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Abstract. A ballistic method is presented for transferring positron plasmas emanating from a region
with a low magnetic field and relatively high pressure into a 15 K Penning-Malmberg trap immersed
in a 3 T magnetic field with a base pressure of the order of 10 	 13 mbar. Subsequent stacking resulted
in a plasma containing 4 
 2 � 108 positrons. Using a rotating wall electric field a plasma containing
90 million positrons was compressed to a density of 3 
 6 � 109 cm 	 3.

INTRODUCTION

Recently, large amounts of cold antihydrogen atoms have been produced by the
ATHENA collaboration [1] at the CERN Antiproton Decelerator. Subsequently, a
similar result was reported by the ATRAP collaboration [2]. In both experiments anti-
hydrogen atoms are formed by mixing antiprotons and positrons in a nested Penning
trap [3]. The expected reaction mechanisms are radiative and 3-body combination [4],
the reaction rates being proportional to the positron density, n, and n2, respectively. In
order to rapidly acquire large numbers of positrons to mix with antiprotons we have
constructed a positron accumulator utilising nitrogen as a buffer gas [5, 6]. This type
of accumulator currently has the highest reported trapping efficiency. The ATHENA
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FIGURE 1. Schematic of the ATHENA experimental apparatus

antihydrogen apparatus [7] is designed using a modular approach. It consists of four
main parts: a positron accumulator, an antiproton catching trap, a mixing trap and an
antihydrogen annihilation detector as shown in Fig. 1. The accumulator, with a relatively
high gas pressure, and the ultra high vacuum (lower than 10 � 13 mbar) mixing trap are
connected by a transfer section consisting of a vacuum separation valve, a pumping
restriction, a number of transfer electrodes and a pulsed transfer magnet with a field
of 1 T. The transfer magnet is necessary because the magnetic field in the narrow-bore
pumping restriction due to the accumulator solenoid and the superconducting magnet
around the mixing region is not high enough to allow all the positrons to pass through.
The number of particles caught in the mixing region can be detected destructively by
dumping them onto a Faraday cup. Measures of both the total charge and the positron
annihilation signal are recorded. As described below, positrons can be repeatedly
stacked in the mixing region thus increasing the total number of positrons available
for antihydrogen experiments. In order to increase the density of the plasma inside
the 3 T solenoid it can be compressed by employing a rotating wall electric field [8].
A non-destructive diagnostic technique has recently been developed/improved using
electrostatic mode analysis [9, 10] and we are now able to measure the compression in
real time while using the rotating wall. In this paper we will describe the method used
for the magnet-to-magnet transfer of positron plasmas and report the results of transfer,
stacking and compression experiments.

TRANSFER

Experimental

Positrons are accumulated in a relatively low (0.14 T) magnetic field and at nitrogen
buffer gas pressures of 10 � 6 mbar while applying a rotating wall electric field in order
to compress the plasma [6]. After 200 seconds, obtaining a plasma consisting of about
150 million positrons with a diameter of 4-5 mm, the buffer gas is pumped out until a
pressure of the order of 10 � 9 mbar has been reached. Subsequently, the vacuum separa-
tion valve is opened and the transfer magnet is energized for 1 second. The positrons in
the accumulator are released by lowering the gate electrode of the accumulator (see Fig.
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FIGURE 2. The potentials of the electrodes during positron transfers. Note that the time step between
the subsequent potential lines is not uniform. The dashed lines represent the potentials when stacking
subsequent plasmas.

2) from 140 V to 0 V with a fall time of 35 ns and retrapped in the mixing section by
closing the electrodes in the transfer section a time ∆T later. The positrons are initially
trapped in the entire length of the mixing trap and subsequently sqeeuzed into the cen-
tral part. There they cool to the ambient temperature of 15 K by emission of synchrotron
radiation. After cooling the high potential walls surrounding the positrons are lowered
until the well becomes harmonic.

Simulations

We simulated the transfer process using SIMION [11] assuming single particle tra-
jectories confined to the axis of the instrument. The magnetic field was not taken into
account. We presume the plasma to be intact just after the gate electrode has opened
since the fall time of the voltage on this electrode is of the order of 1 ns over the plasma
space charge of around 5 V. In order to mimick the space charge, we assign each particle
a kinetic energy, randomly distributed between 0 and 5 eV, on top of the 25 eV orginat-
ing from the bottom of the well in the accumulator. We simulated trajectories for 36
values of ∆T starting at 0 with a spacing of 0.2 µs. For each point we used 2001 particle
trajectories.



FIGURE 3. Fraction of retrapped positrons as a function of the time difference, ∆T, between opening
the gate electrode and closing the transfer section. The curves are normalized on the first peak.

Results

In Fig. 3 we plot the fraction of positrons transferred before squeezing as a function
of ∆T for the experiment and the simulations. The experimental data were obtained by
dumping the positrons on the Farady cup in the 3 T magnet 50 ms after retrapping. In
both cases it is clear that the plasma can move back and forwards a number of times
showing that ballistic transport is possible. The width of the recaptured peak increases
due to the initial energy spread. The difference in bouncing time between the experiment
and the simulation is attributed to the change of parallel (with respect to the magnetic
axis) energy into perpendicular energy (not simulated) when the particles enter the 3
T field present in the mixing area. Based upon this we estimate that the particles lose
about 3 eV of axial kinetic energy entering the mixing area, which corresponds to a
perpendicular energy of about 0.14 eV in the 0.14 T field of the accumulator and about
20 meV in the regions of lowest magnetic field in the transfer section. The value of
the perpendicular energy can most likely be attributed to imperfect alignment of the
successive solenoids and/or electrodes giving the positrons an extra angular deviation.
While there are no losses at the first peak in the simulation, the experimental efficiency
of the transfer before squeezing is 55%. The squeeze itself gives rise to losses up to 38%
giving a overall efficiency of about one third, i.e. we are able obtain about 50 million
transferred positrons each time we transfer. These losses are not understood in detail but
could also be a result of imperfect alignments.
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FIGURE 4. Number of positrons as a function of the number of stacks. Each shot contains 75 million
positrons

STACKING

Positrons have been stacked before [12] but within a homogenous magnetic field. Here
the positrons transit different fields between about 0.02 and 1 T before stacked in a 3 T
field. We performed a number of stacking experiments using the dashed potentials as
depicted in Fig. 2 after the first shot. These potentials ensure that the positrons which
have already been transferred cannot escape. The results are shown in Fig. 4 where each
point has been measured by dumping the plasma onto the Faraday cup. The low point at
3 stacks is probably the result of a missed transfer in the stacking sequence. The stacking
curve is linear up to 5 stacks after which it levels off. This is due to reaching the space
charge limit given by the well depth. In a different set of measurements where the well
depth was gradually increased we were able to obtain a plasma containing 4  2 � 108

positrons.

COMPRESSION

After positron transfer a rotating wall electric field with a freqeuncy between 2.5 and 3.5
MHz was applied to the plasma for a duration of 200 seconds. During the process the
plasma parameters were measured using mode analysis, in particular the (1.0) dipole and
(2.0) quadrupole frequencies (as described in [10]), as a function of time. For a plasma
containing 90 million positrons with a initial density of 3  0 � 108 cm � 3 we were able
to compress the plasma by a factor of about 10 resulting in a density of about 3  6 � 109

cm � 3. This number is close to the previously reported maximum positron density of
4 � 109 cm � 3 [13] but there the plasma contained only a couple of thousand particles.



We are not yet able to reliably measure the (compressed) densities of plasmas with
a larger number of positrons because of the limitation of the mode analysis detecting
system and/or non-linearities in well potentials [10].

CONCLUSIONS

We have been able to transfer positron plasmas between two solenoids with an overall
efficiency of 34 %. Subsequently, stacking of a number of positron shots shows a linear
behaviour until the space charge limit of the well has been reached obtaining a plasma
containing 380 million positrons. Compression by a rotating wall electric field of 90
million positrons resulted in a positron plasma with a density of 3  6 � 109 cm � 3.
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