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Abstract

We show that antihydrogen production is the dominant process when mixing antiprotons and positrons in the A
apparatus, and that the initial production rate exceeds 300 Hz, decaying to 30 Hz within 10 s. A fraction of 65% of all o
annihilations is due to antihydrogen.
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1. Introduction and motivation

The initial observation of cold antihydrogen by t
ATHENA experiment [1] was based on a geome
cal reconstruction of the annihilation of antihydrog
atoms on an event-by-event basis, in which both
tiproton and positron were detected. This was m
possible by the presence of a high granularity de
tor for charged particle tracking and photon detect
[2]. The detection efficiency for a full topological re
construction was low(∼ 0.2%) due to the∼ 20% de-
tection efficiency for each of the two 511 keV photo
from e+e− annihilations and stringent software cu
Alternatively, other observables with a lower spe
ficity to antihydrogen, but higher reconstruction e
ciency, can be used to measure antihydrogen pro
tion, verify consistency and extract rates.

In this Letter, we will use a series of observab
(vertex distribution, opening angle, trigger rate)
gether with Monte Carlo simulations of the ATHEN
apparatus to determine the absolute production
of antihydrogen in the ATHENA experiment. We w
show that a dominant fraction of detector trigge
come from antihydrogen annihilation, with a sm
contribution from antiproton-only annihilations; trig
gers caused by annihilation events can thus be use
a proxy for antihydrogen production, allowing a rap
exploration of the various relevant parameters in
encing antihydrogen production.

2. Apparatus and data sets

The ATHENA apparatus [3] consists of four ma
subsystems: the antiproton catching trap, the mix
trap, and the antihydrogen detector, located in a
superconducting solenoid and a separate positron
cumulator [4], with its own 0.14 T magnet. Charg
particle traps are variations of the Penning trap c
sisting of hollow cylindrical electrodes and a coax
magnetic field to provide axial and radial confineme
respectively. A cryogenic (∼ 10 K) heat exchanger i
the bore of the superconducting magnet surrounds
cools the catching and mixing traps, and forms an
trahigh vacuum region, which is separated from
positron accumulator by a valve.

The antihydrogen detector, of 75 (140) mm inn
(outer) diameter, and 250 mm length is located ins
s

the magnet bore, and surrounds the heat exchang
the region of the mixing trap (25 mm inner diam
ter). It consists of a charged particle tracking det
tor in the form of two cylindrical layers of 16 double
sided silicon strip detectors(160×19 mm2) each. This
is surrounded by a photon detector in the form o
cylindrical array of 192 scintillating pure Csl crysta
(17× 17.5× 13 mm) read out by avalanche photod
odes. The trajectories of charged particles through
tracking detector are reconstructed as straight lin
since only two hits are measured for each track,
curvature due to the magnetic field cannot be rec
structed. The antiproton annihilation vertex is det
mined by calculating the intersection between two
more tracks. The uncertainty in the vertex determi
tion is σ = 4 mm, both in the transverse plane (x–y

coordinates) and along the magnet axis (z-coordinate),
and is dominated by the error due to the strai
track approximation. The photon detector measu
the energies of low energy photons (through the ph
conversion peak) down to about 200 keV. It is sensi
to the 2γ (two 511-keV photons, which are emitte
back-to-back), as well as to the 3γ modes of positron–
electron annihilations. Its energy resolution is 24
(FWHM) at 511 keV. We call an energy deposit in
single crystal an ‘isolated photon’ if none of the eig
neighboring crystals detect an energy deposit ab
threshold, if no signal is detected on the silicon st
counter directly below it and if none of the reco
structed tracks extrapolate into the crystal or its ei
neighbors.

Antiprotons from the CERN antiproton decelera
(AD) and positrons from the decay of22Na are accu-
mulated in their respective catching traps, before
ing transferred into separate wells in the mixing tr
region. After allowing the positrons to cool by sy
chrotron radiation to the ambient temperature of ab
15 K, we form a nested [5] trap around the positr
well. A mixing cycle starts when approximately 14

antiprotons are injected with a relative energy of ab
15 eV into the cloud of 7.5× 107 positrons by pulsing
the trap containing the antiprotons, and lasts 180 s.
call this type of mixing ‘cold mixing’. A second typ
of mixing called ‘hot mixing’ maintains the positron
at a temperature of several thousand Kelvin thro
radio frequency heating of their axial motion [6,7
This effectively suppresses the two mechanisms
antihydrogen formation (radiative recombination a
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three-body recombination) expected to be importan
ATHENA.

Absolute comparisons between the different d
sets require cross normalizations. Each mixing cy
uses antiprotons accumulated during three AD cyc
For each shot, the number of antiprotons delive
to the ATHENA experiment is determined by pla
tic scintillators which surround the apparatus, and
capable of integrating the intense burst of second
particles produced by antiprotons annihilating in
beam degrader at the entrance of the antiproton ca
ing trap [8]. These detectors determine the num
of trapped antiprotons and antiprotons injected i
the positron cloud for each mixing cycle. Antiproto
losses are continuously monitored by a further se
scintillators. The number of antiprotons remaining
the end of a cycle is determined by annihilating th
in a short burst, and counting the annihilation pro
ucts using the same scintillators [9]. Positron plas
characteristics (e.g., density and aspect ratio) are m
itored during mixing through nondestructive detect
of plasma axial modes [6,7]. Event triggers, cons
ing of at least three hits on either side of the outer s
con strip detectors, initiate readout of both silicon a
Csl modules. With the exception of during the read-
(dead time of 300 µs per event), the trigger rate is c
tinuously recorded, as are the readout dead times. T
ger rates in this Letter are given for a standard mix
cycle, which uses 104 antiprotons.

3. Monte Carlo simulation

The ATHENA apparatus simulation [3] is bas
on Geant 3.21 [10] and was used to study the de
tion efficiency for antiproton annihilations, positro
annihilations and antihydrogen annihilations, and
determine the background signals. The Monte Ca
contains a description of the ATHENA apparat
(electrodes, vacuum tubes, cabling, detectors, su
conducting magnet), and describes the physical
cesses of antiproton–proton and positron–electron
nihilation. In the latter case, the relative contributi
of the 2γ - to the 3γ -mode must be experimental
determined, and will be discussed below. Simula
antihydrogen annihilations assume isotropically d
tributed, spatially and temporally coincident antip
ton–proton and positron–electron (to 2γ ) annihila-
tions. In the original publication [1] on antihydro
gen production, we conservatively assumed that
detectors were fully efficient; the present simulat
now accounts for inefficiencies and module-to-mod
variations in resolution, and introduces detector no
at the experimentally measured rate.

Data sets of pure antiproton or positron annih
tions on the Penning trap electrodes are used to s
a number of observables (charged particle multiplic
photon multiplicity, photon energy distribution, vert
distribution), to verify that the Monte Carlo correct
describes the ATHENA detector and the underly
physics [3]. These data sets are obtained by modify
the shape of the trapping wells, inducing a slow rad
outward transport of the trapped particles. They ev
tually reach the well-shaping electrodes where t
annihilate. We observe that these annihilations are
hanced at the junction between electrodes and lo
ized inφ (the azimuthal coordinate around the cen
axis of the apparatus) [11], possibly due to small lo
mechanical imperfections and field misalignments.

Fig. 1 shows a comparison between Monte Ca
simulations and real data. For antiproton annih
tions on the trap electrodes, Fig. 1(a) shows the
constructed radial vertex distribution. The simulat
is in good agreement with the experimental distr
ution. Fig. 1(b) shows the measured single isola
photon energy distribution for ‘cold mixing’ and an
tiproton annihilations on the trap electrodes. A co
parison with the same distributions for the Mon
Carlo (Fig. 1(c)) shows that here, too, the simula
and experimental distributions are in good agreem
In addition, Fig. 1(b) and (c) underline the fact th
the 511 keV peak is absent in pure antiproton ann
lations, and is associated exclusively with e+ annihi-
lations.

4. Vertex distributions

The analysis of the data will be presented as
lows: in a first step, the vertex distributions are a
lyzed to determine the relative rates of the contribut
components (antihydrogen and antiproton-only an
hilations). In a second step, this decomposition is co
bined with Monte Carlo efficiencies and compar
with measured 2γ opening angles (for completely re
constructed events with vertex and two 511 keVγ ’s)
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Fig. 1. (a) Reconstructed radial vertex distribution (bold line: data; shaded area: Monte Carlo).r = 0 corresponds to the central axis of t
apparatus,r = 1.25 cm to the position of the electrodes; (b) energy distribution for isolated photons during ‘cold mixing’ (bold line) a
antiproton annihilations on the trap electrodes (shaded area) for the same number of vertices. The contribution of noise lies below
and has been suppressed by software cuts. The peak at 511 keV (total absorption) and the rise below 400 keV (Compton scatt
from e+e− → 2γ annihilations; (c) difference between the two distributions of (b) (bold line). The broad grey line corresponds to p+
annihilations from a dedicated experiment using only positrons (rescaled), the shaded area to the difference between Monte Carlo
of the two processes in (b).
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to confirm these assignments. Finally, the tempo
evolution of the two components are investigated,
compared with the detector trigger rates. All data
corrected for detector read-out dead time based on
trigger rate at the time of read out and the exp
mentally determined average dead time for that trig
rate.

Two main processes are expected to contrib
to the data measured with the ATHENA apparat
(1) antiproton annihilation on positive ions trapped
gether with the positrons or on rest gas, and (2) a
hydrogen annihilation on the electrode surface. H
we use two data sets which consist (in different p
portions) of the two processes: a ‘cold mixing’ da
set (338 500 events with reconstructed vertices) a
‘hot mixing’ data set (33 870 events with reconstruc
vertices). In Ref. [1], we have shown that antihydrog
production is observed in the ‘cold mixing’ data, a
is strongly suppressed in the ‘hot mixing’ data.

To study the vertex distributions for the diffe
ent data sets, we define a fiducial region (z ∈ [−0.5,

1.5] cm) centered on the positron plasma. The len
of the fiducial region is chosen so as to minimize
number of electrode junctions where the aforem
tioned localized losses could take place. The syst
atic error on the results of the following fits includ
the effect of varying this length. The radial(r) vertex
distributions(dN/dr) in this fiducial region for ‘hot
mixing’ (N = 10 620 events, Fig. 2(a)) and for ‘co
mixing’ (N = 133 700 events, Fig. 2(c)) show a n
table difference. In the case of ‘hot mixing’, we o
serve an enhancement at small radii, while in the c
of ‘cold mixing’, the enhancement is consistent w
the radius of the trap electrodes (1.25 cm), but w
some additional signal at smaller radii. Fig. 2(b) sho
the radial vertex distribution for antiprotons intentio
ally annihilated on the trap electrodes of the mixi
trap (5 889 events). These events have the same r
vertex distribution as antihydrogen annihilations.

We now fit the measured radial vertex distributi
of the ‘cold mixing’ data (Fig. 2(c)) as a linear supe
position of the radial vertex distributions for antipr
ton annihilations on the trap electrodes (Fig. 2(b)) a
of the ‘hot mixing’ data (Fig. 2(a)). The result of th
fit is superimposed on the data in Fig. 2(c). The fit
scribes ‘cold mixing’ data as consisting to(69± 1)%
of annihilations on the trap electrodes (92 434± 434
events) and to (31± 1)% of (centrally enhanced) an
nihilations from ‘hot mixing’ (40 622± 563 events).

This result is in agreement with a 2-dimension
fit to the x–y vertex distribution for ‘cold mixing’
(Fig. 3(a)) as the weighted sum of thex–y distribu-
tions for ‘hot mixing’ and for Monte Carlo simulate
antihydrogen atoms (uniformly generated fromr = 0
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Fig. 2. (a) Radial vertex distribution for ‘hot mixing’ (z ∈ [−0.5,1.5] cm); (b) radial vertex distribution for antiproton annihilations on the t
electrodes; (c) radial vertex distribution for ‘cold mixing’ (z ∈ [−0.5,1.5] cm). The bold line is the result of the fit described in the text.

Fig. 3. (a)x–y distribution of the reconstructed vertices in the fiducial volume for ‘cold mixing’; (b) result of the fit described in the
(c) z-distribution of central annihilations (r < 0.5 cm) for ‘hot mixing’ (shaded area). The solid line corresponds to thez-distribution of
annihilations on the trap electrode wall (r ∈ [0.75,1.75] cm) for ‘cold mixing’, and has been rescaled by a factor of 0.044 for comparison
two r-windows are chosen in accordance with the vertex resolution of 4 mm.
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and|z| < 1.5 cm and isotropically emitted) annihila
ing on the trap electrode walls. Fig. 3(b) shows
result of the fit, which gives an antihydrogen contrib
tion of (64± 3)%.

Two components thus account for the ‘cold mixin
vertex distribution. The main component correspo
to annihilations on the trap electrodes, and is cha
terized by an isotropic distribution on the inner s
face of the electrodes around the trap axis (Fig. 3(
and a broad distribution along thez-axis (Fig. 3(c)),
as expected for antihydrogen annihilations. The s
ond component is centered on the axis of the trap
longitudinal extent (Fig. 3(c)) of∼ 2 cm is incompati-
ble with a point source (since thez-vertex resolution is
4 mm), but is close to the 3 cm length of the positr
plasma. These events are compatible with being
tiproton annihilations on positive ions trapped in t
central region of the positron well (or possibly on re
gas).

5. 2γ opening angles

Having determined the ratio of the two comp
nents (annihilations on the electrodes and annih
tions close to the trap axis), we now use the pho
information to investigate their nature. For ‘cold mi
ing’ events with a vertex in the fiducial region, we s
lect the sub-sample containing two isolated phot
with energies in an energy window of 2.5σ around
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Fig. 4. (a) cosθγ γ distribution for ‘cold mixing’ data (bold line, 10 410 events). The light shaded area is the prediction from the fit to the
vertex distribution. The dark shaded distribution is that of the ‘hot mixing’ contribution in the same fit; (b) cosθγ γ distribution for ‘hot mixing’
data (bold line: data; shaded area: Monte Carlo prediction based on the number of vertices in the ‘hot mixing’ data set); (c) cosθγ γ distribution
for antiproton annihilations on the trap electrodes (bold line: data; shaded area: Monte Carlo prediction); (d) Monte Carlo cosθγ γ distribution
for antihydrogen annihilations on the trap electrodes (light distribution) and for antiproton annihilations at the center of the appara
distribution). Both distributions correspond to the same number of 100 000 reconstructed vertices.
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511 keV (‘complete’ events). For each event in the
lected sub-sample, we determine the 2γ opening angle
θγ γ as subtended from the reconstructed annihila
vertex to the geometric centers of the hit crystals.
antihydrogen events, assuming e+e− annihilations to
2γ only, cosθγ γ should be−1. However, due to addi
tional bremsstrahlung photons falling in the 511 k
energy window, and the low detection efficiency f
511 keV photons, this topology is quite rare. Inde
a large fraction of antihydrogen events exhibit a r
dom angle between two isolated photons falling in
511 keV energy window (Fig. 4(d), pure antihydrog
Monte Carlo). Fig. 4(a) shows the cosθγ γ distribution
for ‘cold mixing’, Fig. 4(b) the distribution for ‘hot
mixing’ and Fig. 4(c) for antiproton annihilations o
the trap electrodes. The peak at−1 in Fig. 4(a) (which
is absent in both Fig. 4(b) and (c)) is caused by ant
drogen annihilation.

We generate Monte Carlo events for the two co
ponents of the fit to the radial vertex distribution. T
first component consists of antihydrogen annihilatio
on the trap electrodes, for which the cosθγ γ distribu-
tion corresponds to the light distribution in Fig. 4(d
The second component consists of antiproton ann
lations at the center of the apparatus (Fig. 4(d), d
distribution). Note that neither the shape, nor the a
plitude, of the distribution changes if instead, we si
ulate antiproton annihilations on the trap electrod
Furthermore, this simulation of antiprotons annihil
ing on the electrodes is in good agreement with the
perimentally obtained cosθγ γ distribution for antipro-
tons intentionally annihilated on the trap electrod
(Fig. 4(c), trap electrode annihilation data set). T
two components are normalized to the 92 434 eve
with vertices on the trap-electrodes, and 40 622 ev
with central vertices from the radial vertex fit. Th
cosθγ γ distribution for these two Monte Carlo da
sets are added together without any renormalizat
and are superimposed on the experimental distribu
of Fig. 4(a). The prediction based on the radial ver
fit together with the simulations is in good agreem
with the data. This is a good indication that the
sumptions that the annihilations on the trap electro
correspond to antihydrogen events, while the cen
annihilations correspond to antiproton-only annihi
tions, are correct, and that consequently, around 2/3 of
the events in the fiducial volume stem from antihyd
gen annihilation. A fit of the distribution of Fig. 4(a
as a linear superposition of the two distributions
Fig. 4(d), using a fitting technique adapted to fin
Monte Carlo samples [12], can be used as an in
pendent determination of the fraction of antihydrog
The resulting value of(60±5)% is in good agreemen
with the values from the fits of the vertex distributio

This conclusion is corroborated by comparing
fraction of ‘complete’ events in the different data se
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Table 1
Summary of the statistics of the different data sets used in this analysis: number of events with a vertex, number of events with a vert
isolated 511 keV photons (‘complete events’), and the fraction of complete events

Data set Number of events Events with 2γ Fraction of complete events (%)

Cold mixing 133700 10400 7.79± 0.08
Hot mixing 10620 643 6.06± 0.25
Antiproton annihilation 5889 339 5.8± 0.3
Antihydrogen (Monte Carlo) 143118 12798 8.94± 0.08
Antiproton annihilation (Monte Carlo) 142415 8429 5.92± 0.06
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Table 1 summarizes the results for ‘cold mixing
‘hot mixing’, and pure antiproton annihilations,
well as for Monte Carlo simulations of antihydrog
annihilations on the trap electrodes, and of antipro
annihilations at the center of the traps (300 000 eve
generated for each). From these numbers, it is appa
that the fraction of ‘complete’ events in ‘hot mixing
and antiproton annihilations on the trap electrodes
compatible with the Monte Carlo prediction for pu
antiproton annihilation. On the other hand, the fract
in the ‘cold mixing’ data is intermediate to pu
antihydrogen production and antiproton annihilatio
The fraction of antihydrogen events in ‘cold mixin
extracted from these numbers by linear interpolat
(between the Monte Carlo values for antihydrogen
antiproton-only annihilations) of(62± 3)% is in good
agreement with the values from the vertex fits. T
uncertainties are of statistical nature.

In summary, several methods relying on diffe
ent observables with different systematic uncertain
produce consistent estimates that(65±5)% of all ver-
tices of a ‘cold mixing’ cycle are due to antihydr
gen annihilation, where the (systematic) error cov
the variations between the different methods used
small variations in the length of the fiducial volume

6. Time evolution and trigger rates

Next we study the temporal evolution of the ‘co
mixing’ data, by investigating the radial vertex dist
bution as a function of time from the moment antip
tons are injected into the positrons. For each time s
the radial vertex distribution for events in the fiduc
volume is fit to the same measured components a
Section 4: annihilations on the trap electrodes (sho
to stem from antihydrogen annihilations in Section
t

and ‘hot mixing’ data. The result of the vertex fit in th
different time slices is shown in Fig. 5(a). A notewo
thy feature of the fits is that the time evolution of t
two components is different, the antihydrogen com
nent accounting for over 85% of the vertices sho
after the beginning of mixing, with a slow decrease
around 50% thereafter.

Fig. 5(b) shows the time evolution of the trigger ra
from the start of ‘cold mixing’, for the standard mixin
conditions of 104 antiprotons and 7.5× 107 positrons.
This distribution is characterized by a high initial val
and a slow decay (with a time scale of several s
onds). We compare this distribution with the time ev
lution of all events with reconstructed vertices by c
recting the latter for detection efficiency. Two term
enter this correction: the probability for a trigger
event to have a reconstructed vertex ((52± 2)%, as
determined both from Monte Carlo and real data); a
the correction for vertices lying outside of the fiduc
volume, but within the central volume (|z| < 4 cm),
of the detector ((50± 3)%, as determined from th
data). After these corrections, the time evolution of
events with reconstructed vertices (Fig. 5(b) and
lightly shaded areas) is in reasonable agreement
that of the trigger rate. The slight discrepancy is c
sistent with neglecting vertices (due to, i.e., antipro
losses at the end of the nested trap) which lie out
of the central volume of the detector (|z| > 4 cm), but
contribute to the trigger rate. The reasonable ag
ment between the two distributions is an indicat
that the Monte Carlo determination of detection e
ciencies is correct, and that the temporal decomp
tion of the vertex distributions can be transferred
the temporal behavior of the trigger rate.

The difference between ‘cold mixing’ trigger rat
and ‘hot mixing’ trigger rates is thus due to a
tihydrogen production. Fig. 5(c) shows the trigg



30 ATHENA Collaboration / Physics Letters B 578 (2004) 23–32

data, the
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’; (c) the
Fig. 5. (a) Time evolution of events with reconstructed vertices (fiducial volume) for ‘cold mixing’ data. The empty squares are the
full circles the contribution from antihydrogen annihilation, the empty circles the background (‘hot mixing’) component; (b) time evolu
all triggers (full line) and of the detection efficiency-corrected events with reconstructed vertices (light shaded area) for ‘cold mixing
first second of the same distributions; the dark shaded area is the trigger rate for ‘hot mixing’.
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rates for ‘cold mixing’ (bold line) and ‘hot mixing
(dark shaded area), which are identified with the n
antihydrogen (background) contribution by the v
tex fit. The instantaneous trigger rate for ‘cold m
ing’ shortly after antiproton injection (Fig. 5(c)) thu
stems dominantly from antihydrogen production w
a rate exceeding 300 Hz per 104 injected antiprotons
corresponding to an antihydrogen fraction of mo
than 85%.

7. 2γ and 3γ decays

A dedicated measurement with positrons only w
performed to determine the relative rates of the 2γ -
and 3γ -modes of e+e− annihilations for antihydroge
atoms interacting with the electrode surfaces. T
ratio influences the determination of the absol
antihydrogen production rate since only the 2γ decay
mode was used to detect antihydrogen in [1] and in
work. The ratio depends on the fraction of positro
that form positronium on the trap electrode surfa
[13], which is unknown.

The well holding positrons was modified in such
manner that the radial outward transport of positr
onto the trap electrodes was strongly enhanced.
photons produced in positron annihilations at
surface of the electrodes were detected in the ph
detector. The trigger condition required detection o
least two photons with an energy greater than 150
each. For this analysis, the isolation criterion w
dropped, since no charged particles are involved.

For all events, theγ -multiplicity is associated with
the number of photons. For events containing two
three γ ’s, both the total energyEtot and the total
momentumPtot (calculated from the center of th
apparatus) are determined. Fig. 6(a) shows a c
signal for 2γ events atEtot = 2mec

2 and Ptot <

200 keV/c. The accumulation of events atPtot =
Etot stems from 2γ events in which oneγ escaped
detection, while the otherγ underwent Compton
scattering in a first crystal, before being detec
in a second crystal. This process accounts for m
detected 3γ events, which stem from 2γ events, where
one photon is Compton scattered in a first and dete
in a second crystal, while the other photon is detec
in a third crystal. Fig. 6(c) shows a distribution for 3γ

events satisfying|Etot − 2mec
2| < 200 keV, where the

total momentum of the three photons is plotted ver
the smallest of the three angles between any
detected photons (determined from the center of
apparatus). Compton scattered photons are expe
to accumulate at small minimum angle (cosθmin ∼ 1),
while the box indicates the expected signal reg
aroundPtot ∼ 0 corresponding to e+e− → 3γ . The
detection probabilities for the two decay modes
evaluated by Monte Carlo: the detection probabi
for the 2γ mode (two 511 keV photons with cosθγ γ <

−0.96) is 1.8%. The detection probability for th
3γ mode (three photons withPtot < 200 keV/c and



ATHENA Collaboration / Physics Letters B 578 (2004) 23–32 31
Fig. 6. (a)Etot vs.Ptot for events containing two photons. Fully detected 2γ events cluster atEtot ∼ 1.02 MeV andPtot < 200 keV/c. (b) Ptot
vs. the cosine of the smallest opening angle between any twoγ ’s as seen from the center of the apparatus for Monte Carlo 3γ events. The box
indicates the used signal region. (c) Same distribution for real data. The box indicates the used signal region.
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−0.5 < cosθmin < 0.4) is 0.6%. From the observe
number of 10 200 2γ events and of 207 events in th
3γ signal region, we conclude that 2γ events accoun
for at least 95% of all e+e− annihilations.

Assuming the same ratio of 2γ to 3γ decays for
positrons only, and for positrons from antihydrog
atoms annihilating on the same electrode surfaces
can thus determine that the 3γ contribution to our
antihydrogen signal does not exceed 5%, which is
agreement with the fact that we are able to consiste
account for all distributions in this Letter assumingγ
decays only.

8. Discussion

The consistency that we have established betw
the cosθγ γ distribution and the trigger rates relie
on assigning the cosθγ γ = −1 signal to antihydro-
gen. We have investigated all conceivable sour
which might mimic this topology, to ensure that th
assignment was correct. The largest potential ba
ground (511 keV photons stemming from electrom
netic showers produced close to pure antiproton
nihilations on trap electrodes, rest gas or ions)
been excluded by the absence of a peak at cosθγ γ =
−1 (Fig. 4(b) and (c)) as well as the absence o
511 keV peak in Fig. 1(b) for pure antiproton ann
hilations. This can be understood by a detailed Mo
Carlo study of the interaction of photons from the d
cay of neutral pions produced in antiproton–pro
annihilations in the electrodes (3.25 mm Au-coa
Al). The consequence of the momentum transfer fr
these high-energy photons to the particles in the
frequently occurring) electromagnetic showers is t
they are ejected from the immediate vicinity of t
annihilation vertex. Consequently, only a very sm
fraction (0.65%) of antiproton annihilations satisfi
the selection criteria that every antihydrogen ann
lation meets: that a positron annihilates in the i
mediate vicinity of the antiproton annihilation ve
tex.

We have also investigated whether simultaneo
but uncorrelated, antiproton and positron annihilati
could lead to the cosθγ γ = −1 signal. In a Monte
Carlo simulation, antiproton and positron annihi
tions are independently generated on an event
event basis according to an isotropic distribution inφ,
and according to the experimental distribution alo
the magnet axis. With respect to the resulting cosθγ γ

distribution, the statistical significance of the exces
the measured ‘cold mixing’ peak at cosθγ γ = −1 over
this simulated distribution (scaled to the cosθγ γ > 0
region) is 5.3σ , thus excluding this hypothesis as we
Furthermore, antiproton and positron loss rates (b
< 100 Hz) and the detector trigger time window
2 µs can be used to estimate that random coincide
can contribute at most 0.1 Hz to the trigger rate.
nally, we have verified that the positron plasma is
disrupted by the antiprotons by continuously meas
ing the plasma modes before, during and after in
tion of the antiprotons.
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9. Conclusion

We have found that antihydrogen formation
indicated by many clear and consistent signals fr
our detector:

(a) a fraction of(65± 5)% of uniformly distributed
annihilation vertices on the trap electrodes;

(b) an increase in the probability that an annihilat
vertex is accompanied by two photons (not nec
sarily back-to-back) in the 511 keV window fro
(6.06±0.25)% for ‘hot mixing’ to (8.94±0.08)%
for ‘cold mixing’;

(c) an increase in the trigger rate at the start of mix
from 20 Hz for ‘hot mixing’ to 350 Hz for ‘cold
mixing’ (for 104 antiprotons and 7.5× 107 e4);

(d) a clear peak for cosθγ γ ∼ −1 in the 2γ opening
angle distribution, for which no other explanati
than antihydrogen production is possible;

(e) a pure e+e− annihilation signal (a peak at 511 ke
in the photon energy spectrum) in the ‘co
mixing’ data set, which is absent in the antiproto
only annihilation data set.

These results do not depend on assuming
‘hot mixing’ represents a good approximation
the background in ‘cold mixing’; the fits to th
vertex distributions (which assume this backgrou
give compatible results to the fits to the phot
distributions (which use pure antiproton annihilatio
as background). Furthermore, we have shown tha
precise spatial distribution of the background is
critical for any of the latter fits.

We have thus determined that the observed trig
rate during ‘cold mixing’ is due to two source
Antihydrogen production comprises over 85% of t
triggers at the beginning of mixing, and declin
with a time constant of several seconds. Antipro
annihilation on positive ions or on rest gas (with
slowly decreasing rate) comprises the remainder of
triggers (15% at the beginning of mixing). Integrat
over a full mixing cycle of 180 s, antihydroge
production accounts for(65 ± 5)% of the trigger
rate, which can thus be used as a proxy for fu
reconstructed events.
This result, combined with the total number
triggers, the probability for an annihilation to produ
a trigger ((86 ± 10)%, as determined from Mont
Carlo and data) and the total number of antiprot
detected at the end of a mixing cycle, allows us
conclude that in 341 ‘cold mixing’ cycles in whic
2.924× 106 antiprotons have been injected in t
mixing trap, about 494 000 antihydrogen atoms h
been produced. This is equivalent to an antihydro
production efficiency of(17± 2)%.
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