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Abstract
In the ASACUSA (Atomic Spectroscopy And Collisions Using Slow
Antiprotons) collaboration, the Trap group has been working on an efﬁcient
accumulation of antiprotons and production of ultra slow mono-energetic
antiproton beam, which is realized by a combination of an RFQD (Radio
Frequency Quadrupole Decelerator) and a large multi-ring trap (MRT)
installed in a super-conducting solenoid. We have succeeded to accumulate
several million antiprotons. A mono-energetic antiproton beam of 10 eV has
been extracted and transported through a specially designed beam line, which
has a high transport efﬁciency and at the same time enabling differential
pumping of more than six orders of magnitude between the MRT and a
collision chamber. This conﬁguration was adopted to make atomic collision
experiments like ionization and antiprotonic atom formation processes and
also to study spectroscopic nature of various meta-stable antiprotonic atoms
under single collision conditions, which has never been possible. A new scheme
of efﬁcient positron accumulation has been invented employing high-density
electron plasma and an ion cloud, which ﬁts quite well with the UHV
requirements of antihydrogen synthesis as well as other applications. A socalled cusp trap conﬁguration has been proposed as a new synthesizer of
antihydrogen, where antiprotons and positrons can co-exist in the same place
even at low temperature. Because of the inhomogeneous magnetic ﬁeld
distribution of the cusp trap, (1) a low energy component of the antihydrogen
atom so formed can be trapped for a macroscopic time, and (2) a high energy
component emerges as an intensity-enhanced and energy-ﬁltered spin polarized
antihydrogen beam, which is suitable for measurements of the hyperﬁne
splitting of antihydrogen, and could provide the magnetic moment of
antiproton with some ppm accuracy.

1. Introduction
Atomic physics with slow exotic particles like antiprotons,
positrons, muons, and short-lived nuclei are quite interesting providing unique information in various ﬁelds of
science from basic physics like the CPT (charge, parity,
time) symmetry test to applied science like material
characterization. However, the ﬁelds where they are
actively used are rather limited, primarily because these
exotic particles are produced in a high-energy region
occupying a large phase space volume, and are quite
difﬁcult to compress. Further, in the case of antiparticles,
the phase space reduction should be done avoiding
annihilation with matter. Because of these constraints, all
the procedures like cooling, deceleration and accumulation
should be done in (ultra high) vacuum. We have been
developing new and efﬁcient techniques to accumulate a
large number of antiprotons, positrons, and short-lived
nuclei, which will be shortly discussed in this report.
The Antiproton Decelerator (AD) at CERN [1] devoted
primarily to atomic physics experiments has been stably
operated since year 2000 providing 100 MeV/c (5.3 MeV/u)
antiprotons of 2  107 ps=pulse every 100 s. With the
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advent of AD and the progress of experimental programs
proposed to utilize antiprotons [2–6], research with slow
antiproton beams can now be done much more readily.
ASACUSA collaboration (Atomic Spectroscopy And
Collisions Using Slow Antiprotons) was formed aiming
at studying the nature of antiprotonic helium as well as at
developing intense ultra-slow antiproton beams to open
new ﬁelds of antiproton science including antiprotonic
atom formation and antihydrogen synthesis, where atomic
physics communities can play essential roles. This report
discusses the latter half of the ASACUSA project together
with new progress regarding H synthesis. Two other
proposals have also been approved from the start of AD,
the subjects of which are on the production and spectroscopy of antihydrogen. These two groups have recently
succeeded in synthesizing antihydrogen atoms ðHÞ [7,8]. A
fourth proposal aiming at applying antiprotons to cancer
therapy has newly been approved [27].
One of the most important tools of ASACUSA is the
RFQD (Radio Frequency Quadrupole Decelerator) [9], an
energy variable decelerator that can provide antiprotons of
10–130 keV with high deceleration efﬁciency. Slow antiprotons from the RFQD have readily been used for pHe
laser spectroscopy in a low pressure He target as well for
trapping and extracting ultra-slow antiprotons. Combined
with a multiring trap (MRT) [10], several millions of
antiprotons are successfully stored and cooled [11,12].
These developments are expected to accelerate not only the
elucidation of the process by which antiprotonic atoms are
formed, but also the synthesis and study of antihydrogen
atoms, and spectroscopic study of antiprotonic atoms like
pHeþ [13].
A conceptually new scheme of antihydrogen synthesis
with a mixing trap in a cusp magnetic ﬁeld is presented [14]
together with a UHV compatible scheme of efﬁcient
positron accumulation.

2. Purpose
Once a large number of antiprotons ðpsÞ are stored and
ultra slow antiproton beams are prepared, the following
research subjects become accessible, which have not been
possible at all or have been difﬁcult;
1. Matter–Antimatter symmetry via H and H spectroscopy
of 1S-2S transitions and hyperﬁne transitions.
2. Atomic processes with ‘‘heavy’’ electron(s) – elementary
processes of ionization and antiprotonic atom ðpAþ Þ
formation.
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3. Spectroscopic study of pAþ like pp in meta-stable states,
which has only been possible for pHeþ because of their
extreme meta-stability even in liquid He.
4. Probing nuclear structure of short-lived radio isotope
(RI) ions via momentum spectroscopy of residual nuclei
after antiproton induced one nucleon pick up.
5. Interaction with solid (surface), elemental analysis, and
radiation damage.
6. Non-neutral plasma physics of antiparticles.
Table I shows the present status of the matter-antimatter
(a)symmetry with respect to the mass, charge, and g-factor
for three particle-antiparticle pairs, e =eþ ; p=p; and n=n
[15]. It is seen that the mass and charge difference of these
particles have been proved to be the same with a precision
of parts in 108 (actually the charge to mass ratio q=m is
known in parts in 1011 by measuring the cyclotron
frequency in a Penning trap [16]). The magnetic moment
of the antiproton on the other hand, is known only with the
precision of parts in 103 although that of the proton has
been determined down to parts in 109 [17]. It is therefore
quite important and interesting to determine the antiproton magnetic moment with better accuracy, which could be
a potential candidate for high-precision CPT-symmetry
tests [18] complimenting 1S-2S laser spectroscopy of
antihydrogen. For laser spectroscopy of antihydrogen
with the same precision as that of hydrogen (down to
parts in 1014 [19]), preparation of an intense cold H beam
or laser cooled H atoms is necessary. Antihydrogen atoms
in a magnetic bottle could be another possibility at the cost
of resolution due to its magnetic ﬁeld inhomogeneity. It is
noted that the magnetic bottle does not coexist with a
nested trap with a uniform magnetic ﬁeld, which has been
commonly used in antihydrogen synthesis. The key issue is
then to invent a proper scheme to prepare an ensemble of
‘‘high quality’’ antihydrogen suitable for experiments. A
possible candidate is discussed in Section 4.
Item 2, atomic physics with a ‘‘heavy’’ electron, was
discussed previously [11] and is not repeated here. It is noted
that a full quantum mechanical calculation of protonium
formation has recently been reported [20]. High precision
laser spectroscopy of meta-stable pHeþ has a long history
and has been intensively studied by the ASACUSA
collaboration, as has recently been summarized in a review
article [13]. One of the interesting applications of pA is to
probe the neutron and proton distribution [21]. Once an
antiprotonic atom is formed with an antiproton in a high
Rydberg state ðn  40Þ; it cascades down emitting Auger
electrons and X rays, and eventually annihilates with a
proton/neutron near the surface of the nucleus. It is then
expected that an analysis of the residual nuclei provides the
spatial and momentum distributions of protons and
neutrons near the surface of the nucleus. Such an investigaTable I. A couple of examples of particle and antiparticle
symmetry Ref. [15].

e vs eþ
p vsp
n vsn

(mm  ma)/m

(qm  qa)/q

(gm  ga)/g

< 8  109
(2  2.3)  108
(9  5)  105

< 4  108
(2.5  2.3)  108
—

(0.5  2.1)  1012
(2.6  2.9)  103
—
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tion could be applied to short-lived nuclei [22]. We have
developed a so-called RF Ion Guide technique [23] to
produce thermal RI ions, which allow to study, e.g., the
Bohr–Weisskopf effect [24] via high-resolution laser and
microwave spectroscopy, the mass formula of short-lived
RI, etc. RI ions are supplied from a projectile fragment
separator with much less restriction on the chemical and
material properties and lifetimes, which is quite different
from the ISOL (Isotope Separator On-Line) scheme [25].
The recombination process between an antiproton and an
ion has been theoretically studied, which predicts that the
recombination cross sections could be comparable to or
even larger than neutral targets [26]. The item 5 has practical
importance, e.g., in constructing high sensitive detectors for
slow antiprotons, and also in cancer therapy with antiprotons [27].

3. p Accumulation
Antiprotons are produced in proton-nucleon collisions,
e.g.,
p þ p ! p þ p þ p þ p:
The threshold kinetic energy of a proton to produce an
antiproton is  6 GeV; and the corresponding minimum
kinetic energy of the antiproton in the laboratory frame is
 1 GeV: In the case of AD which is schematically shown in
Fig. 1, 3.5 GeV/c antiprotons produced with 26 GeV/c
protons are accumulated, cooled, and decelerated down to
100 MeV/c (5.3 MeV/u), and are eventually extracted as a
pulsed beam of 90 ns in width containing 2  107 antiprotons every  100 s: Usually, a simple degrader foil
technique is applied to this 5 MeV beam to prepare
antiprotons around 10 keV and lower for trapping. In
this case, the trapping efﬁciency cannot be great at all,
because the energy spread after large energy loss is quite
large, actually much larger than the resultant average
energy [28], and a considerable fraction of antiprotons are
stopped and annihilate in the degrader foil. In order to
overcome this bottle-neck difﬁculty, an RFQD (Radio
Frequency Quadrupole Decelerator) [29], an energy variable decelerator (10–130 keV), has been installed in the
ASACUSA beamline as shown in Fig. 1. The deceleration
efﬁciency has been found to be  25%; i.e.,  5 million
antiprotons are supplied from the RFQD per one AD shot.
Antiprotons so decelerated are injected in an MRT
(MultiRing Trap) [10] via two thin foils ð 90 mg=cm2
each), which ‘‘decelerate’’ antiprotons with energies less
than 10 keV and also isolate the trap vacuum from the
RFQD vacuum. Decelerated antiprotons are reﬂected by a
downstream end electrode of the MRT, which is biased at
10 kV: Before the reﬂected antiprotons reach an upstream
end electrode, which is grounded when the decelerated
antiprotons are coming in is now biased at 10 kV with a
fast switch, thus antiprotons are conﬁned in the MRT.
Antiprotons are then cooled below eV with electrons
preloaded at the center of the MRT, and eventually
condense together with electrons. At the moment,  1
million antiprotons are stored per one AD shot, which is
several tens times more efﬁcient than the simple degrader
foil scheme. By stacking antiprotons for several AD shots,
Physica Scripta T110
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Fig. 1. A schematic layout of AD, ASACUSA, ATHENA, and ATRAP. A magniﬁed view of the RFQD is shown in the left half of AD.

several million antiprotons are accumulated, which is the
largest number ever stored at rest. By this way, the energy
of the antiprotons is reduced more than 9 orders of
magnitude. The electrodes around the center of the MRT
are biased so that a harmonic potential is formed along the
trap axis, which enables stable trapping of a large number
of antiprotons [10], and at the same time to ﬁgure out the
shape, density, and temperature of the electron plasma
non-destructively by monitoring electrostatic eigenmodes
of the plasma. For example, the frequency evolution of the
(2,0) and (3,0) modes have been successfully observed when
antiprotons are injected, revealing that the plasma temperature rises about 0.6 eV within a few seconds, and then
returns slowly to the original temperature in a few tens
seconds [30]. A similar feature has also been observed for
proton cooling with electrons [31].
Cold antiprotons are then extracted as an ultra-slow
mono-energetic beam of 10 eV–500 eV through a specially
Physica Scripta T110

designed beam line [32], which enables to transport
antiprotons with high efﬁciency at the same time realizing
a large differential pumping ability of more than 6 orders
of magnitude.
4. Polarized H beam with a cusp trap
The successful trapping of a large number of antiprotons
and extraction of them as ultra-slow p beams will
accelerate not only the elucidation of the process by
which antiprotonic atoms are formed, but also the
synthesis and study of antihydrogen atoms. According to
this line, a new scheme of cold antihydrogen synthesis has
been proposed [14], where a recombination trap consisting
of a magnetic quadrupole (cusp) formed by a pair of
superconducting solenoids (see Fig. 2) and an electrostatic
octupole formed by ﬁve axially-symmetric electrodes is
used, which is referred to as an MCEO (magnetic cusp and
# Physica Scripta 2004
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Fig. 2. A schematic layout of the cusp trap conﬁguration (the left half) together with a microwave cavity and a magnetic sextupole lens for hyperﬁne
transition measurements.

an electric octupole) trap hereafter. Slow positrons injected
in the MCEO oscillate along the magnetic ﬁeld line if the
octupole electric ﬁeld is applied after the injection [34].
Figure 3 shows the electric potential distribution by
contour lines. In an inhomogeneous magnetic ﬁeld B; a
positron with the orbital magnetic moment c is subject to
the force jc jrjBj: In other words, positrons are in
equilibrium along the magnetic ﬁeld direction when the
force due to their space charge balances with the sum of the
octupole electric ﬁeld and jc jrjBj; i.e., some excess
positrons can be stored in the MCEO [35]. The maximum
magnetic ﬁeld of the MCEO is designed to be  3:5 T with
a ﬁeld gradient as strong as  30 T=m; i.e., positrons are
cooled down via synchrotron radiation to the environmental temperature of  4 K: After positrons are stored
and cooled, antiprotons are introduced along the MCEO
axis. An additional electric ﬁeld is necessary to conﬁne
antiprotons until they are thermalized, which is realized by
a couple of electrodes covering the MCEO from outside as
shown in Fig. 3. An example of the simulated antiproton
trajectories is plotted in Fig. 3, indicating its stability.
Because of the excess charge of positrons discussed above,

antiprotons will condensate at the center of the MCEO
once they are cooled down, forming an electrically neutral
mixture of positrons and antiprotons in the central part. As
a natural consequence, efﬁcient antihydrogen synthesis will
take place even at very low temperature. This feature is
quite different from the nested trap scheme.
An antihydrogen formed at the center of the MCEO
drifts into an area where the magnetic ﬁeld is ﬁnite, where
an H atom with total spin F ¼ 1 splits into three states,
ðF; MF Þ ¼ ð1; 1Þ; ð1; 0Þ; ð1; 1Þ according to the total magnetic quantum number MF : The magnetic moment c in
the state (1,1) or (1,0) is anti-parallel to the magnetic ﬁeld B
and such states prefer lower ﬁelds (LS: low-ﬁeld seeker
states) while the ð1; 1Þ state and the (0,0) state ðF ¼ 0Þ
move towards higher ﬁelds (HS: high-ﬁeld seeker states).
LS atoms are decelerated when they move outward and
deﬂected if their kinetic energies are lower than the
potential barrier of the cusp magnetic ﬁeld ð 0:2 meVÞ;
i.e., the MCEO acts as an H trap. However, when their
energy is higher than the potential barrier, they are focused
like in the case of an electrostatic charged particle lens.

Fig. 3. Electrode conﬁguration for the octapole electric ﬁeld formation for positron trapping and the outer electrodes for hot antiproton conﬁnement
(symmetric with respect to the axis z). The solid lines show the equi-potential lines in and outside the MECO. An example of the trajectories of 30 eV
antiprotons is also given.
# Physica Scripta 2004

Physica Scripta T110

290

Yasunori Yamazaki
5. Positron accumulation

Fig. 4. The solid lines are the trajectories of 0.268 meV Hs in the LS(1,1)
state with emission angles q ¼ ð1Þ5; (2) 10, (3) 20, and (4) 308. The dotted
lines are those of 0.268 meV Hs in the HSð1; 1Þ state with the emission
angle q ¼ ð1Þ 0.5, (2) 1.1, (3) 3, and (4) 58. The EA indicates the entrance
aperture of the microwave cavity.

The solid lines in Fig. 4 show trajectories of 0.268 meV H
atoms in LS(1,1) states formed at the center of the MCEO.
It was found that such LS atoms with divergence angle
 < 248 can pass the entrance aperture of a microwave
cavity (EA in Fig. 4) having a geometric acceptance angle
of   18, i.e., the antihydrogen ﬂux reaching the EA is
enhanced by two and a half orders of magnitude. On the
other hand, HS antihydrogen atoms are defocused and
those emitted with  > 0:98 do not reach the observation
area, i.e., the antihydrogen beam reaching the microwave
cavity is more than 99% spin-polarized.
As shown in Fig. 2, the antihydrogen beam in LS states
is then spin-ﬂipped in the microwave cavity if the frequency
matches, passes through the sextupole lens (magnet) and
ﬁnally focuses on the H detector if they are in HS states.
Technically, this part has been well established with atomic
hydrogen experiments sometime ago. Again the key issue is
the preparation of a proper antihydrogen beam. Considering that the interaction time of antihydrogen with the
microwave ﬁeld is  1 ms (a few hundreds of m/s in velocity
and a cavity size of a fraction of m, the order of the
microwave wavelength), the expected accuracy of the
antiproton magnetic moment is of the order of ppm,
which is 3 orders of magnitude improvement over the
present accuracy (see table I).
Hs in LS states with relatively low kinetic energies are
selectively trapped, i.e., the MCEO is an accumulator/
reservoir of spin-polarized antihydrogen atoms, which can
supply a pulsed, spin-polarized, low energy antihydrogen
beam. The lifetime of the H ensemble in the trap may be
determined by the frequency of the Majorana spin-ﬂip
transitions [36], which take place only in the B  0 region
very close to the center of the MCEO, and the practical
trapping time is expected to be much longer than a second
[37].

The accumulation of a large number of positrons is, in
addition to the p accumulation discussed in Section 3, the
key ingredient to synthesize antihydrogen. We have
developed an efﬁcient and UHV (ultra high vacuum)
compatible accumulation scheme. Once a large number of
positrons are stored, a variety of applications emerge,
which include low energy atomic collisions [38,39], plasma
physics [40], positronium production [41,42], and positron
cooling of highly charged ions [43]. Until now, resistive
cooling [44] and ﬁeld ionization of positronium in high
Rydberg states [45] have been developed as UHV
compatible schemes employing 22 Na source although
their efﬁciencies are relatively low ( 2:8; and
 11 eþ =s=mCi; respectively). When UHV requirements
are relaxed, a N2 buffer gas method has been proved to be
efﬁcient [46], which yields more than 104 eþ =s=mCi; where
positrons are accumulated in vacuum of 104 Pa: We
discuss here a new positron accumulation scheme, where a
combination of high-density electron plasma and an ion
cloud is used as ‘‘stoppers’’ of positrons.
Figure 5 shows a schematic conﬁguration of the
experimental setup [47], which consists of an electron
gun, a multi-ring trap (MRT), a movable W(100) remoderator, a faraday cup, and a NaI -ray detector. The
MRT and re-moderator are in a cryogenic UHV bore tube
of a 5 T superconducting solenoid. Slow positrons from a
solid Ne moderator are transported into the MRT and
injected on the re-moderator. Low energy positrons from
the re-moderator are accumulated through collisions with
high-density electron plasma and an ion cloud in the MRT.
Figure 6 shows the accumulation efﬁciency of positrons
as a function of the number of electrons in the plasma,
which increases monotonically and then ﬂats off. It is seen
that an accumulation rate as high as 400 eþ =s=mCi is
reached, which is more than 30 times higher than other
UHV compatible schemes. It was found that the positron
accumulation proceeds even without ions although the
efﬁciency is reduced by a factor of 10 (the open circle in
Fig. 6) but no positrons are trapped without electrons, i.e.,
the primary process observed here is the energy loss in the
electron plasma and then the momentum transfer collisions
with ions in the positron trap.
The maximum trapping efﬁciency is calculated considering the stopping power of positrons in electron plasma [48],
which can more or less reproduce the observed behavior in
Fig. 6.
5. Summary & future
New schemes to effectively accumulate a large number of
antiprotons and positrons are discussed together with a

Fig. 5. A schematic diagram of the experimental setup for the UHV compatible positron accumulation (See the text for details). [47]
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Fig. 6. The optimized trapping efﬁciency as a function of the total electron number in the electron plasma. The right vertical scale gives the accumulation
rate normalized by the 22 Na positron source intensity [47].

scheme to prepare intense spin-polarized antihydrogen
beams. Whenever some physical quantity (quality) is
improved more than an order of magnitude, a new ﬁeld
will start and grow, which is what we are expecting in the
ﬁeld of exotic particles.
At the moment, a 50 GeV proton synchrotron is under
construction (Jparc Project) in Japan, and a 90 GeV proton
synchrotron has also got a green light to proceed in
Germany. The proton energies of both machines are far
above the production threshold of d and t; antiparticles
heavier than p; i.e., in principle one can decelerate and
store them in a trap and synthesize D; T; etc. in a
foreseeable future.
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