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Transport beam line for ultraslow monoenergetic antiprotons
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A beam line for the transportation of slow antiprotons from a multiring electrode trap to an
experimental chamber is described. The beam line is equipped with a three-stage differential
pumping system in order to maintain a pressure lower than 1310212Torr in the trap region while
simultaneously having a pressure of around 131026 Torr in the chamber. Tests have shown that 105

positive ions per trapping cycle were successfully extracted at 250 eV from the trap positioned in a
superconducting solenoid. The ions were then further transported through three small apertures to
the target area located 3.5 m downstream of the trap. Results from the first delivery of a 250 eV
antiproton beam are described. ©2003 American Institute of Physics.@DOI: 10.1063/1.1578160#
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I. INTRODUCTION

The recent advent of the Antiproton Decelerator~AD! at
CERN has dramatically opened up new experimental opp
tunities to study the properties of the antiproton itself and
interaction with matter and antimatter at ultralow velocitie
which includes antiprotonic atom formation processes un
single collision conditions and high precision spectrosco
of metastable antiprotonic atoms, such as protonium, ant
drogen formation and its high precision spectroscopy, ion
tion processes of atomic hydrogen, etc.1 An essential condi-
tion for the success of such experiments is the availability
a high-quality antiproton beam at very low energies. Pre
ously, it was demonstrated that a 1–100 keV beam is
tained by passing the 5 MeV beam delivered by the A
through the Radio Frequency Quadrupole Decelera
~RFQD!.2,3 In order to reach even lower beam energies a
thus further extend the experimental possibilities,
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~ASACUSA! collaboration1 has combined the RFQD with
large volume multiring trap~MRT! followed by a specially
designed extraction beam line.4–7 The MRT8 traps, cools and
then ejects a large number of cold antiprotons as a pulse
continuous beam enabling interaction studies between a
protons and matter in the hitherto unexplored energy reg
10 to 1000 eV. As the first experiment, the formation pr
cesses of antiprotonic atoms under single collision conditi
will be studied with the slow antiproton beam intersecting
gas jet of H2 or noble gases. The target density should
course be as high as possible but since microchannel p
~MCP! detectors will be used in the target chamber the ba
ground pressure should not exceed 131026 Torr. On the
other hand, the pressure in the trap should be lower tha
310212Torr because the survival lifetime of the antiproto
against annihilation with the residual gas should be lon
than the time necessary for cooling and manipulation of
tiprotons in the MRT, which is typically several tens of se
onds. The trap must therefore be isolated from the ta
chamber by an extraction beam line equipped with sev
effective differential pumping stages. At the same time,
most important requirement is that the transport efficien
should be very high so that the precious slow antiprotons
5 © 2003 American Institute of Physics
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be used without loss. This article reports~1! the design pro-
cedure of the extraction beam line, which is specially p
pared to fulfill the somewhat contradictory requirements j
described, i.e., high transport efficiency and large differen
pumping capability and~2! the result of test experiment
with ions ~p, H2

1 and H3
1) and with ultraslow antiprotons fo

the first time.

II. DESIGN

A. Brief description of the trap

In order to describe how the beam line was designed
outline of the antiproton trap is briefly described here.
more detailed report will be published elsewhere. The MR8

was adopted for the trapping and cooling of antiprotons
cause of its large catching volume and higher stability, wh
are necessary to handle a large number of charged part
while keeping the space-charge effects relatively small. T
MRT was positioned at the center of the bore tube of a
superconducting solenoid magnet as shown in Fig. 1.
design details of the solenoid and the MRT were repor
previously.4,6 The size of the solenoid is approximately 1.8
in length and 22 cm in inner diameter. The inner diamete
the bore tube is 165 mm. Both ends of the bore tube
supported by eight motor controlled linear feedthrough ro
~four rods on each side!, which enables the precise alignme
of the bore tube axis with respect to the solenoid ax
Charged particles were confined radially by a strong m
netic field and axially by electric fields produced by applyi
potentials to several ring electrodes of the MRT. It was de
onstrated that our system was capable of trapping and
fining more than 106 antiprotons per shot delivered from th
AD together with approximately 108 preloaded electrons
The trapped antiprotons were sympathetically cooled via
teractions with the electrons, which in turn cooled the
selves by emitting synchrotron radiation in the strong m
netic field.9 Details of this procedure are publishe
elsewhere.10,11 When the electrons needed to be remov
from the MRT before antiproton extraction, either~1! the
trapping potential was turned off for a short time~around 0.5
ms! so that the electrons could escape while the slower a
protons remain in the trap region or~2! a weak rf field with
a frequency in resonance with the axial oscillations of
electron plasma was applied to one of the MRT electro
for a fraction of a second. A dc extraction of antiprotons w

FIG. 1. Schematic view of the 5 T superconducting magnet, the trap e
trodes, and the extraction beam line electrodes. The calculated mag
field distributionsBz is also exhibited for a coil current corresponding to 2
T at the center of the magnet. GV: gatevalve, BPM: beam profile monito
lens, V: voltage, TMP: turbo molecular pump, A: mesh, and F: electrod
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performed by slowly varying the trap depth while still kee
ing the barrier height atVi as shown in Fig. 2. In this way
antiprotons in the MRT were flowing out continuously and
quasi-monoenergetic beam with a kinetic energy ofeVi was
produced.

The pressure measured outside the bore tube was
cally 1310210Torr. Since the temperature of the bore tu
was kept below 10 K during measurements, the pressur
the MRT region is expected to be at least one order of m
nitude better than the aforementioned value. Two mylar
grader foils with a total thickness of 1.8mm were positioned
60 cm upstream of the center of the magnet. The antipro
beam delivered from the RFQD at around 100 keV was th
decelerated down to less than 10 keV when traversing
foils. The foils also physically isolate the bore tube area fro
the RFQD area where the pressure is higher than
31029 Torr.

B. Requirements

The basic requirement of the extraction beam line are
follows: ~1! to transport the cooled antiprotons from th
MRT to the target area with a minimum of loss,~2! to focus
the beam at the target with a minimum spot size,~3! to
enable differential pumping with a pressure difference
more than six orders of magnitudes between the trap area
the target area,~4! to provide a variable beam energy at th
target from 10 eV to 1000 eV, and~5! to be able to deliver
the antiprotons both as a dc beam and as a pulsed beam
few microseconds duration. The required pressure differe
could only be realized with a series of differential pumpi
stages consisting of small apertures combined with an ef
tive evacuation system.

c-
tic

:

FIG. 2. Scheme of antiproton extraction from the trap region.
P license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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3307Rev. Sci. Instrum., Vol. 74, No. 7, July 2003 Beam line for slope antiprotons
Additional requirements were to prepare gaps of sev
centimeters between the cylindrical electrodes along
beam line so that two beam profile monitors~BPMs!, three
gate valves, and two pumping ports can be inserted. The
also help to effectively evacuate the volume surrounded
the electrodes. The system should also be able to inject e
trons into the MRT for antiproton cooling. Furthermore, a
of x and y deflectors is necessary so that any misalignm
between the trap and the beam line can be corrected.

C. Simulations

A difficulty arises when extracting charged particl
from a strong magnetic field since the trajectories tend
follow the magnetic field lines, which are strongly divergin
Furthermore, when leaving the magnetic field the extrac
particles increase their angular momentum, which limits la
focusing of the beam. The situation was thus complica
and it was necessary to perform numerical simulations d
ing the design of the beam line in order to optimize t
transmission and quality of the beam. These calculati
were performed with a commercial software~TriComp pack-
age, Field Precision Inc.!, which utilizes a finite-elemen
method to calculate the cylindrically symmetric fields from
given current and electric potential distributions taking in
account the realistic susceptibility of the iron shield arou
the magnet~see Fig. 1!. The calculatedBz distribution from
a current corresponding to 2.5 T along the axis is drawn
the upper part of Fig. 1.

Trajectory calculations were performed for antiproto
starting from the trap region under influences of both m
netostatic and electrostatic forces. The accuracy of the ca
lations was examined by comparing the initial and final
netic energies and total angular momenta. By performing
calculations with a field element size of around 0.5 mm2 and
an orbit integration time step of around 10210s, trajectories
with errors less than 1% were obtained. No further impro
ments in accuracy could be obtained by further reducing
element size or the orbit integration time step due to
accumulation of round off errors. It should be emphasiz
that the software uses a sophisticated method to interpo
the fields at the position of the moving particle from t
vertices defining the element containing the particle at e
step of the progressing trajectory.

In these calculations, it was assumed that the antipro
cloud in the trap is of a cylindrical shape 2 mm in diame
and with homogenous density. Furthermore, it was assu
that the antiprotons had energies of 1 eV in the perpendic
direction relative to the magnetic field. These assumpti
were based on experiences from similar experiments.

An optimized ion optics configuration was thus obtain
by a trial and error procedure. The final result is drawn
Fig. 1, which consists of two sets ofx andy deflectors, two
Einzel lenses~L1 and L2!, and an asymmetric lens~L3!. Five
gaps for three gate valves~GV1, GV2, and GV3! and two
beam profile monitors~BPM1 and BPM2! were also pre-
pared to fulfill the requirements. The optimized spot size a
the effective divergence at the end focal point are given
Table I for antiprotons of 10, 100, and 250 eV extracted fr
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the MRT with a magnetic field of 1 T. The effective values
the radius were defined by 2xrms, wherexrms is given by the
root-mean square of one transversal coordinate at the f
point for all the trajectories studied. The effective values
the divergence angles were defined by 2xrms8 wherexrms8 is
given by the root-mean square of the slopes relative to
beam line axis at the focal point for the same trajector
~see, e.g., Ref. 12!. The right-hand side-most column o
Table I shows a product of the square root of the projec
energy, the spot size, and the divergence angle, whic
proportional to the normalized emittance. It is seen that
normalized emittance does not strongly depend on the fi
energy. The necessary potential configuration to get the
timized beam is shown in Fig. 3 as a function of the fin
energy of the antiprotons. It is noted that the initial tran
verse energy of 1 eV has only a minor effect on the fin
beam parameters, but that the initial radial distribution of
antiproton cloud plays the dominant role. This can be und
stood by comparing the magnetic and thermal component
the canonical angular momentumpu of the antiprotons.13

The magnetic component is given byeAur where r is the
radial coordinate in a cylindrical coordinate system andAu is
the theta component of the vector potential which for a u
form field in thez direction is given byBr/2 whereB is the
magnetic field in the trap. The thermal component is giv
by mvur wherem is the antiproton mass andvu is the theta

FIG. 3. Optimum electrode potentials as functions of extraction energ

TABLE I. Antiproton beam focal point parameters from simulations vers
extraction energy.~See the text for the assumed parameters.!

Extraction
energyE ~eV!

Effective beam
radius 2xrms ~mm)

Effective
divergence angle
2xrms8 (degrees) E21/2* 2xrms* 2xrms8

10 3.1 617.8 175
100 2.5 66.5 162
250 2.2 64.9 170
P license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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component of the transversal velocity. For example, the m
netic component of the canonical angular momentum of
antiproton atr 51 mm and at 1 T is;3.5 times larger than
the thermal component with a transverse kinetic energy o
eV. In other words, the key parameter to govern the em
tance of the antiproton beam is not the temperature of
cloud but the radius and the field strength in the pres
conditions.

D. Transport scheme and design details

The barrier height of the downstream side of the MR
potential is set atVi , which defines the final energy of ant
protons to beeVi at the target point~see Fig. 2!. After leav-
ing the trap, the antiprotons travel with the same ene
along the homogenous magnetic field, and then enter
beam line electrodes, where they are accelerated or dec
ated toe(VB1Vi), which was around 250 eV~see Fig. 1!.
The beam then enters the first Einzel lens L1 biased atV1 .
An Einzel lens usually consists of three metal tubes of
same diameter positioned coaxially after each other. App
ing a decelerating or an accelerating potential to the mid
electrode achieves focusing of a charged particle beam p
ing through the tubes. At a certain applied potential, an
proaching parallel beam can be forced to have a radial n
in the center of the middle electrode. This is true for both
deceleration mode and the acceleration mode. For the de
eration mode, the applied voltage would be close to stopp
the incoming beam, while for the accelerating mode the
plied voltage would increase the kinetic energy of the inco
ing beam many times while passing the center of the le
Both of these operation modes are nonstandard in ion op
In our case, a metal aperture was prepared at the center o
middle electrode for differential pumping. The aperture
biased to the same potentialV1 as the middle electrode. It i
noted that the aberration of the acceleration mode is m
smaller than the deceleration mode. After being focu
when entering L1 and passing the aperture, the beam is m
parallel again to the beam line by being decelerated w
again entering electrodes of potentialVB ~see Fig. 1!, and
then proceeds to L2 and L3. The beam is finally focused
the target position~shown as BPM3 in Fig. 1! with the F1
and F2 electrodes of L3 biased atV32 andV33. Examples of
the beam envelope for the beam energies of 250 eV, 100
and 10 eV are shown in Fig. 4 together with the respec
electric potential distributions along the beam line axis. El
trons from a Spindt-type electron emitter were preinjec
into the trap through a slot of 125 mm325 mm machined on
electrode A as indicated in Fig. 1. The slot is covered w
gold-plated tungsten wires with a 10mm diameter and a
spacing 0.5 mm in order to allow electrons being injec
from outside of the electrode but at the same time keep
the potential inside the electrode undisturbed. The positio
the electron emitter was carefully determined employing
jectory simulations so that electrons from the emitter
guided into the trap by the magnetic field. The electrod
were made of aluminum, which was chosen since it is n
magnetic and a so-called ethanol lathing was applied. A
and uniform layer of aluminum oxide is formed with th
Downloaded 01 Jul 2003 to 137.138.4.93. Redistribution subject to AI
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technique, which considerably reduces outgassing du
evacuation. The potential to each electrode is supplied
CuBe springs touching the surface connecting to hi
voltage electrical feedthroughs.

The extraction beam line is equipped with two BPM
BPM1 is a RoentDek DL40 delay line anode MCP, whi
can detect ions of both polarities one by one with a posit
resolution of 0.1 mm and a time resolution of 500 ps. BPM
was mounted on a linear translator, and could be remo
from the beam line. BPM2 shown in Fig. 1 is a wire chamb
detector,14 which offers nondestructive monitoring of th
beam in the case of a pulsed beam. During the test descr
later in this article, BPM3~a second RoentDek detector! was
positioned at the focal point of the beam line in order
measure the number and position of transmitted partic
BPM3 was movable along the beam axis in order to meas
the emittance around the focal point.

As an aperture of 4 mm in diameter and a pump with
evacuation speed of 100 l/s provides a pressure differenc
a factor of 100, three apertures with diameters variable fr

FIG. 4. Envelopes of antiproton trajectories traveling from the left- to
right-hand side through the electrodes of the extraction beam line for
traction energies of 250, 100, and 10 eV. The electric potential along
center axis is exhibited in the panels above each set of trajectories.
P license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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3309Rev. Sci. Instrum., Vol. 74, No. 7, July 2003 Beam line for slope antiprotons
10 mm down to 4 mm were installed in the extraction be
line. A photo of such a high-voltage variable aperture
shown in Fig. 5. The extraction beam line was evacua
with turbomolecular pumps of evacuation speeds 1000
and 400 l/s positioned as shown in Fig. 1. The base press
were a few times 10210Torr in the area between the tw
apertures of lenses L1 and L2, in the 1029 Torr range in the
area between the two apertures of L2 and L3, and in
1028 Torr range downstream of the aperture of L3. The d
ferential pumping ability was tested by introducing He a
pressure of 131026 Torr into a chamber connected to th
end of the beam line. The chamber was pumped with a
bomolecular pump giving a background pressure of
31028 Torr. With all three apertures set at a 4 mmdiameter,
the pressure measured between lenses L3 and L2 was
proximately 131027 Torr, between lenses L2 and L1 ap
proximately 131029 Torr, and at the downstream exit of th
magnet bore tube approximately 1310210Torr. It was there-
fore concluded that the efficiency meets the requirement
that some experiments might be performed with even big
apertures than initially expected.

III. EXPERIMENT

A. Protons, H 2
¿ , and H3

¿ ions

As the first test of the beam line, positive ions we
stored in the MRT by ionizing the residual gas with electro
of several hundred eV, and were then extracted and tr
ported to the target position. In order to increase the
production rate, the bore tube temperature was raise
around 100 K thus increasing the residual gas pressure. S
the main component of the residual gas was H2, it is ex-
pected that the ions were mostly H3

1 and H1,11 where the
first component is formed through ion–molecule reactio
like H2

11H2→H3
11H. Before extraction through the bea

line, the trap was biased to the required potential as

FIG. 5. A photo of the adjustable high-voltage aperture.
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scribed earlier. A test of the pulsed extraction mode show
that an ion pulse of;10214C (;105 ions) was extracted and
reached BPM3 with a pulse width of a few tens of microse
onds. A dc extraction test was also performed and tw
dimensional~2D! images of the ions on BPM3 were ob
served. In the dc extraction mode, the length of extract
was successfully controlled from a few tens of seconds
100 s. Figure 6~b! shows an example of the 2D image of
250 eV beam consisting of a mixture of H3

1 , H2
1 , and pro-

tons observed with BPM3 when all the electrodes were
ased according to the results of the simulation. Figures 6~a!

FIG. 6. ~Color! Beam profile of 250 eV positive particles detected at t
focal point of the beam line with a delay line anode MCP system for diff
ent focus conditions.
P license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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and 6~c! show images of a similar 250 eV beam but wi
under- and overfocused conditions obtained by applying
low or too high potential on electrode F2. It is seen that
calculated potential configuration gives the best result
also that the spot size is rather insensitive to a small varia
of V33, which is consistent with the values obtained fro
simulations shown in Table II. The number of ions detec
with the dc mode extraction was comparable to that obser
with the pulse mode extraction, i.e., the transmission e
ciency does not depend very much on the extraction mo
Similar numbers of transmitted ions were also obtained
beam energies as low as 10 eV, however, the spot size
creased slightly as the beam energy decreased, whic
again consistent with the simulations previously describ
~see Table I!. When positively charged ions were detecte
the front surface of the MCP was biased at approxima
22 kV. In order not to disturb the trajectory of the ions,
mesh at the ground potential is placed a few millimeters
front of the MCP, which however resulted in small dott
structures due to a local focusing effect. In the case of a
proton detection, the bias applied to the front surface of
MCP was only a few hundreds of volts, i.e., the image of
antiproton distribution was not deformed.

B. Antiprotons

We have succeeded to store and cool more than 106 an-
tiprotons per AD shot.11 From the annihilation rate during
trapping, the background pressure in the trap was estim
to be roughly 1310213Torr. The cooled antiprotons wer
then extracted toward the experimental chamber through
beam line. In order to monitor the annihilation position of t
extracted antiprotons, two sets of track detectors were
pared, one of which was set several tens of cm apar
parallel to the magnet and the other positioned close to
beam line. Each track detector consisted of two 2 m long
plastic scintillator bars, which are configured so that
magnetic field axis and the two scintillator bars were all
the same plane. When an energetic charged particle hits
bar, scintillation photons are emitted which are detected
photomultipliers attached on both ends of the bar. The
position is derived from the arrival time difference betwe
the two photomultipliers. When the energy of ap ion pro-
duced during antiproton annihilation is high enough, it c
penetrate through the two scintillator bars. In this case,
annihilation position can be traced back with the two
positions.

TABLE II. Transversal spread of the 250 eV beam at the final focal poin
the beam line obtained from simulation~antiprotons! and from experiment
~positive ions! at different potentials applied to the electrode F2. In t
experimental cases, the background has been subtracted~10% of maximum
count! from the data. For the simulated values, the same initial parame
were used as for the values presented in Table I.

F2 potential (V)
Simulation

xrms5yrms ~mm)
Experimental

xrms ~mm)
Experimental

yrms ~mm)

1300 2.2 1.3 1.6
1500 1.1 1.2 1.1
1900 2.5 2.5 2.6
Downloaded 01 Jul 2003 to 137.138.4.93. Redistribution subject to AI
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The black histogram in Fig. 7 shows an example of t
measured annihilation position distribution along the extr
tion beam line for an antiproton beam extracted at 250
and with the magnetic field at 2.5 T in the MRT. Extractio
at 100 eV and 10 eV were also tried giving similar distrib
tions and number of events. As can be observed, the di
bution exhibits several peaks along the extraction beam l
The peaks corresponding to apertures A2 and A3 of len
L2 and L3, respectively, are clearly identifiable while th
limited effective detection area of the detector explains
absence of a peak corresponding to the aperture A1 of
L1. Annihilations were also observed between apertures
and A2. The peak at 340 cm corresponds to annihilation
BPM3. To analyze the aforementioned annihilation distrib
tion, antiproton trajectories were again simulated as a fu
tion of the initial radial positionr of the antiproton in the
trap, which are then compared with the inner radii of t
electrodes~35 mm! and the aperture size~in this case with
radii 3 mm!. Considering that an antiproton annihilate
whenever it touches material, the expected annihilation p
tions are indicated as a function of the initial radial positi
in the upper part of Fig. 7. It is seen that antiprotons ann
late ~1! upstream of A1 or at A1 forr .1.75 mm, ~2! be-
tween A1 and A2 for 1.75 mm.r .1.35 mm, ~3! at A2 for
r'1.35 mm, ~4! between A2 and A3 for 1.35 mm.r
.1.30 mm, and at A3 for 1.30 mm.r .1.15 mm. We can
thus determine that at least a part of the antiproton cloud
the MRT during the experiments was within a radius of 1
mm from the center axis. The red histogram shows a sim
lated annihilation position distribution assuming a trapp
antiproton cloud of radius 1.7 mm, homogenous density,

FIG. 7. ~Color! In black: An example of the annihilation distribution mea
sured with the beam line track detector for 250 eV antiprotons. Calcula
annihilation positions in the beam line vs initial radial position in the tr
are indicated in the upper part of the panel. In red: A simulated annihila
distribution.
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cylindrical shape. Furthermore, the antiprotons leave the
region with no transversal momentum. Both the spatial e
ciency and the resolution of the detector were taken i
account in the creation of this distribution. It can be observ
that an overall annihilation pattern is more or less reprodu
except that the resulting relative intensity between the pe
observed in the simulated distribution is quite different fro
the relative intensity between the peaks found in the exp
mentally acquired distribution. It is thus clear that duri
these initial tests, the extraction conditions were not yet
timized.

An image of particles reaching BPM3 during antiprot
extraction is shown in Fig. 8. The number of observed eve
per shot was around 103, which was comparable to thos
assigned as annihilations at BPM3 as observed by the t
detector~see the black area indicated in Fig. 7! taking into
account its solid angle and the multiplicity of the chargedp
ions emitted from each event. It is seen that the spot size
a couple of times larger than that observed for extracted p
tive ions. Considering that~1! the magnetic field for the
former case was 2.5 times stronger then that of the la

FIG. 8. The dot plot of particles reaching the delay line anode MCP dete
at the focal point of the extraction beam line during 250 eV antipro
extraction.
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case, and~2! the mass ratio between antiprotons: H2
1 :H3

1 is
approximately 1:2:3, the observed spot size difference se
somewhat reasonable. Furthermore, a radial outward sep
tion of antiprotons from electrons may take place,15 which
increases the radius of the antiproton cloud, decreases
transmission efficiency, and results in a larger focal po
size.

Future extraction experiments will show if an improv
ment of the beam quality and a higher transmission e
ciency can be obtained by compression of the antipro
cloud, which was successfully made for electrons16 and
ions11 utilizing the same system. The system is now ready
further optimization at CERN.
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