioned for antimatter in a matter field.

Not only for this reason, antimatter is a hot topic in contemporary physics, owing
to its important role in our understanding of fundamental interactions. For example,
precision spectroscopy measurements on antimatter are considered an important test of
the validity of the CPT theorem. At CERN six rival experiments are racing to understand
the nature and the properties of antimatter [81].

Among these, the experiment AEGIS (Antimatter Experiment: Gravity, Interferom-
etry, Spectroscopy) [82] [30] has the primary scientific goal of performing the first mea-
surement of gravity acceleration of antihydrogen with a precision of percent level. AEGIS
is currently underway at the Antiproton Decelerator at CERN, Geneva.

The experiment is very challenging because this measurement requires very stringent
conditions to create a beam of antihydrogen atoms which will be directed to a suitable
measurement apparatus to see its gravitational behavior.

The present Thesis concerns the work performed with numerical simulations to study
the behavior of the main part of the experiment, the production of antihydrogen, to check
whether the measurement is feasible and suggest possible modifications to increase the
number of antihydrogen atoms which are produced.

Thesis overview

Main results

Driven by the motivations described above, the present Thesis is devoted to the simula-
tion of the layout of the experiment as presented in the proposal of 2007 [30] and as built
at CERN until now.

Alternative layouts have been also simulated to try to increase the number of the
antihydrogen atoms.

The results have been presented to the Collaboration in meetings and reports and
have been cross checked by other researchers in the collaboration who have also pro-
duced reports and published an article. The results partly coincide and partly differ
from the work of the other researchers.

xvii



xviii Thesis overview

The results of the thesis are produced by a Monte Carlo calculation written in Fortran
90 and C++, using routines of the ODEINT library for numerically solving ordinary dif-
ferential equations. The calculation is based on a semiclassical treatment of the reaction
that produces antihydrogen. The other researchers have followed similar simulation
methods.

An active discussion on the significance of the differences are actually under way,
also with the help of theoretical considerations.

The importance of the work of the Thesis to reach the goal of AEGIS is clear. Without
a result of the measurement of gravitation of antihydrogen to some degree of precision
before the end of 2018 other experiments could reach the goal before AEGIS.

The result of the thesis is that the only way to produce a sufficient number of an-
tihydrogen atoms to measure their gravitation acceleration is to use a vertical silicon
transmission target. The reflection target of the initial AEGIS proposal doesn’t seem to
produce enough atoms for the measurement.

A carbon-supported transmission target has been studied by the AEGIS collabora-
tion and the results published in [76]. A self-standing transmission target is being stud-
ied [78]. It should allow a lower positrons implantation energy, a higher percentage of
produced o-PS and less emitted positrons and electrons.

Organizational note

The present Thesis consists of fourteen Chapters and an Appendix. Here is a brief de-
scription.

Chapter 1: Physics motivation and previous experiments: I describe the theoreti-
cal framework of the experiments that have been proposed as well as arguments
against antigravity.

Chapter 2: The AEGIS experiment: I describe the AEGIS experiment from the an-
tiprotons and positrons production to the gravity measurement with the Moiré
deflectometer.

Chapter 3: The Thesis work: I give a list of the activities I have done between 2009 and
2017.

Chapter 4: Simulation of the production of antihydrogen with the basic layout: I
describe the simulation of the experiment with the layout that has been considered
initially in first Aegis proposal [30].

Chapter 5: Simulation of the production of antihydrogen with the introduction of re-
flectors of various shapes for guiding the cloud of Ps atoms towards the trapped
antiprotons: I simulate the modified layout of the experiment with reflectors to
increase the production of antihydrogen.

Chapter 6: Simulation of the production of antihydrogen with the introduction of
an ellipsoidal reflector before laser excitation for guiding the cloud of Ps atoms
towards the trapped antiprotons: Another possible enhancement is described and
simulated to avoid the problems with the previous reflectors.

Chapter 7: Simulation of the creation, propagation and detection of Ps in the positro-
nium chamber of AEGIS: I describe a modification of the Montecarlo program to
simulate a side experiment in the positronium chamber of AEGIS.
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Chapter 8: Simulation of the production of antihydrogen with the introduction of a
focusing electric field on the cloud of Rydberg Ps, thanks to their high polariz-
ability and the Stark acceleration: An electric field is simulated to focus Ps on the
antiproton cloud hence increasing the number of produced antihydrogen atoms.

Chapter 9: Simulation of the production of antihydrogen with a Ps transmission
target in different positions: An alternative target is simulated which generates
positronium on the opposite side of the implantation of positrons.

Chapter 10: Verification of the calculations of the Genova group: Genova group has
made a simulation of the experiment and I have verified it with my program.

Chapter 11: Simulation of the production of antihydrogen with a Ps transmission
target in vertical position on axis: A proposal of a vertical transmission target has
been simulated, which seems to be the best layout for the experiment.

Chapter 12: Simulation of the production of antihydrogen taking into account the 1T
magnetic field: To complete the simulation I have taken into account the magnetic
field in the antihydrogen production area, ignored in the previous simulations.

Chapter 13: Calculation of the cross section of the charge exchange reaction without
and with the 1T magnetic field: I have calculated the cross section of the reac-
tion to compare it with the one I had used before, which was derived from the
initial AEGIS proposal. I have also obtained the distributions of the principal and
azimuthal quantum number, the velocity and canonical angular momentum of an-
tihydrogen and the impact parameter of the Ps.

Chapter 14: Simulation of the production of antihydrogen taking into account the
new cross section calculation: I have used the new cross section to evaluate the
number of antihydrogen atoms produced in the various layouts and compare them
with the results of chapter 12.

Chapter 15: Conclusions: I have drawn some conclusions on the work that I have done
and on my current and future activities in the AEGIS experiment.

Appendix: Description of the Monte Carlo program and the CTMC program






CHAPTER 1

Physics motivation and previous experiments

1.1 Physics motivation

The first goal of AEGIS (Antimatter Experiment: Gravity, Interferometry, Spectroscopy)
experiment [30] is to measure the gravitation acceleration of antimatter in a matter field.

CPT invariance dictates that antimatter gravitational behavior in an antimatter field
should be the same as the matter gravitational behavior in a matter field but the case of
antimatter in a matter field is not constrained.

The Weak Equivalence Principle (WEP) states that ”if any uncharged test body is
placed at an initial event in spacetime and given an initial velocity there, then its subse-
quent trajectory will be independent of its internal structure and composition” [3]. So an
antimatter body should behave as a matter body in the Earth gravitation. However WEP
is a foundation of General Relativity that does not imply the existence of antimatter.

The suggestion that some kind of an antigravity force exists was considered by Maxwell
for the same law of distance between gravitation and electric forces but was ruled out
because in gravitation bodies have only one sign and the force between them is only
attractive [4]. The modern idea of “antigravity” is a consequence of General Relativity
combined with Quantum Mechanics [2].

The Weak Equivalence Principle states that the inertial mass is equal to the gravita-
tional mass,

m; = mg (1.1)

The inertial mass is the kinematic factor in Newton’s law of force
F=m;a (1.2)
The gravitational mass has the role of a “charge” in Newton’s law of gravitation
F=—-Gmgmpg /r? (1.3)

Now, even though the CPT Theorem tells us that the inertial mass of a particle is equal
to the inertial part of the antiparticle

I
E

this does not imply that

mg =m; = m; - ma (1.5)

So mg # Mg does not mean that CPT is violated.



2 1.1 Physics motivation

If an apple falls towards the earth in a certain way, CPT only dictates that an antiapple
falls towards an antiearth in the same way but says nothing about how an antiapple falls
towards an earth [5].

Models have been developed to quantize and unify gravity with the other forces of
nature. A feature of these models is that the normal spin-two graviton can have two
partners: a spin-one (gravivector) and a spin-zero (graviscalar). These partners are mas-
sive and so the interaction has a finite range and has coupling strengths similar to gravity
which can depend from the composition.

The most important work on this subject was done by Sherk [6}[7, 8 9] who realized
the theoretical and experimental implications of the two partners of the graviton but
many other authors have worked in this field.

In these theories the simplest potential between two point masses m; and my is of
the form [[10} 11} [12]

Gmimsg 2 —r/ —r/
= =22 (12(uy. -1 § w1 Qo . v E s1qs2e ),
v (7“7172 )([ (uru2)” =1 F 2 1 oz (wauz) €770 4 ) dsn gz e )
(1.6)

where u; is the normalized (with respect to c) four-velocity
u; = (1, B;). (L7)

In equation the first term arises from normal graviton exchange. v and s are the
ranges of the gravivector and the graviscalar. The summation signs indicate that there
could be many partners of each spin, each with its own charge and range. The sign
in front of the vector exchange term reflects the fact that the force is repulsive between
matter and matter (like charges) but attractive between matter and antimatter (opposite
charges). The scalar force is always attractive. ¢, and g, are the vector and scalar charges
per unit mass and are dependent on the composition, such as would be the case if it were
different baryon number or lepton number per unit atomic mass.

The force associated with the scalar partner is always attractive. This depends from
the fact that there is an even-spin exchange as in normal tensor gravity with spin 2. The
scalar could couple with the trace of the energy-momentum tensor or the square of the
electromagnetic field tensor.

Passing to the static limit and assuming there is only one vector and one scalar part-
ner of the graviton, the static potential is

V=-Gmimy(1Fae /" +be /%) /r, (1.8)

where a and b represent the products of the vector and scalar charges of the two particles.
The signs have been arranged so that both a,b > 0.

Equation [1.8derives from a general property of field theory. If there is a charge force
mediated by an integer-spin boson of mass M, the static potential and the force will be
of the Yukawa form.

V=-Kae " (1.9)

F=—-Ka(l+r/\e/?/r? (1.10)

A= h/Mc (1.11)
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where
K= Gm1 mo (112)

For each force, a and b represent the coupling strength relative to G, while v and s the
relative range.

Experiments on interactions between matter and matter bodies will be sensitive to
the difference of the two terms ina and b, i.e. to | a — b |. Limits on this difference will
not necessarily be applicable to antimatter-matter experiments, for which the sign of a
changes, and which are thus sensitive to | a + b |.

Limits on the range of the scalar and vector forces have been obtained by E6tvos-
style experiments [13]] . Scalar and vector couplings also appear in the context of rela-
tivistic theories of gravity based on modified Newtonian gravity [14} [15] which attempt
to provide an alternative to dark matter, while new scalar fields coupling to matter with
gravitational strength appear in the context of chameleon field theories [16]].

Models have investigated the possibility of different baryonic and fermionic contri-
butions to the gravitational field [17, 18], which would imply a differential interaction
between matter and antimatter.

Assuming an approximate simmetry between the two partners, a ~ band v ~ s.
Equation [1.6]shows that the various interactions have different velocity dependences, so
that a rapidly rotating object can reach the point where the total energy becomes positive.
Such a system would be unstable if the constants a and b were too large. Reference [19],
based on the stability of the 1.588 ms pulsar, has obtained the limits:

a~b<T70,v,s>4km a~b<g100, v,s =4km (1.13)

In quantum gravity theories, under the static potential regime of equation anti-
matter always falls at the same rate or faster than matter towards the earth. It never goes
up or slower than matter. It is interesting to verify experimentally these previsions.

1.2 Previous proposed and current experiments

1.2.1 The Fairbanks experiments

In 1957 Fairbank and his student Witteborn began a program to compare the gravita-
tional acceleration of electrons and positrons[20]. The experiment consisted in analyzing
the time of flight distribution of electrons and positrons that were freely falling inside a
vertical metal drift tube. The tube was constructed so that stray electric and magnetic
field gradient were reduced to less 10711 V/m. This was needed because the force of
gravity is very small, for electrons

meg/e = 5.6 x 1071V /m (1.14)

As the experiment was in preparation Schiff and Barnhill observed that the electrons
inside the metal of the drift tube would sag under gravity, until the gravitational force
was balanced by the electrostatic force of compression. The force would create an electric
field inside the drift tube that would exactly cancel the acceleration due to gravity on the
electron. If M, Q and m,, e are the mass and charge of the particle being measured and
of the electron, the effective gravitational acceleration that should be measured is:

Geff = g[l - (meQ/Me)] (115)

For the electron one should measure zero and Fairbank and Witteborn found [20]
that gy < 0.09g.
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Later two other questions of principle concerning the experiment were raised.

Dessler, Michel, Rorschach and Trammel [21]] observed that also the ions should sag
in the drift tube and this would produce an effect 2000 times greater and of opposite
sign. This effect should depend from the temperature of the tube.

The second question of principle concerned the “patch effect”, fields that are pro-
duced from irregularities in the surface and crystalline structure of a conductor. Fair-
banks and Witteborn measured a low field and suggested that the stray fields from this
second source were shielded at low temperatures.

The experiment was abandoned because they could not produce the necessary sup-
ply of low-energy positrons. In 1988 Fairbank reconsidered a measurement of the gravi-
tational acceleration of the positrons [22] but he died in 1989.

1.2.2 The antiproton gravity experiment

In 1982 Goldman and Nieto proposed to measure the gravity of antiproton [23]. The
proposal evolved in 1986 in a collaboration to do the experiment at LEAR at CERN [24]
which was never completed (see figure [1.T).

The following description of the experiment is derived from [2].

A 2 MeV beam from LEAR containing approximately 10° antiprotons in a 250 ns
bunch would be directed to a degrading foil, which would be at the entrance of an elec-
tromagnetic Penning trap, 50 cm long. The degraded beam would be allowed in the
trap while it has a voltage of 50 kV at the endcap opposite the entrance. About 10® an-
tiprotons would be captured in the trap by pulsing the voltage on the entrance cap from
ground up to 50 kV before the antiprotons return back to the entrance. Electron cooling
would then bring the antiprotons to room temperature.

After transferring the antiprotons to a smaller Penning trap, the antiprotons would
be cooled to a few K by resistive cooling. After transfer of the antiprotons to a third
“launching” trap the voltage holding the antiprotons in the trap would be lowered, al-
lowing approximately 100 particles at a time to be released into a vertical drift tube, to
observe their free upstream motion. This tube, of approximately 50-100 cm in length,
would shield antiprotons against stray electric fields and would have a surface designed
to reduce the patch effect. The tube would be surrounded by a superconducting magnet
to produce a guide field.

The field would be uniform to better than a part in 10°, so that the force on the an-
tiproton due to the interaction of a magnetic field gradient on the effective magnetic
moment of the antiproton would be small compared to the force of gravity.

The gravity measurement would be done as follows. The antiprotons would be re-
leased by dropping the voltage in the trap endcaps at time t=0. The antiprotons would go
into the drift tube with various energies. Those with large kinetic energy would quickly
race through the drift tube of effective length L and be detected at the top of the tube
with a microchannel plate. As time goes on, the antiprotons with smaller and smaller
initial kinetic energy would arrive. Finally, the last antiproton with just enough energy
to make it up the drift tube against the force of gravity would arrive al time ¢ = 7.

The value of the gravitational acceleration in the antiproton is then given by

7 =[2L/9(p)]"/* = 0.4525(L/m)"*[g(p)/9(p)]'/*. (1.16)

where L is the effective length of the drift tube. Launched hundred at a time to reduce
the mutual Coulomb forces among them, the antiprotons would eventually build up a
time-of-flight spectrum, the end point of this spectrum would yield the value of g(p).
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Fig. 1. Schematic diagram of the antiproton gravity experiment. Taken. with modification, from [Dye89]

Figure 1.1: Schematic diagram of the antiproton gravity experiment

The experiment would use negative H~ ions as a calibration, as they have the same
inertial mass (up to a part in a thousand), the same charge and almost the same effective
magnetic moment as the antiproton, and thus affording a precise measurement of the
ratio g(p)/g(H ™).

The experiment was started in Los Alamos National laboratories but the cancellation
of LEAR in 1996 at CERN and its substitution with the Antiproton Decelerator led to the
convergence of the PS200 collaboration in a wider international group with the goal of
creating antihydrogen with the ATHENA experiment. Antihydrogen, being neutral, is
not subject to stray fields.

1.2.3 The ALPHA experiment

The ALPHA experiment uses the antiprotons of the Antiproton Decelerator at CERN to
produce antihydrogen [81]. They are mixed with positrons in a magnetic trap and some
antihydrogen atoms are produced by three-body collision processes. The trap confines
those anti-atoms whose magnetic moment p 7 is aligned such that they are attracted to
the minimum in the trap magnetic field B, and whose kinetic energy is below the trap
well depth, g (|Blwan — |B|center). In ALPHA (see figure this magnetic minimum
is created by an octupole magnet that produces transverse fields of magnitude 1.54 T at
the trap wall at Ry, = 22.3 mm and two mirror coils that produce axial fields of 1 T at
their centres. The mirror coil centres are offset by +138mm from the trap centre. These
fields are superimposed on a uniform axial field of 1 T produced by an external solenoid.

In the last phase of the experiment anti-atoms are released from the minimum-B trap
by turning off the octupole and mirror fields. The escaping anti-atoms are then detected
when they annihilate on the trap wall; a silicon-based annihilation vertex imaging de-
tector records the times (binned to 0.1 ms) and locations (azimuthal FWHM of 8 mm) of
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Figure 1.2: ALPHA Experimental schematics of the antihydrogen production and trapping region
from Figure 1 [81]

these annihilations.

The ALPHA collaboration has developed a method that yields directly measured
limits on the ratio of the gravitational to inertial mass of antimatter, accomplished essen-
tially by searching for the free fall (or rise) of 434 ground-state antihydrogen atoms. The
results set statistical bounds on the value of F' = M,/M, the ratio of the gravitational
mass M, to the inertial mass M of antihydrogen. M is assumed numerically equal to the
mass of hydrogen.

In the absence of systematic errors, F has been found to be < 75 at a statistical sig-
nificance level of 5%; worst-case systematic errors increase this limit to £ < 110. A
similar search places somewhat tighter bounds on a negative F, that is, on antigravity,
with £ > —65.

Limits are far from the F =1 regime where one could test for small deviations from
the weak equivalence principle, but the methodology, coupled with planned and ongo-
ing improvements to the ALPHA apparatus, should allow to improve the measurement
substantially.

1.3 Arguments against antigravity

Three classic arguments have been raised against “antigravity” but they do not apply
with similar force to modern ideas stimulated by quantum gravity [2].

P. Morrison [26] pointed out that, if one had ”antigravity”, a matter-antimatter pair
on the earth’s surface could be raised adiabatically to a height L with no loss of energy.
Then the photonic energy obtained from the pair’s annihilation would be blue-shifted in
going back to the earth’s surface. When the energy of the photon would be reconverted
into a pair, the pair would have acquired kinetic energy and thus energy would not be
conserved.

Schiff, shortly thereafter, asked whether the contribution of “antigravity” from positrons
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in the vacuum polarisation diagrams of atoms would have been evident in the E6tvos
experiment [27, 28]. His conclusion was that the effect would have been so huge that
“antigravity” could be ruled out.

Good [29] observed that if there were “antigravity”, then the K, which is a linear
combination of the K and the K, would regenerate into the K'g. This is because the K
and the K, would undergo different phase shifts from the ”antigravity” gravitational
potential.

Goldman and Nieto have demonstrated in [2] that the three arguments can not rule
out a difference between the gravitational acceleration of antimatter and that of matter
towards the earth due to gravitovector and gravitoscalar contributions.






CHAPTER 2

The AEGIS experiment

The AEGIS experimental layout has been described in the June 8, 2007 proposal [30] and
in [83] and was summarized in 2012 in an article by the Collaboration [31]]. In subsequent
years the layout has been modified and different articles have been published on specific
parts.

In the following pages the apparatus will be described especially for the parts that
have been simulated in this thesis.

2.1 Overall layout

The goal of the apparatus is the production of a beam of anti-hydrogen atoms launched
horizontally to measure its gravitational acceleration through the observation of the
trajectory. A gravity measurement with a percent level relative precision should be
achieved by observing the vertical displacement of the shadow image produced by the
passage of an H beam through a moiré deflectometer, a device similar to a particle coun-
terpart of a grating wave interferometer.

This measurement requires pulsed production of H atoms in order to measure the
time of flight of each atom. Furthermore, the ensemble of formed atoms needs to be
cold in order to minimize the beam divergence once they are accelerated and thus the
required measurement time to obtain a statistically significant result.

The essential steps are the following (see figure 2.T):

e Production of positrons (e+) from a Surko-type source and accumulator.

e Capture and accumulation of pfrom the Antiproton Decelerator (AD) in a cylin-
drical Penning trap.

e Cooling of the pto sub-K temperatures.

e Production of positronium (Ps) by bombardment of a cryogenic nanoporous mate-
rial (called positronium converter) with an intense e+ pulse.

e Excitation of the Ps to a Rydberg state with principal quantum number n ~ 20.
e Formation of H by charge exchange between Rydberg Ps and cold .

e Pulsed formation of an H beam by Stark acceleration with inhomogeneous electric
fields.

e Determination of ¢ in a two-grating moiré deflectometer coupled with a position-
sensitive detector.
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Figure 2.1: AEGIS method for the production of a pulsed beam of cold H atoms from [31]

The experimental apparatus which realizes the different steps consists of:
e a positron source (50 mCi) and accumulator,
¢ a high-field magnet (5T) housing trapping electrodes,

e a separate highly homogeneous magnet (1T) which houses the antihydrogen pro-
duction and beam formation structures.

e a moiré deflectometer consisting of two 150-mm gratings placed at 1 m and 1.5 m
from the antihydrogen formation point, along with a high-resolution antihydrogen
detector at 2 m.

e a laser system that implements a Ps excitation to a Rydberg state passing through
an intermediate state (n = 3).

2.2 Antiproton Decelerator AD and ELENA

AEGIS uses the antiprotons produced by the Antiproton Decelerator (AD) of CERN. The
antiprotons are used by other experiments as well: ALPHA, ASACUSA, ATRAP in the
same building.

Antiprotons are produced by a proton beam that comes from the Proton Syncrotron
(PS) of CERN, which is fired into a block of Ir at 26 GeV/c. The antiprotons, which
emerge from the block at different energies and angles together with other secondary
particles, are focused before they reach the AD and only the ones with the right energy
are injected and stored in it.

The AD is an oval-shaped ring with a circumference of 188 m composed of bending
and focussing magnets that keep the antiprotons on the same track, while strong electric
fields slow them down (see figure[2.2).The spread in energy of the antiprotons and their
deviation from their track is reduced by a technique known as “cooling”. Antiprotons
are subjected to several cycles of cooling and deceleration until they are slowed down to
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Figure 2.2: Schematic diagram of Antiproton Decelerator (AD) and the position of experimental
installations in 2012

around a tenth of the speed of light. They are then ready to be ejected into the antimatter
experiments [32].

At the end of a 100-s cycle a 200-ns-long beam containing approximately 3 x 107 pof
energy 5.3 MeV are ejected from AD.

In 2018 a new more efficient decelerator, Extra Low ENergy Antiproton ring (ELENA),
will enhance the AD decelerating antiprotons to 100 keV, and the various experiments
will use the new source of antiprotons at various dates.

This synchrotron, with a circumference of 30 metres inside the AD, will slow the
antiprotons even more, reducing their energy by a factor of 50, from 5.3 MeV to just
0.1 MeV. An electron cooling system will increase the beam density. The number of
antiprotons that can be trapped will be increased by a factor of 10 to 100, improving the
efficiency of the experiments.

2.3 Antiproton capture and accumulation

Antiprotons are extracted from AD at 5.3 MeV/c and are further degraded passing
through an aluminium foil with tunable thickness to an energy of 9 keV. Then they are
conveyed in the first trap system.

A magnetic field of 5 T gives the radial confinement while a series of electrodes with
15 mm radius generate an electric field for axial confinement. The goal is to accumulate
0.1 % of the incoming ~ 3 x 10 antiprotons with a broad energy distribution. It is
achieved with a depth of the trapping potential up to 20 keV.

The trapped antiprotons are cooled by interaction with electrons emitted by an elec-
tron gun, around 10° particles. Although the electrons are heated by this process, they
efficiently cool themselves by emission of cyclotron radiation in the 5 tesla magnetic field
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Figure 2.3: General drawing of the AEGIS experiment with the two magnets

with a time constant of about 0.4 sec. Ideally, the two species of particles will reach a final
equilibrium temperature equal to that of the environment of about 1K or less.

The cooling process can be described by a simple model with two differential equa-
tions [84] [30]; their solution shows that 10* antiprotons having energies in the keV range
can be cooled down to less than a few eV within a few tenths of a second if they overlap
completely with an electron cloud of density around 107 — 108 ¢crn~3. The cooling process
is not exponential and its rate increases very rapidly as the antiproton energy decreases.
The rotating wall cooling is also used.

The duty cycle of the AD ( ~ 100s) determines the overall accumulation rate of an-
tiprotons, the stacking of several pulses should be necessary to reach 10° trapped an-
tiprotons. This trapping rate should increase approximately by two orders of magnitude
once the ELENA decelerator is operational.

The final cooling of the antiprotons will take advantage of a dilution refrigerator and
of a resistive active-feedback cooling system. The final design specifications call for 10°
pcooled down to ~ 100m K, which corresponds to a velocity of about 50 m/s . Cold pare
important to maximize the flux of H and measure §.

After catching and manipulation in the 5 T magnet, antiprotons are transferred bal-
listically to the 1 tesla magnet system which is composed of four electrodes regions with
different characteristics (see figure[2.4). The first part features electrodes with r = 22 mm
used as catching traps for particles coming from the 5 T system. This trap then splits
into two smaller radius sections (5 mm each). The “upper” section is used for positrons,
while the “lower” on-axis trap — equipped with low noise electronics - is used to store
and cool antiprotons down to the lowest possible temperature.

Sympathetic cooling with (laser cooled) Cs ions is being considered for the final stage
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Figure 2.4: The trap system located inside the 1 tesla region. The on-axis trap manipulates antipro-
tons and stores them. Positrons are sent off-axis to reach the production target.

of the antiproton preparation in the 1T region [33,34]. The design of the injection region
of the apparatus (upstream of the 5 T magnet) incorporates the option for injecting neg-
ative ions from an external source, for which space has been reserved on the upstream
side of the apparatus. Similarly, the design of the electrodes holding antiprotons, as well
as of the central region between the 1 T and the 5 T magnets, incorporates the option
for injecting the required laser light to optically cool any negative ions, if an appropriate
species can be identified.

2.4 Positron and positronium production

Positrons are produced in AEGIS by means of a 50 mCi Na-22 source. A solid rare-gas
(Neon) moderator is used together with a Surko-style [35] differentially pumped trap
system. Moderators are usually grown at a temperature of 7 K with ultra-pure neon
admitted at a pressure of 10~* mbar for a few minutes. The trap system culminates in
a positron accumulator (see the top left of Figure having the capability of stacking
about 10® positrons during 200 s. This accumulation time is matched to the antiproton
accumulation time discussed above.

Positrons can be directed via an accelerator/buncher to a dedicated chamber for
study of Ps spectroscopy or they can be sent to the main magnets of the experiment,
as shown in Figure When positrons are injected in the main trap system (see Figure
2.4), they can be manipulated, accumulated and sent off-axis via the excitation of the
diocotron motion [36] to reach the converter of the experiment.

Ps will be obtained in AEGIS by sending a pulse of positrons on a suitable target act-
ing as positronium converter with high efficiency. Ps formation in porous materials [37]
by electron capture is particularly suitable. Ps exists and can be formed in two states:
the short-living para-positronium (p-PS) with spin=0 (mean lifetime is 0.125 ns), and the
long-living ortho-positronium (o-Ps) with spin=1 (mean lifetime is 142 ns). Ps is synthe-
sized in the material bulk, or can be formed at the surface of the pore. Anyway, only
the long-living o0-Ps can diffuse into a pore and, if the pores are connected to the surface
of the material, the Ps can escape from the target toward the surrounding vacuum by
following the pore channels and colliding with the pore walls, thermalizing in the pro-
cess. The energy spectrum of the emitted Ps depends on the energy of the Ps entering
the pore, on the number of collisions with a pore surface and on the mean energy loss for
each collision. The depth in the bulk where Ps is formed depends on the e+ implanta-
tion energy (around 10 keV)) and with an appropriate choice of material (such as Xerogel
[41]]) or design (such as in [42]) of the pore geometry and of the implantation energy, the
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Figure 2.5: Ps production in nano-channels in a Silica-based nano-porous target

energy spectrum of the emitted Ps should match the required values.

Because of the desirability of low temperature antihydrogen and of minimizing the
distance between the target and the ultra-cold antiprotons, the target will be enclosed in
the sub-K antihydrogen production region, and will thus itself lie at cryogenic tempera-
tures.

A quantum mechanical treatment (Ps scattering on phonons in potential wells) is re-
quired to predict the thermalization of positronium in nanopores at low temperature.
Brusa et al [38] and Crivelli et al [39] have shown that the minimum temperature that Ps
atoms reach in a potential well (nanopore) is determined by the well (pore) dimensions:
for pore dimensions smaller than a few nanometers single-phonon scattering does not
allow to reach the ground state. Increasing the diameter of the nanochannels decreases
the minimum accessible temperature: in nanostructures of 20 nm, it is around 7 K. On
the other hand, an increase in the diameter of nanochannels is expected to extend the
thermalization time of ortho-positronium (0-Ps) due to a reduction in the collisional fre-
quency with the pore walls [38]. It is thus necessary to optimize the nanochannel dimen-
sions to reach the optimal o-Ps temperature that maximizes the antihydrogen formation
rate (see Figure

Up to 40% of the injected positrons produce o-Ps; at the appropriate injection energies
(several keV), about 20% of the Ps diffuse out of the target for a total of 3% of thermalized
o-Ps at room temperature [40, 42]. These expected 107 thermalized o-Ps emitted from
the target are currently assumed to be emitted isotropically. However, quantum effects
within the narrow pores produce a lower bound on the minimal temperature in the
transverse plane to the pore axis, while the component parallel to the axis is unbounded,
resulting in anisotropic cooling.

The velocity component perpendicular to the pore axis is thus expected to dominate
over the parallel component [38], which would lead to preferential directional emission.

2.5 Laser excitation of Ps

Antihydrogen production by charge exchange between positronium atoms and antipro-
tons requires efficient excitation of positronium atoms up to high-n levels (Rydberg lev-
els), as explained later. A strategy based on a pulsed two-step incoherent optical excita-
tion 1 — 3 — n [43] was envisaged. The required two laser have been constructed by
Milan University and INFN and are optimized with positronium produced both inside
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Figure 2.6: picture of the target at the top with the incoming positrons, the laser beam, the outgoing
Ps and the antiproton trap in the 1T region at the bottom

the AEGIS magnet as well as on an external test platform (bread box).
The rationale for choosing this scheme, rather than the alternative 1 — 2 — n scheme
is:

o the n = 3 state has a longer lifetime of 10.5 ns than the n = 2 state (with 3 ns),

o thelaser energy per pulse required to saturate the transitions is lower, an important
consideration when losses into the cryogenic environment of the experiment must
be minimized and

e calculations of the excitation efficiency [44] indicate a higher value when passing
through the n = 3 level.

The Ps atoms are emitted from a cryogenic surface, although their temperature should
be substantially higher. The aim is an effective temperature of 100 K, corresponding to
a velocity of approximately 3 x 10* m s~!. The Ps atoms move in a magnetic field of
1 T. In these conditions the combination of the Doppler, motional Stark and quadratic
Zeeman effects results in a high broadening of the excitation transition frequencies, up
to 1 THz for Rydberg transitions, making the excitation process substantially less selec-
tive than in the usual case of Rydberg spectroscopy. Furthermore, the laser pulse length
is required to be of few ns, and to have maximal overlap with an expanding cloud with
an initial transverse area of approximately 6 mm?. The requirements on the energy and
bandwidth of the excitation lasers have suggested the use of the optical parametric gen-
eration and amplification technologies for generating both wavelengths.

The laser system is composed of two subsystems: one for the generation of 205 nm
radiation for the 1 — 3 transition, and the other for the generation of 1650 nm radiation
for the 3 — Rydberg transition. Both are driven by a Qswitched Nd:YAG laser deliv-
ering a maximum of 650 mJ in 4-6 ns pulses. The spectral width of the first laser pulse
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is tailored to match the broadening of the first transition, which is determined by the
Doppler width of the emitted o-Ps cloud (32 GHz at 100 K). Differently, the width of
the second transition (of the order of THz or more) is dominated by the motional Stark
effect inducing strong mixing of the Rydberg sublevels. In this case there is no stringent
request on the spectral width of the second laser pulse for saturating the transition [44].

The laser systems have enough power to guarantee a 30% transition efficiency, close
to the theoretical limit of 33%. The system can cover a frequency band wide enough
to excite different Rydberg levels (from n = 16 to the ionization limit), and exceeds the
saturation power by more than a factor of 10 for both transitions, maintaining a great
flexibility for the choice of the best strategy for obtaining a large number of antihydrogen
atoms.

2.6 Formation of antihydrogen

Antihydrogen atoms are formed by the charge exchange process
P+ Ps* — H* +e” (2.1)

The cross section for this process has been evaluated through Classical Trajectory Monte
Carlo (CTMC) simulations for the experiment proposal [30], which indicate a strong de-
pendence of the cross section on the principal quantum number of the Rydberg positro-
nium, and on the relative velocity of the antiprotons and of the Ps* (or more precisely, on
the ratio k, of the relative velocity between the positronium and the antiproton, v,, and
the Rydberg positronium internal motion, v,,+, i.e. the relative orbital velocity between
the positron and the electron).

Figure 2 shows the production cross section as a function of the Ps* principal quan-
tum number n, with the orbital angular quantum number I p,, randomly chosen between
0and nps — 1 and Ips« = 2, in the reference case without magnetic field. {p,, = 2 is the
forecasted quantum number | of Ps* after the laser excitation. The cross section is propor-
tional to n* and for n=20 is about 10~'%m?. Secondly, the quantum state of the H will be
(to some extent) related to the Ps excited state and the final temperature of the antiatom
will be mostly determined by the temperature of the pbefore the production reaction.

Part of this Thesis is devoted to the calculation of the cross section in the magnetic
field of 1 T which is created in this zone of the experiment to axially confine p.

The emission velocity of Ps from a nanoporous target is determined by the target tem-
perature, the interaction time of the Ps inside the target (which is itself a function of the
injection energy of the positrons into the target and the topology of the target material),
and by the pore size. The first two aspects have been investigated in [45] which shows
that for specific target compositions, the velocity distribution of o-Ps emitted from the
target surface shows evidence of (partial) thermalization. Of particular interest in the
case of AEGIS is the behavior at cryogenic temperatures. Studies [40] have shown that
the temperatures both of the thermalized component, but also of the only partially ther-
malized component of 0-Ps, follow a decrease in the target temperature (figure 2.8). A
lower bound on the o0-Ps temperature is given by the dimensions of the pores [38]. While
it is difficult to determine precisely the degree to which the two parameters affecting the
Rydberg antihydrogen production rate can be optimized, an estimate can be obtained by
assuming that the currently observed fraction of Ps* with a velocity component between
5 and 15 kms™! (in which the CTMC-derived cross section is approximately constant
and of the order of 1079 cm?)) is maintained also at cryogenic temperatures.

The number of antihydrogen atoms that should be generated to measure the gravity
acceleration is around 1 per second, or 200 per 200 s accumulation cycle. As there were
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Figure 2.7: Cross section for the formation of Rydberg antihydrogen through the charge exchange
process p + Ps* — H* + e~ as a function of np, (the Ps* principal quantum number) for Ps*
with a velocity ratio k, of 1, and two assumptions on lp. : squares refer to /ps. randomly chosen
between 0 and np,; — 1 while circles correspond to [ps« = 2 without magnetic field [30].
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Figure 2.8: 0-Ps energy spectra for different Ps production target temperatures (from [40]).
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Figure 2.9: (Left) Sketch of the electrode configuration to accelerate 7. (Right) Sketch of the
principle of the moiré deflectomer technique with two identical gratings and a position-sensitive
detector.[31]

doubts that this number included in the proposal could be reached, the work of this
Thesis has been devoted to simulate the process to verify it and, if the outcome was
insufficient, suggest enhancements of the layout of AEGIS to increase it.

The distance between the target and the antiproton cloud, around 1.5 cm (see Fig-
ure [2.6), is critical for geometric reasons as well as the percentage of Ps* that can enter
the antiprotons accumulation trap through the free space between the electrodes. An
insufficient number of produced antihydrogen atoms would make impossible the accu-
mulation of data in the following stage.

2.7 Acceleration of antiydrogen

The Rydberg antihydrogen atoms will be axially accelerated through their coupling to
an externally applied pulsed electric-field gradient (Stark acceleration), applying tech-
niques proposed for and demonstrated with Rydberg hydrogen atoms [48], wherein
atoms moving with an initial velocity of ~ 700ms~! are stopped in a few us over a
distance of 2 mm. In the case of AEGIS, the inhomogeneous electric field is applied
by appropriately polarizing the electrodes that initially confine the ultra-cold antipro-
tons immediately after the pulsed formation of antihydrogen (Figure 2.9). Although
the quantum numbers of the Ps* used to form Rydberg antihydrogen are fairly well de-
termined by the laser excitations (although the magnetic sublevels are randomly popu-
lated), the charge exchange process will populate a range of (n,m,[) antihydrogen states.

It should also be pointed out that these are no longer good quantum numbers in the
E x B fields that appear at the moment of applying an electric-field gradient. Therefore,
in our simulations we prefer to use the (n, k) quantum numbers, where k = n; —ng, and
ny and ny are the parabolic quantum numbers [85] obeying n = n; + n2 + |m| + 1, and
alternative to the usual formulation based on spherical quantum numbers (n; ; m). For
atoms in electric fields, & is a good quantum number, and the simulations should remain
valid as long as the magnetic field (B = 0.5-1 T) is relatively weak. These simulations
allow us to evaluate the spread in velocity of the produced antihydrogen atoms, and to
track these atoms through the 1 T magnet to the entrance of the moiré deflectometer.
By ensuring that the electric-field gradient used to accelerate the produced Rydberg an-
tihydrogen atoms is axial, no significant change in their radial velocity distribution is
expected. The divergence of the antihydrogen beam is thus defined by the longitudinal
velocity (given by the Stark acceleration field strength and duration as well as the orig-
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inal velocity distribution) and the transverse velocity (given by the temperature of the
antiprotons prior to formation of antihydrogen). The accelerating electric field will be
applied for a time of the order of 70 us. From simulations we expect an uncertainty of 10
s on the beam starting time.

2.8 Antihydrogen beam through the moiré deflectometer

Some proposals of detecting the deflection of a beam of particles lie on the idea of using
their matter wave nature through interferometers with high sensitivity, like those of the
Mach-Zehnder type or employing the Talbot configuration. In spite of its high sensi-
tivity, a matter wave interferometer of the Mach—Zehnder type is poorly suited to first
measurements with antihydrogen, mostly due to the very stringent limits it places on
the beam divergence, but also due to expected decoherence effects through interactions
between (anti-)matter waves and material gratings. On the other side, a Talbot interfer-
ometer is less sensible to beam divergence, but requires unrealistic conditions on grating
slits and distances to assure working on a diffraction regime [86].

Therefore AEGIS relies on a classical device called moiré deflectometer which can be
considered as a particle counterpart of a grating wave interferometer.

A moire deflectometer has been successfully used in an experiment where the gravi-
tational acceleration of a beam of argon atoms traveling at an average velocity of 750 m
s~! was measured to a relative precision of 2 x 10~* [49].

The horizontally accelerated antihydrogen atoms (v &~ 500 ms ') propagate through
the apparatus in the form of a broad beam until they enter the deflectometer, in which
their free fall is measured. The deflectometer itself consists of two gratings and a third
plane which records the impacting atoms (Figure[2.9). The position of the deflectometer
is shown in Figure[2.10]

The two gratings of a deflectometer function as a shadow mask, projecting a periodic
pattern onto the third plane that corresponds to the gap and inter-gap geometry. This
periodic structure along the vertical (y) coordinate has a period equal to the grating
period, 80 um in AEGIS. Antihydrogen atoms that do not pass through a grating gap
annihilate, producing pions. Antihydrogen atoms that do pass through the gaps in the
two planes will follow parabolic trajectories whose sagitta depends on the amount of
time spent in the deflectometer, on average 2 ms, during which time the atom falls by 10
pum (for a grating distance of 40 cm).

The periodic pattern (i.e. the antihydrogen impact points) is thus shifted downward,
with respect to the horizontal line, by an amount that depends on the velocity of the
atoms. The vertical shift of the pattern turn out to be 6, = gt~2 [49], where t is the time
of flight between the two gratings.

The figure of merit is the fraction of accelerated antihydrogen atoms that reach and
traverse the full moiré deflectometer to impact the downstream high-resolution antihy-
drogen detector. This fraction is determined by the solid angle subtended by the de-
tector, the divergence of the antihydrogen beam and the grating open fraction. As the
transverse component of the velocity distribution is defined by the antiproton tempera-
ture, it is desirable that this temperature be the lowest possible.

As the velocity scales with T%/2, while the solid angle scales as (v,/v.)?, where v,
and v, are the radial and axial velocity components, an increase by a factor of 10 of
the temperature decreases the flux of antihydrogen atoms reaching the detector by the
same factor. This purely geometrically defined flux is reduced by the open fraction of
the two gratings of the deflectometer itself: the contrast of the periodic impact pattern in
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Figure 2.10: Position of the moiré deflectometer in the AEGIS apparatus on the right.

the plane of the detector is maximal in the case of an open fraction of 30%, resulting in a
factor of 10 reduction in the flux. AEGIS simulations have shown that in order to achieve
a 1% measurement of g, 10° antihydrogen atoms with an initial temperature distribution
(prior to acceleration) of 100 mK are required (a factor of 10 more for 1 K antiprotons).

Assuming the production rate of 1 atom per second, and assuming that cooling of
the antiprotons can be carried out during one AD duty cycle of 100 s, this corresponds
to 10%-10° AD cycles, i.e. several weeks to several months of experimental operation.
Over such time scales, stability considerations are important; the precise relative align-
ments of the gratings and the antihydrogen detector will be monitored through a series
of optical interferometers directly incorporated into these structures, allowing an offline
correction of all measurements. On the other hand, the measurement of g is insensitive
to variations in the flux of antihydrogen atoms. The value of g is extracted from the
primary observables (time of flight t and vertical displacement of the fringe pattern J,,
which can be transformed into a phase when normalized to the periodicity of the grat-
ing, as in figure2.11). A quadratic fit to the plot of phase versus time of flight yields the
local gravitational acceleration g.

As the length of experimental operation is so long, the production rate of antihydro-
gen is extremely important for the results of the experiment. This Thesis goal is to verify
whether this rate is achievable.

The current AEGIS design calls for such a setup with a sophisticated detector that
can record the annihilation position of impinging anti-atoms with a vertical resolution of
about 2 um. The detector will consist of a combination of complementary technologies,
including a nuclear photographic emulsion and a silicon strip or pixel detector. Both
types of systems have been extensively tested in the AEGIS setup and found to have
the required position resolution and detection efficiency for an antihydrogen gravity

measurement [50, 5.

2.9 Proof of principle of the moiré deflectometer

A prototype device of the moiré deflectomer has been tested with antiprotons [80].
It was formed by two parallel gratings and an emulsion detector, the distance be-
tween the gratings was 25 mm while the detector was placed 25 mm from the second
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Figure 2.11: Phase shift as a function of the antihydrogen time of flight t between two gratings.
Each point corresponds to 10? simulated antihydrogen atoms. A total of 10° atoms was generated
and propagated through the Stark accelerator and moiré interferometer. An impact vertex reso-
lution of 10 pm was assumed. The precision in the determination of the phase at each point is
influenced both by statistics and systematic effects; the error on each point is estimated ~0.05 rad.
A quadratic fit to the plot of phase versus time of flight yields the local gravitational acceleration

g-[31]

grating and had a resolution of 2 ym. The slits had a thickness of 100 pm, a width of
12 pym and a periodicity of 40 pm, granting a classical regime when compared to the de
Broglie wavelength of the antiprotons (8.8 10~8um).

A divergent beam of antiprotons with mean energy 106 keV was passed through
the deflectometer producing a fringe pattern on the detector; it was expected that the
presence of a force would shift the pattern. A comparison with a interference pattern
produced by light has been carried out. An additional transmission grating was put in
direct contact with the emulsion and illuminated with antiprotons and with light to have
a reference for alignment.

The results showed an upward shift in the moiré pattern with respect to the interfer-
ence pattern due to the light, given by Ay = F7?/m, where F is the force perpendicular
to the slits, 7 is the time of flight between the two gratings and m is the antiproton mass.
A shift Ay = 9.8um + 0.9um(stat.) £ 6.4pum(syst.) (Figure[2.12), corresponds to a force
acting on antiprotons of 530 & 50aN (stat) & 350aN (syst).

The moiré deflectometer and the emulsion detector were mounted at the end of
the 1T magnet in a dedicated vacuum chamber, so that the force was identified with
a Lorentz force due to the fringe magnetic field of the trapping region (see Figure 2.10).
A magnetic field component perpendicular to the grating period and the antiproton di-
rection of B ~ 7.4G was estimated, compatible with the magnetic field ~ 10G measured
at the position of the deflectometer.

The fringe pattern of antihydrogen due to gravity is expected to be comparable to the
one observed in the case of antiprotons. The gravitational force acting on antihydrogen
is expected to be about ten orders of magnitude smaller than the sensitivity level reached
with the prototype device, but the resolution of the setup will be improved by scaling
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Figure 2.12: Light and antiproton patterns showing the observed shift of antiprotons through the
moiré deflectometer. Reproduced from

up the deflectometer with a distance between gratings ~ 1 m. Furthermore, the velocity
of antihydrogen should be much smaller than the velocity of the antiprotons used in
the test (~ 500ms~!). An improvement of about eleven orders of magnitude sensitivity,
eight orders for the slower velocity and three for the length of the deflectometer, can be
expected in relation to the prototype.



CHAPTER 3

The Thesis work

The thesis work has closely followed the phases of construction of the experiment in
order to simulate the various parts from the design phase to the assembling.

The simulation has always regarded the antihydrogen production phase from the Ps
creation in the target to the mixing of Ps with antiprotons, which is the most critical part.

As the physical layout was changed from design to construction also the simulation
was changed. The data were modified according to the dimensions of different parts
of the experiment in order to have the most realistic simulations in relation to the real
situation.

The results of the simulation were sent to the collaboration with various reports and
discussed at meetings. Sometimes the results have been confirmed by other teams with
independent calculations.

As the simulations produced unsatisfactory results in terms of antihydrogen atoms
produced per cycle of 200 s possible modifications to the experiment have been sug-
gested and simulated. Some have been discarded as unfeasible, others are still under
study.

The work has started in 2009 before the beginning of my Phd course in 2014 when
I became part of the Aegis team as “Laureato frequentatore” of Milan University. So
the work of this thesis spans from 2009 to now, even if the intensity of the activity has
increased during the period of the Phd course and has come to a final conclusion.

The principal activities have been the following;:

e simulation of the production of antihydrogen with the basic layout

¢ simulation of the production of antihydrogen with the introduction of reflectors of
various shapes for efficient guiding of the cloud of Ps atoms towards the trapped
antiprotons

e simulation of the production of antihydrogen with the introduction of an ellip-
soidal reflector before laser excitation for guiding the cloud of Ps atoms towards
the trapped antiprotons

e simulation of the creation, propagation and detection of Ps in the positronium
chamber of Aegis

e simulation of the production of antihydrogen with the introduction of a focusing
electric field on the cloud of Rydberg Ps, thanks to their high polarizability and the
Stark acceleration

e simulation of the production of antihydrogen with a Ps transmission target in dif-
ferent positions
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verification of the calculations of the Genova group on the production of antihy-
drogen

simulation of the production of antihydrogen with a Ps transmission target in ver-
tical position on axis

simulation of the production of antihydrogen taking into account the 1T magnetic
field

calculation of the cross section of the charge exchange reaction without and with
the 1T magnetic field

simulation of the production of antihydrogen taking into account the new cross
section calculation



CHAPTER 4

Simulation of the production of antihydrogen with the
basic layout

I did the first simulation of the production of antihydrogen with a Monte Carlo program
in 2009-2010 when the experiment was in the design phase under the supervision of Prof.
Marco Giammarchi, who was coordinating the Milan AEGIS group.

The report was sent to the collaboration on February 2, 2010 with the title: “A simu-
lation program for the production of antihydrogen in the AEGIS experiment”[52]].

The program simulated the creation of ortho-positronium atoms from a suitable tar-
get and their excitation by a laser beam, following them until they reached the antiproton
cloud. Each Ps was followed in his trajectory with the step of 1 ns. The possible ioniza-
tion between Rydberg atoms was taken into account as well as laser efficiency and life
time of excited states.

L

positron beam diam. 0.2 cm
[ Q target 1 cm x 1 cm

I
| i

distance 2 cm
laser beam diam. 0.3 cm

positronium cloud

X

/ N 2] _
antiproton cloud diam. 0.2 cm length 0.80 cm

Figure 4.1: Layout of the antihydrogen formation part of AEGIS. See text for a detailed description.

The simulation was run with the following geometrical data, as represented in Figure

A1
e the positron beam had a diameter of 0.2 cm,

o the target was a square with a side of 1 cm, slanted at 45 degrees with respect to
the positron beam,
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e the antiproton cloud was 0.8 cm long with a diameter of 0.2 cm and was centered
under the target at a distance of 2 cm,

e the laser beam had a diameter of 0.3 cm, its center was located on the vertical
axis between the center of the target and the center of the antiproton cloud, with a
distance of 0.05 cm between the border of the beam and the surface of the target,
in order not to damage it.

Figure 4.2: Positronium velocity distribution of [40] in cm/s in red as the sum of 145K distribution
in blue and 1260K distribution in green, referred in following chapters as “Trento” velocity

The physical data were the following:
e 1 million Ps atoms generated from the target,

o flat distribution of the emission time of Ps from the target in an interval of 20 ns
(duration of the positron bunch),

e uniform distribution of the emission direction of Ps over half of the solid angle,

o Gaussian distribution of the emission point of Ps from the target in the area covered
by the incoming positrons, with the maximum in the center of the target and ¢ =
0.05cm,

e velocity distribution of the Ps taken from the data of [40] for a target temperature
of 150K (see Figure[2.8),

e laser impulse 5 ns long, with a starting time optimized for maximum production
of antihydrogen given the velocity distribution (50 ns after the beginning of the
positron bunch),

o laser efficiency 20%,

o excitation level of Ps n=25, 1=2 with a decay time of 16.5 us,
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e ionization probability computed with Robicheaux formula for the self-ionization
of Rydberg atoms due to their mutual interaction [59],

e velocity limit of Ps with n=25 to produce antihydrogen 0.87 x 107cm/s = ¢/(137 x

I assumed for simplicity infinite cross section for v < 0.87 x 107c¢m/s and 0 otherwise.
This matching of velocities is important for antihydrogen formation. The velocity distri-
bution was taken from [40]. In that research, a silicon target with nanochannels obtained
by electrochemical etching was used and the o-Ps energy distribution with a positron
implantation energy of 7 keV and a target temperature of 150K was measured.

The energy distribution was transformed in a velocity distribution, considering that
9% of Ps had a temperature of 145K and 91% had a temperature of 1260K (see Figure[4.2)

The ionization probability of Rydberg Ps was taken into account computing for every
nanosecond the time to come together T according to [59]:

T = 20us x \/M(amu) R3(um) /n? 4.1)

where M is the mass of the Ps, Ry is the distance between two Ps atoms and n is the
level of the Ps.

The laser beam was turned on 50 nanoseconds after the beginning of the positron
bunch for 5 ns.

The results are in table [£.1]

Ps from target 1,000,000
Ps hit by the laser beam 113,572
Ps that geometrically can hit the antiproton cloud 6,471
- which are excited by the laser beam 404
- which arrive to the antiproton cloud 393
- which have a velocity below the limit 269

Table 4.1: Results of the simulation with the basic layout

Figure|4.3|shows the decision tree of the results.

There has been no decay for ionization because, when the laser is turned on (50 ns),
the density of the Ps cloud is low enough not to create the phenomenon. If the laser
beam was nearer to the centre of the target, the time would be shorter and the number
of excited Ps atoms decayed for ionization larger.

When the laser beam is turned on the thermalized Ps can reach it while the fast Ps
are already far away. This is the reason why most of the Ps that hit the antiproton cloud
have a low velocity and can create antihydrogen.

If the delay is reduced the number of Ps that hit the antiproton cloud is increased
but their velocity is too high to create antihydrogen. The table [4.2| contains the different
simulation results.

The Figures 4.4|and 4.5| represent the velocity distribution of the Ps hit by the laser
beam after 50 ns (113,572) and of the excited Ps when they arrive at the antiproton cloud
(393). The velocity limit is shown.

This simulation gave an indication of the number of Ps arriving at the antiproton
cloud with a velocity that would allow the production of antihydrogen but didn’t give
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Ps 1.000.000
[

‘ Hit by laser beam 113,572

|
[Not hit by laser beam 886,428

[ 1
‘ Excited by laser 22.649 ‘ Not excited by laser 90.923 ‘

Can hit antiprotons 404

‘ Decayed for ionization 0 ‘ ‘ Not decayed for ionization 404 ‘

\ i
Decayed for mean life 11 ‘ ‘ Not decayed for mean life 393 ‘
I

‘ With speed below the limit 269 (0.027%) ‘ With speed above the limit 124 (0.012%)

Figure 4.3: Schema of the results of the simulation

Laser delay in ns 30 40 50 60
Ps hit by laser 162,701 | 145,158 | 113,572 | 87,450
EXClted Ps that arrive to the an- 733 577 393 278
tiproton cloud

Excited Ps that arrive to the an-
tiproton cloud with velocity be- 173 269 269 259
low the limit

Table 4.2: Results for different delays

the number of antihydrogen atoms because the cross section of the charge exchange
reaction was not included. All the other processes though were simulated.

It was clear that the solid angle of the antiproton cloud seen from the target at the
distance of 2 cm limited the number of Ps exiting from the target that would cross the
antiprotons and produce antihydrogen. As the distribution of the direction of Ps from
the target was unknown, it was assumed flat.
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CHAPTER 5

Simulation of the production of antihydrogen with the
introduction of reflectors of various shapes for guiding the
cloud of Ps atoms towards the trapped antiprotons

The first simulation gave an unfavorable result for the experiment because the number
of the excited Ps arriving to the antiproton cloud was insufficient to produce the needed
number of antihydrogen atoms. Their number had to be multiplied by 10 considering
that the number of Ps produced by the target should be 10 million, but we also have
to consider the average cross section calculated in the AEGIS proposal for Ps with n=25
which amounts to 10~?c¢m?, while in the trap we have 10° antiprotons (see Figure [5.1).
So the approximate number of antihydrogen atoms produced in a cycle of 200 s would
be around 2, instead of the 200 needed to measure the gravity acceleration.

It was suggested that I could add to the design of AEGIS some reflectors for moving
Ps atoms, trying to improve the geometrical limiting factor and increase the number of
Ps that would reach the antiproton cloud. The reflectors were considered like mirrors
with no loss of the number of reflected particles. A velocity limit of 4.4 x 10*m/s was
introduced on the best result with the parabolic and ellipsoidal reflectors considering
that only slow Ps would be reflected while fast ones would be ionized.

The result of the simulation was presented to a collaboration meeting on April 8,
2011.

Two reflectors were considered in the AEGIS design: one around the target with a
spherical or ellipsoidal shape and one parabolical under the antiproton cloud.

Figures represent the two layouts on two perpendicular sections y-z
and x-y.

The ellipsoid should have a focus in the target center and one in the antiproton cloud
center to use the geometrical properties of its shape. The spherical reflector had a radius
of 0.7 cm, the parabolic reflector was parallel to the axis of the antiproton trap, according
to the formula y = 1.1 x 22 — 0.4 em in order to fit in the Penning trap radius of 0.6 cm.

Moreover the distance between the center of the trap and the center of the antiproton
cloud was reduced from 2 to 1.5 cm to increase the number of Ps that would reach the
antiproton cloud.

Table 5.1 shows the number of antihydrogen atoms produced for 1 million Ps cre-
ated by the target. One can see the efficiency of the ellipsoidal and parabolic reflectors
in directing the Ps to the antiproton cloud and the increase factor of the generated an-
tihydrogen atoms from the 0.086 atoms without reflectors. For 10 million Ps 13 atoms
would be produced with the limit on the velocity, but still not enough for the gravity
measurement.
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Figure 5.1: In this plot the charge exchange processcross section as a function of k,, for different
values of nps and Ips = 2 is shown. From top to bottom nps=50,35,30,20. The corresponding
velocities for k, =1 are 22 km/s, 31 km/s, 36 km/s, 54 km/s, k., = v, /vors, Where v, is the velocity
of the Ps and v, is the orbital velocity of the positron in a circular orbit [[30]
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shapes for guiding the cloud of Ps atoms towards the trapped antiprotons 33
no parab. spher. | par.+spher. | par.+ellips. | same with
reflectors | reflector | reflector reflector reflector veloc. limit
Ps which
exit from | 1,000,000 | 1,000,000 | 1,000,000 | 1,000,000 1,000,000 1,000,000
target
Ps which
Cross an- 11,615 167,200 25,830 219,041 669,285 99,539
tiprotons
- withoutre- |0y 5 1 41615 | 11,615 11,615 11,615 11,615
flection
- with reflec-
tion on up- 14,215 10,723 315,533 42,231
per reflector
- with re-
flection ~on 155,585 196,703 342,137 45,693
parabolic
reflector
Ps which ar-
rive to an- 4,763 50,800 9,719 65,429 203,606 10,499
tiprotons
L excited by | g3g 9,800 1,612 11,999 33,427 5,319
aser beam
“excitedand | g 700 938 913 412 316
not reflected
- excited and 9,100 674 11,086 33,015 5,003
reflected
Generated
antihydro- 0.086 0.85 0.15 1.07 3.23 1.26
gen atoms
:(‘)‘:rease fac- 9.9 1.7 12.4 37.6 14.6

Table 5.1: Simulation results
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Figure 5.2: Aegis section y-z, spherical reflector at the top, parabolic reflector at the bottom

The idea of reflectors was however abandoned because the possibility to reflect Ryd-
berg positronium was considered doubtful, hardly realizable and with high risk of Ryd-
berg ionization.
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Antiprotontrap Parabolic reflector
radius 0.6 cm y=11*2-0.4cm

Figure 5.3: Aegis section x-y, spherical reflector at the top, parabolic reflector at the bottom

Figure 5.4: Aegis section y-z, ellipsoidal reflector at the top, parabolic reflector at the bottom



36

Antiprotontrap Parabolic reflector
radius 0.6 cm y=1.1*2-0.4cm

Figure 5.5: Aegis section x-y, ellipsoidal reflector at the top, parabolic reflector at the bottom



CHAPTER 6

Simulation of the production of antihydrogen with the
introduction of an ellipsoidal reflector before laser
excitation for guiding the cloud of Ps atoms towards the
trapped antiprotons

At the beginning of my Phd course in 2015 I have reconsidered the possibility of reflect-
ing Ps on the ground level on an ellipsoidal reflector before the excitation by the laser to
a Rydberg level [55]. In this way Ps hits the reflector in ground state, avoiding the ion-
ization losses of Rydberg states. One of the focuses of the reflector was put in the center
of the target and the second in the center of the antiproton cloud. A hole of a diameter
of 0.2 cm has been simulated to let the positrons reach the target (see Figure

To allow reflection of Ps atoms before excitation the laser beam center has been put
at a distance of 1 cm from the center of the antiproton cloud, so that the laser beam can’t
excite the Ps before the reflection.

In this position the width of the laser beam has to be tailored accurately to catch the
Ps emitted directly from the target or reflected by the ellipsoid. The radius of the beam
has been set to 0.15 cm. To enlarge the laser area the reflection of the laser beam has been
simulated, in order to have two laser beams next to each other, with the contact point on
the vertical line that connects the center of the target to the center of the antiproton cloud
(see Figure[6.2). The radius of the beam is such that it almost touches the electrodes of
the antiproton trap, with external radius 0.85 cm.

The program takes account of the magnetic field of 1 tesla in the region of the creation
of Ps which causes a magnetic quenching [87]: two thirds of the o-Ps exiting the target
have a lifetime of 142 ns (m, & 1), one third (m, = 0) mixes with the para state and has a
lifetime of 7 ns. The Ps with ms = 0 do not contribute to the formation of antihydrogen
in all the layouts: the laser delay in the normal layout is 45 ns, to optimize the velocity of
the Ps with m, £ 1 in the generation of antihydrogen, and with the ellipsoid is 180-185
ns.

The result of the simulations shows that the number of the generated antihydrogen
atoms is multiplied by a factor of 1.7 with one laser beam and by a factor of 3.1 with
a reflected laser beam. These factors are much smaller than the one in the preceding
chapter with a parabolic and an ellipsoidal reflector, which was 37.6 and similar to the
result with a spherical reflector which was 1.7 (see table[5.1).

The ellipsoidal reflector could be made of quartz on which a metallic net with a 99%
transmission rate is deposited. The metallic net can be connected to the ground or to any
desired potential not to disturb the electric field of the antiproton trap. Only 1% of the
Ps which is reflected will be lost due to the contact with the metal because of pick-off,
i.e. the two gamma annihilation of the Ps positron with one electron of the material [8§].
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Figure 6.1: Layout of the antihydrogen formation part of AEGIS on the y-z plane, the laser beam
is orthogonal to the plane of the figure (parallel to the x axis)

=,
/— positron beam diam. 0.2 cm

Q\/-Wpﬁlmxlm

ellipsaidal reflectar
foeus in fargetcemterand.
anfiproton elond center

distance 2 em

laser beam diam. 0.3 cm

trap electrodes

reflected laser beam diam. 0.3 em

—r
) o |

antiproton cloud diam. 0.2 cm =/ \ length 0,80 cm

e

Figure 6.2: Layout of the antihydrogen formation part of AEGIS on the y-z plane, the laser beams
are orthogonal to the plane of the figure (parallel to the x axis)

The quartz will need holes for the positrons entrance and the laser beam and a cut to
locate the target.

6.1 Simulation description

The program simulates the creation of ortho-positronium atoms from a suitable target
and their excitation by a laser beam composed by two laser pulses [43], following them
until they reach the antiproton cloud. Each Ps is followed in his trajectory with a time
step of 1 ns.

The possible ionization due to mutual Rydberg atoms interactions by induced electric
dipole is taken into account [59], as well as laser efficiency and life time of excited states
[44).

The simulation has been run with the following geometrical data, which correspond

to the layout of the experiment (see Figures 6.3):

e the positron beam has a diameter of 0.2 cm,

o the target is a square with a side of 1 cm, slanted at 30 degrees with respect to the
positron beam, at a distance of 2 cm from the center of the antiproton cloud
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Figure 6.3: Layout of the antihydrogen formation part of AEGIS on the x-y plane, the positron
beam, antiproton trap and cloud are orthogonal to the plane of the figure (parallel to the z axis)

e the antiproton cloud is 0.8 cm long with a diameter of 0.2 cm and is centered under
the target at a distance of 2 cm,

e in the first layout the laser beam has a diameter of 0.3 cm, its center is located on
the vertical axis between the center of the target and the center of the antiproton
cloud, with a distance of 1 cm from the center of the antiproton cloud and from the
center of the target,

e in the second layout laser beam has been doubled through reflection: for simplicity
two parallel laser beams have been simulated with a diameter of 0.3 cm, the contact
point is on the vertical axis connecting the center of the target to the center of the
antiproton cloud, this being the layout that produces the maximum number of
antihydrogen atoms,

o asemi-ellipsoidal reflector has been inserted between the target and the antiproton
trap, with the focus in the center of the target and the center of the antiproton
cloud, in order to maximize the number of the Ps that hit the antiproton cloud
after reflection. A hole of a diameter of 0.2 cm has been simulated for the entrance
of the positrons.

The physical data used in the program are the following;:
¢ 1 million Ps atoms generated from the target,

e 1/3 of the Ps with a lifetime of 7 ns (ms=0), 2/3 with a lifetime of 142 ns ((ms + 1))
due to magnetic quenching [60],

o flat distribution of the emission time of Ps from the target in an interval of 20 ns
(duration of the positron bunch),

e uniform distribution of the emission direction of Ps over half of the solid angle,

o Gaussian distribution of the emission point of Ps from the target in the area covered
by the incoming positrons, with the maximum in the center of the target and o =
0.05¢cm,

e velocity distribution of the Ps taken from the data from [40] for a cloud temperature
of 145K for 10% of the Ps and 1250K for 90% of the Ps,
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e two simultaneous laser pulses 5 ns long, with a starting time optimized for maxi-
mum production of antihydrogen given the velocity distribution (170 ns after the
beginning of the positron bunch), the laser beam has been doubled through reflec-
tion,

e laser efficiency 20%,
o final excitation level of Ps n=25, 1=2 with a natural decay time of 16.5 s [44],

e ionization probability computed for every nanosecond according to the formula
[4.1] taken from [59],

e cross-section to produce antihydrogen computed in the Aegis proposal for n=30

(see Figure[5.T)),

e a semi-ellipsoid with focus in the center of the target and the center of the antipro-
ton cloud.

6.2 Simulation results

In the following table [6.1] the first column shows the simulation result without reflector
and the laser beam at a distance of 0.05 cm from the target on the axis between the center
of the target and the center of the antiproton cloud. The distance from the center of
the antiproton cloud is 1.77 cm. In this layout (see Figure there is no significant

no reflector
laser near target

reflector with
one laser beam

reflector with
two laser beams

Laser delay ns 45 180 185
Ps which exit from the target 1,000,000 1,000,000 1,000,000
Ps which cross antiprotons with- 6,443 6,443 6,443
out reflection

Ps wh¥ch cross antiprotons with 0 336,701 336,701
reflection

Ps which arrive to antiprotons

excited by laser without reflec- 279 10 16
tion

Ps which arrive to antiprotons

excited by laser with reflection 0 481 829
Generated antihydrogen atoms 0.123 0.239 0.433
Increase factor 76% 210%

Table 6.1: Schema of the results of the simulation

increase of the number of generated antihydrogen atoms if the laser beam is doubled
through reflection either under the laser beam or on the side. The second column shows
the simulation result with the layout of Figure the third column with the layout of
Figure

A large amount of Ps that geometrically can arrive to the antiprotons due to reflection
are lost because of decay before being excited by the laser or because they don’t cross the
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Figure 6.4: Current layout with no reflector of the antihydrogen formation part of AEGIS on the
y-z plane, the laser beam is orthogonal to the plane of the figure (parallel to the x axis).

laser spot. Their mean life is very short before being excited to a Rydberg level (142 ns
vs. 16500 ns).

The large focusing of the Ps on the antiprotons due to the semi-ellipsoid counterbal-
ances in part the diminished efficiency of the laser excitation due to the distance between
the target and the laser.

The laser delay has been optimized to generate the maximum number of antihydro-
gen atoms (180 ns with one laser beam and 185 ns with two laser beams).

In the experiment the data should be multiplied by 10 because the Ps which exit the
target should be 10 million per positron bunch.






CHAPTER 7

Simulation of the creation, propagation and detection of Ps
in the positronium chamber of AEGIS

In 2013 a positronium chamber was designed to make experiments on positronium be-
fore the AEGIS main apparatus was ready. Figure[2.3|shows the position of the chamber,
called positronium test chamber, in light blue near the positron accumulator [53].

One of the goals of the positronium chamber was to to test various targets for the
conversion of positrons into Ps and their excitation by a laser beam to the Rydberg level
n=25.

The Monte Carlo program was a modification of the one used to simulate the AEGIS
experiment because many parts of the process were the same.

The program simulates the creation of ortho-positronium atoms from a suitable tar-
get and their excitation by a laser beam, following them until they reach the walls of the
chamber. Each Ps is followed in his trajectory with the step of 1 ns. The possible ioniza-
tion between Rydberg atoms is taken into account as well as laser efficiency and life time
of excited states.

If the positronium decays in flight the emission of three gamma rays is simulated,
with a flat distribution of directions and a flat distribution of energy between 0 and 511
keV.

If the positronium hits the walls of the chamber, the emission of two gamma rays is
simulated in opposite directions with a flat distribution on the solid angle and a fixed
energy of 511 keV. The minimum detection energy of the gamma rays is assumed 100
keV.

The simulation has been run with the following geometrical data (see Figure[7.1):

e the positron beam has a radius of 0.1 cm, the entrance hole in the chamber has a
radius of 0.2 cm;

e the target is a square with a side of 1 cm perpendicular to the positron beam;

e the chamber is a cylinder with radius 10 cm and length 5 cm in front of the target,
with the axis perpendicular to the center of the target;

e the laser beam has a radius of 0.2 cm, its center is located on the axis of the chamber,
with a distance of 0.05 cm from the surface of the target, in order not to damage it;

e two gamma ray detectors (PbWO4 scintillators) are placed on opposite sides of the
walls of the chamber (top and bottom), their shape is a cylinder with a radius of 1
c¢m and a length of 6 cm towards the center, the gamma rays can annihilate on their
surface.

43



44

Schema of the chamber

Detector
chamber radius 10 cm
chamberlength 5cm

positrons entrance hole
holeradius 0.2 cm
beam radius 0.1 cm

/ Laser
Radius 0.2 cm

detector distance from target 0.05 cm
radius1l cm efficiency 20%
length 6 cm

Figure 7.1: Schema of the positronium chamber

The schema of the experimental apparatus is represented in Figure in which the
laser beam is orthogonal to the plane of the figure (parallel to the x axis).
The physical data are the following;:

e 1 million Ps atoms generated from the converter

o flat distribution of the emission time of Ps from the target in an interval of 20 ns
(duration of the positron bunch),

e uniform distribution of the emission direction of Ps over half of the solid angle,
o Gaussian distribution of the emission point of Ps from the target in the area covered
by the incoming positrons, with the maximum in the center of the target and o =

0.05¢m,

e velocity distribution of the Ps taken from the data of [40] for a target temperature
of 150K,

e laser impulse 5 ns long, with a starting time optimized for maximum production
of excited positronium given the velocity distribution (57 ns after the beginning of
the positron bunch),

o laser efficiency 20%,

e excitation level of Ps n=25, I=2 with a natural decay time of 16.5 us,

e ionization probability computed with the formula
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7.1 The results of the simulation

The laser beam has been turned on 57 nanoseconds after the beginning of the positron
bunch for 5 ns. The results in table have been obtained:

Ps from the target 1,000,000
Ps hit by the laser beam 185,674
Ps decayed for mean life 943,266
Ps decayed for ionisation 40
Excited Ps decayed for mean life 2,828
Ps arrived at the chamber walls 56,599
- of which excited by laser beam 34,233
Gamma rays from detector 1 35,887
Gamma rays from detector 2 35,612
Gamma rays of 511 keV 4,260

Table 7.1: Results of the simulation of the positronium chamber

Figures|7.2]7.3]]7 4|represent the distribution of the gamma rays arrival time in nanosec-
onds at the two detectors with the laser beam, without the laser beam and with a laser
beam with 100% efficiency which hits all the positronium atoms that exit the target.

L L L L N D O T S e S S O M -
0 2000 4000 8000 2000 10000 2000 4000 8000 8000 10000

tampa gamma rivelators 1+2 tempo gamma rivelatore 142

Figure 7.2: Arrival time distribution of gamma Figure 7.3: Arrival time distribution of gamma
rays with laser beam in ns rays without laser beam in ns

The effect of the laser excitation is to increase the mean life of Ps and consequently
the arrival time distribution is moved to the right of the plot.

For the moment only the excitation of Ps to level n=3 and n=15 has been tested in the
positronium chamber [61]. Only one detector was used and it’s shape was not cylindrical
but almost cubic with dimensions 20x25x25 mm.
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Figure 7.4: Arrival time distribution of gamma rays with infinite laser beam in ns



CHAPTER 8

Simulation of the production of antihydrogen with the
introduction of a focusing electric field on the cloud of
Rydberg Ps, thanks to their high polarizability and the

Stark acceleration

The idea to increase the number of antihydrogen atoms by focusing Ps on the ground
level with an ellipsoidal reflector was abandoned because the increase factor was low.
A new proposal was put forward, the focusing of moving Ps atoms on the antiproton
cloud using an inhomogeneous electric field by the so-called Stark acceleration. The
simulation has been done in a B=0 assumption.

The report was sent to the AEGIS collaboration on September 18, 2014 [54]]: “Focusing
of positronium atoms to increase Antihydrogen production in the Aegis experiment”.

It was inspired by the works of Vliegen, Limacher and Merkt [46] [47] [48] who have
demonstrated experimentally the possibility of focusing a Rydberg atom beam with ar-
gon and hydrogen using the Stark acceleration.

An atom in a Rydberg state has a large electric dipole moment induced by an external
electric field which is proportional to n? and so its trajectory can be influenced by an
electric field. In an inhomogeneous electric field, according to [46], the force f which
acts on the Rydberg particles can be expressed in atomic units to a good approximation

as:

f= fgnkVF 8.1)

where n is the principal quantum number, k¥ a quantum number which labels the Stark
states and runs from —(n — 1 —|m|) to (n — 1 — |m|) in steps of 2 and F is the electric field
strength in atomic units.

The design of electrodes and charges to produce an inhomogeneous electric field has
been studied with Simion 8.1 (a software program which simulates electric fields), the
flying of Rydberg Ps has been optimized to focus, through Stark acceleration, both high-
field seeking states (k < 0) and low-field seeking states (k¥ > 0) of Ps on the antiprotons
confined in the Penning trap of Aegis.

The maximum electric field acting on Ps has been controlled in order not to reach the
Rydberg Ps ionization limit of about 300 V/cm, taking care of an eventual presence of a
transverse motional Stark field (in the realistic case of a magnetic field of 1 T). As a con-
sequence the electric field generated by electrodes has been limited to a safety value of
50V /cm, and correspondingly the electric field gradient, linked to the electrode design,
limited to 270V /em?.

The result of the simulation shows that the electric field generated in the small avail-
able space between the laser spot and the electrodes of the Penning trap (around 1 cm)
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within the ionization limit is insufficient to focus the Ps on the antiprotons with the ve-
locity distribution of the target of reference [40].

Focusing can however be obtained if the velocity distribution is reduced to one tenth,
with an average velocity of approximately 10 mm/us instead of 100 mm/ps. With this
distribution the number of generated antihydrogen increases by about 31%. This result
comes from the focusing of the slowest Ps on the antiprotons with a focal length which
corresponds to the distance between the electrodes and the centre of the Penning trap.

The electrodes design has been chosen as similar to two electrostatic lenses (see Fig-
ure , the first one focuses the low-field seeking states (k > 0) and defocuses the
high-field seeking states (k < 0), the second one defocuses the low-field seeking states
(k > 0) and focuses the high-field seeking states (k < 0). The net effect is a focusing
effect. Using only one lens would give no advantage if the quantum number k has a flat
distribution between the Rydberg level n-1 and —(n-1), in our case 24 and -24.

The effect of the magnetic field of 1T in the area of the experiment has been ignored
in calculating the trajectory of the positronium atoms.

8.1 Simulation description

The program simulates the creation of ortho-positronium atoms from a suitable target
and their excitation by a laser beam composed by two laser pulses [43], following them
until they reach the antiproton cloud. Each Ps is followed in his trajectory with a time
step of 1 ns. The possible ionization due to Rydberg atoms interactions of electric dipole
is taken into account as well as laser efficiency and life time of excited states.

The simulation has been run with the following geometrical data, which correspond
to the layout of the experiment:

e the positron beam has a diameter of 0.2 cm,

o the target is a square with a side of 1 cm, slanted at 30 degrees with respect to the
positron beam,

e the antiproton cloud is 0.8 cm long with a diameter of 0.2 cm and is centered under
the target at a distance of 2 cm,

e the laser beam has a diameter of 0.3 cm, its center is located on the vertical axis
between the center of the target and the center of the antiproton cloud, with a
distance of 0.05 cm between the border of the beam and the surface of the target,
in order not to damage it.

The layout of the experimental apparatus is represented in Figure in which the
laser beam is orthogonal to the plane of the figure (parallel to the x axis).
The physical data used in the program are the following;:

¢ 1 million Ps atoms generated from the target

o flat distribution of the emission time of Ps from the target in an interval of 20 ns
(duration of the positron bunch),

e uniform distribution of the emission direction of Ps over half of the solid angle,

o Gaussian distribution of the emission point of Ps from the target in the area covered
by the incoming positrons, with the maximum in the center of the target and o =
0.05¢m,
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e velocity distribution of the Ps taken from the data [40] for a cloud temperature of
145K (see Figure[2.8), called “Trento” velocity,

e two simultaneous laser pulses 5 ns long, with a starting time optimized for max-
imum production of antihydrogen given the velocity distribution (76 ns after the
beginning of the positron bunch),

e laser efficiency 20%,
e final excitation level of Ps n=25, =2 with a natural decay time of 16.5 s,

e ionization probability computed for every nanosecond the time to come together
according to the formula

e cross-section to produce antihydrogen computed in the Aegis proposal for n=30

The layout of the electrodes on the x-y plane of AEGIS and their voltages in shown
in the Figure[8.1] Figure[8.2]shows the layout in space.

| — target1cmx 1cm

| | laser beam diam. 0.3 cm
3y —— =3 —— 3v
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e—t— 2,00cm
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antiproten cloud diam. 0.2 cm

length 0.80 cm

Figure 8.1: Layout of the electrodes on the x-y plane

The four electrodes at the top create the “valley” of the electric field to focus the k > 0
Ps, the two wires at the bottom create the “hill” to focus the k£ < 0 Ps, the two electrodes
in the middle with 0 voltage isolate the two parts. The voltages do not change in time
(see Figure[8.3).

The curves of constant electric field ranging from 0.25 V/mm to 3 V/mm in steps of
0.25 V/mm are shown in the Figure|8.3|obtained with Simion.

The electric field strength along the z-axis and along the x-axis in the lowest and
highest point on the z-axis are shown in Figures

The distribution of the field in the two points is such as to obtain a focusing and
defocusing of k£ > 0 and k < 0 Ps.

The force acting on the Ps has been calculated with the Stark effect formula
Simion simulation has been obtained with a program written in LUA which takes ac-
count of this formula.

Figure [8.6| represents Simion output for a group of 9 Ps emitted from the target and
directed vertically (angle 90° to the z-axis) on the antiprotons with a slight fan angle with
the y-axis, with a velocity of 12 mm/us and k =24 and -24 respectively. The focusing and
defocusing of the electric field can be seen.
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target 1cm x 1 ecm

antiproton cloud diam. 0.2 cm
length 0.8Cem__

Figure 8.2: Layout of the electrodes in space

8.2 The results of the simulation

The laser beam has been turned on 48 nanoseconds after the beginning of the positron
bunch for 5 ns for the “Trento” velocity, 76 nanoseconds for the reduced velocity.

A certain number of Ps, which would have arrived to the antiprotons without the
electric field, are defocused. The numbers are given for 10° Ps atoms.
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Figure 8.3: Electrodes in grey and electric field strength curves in black (see dimensions in Figure
. The horizontal axis is the x axis, the vertical axis is the y axis.
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Figure 8.4: Electric field strength in V/mm along y-axis at z=0 cm and x=0 cm, underneath the
position of the electrodes
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8.2 The results of the simulation

Figure 8.5:
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Figure 8.6: Trajectories of Ps with k = 24 (left) and k = -24 (right). The antiproton cloud is at the
bottom, the target at the top (see Figure[8.2).
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no electric field no electric field electric field
Trento velocity | 1/10 Trento velocity | 1/10 Trento velocity
Laser delay ns 48 76 76
Ps which exit from the target 1,000,000 1,000,000 1,000,000
Ps whlch cross antiprotons geo- 6,471 6,471 6,471
metrically
Ps yvh1ch arrive to antiprotons 380 338 390
excited by laser
- thanks to the electric field 0 0 68
Increase factor 0 0 21%
Ps which have been defocused 0 0 14
Generated antihydrogen atoms 0.03 0.13 0.17
Increase factor 31%

Table 8.1: Schema of the results of the simulation. Trento velocity is the velocity distribution of

Figure[d.2|taken from [40]







CHAPTER 9

Simulation of the production of antihydrogen with a Ps
transmission target in different positions

At the beginning of 2015 Politecnico di Milano in Como, which is a member of the AEGIS
collaboration, started studying a transmission target that could substitute the reflector
manifactured by Trento University and used until then.

Compact SiO,/Mesoporous SiO,/Compact SiO, (parabolic shape)

Figure 9.1: Sketch of the design of the positron/positronium transmission target [63]

A transmission target is different from the reflection target planned in the Aegis ex-
periment. Ps exit from the opposite side of the target in relation to impinging positrons
(see Figure[0.T).

A transmission target could be located in the antiprotons trap and so would be much
nearer to the cloud than the reflector target, with the consequence of increasing for ge-
ometrical reasons the number of Ps interacting with antiprotons and consequently the
quantity of antihydrogen. Another advantage of the transmission target would be the
possibility to direct the emitted Ps normally to its surface depositing on the surface
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where the positrons arrive a nanometric thin compact layer of SiO; and on the other
a nanometric mask with parabolic shape channels.

The SiO; compact layer will be likely deposited with molecular beam epitaxy tech-
nique. The function of this layer is to reduce Ps reflection emission so as to enhance Ps
emission in vacuum in transmission geometry. A SiO; parabolic mask will be deposited
using 3-D printer technology and will steer Ps atoms [76].

To support his proposal at a collaboration meeting at the beginning of 2015, I modi-
fied my simulation program to evaluate the number of antihydrogen atoms that the new
layout could produce.

The proposed geometry was to direct the positron beam in the antiproton trap at 3
mm from the axis and to place the target at a low angle with the axis. The surface of the
target could be manufactured in such a way to direct most emitted Ps perpendicularly
to the surface (see Fig. [0.2}[9.3).

In this case the laser beam would be located between the target and the antiproton
cloud on the median of the target with a reduced diameter of the spot of 0.08 cm to
fit between the target and the antiproton cloud. The target would be set at a chosen
potential not to disturb the electric field in the trap. The way to let the laser beam enter
the trap had not yet been studied.

The simulation program was modified to generate 1 million Ps in a random direction
or perpendicularly to the target taking into account the new position of the target and
the laser beam.

The possibility to double the laser beam through reflection, simulating two parallel
laser beams at the same distance from the target was considered (see Figure

LY

target 0.4 x 0,4 cm

positron beam radius 0.1 cm
distance from axis 0.3 cm

target 0.4 x 0.4 cm
laser beam radius 0.08 cm

o
i

electrodes, internal radius 0.65 cm antiproton cloud radius 0.1 ¢m, length 0.8 cm

Figure 9.2: Transmission target with one laser beam (y z plane)

The results are represented in Figure They were compared with the actual layout
and the reflector target with one or two laser beams already shown in Table

The quantity of antihydrogen atoms generated with the transmission target was con-
sidered satisfactory for 10 million Ps (188) in comparison with the very low number of
the actual layout (1).
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Figure 9.3: Transmission target with one laser beam (x y plane)

Figure 9.4: Transmission target with two laser beams (y z plane)
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transmission

transmission
target with Ps

tr tr target with Ps normal
reflector with | target with Ps | target with Ps random emission and
actual reflector with two laser random normal emission and two laser
layout [one laser beam beams issi issi two laser beams beams
Ps which exit from the target | 1,000,000 1,000,000 1,000,000 1,000,000 1,000,000 1,000,000 1,000,000
Laser delay ns 45 180 185 30 30 30 30
Laser spot radius cm 0.15 0.15 0.15 0.08 0.08 0.08 0.08
Distance between target center
and antiprotons cloud center cm 2 2 2 0.36 0.36 0.36 0.36
Ps which cross antiprotons
without reflection 6,443 6,443 6,443 171,296 1,000,000 171,296 1,000,000
Ps which cross antiprotons with
reflection 336,701 336,701
Ps which arrive to antiprotons
excited by laser without reflection| 279 10 16 3,943 26,105 4,996 37.914
Ps which arrive to antiprotons
excited by laser with reflection 481 829
Generated antihydrogen atoms 0.1 0.2 0.4 1.5 12.6 2.0 18.8
Increase factor 94% 252% 1,168% 10,160% 1,535% 15,221%
Multiplication factor 1.9 3.5 12.7 102.6 16.3 153.2

Figure 9.5: Results of the simulation with a transmission target




CHAPTER 10

Verification of the calculations of the Genova group on
antihydrogen production

In the following weeks the Genova group verified my Monte Carlo simulation with semi-
analytical calculations and analysis. The results were sent to the collaboration on March
10, 2015 [62].

They used the following parameters. The distance between the center of the trap and
the center of the antiproton cloud was assumed to be 1.53 cm. The shape of the cloud
was an ellipsoid with semiaxis 1.5 mm and 10 mm.

The number of positrons available in the accumulator every 360 s (corresponding to
3 AD cycles) was 1.3 x 108.

The efficiency of recatching the positrons in the off axis trap after the excitation of the
diocotron mode €7¢°**" was assumed equal to 0.66.

The time length of the pulse of positrons hitting the target was 70ns with flat distri-
bution.

The fraction of positronium passing through the grid on top of the production trap
fqria was assumed equal to 0.79 (calculated with a tracking code).

The fraction of atoms that are excited by the lasers fqs.r was assumed equal to 0.4.

The fraction of Rydberg positronium atoms with velocity below about 10*m/s was
assumed equal to 0.1, reducing this number by 2/3 because of the magnetic field quench-
ing.

The velocity distribution of Ps exiting from the target was assumed a Maxwell distri-
bution with T =75 K.

The medium cross section was assumed as 4 x 10~ '%m?, according with Figure
taken from the Aegis proposal for n=20.

The conclusion of the verification was that the number of antihydrogen atoms gener-
ated was 3 for 360s (3 AD cycles).

In the following weeks I modified my program to run the Monte Carlo simulation on
the same assumptions of the Genova group.

On June 12, 2015 I sent a note to the collaboration [56] ”Antihydrogen formation: the
Monte Carlo simulation (comparisons with the Genova estimate and a new velocity distribu-
tion)”.

In several places, I updated some of the parameters (like the number of available
antiprotons) to match the values suggested by the Genova report.

In other places, however, I kept the physical processes in my Monte Carlo realizing
that the Genova group had made different choices. I believed my choices were motivated
and commented on the effect of different choices made by Genova and by myself on the
final result.
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In the last version of the Monte Carlo code, I made an important change regarding
the velocity distribution of the emitted Ps. I retained the “Trento” distribution for the
longitudinal (Ps emission) component, while I used the “Cassidy et al.” thermalization
assumption for the transverse component [64].

This amounted to assuming thermalization in the transverse direction, which intro-
duced important changes in the final antihydrogen production numbers due to the fo-
cusing of Ps emission in the normal direction to the target.

In this simulation I therefore assumed a full transverse thermalization of Ps at the 4 K
liquid-He temperature. In addition, I also assumed that for the longitudinal distribution,
the same thermalization fraction holds from the 145 K measured down to 4 K.

Note that the thermalization temperature of 4 K is of the same order of the lowest
temperature (approximately 1K) allowed by the uncertainty principle applied on the
lowest transverse energy level (free kinetical motion) of Ps in the 6 -10 nm nanopores of
the Ps converter.

To take full advantage of this focalization I moved the target 0.72 cm to the right in z
axis direction to have the maximum amount of Ps in the center of the antiproton cloud
and placed the axis of the laser beam on the median to the target, which points to the
center of the antiproton cloud. This was a change with respect to the AEgIS nominal
geometry.

10.1 The geometry

The layout used is shown in Figure There were a few modifications that I made to
match the values of the parameters suggested by the Genova report.

positron beam diam. 0.2 cm
‘\ target 1ecmx 1 cm

[ Xl
distance 1.53 cm \

i

laser beam diam. 0.6 cm

; W\
1
L J
VAN :
antiproton cloud diam. 0.24 cm length 2 cm

7

Figure 10.1: Layout of the experiment for transverse thermalization

First of all, the distance between the center of the target and the antiproton cloud on
the y axis was 1.53 cm (while I used 2 cm in previous versions of my simulation). As the
target was moved 0.72 cm to the right the distance between the center of the target and
the center of the antiproton cloud was now 1.69 cm.

In addition, my antiproton cloud cylinder was changed (from the original 0.8 cm
length, 0.10 cm radius) to the value of 0.12 cm radius and 2 cm length. This geometry
had the same volume and length as the ellipsoid in the Genova report.
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As far as the Ps formation is concerned, I made the following assumption about the
efficiency: I assumed that — given a certain number of e* impinging on the converter,
27% of the impinging et gets out as positronium. This is the efficiency measured in the
Trento converters.

For what concerns the velocity of the Ps, I made the following assumptions about the
longitudinal and transverse components:

Longitudinal: T assumed that 2.5% (of the total e™ number) has a Boltzmann mono-
dimensional distribution at 4 K. The remaining 24.5% has a 1250 K Boltzmann distri-
bution. I stressed that these two numbers sum up to 27% of the total positron bunch
number (see Figure left).

Transverse: I assumed a radial velocity Boltzmann distribution with temperature 4
K (see Figure right). The combination of the two distributions gave a focalization of
the emitted Ps in the normal direction to the target surface (see Figure[10.3).
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Figure 10.2: (Left) Longitudinal velocity distribution at 4K. (Right) Transverse velocity distribution
at 4K

The direction of the Ps was chosen according to the combination of longitudinal and
transverse velocities.

The effect of choosing the 3D Boltzmann distribution (Genova report) as opposed
to the cylindrical symmetric one (my choice) actually decreased the number of formed
antihydrogen, by diminishing the fraction of slow Ps atoms that have a high charge-
exchange reaction cross section. So, this seems a pessimistic choice by the Genova group.

The Monte Carlo distribution of the emission time of Ps from the target was assumed
to be flat in an interval of 70 ns, in agreement with the Genova assumption and in an
interval of 20 ns. A million Ps were simulated as exiting the target. The results were
finally scaled up to match the number of Ps assumed by the Genova group (more on this
below).

The laser beam, assuming saturation of the transitions, was simulated with a Gaus-
sian shape of the laser excitation efficiency from 0 to 40% with a width (HWHM) of 0.3
cm at 20% (see Figure[10.4).

The axis of the laser beam was at a distance of 0.35 cm from the center of the target
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Figure 10.3: (Left) Resulting velocity distribution at 4K. (Right) Trajectories of Ps on the z y plane
at 4K

to allow a distance of 0.05 cm between the laser beam with radius 0.3 cm and the target.
It was on the normal to the surface of the target. The laser was on for a time interval of
1.5 ns.

The number of antihydrogen atoms generated from 1 million Ps was multiplied by
85.8 to match the number used in the Genova report. See the table at the end of the
report.

The number of generated atoms was then reduced to account for the grid of a factor
0.79 as indicated in the Genova report. This factor was never included before in my
Monte Carlo.

Here are the numbers of antihydrogen atoms produced in the various simulations.

1. Genova calculation with a positron pulse length of 70 ns : 3 atoms

2. Monte Carlo simulation with the same layout as Genova: 4 atoms

3. Monte Carlo simulation with transverse thermalisation at 145K: 28 atoms
4. Monte Carlo simulation with transverse thermalisation at 4K: 104 atoms
5. Same with a positron pulse length of 20 ns: 110 atoms

6. Transmission target with Ps normal emission and 2 lasers: 112 atoms

10.2 Monte Carlo description

The program is a full one-by-one atom Monte Carlo that simulates the creation of ortho-
positronium atoms from a suitable target and their excitation by a laser beam composed
by two laser pulses, following them (by tracing) until they reach the antiproton cloud.
Each Ps is followed in his trajectory with a time step of 1 ns. The possible ionization
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Figure 10.4: Laser efficiency vs distance from the axis in cm

due to Rydberg atoms interactions of electric dipole is taken into account as well as laser
efficiency and life time of excited states.
To summarize, the physical inputs to this configuration of the Monte Carlo are:

¢ 1 million Ps atoms generated from the target (then scaled to the Genova numbers)

e 1/3 of the Ps with a lifetime of 7 ns (ms=0), due to magnetic quenching, 2/3 with
a lifetime of 142 ns (ms £ 1)

o flat distribution of the emission time of Ps from the target in an interval of 70 ns or
20 ns (duration of the positron bunch),

o Gaussian distribution of the emission point of Ps from the target in the area covered
by the incoming positrons, with the maximum in the center of the target and o =
0.05cm,

e module of velocity distribution of the Ps taken with a longitudinal distribution of
9% at 145 or 4K and 91% of 1260K and a transverse distribution of 145 or 4 K,

e distribution of the emission direction of Ps over half of the solid angle according to
the combination of the longitudinal and transverse velocity distribution,

o laser efficiency 40% with the rectangular shape, from 0 to 40% with the Gaussian
shape with a width of 0.3 cm at 20%, laser pulse length 1.5 ns,

e final excitation level of Ps n=25, =2 with a natural decay time of 16.5us,

e ionization probability computed for every nanosecond the time to come together
according to the formula [4.1]taken from [59],

e cross-section to produce antihydrogen computed in the Aegis proposal for n=20
for every simulated Ps according to its velocity,

e 10° antiprotons in a cylinder of length 2 cm and radius 0.12 cm,
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e number of generated antihydrogen atoms derived from the cross section, the an-
tiprotons density and the length of the path of each Ps in the antiproton cloud
(medium length 0.2 cm).

For the transmission geometry only the longitudinal distribution has been considered
as the transverse velocity is unknown. The emission direction has been considered in its
best hypothesis, that is normal to the target with two parallel laser beams. The radius of
the laser beam has been reduced to 0.08 cm, the parallel laser beams have a distance of
0.16 cm.

10.3 The results of the simulation
The table shows the results of the simulation for the various cases:
1. Genova calculation with a positron pulse length of 70 ns
. Monte Carlo simulation with the same layout as Genova (see Figure[10.5))
. Monte Carlo simulation with transverse thermalisation at 145K

2
3
4. Monte Carlo simulation with transverse thermalisation at 4K
5. Same with a positron pulse length of 20 ns

6

. Transmission target with Ps normal emission and 2 lasers

positron beam diam. 0.2 cm
[ %nrgﬁlcmxlcm

distance 1.53 cm
laser beam diam. 0.3 cm

\Y
AN

antiproton cloud diam. 0.24 cm length 2 cm

Figure 10.5: Genova layout

The results of my Monte Carlo study matched the results of the Genova report when
the Genova parameter numbers were used. This was however a coincidence that came
from mutual cancellation effects deriving from two different choices on simulation of the
following physics processes:

1. Genova used a 3-D Boltzmann distribution, while I used the basic 1-D as the inte-
gration over the space dimensions is automatically produced by the Monte Carlo
procedure of extracting the directions. This has the effecting of increasing my anti-
hydrogen results with respect to the Genova evaluation.
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2. Genova assumed that all the e™ gets converted to Ps (efficiency 1), while I'used 0.1.
This has the effect of increasing the Genova evaluation by an order of magnitude.

3. Both in my Monte Carlo and in the report by Genova we had (incorrectly) assumed
that all the Ps is thermalized at the “cold” 75 K component.

1.Genova 2. MC 3. MC 4. MC 5. MC 6. MC
Aegis antihydrogen production (Ferragut)
9% 145K— 9% 145K—
Ps temperature distribution 75K 91% 1260K 91% 1260K
9% 145K - (9% 4K-91%| 9% 4K -
Ps longitudinal temperature dist. 91% 1260K 1260K 91% 1260K
Ps transverse temperature dist. 145K 4K 4K
Number positrons on converter 1.3E+08 1.3E+08 1.3E+08 1.3E+08 1.3E+08 1.3E+08
e+ pulse length ns 70 70 70 70 20 70
laser beam delay ns 100 105 75 100 40 70
€ e+recatch 0.66 0.66 0.66 0.66 0.66 0.66
useful positrons 8.58E+07 | 8.58E+07 8.58E+07 8.58E+07 | 8.58E+07| 8.58E+07
Ps exiting from the target 8.58E+07 | 8.58E+07 8.58E+07 8.58E+07 | 8.58E+07| 8.58E+07
forid 0.79 0.79 0.79 0.79 0.79 0.79
generated antihydrogen atoms 3 14.9 102.4 384.3 408.7 11193
efficiency of Ps production in the
target 1 0.27 0.27 0.27 0.27 0.10
generated antihydrogen atoms
considering target efficiency 3 4 28 104 110 112
medium cross section n=20 4.00E-10| 1.13E-09 2.03E-10 2.63E-10 2.26E-10 5.58E-10

Figure 10.6: Simulation results: 1. Genova calculation with a positron pulse length of 70 ns, 2.
Monte Carlo simulation with the same layout as Genova, 3. Monte Carlo simulation with trans-
verse thermalisation at 145K, 4. Monte Carlo simulation with transverse thermalisation at 4K, 5.
Same with a positron pulse length of 20 ns, 6. transmission target with Ps normal emission and 2
lasers

In the new simulation with the correct velocity distribution of the Ps, 9% at 145K and
91% at 1260K, I applied the production efficiency of Ps in the target of 27%.

The result was the production of still 4 atoms of anti-hydrogen because the number
of atoms have decreased due to the increased velocity and the following decreased cross
section but the production efficiency has increased because I also consider the produc-
tion of fast Ps from the target.

In presence of transverse thermalization effects, the number of generated atoms de-
pends strongly on the temperature. Unfortunately we have some experimental data only
for room temperature (at CERN). We also don’t know whether the percentage of 9% of
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longitudinal thermalisation measured at 145K is valid at 4K. So the results at 4K were
not confirmed by any measure.

If they are confirmed the actual AEGIS layout would almost produce the needed
beam to measure gravity, 110 antihydrogen atoms in 200 seconds. It is approximately
the same amount of the transmission target in the best hypothesis of 2 laser beams and
Ps normal emission.

Finally, it has however to be recalled that my Monte Carlo code did not take into
account at the time the presence of the 1 tesla magnetic field.



CHAPTER 11

Simulation of the production of antihydrogen with a Ps
transmission target in vertical position on axis

In the Lyon collaboration meeting of July 18-19, 2015 it was proposed to generate An-
tihydrogen on axis with a vertical transmission target that can move sidewards to let
antiprotons pass.

I'modified my program to simulate this layout and compare the number of generated
Hbar with the transmission layout [63]], later published in [76], and with the standard
reflection layout analyzed by the Genova group [62] and confirmed by the Monte Carlo
simulation with my report of June 12, 2015 [56].

The program starts by considering a stationary antiproton cloud and modeling the
emission of Ps from the experimental target. Since the program follows the Ps atoms
one-by-one with a tracing procedure in time-steps of 1 ns, it is easily suitable to gener-
alizations and inclusions of other physical processes. The main simplification used in
the program was the approximation that the 1 tesla magnetic field would not influence
the formation of Hbar (i.e. the dynamics of the charge-exchange reaction) other than
quenching part of the ortho-Ps. The magnetic field effect was added afterwards.

11.1 The geometry

The layout used is shown in Figure[11.1]

target 0.4 cm x 0.4 cm laser beam diam.0.16 cm
distance from origin 1.3 cm distance from origin 1.17 cm

positron beam diam. 0.2 cm \
Y

X \
antiproton cloud diam. 0.24 cm /

length 2 cm

Figure 11.1: Simulated layout of the experiment with a vertical transmission target
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68 11.1 The geometry

The antiproton cloud cylinder has a 0.12 cm radius and 2 cm length. This geometry
has the same volume and length as the ellipsoid in the Genova report.

The vertical target is at a distance of 1.3 cm from the origin, that is 0.3 cm from the
beginning of the antiproton cloud. The laser beam diameter is 0.16 cm with a Gaussian
distribution and the axis is at a distance of 1.17 cm from the origin to maintain a minimal
distance of 0.05 cm from the target and allow to insert before the antiprotons cloud two
grids.

The first should be positively polarized to reflect the re-emitted positrons and the sec-
ond set at a negative potential to repel the secondary electrons, with the same potential
of the first electrode of the antiproton trap to have a region with no electric field after the
grid. [79]. This way ground-state o0-Ps could cross the two grids without being affected
by the electric field. The quantity of positrons and electrons will depend on the type of
transmission target that is being studied by AEGIS Collaboration [76] [78].

Two simulations have been done:

1. Isotropic emission of Ps from the target
2. Normal emission of Ps from the target along the z axis

In both cases the assumed velocity distribution of Ps is the one of the Trento group
with 9% at 145K and 91% at 1260K for comparison with the results of the other layouts.
No transversal thermalisation has been assumed for the moment as the characteristics of
the transmission target that will be used are still unknown.

As far as the Ps formation is concerned, I have made the following assumption about
the efficiency: I have assumed that 10% of the e™ impinging the converter gets out as Ps.
This is the efficiency indicated by Ferragut in his presentation in February and estimated
for similar targets in other works [65} 66].

The Monte Carlo distribution of the emission time of Ps from the target was assumed
to be flat in an interval of 20 ns. A million Ps have been simulated as exiting the target.
The results were finally scaled up to match the number of Ps assumed by the Genova
group.

The laser beam, assuming saturation of the transitions, has been simulated with a
Gaussian shape of the laser excitation efficiency from 0 to 40% with a width (HWHM) of
0.8 cm at 20%. The laser is on for a time interval of 1.5 ns.

The assumed number of positrons is 1.3 x 10%.

Here are the numbers of antihydrogen atoms produced in the two simulations:

1. Vertical transmission target with Ps random emission: 11 atoms

2. Vertical transmission target with Ps normal emission: 1105 atoms

Here are the numbers of antihydrogen atoms produced in the previous simulations
(see report of June 12, 2015 [56]):

Genova calculation with a positron pulse length of 70 ns : 3 atoms
Monte Carlo simulation with the same layout as Genova (Figure[10.5): 4 atoms

Monte Carlo simulation with transverse thermalisation at 145K: 28 atoms

SANEES L

Monte Carlo simulation with transverse thermalisation at 4K (Figure [10.1): 104
atoms

7. Same with a positron pulse length of 20 ns: 110 atoms
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8. Transmission target with Ps normal emission and 2 lasers (Figure[0.4): 112 atoms

With random emission the vertical target is not much better than the reflection target
because of the limited solid angle of the antiproton cloud cross section.

There is a factor 100 between random emission and normal emission, due to the
fact that in the second case all the Ps can geometrically hit the antiprotons and that the
distance travelled inside the cloud is the whole length of 2 cm.

The real effect can be smaller because I have simulated a cloud with a cylindrical
shape while the actual shape is an ellipsoid.

The possibility of normal emission of Ps from the target depends on the transverse
thermalisation and on the possibility to superimpose a special profile on the target to
direct the emission of Ps in the forward direction.

An article on the characterization of a transmission target has been published by
the AEGIS collaboration in May 2017 after my simulations [76]. The article concludes
that this type of target is promising for antihydrogen production with around 10% of
0-Ps formed but that is has to be improved to reach the same number of Ps (20%) and
temperature produced by reflection targets. A set of polarized grids with high transmis-
sion coefficients has to be placed between the target and the antiproton cloud to deviate
positrons (around 10% of implanted positrons) and secondary electrons (16%) emitted
by the target.

11.2 Monte Carlo description

The program is a full one-by-one atom Monte Carlo that simulates the creation of ortho-
positronium atoms from a suitable target and their excitation by a laser beam composed
by two laser pulses, following them (by tracing) until they reach the antiproton cloud.
Each Ps is followed in his trajectory with a time step of 1 ns. The possible ionization
due to Rydberg atoms interactions of electric dipole is taken into account as well as laser
efficiency and life time of excited states.

To summarize, the physical inputs to this configuration of the Monte Carlo are the
same as in the previous chapter:

¢ 1 million Ps atoms generated from the target (then scaled to the Genova numbers)

e 1/3 of the Ps with a lifetime of 7 ns (ms=0), due to magnetic quenching, 2/3 with
a lifetime of 142 ns (m, £ 1)

o flat distribution of the emission time of Ps from the target in an interval of 20 ns
(duration of the positron bunch),

o Gaussian distribution of the emission point of Ps from the target in the area covered
by the incoming positrons, with the maximum in the center of the target and ¢ =
0.05cm,

e module of velocity distribution of the Ps taken with a distribution of 9% at 145 or
4K and 91% of 1260K,

e distribution of the emission direction of Ps over half of the solid angle,

e laser efficiency 40% with the rectangular shape, from 0 to 40% with the Gaussian
shape with a width of 0.08 cm at 20%, laser pulse length 1.5 ns,

o final excitation level of Ps n=25, =2 with a natural decay time of 16.5 ys,
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e ionization probability computed for every nanosecond the time to come together
according to[4.1|formula taken from [59],

e cross-section to produce antihydrogen computed in the Aegis proposal for n=20
for every simulated Ps according to its velocity,

e 10° antiprotons in a cylinder of length 2 cm and radius 0.12 cm,
e number of generated antihydrogen atoms derived from the cross section, the an-

tiprotons density and the length of the path of each Ps in the antiproton.

11.3 The results of the simulation

The result of the simulation is described in Figure The comments of the result are

in paragraph
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n=20

Aegis antihydrogen 1.MC 2. MC 3. Genova 4. MC 5.MC 6. MC 7.MC 8. MC
production
9% 9% 145K—
145K- 91% 1260K
Ps temperature 9% 145K— | 9% 145K— 91%
distribution 91% 1260K | 91% 1260K 75K 1260K
Ps longitudinal 9% 145K - | 9% 4K-91% | 9% 4K -
temperature dist. 91% 1260K 1260K 91% 1260K
Ps transverse ) 145K aK aK
temperature dist.
Number positronson | ) 3¢ e | 13p,08 | 136408 | 1.3E+08 | 1.3E+08 1.3E+08 | 1.3E+08 | 1.3E+08
converter
e+ pulse length ns 20 20 70 70 70 70 20 70
laser beam delay ns 60 30 100 105 75 100 40 70
€ o recatch 0.66 0.66 0.66 0.66 0.66
useful positrons 8.58E+07 | 8.58E+07 | 8.58E+07 |8.58E+07 | 8.58E+07 8.58E+07 | 8.58E+07 | 8.58E+07
:::::'”g from the 8.58E+07 | 8.58E+07 | 8.58E+07 |8.58E+07 | 8.58E+07 | 8.58E+07 | 8.58E+07 | 8.58E+07
forig 0.79 0.79 0.79 0.79 0.79
generated 107.9 11050 3 14.9 102.4 384.3 408.7 11193
antihydrogen atoms
efficiency of Ps
production in the 0.1 0.1 1 0.27 027 0.27 027 0.10
target
generated
CILLEIE S I 1 1105 3 a4 28 104 110 112
considering target
efficiency
medium cross section | ¢ 3oe 10 | 407610 | 4.00E-10 | 113609 |  2.03E-10 2.636-10 | 2.26E-10 | 5.58E-10

Figure 11.2: Schema of the results of the simulation: 1. vertical transmission target with Ps random
emission, 2.vertical transmission target with Ps normal emission, 3. Genova calculation with a
positron pulse length of 70 ns, 4. Monte Carlo simulation with the same layout as Genova, 5.
Monte Carlo simulation with transverse thermalisation at 145K, 6. Monte Carlo simulation with
transverse thermalisation at 4K, 7. same with a positron pulse length of 20 ns, 8. transmission
target with Ps normal emission and 2 lasers






CHAPTER 12

Simulation of the production of antihydrogen taking into
account the 1T magnetic field

My first simulations had not taken into account the 1T magnetic field in the production
area, apart from the reduction of lifetime of Ps due to the magnetic quenching (1/3 of
the Ps with a lifetime of 7 ns for ms=0 and the remaining 2/3 with a lifetime of 142 ns
when m + 1).

In the second half of 2015, I have concentrated my efforts in taking into account the
magnetic field in the various experimental layouts that have been proposed and which
were included in my report of July 14, 2015. Preliminary results have been presented
at the Aegis Collaboration Meeting at CERN on November 23, 2015 and the final report
was sent to the collaboration on December 10, 2015 [58].

Among the various layouts, the last one considered is the vertical transmission target,
the one which produces more antihydrogen atoms and likely the one that the collabora-
tion will follow in the future.

Contrary to the conclusions of my report of July 14 on the vertical target, the effect
of the magnetic field is important if the Ps exits in the normal direction to the target
because, even if the Ps direction is parallel to the magnetic field, the plane of the internal
rotation of the e~ and the e' has a random orientation relative to the magnetic field,
as pictured in a classical approach of the dynamics, and as used in my modeling and
simulations.

In this chapter the influence of the magnetic field on the motion of a Ps atom is consid-
ered, while the charge exchange cross-section has been derived from the AEGIS proposal
ignoring the magnetic contribute. In the following chapter I completed the simulations
by modifying the cross section to take into account the magnetic field.

12.1 The model

The classical model of Ps motion in a magnetic field has been derived from the article
of Peter Schmelcher [67]. The paper deals with the effect of internal motion on center of
mass propagation of Ps in various regimes and determines a transition from linearity to
a Brownian-like behavior (deconfinement) if internal motion changes from regularity to
chaos.

Calculations in the article have been done with a 2.7 T magnetic field. In the 1T field
there is no chaotic internal motion.

The Hamiltonian of a neutral particle system in a homogeneous magnetic field pos-
sesses a constant of motion, the so-called pseudomomentum K [68]. This pseudomo-
mentum is closely related to the collective motion of the system in the magnetic field
and can be used to perform a pseudoseparation of the centre of mass motion.

73
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Starting from the Hamiltonian in Cartesian coordinates the pseudoseparation con-
sists of a canonical transformation which introduces the pseudomomentum and the
centre of mass coordinate R as a canonically conjugated pair of variables (the other
conjugate pair, describing internal motion, being the relative position r and the relative
momentum p). The conserved pseudomentum is defined as:

K:P+§er (12.1)

where P is the center of mass momentum of the Ps.
After the pseudoseparation the Hamiltonian is the following:

e2
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where M = 2m and p = m/2, m being the electron mass. V is the Coulomb potential.

The second term of the Hamiltonian is the motional Stark term: the atom experi-
ences an induced constant electric field oriented perpendicular to the magnetic field.
The fourth term is the quadratic Zeeman effect. The linear Zeeman effect term is miss-
ing because the electron and the positron have equal mass and opposite charge. The
equations of motion are the following:

. 1 e
K=0 (12.4)
P (12.5)
P '
'——i(BxK)—i—ﬁBx(er)—zi (12.6)
P= in MTE ‘

12.2 The integration method

These equations are integrated with a Runge Kutta method at 5th order with adaptive
step (Dormand and Prince). The integration routine is called for a tenth of a nanosecond
by the Monte Carlo simulation program when the Ps is excited to n=25.

Initial conditions of the relative e~ /et motion are p =0.02 au. and r = 1250 a.u,,
corresponding to n=25 and a circular movement of r tangential to the sphere formed by
r (1 au. =0.528 x 10~® cm). The initial point (9, ) of r, and the orientation («) of p on
the tangential plane are randomized (see Figure[I2.1).

The integration routine calculates the position of the center of mass of the Ps a tenth
of nanosecond after the start at the initial position. Now, the velocity direction is derived
and the new data assumed for the rest of the motion. This is correct because the integra-
tion gives a linear trajectory with oscillations for long integration periods and no change
in the module of velocity.

The action of the motional Stark term (an induced electric field) can determine ion-
ization on Ps. In this case the distance between the electron and the positron increases
already after a tenth of nanosecond. The selected distance to consider the Ps ionized has
been set to 3000 a.u., more than twice the initial distance of 1250 a.u.. The velocity of the
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Figure 12.1: Random initial conditions of the internal motion of et and e~

center of mass decreases strongly when the Ps ionizes for energy conservation because
the Coulomb potential energy increases.

The minimum Ps velocity for ionization depends on the layout but is usually around
30 km/s. Not all the Ps with higher velocity will ionize. It depends on the initial ran-
dom conditions (see Figure[12.1). In the vertical target with normal emission there is no
ionization as the Ps trajectory is parallel to the magnetic field.

12.3 Simulated trajectories

The effect of the magnetic field on the Ps trajectory is a defocusing both on the x-y plane
normal to the magnetic field and on the y-z plane parallel to the magnetic field (see

Figure[12.3).

The defocusing on the x-y plane is maximally important in all the layouts (see Fig-
ure [12.4). In the case of the vertical target both defocusing are equally important for
geometric reasons.

As the antiproton cloud dimension on the x-y plane is smaller than on the y-z plane
(diameter 0.24 cm vs length 2 cm) a small deviation angle on the x-y plane can make the
Ps miss the antiproton cloud.

One can see the decrease of the number of antihydrogen atoms when the emission of
Ps from the target is predominantly normal to the surface. When the emission is random,
the deviation is in part compensated by the Ps which are not emitted from the center of
the target.

The deviation is larger for slow Ps, as expected. Noting that the slower Ps population

is the one having a higher probability to create antihydrogen, the effect on the number
of generated atoms is relevant (see Figure right).
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Figure 12.2: Center of mass movement of Ps on the x-y plane (B on the z axis) in 1 ns for a Ps
velocity of 0.001 cm/ns for a given choice of initial internal conditions (vertical axis y, orizontal
axis x in cm)

12.4 Simulated layouts with magnetic field

The following layouts have been simulated as they were described in the previous chap-
ters:

1. Genova layout (Figure

2. Layout to optimize transverse thermalisation at 145K and 4K (Figure [10.1)
3. Transmission target with random and normal emission (Figure

4. Vertical transmission target with normal emission (Figure [11.1)

12.5 Monte Carlo description

The program is a full one-by-one atom Monte Carlo that simulates the creation of ortho-
positronium atoms from a suitable target and their excitation by a laser beam composed
by two laser pulses, following them (by tracing) until they reach the antiproton cloud.
Each Ps is followed in his trajectory with a time step of 1 ns. The possible ionization
due to Rydberg atoms interactions of electric dipole is taken into account as well as laser
efficiency and life time of excited states.

To summarize, the physical inputs to this configuration of the Monte Carlo are the
same as in the previous chapter:

¢ 1 million Ps atoms generated from the target (then scaled to the Genova numbers),

e 1/3 of the Ps with a lifetime of 7 ns (ms = 0), due to magnetic quenching, 2/3 with
a lifetime of 142 ns (m; + 1),

o flat distribution of the emission time of Ps from the target in an interval of 20 ns
(duration of the positron bunch),
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Figure 12.3: Example of internal trajectory of r on the x-z plane in 1 ns in atomic units

e Gaussian distribution (sigma of 0.05 cm) of the emission point of Ps from the target
in the area covered by the incoming positrons, with the maximum in the center of
the target,

e module of velocity distribution of the Ps taken with a distribution of 9% at 145 or
4K and 91% of 1260K,

e distribution of the emission direction of Ps over half of the solid angle,

o laser efficiency 40% with the rectangular shape, from 0 to 40% with the Gaussian
shape with a width of 0.08 cm at 20%, laser pulse length 1.5 ns,

o final excitation level of Ps n=25, =2 with a natural decay time of 16.5 ys,

e ionization probability computed for every nanosecond the time to come together
according to formula[.T|taken from [59],

e cross-section to produce antihydrogen taken from the the Aegis proposal for n=20
for every simulated Ps according to its velocity,

e 10° antiprotons in a cylinder of length 2 cm and radius 0.12 cm,

e number of generated antihydrogen atoms derived from the cross section, the an-
tiprotons density and the length of the path of each Ps in the antiproton.
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Figure 12.4: On the left deviation angle on the x-y plane for Genova layout for 44220 Ps excited by
the laser to n=25, on the right Ps velocity in cm/s vs deviation angle

12.6 The results of the simulation with magnetic field

The results of the simulations with a uniform magnetic field of 1T along the z axis are
represented in the Figure[12.5

The percentage of ionized Ps on excited Ps is relevant when the Ps trajectory is nor-
mal to the magnetic field but has not much effect on the number of antihydrogen atoms
because the Ps velocity to produce ionization is higher than 50 km/s, while at this veloc-
ity the cross section of the charge exchange process is low (see Figure[12.6).
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AntiH without AntiH with Percentage
magnetic field | magnetic field
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145K

Transverse thermalisation at 110 38 35%
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Transmission target with 83 70 84%
normal emission

Vertical transmission target 1105 480 43%

with normal emission

Figure 12.5: The results of the simulation with magnetic field. The percentage is the ratio between
the number of antihydrogen atoms with magnetic field and without magnetic field
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CHAPTER 13

Calculation of the cross section of the charge exchange
reaction without and with the 1T magnetic field

The previous simulations were based on the cross section of the charge exchange reaction
2.1]to produce antihydrogen computed for the AEGIS proposal in 2007 [30] and plotted
in Figure for different np, as a function of k,. The magnetic field was not considered.

I'have written a program to compute the cross section without and with the magnetic
field. In the same period the Genova group has made different calculations that were
published in August 2016 [69], so I was able to compare the results under the same
assumptions.

The calculation is totally classical and is based on the Classical Trajectory Monte
Carlo Method (CTMC) [70]. The use of a classical approach is justified by the fact that
positronium is in a Rydberg state and the distance between the electron and the positron
is large. For n=20 the maximum distance is 800 atomic units.

The CTMC method has been introduced in Ref. [70] to calculate cross sections for
charge transfer and ionization of hydrogen atoms by protons and has been applied to
model three-body processes [71] and multielectron targets [72].

The procedure solves the classical equation of motion for a three body system made
of the positron and the electron bound initially in the moving positronium atom and the
antiproton, initially fixed at the origin of the axes, neglecting the spin of the particles.
The total Hamiltonian in atomic units in absence of the magnetic field is given by

2 2 2
: - 1 1 1
Pp | Per | Pem - - (13.1)

Qmﬁ 2 2 Tete— Tﬁe+ Tﬁ(j*

Htot =

where 75 and p = mpU; are the position and the momentum of the antiproton in the
laboratory reference frame, 7.+, p.+, .-, p.— are the corresponding quantities for the
positron and the electron, 7.+.-, 7.+, 5.~ are the distances between each couple of par-
ticles.

For the magnetic field the Lorentz Force v x B in atomic units has been added to the
equations of motion of the particles.

The calculation of the cross section is done simulating between 10,000 and 100,000
trajectories of positronium starting with a fixed velocity from a distant position from the
antiproton along the y axis. Each Ps is followed until it approaches the antiproton and af-
terwards until the electron is far enough. The antihydrogen is formed if at the end of the
simulation the positron is bound to the antiproton. The trajectories that don’t conserve
the energy with a precision of 0.1% are discarded. The following sections describe:

e the choice of the initial conditions

81
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e the integration of the equations of motion
e the final conditions

e the calculation of the cross section

13.1 Choice of the initial conditions

The antiproton is initially at rest in the origin of the axes. The center of mass of the Ps
is initially at a certain distance from the antiproton on the y axis with a fixed velocity
towards the antiproton (see Figure[13.1) .

without interaction with the
b antiproton

Y=Yi y=0 y

antiproton

Figure 13.1: Schema of the scattering without magnetic field of a Ps in a Rydberg state with and
without the interaction with an pat the origin of axes. The Ps* trajectory starts from a position y;
with a velocity v; and an impact parameter b.

The cross section is calculated as a function of k, = v, /v,, Wwhere v, is the velocity
of the Ps and v, is the velocity of the positron in the center of mass of the Ps averaged
over its orbit (see Figure[5.1). The orbital velocity for the n level has been calculated for
a circular orbit with the formula in atomic units:

Vors = 5 (132)
2n
k, has been chosen between 0.015 and 2.5 because it is the range in which the cross
section is significant for the experiment and for comparison with [69].

The impact parameter of the trajectory is determined moving the center of mass of the
Ps on the x-z plane perpendicular to the trajectory randomly in a circle with radius b4z,
which is chosen as the maximum value of the impact parameter for which Ps produces
antihydrogen.

The initial position of e an e~ is determined separating the center-of-mass motion
from the relative motion of the two particles. The relative motion is that of a particle
of reduced mass p=1/2 in the Coulomb potential and the classical orbits for the bound
system are Kepler elliptical orbits.

The semi-major axis is

n2

ae = —_— = 27?/2 (13-3)
W
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and the energy of the level n is
E, = 4—7112 (13.4)
The semi-minor axis is related to the classical angular momentum: :
L.=+I(l+1) (13.5)

by the formula

b, = ”/f =11+ 1) (13.6)

The position on the ellipse has been determined with two different methods.

With the first method I have chosen a random position on the ellipse based on an
algorithm developed in 1990 by Charles P. Reeve [77], which generates uniformly-spaced
points on the surface of a M-dimensional ellipsoid.

With the second method I have solved the motion equation of the selected elliptical
trajectory for one period and then I have picked up a time value with random uniform
distribution between 0 and the ellipse period, as done by [69].

The two methods have produced very similar results.

For the random position on the ellipse the initial positions of e™ and e~ have been
derived as well as the initial velocities which are tangential to their orbits and in opposite
directions. The module of the velocity is derived from the conservation of the angular
momentum L. The two particles follow two elliptical trajectories which cross each other,
the minimum distance is b, and the maximum distance is a..

When the cross section has been calculated for a specified 1 of the Ps, the formula
has been used. When the cross section has been calculated for a level n, the clas-
sical squared angular momentum L? has been randomized with uniform distribution
between 0 and its maximum allowed value, considering that [ = 0,1, ...n — 1, according
to the microcanonical ensemble of reference [70].

The orientation of the ellipse plane is linked to the projection of the angular momen-
tum along the z axis and thus to the m quantum number of the Ps. A random rotation
with three Euler angles has been done to take into account this quantum number.

13.2 Integration of the equations of motion

I have used a fifth-order Runge-Kutta method with a variable time interval. The en-
ergy at the end of the trajectory was compared with the initial one and the trajectories
with a difference of more than 0.1% were discarded. The percentage of the discarded
trajectories depends on the velocity of the Ps, with a maximum of 3% for the lowest one
without magnetic field. With the magnetic field the percentage was much higher, with a
maximum for the lowest velocities of 30%.

The distance between the Ps and the antiproton at the beginning of the trajectory has
been chosen as twice the maximum impact parameter.

The time length of the calculation has been chosen as 20% longer than the time
needed for the Ps to reach the antiproton, in order to understand whether the positron
has been captured by the antiproton and the electron has left the positron.

13.3 Final conditions

After the interaction we have four possible cases:
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e antihydrogen formation
e elastic scattering

e inelastic scattering

e ionization

To understand if antihydrogen has been formed it is sufficient to compute the energy of
the two couples of particles E,+.- and Ej;.+.

2 2
S
B, = Pet y Peo (13.7)
2 2 Tete—

2 2
Dy Do+ 1
Eper = 2m; + ; r
D pet

(13.8)

If E.+.- > 0and E;.+ < 0 the positron is bound to the antiproton and antihydrogen
is formed.

If Ec+.- < 0and Ej.+ > 0 the electron and the positron are still bound in the Ps. The
principal quantum number n’ can be computed from equation[13.4} if n” is equal to n the
collision is elastic, otherwise it is inelastic.

If E.+.- > 0and Ez.+ > 0 the Ps is ionized.

The principal quantum number n of the antihydrogen is calculated from its energy
according to formula the I quantum number is calculated from its classical angular
momentum according to equation[I3.5]

13.4 Calculation of the cross-section

The cross-section is calculated from the number of generated antihydrogen atoms Nz,
the number of simulated Ps atoms V;,; and the maximum value of the impact parameter
bmaz to produce antihydrogen [70]:

(13.9)

while the standard (rms) error is

| Niot — Nz
Ao =0y ——— 13.10
Ntoth{ ( )

The number of trajectories is between 10,000 and 100,000 depending on the time
taken by the calculation, which is inversely proportional to the Ps initial velocity. The
standard error is too small to be represented in the plots.

13.5 Cross-section without and with magnetic field

The cross section has been calculated for Ps with n=20 and 1=2, which are in an interest-
ing range for the AEGIS experiment due to the laser energy. To compare the results with
the paper of the Genova group [69] a calculation has been done for n=18 and a statistical
mixture of 1, as described in section [13.1



Calculation of the cross section of the charge exchange reaction without and with the 1T
magnetic field 85

In the case without magnetic field, a comparison has also been done with the two
center convergent close coupling (CCC) method for np, = 3 and a statistical mixture of 1,
[73} 74] which uses quantum mechanics formula and was the first to predict a rise of the
cross section at low energies. Figure compares the results of the CTMC method and
the CCC method, demonstrating that CTMC can also be used for non Rydberg levels
with good approximation.

Cross section n=3 without magnetic field

1,00E-10

X

1,00E-11

1,00€-12

i X CTMC
mCCC

cross section cm 2

X

1,00E-13

1,00E-14

0,01 0,1
Kv

Figure 13.2: Comparison between cross sections in ¢cm? calculated with the CTMC (blue X) and
CCC (filled red squares) at low energy as a function of k.

To verify that the cross section is proportional to n* of the Ps the cross section o /n*
has been calculated for n=3 and n=18 as a function of k, between 0.015 and 2.5. The
values are almost the same on the whole range (see Figure[13.3).

The magnetic field has been simulated with an intensity of 1T as in the AEGIS exper-
iment in two directions: parallel and perpendicular to the the direction of the Ps. The
perpendicular direction is the one of the actual layout, the parallel direction is the one
of the transmission target, which is being studied to increase the number of generated
antihydrogen.

The trajectories of Ps have been studied in detail to understand whether the condi-
tions of section [I3.3] were sufficient to discriminate between the various final states and
the length of the simulation was sufficient. The distances of the positron and the electron
from the antiproton have been plotted as a function of time.

Figures[13.4|13.5/13.6[13.7} [13.8]13.9|13.10J13.11]13.12|[13.13| show some of the cases.

For k, > 2 the cross section drops while for k£, < 0.3 the cross section rises (see
Figure ; when there is no magnetic field it rises as 1/k2, or equivalently as 1/E@?
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Cross-section n=3 and n=18 / n* without magnetic field
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Figure 13.3: Comparison between cross sections/n* in cm? calculated for n=3 (black X) and n=18
(red square) for a statistical mixture of 1 as a function of k.

(see Figure(13.15).

The increase of the cross section for low Ps velocities would be interesting for AEGIS,
but the presence of the magnetic field of 1T lowers the values, especially when the direc-
tion of the field is perpendicular to the direction of the Ps.

The Genova group has made a different simulation of the magnetic field which leads
to a higher cross section for low Ps velocities.

The basic idea of the method is that the magnetic field has a strong influence on the
simulation depending from how far the initial position of the Ps is from the antipro-
ton, due to the effect of the field on the trajectory. The choice of the impact parameter
consequently depends from the initial distance and affects the result of the calculation.

The Genova group’s method is to randomize a position of the Ps on the x-z plane
which contains the antiproton, make the Ps go back to the initial position reversing the
direction of the magnetic field and not taking into account the electromagnetic field of
the antiproton and then start the simulation. The maximum impact parameter is com-
puted on the x-z plane of the antiproton.

I believe that this method is in contradiction to the standard procedure to calculate a
cross section and favors the Ps trajectories that pass near the antiproton. The result is a
higher value of the cross section, even higher for some value of k, than the cross section
without magnetic field. Figure compares the results with n=18 and a statistical
mixture of L.

The results of the simulation for n=18 and a statistical mixture of 1 without magnetic
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Figure 13.4: Ps trajectory with n=20, 1=2 without magnetic field with k, = 0.1, impact parameter
9220 au, initial position 25,000 au. Antihydrogen is formed and the electron escapes.

field are shown in Figurewith the fit o /n}, = 1% + 59,51 = 1.32 x 107 ¢em2, 59 =
1.12 x 10~ ¢em? for k, < 0.6 taken from [69].

Figure shows that the magnetic field lowers the charge-exchange cross section
for values of k, < 0.2.

Figure shows the cross-section for n = 20,1 = 2 without (blue line) and with
magnetic field perpendicular (red line) and parallel (green line) to the Ps initial direction.
The comparison with the cross section calculated for the AEGIS proposal (see Figure[5.T)
has been added in yellow. One can see that in the case of parallel direction the cross
section is higher than in the case of perpendicular direction.

13.6 Antihydrogen principal quantum number

The principal and the azimuthal quantum numbers of the antihydrogen are obtained
inserting in the formula and the energy and angular momentum of the antihy-
drogen.

The distribution of the principal quantum number of antihydrogen produced has
been analyzed for nps = 20 and I ps=2 for different k, without magnetic field (see Figure
and with magnetic field of 1T (see Figure

The distribution is peaked around ng = n psV2 because kinematic calculations show
that antihydrogen can form when positronium and antiproton are at rest only if the Q
value of the reaction is positive, where Q is the difference of the binding energy of the
initial positronium and the final antihydrogen:

1 1

dnp, 2nH

Q (13.11)

In the distributions with the magnetic field of 1T the peak is slightly higher. and the
distribution wider.
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Figure 13.5: For the same Ps of Figure plot of the distance of the electron and the positron
from the antiproton in function of time in au. Antihydrogen is formed and the electron escapes.

13.7 Antihydrogen azimuthal quantum number

The distribution of the azimuthal quantum number I depends from the Ps velocity repre-
sented by k,,. For high values of &, high values of | are more probable, following higher
values of n. The presence of the magnetic field widens the distribution of {. This is

illustrated in Figures|(13.19(and [13.20)

13.8 Impact parameter

The maximum impact parameter by, is inversely related to the velocity of the Ps and is
smaller without magnetic field than with magnetic field. The faster the Ps, the less time
the positronium spends near the antiproton, so it is captured only at short distances. The
magnetic field provokes a bending of trajectories that permits to Ps that would pass far
from the antiproton without magnetic field to pass nearer.

Figure on the top shows the distribution of the maximum impact parameter
bmas for different k, for n=20 and /=2 with and without magnetic field. As shown in
the same figure on the bottom for n=3 and n=20, the distribution depends only on the
semi-major axis of the Ps orbit 2n?, as confirmed by Figure 11 of [69]. The reason is that
the semi-major axis determines how near to the antiproton the positron can get in its
rotation around the Ps center of mass.

13.9 Antihydrogen velocity

The velocity of antihydrogen is important to measure its gravity acceleration because
very slow atoms are needed given that the dominant factor is the temperature. The Ps
atoms produce a recoil of antihydrogen in the flight direction of the Ps, assuming the
antihydrogen is initially at rest (see bottom plot in Figure [13.23).

If the Ps are emitted by the target in reflection mode, the flight direction is on the
y-axis and normal to the magnetic field which is directed on the z-axis. If the Ps are
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Figure 13.6: Ps trajectory with n=20,1=2 in a 1T magnetic field with k, = 0.1, impact parameter
12582 au, initial position 2,000 au. Antihydrogen is formed and the electron escapes.

emitted by the target in transmission mode the flight direction is on z-axis and parallel
to the magnetic field.

This effect could be useful to form a beam of antihydrogen atoms in the z direction
but the velocity is significant only for &, values over 1.5, when the cross section of the
charge exchange reaction diminishes.

The antihydrogen velocity in the Ps flight direction has been analyzed without and
with magnetic field for k, = 0.015, 0.1, 1 and 1.8 along the y-axis (see Figures and
[13.24). For a comparison the distribution of the velocity on the transverse direction has
been plotted in Figures and The presence of the magnetic field broadens all
the distributions as the flight direction is modified and not all the Ps trajectories are in
the y direction when they arrive near the antiproton (see Figure[13.25). The distribution
of the angle between the Ps flight direction and the antihydrogen recoil has a maximum
near 7 (see Figure[13.23). The position of the maximum is reduced by the magnetic field

(see Figure(13.25

13.10 Asymmetry of the distribution of the antihydrogen canonical
angular momentum with the magnetic field

The presence of the magnetic field creates an asymmetry of the distribution of the com-
ponent of the antihydrogen canonical angular momentum in the direction of the field
towards high values. This asymmetry has been calculated in [75] and [69] for various
values of n and B. In absence of magnetic field the distribution is simmetric.

The canonical angular momentum, which is conserved, is different from the angular
momentum which is not. The formula for the canonical angular momentum £, along z
is

L. =m(zvy — yvy) (13.12)

L.=L,+qB(*+y%)/2 (13.13)
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Figure 13.7: For the same Ps of Figure plot of the distance of the electron and the positron
from the antiproton in function of time in au. Antihydrogen is formed and the electron escapes.

where the quantities refer to the positron rotating around the antiproton.

This asymmetry is important for precision spectrometry experiments which need to
trap antihydrogen with a magnetic field and build up a substantial quantity of it. Anti-
hydrogen with positive canonical angular momentum will be attracted by the trap if the
magnetic field increases in magnitude toward the wall of the trap [75].

AEGIS doesn’t need to trap antihydrogen but accelerates it as soon as it is created
through the Stark effect to send it to the moiré deflectometer.

I have verified the asymmetry calculating the canonical angular momentum once the
antihydrogen is formed for nps; = 20 and [p,=2 for k,= 0.05, 0.1, 0.5, 1, 1.8 for B=1T
parallel to z and perpendicular or parallel to the Ps initial trajectory.

The asymmmetry toward positive value is reduced if the velocity of the Ps increases.

Fig. represents the formation of antihydrogen from Ps and the trend of £..

Fig. represents the distribution of £, when the magnetic field of 1T is parallel
to the initial trajectory of Ps for various values of k.

Fig. represents the distribution of £, when the magnetic field of 1T is perpen-
dicular to the initial trajectory of Ps for various values of k.

The distribution is more peaked around zero in the first case than in the second and
the reduction of the asymmetry for high values of k, is more visible.
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Figure 13.8: Ps trajectory with n=20,1=2 in a 1T magnetic field with k, = 0.2, impact parameter
3694 au, initial position 40,000 au. Antihydrogen is formed and the electron escapes.
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Figure 13.9: For the same Ps of Figure plot of the distance of the electron and the positron
from the antiproton in function of time in au. Antihydrogen is formed and the electron escapes.
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Figure 13.10: Ps trajectory with n=20,1=2 in a 1T magnetic field with &k, = 0.02, impact parameter
59218 au, initial position 65,000 au. Antihydrogen is formed and the electron escapes.
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Figure 13.11: For the same Ps of Figure|13.10| plot of the distance of the electron and the positron
from the antiproton in function of time in au. Antihydrogen is formed and the electron escapes.
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Figure 13.12: Ps trajectory with n=20,1=2 in a 1T magnetic field with k, = 0.1, impact parameter
7257 au, initial position 10,000 au. Antihydrogen is formed and the electron escapes after a bounce.
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Figure 13.13: For the same Ps of Figure|13.12 plot of the distance of the electron and the positron
from the antiproton in function of time in au. Antihydrogen is formed and the electron escapes
after a bounce.
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Figure 13.14: Charge-exchange cross section in em? of Ps with n=18 as a function of k, with B=0
(blue) and B=1T perpendicular to the Ps direction calculated in a standard way (black) and with
the Genova group method (green).
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Figure 13.15: Charge-exchange cross section in cm? of Ps with n=18 divided by n* as a function
of k, with B=0 (blue square) and B=1T perpendicular to the Ps direction (green triangle). The plot
refers to the region of low k, values where without magnetic field the cross section can be fitted
with the function (red line) o/npb, = % + 82,51 = 1.32 x 1071 %em?, 55 = 1.12 x 107 "°cm? taken

from [69]
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Figure 13.16: Charge-exchange cross section in em? of Ps with n=20, 1=2 as a function of &, with
B=0 (blue) and B=1T perpendicular (red) and parallel to the Ps initial direction (green). The AEGIS
proposal cross-section used in the previous simulations is plotted in yellow.
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Figure 13.17: Distribution of the principal quantum number n of antihydrogen produced by in-
teraction with Ps with nps = 20 and Ips = 2 without magnetic field with &k, = 0.015,0.5,1.0, 1.5
from top to bottom. The peak at n = 20v/2 = 28 is visible, for low velocities n < 28.
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Figure 13.18: Distribution of the principal quantum number n of antihydrogen produced by inter-
action with Ps with nps = 20 and [ps = 2 with magnetic field of 1T with &k, = 0.015,0.5,1.0,1.5

from top to bottom.
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Figure 13.19: Distribution of the azimuthal quantum number ! of antihydrogen produced by in-
teraction with Ps with nps = 20 and Ips = 2 without magnetic field with &k, = 0.015,0.5,1.0,1.5
from top to bottom.
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Figure 13.20: Distribution of the azimuthal quantum number [ of antihydrogen produced by inter-
action with Ps with nps = 20 and [ps = 2 with magnetic field of 1T with &k, = 0.015,0.5,1.0,1.5
from top to bottom.
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Figure 13.21: Top: maximum impact parameter b,,,. in a.u. vs k, with (red) and without (grey) a
magnetic field of 1T perpendicular to the direction of the Ps. Bottom: impact parameter byq. /21
in a.u. for n=20 (grey) and n=3 (red) without magnetic field, the values are almost identical divid-
ing the parameter by the length of the semi-major axis.
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Figure 13.22: Distribution of the antihydrogen velocity in m/s along the y axis with no magnetic
field for Ps with n=20, I=2 and k,= 0,015, 0.1, 1, 1.8 from top to bottom. One can see the peak
moving to the left proportionally to the Ps velocity.
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Figure 13.23: Top: distribution of the antihydrogen velocity in m/s along the transverse direction
x with no magnetic field for Ps with n=20,/=2 and k,= 1.8, which is centered on 0. Bottom: dis-
tribution of the angle in radians between the Ps flight direction and the antiproton recoil for the
same Ps.
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Figure 13.24: Distribution of the antihydrogen velocity in m/s along the y axis with 1T magnetic

field for Ps with n=20,/[=2 and k,= 0.1, 1, 1.8 from top to bottom. One can see the peak moving to
the left proportionally to the Ps velocity.
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Figure 13.25: Top: distribution of the antihydrogen velocity in m/s along the transverse direction
x with 1T magnetic field for Ps with n=20,/=2 and k,= 1.8, which is centered on 0. The distribution
with magnetic field is wider than the one without it in Figure Bottom: distribution of the
angle in radians between the Ps flight direction and the antiproton recoil for the same Ps, which
shows that the angle is smaller than the one without magnetic field Figure
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Figure 13.26: Top and middle: Ps trajectory with n=20, =2 with a magnetic field of 1T parallel
to z and perpendicular to the Ps initial direction, with k, = 1, impact parameter 6376 au, initial
position 40,000 au.: at the top the distance of the positron and the electron from the antiproton
is plotted, in the middle the trajectory of the two particles in space, the direction of the magnetic
field is vertical pointing to the top. Bottom: the plot of the canonical angular momentum with
time, antihydrogen is formed around 1.6 x 10°% a.u. from the beginning of the simulation, as can
be seen from the plot at the top.
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Figure 13.27: Distribution of the canonical angular momentum along the z axis £. with 1T mag-
netic field parallel to the Ps initial trajectory for Ps with n = 20,! = 2 and k,=0.05,0.1,0.5, 1, 1.8

from top to bottom. The distribution is asymmetric towards high values of £. and the asymmetry
is higher for low values of k.
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Figure 13.28: Distribution of the canonical angular momentum along the z axis £. with 1T mag-
netic field perpendicular to the Ps initial trajectory for Ps with n=20, /=2 and k,=0.05,0.1,0.5,1, 1.8
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CHAPTER 14

Simulation results with the new cross sections

The cross section calculated in the previous chapter have been inserted in the Monte
Carlo simulation program described in chapter[T2| where the cross sections of the AEGIS
proposal had been used.

The different cases described in Figure have been analyzed producing new re-
sults which can be seen in Figure[T4.1} For reflection target the cross section with the
magnetic field perpendicular to Ps has been used, for transmission target the one with
the magnetic field parallel to Ps because the Ps trajectories are mostly in these directions.

To make the comparison easier the table in Figure[12.5|(Aegis proposal cross sections)
has been reproduced in Figure

All the results with magnetic field are lower than with the AEGIS proposal because
the cross section values are lower (see Figure[13.16).

The advantage of using the transmission target is still relevant, especially with the
vertical target where 365 antihydrogen atoms are produced per burst every 200 seconds,
more that one per second. This number could be enough for the gravity measurement
with the 1% precision.

Layout AntiH without AntiH with Percentage
magnetlc field magnetlc field

Genova layout 50%
Transverse thermalisation at 18 12 66%
145K

Transverse thermalisation at 75 37 49%
4K

Transmission target with 31 8 26%
random emission

Transmission target with 150 34 23%
normal emission

Vertical transmission target 1833 364 20%

with normal emission

Figure 14.1: Simulation results with the new cross sections. The percentage is the ratio between
the number of antihydrogen atoms with magnetic field and without magnetic field.
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Transverse thermalisation at
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Transverse thermalisation at
4K

Transmission target with
random emission

Transmission target with
normal emission

Vertical transmission target
with normal emission

28
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17
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12 43%
38 35%
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480 43%

Figure 14.2: Simulation results with the AEGIS proposal cross sections. The percentage is the ratio
between the number of antihydrogen atoms with magnetic field and without magnetic field.



CHAPTER 15

Conclusions

It is expected that in 2018 the AEGIS experiment will produce the first antihydrogen
atoms with the reflection target configuration.

It will then be possible to compare the results of my simulations with the experi-
mental data and evaluate whether the number of antihydrogen atoms obtained may be
sufficient to test their gravity acceleration with the moiré interferometer, with the 1%
precision foreseen by the Aegis proposal.

In 2018 it is expected that a new self-standing transmission target [78] will be tested
at CERN and the results compared with the carbon-supported one, studied in reference
[76]. This type of target could produce more Ps and less electrons and positrons that
would disturb the antiproton cloud.

According to the result of this test the collaboration will have to decide whether to
use in 2018 the reflection target or the transmission one to measure gravity.

Another important topic worth studying that can influence the number of antihydro-
gen atoms produced by the reflection target is the possible transversal thermalisation of
Ps exiting the pores. According to R. Caravita the tests in the positronium chamber seem
in favor of this possibility. According to my simulations a transversal thermalization at
4K produces 10 times the antihydrogen atoms than with no thermalization, around 37
atoms per shot, which takes place every 360 seconds.

This number could increase if the number of accumulated antiprotons is higher than
10° thanks to a better accumulation process. The latest measures is of 3.5 x 10° antipro-
tons. As the number of antihydrogen atoms is proportional to the antiprotons density,
the number of atoms of my simulations should be multiplied by 3.5.

Therefore, it is clear that my simulations constitute a useful benchmark to compare
with the experimental results, and to test various aspects of the complex Aegis experi-
ment.

Recently a new Monte Carlo simulation was performed which took into account
the actual distance between the center of the target and the center of the antiproton
cloud, 1.31 cm instead of 1.53 cm, the increased number of antiprotons, 3.5 x 10% and
the measured dimensions of the antiproton cloud, an ellipsoid with radius 2 mm and
half-lengths in the range of 0.5-1.1 mm. The number of antihydrogen atoms should be 8
with an optimal delay time of the laser beam of 85 ns from the beginning of the positron
beam on the target, which was 38 ns long. The laser beam length was 1 ns. The result
heavily depends on the delay time, so that the laser can excite slow Ps which produce
more antihydrogen. The result has been confirmed by a calculation by S. Mariazzi of
AEGIS Collaboration.

A new Monte Carlo simulation is being written by Nicola Zurlo which takes into ac-
count the exact geometry of the central part of the experiment based on the CAD design.
It will be interesting to compare the results of my simulation with the new one.

111



A recent proposal is to laser cool the Ps that exit from the target in order to increase
the cross section of the charge exchange reaction that produces antihydrogen thanks to
the lower velocity. A test could be made in the positronium chamber and new simula-
tions with the reduced velocity performed.

A recent article by A.S. Kadyrov et al. [89] has applied the quantum CCC method to
the charge exchange process [2.1) which creates antihydrogen in the AEGIS experiment
for the principal quantum number n of Ps between 4 and 5, but without considering the
presence of the magnetic field.

Contrary to expectation from earlier work [73] for n=3 the cross-section increases
only slightly for low energies. It seems that the cross-section grows as n? instead of n*
as in CTMC calculations due to quantum-mechanical effects governed by the Wigner
threshold law [90]. But it is possible that for higher n and for Ps De Broglie wavelength
small compared to its size, the classical n* scaling would be restored.

Kadyrov’s results could limit the advantage of reducing the Ps velocity with laser
cooling for low n values because the Ps wavelength would become larger than the Ps
size.

Anyway, the AEGIS experiment deals with charge exchange reactions with Ps excited
to Rydberg levels in presence of magnetic field, hence in a regime well described by a
classical framework, and we are confident in the results here presented.
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APPENDIX A

Description of the Monte Carlo program

The main program is written in Fortran using the technique of structured programming.
The routine for the magnetic field simulation is written in C++ to interface with the
ODEINT library.

The same program has been used for all the simulations described in the thesis except
the one related to the positronium chamber, for which the program has been heavily
modified, and the calculation of the cross-section for which a new program has been
written in C++.

The program is called psimul.f and has around 3200 lines of code.

The value of a set of parameters allows to choose the simulation to perform, the
number of Ps to simulate and the geometrical and physical data of the experimental
apparatus.

Initially the position of the center of the laser beam and of a possible second and third
laser beam are computed based on the position and orientation of the target.

The cloud of Ps is represented by a set of vectors which have the dimension equal to
the number of Ps one wants to simulate. The vectors contain time of creation from the
target, initial position, direction and velocity, current position and velocity, state, level of
excitation, mean life, reflection points on the reflectors, whether the trajectory of the Ps
crosses the antiprotons cloud.

At the beginning of the simulation the vectors are filled with the initial values of
the Ps, randomized according to the chosen statistical distributions of time, position,
direction, velocity, mean life. The trajectory is calculated with a direct flight or taking
into account the reflectors to decide whether the Ps will cross the antiprotons cloud. If
there is an electric field which bends the trajectory this calculation is omitted. The cloud
is approximated to a cylinder with the same volume.

The Ps cloud is followed with an iteration over steps of 1 ns until all the Ps which
cross the cloud have arrived to it or are decayed or ionized. One third of the Ps have a
lifetime of 7 ns due to magnetic quenching, two third a lifetime of 142 ns. The excited Ps
have a lifetime of 16500 ns for the level with quantum numbers n=25, 1=2.

The laser beam is shot after a chosen number of ns after the beginning of the sim-
ulation, when Ps start to exit from the target. The excitation of every Ps is determined
based on its position and the gaussian shape and efficiency of the laser beam. If the Ps is
excited its mean life is increased. The possibility of decay is computed every ns.

The Ps can be ionized by nearby particles according to the Robicheaux formula

If there is an electric field the trajectory of excited Ps is computed according to the k
quantum number, which is randomized between n — 1 and —n + 1. The distribution of
the electric field in space is contained in a file obtained from a Simion program.
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When a Ps arrives to the antiprotons cloud the length of the trajectory in the cloud is
obtained and the number of antihydrogen atoms is computed based on the cross-section
for its velocity, the density of antiprotons ans the length of the trajectory.

In the presence of a 1T magnetic field two cross-sections are considered for parallel
and perpendicular direction of the Ps in relation to the magnetic field.

If there is a magnetic field the programs calls a routine written in C++ at the moment
of laser excitation. The routine computes with Runge Kutta method 5 with adaptive
step the deviation in direction of the Ps due to the magnetic field and the final distance
between the electron and the positron after a tenth of ns according to Schmelcher [67].
Initial positions and velocities of the electron and the positron are randomized.

It has been seen that this time is sufficient to have precise data. If the distance is
larger than 3000 a.u. the Ps is considered ionized and is abandoned.



APPENDIX B

Description of the CTMC program

The program is called ctmcnew.cpp, is written in C++ and has around 1200 lines of code.

It simulates the charge exchange process[2.]for a parametrical number of Ps. Each Ps
is directed along the Y axis towards an antiproton which is initially at rest at the origin
of axes. The distance from the antiproton, the velocity, the maximum impact parame-
ters, the principal quantum number are parametric, the impact parameter is random-
ized between 0 and its maximum. The azimutal quantum number can be parametric or
randomized to compute the cross-section for all initial /.

The initial elliptical orbit of e+ and e- is determined by the quantum numbers n and
l. The initial position on the orbit is randomized with a uniform distribution on the
ellipse or with a rotation of the particles on the orbit for a random time from a fixed
initial position. The two choices give the same result. The direction of motion is also
randomized.

The equations of motions of e+ and e- are integrated with the Runge Kutta 5 adaptive
step. The antiproton can be fixed or can move. They consider the Coulomb forces be-
tween the three particles and the magnetic field, which can be parallel or perpendicular
to the Ps direction and has a parametric strength.

In case of magnetic field the program can simulate the method used by the Genova
group and randomize an impact parameter with the Ps near the antiproton. The Ps
then goes back to a desired distance from the antiproton not considering the electric
interaction with it and with inverted velocity and magnetic field and then it’s motion
towards the antiproton is simulated completely.

Antihydrogen is formed if the sum of the energies of the antiproton and the positron
is negative and the sum of the energies of the electron and the positron is positive.

The conservation of energy is tested. The integration time is parametric in relation to
the time taken by the Ps to arrive near the antiproton.

The final n and [ of the antihydrogen atom are computed as well as its velocity and
a file prepared for statistical reasons. The total cross-section and the statistical error are
computed based on the generated ps, the antihydrogen atoms and the maximum impact
parameter.

The program can be run also on one Ps with specific initial conditions for test reasons.
In this case a file is produced with the trajectories of e+ and e-.
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