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Abstract. We describe the implementation of evaporative cooling of charged particles in the
ALPHA apparatus. Forced evaporation has been applied to cold samples of antiprotons held in
Malmberg-Penning traps. Temperatures on the order of 10 K were obtained, while retaining a sig-
nificant fraction of the initial number of particles. We have developed a model for the evaporation
process based on simple rate equations and applied it succesfully to the experimental data. We have
also observed radial re-distribution of the clouds following evaporation, explained by simple con-
servation laws. We discuss the relevance of this technique for the recent demonstration of magnetic
trapping of antihydrogen.
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INTRODUCTION

Evaporative cooling is a powerful technique for reducing the temperature of an ensemble
of particles bound to a finite-depth potential well. Cooling is obtained by selectively
removing the most energetic particles from a thermal distribution and allowing the
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resulting energy reduction to be shared by all the remaining particles. It was originally
proposed [1] and demonstrated [2] for atomic hydrogen in magnetic traps, but its use
became widespread after being successfully used for the production of Bose-Einstein
condensates of alkali-atom samples [3]. More than 15 years after that, evaporative
cooling remains a mandatory last step for the observation of condensates and has become
a ubiquitous technique in neutral atom and molecule trapping. But despite its extensive
use in cold atom experiments, evaporation has found very limited application for charged
particles: it has been applied to highly charged ions in EBITs at energies around 100 eV
[4].

In this paper, we report evaporative cooling of charged particles in Malmberg-Penning
traps down to cryogenic temperatures. These traps are part of the ALPHA apparatus, an
experimental system which was recently used to demonstrate for the first time the con-
finement of antihydrogen atoms in a magnetic trap [5]. The main goal of the ALPHA
experiment is to perform a sensitive test of CPT symmetry [6], through a direct spectro-
scopic comparison between antihydrogen and its matter counterpart (atomic hydrogen).
It is likely that the ultimate precision in this measurement can only be reached in a
magnetic trap [7]. In our system, antihydrogen is produced [8] by merging cold clouds
of its constituents (antiprotons and positrons) confined by the electromagnetic fields of
a Malmberg-Penning trap. With a magnetic trap superposed onto the charged particle
traps, the fraction of antihydrogen atoms produced with a kinetic energy lower than the
(magnetic) well-depth will be initially confined. From the spectroscopy point of view, it
is certainly interesting to increase this trappable fraction as much as possible, given the
expected gain in signal-to-noise ratio.

The current technology and our experimental constraints limit the available well-
depth to ∼ 1 T, which corresponds to antihydrogen with a maximum kinetic energy
of ∼ 0.7 K. This means that the anti-atoms have to be cold in order to be captured by
the magnetic trap. One of the routes to increase the trappable (i.e., cold) fraction of
the synthesized anti-atoms is to keep the temperatures of both charged species as low
as possible until the moment they recombine. With the two oppositely-charged charged
species trapped in neighboring potential wells of the Malmberg-Penning trap (the so-
called nested-trap scheme [9]), recombination can be initiated by sending one species
through the other. The kinetic energy of antihydrogen is mainly set by the kinetic energy
of the antiproton; for recombination schemes in which the antiproton cloud is held
stationary as it is traversed by the positrons (or by the positron-containing species, such
as positronium atoms), a lower antiproton temperature will result in a larger number
of trappable antihydrogen atoms. For schemes in which antiprotons are sent into the
positron cloud the relation is not so obvious, as the energy given to the former also has
to be taken into account.

The renowned cooling procedure for antiprotons is collisional de-excitation by elec-
trons [10]. Electron cooling is required to capture the antiproton bunch ejected from the
Antiproton Decelerator: a pre-loaded electron plasma is used to cool antiprotons from
the initial capture energy of 5 keV to much lower energies. The energy exchanged with
the electrons is radiated away as cyclotron radiation and after some time both species
should reach thermal equilibrium. The ultimate limit for this equilibrium temperature
is given by the radiative exchange between electrons and the cold surfaces of the trap
and, in a simplified analysis, the mixed antiproton-electron plasma should reach the
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same temperature as the trap electrodes. But in our traps the observed electron plasma
temperatures are at least 10 - 20 times the electrode temperature. In other words, elec-
tron cooling is very efficient in cooling antiprotons from keV energies to tens of meV,
but it fails in providing a sample of antiprotons cold enough to produce trappable anti-
atoms. But even if electron cooling worked as initially expected, one would be still left
with the problem of electron removal. The presence of electrons during recombination
can be a nuisance: they can deplete the positron cloud (through positronium formation)
or partially neutralize it (leading to destabilization), or simply destroy the antihydrogen
atoms by charge exchange reactions. Our current procedure for electron ejection involves
pulsed fields and, despite working very efficiently, it results in antiproton temperatures
no lower than 200 - 300 K.

A final motivation for antiproton cooling is related to the particular technique we
employ to drive the antiprotons into the positron plasma: the autoresonant frequency
sweep has been shown to work more efficiently when the antiprotons are colder [11]. At
lower temperatures, the whole sample behaves as a single-particle nonlinear oscillator
and can be excited in its entirety to be brought into contact with the positron plasma.

EVAPORATIVE COOLING OF NEUTRAL AND CHARGED
PARTICLES

Elastic collisions are the driving force behind evaporative cooling, continuously provid-
ing particles with energy above the well- depth. Furthermore, for evaporation to work as
a cooling process the energy deficit resulting from the escaping particles has to be re-
distributed, a process which is also driven by elastic collisions. For charged clouds the
long range nature of the Coulomb interaction results in very high collision rates. Thus,
for comparable values of densities and temperatures, samples of charged particles con-
stitute a much better system for the implementation of evaporation than clouds of neutral
particles. And as evaporation progresses, the increase in the collision frequency with de-
creasing energy ensures a sustained efficiency for cooling of trapped charged samples.
This means that manipulations normally used to increase the collision frequency in atom
traps (such as adiabatic compression [12]) will not be required in Malmberg-Penning
traps. A third advantage for charged particles is the absence of intra-species trap-loss
channels (like spin-exchange and inelastic dipolar collisions, in the case of neutral par-
ticles [13]) which could compete with the cooling power available from evaporation.
On the other hand, the absence of these trap loss channels precludes an energy-selective
removal of particles through transitions to untrapped states, such as the technique of rf
evaporation of neutral particles [14].

The simplest implementation of evaporative cooling in magnetic traps involves slowly
ramping down the confining magnetic field. In a Malmberg-Penning trap radial confine-
ment is provided by a solenoidal magnetic field and axial confinement is maintained
by electrostatic potentials applied to the cylindrical electrodes. With this arrangement,
evaporation can be achieved by slowly lowering one of the side walls of the axial well.
Strictly speaking, this implementation also means that evaporation is 1D because the
escape criterion is εz > εT . But the high collision rate guarantees an extremely fast
anisotropic relaxation rate and, in practice, a 3D evaporation. Here the z-axis is the trap
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axis and εT is the axial well-depth. The strong coupling between elementary charges and
typical trapping electrical fields (much larger than the coupling between atomic dipole
moments and typical trapping magnetic fields) requires a much more precise control of
the confining voltages during evaporation: this is certainly the major technical challenge
for the efficient use of evaporation with charged particles.

Another peculiarity of this implementation of evaporation is that our charged particle
samples are very close to the plasma regime. The electric fields from the charge distribu-
tion itself (space charge potentials) can be comparable to the ’vacuum’ fields produced
by the electrodes and, as a result of the coupling between them, the effective well-depth
seen by the trapped particles will be reduced.

EXPERIMENTAL PROCEDURE

A schematic view of the ALPHA apparatus is depicted in Fig. 1(a), showing only
the relevant parts for the evaporation measurements. The cylindrical electrode stack
is placed inside a vacuum chamber, whose outer surface is cooled by a liquid helium
bath; the electrodes reach a temperature around 7 K. The devices on either end of
the vacuum tube are used for diagnostics of the charged particles. On the left, a thin
aluminum foil (which constitutes the final degrading material when the antiproton bunch
enters the trap) is used as a Faraday cup. On the right, a combined micro-channel
plate and phosphor screen assembly (MCP/Phosphor) allows the measurement of the
clouds spatial density profile (integrated along the z-axis) [15]. The trap is immersed
in the uniform 1 T field of an external superconducting solenoid, and the field is kept
constant for all measurements reported in this work. Externally to the solenoid, a set of
plastic scintillators read out by photomultiplier tubes detects the products of antiproton
annihilations.

For a full characterization of the evaporation process, one is interested in measuring
the temperature and the number of remaining particles after the evaporation ramp. The
number of antiprotons can be measured by allowing the particles to escape from the
well towards the aluminum foil, where they annihilate. The annihilation products are
then detected by the scintillators with an efficiency of (25±10)% per event. To measure
the plasma temperatures, we employed a simplified version of the parallel-temperature
diagnostic [16], where a Maxwell-Boltzmann distribution is fit to the high-energy tail
of the energy distribution. This distribution is measured by slowly letting the particles
escape from the axial electrostatic well towards the aluminum foil. The time-resolved
signal measured at the detectors is then mapped to the original well, giving the energy
distribution the particles had before the potentials were changed for the measurement.
In our procedure, the number of antiprotons and their temperature are simultaneously
measured by allowing all the particles remaining after evaporation to escape: the fit to
the high-energy portion of the distribution gives the temperature, while the total number
of particles detected during the manipulation gives the particle number.

The temperature values obtained from the fits have been corrected by a numerical
factor determined by a particle-in-cell (PIC) simulation of the particle escape from
the potential well. The computer simulation includes effects that happen during the
potential manipulation which could result in a measured temperature different from
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FIGURE 1. (a) Simplified schematic view of the ALPHA apparatus, showing the trap electrodes and
the 2 devices used to characterize the evaporation process. (b) Some of the potential wells used for the
evaporation experiments: the initial well (1500 mV), the deepest (440 mV) and the shallowest (10 mV)
wells

the temperature the plasma had before the measurement started: the time evolution of
the vacuum and space charge potentials, the possibility of evaporative cooling and the
energy exchange between the different translational degrees of freedom. For the clouds
used in this work, the result is that the measured temperatures are ∼ 16% higher than
the true temperatures; all temperatures reported here have been corrected accordingly.

In addition to the temperature and number measurement, the radial profile after
evaporation can be measured by ejecting the particles towards the MCP/Phosphor. This
gives complementary information about the evaporation process.

EVAPORATIVE COOLING OF ANTIPROTONS

We initially prepare a sample of 45000 antiprotons with a density of 7.5× 106 cm−3
in a cloud with a 0.6 mm radius. Details about the preparation of these clouds can be
found in [17]. The particles are initially confined in a 1500 mV-deep well (on-axis well-
depth), with a temperature of (1040±45)K. Forced evaporative cooling is performed by
linearly ramping the voltage applied to one of the confining electrodes that produces the
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confining well. The original 1500 mV well is ramped to six pre-defined wells, with on-
axis depths ranging from 440 mV to 10 mV (Fig. 1(b) ). The particles are then allowed to
reequilibrate for 10 s before a measurement (either number/temperature or radial profile)
is made. Note that evaporation is initiated by lowering one of the sides of the confining
well; since the aluminum foil and the MCP/phosphor are at opposite ends of the trap,
for the radial profile measurement the well has to be changed so that the lower wall is
to the right of the plasma (see Fig. 1(b) for reference). But other than that, the wells are
identical.

In Figure 2(a) the temperature for each of the six wells is shown as a function of
the well-depth in a log-log plot; the temperature and well-depth before evaporation are
also displayed. From the initial temperature of 1040 K, temperatures between 9 and 325
K can be obtained. The remaining fraction for each of the wells as a function of the
well-depth is shown in Fig. 2(b), together with the initial fraction. Depending on the
well-depth, the number of particles is reduced from 45000 to fractions between 6% and
77%.

For the data presented in Fig. 2, the evaporation ramps were 100 s long, but we
investigated different ramp times (300, 30, 10 and 1 s) with very similar results. The
only exception was the 1 s ramp, for which we observed much lower remaining fractions
for all well-depths; in particular for the 10 mV well, less than 0.1% of the initial number
was left at the end.

For each of the radial profile measurements, a 2D Gaussian profile of the type

f (x,y) = Aexp
[
− (x− x0)2 +(y− y0)2

b2

]
+C (1)

is fitted, and the plasma radius (b) is obtained. This dataset shows an increase in b with
decreasing well-depth: from the initial value of 0.6 mm, the radius grows to 3 mm (for
the shallowest well). In aMalmberg-Penning trap evaporation occurs preferentially close
to the trap axis, where the potential barrier the particles have to overcome is the lowest.
If we assume that all evaporating particles escape from the radial center of the cloud, the
total canonical angular momentum is conserved and will have to be redistributed among
a smaller number of particles. As a consequence, the average radius of the cloud will
increase. The total canonical angular momentum is proportional to ∑r2j , where r j is the
radial location of each particle and the sum is over all particles in the cloud. We can thus
obtain a scaling law for the radial expansion, relating the particle number and the cloud
mean square radius before and after evaporation, in obvious notation, as:

N0

N
=
〈r2〉
〈r20〉

. (2)

In Fig. 3, the cloud radius is shown as a function of the remaining fraction. The
line represents the relation predicted by Eq. 2, and shows a good agreement with the
measured data. It is important to note that this equation represents an upper limit, as
the particles which escape off-axis carry away some angular momentum, reducing the
amount to be redistributed and the radial expansion.

Evaporative cooling is usually modeled by rate equations describing the time evolu-
tion of the number of trapped particles and the temperature [18]. In the case of evapo-
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FIGURE 2. (a) Temperature as a function of the on-axis well-depth: the points are measured tempera-
tures. (b) Remaining fraction as a function of the on-axis well-depth: the points are measured fractions. In
both graphs the line is the result of the model discussed in the text.

ration of antiprotons in Malmberg-Penning traps, the equations have to be modified to
take into account the particularities of this system. First, a loss term has to be added
to account for the annihilation of antiprotons on the background gas in the trap. Sec-
ond, a heating term must also be added to take into account heating sources. As the
cloud expands to conserve angular momentum, Joule heating from the conversion of
electrostatic potential energy to kinetic energy will compete with the cooling provided
by evaporation. The equations then become

dN
dt

=− N
τev
− γ N, (3)

dT
dt

=−α
T
τev

+P, (4)
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FIGURE 3. Plasma radius after the evaporation ramp as a function of the remaining fraction. The points
are experimental data, whilst the line is the prediction from Eq. 2

where τev is the evaporation timescale and α quantifies how efficiently the evaporation
process lowers the temperature [18]. The loss term γ (1×10−4 s−1 per particle) is readily
obtained, as the detector monitors annihilations during all the stages of the experiment.
The heating term P is estimated as (−dN/dt)× 5 mK from a simple model for Joule
heating.

The efficiency parameter can be written [18] as

α =
η +κ

δ +3/2
−1, (5)

where η , κ and δ are energy scales relevant to the experiment: η is the well-depth (in
terms of energy), κ is the excess kinetic energy of an evaporating particle and δ +3/2 is
the sum of kinetic and potential energy (for all three parameters, the energies are given
in units of kBT , with kB being the Boltzmann constant). In our case, we approximate κ
by 1 [18] and let δ = 1/2, as this closely describes our well geometry.
The evaporation timescale τev is related to the rate at which collisions promote trapped

particles to energies above the well-depth. In the case of one dimensional evaporation
[19] it can be related to the antiproton relaxation time τcoll by

τev

τcoll
=
√
2

3
ηeη . (6)

In our case, the relevant collision mechanism is the relaxation between the parallel
and perpendicular temperatures (parallel and perpendicular refer to the direction of the
magnetic field). For τcoll , we use the expression obtained in [20].
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With all the parameters appearing in Eqs. 3 and 4 outlined, the time dependency of
N and T is obtained by numerically solving these equations. The time dependency is
then converted to a well-depth dependency and these are the curves plotted in Figs.
2a and 2b. In both graphs, we observe a very good agreement between the model and
the experimental data. This shows that our choices of α and P were sound and that
the outcome of evaporative cooling experiments can be predicted with a reasonable
precision.

EVAPORATION AND THE PRODUCTION OF TRAPPABLE
ANTIHYDROGEN

Evaporative cooling reduces the temperature of a trapped sample at the expense of
particle number. While this may not be a problem for atom traps initially loaded with
1012 atoms [2], it is certainly a limitation if one plans to cool antiprotons (available in
numbers close to 5×104 every ∼ 100 s). Despite the reduction in particle number, our
results represent an increase in the absolute number of antiprotons with energies below
the currently-used well-depth (0.5 K × kB, in energy units): for the lowest temperature
observed, this number increases by 2 orders of magnitude.

In ALPHA, antihydrogen is produced by keeping the positron plasma stationary and
sending antiprotons through. The most common way of achieving this is by adding axial
energy to the antiprotons through manipulations of the electrode potentials. The integra-
tion of antiproton evaporative cooling into such a production scheme is not straightfor-
ward. If too much energy is added to the evaporated antiprotons, their temperature when
interacting with the positron cloud can be much higher than the one they had at the end
of the evaporation ramp. The use of an autoresonant drive to coax antiprotons into the
positron sample reduces this effect, since very little energy is given to the former species
[11].

At the end of 2009, we started to observe signals in our apparatus compatible with
trapped antihydrogen. At that time evaporation wasn’t being used, but we were able
to observe 6 candidate events in 212 attempts [21]. Early in 2010 we applied our
evaporation knowledge to positron clouds, and found out that they can also be efficiently
cooled by evaporation (it is important to mention that, like the electron plasmas, our
positron samples do not cool to the environment temperature). Implementation of this
step in the mixing/trapping sequence was much easier and this technique, together with
the development of procedures to rule out the possibility of false positives [5], allowed
us to make the first observation of trapped antihydrogen. The number of trapped atoms
initially observed was 38 in 335 attempts.

Following developments in the radial compression of trapped species (before the re-
combination stage) and in the autoresonant injection of antiprotons, we were finally able
to integrate antiproton evaporation into the antihydrogen production procedure. Cur-
rently all antihydrogen production experiments at ALPHA include evaporative cooling
of both charged species.
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