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Confinement of antihydrogen for 1,000 seconds

The ALPHA Collaboration™

Atoms made of a particle and an antiparticle are unstable, usually surviving less than a microsecond. Antihydrogen, made
entirely of antiparticles, is believed to be stable, and it is this longevity that holds the promise of precision studies of
matter-antimatter symmetry. We have recently demonstrated trapping of antihydrogen atoms by releasing them after a
confinement time of 172 ms. A critical question for future studies is: how long can anti-atoms be trapped? Here, we report
the observation of anti-atom confinement for 1,000 s, extending our earlier results by nearly four orders of magnitude. Our
calculations indicate that most of the trapped anti-atoms reach the ground state. Further, we report the first measurement
of the energy distribution of trapped antihydrogen, which, coupled with detailed comparisons with simulations, provides a
key tool for the systematic investigation of trapping dynamics. These advances open up a range of experimental possibilities,
including precision studies of charge-parity-time reversal symmetry and cooling to temperatures where gravitational effects

could become apparent.

powerful tools for the study of fundamental physics (see

for example refs 1-3). A major experimental challenge for
such studies is the short intrinsic lifetimes of the exotic atoms.
Atomic hydrogen is presumably stable?, and, according to the
charge—parity—time reversal theorem®, antihydrogen—an atomic
bound state of an antiproton and a positron®—should have the
same lifetime. If sufficiently long confinement of antihydrogen
can be achieved, a variety of possibilities will become available
for fundamental studies with atomic antimatter. Examples include
precision tests of charge—parity—time reversal through laser’ and
microwave' spectroscopy on very few or even a single trapped
anti-atom; and laser!'™"* and adiabatic'*'® cooling of antihydrogen
to temperatures where gravitational effects become apparent

In the first demonstration of antihydrogen trapping', the
confinement time, defined by the time between the end of
antihydrogen production and the shutdown of the magnetic trap,
was set to 172 ms, the shortest time operationally possible. This
maximized the chance of detecting rare occurrences of trapped
antihydrogen before they could be lost. Whereas a confinement
time of a few hundred milliseconds should be sufficient for initial
attempts at antihydrogen spectroscopy'®, a critical question for
future fundamental studies remains: what is the storage lifetime
of trapped anti-atoms?

Reported trapping times of magnetically confined (matter)
atoms range from <1 s in the first, room-temperature traps'’ to
10-30 min in cryogenic devices'®*. However, antimatter atoms
can annihilate on background gases. Also, the loading of our
trap (that is, anti-atom production through merging of cold
plasmas) is different from that of ordinary atom traps, and the
loading dynamics could adversely affect the trapping and orbit
dynamics. Mechanisms exist for temporary magnetic trapping
of particles (for example in quasi-stable trapping orbits*, or
in excited internal states?); such particles could be short lived
with a trapping time of a few hundred milliseconds. Thus, it
is not, a priori, obvious what trapping time should be expected
for antihydrogen.

In this Article, we report the first systematic investigations of
the characteristics of trapped antihydrogen. These studies were

| xperiments with atoms that do not exist naturally can be

made possible by significant advances in our trapping techniques
subsequent to those reported in ref. 16. These developments,
including incorporation of evaporative antiproton cooling” into
our trapping operation, and optimization of autoresonant mixing?*,
resulted in an increase by a factor of up to five in the
number of trapped atoms per attempt. A total sample of 309
trapped antihydrogen annihilation events was studied, a large
increase from the previously published 38 events. Here, we report
trapping of antihydrogen for 1,000s, extending earlier results'
by nearly four orders of magnitude. Further, we have exploited
the temporal and spatial resolution of our detector system to
carry out a detailed analysis of the antihydrogen release process,
from which we infer information on the trapped antihydrogen
kinetic-energy distribution.

The ALPHA antihydrogen trap?*® comprises the superposition
of a Penning trap for antihydrogen production and a magnetic-field
configuration that has a three-dimensional minimum in magnitude
(Fig. 1). For ground-state antihydrogen our trap well depth is 0.54 K
(in temperature units). The large discrepancy between the energy
scale of the magnetic-trap depth (~50ueV) and the characteristic
energy scale of the trapped plasmas (a few electronvolts) presents a
formidable challenge to trapping neutral anti-atoms.

CERN’s Antiproton Decelerator provides bunches of 3 x 107
antiprotons, of which ~6 x 10* with energy less than 3keV
are dynamically trapped”. These kiloelectronvolt antiprotons are
cooled, typically with ~50% efficiency, by a preloaded cold electron
plasma (2 x 107 electrons) and the resulting plasma is radially
compressed®®*?. After electron removal and evaporative cooling®,
a cloud of 1.5 x 10* antiprotons at ~100 K, with radius 0.4 mm
and density 7 x 107 cm™?, is prepared for mixing with positrons.
Independently, the positron plasma, accumulated in a Surko-type
buffer-gas accumulator’®!, is transferred to the mixing region, and
is also radially compressed. The magnetic trap is then energized, and
the positron plasma is cooled further through evaporation, resulting
in a plasma with a radius of 0.8 mm and containing 1 x 10° positrons
atadensity of 5 x 107 cm ™~ and a temperature of ~40 K.

The antiprotons are merged with the positron plasma through
autoresonant excitation of their longitudinal motion*!. The self-
regulating feature of this nonlinear process enables robust and

* A full list of authors and their affiliations appears at the end of the paper.
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Figure 1| The ALPHA antihydrogen trap and its magnetic-field configuration. a, A schematic view of the ALPHA trap. Radial and axial confinement of
antihydrogen atoms is provided by an octupole magnet (not shown) and mirror magnets, respectively. Penning trap electrodes are held at ~9 K, and have
an inner diameter of 44.5 mm. A three-layer silicon vertex detector surrounds the magnets and the cryostat. A 1T base field is provided by an external
solenoid (not shown). An antiproton beam is introduced from the right, whereas positrons from an accumulator are brought in from the left. b, The
magnetic-field strength in the y-z plane (z is along the trap axis, with z= 0 at the centre of the magnetic trap). Green dashed lines in this and other figures
depict the locations of the inner walls of the electrodes. ¢, The axial field profile, with an effective trap length of ~270 mm. d, The field strength in the x-y

plane. e, The field-strength profile along the x axis.

efficient injection of antiprotons into the positrons with very
low kinetic energies.

About 6 x 10° antihydrogen atoms are produced by enabling
the plasmas to interact for 1s. Most of the atoms annihilate on
the trap walls®?, whereas a small fraction are trapped. A series of
fast electric field pulses is then applied to clear any remaining
charged particles. After a specified confinement time for each
experimental cycle, the superconducting magnets for the magnetic
trap are shut down with a 9 ms time constant. Antihydrogen, when
released from the magnetic trap, annihilates on the Penning-trap
electrodes. The antiproton annihilation events are registered using
a silicon vertex detector®»* (see Methods). For most of the data
presented here, a static axial electric bias field of 500V m™" was
applied during the confinement and shutdown stages to deflect
bare antiprotons that may have been trapped through the magnetic
mirror effect'®. (Deflection of antiprotons by the bias field has been
experimentally verified using intentionally trapped antiprotons'®.)
This bias field ensured that annihilation events could only be
produced by neutral antihydrogen.

The silicon vertex detector, surrounding the mixing trap
in three layers (Fig. 1a), enables position-sensitive detection of
antihydrogen annihilations even in the presence of a large amount
of scattering material (superconducting magnets and cryostat)®,
and is one of the unique features of ALPHA (see Methods). The
capability of vertex detection to efficiently distinguish between
cosmic rays and antiproton annihilations®, as well as the fast
shutdown capability of our trap®, provide background counts
per trapping attempt of 1.4 x 107°. This is six orders of
magnitude smaller than was obtained in ref. 37 (on the basis
of the reported 1min shutdown time and 20s™' background
rate). Improvements in annihilation-event identification have also
resulted in an increase in detection efficiency (see Methods) relative

to our previous work'®. Knowledge of annihilation positions
also provides sensitivity to the antihydrogen energy distribution,
as we shall show.

In Table 1 and Fig.2, we present the results for a series of
measurements, wherein the confinement time was varied from 0.4 s
t0 2,000 s. These data, collected under similar conditions, contained
112 detected annihilation events out of 201 trapping attempts.
Annihilation patterns in both time and position (Fig.3) agree
well with those predicted by simulation (see below). Our cosmic
background rejection® enables us to establish, with high statistical
significance, the observation of trapped antihydrogen after long
confinement times (Fig. 2b). At 1,000s, the probability that the
annihilation events observed are due to a statistical fluctuation
in the cosmic ray background (that is, the Poisson probability,
p, of the observed events assuming cosmic background only*) is
less than 107!, corresponding to a statistical significance of 8.0 0.
Even at 2,000s, we have an indication of antihydrogen survival
with a p value of 4 x 107* or a statistical significance of 2.6 5. The
1,000 s observation constitutes a more than a 5,000-fold increase
in measured confinement time relative to the previously reported
lower limit of 172 ms (ref. 16).

Possible mechanisms for antihydrogen loss from the trap include
annihilations on background gas, heating through elastic collisions
with background gas and the loss of a quasi-trapped population?'
(see below). Spin-changing collisions between trapped atoms®
are negligible because of the low antihydrogen density. The main
background gases in our cryogenic vacuum are expected to be He
and H,. Our theoretical analysis of antihydrogen collisions indicates
that trap losses due to gas collisions give a lifetime in the range
of ~300 to 10° s, depending on the temperature of the gas (see
Methods). The observed confinement of antihydrogen for 1,000 s
is consistent with these estimates. Note that trapping lifetimes of
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Table 1| Summary of antihydrogen confinement-time measurements.

Confinement time (s) 0.4 10.4 50.4 180 600 1,000 2,000
Number of attempts 19 6 13 32 12 16 3
Detected events 76 6 4 14 4 7 1
Estimated background 0.17 0.01 0.02 0.05 0.02 0.02 0.004
Statistical significance (o) >20 8.0 5.7 n 5.8 8.0 2.6
Trapped antihydrogens per attempt 1.134+0.13 1.76+£0.72 0.544+0.26 0.77+0.21 0.59+0.29 0.77+0.29 0.59+0.59
a 25 99% of trapped antihydrogen atoms will be in the ground state
after 0.5s (see Methods). Therefore, our observed long trapping
2 20b times of >>1s imply that most anti-atoms reach the ground state
5 before being released, indicating that a sample of ground-state
% 15k antihydrogen atoms has been obtained for the first time.
§ We now turn to considerations of the energy distribution and
= the orbital dynamics of trapped antihydrogen. Information on the
® 10 energy distribution is essential in understanding the antihydrogen
g i trapping mechanism. In addition, knowledge of the orbital
= 05r dynamics will be important in the realization of spectroscopic
measurements, because the anti-atoms will typically overlap with
05 500 1000 1500 2,000 the resonant radiation in only a small region of the trap volume.
Confinement time (s) Shown in Fig. 3a are experimental and simulated plots of
time (¢) versus axial position (z) of the annihilations of released
b 800 antihydrogen. Annihilation time ¢ is measured from the start of trap
g | - shutdown. A simulation of 40,000 trapped antihydrogen atoms (see
g 75 - - below) is compared with experimental data for 309 annihilation
= 5.0 events detected by the silicon vertex detector. These data include
& 25 " both the events from the long-confinement measurement (Table 1)
0% 500 1000 1500 2,000 and events collected under wider variations of plasma conditions.

Confinement time (s)

Figure 2 | Long-time confinement of antihydrogen. a, Antihydrogen
trapping rate (the number of trapped antihydrogen atoms per attempt), as
a function of confinement time. An antihydrogen detection efficiency of
0.57+0.06, derived from an independent calibration, is assumed. The
error bars represent uncertainties from counting statistics only
(propagated from the square root of the observed event numbers). Scatter
within subsets of the data indicates the presence of a systematic
uncertainty at the level of £0.2 in the trapping rate, which is not explicitly
included; this does not affect our conclusions, or our claims of statistical
significance. b, The statistical significance of the observed signal against
the (cosmic-ray) background-only hypothesis, expressed in terms of the
number of Gaussian standard deviations for a one-sided limit. The point for
0.4s (>200) is off scale, and is thus not shown.

10-30 min are reported for cryogenic magnetic traps for matter
atoms, comparable to our observations, and that collisions with the
background gas are cited as the likely dominant loss mechanism'®1?,
Precision laser and microwave spectroscopy will probably
require ground-state anti-atoms, and hence estimation of the
quantum-state distribution of antihydrogen is of considerable
importance®®. In all previous work involving untrapped atoms
only highly excited states have been experimentally identified.
Antihydrogen atoms produced by the three-body process
(involving two positrons and an antiproton)*"*? are created in
excited states. De-excitation to the ground state takes place through
cascades involving radiative and collisional (that is, between the
atom and a positron) processes. The slowest radiative cascade
proceeds through circular states (that is [ =n — 1, where / and
n are the orbital angular momentum and principal quantum
numbers, respectively), which enables us to estimate an upper
limit for the cascade time. Our calculations on the basis of semi-
classical quantization of energy and radiative rates, including the
effect of blackbody radiation, show conservatively that more than
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Figure 3b—d shows projections of these data onto the ¢ and z axes.
For detailed comparison with simulations, we select events with
—200mm < z < 200 mm, and ¢ < 30 ms, taking into account the
detector solid angle and the trap shutdown time. We also restrict
the analysis to confinement times < 1 s, because longer times are not
modelled in the simulations, resulting in 273 annihilation events.

We developed a simulation-based theoretical model to investi-
gate the trapping dynamics and the release process (see Methods).
Our simulations start with ground-state antihydrogen atoms with
a distribution of initial kinetic energies E. Other than E, our
simulations have no adjustable parameters, and use only a set
of parameters chosen a priori that describe the experiment. The
antihydrogen energy is an important input to the simulations, as it
has been the subject of some controversy. Early experiments using
conventional plasma-merging schemes*** as well as corresponding
theoretical calculations®® suggested that antihydrogen atoms in
those experiments were formed epithermally with kinetic energies
that were substantially higher than the positron temperatures. Un-
der such conditions, a vanishing fraction of the antihydrogen atoms
would have trappable energies. (See ref. 39 for an alternative inter-
pretation of the data.) In most of the simulations presented here, we
assumed that antiprotons are thermalized in the positron plasma at
a temperature of T, = 54 K before antihydrogen formation takes
place. (This is referred to as the standard simulation; see Fig. 4a—d
for its dynamical characteristics.) The assumption of thermalized
production may be justified by the low kinetic energies of the
antiprotons in our autoresonant mixing procedure?*. Figure 4b
shows the initial kinetic-energy distribution f(E), for simulated
antihydrogen atoms that were trapped and then released to hit the
trap walls. The main part of the distribution is characterized by a
function f~ E'/2, that is, the tail of a three-dimensional Maxwell—
Boltzmann distribution. The shape of this tail is independent of
T,. as long as E < kT,.. The contribution of the positron-plasma
rotational energy to the total kinetic energy is negligible in the
present case (see Methods).
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Figure 3 | Antihydrogen annihilation patterns and comparisons with simulations. a, Time t and axial z distribution of annihilations on release of
antihydrogen from the magnetic trap for different confinement times (see legend), and comparison with simulation (grey dots). The simulation includes
the effects of the annihilation-detection z-position resolution (~5 mm) and the detection efficiency as a function of z, both determined from a dedicated
detector Monte Carlo study. b, Comparison of the t distributions between the data (red circles with error bars), and simulations of trapped antihydrogen
with various initial energy distributions (histograms). The error bars for the data represent the counting error (vertical) and the bin size (horizontal). Our
time resolution is much less than 1ms. The blue filled histogram represents our standard simulation, whose detailed dynamics are presented in Fig. 4. See
Fig. 4b for the corresponding energy distribution. ¢, Comparison of the data with the standard simulation, shown on a log scale. d, Comparison of the
annihilation position z between the data (red circles with error bars) and various simulations (histograms). The vertical error bars represent counting
statistics whereas the horizontal ones represent the bin size of 25 mm. The same colour code as used in b applies. e, Predicted z distribution for an
anisotropic energy distribution with an axial energy of ~1mK and a radial energy of ~0.5K (red), compared with that of the standard (isotropic) energy
distribution (blue filled histogram), suggesting the possibility of direction-sensitive determination of antihydrogen energies (see the text).

Atoms with kinetic energy E greater than the trap depth can
be temporarily confined in a trap when E is shared between the
degrees of freedom. These quasi-trapped orbits, well known for
magnetically trapped neutrons, could be stable for many seconds.
The population (~10%) above the 0.54 K trap depth in Fig. 4b rep-
resents the simulated atoms trapped in these quasi-confined orbits.

During the release of atoms from the trap, the hierarchy of
relevant timescales in our model results in notable consequences
for the dynamics: Tpi > Tshut > Taxial > Tradial, Where Ty ~ 9 ms
is the e-folding time of the currents in the magnetic trap during
shutdown, T, ~ a few milliseconds is the characteristic period
for the antihydrogen axial (along Z) motion, Ty, ~ a few tenths
of a millisecond is that for radial (transverse to Z) motion and
Tmix > ~1 s is the timescale for coupling between the axial and radial
motions, as observed in the simulations.

Figure 4 shows characteristics of the simulated antihydrogen
dynamics for the standard simulation. Figure 4a gives the mapping
of the simulated annihilation time t to the initial energy E, the
quantity of interest. The mapping includes the effect of adiabatic
cooling, which is expected from the relation Ty > Taxial> Tradial- It
is instructive to analyse the axial and radial degrees of freedom
separately, because T, > Ty (that is, they are largely decoupled
on the timescale of the shutdown). Figure 4c shows the initial axial
(Ey) and radial (E.q) energies as a function of t. The fact that
t is largely correlated with E,q4 instead of E,; can be understood
as follows. During trap shutdown, both the mirror (B,) and
octupole (B,) fields decay with a time constant of 7y, ~ 9 ms.
Whereas the axial well depth D,, follows Biror, the radial depth
Dra (proportional to [Bee® + Byi?]'/? — By, Where By = 1T is
the static solenoidal base field) decays as ~B,y* with a time
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Figure 4 | Dynamics of trapped antihydrogen from the standard
simulation. a, Blue dots: A scatter plot of the initial antihydrogen kinetic
energy E versus the time t at which the atom collides with the trap walls,
providing the mapping between t and E in our measurements. Energies are
given in units of temperature. Red lines: The time evolution of the axial trap
well depth D4y (solid) and of the radial well depth D,,4 (dashed), which
decay with time constants of ~9 ms and ~4.5 ms, respectively, after the
release is initiated. b, Filled histogram: Distribution of the initial kinetic
energy of trapped antihydrogen. The vertical dashed line represents our
trap depth of 0.54 K, above which the population is quasi-trapped. Green
line: Power law showing E'/2 associated with the tail of a
Maxwell-Boltzmann distribution. Red histogram: Distribution of
antihydrogen kinetic energy E; at the time of annihilation on the trap walls.
¢, Scatter plot showing the axial and radial components of the initial
antihydrogen kinetic energies versus the annihilation time t. Blue dots show
the radial energy Eraq = (1/2)mp (v, + vyz), and red dots show the axial
energy Eay = (1/2)myv,2, where vy, vy and v; are £,§ and 2 components of
the velocity, respectively, and my is the mass of the antihydrogen atom.

d, Axial and radial components of the initial antihydrogen kinetic energies
versus annihilation position, z. The same colour scheme as in ¢ applies.

constant Ty, /2 ~ 4.5 ms for small B, (Fig. 4a). This implies that
antihydrogen atoms are released radially; that is, the radial motion
becomes unconfined before the axial motion, providing a direct
relationship between E,.q and D,,q4. Note that the difference between
the time constant for D,,4 ~ 4.5 ms (Fig. 4a dashed line) and that for
E,.q ~ 6 ms (blue dots in Fig. 4¢) is due to adiabatic cooling.

Whereas it is intuitive that there is some correlation between ¢
and E, it is perhaps less obvious that the annihilation position z
should exhibit sensitivity to E (as seen in Fig. 3d). This sensitivity
comes mostly from the correlation between E,; and z. Figure 4d
shows such a correlation, which roughly maps the axial well-depth
profile (Fig. 1c). This is because only atoms with large enough
E,x can climb up the axial potential hills before being released
radially from the well. Thus, our simulations suggest that the ¢ and
z distributions have largely orthogonal sensitivities to E.,q and E,,
the implications of which will be discussed below.

We now compare the predicted ¢ and z distributions with
the data. The distributions from the standard simulation are
shown as filled histograms in Fig. 3b,d. We also show predicted ¢
and z distributions from simulations with thermal antihydrogen
distributions at temperatures of 100 mK and 10 mK, as well as
for distributions involving only the quasi-trapped population.
Our experimental data (points with error bars in Fig. 3) are in
good agreement with the standard simulation, but are clearly
incompatible with the lower-energy distributions. Also, the data
do not support a scenario wherein a large fraction of atoms are
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confined to quasi-trapped orbits (Fig. 3b,d). Given that there are no
fit parameters in our standard simulation, the agreement between
simulated and experimental results evident in Fig. 3 supports the
validity of the basic picture of antihydrogen dynamics presented
above, which includes a thermal distribution (at the positron
temperature) for the initial antihydrogen energy f(E) (Fig. 4b)
and the calculated energy-time mapping including the effect of
adiabatic cooling (Fig. 4a). The exponential tail of the simulated
t distribution (Fig. 3c) reflects the E'/> power law of a thermal
distribution, and its agreement with the data implies that our model
is valid down to very low energies. It should be noted, however, that
our current observations do not rule out a thermal and isotropic
distribution of antihydrogen with a temperature higher than that
of the positrons. If antihydrogen production is indeed thermal at
T,., as assumed here, the trappable fraction will scale as ~T,, /2,
pointing to the importance of reducing T, to increase trapping
rates. (Note that lower T,, does not necessarily help if antihydrogen
production is epithermal and anisotropic, as suggested in earlier
work with conventional mixing schemes*>*.)

The kinetic energies with which antihydrogen atoms collide with
the trap walls (Ef) are predicted to be very small, significantly lower
than the initial energies E, owing to the adiabatic cooling and the
conversion of kinetic to potential energy near the trap walls (see
f (Ef) in Fig. 4b). This suggests the possibility of realizing a very cold
source of spin-polarized antihydrogen by slowly ramping down one
of the confining magnets.

The orthogonal sensitivity of our experiment to E, and
E.q discussed above suggests the possibility of measuring a
direction-dependent temperature distribution. Figure 3e illustrates
this idea. The red histogram shows the z distribution for trapped
antihydrogen that has an anisotropic energy distribution with
E, ~ 1mK but E,q ~ 0.5K. The predicted z distribution is
strongly peaked as compared with the standard simulation (filled
histogram), because the low-E,, atoms cannot climb the axial
potential hill. Such anisotropic temperature distributions might be
realized, for example, by cooling in one dimension, either through
laser or adiabatic cooling'. Note that the predicted ¢ distributions
are similar for the two energy distributions shown in Fig. 3e, hence z
resolution is needed to distinguish them. It is the position-sensitive
detection of atom losses, a distinctive feature of antimatter atom
traps, that provides sensitivity to anisotropic energy distributions.

In this Article, we have reported the first systematic studies
of trapped antihydrogen. The findings can be summarized as
follows. (1) We have demonstrated confinement of antihydrogen
atoms for 1,000s. Our calculations show that these atoms are
very probably in the atomic ground state after ~1s, providing
the first indication that anti-atoms have been prepared in the
ground state, as required for precision spectroscopy. (2) From
the distributions of annihilations in time and position of the
released anti-atoms, information on the kinetic-energy distribution
of the trapped antihydrogen was obtained for the first time.
Our data are consistent with a model in which antihydrogen
is produced from antiprotons thermalized in a positron plasma.
Furthermore, from our detailed simulation studies, several features
of trapping dynamics have been identified, including the possibility
of measuring anisotropic energy distributions.

The implications of long-time confinement are very significant
for future experiments with antimatter atoms. In antihydrogen
spectroscopy, the total atomic excitation rate scales as Dy (I.q)"
for an n-photon process, where Dy is the density of anti-atoms
and I,q the radiation intensity. The long confinement we observe
dramatically reduces the required level of both Dy and I,,4 because
the anti-atoms can be interrogated for a longer time period f..
Combined with the increased trapping rate, our observations
amount to an increase in the figure of merit Dy, by more than four
orders of magnitude relative to our previously published work'.
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Similarly, for laser cooling, the cooling rate scales as I,,4". The long
confinement time makes it plausible to envisage significant cooling
even with existing (relatively weak) radiation sources'""!? by cooling
atoms for a long period of time (in the absence of a strong heating
mechanism). Adiabatic cooling, possibly in one dimension'?, could
further reduce antihydrogen temperatures to the submillikelvin
range, where gravitational effects will be significant. The work
reported here is a substantial step towards such fundamental studies
with atomic antimatter.

Methods

Detector and analysis. The readout of the Si detector is initiated (‘triggered’) by
coincidence signals from two or more particles hitting the inner-layer detector,
which is segmented into 32 submodules. Once triggered, an acquisition system
controlled by a field-programmable gate array collects information on the amount
of charge registered in each of 30,000 strips in the detector. This information is then
recorded in high-channel-density (48-channel) flash analog-to-digital convertors
and written on a disc at a rate of 500 events per second via a VME bus. The data
recorded on the disc are processed off-line. The strips registering charges greater
than a threshold value are considered to have been ‘hit’. The hit thresholds are
calculated for each strip, using the real data to correct for any fluctuations in the
noise level. If more than one adjacent strip is hit, they are formed into a cluster of
hits, and the average position, weighted by the charges, is used to determine the hit
position. Each event produces an ensemble of hits. A pattern recognition algorithm
identifies a ‘track’, a helical trajectory of a charged particle in a magnetic field, and
an annihilation position, or ‘vertex’, is determined from two or more tracks. The
vertex reconstruction algorithm has been improved since our previous analyses'®*
and the identification efficiency for antiproton annihilation vertices has increased
by 21% to give a detection efficiency of 57 £ 6%. Our main detector background
is due to cosmic rays, and they are discriminated through event topology at a
99.5% rejection efficiency®. The remaining 0.5% constitutes a background for the
annihilation detection at a rate of 4.7+0.2 x 107257, or 1.440.1 x 10~° counts
within the 30 ms detection time window per trapping attempt. This is consistent
with the rate measured in a control experiment where the positrons were heated'®
to suppress antihydrogen production and trapping, as well as that obtained from
events observed with times ¢ > 50 ms after the initiation of trap shutdown. The
event-selection criteria have been determined without direct reference to the
neutral trapping data, to avoid experimenter bias™.

Trapping-lifetime estimate. We infer our background gas densities from the
antiproton lifetime of the order of 15,000 s measured under similar conditions. In
the energy range 10-1,000 K the antiproton—atom annihilation cross-section can
be approximated by the Langevin form
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where « is the polarizability of the neutral particle, E. the collision energy,
e the elementary charge and ¢, the permittivity in vacuum. Using this form,
we obtain a density of the order of 5 x 10'°m~* for He and H,, independent
of the gas temperature, or 7 x 10™'* mbar for an ideal gas at 10 K. Note that
no significant number of bare charged particles or ions should be present
during the confinement.

It is difficult to quantify the temperature of background gases in our
apparatus, as there is a direct vacuum path linking the cryogenic trapping region to
the room-temperature components. Therefore, we report here a range of loss rates,
corresponding to gas temperatures of 10 K-100 K.

The antihydrogen—He elastic cross-section was calculated using the adiabatic
potential in ref. 46. Annihilation, which mainly occurs through the formation of
a metastable antiproton—He nucleus, was obtained using the methods in ref. 47
extended to higher energies. For antihydrogen—H, collisions no calculations exist in
the relevant energy range, but at lower*® and higher*’ energies cross-sections are of
a similar order of magnitude to those for antihydrogen—He scattering.

We obtain a lifetime against annihilation of ~10° s at a background gas
temperature of 10 K and ~10* s at 10 K. Losses by heating through elastic collisions
with the background gas dominate if the gas is warmer than about 100 K, which
gives a heating rate of 0.002 K's™!, whereas for a colder background gas the rate
drops to 5 x 107° Ks™! at 10 K. Thus an antihydrogen atom heats by 0.5K on a
timescale between 300 and 10° s. Our measurement of trapped antihydrogen energy
distributions (see Fig. 3) should in principle be sensitive to collisional heating.
However, the statistics on the current data with longer storage times preclude
identification of such an effect.

Atomic-cascade calculation. To accurately calculate the radiative cascade of excited
antihydrogen atoms, the quantum decay rates between all states in a strong field
would need to be obtained™. In ref. 50 it was calculated that a complete Im mixture
for n=35 had 90% of the population in the ground state after approximately 25 ms.
To be conservative, we consider the most pessimistic (slowest) possible decay

path. The important trends are: states with higher principal quantum number
decay more slowly and states with higher angular momentum decay more slowly.
Therefore, we modelled the decay of a low-field-seeking, circular state ina 1 T field
for n=>55. The binding energy of this state is shifted from the B=0 value of 52 K to
approximately 9 K because of the magnetic field. This state is probably too weakly
bound to survive the electric fields of our trap, thus we expect our trapped atoms
to decay more quickly than this state. We solved for the quantum decay rates in

a 1 T field; the quantum decay rates are somewhat higher than for B=0 because
the energy-level spacings are greater in a magnetic field. We numerically solved
the coupled rate equations and found that, when we did not include black-body
radiation, more than 95% of the population was in the ground state by 300 ms and
more than 99.5% of the population was in the ground state by 400 ms. We estimate
that our atoms experience black-body radiation with a temperature between 10 K
and 100 K. When including the effects of black-body radiation, we found that more
than 99% of the population was in the ground state by 500 ms.

Antihydrogen simulation. We simulated the motion of the antihydrogen atoms in
our trap through a direct numerical solution of the classical equations of motion
for the atom in the ground state. The equations of motion were propagated using a
fourth-order, adaptive-step-size Runge—Kutta algorithm. The atoms were created
uniformly where the positron density was non-zero and with an initial velocity
chosen from a Maxwell-Boltzmann velocity distribution in three dimensions.
We enabled the atoms to propagate through the trap for ~200 ms before the
shutdown. The duration of the propagation is randomized by 20 ms to avoid
any spurious effects arising from a fixed time period. In the simulations reported
here, the contribution of the positron plasma rotation energy to the antihydrogen
kinetic energy is ignored, because the former is of the order of 2K at the plasma
edge, compared with the assumed positron thermal energy of T, = 54K for our
standard simulation (the fact that the effect of the rotation energy is negligible
was checked in a separate simulation). This temperature is sufficiently close to
the measured value of ~40 K; a small change in T,; does not affect the dynamics,
as long as T,; > 0.54 K (our trap depth). The magnetic fields were modelled by
accurately fitting the magnetic field from each of the mirror coils and the octupole
coils separately. The measured current in the coils, and the calculated effects of the
eddy currents in the Penning trap electrodes, were used to obtain the decay curves
of the magnetic fields. To compute the force on the atoms, the gradient of the
magnitude of the magnetic field was calculated using a symmetrical two-point finite
difference; we ensured the accuracy of this step by checking energy conservation of
the motion before the trap shutdown.

The adaptive step-size algorithm can sometimes enable the atom to move
a few millimetres or more during one step, which can lead to inaccuracies in
determining when and where the antihydrogen hits matter; we decreased the
step size when the atom was near the wall so that a time step would not take the
atom deeply into matter.

The simulation results reported in this Article were obtained by assuming
ground-state antihydrogen, but we also checked whether the cascade cooling of
refs 51,52 would affect the t and z distributions for antihydrogen annihilations on
release from the trap. For this study, the atoms were started in an n=230 state and we
solved their motion including random radiative decay. We found that more atoms
were trapped as seen in refs 51,52, but did not find a discernible change (within our
experimental accuracies) in the ¢ and z distributions. This is because, at the end
of the cascade, the shape of the energy distribution of the trapped antihydrogen is
similar to the no-cascade case, following the E 12 power law.
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