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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 thad @ *2Torr in the trap region while
simultaneously having a pressure of around1D© Torr in the chamber. Tests have shown that 10
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. ZD03 American Institute of Physic$DOI: 10.1063/1.1578160

I. INTRODUCTION (ASACUSA) collaboratiort has combined the RFQD with a
large volume multiring tragMRT) followed by a specially
The recent advent of the Antiproton Deceler&8b) at  designed extraction beam life! The MRT® traps, cools and
CERN has dramatically opened up new experimental oppotthen ejects a large number of cold antiprotons as a pulsed or
tunities to study the properties of the antiproton itself and itscontinuous beam enabling interaction studies between anti-
interaction with matter and antimatter at ultralow velocities,protons and matter in the hitherto unexplored energy region
which includes antiprotonic atom formation processes undetO to 1000 eV. As the first experiment, the formation pro-
single collision conditions and high precision spectroscopycesses of antiprotonic atoms under single collision conditions
of metastable antiprotonic atoms, such as protonium, antihywill be studied with the slow antiproton beam intersecting a
drogen formation and its high precision spectroscopy, ionizagas jet of B or noble gases. The target density should of
tion processes of atomic hydrogen, &#n essential condi- course be as high as possible but since microchannel plate
tion for the success of such experiments is the availability of MCP) detectors will be used in the target chamber the back-
a high-quality antiproton beam at very low energies. Previground pressure should not exceed 110" ° Torr. On the
ously, it was demonstrated that a 1-100 keV beam is obether hand, the pressure in the trap should be lower than 1
tained by passing the 5 MeV beam delivered by the ADx 10 *?Torr because the survival lifetime of the antiprotons
through the Radio Frequency Quadrupole Deceleratoagainst annihilation with the residual gas should be longer
(RFQD).%2 In order to reach even lower beam energies andhan the time necessary for cooling and manipulation of an-
thus further extend the experimental possibilities, thetiprotons in the MRT, which is typically several tens of sec-
Atomic Spectroscopy and Collisions Using Slow Antiprotonsonds. The trap must therefore be isolated from the target
chamber by an extraction beam line equipped with several
3Electronic mail: franzen@phys.ufl.edu effectiye differential pumping_stages. At the same time_, the
bAlso at: Institute of Physics, University of Tokyo, Komaba 3-8-1, Meguro- MOSt important requirement is that the transport efficiency
ku, Tokyo, Japan. should be very high so that the precious slow antiprotons can
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FIG. 1. Schematic view of the 5 T superconducting magnet, the trap elec-
trodes, and the extraction beam line electrodes. The calculated magnetic
field distributionsB, is also exhibited for a coil current corresponding to 2.5

T at the center of the magnet. GV: gatevalve, BPM: beam profile monitor, L:
lens, V: voltage, TMP: turbo molecular pump, A: mesh, and F: electrode.

potential (-V)
_

be used without loss. This article repofis the design pro- >
cedure of the extraction beam line, which is specially pre-
pared to fulfill the somewhat contradictory requirements just
described, i.e., high transport efficiency and large differential
pumping capability and?2) the result of test experiments
with ions (p, H; and H}) and with ultraslow antiprotons for 7
the first time. | l

Z

Il. DESIGN . . .
FIG. 2. Scheme of antiproton extraction from the trap region.

A. Brief description of the trap

In order to describe how the beam line was designed, aBerformed by S|ow|y Varying the trap depth while still keep_
outline of the antiproton trap is briefly described here. Ajng the barrier height a¥; as shown in Fig. 2. In this way,
more detailed report will be published elsewhere. The MRT antiprotons in the MRT were flowing out continuously and a
was adopted for the trapping and cooling of antiprotons beguasi-monoenergetic beam with a kinetic energeuf was
cause of its large catching volume and higher stability, whichproduced.
are necessary to handle a large number of charged particles The pressure measured outside the bore tube was typi-
while keeping the space-charge effects relatively small. Theally 1x 10~ °Torr. Since the temperature of the bore tube
MRT was pOSitioned at the center of the bore tube of a 5 Twas kept below 10 K during measurements, the pressure in
superconducting solenoid magnet as shown in Fig. 1. Thehe MRT region is expected to be at least one order of mag-
design details of the solenoid and the MRT were reporteghitude better than the aforementioned value. Two mylar de-
previously”® The size of the solenoid is approximately 1.8 m grader foils with a total thickness of 1,8m were positioned
in Iength and 22 cm in inner diameter. The inner diameter 0%0 cm upstream of the center of the magnet_ The antiproton
the bore tube is 165 mm. Both ends of the bore tube ar@eam delivered from the RFQD at around 100 keV was then
supported by eight motor controlled linear feedthrough rodgjecelerated down to less than 10 keV when traversing the
(four rods on each sidewhich enables the precise alignment fojls. The foils also physically isolate the bore tube area from

of the bore tube axis with respect to the solenoid axisthe RFQD area where the pressure is higher than 1
Charged particles were confined radially by a strong magx 10~° Torr.

netic field and axially by electric fields produced by applying
potentials to several ring electrodes of the MRT. It was dem-
onstrated that our system was capable of trapping and co
fining more than 1®antiprotons per shot delivered from the
AD together with approximately fOpreloaded electrons. The basic requirement of the extraction beam line are as
The trapped antiprotons were sympathetically cooled via infollows: (1) to transport the cooled antiprotons from the
teractions with the electrons, which in turn cooled them-MRT to the target area with a minimum of log&) to focus
selves by emitting synchrotron radiation in the strong magthe beam at the target with a minimum spot siZ®), to

netic field® Details of this procedure are published enable differential pumping with a pressure difference of
elsewheré®!! When the electrons needed to be removedmore than six orders of magnitudes between the trap area and
from the MRT before antiproton extraction, eithgl) the  the target area4) to provide a variable beam energy at the
trapping potential was turned off for a short tifegound 0.5 target from 10 eV to 1000 eV, an@) to be able to deliver

1S) so that the electrons could escape while the slower antithe antiprotons both as a dc beam and as a pulsed beam of a
protons remain in the trap region @) a weak rf field with  few microseconds duration. The required pressure difference
a frequency in resonance with the axial oscillations of thecould only be realized with a series of differential pumping
electron plasma was applied to one of the MRT electrodestages consisting of small apertures combined with an effec-
for a fraction of a second. A dc extraction of antiprotons wastive evacuation system.

%_. Requirements
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Additional requirements were to prepare gaps of severalABLE I. Antiproton beam focal point parameters from simulations versus
centimeters between the cylindrical electrodes along th&raction energySee the text for the assumed paramefers.

beam line so that two beam profile monitqBPMs), three Effective

gate valves, and two pumping ports can be inserted. The gapstraction Effective beam divergence angle

also help to effectively evacuate the volume surrounded bynergyE (eV) radius Xy,s(mm) 2/ (degrees) E~Y22x¥ 2x! o
the electrodes. The system should also be able to inject elecy, 31 178 175
trons into the MRT for antiproton cooling. Furthermore, a setigg 25 +6.5 162

of x andy deflectors is necessary so that any misalignmengs0 2.2 +4.9 170

between the trap and the beam line can be corrected.

the MRT with a magnetic field of 1 T. The effective values of
C. Simulations the radius were defined byx2,s, wherex, s is given by the
A difficulty arises when extracting charged particles root-mean square of one transversal coordinate at the focal

from a strong magnetic field since the trajectories tend tgpoint _for all the trajectories studi_ed. The effective Yalu_es of
follow the magnetic field lines, which are strongly diverging. the divergence angles were defined by/,2 where X is

Furthermore, when leaving the magnetic field the extracte@Ven by the root-mean square of the slopes relative to the
particles increase their angular momentum, which limits latef®2M line axis at the focal point for the same trajectories

focusing of the beam. The situation was thus complicatedS€®: €.9- Ref. 12The right-hand side-most column of
and it was necessary to perform numerical simulations dur@Ple I shows a product of the square root of the projectile

ing the design of the beam line in order to optimize the€N€rgy, the spot size, and the divergence angle, which is
transmission and quality of the beam. These calculationBroPortional to the normalized emittance. It is seen that the
were performed with a commercial softwaf&iComp pack- normalized emittance does not strongly depend on the final
age, Field Precision Ing. which utilizes a finite-element €N€rgy. The necessary potential configuration to get the op-

method to calculate the cylindrically symmetric fields from aimized beam is shown in Fig. 3 as a function of the final
given current and electric potential distributions taking into€"€rgy of the antiprotons. It is noted that the initial trans-
account the realistic susceptibility of the iron shield around€"Se €nergy of 1 eV has only a minor effect on the final
the magnetsee Fig. 1 The calculated, distribution from beam parameters, but that the initial radial distribution of the

a current corresponding to 2.5 T along the axis is drawn irntiproton cloud plays the dominant role. This can be under-
the upper part of Fig. 1. stood by comparing the magnetic and thermal components of

. : 3
Trajectory calculations were performed for antiprotonsi€ canonical angular momentupy, of the antiprotons:
starting from the trap region under influences of both mag-1 "€ magnetic component is given lA,r wherer is the
netostatic and electrostatic forces. The accuracy of the calciiddial coordinate in a cylindrical coordinate system &pds
lations was examined by comparing the initial and final ki-the th_eta component Of th@T vector potential which _for a uni-
netic energies and total angular momenta. By performing th&rm field in thez direction is given byBr/2 whereB is the
calculations with a field element size of around 0.5%mmd ~ Magnetic field in the trap. The thermal component is given
an orbit integration time step of around 10s, trajectories PY Mver wheremis the antiproton mass ang is the theta

with errors less than 1% were obtained. No further improve-
ments in accuracy could be obtained by further reducing the &
element size or the orbit integration time step due to the =
accumulation of round off errors. It should be emphasized
that the software uses a sophisticated method to interpolate
the fields at the position of the moving particle from the
vertices defining the element containing the particle at each
step of the progressing trajectory.

In these calculations, it was assumed that the antiproton 1 . ; ) \
cloud in the trap is of a cylindrical shape 2 mm in diameter 100 200 300 400 500
and with homogenous density. Furthermore, it was assumed final kinetic energy (eV)
that the antiprotons had energies of 1 eV in the perpendicular «~
direction relative to the magnetic field. These assumptions ~
were based on experiences from similar experiments.

An optimized ion optics configuration was thus obtained
by a trial and error procedure. The final result is drawn in
Fig. 1, which consists of two sets afandy deflectors, two
Einzel lensegL1 and L2, and an asymmetric lerts3). Five
gaps for three gate valvd&V1, GV2, and GV3 and two . , , , .
beam profile monitor{BPM1 and BPM2 were also pre- 0 100 200 300 400 500
pared to fulfill the requirements. The optimized spot size and final kinetic energy (eV)
the effective divergence at the end focal point are given in
Table | for antiprotons of 10, 100, and 250 eV extracted from FIG. 3. Optimum electrode potentials as functions of extraction energy.

electrode potentials (k

\"

electrode potentials
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component of the transversal velocity. For example, the mag- -

netic component of the canonical angular momentum of an E 2506V /\ /\ M
antiproton ar=1 mm and at 1 T is~3.5 times larger than 2

the thermal component with a transverse kinetic energy of 1 F

eV. In other words, the key parameter to govern the emit- 15 5 25 3 3.
tance of the antiproton beam is not the temperature of the

cloud but the radius and the field strength in the present 15F

potential (kV)
[ l\l) (%]

5

conditions. 'é 10k 250ev
:’ =
D. Transport scheme and design details O0 0.5 1 1.5 2 2.5 3 35
The barrier height of the downstream side of the MRT &
potential is set aV;, which defines the final energy of anti- = § 100 eV '
protons to beeV,; at the target pointsee Fig. 2. After leav- g 2
ing the trap, the antiprotons travel with the same energy 2 1
along the homogenous magnetic field, and then enter the & OO 0.5 1 13 ) 55 3 3.5

beam line electrodes, where they are accelerated or deceler
ated toe(Vg+V,), which was around 250 e\see Fig. L

The beam then enters the first Einzel lens L1 biased;at g
An Einzel lens usually consists of three metal tubes of the
same diameter positioned coaxially after each other. Apply- ~
ing a decelerating or an accelerating potential to the middle
electrode achieves focusing of a charged particle beam passg
ing through the tubes. At a certain applied potential, an ap- &
proaching parallel beam can be forced to have a radial node=
in the center of the middle electrode. This is true for both the §
deceleration mode and the acceleration mode. For the decel-§
eration mode, the applied voltage would be close to stopping
the incoming beam, while for the accelerating mode the ap-
plied voltage would increase the kinetic energy of the incom-
ing beam many times while passing the center of the lens.
Both of these operation modes are nonstandard in ion optics. O0 G 1.5 2 2.5 3.5
In our case, a metal aperture was prepared at the center of the z (m)

middle electrode for differential pumping. The aperture is

biased to the same potentM{ as the middle electrode. It is EIG. 4. Envglopes of antiproton trajectories traveling‘from the I(_aft- to the
noted that the aberration of the acceleration mode is mucfEthen sioe o e cloctades o e exactn bear fne o o
smaller than the deceleration mode. After being focusedenter axis is exhibited in the panels above each set of trajectories.

when entering L1 and passing the aperture, the beam is made

parallel again to the beam line by being decelerated when

again entering electrodes of potent\d (see Fig. 1, and technique, which considerably reduces outgassing during
then proceeds to L2 and L3. The beam is finally focused orevacuation. The potential to each electrode is supplied via
the target positior{shown as BPM3 in Fig. )lwith the F1  CuBe springs touching the surface connecting to high-
and F2 electrodes of L3 biased\&, andV33;. Examples of voltage electrical feedthroughs.

the beam envelope for the beam energies of 250 eV, 100 eV, The extraction beam line is equipped with two BPMs.
and 10 eV are shown in Fig. 4 together with the respectiveBPM1 is a RoentDek DL40 delay line anode MCP, which
electric potential distributions along the beam line axis. Eleccan detect ions of both polarities one by one with a position
trons from a Spindt-type electron emitter were preinjectedesolution of 0.1 mm and a time resolution of 500 ps. BPM1
into the trap through a slot of 125 mx25 mm machined on was mounted on a linear translator, and could be removed
electrode A as indicated in Fig. 1. The slot is covered withfrom the beam line. BPM2 shown in Fig. 1 is a wire chamber
gold-plated tungsten wires with a 10m diameter and a detectort* which offers nondestructive monitoring of the
spacing 0.5 mm in order to allow electrons being injectedbeam in the case of a pulsed beam. During the test described
from outside of the electrode but at the same time keepingpter in this article, BPM3a second RoentDek detectevas

the potential inside the electrode undisturbed. The position gbositioned at the focal point of the beam line in order to
the electron emitter was carefully determined employing trameasure the number and position of transmitted particles.
jectory simulations so that electrons from the emitter areBPM3 was movable along the beam axis in order to measure
guided into the trap by the magnetic field. The electrodeshe emittance around the focal point.

were made of aluminum, which was chosen since it is non-  As an aperture of 4 mm in diameter and a pump with an
magnetic and a so-called ethanol lathing was applied. A thivacuation speed of 100 I/s provides a pressure difference of
and uniform layer of aluminum oxide is formed with this a factor of 100, three apertures with diameters variable from

mm)

O = DWW
R R RER

~ JUL

0 0.5 1 1.5 2 2.5 3 35

r (mm)
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FIG. 5. A photo of the adjustable high-voltage aperture. [}:-
B E
- 2 20
10 mm down to 4 mm were installed in the extraction beam '4;'
line. A photo of such a high-voltage variable aperture is -6F 10
shown in Fig. 5. The extraction beam line was evacuated 'Ez_
with turbomolecular pumps of evacuation speeds 1000 I/s 'l.Dm 8 64202 46 810
and 400 I/s positioned as shown in Fig. 1. The base pressures x (mm)
were a few times 10 Torr in the area between the two
apertures of lenses L1 and L2, in the #0rorr range in the
area between the two apertures of L2 and L3, and in the Vg
108 Torr range downstream of the aperture of L3. The dif- 10 _
ferential pumping ability was tested by introducing He at a 8 30
pressure of X107 °Torr into a chamber connected to the 6F 25
end of the beam line. The chamber was pumped with a tur-  — ;f
bomolecular pump giving a background pressure of 3 E DE_, - 20
X 10~ Torr. With all three apertures set@4 mmdiameter, " _25_ : 15
the pressure measured between lenses L3 and L2 was ap- # _42'!'-_ 10
proximately 1< 10’ Torr, between lenses L2 and L1 ap- _ﬁ,'i_ 2
proximately 1x 10~ ° Torr, and at the downstream exit of the _SE,' 3 3
magnet bore tube approximately10 1°Torr. It was there- 'ml: :
fore concluded that the efficiency meets the requirement and -10-8 64-202 46 810
that some experiments might be performed with even bigger X (mm)

apertures than initially expected.

FIG. 6. (Color) Beam profile of 250 eV positive particles detected at the
focal point of the beam line with a delay line anode MCP system for differ-
I1l. EXPERIMENT ent focus conditions.

A. Protons, H 5, and HY ions

As the first test of the beam line, positive ions werescribed earlier. A test of the pulsed extraction mode showed
stored in the MRT by ionizing the residual gas with electronsthat an ion pulse of- 10 14 C (~ 10° ions) was extracted and
of several hundred eV, and were then extracted and transeached BPM3 with a pulse width of a few tens of microsec-
ported to the target position. In order to increase the ioronds. A dc extraction test was also performed and two-
production rate, the bore tube temperature was raised tdimensional(2D) images of the ions on BPM3 were ob-
around 100 K thus increasing the residual gas pressure. Sinserved. In the dc extraction mode, the length of extraction
the main component of the residual gas was H is ex-  was successfully controlled from a few tens of seconds to
pected that the ions were mostly; Hand H",** where the 100 s. Figure @) shows an example of the 2D image of a
first component is formed through ion—molecule reaction®250 eV beam consisting of a mixture ofH H, , and pro-
like Hy +H,—H3 +H. Before extraction through the beam tons observed with BPM3 when all the electrodes were bi-
line, the trap was biased to the required potential as deased according to the results of the simulation. Figules 6
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TABLE II. Transversal spread of the 250 eV beam at the final focal point of &0
the beam line obtained from simulatidantiproton$ and from experiment

(positive ion$ at different potentials applied to the electrode F2. In the

experimental cases, the background has been subtrddgg of maximum

1.75 1.35 1.30 1.15=r (mm)

mrrrr

counp from the data. For the simulated values, the same initial parameters 50F S>>

were used as for the values presented in Table I. i E %I E
Simulation Experimental  Experimental F EE g E ;‘ %

F2 potential ¥)  Xms=Yims(MM)  Xims(Mm) Yims (MM) 401 T

1300 2.2 1.3 1.6 i

1500 1.1 12 11 +

1900 2.5 2.5 2.6 B

events (counts)
fad
=)

2.

and Gc) show images of a similar 250 eV beam but with z
under- and overfocused conditions obtained by applying too '
low or too high potential on electrode F2. It is seen that the
calculated potential configuration gives the best result and ‘ J
also that the spot size is rather insensitive to a small variation J l[
of Vg3, which is consistent with the values obtained from if‘"-"
simulations shown in Table Il. The number of ions detected X AL PO B
w!th the dc mode extraction was c_omparable to thgt qbservgd 100 300 400 500
with the pulse mode extraction, i.e., the transmission effi- ;
ciency does not depend very much on the extraction mode. pusnmn (cm)
Elerggqare:gg?eesrsazflgﬁnas;nI]ft_)ede\l/onhsovv\\/l:\iraltsr;]oe Ostl)at(e)l;nselgeﬂljrglG 7. (Color) In black: An example of the annihilation distribution mea-
Ured with the beam line track detector for 250 eV antiprotons. Calculated
creased slightly as the beam energy decreased, which igninilation positions in the beam line vs initial radial position in the trap
again consistent with the simulations previously describedve indicated in the upper part of the panel. In red: A simulated annihilation
(see Table)l When positively charged ions were detected,distribution.
the front surface of the MCP was biased at approximately
—2 kV. In order not to disturb the trajectory of the ions, a  The black histogram in Fig. 7 shows an example of the
mesh at the ground potential is placed a few millimeters inmeasured annihilation position distribution along the extrac-
front of the MCP, which however resulted in small dotted tion beam line for an antiproton beam extracted at 250 eV
structures due to a local focusing effect. In the case of antiand with the magnetic field at 2.5 T in the MRT. Extractions
proton detection, the bias applied to the front surface of thét 100 eV and 10 eV were also tried giving similar distribu-
MCP was 0n|y a few hundreds of volts, i.e., the image of thetions and number of events. As can be observed, the distri-
antiproton distribution was not deformed. bution exhibits several peaks along the extraction beam line.
The peaks corresponding to apertures A2 and A3 of lenses
L2 and L3, respectively, are clearly identifiable while the
limited effective detection area of the detector explains the
We have succeeded to store and cool more th&rah®@ absence of a peak corresponding to the aperture Al of lens
tiprotons per AD shot! From the annihilation rate during L1. Annihilations were also observed between apertures Al
trapping, the background pressure in the trap was estimatezthd A2. The peak at 340 cm corresponds to annihilation at
to be roughly X 10 *Torr. The cooled antiprotons were BPM3. To analyze the aforementioned annihilation distribu-
then extracted toward the experimental chamber through thigon, antiproton trajectories were again simulated as a func-
beam line. In order to monitor the annihilation position of thetion of the initial radial positionr of the antiproton in the
extracted antiprotons, two sets of track detectors were prearap, which are then compared with the inner radii of the
pared, one of which was set several tens of cm apart ielectrodeq35 mm) and the aperture siz@n this case with
parallel to the magnet and the other positioned close to theadii 3 mm). Considering that an antiproton annihilates
beam line. Each track detector consisted obt& m long  whenever it touches material, the expected annihilation posi-
plastic scintillator bars, which are configured so that thetions are indicated as a function of the initial radial position
magnetic field axis and the two scintillator bars were all inin the upper part of Fig. 7. It is seen that antiprotons annihi-
the same plane. When an energetic charged particle hits thate (1) upstream of Al or at Al for>1.75mm, (2) be-
bar, scintillation photons are emitted which are detected byween Al and A2 for 1.75 mmr>1.35mm, (3) at A2 for
photomultipliers attached on both ends of the bar. The hit~1.35mm, (4) between A2 and A3 for 1.35mmr
position is derived from the arrival time difference between>1.30mm, and at A3 for 1.30 mmr>1.15mm. We can
the two photomultipliers. When the energy ofpaon pro-  thus determine that at least a part of the antiproton cloud in
duced during antiproton annihilation is high enough, it canthe MRT during the experiments was within a radius of 1.7
penetrate through the two scintillator bars. In this case, thenm from the center axis. The red histogram shows a simu-
annihilation position can be traced back with the two hitlated annihilation position distribution assuming a trapped
positions. antiproton cloud of radius 1.7 mm, homogenous density, and

—
o=
T T

B. Antiprotons
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8366 events case, and2) the mass ratio between antiprotons; Hi; is
approximately 1:2:3, the observed spot size difference seems
somewhat reasonable. Furthermore, a radial outward separa-
tion of antiprotons from electrons may take pldeeyhich
increases the radius of the antiproton cloud, decreases the
transmission efficiency, and results in a larger focal point
size.

Future extraction experiments will show if an improve-
ment of the beam quality and a higher transmission effi-
ciency can be obtained by compression of the antiproton
cloud, which was successfully made for electfénand
ions' utilizing the same system. The system is now ready for
further optimization at CERN.

R
.

ACKNOWLEDGMENTS

The authors are most grateful to the AD and RFQD staff
at CERN for providing the antiproton beam. Postdoctoral
Fellowships from the Japanese Society for the Promotion of
FIG. 8. The dot plot of particles reaching the delay line anode MCP detectoocience (JSPS and the Science and Technology Agency
at the focal point of the extraction beam line during 250 eV antiproton (STA) financially supported four of the authot&. Y. F.,
extraction. H. H., M. H., and Z. W during these experiments. The work
is supported by the Grant-in-Aid for Creative Basic Science

cylindrical shape. Furthermore, the antiprotons leave the traff>rant No. 10P0101 Japanese Ministry of Education, Sci-

region with no transversal momentum. Both the spatial effi-€NC€, and Culture, and by the Hungarian Science Foundation

ciency and the resolution of the detector were taken intd OTKA T033079 and TeT JAP-00/04

account in the creappn _of this dlstr|_but|on. It can be observed, ASACUSA collaboration proposal,

that an overall annihilation pattern is more or less reproduced (1997,

except that the resulting relative intensity between the peaks$J. Bosseet al, CERN PS/HP Note-97-361997.

observed in the simulated distribution is quite different from 3A. M. Lombardiet al, Proceedings of the 2001 Particle Accelerator Con-
. . . . . ference, Chicago, IL, 2001, p. 585.

the relative mt_ensﬂy_be?wev_an the peaks found in the EXPeri=ty vamazaki, Nucl. Instrum. Methods Phys. Res1®4 174 (1999

mentally acquired distribution. It is thus clear that during svy. vamazaki, AIP Conf. Proc498 48 (1999.

these initial tests, the extraction conditions were not yet op-°"T. Ichioka, H. Higaki, M. Hori, N. Oshima, K. Kuroki, A. Mohri, K.
timized. Komaki, and Y. Yamazaki, AIP Conf. Prod98 59 (1999.

. . . . . K. Yoshiki Franzeret al., AIP Conf. Proc.606, 79 (2002.
An image of particles reaching BPM3 during antiproton s, yionri et al, Jpn. J. Appl. Phys., Part a7, 664 (1998.

extraction is shown in Fig. 8. The number of observed eventSL. s. Brown and G. Gabrielse, Rev. Mod. Phgs, 233 (1986.

per shot was around #0which was comparable to those *°H. Higaki, N. Kuroda, T. Ichioka, K. Yoshiki Franzen, Z. Wang, K. Ko-
assigned as annihilations at BPM3 as observed by the tracl('&‘&k"l'l\g(ggcgazak" M. Hori, N. Oshima, and A. Mohri, Phys. Re\6%
detector(.see the black area indicatgd 'ir? Fig. taking into 11y kyrodaet al. (unpublishedt

account its solid angle and the multiplicity of the charged !2Mm. Reiser, Theory and Design of Charged Particle Beatitiley, New
ions emitted from each event. It is seen that the spot size wagYor. 1994, p. 59.

a couple of times larger than that observed for extracted poshs' EH'O';f"’(‘Usbl:\'b‘fghé;S“”m' Methods Phys. Res146, 182 (1999.

tive ions. Considering thatl) the magnetic field for the 151y oNeil, Phys. Fluids24, 1447(1981.

former case was 2.5 times stronger then that of the latte¥T. ichioka, Ph.D. thesis, University of Tokyo, 2001.

CYPRY N
20 -10 O 10 20 30
X (mm)

CERN/SPSC 97-19, SPSC P-307

Downloaded 01 Jul 2003 to 137.138.4.93. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



