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Chapter 1

Introduction

This thesis mainly describes research and development to measure ground-state hyper�ne split-

ting of antihydrogen atoms by ASACUSA collaboration. Comparison of the measurement of

antihydrogen atoms with that of hydrogen atoms is a unique probe to test CPT symmetry.

ASACUSA collaboration is aiming for the measurement at relative 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 revolutions in physics of 20th

century. However, the theories were incompatible. To address this problem, Paul Dirac pro-

posed an alternative wave equation which is consistent withthe quantum mechanics and the

theory of special relativity in 1928 [1]. The equation, which is known as the Dirac equation,

describes the states of a spin-1/2 particle, with positive and negative energies. The latter state,

a particle with negative energy, was interpreted as the evidence of the existence of an antipar-

ticle, which had never been observed before. In 1932, Carl Anderson discovered a new particle

whose mass is the same and its charge is opposite to an electron [2]. This was identi�ed as a

positron, an antiparticle of electron. Antiproton, the antiparticle of proton, was discovered in

1955 by Owen Chamberlain, Emilio Segr�e, and their group at Bevatron, a proton synchrotron

at Berkley [3]. Protons are accelerated up to 6.2 GeV and injected 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 baryon number is conserved in this

reaction - it is an observational fact that the baryon numberis conserved in every elementary

particle reactions.

1.1.2 Baryon asymmetry

The discovery of antiproton leads to a great mystery in physics - the baryon asymmetry. It

is natural to assume the Big Bang produced equal amount of particles and antiparticles. And

all known reactions between particles (and antiparticles)conserve the baryon number. But it

is also an observational fact that the number of baryons in the universe is much larger than

that of antibaryons. Alpha Magnetic Spectrometer (AMS) collaboration reported the upper

limit on the 
ux ratio of antihelium ( He) to helium (He) of < 1:1 � 10� 6 [4]. They upgraded

the detector and measurement is ongoing now at the international space station. Antimatters

outside of the solar system are also investigated from observations of x-rays and
 -rays emitted

at annihilations which have not observed a signi�cant amounts of antimatter. How it was

possible that the universe has evolved to the current matter-dominant universe is still an open

question.

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

� =
NB � NB

N 


�
�
�
�
T � 2:7K

�
NB � NB

NB + NB

�
�
�
�
T � 1GeV

(1.2)

where NB is the number of baryons,NB is the number of antibaryons,N 
 is the number of

photons, andT is the temperature of the universe. The current temperatureis determined at

2:72548� 0:00057 K from a cosmic microwave background (CMB) [5]. The right side corresponds

to the hot universe and the left side corresponds to the current universe after most of baryons

and antibaryons, once existed in hot universe, annihilated. The baryon asymmetry is estimated

at � � 6 � 10� 10 using the CMB radiation [6].

There have been several scenarios which are proposed to explain this asymmetry. One of the

prominent scenarios was proposed by Andrei Sakharov, in which three conditions (Sakharov's

conditions) must be met in an interaction [7]. The conditions are that baryon number is
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not conserved, C and CP symmetry is violated, and the interaction 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 aconsensus among physicists that the

grand uni�cation must happen in higher energy scale which wecannot reach in high energy

accelerators. The third condition can be met if the universeis still evolving, which again most

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

1.1.3 Discrete symmetries and its violations

C symmetry and CP symmetry are among discrete symmetries (and their combination) the

physical laws have. There are three discrete symmetries C, P, and T symmetry which have

been particularly studied in the modern physics. These symmetries are de�ned as the invari-

ance under charge conjugation (C) which is a transformationbetween particles and antiparti-

cles, parity inversion (P), and time reversal (T), respectively. CP symmetry is de�ned as the

invariance under combined transformations of C and P. Similarly, 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 observed the asymmetry of angular dis-

tribution of electrons coming from beta decays of polarized60Co [8] which means the violation

of P symmetry in weak interaction as proposed by Chen-Ning Leeand Tsung-Dao Yang [9].

The violation of C symmetry is also known such that all neutrinos are left-handed and all

antineutrinos are right-handed. In addition, CP violations are directly observed in the decay

process of Kaon [10] [11], B meson [12] [13]. Therefore, it seems Sakharov's three conditions can

be satis�ed within the Standard Model in principle. However,the baryon asymmetry including

known CP violations can be estimated at 10� 20 � 6:0� 10� 10 [14], indicating that current level

of asymmetry is not likely to be realized within the framework of the Standard Model.

Sakharov introduced his three conditions under the assumption that CPT symmetry is

conserved in the process. The assumption seems very reasonable because CPT symmetry is

mathematically derived by assuming quantum �eld theory, locality, and Lorentz invariance.

For example, the Standard Model satis�es the assumptions which means CPT symmetry holds

in the Standard Model. But we note that if CPT symmetry is allowed to be broken, the

baryon asymmetry can be naturally explained. And progress oftheoretical work on super string

theory implies that possibility of non-local e�ect at very short distance (very high energy). A

new theory beyond the Standard Model is indeed necessary to explain not only the baryon
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asymmetry, but also other observations such as neutrino oscillations [15][16], dark matter, dark

energy, and so on. The experimental investigation whether CPT symmetry is broken, and if

not how far the symmetry is conserved, should give a new insight for the baryon asymmetry

and the fundamental framework of the particle physics.

1.2 Test of CPT symmetry through spectroscopy of antihydrogen atoms

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 of charge, magnetic moment are the same

as those of an antimatter when CPT symmetry holds. The test ofCPT symmetry is possible by

comparison between matter and antimatter. Since we do not know how a violation occurs, it is

important to test in many systems such as leptons, baryons, atoms, and so on regarding di�erent

interactions. According to Greenberg [17], an interacting theory which violates CPT invariance

necessarily violates Lorentz invariance. It is also reported 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�y et al. consider Lagrangian which

contains all possible Lorentz-violating interaction terms [19] [20]. It is called the Standard-

Model Extension.

In general, energy shifts in precision measurements can be expressed as

� E �
�

m
� NP

� n

� m (1.3)

wheren > 0 andm is a characteristic energy scale of the system, in order to probe new physics

at scale � NP [21]. For example, if we expect a CPT-violating new physics at the Plank scale

and we conduct the experiment in GeV range, the expected energy shift due to CPT-violation is

calculated to be around 10� 19 GeV by substituting n = 1, m � GeV, and � NP � 1019 GeV [22].

The mass di�erence betweenK 0 and K 0 is often referred as the most stringent test of CPT

symmetry because of its high relative precision, where

jmK 0 � mK 0 j < 4:0 � 10� 19 GeV � 100 kHz (CL = 95%) (1.4)
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is obtained, in terms of the energy shift, from the measurement of strangeness oscillation

betweenK 0 and K 0 [23]. The upper limit is larger than 10� 19 GeV, which means the result is

not excluding a CPT violation at the Plank scale. We propose the spectroscopy of the ground-

state hyper�ne splitting of antihydrogen atom (and its comparison with available spectroscopic

data of hydrogen atom) as a new probe to investigate CPT symmetry. The value of the ground-

state hyper�ne splitting is around 1.4 GHz, thus, a ppm level of the spectroscopy would enable

us to test the energy shift due to the CPT violation in a few kHz level, which far exceeds the

upper limit obtained from K 0-K 0 system.

1.2.2 Antihydrogen

An antihydrogen atom which is antimatter of an hydrogen atom and the simplest anti-atom

have been considered as a unique probe for a test of CPT symmetry. Antihydrogen atoms

were produced experimentally and observed by PS210 collaboration in 1995 at the Low Energy

Antiproton Ring (LEAR) of the European Organization for Nuclear 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 pair-produced e+ . 11 antihydrogen

atoms including 2� 1 backgrounds were observed. At that time, the energy of the antihydrogen

atoms is � GeV, which is not appropriate for precision spectroscopy. In2000, the Antiproton

Decelerator (AD) at CERN was started to run as the only facility in the world to supply a bunch

of 107 antiprotons every two minutes at low energy of 5.3 MeV, which leads to production of

antihydrogen atoms for a precision measurement in 2002 [25][26]. Investigation of antihydrogen

atoms is currently ongoing by several collaborations at AD. Antihydrogen Laser Physics Appa-

ratus (ALPHA) and Antihydrogen Trap (ATRAP) collaborations are aiming for measuring the

1S-2S transition frequency of antihydrogen atom. Atomic Spectroscopy and Collisions Using

Slow Antiprotons (ASACUSA) collaboration is aiming for measuring the hyper�ne splitting in

the ground-state of antihydrogen atom. Antihydrogen Experiment: Gravity, Interferometry,

Spectroscopy (AEGIS), the Gravitational behavior of Antihydrogen at Rest (GBAR), and AL-

PHA collaborations are aiming for test of the weak equivalence principle. Recently ALPHA

collaboration reported the �rst spectroscopy of antihydrogen atoms [27] and the antihydrogen

study has been one of active research �elds.
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1.2.3 Hyper�ne splitting

The hyper�ne splitting � EHFS is caused by interactions between magnetic dipole moments of

the electron and the proton for the hydrogen atom, and between that of the positron and the

antiproton for the antihydrogen atom. For the case of a ground-state hydrogen atom, the total

angular momentum quantum number of electron isj = 1=2 and the spin angular momentum

quantum number of proton isI = 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][29][30]

� HFS = 1 420 405 751:7667(9) Hz: (1.5)

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

� EHFS =
4� 0

3�
� B � p

�
mr

a0me

� 3

(1 + �)

= E p
F (1 + �)

(1.6)

where � B = e�h=(2me) is the Bohr magneton, � p is a magnetic dipole moment of a proton,

mr = memp=(me + mp) is the reduced mass,a0 is the Bohr radius,E p
F is the energy due to the

Fermi contact interaction, and � is a correction. The correction 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 = � 2�m r rZ (1 + � rad
Z ) (1.7)

where� rad
Z � 0:01 is a radiative correction andrZ is the Zemach radius given by

rZ = �
4
�

Z 1

0

dQ
Q2

�
GE (Q2)

GM (Q2)
1 + �

� 1
�

(1.8)

whereGE and GM are electric and magnetic form factors of proton and� is the proton anoma-

lous magnetic moment in nuclear magnetons [31]. The expected precision of our proposed

experiment to measure the ground-state hyper�ne splittingof antihydrogen atoms is the rela-

tive uncertainty of 10� 6. This enables us the comparison between antihydrogen and hydrogen
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from the level of � Z , which gives us a new information on the form factors of antiproton as-

suming the magnetic moment of antiproton and proton are equal. If the magnetic moment of

antiproton di�ers from that of proton by more than 10� 6, our experiment clearly detect the

di�erence. The magnetic moment of the antiproton is measured by BASE collaboration to be

equal to that of proton with relative uncertainty of 0:8 � 10� 6 [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 further into 2F + 1 levels with m = � F;

..., F � 1; F where m is a quantum number corresponding to the projection ofF along the

magnetic �eld. Considering the selection rules, transitions with � F = � 1 or 0, � m = � 1 or 0

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

transitions.

0 0.04 0.08 0.12

F = 1

F = 0

E
ne

rg
y

sh
ift

/�
E

H
F

S

Applied magnetic �eld [T]

1

0

-1

� 1

� 1

Low-�eld
seekers

High-�eld
seekers

Figure 1.1: Breit-Rabi diagram of a ground-state hydrogen atom. There are low-�eld seekers
and high-�eld seekers with di�erent dependence as a function of applied magnetic �eld. The
vertical axis shows the energy shift due to the hyper�ne interaction divided by the ground-state
hyper�ne splitting.

Fig. 1.1 shows the energy levels as a function of applied magnetic �eld. It is called Breit-Rabi

diagram [33]. The energy levels with parallel magnetic moment to the magnetic �eld decreases

as a function of magnetic �eld because the interaction of themagnetic 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 given byr (� � B ) = + � rj B j and they are attracted towards the

regions with high magnetic �eld strength. On the other hand,the energy levels with anti-parallel
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magnetic moment to the magnetic �eld increases as a functionof magnetic �eld. The atoms in

these levels are called low-�eld seekers because the force is given byr (� � B ) = � � rj B j and

they are attracted towards the regions with low magnetic �eld strength.

The energy levels are given by

�
� EHFS

4
+ gI � B B +

� EHFS

2

p
(1 + 2x + x2) (1.9)

�
� EHFS

4
+

� EHFS

2

p
(1 + x2) (1.10)

�
� EHFS

4
� gI � B B +

� EHFS

2

p
(1 � 2x + x2) (1.11)

�
� EHFS

4
�

� EHFS

2

p
(1 + x2) (1.12)

using

x =
(gJ � gI )� B B

� EHFS
(1.13)

where gI and gJ are the nuclear and electronic gyromagnetic ratio expressed by the Larmor

angular frequency divided by magnetic �eld. The frequency of � 1 transition, corresponds to

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

� � 1 =
� EHFS

h

p
1 + x2: (1.14)

The frequency of� 1 transition, corresponds to the energy di�erence between two levels given

by Eq.(1.9) and Eq.(1.12), is

� � 1 =
� EHFS

h

 
1 + x

2
+

p
1 + x2

2
+ gI

� B B
� EHFS

!

(1.15)

These two frequencies will change low-�eld seekers to high-�eld seekers and vice versa.

The ASACUSA collaboration is aiming for a spectroscopy of ground-state hyper�ne splitting

of antihydrogen atoms using atomic beams. The experimentalsetup consists of a spin-polarized

antihydrogen beam source and a spectrometer which is made ofa microwave cavity, a sextupole

magnet, and an antihydrogen detector. The spin-polarized antihydrogen atoms are extracted

using magnetic �eld gradient called a cusp con�guration (described later). A basic idea is

proposed in [34]. The magnetic �eld of the sextupole magnet becomes strong as radial distance

from the beam axis increases. Figure1.2(a) shows that beams of low-�eld-seeking antihydrogen

are focused by the magnet onto the antihydrogen detector when microwave is turned o� or the
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frequency is o� resonance of transitions. On the other hand,Fig.1.2(b) shows that the low-�eld

seekers become high-�eld seekers by the applied microwave in the cavity with a right frequency,

the beam is defocused by the magnet, and less antihydrogen atoms reach the detector. Therefore

the transition frequency is determined from the count rate at the antihydrogen detector as a

function of the frequency of the applied microwave.

cavity
Microwave Sextupole

magnet H detector

Spin-polarizedH
of low-�eld seeker

High-�eld-seeker
(Defocused)

cavity
Microwave Sextupole

magnet H detector

Low-�eld-seeker
(Focused)

(a)

(b)

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

The same spectrometer (the cavity and the sextupole magnet)has been also developed for

measurement of ground-state hyper�ne splitting of hydrogen atoms and a relative precision

of 2:7 � 10� 9 [35] is achieved which is better than the old measurements using atomic beams

of hydrogen [36][37]. The precision to determine the centerfrequency of the count rate as a

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

� �
1

Tint

p
N

� R

� R
(1.16)

whereTint is interaction time corresponding to the traveling time through the cavity with the

length of 105.5 mm [38] for our spectrometer,N is the number of frequency data points, �R

is the count rate drop, and� R is the average error bar of a data point [35]. It suggests that

9



the traveling time, in other words, the kinetic energy of antihydrogen atoms is important for

precision. The measurement of hydrogen atoms are performedusing those with kinetic energy

of � 50 K (� 900 m/s), which means 1=Tint is 8.5 kHz. Majorana spin 
ip can be ignored for

kinetic energy� 50 K. This means the proposed experiment is promising to achieve the relative

precision of ppm with su�cient small kinetic energy and enough statistics.

Compared with the measurement very recently reported by ALPHAcollaboration with the

relative precision of 10� 4 at 1420:4� 0:5 MHz [39] using trapped antihydrogen atoms in strong

magnetic �eld, our method using atomic beams of antihydrogen has an advantage because the

microwave cavity is located in magnetic-�eld-free region and 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 describes about development of antihy-

drogen beams extracted from the source to the downstream anddetected by the antihydrogen

detector. Then chapter 3 focuses on the remaining issue to perform the spectroscopy, the qual-

ity of produced antihydrogen atoms. In order to produce manyantihydrogen 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. Production rate of antihydrogen

atoms is greatly improved which leads to the improvement of the signal to noise ratio for de-

tection of antihydrogen atoms. A distribution of atomic states is measured and antihydrogen

atoms in low-lying excited states are observed which is an important step for the spectroscopy

of ground-state antihydrogen atoms. Chapter 4 summarize the results.
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Chapter 2

Production and detection of antihydrogen beams

In this chapter, a production scheme of antihydrogen atoms by injection of antiprotons into

con�ned positrons are explained. Antihydrogen atoms extracted to magnetic-�eld-free region

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

2.1 Setup

Figure 2.1 shows a schematic view of the actual setup. Positrons are accumulated in a positron

accumulator and transported to a single cusp trap via a positron transport line. Antiprotons are

accumulated and cooled down in an antiproton trap, then theyare 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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2.1.1 MRE trap

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

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

B

R

r

z
Z

-Z Z

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

�

(a) (b)

Charged particle cloud

z

Figure 2.2: (a) A schematic diagram of the Penning-Malmberg trap. Three cylindrical elec-
trodes with their radius of R produce a electrostatic potential well and a static magnetic �eld
is applied along the axis. Charged particles are con�ned radially 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 charged particles. Fig. 2.2(a)

shows a schematic diagram of an example of the Penning-Malmberg trap. A charged particle

cloud is con�ned radially by a magnetic �eldB and axially by an electrostatic potential well� ext

produced by three open-ended cylindrical electrodes. Fig. 2.2(b) shows the applied potential on

the electrodes. Focusing on one particle in a charged particle cloud, the electrostatic potential

for the particle is shielded on the scale of Debye length� D . The Debye length is determined

by the temperatureT and density � of the cloud and given by

� D =

s
� 0kB T

q2�
: (2.1)

If the temperature is low and density is high for the charged particles, � D becomes small and

each particle feels the electric �eld by the others as a whole. In this case, the charged particle

cloud can be treated as a non-neutral plasma.

For a non-neutral plasma, Coulomb repulsive force each other exists due to the self electric

�eld characterized by � self. The plasma rotates around the magnetic �eld axis so that the

Lorentz force directing inward, centrifugal force directing outward, and the repulsive force

outward balance each other in the equilibrium condition within the Penning-Malmberg trap.

Assuming a non-neutral plasma as a cold 
uid, a radial component of the equation of motion
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is given by [40]
mv2

�

r
= q(Er + v� B) (2.2)

wherem is mass of a particle,v� = � ! r r is 
uid velocity, q is charge of a particle, andEr is

given by

Er = �
@�
@r

= �
@
@r

(� ext + � self): (2.3)

When the rotation frequency is independent onr , it is called the rigid rotor equilibrium and

the plasma density is given by [41]

� (r; z) = C exp
�

� q
�

1
2

m! r

�
qB
m

� ! r

�
r 2 + q� (r; z)

�
1

kB T

�
(2.4)

where the temperature isT and the plasma thermal pressure is assumed as�k B T. Together with

Poisson's equation, the density can be determined with given rotation 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 surface if the plasma is su�ciently

cold.

For a non-neutral plasma in a harmonic well expressed as

� ext = A(r 2 � 2z2) (2.5)

in cylindrical coordinates (r; �; 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 Penning-Malmberg traps by realizing

such harmonic potential well [43]. By carefully adjusting applied voltage on each electrodes,

MRE trap is able to compensate self �eld by the plasma itself.Variations 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 trap and preparations of antiprotons

including supply from the AD of CERN, cooling, accumulation, radial compression, and ex-

traction to the downstream side.

The antiproton trap is mainly composed of a superconductingsolenoid and MRE as shown

in Fig. 2.3(a). The magnetic �eld on beam axis is set at 2.5 T forthis experiment and can be

increased up to 5 T. The antiproton trap is named as the MUSASHI trap. MUSASHI stands

for monoenergetic ultraslow antiproton beam source for high-precision investigation. The bore

is cooled down to 5 K by Gi�ord-McMahon (GM) cryocoolers. ThepressurePH = 10� 10 mbar

is measured at the downstream edge of the bore where it is at room temperature. However

it is expected to be about 10� 14 mbar where the temperature isT � 5 K, by considering the

con�nement lifetime of antiprotons in the trap � conf � 104 s, usingPH � 5:1� 10� 11T=�conf [44].

The vacuum is isolated by two sheets of thin PET (polyethylene terephthalate) foil from the

upstream side where a pressure is� 10� 9 mbar. The bore is heated up to typically� 50 K

for 8 hours every day to reduce residual gas and keep the good vacuum. The foil works as a

monitor to see a radial pro�le of injected beams. Cylindrical electrodes and a movable electron

gun are prepared at downstream side which are used for transport and cooling of antiprotons,

respectively (discussed later).

Figure 2.3(b) shows the schematic view of the MRE. The electrodes are made of oxygen

free copper with their diameter of 4 cm. UCE and DCE electrodesare used for catching of fast

antiprotons at � 10 keV. The other 10 electrodes are used to prepare a harmonic potential well

by carefully adjusting applied voltages on each electrodes. One electrode named S is segmented

azimuthally into four. Applied voltages on these ten electrodes can be operated between� 100 V

and 100 V in addition to the 
oat voltage applied on the MRE as awhole which is capable up

to 800 V. The MRE is cooled down via thermal contacts with the bore wall. Further details

are described in [45].
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Cylindrical electrodes

Figure 2.3: (a) A cross sectional view of the antiproton trap mainly composed of a supercon-
ducting solenoid and MRE. The magnetic �eld on beam axis is set at 2.5 T for this experiment.
(b) A schematic drawing of the MRE. UCE and DCE are used for catching of fast antiprotons.
The other 10 electrodes(F3-B2) are used to prepare a harmonicpotential well by carefully ad-
justing applied voltages on each electrodes. One electrodenamed 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 supplied every 2 minutes. Figures
are adapted from [46].

Antiprotons are supplied from the Antiproton Decelerator (AD) of CERN. Figure 2.4(a)

shows the schematic drawing of the AD. Since many components are arranged in a circle, it

is called the AD ring. Protons are accelerated up to 26 GeV/c by the proton synchrotron

of CERN in advance and injected onto an iridium target located at the most left-hand side

of Fig. 2.4(a) to produce antiprotons. The produced antiprotons at 2.8 GeV are decelerated

down to 5.3 MeV inside the AD ring. Figure 2.4(b) shows a typicalmachine cycle of the

AD ring. In order to realize a low momentum spread, the antiprotons are cooled down by

utilizing stochastic cooling technique at 3.5 GeV/c and 2 GeV/c followed by electron cooling

at 300 MeV/c and 100 MeV/c [47]. Antiprotons at 5.3 MeV are supplied to the experimental

area every 100 s. However, the energy is still too high for e�cient antihydrogen production.

ASACUSA collaboration has developed a radio frequency quadrupole 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 penetrating through the foil.

The foil decelerates antiprotons further down to 10 keV. Because of the sequential combination

of the AD, the RFQD, and the thin PET foil, more antiprotons by a factor of 10 are available

compared with other collaborations in the AD.

17



The injected antiprotons at 10 keV should be cooled down. In general, charged particles are

cooled down via cyclotron radiation in a strong magnetic �eld. According to Larmor formula,

the energy loss rate can be given by [49]

dE?

dt
= �

e2

6�� 0c3
(
 v? )2 = �

e2(eB=m)2

3�� 0mc3
E? = � � � 1

radE? (2.6)

where v? is the velocity perpendicular to the magnetic �eld,E? is the kinetic energy given

by E? = mv2
? =2, and 
 = qB=m is the cyclotron frequency. Electrons in 2.5 T are cooled

with the time constant � rad � 0:4 s, while the time constant for antiprotons is much longer

by a factor of (mp=me� )3 � 18003. In order to cool down antiprotons e�ciently, electrons are

used. Antiprotons lose energy via collisions with electronsand electrons are cooled down by

the cyclotron radiation.

Therefore electrons are prepared in the MUSASHI trap prior to injection of antiprotons

from the RFQD. Figure 2.5 shows electrostatic potential con�gurations on axis as a function of

axial positions during the preparation of electrons. Electrons are injected at� 60 eV from the

electron gun located at downstream of the MUSASHI trap into� e� inj by lowering the potential

barrier at the downstream side and then� e� inj is changed into� e� which is more harmonic for

a stable con�nement.
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Figure 2.5: Electrostatic potentials on axis as a function ofaxial positions for preparation of
electrons in the MUSASHI trap. Electrons are injected at� 60 eV from the downstream of the
MUSASHI trap into � e� inj by lowering the potential barrier at the downstream side andthen
� e� inj is changed into� e� which is more harmonic for a stable con�nement.
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Radial overlap between electrons and injected antiprotonsshould be increased for e�ective

cooling. The radial distribution of a non-neutral plasma can be controlled by applying torque

on the plasma (rotating-wall technique). When the torque is applied on a plasma and the

rotation speed is increased(decreased), the radius gets smaller(larger) in order to conserve the

total angular momentum P� given by

P� =
NX

i =1

p�i (t) =
Z

d3rd3vf (r ; v ; t)(mv� r + qBr2=2) (2.7)

where p� is the � component of the canonical angular momentum for a particle in a uniform

magnetic �eld [40]. The segmented electrode is used for thistechnique. Figure 2.6 shows

equipotential lines produced by applying a sinusoidal potential with a phase di�erence on

azimuthally segmented electrodes. The applied voltages and equipotential lines are shown

every 1=4 period of the sinusoidal wave.

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

rotating-wall technique.

Vsin(3�= 2)

Vsin(�= 2)

Vsin(� )

Vsin(0)

Plasma

Vsin(0)

Vsin(0)

Vsin(0)

Vsin(�= 2)

Vsin(�= 2) Vsin(�= 2)

Vsin(� )

Vsin(� )

Vsin(� )

Segmented electrode

Potential [V]

� V

V

Figure 2.6: A schematic diagram of the rotating-wall electric �eld by four segmented electrodes.
Colored �lled contour plot shows the electrostatic potential (radial pro�le, perpendicular to the
magnetic �eld). The applied voltages on each segmented electrode are shown. Each of 4 squares
corresponds to a snapshot at every 1=4 period of one cycle.
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After electrons are prepared for e�ective cooling of antiprotons at the center, a potential

barrier at � 12 kV is prepared using DCE electrode for catching of antiprotons. 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. 2.7(a). Another potential

barrier is prepared using UCE electrode before re
ected antiprotons are gone away from the

trapping region as shown in Fig. 2.7(b). The time constant of the 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 electrons. Then both potential barriers at

� 12 kV are removed to release uncooled antiprotons, while cooled antiprotons and electrons are

kept trapped in the harmonic potential well� e� at the center. This cycle is repeated typically

for 4 times (� 10 minutes).
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Figure 2.7: Potential con�gurations for catching of injected fast antiprotons in the MUSASHI
trap. (a) After electrons are prepared for e�ective cooling of antiprotons at the center, a
potential barrier at � 12 kV is prepared using DCE electrode, antiprotons are injected from the
upstream side at� 10 keV, pass UCE electrode, and are re
ected by the potential barrier at
DCE. (b) Another potential barrier is prepared using UCE electrode before re
ected antiprotons
are gone away from the trapping region and both potential barriers at DCE and UCE are kept
for 40 s. Trapped antiprotons are cooled by coexisting electrons. (c) Potential barriers at
� 12 kV are removed to release uncooled antiprotons, while cooled 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 transport e�ciency to the down-

stream by applying rotating-wall technique. In order to compress antiproton cloud e�ectively,

the remained electrons coexist with antiprotons are kickedout from the MUSASHI trap in ad-

vance. Figure 2.8(a) shows that the potential barrier at the upstream side is shortened (black

solid line), the barrier is removed only for a short time of 500 ns (dotted line), and then the

potential con�guration is quickly switched back (black solid line). If antiprotons and electrons

have the same kinetic energy, the velocity is lower by a factor of 40 because antiprotons are

heavier than electrons by a factor of 1800. Therefore only faster electrons are released and

slower antiprotons are still trapped, which is called electron kickout.

After the electron kickout, the potential con�guration is changed into a con�nement well

� con�nement as shown in Fig. 2.8(b) for a stable con�nement. The rotating-wall electric �eld

is applied to radially compress the antiproton cloud in� con�nement . The radial compression of

antiprotons are reported in [51][52].

Figure 2.8(c) shows potential con�gurations to extract antiprotons to the downstream side.

The con�nement region is shortened �rst to minimize the bunch length (dotted line) and then a

negative pulsed voltage is applied to remove the potential barrier at downstream of the potential

well (black solid line). This scheme contributes to a highercatching e�ciency at the single cusp

trap at the downstream side. The extraction energy of antiprotons from the MUSASHI trap

can be changed simply by changing the 
oat voltage applied onthe MRE as a whole. The 
oat

voltage is -150 V for the potential con�gurations shown in Fig. 2.8(c).
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Figure 2.8: (a) Potential con�gurations for electron kickout to compress antiproton cloud ef-
fectively. The potential barrier at the upstream side is shortened (black solid line), the barrier
is removed only for a short time of 500 ns (dotted line), and then the potential con�guration is
quickly switched back (black solid line). (b) After the electron kickout, the potential con�gu-
ration is changed into a con�nement well� con�nement . The rotating-wall electric �eld is applied
to radially compress the antiproton cloud in� con�nement . (c) Potential con�gurations to extract
antiprotons to the downstream side. The con�nement region is shortened �rst to minimize
the bunch length (dotted line) and then a negative pulsed voltage is applied to remove the
potential barrier at downstream of the potential well (black solid line). The extraction energy
of antiprotons from the MUSASHI trap can be changed simply by changing 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 transported to the single cusp trap

through the antiproton transport line. This section explains 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 without loss due to annihilations

with surrounding materials, trajectories of antiprotons should be focused. In general, trajec-

tories of charged particles are a�ected by Lorentz forceq(E + v � B). Figure 2.9(a) shows an

example. Trajectories of antiprotons are focused by one type of the electrostatic lens, called

Einzel lens. Einzel lens is composed of three cylindrical electrodes and widely used for focusing

of charged particle beams. An electrostatic potential is applied on an electrode and two elec-

trodes at both sides are grounded. The equipotential lines are shown together. Figure 2.9(b)

shows another example. Trajectories of antiprotons are focused by the coaxial transport coil

along the beam axis. The magnetic �eld lines are shown together. The antiproton transport

line is mainly composed of these components.

Figure 2.10 shows a schematic drawing of the actual setup of the antiproton transport

line. The cylindrical electrodes are placed at the exit of the MUSASHI trap and two coaxial

transport coils are placed along the transport line. The transport coils are named coil A and

coil B, respectively. The cylindrical electrodes work as Einzel lens by applying 400 V on the

electrodes shown by colored square. They are made of aluminum. Transport coil A and B are

composed of aluminum wire with 150 turns and �xed with support structure on the duct. The

magnetic �eld on axis is� 0:012 T for both transport coils.
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Figure 2.9: Schematic �gures of trajectories of antiprotonswith focusing elements. (a) Tra-
jectories of antiprotons are focused by Einzel lens, which is composed of three cylindrical elec-
trodes. An electrostatic potential is applied on an electrode and two electrodes at both sides
are grounded. The equipotential lines are shown together. (b) Trajectories of antiprotons are
focused by the coaxial transport coils along the beam axis. The magnetic �eld lines are shown
together.
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Figure 2.10: A schematic drawing of the actual setup of the antiproton transport line including
the cylindrical electrodes and two coaxial transport coilsnamed coil A and coil B, respectively.
The cylindrical electrodes work as Einzel lens by applying 400 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 at150 eV through the antiproton

transport line shown on top. Filled regions show axial positions of the Einzel lens (cylindrical

electrodes), coil A, and coil B. A commercial software calledTricomp (by Field Precision LLC)

including trak 8.0, mesh 8.0, estat 8.0, and permag 8.0 is used for the calculations. The

Tricomp mesh, estat, and permag calculate two dimensional static electric and magnetic �elds

by �nite element method. A trajectory of a charged particle is given by Tricomp trak under the

calculated static electric and magnetic �eld. In the calculation shown in Fig. 2.11, the initial

radial positions of antiprotons are assumed to be less than 4mm every 0.2 mm and the initial

radial momentum are assumed to be zero. Interactions between charged particles are ignored.

While the trajectories diverge as the magnetic �eld becomes weak outside of the MUSASHI

trap, they are focused by the Einzel lens (cylindrical electrodes). The trajectories are also

weakly focused by two transport coils at downstream side. The radial positions approach to

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

This section explains about preparation of positrons including 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 source and positron accumulator

which is composed of a N2 gas cell and MRE, named positron-MRE, inside a superconducting

solenoid at 0.6 T on axis. The magnet is cooled down by liquid helium down to 5 K. The bore

is also cooled down by circulating the helium through surrounding cooling loop down to 100 K.

Positrons are supplied from22Na source through� + decay with its half-life of 2.6 years,

22Na ! 22 Ne + e+ + � e. However, the emitted positrons have a large energy spread upto

� 500 keV because� e carries part of the energy.

The large energy spread is not appropriate for trapping. Solid Ne is used as a moderator to

make the energy spread smaller. Figure 2.12(b) shows a schematic diagram of the moderation.

The positron source is contained in a source holder made of copper. It has a conical aperture

in front of the 22Na source. By cooling the holder down to 7.5 K in Ne atmosphere, solid Ne

is created on the surface of the holder. The emitted positrons are injected into solid Ne and

lose energy quickly through ionizing collisions. Considering a wide band gapEg = 21:5 eV

for solid Ne, the positronium binding energy in the solidEb, and the work function � + , the

phonon excitation is the only process to lose energy furtherwhen the energy is lower than

16 eV (= Eg � Eb� � + ) and then positrons are very likely to be re-emitted from thesurface [53].

A moderation e�ciency is � 10� 2 which is the highest value among various materials. The

energy spread of the re-emitted positrons is small at a few eVfor a combination of22Na source

and solid Ne [53]. In order to extract the moderated positronswith the energy spread of a

few eV from the moderator to the downstream side, they are accelerated up to the energy

determined by applied voltage on the bias electrode.

The positrons are injected into the positron accumulator. Figure 2.12(c) shows the pressure

and the electrostatic potential con�guration on axis as a function of axial positions in the

positron accumulator. The gas cell is composed of four parts(G1 - G4) and N2 gas is supplied

and evacuated continuously. The pressure can be variated depending on the position by di�erent

conductances for the evacuation. The injected positrons lose energies inside the gas cell mainly

through the electronic excitation of nitrogen molecules with its threshold at 7 eV. The pressure

near the source is set as high as 10� 2 mbar to increase collisions, while the pressure at the

other side of the trap is as low as 10� 6 mbar for slow positrons to suppress annihilations [54].
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An averaged energy loss is approximately 9 eV per collision and it competes with positronium

formation. In consequence, positrons are trapped in the electrostatic potential well prepared

by the positron-MRE with a magnetic �eld by the superconducting solenoid. This method is

called bu�er-gas cooling.

Copper holder (7.5 K)

22Na source

Bias electrode

(High-energy e+ )

Re-emitted from the soild Ne

Solid Ne

Axial position [mm]
1200 800 400

P
re

ss
ur

e
[m

ba
r]120

P
ot

en
tia

lo
n

ax
is

[V
]

MRE Gas cell (G1 - G4)
 e+ from the moderator

G4
G3 G2 G1

100

80

60

(b)

(a)

10� 1

10� 3

10� 5

and accerelated to the accumulator

0

Liquid He tank

Gas cellMRE

Super conducting solenoid

Single cusp trap

Bore

with Ne moderator
e+ source (22Na)

(c)

Figure 2.12: (a) A schematic drawing of the positron source and positron accumulator including
the N2 gas cell, positron-MRE, and superconducting solenoid. (b)A schematic diagram of the
moderation of positrons. The emitted positrons from the source are injected into solid Ne
and lose energy through collisions. When the energy is so low that the phonon excitation is
the only process to lose energy further, positrons are re-emitted from the surface. (c) The
pressure and typical electrostatic potential con�guration on axis in the positron accumulator.
The injected positrons lose energies inside the gas cell mainly through the electronic excitation
of nitrogen molecules. In consequence, positrons are trapped in the electrostatic potential well
of the positron-MRE with a magnetic �eld by the superconducting solenoid.
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2.1.5 Single cusp trap

This section explains about the structure of the single cusptrap, 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 superconducting anti-Helmholtz coils and

MRE, named scusp-MRE. Figure 2.13(a) shows a cross sectionalview 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 trapincluding the superconducting
anti-Helmholtz coils (single cusp magnet), scusp-MRE, coldbore, 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 (jB j = 0 at the center). It satis�es @jB j=@r >0.
(c) The magnetic �eld distribution along the axis of the single 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 provided by a combination of the anti-

Helmholtz coils. It satis�es @jB j=@r >0. There is a zero-magnetic �eld point at the center

(z = 0 and r = 0). Figure 2.13(c) shows the magnetic �eld distribution along the axis. The

force acting on an antihydrogen atom with its magnetic moment of � is given by

r (� � B ) =

8
><

>:

+ � rj B j (high-�eld seekers)

� � rj B j (low-�eld seekers)
(2.8)

because the magnetic moment is parallel to the magnetic �eldfor high-�eld seekers and anti-

parallel for low-�eld seekers as described before. Therefore low-�eld seekers are focused along

the axis while high-�eld seekers are defocused away from theaxis.

With this focusing and defocusing e�ects, Fig. 2.14(a) and (b)show calculated trajectories

of ground-state antihydrogen atoms at 10 K for low-�eld seekers and high-�eld seekers, respec-

tively [55]. In the calculation, antihydrogen atoms are assumed to be produced isotropically

at the point of maximum magnetic �eld on axis shown by open circles, the magnetic moment

is constant and Majorana spin-
ip is ignored which is estimated to be negligibly small for

our experimental condition [55]. Trajectories are shown every two degrees. It clearly shows

that the transported fraction of low-�eld seekers atz � 1:5 m (f LFS ) is higher than that

of high-�eld seekers (f HFS). The spin-polarization of antihydrogen beams can be de�ned by

(f LFS � f HFS)=(f LFS + f HFS). Figure 2.14(c) shows the calculated polarization as a function of

the kinetic energy of antihydrogen atoms when the production position is 16 cm upstream from

the center of the single cusp trap [55]. The higher spin-polarization is achieved as the kinetic

energy of antihydrogen atoms becomes small.
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Figure 2.14: (a) Calculated trajectories of ground-state antihydrogen atoms of low-�eld seekers
(focused). (b) Calculated trajectories of ground-state antihydrogen atoms of high-�eld seek-
ers (defocused). (c) The calculated spin-polarization as afunction of the kinetic energy of
antihydrogen atoms. The higher spin-polarization is achieved as the kinetic energy of antihy-
drogen atoms becomes low. In the calculation, antihydrogenatoms are assumed to be produced
isotropically at the point of maximum magnetic �eld on axis shown by open circles, the mag-
netic moment is constant and Majorana spin-
ip is ignored which is estimated to be negligibly
small for our experimental condition. These �gures are adapted from [55].
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The scusp-MRE is composed of 17 cylindrical electrodes named U9 - U1, CE, D1 - D7 from

upstream to downstream. They are made of gold-plated aluminum. U7 and U4 are segmented

azimuthally into four. The radius is larger than that of the antiproton trap by a factor of two

for a larger solid angle viewed from produced antihydrogen beams 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� 12 mbar considering the con�nement time of antiprotons of� 1000 s.

Electronic �lters both at cryogenic temperature and at roomtemperature to reduce electric

noise are connected to the scusp-MRE.

U9 U8 U7 U6 U5 U4 U3
U1 D1

D3 D4 D5 D6 D7

U2 CE D2

80 mm

525 mm

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

Thermal shields both at upstream and downstream side of the single cusp trap are placed to

reduce thermal radiation from the room temperature. Figure 2.16 shows the downstream ther-

mal shield which is movable and opened for e�cient evacuation and extraction of antihydrogen

atoms to the downstream side.

(a) (b)

Figure 2.16: Pictures of the downstream thermal shield (views from 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 single cusp trap including detection

of antiprotons in general.

Antiprotons are usually detected by annihilations with nucleons. In order to monitor an-

nihilations inside the single cusp trap, four arrays of plastic scintillator bars are placed along

the beam axis at both sides of the single cusp trap. Figure 2.17(a) shows a schematic view of

the array detector. Inner array 1, 2 are composed of 30 horizontal bars and 62 vertical bars,

56 horizontal bars and 56 vertical bars, respectively. Outer array 1, 2 are both composed of

62 vertical bars. Emitted photons are collected from one endby a multi-anode photomultiplier

(MAPMT). Table 2.1 shows channels ofpp 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 annihilationslose 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 the energy deposit. The photons are

collected by the photomultiplier (PMT) which converts the photons into an electric current

and amplify it so as to be easily measured. Plastic scintillators are in use because they are

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

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

channel fraction [%]
� + ; � � 0.375
� + ; � � ; � 0 6.9
� + ; � � ; more � 0 35.8
� + ; � + ; � � ; � � 6.9
� + ; � + ; � � ; � � ; � 0 19.6
� + ; � + ; � � ; � � ; more � 0 20.8
� + ; � + ; � + ; � � ; � � ; � � 2.1
� + ; � + ; � + ; � � ; � � ; � � ; � 0 1.85
� + ; � + ; � + ; � � ; � � ; � � ; more � 0 0.3

If annihilations are detected from both horizontal and vertical bars of inner arrays coinci-

dently, the event is counted as an array detector count. The detection e�ciency is estimated to

be more than 90 %. Figure 2.17(b) shows a schematic view of the inner array. When both hor-

izontal bar and vertical bar detect annihilations coincidently, a hit position can be determined

as their intersection. A track can be estimated from the hit positions. From several tracks, an

annihilation position can be estimated.
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Single cusp trap

Annihilation of an antiproton with a nucleon
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(Top view)
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Pion

Pion
 MUSASHI trap

Array detector

Figure 2.17: (a) A schematic view of the array detector. Four arrays of plastic scintillator bars
are placed at both sides of the single cusp trap in order to monitor annihilations inside the
single cusp trap, (b) A schematic view of the inner array. Three charged pions on average are
produced when an antiproton annihilates with a proton. Photons emitted due to the energy
deposit by charged pions are collected by Multi-anode photomultiplier (MAPMT) and detected.
If annihilations are detected from both horizontal and vertical bars of inner arrays coincidently,
the event is counted as an array detector count. A track can beestimated from the hit positions.
From several tracks, an annihilation position can be estimated.
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2.1.7 Antihydrogen detector using the BGO crystal and plastic scintillator plates

This section explains the antihydrogen detector which is placed 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 inorganic scintillator crystal of

Bismuth germanium oxide (BGO) with a 5-inch photomultiplier and surrounding 5 plastic

scintillator plates with 2-inch photomultipliers. Figure 2.18(a) shows a positional relationship

among the BGO crystal and plastic scintillator plates. The BGO is selected for its ultra-high

vacuum compatibility and high density which resulted in large energy deposit. Figure 2.18(b)

shows a schematic drawing of the cross section of the detector along the beam axis. Cylindrical

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

Cylindrical electrodes

BGO Window

5-inch PMT

400 mm

2-inch PMT(a)

(b)

BGO

Plastic scintillator

2-inch PMT

(front)

(back)

Figure 2.18: (a) A positional relationship among main components of the antihydrogen detector.
A disk of an inorganic scintillator crystal of BGO is surrounded by 5 plastic scintillator plates.
(b) A schematic drawing of the cross section of the detector along the beam axis. Cylindrical
electrodes are placed in front of the BGO crystal inside the vacuum. Figures are adapted
from [58].
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Figure 2.19 illustrates the detection principle of the antihydrogen detector. Typical events

are shown such as (a) antihydrogen atoms annihilated at the BGO crystal, (b) background

pions resulted from annihilation of antihydrogen atoms before 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 crystal 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 upstream.It means the energy deposit

on the BGO crystal is the largest for annihilations of antihydrogen atoms at the BGO crystal.

In addition, the number of tracks for Fig. 2.19(a) is expectedto be larger compared with

(b)(c)(d). It is because background pions usually penetrate from upstream to downstream side

as shown in Fig. 2.19(b)(c) and background cosmic muons penetrate from top to bottom as

shown in Fig. 2.19(d). The number of tracks can be estimated bythe number of counts at the

surrounding plastic scintillator plates which is detectedcoincidently at the timing of the hit

on the BGO crystal. Although annihilations of a bare antiproton 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 estimateatomic states of antihydrogen

atoms as discussed later.

Therefore, both energy deposit on the BGO crystal and multiplicity of the coincidence

counts by plastic scintillator plates are expected to be larger for antihydrogen atoms compared

with backgrounds. Candidate events are de�ned when both theamount 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 noise ratio. Although it has a relatively

simple structure, noise rejection rate reaches up to 99:50� 0:09 % [58].
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Figure 2.19: Schematic diagrams of the detection principle of the antihydrogen detector. Four
typical events are shown such as (a) antihydrogen atoms annihilated at the detector, (b) back-
ground pions resulted from annihilation of antihydrogen atoms at the upstream side of the
detector, (c) background pions resulted from annihilationof antiprotons within the cusp trap,
and (d) background cosmic rays. Although annihilations of a bare antiproton at the BGO
crystal cannot be distinguished with an antihydrogen atom,the antiprotons is re
ected and
cannot reach the BGO crystal by preparing a potential barrier at the cylindrical electrodes
just before the BGO crystal. Both energy deposit on the BGO crystal and the number of the
coincidence counts at the surrounding plastic scintillator plates which is detected coincidently
at the timing of the hit on the BGO crystal are expected to be larger for antihydrogen atoms
compared with backgrounds. Candidate events are de�ned when both the amount of energy
deposit on the BGO and the multiplicity are larger than each threshold. The noise rejection
rate reaches up to 99:50� 0:09 % [58].
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2.2 Antihydrogen production in the single cusp trap with RF excitation

2.2.1 Recombination processes of antiprotons and positrons

For energy and momentum conservation, an antihydrogen atomcannot be produced from only

one antiproton and one positron. Another component which is responsible 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 recombination. The recombination rate per an-

tiproton with a positron density of � e [cm� 3] and temperatureT is given by [59]

� = 3 � 10� 11(4:2=T)� 1=2� e [s� 1]: (2.10)

If another component is a positron,

p + e+ + e+ ! H + e+ (2.11)

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

with a positron density of � e [cm� 3] is given by [60]

� = 6 � 10� 12(4:2=T)� 9=2� 2
e [s� 1] (2.12)

Eq.( 2.10) and Eq.( 2.12) clearly show that the temperature should be small for higher recom-

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

This section explains the procedure of mixing antiprotons with positrons to produce antihy-

drogen atoms in the single cusp trap, detection of antihydrogen 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 single cusp trap in advance. They

are transported at 100 eV guided by magnetic �eld along the positron transport line from the

positron accumulator into the single cusp trap, after accumulation for 30 s in the positron

accumulator. This accumulation cycle is repeated typically for 25 times per one mixing cycle

until 3 � 107 positrons are accumulated in the single cusp trap. The positrons are cooled down

by cyclotron radiation in the single cusp trap and they can beconsidered as a plasma. This

positron plasma is radially compressed by applying the rotating-wall electric �eld in a harmonic

potential in the single cusp trap. After the radial compression, the potential called the nested

well con�guration is prepared and the positron plasma is con�ned at the center as shown in

Fig. 2.20(a). Figure 2.20(b) shows the magnetic �eld on axis. The magnetic �eld strength is

at maximum at the center of the nested well for a stable con�nement of the positron plasma.

Because of the self electric �eld of the plasma, the axial electric �eld vanishes inside the positron

plasma in the equilibrium condition. Thereby the e�ective potential con�guration of the nested

well shows a plateau on axis within the positron plasma as shown in Fig. 2.20(a).

Then the antiprotons are transported at 150 eV from the MUSASHI trap 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 scheme. When antiprotons are injected,

the upstream side of the nested well is opened as shown with dashed line in Fig. 2.20(a) and

the potential is quickly switched back as shown with solid line. Typically 3 � 105 antiprotons

and 3� 107 positrons are trapped in the single cusp trap per mixing. Antihydrogen production

in the single cusp trap is �rst demonstrated in [61].
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Figure 2.20: (a) Potential con�gurations during antihydrogen production. Solid line shows the
nested well in the upstream side, and a �eld ionization well in the downstream side (discussed
later). The positron plasma is con�ned at the center of the nested well after the radial com-
pression. Because of the self electric �eld of the plasma, the e�ective potential con�guration of
the nested well shows a plateau on axis within the positron plasma. Antiprotons are injected
into the positron plasma to produce antihydrogen atoms. Whenantiprotons are injected, the
upstream side of the nested well is opened (dashed line) and quickly switched back (solid line).
Typically 3 � 105 antiprotons and 3� 107 positrons are trapped in the single cusp trap per
mixing. Antihydrogen production in the single cusp trap is �rst 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.

39



The number of antihydrogen atoms is estimated in the single cusp trap using a �eld ion-

ization technique which had been utilized for an antihydrogen experiment by the ATRAP

collaboration [26]. A deep potential well called the �eld ionization well is prepared at the

downstream side as shown in Fig. 2.20(a). Once antihydrogen atoms are produced, they are

neutral and cannot be con�ned by the electrostatic nested well and expected to move freely. If

the antihydrogen atoms reach the �eld ionization well and are re-ionized by the steep electric

�eld, the resulted antiprotons can be trapped inside the �eld ionization well. The trapped an-

tiprotons should be antihydrogen-origin. It is because bare antiprotons are still con�ned in the

nested well and cannot reach the �eld ionization well. Therefore the number of antihydrogen

atoms can be estimated by counting the trapped antiprotons in the �eld ionization well.

The potential experienced by an positron in antihydrogen atom with an external electric

�eld (0 ; 0; F ) is

V(r ) = �
e

4�� 0r
� Fz (2.13)

where� 0 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 e�ect is ignored for simplicity here.

Figure 2.21 shows the potential when the external electric �eld is F = 100 V/cm. The binding

energies de�ned by� 13:6=n2 eV are also shown wheren is principal quantum number of the

antihydrogen atom. Antihydrogen atoms with n � 40 are still attractive, while those with

n � 45 are no longer bound states and ionized. The saddle pointz = zs is given by solving

�
e

4�� 0z2
s

� F = 0: (2.14)

If the potential energy at z = zs is equal to the binding energy of an antihydrogen atom as

�
e

4�� 0zs
� Fzs = �

13:6
n2

; (2.15)

the required electric �eld in order to ionize the antihydrogen atom is given by

F =
�� 0Ry2

e3n4
�

3:2 � 108

n4
V=cm: (2.16)

The �eld ionization scheme can be used to estimate atomic states of antihydrogen atoms [26].
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Figure 2.21: The potential distribution experienced by an positron 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 electric �eld. Horizontal solid lines show
the binding energies de�ned by� 13:6=n2 eV for several principal quantum numbern of the
antihydrogen atom. Antihydrogen atoms with n � 40 are still attractive, while those with
n � 45 are no longer bound states and ionized. It is called the �eld ionization technique and
the number of antihydrogen atoms is estimated in the single cusp trap using this scheme.
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Figure 2.22(a) shows the array detector count when the �eld ionization well is dumped for

a short time at t = tdump . Antihydrogen atoms with n � 45 are ionized by the electric �eld

on axis. The peak attdump corresponds to annihilations of antihydrogen-oriented antiprotons.

The released antiprotons annihilate mainly at the positionof zero magnetic �eld. It is because

antiprotons are expected to diverge as the magnetic �eld becomes weak and annihilate on the

inner surface of the scusp-MRE. The resulted pions are detected by the array detector. The

number of �eld ionized eventsNFI is de�ned as

NFI = Ns � Nb � (2 ms=14 ms) (2.17)

where the number of candidate eventsNs is the sum of the �lled region for 2 ms (fromtdump

to tdump + 2 ms) and the number of background eventsNb is the sum of the �lled region for

14 ms in total, for 8 ms (fromtdump � 10 ms totdump � 2 ms) and for 6 ms (fromtdump + 4 ms

to tdump + 10 ms). The factor of (2 ms / 14 ms) normalizes the backgroundevents.

A time evolution of antihydrogen production can be monitored by periodically counting

the �eld ionized events [61]. Figure 2.22(b) shows the applied voltage on D5 electrode as a

function of time where the �eld ionization well is prepared.The �eld ionization well is kept for

5 s at VD5 = 350 V and collapsed atVD5 = 0 V. This cycle is repeated for 15 times typically.

Squares in Fig. 2.22(c) shows the time evolution of antihydrogen production. The production

rate reaches its maximum at 20 s after mixing start and decreases monotonically.

Inside the nested well, antiprotons gradually lose energy via collisions with antiprotons,

positrons, electrons and then �nally localizes in both potential maxima of the nested well.

Electrons can exist because they are left behind when antiprotons annihilate with residual

gas mainly composed of hydrogen. In addition, they can be injected from the MUSASHI

trap together with antiprotons. If positrons and antiprotons are axially separated each other,

antihydrogen synthesis stops, which explains the decreaseof the antihydrogen production rate

after � 30 s.
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Figure 2.22: (a) The sum of array detector count for 15 cycles at tdump � 10 ms� t � tdump +
10 ms. The peak att = tdump corresponds to annihilations of antihydrogen-oriented antiprotons
which are released att = tdump and annihilate at the inner wall of the scusp-MRE. The number
of candidate eventsNs and background eventsNb are de�ned by the �lled region. (b) The
applied voltage on D5 electrode of the scusp-MRE, where the �eld ionization well is located,
as a function of time. The �eld ionization well is kept for each 5 s at VD5 = 350 V and
collapsed atVD5 = 0 V. This cycle is repeated for 15 times typically. (c) The �eld ionized
eventsNFI = Ns � Nb � (2=14) for each 5 s as a function of time (square) and the sum of these
events (blue solid line). The production rate reaches its maximum 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 prolong antihydrogen pro-

duction. In particular, a sinusoidal electric �eld is applied on non-segmented U8 electrode of

the scusp-MRE during mixing continuously. If localized antiprotons are accelerated and have

enough energies, they can re-enter the positron plasma. Thefrequency and amplitude of the

RF is optimized experimentally for higher antihydrogen yield at 440 kHz and 0:6 Vp� p. As a

result, circles in Fig. 2.23 shows that the antihydrogen production continues longer with the

RF excitation. The total number of �eld ionized events is increased by a factor of about 3.

Fig. 2.24 show the distributions of annihilation positions along the axis measured by the

array detector. The �lled histograms correspond to mixing without the RF excitation, while the

histograms shown by thick lines correspond to mixing with the RF excitation. The histograms

are summarized over time for 1 s� t < 25 s, 25 s� t < 50 s, 50 s� t < 75 s, 75 s� t < 100 s,

100 s� t < 125 s, 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 shown on top.

Both histograms show peaks at the center of the nested well where positrons exist in �rst

several tens of seconds. However, the distribution of annihilation positions without the RF

excitation becomes broad as time passes, which suggests that antiprotons lose energy and also

exist in local maxima of the nested well where positrons do not exist. 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 production shown by circles in Fig. 2.23.
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Figure 2.23: The �eld ionized events for each 5 s as a function of time with RF excitation
(circle) and without RF excitation (square). The antihydrogen production continues longer
with the RF excitation and the total number of �eld ionized events is increased by a factor of
� 3.
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Figure 2.24: The distributions of annihilation positions along the axis measured by the array
detector. The �lled histograms show the data without the RF excitation. The histograms by
thick lines show the data with the RF excitation. The histograms are summarized over time
for every 25 s and 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 shown on top. Both
histograms show peaks at the center of the nested well where positrons exist in �rst several
tens of seconds. However, the distribution of annihilation positions without the RF excitation
becomes broad as time passes, which suggests that antiprotons lose energy and also exist in
local maxima of the nested well where positrons do not exist.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 production shownby circles in Fig. 2.23.
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2.3 Detection of antihydrogen beams

The produced antihydrogen atoms with the RF excitation are extracted to the antihydrogen

detector located at the end of the experimental setup. This section explains about the detection

of antihydrogen atoms by the antihydrogen detector.

In order to know the absolute value of the energy deposit in the BGO, a calibration should

be done. It is done by comparison between simulations using atoolkit called GEANT4 [62] and

experimental data of cosmic rays and pions [58]. The reason why cosmic rays and pions are

used is that they can be distinguished from others by speci�cevent selections as follows. The

pions travelling through two plastic scintillators named front and back as shown in Fig. 2.18(a)

can be distinguished by choosing the events accompanied by two coincidence counts at the

two scintillator plates. The energy deposit on the BGO crystal 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 countat the top scintillator plate. The

energy deposit on the BGO crystal by the cosmic muons shows a peak of minimum ionizing

particle.

Figure 2.25(a) shows a comparison of the energy distributionon the BGO crystal be-

tween measurements mainly caused by cosmic rays and simulation results of cosmic rays using

GEANT4 with CRY package [58]. Double coincidence events, which are de�ned as the events

accompanied by two or more coincidence counts at surrounding plastic scintillator plates, for

the measurements and simulations are in good agreement witheach other.

Figure 2.25(b) shows a comparison of the energy distributionon 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 region. Simulation results are shown

separately for di�erent types of events corresponding to those shown in Fig. 2.19(a)-(d). Thick

solid line shows the total distribution. Double coincidence 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 whichdepends on the threshold

of the energy deposit to de�ne an event as a candidate. The detection e�ciency is estimated

at � 45 % for the energy threshold at 40 MeV [58].
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Figure 2.25: Comparison of the energy distribution in the BGOcrystal between measurements
and simulations using GEANT4. (a) is for cosmic rays and (b) is for mixing data of the double
coincidence events which are de�ned as the events accompanied by two or more coincidence
counts at surrounding plastic scintillator plates. Simulation results are shown separately for
di�erent types of events corresponding to those shown in Fig.2.19(a)-(d). Measurements and
simulations are in good agreement with each other. Figures are adapted from [58].
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Figure 2.26 shows the measured distribution of energy deposit on the BGO crystal for double

coincidence events. Events with higher energy deposition is observed during the mixing, while

those with lower energy deposition is dominant for background events. Background events are

estimated by measurements during cooling of antiprotons byelectrons in the single cusp trap, in

order to consider not only the cosmic rays but also pions resulted from antiproton annihilations

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

Table 2.2 shows a summary of detected events when the energy threshold is set at 40 MeV.

Atomic states of antihydrogen atoms are roughly estimated by using the �eld ionization tech-

nique just before the detector. The cylindrical electrodesin front of the BGO crystal are used to

prepare the electric �eld. Two conditions with averaged electric �eld at 94 V/cm and 452 V/cm

are compared. The applied electric �elds ionize antihydrogen atoms with principal quantum

numbers higher than 43 and 29, respectively. The value is averaged over radial positions because

the electric �eld produced by the cylindrical electrodes isnot uniform.
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Table 2.2: Summary of the double coincidence events above 40MeV detected by the antihy-
drogen detector. Atomic states of antihydrogen atoms are roughly estimated by using the �eld
ionization technique using the cylindrical electrodes in front 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 number of candidates during mixing

and background measurements can be evaluated as follows. Assuming Poisson distribution, the

likelihood function as a function of expected signal count rate s and background rateb can be

de�ned as

L(s; bj s0; ts; b0; tb) =
exp(� s0ts)(s0ts)(s+ b)ts

�(( s + b)ts)
�

exp(� b0ts)(b0ts)bts

�( bts)
(2.18)

wheres0ts is the number of observed candidates,ts is the measurement time for the observation

of candidates,b0tb is the number of observed background,tb is the measurement time for the

observed background. Figure 2.27 shows a �lled contour plot of the likelihood function for the

case ofn � 43. Solid lines showL(s; b) = L68% and L(s; b) = L99% which are de�ned as

R R
L(s; bj L � L68%) ds db

R R
L(s; b) ds db

= 68%
R R

L(s; bj L � L99%) ds db
R R

L(s; b) ds db
= 99%

(2.19)

, respectively. According to this analysis, the number of thecandidate events is estimated to be

81+19
� 20 for n � 43 and 21+10

� 9 for n � 29 (CL 68%) within the corresponding measurement time,

respectively. The region where the signal count is zero (only background events) is outside of

the �lled region surrounded by the solid lineL(s; b) = L99%, which means background-only

hypothesis is rejected at 1 % signi�cance level.

Therefore it is concluded that antihydrogen atoms are successfully detected at 2.7 m down-

stream from the production region at this level, which is a �rst 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 with n � 43 and backgrounds shown in
Tab. 2.2. Solid lines showL(s; b) = L68% and L(s; b) = L99% (see Eq. (2.19)). The region where
the signal count is zero (only background events) is outsideof the �lled region surrounded
by the solid line L(s; b) = L99%, which means background-only hypothesis is rejected at 1 %
signi�cance level.
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2.4 Unexpectedly broad energy spread of antiprotons at the injection

into the single cusp trap

The time evolution of antihydrogen production gives an important insight for the proposed

spectroscopy.

As shown in Fig. 2.22(c), the antihydrogen production rate decreases at the mixing start,

when antiprotons are injected into positrons, and then gradually increases. It suggests that

positron temperature increases by the injection of antiprotons 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 actually measured as shown in Fig. 2.28(a).

The number of trapped antiprotons are counted repeatedly with a di�erent height of the po-

tential barrier at the entrance of the single cusp trap. Since only those with higher energy

than the barrier can be trapped, the trapped number as a function of the barrier height gives

the energy distribution. Figure 2.28(b) shows the result. Solid line shows a �tting result by

integral of a gaussian distribution shown by dashed line. The energy spread is unexpectedly

broad compared with the temperature of antiprotons in the MUSASHI trap which is estimated

about sub eV [51].

This is undesirable for the proposed spectroscopy. Figure 2.29 shows a schematic diagram

of antiproton injection into a positron plasma which is con�ned in the center of the nested well.

Magenta lines represent the energy distributions of antiprotons and �lled regions correspond to

fractions of available antiprotons for antihydrogen production. When the energy spread of the

injected antiprotons is broad, the relative energy of antiprotons compared with the potential

level of the positron plasma have to be large in order to trap antiprotons as many as possible

to produce antihydrogen atoms as many as possible. As a result, positrons are heated up which

leads to low production rate and production of antihydrogenatoms with large kinetic energy.

In fact, this is the critical point for the spectroscopy at high precision. Chapter 3 describes

about it in detail.
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Figure 2.28: (a) The measurement principle of the energy distribution of antiprotons at the
entrance of the single cusp trap. The number of trapped antiprotons 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 asa function of the barrier height
gives the energy distribution. (b) The number of trapped antiprotons 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 compared with the temperature of
antiprotons in the MUSASHI trap which is estimated about sub eV [51].
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Figure 2.29: Schematic diagrams of antiproton injection into a positron plasma con�ned in the
nested well. When the energy spread of the injected antiprotons is broad, the relative energy of
antiprotons compared with the potential level of the positron plasma have to be large in order
to trap antiprotons as many as possible to produce antihydrogen atoms as many as possible.
As a result, positrons are heated up which leads to low production rate and production of
antihydrogen atoms with large kinetic energy.

52



Chapter 3

Antihydrogen production towards the

spectroscopy

In chapter 2, we described the successful production of antihydrogen atoms and its detection by

a detector placed 2.7 m downstream of the production region.In order to conduct an antihy-

drogen spectroscopy with high precision, intense beams of highly spin-polarized antihydrogen

in its ground state are necessary.

Slower antihydrogen atoms bene�t us because it well make spin-polarization higher as it

spends longer time in the cusp magnetic �eld gradient, so that the focusing (or defocusing) e�ect

is stronger, and because it well make population of the ground state larger as it has longer time

to cascade down from high Rydberg states to the ground state.In order to make slower,

cooler antihydrogen atoms, the energy distribution of antiproton beam needs to be smaller as

shown in Fig. 3.1. We modi�ed the extraction scheme of antiprotons from the MUSASHI trap,

and constructed a new antiproton transport line from the MUSASHI trap to the antihydrogen

production region. Both are described in sections 3.1.1 and3.1.2. In addition, as described in

section 3.1.3, the antihydrogen production trap is replaced with a double cusp trap so that the

beams of antihydrogen have higher spin-polarization. A newantiproton annihilation monitor

with higher spatial resolution is installed. A newly designed antihydrogen detector is installed

with a �eld ionizer in front so that we can measure the population of antihydrogen in the

low-lying excited states. These are described in sections 3.1.4, 3.1.5, and 3.1.6.

Section 3.2 describes the improvement of the energy distribution of antiprotons, and sec-

tion 3.3 describes the improved production rate of antihydrogen atoms as the result of the

obtained smaller energy distribution. Section 3.4 describes the observation of antihydrogen
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atoms in low-lying excited states, which is an important step for realization of spectroscopy

experiment. Section 3.5 reports an inconsistency found in several antiproton/antihydrogen

counters, and discusses non-isotropic distribution of antihydrogen atoms as a possible explana-

tion. Section 3.6 reports an unexpected decrease of antihydrogen yield when we increase the

density (and number) of positrons, and discusses the e�ect of self-�eld of positrons. Section 3.7

discusses the observed early stoppage of the antihydrogen production, and the spatial separation

of antiprotons and positrons. Finally in section 3.8, a new mixing scheme between antiprotons

and positrons based on the discussion in section 3.6 and 3.7,and a new de-excitation scheme

for antihydrogen atoms are proposed.
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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 setupincluding 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 production, the �eld ionizer and

the antihydrogen detector are connected just after the double cusp trap for larger solid angle of

the detector viewed from antihydrogen atoms produced in thedouble cusp trap. The positron

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

This section explains about the extraction of antiprotons from the MUSASHI trap for narrow

initial energy spread, which is the �rst step to be achieved as pointed out at the beginning of

this chapter.

Before the extraction, the procedure of antiproton accumulation is the same as described in

chapter 2. Typically 3� 106 antiprotons corresponding to 3 or 4 AD shots are accumulated and

cooled down by 108 electrons in the MUSASHI trap. The number of electrons are lowered down

to 5 � 106 by opening the upstream side of the con�nement potential well (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 the potential well.

The radially compressed antiprotons are extracted from theMUSASHI trap by applying

a pulsed voltage on the potential barrier at downstream. Theinitial 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 di�erence between before and after

the extraction, because the rising time of the extraction pulse is on the order of 10 ns which

is much faster than the typical oscillation of antiprotons within the potential well. In order

to realize the narrow initial energy spread, the extractionscheme with a small gradient is

investigated.

Figure 3.3(a)-(c) show various extraction potential con�gurations called Ext1, Ext2, and

Ext 3. VF is the 
oat voltage of the MRE as a whole and determines the extraction energy

from the MUSASHI trap. Solid lines correspond to the potential con�gurations just before

extraction. It is kept for 10 s so that remained electrons cool down antiprotons. The remained

electrons are thrown away by opening the downstream side for500 ns, repeatedly for six times.

Then antiprotons are extracted to downstream by opening thedownstream side of the potential

con�guration by applying pulse voltage on one of the MUSASHI MRE. Dashed 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 Ext1. The lowest extraction pulse of

7.25 V is applied in Ext1 compared with 50 V in Ext2 and 100 V in Ext3. Figure 3.3(d) is

the scheme used in chapter 2. It is named Ext4. The potential change is minimized and the

gradient exist only at the downstream edge for Ext1, while the potential change is the largest

and the gradient exist throughout the region where antiprotons exist for Ext4
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Assuming that con�ned antiprotons follow Maxwell-Boltzmann distribution and an antipro-

ton exists within the region determined by its kinetic energy, the potential di�erence is calcu-

lated between the con�gurations before and after the extraction, 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 the kinetic energy gained by antiprotons

during the extraction. Energy spread is de�ned as RMS of the distribution. Calculations are

performed for antiprotons with the initial temperature of 500, 1000, 2000, 3000, and 4000 K.

Figure 3.3(e) shows the energy spread for various extractionschemes. The narrowest energy

spread is obtained when Ext1 is used for all initial temperatures. It should be noted thatthe

temperature can be increased by the potential manipulationto compress the trapping region

before extraction, especially for Ext3 and Ext4, in order to conserve phase space volume. In

the calculation, the same kinetic energy distribution is assumed 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 for Ext 3 and Ext4 than the values

shown in Fig. 3.3.
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Figure 3.3: (a)-(d) Extraction potential con�gurations named Ext1(a), Ext 2(b), Ext 3(c), and
Ext 4(d). VF is the 
oat voltage of the MRE as a whole and determines the extraction energy
from the MUSASHI trap. Solid lines correspond to the potential con�gurations just before
extraction. Antiprotons are extracted to downstream by opening the downstream side of the
potential con�guration by applying pulse voltage on one of the MUSASHI MRE. Dashed 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 1. The lowest extraction
pulse of 7.25 V is applied in Ext1 compared with 50 V in Ext2 and 100 V in Ext3. Ext 4 corre-
sponds to the scheme used in chapter 2. (e) The calculated energy spread of axial component
of the kinetic energy in terms of RMS for various extraction potential con�gurations. Calcula-
tions are performed for antiprotons with the initial temperature of 500, 1000, 2000, 3000, and
4000 K. The narrowest energy spread is obtained when Ext1 is used for all initial temperatures.
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3.1.2 Antiproton transport line for adiabatic transport of antiprotons to keep the

energy distribution

This section explains about the transport of antiprotons tokeep the energy distribution, which

is the second step to be achieved as pointed out at the beginning of 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 motion and is not related to the

periods, it is called adiabatic change. For a charged particle in a uniform, static magnetic �eld,

the transverse motion is periodic and the action integral for the motion is given by [64]

J =
I

P? � dl

=
I


m v? � dl + e
I

A � dl

=
I


m
eB

m

a2d� + e
I

S
B � n da

= 2�
m
eB

m

a2 � eB�a 2

= eB�a 2

(3.1)

whereP? is the transverse component of the canonical momentum,dl is a directed line element

along the circular path, anda is the radius of the particle's orbit. Considering the transverse

momentum of the particlep? is propotional to aB, Ba2 / p2
? =B is invariant for the adiabatic

change. It is clear that the total energy conserves in a static magnetic �eld since the Lorentz

force is always perpendicular to the direction of the particle motion. Therefore, if the static

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

v2
k = v2

0 � v2
? = v2

0 � v2
? 0

B(z)
B(0)

: (3.2)

It means that even if the magnetic �eld variates along the trajectories, the velocity distribution

also conserves at the same magnetic �eld as far as the change is adiabatic.

In the actual setup, the magnetic �eld lines are parallel to the beam axis in the MUSASHI

trap. The magnetic �eld lines are also considered as being parallel to the beam axis in the

double cusp trap where positrons are con�ned. The �eld strength at both points are almost

the same. If antiprotons are transported adiabatically following magnetic �eld lines, the energy

distribution should be conserved at the antihydrogen production region in the double cusp trap.
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Figure 3.4 shows calculated trajectories of antiprotons at 150 eV with the antiproton trans-

port line shown on top, which is described in chapter 2. In thecalculations, the initial radial

positions are 0.4, 0.8, 1.2, 1.6, 2.0 mm and the initial radial momentum 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 magnetic �eld strength sharply

decreases and the magnetic �eld lines diverge so rapidly that the trajectories cannot follow the

lines. Trajectories are focused by the electrostatic lens to avoid 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 is drastic and the transport is no

longer adiabatic. The axial component of the kinetic energyis expected to vary depending on

its trajectory which can cause the broad energy spread at theinjection 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 eVwith the antiproton transport line
shown on top, which is described in chapter 2. The magnetic �eld lines are shown together. In
the calculations, the initial radial positions are 0.4, 0.8, 1.2, 1.6, 2.0 mm and the initial radial
momentum are zero. The magnetic �eld lines diverge so rapidly that the trajectories cannot
follow at the exit of the MUSASHI trap. Trajectories are focusedby 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 transport is no longer adiabatic. The
axial component of the kinetic energy is expected to vary depending on its trajectory which
can cause the broad energy spread at the injection of antiprotons 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 line. The new transport coil at the exit of
the MUSASHI trap is designed which is named coil T in order to avoid the 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 mm2)

coil A 125 153 (133) 115 150 0.41 5.06 Al (2:5 � 4:5 mm2)

coil B 125 180 30 147 0.44 10.2 Al (2:5 � 4:5 mm2)

In order to realize the adiabatic transport, the drastic divergence of the magnetic �eld lines

at the exit of the MUSASHI trap should be avoided �rst of all. The new transport coil at

the exit of the MUSASHI trap is designed which is named coil T for this reason. Table 3.1

summarizes speci�cations of the transport coils in the actual setup.

Calculations are performed in order to �nd a feasible condition which realizes the adiabatic

transport satisfying both the narrow energy spread and hightransport e�ciency. Various

static magnetic �eld conditions using three transport coils 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 magnet, 3 transport coils

(T, A, and B), and the double cusp magnet with calculated trajectories 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 radial momentum are zero. The magnetic

�eld strength of the coil T, coil A, and coil B are set at 0.15 T, 0.12 T, and 0.12 T on axis,

respectively. For the coil A and coil B, the �eld strength is increased by a factor of 10 compared

with the previous non-adiabatic transport scheme.

Transport e�ciency and energy spread in this condition are evaluated using calculations.

For the calculations, 10000 particles with the initial energy distribution following Maxwell-

Boltzmann at 3000 K and the uniform position distribution within a spheroid of the radius

of 3 mm are used. The transport e�ciency is de�ned as the number of antiprotons reach the

position where the positron plasma is expected to be con�nedin the double cusp trap, divided

by 10000. The energy spread is de�ned as RMS of the distribution of axial component of the

kinetic energy at the position. Table 3.2 shows a summary of the calculated transport e�ciency

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

higher transport e�ciency than the old transport scheme is achieved.

CUSP magnet!
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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 factor of 10 compared with the
previous non-adiabatic transport scheme. 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 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 transportscheme. 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 and higher transport e�ciency than
the old scheme is achieved.

Energy spread [eV] Transport e�ciency

Old transport 16:2 � 0:2 0:31� 0:01

New transport 0:24� 0:01 0:63� 0:01
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The stronger magnetic �eld along the antiproton transport line compared with the old

transport scheme is needed for the new transport scheme. In order to achieve it with the

actual setup, all transport coils are energized by large pulsed current in the new transport

scheme which realizes the stronger �eld in the limited spaceand suppresses Joule heating of

the coils at the same time, while the coil A and coil B are energized by DC current in the old

transport scheme. Control circuits are prepared to apply the pulsed current. Figure 3.6 shows

the circuit diagram. The thyristor, silicon controlled recti�er composed of four-layer diode, is

used for the pulsed drive. Only the signal level of both the enable 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.

Discharge trigger
Enable

Thyristor

Coil

Capacitor
Power supply

Resistor

+

Diode

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

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

Capacitor B41456B8150M (0.15 F, 63 V)
Resistor Ohmite, TGHGCR0010FE (1 m
, 100 W)

Ohmite, TGHGCR0005FE (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 coils. They 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(b) and (c) show the

calculated maximum magnetic �eld on axis as a function of 
owing current and charging voltage.

Dotted lines show corresponding current and charging voltage 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 coils. 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 coils as a function of 
owing
current. (c) The calculated maximum magnetic �eld on axis for the transport coils as a function
of charging voltage for capacitor in the control circuit. Dotted lines show corresponding current
and charging voltage for the experimental condition such as0.15 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 magnetic �eld in the actual

experimental setup close to the ideal cylindrical one. Figure 3.8(a)(b) show a drawing and a

picture of a support structure for the coil T, which is designed and prepared in order to adjust

its position and angle.

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

(a)

(b)

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

MUSASHI trap

Double cusp trap

CoilT CoilA CoilB

(Positron transport line)

(Positron accumulator)

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 in chapter 2 is replaced with the

double cusp trap for higher spin-polarization.

The double cusp magnetic �eld has a better focusing power forantihydrogen atoms than

the single cusp magnetic �eld. Figure 3.10 shows a cross sectional view of the double cusp trap

and a magnetic �eld distribution of the double cusp magnet. There are three coils working as

two pairs of anti-Helmholtz coils, a main coil at the center and two mirror coils. The coils are

made of one superconducting wire and all connected, while its winding direction is opposite

for the main coil. The magnet is surrounded by a magnetic shield made of massive iron of

� 1000 kg. Figure 3.11 shows a circuit diagram of power suppliesfor the magnet. One power

supply for all coils and additional power supplies for each of the two mirror coils are used. This

double-cusp con�guration with the massive iron magnetic shield also makes a leak magnetic

�eld smaller, which is important for a precision spectroscopy.

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

� pr transferred to an antihydrogen atom given by [55]

� pr =
Z 1

�1
Fr

dt
dz

dz =
Z 1

�1

Fr

vz
dz: (3.3)

whereFr is the radial force acting on the beam. Figure 3.12(a) shows the calculated intensity

of antihydrogen beams at the expected position of the microwave cavity as a function of kinetic

energy of antihydrogen atoms. The low-�eld seekers (LFS) arefocused by the magnetic �eld

gradient, while the high-�eld seekers (HFS) are defocused, which means more LFS and less HFS

reach the expected position of the cavity as described before. The double cusp magnetic �eld

has a better focusing power than the single cusp and the di�erence of the intensity between

low-�eld seekers and high-�eld seekers is larger for the double cusp magnetic �eld. Fig. 3.12(b)

shows the estimated spin-polarization (f LFS � f HFS)=(f LFS + f HFS) from the calculation for the

double cusp magnetic �eld. The spin-polarization for the single cusp magnetic �eld is shown

together (same as Fig. 2.14(c)).

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

be achieved by using the double cusp magnetic �eld than the single cusp.
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Figure 3.10: (a) A cross sectional view of the double cusp trap. There are three coils working
as two pairs of anti-Helmholtz coils. The magnet is surrounded by a magnetic shield made of
iron. Two-dimensional distribution of the magnetic �eld strength (b) and Bz distribution on
axis (c) of the double cusp magnet.
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Figure 3.11: A circuit diagram of power supplies for the double cusp magnet.
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Figure 3.12: (a) The calculated intensity of antihydrogen beams at the expected position of
the microwave cavity as a function of kinetic energy of antihydrogen atoms. The low-�eld
seekers (LFS) are focused by the magnetic �eld gradient, while the high-�eld seekers (HFS) are
defocused, which means more LFS and less HFS reach the expected position of the cavity. The
double cusp magnetic �eld has a better focusing power than the single cusp and the di�erence
of the intensity between LFS and HFS is larger for the double cuspmagnetic �eld. (b) The
estimated spin-polarization from the calculation for the double cusp magnetic �eld. The spin-
polarization for the single cusp magnetic �eld is shown together (same as Fig. 2.14(c)). Even if
antihydrogen atoms have the same kinetic energy, the higherspin-polarization can be achieved
by using the double cusp magnetic �eld than the single cusp. Figures are adapted from [65].
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Necessary modi�cations and developments about the double cusp trap are explained as

follows.

In the double cusp magnetic �eld, the position of the local maximum of the magnetic �eld

is shifted to the upstream side. Since positrons are stably con�ned at the local maximum, the

center of the nested well should be located there. A longer MRE compared with the scusp-

MRE, named dcusp-MRE, is designed in order to manipulate thepotential under the double

cusp magnetic �eld. Figure 3.13(a) shows a schematic drawingand Fig. 3.13(b) shows a picture

of the dcusp-MRE and its support structure. There are 21 electrodes named U11 - U1, D1 - D10

from upstream to downstream. U10 and U5 are segmented azimuthally into four. Electrodes

are made of aluminum with its surface coated by gold. A part ofthe support structure is made

of copper.

There is a mechanism for better thermal contact between the dcusp-MRE and the cold bore

wall to cool down the dcusp-MRE further. Parts with the shapeof four separated-cylinder are

prepared as a component of the support structure of the dcusp-MRE as shown in Fig. 3.13(a).

The radius of the electrodes at downstream side becomes smaller to prepare the separated-

cylinder part, keeping the same solid angle of the antihydrogen detector from the production

region. Figure 3.14(a) shows a picture of the part. These parts with soft metal sheets made

of indium (0.3 mmt) are inserted between the cold bore wall and the support structure of the

dcusp-MRE using rods as shown in Fig. 3.14(b)(c). Foils made of copper and silver are also

inserted to avoid adhesion. The indium sheets in between arepressed and deformed to �ll

gaps after inserted, which leads to a better thermal contact. Figure 3.14(d) shows a picture of

the deformed sheet. Although the dcusp-MRE becomes longer than the scusp-MRE, the cold

region of the bore is limited. The dcusp-MRE is placed so thatit has a thermal contact only

with the cold region.
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(a)

(c)

(b)

Copper foil (0.1mmt)

Silver foil (0.1mmt)

Indium sheet (0.3mmt)

(d)

Separated-cylinder part

Rods to insert the separated-cylinder part
Copper foil

Silver foil

Pressed and deformed Indium sheet

Support structure

Bore wall

after inserted

of the dcusp-MRE

Figure 3.14: (a) A picture of the separated-cylinder part which is prepared as a component of
the support structure of the dcusp-MRE for better thermal contact between the dcusp-MRE
and the cold bore wall to cool down the dcusp-MRE further. (b)A schematic drawing of the
part with soft metal sheets made of indium (0.3 mmt) between the cold bore wall and the
support structure of the dcusp-MRE. Foils made of copper andsilver are also inserted to avoid
adhesion. (c) A picture of them with the rods to insert them between the wall and the support.
(d) A picture of the pressed and deformed indium sheet after inserted.
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Several electronic �lters to reduce electric noise coming from the outside are connected to

upstream electrodes of the dcusp-MRE because the noise can cause heating of trapped particles.

The �lters are �xed on the surface of the support structure ofthe dcusp-MRE and cooled down

to cryogenic temperatures via thermal contact. Table 3.4 shows a summary of the cryogenic

�lters. Figure 3.15 shows four types of circuit diagrams of the cryogenic �lters. Figure 3.15(a)

shows a combination of Schottky barrier diodes and RC �lters. When the noise with a small

amplitude below a certain threshold and high frequency comes from outside, the current does

not go through the diodes and the noise is cut o� by the low-pass RC �lters. On the other

hand, when a pulsed voltage enough above the threshold and high frequency is applied, the

current go through the diodes. Thus it is capable for both a noise rejection and a fast switching

which is necessary for catching of particles.

Figure 3.15(b) shows the circuit diagram of the LC �lters for applying rotating-wall electric

�eld. The cut o� frequency is 12 MHz. RC �lters are not used because dissipation of energy

through a resistor induce a diocotron motion of a plasma which should be avoided for a stable

con�nement.

Although it is not applied in this thesis, some setup for excitation and detection of plasma

oscillation are installed as shown in Fig. 3.15(c) and (d), respectively. By applying RF for

excitation of plasma oscillation through U9 or U6, the oscillation can be detected from U8.

The voltage-control switch shown in Fig. 3.15(c) can be used for applying RF periodically. The

detection of plasma oscillation using the same technique isreported in [66]. The RF terminal

is connected to the GND for antihydrogen production described in this thesis.

All �lters are arranged on PCB boards and placed as shown in Fig.3.16 (view from down-

stream). The octagon at the center corresponds to the surface of the downstream side of the

dcusp-MRE. For azimuthally segmented electrodes, four electrodes 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 U11, U4, U3, U2, U1 (a)
LC �lters U10, U5 (each of segmented electrodes) (b)

Diode bridges+RC �lters+switch U9, U6 (c)
Diode bridges+RC �lters+RF detection U8 (d)

No �lter D1 - D10 -
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Figure 3.15: Circuit diagrams of the electronic �lters to reduce electric noise coming from the
outside, which are connected to upstream electrodes of the dcusp-MRE. (a) Diode bridges and
RC �lters. (b) LC �lters. (c) Diode bridges, RC �lters, and RF switch. (d) Diode bridges, RC
�lters, and RF detection terminal.
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Figure 3.16: Pictures of the electronic �lters. Their placements, looking from downstream side,
are shown. The octagon at the center corresponds to the surface of the support structure of
the dcusp-MRE.
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Two thermal shields at upstream and downstream side of the dcusp-MRE are modi�ed for

more e�ective design. Regarding the upstream thermal shield, the center cylinder is black-

Ni-plated. Thermal radiation from the room temperature upstream side is absorbed during

re
ection repeatedly on the inner wall of the cylinder to avoid the radiation from entering

inside the dcusp-MRE. Figure 3.17 show pictures of the modi�ed upstream thermal shield.

(a) (b) (c)

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

Regarding the downstream thermal shield, the movable shield in chapter 2 is replaced with

a cylinder-type shield shown in Fig. 3.18(a). The movable shield is not enough for extraction of

antihydrogen atoms to downstream side, because the temperature of the dcusp-MRE increases

up to 17 K when the shield is opened, due to the thermal radiation from the room temperature

downstream side. The inner surface of the new shield is black-Ni-plated and carved many �ne

grooves in order to di�use thermal radiation from the downstream. Figure 3.18(b) shows that

it looks dark inside the cylinder due to the di�usion. The temperature of the dcusp-MRE is

lowered down to 13.5 K with the cylinder-type shield. Since the temperature rise is suppressed,

the evaporation of the frozen hydrogen on the surface of the dcusp-MRE and bore wall is

reduced, which prevents deterioration of the vacuum. Background events for antihydrogen

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

(a) (b)

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

cusp trap

An annihilation position sensitive detector called ASACUSA MicroMEGAS Tracker(AMT) is

placed between the outer vacuum chamber of the cold bore and the double cusp magnet. The

AMT is composed of two half-cylinder layers of the MicroMEGAS detector and one layer of

eight plastic scintillator bars between them. Figure 3.19 shows main components and principle

of operation of the MicroMEGAS. The MicroMEGAS is mainly composed of cathode made of

kapton with copper on both sides, anode strips made of gold-coated copper, and a stainless

steel woven micro-mesh. The mixed gas of Argon (90 %) and Isobutane (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-strips is 40 kV/cm as typical values.

When a charged particle produces electrons through ionization of the mixed gas, the electrons

are accelerated to the micro-mesh. They are ampli�ed by producing secondary electrons in the

thin region with higher electric �eld between the micro-mesh and anode strips. The ampli�ed

electrons are collected through anode strips (248 strips inaxial direction and 448 strips in

circumferential direction).
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Stainless steel woven micro-mesh

Anode strips (Au-coated Cu)

Cathode (Cu on kapton)

Charged particle

Ionization and drift region

Ampli�cation region
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128 � m40 kV/cm

8 kV/cm

Figure 3.19: The main components of the MicroMEGAS including the cathode made of kapton
with copper on both sides, anode strips made of gold-coated copper, and a stainless steel
woven micro-mesh. A charged particle produces electrons through ionization of the mixed gas
of Argon (90 %) and Isobutane (10 %), the electrons are accelerated to the micro-mesh by
the electric �eld of 8 kV/cm and ampli�ed by producing secondary electrons in the thin region
with 40 kV/cm between the micro-mesh and anode strips. The ampli�ed electrons are collected
through anode strips.
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Figure 3.20(a) shows a cross-sectional schematic view of theposition of the AMT. The

plastic scintillators are used to know the timing of the hit by the charged particle and produce

a trigger to start data acquisition. Figure 3.20(b) shows a schematic view of the AMT including

the support structure. Since the MicroMEGAS is normally usedas a 
at sheet, this curved

structure is not straightforward and some development is required [67].

From a simulation including the magnetic �eld of the double cusp trap, a vertex resolution

of about 7 mm is obtained [67], which is su�cient for discrimination between annihilations on

the wall of the dcusp-MRE and inside the trap with residual gas which is mainly composed

of hydrogen. The discrimination is important, because con�ned antiprotons annihilate with

residual gas around the trap axis, while antihydrogen atomsand extracted antiprotons to the

zero-magnetic-�eld position (mainly for counting the number) annihilate at the wall of the

dcusp-MRE. Figure 3.20(c) and (d) show reconstructed 2-dimensional annihilation positions

perpendicular to the beam axis, for the extracted antiprotons to the zero-magnetic-�eld position

and for the con�ned antiprotons, respectively. Dashed linecorresponds to the inner surface of

upstream electrodes of the dcusp-MRE with their radius of 4 cm. Since the multiple scattering

with the material between the dcusp-MRE and the detector a�ect the resolution, the AMT

is less a�ected compared with the array detector which is placed outside of the magnet. The

resolution is much better especially for the radial positions than the array detector. Further

details are described in [67] [68].

When antiprotons annihilate inside the double cusp trap, released pions are detected by

plastic scintillator plates surrounding the bore which is originally prepared for triggering of

the data acquisition of the AMT. When two or more out of eight plates detect annihilations

coincidently, the event is de�ned as a double coincidence count. The detection e�ciency of an

antiproton annihilation is more than 90 % for the double coincidence counts when it annihilate

on the wall of the dcusp-MRE at the position of zero magnetic �eld. This double coincidence

counts are called AMT scintillator counts hereafter.
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Figure 3.20: (a) The schematic diagram of the position of the AMT between the outer vacuum
chamber of the cold bore and the magnet. (b) The schematic view of the AMT including the
support structure adapted from [67]. (c)(d) Reconstructed2-dimensional annihilation posi-
tions perpendicular to the beam axis, for the extracted antiprotons to the zero-magnetic-�eld
position(c) and for the con�ned antiprotons(d), respectively. Dashed line corresponds to the
inner surface of upstream electrodes of the dcusp-MRE with their radius of 4 cm. Figures are
adapted from [69].
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3.1.5 Field ionizer to investigate atomic states just before the antihydrogen de-

tector

The �eld ionizer is installed at outside of the double cusp trap to investigate atomic states of

antihydrogen atoms using the �eld ionization technique. Since a high electric �eld is required

to monitor low-lying excited states as shown in Eq.(2.16), the �eld ionizer is designed to be

capable for high electric �eld.

Figure 3.21(a) shows a schematic view of the �eld ionizer, mainly composed of two BeCu

meshes with transparency of 95 % at a distance of 10:5 � 0:5 mm. It is placed on the beam

axis where the vacuum is� 10� 9 mbar. Each metal mesh is �xed at a metal ring and the

ring is connected to a feedthrough to apply a voltage by a power supply from outside vacuum.

The meshes produce an uniform electric �eld. We can monitor the principal quantum number

independent on the radial positions, while it is not the casefor the cylindrical electrodes used in

chapter 2. By applying a positive high voltage +V on a mesh at upstream side and a negative

high voltage � V on the other mesh at downstream side, an uniform high electrostatic �eld is

produced, which avoids bare antiprotons from travelling down to the antihydrogen detector.

Figure 3.21(b) a show picture of the actual setup. The ring is distant from the surrounding

duct surface by 2 cm. Figure 3.21(c) shows a zoomed view of the coupling of the feedthrough

and the ring.

Figure 3.21(d) shows a required voltage for the �eld ionizer to ionize an antihydrogen atom

as a function of the principal quantum number. Two lines correspond to di�erent distances

between meshes. When� 5 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 mainly composed of two BeCu meshes
with transparency of 95 % at a distance of 10:5 � 0:5 mm. By applying a positive high voltage
+ V on a mesh at upstream side and a negative high voltage� V on the other mesh at down-
stream side, an uniform high electrostatic �eld is produced, which avoids bare antiprotons from
travelling down to the antihydrogen detector. The principal quantum number of antihydrogen
atoms can be monitored independently on the radial positions. (b) A picture of the actual
setup. The metal ring around the metal mesh is distant from the surrounding duct surface by
2 cm. (c) A zoomed view of the coupling of the feedthrough and the ring. (d) A required volt-
age for the �eld ionizer to ionize an antihydrogen atom as a function of its principal quantum
number n. Solid line and dashed line correspond to the distance between meshes 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 sensitivity and ho-

doscope

The antihydrogen detector is upgraded by adding position sensitivity to the BGO crystal and

replacing the plastic scintillator plates with double-layered 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-dimensional position sensitivity.

Tracking within the crystal is possible even with a non-segmented BGO crystal [71]. Fig-

ure 3.22(a) shows a schematic diagram around the new antihydrogen detector. The BGO disk

with its diameter of 9 cm and thickness of 5 mm is �xed facing the 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 black-coated in order to get a

better position resolution [71].

Five plastic scintillator plates are replaced with the double-layered hodoscope. Figure 3.22(b)

shows a picture of the hodoscope. Both inner and outer layer are composed 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 from the center of the plate, the

SiPM at downstream side detects the signal earlier than the SiPM at upstream side. Time

di�erence among bars can be used to distinguish cosmic rays and antihydrogen atoms [72].

Cosmic rays usually pass through from top to bottom and detected 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 detected at several bars with shorter time

di�erence. The energy threshold to de�ne candidate events can be lowered by using tracking

information for noise rejection.

Figure 3.22(c) shows an example of cosmic ray event. The circle at the center corresponds

to the BGO crystal. Squares correspond to the plastic scintillator bars of the hodoscope.

The distribution of the deposited energy is shown followingthe color palette on the right. The

plastic scintillator bars which detect annihilations coincidently with the BGO crystal are shown

by �lled squares. Dotted lines show the estimated tracks.

An event is considered as an antihydrogen candidate when the deposited energy on BGO

is larger than 20 MeV and two or more tracks are observed, hereafter. For the events with

two tracks, information of angles of the tracks is used in order to reduce background events.

Figure 3.22(d) shows angular distribution of the tracks for cosmic 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 more tracks, they are

automatically accepted. A detection e�ciency is calculated at 0.6 with this condition [71].

Background is estimated from 32 events for 7500 s during cooling of antiprotons by electrons

in the double cusp trap. Background event rate is 0:0043� 0:0007 per second. Further details

and more sophisticated analysis are described in [71][72].
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Figure 3.22: (a) A schematic diagram around the new antihydrogen detector including the
BGO, MAPMT, hodoscope. (b) A picture of the hodoscope quoted from [73]. (c) An example of
cosmic ray event. The circle at the center corresponds to theBGO crystal. Squares correspond
to the plastic scintillator bars of the hodoscope. The distribution of the deposited energy
is shown following the color palette on the right. The plastic scintillator bars which detect
annihilations coincidently with the BGO crystal are shown by �lled squares. Dotted lines
show the estimated tracks. (d) Angular distribution of the tracks for cosmic ray events. An
event is considered as an antihydrogen candidate when the deposited energy on BGO is larger
than 20 MeV and two or more tracks are observed. If the angle between two tracks is within
180� 18 degrees and the angle between one track and horizontal line is 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 MUSASHI trap, and at the injection

point into the double cusp trap are measured.

3.2.1 Energy distribution just after the extraction from the MUSASHI trap

In section 3.1.1, we calculate several extraction schemes for antiprotons from the MUSASHI

trap to make the energy distribution narrower. First, in order to �nd which scheme is best,

we compared the energy distributions obtained in di�erent extraction schemes by time of 
ight

technique. In this measurement, we place a barrier in di�erent 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 annihilation does not change when we

change the position of the barrier. The broadening of the time structure 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 structure of antiproton annihilation

at a closed gate valve at 1.2 m downstream of the center of the MUSASHI trap, when antiprotons

are extracted with the extraction scheme Ext1, Ext 2, and Ext3 as shown in Fig. 3.3, respectively.

The green lines show the time structure at a closed gate valveat 1.9 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 volta ge is set atVF = � 20 V

for three conditions. As clearly seen in Fig. 3.23(c), there isa large broadening of time structure

when extraction scheme Ext3 is used, and we observe much smaller broadening when Ext1 or

Ext 2 is used as shown in Fig. 3.23(a) and (b). These observation agrees the calculation shown

in Fig.3.3(e). The di�erence between Ext1 and Ext2 is not so clear experimentally. We decide

to use the extraction scheme Ext1 believing the result of calculation mentioned above.

As explained in section 2.1.2, the previous extraction scheme is optimized to shorten the

bunch length of antiprotons. This is necessary to achieve high catching e�ciency in the cusp

trap when the antiproton beam has a large energy spread. The extraction scheme Ext1 provides

the least energy spread, but the longest bunch length. If we can 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�ciency. By making relative injection

energy to the positron plasma smaller, the travelling speedof antiproton within the nested
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well potential becomes slower and the travelling time longer. Thus even the long bunch of the

antiproton beam can be caught with high e�ciency.

(a)

(c)

(b)

0

-100

-200

-300

20 30 40 50 60 70
Time from antiproton extraction [� s]

-400

-200

0

-200

-100

0

T
im

e
st

ru
ct

ur
e

of
p

an
ni

hi
la

tio
ns

(P
M

T
ou

tp
ut

)
[m

V
]

Figure 3.23: The magenta solid lines show the time structure of antiproton annihilation at a
closed gate valve at 1.2 m downstream of the center of the MUSASHItrap, when antiprotons
are extracted with the extraction scheme Ext1, Ext 2, and Ext3, respectively. The green lines
show the time structure at a closed gate valve at 1.9 m downstream. Antiproton annihilations
are detected by a plastic scintillator plate with PMT located on the 
oor at the exit of the
MUSASHI trap. The 
oat voltage is set at VF = 20 V for three conditions. There is a large
broadening of time structure when extraction scheme Ext3 is used as shown in (c), while we
observe much smaller broadening when Ext1 or Ext2 is used as shown in (a) and (b). We decide
to use the extraction scheme Ext1 believing the result of calculation mentioned above.
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Then we measure the energy distribution of the antiprotons with the extraction scheme

Ext 1 using the potential barrier method. A potential barrier at around 0.7 m downstream of

the center of the MUSASHI trap is prepared as shown in Fig. 3.24(a). The gate valve at 1.9 m

downstream is closed so that antiprotons which arrive thereannihilate 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 the MUSASHI trap. The dots in

Fig. 3.24(c) show the number of annihilations as a function ofthe barrier voltage for various


oating voltage VF at the MUSASHI trap, which determines the extraction energy of the

antiproton beam.

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

f p(px ; py; pz) =
1
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where kB is Boltzmann's constant andT is the temperature, respectively. The energy distri-
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if momentum is equally distributed in x; y; z directions. The measured energy distribution

corresponds to the integral of this distribution function with respect to energy fromE to

in�nity, given by
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where erf(x) is the error function. Since the MUSASHI trap is 
oated at a certain extraction

energy, a �tting function F (E) is given by

F (E) = C
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where a normalization factor isC and o�set energy of antiprotons isEofs. The solid lines

in Fig. 3.24(c) are the �tting curves to the measured values using Eq. (3.10), and Tab. 3.5

summarizes the obtained results. As shown in Fig. 3.24(b), thestrength of axial magnetic �eld

is around 0.3 T on axis at the position of the potential barrier, while the �eld strength of the

MUSASHI trap is 2.5 T on axis. As discussed in section 3.1.2, for a charged particle in an

adiabatic motion, p2
? =B is an invariance. This means most of the transverse component of the

kinetic energy in the MUSASHI trap is converted to the axial component of the kinetic energy

at the potential barrier. Thus the axial energy spread givenin 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 0:42� 0:04 eV is achieved by optimizing extraction scheme.

Table 3.5: Summary of �tting results to evaluate the energy spread of antiprotons just after
the extraction from the MUSASHI trap for various 
oat voltagesVF at the MUSASHI trap.

VF [V] kB T [eV]

-1.5 0:42� 0:04

-2.5 0:4 � 0:1

-10 0:4 � 0:1

-20 0:5 � 0:1
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Figure 3.24: The electrostatic potential con�guration on axis for VF = � 1:5 V (a) and the
magnetic �eld strength on axis (b) for the measurement of energy distribution of antiprotons
with the extraction scheme Ext1. 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 downstream 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 of annihilations as a
function of the barrier voltage for various 
oating voltageVF at the MUSASHI trap, which
determines the extraction energy of the antiproton beam. Solid lines show the �tting curves to
the measured values using Eq. (3.10).
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3.2.2 Energy distribution at the injection into the double cusp trap

The energy distribution of antiprotons is also measured when antiprotons are injected into

the double cusp trap after transported along the new adiabatic transport line, as follows. A

potential well is prepared in the double cusp trap. When antiprotons are injected from the

MUSASHI trap into the double cusp trap, the upstream side of the prepared well is opened

by applying pulsed voltage. Before the antiprotons go out ofthe double cusp trap again,

the well is switched back in order to con�ne antiprotons within the double cusp trap. If the

upstream side is not fully opened by applying smaller pulsedvoltage, only those who overcome

the potential barrier at the entrance of the double cusp trapcan be con�ned. Figure 3.25(a)

and (b) show the electrostatic potential and magnetic �eld on axis for the measurement. The

potential barrier is prepared at z � 2600 mm. After ten seconds, trapped antiprotons are

slowly extracted to downstream and most of them annihilate at the zero-magnetic-�eld point

to be detected by AMT scintillators. The number of trapped antiprotons 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 barrier. 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� 0:05 eV and 0:24� 0:09 eV is successfully achieved for lower 
oat voltages at theMUSASHI

trap with VF = � 1:5 V and � 2:5 V, respectively. The energy spread of 0:24� 0:05 eV is narrower

than the value obtained with the old transport scheme as shown in Fig. 2.28, by a factor of

about two orders of magnitude. The energy spread is comparable to 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 scheme.

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

VF [V] kB T [eV]

-1.5 0:24� 0:05

-2.5 0:24� 0:09

-5.0 0:65� 0:06

-10 1:5 � 0:4

-20 3:5 � 1:2
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Figure 3.25: The electrostatic potential con�guration on axis (a) and the magnetic �eld on axis
(b) for the measurement of energy distribution of antiprotons at the injection into the double
cusp trap, as a function of axial position from the center of the MUSASHI trap. A potential
well is prepared in the double cusp trap and antiprotons (extracted from the MUSASHI trap)
are injected into the double cusp trap. The number of antiprotons who overcome the potential
barrier at the entrance of the double cusp trap and trapped inside is counted. (c) Energy
distributions at the injection into the double cusp trap for various 
oat voltages VF at the
MUSASHI trap, in terms of the number of trapped antiprotons as a function of the barrier
voltage at the entrance of the double cusp trap. Fitted functions assuming the Maxwell-
Boltzmann distribution are shown together.
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Typical number of trapped antiprotons is 6� 105 out of 3 � 106 accumulated inside the

MUSASHI trap. The number is su�cient for antihydrogen production in our typical exper-

imental procedure. As described before, the trapping e�ciency 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 optimization of the potential con�gura-

tion and the catching timing when the entrance of the double cusp trap is closed. However, too

earlier components and too later components cannot be trapped. It partly explains the narrower

energy spread measured at the double cusp trap than the valuemeasured at the MUSASHI trap.

The energy distribution is shifted because of the di�erent magnetic �eld strength. Although

calculations show the energy spread is kept narrow even for the injection at 20 eV, broader

energy spreads are observed for largerjVF j. It is qualitatively explained because the magnetic

�eld change is less adiabatic for faster antiprotons with higher 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 the coils.

Figure 3.26(a) shows a radial pro�le of injected antiprotonsmonitored at 2 m downstream

from the center of the MUSASHI trap. The oval corresponds to the size of the MCP whose

diameter is 4 cm. Figure 3.26(b) shows the setup including twoMicro Channel plates (MCP)

together with a phospher screen. They are inserted on the beam axis and antiprotons are

injected onto the MCP from the MUSASHI trap. The downstream surface of the MCP and

the surface of the screen are biased at 1600 V and 2100 V, respectively. Multiplied secondary

electrons by the MCP hit the screen. The luminescence image re
ected by a mirror is monitored

by a CCD camera through a window. The pro�le has a core shown indashed line with its radius

expected to be� 1 mm in 2 T at the antihydrogen production region, while a large halo is also

observed with its radius of> 2 mm. Calculations show that antiprotons can enter the double

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 reason why the transport e�ciency is

lower than the calculation shown in Tab. 3.2
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Figure 3.26: (a) A radial pro�le of antiprotons. The oval corresponds to the MCP whose
diameter is 4 cm. Dashed line shows the core with its radius expected to be� 1 mm in 2 T at
the antihydrogen production region, while a large halo is also observed with its radius of> 2
mm. (b) A schematic view of the setup to monitor the radial pro�le 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 from the MUSASHI trap. 1600 V
was applied on the downstream surface of the MCP and 2100 V wasapplied on the surface
of the screen. Multiplied secondary electrons by the MCP hitthe screen. The luminescence
image re
ected by a mirror is monitored by a CCD camera through a window.

91



The initial temperature of antiprotons inside the MUSASHI trapcan be estimated by com-

parison between measurements and calculations. Trajectories of antiprotons are calculated

without a electrostatic potential and the energy distributions 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 distribution of various temperatures. For

a comparison, two points are considered in the calculationsas follows. First, the calculated

energy is corrected considering its radial position because the barrier voltage depends on the

radial position. Second, an antiproton is de�ned as being con�ned inside the double cusp trap

if its calculated TOF at the entrance of the double cusp trap is from 125� s to 155� s. It is

because the entrance of the double cusp trap is closed at 155� s after the extraction from the

MUSASHI trap during the measurements and the traveling time within the prepared well in

the double cusp trap is estimated at 30� s.

A likelihood function L(T; C; Eofs j z) is de�ned as

L(T; C; Eofs j z) =
Y

i

1
p

2� � 2
yi

exp
�

�
(zi � yi )2

2� 2
yi

�
;

x i : potential barriers;

yi � � yi : the measured trapped fractions atx i ;

zi : the calculated trapped fractions atx i :

(3.11)

Parameters are initial temperatureT, normalization factorC, and o�set Eofs. Figure 3.27 shows

an example assuming initial temperature at 3000 K with optimized C and Eofs for minimum

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

is estimated at 0:4+0 :1
� 0:1 eV and 0:3+0 :1

� 0:1 eV (CL 68 %) from the measurement at just after the

MUSASHI trap and at the entrance of the double cusp trap, respectively. These values are

consistent within uncertainties. Since the measured energy spread of injected antiprotons into

the double cusp trap is comparable to the estimated initial temperature, cooling of antiprotons

inside the MUSASHI trap such as evaporative cooling may be needed in order to decrease the

energy spread further.
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Figure 3.27: The energy distribution of antiprotons at the MUSASHI trap (a) and the double
cusp trap (b) for VF = � 1:5 V. Filled circles show experimental data. Solid line shows the �tted
curve. Dashed line shows calculation assuming 3000 K as the initial temperature of antiprotons.
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3.3 Antihydrogen production in the double cusp trap with higher pro-

duction rate

A typical mixing cycle is summarized as follows.

Figure 3.28 shows the potential con�gurations at the double cusp trap for preparation of

positrons. Positrons are transported to the double cusp trap from the positron accumulator

every 40 s repeatedly for 20 - 30 times until� 108 positrons are con�ned inside. Figure 3.28(a)

shows that a potential well� e+ catch is prepared and the upstream side of the well is opened for a

short time and quickly switched back for positron catching.The rotating-wall electric �eld (3.2

MHz, 5V) is applied on positrons in the potential well during the accumulation. Figure 3.28(b)

shows that the potential well� e+ catch is changed to a nested-well con�guration� e+ evap after the

positron accumulation. In order to increase the reproducibility, 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 accumulated at �rst and then the

excess is thrown away. Figure 3.28(c) shows that the upstreamside of the nested well is opened

until a certain level for a short time and switched back. Figure 3.28(d) shows that the potential

con�guration is shifted to the negative side� e� thr and then unintentionally trapped electrons

at the local potential maxima at both sides of the positrons are 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 produced via ionization of residual

gas by injected positrons during the accumulation time of several tens of minutes. It should

be removed because the electrons tend to coexist with antiprotons due to the same charge,

cool down antiprotons without interaction with positrons, and enhance the axial separation

between positrons and antiprotons which decreases antihydrogen yield. Finally the nested well

con�guration � nested1 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 trapfor preparation of positrons. They
are transported from the positron accumulator every 40 s repeatedly and trapped in the double
cusp trap (a), a nested-well con�guration is prepared (b), part of positrons are thrown away
in order to increase the reproducibility (c), the unintentionally trapped electrons at the local
potential maxima at both sides of the positrons are thrown away (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 upstream side of the nested

well is opened by applying pulsed voltage and quickly switched back after antiprotons enter the

double cusp trap as shown in Fig. 3.29(a). At the timing of the switch back, a part of them

is out of the nested well on the point of entering inside because of the relatively long bunch

length as described before. In order to avoid heating up of them by the applied pulse, the pulse

height is optimized to be as small as possible, keeping the trapping e�ciency high enough. The

upstream edge of the nested well is deepened 50 ms after the injection of antiprotons in order

to approximate a harmonic well at the upstream edge of the con�nement region of the nested

well for a stable con�nement of antiprotons as shown in Fig. 3.29(b). The deepened nested well

� nested2 is kept for antihydrogen production. The mixing start is de�ned 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 trapfor injection of antiprotons to
produce antihydrogen atoms. (a) When antiprotons are injected into the double cusp trap,
the upstream side of the nested well is opened and quickly switched back. (b) The potential
is modi�ed from � nested1 to � nested2 after 50 ms in order to approximate a harmonic well at
the upstream edge of the con�nement region of the nested wellfor a stable con�nement of
antiprotons. � nested2 is kept for antihydrogen production for 25 s as the typical time duration
of one mixing cycle.
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After 25 s of the mixing, the number of remained antiprotons are counted. The remained

antiprotons are extracted as follows. The nested well is shifted to the negative side and then the

downstream side of the nested well is opened slowly as shown in Fig. 3.30. Antiprotons which

are not localized in the upstream side of the nested well are extracted to the downstream. They

are expected to annihilate at the inner wall of the dcusp-MREaround zero magnetic �eld point

and detected by surrounding AMT scintillator plates. Positrons 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 slowly. Antiprotons which are not
localized in the upstream side of the nested well are released.

At the last moment, the radius and the number of remained positrons are measured. The

upstream side of the nested well is collapsed and positrons are con�ned in a harmonic well and

then the positrons are extracted to the MCP-PS at the upstream side of the double cusp trap.

The extracted number of positrons is quite stable without nosigni�cant loss during the mixing

cycle. Therefore the remained positrons are reused for the next mixing cycle for several times.

In order to keep the number of positrons, several accumulation cycles of positrons are added

to the reused positrons instead of 30 times of accumulation cycles. The excess is thrown away

as shown in Fig. 3.28(c). With this cycle of reuse and adding, the number of positrons are

kept stable and the period of one run is greatly reduced. The averaged number and radius of

positrons extracted after typical 27 mixing runs are 110� 4 million and 1:4 � 0:2 mm.
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Antihydrogen production is investigated at the double cusp trap by detection of annihila-

tions.

Figure 3.32(a) shows AMT scintillator counts during 1 mixing averaged 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 positrons. Control experiments with the

same procedures without positrons are also performed. Figure 3.31 shows a modi�ed nested

well called mimic potential which is prepared for the control experiments in order to imitate the

potential level within a positron plasma as shown in Fig. 3.31. Otherwise, much less antiprotons

can be trapped in the nested well because most of them are re
ected at the potential barrier at

the center of the nested well without the space charge of positrons. The AMT scintillator counts

are averaged over 10 cycles as shown in Fig. 3.32(b). The increase in AMT scintillator counts

for �rst several seconds is not observed for the mixing without 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 antiprotons which are not con�ned

in the nested well including those re
ected at the entrance of the 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 mimic potential to imitate the potential
level within the positron plasma, which is used for measurements 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 especially for �rst several seconds of the mixing
with positrons, while the increase is not observed for the mixing without positrons, which
correspond to annihilations related to antihydrogen production. A small increase without
positrons at the very �rst moment can be explained by the annihilations of antiprotons which
are not con�ned in the nested well including those re
ected at the 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 antihydrogen production inside the

double cusp trap. Figure 3.33(a) shows the potential con�gurations with the nested well at

upstream side, and the �eld ionization well at downstream side. Figure 3.33(b) and (c) show

the axial magnetic �eld and the electric �eld strength on axis, 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 around zero magnetic �eld point.

The time structure of antihydrogen production is monitoredby dumping trapped antihydrogen-

oriented antiprotons in the �eld ionization well (FI well) periodically. Figure 3.34(a) shows a

typical applied voltage on U1 electrode as a function of time where the FI well is prepared.

When 350 V is applied, the FI well is kept, while trapped antihydrogen-oriented antiprotons in

the FI well are dumped when -350 V is applied. As shown in Fig. 3.34(a), the FI well is kept

for 0.5 s for �rst 4 cycles, and kept for 5 s for latter 4 cycles typically. 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 tdump1 . The number of �eld-ionized events

per dump NFI is de�ned as

NFI = Ns � Nb � (20 ms=140 ms) (3.12)

where the number of candidate eventsNs is the sum of the �lled region for 20 ms (fromtdump1 to

tdump1 +20 ms) and the number of background eventsNb is the sum of the �lled region for 140 ms

in total, for 80 ms (from tdump1 � 100 ms totdump1 � 20 ms) and for 60 ms (fromtdump1 + 40 ms

to tdump1 + 100 ms). The factor of (20 ms / 140 ms) corresponds to the normalization factor of

the background events.

Figure 3.34(c) shows the total number of �eld-ionized events(adding the number of �eld-

ionized events per dump at each dumping cycle) as a function of time for the case of the typical

mixing cycle. The antihydrogen production rate corresponds to the slope.
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Figure 3.33: (a) Potential con�gurations at the double cusp trap for mixing. Magenta dotted
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Figure 3.34: (a) The applied voltage on U1 electrode as a function of time for a typical dumping
cycle. When 350 V is applied, the FI well is kept, while trapped antihydrogen-oriented antipro-
tons in the FI well are dumped when -350 V is applied. (b) The AMT scintillator counts at
the timing of the �rst dump tdump1 . (c) The total number of �eld-ionized events (adding the
number of �eld-ionized events per dump at each dumping cycle) as a function of time for the
case of the typical mixing cycle. The antihydrogen production rate corresponds to the slope.
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As described before, the relative energy between antiprotons and positrons is important

to increase antihydrogen production rate and produce antihydrogen atoms with small kinetic

energy. In order to minimize the relative energy, the potential level within positron plasma

should be adjusted to the injection energy of antiprotons, in addition 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�cult to know the condition at the

exact timing of the mixing start. Thus it is optimized experimentally as follows.

AMT scintillator counts and �eld-ionized events are measured as the nested well is shifted

by Vs in order to optimize the level. The number of injected antiprotons are constant within

� 10 %. Figure 3.35(a) shows AMT scintillator counts as a function of time for Vs = � 2; 0; 4 V.

Each histogram shows a drop in AMT scintillator counts and a delayed peak at several seconds

after the mixing start. The drops and delayed peaks are shifted to a later time for largerVs,

which means larger relative energy. It is explained from thefact that heating of positrons

is suppressed when the relative energy is small, which meansthe drop in production rate is

suppressed.

Figure 3.35(b) shows the total number of �eld-ionized eventsas a function of time. It shows

that the �rst increase in the �eld-ionized events is at maximum whenVs = 0 V and the fraction

of a few seconds after mixing start grows asVs increases. It can be explained as follows. As

Vs increases, the potential barrier for injected antiprotonsare lowered and more antiprotons

can enter the positron plasma. However, the travelling time of antiprotons within the positron

plasma becomes shorter because antiprotons are less decelerated. On the other hand, heating

of positrons is increased asVs increases. The dependence is determined by both e�ects. For

example, the �rst increase in the �eld-ionized events is thesmallest 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 large.
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Figure 3.35: (a) The AMT scintillator counts as a function of time until 10 s from the mixing
start. The green, black, magenta lines correspond to the mixing with Vs = � 2; 0; 4 V, respec-
tively. Each histogram shows a drop in AMT scintillator counts and a delayed peak at several
seconds after the mixing start. The drops and delayed peaks are shifted to a later time for
larger Vs due to heating of positrons. (b) The total number of �eld-ionized events as a function
of time. The dependence is determined by the number of antiprotons 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 is the
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 functionof time, together with those

measured in chapter 2. The new scheme corresponds to the adiabatic transport scheme ex-

plained in this chapter. The old scheme corresponds to the non-adiabatic transport scheme

used in chapter 2. Although �eld-ionized events are counted by the AMT scintillator for the

new scheme and by the array detector for the old scheme, the counts are normalized considering

the detection e�ciency so that they are comparable. The production rate increases drastically

within 500 ms for the new scheme. The rate is larger than the value of the old scheme by

a factor of 100 for the �rst 0.5 s. As described before, the energy spread of antiprotons is

narrower by a factor of� 1=100 at the injection into the antihydrogen production region with

the new scheme, compared with the old scheme as summarized inTab. 3.7. The time evolution

of antihydrogen production indicates that the heating of positrons is greatly reduced by the

new scheme, keeping the relative energy small between positrons and antiprotons, which is the

main target of this chapter as described at the beginning. This intense production of antihy-

drogen atoms can contribute to improvement of the S/N ratio of the detection of antihydrogen

atoms at the antihydrogen detector because the main backgrounds are cosmic rays whose rate

is constant.

In addition, antihydrogen atoms with small kinetic energy should be produced from the

antiprotons with narrow energy spread by the new transport scheme. Considering that re-

combinations start when the velocity of positrons and antiprotons are comparable, the kinetic

energy of antihydrogen atoms is primarily determined by theenergy distribution of antipro-

tons. When recombinations in the nested well are considered,the velocity of antiprotons is

determined by the relative energy against the potential level within the positron plasma. For

example, it should be noted that recombinations can start even with the relative energy of

several tens of eV assuming the positron temperature of 180� 50 K [56] and lead to production

of antihydrogen atoms at several tens of eV. Assuming the injection energy of the antiproton

beam is ideally optimized at the potential level within the positron plasma, the relative energy

correspond to the energy spread of antiprotons, regardlessof the value of the injection energy

itself. Considering the relative energy of sub eV with the new scheme, the kinetic energy of

antihydrogen atoms is expected to be smaller by a factor of 10even 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 antiprotons. The new scheme corresponds
to the adiabatic transport scheme explained in this chapter. The 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 -1.5 V w/o 0.15 T 0.12 T 0.12 T � � 20 eV
previous -150 V w/ - 0.012 T 0.012 T kB T � 0:25 eV

New scheme
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Figure 3.36: The total number of �eld-ionized events as a function of time with the new
adiabatic transport scheme explained in this chapter (circle), together with those measured
in chapter 2 with the old non-adiabatic transport scheme (square). Although �eld-ionized
events are counted by the AMT scintillator for the new scheme and by the array detector for
the old scheme, the counts are normalized considering the detection e�ciency so that they
are comparable. The time evolution of the antihydrogen production drastically changes. The
production rate is larger than the value of the old scheme by afactor of 100 for the �rst 0.5 s.
As described before, the energy spread of antiprotons is narrower by a factor of � 1=100 at
the injection into the antihydrogen production region with the new scheme, compared with
the old scheme as summarized in Tab. 3.7. The heating of positrons is greatly reduced by
the new scheme, keeping the relative energy small between positrons and antiprotons, which
is the main target of this chapter as described at the beginning. This intense production of
antihydrogen atoms should improve the S/N ratio of the detection of antihydrogen atoms at
the antihydrogen detector because the main backgrounds arecosmic rays which are propotional
to the measurement time. Antihydrogen atoms with small kinetic energy are also expected.
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3.4 Detection of antihydrogen atoms in low-lying excited states at the

antihydrogen detector

This section explains about detection of antihydrogen atoms at the antihydrogen detector and

measurement of atomic states of antihydrogen atoms using the �eld ionization technique. It is

important for the spectroscopy of ground-state antihydrogen atoms.

The antihydrogen atoms are extracted to the antihydrogen detector. Atomic states of

antihydrogen atoms are evaluated using the �eld ionizer outside 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 total of 124 mixing cycles are included.

The applied voltage on two meshes of the �eld ionizer and the maximum principal quantum

number of antihydrogen atoms which are not ionized and reachthe antihydrogen detector

are also shown. Antiprotons originated from ionized antihydrogen atoms are re
ected before

reaching the detector at downstream side of the �eld ionizerby the negative voltage applied on

the downstream mesh as described before. For the conditionswith weaker electric �eld at the

�eld ionizer which correspond to the maximum principal quantum number of 40 and 53, the

�eld ionization well inside the double cusp trap is not prepared, because antihydrogen atoms on

axis with n � 40 are ionized by the FI well inside the double cusp trap beforethe �eld ionizer.

Background events are estimated by measurements during cooling of antiprotons by electrons

in the double cusp trap.

In order to estimate the number of candidates, the likelihood function can be de�ned fol-

lowing Eq.(2.18) assuming Poisson distribution as described before. According to this analysis,

the number of the candidate events within 5 s are estimated tobe 5+4
� 3, 11+6

� 5, 16+7
� 6, 31+9

� 8 for

n � 14; 26; 40; 53 (CL 68 %) within the corresponding measurement time, respectively. Fig-

ure 3.37 shows a �lled contour plot of the likelihood function to evaluate statistical signi�cance

of the di�erence between the number of candidates of antihydrogen atoms withn � 14 and

background measurements. The solid lines showL(s; b) = L68% and L(s; b) = L99% which are

de�ned as shown in Eq.(2.19). The region where the signal count is zero (only background

events) is outside of the �lled region surrounded by the solid line L(s; b) = L99%, which means

background-only hypothesis is rejected at 1 % signi�cance level. Antihydrogen atoms with
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n � 14 is observed (CL 99 %).

It is known that antihydrogen atoms in high Rydberg states tend to be produced. It

can be understood by comparing the binding energy/ n� 2 to kB T and considering that the

production rate strongly depends on positron temperature and is propotional to T � 4:5 for

three-body recombination process, which is expected to be dominant as positron temperature

decreases. In our setup, most of the antihydrogen atoms in excited states cascade down to

ground state with the time constant depending on its atomic states 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 temperature of antihydrogen atoms of less than

100 K, this is the important step for the spectroscopy of ground-state antihydrogen atoms.

Figure 3.38 shows that the population of antihydrogen atoms as a function of principal

quantum number. It increases up to aroundn = 40 and is saturated in highern. It suggests

that antihydrogen atoms cascade down towards the low-lyingexcited states or some fractions

are ionized by the electric �eld depending on their trajectory, after antihydrogen atoms are

produced in the double cusp trap with the production rate expected to be propotional to

� n6 [74].

Although the experimental condition is not completely the same, the S/N ratio in terms

of expected count at the antihydrogen detector divided by the background can be estimated

to compare with the results obtained in chapter 2. From the analysis using the likelihood,

16 antihydrogen events and 1 backgrounds during 16 mixing cycles for antihydrogen atoms

(n � 40) are detected. On the other hand, 81 antihydrogen events and 18 backgrounds during

4950 s/150 s=33 mixing cycles for antihydrogen atoms (n � 43) in chapter 2. The solid angle

of the antihydrogen detector is half because the detector isplaced at more distant position in

chapter 2. Therefore it is roughly estimated that the S/N ratio is increased by a factor of� 2.
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Table 3.8: Summary of the measurement of atomic states of antihydrogen at the antihydrogen
detector using the �eld ionizer outside of the double cusp trap before the antihydrogen detector.
The number of candidates at the antihydrogen detector per mixing within the �rst 5 s is shown
because antihydrogen production localizes within the timeregion. In total of 124 mixing cycles
are included. For the conditions with weaker electric �eld at the �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 atoms on axis withn � 40 are ionized
by the FI well inside the double cusp trap before the �eld ionizer.

Maximum principal Applied voltages on the Measurement # of detected

quantum number �eld ionizer (Electric �eld) time events within 5 s

14 � 5 kV (10 kV/cm) 5 s � 43 cycles 6
26 � 400 V (800 V/cm) 5 s � 31 cycles 12
40 � 70 V (140 V/cm) 5 s � 16 cycles 17
53 0 V/ -40 V (40 V/cm) 5 s � 24 cycles 32

Background - 7500 s 32

L(s; b) = L68%

L(s; b) = L99%
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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 with n � 14 and backgrounds shown in
Tab. 3.8. Solid lines showL(s; b) = L68% and L(s; b) = L99%. The region where the signal
count is zero (only background events) is outside of the �lled region surrounded by the solid
line L(s; b) = L99%, which means background-only hypothesis is rejected at 1 % signi�cance
level.
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Figure 3.38: The number of candidates per mixing (for �rst 5 s from the mixing start) as a func-
tion of principal quantum number. The number increases up toaround n = 40 and is saturated
in higher n. It suggests that antihydrogen atoms cascade down towards the low-lying excited
states or some fractions are ionized by the electric �eld depending on their trajectory, after
antihydrogen atoms are produced in the double cusp trap withthe production rate expected
to be propotional to � n6 [74].
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3.5 Possible non-isotropic distribution of antihydrogen atoms

In section 3.3, the number of antihydrogen atoms produced inthe double cusp trap is counted by

detecting annihilations of antihydrogen escaping from thenested well with AMT scintillators,

and by detecting �eld-ionized antiprotons by a strong electrostatic �eld downstream of the

production region (FI well).

In section 3.4, the number of antihydrogen which arrived theantihydrogen detector placed

1.5 m downstream of the production region is counted. In thissection, we investigate consis-

tency between these measurements.

In order to compare the measurements, we need to understand relative detection e�cien-

cies of three measurements. Among them, that of �eld-ionization measurement needs careful

consideration because the strength of �eld-ionizing electric �eld, which is made by electrodes of

dcusp-MRE, depends not only on the axial position, but also on radial 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 distribution without the �eld ionization

well. In order to estimate the e�ciency, Monte-Carlo simulations are conducted in which 40000

antihydrogen atoms are generated and emitted isotropically for each principal quantum number

from 1 to 60. The white lines in Fig.3.39(a) are examples of their trajectories.

Along the trajectory, the electric �eld is compared with the principal quantum number of

each antihydrogen atom as it travels outward, and if it passes the region where the electric

�eld is strong enough, the antihydrogen atom is �eld-ionized. If ionization happens within

the �eld ionization well (FI well) region, the ionized antihydrogen (=antiproton) is trapped

in the well. This is counted asNFI . If the antihydrogen atom reaches the inner wall of the

dcusp-MRE without passing through the region where the strength of electric �elds exceeds the

�eld-ionization threshold, this is counted asN 0
AMTsci . In our setup, though, not all antihydrogen

atoms which reach the inner wall are detected by the AMT scintillator, because some part of

the dcusp-MRE is not covered by the scintillator. The detection e�ciency of the scintillator is

calculated to be 61.6 % by a GEANT4 [62] simulation, under the assumption that antiprotons

are emitted isotropically from the center of the nested well. Thus NAMTsci is de�ned as 0:616�

N 0
AMTsci . If the antihydrogen atoms reaches the antihydrogen detector without being ionized,

it is counted asNHdet . Thus, relative e�ciencies of three measurements are obtained for each

principal quantum number of antihydrogen atoms.
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�eld ionization well. (b) Two-dimensional electric �eld distribution at the double cusp trap
without the �eld ionization well. Solid lines show assumed straight trajectories of antihydrogen
atoms.
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The distribution of principal quantum number of produced antihydrogen atoms is estimated

based on the measured principal quantum number distribution at the antihydrogen detector.

The dots and bars in Fig. 3.40(a) show the measured distribution (the same data is shown in

Fig. 3.38), and the solid line is a �tting curve assuming the principal quantum number is a

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

f (x) = p3

Z x

0

p0

2
exp(

p0(2p1 + p0p2
2 + 2y)

2
) erfc(

p1 + p0p2
2 + y

p
2p2

)dy (3.13)

wherep0; p1; p2; p3 are free parameters and erfc(x) is the complementary error function. As-

suming same principal quantum number distribution at the origin, Fig. 3.40(c)(d)(e) show the

calculated number of detected antihydrogen atoms by �eld ionization (NFI ), AMT scintillators

(NAMTsci ), and antihydrogen detector (NHDet ) respectively for 40000 antihydrogen atoms gen-

erated. It is noted in Fig. 3.40(c) that no antihydrogen atom whose principal quantum number

is below 24 is detected by the �eld ionization method, because the electric �eld is not strong

enough for any trajectories antihydrogen could travel. Figure 3.40(e) shows that when the �eld

ionization �eld is applied, no antihydrogen atoms with principal quantum number larger than

41 arrive to the antihydrogen detector, because they are �eld ionized 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 number distribution at the antihydrogen
detector. (a) The dots and bars show the measured distribution (the same data is shown in
Fig. 3.38), and the solid line is a �tting curve assuming the principal 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 detected antihydrogen atoms by �eld
ionization (NFI ), AMT scintillators ( NAMTsci ), and antihydrogen detector (NH Det ) respectively
for 40000 antihydrogen atoms generated.
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Using this simulation, we can compare the measured number of antihydrogen atoms by three

detection methods. We �rst estimate the expected number of antihydrogen events in antihydro-

gen detector by multiplying the observed �eld ionization events byNHdet / NFI . Considering that

the detection of �eld ionization events requires the repeated dumping of trapped antiproton

(=ionized antihydrogen), during which there will be no �eld ionization happens, we performed

two �eld ionization measurements in which the dumping periods and the accumulating peri-

ods are reversed. The sum of two measurements are used to estimate the expected number

of antihydrogen events in antihydrogen detector. Next, we estimate the expected number of

annihilation counts in AMT scintillators by NHDet / NAMTsci . We obtained two independent es-

timations from the measured annihilation counts with �eld ionization �eld and without �eld

ionization �eld.

Figure 3.41(a) shows the estimated total number of antihydrogen events at the antihydro-

gen detector as a function of time. Figure 3.41(b) shows the number 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 discrepancy between these numbers.
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Figure 3.41: (a) The estimated total number of antihydrogen events at the antihydrogen detec-
tor as a function of time. (b) The number 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 discrepancy between these numbers.

116



One possible explanation is that antihydrogen atoms could be emitted non-isotropically from

its origin. For example, if we assume that the antihydrogen atoms are generated according to

the principal quantum number distribution shown in Fig. 3.42(a)(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).In this estimation, � and the

parameters of the principal quantum number distribution are optimized so that the di�erences

in Fig. 3.42(d) is minimized using likelihood functionL = L1 � L2, whereL1 is de�ned by

L1 =
8Y

i =1

1
p

2� � 2
0i

exp
�

�
(x1i � x0i )2

2� 2
0i

�
�

8Y

i =1

1
p

2� � 2
0i

exp
�

�
(x2i � x0i )2

2� 2
0i

�

�
8Y

i =1

1
p

2� � 2
0i

exp
�

�
(x3i � x0i )2

2� 2
0i

�
�

8Y

i =1

1
p

2� � 2
1i

exp
�

�
(x2i � x1i )2

2� 2
1i

�

x0i � � 0i : the number of observed events at the antihydrogen detectordivided by 60 %;

x1i � � 1i : the number of observed �eldionization events multiplied by NHDet =NFI ;

x2i ; x3i : the number of observed annihilation counts in AMT scintillators multiplied by

NHDet =NAMTsci with and without the FI well ; respectively;

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

cycle, andL2 is de�ned by

L2 =
4Y

j =1

1
q

2� � 2
4j

exp
�

�
(f (nj ) � x4j )2

2� 2
4j

�

f (nj ) : the assumed distribution of atomic states fornj = 14; 26; 40; 53;

x4j � � 4j : the measured count per mixing at the antihydrogen detector(5 s):

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

The reason why the antihydrogen atoms with small angle does not reach the antihydrogen

detector is unknown, but could be explained by the electric �eld at the surface of the positron

plasma. When the plasma is radially expanded, and the densitydecreases 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 theantihydrogen detector and the
estimations from the observed �eld-ionized events and AMT scintillator 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 solid line is a curve assuming the
principal quantum number is a modi�ed gaussian distribution (b). (c) The estimated total
number of antihydrogen events at the antihydrogen detectoras a function of time. (d) The
number of the events at each time window, which corresponds to 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 trapping e�ciency of

antiprotons

It is generally expected that the higher the positron density is, the higher the production rate of

antihydrogen atoms becomes. This is because the three-bodyrecombination rate of antiproton

and positron is propotional to the square of the positron density (Eq. 2.12). But it is observed

that the increased positron density does not result in the increased number of antihydrogen

atoms. Indeed, the number of trapped antiprotons in the nested well decreased with higher

positron density. In this chapter, we discuss the reason behind this peculiar behaviour.

Figure 3.43 shows the number of trapped antiprotons in the nested well for three positron

conditions, low density (� � 1:0 � 108 e+ =cm3), normal density (� � 6:0 � 108 e+ =cm3), and

high density (� � 8:0 � 108 e+ =cm3) as a function of the injection energy of antiprotons to

positron plasma. The three positron conditions are summarized in Tab. 3.9. The number of

trapped antiprotons are measured by counting the number of remaining antiprotons in the

downstream well of the nested well after the mixing (as explained in section 3.3, Fig. 3.30),

and then doubled for compensating not-counted remaining antiprotons in the upstream well,

assuming antiprotons are trapped in both upstream well and downstream well equally after

mixing. The injection energy is de�ned as the relative energy of antiprotons to the potential

level inside the positron plasma on the beam axis, and the estimation takes account of the space

charge of the positron plasma. Figure 3.43 shows that the number of trapped antiprotons in

the nested well with higher-density positron plasma is almost half of that with normal-density

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

Table 3.9: Summary of three positron conditions.

Case Total number Density Radius
Lower 60� 106 1:0 � 108=cm3 2.0 mm

Normal 120� 106 6:0 � 108=cm3 1.0 mm
Higher 190� 106 8:0 � 108=cm3 1.1 mm
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Figure 3.43: The number of trapped antiprotons in the nested well for three positron conditions,
low density, normal density, and high density (summarized in Tab. 3.9) as a function of the
injection energy of antiprotons to positron plasma. The number of trapped antiprotons in
the nested well with higher-density positron plasma is almost half of that with normal-density
plasma. The dependence on the injection energy becomes weakas the density becomes higher.
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This peculiar behavior can be explained by e�ect of the spacecharge of positron plasma on

the injection energy of o�-axis antiprotons. Figure 3.44(a)shows two-dimensional electrostatic

potential distribution around the center of the nested wellwith positron plasma with normal

density of 6� 108 e+ =cm3 is stored. We assume that the positron plasma is in a rigid-rotor

equilibrium. Contour lines are shown every 0.5 V and the potential increases as the �lled color

becomes from blue to yellow. It is noted that the electrostatic potential inside the positron

plasma is 
at on axis, but not so o�-axis. There is also a di�erence between the potential

on axis and o� axis. Similar calculations are carried out forpositron plasmas with high and

low densities, and Fig. 3.44(b) shows the results of the radial dependence of the electrostatic

potential at the center of the nested well. Black dotted, solid, and dashed lines correspond to

positron plasma with low, normal, and high density, respectively. Magenta vertical lines show

the radius of each positron plasma. The �lled region shows the possible radius of antiprotons

entering inside the dcusp-MRE without hitting the surrounding materials. For each density, we

assumed rigid-rotor equilibrium for the positron plasma, with the potential depth of its virtual

harmonic well is set to the di�erence between the plateau andthe 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 antiprotons. For example, the di�erence

at r = 1 mm is 3 V compared to the potential plateau on axis for normal-density positron

plasma, which is 10 times larger than the energy spread of injected antiprotons.

In order to investigate the e�ect of space charge on the trapping e�ciency, trajectories

of antiprotons in the nested well are calculated for each positron density. In the trajectory

calculation, the antiprotons are assumed to be uniformly distributed within a spheroid with

radius of 3 mm and length of 50 mm, and to have a temperature of 3000 K before being injected

to the nested well. Trajectories are calculated with the static magnetic �eld and electric �eld,

including the 
oat voltage at the MUSASHI trap of -1.5 V and the modi�ed potential inside

the double cusp trap. The number of trapped antiprotons are estimated as the number of

antiprotons which survive and are within the double cusp trap 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.
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Figure 3.44: (a) The two-dimensional electrostatic potential distribution around the center
of the nested well with positron plasma with normal density is stored, assuming that the
positron plasma is in a rigid-rotor equilibrium. Contour lines are shown every 0.5 V and the
potential increases as the �lled color becomes from blue to yellow. (b) The radial dependence
of the electrostatic potential at the center of the nested well. Black dotted, solid, and dashed
lines correspond to positron plasma with low, normal, and high density, respectively. Magenta
vertical lines show the radius of each positron plasma. The �lled region shows the possible radius
of antiprotons entering inside the dcusp-MRE without hitting 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.

122



Figure 3.45(a) shows the estimated number of trapped antiprotons as a function of the

potential plateau on axis. When the plateau level is lower than the 
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 positron plasma, the antiprotons' speed

becomes slower, and their travelling time within the doublecusp trap becomes longer. This

makes the number of trapped antiprotons higher. When the kinetic 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. This results in the decrease of the

number of trapped antiprotons.

We note that the lower the density of positron plasma becomes, the steeper the change of

number of trapped antiprotons in both simulations (Fig. 3.45(a)) and measurements (Fig. 3.45(b)).

It is also noted that the maximum number of trapped antiprotons with high density plasma is

about half of that with normal-density plasma in both simulations and measurements. These

observations can be explained by the radial dependence of the modi�ed potential because of the

space charge of positron plasma. As shown in Fig. 3.44(b), the potential barrier for antiprotons

at around the center of the nested well is the lowest on axis and becomes higher as going away

from the axis, and the di�erence is larger for high density positron plasma. This means that the

e�ective spread of the injection energy of antiprotons with�nite radial size becomes broader

for high-density plasma. This broader energy spread of the antiprotons 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 be re
ected back by the positron

plasma when the potential level is at the best condition for the antiprotons on axis, and the

antiprotons close to the axis will escape the nested well as they 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 potential level on axis.
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Figure 3.45: (a) The estimated number of trapped antiprotonsas a function of the potential
plateau on axis. (b) The number of trapped antiprotons measured after mixing (same as
Fig. 3.43). In both simulations and measurements, the lower the density of positron plasma
becomes, the steeper the change of number of trapped antiprotons, and the maximum number
of trapped antiprotons with high density plasma is about half of that with normal-density
plasma.
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The large e�ective energy spread of the incoming antiprotons causes undesirable heating of

positron plasma. This e�ect is estimated by considering theenergy transfer between antiprotons

and positrons. Assuming the radial motions and axial motionsof positrons are well coupled,

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

dEp(t)
dt

= � S(Te(t); Ep(t)) ; (3.14)

dTe(t)
dt

=
2

3kB

S(Te(t); Ep(t))
Ne

�
Te(t)
� rad

(3.15)

whereEp and Te is the temperature of antiprotons and positrons, S is the energy transfer rate.

The second term of Eq.(3.15) represents the cooling due to cyclotron 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 normal-density positron plasma as a

function of elapsed time from the start of mixing, when the potential of the positron plateau is

set to 3.2 V. The inner sub�gure shows a zoomed view of the �rst 0.01 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 seconds.Figure 3.46(b) shows the maximum

temperature of the positron plasma of each density as a function 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 ismainly because the di�erence of

the number of positrons which shared the excess energy brought by antiprotons.

Once the trapping e�ciency of the antiprotons and the temperature of the positron plasma

is calculated, one can estimate the number of synthesized antihydrogen atoms, assuming the

recombination rate is propotional to� 2
e+ T � 4:5

e+ . Figure 3.47(a) and (c) show the estimated num-

ber of produced antihydrogen atoms within �rst 0.7 second and within 25 second, respectively.

Figure 3.47(b) and (d) show the measured �eld-ionized eventsat 1st dump and the total �eld-

ionized events, corresponding to the two calculations above. We note that our calculation

roughly reproduce the trend of the measured data, in which the number increases at �rst as

the potential plateau is increased, and then decrease gradually after the peak. But the largest

discrepancy lays in the ratio of the number of antihydrogen produce in 25 sec and that produced

in �rst 0.7 sec. In calculation, the number of antihydrogen produced in �rst 25 sec is about

50 times larger than that produced in �rst 0.7 sec, whereas inthe observation, the ratio is an

order of two to three. This discrepancy can be qualitativelyexplained 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-density positron plasma as a function
of elapsed time from the start of mixing, when the potential of the positron plateau is set to
3.2 V. The inner sub�gure shows a zoomed view of the �rst 0.01 s.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 seconds. (b)The maximum temperature of the
positron plasma of each density as a function of the positronplateau 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 production rate of antihydrogen immediately

after the antiprotons are injected into positrons in the nested trap and the mixing between

antiprotons and positrons starts. But it is observed that the rate of the production quickly

decrease within a few seconds. We suspect this is because antiprotons lose their energy fast,

and they become trapped in two potential minima (where electric potential are highest) neigh-

boring the positrons thus spatially separated each other. In order to investigate this problem

quantitatively, the number of antiprotons trapped in the potential well on the downstream side

of the nested well is measured as follows. Figure 3.48(a) showthe 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 travelling back and forth withing the

nested well, the rest are trapped in two potential minima on the upstream side and the down-

stream side of the area where positrons are trapped. Next, theupstream side of the nested

well is opened. The antiprotons travelling within the nested well, and the trapped in the up-

stream side are released. Then the downstream side of the nested well is slowly opened so

that the antiprotons trapped in the downstream side are released slowly. They annihilate at

the zero-magnetic �eld point because they travel along the magnetic �eld lines. The number

of annihilation are counted by AMT scintillators. This operation is repeated while changing

the timing of the opening of the upstream side of the nested well. Figure 3.48(b) show the

operation of the potential con�gurations to measure the number of the antiprotons initially

trapped in the nested well. All of the trapped antiprotons arereleased slowly downstream, and

the number of annihilation are counted by AMT scintillators.

Assuming antiprotons are trapped in equal numbers in the upstream and downstream side

of the nested well, the fraction of antiprotons which contribute to production of antihydrogen

are estimated. Figure 3.49 shows the fraction as a function oftime. It shows that only ap-

proximately 30 % of antiprotons are available for antihydrogen production after initial 500 ms,

which means around 70 % of antiprotons are spatially separated from positrons. The same

tendency is observed regardless of the positron density.

A possible origin of the cooling process of antiprotons is electrons in antiproton cloud,

which have same sign of charge, thus could coexist in same region. But the number of trapped

electrons with antiprotons is measured to be around 5� 104, 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 much slower when there is no

positrons in the nested well. In this measurement, a mimic potential to approximate the space

charge of positron is prepared and same procedure explainedabove is repeated. This result

shows the separation of antiprotons is closely related to interaction between antiprotons and

positrons.

Another possible explanation is this is caused by the change of e�ective potential for antipro-

tons because of the radial expansion of the positron plasma.Figure 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 after a typical mixing run. Table 3.10

shows the summary of the number of positrons and the radius ofthe positron plasma for both

cases after several measurements. This radial expansion can be 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 space charge e�ect decreases, which increase

the e�ective potential barrier for antiprotons at the center of the nested well. The antiprotons

could be pushed into the potential minima, and spatially separated from positrons. This hy-

pothesis explains why the rapid separation happens only when positrons are in the nested well,

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

Table 3.10: Comparison of radius and the number of positrons.

Timing Number of e+ Radius ofe+ plasma Averaged cycles

Just after con�nement 110� 10 0:73� 0:03 mm 20

After mixing 110� 4 1:5 � 0:2 mm 27
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Figure 3.48: (a) The operation of the potential con�gurations in order to measure the number
of antiprotons trapped in the potential well on the downstream side of the nested well. Upper
left �gure shows the initial status in the measurement. The region �lled with red corresponds
to antiprotons. Some of them are travelling back and forth withing the nested well, the rest
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antiprotons travelling within the nested well, and the trapped in the upstream side are released.
Then the downstream side of the nested well is slowly opened so that the antiprotons trapped
in the downstream side are released slowly. (b) The operation of the potential con�gurations
in order to measure the number of the antiprotons initially trapped in the nested well. All of
the trapped antiprotons are released slowly downstream.
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3.8 Future prospects

The goal of our experiment is to measure the hyper�ne splitting of the ground state of antihy-

drogen atom with relative uncertainty of 10� 6 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 splittingof hydrogen atoms in an equiv-

alent apparatus described in chapter 1, the statistical precision � for � 1 transition given by

Eq.(1.16)

� �
1

Tint

p
N

� R

� R
(1.16)

whereTint is the interaction time which in our case, the travelling time 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

� R
�

p
NH

1
2

1
2

2p
p+1 NH

(3.16)

whereNH is the total number of events at the antihydrogen detector,p is the spin-polarization.

Here we assume that at the microwave cavity, the half of antihydrogen atoms are in the ground

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

p =
f LFS � f HFS

f LFS + f HFS
(3.17)

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

2p
p + 1

=
f LFS � f HFS

f LFS
: (3.18)

For the antihydrogen atoms with kinetic energy of 50 K, the spin-polarization of the an-

tihydrogen beam extracted from the double cusp trap is approximately 45 % as shown in

Fig. 3.12(b). 1=Tint in Eq.(1.16) is 8.5 kHz for the length of our microwave cavity.Assuming

that we take eight data points in a resonance curve, we need 250 events for each point, in total

of 2000H events to measure the frequency of a transition with 1.2 kHz uncertainty. We need

frequencies of four resonances to determine the hyper�ne splitting at zero magnetic �eld, so

8000H events are required.

Although at this stage, we know neither the exact kinetic energy nor spin-polarization
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of antihydrogen, we consider the assumption made above is reasonable. We can obtain the

required number of antihydrogen in a few months beamtime by increasing 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 greatlyincreased, but the total yield of

antihydrogen is limited by the spatial separation between antiprotons and positrons. We could

use the RF excitation technique to suppress the separation,but it is not appropriate for the

purpose of spectroscopy, because it randomly heats up the antiprotons, making the relative

energy between antiprotons and positrons larger. It is di�cult 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 order to compensate 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 contribute to the production of an-

tihydrogen. First, the center of the nested well where positrons are con�ned are negatively

shifted. Antiprotons are injected and trapped in the upstream side of the nested well. Trapped

antiprotons are slowly 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 an-

tihydrogen production again. Considering that in our current scheme, the number of produced

antihydrogen atoms is only about 5 % of the number of antiprotons remained after mixing, we

can expect more than 10-fold increase of the yield of antihydrogen using this modi�ed mixing

scheme.

This proposed scheme has another advantage. Since the potential barrier is minimum on

axis when antiprotons are slowly injected from the upstreamside into positrons, the center

part of antiprotons are primarily extracted. After the center part is extracted, antiprotons are

expected to be redistributed for stability including the center part. By carefully adjusting the

speed of the operation, antiprotons can be extracted continuously along the trap axis, which

means the e�ective radius of antiprotons can be smaller. Considering the radial dependence of

the space charge potential of positrons as described before, the e�ective relative energy between

antiprotons and positrons is expected to be reduced, which leads to antihydrogen production

with small kinetic energy. In addition, the excitation of Diocotron instability of the positron

plasma which causes the expansion of positrons can be suppressed by injecting antiprotons

along the symmetry axis of the positron plasma.

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

kinetic energy, and bene�t the spectroscopy experiment greatly.
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Figure 3.51: The modi�ed mixing scheme in order to compensatethe separation between
antiprotons and positrons without heating ("recycle"). First, the center of the nested well
where positrons are con�ned are negatively shifted. Antiprotons are injected and trapped in
the upstream side of the nested well. Trapped antiprotons are slowly 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 antihydrogen production again.
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3.8.2 A proposal to increase antihydrogen population in low-lying states

Figure 3.38 shows most of antihydrogen atoms are in high Rydberg states. More population in

ground state should lead to higher precision of the spectroscopy.

The population of antihydrogen atoms in ground state can be increased by lowering the

positron temperature according to the calculation using classical-trajectory Monte Carlo (CTMC)

method [76]. Figure 3.52 shows the calculated dependence. Considering the experimental con-

dition of � e � 6� 108 cm� 3 and the estimated positron temperature before mixing at 200K [56],

the number of ground-state antihydrogen atoms increases bya factor � 50 if the positron tem-

perature decreases from 200 K down to 100 K. One possibility is evaporative cooling [77] of

positrons to decrease the temperature. Positrons are assumed to 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 decreased with the evaporative cooling,

mixing conditions should be optimized carefully.
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Figure 3.52: The number of ground-state antihydrogen atoms as a function of positron tem-
perature 10 � s after mixing start, adapted from [76]. Di�erent markers correspond to the
positron density � e of 1� 109 cm� 3 (open circle), 5� 108 cm� 3 (�lled circle), and 1 � 108 cm� 3

(open triangle), respectively. Considering the experimental condition of � e � 6 � 108 cm� 3

and the estimated positron temperature before mixing at 200K, 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 antihydrogen atoms in ground state

can be increased as the length of the positron plasma becomeslonger, according to the simula-

tion [78]. Fig. 3.53 shows the population in ground state as a function of the positron plasma

length at � e = 108 cm� 3 and Te = 100 K. Although a long positron plasma is not feasible

due to a limited trapping region in the double cusp trap, a long electron plasma to de-excite

antihydrogen atoms in Rydberg states can be prepared in downstream of the production re-

gion within the dcusp-MRE. This de-excitation is helpful for our experiment where three-body

recombination is a dominant process which produces more antihydrogen atoms of higher prin-

cipal quantum number as described before. 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, temperature, and the length of 10 cm is prepared in

downstream side.
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Figure 3.53: The calculated ground-state antihydrogen level population as a function of the
plasma length at� e = 108 cm� 3 and Te = 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, temperature, and 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 splitting of antihydrogen atoms using its

beam for testing CPT symmetry, we have made signi�cant advances.

First, antihydrogen beams are extracted from the productionregion to the downstream

and successfully detected at the antihydrogen detector located at 2.7 m downstream from the

production region. The increase of the antihydrogen yield is achieved 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 atomic beam to a magnetic-�eld-free

region, which is the base of our proposed spectroscopy experiment.

Then, the injection scheme of antiprotons with narrow energy spread into antihydrogen pro-

duction region is developed in order to produce many antihydrogen atoms with small kinetic

energy for a precision spectroscopy. This development is the main work of this thesis. There

are mainly two steps to be considered, the extraction of antiprotons from their reservoir with

narrow energy spread and the transport of antiprotons from the reservoir to the antihydrogen

production region conserving the narrow initial energy spread. The extraction scheme of an-

tiprotons from the reservoir is designed for the small initial energy spread. The new adiabatic

transport scheme of antiprotons is designed in order to keepthe initial energy distribution.

The required magnetic �eld con�guration is prepared by using three transport coils driven by

pulsed current.

As a result, the narrow energy spread ofkB T = 0:24� 0:05 eV at the entrance of the antihy-

drogen production region is successfully achieved. The injection energy of antiprotons is lowered

from 150 eV down to 1.5 eV and the number of antiprotons used for antihydrogen production is

6� 105 per cycle. It is shown that the narrow energy spread of antiprotons reduces the heating
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of positrons, resulting in a drastic increase of the antihydrogen production rate within 500 ms

from the injection time by a factor of about 100. This intenseantihydrogen production would

improve the S/N ratio of the antihydrogen detector because the main backgrounds are cosmic

rays whose count number is propotional to the measurement time. In addition, the narrow

energy spread of antiprotons enables the low injection energy of antiprotons into the positron

plasma, which will cause antihydrogen beam with small kinetic energy. It is because the ki-

netic energy of an antihydrogen atom is primarily determined by that of an antiproton which is

heavier than a positron by a factor of 1800. The distributionof atomic states of antihydrogen

atoms are also investigated. It is con�rmed that there exists antihydrogen atoms in low-lying

excited state, which will have cascaded down to the ground state by the time it travels to the

microwave cavity. This is the important step for the realization of the spectroscopy of ground

state antihydrogen atoms.

Further analysis of antihydrogen production process reveals that the space charge potential

of positrons plays an important role in determining the number of available antiprotons for an-

tihydrogen production, and that antiprotons and positronsbecomes spatially separated quickly

after the mixing starts. Considering these analysis, the new mixing scheme to improve the total

antihydrogen yield is proposed. Assuming the separated and unused antiprotons all contribute

to antihydrogen production, the number of antihydrogen atoms can be increased by a factor of

about 10. Another proposal is also made in order to increase the population of ground-state

antihydrogen atoms by lowering positron temperatures and preparing a long electron plasma.

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

Investigation of transport of antiprotons using

simulations

A feasible condition to realize adiabatic transport of antiprotons is searched as follows using

calculations. Since the antiproton transport is no longer adiabatic at the electrostatic lens

in Fig. 3.4, trajectories of antiprotons without the electrostatic lens are calculated. Fig. A.1

shows the trajectories. However, antiprotons do not follow magnetic �eld lines at 150 eV even

without the lens, because the magnetic �eld changes too fastcompared 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 without Einzel lens, with transport
coils A and B.
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Transport with slower antiprotons are calculated. Fig. A.2 shows the trajectories at 50 eV

(a) and at 20 eV (b). Although slower antiprotons tend to follow magnetic �eld lines near the

coil A, they go out of lines as they travel to downstream. Sincethe direction of antiprotons

are not along the �eld lines while the magnetic �eld lines arebecoming parallel to the beam

axis towards the downstream side, the axial velocity decreases which means that antiprotons

are re
ected at weaker magnetic �eld compared to the adiabatic transport. This re
ection is

likely to occur for slower antiprotons because the initial axial velocity is smaller. The transport

e�ciency further decreases for slower antiprotons becauseof the re
ection.
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Figure A.2: Calculated trajectories of antiprotons at 50 eV (a) and 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 because of mirror re
ection.
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Transport with the increased magnetic �eld at the coil A and coil B to suppress the diver-

gence of magnetic �eld lines in the downstream side is calculated as shown in Fig. A.3. The

magnetic �eld of the transport coils is increased from 0.012T to 0.04 T on axis. However

antiprotons do not follow magnetic �eld lines at the exit of the MUSASHI magnet yet because

the magnetic �eld at z � 1000 mm becomes weak drastically.
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Figure A.3: Calculated trajectories of antiprotons at 20 eV with transport coils A and B.

Fig. A.4 shows trajectories with the coil T at the exit of the MUSASHI trap. The magnetic

�eld of the coil T is � 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 with transport coils T, A, and B.
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Fig. A.5(a)-(e) show trajectories at 20 - 1.5 eV with further increased magnetic �eld at coil

A and coil B to suppress the divergence of magnetic �eld linesfurther. The current of coil

A and coil B is increased from 0.04 T to 0.12 T. Antiprotons are transported adiabatically

following magnetic �eld lines.

0 1000 2000

MUSASHI magnet
Coil T (0.15 T)

Coil A (0.12 T)
Coil B (0.12 T)

0

10

20

30

(c)
0

10

20

30

(b)
0

10

20

30

(a)

0

10

20

30

(d)

0

10

20

30

(e)

0 1000 2000

R
ad

ia
lp

os
iti

on
[m

m
]

Axial position from the center of the MUSASHI [mm]

R
ad

ia
lp

os
iti

on
[m

m
]

R
ad

ia
lp

os
iti

on
[m

m
]

Axial position from the center of the MUSASHI [mm]

R
ad

ia
lp

os
iti

on
[m

m
]

R
ad

ia
lp

os
iti

on
[m

m
]

Figure A.5: Calculated trajectories of antiprotons at (a) 20 eV, (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 transported adiabatically following
magnetic �eld lines.
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In order to compare the energy spread at the injection into the cusp trap and the transport

e�ciency, Monte Carlo simulations are performed among the various 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 following Maxwell-Boltzmann

function of 3000 K. Trajectories of 10000 particles are calculated 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 ofVF with a potential barrier of 5 V from the plateau at

upstream side. Fig. A.6(a) shows the potential con�gurationsfor VF = � 150; � 20; � 1:5 V.

In this electric �eld, the energy spread due to the extraction scheme from the MUSASHI trap

can be ignored. Fig. A.6(b) shows transported fraction de�nedby the calculated ratio of the

number of particles reaching the position of the magnetic �eld maximum at the cusp trap to

the total number. Fig. A.6(c) shows calculated axial energy spread 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 magnetic �eld along the an-

tiprotons transport line as shown in Fig. 3.4, the transported fraction is about 35 % and the

energy spread is about 15 eV. Without the electrostatic lens asshown in Fig. A.1, the trans-

ported fraction decreases down to almost half forVF = � 150 V and the energy spread increases

because the tracks are out of the magnetic �eld lines furtherthan the case with focusing. With

the increased magnetic �eld of the transport coil A and B from0.012 T to 0.04 T as shown in

Fig. A.3 (VF = � 20 V), the energy spread is kept narrow forVF � � 5 V while it increases for

larger jVF j. The transported fraction can be explained by the fact that the transport becomes

away from being adiabatic asjVF j increases while the mirror refection is critical for lowerjVF j.

The transported fraction is lower than the old scheme for allVF . Adding the pulse coil next

to the MUSASHI trap, the transported fraction is almost doubledcompared to the old scheme

for lower jVF j but decreases again due to the mirror re
ection. The energy spread is still not

kept narrow for VF � � 20 V, while it is greatly reduced forVF = � 10 V and kept narrow

for VF � � 5 V. Fig. A.4 corresponds to the case forVF = � 20 V. Finally, with the increased

magnetic �eld of the transport coil from 0.04 T to 0.12 T, the energy spread is kept narrow for

VF � � 20 V and greatly reduced even forVF = � 100 V. The transported fraction is kept high

for all VF . Fig. A.5(a) corresponds to the case forVF = � 20 V.
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