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Sideband cooling of ions in a non-neutral buffer gas
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We have investigated an extension of the buffer gas cooling technique to a non-neutral buffer gas. The
proposed scheme will allow efficient mass-selective centering of ions confined in a Penning trap in situations
where the use of a neutral damping agent is not possible. The present paper reviews the principle of the
technique and reports on evidence for sideband cooling of antiprotons in an electron gas, obtained with the
ATHENA apparatus at CERN’s Antiproton Decelerator facility.
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I. INTRODUCTION

The studies of ground-state properties of elementary par-
ticles, of exotic atoms, and of antimatter bound states all rely
on long observation times, which can be achieved by con-
finement in a trap. The prominent tool for the confinement of
charged particles over macroscopic times is the Penning trap,
which combines radial confinement by a strong axial sole-
noidal magnetic field with a three-dimensional quadrupolar
electric field for axial confinement. The motion of single ions
[22] in a Penning trap has been fully described both classi-
cally and quantum mechanically [1].

ATHENA is an experiment installed at the CERN Anti-
proton Decelerator (AD) [2] whose goal is the production
and detection of copious amounts of cold antihydrogen (H)
atoms. The centerpiece of the ATHENA apparatus is a long
cylindrical electromagnetic trap whose electrostatic poten-
tials can be freely set to form one or several Penning traps
for particle capture, cooling, and manipulation. Ultimately,
the produced cold anti-atoms are intended to be used for a
test of CPT/Lorentz symmetry by comparing their atomic
spectrum with that of their ordinary-matter counterparts as
well as for a first-ever test of gravitational attraction on an-
timatter. All of these proposed high-precision experiments
may require antihydrogen atoms trapped in magnetic-
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multipole traps and laser-cooled to temperatures in the mK
range. Appreciable fractions of antihydrogen can be confined
in such traps only if they are produced at temperatures com-
parable to the trap depth, i.e., roughly 0.5 K.

Using confined antiproton (p) and positron (e*) plasmas,
ATHENA achieved the first production of cold antihydrogen
in 2002 [3], a result that was subsequently confirmed by the
ATRAP experiment using a different detection technique [4].
Observations by ATRAP on the H velocity distribution [5]
and by ATHENA on the spatial distribution of antihydrogen
emission [6] both suggest that using the nested-well tech-
nique [7], in which hot antiprotons are launched into a pos-
itron plasma at liquid-helium temperature or slightly above,
the temperature of the produced antihydrogen is several
times larger than that of the positrons. This means that the
recombination rate is probably much higher than the antipro-
ton cooling rate. Even if that were not the case, the cooled p
would still be subject to the rigid rotation of the positron
plasma, i.e., the antiproton temperature is defined in the
corotating frame of the positron plasma. Depending on the
plasma parameters, this may add a significant azimuthal
component to the kinetic energy of the produced antihydro-
gen, which scales with the square of the p’s radial amplitude.

Furthermore, with a view to maximizing the lifetime of an
e* plasma in a magnetic-multipole trap, such as those re-
quired for the capture of neutral H, a plasma with a rather
smaller radius than those currently used may be necessary. In
order to still guarantee a good radial overlap of the antipro-
tons with the plasma, and to ensure the stability of the anti-
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proton cloud itself, it may be necessary to center the p before
combining them with the positrons.

Recently, an alternative scheme for H production has been
demonstrated [8]. It uses multiple resonant charge exchange
processes to create antihydrogen in a well-defined quantum
state [9]. Since the antiprotons are not moved to a different
trap region after cooling, the H are produced essentially at
the temperature of the p prior to recombination. In this way,
assuming sufficient care was taken not to reheat the antipro-
tons while ejecting the electrons that were used to cool them,
antihydrogen can be produced at the temperature of the sur-
rounding trap (though this has not yet been experimentally
verified). Unfortunately, this method only allows the produc-
tion of very few atoms of antihydrogen, compared with
many millions created to date using the nested-well tech-
nique.

Ions in a Penning trap can be cooled by introducing a
dissipative mechanism that removes energy from the motion
[10]. The first realization of this technique made use of a
tuned circuit to damp the signal induced in the trap elec-
trodes by an electron’s axial motion [11]. This scheme was
not applicable to heavy ions, however, due to the much
weaker signal induced by their slower motions, a limitation
that was overcome with the introduction of a neutral buffer
gas as the cooling medium [12]. This so-called sideband
cooling technique is widely used today for the cooling and
mass separation of collections of heavy ions in dilute neutral
buffer gases.

For the cooling of hadronic antiparticles, no neutral gases
are available that would not rapidly lead to the annihilation
of the stored ions. We have therefore undertaken a study
whose aim it was to extend this established cooling tech-
nique to non-neutral buffer gases. In this paper, we report on
measurements performed with the ATHENA experiment at
CERN, with a view to using this technique for the cooling
and centering of antiprotons prior to recombination. Antihy-
drogen formed from such precentered antiprotons will be
produced at or near the temperature of the surrounding trap.

I1. PRINCIPLE
A. Motion of ions in an ideal Penning trap

An ideal Penning trap is achieved by superimposing a
homogeneous magnetic field of magnitude B, oriented along
the z axis,

B=B? (1)

and a three-dimensional electrostatic quadrupolar potential,

27277
O=Uy——, 2
022(2) r(z) ()

where z, and r, are the characteristic dimensions of the trap
and U, is the applied potential difference. The motion of an
ion with mass m in this combined potential is described by a
set of differential equations [1] which have the solutions

z=Acos(w,r— ¢,) and (3a)
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where w.=\4qU,/[m(2z5+ry)] is the axial frequency, w,

=gB/m is the cyclotron frequency of an ion in a purely mag-
netic field, and R,, w,, and ¢, are the amplitudes, frequen-
cies, and phases of the so-called modified cyclotron motion
and the magnetron motion, respectively.

A charged particle confined in a Penning trap thus per-
forms the superposition of three simple harmonic motions,
an axial mode and two radial modes. In most Penning traps
devised for precision experiments, the magnetic field is of
the order of several tesla while the electrostatic potentials
rarely exceed a few volts. Under these circumstances, the
following hierarchy in the frequencies is observed:

0,> 0,> o_ (5)

and the frequency of the modified cyclotron motion can thus
be several orders of magnitude larger than that of the mag-
netron motion. In an axially harmonic potential, an important
relationship between the ion motions is that the sum of the
frequencies of the radial modes is exactly the true cyclotron
frequency,

W, + 0_= ,. (6)

For a further treatment of the azimuthal ion motion, the
radial equation of motion is most conveniently expressed in a
coordinate system spanned by two canonical vectors V*
given by

VE=f-w-rX?2 (7)
with the inverse transformation

1
r=————(V"-
w,— o_

Vo) X2 (8)
This leads to the coupled equations of motion

Vi=w,VEX 2 )
with the solutions
cos(w,t— ¢,
veopz| SO =0 (10)
- sin(w.t - ¢.)

where the A* are amplitudes that depend on the initial con-
ditions and which are related to the radial amplitudes by

R,= ——. (11)

B. Quadrupolar excitation of the azimuthal ion motion

The radial motions of confined ions can be excited with
external oscillating electric fields. The type of excitation that
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FIG. 1. Electrode geometry for the application of a quadrupolar
radiofrequency potential. The figure shows an azimuthal cut
through the ring electrode of a Penning trap, which is fourfold
segmented to allow a quadrupolar excitation. When the potential is
applied between the two pairs of opposing segments, the resulting
potential has approximately a quadrupolar shape.

is of significance for cooling techniques is that performed
with an azimuthal quadrupolar field. Figure 1 shows how a
ring electrode is split in order to conveniently create the po-
tentials that lead to such oscillating fields. The quadrupolar
potential is of the form

U

CDq=a7§‘ cos(w,t — qﬁq)(xz—yz), (12)
where U, is the amplitude of the applied potential and a is a
geometrical factor that takes into account the shape of the
ring electrode in the azimuthal plane. In the following, only
the resonant case with w,=w, will be considered.

The additional force on the confined particles due to this
quadrupolar potential leads to the following modified equa-
tions of motion:

. L V; V:_ y
V=, e + ko cos(w,t — ¢,) Vv | (13)
where
U 1
ko= 2a 14 . (14)
2
mry @, — @_

These can be solved with an ansatz analogous to Eq. (10),
but where the amplitudes A*(r) are now allowed to vary with
time [13].

Neglecting high-frequency modulations of A*(r) and fur-
thermore assuming that the amplitudes only change slowly
and the radial motions thus remain circular, one obtains a
differential equation for the canonical amplitudes,

. |
A= F JkATe (15)

with Ap=¢,—¢,~¢p_, which can be solved to yield the ra-
dial amplitudes,
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FIG. 2. Evolution of the radial amplitudes R, for A¢=0 and
R.(0)=0, as a function of the duration of the quadrupolar excitation

T,

R.(1) = . (16)

k . k
Rt(O)cos< Zot) T R;(O)et’Ad’sin(ZOt)

The quadrupolar excitation thus leads to a coupling of the
magnetron and modified-cyclotron motions. In a way similar
to a system of coupled pendula, the motions are continually
converted into each other with a conversion frequency wg
=ky/2. This process is shown in Fig. 2 for A¢$=0 and
R,(0)=0. The degree of conversion is proportional to the
amplitude U, of the applied field and the duration T, of the
excitation. Their product is called the coupling strength of
the quadrupolar excitation. In analogy with Rabi oscillations
between the states of a two-level atomic system, the excita-
tion that leads to a full conversion from one motion to an-
other is called a 7 pulse.

C. Damping and cooling
1. Frictional damping

Ions lose kinetic energy in collisions with neutral atoms
that have either been deliberately introduced into the trap or
that remain as residual gas even under ultrahigh-vacuum
conditions. The average force exerted on the particle can be
approximated by a viscous-damping force,

F,=— oF, (17)

where & is a constant damping coefficient [14] which de-
pends on the ion species and the buffer gas used [15,16].

The modified equation of motion under the influence of
this friction force becomes

e
T O e Cmw, - o .V, = V) '

x ¥

Using the ansatz and approximation already discussed above,
one obtains the canonical amplitudes

A*= a,A* (19)

with
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(a)

(b)

FIG. 3. Azimuthal projection of the trajectory of an ion in a
buffer-gas-filled Penning trap. The hard-ball collisions between ions
and buffer gas atoms are approximated by a viscous-drag force. (a)
Without excitation, the cyclotron radius decreases, whereas the
magnetron radius increases with a longer time constant. (b) Reso-
nant quadrupolar excitation at the true cyclotron frequency leads to
a continuous conversion of magnetron motion into cyclotron mo-
tion. The radii of both modes are decreased and the ion is centered.

_ 0 o,
o= F — = (20)
maw, — w_
and the radial amplitudes
R.(1) = R,(0)e® . 1)

While the modified cyclotron motion diminishes, the am-
plitude of the magnetron motion slowly increases until the
ions eventually hit the trap electrodes and are lost. The effect
of frictional damping on the radial motions is illustrated in
Fig. 3(a). In typical trap configurations in which Eq. (5)
holds, the time constants of the change in amplitudes are
7.=1/a,=~m/8 and 7.=1/a_=~(m/6)(w,/w_). The cyclo-
tron centering is thus a much faster process than the magne-
tron expansion. According to Eq. (21), the modified cyclo-
tron amplitude is reduced to zero after a sufficiently long
cooling time. In a real system, however, in which the cooling
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is provided by a buffer gas with a finite temperature of its
own, the final cyclotron radius will be R, , =vy/w,, where
Uy, 1s the thermal velocity of the ion at the temperature of the
buffer gas.

2. Sideband cooling

The sideband cooling technique [12] is based on the real-
ization that the two effects expressed in Egs. (16) and (21)
can be combined. The coupling of the two radial motions by
a quadrupolar excitation at the true cyclotron frequency w,
circumvents the problem of an increased magnetron radius in
the presence of damping. As shown in Fig. 3(b), this tech-
nique allows the cooling of both radial motions. It is rou-
tinely used in beam preparation traps of experiments in
which clean samples of radioactive ions are required for
high-precision measurements, such as ISOLTRAP [17] at
CERN/ISOLDE, which pioneered the technique. The buffer
gases of choice are mainly hydrogen, helium, and nitrogen at
pressures from 1072 to 107* Pa.

D. Non-neutral buffer gas

In principle, the damping of an ion’s radial motions can
be achieved with charged particles instead of neutral buffer
gas atoms. While the presence of a non-neutral plasma in the
trap strongly modifies the confining electrostatic potential as
seen by the ions, it is important to note that in the case of a
uniform-density buffer gas plasma, the radial electric field
inside the plasma is proportional to the radius and thus the
quadrupolar shape of the overall potential is retained. The
motion of the ions in the combined potential is thus formally
identical to that in the unperturbed Penning trap. While the
oscillation frequencies of the ions are modified, the impor-
tant relation of Eq. (6) continues to hold.

The fact that the buffer gas particles are charged leads to
the following important differences and their respective im-
plications.

(i) The excitation of the motion of the ions by an external
oscillating field is hampered by the space charge of the
charged buffer gas. In order for the exciting field to penetrate
the buffer gas plasma, its plasma frequency w, must be
smaller than the excitation frequency w,,.. This places a se-
vere restriction on the buffer gas density, which in the case of
our setup corresponds to an upper limit of about 2.6
X 107 cm™.

(ii) The collisions between the ions and the buffer gas are
not hard-ball collisions, as approximated in the case of a
neutral collision partner, but Coulomb interactions with infi-
nite range. The damping coefficient of the dissipative force
acting upon the ions is no longer constant but now depends
on the ions’ velocity [18],

~ m(AU||>

Yl

(22)

nn =
where v)| is the instantaneous velocity of the ion and <AUH> is
the coefficient of dynamical friction, itself a complicated

function of v). If v|| is much larger than the root-mean-square
velocity of the buffer gas particles, the coefficient behaves as
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2’Na source

FIG. 4. Overview of the ATH-
ENA apparatus. Shown on the left
is the superconducting 3-T sole-
noid magnet which houses the

capture trap, the mixing trap, and
the antihydrogen annihilation de-
tector. On the right, the radioac-
tive sodium source for the posi-
tron production and the 0.14-T

[ / 1

! \
antiproton
capture trap

mixing
detector trap

5nn0<vﬂ3. The equation that describes the radial amplitudes
[Eq. (21)] can be adapted to the new situation by allowing
for a varying cooling rate a.(r) and time “constant” 7,(z).
The evolution of the particle trajectories under the influence
of a friction force with a variable damping coefficient as
given by Eq. (22) cannot be solved analytically. Neverthe-
less, aside from an increase in damping at reduced ion ve-
locities, it is obvious that the overall qualitative behavior
shown in Fig. 3(b) is retained.

(iii) The overall time required for the centering of a col-
lection of ions is limited by the larger of the two time con-
stants for conversion and cooling. When using a neutral
buffer gas, one can easily adjust its pressure in order to
achieve sufficiently fast cooling. In the case of a charged
buffer gas, the density of the charged buffer gas is limited by
the plasma frequency condition given above, and the cooling
time constant will be correspondingly long. Therefore, the
excitation amplitude must either be kept small or the excita-
tion must be stopped after one full 7 pulse. In the latter case,
since the cooling transfers part of the radial energy back to
magnetron motion, the excitation must probably be applied
repeatedly, leaving ample time for cooling between succes-
sive excitations.

These considerations show that buffer gas cooling with a
non-neutral buffer gas should be possible, but that unlike in
the neutral case the plasma density and excitation amplitude
are strongly correlated and cannot be chosen independently.

III. SETUP

The ATHENA apparatus [19] consists of three main com-
ponents, shown in Fig. 4: The antiproton (p) capture trap, the
mixing trap, and the positron (e*) source and accumulator.
The former two are located in the 3-T field of a supercon-
ducting magnet whose bore is kept at liquid-nitrogen tem-
perature. A liquid-helium cryostat, whose cold nose pro-
trudes into the magnet bore and encloses the trap, reduces the
temperature of the trap region further to about 15 K.

The bunch of about (2-3) X 107 antiprotons that is ex-
tracted from the Antiproton Decelerator (AD) every
80-100 s undergoes a final deceleration step in a thin
(=50 wm) aluminum degrader foil, and about 10* p are
trapped by high-voltage electrodes in the capture trap, a cy-
lindrical Penning trap whose electrodes have an inner diam-
eter of 25 mm. After the independent p stacking and e* ac-

positron accumulation Penning
0 1m trap.

cumulation phases, the positron plasma and the antiproton
bunch are transferred to the mixing trap, where they are
brought into overlap and antihydrogen production takes
place.

The measurements reported here were performed in the
capture trap, whose geometry is shown in Fig. 5(a). Variable
dc potentials can be applied to the electrode segments,
thereby allowing the creation of axial potential wells for the
confinement of charged particles.

In preparation for antiproton capture, electrons are pre-
loaded into the capture trap from an electron source mounted
on a support about 2 m downstream into a very broad poten-
tial well with a small local maximum at the ring electrode.
The BaO disk cathode of the electron gun produces a steady
current of electrons of up to 10 uA. Typically during the
operation of the electron gun, the electrodes CMP3LA or
CMP3LB (see the electrode labels in Fig. 5) are kept at a
negative voltage in order to reflect the beam back toward the
source. Over a loading time of several seconds, a small por-
tion of the produced electrons is trapped in a narrow well in
the center of the capture trap. By choosing different trapping
electrodes and potential shapes, electron clouds with differ-
ent characteristics can be loaded.

Plasmas containing about 3 X 10® electrons at a density of
about 10% cm™ are thus prepared in a harmonic well cen-
tered at the ring electrode [Fig. 5(b)]. The plasma parameters
length [, density n, and aspect ratio «, as well as the change
in its temperature A7, can be determined using
ATHENA'’s plasma diagnostics system [20] by measuring the
frequencies of the first two axial plasma modes. After the
capture and cooling of the antiprotons, some or all of the
electrons can be ejected from the potential well by applying
short electric pulses (about 100 ns duration) to electrode
CMP3LA. The antiprotons with their 2000 times higher mass
are practically unaffected by the electron ejection pulses. Af-
ter these manipulations, the only p left in the capture trap are
those which initially had radial overlap with the electron
plasma.

Since electrode CMP1L was the only fourfold split elec-
trode in the capture trap, the antiprotons (along with the re-
maining electrons, in the case of cooling measurements) had
to be moved to the location of that electrode. For this pur-
pose, the trap potentials for trapping as shown in Fig. 5(b)
were adiabatically changed to the values displayed in Fig.
5(c), with a small square 25-V well at CMP1L. That configu-
ration was maintained also during the excitation of the radial
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motions. Away from the trap axis, this applied square poten-
tial leads to an anharmonic potential and thus to a modified
magnetron frequency and a deviation from the equality ex-
pressed in Eq. (6). This means that a signal at the cyclotron
frequency cannot excite all particles confined in the square
well, but only those for which the relation wg.=o’+w,
holds within the bandwidth defined by the excitation dura-
tion.

In order to carefully control the duration T, the amplitude
U,, and the frequency w,,. of the quadrupolar excitation, a
digital signal processor (DSP) was used for the signal gen-
eration. The DSP (Analog Devices ADSP-2191) interfaces
with a numerically controlled oscillator, which is program-
mable with a serial word of 32 bits, thereby allowing a fre-
quency resolution of 1 Hz. The DSP output is then fed into
an active power splitter that delivers two pairs of symmetric
signals with equal amplitude and opposite phase, as required
for quadrupolar excitation. The maximal duration of the pro-
grammed waveform depends on the firmware code, but was
T, max=2.55 ms for most of the measurements reported here.
With the amplifier setup as described above, the maximal
DSP output amplitude of 200 mV corresponded to an
amplifier/splitter output of up to 2.6 V (both into a 50-()
load). While it was not possible to measure directly the ac-
tual signal applied to the electrodes, we estimate that the
attenuation due to the 2-m-long coaxial cable (Lakeshore,
type SS) with stainless-steel conductor and braided stainless-

steel shield is about a factor of 2. In the following, the mea-
sured amplitudes as applied to the electrical vacuum
feedthrough are given.

IV. MEASUREMENTS AND RESULTS

For the measurements described in this section, antipro-
tons were captured and cooled in the capture trap filled with
about (2—3) X 10® electrons. After a cooling phase of several
seconds, all or most of the electrons were removed from the
trap, thus retaining the cooled antiprotons with a very small
cyclotron amplitude of a few um but finite magnetron radii.

A. Signal for the conversion of radial motions

As discussed earlier, a quadrupolar excitation at the cy-
clotron frequency can convert the magnetron motion of all or
some of the antiprotons to cyclotron motion. Note that even
though the cyclotron frequency, and thus the kinetic energy
of that motion, are much larger than in the case of the mag-
netron motion, the final cyclotron radius is at most as large as
the initial magnetron radius. Quadrupolar excitation at the
cyclotron frequency can therefore not lead to a radial loss of
particles that have been successfully captured and sympa-
thetically cooled.

Contrary to this expectation, a “loss,” i.e., a shortfall of
antiprotons counted in the trap dumps (toward the HVL elec-
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trode) after the end of the excitation cycle was observed. No
antiproton annihilations were recorded during or after side-
band excitation. This observation can be explained with the
concurrence of two effects. First, the excited antiprotons
have a large orbital magnetic moment associated with the
cyclotron motion,

1
m= EeerRi. (23)

Second, measurements with a Hall probe have shown that
ATHENA’s superconducting magnet exhibits small local in-
homogeneities of the magnetic field which can reach relative
magnitudes of about 5X 10~ over the extent of the capture
trap. The magnetic-field magnitude in the trap region is
shown in Fig. 5(d). The magnetic-field gradient exerts a
force on the magnetic moments of the ions and pulls them
toward the positive z direction (toward the HVR electrode).

According to Eq. (23), the magnitude of the force scales
with the square of the cyclotron amplitude at the time of the
dump, which in turn is equal to the initial magnetron ampli-
tude. It can reach about 25 eV m~! near the trap center for
ions with R,=~3 mm, high enough to prevent ejection of
such antiprotons from the trap. We will present experimental
evidence for this hypothesis below. In the following, a short-
fall of antiprotons in the final dump is interpreted as an ex-
citation at the true cyclotron frequency and conversion of
magnetron motion to cyclotron motion.

B. Sideband excitation of antiprotons in vacuum

The absolute magnitude of the magnetic field in the cap-
ture and mixing trap region is known from the Hall probe
measurements mentioned above to better than 1073, For ex-
citation durations of several ms, however, the frequency
bandwidth is less than 500 Hz, leading to a resolving power
of roughly 10° for the cyclotron frequency of antiprotons
(about 45 MHz). It was therefore necessary to initially deter-
mine the exact cyclotron frequency. For this purpose, we
conducted sweeps of quadrupolar excitation pulses around
the expected cyclotron frequency. As the conversion signal
was observed, the sweep range was successively reduced un-
til the frequency was found to be about 45.511 MHz. Figure
6 shows a scan, in discrete steps, of the excitation frequency.
A clear disappearance signal is observed at wqy.= w,.

It is immediately obvious from Fig. 6, as well as from the
other measurements described below, that only a fraction of
20-40 % of antiprotons appear to be affected by the excita-
tion. This is due to the fact that ions with smaller initial
magnetron radii are not strongly confined by the magnetic
trapping effect and are therefore dumped despite successful
conversion of the radial motions. The observed fraction of
affected antiprotons, therefore, only constitutes a lower
bound, and it is conceivable that the motions of most ions are
in fact converted. Nevertheless, since the coupling frequency
varies slightly with the radial position of the antiprotons, it is
also possible that the excitation signal is not in resonance
with all of the ions.

The coupling strength U, T, required for two full conver-
sions (27), according to Egs. (14) and (16), should be about
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FIG. 6. Number of antiprotons observed in the dump after qua-
drupolar excitation. A fit to the data points (solid line) allows a
determination of the cyclotron frequency. See the text for an expla-
nation of the loss mechanism.

3.3 mV s, using a geometrical factor a=0.90 as calculated
numerically for our trap geometry. In order to determine its
actual value and to demonstrate the conversion back from
cyclotron to magnetron motion, we recorded the p disappear-
ance as a function of the excitation amplitude for a fixed
excitation duration at the cyclotron frequency. The result,
shown in Fig. 7(a), is a confirmation of the resonant excita-
tion and loss mechanism. The coupling strength required for
two full conversions [second maximum of the graph in Fig.
7(a)] was found to be U,T,=2.1 mV s. The figure also shows
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FIG. 7. Number of antiprotons observed in the dump as a func-
tion of the coupling strength U, T, of the quadrupolar excitation. (a)
Without buffer gas. (b) With electron buffer gas, number of elec-
trons N,-=3 X 10°.
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that about 15% of the excited ions are not recovered. This
effect sets in within the first two conversions and therefore
appears to shift the first minimum of the graph toward higher
coupling strengths.

C. Sideband excitation of antiprotons in an electron buffer gas

As the next logical step toward sideband cooling, the qua-
drupolar excitation was applied in the presence of electrons
as a buffer medium. To this end, fewer electron kickout
pulses at lower voltages were applied to electrode CMP3LA,
such that between 1 and 3 X 10° electrons remained in the
harmonic potential along with the antiprotons. While the
density and spatial extent of the remaining electron plasma
are important parameters for this technique, they could not
be measured directly with the plasma mode diagnostics sys-
tem due to the small number of electrons. A measurement of
these quantities just before the kickout and transfer to elec-
trode CMPI1L should, however, yield an indication on the
density and a lower (upper) limit of the plasma radius
(length) after these manipulations. One can thus infer that the
electron buffer gas plasmas used in the following had a den-
sity n=(1-2.5) X 10’ cm™3, a radius »=3 mm, and a length
[=2.5 mm.

Given these plasma properties, the sideband excitation
frequency is higher than any of the main axial collective
modes of the electron plasma [20]. Furthermore, excitation
with a quadrupolar oscillating potential whose axis of sym-
metry coincides with the trap axis should drive neither axial
nor azimuthal plasma modes (a small mechanical misalign-
ment and a dipolar field component can of course not be
ruled out). Therefore, it is expected that the excitation has no
influence on the temperature of the electrons, even though a
small heating effect cannot be excluded. Moreover, no loss
of electrons was observed. While the full mode diagnostics
system was not available, in some cases the dipole plasma
mode was detectable. Tests without antiprotons confirmed
that neither the amplitude nor the width of the dipole reso-
nance changed measurably after applying the quadrupolar
excitation at 45 MHz and thus confirmed that the number of
electrons was unchanged. Any heating of the electron plasma
that does not lead to particle loss would be compensated by
cooling due to synchrotron radiation and would merely delay
the sympathetic cooling by the synchrotron cooling time,
which is roughly 0.4 s.

The coupling strength measurement as described in the
previous section was then repeated in the presence of the
electron buffer gas at the same excitation frequency. As can
be seen from the resulting graph, shown in Fig. 7(b), the
maximum available coupling strength was not sufficient to
achieve two full 7 pulses, i.e., conversion back to magnetron
motion. The required coupling strength can, however, be es-
timated to be at least three times higher than in vacuum.

The effect of the cooling and subsequent reappearance of
antiprotons that have been temporarily trapped in a magnetic
bottle was demonstrated by a measurement of the number of
antiprotons observed in the final dump as a function of the
waiting time after having applied a full 7 pulse. Figure 8
shows that the p which are absent from the dump if it takes
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FIG. 8. Cooling of the modified cyclotron motion. Antiprotons
missing from a dump immediately after the quadrupolar excitation
with a 7 pulse are recovered after a sufficiently long waiting time
after the excitation. The data points taken in the absence of elec-
trons show that the excited antiprotons are not cooled and therefore
not recovered in the dump even after waiting times of many tens of
seconds.

place immediately after the excitation reappear after a suffi-
cient waiting time. The figure confirms that the particles
were not actually lost, but still present within the trap,
thereby supporting our hypothesis for the disappearance
mechanism. The nonlinear shape of the cooling curve on a
logarithmic scale shows the variability of the cooling time
“constant” due to a charged buffer gas. From the first few
data points of the graph, a cooling time constant of the modi-
fied cyclotron motion of about 5 s can be inferred. Further-
more, the figure shows that in the absence of the electron
buffer gas, the antiprotons whose motions have been con-
verted are not recovered, even after very long waiting times.

This means that after at most 15 s, the cyclotron ampli-
tudes of those antiprotons that have been resonantly excited
in the presence of the electron buffer gas have returned to
their initial values before the excitation, i.e., a few um. At
the same time, barring the existence of an anomalous out-
ward radial transport during the cooling of the cyclotron mo-
tion, also the magnetron amplitudes have been considerably
reduced. Assuming a complete conversion of the radial
modes, the final magnetron radius should be of the same
order as the cyclotron radius. An anomalous radial transport
seems improbable because no antiproton loss is observed for
many tens of minutes during storage with electrons. As is
common in this kind of electromagnetic trap, the storage
time is limited by asymmetries in the confining fields, but the
time scale of transport due to asymmetries is typically much
longer than the cooling time of the cyclotron motion.

At identical amplitudes, the rotational kinetic energy of
ions that perform cyclotron motion is many orders of mag-
nitude higher than that of ions that perform magnetron mo-
tion, as follows from Eq. (5). Assuming a process exists that
couples the two motions in the absence of external excita-
tion, it is therefore conceivable that a substantial amount of
kinetic energy is transferred back to the magnetron mode
while the cyclotron motion is being cooled. The hard-ball
collisions encountered in interactions with a neutral buffer
gas can constitute such a process, but the infinite-range Cou-
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lomb interaction between the confined ions and a non-neutral
buffer gas approximates the viscous force of Eq. (17) well
and a coupling of the radial motions should be negligible. If
such a reheating of the magnetron motion turns out to be
substantial, the cyclotron cooling rate must be increased such
that conversion and cooling take place simultaneously. This
can be achieved by maximizing the buffer gas density within
the constraints discussed in II D.

On very long time scales, centrifugal separation of the
confined species can set in due to their different mass [21].
This effect will eventually push the antiprotons outside of the
boundary of the electron cloud. After a sideband excitation
and sufficient waiting time to allow for the cooling of the
cyclotron motion, the buffer gas will therefore have to be
removed from the trap. It remains to be checked whether the
ejection of the electrons will disturb and reheat the cooled
and centered antiprotons. This should not be the case if the
kickout pulse for this operation is applied in a completely
axially symmetric manner and if furthermore there is no cou-
pling between radial and axial motions due to a deviation of
the trap axis from the magnetic-field orientation.

V. CONCLUSIONS AND OUTLOOK

We have proposed a scheme for the centering of antipro-
tons prior to mixing with positrons for recombination. Our
initial experimental investigations using the ATHENA appa-
ratus indicate that the fourfold segmented ring electrode of a
cylindrical Penning trap can be used to convert the radial
motions of antiproton clouds containing several thousand
particles.

PHYSICAL REVIEW A 73, 062508 (2006)

By use of a unique diagnostics scheme based on the pres-
ence of magnetic-field inhomogeneities in the trap region,
conversion between the radial modes has been demonstrated
in vacuum. The complete mapping out of the conversion
over more than one 7 pulse in the presence of several 10°
electrons, however, was hampered by a lack of available cou-
pling strength.

Lastly, the cooling of the modified cyclotron motion fol-
lowing a full conversion has been shown and a cooling time
constant of roughly 5 s was inferred. The reappearance of
previously “lost” ions supports our hypothesis for the loss
mechanism and diagnostics method.

The work presented here was subject to the limitation that
antiprotons supplied by the AD are scarce and have to be
shared among several experiments. Nevertheless, the first re-
sults are encouraging and consistent with antiproton center-
ing. Further studies are required in order to unambiguously
demonstrate and quantify the reduction of the magnetron am-
plitude. If the scheme can be successfully incorporated into
the antihydrogen production cycle, it will not only allow the
production of H as cold as the surrounding trap, but also
increase the production rate due to better overlap between p
and e*, as well as improve the overlap with laser beams for
stimulated recombination or laser cooling.
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