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Radial compression of protons and H* ions in a multiring trap for the production
of ultralow energy antiproton beams
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Radial compression of a proton cloud was performed in a multiring trap which was designed to trap and cool
a large number of antiprotons for the production of low-enef¥—1000 eV antiproton beams. The reso-
nance frequency for the radial compression was almost constant froh®3to 3 10° protons. The collision
process of the trapped protons was also investigated to estimate the energy of the protons inside the trap. This
technique will be applied to the ASACUSA experiment at the antiproton decelerator, CERN, to extract ul-
traslow antiprotons with good emittance.
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[. INTRODUCTION to study how charged particles numbering abouf &ée
compressed radially in a multiring trap.
Since the mechanism of radial compression in the trap

at the antiproton deceleratohD), CERN. Lower energy an- depends whether the protqn C'OPd is a plasma or not, the
tiproton beams are expected to open additional researdfOton energy in the trap is an important parameter to be
fields [1,2]. For example, the production of protoniufpp) measured. The physical _mechanlsm for the compression
in collisions between antiproton@) and hydrogen atoms must be the same for antiprotons and the same procedure
(H) is expected to occur for collision energies below 54 eV.ShOUId work equally well for antiprotons. The number of

[3]. However, single collision experiments with antiproton ions handled in this Paper 1S on the _order o 10 10,
energies lower than 10 keV have not been performed simpl ecause the number of antiprotons delivered from the RFQD

because no antiproton beam has been available in this ener about 16 antiprotons per one AD shot. Collision processes

range. In order to produce such ultraslow antiproton beam Iat takz_p(ljace du_rmg thi confinement of the protons were
reacceleration of cold antiprotons from a trap is expected tg S0 studied to estimate the proton energy.
be a promising method. Il. EXPERIMENTAL SETUP

In the Atomic Spectroscopy and Collisions Using Slow . . . N
Antiprotons (ASACUSA) Collaboration [2], electrostatic The ex.p.enmenta'l setupis schematlcally shown n F|g. L.
lenses will be used to extract antiprotons from a strong magThe multiring trap is c_omposed of a series of cylindrical
netic field and to focus them into a field-free region where€!ectrodesiS]. By applying a proper voltage on each elec-
the low-energy antiprotons interact with target partiqs ~ '0de, an electrostatic potential
Since charged particles tend to follow the magnetic field do(p,2) = = Vo(p? = 229)1(2L% + b?) + V,, (1)

lines, a cloud of antiprotons should have a small radius in the o .
trap for better focusing of the extracted beam. It is known'S produced. Here(p, ¢,2) are the cylindrical coordinates,

that sideband cooling is effective in reducing the radius o2P=4 ¢m the inner diameter of the trap electrode,
the magnetron motion of a charged particle in a Penning trap

Pulsed antiproton beams of 10—120 keV are now avai
able from a radio frequency quadrupole deceleréi®F¥QD)

[5]. Also, ion plasmas have been radially compressed in & spectrum analyzer > B=1T

trap by a rotating electric fielfb]. Unfortunately, laser cool- ‘ank circuit —(~) RF(compression)
ing [7] is not applicable to protons and antiprotons. Although 2v =4 ¢cm RF ( kickout )
various experiments in traps have been conducted S@far

little attention has been paid to the radial compression of aI ‘ ’ ‘ H H ’U ‘ ’

large number of charged particles in order to extract them
from a trap as a beam. It is the purpose of the present pape 2L =123cm

-+ »

~30cm
X —» MCP
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2L=12.3 cm the axial length of the trap, the trap depth, T 'H'+' T IHIo*I R
andV, the bias voltage of the trap which controls the energy F (a) | l 3 | 2 ]
of the extracted charged particles. In the present experiment,
Vo was 50 V and/, was varied from —1000 to +1000 V. The
axial harmonic oscillation frequency of a charged particle
with a chargee and a massM in the trap is given byf,
=\4eVy/M(2L2+b?) /2. The trap was immersed in a uni-

form axial magnetic field=10 kG.

MCP output (arb. units)
B B S
l l

The bore tube housing the trap was cooled to 30 K. The - U -
partial residual gas pressure measured outside the cold region L T
was ~7.0x 10 1% torr of H, and =4.5x 107 torr of H,0. 0 5 10 15 20
In the cooled region, the partial pressure ofCHshould be time(psec)
practically zero. On the other hand, the density of molecular
hydrogen is expected to be similar to that outside, ng,, FIG. 2. Time-of-flight spectra of extracted ions with extraction

~2.5%x 10 cm3. Since the injection of 10 low-energy energy of~800 eV.(a) Two peaks correspo_nding to protons and
protons from outside into the trap was not possible with thels ions are clearly observedb) rf field with a frequency of
present experimental setup, protons were prepared by ioniZ42 kHZ(a’f“’?" harmonic oscillation for bt ions) was applied to
ing the residual K gas with electrons from a field emitter Kick out Hs™ ions. (c) rf field with a frequency of 248 kHzaxial
array. Although the field emitter array was placed outside th&'@monic oscillation for protonswas applied to kick out protons.
cooled region, where the magnetic field was about 200 G,

the electrons were injected along the magnetic field p+Hy(v=0)— p+Hyv>D0), (5)
line.
One of the ring electrodes was azimuthally segmented p+H,y(J=0) — p+HyJ>0), (6)

into four sections so that a rf electric field could be applied to
compress the protons in the trap. To detect the axial oscilla- +
tion of protons, a tank circuit composed of a tunable capaci- P+ Hy—Hy +H. ()

tor and an inductor was connected to one of the ring elec- The cross section to form 4 the reaction denoted by Eq.

trodes[10,1]. The signal was monitored by a fast-Fourier- (7), is about ten times less than for the other procegkgs
transform(FFT) spectrum analyzer.

A microchannel plateMCP) with a diameter of 7.5 cm H,"(fash + H, — Hy,"(slow) + H,, (8)
combined with a phosphor screen was installed on the axis of
the magnetic field about 120 cm away from the center of the H,"(slow) + H, — H," + H. (9)

trap. The mass spectra of stored ions were obtained by time-
of-flight (TOF) measurements with pulsed extraction. SinceThe dominant atomic process of,Hwith an energy of 10 to
the magnetic field at the MCP #8100 G, the diameter of the 50 eV colliding with H, is resonant charge transfer, which
extracted charged particles, observed as an image on thygelds thermal H" as given by Eq(8). On the other hand,
phosphor screen, is ten times larger than that of a cloud ithe dominant collision process of,Hwith energy less than
the trap. 10 eV is H;" formation as denoted by E¢).
Figure 2a) gives the TOF spectrum of extracted ions
which shows that the dominant species are protons ajid H
[1l. RESULTS AND DISCUSSIONS ions. Although H" ions are created through reactiq@s and
(7), only a small number of K ions were detected in the
TOF spectrum in Fig. @). This is because i ions were
Protons and i ions are produced through the following converted into H* ions as soon as they were produced
reaction processes: [8,13. The fraction of heavier positive ions was negligible
compared with the protons and;Hions in the series of
experiments. To prepare a proton clouds"Hons were
~ . _ kicked out by applying a rf field of 142 kH&, for H," ions
e tHy—H, +2e. () with V,=50 V) with an amplitude of 5 V for 10 s to the ring
The cross section of the latter process is about ten time§lectrode shown in Fig. 1. Figurél shows the TOF spec-
larger than that of the former for the electron energy em{rum when H' ions were selectively kicked out. The axial
ployed in the present studg50 eV) [12]. The initial energy ~ résonance frequency of the protons shifted higher after the rf

distribution widths of these ions are comparable to the traPOWer was turned off and approached about 248 kHz within
depth, i.e.,~50 eV. several seconds. This is because protons with higher energy

experience an unharmonic potential, which results in a lower

Protons with energy below 50 eV lose their kinetic energy i -
via elastic scattering, vibrational excitation, and rotationalfz 't IS suggested that the protons were thermalized due to

excitation, which are given in Eq&4)—(6), respectively: collisions with the residual _5|gas and_res_istiv_e cooli_ng. In
the case of antiprotons, this thermalization is achieved by

p +H, — p+ H,(elastic collision, (4) electron cooling. When the rf drive frequency was tuned to

A. Proton energy

e +H,—p+H+2e, (2
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_ FIG. 3. The ratio betwet_en prot0|(lsoll_d circleg and H;" (solid number of particles x10
triangleg as a function of time. The axial resonance frequency of
protons(open squargsis also plotted. FIG. 4. The resonance frequency for the radial compression of

protons(solid circleg and H;" ions(solid triangles as a function of
248 kHz(f, for protons withVy=50 V), protons were kicked the particle number. Open circles and open triangles correspond to
out, keeping |.3|+ in the trap as is seen in Fig(Q. the second harmonic frequencies for the radial compression of pro-

The temporal evolution of ion species in the trap wastons and H ions, respectively. Solid circles are almost independent

studied using the prepared proton cloud. Figure 3 shows thef the number of protons.
fraction of proton(solid circleg and H," (solid triangle$ as
a function of storage time, which reveals that protons aréncreases. This frequency shift is due to the additional elec-
converted to H" ions. Since hydrogen molecules are thetrostatic potential produced by;Hions which deforms the
major component of the residual gas, the collision processesxternal potentiatpy(p,2) [15]. With the present experimen-
described by the combination of Eq3)—(9) are the domi- tal setup, the axial resonance of protons is detected ugtil H
nant reaction channels producing'Hons from protons. The ions exceed 50% of the trapped ions.
rate equations of these reactions are approximated by

B. Radial compression

dny _ . . .
dat Y1Mp. (10 The radial compression of trapped protons is important
for improved extraction efficiency of the low-energy antipro-
tons. Radial compression of charged particles has been
dn”f _ achieved either by sideband cooling in Penning traps or by a
Tt Yilp = 72l ¢ (1) rotating electric field in Malmberg traps. The sideband cool-
ing is accomplished by applying an inhomogeneous rf field
dn. + at the sideband frequendy=f,+f,, wheref,, is the magne-
Hy _ Yol +, (12) tron frequency. Resonant heating of the axial oscillation and
dt 2 magnetron oscillation afy followed by cooling of the axial

. oscillation results in energy deposition to the magnetron os-
Where Mo M, .and Ny,- are .the densities of.protons,sz cillation and reduction of the magnetron rad[u$]. A rotat-
ions, and H" ions, respectively. The reaction rategi  ing electric field at a resonance frequency increases the an-
=1,2) are given byy;=owny,, wherev is the relative veloc-  gular momentum of rigid rotation of the plasma, which
ity between the reactant ions and molecular hydrogen. Theesults in radial compressidi].
reaction cross section; enters Eq.(7) and the effective Here, a phase-shifted rf electric field was applied to the
reaction cross sectionr, enters Eqs(8) and (9). A least azimuthally segmented electrodes. Changing the frequency
squares fitting of the experimental data yieldg=5  of the applied electric field, the images of extracted protons
X102 st and y,=2x 10" s which result in the dashed on the phosphor screen were observed. It was found that the
lines in Fig. 3. Since the density of molecular hydrogen inresonance frequency of the externally applied rf for radial
vacuum ianZ%Z.SX 10’ cm3, the average proton energy is compression was about 243 kHz, almost independent of the
estimated to be=5 eV with the cross sections given in Refs. number of protons ranging from>310° to 3x 10°. The reso-
[13,14. The estimated proton energy is much higher than theance width was about 2 kHz, which was probably widened
temperature of the chamber wall. It is inferred that electricaldue to imperfections of the applied potentiglp,z) and the
noise from the power supplies heats up the trapped ions, dmage charge effect of a large number of protons. The image
the higher energy simply reflects the proton energy that has af trapped protons on the phosphor screen was about 2 cm in
maximum cross section for the production ofHn this  diameter after radial compression. Considering that the mag-
energy range. netic field inside the trap is 100 times stronger than that at
The open squares in Fig. 3 are the axial resonance frehe phosphor screen, the diameter of the proton cloud was
quency f, of protons detected with the tank circuit. It is estimated to be about 0.2 cm inside the trap. In Fig. 4, the
clearly seen thaf, shifts lower as the number of flions  resonance frequencies for the radial
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compression of proton clouds are plotted as solid circles as a A RF
function of the proton number. Also shown are the resonance 258 -—
frequencies for the radial compression of Hlouds (solid C
triangleg, which are almost constant at 141 kHz. The open
circles and open triangles correspond to the second harmonic
frequency for the radial compression of protons ang H
ions, respectively. It is seen that the second harmonic fre-
quency depends on the number of particles. Since the num-
ber of trapped antiprotons may fluctuate shot by shot, radial
compression with the fundamental resonance frequency is
more favorable.

Since the magnetron frequenty~ f§/2fC is about 2 kHz
with the cyclotron frequency.~ 15 MHz, the frequency
=f,+f,, for sideband cooling of a proton is estimated to be
250 kHz theoretically. The dotted lines in Fig. 4 represent the
calculated frequencies for the sideband cooling of protons 0 10
(250 kH2 and H;" ions (143 kH2 and their second harmon- time(sec)
ics (500 kHz and 286 kHg Slight discrepancies exist the
ggtnvgziljgroeg ;EE;: z(iiluaent% ifﬁ:ﬁm%%ﬁlc\;zgf SS cf)?lz[r? (Ial g;_feeéi'\iiql'he frequency of the externally applied rf field was swept from 150
potential induced by the large number of ions and smal 0 250 kHz.
amounts of different ion species. In the present experimental
conditions, it took about 100 s to compress protons with con- , . L i ,
stant frequencyf,. It was observed that the conversion of trons may be used in addition to the resistive _coollng. In th!s
protons into H* was suppressed during radial compressionCase, the resonance frequency for the radial compression
which is probably due to heating up of the proton cloud. TheMay be shifted a little. _
cross sectiono; becomes smaller at higher proton energy When the rf for radial compression was swept, the com-
[13,14. pression time was drastically reduced to 3 s, which is quite

To estimate the parameters of the proton cloud before anghort compared with the case of a fixed frequehcyFigure
after radial compression, the diameter of the proton cloud shows the temporal evolution of the FFT spectrum detected
before the radial compression was assumed to be 2 cm, sinby the tank circuit when the rf was swept from 150 to
the image of the extracted protons spread over the phosph@60 kHz. In Fig. 5, after protons were selected inside the
screen. Considering the fact that the number of protons igrap, the rf field was applied for 3 s. On applying the rf field,
~10° and that the proton energy i85 €V, the axial extent it was observed that the image of the extracted protons on the
of the cloud is estimated to be 4 cm fg5=50 V. Thus, the  phosphor screen became smaller, with a diameter of 2 cm. At
density and Debye length of the cloud are2.20° cmand  the same timef, shifts about 4 kHz lower when the proton
4.8 cm, respectively. Although the diameter of the protoncioud is compressed. Since the TOF spectrum showed that
cloud was=0.2 cm after compression and thermalization,there were no K ions after compression, this axial reso-

the axial length remains the same, because the decisive pgance frequency shift was not due to the creation gtibins
rameter is not the density but the proton energy in the presens opserved in Fig. 3.

case7. Thg density and Debye length of t.he CIQUd were 1.2 The axial resonance frequency shift associated with the
X 10" cm™ and 0.5 cm after the compression. It is noted thaii,a

. . dial compression can be explained as follows. The multir-
the Debye length remains larger than the radius of the protolrh trap is not desianed for the precision Spectroscony of
cloud. If the Debye length becomes much shorter than th 9 fap 9 P P Py

radius of the proton cloud, it behaves as a nonneutral plas ?5apped particles but for_ the gfficient electron cooling qf a
and the frequency for the radial compression will depend o arge number of energetic antiprotons. Therefore, there is an

the rigid rotation frequency of the plasri@, which is about anharmonicity expressed by the next h|gher4 term_in the
2 kHz before compression and 17 kHz after compression-@Place expansion of the potentié|(p,2)=Ay(3p" - 240"z
Therefore, sideband cooling is effective for radial compres-+82") [17] in addition to the zeroth order potentigb(p,2)
sion of 16 protons in the present experimental condition. =Aq(p”—22%). This anharmonicity shifts the axial harmonic

For the sideband cooling of antiprotons, residualgas  frequencyf, as a function of the radius of the proton cloud;
can be harmful when its densit)p,2 becomes high. Thus, a the shift is given byf [1+(6A;/Ay)(r?),,]1, where(r?),, is the
lower density of residual klgas is favorable. In the present averaged radial distributiofil7]. The sign of the shift is
experiment, the residualHjas contributes to the cooling of determined by the coefficiem;. In the present experiment,
the axial motion of protons in addition to the resistive cool-f, shifts 4 kHz lower when the proton cloud is compressed
ing. The time constant for the cooling of protons by theradially. Considering that the radius of the proton cloud is 1
residual H gas is estimated to be on the order of 100 s.cm before the compressioy,/A;=~3Xx 103 cm? is esti-
Qualitatively, it is expected that the time necessary for thenated for the multiring trap. Although the physical explana-
radial compression becomes longer when the residyal Htion of this quick compression is unknown at the moment, it
molecules are reduced. If necessary, a small amount of elets very useful for the AD cycle of about 90 s.

frequency (kHz)

238

»
>

FIG. 5. Atank circuit signal with rf electric field applied for 3 s.
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IV. SUMMARY strated, the next step for the production of low-energy anti-
proton beams will be the compression wfl0° antiprotons
Collisions of protons stored in a trap withyttholecules in - \ith resistive cooling and /or electron cooling.

the residual gas were studied to estimate the energy of the
protons and to determine whether protons inside the trap ACKNOWLEDGMENTS
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