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Abstract
Cold antihydrogen atoms were produced by mixing cold samples of antiprotons and positrons. The temperature of the positron
plasma was increased by controlled radio-frequency (RF) heating, and the antihydrogen production was measured. Formation
is observed to decrease with increased temperature but a simple power law scaling is not observed. Significant production is
still present at room temperature.
 2004 Published by Elsevier B.V.
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1. Introduction
Cold antihydrogen (H̄) atoms have recently been
produced by two experiments at CERN. First ATHENA [1] and then ATRAP [2] reported the creation
of samples of cold antihydrogen by mixing antiprotons (p̄’s) and positrons (e+ ’s) at low temperature in
a nested Penning trap [3]. Under these conditions the
two main processes [4] expected to be important for
H̄ formation are radiative combination and three body
combination [5–7]. The two mechanisms lead to different quantum state populations of the antiatoms, and
have different dependence on the positron plasma density and temperature. Important insights into the formation mechanism and state distribution can therefore
be obtained by studying the temperature dependence
of the production of antihydrogen. A better knowledge
of the state distribution, and how to influence it, is
needed in order to prepare states that can be trapped
and studied. For instance, precision spectroscopy of
antihydrogen promises high precision CPT tests building on accurate hydrogen spectroscopy [8,9]. In this
Letter we present the first studies of the temperature
dependence of antihydrogen production.

2. Antihydrogen production
2.1. Overview
The ATHENA experiment uses antiprotons delivered by CERN’s Antiproton Decelerator (AD) and
positrons emitted from a 22 Na radioactive source
(1.4 × 109 Bq). Both the p̄’s and the e+ ’s are trapped,
cooled and accumulated prior to mixing in a nested
Penning trap. This trap configuration allows simultaneous trapping of oppositely charged particles. The
3 Tesla solenoidal magnetic field which provides the
radial confinement also allows positrons to cool efficiently (with a time constant τ  0.5 s) to the trap temperature by the emission of synchrotron radiation [10].
The trap is kept at a temperature of ∼ 15 K and the
mixing region at a pressure of less than 10−12 mbar.
In a “standard mixing cycle” the central part of the
nested trap is filled with about 7 × 107 e+ ’s. Once the
positrons have self-cooled, about 104 p̄’s are injected
at about 30 eV and the two particle species allowed
to interact for about 3 minutes. At the end of the mix-

ing cycle the nested trap is emptied and the process
restarted.
Neutral H̄ atoms escape the confinement region
and annihilate on the trap electrodes producing on
average about five pions (charged and neutral) from
the p̄ annihilation, and two 511 keV γ ’s from the e+
annihilation (the 3γ contribution to our H̄ signal does
not exceed 5% [11]). The nested trap is surrounded by
a detector that allows reconstruction of H̄ annihilations
[12]. Charged particles are detected by two layers
of double sided silicon micro-strip detectors. The
reconstruction efficiency for p̄ annihilation vertices
is about 50%. Photons from positron annihilations
are detected by CsI crystals with an efficiency of
about 20% per photon. Their energy is also measured
with a resolution of 24% (FWHM). Detector readout
is triggered when at least three sides in the outer
silicon modules are hit. Our trigger efficiency for
p̄(H̄) annihilations is 85 ± 10% and this value has
been used to correct all the data presented here. The
detector intrinsic trigger dead time, in absence of read
out, is about 2 µs. At the beginning of readout the
detector trigger is masked for 300 µs to avoid digital
cross talk. This is therefore our maximum trigger dead
time which is negligible given a maximum rate of
400 Hz. However, the complete readout of the detector
takes about 10 ms and high event rates may lead to
saturation of the readout. This effect was monitored
and corrected for. More details about the experimental
setup and the data acquisition system can be found
elsewhere [13].
2.2. Positron plasma temperature
Synchrotron cooling of positrons and the interparticle Coulomb collisions are expected, in the absence of externally applied perturbations, to bring the
plasma into thermal equilibrium with the surrounding
electrodes, which have a temperature of ∼ 15 K. In
equilibrium the positron plasma rotates semi-rigidly
around the magnetic field axis. Theoretical models
[10,14,15] and experimental studies [16] indicate that
the positron velocity distribution in the rotating reference frame is Maxwellian with a thermal equilibration rate of a few tens of kHz [17]. The antiprotons are
cooled by the positrons through Coulomb collisions
[18–20] in tens of ms. For heated positrons, the cooling time is somewhat slower (< 1 s). At thermal equi-
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Table 1
Summary of the results of measurements with different positron plasma temperatures. T is the temperature increase. “p̄’s” is the total number
of antiprotons used in the mixing cycles. The “cos(θγ γ ) excess” is the opening angle excess and “peak” is the peak trigger rate (see text for
details). These quantities are available only for the high statistics samples. The integrated number of triggers for different time intervals from
the start of mixing cycle are also reported. All the values were normalized to a standard cycle with 104 p̄’s. The errors in T represent the
maximum systematic uncertainty. The errors in cos(θγ γ ), peak trigger rate, and number of triggers are each the combination of statistical and
systematic errors
T (meV)
0
3+15
−3

7+15
−7
15 ± 15
25 ± 15
43 ± 17
121 ± 19
306 ± 30

p̄’s

cos(θγ γ ) excess

Peak (Hz)

Triggers
3s

180 s

(2.94 ± 0.21) × 106
(3.46 ± 0.25) × 104

1.65 ± 0.19
–

454 ± 44
–

441 ± 40
395 ± 38

2612 ± 240
2409 ± 222

(4.08 ± 0.29) × 104
(1.82 ± 0.13) × 106
(3.13 ± 0.22) × 104
(1.52 ± 0.11) × 106
(3.22 ± 0.23) × 104
(1.06 ± 0.08) × 106

–
1.08 ± 0.15
–
0.65 ± 0.11
–
0.04 ± 0.01

–
381 ± 38
–
140 ± 16
–
22 ± 5

338 ± 32
352 ± 32
214 ± 22
167 ± 15
73 ± 8
33 ± 3

2233 ± 206
1981 ± 181
1683 ± 156
1388 ± 127
1003 ± 94
827 ± 76

librium, due to the mass difference, the relative velocity between the e+ ’s and the p̄’s is predominantly due
to the positron plasma temperature.
The positron plasma was characterized by a typical
length of 32 mm, radius of 2.5 mm, particle number
7 × 107 , number density 1.7 × 108 cm−3 and storage
time of thousands of seconds. These quantities have
been measured using a nondestructive plasma modes
diagnostic method based on the observation of the
first two axial modes of a finite temperature plasma
[21,22]. The reproducibility of the results, over several
weeks and under different conditions, was good.
Maximum variations in density of about 30% were
observed.
During mixing the positron plasma temperature
could be changed in a controlled way by RF excitation of the axial dipole mode of the plasma. Heating
was achieved by the application of a radio frequency
drive to one of the electrodes with a 2 MHz span across
the dipole mode resonance (typically around 20 MHz)
at a sweeping frequency of 1 kHz. Excitation at the
dipole mode ensures that the plasma reaches thermal equilibrium rapidly [17]. A measured shift in the
quadrupole frequency was used to calculate the magnitude of the temperature change with a reasonable
uncertainty [21,22]. The minimum measurable temperature increase was about 15 meV ( 175 K). Note
that the modes diagnostic yields only relative temperature changes and not the absolute temperature of the
positron plasma. The electrode temperature of 15 K is

thus the lower limit for the unheated plasma temperature, and we adopt this as our unperturbed temperature.
Mixing of positrons and antiprotons was carried
out for different positron plasma temperatures (Table 1). Four samples contained enough data to allow
a detailed analysis of antihydrogen production, as described in [1]. This set includes the so-called “cold
mixing” where no heating was applied, as well as three
samples with T = 15 ± 15 meV ( 175 K), T =
43 ± 17 meV ( 500 K) and T = 306 ± 30 meV
( 3500 K, “hot mixing” sample).
For the two samples in Table 1 with a temperature
increase lower than our resolution of 15 meV, a linear
correlation between the applied heating voltage and
the temperature increase was assumed. A quadratic behaviour, possible in this regime of low heating power,
would result in very similar T ’s, the differences being well within the uncertainties associated to these
temperatures.
2.3. Antihydrogen signal
For clarification it should be stressed that in the
following antihydrogen production refers only to antiatoms that annihilate on the walls of the charged
particle trap within the detector volume. The detector solid angle coverage for H̄ emerging isotropically
from the trap center and annihilating at the electrodes
is estimated to be ∼ 98% by Monte Carlo calculation.
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Antihydrogen formation was previously [1] demonstrated by full reconstruction of the simultaneous annihilation of the p̄ and e+ . After the determination of
the position of the p̄ annihilation vertex, we search for
clean evidence of e+ annihilation 511 keV photons in
the CsI crystal data. A charged particle track intercepting a crystal eliminates that crystal and its eight nearest neighbors from consideration. For each of the remaining crystals we require an energy deposit in the
511 keV window and no deposit in any of the adjacent
ones. We select only those events which have a vertex and two crystals passing these criteria. The “opening angle” (θγ γ ) is the angle, as seen from the annihilation vertex, between these two crystals. An ideal H̄
event will have an opening angle of 180◦, corresponding to cos(θγ γ ) = −1. H̄ annihilations may also produce events with cos θγ γ > −1, since the 511 keV γ ’s
from the positron annihilation may be undetected and
replaced by low energy γ ’s. These background γ ’s are
generated in electromagnetic showers created by high
energy γ ’s coming from neutral pion decay. Such pairs
of photons have no angular correlation with the antiproton vertex. This is confirmed by the opening angle distribution of a Monte Carlo simulation of pure H̄
annihilations (Fig. 1(a)).
The opening angle distributions for four different temperatures are shown in Fig. 1(b)–(e). All distributions except that for hot mixing show an excess of events at cos(θγ γ ) = −1. The “opening angle excess”, defined as the number of events with
cos(θγ γ )  −0.95 exceeding the central plateau (see
Table 1), is shown as a function of the temperature
in Fig. 3(a). This number is proportional to the total
number of H̄ atoms produced during a standard cycle.
In order to further study H̄ formation at various
positron temperatures we analyze our measurements
in a variety of ways that may be used as proxies for
the direct detection of the antihydrogen annihilation
event. We have shown in a previous publication [11]
that in cold mixing the antihydrogen annihilations
account for a significant fraction (∼ 65%) of the
trigger rate. Fig. 2 shows the trigger rates in the
first 3 s of mixing for the four samples with high
statistics. In Table 1 the number of triggers in the time
windows 0–3 s and 0–180 s, where 0 is the start of
mixing and 180 s is the maximum mixing interval are
reported. These values are corrected for the trigger

Fig. 1. Distribution of cos(θγ γ ) for different positron plasma
temperatures. (a) Monte Carlo simulation of a pure H̄ sample,
(b)–(e) measured distributions for positron plasma temperatures
with high statistics. The distributions were normalized to a standard
mixing cycle with 104 p̄’s.

efficiency. The total number of triggers during mixing
as a function of the positron plasma temperature is
shown, for all the samples, in Fig. 3(b). The hot
mixing data were interpreted as the background due
to p̄-only annihilations and were subtracted from the
other samples. The temperature dependence of the
trigger data is very similar to that of the opening angle
excess. This suggests that the integrated number of
triggers, after hot mixing background subtraction, is
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Fig. 2. Trigger rates in the first 3 seconds for 4 different positron plasma temperatures corresponding to high statistics samples. The complete
samples have been scaled to a single standard mixing cycle with 104 p̄’s.

a good proxy for antihydrogen formation not only in
cold mixing, as previously shown in [11], but also in
the heated samples described here.
We have also looked at the “peak trigger rate”
defined as the maximum value of the detector trigger
rate after the start of mixing, excluding the first
20 ms when some p̄’s can be lost immediately upon
the injection into the nested trap. Note that for the
samples where antihydrogen production (Fig. 2) is
present a dramatic increase in the rate of annihilations
is observed when antiprotons are injected into the
positron plasma. A more detailed discussion of the
antihydrogen formation time dependence is beyond
the scope of this Letter, but we note that the decay of

the trigger signal in time is not due only to depletion
of the antiproton sample due to H̄ production. Spatial
decoupling of the two particle clouds also plays a role.
The peak trigger rate as a function of the plasma
temperature is shown in Fig. 3(c) and the values,
corrected for the trigger efficiency, are reported in
Table 1. We have previously shown [11] that integrated
over the first second of mixing, more than 85% of
the triggers are due to H̄ production. We expect this
percentage to be even higher for the peak trigger
rate. If we use the hot mixing as a background (see
Table 1) we can estimate this fraction to be around
95%, corresponding to an absolute instantaneous H̄
rate of 432 ± 44 Hz.
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Fig. 3. Temperature dependence of H̄ production using different variables. All the quantities are normalized to the cold mixing sample. They
are displayed as a function of the absolute positron plasma temperature assuming a cold mixing temperature of 15 K. (a) Opening angle excess
for the high statistics samples, (b) number of triggers for all the samples (the hot mixing sample has been used as background, thus it is not
shown), (c) peak trigger rate for the high statistics samples.

3. Discussion
As indicated earlier, two processes have traditionally been expected to be relevant for formation
of H̄ during mixing of p̄’s and e+ ’s. In the radiative
process, a photon carries away the excess momentum and energy, and the formed atoms are strongly
bound with typical principal quantum numbers n < 10
(Eb > 136 meV). In zero magnetic field the rate for
this process is expected to scale approximately as
T −0.63 [7]. In the three-body process, an additional
positron carries away excess momentum and energy.
Formation by this mechanism leads initially to weakly
bound states with Eb ∼ kB T (1.3 meV at 15 K),

that are easily ionized by collisions in the positron
plasma. Some of these atoms will collisionally deexcite and become more tightly bound. The expected
temperature dependence in an infinite positron plasma
is T −9/2 for formation of states that are resilient to reionization [23]. The threshold, also called the “bottleneck”, below which atoms will survive collisional ionization is Ebth ∼ 4kB T (5.2 meV at 15 K) [23].
We must first note that the three curves in Fig. 3
contain slightly different information. The opening
angle excess is a definitive measurement of the total
integrated antihydrogen production for the 180 s
mixing cycle. The same is true of the total number
of triggers after background subtraction. Both of
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these integrated plots are sensitive to effects such
as spatial decoupling of the two particle clouds,
and in that sense cannot be used as indications of
instantaneous combination rate. The peak trigger rate
is thus a “cleaner” measurement of the combination
rate, reflecting the conditions of best overlap at the
time when we believe that the antiprotons are closest
to thermal equilibrium with the positrons.
We thus examine the peak trigger rates in Fig. 3(c)
for compatibility with the predictions for the two production mechanisms. Several general features are evident. First, the antihydrogen production is observed
to decrease with increased positron plasma temperature, as expected. (This effect was used in previous
work to suppress the antihydrogen formation [1].) It is
interesting to note that antihydrogen is clearly present
for room temperature positrons. The second main feature is that the formation does not scale as a simple power law with the positron temperature. There
is a clear turnover of the rate at low temperature.
Furthermore, all attempts to fit the data with combinations of power laws, e.g., representing a mixture
of two- and three-body processes, are unsuccessful.
The presence of the latter is expected to be most pronounced at temperatures below ∼ 10 meV ( 100 K)
[24]; the lower temperature data are however characterized by a leveling-off, rather than an increase. The
naive scaling for the three-body reaction, T −9/2 , is
clearly inconsistent with our data. It should be noted
that collisional relaxation and finite transit time of the
antiprotons through the positron plasma can lead to
a different temperature scaling for the three-body reaction [7,25,26].
We have also considered whether the radiative
reaction is the dominant process. The agreement of
this model is reasonable, at least as far as the scaling
with temperature is concerned. Even though a simple
power law is not able to fully reproduce the behaviour
of our data a best-fit power law to the peak trigger
rate curve (Fig. 3(c)) yields a dependence of T −0.7±0.2
(compared to T −0.63 in [7]). We next consider a simple
estimate of the absolute magnitude for the radiative
process. Using the radiative combination cross section
σrad given in [5,27], summed over all the Rydberg
states able to survive the field ionization and assuming
a Maxwellian distribution for the positron plasma
the radiative combination rate Rrad can be expressed
as [24]


Rrad = Np̄ ne+

×

m
2πkB T
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3/2

vσrad (v)e−mv

2 /2k T
B

d3 v,

(1)

where m is the reduced mass, v is the modulus of
the relative velocity between p̄’s and e+ ’s, Np̄ the total number of p̄, ne+ the positron plasma density and
d3 v = 4πv 2 dv in the case of pure isotropy. Following
our simple assumptions, the peak trigger rate should
be comparable to Rrad . Given a temperature of 15 K,
and assuming complete overlap between the two particle clouds, we calculated an antihydrogen production rate due to radiative combination in the ATHENA
conditions of about 40 Hz for 10 000 p̄’s and 1.7 ×
108 cm−3 positron plasma density. If we compare this
value with our measured value of 432 ± 44 Hz we
clearly see that the experimental result is one order
of magnitude higher. In other words the absolute measured production rate is not obviously compatible with
a simple radiative calculation. Note that any possible
effects of the magnetic field are not taken into account
in the simple calculation above.
The dynamics of the antihydrogen formation and
transport to the walls is intricate. In addition to the
processes mentioned above, radiative and three-body
combination into well-defined quantum states, the
particles in a strong magnetic field may also form
weakly bound, “guiding center” atoms [23]. Any
weakly-bound antihydrogen atoms formed may be
ionized by collisions in the plasma or by the electric
fields of the trap or the positron plasma itself. The
atoms formed in an excited state will tend to decay
towards the ground state and become stabilized against
ionization. The detectable antihydrogen flux is thus
determined by the competition of the formation/decay
chain with the ionization processes.
For all of our detection schemes, the antihydrogen atoms must drift to the wall and annihilate there.
The antiatoms must pass the combined fields of
the positron plasma and the nested trap without being ionized. Roughly speaking, loosely bound atoms
will be ionized by electric fields greater than F =
(Eb /0.38 meV)2 [28], where Eb is their binding energy in meV and F is expressed in V cm−1 . The
peak electric field may be calculated from the positron
plasma measurements and the known electrode configuration, and lies between 40 and 60 V cm−1 depending
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on the drift direction of the antiatom. In our apparatus
the escaping atoms must thus have Eb > 2.4 meV to
be able to reach the wall.
The turnover in the production rate at low temperature is not yet understood. There is a minimum velocity scale associated with the positron plasma rotation,
but this velocity is radius-dependent and even the maximum (about 104 m s−1 ) is too small to explain the position of the observed turnover. This turnover may be
associated with the complex equilibrium between formation and ionization processes, although experimental uncertainty in the measured temperature change
may also be important.

4. Conclusions
Summarizing, the temperature dependence of the
antihydrogen production has been studied for the first
time. A clear decrease of the antihydrogen production with the positron plasma temperature has been
seen, but a simple power law scaling does not fit
the data. The naive three-body temperature dependence (T −9/2 ) is not consistent with our data and
the expected predominance of this mechanism below
∼ 100 K is not supported by the leveling-off at low
temperatures. The fall-off in antihydrogen production
is slow enough that it is still measurable at room temperature in the ATHENA apparatus. This observation,
coupled with the behavior at high temperature, suggests that the radiative mechanism cannot be completely excluded in ATHENA, leading to antiatomic
states that are more tightly bound than those observable using field ionization techniques. Nevertheless
the radiative H̄ production rate prediction is not obviously compatible with our measurement, the former
being an order of magnitude lower.
Theoretical guidance is necessary for further progress in understanding the complex interplay of production and ionization processes in ATHENA. The
effect of the magnetic field, the polarization of the
positron plasma by the injected antiprotons, and the
role of guiding center atoms need to be considered
in detail in order to fill in the picture. Simulation of
the dynamics of antiproton slowing and combination
processes is certainly needed for the conditions of our
experiment. Simulations are in progress that suggest
that the finite transit time of the antiprotons through

the positron plasma plays an important role for three
body processes [26]. The experimental challenges that
emerge from our study include precise determination
of the positron temperature and density, determination
of the spatial overlap of the positron and antiproton
clouds, and analysis of the detailed time-dependent
dynamics of the positron–antiproton interaction. The
current inability to diagnose tightly bound states is
also a barrier to understanding, highlighting the desirability of studying laser interactions with antiatoms at
the earliest possible time.
The unique positron plasma diagnostics and control developed for ATHENA have made measurements
of antihydrogen production as a function of positron
plasma temperature possible. The detection mechanism employed in ATHENA also offers a first look into
the dynamical time development of the combination
process. The promise of understanding and, perhaps
more importantly, controlling this complex process
with a view towards trapping of neutral antihydrogen
is now within experimental reach.
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