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Abstract. We demonstrate three-dimensional annihilation imaging of antiprotons trapped in a
Penning trap. Exploiting unusual feature of antiparticles, we investigate a previously unexplored
regime in particle transport; the proximity of the trap wall. Particle loss on the wall, the final step
of radial transport, is observed to be highly non-uniform, both radially and azimuthally. These
observations have considerable implications for the production and detection of antihydrogen
atoms.

INTRODUCTION

Imaging techniques have played an important role in trapped particle studies.
Dumping particles onto a collimated Faraday cup, or on a screen viewed by a CCD
camera, is now a standard technique which gives a z-integrated plasma shape [1-3] (z
is the direction along the magnetic axis). Detection of laser fluorescence is another
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common technique for trapped atomic ions where convenient transition lines exist
[4,5]. This method can also provide particle velocity from the laser Doppler shift [6].

Antiparticle annihilation imaging can give information complementary to the
above more conventional methods. Depending on the density of the residual gasin the
system (see below), antiprotons can annihilate either on gas, or on thetrap wall asa
result of radial transport. If the vacuum is sufficiently high and the annihilation on the
gasis negligible, antiproton imaging is uniquely sensitive to particle losses at the trap
wall. It thus allows investigation of particle transport processes in the yet un-explored
regime, the proximity of the trap wall.

O’ Nell’s confinement theorem [7] states that, for an axially symmetric system
in auniform magnetic field, due to the conservation of canonical angular momentum,
the mean-square radius of trapped particles is approximately constant, ensuring
confinement of non-neutral plasmas. In actua experiments, however, plasmas expand
at afinite rate, eventually leading to deconfinement. Starting from the pioneering
works of the 1980s[8], radia particle transport across magnetic field lines has been
the subject of extensive studies. As such, thereis now alarge body of evidence which
suggests that the radial transport is driven by mechanical and field asymmetries,
inherent in all trap constructions [9]. However, while there are notable recent
developments [10], the exact mechanism is not yet completely understood. With our
imaging technique, we show in this report that the particle loss at the trap wall, the
final step of the radial transport, occurs in amanner that is highly non-uniform, both
axially and azimuthally.
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Figure 1. A schematic view of the apparatus. Two layers of double-sided silicon strip detectors and 192
Csl crystals surround the mixing trap. The signal from total of 8192 detector channels are read out via
flash analogue-to-digital converters (ADCs) and written onto a disc at arate of up to 40 Hz.

EXPERIMENT

The present measurements are performed using the ATHENA apparatus,
which recently achieved the first production of cold antihydrogen atoms [11]. Detailed
descriptions of ATHENA are given elsewhere [11-15]. The Antiproton Decelerator
(AD), located at the European Organization for Nuclear Research (CERN) in Geneva,
provides a pulse of 5 MeV antiprotons every 100 s. Thisis presently the world’s only



source of low energy antiprotons. The antiprotons are dynamically captured by briefly
opening the potential wall at the entrance side. Cold electrons, preloaded in the trap,
cool the antiprotons via Coulomb collisions [16]. The antiproton capture and cooling
can take place in either of two separate traps; the catching trap, or the mixing trap. In
the former case, the cooled antiprotons are adiabatically transferred to the mixing trap
after the catching and cooling [17]. The traps (inner radius 1.25 cm) are held at a
temperature between 15 and 40 K. The ima%i ng detector is kept at 140 K and housed
in a separate vacuum (Fig. 1). Typically, 10° to 10* antiprotons together with 10 to
10® electrons are stored in the mixing trap for these measurements. Antiprotons
annihilate either on the residual gas, or if they reach the trap wall, on the surface of
gold-plated electrodes.

We observe that keeping the electrons together with the antiprotons shortens
the storage time of the latter. This effect, illustrated by the data presented in Fig. 2, is
possibly due to an enhancement of the radial transport of the antiprotons due to
electron collective effects, and merits further dedicated study. For the purpose of the
work here, however, we used this effect smply to accelerate the radial loss. It should
be noted, though, that the number of the electrons, or lack thereof, does not affect the
main conclusions reported here.
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FIGURE 2. Number of antiprotons as a function of storage time. The squares refer to measurements
with 10° electrons kept in the trap, whilst the circles are with less than 10° electrons remaining. The
trapped antiprotons are counted with external annihilation detectors [17], and are normalized to the
incoming antiproton number, which in turn is measured by a calibrated beam detector [18].

ANTIPROTON IMAGES

Antiproton annihilations produce several charged and neutral mesons (mostly
pions). The average charge multiplicity depends on the target nucleus; 2.6 for gold and



3.0 for aproton [19]. The charged particles are detected by two layers of double-sided
silicon micro-strip detectors. A signal in one of the layersisa“hit”, and two hits from
two layers are fitted to a straight line to determine a “track”. From the intersection of
two or more charged tracks, an annihilation “vertex” is determined. A collection of the
vertices thus represents the three-dimensional distribution of antiproton positions at
the time of their annihilations. Unmeasured curvature of the pion tracksinthe3 T
magnetic field is the dominant source of the 4 mm (1s) vertex reconstruction
uncertainty.
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Figure 3. Three dimensional imaging of trapped antiprotons

Figures 3 and 4-1 (@) show measurements in a harmonic trap with a depth of
30V and length about 5 cm with arelatively high gas pressure in the system, of the
order of 10™" mbar as estimated from the antiproton lifetime. In these conditions,
annihilations on the residual gas (or ions) dominate. Thus, the image obtained
corresponds to the distribution of antiprotons in a quadratic potential trap, and is
azimuthally symmetric, as expected.

A striking pattern emerges if the residual gas pressure is reduced to below 102
mbar, as shown in Fig. 4-1 (b). Annihilations are then observed to be highly non-
uniform both azimuthally and axially, and are localized in afew “hot spots’. As
illustrated in Figs. 4-11 and I11, the existence of hot spotsis auniversal feature of
charged particle loss in our trap.

Figure 4-11 shows images from a series of measurements using only one
electrode to create atrap well. A potential of —140 V, with respect to the rest of the
grounded electrodes, was applied. The antiproton annihilations take place in the
potential well regions, as expected, but they arelocalized in both zand f , wheref is
the azimuthal angle of the vertices seen from the trap axis. Figure 4-111 illustrates
results of measurements with different numbers of electrodes used to form wells.
Either =140V or -50 V was applied, the value of which did not change the features of
theimages. Again, annihilations are localized. We observe that the annihilation hot
spots are clustered near the edge of the electrodes, and their number grows with the
number of electrodes used for the well. Azimuthally segmented four-sectored
electrodes are seen to enhance annihilations in some (but not all) cases. For example,
see the top panel of Fig. 4-111, where the segmented electrodes are depicted as“ SE”.
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Figure 4. Antiproton annihilation images. See text for details.



MONTE CARLO SIMULATIONS

In order to quantitatively understand the observed images, we have performed
detailed Monte Carlo (MC) simulations, based on the GEANT simulation package. In
our simulations, antiproton annihilation on protons is assumed, and a tabul ated
branching ratio is used to generate annihilation products, both charged and neutral.
Interactions of these particles with our detector and the apparatus are simulated,
including electromagnetic and hadronic cascades in the magnet materials. The
apparatus geometry is directly imported from a CAD program, and the measured
modul e-by-module detector efficiencies are included in the calculations. The code
generates simulated data in the same structure as the experiment, and the same
analysis program is applied to both.

The results of the simulation are compared with the datain Fig. 5. A radia
distribution of antiproton annihilations for the high vacuum case (from Fig. 4-1 (b)),
and a simulated distribution assuming a point annihilation source on the trap wall are
plotted in Fig. 5 (a). The good agreement between the experiment and the simulation
establishes that most of the annihilations occur on the wall (r=1.25 cm). The structure
near the peak of the ssimulated distribution is due to reconstruction errors caused by the
curvature of the charged track. It disappears in simulations with the magnetic field set
to zero.

Theradia distribution of the measured datafor the high density case from Fig.
4-] (a) aredso plotted in Fig. 5 (). Asisevident, our imaging can clearly distinguish
between the distributions for predominantly gas annihilations and those resulting from
wall annihilations.
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FIGURE 5. (a) Comparison of radial (r) annihilation distributions (dN/rdr) for the data from the
measurement at low background gas pressures (error bars) and the MC simulations assuming
annihilations on the trap wall (dark histogram). Also shown are the data for the high pressure
measurement (diagonally filled histogram). (b) The azimuthal (f) angular distribution of the
annihilation (error bars) and its comparison with the MC assuming point source annihilation (dark
histogram). Also shown is aMC assuming an extended annihilation source (£4 mm).



We now focus on one of the hot spots from Fig. 4-1 (b), in order to study the extent to
which it islocalized. Figure 5 (b) is acomparison of the annihilation azimuthal angle
distributions for the experimental data and the simulations. Also included are
histograms for Monte Carlos assuming both a point source annihilation on the wall,
and assuming an extended source spot of £4 mm. From the comparison, we can
exclude a source extent of thissize.

DISCUSSION

Whileit is clear that the presence of hot spotsisaresult of asymmetriesin the
system, the underlying mechanism resulting in loss localization is not completely
understood at the present time. The effects due to image charge and surface field
irregularities complicate the dynamics of particle transport in the proximity of the trap
wall.

Various measurements were performed to establish the universality of the loss
localization. We observed the hot spotsin all cases when antiprotons annihilate on the
wall. Thiswas regardless of the details of the antiproton and electron (re)loading
procedure and the values of the potentials. Hot spots are present, even though
electrons were removed the electrons from the trap, indicating that the loss localization
mechanism is not due to collective plasma effects of the electrons, but is dominated by
the single particle transport properties of the antiprotons. Note that the antiproton
density of islow (<10% cm™®) in these measurements.

The present observations have mgor implications for the detection of
antihydrogen annihilations. Our initial observation of antihydrogen was based on
simultaneous detection of antiproton and positron annihilations at the same place.
While antiproton annihilation detection is efficient (the vertices can be reconstructed
with about 50% efficiency), positron detection is more difficult due to the low intrinsic
efficiency of the Csl crystals, and the presence of background. Thus, the overall
efficiency was about 0.2% for fully reconstructed antihydrogen events, where both the
charged vertex and back-to-back gamma rays were detected. Our finding that neutral
antihydrogen atoms annihilate on the wall in aradialy uniform manner [11], whereas
charged antiprotons produce hot spots, can provide a new and effective signature of
antihydrogen annihilations. An antihydrogen detector without the need to register
gamma-rays can be envisioned, a considerable simplification when compared to the
present system.

Imaging profiles of antiprotons obtained in high density cases (Fig. 4-1 (a)) can
provide useful information relevant in our quest to understand the antihydrogen
production processes. The image obtained represents the spatial distribution of
antiprotons, convoluted with the gas (or ion) distribution on which they annihilate.
The observed distributions of the antiproton cloud in Figs. 3 and 4-1 (a) have an aspect
ratio of approximately 2. Thisisin contrast to the positron plasma aspect ratio (4 - 7),
as determined by modes analysis [15] based on Dubin’s cold fluid model [20]. If we
assume that the effects of residual gas on the particle dynamicsis negligible on the
time scale of the measurements (afew minutes), the observed difference in the cloud



radii may explain the apparent partial mismatch in the radial overlap between
antiprotons and positrons, indicated by our measurements of positron cooling of
antiprotons [21].

Another application of antiproton imaging isillustrated in Fig. 5. By moving
the trap well, and measuring the annihilation positions, we can determine our trap
electrode positions, relative to the detector, over awide range of axia positions as
shown in Fig. 5[22]. Imaging of antiproton annihilations thus permitted detector
position calibration at 1 mm precision, atask otherwise nontrivial in the present setup.
The precise calibration shown here is an important input to the physics analyses using
the ATHENA antihydrogen annihilation detector.

Aswe have previoudly stated, our imaging position resolution is, at present,
limited by the unmeasured curvature of the charged tracks. This could be improved in
afuture apparatus by using three or more layers of Si strips. Our detector readout rate
(~40 Hz) limits the physical processes that can be imaged to relatively slow ones (such
astheradia loss reported here), and much faster processes, e.g. bursts of annihilations
due to diacotron instability, cannot be readily imaged. The implementation of the
signal level discrimination at the ADC level (so called zero suppression) isin progress
and can improve the readout rate by up to afactor of 10.
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Figure5. The correlation between the trap well positions and the measured annihilation positions.

CONCLUSIONS

In this paper, we reported imaging of antiproton distributions via
reconstruction of annihilation vertices. With this new technique, we probed the
previously unexplored final step in the radial transport of trapped charged particles; a



regime in the proximity of the trap wall. We observed that antiproton annihilations on
the trap wall arelocalized in all cases, an effect which may be applicable to other
Penning (and related) systems. Several implications for antihydrogen production and
detection were discussed.

The main disadvantage of the antiproton imaging technique for trapped particle
studiesis the scarcity of antiprotons. In the near future, we will extend our antiparticle
imaging studies by using positron annihilations, much like positron emission
tomography in medical applications.
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