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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.
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1. Introduction ing cycle the nested trap is emptied and the process
restarted.

Neutral H atoms escape the confinement region
and annihilate on the trap electrodes producing on

average about five pions (charged and neutral) from

Cold antihydrogern(H) atoms have recently been
produced by two experiments at CERN. First ATHE-
NA [1] and then ATRAP [2] reported the creation
of samples of cold antihydrogen by mixing antipro- the p annihilation, and two 511 key'’s from thee™
tons (p’s) and positrons¢*’s) at low temperature in  annihilation (the 3 contribution to ouH signal does
a nested Penning trap [3]. Under these conditions the not exceed 5% [11]). The nested trap is surrounded by
two main processes [4] expected to be important for a detector that allows reconstructiorfdannihilations
H formation are radiative combination and three body [12]. Charged particles are detected by two layers
combination [5-7]. The two mechanisms lead to dif- of double sided silicon micro-strip detectors. The
ferent quantum state populations of the antiatoms, andreconstruction efficiency fop annihilation vertices
have different dependence on the positron plasma den-is about 50%. Photons from positron annihilations
sity and temperature. Important insights into the for- are detected by Csl crystals with an efficiency of
mation mechanism and state distribution can therefore about 20% per photon. Their energy is also measured
be obtained by studying the temperature dependencewith a resolution of 24% (FWHM). Detector readout
of the production of antihydrogen. A better knowledge is triggered when at least three sides in the outer
of the state distribution, and how to influence it, is silicon modules are hit. Our trigger efficiency for
needed in order to prepare states that can be trappedp(H) annihilations is 85t 10% and this value has
and studied. For instance, precision spectroscopy of been used to correct all the data presented here. The
antihydrogen promises high precision CPT tests build- detector intrinsic trigger dead time, in absence of read
ing on accurate hydrogen spectroscopy [8,9]. In this out, is about 2 ps. At the beginning of readout the
Letter we present the first studies of the temperature detector trigger is masked for 300 ps to avoid digital
dependence of antihydrogen production. 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. Antihydrogen production
2.1. Overview

The ATHENA experiment uses antiprotons deliv-
ered by CERN'’s Antiproton Decelerator (AD) and
positrons emitted from &2Na radioactive source
(1.4 x 10° Bg). Both thep’s and thee*’s are trapped,

2.2. Positron plasma temperature

cooled and accumulated prior to mixing in a nested
Penning trap. This trap configuration allows simulta-
neous trapping of oppositely charged particles. The
3 Tesla solenoidal magnetic field which provides the
radial confinement also allows positrons to cool effi-
ciently (with a time constant ~ 0.5 s) to the trap tem-
perature by the emission of synchrotron radiation [10].
The trap is kept at a temperature ©f15 K and the
mixing region at a pressure of less tharm#dmbar.

In a “standard mixing cycle” the central part of the
nested trap is filled with aboutsz 107 ¢*’s. Once the
positrons have self-cooled, about*1@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-

Synchrotron cooling of positrons and the inter-
particle Coulomb collisions are expected, in the ab-
sence of externally applied perturbations, to bring the
plasma into thermal equilibrium with the surrounding
electrodes, which have a temperature~ofl5 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 ref-
erence frame is Maxwellian with a thermal equilibra-
tion 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 cool-
ing time is somewhat slowek(1 s). At thermal equi-
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Table 1

Summary of the results of measurements with different positron plasma temperatiiresthe temperature increasez’s” is the total number

of antiprotons used in the mixing cycles. The “@gs,) excess” is the opening angle excess and “peak” is the peak trigger rate (see text for
details). These gquantities 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 tjits.10he errors inAT represent the
maximum systematic uncertainty. The errors in(6ps ), peak trigger rate, and number of triggers are each the combination of statistical and
systematic errors

AT (meV) p's cog(0y ) excess Peak (Hz) Triggers
3s 180s
0 (2.94£0.21) x 10° 165+0.19 454+ 44 441+ 40 2612+ 240
33° (3.46 = 0.25) x 10* - - 395+ 38 2409+ 222
7+15 (4.08 £ 0.29) x 10* - - 338+32 2233206
15+ 15 (1.82£0.13) x 10° 1.08+0.15 381+38 352+32 1981181
25£15 (313£0.22 x 10* - - 214+22 1683+ 156
43+17 (1.52£0.11) x 10° 0.65+0.11 140+ 16 167+15 1388+ 127
121+19 (322£0.23) x 10* - - 73+8 1003+ 94
306+ 30 (1.06 £ 0.08) x 10° 0.04£0.01 22+5 33£3 827+ 76

librium, due to the mass difference, the relative veloc- thus the lower limit for the unheated plasma temper-
ity between the™’s and thep's is predominantly due  ature, and we adopt this as our unperturbed tempera-
to the positron plasma temperature. ture.

The positron plasma was characterized by a typical ~ Mixing of positrons and antiprotons was carried
length of 32 mm, radius of 2.5 mm, particle number out for different positron plasma temperatures (Ta-
7 x 107, number density Z x 10° cm=3 and storage  ble 1). Four samples contained enough data to allow
time of thousands of seconds. These quantities havea detailed analysis of antihydrogen production, as de-
been measured using a nondestructive plasma modescribed in [1]. This set includes the so-called “cold
diagnostic method based on the observation of the mixing” where no heating was applied, as well as three
first two axial modes of a finite temperature plasma samples withAT =154+ 15 meV (& 175 K), AT =
[21,22]. The reproducibility of the results, over several 43+ 17 meV ¢ 500 K) andAT = 306+ 30 meV
weeks and under different conditions, was good. (~ 3500 K, “hot mixing” sample).

Maximum variations in density of about 30% were For the two samples in Table 1 with a temperature
observed. increase lower than our resolution of 15 meV, a linear

During mixing the positron plasma temperature correlation between the applied heating voltage and
could be changed in a controlled way by RF excita- the temperature increase was assumed. A quadratic be-
tion of the axial dipole mode of the plasma. Heating haviour, possible in this regime of low heating power,
was achieved by the application of a radio frequency would result in very similaAT’s, the differences be-
drive to one of the electrodes with a 2 MHz span across ing well within the uncertainties associated to these
the dipole mode resonance (typically around 20 MHz) temperatures.
at a sweeping frequency of 1 kHz. Excitation at the
dipole mode ensures that the plasma reaches ther-2.3. Antihydrogen signal
mal equilibrium rapidly [17]. A measured shift in the
quadrupole frequency was used to calculate the mag- For clarification it should be stressed that in the
nitude of the temperature change with a reasonable following antihydrogen production refers only to an-
uncertainty [21,22]. The minimum measurable tem- tiatoms that annihilate on the walls of the charged
perature increase was about 15 me¥1(75 K). Note particle trap within the detector volume. The detec-
that the modes diagnostic yields only relative temper- tor solid angle coverage fdi emerging isotropically
ature changes and not the absolute temperature of thefrom the trap center and annihilating at the electrodes
positron plasma. The electrode temperature of 15 K is is estimated to be- 98% by Monte Carlo calculation.
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Antihydrogen formation was previously [1] demon-
strated by full reconstruction of the simultaneous an-
nihilation of thep ande™. After the determination of
the position of thep annihilation vertex, we search for
clean evidence oft annihilation 511 keV photons in
the Csl crystal data. A charged particle track intercept-
ing a crystal eliminates that crystal and its eight near-
est neighbors from consideration. For each of the re-
maining 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 ver-
tex and two crystals passing these criteria. The “open-
ing angle”(8,,) is the angle, as seen from the annihi-
lation vertex, between these two crystals. An iddal
event will have an opening angle of 1'8@orrespond-
ing to cog6,,) = —1. H annihilations may also pro-
duce events with cas,,, > —1, since the 511 key’s
from the positron annihilation may be undetected and
replaced by low energy’s. These background's are
generated in electromagnetic showers created by high
energyy’s coming from neutral pion decay. Such pairs
of photons have no angular correlation with the an-
tiproton vertex. This is confirmed by the opening an-
gle distribution of a Monte Carlo simulation of puire
annihilations (Fig. 1(a)).

The opening angle distributions for four differ-
ent temperatures are shown in Fig. 1(b)—(e). All dis-
tributions except that for hot mixing show an ex-
cess of events at c@,,) = —1. The “opening an-
gle excess”, defined as the number of events with
cog#6,,) < —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 ofH atoms produced during a standard cy-
cle.

In order to further studyH formation at various
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Fig. 1. Distribution of co&),,) for different positron plasma
temperatures. (a) Monte Carlo simulation of a plitesample,
(b)-(e) measured distributions for positron plasma temperatures
with high statistics. The distributions were normalized to a standard

positron temperatures we analyze our measurementsmixing cycle with 1d j's.

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 O is the start of
mixing and 180 s is the maximum mixing interval are
reported. These values are corrected for the trigger

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 p-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 vﬁtﬁ’ﬂ.o

a good proxy for antihydrogen formation not only in the trigger signal in time is not due only to depletion
cold mixing, as previously shown in [11], but also in of the antiproton sample due kb production. Spatial
the heated samples described here. decoupling of the two particle clouds also plays a role.

We have also looked at the “peak trigger rate” The peak trigger rate as a function of the plasma
defined as the maximum value of the detector trigger temperature is shown in Fig. 3(c) and the values,
rate after the start of mixing, excluding the first corrected for the trigger efficiency, are reported in
20 ms when some'’s can be lost immediately upon Table 1. We have previously shown [11] that integrated
the injection into the nested trap. Note that for the over the first second of mixing, more than 85% of
samples where antihydrogen production (Fig. 2) is the triggers are due tBl production. We expect this
present a dramatic increase in the rate of annihilations percentage to be even higher for the peak trigger
is observed when antiprotons are injected into the rate. If we use the hot mixing as a background (see
positron plasma. A more detailed discussion of the Table 1) we can estimate this fraction to be around
antihydrogen formation time dependence is beyond 95%, corresponding to an absolute instantanddus
the scope of this Letter, but we note that the decay of rate of 432+ 44 Hz.
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Opening angle excess

Number of triggers

Peak trigger rate

107 ¢

10 10°
Positron plasma temperature [meV]

Fig. 3. Temperature dependenceFbproduction 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 sample$dthwixing sample has been used as background, thus it is not
shown), (c) peak trigger rate for the high statistics samples.

3. Discussion that are easily ionized by collisions in the positron
plasma. Some of these atoms will collisionally de-
As indicated earlier, two processes have tradi- excite and become more tightly bound. The expected
tionally been expected to be relevant for formation temperature dependence in an infinite positron plasma
of H during mixing of p’s ande™’s. In the radiative is 7~9/2 for formation of states that are resilient to re-
process, a photon carries away the excess momen-onization [23]. The threshold, also called the “bottle-
tum and energy, and the formed atoms are strongly neck”, below which atoms will survive collisional ion-
bound with typical principal quantum numbers< 10 ization isE;h ~4kpT (5.2 meV at 15 K) [23].
(Ep > 136 meV). In zero magnetic field the rate for We must first note that the three curves in Fig. 3
this process is expected to scale approximately ascontain slightly different information. The opening
7-963 [7]. In the three-body process, an additional angle excess is a definitive measurement of the total
positron carries away excess momentum and energy.integrated antinydrogen production for the 180 s
Formation by this mechanism leads initially to weakly mixing cycle. The same is true of the total number
bound states withE, ~ kgT (1.3 meV at 15 K), 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 X /vUrad(v)e*m“ 12T 3y, (1)
is thus a “cleaner” measurement of the combination
rate, reflecting the conditions of best overlap at the wherem is the reduced mass, is the modulus of
time when we believe that the antiprotons are closest the relative velocity betweep’s ande™’s, Nj the to-
to thermal equilibrium with the positrons. tal number ofp, n,+ the positron plasma density and
We thus examine the peak trigger rates in Fig. 3(c) d® =47 v2dv in the case of pure isotropy. Following
for compatibility with the predictions for the two pro-  our simple assumptions, the peak trigger rate should
duction mechanisms. Several general features are ev-be comparable t®,ag. Given a temperature of 15 K,
ident. First, the antihydrogen production is observed and assuming complete overlap between the two par-
to decrease with increased positron plasma tempera-ticle clouds, we calculated an antihydrogen produc-
ture, as expected. (This effect was used in previous tion rate due to radiative combination in the ATHENA
work to suppress the antihydrogen formation [1].) Itis conditions of about 40 Hz for 10 00@’s and 17 x
interesting to note that antihydrogen is clearly present 108 cm~2 positron plasma density. If we compare this
for room temperature positrons. The second main fea- value with our measured value of 43244 Hz we
ture is that the formation does not scale as a sim- clearly see that the experimental result is one order
ple power law with the positron temperature. There of magnitude higher. In other words the absolute mea-
is a clear turnover of the rate at low temperature. sured production rate is not obviously compatible with
Furthermore, all attempts to fit the data with combi- a simple radiative calculation. Note that any possible
nations of power laws, e.g., representing a mixture effects of the magnetic field are not taken into account
of two- and three-body processes, are unsuccessful.in the simple calculation above.
The presence of the latter is expected to be most pro- The dynamics of the antihydrogen formation and
nounced at temperatures belewl0 meV ¢ 100 K) transport to the walls is intricate. In addition to the
[24]; the lower temperature data are however charac- processes mentioned above, radiative and three-body
terized by a leveling-off, rather than an increase. The combination into well-defined quantum states, the
naive scaling for the three-body reactiah;, %2, is particles in a strong magnetic field may also form
clearly inconsistent with our data. It should be noted weakly bound, “guiding center” atoms [23]. Any
that collisional relaxation and finite transit time of the weakly-bound antihydrogen atoms formed may be
antiprotons through the positron plasma can lead to ionized by collisions in the plasma or by the electric
a different temperature scaling for the three-body re- fields of the trap or the positron plasma itself. The
action [7,25,26]. atoms formed in an excited state will tend to decay
We have also considered whether the radiative towards the ground state and become stabilized against
reaction is the dominant process. The agreement of ionization. The detectable antihydrogen flux is thus
this model is reasonable, at least as far as the scalingdetermined by the competition of the formation/decay
with temperature is concerned. Even though a simple chain with the ionization processes.
power law is not able to fully reproduce the behaviour For all of our detection schemes, the antihydro-
of our data a best-fit power law to the peak trigger gen atoms must drift to the wall and annihilate there.
rate curve (Fig. 3(c)) yields a dependenc@of-'+0-2 The antiatoms must pass the combined fields of
(compared td"~%3in [7]). We next consider asimple  the positron plasma and the nested trap without be-
estimate of the absolute magnitude for the radiative ing ionized. Roughly speaking, loosely bound atoms
process. Using the radiative combination cross section will be ionized by electric fields greater thafi =
orad given in [5,27], summed over all the Rydberg (E;/0.38 me\)2 [28], whereE}, is their binding en-
states able to survive the field ionization and assuming ergy in meV andF is expressed in Vcmt. The
a Maxwellian distribution for the positron plasma peak electric field may be calculated from the positron
the radiative combination ratB ;g can be expressed plasma measurements and the known electrode config-
as [24] uration, and lies between 40 and 60 Vchuepending

m ]3/2

Rrad= N; —
rad plet |:27TkBT



66

on the drift direction of the antiatom. In our apparatus
the escaping atoms must thus havg> 2.4 meV to
be able to reach the wall.

ATHENA Collaboration / Physics Letters B 583 (2004) 59-67

the positron plasma plays an important role for three
body processes [26]. The experimental challenges that
emerge from our study include precise determination

The turnover in the production rate at low tempera- of the positron temperature and density, determination
ture is not yet understood. There is a minimum veloc- of the spatial overlap of the positron and antiproton
ity scale associated with the positron plasma rotation, clouds, and analysis of the detailed time-dependent
but this velocity is radius-dependent and even the max- dynamics of the positron—antiproton interaction. The
imum (about 16 ms~1) is too small to explainthe po-  current inability to diagnose tightly bound states is
sition of the observed turnover. This turnover may be also a barrier to understanding, highlighting the desir-
associated with the complex equilibrium between for- ability of studying laser interactions with antiatoms at
mation and ionization processes, although experimen-the earliest possible time.
tal uncertainty in the measured temperature change The unique positron plasma diagnostics and con-
may also be important. trol developed for ATHENA have made measurements
of antihydrogen production as a function of positron
plasma temperature possible. The detection mecha-
nism employed in ATHENA also offers a first look into
the dynamical time development of the combination

Summarizing, the temperature dependence of the process. The promise of understanding and, perhaps
antihydrogen production has been studied for the first more importantly, controlling this complex process
time. A clear decrease of the antihydrogen produc- with a view towards trapping of neutral antihydrogen
tion with the positron plasma temperature has been is now within experimental reach.
seen, but a simple power law scaling does not fit
the data. The naive three-body temperature depen-
dence(T-%2) is not consistent with our data and Acknowledgements
the expected predominance of this mechanism below
~ 100 K is not supported by the leveling-off at low This work was supported by the following agen-
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4. Conclusions

the radiativeH production rate prediction is not ob-
viously compatible with our measurement, the former
being an order of magnitude lower.

Theoretical guidance is necessary for further prog-
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duction and ionization processes in ATHENA. The
effect of the magnetic field, the polarization of the
positron plasma by the injected antiprotons, and the
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