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Abstract
A large number of antiprotons, approximately five millions, the largest number ever accumulated, have been successfully trapped in an electromagnetic trap called an MRT (Multiring trap) in combinations with the RFQD (radio frequency quadrupole decelerator) and
the AD (Antiproton Decelerator) at CERN. Antiprotons emerging at 5.3 MeV from the
AD were decelerated to 110 keV by the RFQD, and were injected in the MRT installed in
a cold bore (≈ 10 K) of a superconducting solenoid via double degrader foils of 90 µ g/cm2
each, which reduced the antiproton energy lower than ≈ 10 keV.
Electrons were preloaded in the MRT to cool the antiprotons to sub-electronvolt energy
region. The electrons cool themselves via synchrotron radiation and behave as a nonneutral plasma. The time evolutions of plasma modes have revealed, for the first time, the
cooling feature of antiprotons nondestructively.
Further, ultra-slow antiproton beams of 10–500 eV have been extracted from the MRT
and the beam was transported to the target area via a beam line designed for efficient transport of slow antiprotons realizing at the same time differential pumping of more than six
orders of magnitude. By ramping up the trapping potential slowly, ultra-slow antiprotons
of 10–500 eV have been extracted from the strong magnetic field region for the first time.
The accumulation of a large number of antiprotons and the production of ultra-slow
antiproton beams are expected to open a new field of research of antiprotonic atoms and
antihydrogen under well-controlled conditions.
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Čerenkov detector . . . . . . . . . . . . . . . . . . . . . . . . .

39

2.5.4

Track detector . . . . . . . . . . . . . . . . . . . . . . . . . . .

40

Control and data acquisition system . . . . . . . . . . . . . . . . . . . .

43

Confinement of antiprotons

45

3.1

Scheme of the confinement of antiprotons in the MRT . . . . . . . . . . .

45

3.2

Antiproton beam transport to the MRT . . . . . . . . . . . . . . . . . . .

48

3.2.1

Beam transport at the MEBT . . . . . . . . . . . . . . . . . . . .

49

3.2.2

Tuning of the buncher phase . . . . . . . . . . . . . . . . . . . .

49

3.2.3

Transport of 110 keV antiproton beam at the LEBT . . . . . . . .

50

Degrading antiproton beam energy through thin foils . . . . . . . . . . .

51

3.3.1

Energy loss in the PET foils . . . . . . . . . . . . . . . . . . . .

51

3.3.2

Energy distribution of the degraded antiprotons . . . . . . . . . .

54

Confinement in the MRT . . . . . . . . . . . . . . . . . . . . . . . . . .

57

3.4.1

Capture of the 10 keV antiprotons . . . . . . . . . . . . . . . . .

58

3.4.2

Confinement of antiprotons in the MRT . . . . . . . . . . . . . .

58

3.4.3

Vacuum condition for stable confinement . . . . . . . . . . . . .

60

3.3

3.4

4

2.5.1

Cooling of antiprotons in the MRT

67

4.1

Electrostatic modes of the electron plasma . . . . . . . . . . . . . . . . .

67

4.1.1

Axially symmetric electrostatic modes . . . . . . . . . . . . . . .

67

4.1.2

Observed axially symmetric modes of electron plasma . . . . . .

71

Electron cooling feature . . . . . . . . . . . . . . . . . . . . . . . . . . .

73

4.2.1

Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . .

75

4.2.2

Synchrotron radiation cooling of electrons . . . . . . . . . . . . .

76

4.2.3

The frequency shift of the (3,0) mode . . . . . . . . . . . . . . .

77

The frequency shift of the (1,0) mode . . . . . . . . . . . . . . . . . . .

82

4.2

4.3

CONTENTS

5

6

v

Extraction and transportation of ultra-slow antiprotons

87

5.1

Antiproton beam extraction from the MRT . . . . . . . . . . . . . . . . .

87

5.1.1

Disturbance by electrons during the slow extraction . . . . . . . .

87

5.1.2

Slow extraction of antiprotons from the MRT . . . . . . . . . . .

90

5.2

Ultra-slow antiproton beam transport . . . . . . . . . . . . . . . . . . . .

90

5.3

Extraction efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . .

97

5.3.1

98

Attempt of the radial compression of the antiproton cloud . . . .

Conclusions

101

A Planned atomic collision experiment
A.1 Antiproton collision experimental chamber . . . . . . . . . . . . . . . .
B Sideband cooling

103
103
107

B.1 Particle motion in a trap . . . . . . . . . . . . . . . . . . . . . . . . . . .

107

B.2 Sideband cooling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

108

B.3 Radial compression of proton and H+
3 ion cloud . . . . . . . . . . . . . .

110

C Properties of nonneutral plasma

113

C.1 Plasma oscillation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

113

C.2 Debye shielding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

114

C.3 Rigid rotor equilibrium . . . . . . . . . . . . . . . . . . . . . . . . . . .

114

C.3.1

Vlasov equation . . . . . . . . . . . . . . . . . . . . . . . . . .

116

C.3.2

Rigid rotor Vlasov equilibria . . . . . . . . . . . . . . . . . . . .

117

Acknowledgements

133

Chapter 1
Why ultra-slow antiprotons?
1.1

Background

1.1.1 Atomic physics with antiprotons
Antiproton, the antiparticle of proton was discovered in 1955 at Bevatron, Berkeley, by
Chamberlain, Segré, Wiegand and Ypsilantis [1] injecting 6.2 GeV protons on a copper
target. After the discovery of antiproton, various investigations were performed, which
include CPT symmetry tests (e.g. [2]), strong interaction of antiproton with nuclei via
antiprotonic X-ray spectroscopy [3], ionization processes of atoms with antiprotons and
protons [4], etc.
At CERN, Organisation européenne pour la recherche nucléaire or European Organization for Nuclear Research, the Antiproton Decelerator (AD), a facility providing low
energy antiproton beam of 100 MeV/c (5.3 MeV), was built primarily for atomic physics
experiments like antihydrogen and antiprotonic atom syntheses, their spectroscopy, and
collision experiments. The AD has been in operation since year 2000 as an alternative of
LEAR (Low Energy Antiproton Ring), the first slow antiproton ring built in 1982.
Antiproton has infinite lifetime in vacuum (at least 1025 years [5]), it is an unique
hadronic anti-particle in the sense that it can be stored, cooled, and also be manipulated
to form an ultra-slow beam. Since the LEAR era, while researches like exotic meson
survey [6] or CPT-symmetry [2] using proton-antiproton annihilation have been studied,
some low energy antiproton experiments in the field related to the atomic physics has also
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been performed [7]. Some examples of performed and ongoing experiments are listed;
• Various exciting findings in the field of atomic physics were made by PS194 collaboration during the period of LEAR, e.g., double ionization cross sections of He by
antiproton was found to be two times larger than those by protons in a fast collision
region, which is not theoretically solved even now. The energy regions covered were
not low enough to study antiprotonic atom formation processes in the LEAR period,
and should be one of the most important subjects of the AD (See e.g. [4]).
• Antiprotonic helium atom (p̄He+ ) has been found to be metastable even in a dense
He target [8] having lifetimes of microseconds. Because of this metastability, a high
resolution laser spectroscopy can be applied, eventually reached the precision as high
as 10−8 . Surprisingly, theoretical treatments of this three body system (antiproton
+ electron + alpha nucleus) were quite successful, giving almost perfect agreements
with the observed transition energies when the charge and mass of protons were used
instead of antiproton. Combining with the charge to mass ratio experiment described
above, the mass and the charge of antiprotons have been evaluated with the precision
of 10−8 , proving that the CPT symmetry between proton and antiproton with respect
to mass and charge are conserved with the precision of 10−8 , or vise versa, under
the assumption of the CPT symmetry, the three body calculation involving three
particles with different mass with each other can be done with the precision of 6 ×
10−8 [9][10].
• Antiproton trapping and cooling techniques were developed by PS196 and PS200
collaborations at LEAR (See e.g. [11][12]). The PS196 collaboration has found
that the charge to mass ratio of p̄ is the same as that of proton to the precision of
9 × 10−11 [13].
• Antihydrogen atoms were synthesized in 1996 at CERN [14] for the first time, and
in 1998 at Fermilab [15], Fermi National Accelerator Laboratory, even though the
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atoms had a relativistic speed. After the AD launched, “cold” antihydrogen atoms
were produced by two groups [16][17].

1.2

Motivations

There are two principal motivations for the accumulation of a large number of antiprotons
and the production of ultra-slow antiproton beams. One is to investigate the initial processes of antiprotonic atom (p̄A+ ) formation, and the other is to synthesize a large number
of cold antihydrogen atoms (p̄e+ ). The antiprotonic atoms are not only a unique object to
provide a field of atomic process with a “heavy electron”, but also to permit precision test
of CPT symmetry between matter and antimatter by high-resolution laser and microwave
spectroscopy.

1.2.1 Antiprotonic atom formation
Antiprotonic atom is a bound system of an antiproton (p̄) and an ion (A+ ) by Coulomb
force. When a slow antiproton collides with an atom, it can replace an outer-most electron
in the atom and form an antiprotonic atom [18].
When antiprotonic atoms are formed in vacuum under single collision conditions, a
considerable fraction of them are expected to be in metastable state. On the other hand,
in dense media, antiprotonic atoms will annihilate immediately except for antiprotonic
helium (p̄He+ ) which has been studied by using methods of laser and microwave spectroscopy [19] [20]. The simplest two body system of particle and antiparticle, antiprotonic
hydrogen atom (protonium), p̄p, is especially interesting among such antiprotonic atoms.
Because such a two-body Coulombic system in Yrast state decays only via radiative transitions without external electric field, having life time longer than 1 µ s, the spectroscopic
nature of p̄p will be studied precisely without three-body calculations. This figure is different in the case of p̄He+ , though the spectroscopy of p̄He+ has been studied and revealed
antiproton’s mass with precision of the order of 10−8 [9].
To produce an antiprotonic hydrogen atom, i.e., p̄p, and study its spectroscopic nature,
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it is performed between a dilute gas target (See App. A) and ultra-slow antiprotons whose
energy should be less than ionization energy for target atoms or molecules. At this time, a
considerable fraction of them are expected to be in metastable state.
A collision between an antiproton and an atom to be discussed satisfies a so-called
adiabatic condition, i.e., vp̄  ve , where vp̄ and ve are the velocities of the antiproton and
the electron, respectively. When the kinetic energy of antiproton is small enough so that
the released electron can take away the major part of the antiproton’s kinetic energy, the
antiproton and the ionized atom are bound together in a state with a large principal quantum
number n. The production process of an antiprotonic atom is qualitatively understood as
follows: when an antiprotonic atom is formed, the energy conservation before and after the
collision in the laboratory frame requires,
Kp̄ − εe = Ka + Ke − εp̄ ,

(1.1)

where Ke and Kp̄ are the kinetic energies, εe and εp̄ the binding energies of electron and
antiprotons, respectively. Ka is the recoil energy of the antiprotonic atom, considering that
the electron is “oozing” out, one can safety assume that Ke ∼ 0.
Because the momentum of the antiprotonic atom is practically that of the incident antiproton, one gets,



mp̄
εp̄ = εe − 1 −
Kp̄ ,
ma

(1.2)

mp̄ and ma being the masses of the antiproton and antiprotonic atom, respectively. In other
words, the principal quantum number n of the adiabatically-formed atom is given by

n≈

µp̄
εR
×
,
me εe − κ Kp̄

(1.3)

where me and µp̄ are the reduced masses, of the electron and antiproton, respectively, and

κ = A/(A + 1) for a target of mass number A, that is, for atomic hydrogen κ = 1/2 and
κ → 1 for heavier targets. The antiproton n-value is thus a function of Kp̄ only, and can be

tuned from nmin ∼ µp̄ /me to infinity by increasing Kp̄ from 0 to εe /κ , i.e., antiprotonic
atoms are in high Rydberg metastable state.
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(b)

Figure 1.1: (a) Calculated protonium and antiprotonic atom formation cross sections by
a quasi-classical calculation for H (dotted line), H2 without rotation (short dashed line),
H2 with rotation (long dashed line) and H2 with rotation and vibration (solid line).The
circles are calculated values [23]. (b) Antiprotonic atom formation cross sections for He
(circle), Ne (square), Ar (up triangle), Kr (down triangle), and Xe (diamond) by the FMD
calculation [22].

The formation cross sections of antiprotonic atoms has been studied for various targets
by Classical Trajectory Monte Carlo (CTMC) calculations taking into account the Pauli
exclusion principle employing a fermion molecular dynamics (FMD) method [21] [22].
The dotted line in Fig. 1.1 (a) shows the formation cross sections of protonium (p̄p) in
p̄ + H collision, which predicts that the formation cross section is finite when the incident
antiproton energy is lower than ∼ 0.5 a.u. in the center of mass system, i.e., 1 a.u. in the
laboratory frame as is seen in Eq.(1.2).
In the case of molecular hydrogen, H2 , Cohen predicted that an antiprotonic molecule,
0
p̄H+
2 , is temporary formed, which then dissociates into an antiprotonic atom and an H

atom or a proton and an electron [23]. In the case of molecular targets, no threshold of
the collision energy is predicted. This is because the dissociated H0 atom can take care of
excess momentum of incident antiproton, which is particularly the case when the molecular
vibration is taken into account.
Figure 1.1 (b) shows that antiprotonic noble-gas atoms are formed even at relatively
high impact energy. This is primarily due to multiple electron release processes, which
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Figure 1.2: Calculated protonium formation cross section by full-quantum mechanical
calculation [24] (circle). The result from the CTMC method (“+”) and that with the FMD
(“∗”) are also in the figure. The semicalssical (SC) results are taken from the reference [25].
The cross section obtained under the adiabatic assumption are shown.

effectively increase εe and accordingly increase the threshold energy.
Figure 1.2 compares a full-quantum calculation of protonium formation cross section
with classical one. These results, which more or less show a similar behavior, ensure that
the classical treatments are rather accurate in the present system.

1.2.2 Cold antihydrogen atoms
Antihydrogen (p̄e+ ) is the simplest antimatter. A couple of experiments using cold antihydrogen atoms to test CPT symmetry have been proposed, which includes not only
high-precision laser spectroscopy but also ground-state hyperfine spectroscopy.
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Schemes of antihydrogen synthesis
To synthesize antihydrogen atoms, the following recombination processes are considered
to play major roles.
(1) Spontaneous radiative recombination [26]
It is the inverse photo emission process, which is described as
p̄ + e+ → (p̄e+ ) + hν .
The reaction rate Γr is given by [27]
Np̄ Ne+ σr v∗
Γr =
∝
V



1
,
T∗

(1.4)

(1.5)

where the number of antiprotons and positrons are Np̄ and Ne+ , respectively, which are
confined in a volume V at temperature T ∗ (their relative collision velocity v∗ ).
(2) Three-body recombination [28]
The three-body recombination process is described as
p̄ + e+ + e+ → (p̄e+ ) + e+ .

(1.6)

The reaction rate Γt is given by


Γt ∼

Ne+
V

2 

1
T∗

9
2

.

(1.7)

The rate is inversely proportional to T −9/2 , growing much faster than the radiative recombination process with decreasing temperature.
Figure 1.3 shows examples of the recombination cross sections for both processes. It is
seen that the three body recombination cross section plays the dominant role for a realistic
positron density and temperature ranges.
(3) Laser induced recombination [7]
This is a variation of the radiative recombination, which increases the recombination
rate by a laser stimulation.
Nhν + p̄ + e+ → (p̄e+ ) + (N + 1)hν ,

(1.8)
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Figure 1.3: Antihydrogen atom formation rate for radiative recombination and three body
recombination against various positron density, 4 × 107 , 6 × 107 , 8 × 107 , 1 × 108 and
2 × 108 /cm3 .
which may increase the rate by a factor of 10–100 [7].
(4) Charge exchange collision with positronium [29]
This is a variation of the three body recombination where the third particle is an electron
instead of positron, and positron and electron are bound together in an excited state, which
is described as
p̄ + (e+ e− )(n , l  ) → (p̄e+ )(n, l) + e− .

(1.9)

Although the recombination cross section is many orders of magnitude larger than the
abovementioned processes, it is quite difficult to prepare high density of positronium target
because of its short life time. However, when the positronium is in high Rydberg states,
the life time becomes longer and also the recombination cross section is larger than in
proportion to n4 [30][31].
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Antihydrogen atom synthesis
Antihydrogen atoms were produced in 1996 at CERN [14] and in 1998 at Fermilab [15],
in collision of relativistic antiprotons with gaseous target, where a positron in a virtual
positron-electron pair creation was captured by a relativistic antiprotons. In the former
case, 1.2 GeV antiprotons were injected on a Xe gas jet and nine antihydrogen atoms
flying with relativistic velocity were detected. Unfortunately such high-speed antihydrogen
atoms are not suitable for spectroscopy or anything.
In order to prepare somewhat cold antihydrogen atoms, a so-called nested trap scheme
has been adopted by two groups, and in fact they had succeeded in synthesizing a large
number of antihydrogen atoms in year 2002 [16] [17]. The nested Penning trap which
is a variation of open-end cylindrical Penning trap, can confine positively and negatively
charged particles simultaneously [32].
Figure 1.4 shows schematically the procedure to produce antihydrogen with the nested
trap, which consists of a Penning trap for positrons and two Penning traps for antiprotons
on both ends of the positron Penning trap. When antiprotons are given proper kinetic
energy, they oscillate between the two Penning traps passing the positron area many times
loosing their kinetic energies via Coulomb scattering with positrons [33]. In both cases,
positrons with energies of a few electronvolts were obtained by degrading megaelectronvolt
positrons from a 22 Na source with a solid Ne moderator, which are then cooled by buffer
gas and stored in a Penning trap [34].

Vp
Vp

_
p

V

V

Ve

Vp

e+

Ve
V

Figure 1.4: Nested Penning trap for synthesis of antihydrogen atom [7].
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Antihydrogen trap

Because antihydrogen is a neutral atom, it is not trapped any more in an electromagnetic
trap and drifts out of the trapping region, which eventually hits one of the trap electrodes.
The antiproton and the positron constituting the the antihydrogen annihilate simultaneously
emitting several energetic pions and two 511 keV gamma rays, respectively. Actually,
the first report [16] confirmed the production of a large number of antihydrogen through
monitoring this simultaneous annihilation from the same spot.
In order to confine antihydrogen atoms, several schemes other than the nested trap,
which cannot trap neutral particles, have been proposed [35] [36] [37] [38]. Once antihydrogen is trapped and cooled, a high-precision laser spectroscopy becomes applicable,
which would provide one of the most stringent CPT tests in a future. In the case of hydrogen atoms, the 1S-2S transition was measured with the accuracy as high as 10−14 [39],
where 1013 hydrogen atoms at 4K were used.
Another possible CPT test is the comparison of the magnetic moments between proton and antiproton which had been discussed time to time [40]. The proton spin magnetic
moment has been determined to the accuracy of 108 through measurements of a groundstate hyperfine splitting of hydrogen atom [41]. On the other hand, the magnetic moment
of antiproton is known only with the accuracy of 10−3 through antiprotonic X-ray spectroscopy [42]. Recently, a measurement of the ground-state hyperfine splitting of antihydrogen atom has been discussed with a nested Penning trap in a split solenoid [43] and
with a magnetic cusp trap [38].
The number of antiprotons available with the ”thick” degrader methods is fairly limited although the number of positrons is getting quite reasonable for antihydrogen synthesis [34] [44] [45]. It is therefore quite important to develop a new scheme that can prepare
a large number of cold antiprotons suitable for physics experiments of antihydrogen.

1.3 Charged particle trap
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Charged particle trap

Charged particle trap is one of the most important key techniques of this work, where
antiprotons should be confined and cooled. For confinement of charged particles, several
trapping techniques have been known as summarized in Tab. 1.1. Although the optical
trap is known for confinement of atoms and ions, it works only for particles with internal
structure(s), and not applicable to antiprotons.

Penning trap
Cylindrical Penning trap
with open-endcaps
Penning-Malmberg trap
Multi-ring trap

Paul trap

advantage
disadvantage
harmonic
small volume
harmonic
small volume
free access to the center
large volume
rectangular
free access
short confinement time
large volume
many cables
free access
no dependency on length
no field at the center
micromotion heating
single particle

Table 1.1: Advantages and disadvantages of some traps for confinement of antiprotons.

The combination of static electric and magnetic fields are often used to trap charged
particles. Figure 1.5 schematically shows a cross section of electrodes of such a trap.
When an electrostatic potential expressed as

φ=

φ0
(2z2 − ρ 2 ),
2ρ0

(1.10)

is formed between the endcaps and the ring (see Fig. 1.5), the force on a particle with a
charge q is given by,
F = −q∇φ
=

φ0
(−4zz + 2ρ ).
2ρ 2

(1.11)
(1.12)

It is seen that the particle is trapped in the z-direction by the harmonic potential. The
trapping in the ρ -direction is realized by two different methods.
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z
endcap

z0

ρ0

ρ

ring
ring

endcap

Figure 1.5: Cross section of electrodes of a charged particle trap.

In the case of the Paul trap [46], a radio frequency (RF) field
Ψ = U0 + ψ0 cos Ωt

(1.13)

is applied between the endcaps and the ring electrodes to trap charged particles, which
effectively provides an attractive force on the charged particles independent of their charge
polarities; the pseudo potential is given by,

ψpseudo =

q
|∇ψ0 |2 .
4mΩ2

(1.14)

However, a micromotion is superimposed on the particle motion due to the time-varying
electric fields [46]. At the center of the trap where the fields are zero, the pseudo potential
of the particle is minimum. When a single particle is trapped, it can be localized in the
field-free region, which is ideal for laser spectroscopy.
Penning trap [47] with a static magnetic field applied along the z-direction generates a
force given by
F = −q∇φ + qvv × B .

(1.15)

In this case, there is no mechanism to heat up the trapped particles, which is suitable
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for high-resolution mass spectroscopy [48]. It is noted however that the introduction of
charged particles into the trap is not easy.
In order to solve this practical but important difficulty, a cylindrical Penning trap has
been developed using several cylindrical electrodes, which is suitable to introduce particles
in the trap and at the same time allows to confine a large number of charged particles. When
a quadratic electrostatic field like Eq. (1.10) is superimposed on a uniform magnetic field
with its symmetry axis common to the z-axis, charged particles can be confined in the
field (See App.B.1). One of the well-known stationary states has a uniform density and
a spheroidal shape rotating with a uniform frequency ωr , i.e., rigid rotor equilibrium (see
App. C.3), when particles are cold enough to form a plasma [49]. When the number of
particles are very large and the image charge induced is not negligibly small, the electric
potential distribution of the open-end cylindrical trap [50] is deformed and does not give
an equilibrium any more.
In a Penning-Malmberg trap [51], the generated potential, like square well, can not
realize such an equilibrium condition. Furthermore Penning-Malmberg trap has a length
dependent confinement feature of the plasma along the magnetic field axis [52]. On the
other hand, the Multi-Ring trap (MRT) can prepare a harmonic potential using a train of
many ring electrodes, compensating the image charge potential not only due to a small
number of particles but also due to a large number of particles [53]. A large and long
plasma can be settled in the MRT much more stably than the Penning-Malmberg trap.
Advantages and disadvantages to confine a large number of antiprotons for several traps
are summarized in Table 1.1.

1.3.1 Antiproton confinement in the trap
Antiproton trapping technique has been developed by the Harvard University group as was
described in Sec. 1.1.1, which employed the combination of a ”thick” degrader foil and a
cylindrical Penning trap. Although the trapping efficiency is not great such as 10−4 , this
has been the unique technique, which could realize trapping of antiprotons. In fact, the
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charge to mass ratio of the antiproton was determined to a precision of 9 × 10−11 [13] using
antiprotons trapped by this method. It is noted that a single antiproton is necessary to make
such a measurement, i.e., the ”thick” degrader method is eventually a suitable technique
for the above purpose. Later on, studies with trapped antiprotons had been extended for
other subjects, particularly the antihydrogen synthesis and high precision spectroscopy of
antihydrogen. Although a large number of antiprotons are necessary for the latter subjects,
there have been no innovation regarding the scheme of antiproton trapping (see e.g., [16]
[17] and [54]).
Gabrielse et al. (PS196 collaboration) captured antiprotons in a cylindrical Penning
trap for the first time on 1986 at CERN LEAR[11], where “thick” (∼ 70 000µ g/cm2 ) energy degrading foils were used for further deceleration of ∼ 5 MeV antiprotons. Therefore
most of the injected antiprotons, i.e., more than 99%, annihilated in the foil. The maximum number per one AD shot (containing 3 × 107 antiprotons of ∼ 5 MeV) has been
2.5 × 104 [44]. Gabrielse et al. also succeeded in keeping 103 antiprotons in their trap for
two months [55], which revealed that the life time of antiproton is longer than 3.4 months.
The PS200 collaboration once stored ∼ 1×106 antiprotons by trapping one LEAR shot that
contained more than 109 antiprotons. In any case, the trapping efficiency of the ”thick” degrader scheme has been 10−3 or so at the maximum. The energy of trapped antiprotons
were measured by time-of-flight measurement. Gabrielse et al. demonstrated transportation of antiprotons in the strong magnetic field to measure the temperature of the antiproton
cloud with time-of-flight technique [11].
In the present work, we have developed a completely new scheme of antiproton accumulation combining the AD, the RFQD (radio frequency quadrupole decelerator), and
the MRT, and proved that the efficiency was improved by 50 times or more. With this
large number of antiprotons in the MRT together with electrons, it becomes possible to
monitor the electron plasma’s electrostatic mode. In fact, we have succeeded in nondestructive monitoring the cooling process of antiprotons in the trap, which was performed
for the first time. The details are described in following Chap. 3 and 4. To perform antipro-
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tonic atom formation experiments, cold antiprotons should be extracted and transported
from the strong magnetic field to the “non-”magnetic field region, which have never been
performed. Chapter 5 describes the beam transport system and first demonstration of ultraslow antiproton transport.

Chapter 2
Apparatus
A sequential combination of the AD (Antiproton Decelerator), the RFQD (Radio Frequency Quadrupole Decelerator), the MRT (Multi-Ring electrode Trap), and the transport
beam line were used to produce ultra-slow antiprotons.
Figure 2.1 shows a schematic diagram of the accelerator complex at CERN, where

Linac

PS

target

PSB

AD

Figure 2.1: The PS-complex at CERN. The proton beams are injected from the Linac to
the PS via PSB (PS Booster). The beam accelerated to 26 GeV/c is incident on the target
area and produces antiprotons.
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Machine
Antiproton kinetic energy
from target area
2.7 GeV
AD
5 MeV
RFQD
10–120 keV
MRT
< 10 eV
Extraction beam line
10–500 eV
Table 2.1: Scheme for production of ultra-slow antiprotons

3.5 GeV/c antiprotons are produced, collected and injected into the AD. Table 2.1 summarizes the energy of antiprotons handled in each stage. The antiprotons collected in the
AD are cooled and decelerated down to 100MeV/c (5.3MeV). Antiprotons from the AD
are then decelerated by the RFQD down to 10–120 keV, which are eventually injected in
the MRT.
Antiprotons in the MRT were cooled with electrons preloaded in the MRT. They were
then extracted from the MRT as a beam with the energy ranging 10–500 eV. For transportation of the ultra-slow antiprotons a special transport beam line was designed and constituted
for atomic collision experiments described in App. A.
In order to monitor antiprotons during their transportation, various detectors were developed and used, which were secondary emission beam profile monitors, a delay line
position sensitive detector combined with MCPs (microchannel plate), and track detectors
consisting of two scintillator bars.

2.1

The Antiproton Decelerator

Antiprotons of gigaelectronvolt-scale energy are decelerated at the CERN Antiproton Decelerator (AD) using stochastic- and electron-cooling techniques [56]. The AD ring and
hall layout is shown in Fig. 2.2. Figure 2.3 schematically shows the AD deceleration cycle:
A 26 GeV/c beam of 1.5 × 1013 protons from the PS (Proton Synchrotron) is injected in an
Ir block, yielding 4 × 108 antiprotons with their peak energy at 3.57 GeV/c. The antiprotons are then collected and stochastically cooled to 5 π mm · mrad in the transverse planes

2.1 The Antiproton Decelerator
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Stoch. Cooling kicker

Target Area

Experimental Area
Electron Cooling

Stoch. Cooling pick-up

Figure 2.2: The AD ring and hall layout. In this ring, antiprotons are collected, cooled and
decelerated. Filled region is the experimental area for the present work.
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Figure 2.3: AD deceleration cycle.
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and a momentum spread of 0.1% in the AD. The beam is then decelerated to 2.0 GeV/c,
which is again stochastically cooled. Then the beam is decelerated to 300 MeV/c, where
the transverse emittance is grown to 33 π mm · mrad and the momentum spread to 0.2%.
The 300 MeV/c antiprotons are electron-cooled, decelerated, and electron-cooled again,
eventually to obtain 100 MeV/c (5.3 MeV kinetic energy) antiprotons with transverse
emittance of 1 π mm · mrad and momentum spread of 0.1%. The overall time duration of
the AD cycle was 85 s at the shortest, and it varied slightly depending on the so called
super-cycle of the PS machine.

2.2

The Radio Frequency Quadrupole Decelerator

A Radio Frequency Quadrupole Decelerator (RFQD) was designed and constructed to further decelerate antiprotons, while an RFQ accelerator is usually used as an injector to accelerate particles. In the present work on the other hand, to the contrary, the same system
is operated to decelerate particles [57] [58].
The RFQD is located between the MEBT (medium energy beam transport line) and
LEBT (low energy beam transport line) as is shown in Fig. 2.4. The MEBT is composed
of beam buncher (“1” in Fig. 2.4), two magnetic quadrupoles lenses (“6” and “7”), two
horizontal and vertical steering dipoles (“8” and “9”), two beam diagnostic boxes (“10”
and “11”), and the energy corrector (“13”).
A bunching cavity (“1”) installed 6.15 m upstream of the RFQD shapes the 100 ns
antiproton pulse into a train of 20 micro-pulses, each 0.3 ns long with a separation ∆t =
5 ns, which comes from the frequency of the RF, 202.5 MHz. Because the distance between
the buncher and the RFQD itself was 6.15 m, the buncher phase of 2π means about 60 keV
energy difference.
Each of two beam diagnostic boxes contains two removable scintillator plates called
watchdogs, one with 5 holes and the other without holes. The images of the beam spot on
the watchdogs were monitored by CCD cameras and digitized, which were used to evaluate
the beam parameters like position and radius. Examples of such beam images are shown
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Figure 2.4: Beam line from the AD to the superconducting solenoid including the RFQD.
The antiproton beam is injected from the upper side in this figure.
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Emittance [π mm·mrad]
10.0
5.8
3.3
1.9
1.1

Upstream Aperture φ [mm]
21.0
25.5
12.0
9.2
7.0

Downstream Aperture φ [mm]
14.0
10.6
8.0
6.1
4.7

Table 2.2: Upper limit of the beam emittance estimated for various combinations of hole
sizes.

upstream

downstream

Figure 2.5: Example of beam images at the watchdog screens.

in Fig. 2.5. Estimated values of the maximum beam emittance for scintillator plates with
various hole diameter are given in Table. 2.2. When the beam was tuned as described in
the following Chap. 3.2, the beam passed through small holes as shown in Fig. 2.6, where
the beam was focused by the quadrupoles (“6” and “7”).
The energy corrector cavity (“13”) is installed at the entrance flange of the RFQD to
compensate for this DC potential difference between the RFQD grounded cover and the
floated inner structure. Because the DC bias for varying the output energy not only affects
the output beam energy itself but also shifts the input energy.
Figure 2.7 shows the structure of the RFQD. All assembly housed in a cylindrical
tank located between the upstream diagnostics (a part of the MEBT) and the LEBT. The
RFQD consists of 3.5-m long, four-rod electrodes producing an average decelerating field
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_
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downstream

RFQD

Figure 2.6: Example of beam image at scintillators with the smallest hole combination
with schematic figure of the beam transport.
E ≈ 2 MV/m at frequency f = 202.5 MHz. The four rods are mounted at ± 45◦ in a
symmetric, ladder like RF resonating and supporting structure (Fig. 2.8). The ladder is
composed of 34 RF cells with a total length of 3.415 m and is held in place by ceramic
insulators (Fig. 2.8).
The RF applied on the four rods creates a transverse quadrupole electric field providing
alternating gradient focusing of the beam. The longitudinal field component is produced
by sinusoidal shape of the electrodes. By this longitudinal electric field modulation the
injected antiprotons are decelerated from 5.3 MeV down to 63 keV. Although the RFQD is
in principle a fixed-energy decelerator, the energy of antiprotons was made variable from
∼ 10 keV to ∼ 120 keV by biasing the whole assembly.
The RFQD was tested using a proton beam at the tandem accelerator, Aarhus University, and the deceleration efficiency obtained was about 45% [59]. The remaining fraction
undergoes no or little deceleration.
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Ups tream
diagnos tics

R FQ cylinder

LEB T

B eam

R FQ girder

Figure 2.7: The structure of RFQD.

Figure 2.8: Picture of the four-rod structure (left) and cross section of the RFQD
(right) [59].

Figure 2.9: Layout of the RFQD spectrometer line
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r (cm)

Figure 2.10: Calculated antiproton beam envelop in two LEBT solenoids. The position of
z = 0 is the exit of the RFQD.
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Figure 2.11: Calculated antiproton beam envelope injected to the superconducting
solenoid. The position of z = 0 is the exit of the RFQD.

In order to assess the RFQD performance at CERN, an additional spectrometer line
(shown in Fig. 2.9) has been set downstream of the LEBT. It is comprised of a 20◦ bending
magnet (dipole), a pair of steerers, a quadrupole triplet, a Faraday cup and a multi-wire
profile monitor. This spectrometer line permits to transmit an energy-selected antiproton
beam. The efficiency was measured as the ratio of the number of decelerated particles
which was counted by an activation of a thin Al foil at the end of the spectrometer line to
the number of antiprotons in the AD ring just before ejection at 5.3 MeV [59]. The deceleration efficiency was initially about 25% [59], and had recently improved up-to 30% [60]
primarily because the beam quality from AD got better.
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The LEBT consists of two pulsed solenoids, two horizontal and vertical beam steering
dipoles, and two secondary emission beam profile monitors (See Sec. 2.5). The trajectories of antiprotons from the RFQD to the superconducting solenoid via the LEBT were
calculated to optimize the beam transport parameter [61]. The envelope of the optimized
trajectories is shown in Fig. 2.10, where the first pulsed-solenoid makes a diverging beam
from the RFQD parallel and then the second pulsed-solenoid focuses the beam at the entrance of the superconducting solenoid. In the superconducting solenoid the injected beam
is focused around 2.5 mm in radius by the LEBT solenoid and the magnetic field of the
superconducting solenoid itself as shown in Fig. 2.11.

2.3

Antiproton trap

The antiprotons transported and focused by the superconducting solenoid are finally injected in the MRT via thin degrader foils. In the MRT, the antiprotons were further cooled
to sub-electronvolt with preloaded electrons, which cool themselves via synchrotron radiation.
Various techniques have been developed to cool charged particles. A so-called buffer
gas cooling has been well known as an efficient and handy cooling technique of charged
particles such as positrons [62] and radioactive ions [63] [64] [65]. In the case of the
antiprotons however, they will annihilate via antiprotonic atom formation as soon as they
are cooled, i.e., the buffer gas cooling method is not applicable for antiprotons. Although
the laser cooling method can cool atoms and ions down to a microkelvin range without
any buffer gas, it works only for particles with internal structure(s), and not applicable
to antiprotons. On the other hand, the electron cooling is suitable for antiprotons [66].
Antiprotons can coexist with electrons which lose their energy by synchrotron radiation in a
strong magnetic field. As is discussed in Sec. 1.3, a Multi-Ring trap (MRT) [53] consisting
of a number of electrodes was chosen for confinement of electrons and antiprotons, because
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Figure 2.12: Picture of the MRT.
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Figure 2.13: MRT electrodes.
it can stably confine a large number of particles.

2.3.1 Multi-ring trap
Figure 2.12 is a photo of the MRT. Figure 2.13 shows the drawing of the MRT used in the
present research which consists of 14 ring electrodes with the inner diameter of 40 mm and
its total length is 638 mm. All the electrodes were machined with an accuracy of 10 µ m,
which were configured on a CuBe plate machined with an accuracy of 20 µ m. The electrodes on both ends shown as two “GND” were grounded. High-voltages were applied to
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Figure 2.14: (a) Potential given at the electrodes surface of the MRT. (b) Potential along
the trap axis and the fitting quadratic function.

the UCE (upstream catching electrode) and DCE (downstream catching electrode) to catch
energetic antiprotons from the RFQD via the degrader foils. The five electrodes, FH2,
FH1, BH1, S and BH2, were assembled with particular care to form precise harmonic potential for stable antiprotons confinement. Because the harmonic potential can compensate
the image charge effects, the plasma in the MRT is confined more stable than in a square
well potential. Such trapping potential is generated by the five electrodes. In the Fig. 2.14
(a), the potentials applied on the five electrodes are shown. Figure 2.14 (b) shows that
the superposition of the calculated potential on the axis of the MRT and the fitting by a
quadratic function. One of them, S, is azimuthally segmented into four to apply a rotating
electric field to control radial distribution of the trapped charged particles (See App. B.2).
In Fig. 2.12, one of the segmented electrode is disassembled. The position of the BH1
which corresponds to the center of the harmonic potential well was 10 cm downstream
from the center of the superconducting solenoid.
In the MRT, charged particles are axially confined by electrostatic field and radially by
magnetostatic field as was explained in App. B.1. When a large number of particles are
confined, the space charge dominates. Nevertheless charged particles cloud, i.e., nonneutral plasma, is confined stably for a long time [67], that is known as rigid rotor equilibrium
(See App. C.3).
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2.3.2 Superconducting solenoid
The superconducting solenoid has its length of 1.8 m and the diameter of 22 cm, which
yields a uniform magnetic field as high as 5 T with a uniformity within ±0.5% over the
region of 1100 mm (length) × 100 mm (diameter). The bore tube which houses the MRT
has the diameter of 164.5 mm with a uniformity of less than 10 µ m. The inner wall of the
bore tube can be cooled down to several kelvin so that the vacuum around the MRT is low
enough to avoid annihilation of antiprotons with residual gases.
Whenever the non-parallel component of electric field to the magnetic field exists,
charged particles move with a constant velocity in the plane normal to the magnetic field,
i.e., E × B drift. The bore tube is connected to the end flanges via nested bellows, so that it
can be moved ±2 mm with 1 µ m step. This figure permits the alignment of the MRT axis
to the axis of the transport beam line, to minimize this drift.
The cryostat consists of two parts, a main large container of liquid helium above the
solenoid and a smaller one around the coil, whose total volume is 330 l.

2.3.3 Energy degrading thin foil
The vacuums at the LEBT and at the MRT were around 10−9 Torr and better than 10−12 Torr,
respectively. The latter value is essential to avoid annihilation of antiprotons during trapping and cooling [11]. Because the annihilation cross section of antiproton is the same as
the formation cross section of antiprotonic atom. When antiprotons were trapped in, the
bore tube was cooled to below 10 K and the residual gas was H2 or He. As is seen in
Fig. 1.1 [22], the formation cross section of antiprotonic helium is about 2 × 10−16 cm2
at the antiprotons temperature of 1000 K (≈ 0.1 eV). As the required life time of antiproton in the MRT is ∼ 100 s, the pressure should be less than 10−12 Torr. Therefore, it is
essential to isolate the trap vacuum from the LEBT vacuum, which was actually realized
by preparing double PET (polyethylene terephtalate) foils of 90 µ g/cm2 each at 70 cm
upstream from the center of the MRT.
The energy of antiprotons from the RFQD were tuned so that the energy is high enough
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Bore tube
164.5 mm

Liquid Helium
reservoir

Superconducting
Solenoid

Figure 2.15: Design of the superconducting solenoid with liquid helium reservoir.
to pass the degrader foils and at the same time is low enough to be captured by the UCE
and DCE biases, which are 10 kV.
As is discussed later, thin metal strips were evaporated on the foil, which were used as
a 2-dimensional profile monitor of the incoming antiprotons (See Sec. 2.5.1).

2.3.4 MOS-FET high-voltage transistor switch
For an efficient confinement of antiprotons, the UCE high-voltage bias should be turned on
within a short time with a high precision. This is realized with a MOS-FET high-voltage
switch, a schematic circuit of which is given in Fig. 2.16. The pulse height was 10 kV, so
that the antiprotons whose longitudinal energies were less than 10 keV were captured by
the high-voltage potential. After passing through the first ring (UCE, see Fig.2.13), initially
grounded, the injected antiproton pulse proceeded along the MRT axis to the position of
the last one (DCE), which being biased at −10 kV and returned to the first electrode. The
trap was closed around the pulse by a switch which changed bias of this upstream electrode
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to −10 kV before the first antiprotons in the pulse reached it on their return trip.
The antiproton beam length injected from the AD is about 100 ns, and the antiproton velocity at 10 keV is about 0.14 cm/ns. The distance between UCE and DCE is
31.8 cm, so that the traveling length of antiprotons reflected at DCE is 63.6 cm. For
catching antiprotons, the rising time of the fast high-voltage switch should be shorter than
350 ns ≈ 63.6 cm/(0.14 cm/ns) − 100 ns. In this experiment, it was about 300 ns as shown
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+

in Fig. 2.17.

HV switch

voltage [kV]

Figure 2.16: Circuit diagram of high-voltage transistor switch
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Figure 2.17: Rising time of the fast HV switch.
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1 um

Figure 2.18: SEM micrograph of Spindt emitter array (left) and cutaway view of cathode
mount (right).

2.3.5 Electron emitter
The injected antiprotons are cooled by collisions with preloaded electrons in the MRT. In
the present study, a Spindt type field emission array shown in Fig. 2.18 [68] was used as
the electron emitter. The emitter was mounted on a linear feedthrough 95 cm downstream
from the center of the MRT and 4 cm off axis from the MRT axis, where the magnetic field
strength was a few tens millitesla when the superconducting solenoid was energized to
2.5 T. The radius of the electron plasma containing (1–3)×108 electrons was about 5 mm.

2.4

Transport beam line

The transport beam line was specially designed to efficiently transport ultra-slow antiprotons from the MRT to an experimental chamber without affecting the vacuum in the MRT.
The atomic collision experiments under consideration will use a gas jet (See App. A)
with its density as high as 1013 /cm3 , which guarantees the reaction rate of 0.1% or so.
With a reasonable pumping system, the pressure in the target chamber becomes 10−6 Torr
in the present case. On the other hand, the pressure around the MRT should be kept less
than 10−12 Torr because the survival life time of antiprotons against annihilation with the
residual gas should be longer than the time necessary for cooling and manipulation of
antiprotons in the MRT, which is typically several tens of seconds (See Sec 3.4.3).
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Considering the above conditions, the requirements of the transport beam line are summarized as follows:
1. The low energy antiproton beam should be transported from the MRT in the strong
magnetic field to the target area with a high efficiency.
2. The beam size at the target position should be less than several millimeters.
3. The pressure difference between the trap area and the target area should be larger
than six orders of magnitude.
4. The beam energy at the target should be variable from 10 eV to 1000 eV.
In order to maintain a pressure lower than 10−12 Torr in the trap region while the pressure
in the target chamber is around 10−6 Torr, the transport beam line for ultra-slow antiprotons
is equipped with a three stage differential pumping system.
Extraction of charged particles from the strong magnetic field has difficulties since the
trajectories tend to follow the field lines, which causes strong divergence. To satisfy the
above requirements, high transport efficiency and a large pressure difference, the configuration of ion optics was surveyed employing computer simulations [69]. It was found that
the antiproton cloud in the MRT with a cylindrical shape of 2 mm in diameter can be transported keeping the pressure difference of six orders of magnitude. Figure 2.19 shows the
optimized configuration, which consists of two sets of x and y deflectors, two Einzel lenses
(L1 and L2), and one asymmetric lens (L3) (Fig. 2.20 is a picture of the variable aperture
consisting of a lens). Five gaps for three gate valves (GV1–3) and two beam profile monitors (MCP1 detector and wire chamber detector) are also prepared, where turbomolecular
pumps (TMP 400 l/s and 1000 l/s) are connected for differential pumping.
As was discussed in Sec. 2.2 and shown in Fig. 2.11, the radius of the antiproton cloud
in the MRT is simulated to be 2–3 mm. Therefore the expected extraction efficiency from
the MRT is ∼ 25–35%. When the radial distribution of antiproton cloud in the MRT is
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compressed either by the rotating wall or the sideband cooling method (See Sec. 5.3 and
App. B), the efficiency will be improved considerably.
As is expected the transverse energy of the antiproton cloud in the MRT has only a
minor effect on the final beam parameters, but the initial radius of the cloud plays dominant
role [69].
The beam transport simulation revealed that the antiproton beam of 10–1000 eV at the
target chamber can be transported with a high efficiency.
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Figure 2.19: Design of the transport beam line. The calculated magnetic field is also shown at 2.5 T. L1–3: electro static lens, TMP:
turbomolecular pump.
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Figure 2.20: Picture of the variable and floatable aperture.

2.5

Detection system

To monitor the beam profile of antiprotons and to detect the annihilation position of antiprotons, five different kinds of detectors were prepared, which were three sets of multiwire secondary emission beam profile monitor (two “Multiwire detector” in Fig. 2.21
and on “WIRE CHAMBER” in Fig. 2.19), an ultra-thin foil detector (“Foil detector”
in Fig. 2.21), two sets of delay-line 2-dimensional position sensitive detectors with microchannel plates (“MCP 1” and “2” in Fig. 2.19), two sets of Čerenkov detectors (“Cerenkov
detector” in Fig. 2.21), and two sets of track detectors (only superconducting solenoid side
is shown, “Scinti. bar” with “PMT”s in Fig. 2.21).

2.5.1 Beam profile monitor
The multi-wire secondary emission beam profile monitor consists of 32 horizontal and
vertical gold-plated tungsten wires, which has 95% transmission (See Fig. 2.22). Each
wire is followed by a charge-sensitive preamplifier.
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Figure 2.21: Configuration of detectors around our experimental beam line.

Figure 2.22: Picture of secondary emission beam profile monitor consists of 2-dimensional
wires (20µ mφ ).
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Figure 2.23: Top view of X-Y patterned ultra-thin foil electrode.
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Figure 2.24: Schematic of the foil detector.
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Two sets of multi-wire secondary emission beam profile monitor were installed in the
LEBT to monitor the beam profile of antiprotons from the RFQD (Fig. 2.21). One more
monitor was also installed in the extraction beam line (“WIRE” in Fig. 2.19).
The foil detector is made of double thin PET degrader foils of 10 mm in diameter
(Fig. 2.23) on which ten thin Ag strips of 50 nm thick and 940 µ m width are printed
(Fig. 2.24). The foil detector is installed at 30 cm from the entrance of the superconducting
solenoid and monitors the antiproton beam profile in front of the MRT. By monitoring an
image from this ultra-thin foil detector, the beam was focused and transported to the axial
center of the MRT.

2.5.2 Microchannel plate with delay-line anode
A microchannel plate (MCP) of 47mm in active diameter combined with two dimensional
delay line assembly was used to monitor the extracted antiprotons at relatively low rate,
10 kHz.
The delay line anode is made of two sets of parallel helical wires oriented in x- and
y-directions. The position information is obtained from the the time difference of each
delay line. The signal propagation time on the delay line is about 1 ns per mm, and the
corresponding position resolution was ≈ 0.1 mm. The time difference of the signals are
measured through time-to-amplitude converters (TAC).

2.5.3 Čerenkov detector
Čerenkov detectors made of acrylic plates with the refractive index of n = 1.49 with finemesh photomultipliers [70] were installed at the entrance of the superconducting magnet
and also at the exit as shown in Fig. 2.21. These detectors were operated in analogue mode.
The pulse height of the signal due to annihilation products is proportional to the annihilation rate and accordingly the time spectrum of the incident antiproton pulse. The
transport efficiency from the RFQD to the MRT was evaluated with the Čerenkov detectors.
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The timing to turn on the high-voltage MOS-FET switch was determined referring to
the signal from the entrance Čerenkov detector.

2.5.4 Track detector
In order to measure annihilation position of antiprotons, two sets of track detectors were
prepared. One set of track detectors consisted of two 2-m long plastic scintillator bars with
a cross section of 4 × 6 cm2 . They were located parallel to the trap axis with photomultipliers on both ends. The distances of the scintillator bars from the MRT axis are 40 cm
and 74 cm, respectively, as shown in Fig. 2.25, thus subtending overlapping solid angle
seen from the MRT axis is 0.12 steradians. From the Monte-Carlo simulation, the detection efficiency of the track detector was found to be 5% for antiprotons annihilated at the
center of the MRT [71]. The other set of track detector with a similar configuration was
also installed along the extraction beam line at the distance of 56 cm and 90 cm from the
axis of the extraction beam line. The solid angle was about 0.09 steradians.

Magnetic shield (Fe)

Scintillator (track detector)

5 cm

Superconducting solenoid (Cu)

11 cm

1.6 cm

25 cm

1.0 cm
4 cm

40 cm

4 cm
74 cm

Figure 2.25: Configuration of track detector along the superconducting solenoid.
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The position of antiproton annihilation was evaluated from the arrival time differences
of the light pulses between two photomultipliers on both ends.
1. Light pulses produced in scintillators by passage of charged particles due to antiproton annihilations were detected by photomultipliers at both ends of the scintillator
bars (PMT 1, 2, 3 and 4 in Fig. 2.26).
2. The hitting positions of the charged particle on the scintillator bars (position “a” and
“b” in the figure) were calculated from the time difference.
3. The annihilation position was evaluated as the intersection (“z” in the figure) of the
trap axis and the line connecting points “a” and “b”.
The photomultiplier used were of a 2-inch line-focus type (Hamamatsu Photonics
R329-PSX) with a magnetic shield.
Figure. 2.27(a) shows an example of the annihilation position distribution for antiprotons trapped in the MRT for more than 1 hour and annihilated in the MRT by collisions
with residual gasses. The full-width at half-maximum was about 15 cm. As is seen, the
spectrum shows a long tail, which originates from Compton scattered electrons in materi-

b

Scinti. bar
PMT2
PMT1

PMT4
PMT3

a

z
Magnet

Extractor Electrodes

Multi-Ring Trap
Figure 2.26: Schematic view of track detector.
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als, i.e., electrodes, solenoid coils, magnetic shields and so on, as shown by a simulation
results (Fig. 2.27(b)) using the GEANT simulation package [72] [71].

counts

(a)
3000
1500
2000
1500
1000
500
-200

-150

-100

-50

0

50

100

counts

(b)

150 200
position (cm)

700
600
500
400
300
200
100
0

-200

-150

-100

-50

0

50

100

150 200
position (cm)

Figure 2.27: (a) Experimentally obtained annihilation positions of antiprotons. (b) Calculated positions of antiprotons annihilations in the MRT.
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Almost all equipments were controlled synchronized to the trigger pulse just 6 ms before
the antiproton injection from the AD. The schematic diagram of control and data acquisition system is shown in Fig. 2.28.
For the detector system, outputs of the secondary emission monitor, ultra-thin foil detector, two sets of track detectors and the MCP-PSD were acquired through CAMAC registers to a PC (IBM-PC/AT compatible personal computer) via GPIB or SCSI interface.
The outputs from the Čerenkov detectors were recoded by a digital oscilloscope (LeCroy
LC584A), and were transfered to another PC.
The magnetic field of superconducting solenoid, a steeping motor for alignment of the
axis of the bore tube, voltages for electrodes of the MRT and the extraction beam line, field
emission array for electron injection and the variable apertures were controlled by PCs via
GPIB or RS-232C interface and also synchronized to the AD trigger.
The high-voltage switch was synchronized via a digital delay generator for adjustment
of the ramp up timing.
The PCs connected to GPIB- or RS-232C-controlled equipments communicate through
the TCP/IP 6656 port each other. And also all PCs are running under Labview Ver. 6.1
(National Instruments) on Linux.

PC (SC magnet)

CAMAC #3

RS−232C

RS−232C

SCSI

PC (beam line)

GPIB

GPIB

GPIB

LAN

PC (MRT electorodes)

Figure 2.28: Schematic of the control system
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Chapter 3
Confinement of antiprotons
Antiprotons from the RFQD was transported to the MRT and confined there. In this chapter, the scheme of antiproton trapping is explained. Then the effect of the beam transport
parameters tuning on the capture efficiency of antiprotons is described. Finally, the experimental results of capture and stable confinement of antiprotons in the MRT are described.

3.1

Scheme of the confinement of antiprotons in the MRT

Figure 3.1 shows a flowchart of the procedures taken during the antiproton trapping employed in the present work, which is explained one by one below. Figure 3.2 schematically
shows the potential configuration during the antiproton trapping procedures.

1) Electron injection and preparation The magnetic field is ramped up first to 2.5 T,
which was kept during the experiments. Before the injection of antiprotons from the AD,
a harmonic potential was formed at the center of the MRT, then electrons are injected and
trapped in the MRT. The 10 kV high-voltage is applied to the electrode DCE for reflection
of antiprotons.

2) Setup detectors Detectors are initialized. Then PCs controlling the MRT and the
extraction beam line pauses until the antiproton pulse arrives.
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1) Electron injection and preparation
* Solenoid is ramped to B=2.5T

* Extraction beamline is ramped up

* Electrodes of MRT and
Extraction beamline are initialized

* MRT is ramped up.

* Harmonic potential is produced

* 10 kV static high-voltage is
ramped* Preprogrammed waveforms for
extraction in trap function generators..

* Electrons are injected into the trap

2) Setup Detectors

* CAMAC register armed

CAMAC register armed

* Digital oscilloscope is armed

* CAMAC register armed
* T rack detector and MCP
are initialized
* 10 kV switch is armed

3) Antiproton pulse arrives (pretrigger)
* Digital oscilloscope is triggered
* Cerenkov counters triggered
* Beam profile monitor is triggered

CAMAC register is triggered

* 10 kV switch is triggered
* T rack detector is started
* MCP is started

4) Antiproton trapping and cooling
* Cerenkov counters are read out

Accumulate antiproton pulse?

* Beam profile monitor is read out
* 10 kV static high-voltage is off
* E lectrons are kicked out
* S ynthesizers for MRT electrodes
are armed

((5)) Antiproton
p
extraction
* T rigger CAMAC outputs
* T rigger trap electrodes
* S low extraction of
antiprotons

End of antiproton extraction

Track detector and MCP
are read out.

Detectors' readouts saved in common data file

Figure 3.1: Flowchart of the cycle of antiproton trapping, cooling and extraction.

3.1 Scheme of the confinement of antiprotons in the MRT

-V

UCE

47

DCE
_
p
e-

0V
trapping

harmonic region
-V

0V

_
p

+

ecooling

-V

_
p

0V
extraction
Figure 3.2: The scheme of antiprotons trapping, cooling and extraction.
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3) Antiproton pulse arrives When a TTL pulse 6 µ s before the antiprotons injection
arrives, the secondary emission beam profile monitors, the foil detector, and the Čerenkov
detectors start to record signals via a digital delay generator for monitoring antiproton
injection. The semiconductor high-voltage switch is also triggered to capture antiprotons.
The antiprotons delivered from the AD are decelerated by the RFQD. Antiprotons
ejected from the RFQD were transported and focused through the LEBT to the MRT
located in the strong magnetic field of B = 2.5 T. At the entrance of the MRT (70 cm
upstream from the MRT center), energy degrading foils are located, which degraded their
energy down to ∼ 10 keV. The antiprotons passing through the degrader foils entered the
MRT and were captured between two high-voltage electrodes (“trapping” in Fig. 3.2).

4) Antiproton trapping and cooling

Then the pulse unlocks the paused PCs controlling

the MRT and the extraction beam line electrodes. Some detectors monitoring antiproton
injection are read out. The captured antiprotons are cooled via collisions with electrons
confined in the harmonic potential (“cooling” in Fig. 3.2).

5) Antiproton extraction

Before the extraction of ultra-slow antiprotons, electrodes of

the MRT and the extraction beam line are electrically floated, whose voltage define the
energy of extracted ultra-slow antiprotons.
The detectors on the extraction beam line are triggered. After the electron cooling,
antiprotons were ejected to the downstream by ramping the trapping harmonic potential,
and transported via the beam line (“extraction” in Fig. 3.2).
All detector readouts are saved in the common data file on the PC. (see also Fig.2.28)

3.2

Antiproton beam transport to the MRT

From the AD to the MRT located in the 2.5 T superconducting solenoid, antiprotons were
transported through some steering and focusing elements as were shown in the Fig. 2.4.
The effect of beam steering before the injection to the RFQD (Sec. 3.2.1), the beam bunch-

3.2 Antiproton beam transport to the MRT

49

ing (Sec. 3.2.2) and the beam transport after the RFQD (Sec. 3.2.3) are discussed in this
section.

3.2.1 Beam transport at the MEBT
The antiproton beam ejected from the AD was transported via the beam line as shown in
Fig. 2.4. As was described in Sec. 2.2, antiproton beam was bunched at the buncher (“1”
in Fig. 2.4) and injected into the RFQD. The beam profile was observed at the “watchdog”
(“10” or “11”) beam profile monitors.
When the beam was off axis, the number of captured antiprotons was drastically decreased. The focusing of the beam was also effective; in fact, when the beam was underfocused or over-focused the efficiency of capturing the antiprotons became worse.
The transport parameters to the RFQD were surveyed by monitoring beam images on
the watchdog screens when the beam did not hit the periphery of the scintillators’ holes
and the trapping number was maximized. After the steering and focusing using dipole and
quadrupole magnets, the antiproton beam passed through the center. Figure 2.6 shows an
example that the major fraction of the beam passed through the scintillator holes, where
the beam emittance was about 1.1π mm · mrad (Tab. 2.2).

3.2.2 Tuning of the buncher phase
The bunching cavity transforms the antiproton pulse into micro-pulses suitable for surfing
on the RF wave for effective deceleration in the RFQD.
Figure 3.3 shows the fraction of decelerated antiprotons against the buncher phase.
By tuning the buncher phase, the deceleration efficiency of the RFQD varied more than 5
times.
One rotation of the buncher phase means 60 keV energy difference (See Sec. 2.2).
From the Fig. 3.3 the observed width was 32◦ FWHM which corresponds to ∼ 5 keV
energy spread of the incident beam.
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Figure 3.3: The ejected 110 keV antiprotons v.s. buncher phase in degrees.

3.2.3 Transport of 110 keV antiproton beam at the LEBT
After the deceleration in the RFQD, antiprotons were delivered via the LEBT to the MRT.
The decelerated beam was diagnosed by the beam profile monitor in LEBT. To focus the
antiprotons injected to the MRT, two sets of pulsed solenoid (B ≈ 1 T) were used. Figure 3.4 shows examples of the beam cross sections monitored by the two beam profile
monitors. At the position of these monitors, the beam transport simulation [61] shows, as
was described in Sec. 2.2, that the profile of the transported beam should not be focused,
but be in parallel to the axis (See Fig. 2.10).
Figures 3.5 (a) and (b) show examples of x- and y-projected beam profiles at the monitor
embedded in the degrader foils. The beam was tuned using the last set of steering dipoles
so that the radial distribution was as small as possible at the center of the thin foil detector.
The center of the detector corresponds to the axis of the MRT. After the tuning, the beam
was centered with its diameter of about 2–3 mm FWHM as shown in Figs. 3.5 (a) and (b).
In Fig. 3.5 (c), the time evolution of integrated annihilation counts of antiprotons detected
by the track detector is shown. The initial annihilation counts Ni,1 from the injection t = 0 s
to t ∼ 10 s was about 6 000 and the number of antiprotons remained till the last moment
Nt,1 , which were confined in the harmonic potential, was about 7 000.
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If the beam was off-axis, the results are shown in Fig. 3.6. The profiles are in Fig. 3.6
(a) and (b). The beam was 5 mm off along x axis and 2.5 mm off along y axis. In this case,
the initial annihilation counts Ni,2 became larger and the number of trapped antiprotons
Nt,2 was smaller.
To confine the antiprotons in the harmonic potential, the antiproton beam had to be
injected on axis to the MRT.
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Figure 3.4: Antiproton beam profile detected at LEBT.

3.3

Degrading antiproton beam energy through thin foils

3.3.1 Energy loss in the PET foils
Examples of the annihilation spectra observed by the upstream Čerenkov detector are
shown in Fig. 3.7. Figure 3.7 (a) shows the spectrum when the “Gate valve 1” located
at the entrance of the MRT was closed for the decelerated antiproton energy of 91.5 keV.
The first peak corresponds to the non-decelerated 5.3 MeV antiprotons. The second peak
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Figure 3.5: Beam profiles and the number of trapped antiprotons. In this case the beam
was well focused and on-axis.
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Figure 3.6: Beam profiles and the number of trapped antiprotons. In this case the beam
was not focused at the foil.
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observed at 1.250 µ s corresponds to the decelerated components by the RFQD. Figure 3.7
(b) shows the spectrum when the gate valve was opened, where the second peak observed
at 1.320 µ s, which corresponds to annihilations of decelerated antiprotons in the PET foils,
indicated that the antiproton energy of 91.5 keV is not high enough to pass the foils. When
the ejection energy of the RFQD was increased to 121.5 keV, the second peak decreased
drastically as shown in Fig.3.7 (c). Figure 3.8 shows the spectra observed by the down
stream Čerenkov detector for (a) 91.5 and (b) 121.5 keV antiprotons, respectively, when
the “Gate valve 2” was closed.
Figure 3.9 shows the annihilated fraction in the foils as a function of the incident antiproton energy, which were evaluated from the area of the second peak of the upstream
Čerenkov detector. When the injection energy was 91.5 keV, all the decelerated antiprotons annihilated in the foils. This was confirmed because no antiprotons were observed in
the downstream side. Figure 3.9 shows that the fraction decreases monotonically as the
incident energy is increased with a slight indication of a flat off at ∼ 115 keV.

3.3.2 Energy distribution of the degraded antiprotons
Figure 3.10 shows signals of the downstream Čerenkov detector without and with 10 kV
barrier applied to the electrode DCE when antiprotons were injected. The first peak corresponds to 5.3 MeV antiprotons which were not decelerated by the RFQD. The components
of last broad peaks are the decelerated antiprotons which passed through the degrader foils.
When the reflection high-voltage (V kV) on the DCE was turned on, the antiprotons whose
longitudinal energy was less than V keV were reflected to the upstream.
The difference of the time spectra with and without the reflection voltage corresponds
to the reflected component. Figure 3.11 shows the reflection ratio of antiprotons by the
high-voltage barrier for 106.5, 111.5 and 121.5 keV antiprotons. The red curve in Fig. 3.12
is the energy distribution obtained by deriving the curve for 111.5 keV in the Fig. 3.11.
Figure 3.11 shows as the input energy decreased the ratio of the reflected antiprotons
increased. It is noted that the high-voltage switch to plug the reflected antiprotons between
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Figure 3.7: Time spectra observed by upstream Čerenkov detector. (a) Gate valve located
at the entrance of the MRT was closed (See Fig. 2.21). (b) Gate vale was opened. (c) Same
as (b), but the injection energy of antiprotons was higher.

UCE and DCE can produce only 10 kV. Therefore antiprotons whose longitudinal energy
was less than 10 keV could be captured by the switch. Figure 3.11 shows that 85% of
106.5 keV antiprotons passing through the degrader foils were reflected by the 10 kV
high-voltage barrier. For 111.5 and 121.5 keV injection energies, the ratio was 75% and
60%, respectively.
On the other hand, for lower energies more antiprotons annihilated in the degrader foils
as was described in the previous section. Figure 3.13 shows the ratios of reflected antiprotons against the incident antiprotons from the AD, which were ∼ 38%, ∼ 49%, ∼ 47%
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Figure 3.8: Spectra observed by downstream Čerenkov detector. (a) The injection energy
was 91.5 keV. (b) 121.5 keV.
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Figure 3.9: Annihilated fraction of antiprotons in the degrader foil against their injection
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Figure 3.10: Antiprotons annihilations signal observed by the downstream Čerenkov detector. First sharp peak corresponds to 5.3 MeV non-decelerated antiprotons. The last
broad peaks come from the decelerated and transmitted antiprotons. Here, two time spectra were superimposed, one with the high-voltage barrier off (HV = 0 kV) and the other
with 10 kV barrier.
and ∼ 42% for 106.5, 111.5, 116.5 and 121.5 keV incident antiproton beams, respectively.
Thus the input energy of antiprotons from the RFQD was chosen to be 111.5 keV to maximize the number of trapped antiprotons.

3.4

Confinement in the MRT

Antiprotons thus decelerated to below 10 keV by passing through the degrader foil were
captured by a set of catching electrodes. The following section discusses the optimization
of the timing of the pulsed high-voltage potential and the number of confined antiprotons
in the MRT.
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Figure 3.11: Ratio of reflected antiprotons at electrode DCE against various reflection
voltage for injection energies of 106.5 keV, 111.5 keV and 121.5 keV.

3.4.1 Capture of the 10 keV antiprotons
The decelerated antiprotons were captured with a 10 kV high-voltage switch, which confines antiprotons whose longitudinal energy was less than 10 keV.
Figure 3.14 shows the capturing efficiency as a function of the high-voltage switch
timing. A plateau is recognized from 373.25 µ s to 374.00 µ s. The optimum timing was
selected when the number of antiprotons was maximized.

3.4.2 Confinement of antiprotons in the MRT
The number of trapped antiprotons were observed by their annihilations using the track
detectors (Sec. 2.5).
Here we define that the number of trapped antiprotons is the number remained till the
antiprotons were extracted or dumped from the MRT (See Fig. 3.15 (a)). The detection
efficiency of the track detector was 5% at the center of the MRT. But in most of cases,
antiprotons were extracted to the downstream side and annihilated at around 80 cm down-
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Figure 3.12: The energy distribution of 111.5 keV antiprotons beam which passed through
the degrader foil from the RFQD (red points and curve). Blue points and curve show the
reflection ratio (same in Fig. 3.11).
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Figure 3.13: The ratio of reflected antiprotons against the total number of antiprotons
decelerated by the RFQD.
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Figure 3.14: The number of captured antiprotons vs. the HV switch timing.

stream from the center where the efficiency was about 3%. In the best case, the number
of annihilations counted by the track detector was 36 000, namely the estimated number
of trapped antiprotons was 3.6 × 104 /3% = 1.2 × 106 . At that time, the total number of
delivered antiprotons from the AD was 3 × 107 . Consequently, the trapping efficiency was
4%, a factor of 50 higher than that obtained using simple degrader foil method [44].
Figure 3.15 shows the integrated annihilation counts during (a) one AD shot and (b)
5 AD shots. For the case of the Fig.3.15, 3.1 × 104 /3% = 1.0 × 106 antiprotons were
confined per one AD shot. When 5 shots were accumulated, 1.45 × 105 /3% = 4.8 × 106
antiprotons were trapped, which was about 5 times larger than the single AD shot, confirming that the total number of trapped antiprotons was in proportional to the number of
the accumulated AD shots. Figure 3.16 shows the total number of antiprotons as a function
of the number of AD shots.

3.4.3 Vacuum condition for stable confinement
In the MRT, antiprotons annihilate with residual gases. Since the formation cross section
of antiprotonic atom becomes larger at lower temperature as described in Sec 1.2.1, it
can suppose that antiprotons annihilate as soon as they are cooled. To cool antiprotons
in the MRT, collisions between antiprotons and electrons play a dominant role (See [66]
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Figure 3.15: Antiproton annihilation counts during (a) a cycle and (b) a 5-shots accumulation.
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and also Sec. 4.2). These electrons were preloaded before antiproton injection from the
emitter (See Sec. 2.3.5). Moreover electrons were produced through ionization of residual
gases by energetic antiproton, whose number was decided by the number of residual gas
atoms and/or molecules. The pressure of residual gases depends on the environmental
temperature, at lower temperature the pressure of residual gases becomes small.
Therefore the vacuum around the MRT is one of the key issue for stable confinement of
antiprotons. As described before, the required vacuum is less than 10−12 Torr which was
realized by cooling down the bore tube less than 10 K. The vacuum gauge was mounted
outside, the reading was around 1 × 10−10 Torr at that time. Since the cold bore tube
behaves as a cryo-pump, the real pressure around the MRT should be much less than
1010 Torr.
Figures 3.17 and 3.18 show the time evolution of integrated annihilation counts for
various temperatures of the bore tube with and without cooling electrons, respectively. In
these experiments, high-voltages for catching antiprotons were kept on. When the temperature of bore tube was high as shown in Fig. 3.17 (a), antiprotons annihilated in the trap
soon after the injection. When the electron plasma was prepared which is in the case of
Fig. 3.17, captured antiprotons settled in the harmonic potential well soon and then started
to annihilate. At 32 K, it took about 15 s until the antiprotons started to annihilate. As the
temperature went down, the time duration with the start of annihilation get longer: for example, at 9 K, it took more than 25 s. The duration depends on the number of the electrons.
Of course, same number of electrons were injected at each case, but additional electrons
were produced by ionization of the residual gases by the antiproton injection. The slope
which corresponds to the annihilated events per unit time is also different, which primary
depends on the residual gas density. When the vacuum was better, the annihilation count
was almost negligible.
In Fig. 3.18, the electron plasma was not prepared. Due to the lack of coolant, antiprotons were not cooled. At 18 K, antiprotons never cooled for longer than 125 s, most of
them annihilated when the 10 kV catching potential was turned off. On the other hand,
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Figure 3.17: Integrated annihilation counts of antiprotons with preloaded electrons: (a)
the bore tube temperature was around 32 K, (b) 15 K and (c) 9K. When the temperature
became lower, the antiprotons stay alive for longer time.
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Figure 3.18: Integrated annihilation counts of antiprotons without electrons: (a) the bore
tube temperature was around 46 K, (b) 34 K and (c) 18K. When the temperature was lower,
the antiprotons were not cooled because no coolants existed in the MRT.
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at higher temperatures, 34 K and 46 K, antiprotons were somehow cooled, because electrons were produced through ionization of residual gases. The time duration before the
start of annihilation was longer than the preloaded case in Fig. 3.17, because the number
of produce electrons were much smaller.

Chapter 4
Cooling of antiprotons in the MRT
In the MRT, a cloud of well cooled charged particles cloud behaves as a nonneutral plasma.
Here the cooling feature of antiprotons in the MRT and the behavior of electron-antiproton
two component nonneutral plasma are discussed.

4.1

Electrostatic modes of the electron plasma

4.1.1 Axially symmetric electrostatic modes
In this work, electrons were confined in the MRT installed in the cold bore tube whose
temperature was less than 10 K. At such cryogenic temperature the Debye length λD ≡

ε0 kB T /nq2 (App. C.2) is usually smaller than the size of the charged particles’ cloud,
so that the cloud can be taken as a plasma. (Typically, λD ∼ 3 × 10−2 mm, the radius of
plasma b = 5 mm and the axial half length a =30–45 mm.)
The normal modes of a cold pure ion plasma, that is to say, nonneutral plasma, have
been studied [73] [74]. The dispersion relation of a nonneutral plasma is analytically
known for only two cases, a uniform infinity long column, which is called TrivelpieceGould mode [75], and a cold spheroidal plasma derived by D.H.E. Dubin [76].
In the following, the mode frequency of a nonneutral spheroidal plasma with a finite
temperature is discussed.
Assume a two component plasma consisting of electrons and antiprotons with uniform
densities, ne and np̄ , in a uniform magnetic field, B 0 , in stationary state. For disturbance
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E and B  ) are induced together
expressed as exp(i(kk · r − ω t)), electric and magnetic fields (E
with a current given by
j = ne qe v e + np̄ qp̄ v p̄ .

(4.1)

The electric displacement D and current j are
D = ε0 E + P ≡ ε (kk , ω ) · E ,
∂P
= −iω P ,
j =
∂t

(4.2)
(4.3)

respectively, where P is electric polarization, ε0 is a dielectric constant of vacuum. Therefore D is rewritten as
D = ε0 E +

i
j.
ω

(4.4)

The equation of motions for a single particle is
m

dvv
E + v × B ),
= q(E
dt

(4.5)

B . Here v , E and B  are of first order minuteness. Then the above equation
where B = B 0 +B
is reduced to
E + v × B 0 ).
−iω mvv = q(E

(4.6)

From the Eqs. (4.1),(4.2),(4.4) and (4.6), the dielectric tensor elements along the magnetic
field axis, ẑ B 0 , is expressed as
⎛
⎞
ε1 −ε2 0
ε (kk , ω ) = ε0 ⎝ε2 ε1 0 ⎠ ,
0
0 ε3

(4.7)

where

ε1

2
2
ω pp̄
ω pe
,
= 1−
+ 2
2
2
ω 2 − ωce
ω − ωcp̄

(4.8)

ε2

2
2
ωcp̄ ω pp̄
ωce ω pe
= i −
−
,
2)
2)
ω (ω 2 − ωce
ω (ω 2 − ωcp̄

(4.9)

ε3

2
2
ω pp̄
ω pe
= 1−
+ 2 .
ω2
ω

(4.10)
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Here ωc j = |q j B0 |/m j is cyclotron frequency for particle- j (e or p̄), and ω p j =



n j q2 /m j ε0

is the plasma frequency (App. C.1).
In the case where the Debye length is sufficiently short compared with the plasma

radius a, i.e., λD = ε0 kB T /(q2 (ne + np̄ ))  a, the plasma boundary can be regarded
as a surface. As far as this condition is satisfied, Dubin’s method to find the dispersion
relation of cold spheroidal plasma is applicable to the finite temperature plasma. This
dispersion relation is found by connecting the electric field inside and outside the plasma
at the boundary [76]. It is thus written as


ε3
ε3 + mα α −
ε1
2

1
2

Plm
ε2 =
Plm



α 2 − ε3 /ε1
α2 − 1

 12

Plm Qm
l
,
Plm Qm
l

(4.11)

where α = b/a is the aspect ratio of the plasma defined as the ratio of the axial half length,
b, to the radius, a. The Legendre functions of the first and second kinds are

α
α 2 − ε3 /ε1


α
m
,
= Ql √
α2 − 1

Plm = Plm
Qm
l



,

(4.12)
(4.13)

where Plm and Qm
l denote their derivatives. The index (l,m) denotes an axial and azimuthal
dependence on the plasma modes, respectively.
We are interested in high frequency modes where ω

ωr . Here ωr is a rigid ro-

tor frequency of the plasma (See App. C.3). Under the strong magnetic field condition,

ωr /ωc  1, then the tensor elements, Eqs.(4.8)–(4.10) are approximated as
ε1 ∼ 1,

(4.14)

ε2 ∼ 0,
ε3 ∼ 1 −

(4.15)
2
ω pe
ω2

(4.16)

Since the density of antiprotons in the plasma was typically two orders of magnitude
smaller in this work, the rigid rotor frequency for antiproton plasma, ω pp̄ can be neglected
in Eq. (4.16).
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Combining Eqs. (4.11), (4.14), (4.15) and (4.16), the dispersion relation of cold spheroidal
plasma for axially symmetric case (m = 0) has been derived to be [73]


ε3 =

α 2 − ε3
α2 − 1

 12

Pl (k1 )Ql (k2 )
,
Pl (k1 )Ql (k2 )

(4.17)

for a strong magnetic field at finite temperature Te , where k1 = α (α 2 − ε3 )−1/2 , k2 =

α (α 2 − 1)−1/2 . Equation (4.17) shows that the dispersion relation formulated for a cold
spheroidal plasma depends on the aspect ratio.
Here suppose the plasma temperature is finite. Equation (4.5) can be rewritten as
m

dvv
E + v × B ) + ∇pe ,
= q(E
dt

(4.18)

where pe is anisotropic pressure parallel to the z-direction. The adiabatic equation is

γ dne
1 d pe
=
,
ne dt
pe dt

(4.19)

γ is the ratio of specific heats for one-dimensional expansion. Then Eq. (4.16) are rewritten
as

ε3 ∼ 1 −

2
ω pe
ω 2 − γ k2 kB Te /me

,

(4.20)

where k ≈ π (l − 1)/(2b) is the longitudinal wave number for (l,0) mode, ω is the angular
frequency of the electrostatic oscillation of the plasma, kB is the Boltzmann constant, and
Te is the temperature of the electron plasma. Then ε3 is approximately given by

2 
ω pe
kB Te 3k2
ε3 ≈ 1 − 2 1 +
,
ω
me ω 2

(4.21)

where γ = 3 [77] [78].
From Eqs. (4.17) and (4.21), the relation between ω and Te is derived. Since the plasma
frequency, ω p , depends on its density, ω depends on its density, as well as on the aspect
ratio of the plasma as described above.
Figure 4.1 shows a schematic drawing of the normal modes of a spheroidal nonneutral
plasma. As is seen, (1,0) mode corresponds to the center of mass motion of the plasma.
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Figure 4.1: Schematic drawing of axially symmetric modes.
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Figure 4.2: (3,0) mode frequency shift against the temperature of the electron plasma.

The charge distributions of these modes are axially symmetric and have zero, one and two
nodes along the axial direction, respectively.
Figure 4.2 shows the electron plasma’s (3,0) mode frequency shift against the temperature of the plasma derived from Eqs. (4.17) and (4.21).

4.1.2 Observed axially symmetric modes of electron plasma
The frequencies of (l,0) modes (l = 0–7) were measured by exciting these modes with
white noise applied to the electrode BH2 of the MRT. The asterisks plotted in Fig. 4.3
show the observed frequencies.
The squares, circles and triangles are the mode frequencies calculated for the plasmas
with diameter 5, 10 and 20 mm, respectively, containing 3 × 108 electrons in a harmonic
potential of 50 V and of 12.5 cm long. In the calculation, the plasma temperature was
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Figure 4.3: Electrostatic eigenmodes v.s. their frequencies for observed (∗) and calculated
values for various diameter of the plasma, d = 5 mm (square symbol), 10 mm (circle) and
20 mm (triangle).
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Figure 4.4: An example of power spectra of the (1,0) mode obtained by applying a white
noise. In this case the shape of the spectrum was like a peak.

assumed to be 10 K, the environmental temperature of the MRT. It is seen that the electron
plasmas formed had the diameter of about 10 mm.
Figure 4.4 shows an example of power spectra of the (1,0) modes when a noise was
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applied. The shape of the (1,0) mode spectrum appeared as a simple a peak. On the other
hand, in the case of (2,0) and (3,0) modes, the peaks were followed by dips on the highfrequency side (a Fano-profile), which are explained as the difference of impedance of the
electron plasma for absorption of applied noise [79].
By this way, the plasma modes were monitored during the antiproton injection and the
cooling. Figure 4.5 is an example of the time evolution of the power spectrum where the
resonances corresponding to the (1,0), (2,0) and (3,0) modes are clearly observed. The
resonance frequency of the (1,0) mode was almost constant during and after the antiproton
injection. This figure is compared with the frequencies of the (2,0) and (3,0) modes, which
increased after the antiproton injection, reached a maximum in a few seconds, and then
slowly returned to the initial frequencies. Such a frequency variation is due to heat-up of
the electron plasma by the antiproton injection followed by the cooling with synchrotron
radiation. As has already been explained, the (1,0) mode frequency has no temperature
dependence.

4.2

Electron cooling feature

Antiprotons injected to the MRT decrease their energy via Coulomb collisions with electrons. The preloaded electrons lose their energy continuously via synchrotron radiation in
the strong magnetic field and are in a thermal equilibrium with surrounding wall (∼ 10 K).
This feature is called “electron cooling”.
As has been shown in the previous subsection, several plasma modes were observed
by continuously applying noise during the antiproton injection and the cooling , which allowed to estimate the temperature evolution and accordingly the cooling feature of antiprotons nondestructively. However, the application of noise inevitably increased the plasma
temperature and did not allow precise measurements.
In order to monitor the plasma modes still minimizing the heat-up, we used a pulse
excitation technique described in Sec. 4.2.1.
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Figure 4.5: Experimentally obtained (1,0), (2,0) and (3,0) modes of electron plasma.
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4.2.1 Experimental setup

To measure the frequency shift of the electron plasma mode minimizing heat-up, a pulse
excitation technique was applied, which schematically shown in Fig. 4.6.
A pulse train of a few tens microseconds with the repetition rate of 1 Hz was applied
to an electrode, e.g., BH1 of the MRT, and the induced oscillations were monitored by
another electrode, say BH2, of the MRT. The pulse width was chosen to be the shortest
still allowing the observation of the plasma mode. Figure 4.7 shows an example of the
excitation pulse and the induced oscillation, the amplitude of which decreased with a time
constant of ∼ 30 µ s corresponding to the life time of the mode. The amplitude of the
induced oscillation was measured as a function of the frequency of the excitation pulse to
find the resonance frequency correctly. The frequency of the mode was analyzed using FFT
(Fast Fourier Transformer) after the excitation pulse had over (the time region transformed
was indicated by “FFT” in Fig. 4.7).
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Figure 4.6: The experimental scheme of electrostatic mode detection
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Figure 4.7: An example of the excitation pulse (1) and the induced mode (2).

4.2.2 Synchrotron radiation cooling of electrons
A single classical electron makes a circular motion in a uniform magnetic field, namely
cyclotron motion. The cyclotron frequency is 70 GHz at 2.5 T with its Larmor radius
rc = v⊥ /ωc ∼ 30 nm for a 1 meV (≈ 10 K) electron. The energy loss rate at v  c is given
by [80]
dE⊥
2q2 ωc2
q2
2
v̇
=
−
E⊥ ,
=−
dt
6πε0 c3 ⊥
3πε0 me c3

(4.22)

where v̇⊥ = ωc v⊥ and E⊥ = me v2⊥ /2. When the velocity distribution of electrons in the
plasma is assumed to be as a Maxwellian distribution, Eq. (4.22) is reduced to
dT⊥
3T
= − ⊥,
dt
2τc

(4.23)

where T⊥ = E⊥  and τc , the synchrotron radiation cooling time, is defined by
3πε0 me c3
τc ≡
.
q2 ωc2

(4.24)

4.2 Electron cooling feature

77

The synchrotron radiation cooling time was experimentally estimated with the present
experimental setup. The temperature relaxation time from 2.5 eV to 0.3 eV was measured
by monitoring the (2,0) mode frequency shift after heating up the electron plasma [53]
[77]. It was found that the cooling time is given by τc ∼ 6/B[T]2 s, which is 1.5 times
longer than the prediction of Eq. (4.24) in a free space. This originates from the fact that
the electron plasma was surrounded by metallic walls with finite size, which suppress the
longer wavelength synchrotron radiation (a cavity QED) [53] [80].

4.2.3 The frequency shift of the (3,0) mode
In this subsection, we concentrate on the (3,0) mode, because the (3,0) mode is more
sensitive to the plasma temperature than the (2,0) mode as is seen in Fig. 4.5.
Figure 4.8 shows the time evolution of the (3,0) mode frequency of the electron plasma
as a function of time. It is seen that the frequency increased within the first 5 s, kept the
frequency for 10 s or so, and then returned to the original frequency with a time constant
of more than ten seconds which is longer than the synchrotron radiation cooling time τc ∼
6/B2 s. The maximum frequency shift corresponds to the temperature rise of ∼ 0.6 eV.
The frequency shifts were simulated dividing the electron cooling process into two
phases. In the first phase, antiprotons were energetic enough and confined between the
UCE and DCE as shown in Fig. 4.9, where the injected antiproton beam is decelerated
by the electron plasmoid. During the deceleration, the antiproton beam gradually diffuses
in its velocity-space. The velocity parallel to the magnetic field vp̄ diffuses to the perpendicular component vp̄⊥ . In the present condition, the diffusion time from vp̄ to vp̄⊥
is much longer than the deceleration time of the longitudinal energy. For the antiproton
with Ep̄ = 10 keV, the diffusion time becomes ∼ 104 s [81], while the deceleration time
is ∼ 10 s. Therefore the energy deposit of the antiproton beam to the electron plasma is
estimated by considering only the deceleration process of the longitudinal energy.
The second phase starts when the antiproton energy is decreased enough, i.e., the Larmor radius rc becomes shorter than the Debye shielding length λD , and antiprotons uni-
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formly mixed with electrons, the energy equipartition [82] between electrons and antiprotons should be taken into account.
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Deceleration of antiproton beam
Here the energy deposition of the injected antiproton beam to the electron plasma is considered for the first phase. We considered the energy exchange between a beam of antiprotons
and one of the electron plasma components, which consists of identical particles characterized by a Maxwellian velocity distribution. Then the energy transfer rate from the beam
to the plasma, S, is given by [83]
S(Te , Ep̄ ) = a

ne q4 log Λ(Te , Ep̄ )
f (Te , Ep̄ ),
4πε02 me vp̄ (Ep̄ )

(4.25)

where Te is the temperature of the electron plasma, Ep̄ is the energy of antiprotons beam,
ne is the density of electrons plasma, ve and vp̄ is the velocity of electron and antiproton,
me and mp̄ is the mass of electron and antiproton, and q is the charge. Coupling factor a
between the beam and the plasma is defined as
a = 2b/A for Ep̄ ≥ qφs
a = b/L for Ep̄ < qφs ,
where A = 0.32 m is the distance between the high-voltage electrodes, UCE and DCE, as
shown in Fig. 4.9, 2L is the axial length of the harmonic region and 2b is the axial length of
the electron plasma. The injected beam bounced between the electrodes UCE and DCE in
the earlier deceleration phase, where a = 2b/A. However, when the energy of antiproton
beam decreased to Ep̄ < qφs where φs = 28.6 V is the harmonic potential including the
image charge effect, antiprotons fall into the harmonic potential well with the length 2L.
Then the factor becomes a = b/L. The electron distribution supposed to be isotropic in
velocity space is given by [83],



f (Te , Ep̄ ) = F


me
vp̄ (Ep̄ ),
2kB Te

(4.26)

with Landau parameter and Coulomb logarithm,
q2
1
,
4πε0 me (ve + vp̄ )2


λD (Te )
log Λ(Te , Ep̄ ) = log
,
L(Te , Ep̄ )
L(Te , Ep̄ ) =

(4.27)
(4.28)

80

Cooling of antiprotons in the MRT

respectively. Here the calculation was carried out for electrons with Maxwellian velocity
distribution by using the following functions including error function, Φ(x), and Coulomb
collision cooling, F(x), defined as follows;
2
Φ(x) = √
π

x

exp(−t 2 )dt,
0


2x
me
F(x) = Φ(x) − √ 1 +
exp(−x2 ),
x
mp̄

(4.29)
(4.30)

where the velocity of antiproton, vp̄ , that of electron, ve and the Debye length λD at temperature Te are

vp̄ (Ep̄ ) =

ve (Te ) =

λD (Te ) =



2Ep̄
,
mp̄

(4.31)

kB Te
,
me

(4.32)

ε0 kB Te
.
q2 ne

(4.33)

The antiproton beam emerging from the degrader foils was not a monochromatic beam,
and so the energy distribution of the beam is expressed by G(Ep̄ ,t). For simplicity, interactions among antiprotons with different momentum were neglected. Under this condition,
the number of antiprotons of each momentum component dNp̄ is conserved during the
deceleration process, that it to say,
dNp̄ = G(Ep̄ ,t)dEp̄ (t) = const.

(4.34)

Considering the synchrotron radiation cooling time, τc ∼ 6/B2 , the energy transfer
between the beam to the plasma is found by solving the following simultaneous equations
with respect to time t:
dEp̄ (t)
= −S(Te (t), Ep̄ (t)),
dt
 
2
Np̄
Te (t)
dTe (t)
=
S(Te (t), Ep̄ (t)) −
,
dt
3kB Ne
τc
with initial values Ep̄ (0) and Te (0).

(4.35)
(4.36)
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Here the following parameters were used as the initial conditions at t = 0; For the
electron plasma,
Ne = 3 × 108 , total number of electrons
r = 0.006 m, radius of the electron plasma

α = 7.34, aspect ratio of the electron plasma
ne = 4.4 × 1013 /m3 , density of the electron plasma
Te (0) = 10 K, temperature of the electron plasma
The total number of injected antiprotons:
Np̄ = 3 × 105 .
And other parameters;
B = 2.5 T, magnetic field strength

τc ∼ ζ /B2 = 6/B2 s, synchrotron radiation cooling time.
The energy variation of various initial energy components G(Ep̄ , 0) of the injected antiproton beam bounced between the high-voltage potential barriers in the first deceleration
phase is shown in Fig. 4.10 (a), where coupling factor a = 2b/A. It is seen that the lower
the energy, the faster the energy loss, i.e., the low energy components shortens the rise time
of Te , while the higher energy components contribute to hold Te (t) by supplying energies
to the electron plasma in the later phase of the cooling.
Equipartition between Te and Tp̄
Once the energy of the beam component decreased to Ep̄ ≤ qφs , the antiprotons fall into
the harmonic potential well (“HPW” in Fig. 4.10). Suppose that the antiprotons were decelerated and mixed with the electron plasma completely but Tp̄ is still higher than Te , in
this situation equilibration through Coulomb collisions between Tp̄ and Te proceeds. At
this phase, the beam is replaced by an identical particles group subject to a Maxwellian
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distribution with temperature T . It is difficult to determine an appropriate time at which
equipartition model becomes applicable instead of the beam damping model. In this calculation this switching time is chosen as t = 20 s, when Te = 0.38 eV, the component of
Ep̄ (0) = 3 keV damped to 0.55 eV, where the Larmor radius was much smaller than Debye
length. The equipartition process can be followed by solving the simultaneous equations;
Tp̄ (t) − Te (t)
dTp̄ (t)
= −
,
dt
τp̄e (Te (t), Tp̄ (t))
Tp̄ (t) − Te (t)
dTe (t)
2(Te (t) − Twall )
,
=
−
dt
τep̄ (Te (t), Tp̄ (t))
3τc

(4.37)
(4.38)

with the initial values Te (0) and Tp̄ (0). Here Twall = 10 K is the environmental temperature.
The factor 2/3 in the second term of Eq. (4.38) comes from the T⊥ = T = T , which is a
good approximation when the equipartition rate is enough longer than the synchrotron
radiation cooling time. Here two functions giving equipartition times, τp̄e and τep̄ , are
defined as [83];
√

3
3 2π 3/2 ε02 mp̄ me kB Te kB Tp̄ 2
τp̄e (Te , Tp̄ ) =
+
,
ne q4 log Λ(Te , Tp̄ ) me
mp̄
√

3
3 2π 3/2 ε02 mp̄ me kB Te kB Tp̄ 2
τep̄ (Te , Tp̄ ) =
+
.
np̄ q4 log Λ(Te , Tp̄ ) me
mp̄

(4.39)
(4.40)

By solving a series of equations Eq.(4.25)–(4.40), time evolution of Te (t) was obtained
as a result shown in Fig. 4.10 (b).
It is seen that the variations of the plasma frequencies during cooling after the heat-up
were consistently reproduced by the abovementioned calculation which took into account
the beam damping and the equipartition model including synchrotron radiation cooling of
electrons with the time constant ∼ 6/B[T]2 s.

4.3

The frequency shift of the (1,0) mode

The time evolution of FFT signals of (1,0) mode oscillation is shown in Fig. 4.11, where
∆ f = 0 was measured with respect to the (1,0) mode frequency for the trap depth of 50 V,
fc = 10.59 MHz if the image charge is neglected. The shift reached ∼ 40 kHz at ∼ 20 s

4.3 The frequency shift of the (1,0) mode
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Figure 4.10: (a) Energy variation of the electron plasma and antiproton beam components
whose initial energy was from 3 keV to 10 keV with 1 keV step, which calculated with
beam deceleration model. (b) Temperature variation of the electron plasma calculated with
beam deceleration model in 0 ≤ t ≤ 20 and with equipartition model in 20 ≤ t.
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Figure 4.11: Frequency shift of (1,0) mode. Dashed line is the original frequency without
antiproton injection.
after the antiproton injection. It is again noted that the (1,0) mode reflects the center-ofmass motion of the plasma, and has no dependence on the temperature.
The electron cloud in the plasma does the center-of-mass motion, i.e., (1,0) mode, in
the combined field, the external field φ ext and the self-field of antiprotons φp̄s which works
as an additive external potential. Here the axial electric field is

∂  ext
φ + φp̄s
∂z 

Np̄
2φ
.
= − 2 1−
L
Ne + Np̄

Ez = −

(4.41)
(4.42)

Therefore the (1,0) mode frequency becomes

el
ω(1,0) = ω(1,0)

1−

Np̄
,
Ne + Np̄

(4.43)
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where
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el
ω(1,0)
=

−q 2φ
me L2

(4.44)

is the frequency for Np̄ = 0. The downward frequency shift caused by the presence of the
antiprotons is approximately given as
∆=−

δ ω(1,0)
el
ω(1,0)

∼−

1 Np̄
,
2 Ne

(4.45)

for Np̄  Ne . The downward shift occurs in the mixed plasma composed of electrons and
antiprotons.
In the case of Fig. 4.11,where Ne ∼ 7 × 107 and Np̄ ∼ 5 × 105 , δ ω(1,0) /2π ∼ 38 kHz,
which more or less agree with the obtained frequency shift (Fig. 4.11).
After the cooling, at around 45 s the frequency of the (1,0) mode went to the original
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Figure 4.12: Time evolution of (1,0) mode frequency (filled circle) and second peak
(opened circle) at the electron density ne ≈ 7 × 107 /cm3 .
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Figure 4.13: Experimentally obtained power spectra of (1,0) mode: (a) at t = 30 s, (b) at
t = 55 s.
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value. In a wider range, as shown in Fig. 4.12 and power spectra of the (1,0) mode of the
electron plasma in Fig. 4.13, another peak (“S” in Fig 4.13) appeared at about 380 kHz
lower than the (1,0) mode frequency for the pure electron plasma at the same time when
the frequency shift went to zero. The reason for this is not revealed at this moment, but it
may result from the localization of antiprotons around the periphery of the electron plasma
by the centrifugal separation [84] [85] (See also Sec. 5.3).

Chapter 5
Extraction and transportation of
ultra-slow antiprotons
The extraction and transport of slow antiprotons from the MRT in the strong magnetic field
to the experimental target chamber (See App. A) is described.

5.1

Antiproton beam extraction from the MRT

5.1.1 Disturbance by electrons during the slow extraction
The slow extraction of antiprotons was achieved by ramping the harmonic potential well
slowly. Figure 5.1 shows annihilation position distribution of antiprotons as a function of
the time since their injection at t = 0. The annihilation position just after the antiproton
injection (see in Fig. 3.15) was around the degrader foil and the MRT. Once the plasma
consisting of electrons and antiprotons had stabilized, few additional annihilations were
observed until the antiprotons were released over a 100 s long extraction period. The
distribution in panels (a) and (b) of this figure refer respectively to cases in which the
electron plasma was ejected after its cooling task had been fulfilled, or retained.
After electron cooling, i.e., antiprotons were trapped in the harmonic potential well, the
high-voltage potentials were turned off, which timing was around 30 s as was described
in the previous chapter. The depth of the harmonic potential was linearly ramped from
50 V to 0 V starting from t = 55 s over a period of some 100 s to extract antiprotons from
the MRT. In the case of Fig. 5.1 (a), the stored electrons were ejected by opening and
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Figure 5.1: Distribution of antiproton annihilation position as a function of the elapsed time
since their injection are shown for the case (a) with and (b) without release of electrons at
40 s.
closing the trap three times for 550 ns at t ∼ 40 s before the extraction procedure. This
time duration was long enough to allow the electrons to escape, but short enough to keep
the antiprotons, which had much smaller velocity than the others. As expected, almost no
annihilations appeared during electron ejection. The fact that none occur between t = 55 s
when ramping started and t ∼ 140 s confirms that the antiprotons had been cooled into the
bottom of the potential well. The strong annihilation peak observed at t ≈ 150 s, near the
downstream extractor electrode (EE in the figure) contained ∼ 92% of the entire sample
of antiprotons trapped in the harmonic potential. From this observation, assuming that the
density was constant over the antiprotons cloud, the diameter of the cloud in the MRT was
estimated to be ∼ 15–20 mm from the values of the magnetic field at the extractor electrode
which is 10–20% of that around the MRT, and the inner diameter of the extractor electrode
which is 50 mm.

5.1 Antiproton beam extraction from the MRT
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Figure 5.1 (b) shows the annihilation pattern when antiprotons were extracted keeping
electrons in th trap. Although the main extraction peak was observed at extractor electrode
at similar timing, now it included only 78% of the trapped antiprotons, and two peaks additionally appeared near the center of the MRT, at t ≈ 130 s. When the additional annihilation
started at t ≈ 105 s, the depth of trap potential was ∼ 25 V, which is approximately equal to
the space charge potential produced by the 3×108 electrons in the MRT. The additional annihilation peaks are then attributed to antiprotons hitting the MRT electrodes by the E × B
drift because of an instability while the electrons are overflowing from the harmonic potential well. In addition, intermittent bursts of antiproton annihilation were observed during
the ramping (Fig. 5.2) in the additional annihilation peak, which may again originate from
instabilities of the electron plasma during the variation the trapping potential well.
Summarizing, electron ejection before extraction procedure is effective to avoid an-

counts

tiproton loss due to the disturbance of electrons.
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Figure 5.2: Integrated annihilation counts during the potential ramping with electrons.
Arrows show some observed “bursts” during the ramping.
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5.1.2 Slow extraction of antiprotons from the MRT
For event by event experiments, a continuous beam is often very desirable. As is discussed
in Sec 5.1.1, when the potential was ramped linearly, cooled antiprotons were ejected only
in the last moment of 3 s out of 100 s-extraction, in which case the antiproton temperature
were cooled.
To prepare a continuous ultra-slow antiproton beam with a constant intensity, the ramping rate in the last moment should be decreased, which was realized by scanning the trap
potential exponentially like φ = φ0 (1 − exp(−(t − t0 )/τ )), which is shown in Fig. 5.3 together with the case of linear scan. Figure 5.4 compares the extracted beam intensity with
the linear and the exponential extraction, where the extracted antiprotons were counted by
the MCP located at 165 cm downstream from the center of the MRT. As is seen, the period
of beam extraction got longer and the beam intensity was more stable in the case the exponential extraction as compared with the linear extraction. In the exponential case, total
duration of extraction procedure can be shorter than the linear extraction still keeping the
real extraction time longer, which is convenient to complete the whole procedure including
trapping, cooling and extraction within the AD cycle (85–120 s).

5.2

Ultra-slow antiproton beam transport

The annihilation positions of extracted antiprotons in the transport beam line were monitored by the second track detector, which was installed along the beam line. Figure 5.5
and 5.6 show the antiproton annihilation distribution(d) measured by the upstream side
and downstream side track detectors, respectively, together with the magnetic field distribution(b) along the axis and the calculated beam radius(c) which was initially 1 mm in
the MRT. A calculation shows that the antiproton cloud with 1 mm radius are transported
and focused to 2.5 mm in radius at the focal point (MCP2 in Figs. 5.5 and 5.6) which was
3.3 m downstream from the center of the MRT. Here the harmonic potential well center
which corresponds to electrode BH1 was located at 10 cm downstream from the center of
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Figure 5.3: Two different functions used for linear and exponential slow extraction.
the superconducting solenoid (See Sec. 2.3.1).
As described in Sec. 5.1.1 a fraction of antiprotons annihilated around 80 cm downstream from the center of the MRT where the extractor electrode was located. Considering
that antiprotons follow the magnetic field line, and eventually annihilated at around the
extractor electrodes, the diameter of antiproton cloud in the MRT was estimated to be
∼ 15–20 mm because the magnetic field at the extractor electrodes were 10–20% of that
at the center of the solenoid (see Fig. 5.5 (2)), which was several time larger than that
expected from the injected antiproton diameter.
A simulation [69] predicts that an antiproton cloud with its diameter of 2 mm can be
transported to the end of the beam line. Most of them whose initial radial position were
far from the axis annihilated on the extractor. Although the initial diameter of injected
antiproton beam was 2–3 mm (See Sec. 3.2.3 and Fig. 3.5), the final diameter expanded to
∼ 15 mm. This unexpected feature is discussed in connection with the first results of the
centrifugal separation (Sec. 5.3).
The histogram in Fig. 5.6 (d) shows an example of the measured annihilation position
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Figure 5.4: Counts at MCP1 [in the pass of the extraction beam line] for (a) linear extraction and (b) exponential extraction. The data from 80 s to 82 s and 85 s to 86 s were
accidentally lost because of a problem of the data acquisition system. Here only events
coincident with a scintillation detector were recorded.
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of antiprotons which annihilate at several positions are like following; at VA1 1.75 mm, at
VA2 1.35 mm, at VA3 1.30 mm, at the focal point (MCP2) 1.15 mm.
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distribution along the extraction beam line for a 250 eV antiproton beam. As is seen, the
distribution exhibits several peaks along the extraction beam line, which are attributed from
left to right to annihilations at the variable aperture VA2 and VA3, while that corresponds
to VA1 is missing. The filled peak at 3.3 m corresponds to annihilation at MCP2 where the
beam was focused.
To identify the aforementioned annihilation distribution, antiproton trajectories were
calculated for various initial radial position, r, of the antiproton in the MRT [69]. Simulated
annihilation positions of antiprotons are;
1. upstream of VA1 or at VA1 for r > 1.75 mm,
2. between VA1 and VA2 for 1.75 mm > r > 1.35 mm,
3. at VA2 for r ≈ 1.35 mm,
4. between VA2 and VA3 for 1.35 mm > r > 1.30 mm,
5. at VA3 for r ≈ 1.30 mm,
6. between VA3 and MCP2 (focal point) for 1.30 mm > r > 1.15 mm.
A part of antiproton cloud whose radial position was smaller than 1.7 mm were transported
to the MCP1 installed at 165 cm downstream from the center of the MRT. Figure 5.7 shows
that an example of beam profile at the MCP1 had a hollow-like structure somehow. In order
to distinguish antiprotons from some negative particles like H− , only events registered in
coincidence with a scintillation detector located near the MCP was counted. At MCP1, the
number of extracted antiprotons was 6 × 104 , at the maximum.
A position distribution of particles at the MCP2 which was located at the focal point
(Fig. 5.6 (a)) of the beam during the extraction is shown in Fig. 5.8. The number of observed events per shot was 8 × 103 at the maximum, which was comparable to those assigned as annihilations at MCP2 as monitored by the second track detector (filled area in
Fig. 5.6) corrected for its solid angle and the multiplicity of the charged pions emitted
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Figure 5.7: Extracted 250 eV antiproton beam profile measured by the MCP in the pass of
the extraction beam line.

from each annihilation. It is seen that the distribution was wider than expected. This is one
of the evidence that a radial outward separation of antiprotons from the electron plasma
has taken place as discussed in the following section, which increases the radius of the
antiproton cloud in the MRT, decrease the transmission efficiency, and results in a wider
distribution.
Extractions at 500 eV, 100 eV and 10 eV were also performed giving similar distribution and similar number of events at MCP, that is, although the total number of antiprotons
transported was not great, antiproton beams as low as 10 eV in energy were prepared for
the first time.

5.3 Extraction efficiency
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Figure 5.8: The dot plot of particles reaching the MCP located at the focal point of the
extraction beam line during 250 eV extraction.

5.3

Extraction efficiency

As described in Sec. 5.1 and 5.2, the number of extracted and transported antiprotons was
still small.
Test experiments with positive ions (p + H+
3 ) (See also App.B.3) were preformed. The
positive ions cloud of ∼ 1 cm in diameter including ∼ 106 ions were extracted from the
MRT and transported to the end of the beam line (MCP2). The number of transported ions
was ∼ 105 .
On the other hand, when ∼ 106 antiprotons 3 mm in diameter (as shown in Sec. 3.2) was
injected to the MRT, only ∼ 103 antiprotons were transported to the MCP2 at 10–500 eV.
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The annihilation position distribution of Fig. 5.1 indicates that the size of antiproton cloud
in the MRT was 15–20 mm in diameter which was 5–7 times larger than that at the moment
of the injection. If the radial distribution of antiprotons during the extraction is uniform,
the transport efficiency should be (2/20)2 ≈ 1%, which is still 10 times larger than that
observed. This indicates that the antiproton cloud had a hollow-like structure. A possible
reason of this radial expansion is the centrifugal separation between electron and antiproton
clouds coexisting in the MRT.
When two species of ions which has different mass or charge are confined at lower temperature than the present case, centrifugal separation is observed [86] [87]. This separation
results because the rotation of the heavier component is slightly slower than that of the
lighter one (See App. C.3). Different rotation frequencies induce collisions between differed components resulting in a momentum transfer in θ direction between the species in
the cylindrical coordinate (r, θ , z). The momentum transfer between two species produces
an inward force for lighter component and an outward force on the heavier component.
The equilibrium density distribution of a two component nonneutral plasma was studied
by O’Neil [84] and Kiwamoto et al. [85]. In the present case, from those circumstantial
evidences, the centrifugal separation is a possible reason why the number density of antiprotons around the axis was lower, which had never been observed at relatively higher
temperature.

5.3.1 Attempt of the radial compression of the antiproton cloud
To compress a charged particle cloud radially, a couple of techniques have been known,
i.e., an electric rotating wall field [67] [88] [89] [90] and sideband cooling [91] [92] [93].
The results and possible solutions to improve the efficiency are discussed.
Rotating wall field
The rotating wall method has been developed to control radial distribution of nonneutral
plasmas.

5.3 Extraction efficiency

99

Hollmann et al.[89] applied a rotating electric field to an electron plasma and Mg+ ion
plasma via azimuthally segmented electrodes (Fig. 5.9), whose frequencies were around
the rigid rotation frequency of plasma. In the case of Mg+ ions, it took ∼ 1000 s to
compress the plasma radially.
Greaves et al. [90] and Ichioka [67] succeeded in realizing the radial compression
of light particle plasma, i.e., positron and electron plasmas with higher compression rate,
respectively. The frequencies were several times higher than rigid rotor frequencies of
plasmas. The compression periods were ≤ 10 s in Greaves case, and 30–120 s in Ichioka
case.
In both cases, a strong cooling mechanism was required to counteract the heating produced by the applied rotating electric field. Greaves et al. observed that when the background pressure was increased, the compression rate was increased [90].
Since light particles, namely positron and electron, lose their energy in a strong magnetic field (See Sec. 4.2.2), they can be radially compressed by rotating wall field in an
ultra-high vacuum condition. In the case of heavier particles like antiproton, the synchrotron radiation cooling rates are negligibly small, and another cooling mechanism should
be incorporated. In fact, any improvement of extraction efficiency was not observed.
Therefore the compression of antiproton cloud were tested with electrons in the MRT

0

1/2 π

3/2 π

π

Figure 5.9: Cross section of azimuthally segmented electrode. In this case the electrode
is segmented in 4. Oscillating electric fields having 4 different phases are applied to the
electrodes.
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expecting the electrons to work as coolant via synchrotron radiation. Unfortunately no
indications of the compression were observed although the rotating field frequencies were
scanned from 300 kHz to 6 MHz. Especially when the rotating field applied more than
120 s, i.e., long time, no antiprotons were transported to the MCP1. It looks that the
separation force is stronger than the compression force.
Sideband cooling
In the case of the sideband cooling method, an applied oscillating electric field parametrically couples the azimuthal magnetron motion to the axial bounce motion in a harmonic
Penning trap [91] (See also App. B). The oscillating electric field frequency ω is explicitly
given by ω = ωm + ωz where ωm is the magnetron motion frequency and ωz is the bounce
motion frequency (See App. B). In usual electromagnetic traps, e.g., Penning-Malmberg
trap, this method becomes ineffective for large number of trapped plasmas, because the
bounce motion (ωz ) becomes modified by plasma space charge effects. Our MRT can
compensate this space charge effects.
As described in App. B, proton and H+
3 ion clouds were successfully compressed in
the worse background pressure, where the bore tube was cooled to 30 K, than the present
case.
When the oscillating electric field was applied, it was observed that antiprotons annihilated in the MRT. The reason is not identified but in the case of “pure” antiproton cloud,
there was no mechanism to dissipate heat produced by the electric field.
One possible solution is that some amount of electrons coexist during the sideband
cooling. Because electrons can be cooled spontaneously via synchrotron radiation cooling. The number of electrons must be kept constant, since the antiproton bounce motion
frequency depends on the harmonic potential depth including the electrons’ space charge
potential. The coupling between magnetron motion and cyclotron motion of antiproton
maybe useful for sideband cooling [94], because cyclotron frequency is independent from
the space charge potential of electron and only depends on the magnetic field.

Chapter 6
Conclusions
A large number of antiprotons were cooled and confined in the multi-ring trap by a sequential combination of the AD, the RFQD and the MRT.
Among 3 × 107 antiprotons contained in one AD shot, ∼ 30% of antiprotons were
decelerated to 110 keV by the RFQD. The decelerated antiprotons then passed through
degrader foils located at the entrance of the MRT and reduced their energy down to around
10 keV. They were captured by the set of high-voltage electrodes. We have succeeded
in trapping and cooling of 1.2 × 106 antiprotons via collisions with preloaded electrons.
This figure is 50 times more than the best reported values obtained with ordinary thick-foil
energy degraders. By stacking several AD shots in sequence, five million antiprotons were
confined in the MRT in proportion to the number of AD shots, which is the largest number
of cold antiprotons ever accumulated.
During the electron cooling of antiprotons, nondestructive measurements of the electrostatic mode of the plasma were performed to the electron-antiproton two component
plasma. We have estimated the temperature variations of the electron plasma and the energy variation of antiprotons from the time evolution of frequencies of the (3,0) mode
taking into account the energy distribution of the injected antiproton beam, the electronantiproton collisions, and the synchrotron radiation cooling. The cooling time of antiprotons to sub-eV was about 30 s.
We also found a frequency shift of the (1,0) mode after the antiproton injection for the
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first time. This results from the mixing of electrons and antiprotons.
Finally, cooled antiprotons were extracted from the MRT and were transported to the
3.3 m downstream via the transport beam line which allows differential pumping of six orders of magnitudes. Although the numbers were still small, a few thousands of antiprotons
of 10 to 500 eV were delivered to the end of the beam line. This low efficiency indicates
that the radius of the antiproton cloud in the MRT was very large and the number of antiprotons around the center axis was smaller, which probably due to centrifugal separation.
It is the important future subject to understand the mechanism of radial expansion and
to find procedures to compress the radius, which is the necessary condition for efficient
extraction of antiprotons from the strong magnetic field.
The author played a leading role in planning and making the experiments at CERN as
summarized in the above. Regarding the construction of the experimental setup, the author
contributed to the construction of the two dimensional delay line position sensitive detector
for measurements of ultra-slow antiprotons, and of the control system.

Appendix A
Planned atomic collision experiment
A.1

Antiproton collision experimental chamber

As described in Sec. 1.2.1, formation cross sections of p̄p or p̄A+ has been theoretically
studied [21] [22] [24]. Due to the results, when the energy of the injectile, p̄, is lower, the
formation cross section of antiprotonic atoms is larger.
Therefore the ultra-slow antiprotons to be developed in this work enable to investigate
the initial process of p̄A+ formation. And the spectroscopic nature of isolated p̄A+ at the
initial stage of their formation will be studied.
MCP-PSD
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Figure A.1: Schematic drawing of the experimental configuration for antiprotonic hydrogen atom formation.
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To study an initial formation stage of antiprotonic hydrogen atom, p̄p, an atomic collision experiment is planned [95]. The scheme of the experiment is shown in Fig. A.1. The
produced ultra-slow antiprotons are focused and injected to the collision region. Here a
supersonic molecular hydrogen gas jet is selected as the target. The MCP-PSD is used to
detect the released electron, the antiproton and formed antiprotonic atom. Hence the momentum of p̄p is roughly the same as that of the incident antiproton, and so the traveling
time of the p̄p from the collision region to the MCP is a factor of two longer than that of
antiproton, the identification of the collision processes is expected to be straightforward.
An MCP-PSD to detect antiprotons and the collision products is installed on a rotatable
arm in the chamber, and so can detect particles at any angle around the gas jet.
To perform this experiment, a gas target chamber has been developed (Fig. A.2 [96]).
This chamber consists of several chambers and dumpers to maintain the pressure at “main
chamber” less than 5 × 10−7 Torr. The density of H2 is designed as high as 1 × 1013 /cm3 .
From the CTMC and full quantum calculation for the formation cross section of p̄p [23][24],
∼ 10−16 cm2 , the expected reaction probability is ∼ 0.1%.

A.1 Antiproton collision experimental chamber
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Figure A.2: Drawing of the collision chamber.

Appendix B
Sideband cooling
Charged particles orbit in a Penning trap. To minimize the radius of charged particle’s
cloud, the sideband cooling technique was applied.
When the radius of antiproton cloud in the MRT is compressed, the extraction and
transportation efficiency will increase. This technique was applied to a proton cloud for
practice to apply an antiproton cloud. This experiment yields that the proton cloud was
successfully compressed radially.

B.1

Particle motion in a trap

In the MRT, as same as in the Penning trap, charged particles’ motion is superimposed
three motions, axial motion along the direction of the magnetic field, cyclotron motion and
magnetron motion (Fig. B.1). The cyclotron frequency under the magnetic field B is given
by,

ωc =

|qB|
,
m

(B.1)

with q electric charge, and m mass. The trapping harmonic potential in the MRT is expressed as,

φh (r, z) = φ0

R2 − r2 + 2z2
,
2L2

(B.2)

for |z| ≤ L, where L is the half length of the trapping potential along the axis the MRT, R
is the inner radius of the MRT and the (r, z) is the position in the MRT expressed by cylindrical coordinate. Under the above potential, charged particles in the MRT harmonically
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cyclotron frequency
magnetron frequency
axial motion frequency

antiproton
electron
38 MHz
70 GHz
800 Hz
800 kHz
246.8 kHz 10.59 MHz

Table B.1: Three motions of antiproton and electron in the MRT at 2.5 T.

oscillate,

ωz2 =

|qφ0 |
.
md 2

(B.3)

The charged particles are also affected by the E × B drift. The equation of this motion is,
1
ρ − ω c × ρ̇
ρ − ωz2 ρ = 0.
ρ̈
2

(B.4)

This equation has two roots,

ω+ ≡ ωc = ωc − ωm ,
ωz2
ω− ≡ ωm =
.
2ωc

(B.5)
(B.6)

Here ωc , modified cyclotron frequency, is almost same as ωc , on the other hand ωm is the
magnetron motion of the charged particles.
As is shown in the Fig. B.1, if the magnetron radii of the particles are suppressed, the
cloud of the particles will be smaller. This method is known as sideband cooling [91].

B.2

Sideband cooling

As is seen in Fig. B.1, usually, a motion of a particle trapped in a Penning-type electromagnetic trap is superimpose of three motions.
In the trap, when a particle lose the energy, in the case of cyclotron and axial motion,
the amplitude of these motion will be smaller. Therefore these motions are stable motion.
On the other hand, the radius of the magnetron motion gets larger when the particle lose
its energy for the motion. In other words, magnetron motion of a particle moves along
the contour line around the top of the potential. The radius of the motion increases with
the energy-losing processes, and finally it crashes an electrode of the trap. Since the time
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magnetron motion
cyclotr on motion

axial motion

Figure B.1: Charged particle motion in the Penning trap.

constant to reach an electrode is so long, the magnetron motion is metastable. Thus to
shrink the radius of the magnetron motion, an energy has to be given to the system. Sideband cooling is a method to decrease the radius of the motion using a coupling between
the magnetron motion and the other motion.
The coupling of the different motions is explained by a quantum mechanical treatment [91]. Here we consider the coupling between the magnetron motion and the axial
motion, where these motions are denoted as (k, l). As shown in Fig. B.2, it is supposed that
the initial energy state is in (k, l). There are two kinds of interactions between a trapped
particle and a light whose energy is h̄(ωm + ωz ), that is, absorption of the light (k, l) →
(k + 1, l − 1) and emission (k, l) → (k − 1, l + 1). In the case of absorption, the quantum
number of magnetron motion is decreased, and the probability for the transition is proportional to (k + 1)l. In contrast, for emission, the number is increased and the probability
element is k(l + 1). Therefore, when l > k, the process of photon absorption, namely the
“cooling” of the magnetron motion is dominant.
Meanwhile, considering transitions (k, l) → (k + 1, l + 1) and (k, l) → (k − 1, l − 1),
they correspond to an absorption and an emission of a light with h̄(ωz − ωm ) energy. The
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k+1

l−1
l
l+1
h (ν z + ν m )

k

l−1
l
l+1
− h (ν z + ν m )

k−1

l−1
l
l+1

Figure B.2: Scheme of coupling between the axial motion (k) and the magnetron motion
(l).

transition probability contains the factor of (k + 1)(l + 1) for (k, l) → (k + 1, l + 1), and
(k − 1)(l − 1) for (k, l) → (k − 1, l − 1). For this reason, magnetron motion is heated in
these case.
In consequence, when the process which gives the energy h̄(ωm + ωz ) from outside to
the particle, magnetron motion of the particle is cooled down.

B.3

Radial compression of proton and H+
3 ion cloud

Protons and H+
3 ions were produced by ionizing residual gas which mainly consists of H2
by 60 eV electrons. From the time-of-flight measurement, produced positive ions were
identified, that is to say, mixture of protons and H+
3 ions formed through ion-molecule
+
+
reactions like H+
2 + H2 → H3 + H [97]. To prepare a pure proton cloud, H3 ions were

removed by applying an RF of 140 kHz which was a bounce frequency for H+
3 ions with
50 V depth harmonic potential [93]. For an H+
3 ion cloud, protons were kicked out vice
versa.
For proton and H+
3 cloud, the sideband cooling technique was applied by using rotating
electric field whose frequency was the sideband frequency (ω = ωm + ωz ). In the MRT,

B.3 Radial compression of proton and H+
3 ion cloud
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the sideband frequencies for proton and H+
3 are theoretically f z,p = 242 kHz and f z,h =
140 kHz, respectively. As shown in Fig. B.3, we found that the compression worked for a
single component cloud and also mixture cloud of proton and H+
3 ion by applying rotating
electric field [92]. Figure B.3 shows the frequencies for compression of proton dominant
cloud, H+
3 ion cloud and mixture of them. This was confirmed by the image of the extracted
cloud using a phosphor screen with an MCP located 1.2 m outside of the trap where the
magnetic field strength is 100 time weaker than in the MRT. The radius of extracted proton
cloud on the phosphor screen was about 1 cm after the compression in contrast to initial
4 cm. Considering the magnetic field, the radius in the MRT was estimated to be about
0.1 cm.
Since the magnetron frequency fm ≈ fz2 /2 fc is about 800 Hz with cyclotron frequency
fc ≈ 38 MHz (Table. B.1), the frequency for the sideband cooling is estimated to be
250 kHz. As is seen in Fig. B.3, there are slight discrepancies between theoretical and experimental values. This results from small modification of the effective potential induced
by a large number of ions and a small amount of different ion species. In this experiment,
it took about 100 s to compress the proton or H+
3 ion cloud.
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proton dominant
+

mixture

H 3 dominant

500

frequency [kHz]

2x f z,p

400

300
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f z,p

200
f z,h
5

2 x 10

6

10
particle number

7 x 10

6

Figure B.3: Frequencies for radial compression for protons and/or H+
3 ions as a function
of the particle number.

Appendix C
Properties of nonneutral plasma
C.1

Plasma oscillation

Suppose that there is a perturbation in an uniform plasma which displaces a charged particle. Then an electric field arises from the displacement, which is satisfied with the followed
Poisson equation;
∇·E =

q
(n − n0 ).
ε0

(C.1)

Then the particle is accelerated by the field,
m

dvv
E.
= −qE
dt

(C.2)

The density was changed by the particles flux Γ = n j vx due to the displacement, which is
expressed by a equation of continuity,

∂n
+ ∇ · (nvv) = 0.
∂t

(C.3)

Here n = n0 + δ n and δ n  n0 , then

∂ 2 δ n n0 q2
+
δ n = 0.
∂ t2
mε0

(C.4)

This shows that δ n oscillates at the frequency


ωp =

n0 q2
,
mε0

which wave is called the plasma wave and the frequency is plasma frequency.

(C.5)
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Debye shielding

One of the fundamental nature of a nonneutral plasma is shielding of the electrostatic
potential surrounding a test charged particle in a plasma. This shielding distance is called
Debye shielding length which is derived as following.
Let assume a test charge (charge q, density n and location in the plasma x 0 ), Poisson’s
equation for the total electrostatic potential φ = φ0 + δ φ (x,t) can be expressed as




q
qδ φ
2

∇ φ=
+ δ (xx − x 0 ) ,
n exp
ε0
kB T

(C.6)

where δ φ is the perturbed potential associated with the introduced test charge.
For |qδ φ /kB T |

1, the exponential factor in the above equation is expanded. Relating

terms of first order in δ φ is expressed as,
∇2 δ φ =
where λD =



n0 q2
q
δ φ + δ (xx − x 0 ),
ε0 kB T
ε0

(C.7)

ε0 kB T /nq2 is called Debye length. The solution to Eq.(C.7) gives the spher-

ically symmetric potential,
 |xx − x  | 
q
0
exp −
.
δφ =
4πε0 |xx − x 0 |
λD

(C.8)

This means the potential of test charge is shielded in the range of λD .

C.3

Rigid rotor equilibrium

In an electromagnetic trap, a plasma rotates as a rigid body. Here assume one species
of charged particles. Since particles can move freely along the z-direction, the potential
is equivalent along every magnetic field lines. The space charge potential from particles
themselves gives rise to an electric field,
Er (r) = q

r
0

dr

r n(r , z)
,
ε0 r

(C.9)

which cause the force qEr perpendicular to the magnetic field line. Therefore the guiding
center drifts to θ -direction with the velocity vθ = Er /B = rωr (r). In consequence, as
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Centrifugal and
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B0
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Figure C.1: Force balance of the rotating plasma.

shown in Fig. C.1, the force balance is
mrωr2 (r) = −qEr (r) + qrωr (r)B.

(C.10)

The rotation frequency ωr (r) is given by

ωr = ωr± =

2ω p2
ωc
1± 1− 2
2
ωc

.

(C.11)

From this relation, it is trivial that ωr is independent of r, this means that the plasma rotates
uniformly. Hence ωr is called as “rigid rotation frequency”. Equation (C.11) also requests

ω p2 /ωc2 ≤ 1/2. This limits the density of the plasma, n ≤ nB = ε0 B2 /2m, which is called
Brillouin density limit.
Here we also discuss about the conservation of canonical angular momentum of nonneutral plasma briefly. Let suppose a system including charged particles, its mass is m and
electric charge is q. The canonical angular momentum is expressed as
Pθ = ∑ mvθ r j +
j

qBr2j
2

.

(C.12)

Here the ratio between the first term and the second is the ratio of Larmor radius and the
plasma radius. Under a strong magnetic field, the first term can be neglected. When a
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particle gets away from the axis, from ∑ j r2j /2 = const., another particle comes close to
the axis. Therefore a long time confinement of nonneutral plasma is guaranteed.
In the following subsections, we consider two components nonneutral plasma and its
thermal equilibrium [49].

C.3.1 Vlasov equation
A motion of a particle in a phase space is expressed as,

∂ H(q j , p j ,t)
dqi
,
=
dt
∂ pi
∂ H(q j , p j ,t)
d pi
.
= −
dt
∂ qi

(C.13)
(C.14)

From Liouville’s theorem, a time evolution of small volume ∆ is
 2

d∆
∂ H
∂ 2H
−
=∑
∆ = 0.
dt
∂ pi ∂ qi ∂ qi ∂ pi
i

(C.15)

The total number of particles in the volume δ N = f (qi , pi ,t)δ p δ q is conserved under the
collisionless condition where f (qi , pit) is a distribution function in a phase space, namely,


∂f
∂H ∂ f ∂H ∂ f
−
= 0.
(C.16)
+
∂t ∑
∂ pi ∂ qi ∂ qi ∂ pi
i
Hamiltonian expressed by a Cartesian coordinate, x1 , x2 , x3 , v1 , v2 , v3 , is given by
1
A)2 + qφ ,
(pp − qA
2m
= mvi + qAi ,

H =

(C.17)

pi

(C.18)

qi = xi .

(C.19)

The Hamiltonian equation is
dxi
∂H
= vi ,
=
dt
∂ pi
d pi
∂H
(pk − qAk ) ∂ Ak
∂φ
= −
q
=∑
−q
.
dt
∂ xi
m
∂
x
∂
x
i
i
k

(C.20)
(C.21)

Then Eq. (C.16) is rewritten as,

∂f
∂f
+q∑
+ ∑ vi
∂t
∂ xi
i
i

∂A

∂φ

∑ vk ∂ xkk − ∂ xi
k

∂f
= 0,
∂ pi

(C.22)
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where

∂A

∑ vk ∂ xik = (vv · ∇)Ai + (vv × (∇ × A ))i.

(C.23)

k

By using Eq. (C.18) and (C.19), Eq. (C.22) is given by,

∂f
∂f
q
∂f
E + v × B )i
+ ∑ (E
= 0.
+ ∑ vi
∂t
∂ xi
∂ vi
i
i m

(C.24)

The above equation is called Vlasov equation, namely collisionless Boltzmann equation.
The variation of the function f affects the charge and current distribution changes the electric and magnetic fields through Maxwell equations. As a result, the distribution f is affected. Therefore this Vlasov equation contains a long range interaction between particles
in the plasma.

C.3.2 Rigid rotor Vlasov equilibria
For nonrelativistic particles, we can write the distribution function [49] [98],
f j0 = f j (H⊥ − ωr j Pθ )g j (pz ),

(C.25)

with constants of motion under a thermal equilibrium. Here, pz = m j vz is the axial momentum of particle- j with velocity, vz . The canonical angular momentum Pθ is calculated
as




q j Br
Pθ = r pθ +
.
2

(C.26)

Moreover the perpendicular energy H⊥ defined by
H⊥ =

1 2
(p + p2θ ) + q j φ (r).
2m r

(C.27)

Here, the combination H⊥ − ωr j Pθ is expressed in the form
H⊥ − ωr j Pθ =


1  2
pr + (pθ − m j ωr j r)2 + ψ j (r),
2m

(C.28)

where the effective potential ψ j (r) is defined by
mj
ψ j (r) =
2




q j Bω r j
2
− ωr j r2 + q j φ0 (r).
−
mj

(C.29)
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From Eqs. (C.25) and (C.29), it is evident that the average azimuthal flow velocity
reduces to
v0θ j (r) = ωr j r.

(C.30)

Therefore, the average azimuthal motion of component j corresponds to a rigid rotation
with angular velocity ωr j = const.
The density profile can be expressed as
n0j (r) =

f j0 (r, p )d 3 p,

n0j (r) = n̂ j

∞
0

f j (U + φ j (r))dU,

(C.31)

where U = p2r + (pθ − m j rωr j )2 /(2m).
Near the axis of the plasma column (r = 0), Eq.(C.31) can be integrated to give φ0 (r) =
−(∑k π nˆk qk )r2 , where ψ j (r) = 0 and n0j (r) = 1. Substituting into Eq.(C.29) gives
mj
q j Bω r j
2q j
− ωr2j
π nˆk qk r2 ,
−
2
mj
mj ∑
k
mj
= − (ωr j + ωr+j )(ωr j − ωr−j )r2 ,
2

ψ j (r) =

(C.32)

for small value of r. Here, ωr+j and ωr−j are the rotation frequency defined by

q
B
2n j qk nk
j
1± 1−∑
ωr±j = −
2
2m j
k m j ωc j

1/2 

.

(C.33)

For antiproton and electron two components plasma, Eq.(C.33) is rewritten as

ωcp̄
ωrp̄ =
1−
2



2
2
2 me
ω pp̄ + ω pe
2
mp̄
ωcp̄

1/2 

.

(C.34)

Thermal equilibrium corresponds to the rigid rotor distribution function [99],
f 0 (r, p ) =

 H −ω P 
nj
rj θ
exp
−
,
3/2
kB T
(2π m j kB T )

where, T , the temperature is constant.

(C.35)
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antiprotons. Phys. Lett. B, 507(1-4):1, May 2001.
[34] R.G. Greaves and C.M. Surko. Antimatter plasmas and antihydrogen. Phys. Plasmas,
4(5):1528, May 1997.
[35] T.M. Squires, P. Yesley, and G. Gabrielse. Stability of a Charged Particle in a Combined Penning-Ioffe Trap. Phys. Rev. Lett., 86(23):5266, June 2001.
[36] D.H.E. Dubin. Three designed for a magnetic trap that will simultaneously confine
neutral atoms and a non-neutral plasma. Phys. Plasmas, 8(10):4331, October 2001.
[37] J. Waltz, S.B. Ross, C. Zimmermann, L. Ricci, M. Prevedelli, and T.W. Hänsch.
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