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Chapter 1

Introduction

This thesis mainly describes research and development to aseare ground-state hyper ne split-
ting of antihydrogen atoms by ASACUSA collaboration. Compason of the measurement of
antihydrogen atoms with that of hydrogen atoms is a unique phbe to test CPT symmetry.
ASACUSA collaboration is aiming for the measurement at relate precision of ppm using

atomic beams of antihydrogen.

1.1 Motivation

1.1.1 Antimatter

The theory of relativity and the quantum mechanics are two relutions in physics of 20th
century. However, the theories were incompatible. To addreghis problem, Paul Dirac pro-
posed an alternative wave equation which is consistent witthe quantum mechanics and the
theory of special relativity in 1928 [1]. The equation, whit is known as the Dirac equation,
describes the states of a spin-1/2 particle, with positiveral negative energies. The latter state,
a particle with negative energy, was interpreted as the ewedice of the existence of an antipar-
ticle, which had never been observed before. In 1932, Carl Aardon discovered a new particle
whose mass is the same and its charge is opposite to an eleti@]. This was identied as a
positron, an antiparticle of electron. Antiproton, the antparticle of proton, was discovered in
1955 by Owen Chamberlain, Emilio Sege, and their group at &atron, a proton synchrotron

at Berkley [3]. Protons are accelerated up to 6.2 GeV and imed onto a target made by
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copper. The antiproton was generated via

p+N! p+N+p+p (1.1)

where N corresponds to the target nucleus. We note that the beon number is conserved in this
reaction - it is an observational fact that the baryon numbeis conserved in every elementary

particle reactions.

1.1.2 Baryon asymmetry

The discovery of antiproton leads to a great mystery in physs - the baryon asymmetry. It
Is natural to assume the Big Bang produced equal amount of gerles and antiparticles. And
all known reactions between particles (and antiparticlesyonserve the baryon number. But it
is also an observational fact that the number of baryons in # universe is much larger than
that of antibaryons. Alpha Magnetic Spectrometer (AMS) collaoration reported the upper
limit on the ux ratio of antihelium ( He) to helium (He) of< 1:1 10 © [4]. They upgraded
the detector and measurement is ongoing now at the internatial space station. Antimatters
outside of the solar system are also investigated from obgations of x-rays and -rays emitted
at annihilations which have not observed a signi cant amous of antimatter. How it was
possible that the universe has evolved to the current mattefominant universe is still an open
guestion.

The baryon asymmetry can be de ned by given by
Ng Ng Ng Ng

=8 78 B B (1.2)

N T 27K Ng + N§ T 1GeV

where Ng is the number of baryons,Ng is the number of antibaryons,N is the number of
photons, andT is the temperature of the universe. The current temperatures determined at
2:72548 0:00057 K from a cosmic microwave background (CMB) [5]. The hgside corresponds
to the hot universe and the left side corresponds to the cumeuniverse after most of baryons
and antibaryons, once existed in hot universe, annihilatedrhe baryon asymmetry is estimated
at 6 10 9 using the CMB radiation [6].

There have been several scenarios which are proposed to axpihis asymmetry. One of the
prominent scenarios was proposed by Andrei Sakharov, in whithree conditions (Sakharov's

conditions) must be met in an interaction [7]. The conditios are that baryon number is
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not conserved, C and CP symmetry is violated, and the interéion occurs out of thermal
equilibrium. The rst condition can be met if there is the grand uni cation between the strong
interaction and the electroweak interaction, and there is aonsensus among physicists that the
grand uni cation must happen in higher energy scale which weannot reach in high energy
accelerators. The third condition can be met if the universes still evolving, which again most

physicists agree. The second condition is a key if this scelmacan be accepted.

1.1.3 Discrete symmetries and its violations

C symmetry and CP symmetry are among discrete symmetries (@rtheir combination) the
physical laws have. There are three discrete symmetries C, &d T symmetry which have
been particularly studied in the modern physics. These synetries are de ned as the invari-
ance under charge conjugation (C) which is a transformationetween particles and antiparti-
cles, parity inversion (P), and time reversal (T), respectely. CP symmetry is de ned as the
invariance under combined transformations of C and P. Sinaitly, CPT symmetry is de ned
using combined transformations of C, P, and T. At rst, it wasbelieved that these symmetries
exactly hold. Then, Chien-Shiung Wu experimentally obseed the asymmetry of angular dis-
tribution of electrons coming from beta decays of polarizetCo [8] which means the violation
of P symmetry in weak interaction as proposed by Chen-Ning Lend Tsung-Dao Yang [9].
The violation of C symmetry is also known such that all neutnos are left-handed and all
antineutrinos are right-handed. In addition, CP violatiors are directly observed in the decay
process of Kaon [10] [11], B meson [12] [13]. Therefore, s Sakharov's three conditions can
be satis ed within the Standard Model in principle. Howeverthe baryon asymmetry including
known CP violations can be estimated at 1° 6:0 10 *°[14], indicating that current level
of asymmetry is not likely to be realized within the framewdt of the Standard Model.
Sakharov introduced his three conditions under the assumph that CPT symmetry is
conserved in the process. The assumption seems very reabtmdecause CPT symmetry is
mathematically derived by assuming quantum eld theory, lgality, and Lorentz invariance.
For example, the Standard Model satis es the assumptions win means CPT symmetry holds
in the Standard Model. But we note that if CPT symmetry is alloved to be broken, the
baryon asymmetry can be naturally explained. And progress tifeoretical work on super string
theory implies that possibility of non-local e ect at very $ort distance (very high energy). A

new theory beyond the Standard Model is indeed necessary topkin not only the baryon
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asymmetry, but also other observations such as neutrino a$ations [15][16], dark matter, dark
energy, and so on. The experimental investigation whetherRT symmetry is broken, and if
not how far the symmetry is conserved, should give a new inbktgfor the baryon asymmetry

and the fundamental framework of the particle physics.

1.2 Testof CPT symmetry through spectroscopy of antieypdatmgns

1.2.1 Test of CPT symmetry

It is known that any di erence between matter and antimatter automatically means CPT
violation, because the mass, lifetime, absolute value ofarige, magnetic moment are the same
as those of an antimatter when CPT symmetry holds. The test @PT symmetry is possible by
comparison between matter and antimatter. Since we do not kv how a violation occurs, it is
important to test in many systems such as leptons, baryonstans, and so on regarding di erent
interactions. According to Greenberg [17], an interactinghieory which violates CPT invariance
necessarily violates Lorentz invariance. It is also repad that the baryon asymmetry can be
explained within thermal equilibrium if Lorentz invariance is broken [18]. Although there is no
established theory including CPT violation, Alan Kostelcke et al. consider Lagrangian which
contains all possible Lorentz-violating interaction terrs [19] [20]. It is called the Standard-

Model Extension.
In general, energy shifts in precision measurements can bg@mressed as

m n

m (1.3)
NP

wheren > 0 andm is a characteristic energy scale of the system, in order togtre new physics
at scale \p [21]. For example, if we expect a CPT-violating new physicg ¢he Plank scale
and we conduct the experiment in GeV range, the expected eggrshift due to CPT-violation is
calculated to be around 10*° GeV by substitutingn =1, m GeV,and yp 10° GeV [22].
The mass di erence betweerk © and K © is often referred as the most stringent test of CPT

symmetry because of its high relative precision, where

jmco mMisj< 40 10 *GeV  100kHz (CL = 95%) (1.4)
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is obtained, in terms of the energy shift, from the measuremeof strangeness oscillation
betweenK © and K 0 [23]. The upper limit is larger than 10° GeV, which means the result is
not excluding a CPT violation at the Plank scale. We proposehe spectroscopy of the ground-
state hyper ne splitting of antihydrogen atom (and its comprison with available spectroscopic
data of hydrogen atom) as a new probe to investigate CPT symitmg The value of the ground-

state hyper ne splitting is around 1.4 GHz, thus, a ppm level bthe spectroscopy would enable
us to test the energy shift due to the CPT violation in a few kHzdvel, which far exceeds the

upper limit obtained from K °-K © system.

1.2.2 Antihydrogen

An antihydrogen atom which is antimatter of an hydrogen atom ad the simplest anti-atom
have been considered as a unique probe for a test of CPT symmget Antihydrogen atoms
were produced experimentally and observed by PS210 collastton in 1995 at the Low Energy
Antiproton Ring (LEAR) of the European Organization for Nuclea Research (CERN) for the
rst time [24]. Antiprotons at 1.9 GeV/c are injected into Xenon-cluster target and an anti-
hydrogen atom is produced from injected antiproton and a paproduced € . 11 antihydrogen
atoms including 2 1 backgrounds were observed. At that time, the energy of theeghydrogen
atoms is GeV, which is not appropriate for precision spectroscopy. 18000, the Antiproton
Decelerator (AD) at CERN was started to run as the only faciliy in the world to supply a bunch
of 10’ antiprotons every two minutes at low energy of 5.3 MeV, whichehds to production of
antihydrogen atoms for a precision measurement in 2002 [286]. Investigation of antihydrogen
atoms is currently ongoing by several collaborations at AD. Aihydrogen Laser Physics Appa-
ratus (ALPHA) and Antihydrogen Trap (ATRAP) collaborations are aiming for measuring the
1S-2S transition frequency of antihydrogen atom. Atomic Setroscopy and Collisions Using
Slow Antiprotons (ASACUSA) collaboration is aiming for measung the hyper ne splitting in
the ground-state of antihydrogen atom. Antihydrogen Expement: Gravity, Interferometry,
Spectroscopy (AEGIS), the Gravitational behavior of Antihydogen at Rest (GBAR), and AL-
PHA collaborations are aiming for test of the weak equivaleecprinciple. Recently ALPHA
collaboration reported the rst spectroscopy of antihydrgen atoms [27] and the antihydrogen

study has been one of active research elds.



1.2.3 Hyper ne splitting

The hyper ne splitting Eprs is caused by interactions between magnetic dipole moments o
the electron and the proton for the hydrogen atom, and betweethat of the positron and the
antiproton for the antinydrogen atom. For the case of a groufrstate hydrogen atom, the total
angular momentum quantum number of electron ig = 1=2 and the spin angular momentum
quantum number of proton isl = 1=2. Therefore the ground state of a hydrogen atom splits
into two levels with total angular momentum quantum numberF =1 and F = 0. The best

experimental result of hydrogen atoms is given by [28][23(]]
rs = 1420405 7517667(9) Hz (1.5)

The ground-state hyper ne splitting of an hydrogen atom Es is theoretically given by

3
m,
1
aom, 1) (1.6)

4 o
EHFS:3_B p

EP(1+)

where g = eh=(2m) is the Bohr magneton, , is a magnetic dipole moment of a proton,
my = memMy=(Me + M) is the reduced massg, is the Bohr radius,E} is the energy due to the
Fermi contact interaction, and is a correction. The corredion is mainly due to QED and the
proton structure. In particular, the latter part, depending on the proton structure, dominates
the uncertainty of the calculation. The largest correctionother than QED about 40 ppm is

Zemach correction z given by
z= 2m,rz(1+ 29 (1.7)

where 24 0:01 is a radiative correction and'; is the Zemach radius given by

Z
4°1 dQ
r= - . & GE(QZ)

Gwm (Q?)

| (1.8)

whereGg and Gy, are electric and magnetic form factors of proton and is the proton anoma-
lous magnetic moment in nuclear magnetons [31]. The expetterecision of our proposed
experiment to measure the ground-state hyper ne splittingpf antihydrogen atoms is the rela-

tive uncertainty of 10 . This enables us the comparison between antihydrogen anddnggen
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from the level of 2z, which gives us a new information on the form factors of antipton as-
suming the magnetic moment of antiproton and proton are equalf the magnetic moment of
antiproton di ers from that of proton by more than 10 ¢, our experiment clearly detect the
di erence. The magnetic moment of the antiproton is measuceby BASE collaboration to be
equal to that of proton with relative uncertainty of 0:8 10 © [32], and our experiment will

provide an independent con rmation of the result.

1.2.4 Measurement method using atomic beams

In a weak magnetic eld, the energy levels are split furthemto 2F + 1 levels with m = F;
... F1,F wherem is a quantum number corresponding to the projection of along the
magnetic eld. Considering the selection rules, transitios with - F = 1o0or0, m= 1or0

may occur. Those with  m =0 are called transitions and those with m= 1 are called

transitions.
® F Low- eld
w : seekers
- 1
= r
= |
wn r
F=1 = aE
g Of
C L
Wt
F=0 ;
_1:
g “| High- eld
. . . . . seekers

0 004 008 012
Applied magnetic eld [T]

Figure 1.1: Breit-Rabi diagram of a ground-state hydrogen am. There are low- eld seekers
and high- eld seekers with di erent dependence as a functioof applied magnetic eld. The

vertical axis shows the energy shift due to the hyper ne intaction divided by the ground-state

hyper ne splitting.

Fig. 1.1 shows the energy levels as a function of applied matioeeld. It is called Breit-Rabi
diagram [33]. The energy levels with parallel magnetic momieto the magnetic eld decreases
as a function of magnetic eld because the interaction of thenagnetic moment with the
magnetic eld B is given by B . The atoms in these energy levels are called high- eld
seekers, because the force is givenbyf B)=+ 1 Bj and they are attracted towards the

regions with high magnetic eld strength. On the other handthe energy levels with anti-parallel
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magnetic moment to the magnetic eld increases as a functiasf magnetic eld. The atoms in
these levels are called low- eld seekers because the foscgiven byr ( B) = rj Bjand
they are attracted towards the regions with low magnetic e strength.

The energy levels are given by

Enrs Enrs P

7 + g B+ (1+2x+ x?) (1.9)
Eves . _BnesP 5559 (1.10)
4 2
p___
TS g oeBr ST axh k) (111)
Errs EvrsP o5t
7] > (1 + x?) (1.12)
using
X = (s a9) &B (1.13)
Enrs

where g, and g; are the nuclear and electronic gyromagnetic ratio expresséy the Larmor
angular frequency divided by magnetic eld. The frequencyfo ; transition, corresponds to

the energy di erence between two levels given by Eq.(1.10pd Eq.(1.12), is

- EhHFS p T+ %2 (1.14)

The frequency of ; transition, corresponds to the energy di erence between twlevels given
by Eq.(1.9) and Eq.(1.12), is

p___
E 1+ x 1+ x2 B
. - HFS + + gl B
h 2 2 Eurs

(1.15)

These two frequencies will change low- eld seekers to higtld seekers and vice versa.
The ASACUSA collaboration is aiming for a spectroscopy of grod-state hyper ne splitting

of antihydrogen atoms using atomic beams. The experimentsgtup consists of a spin-polarized
antihydrogen beam source and a spectrometer which is madeaaghicrowave cavity, a sextupole
magnet, and an antihydrogen detector. The spin-polarizednéhydrogen atoms are extracted
using magnetic eld gradient called a cusp con guration (decribed later). A basic idea is
proposed in [34]. The magnetic eld of the sextupole magneebomes strong as radial distance
from the beam axis increases. Figurel.2(a) shows that beanfdaw- eld-seeking antihydrogen

are focused by the magnet onto the antihydrogen detector whenicrowave is turned o or the
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frequency is o resonance of transitions. On the other handkig.1.2(b) shows that the low- eld
seekers become high- eld seekers by the applied microwawehe cavity with a right frequency,
the beam is defocused by the magnet, and less antihydrogeomais reach the detector. Therefore
the transition frequency is determined from the count rate tathe antihydrogen detector as a

function of the frequency of the applied microwave.

(@)

Microwave Sextupole

Cavity magnet H detector
Low- eld-seeker

(Focused)

Spin-polarizedH
of low- eld seeker

(b)
Microwave Sextupole
cavity magnet

Figure 1.2: A principle of measurement for ground-state hypee splitting of antihydrogen
atoms in ASACUSA antihydrogen experiment. The setup consistsf a spin-polarized anti-
hydrogen beam source and a spectrometer which is made of anmiave cavity, a sextupole
magnet, and an antihydrogen detector. (a) The spin-polaredd beams of low- eld-seeking anti-
hydrogen are focused by the magnet onto the antihydrogen @etor when microwave is turned
o or the frequency is o resonance of transitions. (b) The la- eld seekers become high- eld
seekers by the applied microwave in the cavity with a right &quency, the beam is defocused
by the magnet, and less antihydrogen atoms reach the detectoThe transition frequency is
determined from the count rate at the antihydrogen detectoas a function of the frequency of
the applied microwave.

High- eld-seeker
(Defocused)

H detector

The same spectrometer (the cavity and the sextupole magndtas been also developed for
measurement of ground-state hyper ne splitting of hydroge atoms and a relative precision
of 27 10 ° [35] is achieved which is better than the old measurementsimg atomic beams
of hydrogen [36][37]. The precision to determine the centéequency of the count rate as a

function of the applied frequency of the cavity can be estinied by

1 R
—p—— 1.16
Tint N R ( )

where T; is interaction time corresponding to the traveling time though the cavity with the
length of 105.5 mm [38] for our spectrometef\ is the number of frequency data points, g

is the count rate drop, and g is the average error bar of a data point [35]. It suggests that
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the traveling time, in other words, the kinetic energy of anhydrogen atoms is important for
precision. The measurement of hydrogen atoms are performesing those with kinetic energy
of 50 K ( 900 m/s), which means £T,y is 8.5 kHz. Majorana spin ip can be ignored for
kinetic energy 50 K. This means the proposed experiment is promising to aele the relative
precision of ppm with su cient small kinetic energy and enogh statistics.

Compared with the measurement very recently reported by ALPHA&ollaboration with the
relative precision of 10# at 14204 0:5 MHz [39] using trapped antihydrogen atoms in strong
magnetic eld, our method using atomic beams of antihydrogehas an advantage because the
microwave cavity is located in magnetic- eld-free regionral the spectral line width should be

reduced to achieve higher precision.

1.3 Structure of this thesis

In order to realize the proposed experiment, chapter 2 deglmes about development of antihy-
drogen beams extracted from the source to the downstream addtected by the antihydrogen
detector. Then chapter 3 focuses on the remaining issue torfem the spectroscopy, the qual-
ity of produced antihydrogen atoms. In order to produce mangntihydrogen atoms with small
Kinetic energy, injection of antiprotons with small energyspread into antihydrogen production
region is developed, which is the main work of this thesis. ®&duction rate of antihydrogen
atoms is greatly improved which leads to the improvement ohe signal to noise ratio for de-
tection of antihydrogen atoms. A distribution of atomic stdes is measured and antihydrogen
atoms in low-lying excited states are observed which is an jrortant step for the spectroscopy

of ground-state antihydrogen atoms. Chapter 4 summarize ¢hresults.

10



Chapter 2

Production and detection of antihydrogen beams

In this chapter, a production scheme of antihydrogen atomsyhinjection of antiprotons into
con ned positrons are explained. Antihydrogen atoms extraed to magnetic- eld-free region

is successfully observed at 2.7 m downstream from the prodioa region.

2.1 Setup

Figure 2.1 shows a schematic view of the actual setup. Positioare accumulated in a positron
accumulator and transported to a single cusp trap via a posan transport line. Antiprotons are

accumulated and cooled down in an antiproton trap, then thegre injected into the positrons in
the single cusp trap through an antiproton transport line. Anantihydrogen detector is installed

at the end of the spectrometer line.
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211 MRE trap

The common setup for the positron accumulator, the antipramn trap, and the single cusp trap

to con ne non-neutral plasmas is explained as follows.

(b)

r
[ ] R [ ] -Z Z 7
B
—> Y4
Z

Charged particle cloud — —
I T

(@)

— ext(r = R)
Open-ended cylindrical electrodes

Figure 2.2: (a) A schematic diagram of the Penning-Malmbergdp. Three cylindrical elec-
trodes with their radius of R produce a electrostatic poter#l well and a static magnetic eld
is applied along the axis. Charged particles are con ned r&dly by the magnetic eld and
axially by the potential well. (b) Applied potential on the cylindrical electrodes.

Penning-Malmberg trap is widely used for con nement of chged particles. Fig. 2.2(a)
shows a schematic diagram of an example of the Penning-Maleng trap. A charged particle
cloud is con ned radially by a magnetic eldB and axially by an electrostatic potential well ¢y
produced by three open-ended cylindrical electrodes. Fig2) shows the applied potential on
the electrodes. Focusing on one particle in a charged patéccloud, the electrostatic potential
for the particle is shielded on the scale of Debye length,. The Debye length is determined
by the temperature T and density of the cloud and given by

S

_ oksT,
D * -

(2.1)

If the temperature is low and density is high for the chargedasticles, p becomes small and
each patrticle feels the electric eld by the others as a wholén this case, the charged particle
cloud can be treated as a non-neutral plasma.

For a non-neutral plasma, Coulomb repulsive force each othexists due to the self electric
eld characterized by <. The plasma rotates around the magnetic eld axis so that the
Lorentz force directing inward, centrifugal force directig outward, and the repulsive force
outward balance each other in the equilibrium condition whin the Penning-Malmberg trap.

Assuming a non-neutral plasma as a cold uid, a radial componeof the equation of motion
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is given by [40]
my?2

-7 q(E; + v B) (2.2)
wherem is mass of a particley = !,r is uid velocity, gis charge of a particle, ancE, is
given by

@ @

Er = (23)

@r: @I( ext T self):
When the rotation frequency is independent om, it is called the rigid rotor equilibrium and

the plasma density is given by [41]

1 gB 5 1
: = —-m! L. | . R
(nrz)=Cexp (q 2m. AR~ r<+q (r;z) T (2.4)

where the temperature isI and the plasma thermal pressure is assumed &g T. Together with
Poisson's equation, the density can be determined with giveotation frequency, temperature,
total number, the equilibrium condition, and [42]. The density is uniform within a plasma
and falls to zero quickly on the scale of Debye length at its gace if the plasma is su ciently
cold.

For a non-neutral plasma in a harmonic well expressed as
ext — A(rz 222) (2.5)

in cylindrical coordinates {; ;z ), the rigid-rotor equilibrium state in spheroidal shape isan-
alytically derived. Multi-ring electrode (MRE) trap is capable for more stable con nement
of non-neutral plasma without instabilities than normal P@ning-Malmberg traps by realizing
such harmonic potential well [43]. By carefully adjusting pplied voltage on each electrodes,
MRE trap is able to compensate self eld by the plasma itselfVariations of MRE trap are

utilized to our experiment.
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2.1.2 Antiproton trap (MUSASHI)

This section explains about the structure of antiproton tr@ and preparations of antiprotons
including supply from the AD of CERN, cooling, accumulation, adial compression, and ex-
traction to the downstream side.

The antiproton trap is mainly composed of a superconductingolenoid and MRE as shown
in Fig. 2.3(a). The magnetic eld on beam axis is set at 2.5 T fothis experiment and can be
increased up to 5 T. The antiproton trap is named as the MUSASHI &ap. MUSASHI stands
for monoenergetic ultraslow antiproton beam source for Higprecision investigation. The bore
is cooled down to 5 K by Gi ord-McMahon (GM) cryocoolers. ThepressurePy = 10 1° mbar
Is measured at the downstream edge of the bore where it is atoro temperature. However
it is expected to be about 10'* mbar where the temperature iST 5 K, by considering the
con nement lifetime of antiprotons inthe trap oy 10* s, usingPy  5:1 10 Y1T= o [44].
The vacuum is isolated by two sheets of thin PET (polyethylem terephthalate) foil from the
upstream side where a pressure is 10 ° mbar. The bore is heated up to typically 50 K
for 8 hours every day to reduce residual gas and keep the go@twum. The foil works as a
monitor to see a radial pro le of injected beams. Cylindrickelectrodes and a movable electron
gun are prepared at downstream side which are used for tramspand cooling of antiprotons,
respectively (discussed later).

Figure 2.3(b) shows the schematic view of the MRE. The electles are made of oxygen
free copper with their diameter of 4 cm. UCE and DCE electrodese used for catching of fast
antiprotons at 10 keV. The other 10 electrodes are used to prepare a harmonatgntial well
by carefully adjusting applied voltages on each electrode®ne electrode named S is segmented
azimuthally into four. Applied voltages on these ten electrdes can be operated between100 V
and 100 V in addition to the oat voltage applied on the MRE as avhole which is capable up
to 800 V. The MRE is cooled down via thermal contacts with the be wall. Further details

are described in [45].
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Figure 2.3: (a) A cross sectional view of the antiproton trap minly composed of a supercon-
ducting solenoid and MRE. The magnetic eld on beam axis is sat 2.5 T for this experiment.
(b) A schematic drawing of the MRE. UCE and DCE are used for caling of fast antiprotons.
The other 10 electrodes(F3-B2) are used to prepare a harmomiotential well by carefully ad-
justing applied voltages on each electrodes. One electrogiemed S is segmented azimuthally

into four.
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Figure 2.4: (a) A schematic drawing of the AD ring including theRFQD and the antiproton

trap. (b) Typical machine cycle of the AD. Antiprotons are supfied every 2 minutes. Figures
are adapted from [46].

Electron cooler

Deceleration/bunching RF cavities

Antiprotons are supplied from the Antiproton Decelerator (AD) of CERN. Figure 2.4(a)
shows the schematic drawing of the AD. Since many component® arranged in a circle, it
is called the AD ring. Protons are accelerated up to 26 GeV/c byhe proton synchrotron
of CERN in advance and injected onto an iridium target locat at the most left-hand side
of Fig. 2.4(a) to produce antiprotons. The produced antiprains at 2.8 GeV are decelerated
down to 5.3 MeV inside the AD ring. Figure 2.4(b) shows a typicaimachine cycle of the
AD ring. In order to realize a low momentum spread, the antiprions are cooled down by
utilizing stochastic cooling technique at 3.5 GeV/c and 2 GeW followed by electron cooling
at 300 MeV/c and 100 MeV/c [47]. Antiprotons at 5.3 MeV are suppéd to the experimental
area every 100 s. However, the energy is still too high for e ent antihydrogen production.
ASACUSA collaboration has developed a radio frequency quaghoie decelerator (RFQD) with
CERN by utilizing RF acceleration technique inversely [48] The antiprotons are decelerated
down to 100 keV by RFQD and injected into the antiproton trap genetrating through the foil.
The foil decelerates antiprotons further down to 10 keV. Becae of the sequential combination
of the AD, the RFQD, and the thin PET foil, more antiprotons by afactor of 10 are available

compared with other collaborations in the AD.
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The injected antiprotons at 10 keV should be cooled down. Iregeral, charged particles are
cooled down via cyclotron radiation in a strong magnetic @. According to Larmor formula,

the energy loss rate can be given by [49]

dE, &

( €(eB=m)?
dt 6 o3

2 —
V?) 3 ()mC?3

E, = E, (2.6)

rad

where v, is the velocity perpendicular to the magnetic eld,E- is the kinetic energy given
by E, = mvi=2, and = gB=mis the cyclotron frequency. Electrons in 2.5 T are cooled
with the time constant .4  0:4 s, while the time constant for antiprotons is much longer
by a factor of (my=m, )®> 180C. In order to cool down antiprotons e ciently, electrons are
used. Antiprotons lose energy via collisions with electrorend electrons are cooled down by
the cyclotron radiation.

Therefore electrons are prepared in the MUSASHI trap prior to jection of antiprotons
from the RFQD. Figure 2.5 shows electrostatic potential corgurations on axis as a function of
axial positions during the preparation of electrons. Eleobns are injected at 60 eV from the
electron gun located at downstream of the MUSASHI trap into . i, by lowering the potential
barrier at the downstream side and then ¢ ,; is changed into . which is more harmonic for

a stable con nement.
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Figure 2.5: Electrostatic potentials on axis as a function adxial positions for preparation of
electrons in the MUSASHII trap. Electrons are injected at 60 eV from the downstream of the
MUSASHI trap into . i, by lowering the potential barrier at the downstream side andhen

e inj IS changed into ¢ which is more harmonic for a stable con nement.
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Radial overlap between electrons and injected antiprotorghould be increased for e ective
cooling. The radial distribution of a non-neutral plasma ca be controlled by applying torque
on the plasma (rotating-wall technique). When the torque is @plied on a plasma and the
rotation speed is increased(decreased), the radius getsadler(larger) in order to conserve the
total angular momentumP given by

W Z

P = pi (1) = &rd3vf (r;v;t)(mv r + qBr?=2) (2.7)

i=1
wherep is the component of the canonical angular momentum for a particlenia uniform
magnetic eld [40]. The segmented electrode is used for thischnique. Figure 2.6 shows
equipotential lines produced by applying a sinusoidal patdal with a phase di erence on
azimuthally segmented electrodes. The applied voltages carequipotential lines are shown
every 1=4 period of the sinusoidal wave.

The electron cloud con ned in the potential con guration . is radially expanded by the

rotating-wall technique.

Vsin(0) Vsin( )
Vsin(=2) Vsin(=2)
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Yy VsinG=2) A —
Vsin(0) Vsin( ) =
_—
>
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Vsin( ) Vsin(0)

Figure 2.6: A schematic diagram of the rotating-wall electei eld by four segmented electrodes.
Colored lled contour plot shows the electrostatic potentl (radial pro le, perpendicular to the
magnetic eld). The applied voltages on each segmented di@xe are shown. Each of 4 squares
corresponds to a snapshot at every=d period of one cycle.
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After electrons are prepared for e ective cooling of antiptons at the center, a potential
barrier at 12 kV is prepared using DCE electrode for catching of antiptons. Antiprotons
are injected from the upstream side through the foil at 10 keV, pass UCE electrode, and
are re ected by the potential barrier at DCE as shown in Fig. Z(a). Another potential
barrier is prepared using UCE electrode before re ected aptiotons are gone away from the
trapping region as shown in Fig. 2.7(b). The time constant ofhte switching to apply 12 kV
on UCE electrode is 300 ns [50]. Both potential barriers at DCE and UCE are kept for
40 s. Trapped antiprotons are cooled by coexisting electrenThen both potential barriers at

12 kV are removed to release uncooled antiprotons, while ¢ed antiprotons and electrons are
kept trapped in the harmonic potential well . at the center. This cycle is repeated typically

for 4 times (10 minutes).

(&) > 0
R
a De-compresse@ in
c
o
T p —
% -12000-= .
(b) 5 (300 ns)
o
—
-12000 P
(©) 0
e
50 andp
e
-100
« uncooledp -
I 200 o0 200

Axial position from the center of the MUSASHI trap [mm]

Figure 2.7: Potential con gurations for catching of injectd fast antiprotons in the MUSASHI
trap. (a) After electrons are prepared for e ective cooling foantiprotons at the center, a
potential barrier at 12 kV is prepared using DCE electrode, antiprotons are injezd from the
upstream side at 10 keV, pass UCE electrode, and are re ected by the potential b#er at
DCE. (b) Another potential barrier is prepared using UCE eleecbde before re ected antiprotons
are gone away from the trapping region and both potential baers at DCE and UCE are kept
for 40 s. Trapped antiprotons are cooled by coexisting elechs. (c) Potential barriers at

12 kV are removed to release uncooled antiprotons, while ¢®@ antiprotons and electrons
are kept trapped in the harmonic potential well at the center
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Antiprotons should be radially compressed for a higher trapsrt e ciency to the down-
stream by applying rotating-wall technique. In order to comress antiproton cloud e ectively,
the remained electrons coexist with antiprotons are kickeout from the MUSASHI trap in ad-
vance. Figure 2.8(a) shows that the potential barrier at the pstream side is shortened (black
solid line), the barrier is removed only for a short time of 3D ns (dotted line), and then the
potential con guration is quickly switched back (black sald line). If antiprotons and electrons
have the same kinetic energy, the velocity is lower by a factof 40 because antiprotons are
heavier than electrons by a factor of 1800. Therefore onlyster electrons are released and
slower antiprotons are still trapped, which is called elemtn kickout.

After the electron kickout, the potential con guration is changed into a con nement well
connement @S shown in Fig. 2.8(b) for a stable con nement. The rotatingvall electric eld
is applied to radially compress the antiproton cloud in ¢onnement - The radial compression of

antiprotons are reported in [51][52].

Figure 2.8(c) shows potential con gurations to extract angprotons to the downstream side.
The con nement region is shortened rst to minimize the bunh length (dotted line) and then a
negative pulsed voltage is applied to remove the potentiabbrier at downstream of the potential
well (black solid line). This scheme contributes to a higharatching e ciency at the single cusp
trap at the downstream side. The extraction energy of antimtons from the MUSASHI trap
can be changed simply by changing the oat voltage applied dhe MRE as a whole. The oat

voltage is -150 V for the potential con gurations shown in Fig2.8(c).
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Figure 2.8: (a) Potential con gurations for electron kickoti to compress antiproton cloud ef-
fectively. The potential barrier at the upstream side is shrened (black solid line), the barrier
is removed only for a short time of 500 ns (dotted line), and #n the potential con guration is
quickly switched back (black solid line). (b) After the eleaton kickout, the potential con gu-
ration is changed into a con nement well onnement - The rotating-wall electric eld is applied
to radially compress the antiproton cloud in ¢onnement - (C) Potential con gurations to extract
antiprotons to the downstream side. The con nement regionsi shortened rst to minimize
the bunch length (dotted line) and then a negative pulsed vizige is applied to remove the
potential barrier at downstream of the potential well (blak solid line). The extraction energy
of antiprotons from the MUSASHI trap can be changed simply by cimging the oat voltage
applied on the MRE as a whole (-150 V in this case).
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2.1.3 Antiproton transport line

The extracted antiprotons from the MUSASHI trap are transporté to the single cusp trap
through the antiproton transport line. This section explans basic ideas of transport of charged
particles rst, and then the actual setup of the antiproton transport line is described. Calculated
trajectories of antiprotons through the transport line areshown.

In order to transport antiprotons at relatively low energy wthout loss due to annihilations
with surrounding materials, trajectories of antiprotons kould be focused. In general, trajec-
tories of charged particles are a ected by Lorentz forcg(E + v B). Figure 2.9(a) shows an
example. Trajectories of antiprotons are focused by one tgpof the electrostatic lens, called
Einzel lens. Einzel lens is composed of three cylindricaketrodes and widely used for focusing
of charged particle beams. An electrostatic potential is afipd on an electrode and two elec-
trodes at both sides are grounded. The equipotential linegseashown together. Figure 2.9(b)
shows another example. Trajectories of antiprotons are feged by the coaxial transport coll
along the beam axis. The magnetic eld lines are shown togeth The antiproton transport
line is mainly composed of these components.

Figure 2.10 shows a schematic drawing of the actual setup ofetlantiproton transport
line. The cylindrical electrodes are placed at the exit of #n MUSASHI trap and two coaxial
transport coils are placed along the transport line. The tnasport coils are named coil A and
coil B, respectively. The cylindrical electrodes work as Ezel lens by applying 400 V on the
electrodes shown by colored square. They are made of alunmmuTransport coil A and B are
composed of aluminum wire with 150 turns and xed with suppdrstructure on the duct. The

magnetic eld on axisis 0:012 T for both transport coils.
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Figure 2.9: Schematic gures of trajectories of antiprotonsvith focusing elements. (a) Tra-
jectories of antiprotons are focused by Einzel lens, which composed of three cylindrical elec-
trodes. An electrostatic potential is applied on an electragland two electrodes at both sides
are grounded. The equipotential lines are shown togetherb)(Trajectories of antiprotons are
focused by the coaxial transport coils along the beam axis.h& magnetic eld lines are shown
together.
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Figure 2.10: A schematic drawing of the actual setup of the aptoton transport line including
the cylindrical electrodes and two coaxial transport coilsamed coil A and coil B, respectively.
The cylindrical electrodes work as Einzel lens by applyingd® V on the electrodes shown by
colored square. The magnetic eld strength on axis is 0:012 T for both transport coils.
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Figure 2.11 shows calculated trajectories of antiprotons dt50 eV through the antiproton
transport line shown on top. Filled regions show axial posidns of the Einzel lens (cylindrical
electrodes), coil A, and coil B. A commercial software calleiticomp (by Field Precision LLC)
including trak 8.0, mesh 8.0, estat 8.0, and permag 8.0 is dséor the calculations. The
Tricomp mesh, estat, and permag calculate two dimensionaisic electric and magnetic elds
by nite element method. A trajectory of a charged particle $ given by Tricomp trak under the
calculated static electric and magnetic eld. In the calcwdtion shown in Fig. 2.11, the initial
radial positions of antiprotons are assumed to be less thamdm every 0.2 mm and the initial
radial momentum are assumed to be zero. Interactions betweeharged particles are ignored.
While the trajectories diverge as the magnetic eld becomeseak outside of the MUSASHI
trap, they are focused by the Einzel lens (cylindrical elewides). The trajectories are also
weakly focused by two transport coils at downstream side. Ehradial positions approach to

the axis again near the single cusp trap because the magnegétd becomes strong.
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Figure 2.11: Calculated trajectories of antiprotons at 150\eusing the commercial software
called Tricomp (by Field Precision LLC). Two dimensional stdc electric and magnetic elds
are calculated by nite element method for the antiproton tansport line shown on top, and
then trajectories are calculated under the static eld. Thanitial radial positions of antiprotons
are assumed to be less than 4 mm every 0.2 mm and the initial radmomentum are assumed
to be zero. Filled region shows axial position of the Einzelrle (cylindrical electrodes), coil A,
and coil B. While the trajectories diverge as the magnetic el becomes weak outside of the
MUSASHI trap, they are focused by the Einzel lens and two transpiocoils. The radial positions
approach to the axis again near the single cusp trap because tmagnetic eld becomes strong.
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2.1.4 Positron accumulator

This section explains about preparation of positrons inctling moderation of positrons by solid
Ne and bu er-gas cooling in the positron accumulator.

Figure 2.12(a) shows a schematic drawing of the positron seerand positron accumulator
which is composed of a Ngas cell and MRE, named positron-MRE, inside a supercondirg
solenoid at 0.6 T on axis. The magnet is cooled down by liquicelium down to 5 K. The bore
is also cooled down by circulating the helium through surrawding cooling loop down to 100 K.

Positrons are supplied fron??Na source through * decay with its half-life of 2.6 years,
2Na ! 22 Ne+ € + .. However, the emitted positrons have a large energy spread tp

500 keV because, carries part of the energy.

The large energy spread is not appropriate for trapping. SdINe is used as a moderator to
make the energy spread smaller. Figure 2.12(b) shows a schemdiagram of the moderation.
The positron source is contained in a source holder made opper. It has a conical aperture
in front of the ?2Na source. By cooling the holder down to 7.5 K in Ne atmosphereglisl Ne
is created on the surface of the holder. The emitted positrerare injected into solid Ne and
lose energy quickly through ionizing collisions. Considag a wide band gapEgy = 21:5 eV
for solid Ne, the positronium binding energy in the solicE,, and the work function ., the
phonon excitation is the only process to lose energy furthevhen the energy is lower than
16eV(=E4y E, +)andthen positrons are very likely to be re-emitted from theurface [53].
A moderation e ciency is 10 ? which is the highest value among various materials. The
energy spread of the re-emitted positrons is small at a few ddr a combination of?2Na source
and solid Ne [53]. In order to extract the moderated positronwith the energy spread of a
few eV from the moderator to the downstream side, they are aserated up to the energy
determined by applied voltage on the bias electrode.

The positrons are injected into the positron accumulator. Fjure 2.12(c) shows the pressure
and the electrostatic potential con guration on axis as a foction of axial positions in the
positron accumulator. The gas cell is composed of four paitG1 - G4) and N, gas is supplied
and evacuated continuously. The pressure can be variatedodading on the position by di erent
conductances for the evacuation. The injected positronsse energies inside the gas cell mainly
through the electronic excitation of nitrogen molecules i its threshold at 7 eV. The pressure
near the source is set as high as 1 mbar to increase collisions, while the pressure at the

other side of the trap is as low as 16 mbar for slow positrons to suppress annihilations [54].
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An averaged energy loss is approximately 9 eV per collisiondait competes with positronium
formation. In consequence, positrons are trapped in the eteostatic potential well prepared
by the positron-MRE with a magnetic eld by the superconducing solenoid. This method is

called bu er-gas cooling.
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Figure 2.12: (a) A schematic drawing of the positron source dipositron accumulator including
the N, gas cell, positron-MRE, and superconducting solenoid. () schematic diagram of the
moderation of positrons. The emitted positrons from the saoe are injected into solid Ne
and lose energy through collisions. When the energy is so lohat the phonon excitation is
the only process to lose energy further, positrons are re-gt@d from the surface. (c) The
pressure and typical electrostatic potential con guratioa on axis in the positron accumulator.
The injected positrons lose energies inside the gas cell mgithrough the electronic excitation
of nitrogen molecules. In consequence, positrons are tragpin the electrostatic potential well
of the positron-MRE with a magnetic eld by the supercondudng solenoid.
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2.1.5 Single cusp trap

This section explains about the structure of the single cugpap, where antihydrogen atoms are
produced, including its magnetic eld con guration to extract the spin-polarized antihydrogen
atoms.

The single cusp trap is mainly composed of the superconduwi anti-Helmholtz coils and
MRE, named scusp-MRE. Figure 2.13(a) shows a cross sectiomaw of the single cusp trap.

The cold bore is cooled down to 6 K.
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Figure 2.13: (a) A cross sectional view of the single cusp trapcluding the superconducting
anti-Helmholtz coils (single cusp magnet), scusp-MRE, coldore, thermal shields, and outer
vacuum chamber. The cold bore is cooled down to 6 K. (b) The two dimensional magnetic

eld distribution of the single cusp magnet (Bj = 0 at the center). It satises @Bj=@r >0.
(c) The magnetic eld distribution along the axis of the sinde cusp magnet.
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Anti-Helmholtz coil is a pair of coils with owing current in opposite directions. Fig. 2.13(b)
shows a two dimensional magnetic eld distribution providd by a combination of the anti-
Helmholtz coils. It satis es @Bj=@r >0. There is a zero-magnetic eld point at the center
(z=0and r =0). Figure 2.13(c) shows the magnetic eld distribution almg the axis. The
force acting on an antihydrogen atom with its magnetic momerof  is given by

8

2 . rji Bj (high- eld seekers
r( B)= 1 B (hig ) (2.8)

rj Bj (low- eld seekers)

because the magnetic moment is parallel to the magnetic elfdr high- eld seekers and anti-
parallel for low- eld seekers as described before. Therefdow- eld seekers are focused along
the axis while high- eld seekers are defocused away from thgis.

With this focusing and defocusing e ects, Fig. 2.14(a) and (b¥how calculated trajectories
of ground-state antihydrogen atoms at 10 K for low- eld seeks and high- eld seekers, respec-
tively [55]. In the calculation, antihydrogen atoms are assned to be produced isotropically
at the point of maximum magnetic eld on axis shown by open cales, the magnetic moment
Is constant and Majorana spin- ip is ignored which is estimid to be negligibly small for
our experimental condition [55]. Trajectories are shown ew two degrees. It clearly shows
that the transported fraction of low- eld seekers atz 1.5 m (f_rs) is higher than that
of high- eld seekers {.rs). The spin-polarization of antihnydrogen beams can be de rkby
(fLrs  fres)=(fLrs + THes). Figure 2.14(c) shows the calculated polarization as a futman of
the kinetic energy of antihydrogen atoms when the productioposition is 16 cm upstream from
the center of the single cusp trap [55]. The higher spin-paiaation is achieved as the kinetic

energy of antihydrogen atoms becomes small.
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Figure 2.14: (a) Calculated trajectories of ground-state d@imydrogen atoms of low- eld seekers
(focused). (b) Calculated trajectories of ground-state dimydrogen atoms of high- eld seek-
ers (defocused). (c) The calculated spin-polarization as fanction of the kinetic energy of
antihydrogen atoms. The higher spin-polarization is achved as the kinetic energy of antihy-
drogen atoms becomes low. In the calculation, antihydrogertoms are assumed to be produced
isotropically at the point of maximum magnetic eld on axis $iown by open circles, the mag-
netic moment is constant and Majorana spin- ip is ignored wich is estimated to be negligibly
small for our experimental condition. These gures are ada@d from [55].

30



The scusp-MRE is composed of 17 cylindrical electrodes naind9 - U1, CE, D1 - D7 from
upstream to downstream. They are made of gold-plated alumim. U7 and U4 are segmented
azimuthally into four. The radius is larger than that of the atiproton trap by a factor of two
for a larger solid angle viewed from produced antihydrogereams inside the scusp-MRE. The
scusp-MRE is cooled down to 15 K via thermal contact with the cold bore. Typical pressure
can be estimated at 10 2 mbar considering the con nement time of antiprotons of 1000 s.
Electronic Iters both at cryogenic temperature and at roomtemperature to reduce electric

noise are connected to the scusp-MRE.
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Figure 2.15: A schematic drawing of the scusp-MRE. U7 and U4 efexxles are segmented
azimuthally into four.

Thermal shields both at upstream and downstream side of thengle cusp trap are placed to
reduce thermal radiation from the room temperature. Figure.26 shows the downstream ther-
mal shield which is movable and opened for e cient evacuatioand extraction of antihydrogen

atoms to the downstream side.

Figure 2.16: Pictures of the downstream thermal shield (viesvfrom downstream) when it is
closed (a) and opened (b).

Further details of the single cusp trap are described in [56]
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2.1.6 The array detector

This section explains about the array detector next to the sgle cusp trap including detection
of antiprotons in general.

Antiprotons are usually detected by annihilations with nuatons. In order to monitor an-
nihilations inside the single cusp trap, four arrays of pldig scintillator bars are placed along
the beam axis at both sides of the single cusp trap. Figure 2(&J shows a schematic view of
the array detector. Inner array 1, 2 are composed of 30 horigal bars and 62 vertical bars,
56 horizontal bars and 56 vertical bars, respectively. Outarray 1, 2 are both composed of
62 vertical bars. Emitted photons are collected from one eriy a multi-anode photomultiplier
(MAPMT). Table 2.1 shows channels ofp annihilation at rest and their fractions [57]. Pions
are produced at the mean energy of 2 GeV and the number of charged pions are three on
average. When the charged pions resulted from annihilatiolsse energy inside the plastic
scintillator, molecules of the scintillation material areexcited and photons are emitted through
de-excitation. The number of photons is propotional to thereergy deposit. The photons are
collected by the photomultiplier (PMT) which converts the ghotons into an electric current
and amplify it so as to be easily measured. Plastic scintitlars are in use because they are

relatively inexpensive, easy to fabricate and they resporglickly on the order of ns.

Table 2.1: Annihilation channels forpp at rest. This table is adapted from [57].

channel | fraction [%)]
* 0.375
.o 0 6.9
. :more ° 35.8
R 6.9
oot o 2 0 19.6
.ot :more O 20.8
+ : + ’ + : : , 2'1
Foobe A - 0 1.85
oot v - - more © 0.3

If annihilations are detected from both horizontal and veiital bars of inner arrays coinci-
dently, the event is counted as an array detector count. Theatlection e ciency is estimated to
be more than 90 %. Figure 2.17(b) shows a schematic view of tim@ér array. When both hor-
izontal bar and vertical bar detect annihilations coincidastly, a hit position can be determined
as their intersection. A track can be estimated from the hit psitions. From several tracks, an

annihilation position can be estimated.
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Figure 2.17: (a) A schematic view of the array detector. Fourreays of plastic scintillator bars
are placed at both sides of the single cusp trap in order to mibor annihilations inside the
single cusp trap, (b) A schematic view of the inner array. Ttee charged pions on average are
produced when an antiproton annihilates with a proton. Phains emitted due to the energy
deposit by charged pions are collected by Multi-anode phatwltiplier (MAPMT) and detected.

If annihilations are detected from both horizontal and veiital bars of inner arrays coincidently,
the event is counted as an array detector count. A track can lestimated from the hit positions.
From several tracks, an annihilation position can be estinted.



2.1.7 Antihydrogen detector using the BGO crystal and glastintillator plates

This section explains the antihydrogen detector which is ated at the most downstream of the
experimental setup, 2.7 m from the production region.

The antihydrogen detector is composed of a disk of an inorganscintillator crystal of
Bismuth germanium oxide (BGO) with a 5-inch photomultiplie and surrounding 5 plastic
scintillator plates with 2-inch photomultipliers. Figure 218(a) shows a positional relationship
among the BGO crystal and plastic scintillator plates. The BO is selected for its ultra-high
vacuum compatibility and high density which resulted in lage energy deposit. Figure 2.18(b)
shows a schematic drawing of the cross section of the detectong the beam axis. Cylindrical

electrodes are placed in front of the BGO crystal inside theacuum.

(b)

(a) Plastic scintillator 2.inch PMT
(back)
/ Cylindrical electrodes
5-inch PMT

2-inch PMT

BGO Window

~
(front) 8O

400 mm

Figure 2.18: (a) A positional relationship among main compa@mts of the antihydrogen detector.
A disk of an inorganic scintillator crystal of BGO is surrouled by 5 plastic scintillator plates.
(b) A schematic drawing of the cross section of the detectofamg the beam axis. Cylindrical
electrodes are placed in front of the BGO crystal inside theacuum. Figures are adapted
from [58].
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Figure 2.19 illustrates the detection principle of the antiiidrogen detector. Typical events
are shown such as (a) antihydrogen atoms annihilated at the@D crystal, (b) background
pions resulted from annihilation of antihydrogen atoms befe the detector, (c) background
pions resulted from annihilation of antiprotons within thecusp trap, and (d) background cosmic
rays. When the resulted pions from annihilation at the BGO crgtal are emitted perpendicular
to the beam axis, they run within the disk for longer distancecompared with background
pions coming almost parallel to the beam axis from upstreamlt means the energy deposit
on the BGO crystal is the largest for annihilations of antihgrogen atoms at the BGO crystal.
In addition, the number of tracks for Fig. 2.19(a) is expectedo be larger compared with
(b)(c)(d). It is because background pions usually penetratfrom upstream to downstream side
as shown in Fig. 2.19(b)(c) and background cosmic muons perage from top to bottom as
shown in Fig. 2.19(d). The number of tracks can be estimated lifie number of counts at the
surrounding plastic scintillator plates which is detectectoincidently at the timing of the hit
on the BGO crystal. Although annihilations of a bare antiprobn at the BGO crystal cannot
be distinguished with an antihydrogen atom, the antiprotonis re ected and cannot reach the
BGO crystal by preparing a potential barrier at the cylindrical electrodes just before the BGO
crystal. The electrodes can also be used to roughly estimaatomic states of antihydrogen
atoms as discussed later.

Therefore, both energy deposit on the BGO crystal and multlity of the coincidence
counts by plastic scintillator plates are expected to be lger for antihydrogen atoms compared
with backgrounds. Candidate events are de ned when both thamount of energy deposit on
the BGO and the multiplicity are larger than each threshold.The threshold of the energy and
the multiplicity should be optimized for better signal to nase ratio. Although it has a relatively

simple structure, noise rejection rate reaches up to @ 0:09 % [58].
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Figure 2.19: Schematic diagrams of the detection principld the antihydrogen detector. Four
typical events are shown such as (a) antihydrogen atoms ahilated at the detector, (b) back-

ground pions resulted from annihilation of antihydrogen ams at the upstream side of the
detector, (c) background pions resulted from annihilatiorf antiprotons within the cusp trap,

and (d) background cosmic rays. Although annihilations of adre antiproton at the BGO

crystal cannot be distinguished with an antihydrogen atomthe antiprotons is re ected and

cannot reach the BGO crystal by preparing a potential barrieat the cylindrical electrodes
just before the BGO crystal. Both energy deposit on the BGO gstal and the number of the
coincidence counts at the surrounding plastic scintillatoplates which is detected coincidently
at the timing of the hit on the BGO crystal are expected to be Ieger for antihydrogen atoms
compared with backgrounds. Candidate events are de ned whmédoth the amount of energy
deposit on the BGO and the multiplicity are larger than each ltireshold. The noise rejection
rate reaches up to 950 0:09 % [58].
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2.2 Antihydrogen production in the single cusp trap witRdR&tmn

2.2.1 Recombination processes of antiprotons and positron

For energy and momentum conservation, an antihydrogen atooannot be produced from only
one antiproton and one positron. Another component which isesponsible for the binding

energy is necessary. If it is a photon,
p+e ! H+h (2.9)

is a possible reaction and is called radiative recombinatio The recombination rate per an-

tiproton with a positron density of . [cm 3] and temperatureT is given by [59]
=3 10 Y4:2=7) ¥ . [s '] (2.10)
If another component is a positron,
p+e +e' ! H+e (2.11)

Is possible and it is called three-body recombination. Theecombination rate per antiproton

with a positron density of . [cm 3] is given by [60]
=6 10 '%(4:2=T) *2 2[s Y (2.12)

Eq.( 2.10) and Eq.( 2.12) clearly show that the temperatureh®uld be small for higher recom-

bination rate and three-body recombination becomes domingas the temperature decreases.
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2.2.2 Antihydrogen production

This section explains the procedure of mixing antiprotons ithh positrons to produce antihy-
drogen atoms in the single cusp trap, detection of antihydgen atoms within the single cusp
trap using the so-called eld ionization technique, and themixing with the RF excitation to
prolong antihydrogen production.

As the procedure of mixing, positrons are prepared in the silegcusp trap in advance. They
are transported at 100 eV guided by magnetic eld along the @itron transport line from the
positron accumulator into the single cusp trap, after accuadlation for 30 s in the positron
accumulator. This accumulation cycle is repeated typicalifor 25 times per one mixing cycle
until 3 10’ positrons are accumulated in the single cusp trap. The posins are cooled down
by cyclotron radiation in the single cusp trap and they can beonsidered as a plasma. This
positron plasma is radially compressed by applying the ratiag-wall electric eld in a harmonic
potential in the single cusp trap. After the radial compressin, the potential called the nested
well con guration is prepared and the positron plasma is coned at the center as shown in
Fig. 2.20(a). Figure 2.20(b) shows the magnetic eld on axis. e magnetic eld strength is
at maximum at the center of the nested well for a stable con maent of the positron plasma.
Because of the self electric eld of the plasma, the axial ekeic eld vanishes inside the positron
plasma in the equilibrium condition. Thereby the e ective ptential con guration of the nested
well shows a plateau on axis within the positron plasma as shio in Fig. 2.20(a).

Then the antiprotons are transported at 150 eV from the MUSASHI rap through the
antiproton transport line into the positron plasma which iscon ned in the single cusp trap for
antihydrogen production. It is called direct injection sceme. When antiprotons are injected,
the upstream side of the nested well is opened as shown withstlad line in Fig. 2.20(a) and
the potential is quickly switched back as shown with solidie. Typically 3 1 antiprotons
and 3 10’ positrons are trapped in the single cusp trap per mixing. Antiydrogen production

in the single cusp trap is rst demonstrated in [61].

38



(a) i SCUSP-MRE
E - it B
n 200—
= —
(U —
[ -
© 100—
s —
S C Direct injection con guration
o OF—
o N
- (Plateau)
-100—
- e
-200_ - - - -
— Nested well Field ionization we
1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1

1 1 1 1 | 1 1 | 1 1
-200 -100 0 100 200

Axial position from the center of the single cusp trap [mm]
(b)
>,
2
X
@
c
o
)

300 200 o6 0 100 200
Axial position from the center of the single cusp trap [mm]

Figure 2.20: (a) Potential con gurations during antihydrogen production. Solid line shows the
nested well in the upstream side, and a eld ionization welhi the downstream side (discussed
later). The positron plasma is con ned at the center of the r&ted well after the radial com-
pression. Because of the self electric eld of the plasma,&le ective potential con guration of
the nested well shows a plateau on axis within the positron ggma. Antiprotons are injected
into the positron plasma to produce antihydrogen atoms. Wheantiprotons are injected, the
upstream side of the nested well is opened (dashed line) andakly switched back (solid line).
Typically 3  10° antiprotons and 3 10’ positrons are trapped in the single cusp trap per
mixing. Antihydrogen production in the single cusp trap is st demonstrated in [61]. (b)
Magnetic eld strength along the axis. It is at its maximum at the center of the nested well
for a stable con nement of the positron plasma.
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The number of antihydrogen atoms is estimated in the singleusp trap using a eld ion-
ization technique which had been utilized for an antihydrogn experiment by the ATRAP
collaboration [26]. A deep potential well called the eld iaization well is prepared at the
downstream side as shown in Fig. 2.20(a). Once antihydrogetoms are produced, they are
neutral and cannot be con ned by the electrostatic nested Weand expected to move freely. If
the antihydrogen atoms reach the eld ionization well and & re-ionized by the steep electric
eld, the resulted antiprotons can be trapped inside the dll ionization well. The trapped an-
tiprotons should be antihydrogen-origin. It is because barantiprotons are still con ned in the
nested well and cannot reach the eld ionization well. Theffere the number of antihydrogen
atoms can be estimated by counting the trapped antiprotonsiithe eld ionization well.

The potential experienced by an positron in antihydrogen am with an external electric
eld (0;0;F) is

V(r) = Fz (2.13)

4 or

where g is permittivity of free space,e is unit charge, andz is a distance from the antiproton
along the external electric eld. A magnetic eld and Stark eect is ignored for simplicity here.
Figure 2.21 shows the potential when the external electric leé is F = 100 V/cm. The binding
energies de ned by 13:6=n? eV are also shown whera is principal quantum number of the
antihnydrogen atom. Antihydrogen atoms withn 40 are still attractive, while those with

n 45 are no longer bound states and ionized. The saddle pomt zg is given by solving

e

—_— =0: 2.14
4 ozg ( )

If the potential energy atz = zg is equal to the binding energy of an antihydrogen atom as

e 136
1 oz Fzs YR (2.15)
the required electric eld in order to ionize the antihydrogn atom is given by
Ry? 32 1
F= RV 32 10, (2.16)

e3n4 n4

The eld ionization scheme can be used to estimate atomic $&s of antihydrogen atoms [26].
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Figure 2.21: The potential distribution experienced by an mitron in antihydrogen atom with
and without the external electric eld of F = 100 V/cm as a function of axial positions from
the center of the antiproton trap along the external electd eld. Horizontal solid lines show
the binding energies de ned by 13:6=n? eV for several principal quantum numbem of the
antihnydrogen atom. Antihydrogen atoms withn 40 are still attractive, while those with
n 45 are no longer bound states and ionized. It is called the clionization technique and
the number of antihydrogen atoms is estimated in the singleusp trap using this scheme.
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Figure 2.22(a) shows the array detector count when the eld rozation well is dumped for
a short time att = tgump. Antihydrogen atoms with n 45 are ionized by the electric eld
on axis. The peak atty,mp, corresponds to annihilations of antihydrogen-oriented &iprotons.
The released antiprotons annihilate mainly at the positiorof zero magnetic eld. It is because
antiprotons are expected to diverge as the magnetic eld bemes weak and annihilate on the
inner surface of the scusp-MRE. The resulted pions are deted by the array detector. The

number of eld ionized eventsNg, is de ned as

Ne = Ns Np  (2mss14ms) (2.17)

where the number of candidate eventdls is the sum of the lled region for 2 ms (fromtgump
to taump + 2 ms) and the number of background event§, is the sum of the lled region for
14 ms in total, for 8 ms (fromtgymp 10 ms totgump 2 ms) and for 6 ms (fromtgymp +4 ms
to tgump + 10 ms). The factor of (2 ms / 14 ms) normalizes the backgrounevents.

A time evolution of antihydrogen production can be monitoré by periodically counting
the eld ionized events [61]. Figure 2.22(b) shows the apptlevoltage on D5 electrode as a
function of time where the eld ionization well is prepared.The eld ionization well is kept for
5 s atVps = 350 V and collapsed atVps = 0 V. This cycle is repeated for 15 times typically.
Squares in Fig. 2.22(c) shows the time evolution of antihydgen production. The production
rate reaches its maximum at 20 s after mixing start and decreas monotonically.

Inside the nested well, antiprotons gradually lose energyiavcollisions with antiprotons,
positrons, electrons and then nally localizes in both potatial maxima of the nested well.
Electrons can exist because they are left behind when antgions annihilate with residual
gas mainly composed of hydrogen. In addition, they can be @gted from the MUSASHI
trap together with antiprotons. If positrons and antiprotons are axially separated each other,
antihydrogen synthesis stops, which explains the decreasiethe antihydrogen production rate
after 30 s.
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Figure 2.22: (a) The sum of array detector count for 15 cycles$ &ymp 10ms t  tgmp +
10 ms. The peak at = tqump corresponds to annihilations of antihydrogen-oriented &protons
which are released at = ty,mp and annihilate at the inner wall of the scusp-MRE. The number
of candidate eventsNg and background eventdN, are de ned by the lled region. (b) The
applied voltage on D5 electrode of the scusp-MRE, where theld ionization well is located,
as a function of time. The eld ionization well is kept for eab 5 s at Vps = 350 V and
collapsed atVps = 0 V. This cycle is repeated for 15 times typically. (c) The etl ionized
eventsNg = Ng Ny  (2=14) for each 5 s as a function of time (square) and the sum of #ee
events (blue solid line). The production rate reaches its manum at 20 s after mixing start
and decreases monotonically.
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An RF eld is applied in order to suppress the separation and @ong antihydrogen pro-
duction. In particular, a sinusoidal electric eld is appled on non-segmented U8 electrode of
the scusp-MRE during mixing continuously. If localized arprotons are accelerated and have
enough energies, they can re-enter the positron plasma. Tfrequency and amplitude of the
RF is optimized experimentally for higher antihydrogen yilel at 440 kHz and 06 V, ,. As a
result, circles in Fig. 2.23 shows that the antihydrogen pradttion continues longer with the
RF excitation. The total number of eld ionized events is inceased by a factor of about 3.

Fig. 2.24 show the distributions of annihilation positions @ng the axis measured by the
array detector. The lled histograms correspond to mixing wthout the RF excitation, while the
histograms shown by thick lines correspond to mixing with th RF excitation. The histograms
are summarized over time for1s t< 25s,25s t< 50s,50s t< 75s,75s t< 100s,
100s t< 125s,and 125 s t< 150 s (from top to bottom), respectively. The histograms
are shifted vertically for visibility. The solid and dotted vertical lines correspond to the axial
position of local maxima and minimum of the nested well as siwo on top.

Both histograms show peaks at the center of the nested well i@ positrons exist in rst
several tens of seconds. However, the distribution of anrdiion positions without the RF
excitation becomes broad as time passes, which suggestd #aiprotons lose energy and also
exist in local maxima of the nested well where positrons do hexist. On the other hand, with
the RF excitation, antiprotons still exist in the center of the nested well, where positrons exist,

even after 100 s, which explains the continuous productiom@wn by circles in Fig. 2.23.
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Figure 2.23: The eld ionized events for each 5 s as a functiori time with RF excitation
(circle) and without RF excitation (square). The antihydragen production continues longer
with the RF excitation and the total number of eld ionized ewents is increased by a factor of
3.
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Figure 2.24: The distributions of annihilation positions ang the axis measured by the array
detector. The lled histograms show the data without the RF &citation. The histograms by
thick lines show the data with the RF excitation. The histogams are summarized over time
for every 25 s and shifted vertically for visibility. The satl and dotted vertical lines correspond
to the axial position of local maxima and minimum of the nestk well as shown on top. Both
histograms show peaks at the center of the nested well wheresfirons exist in rst several
tens of seconds. However, the distribution of annihilationgsitions without the RF excitation
becomes broad as time passes, which suggests that antiprnstdose energy and also exist in
local maxima of the nested well where positrons do not exisDn the other hand, with the RF
excitation, antiprotons still exist in the center of the neted well, where positrons exist, even
after 100 s, which explains the continuous production showby circles in Fig. 2.23.
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2.3 Detection of antihydrogen beams

The produced antihydrogen atoms with the RF excitation are xracted to the antihydrogen
detector located at the end of the experimental setup. Thisgestion explains about the detection
of antihydrogen atoms by the antihydrogen detector.

In order to know the absolute value of the energy deposit in 6BGO, a calibration should
be done. It is done by comparison between simulations usingalkit called GEANT4 [62] and
experimental data of cosmic rays and pions [58]. The reasomyvcosmic rays and pions are
used is that they can be distinguished from others by specievent selections as follows. The
pions travelling through two plastic scintillators named font and back as shown in Fig. 2.18(a)
can be distinguished by choosing the events accompanied hwyotcoincidence counts at the
two scintillator plates. The energy deposit on the BGO crystl by the pions shows a peak of
minimum ionizing particle. The cosmic muons travelling topto bottom can be distinguished
by choosing the events accompanied by one coincidence coainthe top scintillator plate. The
energy deposit on the BGO crystal by the cosmic muons shows agk of minimum ionizing
particle.

Figure 2.25(a) shows a comparison of the energy distributioon the BGO crystal be-
tween measurements mainly caused by cosmic rays and simidatresults of cosmic rays using
GEANT4 with CRY package [58]. Double coincidence events, whi@are de ned as the events
accompanied by two or more coincidence counts at surroundimlastic scintillator plates, for
the measurements and simulations are in good agreement wehch other.

Figure 2.25(b) shows a comparison of the energy distributiaan the BGO crystal between
typical mixing data with the RF excitation and simulation results assuming antiprotons are
isotropically emitted from the center of the production regn. Simulation results are shown
separately for di erent types of events corresponding to thse shown in Fig. 2.19(a)-(d). Thick
solid line shows the total distribution. Double coincidene events for the measurements and for
the simulations are also in good agreement with each other.

Therefore detection e ciency can be estimated by GEANT4 whicldepends on the threshold
of the energy deposit to de ne an event as a candidate. The @etion e ciency is estimated
at 45 % for the energy threshold at 40 MeV [58].

46



(a)
n = 1
§ - Measurement (Cosmic)
S0 T Simulation (Cosmic)
= -
- = 1
o -
o [
1
0.1
T N I N H N e
0 40 80 120 160 200
Energy deposit on the BGO crystal [MeV]
(b)
0
2 N —e— Measurement (Mixing)
— FO- Simulation (Total)
o 10 E Simulation (Antihydrogen at the detector)
§ - o Simulation (Pions from the wall)
8 N Simulation (Pions from the single cusp trap)
—:] = === Simulation (Cosmic rays)
1
01— i )
— P 1 '7:.1.JJ_LHJLlin--fLL*J.iJﬁ-r-ﬁt“;:l -nl-l:'Lq.J"‘I-::ﬁ--
0 40 80 120 160 200

Energy deposit on the BGO crystal [MeV]

Figure 2.25: Comparison of the energy distribution in the BGQ@rystal between measurements
and simulations using GEANTA4. (a) is for cosmic rays and (b) iof mixing data of the double
coincidence events which are de ned as the events accommahby two or more coincidence
counts at surrounding plastic scintillator plates. Simulton results are shown separately for
di erent types of events corresponding to those shown in Fig.19(a)-(d). Measurements and
simulations are in good agreement with each other. Figureseaadapted from [58].
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Figure 2.26 shows the measured distribution of energy depasn the BGO crystal for double
coincidence events. Events with higher energy depositios ebserved during the mixing, while
those with lower energy deposition is dominant for backgrod events. Background events are
estimated by measurements during cooling of antiprotons ®tectrons in the single cusp trap, in
order to consider not only the cosmic rays but also pions rdged from antiproton annihilations

within the single cusp trap.
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Figure 2.26: The measured distribution of energy deposit oiné BGO crystal for the double
coincidence events, quoted from [63]. Events with higher engy deposition is observed dur-
ing the mixing, while those with lower energy deposition isaminant for background events.
Background events are estimated by measurements during ng of antiprotons by electrons
in the single cusp trap, in order to consider not only the cosmrays but also pions resulted
from antiproton annihilations within the single cusp trap.

Table 2.2 shows a summary of detected events when the energyeshold is set at 40 MeV.
Atomic states of antihydrogen atoms are roughly estimatedybusing the eld ionization tech-
nique just before the detector. The cylindrical electrodes front of the BGO crystal are used to
prepare the electric eld. Two conditions with averaged etgric eld at 94 V/cm and 452 V/cm
are compared. The applied electric elds ionize antihydran atoms with principal quantum
numbers higher than 43 and 29, respectively. The value is asged over radial positions because

the electric eld produced by the cylindrical electrodes isiot uniform.
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Table 2.2: Summary of the double coincidence events above M@V detected by the antihy-
drogen detector. Atomic states of antihydrogen atoms are ughly estimated by using the eld
ionization technique using the cylindrical electrodes inrdnt of the BGO crystal.

Atomic Measurement| Double coincidence

states time [s] events above 40 MeV

n 43 4950 99

n 29 2100 29
Background 1550 6

Statistical signi cance of the di erence between the numbeof candidates during mixing
and background measurements can be evaluated as follows. ukssg Poisson distribution, the
likelihood function as a function of expected signal countate s and background rateb can be

de ned as
exp( Sots)(sots)(s+ Dlts exp( h)ts)(tbts)bts
(( s+ bts) ( bt)

wheresgts is the number of observed candidates; is the measurement time for the observation

L(s; bj so; ts; by; ty) = (2.18)

of candidates,byty, is the number of observed background, is the measurement time for the
observed background. Figure 2.27 shows a lled contour plof the likelihood function for the

case oin  43. Solid lines show_(s; b = Lggy and L(s; ) = Lggy, Which are de ned as

RR .
Lg,&] L I—68%) dsdb

— = 0,
L(s;bdsdb 68% (2.19)
LisibiL  Loow) dsdb= 99%
L(s;bdsdb

, respectively. According to this analysis, the number of theandidate events is estimated to be
81" forn 43 and 210 forn 29 (CL 68%) within the corresponding measurement time,
respectively. The region where the signal count is zero (gnbackground events) is outside of
the lled region surrounded by the solid lineL(s;b = Lggy, Which means background-only
hypothesis is rejected at 1 % signi cance level.

Therefore it is concluded that antihydrogen atoms are sucssfully detected at 2.7 m down-
stream from the production region at this level, which is a st step to the spectroscopy in the

magnetic- eld-free region [63].
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Figure 2.27: The contour plot of the likelihood functionL (s; b as a function of signal count
rate s and background rateb for antihydrogen atoms withn 43 and backgrounds shown in
Tab. 2.2. Solid lines show. (s; b = Legey, and L(s; b = Lggy (S€e Eqg. (2.19)). The region where
the signal count is zero (only background events) is outsidgf the lled region surrounded
by the solid line L(s;b = Lggw, Which means background-only hypothesis is rejected at 1 %
signi cance level.
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2.4 Unexpectedly broad energy spread of antiprotons ajetti®mn
into the single cusp trap

The time evolution of antihydrogen production gives an impant insight for the proposed
spectroscopy.

As shown in Fig. 2.22(c), the antihydrogen production rate deeases at the mixing start,
when antiprotons are injected into positrons, and then gradilly increases. It suggests that
positron temperature increases by the injection of antiptons and decreases gradually because
of the cyclotron radiation, which implies that the relativeenergy of antiprotons with positrons
is large and positrons are heated up.

The energy distribution of the injected antiprotons is actally measured as shown in Fig. 2.28(a).
The number of trapped antiprotons are counted repeatedly Wi a di erent height of the po-
tential barrier at the entrance of the single cusp trap. Sire only those with higher energy
than the barrier can be trapped, the trapped number as a funicn of the barrier height gives
the energy distribution. Figure 2.28(b) shows the result. 3id line shows a tting result by
integral of a gaussian distribution shown by dashed line. Ehenergy spread is unexpectedly
broad compared with the temperature of antiprotons in the MUBSHI trap which is estimated
about sub eV [51].

This is undesirable for the proposed spectroscopy. Figure29.shows a schematic diagram
of antiproton injection into a positron plasma which is conned in the center of the nested well.
Magenta lines represent the energy distributions of antiptons and lled regions correspond to
fractions of available antiprotons for antihnydrogen prodation. When the energy spread of the
injected antiprotons is broad, the relative energy of antimtons compared with the potential
level of the positron plasma have to be large in order to trapnéiprotons as many as possible
to produce antihydrogen atoms as many as possible. As a resylositrons are heated up which
leads to low production rate and production of antihydrogeratoms with large kinetic energy.
In fact, this is the critical point for the spectroscopy at hgh precision. Chapter 3 describes

about it in detail.
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Figure 2.28: (a) The measurement principle of the energy digiution of antiprotons at the
entrance of the single cusp trap. The number of trapped antiptons are counted repeatedly
with a di erent height of the potential barrier at the entrance. Since only those with higher
energy than the barrier can be trapped, the trapped number asfunction of the barrier height
gives the energy distribution. (b) The number of trapped anprotons as a function of the
barrier height. Solid line shows a tting result by integral of a gaussian distribution shown
by dashed line. The energy spread is unexpectedly broad ccangd with the temperature of
antiprotons in the MUSASHI trap which is estimated about sub eV{1].
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Figure 2.29: Schematic diagrams of antiproton injection iota positron plasma con ned in the
nested well. When the energy spread of the injected antiprate is broad, the relative energy of
antiprotons compared with the potential level of the positon plasma have to be large in order
to trap antiprotons as many as possible to produce antihydgen atoms as many as possible.
As a result, positrons are heated up which leads to low produch rate and production of
antihydrogen atoms with large kinetic energy.
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Chapter 3

Antihydrogen production towards the

spectroscopy

In chapter 2, we described the successful production of amtdrogen atoms and its detection by
a detector placed 2.7 m downstream of the production regiomn order to conduct an antihy-
drogen spectroscopy with high precision, intense beams affly spin-polarized antihydrogen
in its ground state are necessary.

Slower antihydrogen atoms benet us because it well make sppolarization higher as it
spends longer time in the cusp magnetic eld gradient, so th#ée focusing (or defocusing) e ect
Is stronger, and because it well make population of the grodrstate larger as it has longer time
to cascade down from high Rydberg states to the ground stateln order to make slower,
cooler antihydrogen atoms, the energy distribution of anproton beam needs to be smaller as
shown in Fig. 3.1. We modi ed the extraction scheme of antiptons from the MUSASHI trap,
and constructed a new antiproton transport line from the MUSABSBI trap to the antihydrogen
production region. Both are described in sections 3.1.1 a®dl.2. In addition, as described in
section 3.1.3, the antihydrogen production trap is repladewith a double cusp trap so that the
beams of antihydrogen have higher spin-polarization. A neantiproton annihilation monitor
with higher spatial resolution is installed. A newly desigad antihydrogen detector is installed
with a eld ionizer in front so that we can measure the populabn of antihydrogen in the
low-lying excited states. These are described in sectiond 3, 3.1.5, and 3.1.6.

Section 3.2 describes the improvement of the energy distuifion of antiprotons, and sec-
tion 3.3 describes the improved production rate of antihyadigen atoms as the result of the

obtained smaller energy distribution. Section 3.4 descels the observation of antihydrogen
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atoms in low-lying excited states, which is an important sie for realization of spectroscopy
experiment. Section 3.5 reports an inconsistency found ireveral antiproton/antinydrogen
counters, and discusses non-isotropic distribution of ahiydrogen atoms as a possible explana-
tion. Section 3.6 reports an unexpected decrease of antilngden yield when we increase the
density (and number) of positrons, and discusses the e ect self- eld of positrons. Section 3.7
discusses the observed early stoppage of the antihydrogeaguction, and the spatial separation
of antiprotons and positrons. Finally in section 3.8, a new ming scheme between antiprotons
and positrons based on the discussion in section 3.6 and 3aid a new de-excitation scheme

for antihydrogen atoms are proposed.

Nested well atp injection

Small energy distribution of p

Electrostatic potential on axis

Axial position

Figure 3.1: Schematic diagrams of antiproton injection withnarrow energy spread into a
positron plasma con ned in the nested well.

3.1 Setup

Figure 3.2 shows the schematic view of the experimental setupcluding the positron accu-
mulator, positron transport line, MUSASHI trap (antiproton tr ap), antiproton transport line,
double cusp trap, eld ionizer, and antihydrogen detector.The single cusp trap is replaced
with the double cusp trap. In order to focus on antihydrogen qoduction, the eld ionizer and
the antihydrogen detector are connected just after the doud cusp trap for larger solid angle of
the detector viewed from antihydrogen atoms produced in theéouble cusp trap. The positron

accumulator and positron transport line are the same as degied in chapter 2.
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3.1.1 MUSASHI trap with extraction of antiprotons for nariowtial energy spread

This section explains about the extraction of antiprotonsrbm the MUSASHI trap for narrow
initial energy spread, which is the rst step to be achievedsapointed out at the beginning of
this chapter.

Before the extraction, the procedure of antiproton accumation is the same as described in
chapter 2. Typically 3 1P antiprotons corresponding to 3 or 4 AD shots are accumulatechd
cooled down by 18 electrons in the MUSASHI trap. The number of electrons are lowed down
to 5 10° by opening the upstream side of the con nement potential we(electron kickout)
for 200 ns twice. The rotating wall electric eld (247 kHz, 0.3V, 120 s) is applied to radially
compress the antiproton cloud in the harmonic region of thegbential well.

The radially compressed antiprotons are extracted from thMUSASHI trap by applying
a pulsed voltage on the potential barrier at downstream. Thénitial energy spread of the
antiprotons at the extraction is a ected by the potential gradient where antiprotons exist.
Antiprotons gain kinetic energy depending on the potential icerence between before and after
the extraction, because the rising time of the extraction gdae is on the order of 10 ns which
is much faster than the typical oscillation of antiprotons uthin the potential well. In order
to realize the narrow initial energy spread, the extractiorscheme with a small gradient is
investigated.

Figure 3.3(a)-(c) show various extraction potential con guations called Ext, Ext,, and
Exts. VE is the oat voltage of the MRE as a whole and determines the esdction energy
from the MUSASHI trap. Solid lines correspond to the potential @n gurations just before
extraction. It is kept for 10 s so that remained electrons cédown antiprotons. The remained
electrons are thrown away by opening the downstream side 600 ns, repeatedly for six times.
Then antiprotons are extracted to downstream by opening thdownstream side of the potential
con guration by applying pulse voltage on one of the MUSASHI MREDashed lines correspond
to the potential con guration after the extraction pulse is applied. The potential barrier at
the downstream edge of the trapping region is lowest in Ext The lowest extraction pulse of
7.25 V is applied in Ext compared with 50 V in Ext, and 100 V in Ext;. Figure 3.3(d) is
the scheme used in chapter 2. It is named Ext The potential change is minimized and the
gradient exist only at the downstream edge for Ext while the potential change is the largest

and the gradient exist throughout the region where antiprains exist for Ex
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Assuming that con ned antiprotons follow Maxwell-Boltzmam distribution and an antipro-
ton exists within the region determined by its kinetic energ the potential di erence is calcu-
lated between the con gurations before and after the extrdion, at the position of the antipro-
ton. A distribution of axial component of the kinetic energyafter the extraction is obtained by
considering that the potential di erences correspond to té kinetic energy gained by antiprotons
during the extraction. Energy spread is de ned as RMS of theistribution. Calculations are
performed for antiprotons with the initial temperature of 0, 1000, 2000, 3000, and 4000 K.
Figure 3.3(e) shows the energy spread for various extracti@ehemes. The narrowest energy
spread is obtained when Extis used for all initial temperatures. It should be noted thathe
temperature can be increased by the potential manipulatioto compress the trapping region
before extraction, especially for Ex and Ext,, in order to conserve phase space volume. In
the calculation, the same kinetic energy distribution is asumed for the antiprotons in the po-
tential con gurations just before extraction and the e ect of the potential manipulation before
Is ignored, which means the energy spread can be broader fat£and Ext, than the values

shown in Fig. 3.3.
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Figure 3.3: (a)-(d) Extraction potential con gurations named Ext;(a), Ext,(b), Ext3(c), and
Ext4(d). Vg is the oat voltage of the MRE as a whole and determines the esdction energy
from the MUSASHI trap. Solid lines correspond to the potential @n gurations just before
extraction. Antiprotons are extracted to downstream by opeimg the downstream side of the
potential con guration by applying pulse voltage on one ofie MUSASHI MRE. Dashed lines
correspond to the potential con guration after the extracton pulse is applied. The potential
barrier at the downstream edge of the trapping region is lowein Ext;. The lowest extraction
pulse of 7.25 V is applied in Ext compared with 50 V in Ext, and 100 V in Ext;. Ext,4 corre-
sponds to the scheme used in chapter 2. (e) The calculated myyespread of axial component
of the kinetic energy in terms of RMS for various extraction ptential con gurations. Calcula-
tions are performed for antiprotons with the initial tempeature of 500, 1000, 2000, 3000, and
4000 K. The narrowest energy spread is obtained when Exs used for all initial temperatures.
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3.1.2 Antiproton transport line for adiabatic transport aitiarotons to keep the

energy distribution

This section explains about the transport of antiprotons tckeep the energy distribution, which
Is the second step to be achieved as pointed out at the begingiof this chapter.

It is known that the action integrals are invariant for "adiabatic" change of the property.
When the change is slow compared to the relevant periods of rnast and is not related to the
periods, it is called adiabatic change. For a charged par&in a uniform, static magnetic eld,
the transverse motion is periodic and the action integral fahe motion is given by [64]

I
J = P? dl
I |

mv, d+e A d
| I

eB
= m-—a’d +e B nda (3.1)
m s
B
—om 22 eBa?
m
= eBa?

whereP, is the transverse component of the canonical momentur, is a directed line element
along the circular path, anda is the radius of the particle's orbit. Considering the trangerse
momentum of the particlep, is propotional to aB, Ba?/ p3=B is invariant for the adiabatic

change. It is clear that the total energy conserves in a statimagnetic eld since the Lorentz
force is always perpendicular to the direction of the partie motion. Therefore, if the static

magnetic eld changes adiabatically followind® = B(z), the parallel velocity is given by

2 2

B(z
=2 , B(2),

V'.% = Vg V?om-

(3.2)
It means that even if the magnetic eld variates along the trgectories, the velocity distribution
also conserves at the same magnetic eld as far as the changadiabatic.

In the actual setup, the magnetic eld lines are parallel tolhe beam axis in the MUSASHI
trap. The magnetic eld lines are also considered as being nadlel to the beam axis in the
double cusp trap where positrons are con ned. The eld stragth at both points are almost
the same. If antiprotons are transported adiabatically féadwing magnetic eld lines, the energy

distribution should be conserved at the antihydrogen prodion region in the double cusp trap.
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Figure 3.4 shows calculated trajectories of antiprotons abD eV with the antiproton trans-
port line shown on top, which is described in chapter 2. In thealculations, the initial radial
positions are 0.4, 0.8, 1.2, 1.6, 2.0 mm and the initial radimomentum are zero. The magnetic
eld lines are shown together. The magnetic eld of the coil Aand B are 0.012 T and 0.012
T on axis, respectively. At the exit of the MUSASHI trap, the magetic eld strength sharply
decreases and the magnetic eld lines diverge so rapidly thite trajectories cannot follow the
lines. Trajectories are focused by the electrostatic lens tavoid loss due to annihilations with
surrounding materials crossing the eld lines. Antiprotonsdo not follow magnetic eld lines,
which means that the change of the magnetic eld strength isrdstic and the transport is no
longer adiabatic. The axial component of the kinetic energig expected to vary depending on
its trajectory which can cause the broad energy spread at thejection of antiprotons into the

single cusp trap as shown in Fig. 2.28(a).
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Figure 3.4: Calculated trajectories of antiprotons at 150 eWith the antiproton transport line
shown on top, which is described in chapter 2. The magneticlelines are shown together. In
the calculations, the initial radial positions are 0.4, 0.81.2, 1.6, 2.0 mm and the initial radial
momentum are zero. The magnetic eld lines diverge so rapydthat the trajectories cannot
follow at the exit of the MUSASHI trap. Trajectories are focusediy the electrostatic lens
crossing the eld lines. Antiprotons do not follow magnetic eld lines, which means that the
change of the magnetic eld strength is drastic and the tranmort is no longer adiabatic. The
axial component of the kinetic energy is expected to vary depding on its trajectory which
can cause the broad energy spread at the injection of antigoms into the single cusp trap as
shown in Fig. 2.28(a).
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Table 3.1: Speci cations for coils along the transport lineThe new transport coil at the exit of
the MUSASHI trap is designed which is named coil T in order to avdithe drastic divergence
of the magnetic eld lines.

inner outer

radius | radius | length resistance| inductance
name | [mm] [mm] [mm] | turns [] [mH] wire
coil T | 200 204 96 48 0.13 1.35 Cu(2 4 mnp)
coil A| 125 | 153 (133)| 115 150 0.41 5.06 Al (2:5 45 mny)
coilB | 125 180 30 147 0.44 10.2 Al (2:5 4.5 mn?)

In order to realize the adiabatic transport, the drastic diergence of the magnetic eld lines
at the exit of the MUSASHI trap should be avoided rst of all. The rew transport coil at
the exit of the MUSASHI trap is designed which is named coil T forhis reason. Table 3.1
summarizes speci cations of the transport coils in the acal setup.

Calculations are performed in order to nd a feasible condiin which realizes the adiabatic
transport satisfying both the narrow energy spread and highransport e ciency. Various
static magnetic eld conditions using three transport cos are calculated, and then trajectories
of antiprotons under the magnetic eld for various initial kinetic energies are investigated.
Further details are described in Appendix.

Figure 3.5(a) shows the feasible condition using the MUSASHI maegt, 3 transport coils
(T, A, and B), and the double cusp magnet with calculated trajetories following the magnetic
eld lines adiabatically. The initial kinetic energy of antiprotons is 1.5 eV. The initial radial
positions are 0.4, 0.8, 1.2, 1.6, 2.0 mm and the initial radimomentum are zero. The magnetic
eld strength of the coil T, coil A, and coil B are set at 0.15 T, 012 T, and 0.12 T on axis,
respectively. For the coil A and coil B, the eld strength is hcreased by a factor of 10 compared
with the previous non-adiabatic transport scheme.

Transport e ciency and energy spread in this condition are ealuated using calculations.
For the calculations, 10000 particles with the initial enagy distribution following Maxwell-
Boltzmann at 3000 K and the uniform position distribution wthin a spheroid of the radius
of 3 mm are used. The transport e ciency is de ned as the numhbreof antiprotons reach the
position where the positron plasma is expected to be con ned the double cusp trap, divided
by 10000. The energy spread is de ned as RMS of the distriboti of axial component of the
kinetic energy at the position. Table 3.2 shows a summary dfi¢ calculated transport e ciency

and energy spread for the old non-adiabatic transport schenand the new adiabatic transport
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scheme. With the new transport scheme, the energy spread otiprotons is kept narrow and

higher transport e ciency than the old transport scheme is ahieved.
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Figure 3.5: Calculated trajectories of antiprotons with thenew adiabatic transport scheme,
following the magnetic eld lines adiabatically. Three transport coils (T, A, and B) are used
and the eld strength of the coil A and B is increased by a factoof 10 compared with the
previous non-adiabatic transport scheme. The initial kirtec energy of antiprotons is 1.5 eV.
The initial radial positions are 0.4, 0.8, 1.2, 1.6, 2.0 mm anthe initial radial momentum are
zero.

Table 3.2: Summary of the calculated transport e ciency andenergy spread for the old non-
adiabatic transport scheme and the new adiabatic transpodcheme. The initial energy distri-
bution following Maxwell-Boltzmann at 3000 K ( 0:26 eV) are used. With the new transport
scheme, the energy spread of antiprotons is kept narrow andyher transport e ciency than
the old scheme is achieved.

H Energy spread [eV]‘ Transport e ciency

Old transport 162 0.2 0:31 001
New transport 0:24 001 0:63 0:.01
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The stronger magnetic eld along the antiproton transport ine compared with the old
transport scheme is needed for the new transport scheme. Irder to achieve it with the
actual setup, all transport coils are energized by large méd current in the new transport
scheme which realizes the stronger eld in the limited spacnd suppresses Joule heating of
the coils at the same time, while the coil A and coil B are enempd by DC current in the old
transport scheme. Control circuits are prepared to apply # pulsed current. Figure 3.6 shows
the circuit diagram. The thyristor, silicon controlled redi er composed of four-layer diode, is
used for the pulsed drive. Only the signal level of both the able and discharge trigger are
high, the current ows. The resistor is for monitoring of the owing current and it has very

small resistance 1 m. Table 3.3 shows speci cations of the main components.

Diode

Coil
+
_ Capacitor
Thyristor Power supply
Enable
Discharge trigger Resistor

Figure 3.6: The circuit diagram to apply pulsed current inclding the thyristor, diodes, capac-
itor, and small resistor.

Table 3.3: Speci cations of the main components for the coml circuit.

Capacitor B41456B8150M (0.15 F, 63 V)
Resistor Ohmite, TGHGCRO0O010FE (1 m, 100 W)
Ohmite, TGHGCROOOS5FE (0.5 m, 100 W)
Thyristor Vishay, VS-25RIA80 (800 V, 440 A)
Semikron, SKT 40/12 E (1200 V, 700 A)
Vishay, 80RIA80PBF (800 V, 1990 A)
Diode | MagnaChip, MPKC2SA200U40 (400 V, 400 A)
Semikron, SKN 130/08 (800 V, 405 A)
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Figure 3.7(a) shows the monitored current for the three coilsThey are discharged at the
di erent timing so that all of them are at its maximum current at the same time. Considering
the time of ight of antiprotons of 1.5 eV from the MUSASHI trap to the double cusp trap
is 150 s, the eld strength can be considered constant. Figure 3.7(land (c) show the
calculated maximum magnetic eld on axis as a function of owg current and charging voltage.
Dotted lines show corresponding current and charging volge for the experimental condition

such as 0.15 T for coil T and 0.12 T for coil A and coil B.
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Figure 3.7: (a) The monitored current for three transport cds. They are discharged at the
di erent timing so that all of them are at its maximum current at the same time. (b) The
calculated maximum magnetic eld on axis for the transport oils as a function of owing
current. (c) The calculated maximum magnetic eld on axis fothe transport coils as a function
of charging voltage for capacitor in the control circuit. Dtted lines show corresponding current

and charging voltage for the experimental condition such &15 T for coil T and 0.12 T for
coil A and coil B.
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In addition, the alignment of coils is important to make the nagnetic eld in the actual
experimental setup close to the ideal cylindrical one. Figar3.8(a)(b) show a drawing and a
picture of a support structure for the coil T, which is desigad and prepared in order to adjust
its position and angle.

Figure 3.9 shows a picture of the new adiabatic transport linef antiprotons.

(b)
(@)

Figure 3.8: (a) A 3D schematic drawing of the support structwe for coil T. (b) A picture of
the support structure. Both the position and angle of coil T an be adjusted.

(Positron accumulator)

(Positron transport line)

Double cusp trap

MUSASHI trap

CoilT CoilA CoilB

Figure 3.9: A picture of the new transport line of antiprotons
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3.1.3 The double cusp trap for higher spin-polarization

The single cusp trap where antihydrogen atoms are produced ¢hapter 2 is replaced with the
double cusp trap for higher spin-polarization.

The double cusp magnetic eld has a better focusing power fantihydrogen atoms than
the single cusp magnetic eld. Figure 3.10 shows a cross sentl view of the double cusp trap
and a magnetic eld distribution of the double cusp magnet. Tiere are three coils working as
two pairs of anti-Helmholtz coils, a main coil at the center ath two mirror coils. The coils are
made of one superconducting wire and all connected, whiles itvinding direction is opposite
for the main coil. The magnet is surrounded by a magnetic shikmade of massive iron of

1000 kg. Figure 3.11 shows a circuit diagram of power supplies the magnet. One power
supply for all coils and additional power supplies for eacH the two mirror coils are used. This
double-cusp con guration with the massive iron magnetic séld also makes a leak magnetic
eld smaller, which is important for a precision spectrosquy.

The focusing performance of the magnet can be calculated ngia total radial momentum

p: transferred to an antihydrogen atom given by [55]

Z, Z
dt S =8
= F,—dz= —dz: 3.3
Pr . dz LV, (33)

whereF, is the radial force acting on the beam. Figure 3.12(a) showsdltalculated intensity
of antihydrogen beams at the expected position of the micrawe cavity as a function of kinetic
energy of antihydrogen atoms. The low- eld seekers (LFS) afecused by the magnetic eld
gradient, while the high- eld seekers (HFS) are defocused, wh means more LFS and less HFS
reach the expected position of the cavity as described beforThe double cusp magnetic eld
has a better focusing power than the single cusp and the dience of the intensity between
low- eld seekers and high- eld seekers is larger for the dble cusp magnetic eld. Fig. 3.12(b)
shows the estimated spin-polarizationf(rs furs)=(fLrs + fHEs) from the calculation for the
double cusp magnetic eld. The spin-polarization for the sigle cusp magnetic eld is shown
together (same as Fig. 2.14(c)).

Even if antihydrogen atoms have the same kinetic energy, thegher spin-polarization can

be achieved by using the double cusp magnetic eld than thengjle cusp.
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Figure 3.10: (a) A cross sectional view of the double cusp traffhere are three coils working
as two pairs of anti-Helmholtz coils. The magnet is surroundeby a magnetic shield made of
iron. Two-dimensional distribution of the magnetic eld strength (b) and B, distribution on
axis (c) of the double cusp magnet.
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Figure 3.11: A circuit diagram of power supplies for the doublcusp magnet.
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Figure 3.12: (a) The calculated intensity of antihydrogen baams at the expected position of
the microwave cavity as a function of kinetic energy of antydrogen atoms. The low- eld
seekers (LFS) are focused by the magnetic eld gradient, whithe high- eld seekers (HFS) are
defocused, which means more LFS and less HFS reach the expectsitipn of the cavity. The
double cusp magnetic eld has a better focusing power than ¢hsingle cusp and the di erence
of the intensity between LFS and HFS is larger for the double cusmagnetic eld. (b) The
estimated spin-polarization from the calculation for the duble cusp magnetic eld. The spin-
polarization for the single cusp magnetic eld is shown togleer (same as Fig. 2.14(c)). Even if
antihydrogen atoms have the same kinetic energy, the highgpin-polarization can be achieved
by using the double cusp magnetic eld than the single cusp. §ures are adapted from [65].
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Necessary modi cations and developments about the double sputrap are explained as
follows.

In the double cusp magnetic eld, the position of the local mamum of the magnetic eld
is shifted to the upstream side. Since positrons are stablprcned at the local maximum, the
center of the nested well should be located there. A longer NERcompared with the scusp-
MRE, named dcusp-MRE, is designed in order to manipulate thpotential under the double
cusp magnetic eld. Figure 3.13(a) shows a schematic drawiagd Fig. 3.13(b) shows a picture
of the dcusp-MRE and its support structure. There are 21 ele#odes nhamed U1l - U1, D1 - D10
from upstream to downstream. U10 and U5 are segmented azimuliigainto four. Electrodes
are made of aluminum with its surface coated by gold. A part dhe support structure is made
of copper.

There is a mechanism for better thermal contact between thecdsp-MRE and the cold bore
wall to cool down the dcusp-MRE further. Parts with the shapef four separated-cylinder are
prepared as a component of the support structure of the dcuiPRE as shown in Fig. 3.13(a).
The radius of the electrodes at downstream side becomes derato prepare the separated-
cylinder part, keeping the same solid angle of the antihydgen detector from the production
region. Figure 3.14(a) shows a picture of the part. These pariwvith soft metal sheets made
of indium (0.3 mmt) are inserted between the cold bore wall ahthe support structure of the
dcusp-MRE using rods as shown in Fig. 3.14(b)(c). Foils madé copper and silver are also
inserted to avoid adhesion. The indium sheets in between apeessed and deformed to I
gaps after inserted, which leads to a better thermal contacFigure 3.14(d) shows a picture of
the deformed sheet. Although the dcusp-MRE becomes longeratihthe scusp-MRE, the cold
region of the bore is limited. The dcusp-MRE is placed so that has a thermal contact only

with the cold region.
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Separated-cylinder part
@ " yincere (b)

|
f———= — — Copper foil (0.1mmt)
<—E>Indium sheet (0.3mmt)

————Silver foil (0.1mmt)
Support structure
of the dcusp-MRE

(d)

/ Silver foil

(c) ___—Pressed and deformed Indium sheet
after inserted

—— Copper foil
Rods to insert the separated-cylinder part

Figure 3.14: (a) A picture of the separated-cylinder part with is prepared as a component of
the support structure of the dcusp-MRE for better thermal catact between the dcusp-MRE
and the cold bore wall to cool down the dcusp-MRE further. (bA schematic drawing of the
part with soft metal sheets made of indium (0.3 mmt) betweenhte cold bore wall and the
support structure of the dcusp-MRE. Foils made of copper ansilver are also inserted to avoid
adhesion. (c) A picture of them with the rods to insert them b®veen the wall and the support.
(d) A picture of the pressed and deformed indium sheet aftenserted.
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Several electronic lters to reduce electric noise comingoim the outside are connected to
upstream electrodes of the dcusp-MRE because the noise canse heating of trapped particles.
The Iters are xed on the surface of the support structure otthe dcusp-MRE and cooled down
to cryogenic temperatures via thermal contact. Table 3.4 slws a summary of the cryogenic
Iters. Figure 3.15 shows four types of circuit diagrams of th cryogenic lters. Figure 3.15(a)
shows a combination of Schottky barrier diodes and RC ItetsWhen the noise with a small
amplitude below a certain threshold and high frequency comdrom outside, the current does
not go through the diodes and the noise is cut o by the low-pasRC Iters. On the other
hand, when a pulsed voltage enough above the threshold andjmifrequency is applied, the
current go through the diodes. Thus it is capable for both a rige rejection and a fast switching
which is necessary for catching of particles.

Figure 3.15(b) shows the circuit diagram of the LC lIters for @plying rotating-wall electric
eld. The cut o frequency is 12 MHz. RC lters are not used becase dissipation of energy
through a resistor induce a diocotron motion of a plasma whicshould be avoided for a stable
con nement.

Although it is not applied in this thesis, some setup for excittion and detection of plasma
oscillation are installed as shown in Fig. 3.15(c) and (d), spectively. By applying RF for
excitation of plasma oscillation through U9 or U6, the oscilleon can be detected from US8.
The voltage-control switch shown in Fig. 3.15(c) can be usedrfapplying RF periodically. The
detection of plasma oscillation using the same techniquersported in [66]. The RF terminal
Is connected to the GND for antihydrogen production descrilgein this thesis.

All lters are arranged on PCB boards and placed as shown in Fig.16 (view from down-
stream). The octagon at the center corresponds to the surlaof the downstream side of the
dcusp-MRE. For azimuthally segmented electrodes, four eteodes are named as A, B, C, and

D clockwise (view from downstream).

Table 3.4: A list of electronic lters xed on the support structure of the dcusp-MRE and
connected electrodes.

Cryogenic lters Connected electrodes \ Diagram
Diode bridges+RC lters Ull, U4, U3, U2, Ul (@)
LC lters U10, U5 (each of segmented electrodes) (b)
Diode bridges+RC lters+switch U9, U6 (c)
Diode bridges+RC Iters+RF detection us (d)
No lter D1 - D10 -
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BAT54S
Vin Electrode
200k 200k
200 pF 200 pF
(b)
500 nH 1.1 F 500 nH
Vi, Electrode
440 pF 440 pF

(c)

BAT54S

1M
Vi, Electrode
200k 200k AnE
200 pF 200 pF (RFin) ~
_ 1k
(switch control)
4nkF
(d) BAT54S 3.3nF
(RFdetection )
Vin Electrode
200k 200k 1M
200 pF 200 pF

Figure 3.15: Circuit diagrams of the electronic Iters to redce electric noise coming from the
outside, which are connected to upstream electrodes of theusp-MRE. (a) Diode bridges and
RC lters. (b) LC lters. (c) Diode bridges, RC lters, and RF switch. (d) Diode bridges, RC
Iters, and RF detection terminal.
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Figure 3.16: Pictures of the electronic lters. Their placerants, looking from downstream side,
are shown. The octagon at the center corresponds to the swéaof the support structure of
the dcusp-MRE.
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Two thermal shields at upstream and downstream side of the dsp-MRE are modi ed for
more e ective design. Regarding the upstream thermal sh@l the center cylinder is black-
Ni-plated. Thermal radiation from the room temperature upsteam side is absorbed during
re ection repeatedly on the inner wall of the cylinder to aval the radiation from entering

inside the dcusp-MRE. Figure 3.17 show pictures of the modideupstream thermal shield.

(@ (b) (©)

upstream side

Figure 3.17: The view from upstream (a), side view (b), and wefrom downstream (c) of the
modi ed upstream thermal shield.

Regarding the downstream thermal shield, the movable shikin chapter 2 is replaced with
a cylinder-type shield shown in Fig. 3.18(a). The movable #id is not enough for extraction of
antihydrogen atoms to downstream side, because the temptna of the dcusp-MRE increases
up to 17 K when the shield is opened, due to the thermal radiath from the room temperature
downstream side. The inner surface of the new shield is blak-plated and carved many ne
grooves in order to di use thermal radiation from the downstam. Figure 3.18(b) shows that
it looks dark inside the cylinder due to the di usion. The tenperature of the dcusp-MRE is
lowered down to 13.5 K with the cylinder-type shield. Sincehte temperature rise is suppressed,
the evaporation of the frozen hydrogen on the surface of thecusp-MRE and bore wall is
reduced, which prevents deterioration of the vacuum. Backgund events for antihydrogen

production due to annihilations of antiprotons with residal gas, is expected to be reduced.

(a) (b)

Figure 3.18: (a) A picture of the cylinder-type downstream tarmal shield. (b) A view from
downstream of the downstream thermal shield. It looks darkdzause the radiation is di used.
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3.1.4 ASACUSA MicroMEGAS Tracker to detect annihilationgiwithe double

cusp trap

An annihilation position sensitive detector called ASACUSA MiroMEGAS Tracker(AMT) is
placed between the outer vacuum chamber of the cold bore antetdouble cusp magnet. The
AMT is composed of two half-cylinder layers of the MicroMEGAS etector and one layer of
eight plastic scintillator bars between them. Figure 3.19 slws main components and principle
of operation of the MicroMEGAS. The MicroMEGAS is mainly compeed of cathode made of
kapton with copper on both sides, anode strips made of goldated copper, and a stainless
steel woven micro-mesh. The mixed gas of Argon (90 %) and Is¢dmoe (10 %) slowly ows
within the MicroMEGAS. The electric eld between the cathodeand micro-mesh is 8 kV/cm
and the electric eld between the micro-mesh and anode-gbs is 40 kV/cm as typical values.
When a charged particle produces electrons through ionizati of the mixed gas, the electrons
are accelerated to the micro-mesh. They are ampli ed by prading secondary electrons in the
thin region with higher electric eld between the micro-mels and anode strips. The ampli ed
electrons are collected through anode strips (248 strips exial direction and 448 strips in

circumferential direction).

Charged particle

Cathode (Cu on kapton)

<
>
c
'@ lonization and drift region 3
mm
E 8 kV/cm
0
s
o
3 Stainless steel woven micro-mes
X
= Ampli cation region 128 m

40 kV/cm

Anode strips (Au-coated Cu)

Figure 3.19: The main components of the MicroMEGAS includinghe cathode made of kapton
with copper on both sides, anode strips made of gold-coatedpper, and a stainless steel
woven micro-mesh. A charged patrticle produces electrongadligh ionization of the mixed gas
of Argon (90 %) and Isobutane (10 %), the electrons are acceltad to the micro-mesh by

the electric eld of 8 kV/cm and ampli ed by producing seconday electrons in the thin region

with 40 kV/cm between the micro-mesh and anode strips. The arliged electrons are collected

through anode strips.
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Figure 3.20(a) shows a cross-sectional schematic view of thesition of the AMT. The
plastic scintillators are used to know the timing of the hit ly the charged particle and produce
a trigger to start data acquisition. Figure 3.20(b) shows a sematic view of the AMT including
the support structure. Since the MicroMEGAS is normally useds a at sheet, this curved
structure is not straightforward and some development is qaiired [67].

From a simulation including the magnetic eld of the double asp trap, a vertex resolution
of about 7 mm is obtained [67], which is su cient for discrimnation between annihilations on
the wall of the dcusp-MRE and inside the trap with residual g& which is mainly composed
of hydrogen. The discrimination is important, because comed antiprotons annihilate with
residual gas around the trap axis, while antihydrogen atomsnd extracted antiprotons to the
zero-magnetic- eld position (mainly for counting the numier) annihilate at the wall of the
dcusp-MRE. Figure 3.20(c) and (d) show reconstructed 2-dimsional annihilation positions
perpendicular to the beam axis, for the extracted antiprotas to the zero-magnetic- eld position
and for the con ned antiprotons, respectively. Dashed lineorresponds to the inner surface of
upstream electrodes of the dcusp-MRE with their radius of 4nt. Since the multiple scattering
with the material between the dcusp-MRE and the detector a et the resolution, the AMT
is less a ected compared with the array detector which is pta&d outside of the magnet. The
resolution is much better especially for the radial positits than the array detector. Further
details are described in [67] [68].

When antiprotons annihilate inside the double cusp trap, reksed pions are detected by
plastic scintillator plates surrounding the bore which is uginally prepared for triggering of
the data acquisition of the AMT. When two or more out of eight plées detect annihilations
coincidently, the event is de ned as a double coincidencewd. The detection e ciency of an
antiproton annihilation is more than 90 % for the double coicidence counts when it annihilate
on the wall of the dcusp-MRE at the position of zero magneticeld. This double coincidence

counts are called AMT scintillator counts hereafter.
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@) Plastic scintillator plate (b) Readout connectors Gas outlet
MicroMEGAS Gas inlet (Active area)

L =61:5cm
Cold bore D =15:3cm
Plastic scintillator plates
OVC of the cold bore OVC of the magnet
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Figure 3.20: (a) The schematic diagram of the position of the AMbetween the outer vacuum
chamber of the cold bore and the magnet. (b) The schematic weof the AMT including the
support structure adapted from [67]. (c)(d) Reconstructed-dimensional annihilation posi-
tions perpendicular to the beam axis, for the extracted anprotons to the zero-magnetic- eld
position(c) and for the con ned antiprotons(d), respectiely. Dashed line corresponds to the
inner surface of upstream electrodes of the dcusp-MRE witlheir radius of 4 cm. Figures are
adapted from [69].

78



3.1.5 Field ionizer to investigate atomic states just befine antihydrogen de-

tector

The eld ionizer is installed at outside of the double cusp &p to investigate atomic states of
antihydrogen atoms using the eld ionization technique. ®ice a high electric eld is required
to monitor low-lying excited states as shown in Eq.(2.16),he eld ionizer is designed to be
capable for high electric eld.

Figure 3.21(a) shows a schematic view of the eld ionizer, mdy composed of two BeCu
meshes with transparency of 95 % at a distance of:50 0:5 mm. It is placed on the beam
axis where the vacuum is 10 ° mbar. Each metal mesh is xed at a metal ring and the
ring is connected to a feedthrough to apply a voltage by a powsupply from outside vacuum.
The meshes produce an uniform electric eld. We can monitohe principal quantum number
independent on the radial positions, while it is not the casi®r the cylindrical electrodes used in
chapter 2. By applying a positive high voltage ¥ on a mesh at upstream side and a negative
high voltage V on the other mesh at downstream side, an uniform high elecstatic eld is
produced, which avoids bare antiprotons from travelling den to the antihydrogen detector.
Figure 3.21(b) a show picture of the actual setup. The ring isistant from the surrounding
duct surface by 2 cm. Figure 3.21(c) shows a zoomed view of thmupling of the feedthrough
and the ring.

Figure 3.21(d) shows a required voltage for the eld ionizemwtionize an antihydrogen atom
as a function of the principal quantum number. Two lines coaspond to di erent distances

between meshes. When5 kV is applied, antihydrogen atoms of withn 14 are ionized.
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Figure 3.21: (a) A schematic drawing of the eld ionizer maiyl composed of two BeCu meshes
with transparency of 95 % at a distance of 16 0:5 mm. By applying a positive high voltage
+V on a mesh at upstream side and a negative high voltage/ on the other mesh at down-
stream side, an uniform high electrostatic eld is producedvhich avoids bare antiprotons from
travelling down to the antihydrogen detector. The principaquantum number of antihydrogen
atoms can be monitored independently on the radial positien (b) A picture of the actual
setup. The metal ring around the metal mesh is distant from th surrounding duct surface by
2 cm. (c) A zoomed view of the coupling of the feedthrough andie ring. (d) A required volt-
age for the eld ionizer to ionize an antihydrogen atom as a fiction of its principal quantum
numbern. Solid line and dashed line correspond to the distance besvemeshes of 10 mm and
11 mm, respectively. When 5 kV is applied, antihydrogen atoms of withn 14 are ionized.
Figures are adapted from [70].
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3.1.6 Antihydrogen detector using the BGO with position isgitg and ho-

doscope

The antihydrogen detector is upgraded by adding position ssitivity to the BGO crystal and
replacing the plastic scintillator plates with double-lagred hodoscope.

The scintillation light from the BGO crystal is detected by Multi-anode photomultipliers
(MAPMT) instead of a 5-inch PMT in order to realize a 2-dimensinal position sensitivity.
Tracking within the crystal is possible even with a non-segemted BGO crystal [71]. Fig-
ure 3.22(a) shows a schematic diagram around the new antipgen detector. The BGO disk
with its diameter of 9 cm and thickness of 5 mm is xed facing th transparent window at the
end of the vacuum bore and four MAPMTs (64 4 =256 channels in total) are connected on
the surface of the window. The surface of the BGO crystal is ddk-coated in order to get a
better position resolution [71].

Five plastic scintillator plates are replaced with the dould-layered hodoscope. Figure 3.22(b)
shows a picture of the hodoscope. Both inner and outer layereacomposed of 32 plastic scin-
tillator bars with silicon photomultipliers (SiPM) at both ends, providing a position sensitivity
from time di erence. If a hit position is at downstream side fom the center of the plate, the
SiPM at downstream side detects the signal earlier than theilM at upstream side. Time
di erence among bars can be used to distinguish cosmic rayadaantinydrogen atoms [72].
Cosmic rays usually pass through from top to bottom and detésd at the top plate rst and
then at the bottom plate with a certain time di erence. On the other hand, pions from anni-
hilated antihydrogen atoms at the BGO crystal are detectedtasseveral bars with shorter time
di erence. The energy threshold to de ne candidate eventsan be lowered by using tracking
information for noise rejection.

Figure 3.22(c) shows an example of cosmic ray event. The o&r@t the center corresponds
to the BGO crystal. Squares correspond to the plastic scifiator bars of the hodoscope.
The distribution of the deposited energy is shown followinthe color palette on the right. The
plastic scintillator bars which detect annihilations coiidently with the BGO crystal are shown
by lled squares. Dotted lines show the estimated tracks.

An event is considered as an antihydrogen candidate when thepbsited energy on BGO
is larger than 20 MeV and two or more tracks are observed, hafter. For the events with
two tracks, information of angles of the tracks is used in oedt to reduce background events.

Figure 3.22(d) shows angular distribution of the tracks for @smic ray events. If the angle
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between two tracks is within 180 18 degrees and the angle between one track and horizontal
line is 90 85 degrees, the event is rejected. For those with three or neotracks, they are
automatically accepted. A detection e ciency is calculate at 0.6 with this condition [71].
Background is estimated from 32 events for 7500 s during cimgj of antiprotons by electrons
in the double cusp trap. Background event rate is:0043 0:0007 per second. Further details

and more sophisticated analysis are described in [71][72].

Plastic scintillator plates
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Figure 3.22: (a) A schematic diagram around the new antihydgen detector including the
BGO, MAPMT, hodoscope. (b) A picture of the hodoscope quoteddm [73]. (c) An example of
cosmic ray event. The circle at the center corresponds to tlBGO crystal. Squares correspond
to the plastic scintillator bars of the hodoscope. The disibbution of the deposited energy
is shown following the color palette on the right. The plasti scintillator bars which detect
annihilations coincidently with the BGO crystal are shown g lled squares. Dotted lines
show the estimated tracks. (d) Angular distribution of the tacks for cosmic ray events. An
event is considered as an antihydrogen candidate when thepdsited energy on BGO is larger
than 20 MeV and two or more tracks are observed. If the angle taeen two tracks is within
180 18 degrees and the angle between one track and horizontakliis 90 85 degrees, the
event with two tracks is rejected. For (c) and (d), gures arequoted from [69].
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3.2 Measurement of the energy distribution of antiprotons

The energy distribution of antiprotons at the exit of the MUSA&I trap, and at the injection

point into the double cusp trap are measured.

3.2.1 Energy distribution just after the extraction fronethMUSASHI trap

In section 3.1.1, we calculate several extraction schemes &ntiprotons from the MUSASHI
trap to make the energy distribution narrower. First, in orde to nd which scheme is best,
we compared the energy distributions obtained in di erent &raction schemes by time of ight
technique. In this measurement, we place a barrier in di er¢ places in the beam line. Antipro-
tons annihilate when they hit the barrier. If the all antiprotons have an exactly same kinetic
energy (thus same velocity), the time structure of the annikation does not change when we
change the position of the barrier. The broadening of the timstructure as they travel further
downstream gives the velocity spread of antiproton beams.

The magenta solid lines in Fig. 3.23(a)-(c) show the time stature of antiproton annihilation
at a closed gate valve at 1.2 m downstream of the center of thd MASHI trap, when antiprotons
are extracted with the extraction scheme Ext, Ext,, and Ext; as shown in Fig. 3.3, respectively.
The green lines show the time structure at a closed gate valae1.9 m downstream. Antiproton
annihilations are detected by a plastic scintillator plate(30 cm 17 cm 1 cmt) with PMT
located on the oor at the exit of the MUSASHI trap. The oat voltage is set atVe = 20V
for three conditions. As clearly seen in Fig. 3.23(c), there &slarge broadening of time structure
when extraction scheme Ex is used, and we observe much smaller broadening when Egt
Ext, is used as shown in Fig. 3.23(a) and (b). These observation egs the calculation shown
in Fig.3.3(e). The di erence between Ext and Ext, is not so clear experimentally. We decide
to use the extraction scheme Extbelieving the result of calculation mentioned above.

As explained in section 2.1.2, the previous extraction schenis optimized to shorten the
bunch length of antiprotons. This is necessary to achievedf catching e ciency in the cusp
trap when the antiproton beam has a large energy spread. Thetection scheme Exi provides
the least energy spread, but the longest bunch length. If wae transport the antiprotons from
the MUSASHI trap to the double cusp trap while keeping its narrowenergy spread, the long
bunch length does not prevent achieving high catching e ciecy. By making relative injection

energy to the positron plasma smaller, the travelling speeof antiproton within the nested
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well potential becomes slower and the travelling time longeThus even the long bunch of the

antiproton beam can be caught with high e ciency.
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Figure 3.23: The magenta solid lines show the time structurd antiproton annihilation at a
closed gate valve at 1.2 m downstream of the center of the MUSASH&p, when antiprotons
are extracted with the extraction scheme Ext, Ext,, and Exts, respectively. The green lines
show the time structure at a closed gate valve at 1.9 m downs@m. Antiproton annihilations
are detected by a plastic scintillator plate with PMT locatel on the oor at the exit of the
MUSASHI trap. The oat voltage is set at Ve = 20 V for three conditions. There is a large
broadening of time structure when extraction scheme Extis used as shown in (c), while we
observe much smaller broadening when Exor Ext, is used as shown in (a) and (b). We decide
to use the extraction scheme Extbelieving the result of calculation mentioned above.
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Then we measure the energy distribution of the antiprotons ih the extraction scheme
Ext, using the potential barrier method. A potential barrier at aound 0.7 m downstream of
the center of the MUSASHI trap is prepared as shown in Fig. 3.24(aJhe gate valve at 1.9 m
downstream is closed so that antiprotons which arrive therannihilate on it. The number
of annihilated antiprotons is estimated by integrating thecurrent signal from a PMT which
is attached to a plastic scintillator placed at the exit of te MUSASHI trap. The dots in
Fig. 3.24(c) show the number of annihilations as a function dhe barrier voltage for various
oating voltage Vk at the MUSASHI trap, which determines the extraction energy of he

antiproton beam.

Assuming antiprotons are in thermal equilibrium, their momatum distribution is given by

. . — 1 l 2 2 2
(P Pys P2) = Gk Ty P —kaBT(px + Py + ;) (3.4)

wherekg is Boltzmann's constant andT is the temperature, respectively. The energy distri-

bution is

f()d = fo(px; Py P)dpdpydp; (3.9)
-1 ex 10 4p2d (3.6)
T 2mken)®= 0P jgTom PP '
1 P_—
= W exp aT 4m 2m d (3.7)
F— 4 =

if momentum is equally distributed in x;y;z directions. The measured energy distribution
corresponds to the integral of this distribution function vith respect to energy fromE to

in nity, given by

zZ, r . r

1
2 - — exp — d = 1 erf
. KT P T ke T KaT

(3.9)
where erfk) is the error function. Since the MUSASHI trap is oated at a cer&in extraction
energy, a tting function F(E) is given by
r— ! r—

E  Eots 5 E Eofsex E  Eots

F(E)=C 1 erf ke T k—BT p Ko T

(3.10)
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where a normalization factor isC and o set energy of antiprotons iSEqs. The solid lines
in Fig. 3.24(c) are the tting curves to the measured values usg Eq. (3.10), and Tab. 3.5
summarizes the obtained results. As shown in Fig. 3.24(b), tietrength of axial magnetic eld
is around 0.3 T on axis at the position of the potential barrie while the eld strength of the
MUSASHI trap is 2.5 T on axis. As discussed in section 3.1.2, for Aarged particle in an
adiabatic motion, p3 =B is an invariance. This means most of the transverse componeii the
kinetic energy in the MUSASHI trap is converted to the axial compnent of the kinetic energy
at the potential barrier. Thus the axial energy spread givern Tab. 3.5 is considered as the
total energy distribution at the extraction point in the MUSASHI trap. We conclude that a

narrow initial energy spread of @2 0:04 eV is achieved by optimizing extraction scheme.

Table 3.5: Summary of tting results to evaluate the energy gread of antiprotons just after
the extraction from the MUSASHI trap for various oat voltages Vs at the MUSASHI trap.

Ve V]| keT [eV]
-1.5 | 042 0.04
-2.5 04 01
-10 04 01
-20 05 01
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1:5 V (a) and the
magnetic eld strength on axis (b) for the measurement of emgy distribution of antiprotons
with the extraction scheme Ext{. A potential barrier at around 0.7 m downstream of the
center of the MUSASHI trap is prepared. The gate valve at 1.9 m dowtream is closed so
that antiprotons which arrive there annihilate on it. The number of annihilated antiprotons is
estimated by integrating the current signal from a PMT whichis attached to a plastic scintillator
placed at the exit of the MUSASHI trap. (c) Dots shows the number foannihilations as a
function of the barrier voltage for various oating voltageV: at the MUSASHI trap, which
determines the extraction energy of the antiproton beam. 8d lines show the tting curves to
the measured values using Eq. (3.10).



3.2.2 Energy distribution at the injection into the doubles trap

The energy distribution of antiprotons is also measured wheantiprotons are injected into
the double cusp trap after transported along the new adiabit transport line, as follows. A
potential well is prepared in the double cusp trap. When antiptons are injected from the
MUSASHI trap into the double cusp trap, the upstream side of the nepared well is opened
by applying pulsed voltage. Before the antiprotons go out ahe double cusp trap again,
the well is switched back in order to con ne antiprotons witlin the double cusp trap. If the
upstream side is not fully opened by applying smaller pulsealtage, only those who overcome
the potential barrier at the entrance of the double cusp tragan be con ned. Figure 3.25(a)
and (b) show the electrostatic potential and magnetic eld o axis for the measurement. The
potential barrier is prepared atz 2600 mm. After ten seconds, trapped antiprotons are
slowly extracted to downstream and most of them annihilatetathe zero-magnetic- eld point
to be detected by AMT scintillators. The number of trapped aniprotons can be estimated from
AMT scintillator counts. The energy distribution of antiprotons is obtained from the number
of trapped antiprotons as a function of the potential barrie Figure 3.25(c) shows the energy
distribution for di erent oat voltages at the MUSASHI trap.

The energy spread is estimated by tting with Eq. (3.10). Thenarrow energy spread of
0:24 0:.05eV and 024 0:09 eV is successfully achieved for lower oat voltages at tiUSASHI
trapwith Ve = 15Vand 25V, respectively. The energy spread of®4 0:05 eV is narrower
than the value obtained with the old transport scheme as showin Fig. 2.28, by a factor of
about two orders of magnitude. The energy spread is compatalio the estimated temperature
of trapped antiprotons inside the MUSASHI trap of 0:3 eV [51], which means the energy

spread is kept narrow with this new adiabatic transport schee.

Table 3.6: Summary of tting results to evaluate the energy mread of antiprotons at the
injection into the double cusp trap for various oat voltages V= at the MUSASHI trap.

Ve V]| keT [eV]
-1.5 | 0:24 0:05
25 | 0:24 0:09
5.0 | 0:65 0:06
-10 1.5 04
-20 35 1.2
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Figure 3.25: The electrostatic potential con guration on ais (a) and the magnetic eld on axis
(b) for the measurement of energy distribution of antiprotas at the injection into the double
cusp trap, as a function of axial position from the center ofne MUSASHI trap. A potential
well is prepared in the double cusp trap and antiprotons (exacted from the MUSASHI trap)
are injected into the double cusp trap. The number of antiptons who overcome the potential
barrier at the entrance of the double cusp trap and trapped 8&ide is counted. (c) Energy
distributions at the injection into the double cusp trap for various oat voltages V- at the
MUSASHI trap, in terms of the number of trapped antiprotons as aunction of the barrier
voltage at the entrance of the double cusp trap. Fitted functins assuming the Maxwell-
Boltzmann distribution are shown together.
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Typical number of trapped antiprotons is 6 10 out of 3 1P accumulated inside the
MUSASHI trap. The number is su cient for antihnydrogen production in our typical exper-
imental procedure. As described before, the trapping e ciety is increased if the potential
con guration is optimized and the traveling time within the double cusp trap becomes long.
The number of trapped antiprotons are maximized by optimiz#on of the potential con gura-
tion and the catching timing when the entrance of the doubleusp trap is closed. However, too
earlier components and too later components cannot be trapg. It partly explains the narrower
energy spread measured at the double cusp trap than the valoneasured at the MUSASHI trap.
The energy distribution is shifted because of the di erent rmagnetic eld strength. Although
calculations show the energy spread is kept narrow even fdret injection at 20 eV, broader
energy spreads are observed for largpf=j. It is qualitatively explained because the magnetic
eld change is less adiabatic for faster antiprotons with Igher injection energy. In addition,
the ideal, axial-symmetric magnetic eld condition used inthe calculation is not completely
realized in the actual setup due to some misalignment of theits.

Figure 3.26(a) shows a radial pro le of injected antiprotonsnonitored at 2 m downstream
from the center of the MUSASHI trap. The oval corresponds to theize of the MCP whose
diameter is 4 cm. Figure 3.26(b) shows the setup including twdicro Channel plates (MCP)
together with a phospher screen. They are inserted on the bweaaxis and antiprotons are
injected onto the MCP from the MUSASHI trap. The downstream susdce of the MCP and
the surface of the screen are biased at 1600 V and 2100 V, resipely. Multiplied secondary
electrons by the MCP hit the screen. The luminescence imageected by a mirror is monitored
by a CCD camera through a window. The pro le has a core shown glashed line with its radius
expected to be 1 mmin 2 T at the antihydrogen production region, while a larg halo is also
observed with its radius of> 2 mm. Calculations show that antiprotons can enter the doubl
cusp trap without hitting walls if the initial radial positi on is smaller than 2.5 mm and outside
of them cannot be trapped, which partly explains the reasonhy the transport e ciency is

lower than the calculation shown in Tab. 3.2
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Figure 3.26: (a) A radial prole of antiprotons. The oval coresponds to the MCP whose
diameter is 4 cm. Dashed line shows the core with its radiuspected tobe 1 mmin2 T at
the antihydrogen production region, while a large halo is sb observed with its radius of 2
mm. (b) A schematic view of the setup to monitor the radial prde of charged particles along
the transport line. Micro Channel plates (MCP) together with a phospher screen are inserted
on the beam axis and antiprotons are injected onto the MCP fro the MUSASHI trap. 1600 V
was applied on the downstream surface of the MCP and 2100 V wagplied on the surface
of the screen. Multiplied secondary electrons by the MCP hihe screen. The luminescence
image re ected by a mirror is monitored by a CCD camera throug a window.
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The initial temperature of antiprotons inside the MUSASHI trapcan be estimated by com-
parison between measurements and calculations. Trajedts of antiprotons are calculated
without a electrostatic potential and the energy distributons of antiprotons at the correspond-
ing positions ofz = 700 mm and z = 2600 mm are obtained. In the calculations, the initial
momentum is assumed to follow Maxwell-Boltzmann distribubn of various temperatures. For
a comparison, two points are considered in the calculatioras follows. First, the calculated
energy is corrected considering its radial position becaushe barrier voltage depends on the
radial position. Second, an antiproton is de ned as being oaed inside the double cusp trap
if its calculated TOF at the entrance of the double cusp traps from 125 s to 155 s. Itis
because the entrance of the double cusp trap is closed at 15bafter the extraction from the
MUSASHI trap during the measurements and the traveling time whin the prepared well in
the double cusp trap is estimated at 30 s.

A likelihood function L(T; C; Eqs j 2) is de ned as

Y 1 ) )2
L(T; C; Eots ] 2) = pﬁ exp (le 3/') ;
i Vi Yi
Xj : potential barriers; (3.11)

Yi yi - the measured trapped fractions ak;;

z; . the calculated trapped fractions atx;:

Parameters are initial temperaturel , normalization factor C, and o set E . Figure 3.27 shows
an example assuming initial temperature at 3000 K with optinzed C and E s for minimum

L, together with the experimental data. The initial temperaure with maximum likelihood

is estimated at 04');1 eV and Q3*}1 eV (CL 68 %) from the measurement at just after the
MUSASHI trap and at the entrance of the double cusp trap, respdetly. These values are
consistent within uncertainties. Since the measured engrgpread of injected antiprotons into
the double cusp trap is comparable to the estimated initialemperature, cooling of antiprotons
inside the MUSASHI trap such as evaporative cooling may be need& order to decrease the

energy spread further.
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Figure 3.27: The energy distribution of antiprotons at the MUBSHI trap (a) and the double
cusp trap (b) for Ve = 1.5 V. Filled circles show experimental data. Solid line showsehtted
curve. Dashed line shows calculation assuming 3000 K as thiial temperature of antiprotons.
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3.3 Antihydrogen production in the double cusp trap witbrhpgo-
duction rate

A typical mixing cycle is summarized as follows.

Figure 3.28 shows the potential con gurations at the doubleusp trap for preparation of
positrons. Positrons are transported to the double cusp tpafrom the positron accumulator
every 40 s repeatedly for 20 - 30 times until 10° positrons are con ned inside. Figure 3.28(a)
shows that a potential well ¢ cach IS prepared and the upstream side of the well is opened for a
short time and quickly switched back for positron catchingThe rotating-wall electric eld (3.2
MHz, 5V) is applied on positrons in the potential well during tle accumulation. Figure 3.28(b)
shows that the potential well ¢+ cacn IS changed to a nested-well con guration ¢+ ¢\qp after the
positron accumulation. In order to increase the reprodudailtty, in other words, to keep the
number of positrons and potential level within the positronplasma at the same level among
di erent mixing cycles, more positrons than required are ammulated at rst and then the
excess is thrown away. Figure 3.28(c) shows that the upstreaside of the nested well is opened
until a certain level for a short time and switched back. Figur 3.28(d) shows that the potential
con guration is shifted to the negative side ¢ , and then unintentionally trapped electrons
at the local potential maxima at both sides of the positronsra thrown away by a potential
manipulation. By shifting the con guration to the negative side, electrons have enough en-
ergy to go out of the nested well. The electrons can be prodaceia ionization of residual
gas by injected positrons during the accumulation time of seral tens of minutes. It should
be removed because the electrons tend to coexist with antipons due to the same charge,
cool down antiprotons without interaction with positrons, and enhance the axial separation
between positrons and antiprotons which decreases antipden yield. Finally the nested well

con guration nesteq1 IS prepared for antiproton injection as shown in Fig. 3.28(e)
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Figure 3.28: Potential con gurations at the double cusp tragor preparation of positrons. They
are transported from the positron accumulator every 40 s reptedly and trapped in the double
cusp trap (a), a nested-well con guration is prepared (b), art of positrons are thrown away
in order to increase the reproducibility (c), the unintentonally trapped electrons at the local
potential maxima at both sides of the positrons are thrown aay (d), and then the nested well
con guration is prepared for antiproton injection (e).
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When antiprotons are injected into the double cusp trap, the pstream side of the nested
well is opened by applying pulsed voltage and quickly switeld back after antiprotons enter the
double cusp trap as shown in Fig. 3.29(a). At the timing of thewitch back, a part of them
Is out of the nested well on the point of entering inside becae of the relatively long bunch
length as described before. In order to avoid heating up oféim by the applied pulse, the pulse
height is optimized to be as small as possible, keeping th@ping e ciency high enough. The
upstream edge of the nested well is deepened 50 ms after thiedtion of antiprotons in order
to approximate a harmonic well at the upstream edge of the carement region of the nested
well for a stable con nement of antiprotons as shown in Fig. 39(b). The deepened nested well

nested2 1S kept for antihydrogen production. The mixing start is dened as the timing of the

antiproton injection. The typical time duration of one mixing cycle is about 25 s.
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Figure 3.29: Potential con gurations at the double cusp trapgfor injection of antiprotons to
produce antihydrogen atoms. (a) When antiprotons are injeetl into the double cusp trap,
the upstream side of the nested well is opened and quickly sehied back. (b) The potential
is modi ed from ested1 10 nesteqz @fter 50 ms in order to approximate a harmonic well at
the upstream edge of the con nement region of the nested wdtr a stable con nement of
antiprotons. nesteq2 IS kept for antinydrogen production for 25 s as the typical the duration

of one mixing cycle.
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After 25 s of the mixing, the number of remained antiprotons & counted. The remained
antiprotons are extracted as follows. The nested well is $tad to the negative side and then the
downstream side of the nested well is opened slowly as showrig. 3.30. Antiprotons which
are not localized in the upstream side of the nested well argteacted to the downstream. They
are expected to annihilate at the inner wall of the dcusp-MREround zero magnetic eld point
and detected by surrounding AMT scintillator plates. Positons in the center of the nested well

Is still kept con ned.
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Figure 3.30: Potential con gurations at the double cusp trapafter mixing. The nested well
is negatively shifted and the downstream side is opened slgw Antiprotons which are not
localized in the upstream side of the nested well are reledse

At the last moment, the radius and the number of remained pasons are measured. The
upstream side of the nested well is collapsed and positrorre &on ned in a harmonic well and
then the positrons are extracted to the MCP-PS at the upstrea side of the double cusp trap.
The extracted number of positrons is quite stable without ngigni cant loss during the mixing
cycle. Therefore the remained positrons are reused for thext mixing cycle for several times.
In order to keep the number of positrons, several accumulati cycles of positrons are added
to the reused positrons instead of 30 times of accumulatiogates. The excess is thrown away
as shown in Fig. 3.28(c). With this cycle of reuse and adding, ¢hnumber of positrons are
kept stable and the period of one run is greatly reduced. Thereraged number and radius of

positrons extracted after typical 27 mixing runs are 110 4 million and 4 0:2 mm.
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Antihydrogen production is investigated at the double cusprap by detection of annihila-
tions.

Figure 3.32(a) shows AMT scintillator counts during 1 mixing g@eraged over 24 typical
mixing cycles in order to evaluate annihilations within thedouble cusp trap, as a function
of elapsed time from antiproton injection (mixing start). AMT scintillator counts increases
especially for rst several seconds of the mixing with posiins. Control experiments with the
same procedures without positrons are also performed. FiguB.31 shows a modi ed nested
well called mimic potential which is prepared for the controexperiments in order to imitate the
potential level within a positron plasma as shown in Fig. 3.310therwise, much less antiprotons
can be trapped in the nested well because most of them are reted at the potential barrier at
the center of the nested well without the space charge of pwens. The AMT scintillator counts
are averaged over 10 cycles as shown in Fig. 3.32(b). The irzme in AMT scintillator counts
for rst several seconds is not observed for the mixing withd positrons, which correspond to
annihilations related to antihydrogen production. A smallincrease without positrons at the
very rst moment can be explained by the annihilations of arniprotons which are not con ned
in the nested well including those re ected at the entrancefdhe double cusp trap due to long

bunch length and/or large radial position.
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Figure 3.31: The electrostatic potential on axis called mimipotential to imitate the potential
level within the positron plasma, which is used for measuramnts shown in Fig. 3.32(b).
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Figure 3.32: (a) The AMT scintillator counts during a typical mixing (averaged over 24 mixing
cycles). (b) The AMT scintillator counts during a mixing without positrons (averaged over
10 cycles). AMT scintillator counts increases especiallyrfast several seconds of the mixing
with positrons, while the increase is not observed for the ming without positrons, which

correspond to annihilations related to antihydrogen prodttion. A small increase without
positrons at the very rst moment can be explained by the aniilations of antiprotons which

are not con ned in the nested well including those re ectedtathe entrance of the double cusp
trap due to long bunch length and/or large radial position.
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The eld ionization technique is also used to detect antihyagen production inside the
double cusp trap. Figure 3.33(a) shows the potential con gations with the nested well at
upstream side, and the eld ionization well at downstream de. Figure 3.33(b) and (c) show
the axial magnetic eld and the electric eld strength on axs, respectively. When the trapped
antihydrogen-oriented antiprotons in the eld ionizationwell are released, they are expected to
annihilate on the inner surface of the dcusp-MRE, at aroundezo magnetic eld point.

The time structure of antihydrogen production is monitorecy dumping trapped antihydrogen-
oriented antiprotons in the eld ionization well (FI well) periodically. Figure 3.34(a) shows a
typical applied voltage on Ul electrode as a function of time vere the FI well is prepared.
When 350 V is applied, the FI well is kept, while trapped antihydbgen-oriented antiprotons in
the FI well are dumped when -350 V is applied. As shown in Fig. 3.@3, the FI well is kept
for 0.5 s for rst 4 cycles, and kept for 5 s for latter 4 cyclesypically. The dump period is
longer in the rst four cycles due to technical limitations. Figure 3.34(b) shows a typical AMT
scintillator counts at the timing of the rst dump tgump1. The number of eld-ionized events

per dump Ng, is de ned as

Ngp = Ng Np  (20ms=140 ms) (3.12)

where the number of candidate event is the sum of the lled region for 20 ms (frontgymp: to
taump1 +20 ms) and the number of background event, is the sum of the lled region for 140 ms
in total, for 80 ms (from tyympr 100 MS totgumps 20 ms) and for 60 ms (frontgymps +40 ms
to tgump1r + 100 ms). The factor of (20 ms / 140 ms) corresponds to the noathzation factor of
the background events.

Figure 3.34(c) shows the total number of eld-ionized eventgadding the number of eld-
lonized events per dump at each dumping cycle) as a functiohtone for the case of the typical

mixing cycle. The antihydrogen production rate corresporglto the slope.
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Figure 3.33: (a) Potential con gurations at the double cusprap for mixing. Magenta dotted
lines show the nested well with the eld ionization well (FI wéd). Magenta dashed lines show
the potential con guration for dumping the trapped antihydrogen-oriented antiprotons inside
the FI well. Green solid line show the nested well without the Flvell. (b) The magnetic eld
along the axis at the double cusp trap. (c) The electric eld Bng the axis. Magenta and green
solid line correspond to the nested well with and without thé=l well.
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Figure 3.34: (a) The applied voltage on U1 electrode as a funmti of time for a typical dumping
cycle. When 350 V is applied, the FI well is kept, while trappedrdihydrogen-oriented antipro-
tons in the FI well are dumped when -350 V is applied. (b) The AMT @ntillator counts at

the timing of the rst dump tgump1. (C) The total number of eld-ionized events (adding the
number of eld-ionized events per dump at each dumping cyglas a function of time for the
case of the typical mixing cycle. The antihydrogen produatin rate corresponds to the slope.
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As described before, the relative energy between antipro®rand positrons is important
to increase antihydrogen production rate and produce angrogen atoms with small kinetic
energy. In order to minimize the relative energy, the poterdl level within positron plasma
should be adjusted to the injection energy of antiprotonsniaddition to the achieved antiproton
injection with narrow energy spread. Although the potentiallevel can be estimated from the
number and the radius measured after the mixing, it is di cut to know the condition at the
exact timing of the mixing start. Thus it is optimized expermentally as follows.

AMT scintillator counts and eld-ionized events are measuré as the nested well is shifted
by Vs in order to optimize the level. The number of injected antipstons are constant within

10 %. Figure 3.35(a) shows AMT scintillator counts as a functioof time for Vs = 2;0;4 V.
Each histogram shows a drop in AMT scintillator counts and a dayed peak at several seconds
after the mixing start. The drops and delayed peaks are shétl to a later time for larger Vs,
which means larger relative energy. It is explained from théact that heating of positrons
Is suppressed when the relative energy is small, which meahs drop in production rate is
suppressed.

Figure 3.35(b) shows the total number of eld-ionized eventas a function of time. It shows
that the rst increase in the eld-ionized events is at maxinum whenVs = 0 V and the fraction
of a few seconds after mixing start grows ag increases. It can be explained as follows. As
Vs increases, the potential barrier for injected antiprotonsre lowered and more antiprotons
can enter the positron plasma. However, the travelling timef@ntiprotons within the positron
plasma becomes shorter because antiprotons are less deatdd. On the other hand, heating
of positrons is increased a¥s increases. The dependence is determined by both e ects. For
example, the rstincrease in the eld-ionized events is themallest forVs = 4 V due to heating
of positrons while the total number is larger than that ofVs = 2 V because more antiprotons
are trapped.

We set the relative level atVs = 0 V because the rst increase in the eld-ionized events is

the largest and the drop in AMT scintillator counts is not so lage.
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Figure 3.35: (a) The AMT scintillator counts as a function of tme until 10 s from the mixing
start. The green, black, magenta lines correspond to the ning with Vs = 2;0;4 V, respec-
tively. Each histogram shows a drop in AMT scintillator couns and a delayed peak at several
seconds after the mixing start. The drops and delayed peakseashifted to a later time for
larger V5 due to heating of positrons. (b) The total number of eld-ionzed events as a function
of time. The dependence is determined by the number of antiions entering the positron
plasma, travelling time of antiprotons within the positron plasma, and heating of positrons.
We set the relative level atVs = 0 V because the rst increase in the eld-ionized events ishe
largest and the drop in AMT scintillator counts is not so large
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Figure 3.36 shows the total eld-ionized events as a functioaf time, together with those
measured in chapter 2. The new scheme corresponds to the adigc transport scheme ex-
plained in this chapter. The old scheme corresponds to the madiabatic transport scheme
used in chapter 2. Although eld-ionized events are countedybthe AMT scintillator for the
new scheme and by the array detector for the old scheme, theuots are normalized considering
the detection e ciency so that they are comparable. The prodction rate increases drastically
within 500 ms for the new scheme. The rate is larger than the e of the old scheme by
a factor of 100 for the rst 0.5 s. As described before, the emggr spread of antiprotons is
narrower by a factor of 1=100 at the injection into the antihydrogen production regia with
the new scheme, compared with the old scheme as summarizeda. 3.7. The time evolution
of antihydrogen production indicates that the heating of psitrons is greatly reduced by the
new scheme, keeping the relative energy small between pasis and antiprotons, which is the
main target of this chapter as described at the beginning. T& intense production of antihy-
drogen atoms can contribute to improvement of the S/N ratio bthe detection of antihydrogen
atoms at the antihydrogen detector because the main backgnmods are cosmic rays whose rate
IS constant.

In addition, antihydrogen atoms with small kinetic energy kould be produced from the
antiprotons with narrow energy spread by the new transportcheme. Considering that re-
combinations start when the velocity of positrons and antimtons are comparable, the kinetic
energy of antihydrogen atoms is primarily determined by thenergy distribution of antipro-
tons. When recombinations in the nested well are consideretthe velocity of antiprotons is
determined by the relative energy against the potential leal within the positron plasma. For
example, it should be noted that recombinations can start enm with the relative energy of
several tens of eV assuming the positron temperature of 180 K [56] and lead to production
of antihydrogen atoms at several tens of eV. Assuming the infgan energy of the antiproton
beam is ideally optimized at the potential level within the psitron plasma, the relative energy
correspond to the energy spread of antiprotons, regardlessthe value of the injection energy
itself. Considering the relative energy of sub eV with the me scheme, the kinetic energy of
antihydrogen atoms is expected to be smaller by a factor of Eyen if the optimization of the

relative level varies within a few eV.
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Table 3.7: A summary of the transport conditions of antiprabns. The new scheme corresponds
to the adiabatic transport scheme explained in this chapterThe old scheme corresponds to
the non-adiabatic transport scheme used in chapter 2.

Float voltage | Electrostatic Magnetic eld on axis Energy spread ofp at
Scheme | at MUSASHI lens Coil T | Coil A | Coil B | H production region
new -15V w/o 0.15T| 0.12T | 0.12T 20 eV
previous -150 Vv w/ - 0.012T|0.012T ke T 0:25 eV

@® New scheme

B Old scheme
(measured in the previous chapter)
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Figure 3.36: The total number of eld-ionized events as a fution of time with the new
adiabatic transport scheme explained in this chapter (cite), together with those measured
in chapter 2 with the old non-adiabatic transport scheme (3eare). Although eld-ionized
events are counted by the AMT scintillator for the new schemera by the array detector for
the old scheme, the counts are normalized considering thetetgion e ciency so that they
are comparable. The time evolution of the antihydrogen pradttion drastically changes. The
production rate is larger than the value of the old scheme by factor of 100 for the rst 0.5 s.
As described before, the energy spread of antiprotons is namer by a factor of 1=100 at
the injection into the antihydrogen production region withthe new scheme, compared with
the old scheme as summarized in Tab. 3.7. The heating of posits is greatly reduced by
the new scheme, keeping the relative energy small betweersppons and antiprotons, which
Is the main target of this chapter as described at the beginmy. This intense production of
antihydrogen atoms should improve the S/N ratio of the detdmn of antihydrogen atoms at
the antihydrogen detector because the main backgrounds aresmic rays which are propotional
to the measurement time. Antihydrogen atoms with small kinet energy are also expected.
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3.4 Detection of antihydrogen atoms in low-lying excaess stt the

antinydrogen detector

This section explains about detection of antihydrogen atognat the antihydrogen detector and
measurement of atomic states of antihydrogen atoms usingetheld ionization technique. It is

important for the spectroscopy of ground-state antihydrogn atoms.

The antihydrogen atoms are extracted to the antihydrogen dector. Atomic states of
antihydrogen atoms are evaluated using the eld ionizer ostde of the double cusp trap before
the antihydrogen detector. Tab. 3.8 shows the summary of themeasurement for 4 di erent
conditions of the applied electric eld at the eld ionizer. The number of candidates at the
antihydrogen detector per mixing within the rst 5 s is shownbecause antihydrogen production
localizes within the time region as shown in Fig. 3.36. In totaf 124 mixing cycles are included.
The applied voltage on two meshes of the eld ionizer and the awimum principal quantum
number of antihydrogen atoms which are not ionized and readhe antihydrogen detector
are also shown. Antiprotons originated from ionized antihydgen atoms are re ected before
reaching the detector at downstream side of the eld ionizery the negative voltage applied on
the downstream mesh as described before. For the conditiongh weaker electric eld at the
eld ionizer which correspond to the maximum principal quatum number of 40 and 53, the
eld ionization well inside the double cusp trap is not prepeed, because antihydrogen atoms on
axis with n 40 are ionized by the FI well inside the double cusp trap befotee eld ionizer.
Background events are estimated by measurements during @ing of antiprotons by electrons

in the double cusp trap.

In order to estimate the number of candidates, the likelihab function can be de ned fol-
lowing Eq.(2.18) assuming Poisson distribution as descal before. According to this analysis,
the number of the candidate events within 5 s are estimated toe 5%, 11'%, 16'%, 31'$ for
n 14 26, 40, 53 (CL 68 %) within the corresponding measurement time, resptively. Fig-
ure 3.37 shows a lled contour plot of the likelihood functio to evaluate statistical signi cance
of the di erence between the number of candidates of antihydgen atoms withn 14 and
background measurements. The solid lines shdw(s; ) = Lggy and L(S; ) = Lgge Which are
de ned as shown in EQ.(2.19). The region where the signal aauis zero (only background
events) is outside of the lled region surrounded by the sdliline L(s; 0 = Lggs%, Which means

background-only hypothesis is rejected at 1 % signi canc&vel. Antihydrogen atoms with
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n 14 is observed (CL 99 %).

It is known that antihydrogen atoms in high Rydberg states ted to be produced. It
can be understood by comparing the binding energy n 2 to ks T and considering that the
production rate strongly depends on positron temperaturena is propotional to T 45 for
three-body recombination process, which is expected to berdinant as positron temperature
decreases. In our setup, most of the antihydrogen atoms inoied states cascade down to
ground state with the time constant depending on its atomictates while they travel. Since
the antihydrogen atoms withn 14 at the eld ionizer are expected to be in ground state at
the position of the microwave cavity assuming temperaturef @ntihydrogen atoms of less than
100 K, this is the important step for the spectroscopy of graw-state antihydrogen atoms.

Figure 3.38 shows that the population of antihydrogen atomssaa function of principal
guantum number. It increases up to aroundh = 40 and is saturated in highern. It suggests
that antihydrogen atoms cascade down towards the low-lyingxcited states or some fractions
are ionized by the electric eld depending on their trajecty, after antihydrogen atoms are
produced in the double cusp trap with the production rate exgcted to be propotional to

n® [74].

Although the experimental condition is not completely the sae, the S/N ratio in terms
of expected count at the antihydrogen detector divided by t background can be estimated
to compare with the results obtained in chapter 2. From the aaysis using the likelihood,
16 antihydrogen events and 1 backgrounds during 16 mixing ags for antihydrogen atoms
(n  40) are detected. On the other hand, 81 antihydrogen eventac 18 backgrounds during
4950 s/150 s=33 mixing cycles for antihydrogen atoms1( 43) in chapter 2. The solid angle
of the antihydrogen detector is half because the detector daced at more distant position in

chapter 2. Therefore it is roughly estimated that the S/N raio is increased by a factor of 2.
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Table 3.8: Summary of the measurement of atomic states of @mntdrogen at the antihydrogen
detector using the eld ionizer outside of the double cusp &p before the antihydrogen detector.
The number of candidates at the antihydrogen detector per xing within the rst 5 s is shown
because antihydrogen production localizes within the timeegion. In total of 124 mixing cycles
are included. For the conditions with weaker electric eld athe eld ionizer which correspond
to the maximum principal quantum number of 40 and 53, the eldionization well inside the
double cusp trap is not prepared, because antihydrogen ateron axis withn 40 are ionized
by the FI well inside the double cusp trap before the eld ionier.

Maximum principal Applied voltages on the Measurement # of detected
guantum number eld ionizer (Electric eld) time events within 5 s
14 5 kV (10 kV/cm) 5s 43 cycles 6
26 400 V (800 V/cm) 5s 31 cycles 12
40 70 V (140 V/cm) 5s 16 cycles 17
53 0 V/ -40 V (40 Vicm) 5s 24 cycles 32

Background - 7500 s 32

o
o
N

0.01

L(s;D = Logw

background count rateb [count/s]

(s;D = Lesw

0 0.02 0.04 0.06 0.08 0.1
signal count rates [count/s]

Figure 3.37: The contour plot of the likelihood functionL (s; b as a function of signal count
rate s and background rateb for antihydrogen atoms withn 14 and backgrounds shown in
Tab. 3.8. Solid lines showL(s;b) = Lggy and L(s; = Lggy. The region where the signal
count is zero (only background events) is outside of the It region surrounded by the solid
line L(s;b = Lggw, Which means background-only hypothesis is rejected at 1 %grsi cance
level.
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Figure 3.38: The number of candidates per mixing (for rst 5 sém the mixing start) as a func-
tion of principal quantum number. The number increases up taroundn = 40 and is saturated
in higher n. It suggests that antihydrogen atoms cascade down towardke low-lying excited
states or some fractions are ionized by the electric eld depding on their trajectory, after
antihydrogen atoms are produced in the double cusp trap witthe production rate expected
to be propotional to  n® [74].
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3.5 Possible non-isotropic distribution of antihydragersa

In section 3.3, the number of antihydrogen atoms produced the double cusp trap is counted by
detecting annihilations of antihydrogen escaping from theested well with AMT scintillators,
and by detecting eld-ionized antiprotons by a strong elecbstatic eld downstream of the
production region (FI well).

In section 3.4, the number of antihydrogen which arrived thantihnydrogen detector placed
1.5 m downstream of the production region is counted. In thisection, we investigate consis-
tency between these measurements.

In order to compare the measurements, we need to understanelative detection e cien-
cies of three measurements. Among them, that of eld-ionizein measurement needs careful
consideration because the strength of eld-ionizing eleat eld, which is made by electrodes of
dcusp-MRE, depends not only on the axial position, but alsonoradial position. Figure 3.39(a)
shows two-dimensional distribution of electrostatic eldwhen the eld ionization well is made
in the double cusp trap, whereas Fig. 3.39(b) shows the diditition without the eld ionization
well. In order to estimate the e ciency, Monte-Carlo simulaions are conducted in which 40000
antihydrogen atoms are generated and emitted isotropicglfor each principal guantum number
from 1 to 60. The white lines in Fig.3.39(a) are examples of therajectories.

Along the trajectory, the electric eld is compared with the pincipal quantum number of
each antihydrogen atom as it travels outward, and if it passethe region where the electric
eld is strong enough, the antihydrogen atom is eld-ionizd. If ionization happens within
the eld ionization well (FI well) region, the ionized antihydrogen (=antiproton) is trapped
in the well. This is counted asNg,. If the antihydrogen atom reaches the inner wall of the
dcusp-MRE without passing through the region where the strgyth of electric elds exceeds the
eld-ionization threshold, this is counted asN {1 - N our setup, though, not all antihydrogen
atoms which reach the inner wall are detected by the AMT sciritator, because some part of
the dcusp-MRE is not covered by the scintillator. The dete@bn e ciency of the scintillator is
calculated to be 61.6 % by a GEANT4 [62] simulation, under the asmption that antiprotons
are emitted isotropically from the center of the nested wellThus Nayrssi IS de ned as 0616
N2ursi - If the antihydrogen atoms reaches the antihydrogen detemt without being ionized,
it is counted asNq,.- Thus, relative e ciencies of three measurements are obtaed for each

principal quantum number of antihydrogen atoms.
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Figure 3.39: (a) Two-dimensional electric eld distribution at the double cusp trap with the
eld ionization well. (b) Two-dimensional electric eld distribution at the double cusp trap
without the eld ionization well. Solid lines show assumedtgight trajectories of antihydrogen
atoms.
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The distribution of principal quantum number of produced atihydrogen atoms is estimated
based on the measured principal quantum number distributioat the antihydrogen detector.
The dots and bars in Fig. 3.40(a) show the measured distribatn (the same data is shown in
Fig. 3.38), and the solid line is a tting curve assuming the pncipal quantum number is a

modi ed gaussian distribution (Fig. 3.40(b)). The tting fu nction is

Z X 2
F) = ps %exp(pO(Zpl * Dob2® 2Y)y erfe(Pt o2+ ¥ EE% MRATY (3.13)
2

0

wherepo; p1; P2; ps are free parameters and erfc(x) is the complementary erraurfction. As-
suming same principal quantum number distribution at the agin, Fig. 3.40(c)(d)(e) show the
calculated number of detected antihydrogen atoms by eld m@zation (Ng ), AMT scintillators
(Nawmrsci ), and antihydrogen detector Npp,;) respectively for 40000 antinydrogen atoms gen-
erated. Itis noted in Fig. 3.40(c) that no antihydrogen atom wose principal quantum number
is below 24 is detected by the eld ionization method, becaashe electric eld is not strong
enough for any trajectories antihydrogen could travel. Fige 3.40(e) shows that when the eld
ionization eld is applied, no antihydrogen atoms with prircipal quantum number larger than
41 arrive to the antihydrogen detector, because they are @lionized at the eld ionization

well.
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Figure 3.40: The distribution of principal quantum number ofproduced antihydrogen atoms is
estimated based on the measured principal quantum numberstfibution at the antihydrogen
detector. (a) The dots and bars show the measured distribath (the same data is shown in
Fig. 3.38), and the solid line is a tting curve assuming the pncipal quantum number is a
modi ed gaussian distribution (b). Assuming same principalquantum number distribution
at the origin, (c)(d)(e) show the calculated number of detded antihydrogen atoms by eld
ionization (Ng ), AMT scintillators ( Nawrsci ), and antinydrogen detector Nip,;) respectively
for 40000 antihydrogen atoms generated.
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Using this simulation, we can compare the measured number aitdaydrogen atoms by three
detection methods. We rst estimate the expected number ofrdihydrogen events in antihydro-
gen detector by multiplying the observed eld ionization eents by Ng4../ Nr . Considering that
the detection of eld ionization events requires the repeatl dumping of trapped antiproton
(=ionized antihydrogen), during which there will be no eldionization happens, we performed
two eld ionization measurements in which the dumping perids and the accumulating peri-
ods are reversed. The sum of two measurements are used toneste the expected number
of antihydrogen events in antihydrogen detector. Next, we Bsiate the expected number of
annihilation counts in AMT scintillators by Ngpe/ Navrsci - We obtained two independent es-
timations from the measured annihilation counts with eld pnization eld and without eld
lonization eld.

Figure 3.41(a) shows the estimated total number of antihydgen events at the antihydro-
gen detector as a function of time. Figure 3.41(b) shows the mier of the events at each
time window, which corresponds to the eld ionization cycle The detection e ciency of the

antihydrogen detector is assumed to be 60 %. There is a diquaacy between these numbers.
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Figure 3.41: (a) The estimated total number of antihydrogenwents at the antihydrogen detec-
tor as a function of time. (b) The number of the events at eachirhe window, which corresponds
to the eld ionization cycle. The detection e ciency of the antihydrogen detector is assumed
to be 60 %. There is a discrepancy between these numbers.
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One possible explanation is that antinydrogen atoms couldgtemitted non-isotropically from
its origin. For example, if we assume that the antihydrogentams are generated according to
the principal quantum number distribution shown in Fig. 3.42a)(b), and the atoms emitted
within 1:15 degree, where is the angle between the trajectory and the beam axis, are
removed, all estimates converge as shown in Fig. 3.42(c)(d)n this estimation, and the
parameters of the principal quantum number distribution ae optimized so that the di erences

in Fig. 3.42(d) is minimized using likelihood functionL = L, L,, wherelL, is de ned by

Y8 1 . )2 Yé 1 . )2
L,= b _ exp (Xai ;(OI) b . exp (X2i ;(0|)
i=1 2 5 2§ i=1 2 5 2 %
1 (Xsi  Xoi)? 1 (X2 Xai)?
P=—=eXp —F= P=—exp —F5F—=
i=1 2 (2)i 2 % i=1 2 %i 25
Xoi oi . the number of observed events at the antihydrogen detectdivided by 60 %
X1qi 1i . the number of observed eldionization events multiplied $ Ngpe; =Ngi;
Xoi; X3 - the number of observed annihilation counts in AMT scintilléors multiplied by

Nipet =Namrsei With and without the FI well ; respectively

for comparison at each time window corresponding to the timperiod of the eld ionization

cycle, andL, is de ned by

L op () %)
= 2§ 2 4

f(n;) : the assumed distribution of atomic states fon; = 14; 26, 40; 53,

X2 4  the measured count per mixing at the antihydrogen detectd5 s):

for comparison of distribution of atomic states within 5 seands from the mixing.

The reason why the antihydrogen atoms with small angle doe®treach the antihydrogen
detector is unknown, but could be explained by the electriceld at the surface of the positron
plasma. When the plasma is radially expanded, and the densitlecreases less steeply at the

radial boundary, the electric eld in axial direction can bestronger than in perpendicular

direction.
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Figure 3.42: The expected number of antihydrogen atoms at tlantihydrogen detector and the
estimations from the observed eld-ionized events and AMT sttillator counts are compared
when those antihydrogen atoms with the initial angle within ~ 1:15 degree are removed. (a)
The dots and bars show the measured distribution and the sdliine is a curve assuming the
principal quantum number is a modi ed gaussian distributio (b). (c) The estimated total
number of antihydrogen events at the antihydrogen detectass a function of time. (d) The
number of the events at each time window, which corresponds the eld ionization cycle. All
estimates converge within 5 seconds from the mixing.
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3.6 Space-charge e ect of positron plasma on trappingneycief
antiprotons

It is generally expected that the higher the positron dengttis, the higher the production rate of
antihydrogen atoms becomes. This is because the three-badgombination rate of antiproton
and positron is propotional to the square of the positron desity (Eq. 2.12). But it is observed
that the increased positron density does not result in the eareased number of antihydrogen
atoms. Indeed, the number of trapped antiprotons in the nestl well decreased with higher
positron density. In this chapter, we discuss the reason bied this peculiar behaviour.

Figure 3.43 shows the number of trapped antiprotons in the ntesl well for three positron
conditions, low density (1.0 1 €' =cm®), normal density (  6:0 10° " =cm?), and
high density ( 8:0 10 e"=cm?) as a function of the injection energy of antiprotons to
positron plasma. The three positron conditions are summaed in Tab. 3.9. The number of
trapped antiprotons are measured by counting the number ofemaining antiprotons in the
downstream well of the nested well after the mixing (as explaed in section 3.3, Fig. 3.30),
and then doubled for compensating not-counted remaining @protons in the upstream well,
assuming antiprotons are trapped in both upstream well andadvnstream well equally after
mixing. The injection energy is de ned as the relative eneygof antiprotons to the potential
level inside the positron plasma on the beam axis, and the asation takes account of the space
charge of the positron plasma. Figure 3.43 shows that the numbof trapped antiprotons in
the nested well with higher-density positron plasma is alnsb half of that with normal-density

plasma. The dependence on the injection energy becomes waakhe density becomes higher.

Table 3.9: Summary of three positron conditions.

Case | Total number | Density | Radius
Lower 60 1C° 1.0 10°=cm® | 2.0 mm
Normal 120 1¢° 6:0 10=cm® | 1.0 mm
Higher | 190 1¢° |80 10f=cm® | 1.1 mm
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Figure 3.43: The number of trapped antiprotons in the nestedeill for three positron conditions,
low density, normal density, and high density (summarizedni Tab. 3.9) as a function of the
injection energy of antiprotons to positron plasma. The nuimer of trapped antiprotons in
the nested well with higher-density positron plasma is alnsb half of that with normal-density
plasma. The dependence on the injection energy becomes waskhe density becomes higher.
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This peculiar behavior can be explained by e ect of the spaaharge of positron plasma on
the injection energy of o -axis antiprotons. Figure 3.44(ayhows two-dimensional electrostatic
potential distribution around the center of the nested wellwith positron plasma with normal
density of 6 10° e =cm?® is stored. We assume that the positron plasma is in a rigid-tor
equilibrium. Contour lines are shown every 0.5 V and the patgial increases as the lled color
becomes from blue to yellow. It is noted that the electrostat potential inside the positron
plasma is at on axis, but not so o-axis. There is also a di eence between the potential
on axis and o axis. Similar calculations are carried out fopositron plasmas with high and
low densities, and Fig. 3.44(b) shows the results of the radlidependence of the electrostatic
potential at the center of the nested well. Black dotted, sal, and dashed lines correspond to
positron plasma with low, normal, and high density, respentely. Magenta vertical lines show
the radius of each positron plasma. The lled region shows ¢éhpossible radius of antiprotons
entering inside the dcusp-MRE without hitting the surroundng materials. For each density, we
assumed rigid-rotor equilibrium for the positron plasma, #h the potential depth of its virtual
harmonic well is set to the di erence between the plateau anthe bottom of the nested well
potential on axis. We note that the e ective relative energyof antiprotons with respect to the
potential on axis is di erent at each radial position of antprotons. For example, the di erence
atr =1 mmis 3 V compared to the potential plateau on axis for normadensity positron
plasma, which is 10 times larger than the energy spread of @cfed antiprotons.

In order to investigate the e ect of space charge on the trappg e ciency, trajectories
of antiprotons in the nested well are calculated for each pig®n density. In the trajectory
calculation, the antiprotons are assumed to be uniformly siributed within a spheroid with
radius of 3 mm and length of 50 mm, and to have a temperature 030 K before being injected
to the nested well. Trajectories are calculated with the sta&c magnetic eld and electric eld,
including the oat voltage at the MUSASHI trap of -1.5 V and the mdli ed potential inside
the double cusp trap. The number of trapped antiprotons aresimated as the number of
antiprotons which survive and are within the double cusp tra by the time the upstream side
of the potential well is closed to con ne antiprotons. In thecalculation, we close the potential

well after 155 s from injection, same timing as the experiment.

121



4

Radial position [mm]
o

440 | 0 | 40

Axial position [mm]

(b)

Lower density

\ = -
\ngher density

~
S~
~
~

3 4 5
Radial position[mm]

Potential including space charge oé" [V]

Maximum radius of p

Figure 3.44: (a) The two-dimensional electrostatic poterai distribution around the center
of the nested well with positron plasma with normal densitys stored, assuming that the
positron plasma is in a rigid-rotor equilibrium. Contour Ines are shown every 0.5 V and the
potential increases as the lled color becomes from blue t@Now. (b) The radial dependence
of the electrostatic potential at the center of the nested vile Black dotted, solid, and dashed
lines correspond to positron plasma with low, normal, and §h density, respectively. Magenta
vertical lines show the radius of each positron plasma. Thdled region shows the possible radius
of antiprotons entering inside the dcusp-MRE without hitthg the surrounding materials. We
note that the e ective relative energy of antiprotons with respect to the potential on axis is
di erent at each radial position of antiprotons.
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Figure 3.45(a) shows the estimated number of trapped antipimns as a function of the
potential plateau on axis. When the plateau level is lower thmthe oat voltage, most of the
antiprotons are re ected by the nested well, and not trapped When the kinetic energy of
antiprotons is close to the potential level of within the pasron plasma, the antiprotons' speed
becomes slower, and their travelling time within the doubleusp trap becomes longer. This
makes the number of trapped antiprotons higher. When the kitie energy far exceeds the
potential level, the antiprotons move fast, and re ected bythe downstream side of the nested
well and escape toward upstream before the trap is closed. i$hesults in the decrease of the
number of trapped antiprotons.

We note that the lower the density of positron plasma becomgethe steeper the change of
number of trapped antiprotons in both simulations (Fig. 3.4&)) and measurements (Fig. 3.45(b)).
It is also noted that the maximum number of trapped antiprotas with high density plasma is
about half of that with normal-density plasma in both simuldions and measurements. These
observations can be explained by the radial dependence oétimodi ed potential because of the
space charge of positron plasma. As shown in Fig. 3.44(b), thetpntial barrier for antiprotons
at around the center of the nested well is the lowest on axis @ftecomes higher as going away
from the axis, and the di erence is larger for high density pgitron plasma. This means that the
e ective spread of the injection energy of antiprotons withnite radial size becomes broader
for high-density plasma. This broader energy spread of then@protons is responsible for the
lower maximum trapping e ciency of antiprotons with high density positron plasma, because
antiprotons close to the fringe of the positron plasma will & re ected back by the positron
plasma when the potential level is at the best condition forne antiprotons on axis, and the
antiprotons close to the axis will escape the nested well dsely travel at faster speed when the
potential level is at the best condition for the antiprotonsat the fringe. The broader energy

spread makes trapping e ciency less dependent of the potaat level on axis.
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Figure 3.45: (a) The estimated number of trapped antiprotonas a function of the potential
plateau on axis. (b) The number of trapped antiprotons meased after mixing (same as
Fig. 3.43). In both simulations and measurements, the lowehé density of positron plasma
becomes, the steeper the change of number of trapped antifnes, and the maximum number
of trapped antiprotons with high density plasma is about hdlof that with normal-density

plasma.

124



The large e ective energy spread of the incoming antiprotacauses undesirable heating of
positron plasma. This e ect is estimated by considering thenergy transfer between antiprotons
and positrons. Assuming the radial motions and axial motionsf positrons are well coupled,

the change of the temperature of antiprotons and positronsan be expressed as [50]

Bl = sraes); (3.14)
aT) 2 S(Te();Ep(®)  Telt)
dt - 3kB Ne : rad (3.15)

whereEy and T, is the temperature of antiprotons and positrons, S is the ergy transfer rate.
The second term of Eq.(3.15) represents the cooling due toctytron radiation. In following

calculation, the initial temperature of positron plasma isset to 0.01 eV ( 116 K).

Figure 3.46(a) shows the calculated temperature of normaedsity positron plasma as a
function of elapsed time from the start of mixing, when the pential of the positron plateau is
setto 3.2 V. The inner sub gure shows a zoomed view of the rst01 second. The temperature
rises from the initial temperature ( 116 K) to its maximum (135 K) within the rst a few ms
and recovers to the initial temperature after a few secondg&igure 3.46(b) shows the maximum
temperature of the positron plasma of each density as a fumat of the positron plateau level.
The temperature of low-density plasma increases up to 350 K, while there is much less
increase of the temperature of high-density plasma. This mmainly because the di erence of

the number of positrons which shared the excess energy brbtigy antiprotons.

Once the trapping e ciency of the antiprotons and the tempeature of the positron plasma
is calculated, one can estimate the number of synthesizedtiagdrogen atoms, assuming the
recombination rate is propotional to 2, Te+4:5. Figure 3.47(a) and (c) show the estimated num-
ber of produced antihydrogen atoms within rst 0.7 second ahwithin 25 second, respectively.
Figure 3.47(b) and (d) show the measured eld-ionized eventt 1st dump and the total eld-
ionized events, corresponding to the two calculations ab®v We note that our calculation
roughly reproduce the trend of the measured data, in which ghnumber increases at rst as
the potential plateau is increased, and then decrease gradly after the peak. But the largest
discrepancy lays in the ratio of the number of antihydrogenrpduce in 25 sec and that produced
in rst 0.7 sec. In calculation, the number of antihydrogen poduced in rst 25 sec is about
50 times larger than that produced in rst 0.7 sec, whereas ithe observation, the ratio is an

order of two to three. This discrepancy can be qualitativelgxplained by the spatial separation
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of antiprotons and positrons described in Sec.

3.7.
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Figure 3.46: (a) The calculated temperature of normal-dengipositron plasma as a function
of elapsed time from the start of mixing, when the potential fothe positron plateau is set to
3.2 V. The inner sub gure shows a zoomed view of the rst 0.01 §he temperature rises from
the initial temperature (116 K) to its maximum ( 135 K) within the rst a few ms and
recovers to the initial temperature after a few seconds. (Bjhe maximum temperature of the
positron plasma of each density as a function of the positrgriateau level. The temperature of
low-density plasma increases up to 350 K, while there is much less increase of the temperature
of high-density plasma.
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3.7 Separation between antiprotons and positrons

As described in chapter 3.3, we observe intense productiortgaf antihydrogen immediately
after the antiprotons are injected into positrons in the nded trap and the mixing between
antiprotons and positrons starts. But it is observed that tle rate of the production quickly
decrease within a few seconds. We suspect this is becausepaotons lose their energy fast,
and they become trapped in two potential minima (where elegt potential are highest) neigh-
boring the positrons thus spatially separated each othernlorder to investigate this problem
guantitatively, the number of antiprotons trapped in the pdential well on the downstream side
of the nested well is measured as follows. Figure 3.48(a) shthe operation of the potential
con gurations. Upper left gure shows the initial status in the measurement. The region lled
with red corresponds to antiprotons. Some of them are travelg back and forth withing the
nested well, the rest are trapped in two potential minima onhe upstream side and the down-
stream side of the area where positrons are trapped. Next, thgstream side of the nested
well is opened. The antiprotons travelling within the neste well, and the trapped in the up-
stream side are released. Then the downstream side of the tedswell is slowly opened so
that the antiprotons trapped in the downstream side are relessed slowly. They annihilate at
the zero-magnetic eld point because they travel along the agnetic eld lines. The number
of annihilation are counted by AMT scintillators. This operdion is repeated while changing
the timing of the opening of the upstream side of the nested We Figure 3.48(b) show the
operation of the potential con gurations to measure the nutoer of the antiprotons initially
trapped in the nested well. All of the trapped antiprotons areeleased slowly downstream, and
the number of annihilation are counted by AMT scintillators.

Assuming antiprotons are trapped in equal numbers in the upgtam and downstream side
of the nested well, the fraction of antiprotons which conthute to production of antihydrogen
are estimated. Figure 3.49 shows the fraction as a function time. It shows that only ap-
proximately 30 % of antiprotons are available for antihydrgen production after initial 500 ms,
which means around 70 % of antiprotons are spatially sepaeat from positrons. The same
tendency is observed regardless of the positron density.

A possible origin of the cooling process of antiprotons iseetrons in antiproton cloud,
which have same sign of charge, thus could coexist in sameioeg But the number of trapped
electrons with antiprotons is measured to be around 5 10%, which is 10 times less than the

number of antiprotons. It is di cult to explain the quick coo ling and separation solely by the
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electron cooling of antiprotons estimated by Eq.(3.15).

It is also shown in Fig. 3.49 that the speed of separation is ntuslower when there is no
positrons in the nested well. In this measurement, a mimic pential to approximate the space
charge of positron is prepared and same procedure explairggove is repeated. This result
shows the separation of antiprotons is closely related toteraction between antiprotons and
positrons.

Another possible explanation is this is caused by the changksoective potential for antipro-
tons because of the radial expansion of the positron plasmgigure 3.50(a) shows the radial
pro le of the positron plasma immediately after it is con ned at the center of the nested well
potential, while Fig. 3.50(b) shows the pro le obtained afte a typical mixing run. Table 3.10
shows the summary of the number of positrons and the radius thfe positron plasma for both
cases after several measurements. This radial expansion && caused by the Diocotron insta-
bility excited by antiproton injection [75]. When the radius of the positron plasma becomes
large, the density of the plasma decreases, and the spacergkae ect decreases, which increase
the e ective potential barrier for antiprotons at the centa of the nested well. The antiprotons
could be pushed into the potential minima, and spatially seprated from positrons. This hy-
pothesis explains why the rapid separation happens only wieositrons are in the nested well,

but more detailed study is needed to understand the rapid sagtion.

Table 3.10: Comparison of radius and the number of positrons

Timing H Number ofe* | Radius ofe* plasma| Averaged cycles
Just after con nement 110 10 0:73 0:03 mm 20
After mixing 110 4 1.5 0:2mm 27
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Figure 3.48: (a) The operation of the potential con guratiors in order to measure the number
of antiprotons trapped in the potential well on the downstram side of the nested well. Upper
left gure shows the initial status in the measurement. The egion lled with red corresponds
to antiprotons. Some of them are travelling back and forth whing the nested well, the rest
are trapped in two potential minima on the upstream side andhe downstream side of the
area where positrons are trapped. Next, the upstream side dfet nested well is opened. The
antiprotons travelling within the nested well, and the tragped in the upstream side are released.
Then the downstream side of the nested well is slowly openedl that the antiprotons trapped
in the downstream side are released slowly. (b) The operati@f the potential con gurations
in order to measure the number of the antiprotons initially tapped in the nested well. All of
the trapped antiprotons are released slowly downstream.
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are available for antihydrogen production after initial 50 ms, which means around 70 % of
antiprotons are spatially separated from positrons. The sae tendency is observed regardless
of the positron density. The speed of separation is much slemwhen there is no positrons in
the nested well.
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Figure 3.50: (a) The radial pro le of the positron plasma immdiately after it is con ned at
the center of the nested well potential. (b) The radial pro b of the positron plasma obtained
after a typical mixing run.
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3.8 Future prospects

The goal of our experiment is to measure the hyper ne splittig of the ground state of antihy-
drogen atom with relative uncertainty of 10° or 1.4 kHz. The number of antihydrogen atoms

required for this purpose is estimated as following [35].

For the measurement of the ground-state hyper ne splittingpf hydrogen atoms in an equiv-
alent apparatus described in chapter 1, the statistical pogsion for , transition given by
Eq.(1.16) ,

R
ﬂpﬁ—R (1.16)
where Tiy is the interaction time which in our case, the travelling tine through the cavity, N
is the number of the frequency data points, r is the count rate drop, and r is the average

error bar of a data point in the spectrum. r= r is given by
[
R Ni

2p N
p+l1 ' “H

(3.16)

Py

NI
N

Z | T

whereNy is the total number of events at the antihydrogen detector is the spin-polarization.
Here we assume that at the microwave cavity, the half of antildyogen atoms are in the ground

state, and the other half are in the state withF = 1; m = 1. The spin-polarization is given by

fles  fhes
= - 3.17
fiLrs + fhes ( )

as described before and the reduction factor in Eq.(3.16) géven by

2p _ firs  fhrs,

= 3.18
p+1 fLrs (3.18)

For the antihydrogen atoms with kinetic energy of 50 K, the dp-polarization of the an-
tihydrogen beam extracted from the double cusp trap is appxonately 45 % as shown in
Fig. 3.12(b). =Ty in EQ.(1.16) is 8.5 kHz for the length of our microwave cavityAssuming
that we take eight data points in a resonance curve, we need®8vents for each point, in total
of 2000H events to measure the frequency of a transition with 1.2 kHzngertainty. We need
frequencies of four resonances to determine the hyper nelifing at zero magnetic eld, so

8000H events are required.

Although at this stage, we know neither the exact kinetic engy nor spin-polarization
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of antihydrogen, we consider the assumption made above isasenable. We can obtain the
required number of antihydrogen in a few months beamtime byéreasing the number of events

per mixing by a factor of 10.
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3.8.1 A proposal for higher yield

As shown in previous sections, the production rate is greatipcreased, but the total yield of
antihydrogen is limited by the spatial separation betweenrdiprotons and positrons. We could
use the RF excitation technique to suppress the separatiohbuyt it is not appropriate for the
purpose of spectroscopy, because it randomly heats up thetiprotons, making the relative
energy between antiprotons and positrons larger. It is di et to produce antihydrogen atoms
with small kinetic energy with the RF excitation.

We propose a modi ed mixing scheme shown in Fig. 3.51 in ordes tompensate the sepa-
ration between antiprotons and positrons without heating.The basic idea is that we "recycle"
the separated antiprotons so that all of the antiprotons cdnibute to the production of an-
tihydrogen. First, the center of the nested well where positns are con ned are negatively
shifted. Antiprotons are injected and trapped in the upstrem side of the nested well. Trapped
antiprotons are slowly injected into positrons by potentiamanipulations. After mixing, part of
antiprotons are expected to be trapped mainly in the upstren side of the nested well in this
con guration. By repeating this cycle, the remained antipotons are able to contribute to an-
tihydrogen production again. Considering that in our currat scheme, the number of produced
antihydrogen atoms is only about 5 % of the number of antiprains remained after mixing, we
can expect more than 10-fold increase of the yield of antihgajen using this modi ed mixing
scheme.

This proposed scheme has another advantage. Since the ptirbarrier is minimum on
axis when antiprotons are slowly injected from the upstrearside into positrons, the center
part of antiprotons are primarily extracted. After the cente part is extracted, antiprotons are
expected to be redistributed for stability including the cater part. By carefully adjusting the
speed of the operation, antiprotons can be extracted continusly along the trap axis, which
means the e ective radius of antiprotons can be smaller. Ceitulering the radial dependence of
the space charge potential of positrons as described befdhe e ective relative energy between
antiprotons and positrons is expected to be reduced, whichdds to antihydrogen production
with small kinetic energy. In addition, the excitation of Dibcotron instability of the positron
plasma which causes the expansion of positrons can be sugpesl by injecting antiprotons
along the symmetry axis of the positron plasma.

The proposed mixing scheme should yield higher number of @ytdrogen atoms with smaller

kinetic energy, and bene t the spectroscopy experiment gady.
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Figure 3.51: The modied mixing scheme in order to compensatide separation between
antiprotons and positrons without heating ("recycle"). First, the center of the nested well
where positrons are con ned are negatively shifted. Antiptons are injected and trapped in
the upstream side of the nested well. Trapped antiprotons arslowly injected into positrons by
potential manipulations. After mixing, part of antiprotons are expected to be trapped mainly
in the upstream side of the nested well in this con guration. By repeating this cycle, the
remained antiprotons are able to contribute to antihydroge production again.
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3.8.2 A proposal to increase antihydrogen population idyow states

Figure 3.38 shows most of antihydrogen atoms are in high Rydigestates. More population in
ground state should lead to higher precision of the spectxpy.

The population of antihydrogen atoms in ground state can bencreased by lowering the
positron temperature according to the calculation using atksical-trajectory Monte Carlo (CTMC)
method [76]. Figure 3.52 shows the calculated dependence.n€idering the experimental con-
ditonof ¢ 6 10°cm 2 and the estimated positron temperature before mixing at 20K [56],
the number of ground-state antihydrogen atoms increases byfactor 50 if the positron tem-
perature decreases from 200 K down to 100 K. One possibility @vaporative cooling [77] of
positrons to decrease the temperature. Positrons are asseohto follow the Maxwell Boltzmann
distribution at thermal equilibrium. If only hot components are removed, positrons are redis-
tributed until thermal equilibrium. They follow a new Maxwell Boltzmann distribution with
lower temperature. Since the number of positrons is decreaswith the evaporative cooling,

mixing conditions should be optimized carefully.
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Figure 3.52: The number of ground-state antihydrogen atomssaa function of positron tem-
perature 10 s after mixing start, adapted from [76]. Dierent markers corespond to the
positron density of 1 10° cm 2 (open circle), 5 1 cm 2 (lled circle), and 1 1¢° cm 2
(open triangle), respectively. Considering the experiméal condition of . 6 10° cm 2
and the estimated positron temperature before mixing at 208, the number of ground-state
antihydrogen atoms increases by a factor 50 if the positron temperature decreases down to
100 K.
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In addition to the above prediction, the population of antitydrogen atoms in ground state
can be increased as the length of the positron plasma becortasyer, according to the simula-
tion [78]. Fig. 3.53 shows the population in ground state as arfction of the positron plasma
length at . = 108 cm 2 and T, = 100 K. Although a long positron plasma is not feasible
due to a limited trapping region in the double cusp trap, a log electron plasma to de-excite
antihydrogen atoms in Rydberg states can be prepared in dostneam of the production re-
gion within the dcusp-MRE. This de-excitation is helpful fo our experiment where three-body
recombination is a dominant process which produces more #dnytdrogen atoms of higher prin-
cipal quantum number as described before. Considering thenbth of the positron plasma for
typical mixing is 10 cm, the ground-state level population increases by a factof 3 when
an electron plasma with the same density, temperature, andhé length of 10 cm is prepared in

downstream side.
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Figure 3.53: The calculated ground-state antihydrogen leiv@opulation as a function of the
plasma length at . = 108 cm 2 and T, = 100 K adopted from [78]. Considering the length of
the positron plasma for typical mixing is 10 cm, the ground-state level population increases
by a factor of 3 when an electron plasma with the same density, temperatyrand the length
of 10 cm is prepared in downstream side.
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Chapter 4

Summary

Towards the spectroscopy of ground state hyper ne splittig of antihydrogen atoms using its
beam for testing CPT symmetry, we have made signi cant advares.

First, antihydrogen beams are extracted from the productiomegion to the downstream
and successfully detected at the antihydrogen detector lated at 2.7 m downstream from the
production region. The increase of the antihydrogen yieldsiachieved by the RF excitation
of antiprotons in the antihydrogen production region. Thisresult con rms that we extract
antihydrogen atoms from the antihydrogen source as an atombeam to a magnetic- eld-free
region, which is the base of our proposed spectroscopy expeEnt.

Then, the injection scheme of antiprotons with narrow eneggspread into antihydrogen pro-
duction region is developed in order to produce many antihydgen atoms with small kinetic
energy for a precision spectroscopy. This development isettmain work of this thesis. There
are mainly two steps to be considered, the extraction of aptiotons from their reservoir with
narrow energy spread and the transport of antiprotons fromhie reservoir to the antihydrogen
production region conserving the narrow initial energy spad. The extraction scheme of an-
tiprotons from the reservoir is designed for the small iniéil energy spread. The new adiabatic
transport scheme of antiprotons is designed in order to kedpe initial energy distribution.
The required magnetic eld con guration is prepared by usig three transport coils driven by
pulsed current.

As a result, the narrow energy spread &fzg T = 0:24 0:05 eV at the entrance of the antihy-
drogen production region is successfully achieved. Theegjion energy of antiprotons is lowered
from 150 eV down to 1.5 eV and the number of antiprotons usedrfantinydrogen production is

6 10 per cycle. It is shown that the narrow energy spread of antiptons reduces the heating
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of positrons, resulting in a drastic increase of the antihydgen production rate within 500 ms
from the injection time by a factor of about 100. This intensentihydrogen production would
improve the S/N ratio of the antihydrogen detector becausehe main backgrounds are cosmic
rays whose count number is propotional to the measurementrie. In addition, the narrow
energy spread of antiprotons enables the low injection eiggrof antiprotons into the positron
plasma, which will cause antihydrogen beam with small kinit energy. It is because the ki-
netic energy of an antihydrogen atom is primarily determing by that of an antiproton which is
heavier than a positron by a factor of 1800. The distributiorof atomic states of antihydrogen
atoms are also investigated. It is con rmed that there exis antihydrogen atoms in low-lying
excited state, which will have cascaded down to the groundade by the time it travels to the
microwave cavity. This is the important step for the realizéon of the spectroscopy of ground
state antihydrogen atoms.

Further analysis of antihydrogen production process revisathat the space charge potential
of positrons plays an important role in determining the numbr of available antiprotons for an-
tihydrogen production, and that antiprotons and positronsbecomes spatially separated quickly
after the mixing starts. Considering these analysis, the memixing scheme to improve the total
antihydrogen yield is proposed. Assuming the separated andused antiprotons all contribute
to antihydrogen production, the number of antihydrogen atms can be increased by a factor of
about 10. Another proposal is also made in order to increaseetlpopulation of ground-state
antihydrogen atoms by lowering positron temperatures andrgparing a long electron plasma.

The precision of 1 ppm is expected to be accessible by thesepgmsals.
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Appendix A

Investigation of transport of antiprotons using

simulations

A feasible condition to realize adiabatic transport of anprotons is searched as follows using
calculations. Since the antiproton transport is no longer diabatic at the electrostatic lens
in Fig. 3.4, trajectories of antiprotons without the electrgtatic lens are calculated. Fig. A.1
shows the trajectories. However, antiprotons do not follow agnetic eld lines at 150 eV even
without the lens, because the magnetic eld changes too fasbmpared to the axial velocity
of the particle. In addition, the transport e ciency decreases because antiprotons with initial

radial positions> 1:2 mm hit the beam pipe without the focusing by the lens.
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Figure A.1: Calculated trajectories of antiprotons at 150 eV ithout Einzel lens, with transport
coils A and B.
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Transport with slower antiprotons are calculated. Fig. A.2 sbws the trajectories at 50 eV
(a) and at 20 eV (b). Although slower antiprotons tend to follev magnetic eld lines near the
coil A, they go out of lines as they travel to downstream. Sincthe direction of antiprotons
are not along the eld lines while the magnetic eld lines ardbecoming parallel to the beam
axis towards the downstream side, the axial velocity decrees which means that antiprotons
are re ected at weaker magnetic eld compared to the adiab&t transport. This re ection is
likely to occur for slower antiprotons because the initial@al velocity is smaller. The transport
e ciency further decreases for slower antiprotons becauss# the re ection.
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Figure A.2: Calculated trajectories of antiprotons at 50 eV (gand at 20 eV (b) with transport
coils A and B. The magnetic eld of transport coils are 0.012 Ton axis. Antiprotons tend
to follow magnetic eld lines near the coil A, while they go outof lines as they travel to
downstream. The transport e ciency further decreased beasse of mirror re ection.
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Transport with the increased magnetic eld at the coil A and oil B to suppress the diver-
gence of magnetic eld lines in the downstream side is calat¢d as shown in Fig. A.3. The
magnetic eld of the transport coils is increased from 0.01Z to 0.04 T on axis. However
antiprotons do not follow magnetic eld lines at the exit of he MUSASHI magnet yet because
the magnetic eld at z 1000 mm becomes weak drastically.
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O0 500 1000 1500 2000 2500
Axial position from the center of the MUSASHI [mm)]
Figure A.3: Calculated trajectories of antiprotons at 20 eV wiih transport coils A and B.

Fig. A.4 shows trajectories with the coil T at the exit of the MUSASII trap. The magnetic
eld of the coil Tis  0:15 T on axis. Although antiprotons follow magnetic eld linesat least
at the exit of the MUSASHI magnet, they still do not follow the lines around coil A.
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Figure A.4: Calculated trajectories of antiprotons at 20 eV wh transport coils T, A, and B.
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Fig. A.5(a)-(e) show trajectories at 20 - 1.5 eV with further icreased magnetic eld at coil
A and coil B to suppress the divergence of magnetic eld linefsirther. The current of coll
A and coil B is increased from 0.04 T to 0.12 T. Antiprotons areransported adiabatically

following magnetic eld lines.
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Figure A.5: Calculated trajectories of antiprotons at (a) 20 ¥, (b) 10 eV, (c) 5 eV, (d) 2.5
eV, and (e) 1.5 eV with transport coils T, A, and B. The magnetic eld of coil A and coil B
is increased from 0.04 T to 0.12 T on axis. Antiprotons are traported adiabatically following
magnetic eld lines.
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In order to compare the energy spread at the injection into # cusp trap and the transport
e ciency, Monte Carlo simulations are performed among the arious transport schemes. The
initial positions are uniformly distributed within a spheroid with minor radius of 3 mm and
major radius of 50 mm. The initial momentum is distributed fdlowing Maxwell-Boltzmann
function of 3000 K. Trajectories of 10000 particles are calated for each transport condition.

Fig. A.6(a) shows the electrostatic potential con gurationsassumed in the calculations.
There is the at region at the level of V= with a potential barrier of 5 V from the plateau at
upstream side. Fig. A.6(a) shows the potential con gurationgor Ve = 150 20, 1.5 V.
In this electric eld, the energy spread due to the extractin scheme from the MUSASHI trap
can be ignored. Fig. A.6(b) shows transported fraction de netby the calculated ratio of the
number of particles reaching the position of the magnetic ld maximum at the cusp trap to
the total number. Fig. A.6(c) shows calculated axial energy spad de ned by RMS and the
inner sub gure shows a zoomed view for the lower energy.

For the old scheme with the electrostatic lens and the weak maetic eld along the an-
tiprotons transport line as shown in Fig. 3.4, the transporté fraction is about 35 % and the
energy spread is about 15 eV. Without the electrostatic lens a&hown in Fig. A.1, the trans-
ported fraction decreases down to almost half fafr = 150 V and the energy spread increases
because the tracks are out of the magnetic eld lines furtheéhan the case with focusing. With
the increased magnetic eld of the transport coil A and B fron0.012 T to 0.04 T as shown in
Fig. A.3 (Ve = 20 V), the energy spread is kept narrow fo¥ 5 V while it increases for
larger jVE]. The transported fraction can be explained by the fact thathe transport becomes
away from being adiabatic agVg|j increases while the mirror refection is critical for lowepVgj.
The transported fraction is lower than the old scheme for alN-. Adding the pulse coil next
to the MUSASHI trap, the transported fraction is almost doubledcompared to the old scheme
for lower jVE| but decreases again due to the mirror re ection. The energyread is still not
kept narrow for V¢ 20 V, while it is greatly reduced forVe = 10 V and kept narrow
for VE 5 V. Fig. A.4 corresponds to the case fovg = 20 V. Finally, with the increased
magnetic eld of the transport coil from 0.04 T to 0.12 T, the @ergy spread is kept narrow for
Ve 20 V and greatly reduced even fovg = 100 V. The transported fraction is kept high
for all VE. Fig. A.5(a) corresponds to the case fovg = 20 V.
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Figure A.6: (a) Assumed electrostatic potentials in the calcations. (b) Calculated transported
fraction de ned by the number of particles reaching the poson of the magnetic eld maximum
and (c) energy spread de ned by RMS fovg = 1.5, 5 10 20 50 100 150 V with
di erent magnetic eld con gurations. The inner sub gure shows a zoomed view for lowgigj.
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