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Abstract.

We have recently succeeded in decelerating and confining millions of antiprotons, 50 times more
efficiently than conventional methods, in an electromagnetic trap. These antiprotons were cooled by
preloaded electron plasma to an energy below an electronvolt. They were then extracted out of the
magnetic field of 2.5 T and transported typically at 250 eV along a beamline, designed for efficient
transport at 10—-1000 eV. This unique beam from our apparatus hamed MUSASHI opens up a hew
field of atomic and nuclear physics probed by ultra-slow antiprotons.

In this paper, the whole experimental setup and procedure will be overviewed: deceleration, cap-
ture, cooling and extraction of antiprotons will be discussed in detail, including technical description
of diagnostic devices.
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INTRODUCTION

Since its first discovery in 1955 at Bevatron in Lawrence Berkeley National Labora-
tory [1], antiproton has been considered as a suitable candidate (anti-)particle for test of
symmetry between matter and antimatter. With the advent of the Low-Energy Antiproton
Ring (LEAR) which operated from 1982 until 1996 at CERN (Organisation Européenne
pour la Recherche Nucléaire) in Geneva, low-energy antiproton physics started to flour-
ish. CPLEAR collaboration [2] used the provided 5 MeV antiproton beam to measure

precisely the parameters for CP violation betw&®nandK°. Following the first suc-
cessful production of antihydrogen [3], reported in the last year of LEAR operation,
a plan to construct an alternative machine dedicated for studies using low-energy an-
tiprotons came into reality as the Antiproton Decelerator (AD) [4] at CERN in the turn
of the century. Two of the experimental collaborations in the AD hall, ATHENA and
ATRAP, succeeded in synthesis of cold antihydrogen atoms out of trapped antiprotons
and positrons [5, 6], and are pursuing their goal of spectroscopy of the anti-atom. On
the other hand, our collaboration ASACUSA, as is represented by its name of origin
“Atomic Spectroscopy And Collisions Using Slow Antiprotons”, is aiming at exploring

a wider field of atomic physics involving low-energy antiprotons [7]. The physics pro-
gram includes spectroscopy of antiprotonic helium atoms which has developed so far as
to a precise determination of the antiproton mass [8], stopping-power measurements at
low-energies [9], and researches on antiprotonic collision dynamics such as ionization
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processes and antiprotonic atom formation [10, 11]. We are also preparing a cusp trap
[12] and a Paul trap for production of antihydrogen as our near-future program.
Antiproton, as an exotic particle with infinite lifetime, is an interesting and ideal probe
in atomic physics, as well as in nuclear physics. Having the same mass as the proton but
with opposite charge, it acts as a “heavy electron” or as a “negetive nucleus”. Butin order
to investigate atomic processes such as ionization and atomic capture, the antiproton
as a probe particle needs to become available as a mono-energetic beam with a low
energy comparable to the Rydberg energy. With the aim of decelerating and cooling
the antiproton beams delivered from the AD facility at 5.3 MeV, the Trap Group of
the ASACUSA collaboration prepared a sequential combination of a Radio-Frequency
Quadrupole Decelerator (RFQD) and an electromagnetic trap in a strong magnetic field
produced by a superconducting solenoid. The antiprotons were to be confined and cooled
in the trap, before being extracted along a beamline specially designed to transport an
ultra-low energy beam at 10-1000 eV.

PRODUCTION AND DECELERATION

Kicker for stochastic cooling
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FIGURE 1. Layout of the Antiproton Decelerator (AD) at CERN.

Antiprotons ) are produced by protons colliding onto a fixed target above the
threshold of 5.6 GeV kinetic energy in the laboratory frame. Research on antiproton
is pursued also at Fermilab in the U.S., but if one wants a well-cooled low-energy
beam, the Antiproton Decelerator (AD) is the only facility which provides such a
beam available. Figure 1 shows a schematic of the AD ring. At CERN, proton beams
accelerated to 26 GeWtollide with an Ir target to produce antiprotons via the reaction
p+p— p+ p+ p+P. A fraction of them55 x 107 in number, are collected by a strong
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magnetic horn at 3.6 Ge¥/and stored in the AD ring, which are then cooled via
electron cooling [13] and stochastic cooling [14] techniques and decelerated down to
a momentum of 100 MeVW/or 5.3 MeV in kinetic energy. They are then extracted

to experimental zones as a good-qualipylsed beam consisting of typicalB/x 10’
antiprotons in a bunch of 100-200 ns.

Thus produced antiproton beam, though already lower in energy by 3 orders of
magnitude than at production, needs further deceleration for them to be captured in
vacuo electrostatically. A conventional method using thick degrader foils inevitably
caused considerable broadening of the energy spread, and most of the antiprotons either
stopped inside the foil or were not decelerated enough to be confined in the prepared
potential. At best the capture efficiency was 0.01%—0.1% [15, 16].

In order to decelerate antiprotons efficiently, the ASACUSA collaboration [7] devel-
oped a Radio Frequency Quadrupole Decelerator (RFQD) [17] in collaboration with
the CERN PS group. RF wave was applied to the cavities in a similar way as in a nor-
mal RFQ LINAC, but with opposite phase, to decelerate (instead of accelerating) mi-
crobunches of the antiproton beam at 5.3 MeV down to 63 keV, with an efficiency of
30%. Since the RF cavities can be biage@0 keV, the output antiproton energy can be
varied 10—120 keV.

INJECTION

The output beam from the RFQD was injected into an eletromagnetic trap in the strong
magnetic field of 2.5 T produced by a superconducting solenoid, via an Low-Energy
Beam Transport line (LEBT), as shown in Fig. 2(a).

The beam was focused by a set of pulsed solenoids at LEBT and by the converging

magnetic field of the superconducting solenoid to a diameter of 3—4 mm (see Fig. 2(b)).
It was injected into the trap through a thin Mylar i.e. PET (polyethylene terephthalate)
double-layered foil of 9ug/cn? for each layer, used to isolate ultrahigh vacuum (UHV)
of 10710 Pa inside the trap from a relatively poor vacuum6f6-10~7 Pain the LEBT.
This foil also served as a highly sensitive beam profile monitor for the antiproton beam.
Silver was evaporatively plated onto the layers of the foil in a form of ten strips of
1 mm width and 25 nm thickness. Signals from each strips used as electrodes to detect
emission of secondary electrons were amplified and read out, which allowed monitoring
position and distribution of the penetrating antiproton beam for x and y direction for
each layer (thus two-dimensional monitor). An example of the beam profile observed
by this monitor is given in Fig. 2(c). For diagnosis of the beam transport at LEBT, we
used yet another set of newly developed beam profile monitors consisting of thin wires
of 10-20um diameter placed with a gap of 1 mm next to each other [18]. These beam
profile monitors allowed for the first time non-destructive measurement of the antiproton
beam at low energies, which was not possible with MWPCs (Multi-Wire Proportional
Chambers), and they proved to be powerful tools in the delicate beam tuning at LEBT.

Taking into account the energy loss in the foil, we varied the bias voltage of the RFQD

* The emittance of the beam1st mm mrad and the momental biteAp/p ~ 0.1%.
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FIGURE 2. (a) Schematic of the LEBT line and the magnet. The antiproton beam out of the RFQD was
focused into the foil in the 2.5 T magnetic field. Calculated beam diameter along the LEBT line (b) and
an example of the beam profile monitored by the foil detector (c) are also shown.

so as to adjust the antiproton energy after penetration through the foil. In order for the
antiprotons to be captured in a high-voltage potential of 10 kV as will be discussed later,
their transverse energy should be less than 10 keV after the foil. We plac€ikrenkov
detectors, one upstream and one downstream of the superconducting solenoid, in order
to know the rough position of antiproton annihilation by detecting annihilation products
such as fast charged pions. Figure 3 shows signals fro@ehenkov detectors, read out

by a digital oscilloscope. When the antiproton beam was stopped at a closed gate valve
#1 (see Fig. 3(a)), two peaks were observed, corresponding to the undecelerated fraction
of the beam at 5.3 MeV and the decelerated fraction at 91.5 keV at later time. When
the gate valve was opened (b), the second peak moved slightly to a later time, with the
time difference due to time of flight, corresponding to annihilation at the position of the
degrader foil, placed 40 cm downstream of the gate valve. This means that the antiproton
beam has lost the energy and stopped inside the foil. This fact can be confirmed by
the signal from the downstrea@erenkov detector (c), showing no peak of decelerated
antiprotons reaching downstream. On the other hand, when the incident energy of the
antiproton beam out of the RFQD was increased to 121.5 keV (d), little annihilation was
observed in the foil, while a large broad peak was observed downstream (e), indicating
that most of the antiprotons at 121.5 keV have penetrated through the foil.
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FIGURE 3. Signals fromCerenkov detectors at different conditions, shown together with a schematic
of the apparatus. For details see the text.

We then applied a high voltage of 10 keV to the most downstream electrode (among
the set of trap electrodes placed in the center of the superconducting magnet) to reflect
back the antiproton beam. As shown in Fig. 4 for the case of 111.5 keV injection, the
broad peak (A) observed at downstream became smaller (B) after application of the
high voltage, because a major fraction of antiprotons bounced back to upstream. The
broad peak still remaining corresponds to antiprotons with their energy greater than
10 keV after passage through the foil. By varying the voltage applied, we can measure
transverse energy distribution after the foil, as the derivative of the reflection ratio as a
function of the potential applied, as shown in Fig. 5. For each voltage, the area of the
broad peak was compared between the cases with and without the high voltage, and
their ratio was calculated. For example, at the voltage of 10 kV, from Fig. 4 we learn that
among the antiprotons which have penetrated through the foil (A), 70% of them were
reflected back by the potential toward upstream and disappeared from the downstream
Cerenkov signal, while the rest 30% still travelled toward downstream (B). This means
that, after the foil, 70% of the antiprotons had a transverse energy of 10 keV or less, and
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FIGURE 4. Signal from the downstreaGerenkov detector. When no high voltage was applied, the
broad peak (A) corresponds to antiprotons with their broad energy variation around 10 keV, after energy
degradation in the foil. When a high voltage of 10 kV was applied, the remaining broad peak (B)
corresponds to antiprotons with their energy more than 10 keV which reached downstream, while the
rest of the antiprotons were reflected by the high voltage and hence were not observed by the downstream
Cerenkov detector.
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FIGURE 5. Reflection ratio (a) of the antiprotons by high voltage potential and deduced transverse
energy distribution (b) of antiprotons after passage through the degrader foil, incident at 111.5 keV.

this number is plotted as graph (a) in Fig! By differentiating thus obtained curve, the

T The percentage discussed is normalized to the number of antiprotons which have penetrated through the
foil. We must note that 30% of incident antiprotons stopped inside the foil under this condition.
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FIGURE 6. A schematic cross section of the MRT along the trap axis.

energy distribution after the foil can be obtained and is plotted as the graph (b).

CONFINEMENT AND COOLING

Antiprotons were then captured and confined in an electromagnetic trap. We used a
Multi-Ring Trap (MRT) [19] consisting of 14 cylindrical electrodes placed coaxially
along the magnetic field line, as shown in Fig. 6. A favorable feature of the MRT
compared with a normal Penning trap is that a harmonic electric potential can be
prepared in a wider region near the trap axis by application of appropriate voltage on
each electrode, which allows trapping of a much larger number of charged particles. A
large trap volume can be prepared also by a trap with a well-type potential, but the MRT
has a superior ability to trap particles far more stably.

Figure 7 shows sequential steps for antiproton capture, cooling and extraction. The
pulse of incident antiprotons were reflected backward at the DCE (Downstream Catching
Electrode) floated at-10 kV. By the time the pulse returned after its round trip of
typically 500 ns back to the UCE (Upstream Catching Electrode), the trap was closed
by a fast switch with a rise time of 200 ns which biased the UCE 10 kV, confining
the major part of the antiprotons. The antiprotons were then cooled by a plasma of
typically 3 x 10° electrons preloaded in the harmonic potential. Antiprotons lost their
energy by transferring it to electrons, while the heated electrons cooled by themselves
by emission of synchrotron radiation in the magnetic field of 2.5 T with its time constant
of about 1 s, until the antiprotons were trapped in the bottom of the harmonic potential
of 50 V depth. We then opened one side of the potential for 550 ns to selectively release
electrons: lighter and thus faster electrons escaped within this short period, while heavier
and much slower antiprotons remained inside. This release of electron turned out to be

** We assumed here that the position distribution of antiprotons reaching downstream does not depend
on the energy, so that the solid angle of the downstr€anenkov detector for antiproton annihilation is
constant.
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FIGURE 7. Sequential procedures of antiproton capture, cooling and extraction.

essential because our trial of antiproton extraction together with electrons never worked
out [20].

The antiproton cloud were then given torque by a rotating electric field to be com-
pressed radially. For this purpose, one of the electrodes was segmented azimuthally into
four parts as can be seen in Fig. 6, and an RF voltage was applied to each segment with
a phase difference af/2 next to each other [21, 22].

As a diagnostic device of antiproton trapping, we prepared a set of track detectors to
know the position and time of antiproton annihilation. Two scintillator bars of 2 m in
length, with a rectangular cross section of 4(K)6(V) cm?, were placed in the same
plane and parallel to the trap axis, as shown in Fig. 8(a). Passage of charged particles
such as pions, or electron-positron showers converted from gamma rays originating in
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FIGURE 8. (a) Position of antiproton annihilation can be calculated from the trajectory of produced
particles, detected by scintillator bars. (b) Observed position resolution agreed with our simulation using
GEANT code.

the decay of neutral pions, was detected and the position of the hit points (shown as ‘p’
and ‘q’ in the figure) was calculated from the time-of-flight difference of the scintillation
light, arriving at photomultiplier tubes (PMT) at both ends of the bars. Tracking back the
reconstructed particle trajectory back onto the trap axis, antiproton annihilation (‘z’ in
the figure) can be detected with a position resolution of 20 cm and with a detection
efficiency of typicallye = 5%, which agreed with our simulation [23] using GEANT
trajectory calculation code [24] (see Fig. 8(b))

Figure 9 shows detected annihilation counts as a function of time and position along
the beam axis (i.e. the trap axis). Frequent annihilation was observed at early times

* The detection efficiency is primarily determined by the solid angle of the detector and the multiplicity
of pions. Relatively bad position resolution is due to scattering of electron-positron showers in the thick
material of the magnet. The showers originate in gamma rays from the decay of neutral pions.
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FIGURE 9. Annihilation counts observed as a function of time and position.

for a typical period of 10 s following antiproton injection at= 0. They occurred
at positions of the degrader foil and the trap. After the antiprotons have been cooled
enough, there still remained constant annihilation in the trap center when the temperature
of the bore which housed the trap electrodes was 25 K (top figure (a)). This was due
to continuous antiproton annihilation against atomic nuclei of residual gases, mainly
hydrogen. A standard “ultra-high” vacuum is not apparently good enough for stable
confinement of antiprotons. On the other hand, no annihilation was observed during
confinement at the bore temperature of 7 K (bottom figure (b)). At this cryogenic
temperature, even the hydrogen gas freezed out and an extremely high vacuum better
than10-1° Pa was achieved, preventing antiproton annihilation. Since the vacuum is
very sensitive to the ambient temperature, stable cryogenic cooling was important in
stable antiproton trapping. Antiprotons were then extracted and many annihilations were
observed downstream of MRT.

Integrating the number of antiproton annihilations over all the positions, we obtain
total number of antiprotons. Figure 10 shows cumulative count of antiproton annihi-
lation as a function of time. The rapid increase at the last stage of the trapping cycle
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FIGURE 10. Cumulative number of antiproton annihilation as a function of elapsed time. The total
number of antiprotons in the trap was (a) 1.2 million for a single AD shot and (b) 4.8 million for stacking
of 5 AD shots.

corresponds to the antiprotons which were confined stably. Taking into account the de-
tection efficiencye of antiproton annihilation by the track detectors, we concluded that
1.2 x 10° antiprotons were trapped stably until the end of our trap cycle of 1-5 minutes
[20]. Typically 1 million antiprotons were trapped for each AD shot. We then accumu-
lated antiprotons for several AD shots (see Fig. 10(b)). This technique of “stacking” also
worked fine, and we trappet8 x 10° antiprotons simultaneously for stacking of 5 AD
shots, the largest number of antiprotons ever accumulated.

EXTRACTION AND BEAM TRANSPORT

The antiprotons were then released from the trapping potential as it was gradually
shallowed, and were extracted as an ultra-slow continuous beam of 10-500 eV. Since the
antiprotons tend to expand in radial direction when they follow the strongly diverging
magnetic field line out of the 2.5 T magnetic field, it was essential that the antiproton
cloud be well compressed radially in the trap. This was achieved by application of
rotating electric field [22]. Also important in efficient extraction was precise alignment.
The magnetic field axis, electric trap axis, the beam transport axes: all these needed to
be well aligned precisely.

The extraction beamline was designed to transport antiproton beams over a length
of 3 m, at variable energies ranging from 10 to 1000 eV. The antiproton beams were
refocused three times by sets of Einzel lenses at the position of apertures, as shown in
Fig. 11. These variable apertures of diameter 4—10 mm allow differential pumping of 6
orders of magnitude along the beamline, which was necessary to keep the trap region at
an extremely high vacuum better tha@ 10 Pa so as to avoid antiproton annihilation,
while the end of the beamline will be exposed to atomic or molecular gas jets of upto
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FIGURE 11. Schematic of the extraction beamline for ultra-slow antiproton beams. The beams are
focused 3 times at positions of variable apertures, to comply with the requirement of effective differential
pumping (bottom). Magnetic field strength is also shown in the top figure.

104 Pa [25]

The MRT, the superconducting solenoid and the eV-beam transport line are jointly
known as “MUSASHI”, or the Monoenergetic Ultra-Slow Antiproton Source for High-
precision Investigations. MUSASHI opens a new research field ranging from atomic
physics to nuclear physics [10], including our near-future project of antihydrogen syn-
thesis in a cusp trap [12]. As from nuclear physics point of view, low-energy antiproton
is suited to give information on nuclear peripherals [10, 26, 27, 28], but it would be more
interesting from atomic-physics point of view.

Especially, atomic formation and ionization processes by low-energy antiprotons can
be studied under single collision conditions for the first time, and theoretical calcula-
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tions [29] will now be tested experimentally. Taking advantage of the slow extraction
i.e. continuous aspect of the beam, event-by-event data acquisition becomes possible,
associated with each single antiproton. We are now preparing a supersonic gas-jet target
for atomic collision experiments planned in the next years. The target is aimed to achieve
a density of3 x 1013 cm~2 with a gas-jet cross section of 5 mm1 cm, which will be
crossed with the ultra-slow antiproton beams to produce antiprotonic atoms [30].

SUMMARY

With the conbination of a RFQD and a MRT in the superconducting solenoid, we have
successfully decelerated antiprotons from 5 MeV to less than 10 keV, confined them
and cooled them down to sub-eV energies with preloaded electrons. Out of 30 million
antiprotons delivered from the AD, 1.2 million antiprotons were trapped stably for a
cycle of a few minutes, which was 50 times more efficient than the conventional method
of using thick degrader foils for deceleration. Antiprotons were extracted at energies of
10-500 eV, and this continuous ultra-slow antiproton beam will be a powerful tool for
the study of atomic collision dynamics and formation of antiprotonic atoms including
antihydrogen, as well as nuclear physics.
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