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Abstract
We demonstrate cooling of 104 antiprotons in a dense, cold plasma of ∼108 positrons, confined in a nested cylindrical
Penning trap at about 15 K. The time evolution of the cooling process has been studied in detail, and several distinct types of
behavior identified. We propose explanations for these observations and discuss the consequences for antihydrogen production.
We contrast these results with observations of interactions between antiprotons and “hot” positrons at about 3000 K, where
antihydrogen production is strongly suppressed.
 2004 Elsevier B.V. All rights reserved.
PACS: 52.40.Mj; 36.10.-k; 52.20.Hv; 52.27.Jt
0370-2693/$ – see front matter  2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2004.03.073

134

ATHENA Collaboration / Physics Letters B 590 (2004) 133–142

Keywords: Antihydrogen; Cooling; Nested trap; Positron plasma; Antiprotons

1. Introduction
In 2002 ATHENA Collaboration announced the
first production and detection of antihydrogen atoms
at cryogenic temperature [1]. Another experiment subsequently reported observing antihydrogen [2]. These
results open the door to fundamental investigations of
the properties of neutral, antiatomic matter. Spectroscopic comparisons of hydrogen and antihydrogen can
provide sensitive tests of CPT symmetry, and the first
investigation of the behavior of antimatter in a gravitational field can be contemplated.
In ATHENA antihydrogen is produced by mixing a
cloud of antiprotons with a positron plasma in an electromagnetic trap. The expected reaction mechanisms
favor low relative velocities, the rates for the radiative and three-body processes varying as T −0.63 and
T −4.5 , respectively [3]. Since at thermal equilibrium
the velocity scales as the square root of the mass, a
good approximation is to consider T as the positron
plasma temperature. To obtain low relative antiproton
and positron velocities, we exploit the low mass of the
latter. In a high magnetic field, positrons rapidly lose
energy by synchrotron radiation and come into thermal
equilibrium with the surroundings. The cooling time
constant in the 3 T field in ATHENA is about 0.5 s;
the ambient temperature is about 15 K. Antiprotons
can then be sympathetically cooled by the positrons, if
the two clouds of particles are permitted to interact.
Here we demonstrate cooling of “slow” (∼30 eV)
antiprotons by a dense, spheroidal cloud of positrons.
The cooling is monitored for various interaction times
by destructive measurements of the energy distribution
of the remaining antiprotons. The result is a complete
record of the cooling process that provides a more
comprehensive description than has hitherto been
available [2,4,5]. Furthermore, we are able to correlate
the evolution of the cooling process with that of the
trigger rate of our unique antihydrogen annihilation
detector [6]. This establishes, for the first time, a
link between antiproton cooling dynamics in a nested
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potential configuration and the production of cold
antihydrogen.
It is also important to note that, although the
antiproton numbers are similar, the ratio of positrons
to antiprotons is about 104 in the current experiment,
compared to about 60 in the earlier work [4]. Thus,
forces due to the space charge of the positron clouds
are important to the dynamics of the cooling, and
the time scales involved are very different from those
observed previously [2,4].

2. Antihydrogen production
The ATHENA antihydrogen apparatus [7] consists
of four parts: a positron accumulator, an antiproton
catching trap, a mixing trap and an antihydrogen
detector. In the positron accumulator [9] about 1.5 ×
108 positrons are accumulated in cycles of roughly
5 minutes. They are then transferred to the mixing
trap with an efficiency of about 50%; here they
cool by synchrotron radiation in the 3 T field. The
result is a high density (1–2 × 108 cm−3 ) spheroidal
positron plasma with a length of about 30 mm and a
diameter that can vary from ∼4–8 mm. The average
positron plasma characteristics measured during the
cooling measurements using a plasma mode analysis
technique [10,11] were: radius, r ∼ 2.8 mm, density,
n ∼ 1.1 × 108 cm−3 and aspect ratio α ∼ 5.5.
The catching trap is a Penning–Malmberg trap in
which antiprotons, supplied by the CERN antiproton
decelerator (AD) [12], are trapped and then cooled by
Coulomb collisions in an electron cloud. Antiprotons,
together with the electrons, are subsequently transferred to the adjacent mixing region, and the electrons
removed by applying fast, pulsed electric fields. As a
result about 104 antiprotons are available for mixing
with the positrons [1].
2.1. The nested trap, mixing antiprotons with
positrons
The technique used to mix the antiproton and
positron clouds is based on the so-called nested po-
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radial distribution and off-axis potential variations will
be pointed out when they play a role in the analysis.
To initiate antihydrogen production, a bunch of
antiprotons is injected into the mixing trap at ∼30 eV
(arrow in Fig. 1(a)). When the positron plasma is
in thermal equilibrium with the environment we call
this procedure “cold mixing”. In ATHENA it is also
possible to control the positron plasma temperature
during the mixing by exciting its axial dipole mode
resonance (at around 20 MHz) [11]. A radio-frequency
drive with a 2 MHz span across the dipole mode at
a sweeping frequency of ∼1 kHz was applied. The
resulting shift in the quadrupole frequency provides
the magnitude of the plasma temperature change.
When antiprotons are injected into a positron plasma
heated to ∼3000 K, the cycle is termed as “hot
mixing”.

3. Antiproton cooling measurement technique

Fig. 1. (a) Potential energy diagrams for antiprotons on the axis
of the nested trap are illustrated both with (solid line) and without
(dashed line) positrons. The energy regions I to III described in the
text are indicated. (b) Potential energy diagrams at different radii.

tential configuration [13], which permits simultaneous axial confinement of oppositely charged particles
(Fig. 1(a)). In the ATHENA nested trap, cold positrons
are confined in the region that constitutes the central well. Note that the positron space charge effectively flattens the on-axis potential in the mixing region [14]. The space charge potential has been calculated using the positron plasma parameters given by
the mode analysis measurements. For the purposes of
discussion we will take this flattened level to be the
zero of antiproton energy. Antiprotons with negative
energies are axially separated from the positron cloud
and cannot recombine. It is important to stress that
the zero energy level is dependent on the applied and
space charge potentials and varies across the radius of
the trap. This radial dependence has been calculated
and is illustrated in Fig. 1(b) where the nested potential configurations for different radii are shown. In the
following we consider mainly the longitudinal motion
referring to the on-axis antiprotons; the effects of their

After injection the antiprotons traverse the cold
positron cloud and lose energy through Coulomb
collisions. To measure the energy spectrum of the
antiprotons the confining potential is reduced in steps
and the annihilation of the released antiprotons is
recorded at each step. Fig. 2 shows the sequences
employed; the delay between the different potential
configurations is ∼100 µs and the duration of every
step is ∼50 µs. The energy resolution is determined
by the step size of the confining potential and is of
the order of a few eV, depending on the detailed
potential configuration of each step. The charged
pions produced by antiproton annihilation are counted
by means of a scintillator system read by photomultipliers. The read out system has a dual pulse
resolution of ∼50 ns. The signals are then recorded
with a multi-scaler module which links the delay of
the dump with the antiproton energy in the nested trap.
The antiproton dump takes place in two different stages, namely a left well dump (LWD, see
Fig. 2(a)) and a subsequent right well dump (RWD,
see Fig. 2(b)). In the LWD, all antiprotons with positive energies as well as those in the left well with negative energies are released sequentially. In the RWD,
only those antiprotons in the right well with negative
energies are released. The positrons are also released
during the RWD. The above-mentioned procedure al-
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Fig. 2. Schematic of the different on-axis potentials making up the
two ramps used for the dump. The antiprotons dumped during the
first ramp are indicated in grey, the ones dumped during the second
one are represented in white. For clarity, only every other step of the
ramp is shown.

lows a single snapshot of the antiproton energy spectrum to be obtained. To derive the time evolution of
the antiproton energy distribution during the cooling
process we performed series of measurements where
the particles were dumped in a controlled manner at
various pre-determined times after injection. During
these measurements the reproducibility of the positron
plasma characteristics was assured by the mode analysis diagnostics.

4. Results
Fig. 3 shows the results of measurements in which
the antiproton energy was measured as a function of
the interaction time during cold mixing. By integrating
the appropriate equation of motion we have taken into
account the correction to the antiproton energy due
to the time-varying potentials during the ramp. This

Fig. 3. Antiproton energy spectra for different interaction times. The
interaction time is shown on the left, the maximum peak height in
each distribution is indicated on the right. The vertical thick grey
lines divide the three energy regions. The measurements shown here
are cross-normalized using the measured AD beam intensity [8].
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effect is often referred to as “adiabatic cooling” and
here leads to a correction of no more than 10%.
As a control, a measurement was performed without positrons in the central well (labelled as “no e+ ”
in Fig. 3); the antiprotons were dumped after ∼180 s,
which is the standard antiproton–positron mixing time
during antihydrogen production runs. Note that all of
the antiprotons are released during the LWD, they remain at the injection energy and the RWD is empty: no
cooling is observed. This confirms that our procedure
for removal of the cooling electrons, outlined above,
is effective. We observe that antiproton cooling to the
bottom of the lateral wells only occurs in the presence
of electrons, and should not be mistaken for positron
cooling.
The remaining spectra in Fig. 3 show the energy
distributions for different interaction times. Those
below the curve representing the nested well axial
potential show the results of the LWD; those above it
the RWD.
In general, a redistribution of antiprotons from
the injection energy to lower energies is a clear
indication that cooling takes place. Qualitatively, the
data separate into three distinct energy ranges: I, the
injection and cooling region at about 15–40 eV, II, an
intermediate region between 0 and ∼15 eV, and III,
the negative energy region of the two lateral wells. The
border between region I and II is chosen in a way that
radial effects due to off-axis potential variations can
be taken into account; under experimental conditions
this assures that all the antiprotons that are in thermal
equilibrium with the positron plasma but not on the
trap axis are included in region II (see Fig. 1(b)).
In our simplified picture the dynamics can thus
be discussed in terms of the redistribution of particles between these regions. To do this quantitatively,
we determine the fraction of antiprotons remaining in
each energy region as a function of interaction time
for the “cold” and the “hot” mixing cycles (Fig. 4(a)
and (c) respectively: note the logarithmic time scale).
We stress that this is only a cooling process diagnostic. Since the normalization is done with respect to the
total number of remaining antiprotons all the information on the antiprotons not present in the dump, due
to losses or antihydrogen production, are lost in this
analysis. The correlation between the different cooling phases and antihydrogen production is established
by examining the background-corrected trigger rate
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Fig. 4. (a) Fraction of remaining antiprotons in each energy range
as a function of the interaction time for cold mixing. (b) Detector
trigger rate for a standard cold mixing cycle (background corrected)
as a function of time. The inset shows an expansion of time between
0 and 0.2 seconds illustrating the onset of antihydrogen production
at ∼20 ms. (c) Same analysis as in (a) for a ∼3000 K positron
plasma. The lines are to guide the eye. The vertical dotted lines
indicate the three time intervals discussed in the text.

of the annihilation detector against interaction time
(Fig. 4(b)). Our analysis has shown the trigger rate to
be a good proxy for antihydrogen production and subsequent annihilation [15]. Furthermore, it was shown
that on average around 65% of the cold mixing cycle
trigger rate is due to antihydrogen formation with a
peak of the production in the first second where, in a
trigger rate signal greater than 300 Hz, ∼85% is identified as antihydrogen. We estimate that about 15% of

138

ATHENA Collaboration / Physics Letters B 590 (2004) 133–142

the injected antiprotons are converted into antihydrogen atoms that can escape the potentials and be detected by the detector [15]. The background is constituted by antiprotons annihilating on residual gas molecules, with an average trigger rate of a few Hz.
Both sets of data indicate three distinct time scales
of evolution. In the first stage, for t  20 ms, Fig. 4(a)
shows that about 40% of the injected antiprotons are
rapidly cooled to region II with an initial cooling rate
of about 2.5 keV s−1 . The inset of Fig. 4(b) illustrates
that there is a much reduced antihydrogen production
during this fast cooling phase. For intermediate times
(20 ms  t  1 s), the evolution is characterized by
a loss of population in region II and a growth in the
number of antiprotons in the lateral wells (region III),
in which the antiprotons no longer have spatial overlap with the positrons. The transition zone between
regions II and III is the energy range in which the
antiprotons are near to thermal equilibrium with the
positrons and therefore have a high probability of recombination (see Section 4.2). The inset in Fig. 4(b)
shows the onset and sharp rise in antihydrogen production between 20 and 30 ms. Finally, for t  1 s,
we note a slow feeding of antiprotons from region I
into the other energy regions, resulting in all antiprotons ending up in regions II or III by about t = 50 s.
As Fig. 3 indicates, this time range is characterized by
energy loss and spreading of the remaining “hot” injected antiprotons. The time constant is very long compared to those of the previous stages. In this time range
Fig. 4(b) shows a decrease of the trigger rate.
We can gain some general insights from the above
observations for each stage, as follows.
4.1. Phase 1—fast cooling
The fast cooling time constant (t ∼ 10 ms) for
around 40% of the antiprotons is consistent with the
∼4 ms timescale that is expected for ∼40 eV antiprotons to thermalize [16,17], when taking into account
the time spent outside the positron plasma.1 The cooling time is strongly dependent on the antiproton relative velocity [16,17] which explains its reduction be1 Following their dynamics during the fast cooling by means of

a numerical code, we found that the antiprotons spend ∼1/3 of the
total time inside the positron plasma.

tween 10 and 20 ms (see Figs. 3, 4). Once thermal
equilibrium is approached the antiprotons are able to
diffuse inside the positron cloud. Consequently, the
time spent in the plasma increases, enhancing the antihydrogen formation probability. Indeed, it is at the
end of the fast cooling period that the observed antihydrogen production starts to rise rapidly and peaks
after some tens of ms (Fig. 4(b)). The most likely explanation for the fact that only ∼40% of the antiprotons participate in this initial cooling is the incomplete
radial overlap between the positron plasma and the antiproton cloud.
Note that in the ATHENA experimental conditions,
in the fast cooling process, the deposition of the entire kinetic energy of the injected antiprotons into the
positron cloud would only raise the positron temperature by about 25 K without affecting their dynamics. This was confirmed by monitoring the plasma with
the modes analysis technique [11]. In the intermediate
time range, we expect that the energy deposited in the
positron plasma is removed by synchrotron radiation
within ∼0.5 s.
4.2. Phase 2—thermal equilibrium
In Fig. 3 we observe that between 20 and 30 ms,
the distribution of cooled antiprotons shifts to lower
energies very close to zero and even begins to cross the
on-axis potential characteristic of thermal equilibrium
between the positrons and antiprotons. As stated
earlier, this is the time at which we observe a very
rapid increase in antihydrogen production (Fig. 4(b)).
Fig. 4 shows that there is a corresponding decrease in
the region II population in favor of region III where
the two antiparticles are axially separated. While
the cross-over from region II to region III depends
on the exact position of this border in the left-well
dump, with its inherent calibration uncertainty (∼2 V
determined by the dump step size), it is clear also
from the right-well dump that at around this time
some antiprotons attain negative energies and are thus
separated from the positrons. We suggest two possible
contributing factors for this:
(1) stochastic feeding of antiprotons into the lateral
wells due to collisions in the lateral wells that
transfer energy from the longitudinal to the radial
motion;
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(2) production of axially moving weakly bound Rydberg antihydrogen atoms [2], which can be ionized
at the longitudinal extremes of the nested potential, trapping the antiproton in the lateral wells.
If we roughly estimate the ATHENA experimental conditions for the antiprotons, i.e., density n ∼
104 cm−3 , average speed ∼ of a few 103 ms−1 (taking into account the dynamics in the lateral wells), the
maximum antiproton–antiproton collision rate nvb2
(where b is the classical distance of minimum approach) is of the order of a few Hz. This cannot explain
the rapid rise of the lateral well population in the first
500 ms. Thus, one possibility is that the lateral well
antiprotons arise mainly due to ionized weakly bound
Rydberg antihydrogen atoms. Moreover, the observation that these antiprotons end up with energies in a
narrow band just below zero, thereby coinciding with
the maximum electric fields for stripping the weakly
bound antihydrogen atoms, would seem to corroborate the importance of this mechanism for producing
axially separated antiprotons.
That some axial separation takes place has been
confirmed by a dedicated re-injection experiment.
The length of the lateral wells was adiabatically
compressed (by varying the applied potentials) after
they were filled. This led to an adiabatic heating [18]
of a fraction of the separated antiprotons resulting in
their re-injection into the positron plasma where they
can recombine.
The result is shown in Fig. 5, where the trigger
peak corresponding to the formation of antihydrogen
on re-injection is evident. Detailed analysis using the
ATHENA vertex detector confirms the production of
antihydrogen upon re-injection.
4.3. Phase 3—slow cooling
For t  1 s, it is evident that there is cooling of
the antiprotons that still populate region I (radially
separated) with a very long time constant. This slow
cooling phase could be due to essentially two causes.
(1) The first is cooling in the tails of the radial distribution of the positron plasma, where the rate
is much lower than in the plasma center. According to cold fluid theory [19], the radial tails have
an extent equal to the Debye length which, at

Fig. 5. Trigger rate during re-injection after 40 s. The corresponding
peak is mainly due to antihydrogen production. In the inset, the
on-axis potentials applied to re-inject the antiprotons into the
positron plasma, are displayed (dashed lines).

the ATHENA positron plasma density and temperature conditions, is a few tenths of microns.
This cannot explain the large effect evident in
the experimental data. However, it is possible that
cold fluid theory might not be strictly valid for
the ATHENA case of a two component plasma.
If we consider centrifugal separation [20] of the
positrons and antiprotons, the ATHENA parameters correspond to the partial separation regime.
This would significantly alter the tails of the
positron distribution. It should be noted though,
that centrifugal separation usually only deals with
same sign charged plasmas. Understanding of the
detailed dynamics of centrifugal separation for
oppositely charged plasmas in a nested trap probably await additional theoretical work. The effect
needed to explain the slow cooling observed in
our measurements does not need to be very large.
A density tail in the distribution of 10−3 to 10−4
over a length scale of the order of the plasma radius outside the positron plasma would be sufficient.
(2) Supposing that the antiprotons radius is conserved
in the nested trap, another source of the slow
cooling could be a slow radial expansion of
the positron plasma that gradually envelops the
initially radially separated antiprotons. This radial
transport has been investigated in ATHENA. In
our normal experimental conditions (i.e., those
pertaining to the data shown in Figs. 3 and 4),
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monitoring the positron plasma radius with the
mode analysis technique [11], we observe an
expansion of roughly 0.1 mm in the first 10 s and
of ∼0.25 mm in the full cycle of 180 s. It should
be noted that this expansion does not significantly
affect the space charge potential of the positron
plasma.
Two other experimental observations indicate that
the slow cooling takes place on the initial radially
separated antiprotons:
(a) Strong evidence is given by measurements performed when the positron plasma shape was altered by applying a rotating wall electric field [21]
and the antiprotons were dumped 10 ms after injection. The rotating wall was used both in expansion and compression mode. The results are
shown in Fig. 6. The peak in region II represents
the antiprotons that radially overlap the positron
cloud (i.e., are cooled) while region I represents
the radially separated antiprotons. The peak in
region II is enhanced when the positron plasma
is expanded while it almost disappears when the
plasma is radially compressed. Furthermore, there
are more than twice as many antiprotons in region I after compression than after expansion. The
redistribution between these two regions reflects
the degree of radial overlap between the antiproton cloud and the positron plasma.
(b) In Fig. 3, for long interaction times, a second
peak is formed in region II. The energy separation
between the zero energy level and the peak is ∼5–
6 eV. This is compatible (within the experimental
accuracy of ∼2 V) with the 4 V that separates
the potential on axis with the one at a radius of
∼3 mm (see Fig. 1(b)).
Fig. 4(a) shows that the percentage of region I antiprotons decreases slowly to zero, mostly in favor of
the region II, providing a slow source of new antiprotons for antihydrogen production. Looking at the detector trigger rate, for t > 1 s, we observe antihydrogen production decaying with a time constant of about
50 s indicating a possible slow feeding of antiprotons
to the positron plasma. It is also important to note that
in Fig. 3, the position of the region III peak right well
population remains stable during the whole process.

Fig. 6. Antiproton dump results for three different positron plasma
characteristics: expanded (α ∼ 7), not compressed (α ∼ 20), compressed (α ∼ 80). The differences in the peak in region II are evident. In the first case 40% of the population is in region I and 60% in
region II. A substantial difference is noticed when the rotating wall
was not applied: 71% of the antiprotons are in region I and only 29%
in region II. This behavior is enhanced by compressing the plasma:
83% of the antiprotons are in region I and 17% in region II.

This supports the contention that other mechanisms of
cooling (e.g., due to electrons) are absent during the
mixing procedure.
4.4. Heated positron plasma
We have compared the above results to those obtained by repeating the experiment with a heated (T ∼
3000 K) positron plasma (“hot mixing”). Fig. 4(c) illustrates the results of this measurement. The initial
cooling is about a factor of 100 slower, the region I
antiprotons declining to ∼60% of the initial value in
about ∼1 s. This observation is also in good agreement
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with theory [16] where the estimated cooling time is
∼0.4 s. There is no subsequent loss of region II antiprotons, suggesting that the positron plasma heating
effectively inhibits the recombination process. Indeed,
we observe that antihydrogen production is strongly
suppressed under these conditions [3]. After 50 s about
20% of the hot antiprotons have still not cooled.

5. Summary and discussion
In summary, we have studied positron cooling
of antiprotons in a previously unexplored regime of
positron number and density. Although many observations still have to be better understood, some general
features of the cooling process have been identified,
their link with antihydrogen production assessed and
explanations for the antiproton behavior suggested.
For mixing with cold positrons, we observe rapid cooling (t ∼ 10 ms) to energies corresponding to thermal equilibrium of the two populations. After this we
notice a rapid onset of antihydrogen production with
rates exceeding 300 Hz during the first second. On a
longer timescale (t > 1 s) a slower cooling process is
observed, consistent with the decay of antihydrogen
production characterized by a 50 s time constant.
The following conclusions can be drawn from these
observations:
• Antihydrogen production starts after the antiproton population has been cooled close to thermal
equilibrium.
• Initially only the antiprotons that radially overlap
with the positron cloud are cooled and quickly
recombine.
• After about 500 ms a small fraction of the antiprotons start to axially separate. These then contribute to the lateral wells population. Re-injection
and additional recombination of antiprotons can
be obtained by squeezing the length of the lateral
wells (adiabatic heating).
• Those antiprotons which are initially radially
separated from the positrons cool slowly possibly
due to tails in the positron distribution or the
slow radial expansion of the positron plasma. This
provides a new source of antiprotons suitable for
antihydrogen formation.
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• When the positron plasma is heated to ∼3000 K
the initial cooling is about a factor of 100 slower,
and no antihydrogen production is observed.
Thus, the analysis provides a consistent picture of
charged particle dynamics and production of antihydrogen, including the effect of heating the positrons.
Further understanding of the positron–antiproton interaction may be obtainable by numerical simulation of the interaction dynamics, but crucial information about the antiproton radial density distribution is
currently lacking. A complete understanding of the
processes involved would be valuable in optimizing
the antihydrogen production rate and the antihydrogen energy distribution. In this goal a next step may
be the study of antihydrogen production as a function
of the energy of injection of the antiprotons. Also of
interest for future experiments is the dependence of
the cooling dynamics on the antiproton–positron ratio.
It is therefore important to consider the energetics of
positron cooling of a much larger number of antiprotons, in order to optimize their reaction rate.
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