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Introduction

Antimatter is a symmetric status with respect tdirmary matter. Many quantities of
antimatter particles, like charge, are oppositelavbthers, like mass are equal. Among the
symmetry tests between matter and antimatter thaswmmement of the gravitational
interaction is missing. The Antimatter Experime@tavity, Interferometry and Spectroscopy
(AEGIS) is an experiment at CERN whose primaryr#die goal is the measurement of the
Earth’s local gravitational acceleration on antitogen. In fact behavior of antimatter in a
gravitational field has not been tested yet ansl théasure could answer important questions
about fundamental topics of the universe.

The first step to reach this goal is the productbantihydrogen. In AEGIS this antiatoms
are obtained with a charge exchange reaction betwediproton and Positronium.
Positronium is a bound state composed by one efeetnd one positron, thus forming a two
charged body system like hydrogen. To enhance yhéhasis cross section Positronium
atoms should be excited to high energy levels. this reason a laser apparatus has been
developed aUniversita degli Studi di Milanin the laboratories of the physics department by
Simone Cialdi, Fabrizio Castelli, Marco Giammarchabio Villa and with important
contribution of all the students that joined thi®jpct for their graduate and master thesis.
The excitation process is realized in two-steptha first, corresponding to an ultraviolet
radiation, Positronium is brought from ground te B state, and in the second, stimulated by
infrared light, Positronium is subsequently excitedRydberg levels.

Thesis’ work has been focused on the finalizatiod @astallation of this laser apparatus at
CERN. In particular during the thesis we followesl’/dlopment and installation of the optical
system that transfer light radiations to Positramiexcitation region.

The description of AEGIS apparatus follows from #eperience acquired during the
permanence at CERN for the installation of the agptisystem in November 2012.
Positronium production process is discussed stpftiom the theoretical and experimental
results accomplished by the physics departmebindfersita di TrentoTheir conclusions are
recollected in a simplified model to describe tlmporal evolution of the generated
Positronium. This model has been used in the dpuwsdait of the optical system that guides
laser radiation into Positronium excitation region.

The optical system realized for the thesis thatnech the laser apparatus to AEGIS is
described in details. Two different solutions aresented, one to transfer the infrared pulse
and one for the ultraviolet radiation. Infraredgisided by an optical fiber, while ultraviolet
reaches the excitation region via successive tafles. We studied the possibility to adopt an
optical fiber to transfer the ultraviolet pulse. wiver, after the evaluation with experiment,
this solution has been found not suitable for AEG$8ce the transferred power was
insufficient. Thus the ultraviolet now gets to #ecitation region in free propagation, guided
by three prisms used in total reflection.



AEGIS Experiment

Introduction

Modern theories explain the interactions among émave observe in experiments as the
consequence of four fundamental forces. Theseaictiens are called electromagnetical,
weak, strong and gravitational forces. The firseéhforces are order of magnitudes much
stronger than gravity at particle levels, and bywnee are able to measure gravity effects only
on macroscopic scale, starting from the asteraid®emological dust and ending to the black
holes. At the state of art of our knowledge onidell physics and accelerators the effect of
gravitational force is negligible and useless tlcwate cross sections and decay rates. These
quantities can be deduced relaying only on therottteractions and thus gravity is nowadays
kept aside in experimental particle physics. Swidie fundamental constituents of matter are
grown as a consequence of interaction between odmiy and theory, driving theories in
explaining the behavior of the universe well belthe atomic scale. This fact has lead the
physicists towards the quantization of fields a®l&d basis for consistent theories of physical
phenomena, and the previsions of these theoriestaires in an astonishing agreement with
laboratory tests. However in this picture gravigstplayed a second role, remaining outside
the laboratories and relaying only on cosmologatadervation.

Theoretical physicists are nowadays concerned amtiging General Relativity forward a
unified theory of the fundamental forces. The lwestdidate for a “Theory of Everything” we
have now is the Standard Model, a renormalizablentyum field theory based on gauge
symmetries. In this framework the gravity should dglained as a new quantum field,
leading to a force mediated by the exchange ofighest This point of view necessarily
constitutes a departure from Einstein’s GenerabiRéty and leads to important physical
consequences that should be tested experimentadyboson mediator of this force is called
“graviton” and should be a patrticle of spin 2 (f@nparticle). In addition to this tensor part,
gravity could have scalar (spin-0) and vector (spicomponents. While the tensor and the
scalar part would lead to an attractive potentla, exchange of an odd-spin particle would
have the opposite effect. Hence, the quantizatiothe theory brings out the possibility of
both attractive and repulsive effect because ofitfierent type of exchanged particles [1].

For this reason the investigation of the gravitaiceffect on antimatter could reveal new
and unexpected effects, showing us new propertieatahe fundamental constituents of the
universe. In fact the measure of a repulsive favoald constitute an evident violation of the
weak equivalence principle. This principle is atptzte of General Relativity that states the
equality between the inertial and the gravitatiomalss. Over a century of experiment in the
field of particle physics has established thatittextial masses of antiparticles are equal to
their ordinary counterpart as we can deduce fronh @Rariance of the actual theory. On the
other hand no experiment until now has tested theitgtional interaction between matter
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and antiparticles, thus leaving open many questitnaosit this fundamental force. It should be
stressed that there are a number of argumentssagamti-gravity” effects, i.e. a gravitational
force with opposite sign. The most intuitive is lpggss Morrison’s argument [2], which
demonstrates that such a phenomenon would viotateecvation of energy, but it is not the
only one. We can put some bounds to this hypothletigtigravity effect also from changes in
cyclotron frequency of antiproton or from loop @mtions with virtual particle in ordinary
matter interactions [3].

Consequently, questions about the weight of antanaleserve answers either to confirm
or to suggest a serious rethinking of current tiesorAs a matter of fact two attempts has
been made to reach this goal by experimenting olvarged elementary particles at Stanford
and CERN international laboratories (in particidathe Low-Energy Antiproton Ring), but
no result has been achieved due to strong effédtseoelectric and magnetic fields used to
confine these particles. AEGIS collaboration (Ardtter Experiment: Gravity, Interferometry
and Spectroscopy) is trying to reach this goal gisamtihydrogen to dump down these
unwanted secondary effects. Indeed antihydrogennsutral atom thus possessing a weak
coupling with quasi static electromagnetic fields.

AEGIS experiment aims to obtain cold antihydrogembining together the fundamental
constituents: antiprotons and antielectrons (pms#). Antiprotons are provided by the
Antiproton Decelerator, a facility at CERN dedichteo this task; while positrons are
produced and controlled within the apparatus of ékperiment. Once AEGIS will have
neutral antimatter the gravity experiment will talace. A beam of antihydrogen will be
accelerated horizontally and sent toward a Moirerfarometer to measure the typical
trajectory of this particle under free propagatinghe gravitational field of Earth. From the
kinematic reconstruction of the motion it will begsible to measure the acceleration that
antihydrogen perceives in a gravitational field.

The Antiproton Decelerator

The biggest limiting factor in the large scale protibn of antimatter is the availability of
antiprotons. Antiprotons have a mass of about 1 @eM requiring big particle accelerators
to reach the activation energy for pairs production

The Antiproton Decelerator is a facility at CERNpwwduce cold antiproton to be used in
experiments with antimatter. The AD was built asuacessor to the Low Energy Antiproton
Ring (LEAR) and started operation in the year 2000.

To provide cold antiprotons suitable for experinseiroton beams are fired by the Proton
Synchroton (PS) accelerator towards a Be target.cbHision energy is enough to create new
proton-antiproton pairs that exit from target anast the speed of light. After the target a
mass spectrometer selects antiprotons among tlotiogroducts injecting them into the
deceleration ring. There a series of focusing aslding magnets keep antiprotons on the
same track, while a few radiofrequency stages actdéceleration bringing the speed of

antiprotons to 10% of the speed of light. After oménute production and deceleration
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processes have come to end and a bunch of abbanfiprotons having an energy of 5 MeV
is ready to be delivered to the experiments.

Figure 1 — A picture of the Low Energy Antiproton Ring the prototype experiment
of the Antiproton Decelerator.

AEGIS experimental zone

In addition to AEGIS other experiments are curremtbrking with antimatter. ALPHA
and ATRAP are working to trap antihnydrogen to préwiae annihilation by ordinary matter
and ASACUSA is studying mixed systems of matter antimatter. AEGIS experiment, like
the others, is installed inside the ring of the ipmtton Decelerator aligned to the assigned
beam line.

In particular, in AEGIS beam line of antiprotonscisllected by a 5T magnet where the
antiprotons are trapped and cooled down. After pincecess the antinuclei are pushed in the
second magnet in the so called “central region”n@htbe production of neutral antimatter is
foreseen to take place. Positrons, the second foet@l ingredients of antihydrogen, are
produced by radioactive decay of a sample”®dfa and trapped in a Surko trap over the
antiproton beam line. Finally, they are guided itite central region passing through the 5T
magnet in the same trap that is used to captunerarans.

On one side of the 5T magnet an optical table a&qud. Here a laser system generates
pulsed radiation at suitable frequencies, which ased in the complex process of
antihydrogen synthesis, as explained in detait.late



Figure 2 — AEGIS experimental zone a few days befer the final assembly of
November 2012. In foreground separated from the rdsof the experiment is the “1T
magnet” apparatus, following in the background the“5T magnet” is visible. On the
right of the 5T magnet the laser table is locatedreclosed among aluminum shields

Antiproton trapping and cooling

To measure the antihydrogen interaction with theltEgravitational field AEGIS needs
first to obtain the raw materials and build up mauantimatter. Inside the experiment a large
section of the set-up is dedicated to the prodoatifoantinydrogen, starting from cooling and
bunching of antiprotons and positrons, and reachireg final recombination of the two
constituents. Mass of antiprotons is much greda@n that of positrons, thus constraining the
recombination temperature of the synthesized adtdgen to be almost the same of the bare
nuclei. It is important to stress that the measemnof gravitational interaction is of course
affected by uncontrolled momentum distribution ebguced antimatter. For this reason it
should appear quite natural that AEGIS has dedigaaet of the experiment to cool down and
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trap antiprotons. Producing low momentum antimagtehe first requirements to perform the
ballistic measurement.

Antiprotons’ trapping is performed by a cylindricglperconducting magnet of 5T field.
The cylinder axis is oriented towards the beam taming from AD. In this way charged
antiprotons injected by the decelerator are radiedinfined due to the effect of the strong
magnetic field. To perform trapping and cooling ggdures a number of cylindrical
electrodes is displaced along the axis of the madiiectric potentials on electrodes can be
regulated at will within few kV in order to confingharged particles in the axial direction,
thus concluding the structure of a Penning traprekently tested this part of the apparatus
enables AEGIS to trap a bunch of almost atiprotons each AD injection.

Once AD is ready to send a bunch of antiprotorigaaium foil is mechanically placed at
the entrance of the magnet as degrader and, avpftsite side of the trap, the last electrode
is driven to a suitable high potential. Antiprotaar® in this way moderated by the degrader
and axially reflected back by the action of thecelede. Trapping is realized suddenly turning
on the potential of the first electrode, near tiegrdder, when the bunch of antiprotons is
inside the magnet. Antiprotons are in this way owd along magnet length. They need to be
cooled and compressed before entering in the fallgwxperimental zone.

Figure 3 — Front picture of the “5T magnet” experimental section. Pneumatic
actuators are displaced radially around the axis ofthe magnet to insert different
experimental tools along the beam line.

Inside the magnet a tungsten cathode releasesagldnt thermionic effect. Electrons and
antiprotons have the same charge and repeal ehehlmt Coulomb interaction. In this way
antimatter is prevented from annihilating with reattwhile heavy nuclei can cool down
transferring momentum to lighter electrons. Oncis 8tochastic cooling has brought the
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antiprotons to the desired temperature of a fewtmavolts, the bunch of antiprotons is
axially compressed and sent to the next stageeoéxiperiment.

At the end of the 5 T magnet the beam line consrerdgers the “central region” where the
antihydrogen production is foreseen to take place.

Antihydrogen production and gravity measurement

In the last twenty years Anti-Hydrogen has beerlpeed in several experiments at CERN
like ATHENA and ATRAP. The experimental observatiohantimatter in bound state has
proven the possibility of forming neutral antimatigarticle aggregates. As reported by
ATHENA collaboration antihydrogen annihilates isgically on trap walls; while
antiprotons, that are charged, break up this symyneting influenced by any slight field
fluctuation [4]. In those experiments this featuras used to identify antimatter annihilation,
combining the position measurement with the speaftridhe gamma rays emitted. In AEGIS
the isotropic behavior of antihydrogen is particiylappreciated because it is necessary to get
rid of any systematical error in trajectory reconstion. With bare antiprotons in fact force
fluctuations due to external and uncontrolled etsutgnetic fields would overtake gravity
effect. This is the main reason to try to perfolra experiment using neutral antimatter, and
so the need of producing cold antihydrogen.

Figure 4 — Antihydrogen Trap — In this trap antiprotons are stored waiting for
Positronium. Ps atoms are produced above this trapnd reach the antinuclei through
the thin holes that are visible in the upper part 6 the electrodes

The simplest experimental scheme that is possibesign for obtaining antihydrogen is
the one adopted in ATHENA. In that experiment, @notions and positrons were mixed
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together waiting for the recombination to happenthis way antihydrogen was produced for
spontaneous radiative recombination (SRR) betwesitrpns and antiprotons:

et+p->H +y

where the apex star symbol indicates that antilgainois produced in an excited state.
This is the time-reversed process of photo-ionatnd appears a slow process on the
typical time scales of collisions among atoms ansiin the Penning trap. The cross section
depends only on the kinetic eneryof the antielectron in the center of mass framéhef
antiproton and the capture level The partial cross section decreases for highvhile the
total cross section is obtained summing all thetrdmutes of eachn level up to a “cut off”,
corresponding to the bound state which can be éohlzy collisions. Typical values of the
cross section range from15% to 1.510%° cn? and can be enhanced by a factor of 80 by
using suitable radiation to stimulate the emissiba photon, thus lowering the energy of the
atom [5].

In AEGIS antihydrogen is foreseen to be producethvai charge exchange reaction
between antiprotons and Rydberg Positronium (Ps3itf®nium is an unstable bound state
composed by a positron and an electron. Beforedh#ination with antiprotons Positronium
needs to be synthetized and excited. Thus the pegpmethod is remarkably different and
more complicated, but expected more efficient ttien others adopted in the past and by
other experiments. Properties and production apparaf Ps is discussed in a different
chapter. Now we will consider only the charge exgjereaction, which have already been
demonstrated successfully by ATRAP collaboration:

Ps*+p—->H'+e”

The main reasons that make this reaction inteiggdn AEGIS design are the following.
First the reaction has a large cross section wisicl the ordera,n* , wherea, = 0.05 nm is
the Bohr radius and is the principal quantum number of the Ps. Furtitee antihydrogen is
produced in Rydberg excited levels with a predietaate population strictly related to that
of the incoming Positronium. The range of final guen states turns out to be reasonably
narrow. Thanks to the sensitivity of these Rydbstates to electric field gradients, an
antihydrogen beam can be formed by acceleratingnatawith a time dependent
inhomogeneous electric field. Another importantsato prefer the exchange scheme is due
to the possibility of experimentally implement theaction in such a way that very cold
antihydrogen can be produced. To maximize theieffcy and the quality of antihydrogen
beam is surely important for the gravity measure g transverse velocities should be kept
as low as possible.

A Monte Carlo [31] simulation has been implemeritedrder to understand the formation
process under the experimental conditions of AEGIS] to optimize production rate of
useful antihydrogen atoms. A few results of thiawdation are reported in the figures of this
paragraph.

10



I Cross section |

2
oce(cm’)

10°

=

T

s

10-10

T

v v b v v by by g

0 0.5 1 1.5 2 2.5
ky

Figure 5 — In this plot is shown the cross sectionf the exchange reaction is shown
for different value of the principal quantum number of Positronium. From top to
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Figure 6 — The plot show the cross section for antydrogen formation versus the
Positronium principal quantum number nps In this simulation Ps has been initialized
fixing the ratio between the translational speed oPositronium over its averaged speed
for circular orbits to unitary value. In this way it is possible to appreciate that the
cross section is depending on the average speedtibé e+ e- components rather than on
the orbital quantum number I. Squares refer to orbtal quantum number | randomly
chosen between 0 and# — 1 while circles correspond to | = 2
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ky = 1.k is the ratio between the translational speed of Bitronium over its averaged
speed for circular orbits. Circles and triangles rder to similar condition in which
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Once antihydrogen is produced it has to be guiddédobthe trap by coupling its dipole
moment with an electric field gradient, thus obitagna few atoms of antihydrogen in free
propagation outside the trap in the horizontal diom. At this stage the trajectory of
antimatter will be reconstructed by the Moiré detiteneter placed after the trap, at the end of
the experimental apparatus.

The deflectometer consists in two identical gratilagd a silica detector, placed at equal
distancesL from each other. They are mounted transversallyh® beam propagation
direction. These gratings prevent some antihydrdgen propagating further, thus producing
an annihilation pattern at the location of the di&tesimilar to an interference pattern. That
pattern has the same peridd@s the gratings and with particles in free progagahe fringes
should be aligned to the aperture of the grati@s.the contrary under the influence of a
transverse acceleratignfield they should be vertically displaced (paewl“falls”) by a
distancedx depending on their initial velocity:

N

ox=g(;)
In common devices the experiment is performed wltiee gratings. As an example a
three-grating Moiré deflectometer has been usedmiasure the local gravitational
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acceleration to a relative precision of 2*1@ith a beam of argon atoms traveling at an
average velocity of 750 mi’sIn this type of experiments the third gratingirisplace of
AEGIS’ detector and act actively introducing a séile path along the beam line. In AEGIS
experiment, thanks to the particular nature ofdbgect under analysis a position sensitive
silica annihilation detector is adopted insteadtlwé third grating. This improvement is
required by the scarce number of antihydrogen andoieseen to increase the overall
transmission of the apparatus by the inverse dfgdpen fraction (roughly a factor of three).

position-sensitive
detector

grating 1 grating 2

Figure 8 - Principle sketch of the Moire” deflectonetry technique with two identical
gratings and a position-sensitive detector

Such a device does not necessitate trapped atothssarery suitable with antimatter
detection. Obtaining cold antihydrogen is partidyladesirable in order to reduce the
uncertainties in gravity measurement. The ballistigectory estimation is affected by the
average random velocity of the antihydrogen thatlics reason should be reduced as much
as possible. To achieve cooling of the antiatonmspbssible to manipulate antiprotons before
recombination, thus reducing the transverse digpersf the speed of antihydrogen to
minimum levels acting on the charged component® flcleus is the massive part of any
atom, thus cooling antiprotons leads as consequamoerall cooling of the final antimatter
cloud. To enhance the measurement performancehami¢ee of indirect stochastic laser
cooling of antiprotons is under study [6]. The @oglshould be achieved by mixing with
heavy negative ions opportunely precooled anianse¢ent years a few atoms belongings to
the family of lanthanide (like Os or La) have bediscovered to have a suitable energy
transition to be laser cooled as anions. Antipretonixed in the same trap with cooled La
should transfer their momentum to these atoms gndm with a lower average kinetic
energy.
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Figure 9 — In picture trap system of the “central region” of the experiment. Trap is
mechanically supported by the inner flange that sesrates Ultra High Vacuum region
(10*° mbar at 4K) with intermediate region (10’ mbar at 70 K)
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Positronium

The simplest scheme to produce neutral antiatortts fisix in the same place antiprotons
and positrons and wait for antihydrogen atoms cgnaint. Of course, previous experiments
before ATRAP and AEGIS had already obtained coltihgdrogen in this way. These
techniques usually adopt a linear Penning trapddiliin two sections, one dedicated to
antiprotons and the other dedicated to positrondhieWboth components are ready,
antielectrons are pushed onto the antinuclei cl@ts is the most obvious scheme in which
all the fundamental building block of antimattee giroduced separately and then mixed
together without other treatments.

In AEGIS the combination of antiproton and posid@a obtain cold antihydogen is going
to be realized in a more efficient way by mixingiprotons with high excited Positronium
atoms (Ps) inducing a charge exchange reactiontréfoam is an unstable bounded state
composed by an electron and a positron. The decisiinclude a further step and to adopt Ps
is due to higher cross section of the charge exghaeaction with respect to recombination
with bare positrons. This technique could in prheiincrease of some order of magnitude the
number of antiatoms produced as a consequencesajrtéfater cross section. On the other
hand, this solution is paid with a more complicaéggbaratus where in addition to positrons
trapping, Ps must be produced and excited to Rgdbmrels (states with high principal
guantum number) before the interaction with antipme.

The current apparatus is designed to implant mosstin a special target made by silicon,
waiting for a cloud of Positronium to emerge backired from the silica surface (oxidized
silicon). Note that Ps is a neutral atom thus difi to be controlled by electromagnetic
fields. For this reason excited Positronium hakdaareated close to the final antiprotons trap
leaving free Ps to spread inside the experimemi fype of set up has the consequence of
splitting in two sections the experimental appasatadicated at Ps. The first part is aimed to
bunch positrons from a radioactive sourcé®fa and the second, near final antiproton trap,
to produce and excite Ps. Excitation toward Rydlstates is performed by the laser system
built in Milan which will be described in a followg chapter; in this section we will discuss
the experimental set up to produce Ps from postron

Positronium atom

Positronium (Ps) is an unstable atom consistingroklectron and a positron. The two
particles tend to annihilate each other with chiarstic lifetimes, producing gamma ray
photons. The set of atomic energy levels of P$nig certain sense, similar to that of the
hydrogen atom because both are two charged parsigdéems governed by the same
dynamical equations. However the masses of theip®stharged constituents are not the
same leading to different lines in the spectrum.

15



Like Hydrogen the energy levels in Coulomb appraadion are a function of the principal
guantum numben only. EnergyE,, is expressed as a function of elementary chargtheof
electrong,, Planck’s constart , vacuum electrical permittivity, and reduced mass of the

_ mimz |
two-body systeny = —
q; 1

S 1

For each n energy level, in Hydrogen a subleveistire can be observed, due to small
energy corrections from hyperfine and eventuallgnaic (Zeeman) interactions.

Energy levels of Positronium have been studiethéoaim of exciting the atom to Rydberg
levels by laser pulses, to favor antihydrogen petidn. The main difference between the
Hydrogen atom and Ps resides in the reduced madlingin, the mass of the electron for

Hydrogen we obtaip = m, while for Positroniunu = % Thus at first order the ratio of the
corresponding energy levels is separated by fadttwo.

The energy levels formula above reported is caledldor the two-body system in isolated
environments, but the experimental conditions ofGAE are far from isolated, due to a 1T
magnetic field in the region where Ps should bedpced, excited and mixed with
antiprotons. Here a big difference with respedh®Hydrogen atom can be observed. Due to
the very low mass of the system, and consequestly Righ velocity, the greater correction
to the energy levels for highis due to the Motional Stark effect, whose conigbis
overwhelming with respect to other energy levelrection coming from hypherfine and
Zeeman interactions. In the Motional Stark effectcharged particle that is moving with
respect to a magnetic field will perceive an eiedield in its own frame of reference. Since
all physical quantities of interest are usuallyleated with atoms at rest, this electric field
should be included into the model for Ps energglevThe electric field couples with the
electric dipole operator of the system splittingemyy levels with different angular
momentum. As a consequence, in the magnetic fietdeoexperimental region, a complete
mixing of energy sublevels is realized for n > &§,shown in Figure 10. In that region the
unperturbed quantum numbers lose their significamzk optical transition are not subject to
dipole selection rules. This is of paramount imaoce for planning and realization of a
suitable laser system for excitation.
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Figure 10 — Contributes to the energy sublevel spting of Ps with respect to
principal quantum number. AE, is the difference between bare energy levels
determined by principal quantum number (see eq. ()) AEys stands for the motional
Stark effect, AE; and AEq4; account for the Zeeman and diamagnetic contributios

Ground states of Ps are particularly important esitftiey are the dominant channels of
production. There are two possible configuratiaepending on relative orientations of the
spins of electron and positron. The state withpaméllel spins (singlet state) is known as
parapositronium. It has a mean lifetime of 125 pemmnds and decays preferentially into two
gamma quanta with energy of 511 keV each. The stdte parallel spins (triplet state) is
called orthopositronium and is three fold degemenmaiabsence of magnetic fields. The triplet
state has a mean lifetime of 142 ns and the leadiode of decay is in three gamma photons.

Parapositronium has formation probability of 1/Aile orthopositronium has formation
probability 3/4. The excited states are not nalyrpfoduced and are commonly obtained
exciting the atom by laser radiation. In AEGIS, ézited to Rydberg levels are used for
antihydrogen production because these states aree$g bounded and the split up of the
atom is favored during the charge exchange reachue to the relatively large distance
between particles, excited Ps has longer lifetinfiest Ps has to decay radiatively to the
ground state and then it annihilates. It happeasftr Rydberg states the radiative decay rate
is order of magnitudes lower than the annihilatione, therefore we shall assume that the
lifetime of the atom is equal to the radiative tifige of the excited state. An upper bound
formula for this time (precise at 10%) has beemtbin the middle '80 [12] and is an explicit
function of the principal quantum numbeand the orbital quantum numker

1\2
Tu~(1.87-1071%5) n3 (l + E)

From this expression we learn that states with haglgular momentum have longer
lifetimes and lifetimes of Ps can be estimated \&itii proportionality factor.
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Apparatus

Positrons are created in the decay liné?dla. They exit randomly distributed from the
radioactive medium, but still too energetic for fhepose of the experiment. For this reason a
thin parabolic surface of frozen Ne is placed onfrof the Na salt, to moderate and to guide
positrons towards the beam line under a sufficgaitl angle. After this stage a remarkable
part of the apparatus is dedicated to convert gmirmuous flow of positrons frorffNa into
compressed packets. In order to obtain a bunchirpas are trapped and stored in two
similar Penning traps. The first is more orientedtriap antielectrons while the second is
dedicated to accumulation. The working procedurthe$e two stages is quite similar to the
trapping scheme of antiprotons into the 5T maghetyever in this case the stochastic
cooling is achieved using ionized noble gases austé# electrons.

Figure 11 — This picture shows the positrons appatas placed the antiprotons
beamline coming from AD. Positrons’ apparatus is diided in three different stages by
blue boxes. From right to left there is the?”Na source with the Ne moderator, the trap
and the accumulator. After the accumulator, the transfer line on the left guides the
positrons towards the 5T magnet.

This section of the apparatus, from productionuadhing of positrons, is placed over the
antiproton beam line coming from the AD. In partamuhe two lines join before the entrance
of the 5T magnet. Once the number of positrondiia1G-10° the accumulator is ready to
push the antielectrons into the transfer line whequested by the experiment. Bunching of
positrons has twofold benefits. From one side iitasessary to produce as much antihydrogen
as possible in a short while because in AEGIS theeeno traps for neutral particles; in fact
the experimental scheme is first to produce as nantihydrogen as possible at once and then
kick it towards the gravity measurement interfertaneMoreover it is possible to excite Ps
using pulsed light. In fact it is much more conwsmito excite a group of atoms in a single
burst, rather than introducing a continuous flowenérgy that heat up the system. Remember
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that the experimental region where antihydrogegoisg to be produced should be kept at 4
Kelvin degrees and so any unnecessary heat sduwa&lsde avoided.

Positronium, as mentioned, needs to be synthetizéte central region of the experiment,
near the final antiproton trap. Ps is neutral after groduction is free of propagating in the
experimental without being influenced (at last irstf approximation) by all magnetic and
electric fields generated by the magnet and thetrelde of the traps. To maximize the
probability that a Positronium reach an antiprotioa target is placed over the trap to let Ps
diffuse towards antiprotons on the whole lengththaf trap. However in this way the final
positron trap should be vertically displaced wiglspect to the principal beam line where the
antiproton trap is mounted. As a consequence tamgitation should allow from one side to
succeed in positron implantation and from the otbanaximize Ps diffusion in the direction
of antiprotons. The compromise solution adopted tihe target at 30° with respect to the
beam line.

Figure 12 — In left picture the positrons trap is dsplaced over the antiproton beam
line. This trap is used to implant positrons in theSi target. Orientation and position of
the target with respect to antiprotons are shown irright picture. The angular behavior
of Ps is drawn for a pictorial representation only.

Distribution of generated Positronium

The technique for Positronium production has beewelbped at theéDipartimento di
Fisica of Universita di Trento[13-15]. Here we report their experimental and theoretical
results to propose a simplified model for the etioluof the generated Positronium.

To obtain Positronium atoms, positrons are acciddrioward a silicon target where holes
of 5-8 nm of diameter by 2000 nm depth are dug.réAge distance between holes is
comparable to their diameters. These quite rem&kahnochannels perpendicular to the
surface can be obtained by electrochemical etcbirgi in hydrofluoric acid (HF)solution.
After etching the target is exposed to fresh am temperature controlled environment so that
the holes are oxidized in controlled conditionawdr Positronium formation.
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Positrons arriving on the target at 7 KeV (5 ndumation) are implanted on average at 700
nm depth. In metals and semiconductors the formadioPs in the bulk of the material is
prevented by the high electron density and posstramdergoes a random walk of
thermalization with typical diffusion length of alto200 nm. Actual models for the process
suggest that positrons thermalize interacting whith phonons of the crystal. Due to the high
diffusion length and to the closeness of nanochantiee majority of positrons reach the
silicon oxide interface. In these solids Ps foramatis only a surface process: a thermalized
positron diffused to the surface can capture aatrele from SiQ and then be adiabatically
emitted as Ps. The atom has now an average Kkimewrgy beetween one to three
electronvolts, yet it is still inside the mediunulfSequently Ps atoms bounce on walls holes
before exiting; consequently a considerable fracigoemitted at the same temperature of the
target.

Positron implantation depth [nm]
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Figure 13 — In the picture is visible a sample ofhte Si target before the installation.
The plot shows the orthopositronium fraction F, v.s. positron implantation energy
(lowerscale) and mean positron implantation depth pper scale). The continuous lines
are best fits to the data. The vertical line marksthe border between the Si layer with
channels and the Si bulk. The RT curve in a linearscale is shown in the inset. The
error bars are inside the symbols. Different tempeatures correspond to different
thermalization condition of the target.

This technique has been deeply studied for higlpm@duction obtaining a meaningful
cooled fraction of Positronium below room temperati/ariation in oxidation grade, sizes
and distances among channels has been optimizedeb#fe adoption in AEGIS. After
implantation with the target held at 150 K abou%®2a@f positrons produce positronium that
escapes into vacuum. Around 9% of the escapedrpossiim is cooled by collisions with the
walls of nanochannels and is emitted as a Maxweli@am at 150 K. Exiting fraction of Ps
was estimated with a time of flight measurementeclgtg the time between positron
implantation in the target and orthopositronium iaation in flight. These measurements
show that the distribution spectrum of exiting Rosium can be modeled with two
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Maxwellian distributions with different charactdrts temperatures. First temperature is
closed to the temperature of the target and thenskone is one order of magnitude greater.
Tuning of the nanochannel’s size was found to loeial in obtaining Positronium clouds in
vacuum at very low temperature. Ultimate limit dege on quantum laws of Ps atom
confinement in nanochannels that establish thermim energy achievable by Positronium.
For holes of 5 nm in diameter this limits correspao a Ps temperature of 116 K, while for
channels with 8 nm diameter the temperature cdavbered to 45 K.

8 :
{2 O 4keV, T =300 K]
28 10.140 eV ]
D | ) > | T v T T T T
] £ o 7KeV, T=300K
. e i ) 7 KeV, T =200 K -
] S, FWHM =23 ns 8 7 KeV, T=150K
=3 e @ | 9 T=305:10K
1 =) C— r
E 8 70 100 200 300 400 ] % T=1515+15K
5 F o Time of -E i ) "
€ 3 O 7keV,T=300K] @, T=195+10K
£ m T=1425+25K
=3 O
(o] NS
° zZ
- { T 1 §T1=145210K
: 7 keV, T =200 K - =
5] : .  T=1260+15K
10.068 eV
! 7keV, T = 150 K |
,v‘, -
d - e _1 S A ; £ : ! . T v T T T Y
0 50 100 150 200 250 00 01 02 03
0-Ps time of flight [ns] 0-Ps kinetic energy [eV]

Figure 14 — Time of flight measurements and Maxwelldistribution fits. T is the
temperature of the Si target. The graph on the leftshows the time of flight
measurement of Positronium. The exiting fraction ofPs was estimated with a time of
flight measurement detecting the time between posin implantation in Si and
annihilation in flight. The gamma rays emitted by Rositronium self-annihilation were
detected with a Nal (TI) scintillator placed behindan 11 cm thick tungsten shield, with
a slit of 5 mm width. The center of the slit was loated at 8.9 mm from the target
surface which represents the flight path of Ps durig its lifetime. The graph on the
right show the energy distributions of exiting Podironium fitted with two Maxwellian
curves.

Time of flight measurement of Positronium decay borad with the fits with a
Maxwellian distribution can be used to estimate slze of the Ps cloud exiting from the Si
target. Size of the generated cloud had to be takenconsideration for the development of
the optical system for Positronium excitation. haer to obtain excitation laser pulses must
hit at best the Positronium cloud. Indeed it isgilale to figure out the superposition between
the laser and the Positronium cloud as if the lasstaking a snapshot of the cloud with a 5 ns
time exposure. The processes of light generationPanproduction must be synchronized and
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both beam shapes and the delay should be adjustedask the possible experimental
uncertainties in working conditions. Here is gotogoe discussed the typical behavior of the
Positronium cloud leaving the problem of synchratign after the description of laser
apparatus.

For our purposes we will try to reconstruct the eskpental results of time of flight
measurements by combining only one Maxwell distrdrufor Ps atoms speed with the decay
laws of orthopositronium. After this calculation wl express this function v.s. the distance
from the target, rather than with respect to titodigure out how big is the Ps cloud when we
take the “snapshot” with laser pulses.

The probability for a Positronium to exist aftetiraet is given by

_t
T

P‘r(t) =e€
wherert is the typical decay time of orthoPositronium @dqual to 142 ns.

The Maxwell distribution for speed is given by

mys 2 . _ 11,
p(v) = (kb_T> ;vze kepT 2

Since we are in nonrelativistic limit we should egpno dependency of the decay rate on
the motion of Ps. Thus probability that a partiwiéh assigned speadwill still exists at time
t is given by the product of two distributions:

P(v,t) = p(v)FR (1)

Now we must consider that the time of flight measuent has been realized observing the
Ps decay at 8.9 mm from the surface of the tarygeta consequence we must express the
probability density functiop(v) as a function of the distangefrom the Si. Thus

1 /x
P(v,t) > P(x,t) = 7P (?) P.(t)

Notwithstanding the fact that we are completelyaetiarding the double trend in the speed
distribution this function ends up to be a stilceptable approximation of the time of flight
experiment; even when the typical temperature etddafrom the fit of fast Positronium is
substituted into the formula. For this reason wefgr using this simple approximation to
estimate the size of the Positronium cloud exitirgm the target for a given temperature
distribution. As a matter of fact we are interastthe worst case scenario in which Ps is
exiting really fast from the target compressingti# available timings. By now it is not yet
well understood if it will be more convenient tooduce antihydrogen with fast or slow
Positronium. As a consequence we will evaluatehaltypical physical quantities in worst
case approximation using fast Positronium onlyhviypical temperature @f = 1000-1500
K.
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Figure 15 — Time of flight measurement with singleMaxwellian speed distribution
fit. The temperature is estimated to be (1.4 + 0.4)0° K when the target is held at 150 K
while (2 + 1) 16 K when the target is held at 300 K.

The excitation process of Positronium in AEGIS ekpent is described in the following
chapter. Here we just need to mention that therapp@dynamics should be able to perform
the excitation within 20 ns. At this time scales wan disregard the temporal decay
dependence of orthopositronium that we have assufoedfitting the time of flight
measurements. Actually sizes and evolution of tleeicc should be investigated from the

distribution %p G) i.e. accounting only for the Maxwellian diffusiémom the silica surface.
The average and the standard deviation with regpebe distance from the target are

W= [ tr()ar=e 25
8)kb_T

o= R — 0D = oA — o =t (3=

m

The ratio of the two quantities shows that bothapseters are linearly increasing with
time. Thus the ratio is constant showing that therage doubles the standard deviation
((x)/o =2.37). As consequence we define the external eattjas of the Positronium to be

32 k, T
r=2x)=t |——
T m

In fact we can calculate that, under the approxwmnatonditions, 98% of Positronium
atoms are contained inside the indicated distandiis way we have found a simple relation
to estimate the size of the Positronium cloud gitesitrons implantation.
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Figure 16 — Probability density function of Positranium exiting from the target with
respect to the distance x from the target. Temperatre value have been fixed to 1500 K.
Different curve are evaluated for different delay ime after positrons implantation
under the silica surface
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Laser Apparatus

Description

The production of antihydrogen in AEGIS experimetit be achieved mixing antiprotons
with Positronium atoms. In describing the synth@s@cess we pointed out how the adoption
of Positronium in Rydberg states enhances the iogactoss section. Laser apparatus that
should excite Ps atoms has been developed and tdteel aboratorio di Ottica Quantistica
e Laserof Dipartimento di Fisicaof Universita degli Studi di Milanoin collaboration with
the Istituto Nazionale di Fisica NucleareThe laser system has been designed to produce
pulsed light radiation at two different wavelengthke first is an ultraviolet (UV) radiation at
205nm corresponding to the energy separation betgemind state and the level with n = 3.
The second is an infrared(IR) radiation rangingnfra650 nm to 1700 nm that should
produce excitation to Rydberg levels starting from 3 [16-19].

This two-step transition is necessary to allow acpcal and relatively inexpensive
assembly of a laser system together with the dpsgatem, to succeed in the efficient
excitation process of Positronium atoms. In fadiract transition from the ground state to a
n > 20 one would require a deep UV laser radiation. Aisth wavelengths most of the
materials commonly adopted in optics are uselessylting opaque or scarcely reflecting.
Moreover the wavelength is requested to be tunablerder to excite different Rydberg
energy levels as can be required by a suitablergmpetal tuning. These considerations had
led the group to look forward towards the choiceadivo-step transition and to realize the
tunable components in the infrared range.

Laser layout has been designed to fulfill the regmients of two proposed experiments in
AEGIS project, in which Positronium should be eaditto Rydberg levels. Before
experimenting on gravity with antimatter, the eatan process of Positronium is going to be
exploited in a related, but different apparatusth&ttime of AEGIS proposal little was known
about Rydberg levels of Positronium, so a seconmb@xent was thought not only to pave
the way for antihydrogen production, but also teestigate experimentally the energy states
of the Positronium atom in the presence of eleetnid magnetic fields. As a matter of fact, Ps
Rydberg excitation has been recently achieved usidifferent excitation scheme [20]. They
used a two-step excitation process yet, but bripglositronium from the®6 to the 2P as
the result of the first step. In this research thaye been able to excite about 90% of a cloud
of Ps atoms in the intermediate level. At that tithe laser apparatus of AEGIS was in
development, no experimental results were accessdblestimate the effective excitation
capabilities achievable by the system, and veiifypte theoretical prediction [16]. But now,
looking at the experimental results obtained bysiels the theoretical expectations for our
case had turned out to be remarkable conservaireglicting that only the 33-60% of the
atoms would be converted from the ground to thedstates. Notwithstanding the fact that
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the energy transition is different, we could expectAEGIS similar result as in Cassidy
experiment.

Figure 17 — Picture of the laser apparatus (Februar 2013)

AEGIS laser system is based on the pulsed emisdiarQ-switched Nd:YAG laser which
has the role of the pump to generate all the ailaerelengths. Firstly, harmonic generation by
nonlinear crystals is accomplished to produce lpséses at frequencies twice and four times
the original 1064 nm laser line. Secondly, nonlineffects in crystals combine these
harmonics to allow for the conversion of the funéamal frequency into the desired
radiations, matching the transition energy gad2asitronium.

The scheme of the laser system can be logicallyde into four different blocks,
following the layout assembled on breadboards inlaboratory (see Figure 18). The first
part is the Q-switched Nd:YAG laser completed ve#itond and fourth harmonics generation
(from EKSPLA), the second and the third are twoiagbtbreadboards dedicated to the
generation of UV and IR radiation pulses and tls¢ ¢me is dedicated to synchronization of
the two pulses.

A detailed description of the apparatus up to thal fiwvavelength generation is reported in
the Laurea Triennalethesis of F.Ferri [18], who did the final assemblythe first three
breadboards.

In what follows we will give an introduction to nlamear optics to describe the processes
adopted in AEGIS for the generation of the two ®@twmn wavelengths. In this brief
description of nonlinear optical effects we wilsdkgarded the spectral and spatial properties
of the light pulses. Actually, during the pulseease of the Nd:YAG laser, more than one
oscillation modes of its optical cavity is excitédis producing a complicated pulse spectrum
of comb appearance. To obtain detailed resultsréalipting Positronium excitation a more
accurate model of the laser was taken into accduoyeF.Villa [19]. In its phd Thesis, he
investigated this process with an accurate modéh@faser pulse production and a detailed
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description of the energy levels in Positroniumartitg from his results we will give a
simpler explanation of the phenomenon, fitting gimulation trends in two-level atom
approximation.

From the theoretical results regarding the intévacbf light and Positronium we will
extract all the necessary information that havenhesed in the development of the optical
system for Positronium excitation. Subsequentlywuledescribe this system explaining how
the excitation is foreseen to be realized neaattignydrogen recombination region.
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Figure 18 — Drawing of the laser apparatus. The nuimers reported of the figures are
the pulses energies in mJ measurable along the iradited beam lines.
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Nd:YAG laser and Q-switch

The active medium of the pumping laser system MdarAG crystal. This crystal is a
garnet containing Yttrium, Aluminum and Oxygen (chieal composition ¥AlsO12), where
almost one atom of Yttrium triply ionized over onendred is substituted with one ion atom
of Neodymium (Nd™). This type of laser can be pumped with laser eodt 808 nm or
incoherent light due to great absorbance windothénspectrum. Nd ions absorb the radiation
from the external pump and get excited. The abgorpbands are coupled by fast
nonradiative decays to the metastaifig, level from where the decay to the lower | levels
occurs. However, decay rate of the latter is muotver (0.23 ms) than that of the former,
because the transition, in the isolated ion, iditlmen via electric dipole coupling and
becomes weakly allowed due to the crystal fielcerimttion. This means that levéfs,
accumulates a large fraction of the pump powerisuticerefore a good candidate as the upper
level for lasing transition. Furthermore the stresigtransition from this level is found to be
toward *l11/» , which is then coupled by a fast (hundreds of m®)radiative decay t8lg,
ground level; so that thermal equilibrium betwebase two is rapidly established. In this
picture an optical wave can be amplified cohereifiitg frequency corresponds to the energy
gap of*Fs» - *lg;» transition. As a matter of fact such a radiatibmslates the transition in
both directions and Nd atoms thy, state can absorb a photon to get into the highesl.|
However, in the classical four-level scheme, thattkéhe pump and nonradiative decays
effects the density of Nd atoms ffs, state can be easily kept greater than thatlgf
favoring the amplification process. This workingnddion is usually called population
inversion because the density per unit volume efidins in the upper level is greater than the
density of the lower state.

If a pumped crystal of Nd:YAG is inserted in a negot optical cavity with a small
transmission mirror, the pump and the emissionndeffiects compensate each other, and the
laser can reach a stable working condition. Esaliytbne has light amplification governed
by stimulated emission, because photons are alldtavédunce back and forward. To operate
in this Continuous Wave emission, pump energy (@ollation inversion) must overcome a
threshold value dictated by cavity loss. The higherloss the higher the threshold will be.

However for AEGIS purposes a pulsed regime has h@eferred to generate light
radiation and excite Positronium in a few nanosdsponly when atoms are actually exiting
from the silicon target. This solution allows geaterg light radiation only when needed and
enhances the nonlinear behavior of the crystalptaddor harmonics generation.

The pulsed laser operating regime selected forpihipose is the so-called Q-switch. This
regime is achieved modifying abruptly the cavitysdoproperties, hence changing the
threshold for laser emission. The mechanism ofpiised emission is as follows: at first
photon losses are strongly enhanced in order tp kery low the rate of stimulated emission.
Hence the threshold for light amplification is vémgh and the pump can excite as much Nd
atoms as possible. When the active population éashed a desired maximum, the cavity is
“switched” towards a state with very low lossesndewith a lower amplification threshold.
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This change of status triggers a sudden stimuliegétl amplification in cascade releasing a
powerful burst of light in a short while. The cavibss change is very difficult to be obtained
mechanically and normally is achieved by using gpeevices called optical modulators (see
below).
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Figure 19 — Plots of physical quantities of the las during pulse release process with
respect to time. Plots are in arbitrary units whennot specified. (from EKSPLA NL300
Series Laser manual). (1) Trigger electrical pulse(2) flash lamp intensity (3) voltage
applied to the Pockels Cell; (4) light pulse releasl from the cavity.

In this process it is not requested to releasereoidéight in a steady state condition and as
consequence mirror design and pumping method chstemtially differ from continuous
wave laser. Curvature radii of mirrors in cw syssesine usually chosen in order to reduce the
geometrical loss of the cavity by containing beaiveidjence (stable cavities). This is
particularly useful in containing pumping energynsomption, which must constantly
compensate the exiting power. However in theseigordtions beam diameter end up to be
pretty small, below 1/100 of cavity length, andyoaktive media of comparable sizes are
really worth to be used. In case of Q-switch regraeity losses could and should be much
higher with respect to continuous wave emissioronfrone side, while the stimulated
emission process is precluded, the density of Mchatin®Fs, level (upper lasing level) can
greatly exceed the threshold value for cw emisgions enabling the amplification operation
for a short amount of time. Then to obtain shorispuduration loss should be suitably
adjusted in order to release light quickly aftez #nd up of the amplification process. As a
consequence configuration of the resonant cavitydcbe unstable, as opposed to cw laser,
thus opening the possibility to adopt bigger cryatad bigger cross dimensions of the output
beam.
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Following laser operation, pump is not supposeddocontinuously too. In AEGIS laser,
the active population of th& s, level is realized by a Xenon flash lamp. With arking
frequency of 10Hz the flash lamp excites the Ndsiamd, when needed, it is possible to
switch the status of the cavity losses to relebsetlse. The 10 Hz working frequency of the
lamp is necessary to heat up the cavity and th& A@; but the pulse can be released at will.
The regular operation of the flash lamp reduceputuenergy fluctuations that otherwise
would compromise the working efficiency of the emtgystem.

In typical operating conditions the laser generatgrilse of 5 ns length jittering, exiting
the cavity after about 0.5 ns with respect to tketecal trigger signal.

The sudden change in optical cavity loss properiseachieved thanks to a nonlinear
element that modifies its physical properties bpligption of a voltage difference. In the
pictorial representation of Figure 20 this devigpears like a parallelepiped closed inside
two electrodes forming a plane capacitor, whichtidrithe birefringence of the medium by
means of the so-called Pockels effect.
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Figure 20 — Pictorial representation of the activeQ-switch realized with the
combined system Pockels Cell — Brewster Plate

The Pockels effect relates to the change in theg¥e index of a non-centrosymmetric
medium when a DC electric field is applied. Letassume to orient the cavity of the laser in
the z direction, hence having an optical wave [darin the x-y plane. We insert into the
cavity one of this special medium, specificallyraaxial crystal with the optical principal axis
coincident with z. The medium has a thickness | andC voltage of V could be applied
between the exit and the entrance surfaces. Thatieguor the refraction index ellipsoid for
the medium can be expressed as follows

xZ +y2 ZZ

o pay o
nz R

ng

where r is a proportionality coefficient that indies the strength of the nonlinear effect
while n, andn, are the ordinary and extraordinary refractiveg¢edi In our configuration the
transverse section of the ellipsoid is an ellips®se axes are inclined at 45° to the x and y
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axes. The lengths of the semi-axes, which reprdbentefractive indices of the two mutually
orthogonal polarized fields propagating in the @diion are

~ 1 2 4
ng = ng (1 i§n0r7>

The nonlinear medium therefore behaves as a wate, pthose strength can be controlled
by varying the applied voltage. The Pockels effatbws controlling electrically the
polarization properties of a light beam and thighes basis principle of the Pockels cell. Using
the cell as an adjustable quarter wave plate ipassible to create an optical switch,
combining the polarization rotating effect with algrization selector, like a Brewster plate.
In fact, this last element allows propagation witkiie resonant optical cavity only for light
with fixed polarization; if the polarization is aied, light cannot propagate in the cavity but is
reflected away, thus increasing cavity energy les$be performance achievable by this type
of system are very well suited for a sudden charidle loss status of a laser cavity, since the
Pockels cell can switch in less than one nanosecond

Nonlinear optics for frequency generation

Many applications of coherent radiation requirdigmission at a specific wavelength for
spectroscopy targets. Indeed electromagnetic wasesinduce a transition between two
atomic states, under the assumption that the radiftequency corresponds to the energy gap
between the two levels. These requirements hadesigiantists to develop several techniques
in order to obtain at will radiation over a widenge of wavelengths in the electromagnetic
spectrum. To achieve this goal it is possible toode a specific active medium to generate
the desired frequency, or to modify the wavelengtter generation. The laser system
developed in Milano adopts this second solutioartisty from the energetic photons of the
fundamental harmonics of Nd:YAG at 1064 nm.

Laws of classical optics can be used to refleatyey or focus light at any wavelength, but
cannot be used to convert one frequency into anoH@wever it is possible to find some
crystals in nature that shows nonlinear behavicewiorced with an external electromagnetic
field.

In many real atomic systems, electrical polarizafipinduced by an electric fielf; can
be expressed as a Taylor series expansion:

Pi = GOXijEj + 2€OdijkEjEk + ..

where the coefficients are called susceptibilitigse first coefficient is the linear dielectric
response of the medium. The coefficidpy, describes a second order optical susceptibility
and it is found to be totally symmetric, i.e. itimvariant under reshuffling of its subscripts.
This nonlinear response gives rise to numerousest@g phenomena and can be used to
transfer energy between radiation beams at difteh@guencies. As a matter of fact the
tensors is normally quite simple, being null for most camdtions of i, j and k subscripts. As
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an example we can take the two types of crystalsate currently mounted on the laser table
which are KDP and BBO. The non-zero elements of KidRlinear tensor have subscripts
(1; 2; 3) like d423 = 0.39 pm/V while for BBO the non-null elements atg , = —d;,, =

2.2 pm/V andd, 3 = d,,3 = 0.08 pm/V and their subscript reshuffling.

A radiation wave equation depending on nonlineam$ecan be obtained by expanding
Maxwell equation for the curl of the magnetic field

oD 0
VXB=.U0]+.UOE=H0]+M0a(GOE+P)

Using the vector potentid in Coulomb gaugeVW(- A = 0) and assumingj = 0 the above
expression becomes

V?A = 9 04 + P(A)
~ THoge\ f0ge

Now, using the expansion férand separating the linear expression from theimest
one

1+

10%4; _, 0 (0A; DA,
Zoz VAT 2ekodin g\ o0

Let us assume forcing a crystal with three diffeneaves of frequencies; , w, andws .
Necessary condition to mix these waves inside tlgstal is to select suitable wave linear
polarizations as required by nonzero coefficientthad nonlinearity tensor. Following this
requirement, we can simplify all the mathematicahtment by taking polarized plane waves:

Ak :Alei(klz—(l)lt)
A] :Azei(kzz—(l)zt)
Al — Agei(k3z—(1)3t)

Moreover we can assume that the amplitudes othttee tfields are not depending on time and
that they will mix each other along the whole caysThe left hand side of the modified wave
equation becomes:

n? 9% 92 . n? %2 9%\ . 0A; 0243\ .

ksz—wst) _ ksz-wst ; 3 3 ksz—wst

<c_2ﬁ_ﬁ>‘l3el( D = 4 (ﬁﬁ‘@)e“ s +(2‘k3¥‘ﬁ>el( s
with similar equations foA; andA4,. The exponential derivatives of this relation daa

2
simplified using the wave dispersion relat’cré;rm2 —k? =0 and we can also employ the

043

2
spatial slowly varying approximation by assumi%g‘qz—3 K ks -
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The nonlinear wave equation ends up:

dA3 — d w1w2w3 A1A2ei((k1+k2—k3)z—((1)1+(1)2—(1)3)t)

dz 2k,

In this expressiod accounts for the suitable chosen element of neatitensotl, ..

As stated by this expression, energy transfer antbegamplitudes of the three fields is
controlled by the phase factei{(kitkz—ks)z—(w1+wz~w3)t) that regulates the energy flow in
constructive or destructive way. As a matter ot thcs phase term oscillates on micrometer
and picosecond scale for almost the totality of tmee optical waves combination. As a
consequence we observe only tiny nonlinear effe¢ha phase of the exponential is not
sufficiently constant. In the case in which we angerested, that is generation and
amplification of a signal at the frequeney by pumping with the other two waves, which in
practice are nearly undepleted during propagatiae crystal, we can neglect any variation
of A; andA, coefficients and assume for energy conservatianah+ w, — w3z = 0. The
amplitude difference afl; exiting from a crystal of length L will be

sin (M L)

k1+k2_k3

L
AAs o A, A, j dz elitka=ks)z o 4.4,
0

From this result it is clear that if we would emploonlinear crystal to obtain frequency
conversion we must turn this oscillating behavidoia coherent and constructive effect. One
solution could be to use an appropriate birefringeystal in which the conditiok; + k, —
ks = 0 can be realized, hence operating in the so cplh@de matching condition.

Signal amplification can be profitably performed bsing phase matching conditions in
nonlinear crystals, but for frequency generatiorntuins out more efficient, for various
reasons, a different method. In fact, it is posstbl superimpose several layers of crystals so
thin and suitable prepared to obtain an overalktroistive effect in harmonics mixing.

These types of crystals are called periodicallye@and their regime of operation is called
Quasi Phase Matching. In practice whsin (@L) turn to negative amplitude

variations, the light beam cross to a differentetayith inverted crystallographic axes,
allowing the function to start growing again. Comgzh with the perfectly phase-matched
case, QPM leads to lower conversion efficiencyhé@ honlinear coefficient is the same: the
effective nonlinearityl, ¢ is reduced by a factor of/z. However, QPM makes it possible to
use the same polarization direction for all intérayr waves, and this often corresponds to
using a stronger element of the nonlinear tensor. AEGIS laser, for example, two
periodically poled KTP crystals (PPKTP) are empthy&heir birefringent phase matching
(ordinary phase matching) can be exploited with, =1.95 pm/V andd;,,=3.9 pm/V,
whereas QPM normally uses the higligs; =15.3 pm/V, which effectively results in 9.7
pm/V taking into account the/Z factor. Thus usings;; is a significant advantage with
respect to the other coefficients. A second adygnisithe typical propagation direction along
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a crystal axis (noncritical phase matching), sa thaatial walk-off is avoided, and the
acceptance angle is large. Further, the quasi-phasghing period can be adjusted in order to
have a convenient phase-matching temperature.cintie output of a precise frequency is
obtained tuning crystal temperature to an apprapxialue.

Figure 21 — Comparison between the gained intensityn phase matched (A) and
guasi-phase matched (B crystals with equal nonlinear coefficient. Notice the
oscillatory behavior of the quasi-phase matched anigication induced by the
periodicity of the crystal.

In AEGIS laser system both type of crystals aredudmut we will concentrate for the
mathematical treatment on the simpler case of phmatched crystal. Sincé;j, is a
symmetric tensor the other two equations%frand% are essentially the same as the one
for %. These three equations show that chosen one dhitbe waves, its amplitude suffer
increase or decrease depending on the produce aftkier two waves.

Finally, with energy conservation and phase matghalation we are left with three coupled
differential equations:

dA; W1 W, W3

= A A
dz c2ky M2
dA; W1 Wy W3

=d A A5
dz 2k, 173
dAy WLW,W3

= ASA
dz 2k, 3

Starting from this system we can have a brief aeervover the physics of wavelength
generation to excite Positronium in AEgIS.

To produce the 1650 nm radiation, correspondinthéotransition between the third and
Rydberg levels in Ps, a nonlinear process calletdc@pParametric Amplification is used.
Here the fundamental harmonic of the Nd:YAG is uasc pump for generating new waves,
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one the 1650 nm and the second at 3 um. In thisepsoa photon belonging to pump waye

is “down converted” in two photons of lower energgrresponding to the idler wavds and
A,. For this case we will assume that the amplitudée (strong) pump is not depleted along
the crystal and so we are left with the coupleted#ntial equations

dA, W1W, W3

= A A
dz 2k, 173
dA; W1 Wy W3

= AzA
dz 2k, F

Taking the second derivatives of the second equatima substituting the result into the
first we obtain a second order differential equatiath constant coefficient:

d?A W1 W, W 2
21 — (d 1 22 3 3)
dz c kik,

Ay

The solution of the differential equation féy indicates that the amplitude undergoes an
exponential grow and we find the following reswdtaafunction of the length of the crystal:

Ay o« si h(d P12285 4 L>
1 & sin sz 3

The differential problem was solved assuming aablst initial condition for the signal
amplitude. In particular the process is called €gtParametric Amplification (OPA) when
an amplification of a preexisting harmonic fieldperformed. If the initial field is negligible,
as in the case in which only quantum vacuum flucdna are present, the process of creating
new waves using this nonlinear effect is calledi€ptParametric Generation (OPG) and
should be investigated in quantum approximation, ctmrectly evaluate the energy
fluctuations of the new waves.

In AEGIS laser system the OPG of the 1650 nm ise&ell by using a periodically poled
crystal. Unfortunately periodically poled media Bdewer damage threshold than ordinary
crystals. As consequence the harmonic buildup babet realized in two-step adopting
different type of materials. First the OPG geneva@@ulse seed that subsequently is amplified
with an OPA system made by two KDP crystals. Thistson, compared with that of a single
crystal system, has the advantage to reduce thalgignoise ratio of the output pulse. In fact
field fluctuations during the amplification procese proportional to the square root of the
number of photons that composes the pulse. Thus ©y&ms, working at low light
intensities suffer from fluctuations of quantum uvat but the subsequent amplification
depress this secondary effect.

The apparatus that generates the 205 nm radiatsa dor the first transition of
Positronium can be summarized as follows. The sk¢@mmmonic of the laser is used in an
OPG-OPA system, with the same scheme employed anirttiared subsystem described
above, to create a 894 nm radiation. The 894 neopmbined with the Nd:YAG’s fourth
harmonic building up a 205 nm radiation pulse vexjiency sum process (SFG). Thus at the
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end of the UV breadboard two photons belonging 894 nm and 266 nm beams are “up
converted” to generate a more energetic photo@anan.

In this case we model the generation process bgidernng two beams of amplitude
Ay = Ay — 64, and A4, = A,, — §A, and wavelengthw; = 266nm andw, = 894nm to
obtain a pulse at 205nm using a BBO crystg). and A,, are the values of the fields at the
entrance of the crystal, whi, andéA, accounts for small amplitude depletion inside the
medium. The differential equations for nonlinearystals can be expanded in this
approximation disregarding all the second ordensgeike A,;64, ,54;4; and §A4,A; .

dA;  wiw,w3

dz =d C2k3 (A10A20 - SAIAZO - A106A2)

d(64;) p W1 Wy W3

= —d ———4;,A
dz 2k, 1073

d(64;) —_d W1WywW3

——A4,04
dz c2k, 203

Differentiating the first equation and simplifyinge get:

d?A, wiwowz 21 (1 1,
dz2 = (d c? ) k_3 <k_1A20 + k_2A10>A3

The first and second order equations should be bwdbtogether to obtain for the
generation of;

aA{pA
Az = 21 107720 - sin <L \/a3(A§0a2 + alA%0)> (2)
with a; = d 212202
]

This result, obtained in low depletion approximatidhave been used to fit the output
power of the 205 nm as a function of the pulse pafehe fourth harmonics of the laser as
shown in Figure 22.

If in the SFG the pump waves are oscillating atdfeal frequencies, the nonlinear effect
Is called Second Harmonic Generation, but its nma#teal description does not change with
respect to SFG. In this experimental scheme onéyradiation is needed rather than two and
the nonlinear output is the “second harmonic”: Weeve that oscillates at double frequency
with respect to the fundamental. In AEGIS systemGSH used to convert the 1064nm
radiation into the second and fourth harmonic. TKIOP crystals are placed near the
Nd:YAG laser cavity, the first one to generate ¢ineen pulses at 532 nm which is then used
to obtain pulses at 266 nm.
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Figure 22 — Power output of the 205 nm pulse withaspect to the incident power of
the 266 nm. The continuous curve is obtained by aitfusing (2), taking energies as
squared amplitudes. In the fit only values of thenput and output powers have been
used as they are reported of on the plot.
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Positronium excitation

Light Interaction with Positronium

Thus far we have discussed about the nonlineactsffthat are adopted to generate the
correct wavelengths for Positronium excitation. ldoer we have always imagined that the
laser was working only on one frequency and thatosum cloud is accepting only one
plane wave to stimulate the transition. This of reeuis not the case occurring in the real
experiment. From one side it is not possible talpoe pulsed light with spectrum restricted
to only one frequency, as it is against the ungdstaprinciple of Fourier transform.
Furthermore the Positronium exiting from the siliaeget will perceive a Doppler shift of the
incoming light due to its motion component in lighitection. Finally we need to estimate the
power that the pulses have to release to the cioddgd we should expect that the saturation
of the transitions for Positronium excitation wile favored using a suitable intense beam
rather than with few photons.

For this reasons it is necessary to present sosutseabout the interaction of light with
Positronium, to show the requirements the lasetesyamust fulfill. The core theoretical
results on Ps excitation are reported in [19] ab@, [L7]. Here we show their conclusions
reducing the excitation model within the framewofla two-level atom system. The model is
hence adopted to link laser pulses power to exmitgdrobabilities.

Excitation of Positronium is strictly depending ganerated wavelengths that should be
tuned according to the atom energy transitions @newels. As a matter of fact we have
found in the previous chapter a relation for thergg levels in hydrogen-like approximation,
and we can use it to establish the frequency bt ligat stimulates the transition between the
ground level and the family of levels with n = 3:

_E3_E1_1meCIe 3
vVE—p—=1g hZe? ~ 1.4622-10° THz
The corresponding wavelength in vacuum associaetthis frequency is 205.026 nm .
However the energy band to cover a Doppler broadeaf the line at 100 K is 4#0° nm
(FWHM) corresponding to 300 GHz. Broadening dueMotional Stark effect for the

transition 13 is negligible in respect to the Doppler broadgnin

Positronium exiting from the target is expectedbt randomly directed, thus having a
momentum spread along the incoming light path, iscparallel to the target surface. This
motion is the relevant component of the speed et to be evaluated for the Doppler
broadening of the transition. To be precise, Pasitm beam involved in antihydrogen
synthesis represents only a part of the full cldbdse directed under a very little solid angle
in the region where the antiprotons are trappedsThe Doppler broadening to be considered
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could be reduced by a factor of ten. On the otladhthe laser is going to be used in other
experiments within AEGIS, like to investigate Rydipdevels of Positronium. Therefore the

radiation is designed to cover the entire Doppleratlened line accounting for a random
scattering of Positronium departing from the sili@eyet surface.

The correct light intensity for transition satucatiof the Ps cloud can be derived with a
suitable model for incoherent excitation of a sienplo-level system. In our approach to the
problem we will consider the flug of the incoming photons as constant in time. Shateal
transition between levels is due to the intenditincoming light weighted by EinsteiB
coefficient. We will calln; andn, the population densities of the ground state aedekcited
state respectively, that sum up to Positroniuml iéasity n = n; + n, . We can write the
rate equations of the combined two-level system as:

dn,
ar B¢n, — Bon, = Bop(n, —ny)
dn,
ar B¢ny — Bpn, = Bp(n, —n,)

where we neglect spontaneous emission. The diiferdretween the two differential
equations gives:

d

E(nl —ny) = —2B¢p(ny —ny)

Starting at = 0 with a completely unbalanced situation, wheretthal densityn is in the
ground state £, (0) = n and n,(0) = 0) we obtain

n
n—n,=ne B — n,= 5(1 — e™2B%t)

Assuming constant intensity and uniform density probability to find a Positronium
atom at excited level after a times:

1
p= E(1 — e_F/Fsat)

To keep the formula simple we have expressed thieahility as a function of the fluency
F that is the energy released by pulse per unit drlea formula assumes the existence of a
saturation value for the fluend¥y,, that fixes the exponential behavior of the proligbiln
the case of the two-level system wher: F,,; this probability is 43%. For systems having
more than two levels, the coefficient 1/2 in fraritthe expression may have bigger values
favoring the excitation process.

Simulation of excitation process performed by Falita was realized taking into account
more complex experimental situations. His resuitsthe transition 3 are represented in
Figure 23. In this model the laser radiation haeerbsimulated from generation into the
cavity passing through all nonlinear crystals, @Hlositronium energy levels have been split
according to Zeeman and Motional Stark effects. Ukation has been realized using a
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Gaussian beam of FWHM of 3 mm. As a consequenceltidas expressed as a function of
the total pulse energy, whilg,; is the energy saturation value extracted fromfiherhe
good approximation of the fit suggest that the Itssof the simple two-state model can be
extended to more than two levels adjusting theaverultiplicative constant; that in the two-
state system was fixed to 1/2 .

—e— 10 GHz
—&— 30 GHz
70 | —— 60 GHz T T T

4— 90 GHz : :
—¥— 120 GHz
60 H 150 GHz
—+&— 200 GHz
| —¢— 500 GHz -
50 H —— 1000 GHz |... (... »].

% excitation

1
Energy (uJ)

Figure 23 — Result of simulation with a detailed mdel for the Ps transition from
ground to third excited levels. The plot shows thenaximum percentage of Ps excited
for different laser linewidths. Simulation assumesa 1T magnetic field, 510" m/s Ps
velocity, laser pulse with a FWHM of 3 mm. The intepolating functions are best fit
with an exponential saturation proportional to (1 — exp(E/Eg,;)), i.e. the same trend of
the two levels system.
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Figure 24 — The graph shows isofluency curves witlhespect to pulse energy and
FWHM of the beam in Positronium region. Values of he fluencies are chosen to match
various excitation probabilities for two different values of the linewidth, as specified in
the legend. The above scale is reported for an ea$y-use read out of the plot. It
indicates the energy of the 205 nm pulse measuredter the generation crystal.

Figure 24 is obtained reorganizing data presentedrigure 23, and describes the
interrelations between among pulse energy, linedwaith, spot size and excitation
percentage.

The results about Positronium excitation show that spectral window of the 205 nm
pulse is a critical quantity in predicting the dation percentage of Ps. For this reason a
careful study of this linewidth has been done dytime assembly of the laser system [18]
determining upper and lower limits for its value:

120 GHz < Ajp05 < 300 GHz

These limits come from mathematical arguments aodh fa direct measurement. The
spectrometer used for laser tuning performs measants of the radiation wavelengths in air.
Air's index of refraction is little, but not nulgnd disregarding its value lead to a frequency
bias of

c C

1
AV—Z—E—V<1—;>Q'428GHZ
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This is a value 3-4 times bigger than the linewiddundary values and greater than the
Doppler broadening for the transition. This makes ¢orrection worth to be considered. The
corrected value for the wavelength that must béosghe SFG of the ultraviolet is:

c
A*=—=204.966 nm
nv

In the case of transitions from n = 3 to Rydbergele the energy gap is particularly
influenced by the Motional Stark effect and so tfrequency broadening of the
electromagnetic field cannot be calculated withdimeple formula we used in the case of the
transition 3. At 100K, with a magnetic field of 1T, the strut of the possible transition
energies is almost continue with a broadening @uald0 nm (1 THz): a linewidth much
bigger than due to the Doppler broadening effedd.044 nm). From detailed simulations of
the transition the saturation fluency has been utated to beF,.(n - Rydberg) =
0.98 mJ/cm?. Actually for n > 16 states the saturation fluerfigy the transition is slowly
depending on n and on the impulse duration andddéygendence can be disregarded in first
approximation. The bandwidth range from 1 to 4 nas lbeen chosen as a compromise
solution to obtain both maximum excitation of Pd @oncentration in a few final states.

Synchronization

To obtain excited Positronium it is necessary light pulses cross at best the Positronium
cloud that is exiting from the silica surface. Herthere are both geometrical and temporal
constraints that should be considered in develofliegaser and the Positronium generation
apparatus.

The flash lamp of the Nd:YAG master laser workshi@ range of frequencies between one
to ten Hz. As a matter of fact the combined systamp-rod produces stable pulses within
5% energy pulses after held to working regime feerchalf an hour. For this reason the
timings of the flash should be as much regularassiple and furthermore they cannot exceed
the 10 Hz frequency. On the other hand once thérpos are stored in the trap they have no
practical timing constraints and can be fired dt twwvards the silicon target. These facts lead
to the necessary conclusion that the flash lamptitegm rate should be the master clock for
the experimental timings.

The problem of the synchronization circuit is déssd in details in the parallel master
thesis of Ruggero Caravita, here we will reportydhke key features of this trigger circuit that
has been used in the development of the optic&sys

The project of the circuit is based on a few signekchange between the positrons
apparatus and laser system to activate the PoCledlisi.e. to release the pulse at full energy
only when positrons apparatus is ready to shooemgositrons are ready (rising edge signal
in input to the circuit) two signals are generatede for the Pockels Cell and one for the
positrons trap. As mentioned, the master clockhaf tlash lamp is fixed, so the signal
directed to the laser is synchronized to this clan#l is regulated to release the pulse at full
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power. In the meantime the signal to the positiwap is released too, but in this case the
rising edge can be anticipated or postponed witipeet to the master clock. The precise
value of the delay is digitally adjustable and Ww#l regulated while realizing the experiment.

lom

positron

tpin

-

m

/oty \ :
laser —2. ‘

positron

out

Figure 25 — Timing diagrams of the laser trigger.t; is the tunable delay time
between laser output and signal directed to positmos’ trap and can be adjusted with 2
ns precision. All timings can be regulated at willwith 8ns precision, butt, and t; are

adjusted to obtain respectively none or full poweiof the pulse.

For the development of the optical system it isassary to consider the jitter of both laser
and positrons apparatus with respect to the trigggral. This fluctuation in the dynamics
should be compensated with the optical systemedtfessary the beam spot near the silica
surface should be adjustable to cover all the aolees. However the positrons trap of AEGIS
has not been tested yet and we only have a roughag®n of 5 ns. On the other hand we had
the opportunity to measure the jitter of the Igselse release. Our measurement performed
with a 1 GHz oscilloscope shows that the pulsetabls below nanosecond precision with
respect to the electronic trigger edge. Thus wes ltansidered this uncertainty negligible for
the purpose of the optical system project.

Optical system for Positronium excitation

Excitation of Positronium is foreseen to happeth&central region of the experiment that
cannot be accessed directly with any laser radiatithe silicon target for Positronium
production and the recombination trap are placethatcenter of a cylindrical magnet and
nothing is allowed to pass through its coils. Asoasequence cables, scintillating fibers and
light are constrained to bypass this obstacle deioto get in the central region. In particular
the access to the inner part of the experimentasiged by two concentric flanges placed
between the experimental regions of the 5T and Agmats. The first flange separates the
room environment with the first pre-vacuum layeldhat liquid nitrogen temperature and at
10° mbar, while the inner flange separates this prewm chamber with the Ultra High
Vacuum region at 4 K and 1®mbar.
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To get through the two flanges and constrain |lgadses to the central region we
developed two different optical systems. The pig@coptical paths are aimed both to
transfer and to synchronize the infrared radiatioth the ultraviolet light. The IR pulse is
guided with one optical fiber. The fiber has andé@nector on the side of the table and get to
the central region thanks to two “feedthroughs’e dor each flange. The UV instead is
brought near the silicon target in free propagati@ming prisms to change the beam direction
like done by mirrors in ordinary applications. Tlpsise gets to the UHV region on the
horizontal plane through two viewports (type 63CF).

In the following paragraphs we will describe fitste optical system of the infrared
radiation. Than we will show the experimental réesthat led to the development of a second
and different transfer line for the ultravioletnglly we will give the description of the optical
solution adopted for the 205 nm radiation, discugpshe synchronization between the two
pulses.

Figure 26 — Picture of the communication flanges wh the central region during the
assembly. The crane is holding the trap from the iternal flange. Since the fiber has to
be inserted from outside and cannot be pre-mountedhe crane must hold the trap
during the entire operation.
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Transfer line for the second transition of Positiam

The infrared radiation is needed to excite Positnonfrom the third energy level to
Rydberg levels. The description of the infraresh$g@ort should follow that of the UV needed
for transition between ground and n = 3 levels, foutthe purpose of explanation will be
described first. Typical wavelengths correspondmghis transition are in micrometer range
(1650 nm). At these wavelengths the absorbance ramditivity of the standard optical
components are very reliable, allowing solving trensport problem with many different
solutions. Among the various possibilities we hatesen to guide the infrared light by an
optical fiber. As a matter of fact an optical fibmeems to be well accommodating for the
needing of the experiment. From the optical tablthe central region fiber can bend the light
path thanks to its flexibility, bypassing the magmeth low requirements. Moreover the
alignment could be controlled only on the opticlé disregarding the apparatus movement
during the assembly operation. Indeed the corrigghraent is realized on the optical table
directing the beam at the entrance of the fibesugh a focusing lens.

This fiber is going to work in the wavelengths rargetween 1600 and 1700 nm. Since we
only need power transfer without stringent chamsties on the pulse, we adopted a
multimode fiber choosing the cross section dimamsias a good compromise between the
damage threshold and flexibility. Thicker fibersrbahigher damage threshold, but they lose
in flexibility being limited in the radius of curtiare. We have adopted a fiber sold by
Thorlabs company model FG273LEC. Further detailsualthe physical quantities of the
chosen fiber are shown in Figure 27.

From the optical table to silicon target only onenttnuous fiber is used. After the
assembly of a 220 cm fiber only 20-30 cm existenfithie external flange, sufficient enough
to arrive on the optical table. There a double B@nector is installed to join a second fiber,
15-30 cm in length, which is used for the alignméiite end of the short fiber is coupled to
the infrared radiation through a focusing lens (L& cm) with the help of a translational
stage; in this way the head can be moved in thaeplathogonal to beam looking for
maximum coupling efficiency. Indeed the optimal glng condition is recognized thanks to
the fiber junction. In fact the position of the shitber is adjusted while measuring the power
output on the opposite side. After the maximum o is realized the two fibers can be
connected together. This double fiber path is thsesful for the alignment, and is adopted
although it introduces a 10% power loss in the fumc Consequently the overall
transmission coefficient of the line is 25%.
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FG273LEC |273 +10 pm | 300 + 6 pm | 325 + 10 pm | 420 + 230 pm | 0.22+0.02 | 2.0 MW 0.4 kW 6 pm 11 mm / 22 mm T12818
FG365LEC | 365 « 14 pym | 400 + 8 ym | 425 + 10 pm | 730 =30 pm | 0.22£0.02 | 34 MW | 0.7kW 7 pm 20 mm /40 mm | T21531
FG550LEC | 550 + 19 pm [600 + 10 pm | 630 + 10 pm | 1040 + 30 pm | 0.22+0.02 | 7.6 MW 1.5 kW 9 pm 30 mm / 60 mm T28546
Based on 5 GW/cm® for 1064 nm Nd:YAG laser with 10 ns pulse length and input spot size equal to 80% of the core diameter

bBased on 1 MW/cm? for 1064 nm Nd:YAG laser and input spot size equal to 80% of the core diameter
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Figure 27 — We have adopted a fiber sold by Thorlab company model FG273LEC.

The attenuation curve of interest is of FG200LCC. @ble and figure are taken from
Thorlabs catalogue with minor modifications.
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Figure 28 — Measurement of the fiber efficiency inIR pulse transmission with
respect to time. Laser pulse emission was at 10 Hepetition rate. Reported from [18].

The transmission coefficient of the line has tocdoasidered remarkably stable because
only a few optical surfaces are involved. This feeduces the attenuation effect of dust and
therefore the optical system requires only a fewnteaance works. However aside these
advantages the installation of the inner fiber suaut to be complicated by the assembly
procedure of the two cylindrical flanges. From @de the fiber has an FC connector which
forces the installation to be executed from thacaptable to the central region. During the
assembly the fiber is passed first in the outergé then into the second flange; after that is
arranged the bypass of the magnet to finally rebehPs excitation region going parallel to
the trap. Obviously the inner and the outer flaage supposed to be moved one with respect
to the other during the assembly operation of AE®I& the fiber introduces a fragile link
between the two that cannot be easily removed. Asider of fact for the assembly purpose
all cables that gets to the central region are Bptwo, one group go from the inner flange to
the trap and the others complete the cabling titsiole. Moreover the inner flange supports
mechanically the trap so that, when everythingigalled, the crane of the AD Hall can drop
the entire piece near the 5 T apparatus, wheréiahge is going to be screwed on. However
this fixing operation occludes the experimentaioagvhere the bypass of the magnet should
be arranged. At the end all this happening leavig ane possible situation to perform the
installation of the fiber. It is installed when theane is holding the trap in the experimental
region near the 5 T magnet. In this case both #argye sufficiently close for the fiber to
complete the entire path, and it is possible talg@uhe fiber completely from outside to the
central region.
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Figure 29 — Flange with feedthrough for optical fiker

The optical fiber is held near the silicon targathwan aluminum fixed support. This
support was designed to hold three fibers diretdedrds the Ps cloud. However during the
assembly operation the lower fiber support has beamved due to interference with the
positrons beam line. For the assembly the fiberdhsapre-mounted along the axis of a
cylindrical bar of 2 cm length; where the fiberfised by a thin elastic metal slab. The
cylinder is then locked on the holder by a screwtlsat the fiber head is hold at the
appropriate distance from the target. This distaaaghosen to obtain the correct size of the
spot on the Ps cloud. The numerical aperture 1&50aser radiation have been measured to
be almost one half of the value in the datashdw®t. divergence of the exiting beam is such
that after 1 cm from the head of the fiber the FWKNMf 3 mm. Hence during the installation
care should be taken to fix the fiber at the destlistance in order to adjust the spot sizes on
the Ps cloud. Like the ultraviolet the excitatidfeet of the infrared light can be modeled as a
transition between two energy states with satunaflieency of 0.98 mJ/ctm. Thus the laser
output power should be regulated to overcome thisnty value considering the actual
FWHM of the beam near the Si target.
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Figure 30 — Holder to fix fiber position near Positonium excitation region

For the purpose of synchronization of UV and IRspslwe measured the delay introduced
by the fiber. The delay in fact is used for caltinig the length of the entire optical path for
the infrared branch so that infrared and ultravialeive contemporarily on the Positronium
cloud to obtain the two-step excitation. To meadhis quantity we measured the signal
acquired by a photodiode with respect to the refsreslectric signal used to trigger the pulse
release by the laser cavity.

The jitter between the electric signal and the @uldease has been measured to be of
about 0.5 ns so to reduce the uncertainties meageifeave averaged the results over many
pulses for each acquisition. In this way the greaystematical error belongs to the position
uncertainty of the photodiode of about 1-2 cm. \Waktthe time of flight of the pulse before
and after a 220 cm fiber measuring a propagati@esmf 21 cm/ns. This value combined
with the systematical error estimation lead usrcequivalent index of refraction of 1.43 £
0.1 obtained dividing the speed of light in vacuwith the measured velocity. The index of
refraction of fused silica at our wavelengths (89 5 1.44, thus consistent we the measured
value. In our estimation no correction for the grotelocity has been taken into account,
since it is smaller than the uncertainty.

49



Optical fibers for UV

In the original project of the optical system fibevould be adopted to transfer both
infrared and ultraviolet radiation. However duriagr experimental tests we found out that
for the wavelength of the transitior»B an optical fiber would not fulfill the requirentsrof
AEGIS. In fact at this wavelength fibers show asty nonlinear absorption behavior with
respect to input energies, which is worsening nmetidue to the degradation of the coupling
region between light and silica. In this paragraghwill present the measurements performed
over optical fibers with the aim of realizing thiarisfer for the ultraviolet pulse. We will show
that fibers in this case do not meet the requirdsnef AEGIS forcing us to develop a
different set up.

Previous studies on optical fiber that can be foumdterature [21] have shown a great
absorbance of fused silica fiber in the range efjfiencies of transition43 of Positronium.
The measurement reported by Karlitschek shows hberd absorb light with an intensity
dependent trend and that the transmission coeificieduces dramatically after a few
thousand pulses. He was allowed to recover paranogmission coefficient with an annealing
of the fiber, but of course this could not be asfele solution in AEGIS; since the fiber
should bring the UV radiation into a temperaturatoaled environment at only 4 K. We will
find that observed features in our apparatus ansistent with the model proposed in the
cited paper.

Fiber transmission coefficient lowers its valuehmiespect to three different parameters:
adopted intensity, high repetition rate and degradeof the coupling region between light
and fiber. Dependency over intensity is due to dmuphoton absorption, while the
transmission behavior with respect to usage caexp&ined with formation of color centers
into fiber's material. This process rapidly redudesnsmission properties of fibers with
respect to the number of transferred pulses. Ih fiacour frequencies range transmission
goes to zero within 10000 transferred pulses ofdhests of uJ and of 10 ns in duration.
However color centers appears to be unstable amgnbperties of the fiber can partially
recover after annealing. The two-photon absorptaunses nonlinear intensity dependence in
the transmission coefficient and so that the gremtethe energy input the fewer is the
transmission coefficient.

Aside to these effects a further drawback can begmized by multiple pulse transfer. In
fact fibers undergo an irreversible degradatiocafpling region with usage. Reasons of this
effect can be threefold as a consequence of regpesize between fiber core and beam spot
dimensions. If the beam is too focused it can exanage threshold of silica. Otherwise
beam could be yet smaller than the core and fibedgmaged just behind the surface. In this
situation only a few modes of the fiber are excitamlthat light is not being distributed so fast
across the whole core diameter and local intermiiixima may occur. Finally using beam
spot greater than fiber core, or coupling lighbffset with respect to the principal axis, fiber
get damaged at the core-cladding interface. Thisrldegradation is partially reversible: the
fiber can recover avoiding usage for a certain amhotitime.
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In [18] is reported a measurement for the degradatf the coupling region with fiber of
200 cm. Acquisition was at 10 Hz repetition ratéilihe degradation effect was appreciable
using the whole fiber length. Then the fiber heams wemoved reducing fiber's length for
about 10 cm. Measurable transmission coefficiebtsined at the beginning and after the
fiber cut are comparable to each other as shovmgure 31.
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Figure 31 — Experimental result of power of 205 nmradiation transmitted with
respect to time. Laser was working at 10 Hz repetion rate. Red line is obtained with a
200 cm fiber, while Blue is realized using the sam@ber after removal of the first 10
cm.

To confirm the hypothesis of the two-photon absomptwe have recollected the
measurement reported in [18] that were obtainedliiderent fiber lengths. In Figure 32 are
reported the experimental curve for the transmisgifiiciency of the adopted optical fiber.
As suggested this measurements shows a nonliregat in the transmission coefficient with
respect to the intensity. We can model this belhaagsuming that the intensityariation per
unit lengthx is given by

dl (a+ BDI
— = —(
dx p
wherea andf are constant coefficients. The above relation lsanntegrated over fiber
length to obtain an equation for transmitted inifignisas a function of coupled intensity .
Blo )_1

I =le % (1 +—e
a

In Figure 32 are shown the fit results for nonlinbahavior of fibers changing length of
the sample. From measurements we have extractatli@ for coefficientsr andg using the
pulse energies in place of the intensity. From ages and standard deviations we hawe(3
+ 1) m* andB =(20 + 20) pd m™. Our estimation of coefficients is pretty muchcfiuating
being influenced by the systematical error in dateing the coupling efficiency between
core and radiation. Nevertheless the values otwlwecoefficients are able to reproduce the
results for longer fiber within the order of maguuié.
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Figure 32 — Energy transmitted by the fiber at 205nm for different fiber lengths.
Black - 30 cm. Red — 70 cm. Blue — 103 cm.

At this point in our development of the optical tgya we tried a combined solution of two
fibers, very similar to the one adopted for theraréd line. In fact we were interest in
determine whether or not a fiber transport solutionld be applied for AEGIS. At the end of
our measurements we found out that the transmissiefficient of the line was too poor
dumping the input power for 3 orders of magnitudiee direct consequence is that the
system, brought at full power, would have reaches daturation fluency for the transition
1-3 of Positronium for a very narrow beam of FWHM ewelow 1 mm.

From the first attempts to measure the power teairessi by the fiber it was possible to
observe a great attenuation with respect to themireg light. Starting from hundreds of pJ
after 30 cm of fiber it was possible to measurey @afew micro Joules in the exiting pulse.
With this attenuation factor the output power wa&syvpoor; so tiny to be comparable to
background noise due to light diffused and scatténethe other optical equipment of laser
system. Moreover it was really close to lowest mestse quantities of our power meter, thus
complicating measurement procedures.

In what follows we are giving a detailed descriptiof the procedure adopted to extract
205nm energies at the entrance and in output bfiibe The power meter is made by a thin
piezoelectric slab circular in shape to be placefiant of the beam. Each pulse gets absorbed
by the material causing a slight dilatation of heb. This shape modification is converted by
piezoelectric effect into a small current, signataf the energy released by the pulse into the
medium. Its control circuit has current threshoklue, i.e. a pulse energy threshold that
should be overcome to trigger acquisitions. Othsewiibration of the optical table could be
misinterpreted as light pulses. Since minimum tho&s for pulse power was a little less than
1 uJ we have been forced to add a constant backgrmuedch acquisition. As a matter of
fact we have come through a few experimental sdoatwhere the energy transferred by the
fiber was on edge or even below threshold, thusireg additional power to start the
acquisition. For this reason we recollect the |gaklkom the Brewster plate of the infrared
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breadboard to add a constant bias ofiJl to each acquisition. Over this constant and
controlled background we have been able to isabdiber two background sources. They
belonged to the branches of the experiment bef@me&Sum Frequency Generation, i.e. where
the production of the 205 nm takes place. The taeckround noise was belonging to the 894
nm and 266 nm branch. These pulses are in fadiwbi@adiations that build up the 205 nm.
As first consequence they have almost the sametidinality of Positronium excitation beam.
Thus it was impossible to get rid of these addalamise sources with paper shields placed
around the power meter. As second drawback the froatlon of their intensity was the
simplest and straightforward method to adjust td& 8m power output: as consequence of
any changes in their power we could register aatian of the background values. Finally
their background biases were different at the eorand at the output of the fiber. This is a
direct consequence of the fact that these freqasrauie less attenuated in propagating along
the silica fiber core than the ultraviolet at 20%.nndeed it was possible to measure slight
perturbation in input (10%), but much relevant nfigdiion on the opposite side of the fiber.
As consequence they must be measured to be swotrédcim signals. The values of
backgrounds could be isolated leaving the poweremehere the 205 nm is geometrically
acquired and dumping alternatively one of the twanbhes (894 nm or 266 nm) at the
beginning of the UV breadboard. In conclusion ttcalate each value of 205 nm impulse
power in input and output by the fiber 5 more measient had to be taken: the trigger bias
and the four additional backgrounds belonging eghmp impulses (two at the entrance and
two in output).

Power meter

/\l\’ — f =500 mme——>
L—\ mm

>
-

Figure 33 — Scheme of the experimental apparatus aed to measure fiber
transmission coefficient at 205 nm. To maximize theoupling between beam and fiber
the head of the fiber was mounted on a three axigdnslator. The trigger background
was collected from the leakage of the Brewster plat of the pump branch of the
infrared breadboard, then attenuated and spatiallyfiltered to enhance signal stability.
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The energy transmission measurement had been exegsing short group of pulses (20-
100). In this regime we can neglect the degradatuith respect to time and pulse. To
facilitate alignment procedures the fiber couplfage was mounted in the focal plane of the
second lens (see Figure 33). There the beam spetlie®en measured to be of the same size
of the fiber core as specified below. This schem&uges us that the best coupling condition
could be reached only in the focal plane due geocaktreason. In this way a precise
measurement of the beam spot in that region allougdo reconstruct the geometrical
coupling factor between light and fiber.
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Figure 34 — Measurement of the light spot coupled ith the fiber to simulate AEGIS
experimental conditions. Plot to the left shows theslit measurement performed to
establish the beam spot characteristics. Right ploshows the convolution profile of the
beam with the circular transmitting core of the fiber. In this acquisition fiber head was
moved from maximum condition (0 mm) in the horizontl (x) and vertical (y) direction.

Beam profile was investigated with a movable slithe desired focal plane. The slit could
be inserted along the beam line with sub-millimgtescision, so that the light pulse could be
fully released or totally occluded. After the slipower meter was mounted to collect residual
energy for each pulse. We expected to find the mmna spot dimensions where telescopic
system was reproducing the square image of the 888al used for the 205 nm generation.
In fact when reached this minimum the data acqusteolw a square and uniform intensity
profile of the beam in the horizontal plane. To weelthe symmetry property of the spot fiber
head was moved in vertical and horizontal directibimst we mounted the fiber looking
forward maximum transfer efficiency regulating 8waxial translator. Then, starting from the
maximum we moved the fiber head in the horizontel gertical direction alternatively. In
this way we allowed the spot to be off-axis witpect to the core symmetry, thus coupling
only a part of the beam. So we obtained two expamiad convolution of the spot intensity
profile with the circular aperture identified byp&r core region. These two curves are in good
agreement one the other, thus leading to the csiocls that beam profile could be
approximated by a square and uniform distributiimen, since the square side was equal to
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core’s diameter, the geometrical coupling factorswealculated to be close te/4.

Experimental curves used to estimate this fac®reported in Figure 34.

We started testing the performance of the two §ilsgtistem to check suitability for AEGIS
experiment. Measurement for transmitted power®wel the experimental scheme descripted
above. Results are shown results in Figure 35.eSiransmission coefficient was too low for
AEGIS requirements we moved to a different solutwith the beam transferred in free
propagation.
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Figure 35 — Energy transmitted at 205 nm in varioudiber configurations. From left
to right: single fiber of 10 cm, two connected fibes of 10 cm each and two connected
fibers, the first of 10 cm followed by a second 0200 cm. The latter configuration is the
closest situation that could have been adopted fXEGIS.
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Ultraviolet transfer line

Finally, a UV transfer line based on free propagatnd traditional optical elements seem
the better way to fulfill AEGIS requirements. Wewdescribe the project and realization of
this new element.

Light impulses in ultraviolet range are not tranged by common glass and other material
should be adopted to build common optical equipient this reason in AEGIS many lenses
and prisms are made by fused silica. Transmissinge of this glass allows the usage of this
material not only for the excitation from groundttord levels, but also for the radiation of
second transition to Rydberg Positronium.
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Figure 36 - UV fused silica transmission curve withrespect to wavelength
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Figure 37 — UV fused silica refractive index at 26C with respect to wavelength

Fused silica (fused quarz) is glass consisting igh-purity silica in amorphous (non-
crystalline) form. It is different from traditiongjlasses in which no other ingredients are
added to lower the melt temperature. Fused sitloarefore, has much higher working and
melting temperatures than soda-lime or borosilioglsses. It is manufactured melting
naturally occurring quartz crystals of high puriyapproximately 2000 °C. The optical and
thermal properties of fused quartz are superidhdse of other types of glass due to its purity
and as consequence it is used to make lenses laedagitics for the ultraviolet spectrum. Its
low coefficient of thermal expansion also makestusilica a useful material for precision
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mirror substrates. Furthermore the molecules ofthéerial are strongly bound to each other
and this glass is not degasing even in ultra-higbuum environments. These are all good
reasons to adopt this material to transfer thewlbtet pulse inside AEGIS experiment, near
the target region. As consequence the optical eaemp of the transfer line are all made in
fused quarz.

Figure 38 — On the left is visible one of the twodentical viewports produced by
Allectra type 63CF. On the right a picture of the frst prism (2 cm side) near the trap
at the entrance of the 1T magnet region.

To guide radiation in the Positronium region we @dd three prims used in total
reflection. The three right angle prisms are modinéebring light on the Ps cloud and guide it
back outside. The first two prisms get light intee tcentral region to hit the Positronium
cloud, while the third reflects pulses back on thgath. In order for the beam to easily
complete the back path the first prism is twicegkig(2 cm side) than the other two (1 cm
side). The prisms line and supports are custom m&dpports for the three prisms were
designed by L.Dassa under our specification angl izl been manufactured in Milano by
INFN workshop.

The advantages of installing a third reflectingspriare: a reduction of the power loss
dispersion in cryogenic region than the fiber appes and a double illumination effect of the
pulse on the Ps cloud. However the main reasordaire the last prism is for alignment
purpose. To control the position of the beam nearsilicon target it is possible to select the
correct optical path using a laser diode, lookihgack reflected light from the inner part of
the apparatus. Directionality and coherence ofliftieé emitted by the diode are key features
in the alignment procedure. From outside we are &blmake a clear identification of the
actually reflected area of the third prism. Ever tlorner edge has turned out to be very
useful, thanks to the characteristic diffractiornt@acaused by the linear discontinuity in the
reflectance.
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Figure 39 — Scheme of the AEGIS inner part of the ltraviolet optical system to
reach the Positronium cloud. On the left is shown aepresentation of prisms used in
total reflection to modify the direction of the bean.

With current set up alignment of the optical systaan be realized in a few minutes. First,
the diode laser is inserted on ultraviolet beara.lithan modifying the optical path it is look
forward the reflection from last prism. Among thezgendary reflections the interesting one is
recognizable thanks to the diffraction patternhaf prism edge. Second step is to perform fine
adjustment of beam direction looking at the shdpesfbected image, i.e. directing the beam
on the preferred position with respect to Si tardet a matter of fact target position can be
easily identified and so this operation can be y@gcise. Using laser diode it is possible to
achieve a pointing precision in the target regibare tenth of millimeter. Then two irises are
placed at almost 45 cm one to the other on thecalptable, outside the viewports. They
should indicate the correct direction that is selédy diode radiation. At this point alignment
laser can be removed and ultraviolet pulses catlirbeted along the same path with the help
of the irises. This procedure has shown to obtain\eerall precision of 0.5 mm in the target
region. This result could be considered satisfgcsimce the beam size in that region should
be between 3 to 8 mm in diameter.

Almost the totality of this optical path is carrieth in vacuum with a light propagation
speed much higher than for the fiber transport. liflke path from the first viewport to
Positronium region is of 153 cm. However the twosiof flight needs to be adjusted in order
to make ultraviolet arriving in time coincidencerasich as possible with the infrared pulse.
To perform alignment procedure, mount irises, adpgam size and pulse delay we added a
fourth breadboard on the optical table.
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Figure 40 — Second (left) and third (right) prismsof the optical system. The holder
of the second prism is adjustable over two rotatioraxes.

Figure 41 — From left to right. Diffraction pattern belonging to prism (over a
secondary reflection). Direct picture of the refleting region by the third prism (the
height of the aluminum cut is 8 mm). Reconstructionof the reflecting region on the
optical table using the alignment laser diode.
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Pulse delay is set adjusting
 mirror position

Figure 42 — Breadboard for ultraviolet pulse, drawngs and picture. Breadboard size
is 10x90 cm

During breadboard assembly measures have beendékach optical element position in
order to calculate the optical path length and camait with that of the infrared radiation. To
control the calculations a measurement of the delay performed on the optical table. A
photodiode was placed along the optical path fiesr the BBO crystal and then near the
viewport. Like all the other optical elements itbsalute position with respect to the
breadboard was taken. In this way it was possiblepérform both the time of flight
measurement and the calculation. Furthermore measunts of the achievable delays have
been performed adjusting the position of one réfigcmirror as suggested in Figure 42.
Results of this experiment are reported in Figuse ®o correctly perform synchronization
between ultraviolet and infrared radiation we meaguhe mutual delay of 205 nm after BBO
and 1650 nm at fiber coupling finding 0.9 ns.
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Figure 43 — Measured performance of the delay linéor the ultraviolet pulse. The
delay is set moving the first reflecting mirror. Asindicated in Figure 42 position of the
mirror for each acquisition was measured from the dge of the breadboard. The
prediction curve is calculated and shown in the plowith a continuous line.

At each interface between vacuum and fused silidaeg lose a little fraction of their
power because partial reflection induced by disoaitly in the refractive index. Knowing the
refractive index of fused silica at 205 nm £ 1.54) the transmission coefficiefitof the
single interface can be easily calculated by thik-kvewn formula

4n

= a e ~ 95.5%

T
As consequence total transmission coefficient witaport or a prism is almogt =91%.
Hence total transmission coefficient should bewdated multiplying all contributions coming
from the optical elements mounted between generatigstal and Positronium. Each element
introduces a little loss, so to calculate an edaiMatransmission coefficient for the entire
optical path all contributions have to be propagatger the transfer line. Accounting that
mirrors have a reflecting coefficieRt=95% the total transmission coefficient should be

TtOt == T16R2 = 4’3%

This can appear a very poor result, but is defyiteige compared to the transmission
coefficient achievable with fibers that was clog@t1% . Moreover the reflectance from the
third prim is doubling the effect of the pulse thmestoring the bigger amount of lost power.
Reflecting effect can be accounted with a modifratismission coefficient of

Tior = Tror(1+T?) = 82%
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Conclusions

Now it is worth concluding this report calculatipgrameters of the optical system in an
experimental like situation that could happen dyrihEGIS runs. Starting from a few
assumptions we will be able to calculate the optiwarking condition for laser apparatus
and optical system. Certainly many of the paransetexr are now assuming or deducing will
require adjustment and regulations during realiratf the experiment. Nevertheless it is
possible to predict a typical working conditionritay from topics described along the text.

At first we need that the UV and IR pulses arriveRositronium cloud in coincidence for
the search of the maximum efficiency in excitativvle are interested in not interleaving a
great time between arrivals of the pulses, bec&aositronium could spread out pretty fast
from target surface. Now, since infrared fibertishe moment 250 cm long, we deduce from
Figure 44 that the ultraviolet mirror could be m@dcat 20 cm from breadboard edge to
synchronize pulses.
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Figure 44 — Comparison of the delays of the opticaystem to be used for estimating
UV mirror position with respect to breadboard edge

So the lightning time of the Positronium cloud vk the duration time of the radiation
pulse that should be of 5 ns. Unfortunately usimgtof flights of Ps only, combined with the
5 ns of light duration only we cannot estimate ringuired dimensions of laser beam, because
positrons implantation could jitter with respect galses of about 5 ns. For this reason it
would be better to anticipate the positrons shathmiut the same amount. At this point it is
straightforward that the beam spot must be as lagethe cross dimensions of the
Positronium cloud at 10 ns or more after implaotatin this way we ensure that the whole
cloud gets illuminated by both pulses. The fashbinaof the curve adopted to fit Positronium
cloud is contained within a hemisphere that isdmgincreasing in time as shown in Figure
45. Using the plot and assuming our Ps temperdituo¢ 1000-1500 K we obtain the beam
spot diameter: 5-6mm. It would be better to ado mm dimensions due to the 0.5 mm
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uncertainty in alignment procedure. Final steislétermine minimum required energies for
ultraviolet and infrared pulses. Using saturatimercy values we obtain respectively: 40 and
280 pJ on Positronium and 50 puJ and 1.1 mJ bdfererttrance of the optical system.

Finally we suggest the adoption of a longer fibending the total length of the fiber path
to 270-290 cm. This could be helpful during theeasisly operation of the experiment.
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Figure 45 — Time dependence of the Positronium clauradius with respect to time
and different temperature distributions

Figure 46 — In picture is shown the excitation regin of Positronium over the
antiprotons trap. In picture are visible most of the components of the optical system
developed during the thesis work.
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Future developments

The Antiproton Decelerator is now closed and ahertimprovement, the ELENA
deceleration ring, will be assembled during thetrew years. ELENA is a compact circular
decelerator for cooling further 5 MeV antiprotoredidered by AD. As mentioned in AEGIS
set-up, most of antiprotons produced are lost @du¢hé use of degrader foils needed to
decelerate them from the AD injection energy dowmatound 5 keV; an energy suitable for
trapping. By using a ring equipped with beam caglinigh deceleration efficiency and an
important increase in phase-space density can taneld, resulting in an increased number
of trapped antiprotons. Decelerating to these loergies is new and will be very challenging
both in designs of the different elements and ifay operation.

In meantime AEGIS will continue to prepare the apps and the experimental
procedures to perform the gravity measurement.

The technique of Positronium production and exiabatill be investigated in a different
and controlled environment. A dedicated apparaassbideen prepared for the explicit study of
the excitation process and the energy levels oft®®agum. This experiment will pave the
way for antihydrogen synthesis, preparing procesiuaed expectations values for the
distribution levels of the excited Positronium. @aing the next month the laser apparatus is
foreseen to be put into operation. There the opbozadboard here realized to prepare and
synchronize the ultraviolet pulse will be adoptathwenly slight modification.

The other components of the developed optical systethe inner part of AEGIS are
foreseen to be used in the near future. An injecfqurotons is in fact under realization to
provide nuclei to the experiment. Since Positronisra symmetric atom then the technique
for antihydrogen synthesis could be adopted to gmeefhydrogen atoms. Thus the whole
apparatus could in principle be tested with ordinaratter, realizing a reference gravity
measurement to be confronted with antimatter benavi
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Appendix

Laser maintenance

To preserve full performances of the laser apparatiew maintenance operation should
be carried on from time to time. The most importareg reported in EKSPLA manual and
concerns the specific maintenance of the lasertycatich as cleaning of the optics or
substitution of the laser flash lamp (every 6 mehthn addition to this we have noticed a
degradation of the BBO crystal dedicated to the $F@e 205 nm due to the high intensity
of the ultraviolet beam at 266 nm used in the gaimr process. We thus recommend to
periodically (every 3 month) check of the crysthle beam shape and the power output in
order to substitute the crystal if needed.

Figure 47 — Microscope image of the front face ofhe BBO crystal used for the SFG
of 205 nm. Side of crystals are 4mm in lenght. Onhe left one almost new crystal and
on the right the crystal used for 6 month to testhe laser system in Milano
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