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Adiabatic expansion cooling of antihydrogen
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Magnetically trapped antihydrogen atoms can be cooled by expanding the volume of the trap in which they are
confined. We report a proof-of-principle experiment in which antiatoms are deliberately released from expanded
and static traps. Antiatoms escape at an average trap depth of 0.08 4+ 0.01 K (statistical errors only) from
the expanded trap while they escape at average depths of 0.22 +0.01 and 0.17 & 0.01 K from two different
static traps. (We employ temperature-equivalent energy units.) Detailed simulations qualitatively agree with
the escape times measured in the experiment and show a decrease of 38% (statistical error < 0.2%) in the
mean energy of the population after the trap expansion without significantly increasing antiatom loss compared
to typical static confinement protocols. This change is bracketed by the predictions of one-dimensional and
three-dimensional semianalytic adiabatic expansion models. These experimental, simulational, and model results
are consistent with obtaining an adiabatically cooled population of antihydrogen atoms that partially exchanged
energy between axial and transverse degrees of freedom during the trap expansion. This result is important for
future antihydrogen gravitational experiments which rely on adiabatic cooling, and it will enable antihydrogen
cooling beyond the fundamental limits of laser cooling.

DOI: 10.1103/PhysRevResearch.6.1.032065

Adiabatic manipulations have been demonstrated in neutral
atom trapping, for example, in Bose-Einstein condensation
where adiabatic compression increases collision rates prior
to evaporative cooling [1], in optical lattices [2,3], and in
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FIG. 1. The ALPHA-2 apparatus. Penning-Malmberg trap elec-
trodes (yellow) confine antiprotons and positrons axially. Ioffe-
Pritchard trap magnets: Mirrors A-E (blue), octupole (red), and
solenoids A and B (green). A silicon vertex detector (SVD) (not
shown) surrounds these magnets and counts H annihilating when
escaping the trap. A 1-T solenoid (not shown) produces a uniform
axial magnetic field over this whole region, and surrounds the SVD.
The radius-to-length scale is increased for clarity.

magnetic trap filling can increase the number of stored neu-
trons [4]. The temperature of charged plasmas, including
antimatter plasmas of antiprotons [5] and positrons [6], is
routinely reduced via adiabatic manipulations of electric po-
tentials [7]. In this Letter, we demonstrate adiabatic expansion
cooling of antimatter atoms.

The ALPHA collaboration at CERN studies the funda-
mental properties of antihydrogen (H) atoms [8—117; all such
properties can be better measured with colder antiatoms. Al-
though adiabatic expansion does not result in phase-space
cooling, it does reduce velocity which is beneficial in these
experiments. For instance, the precision of H spectroscopy
measurements will improve by reducing the H velocity paral-
lel and perpendicular to the spectroscopy laser beam, thereby
suppressing Doppler broadening [8,9], and transit-time broad-
ening [10], respectively. Lower H energies permit atom
confinement in shallower traps, which will increase the sen-
sitivity of measurements of the charge neutrality [11] and
gravitational interactions [12] of H. In addition, H could be
laser cooled [13] in a small magnetic volume, and then adia-
batic expansion cooled, yielding lower-energy H than can be
obtained with either technique individually.

For this study, H was produced by combining antipro-
ton and positron plasmas, confined in adjacent Penning-
Malmberg wells [14]. The resultant H is confined in a
superimposed loffe-Pritchard trap (Fig. 1); the required radial
magnetic minimum is created by an octupole magnet while the
axial minimum is created by a set of five axially spaced mirror
coils and two end solenoids. Low-field-seeking ground-state
H’s are confined in a potential,

Ux,1) = up(|B(X, 1)| — [B(Xmin, 1)), ey

and experience a force mx = —VU, where B(x,t) is the
magnetic field, upg is the Bohr magneton, m is the H mass,
and Xp;, is the location of the minimum magnetic potential
within the trap volume. This potential confines H with energy
below the magnetic potential depth of approximately 0.5 K.
We use temperature-equivalent energy units in this Letter, i.e.,
T = U/kg, where kg is the Boltzmann constant.

When confined in the magnetic potential, an H’s phase-
space volume is conserved if U(x,t) is changed slowly,

ie., if
d
Thounce EU(X’ t) < U(X, t)a (2)

where Thounce ~ 10 ms is the typical duration of an axial tran-
sit for an uncooled H. When this condition is met, an H’s
energy should decrease as its trapping volume and associated
trajectory lengths increase, thereby achieving adiabatic expan-
sion cooling.

Generally, the extent of overall energy decrease depends on
the coupling between degrees of freedom. In many systems,
collisions couple particle degrees of freedom, so adiabatically
cooling one dimension can cool in all dimensions [5]. In the
ALPHA experiment, however, the extremely low density of
trapped H (~1 atom per cubic centimeter) and the extremely
good (<10~ mbar) vacuum conditions reduce collisions to a
negligible level [15]. As a result, any energy mixing between
dimensions must be caused by single-particle orbit trajectory
dynamics due to details of the magnetic field gradients in the
trap [16].

After performing our expansion technique, we deliberately
release trapped H populations, resulting in annihilations that
can be resolved in time and compared to detailed trajectory
simulations. In this Letter, we show that simulated and experi-
mental annihilation-time distributions agree qualitatively, and
consequently, we can infer the H energy from these simula-
tions. Further, we present calculations using two semianalytic
adiabatic models which make limiting assumptions about the
exchange of energies between degrees of freedom. These
calculations bound the simulated energy decrease and show
that the experimental and simulational results are consistent
with adiabatic cooling of an H population that partially ex-
changes axial and transverse energy components during the
expansion.

For this study, we conducted three interleaved experimental
trials in which we released a population of H: (A) after an
axial adiabatic expansion, (B) after a hold in the initial, unex-
panded trap, and (C) after a hold in a static trap nearly identical
to the final state of (A). Figure 2 shows the time evolution of
the on-axis magnetic potential for each trial from H formation
at t < —24 s up to the onset of trap release at t = 0 s. Each
trial consisted of ramping to the trial’s initial magnetic trap-
ping potential, forming H, then waiting 1 s before ramping
solenoid A (which was used to increase the magnetic field in
the particle preparation region) from full field to zero field
in 5s. Due to details of the Penning-Malmberg trap geom-
etry, the center of H formation is limited to discrete axial
locations. For trial A, the initial well was a short magnetic
trap between mirrors A and C, with D and E also energized,
resulting in a trap depth of 0.48 K. H was formed as close to
the trap minimum as possible (Fig. 2) at a magnetic potential
~0.03 K above the bottom of the trap. After H formation,
first mirror C and then mirror D were linearly deenergized to
cause a largely axial trap expansion over ~24 s. (There was
also a small amount of unavoidable radial compression in this
trial.) Trial B formed H in the same initial trapping poten-
tial as trial A, but left the potential largely fixed for ~24 s.
Trial € mimicked H production and trapping typical of the
ALPHA spectroscopy experiments conducted in Ref. [14];
this involved energizing mirror B with a small negative
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FIG. 2. On-axis (r = 0) magnetic potential, U(x,t), at five
equally spaced times (different colors) from ¢t = —24 s to the start of
the octupole ramp-down at t = 0 s during adiabatic expansion trial
A, control trial B, and control trial C. Antihydrogen is formed at
t < —24 s, centered at the location indicated by the black arrow.

current, resulting in a total trap depth of 0.49 K, and initial-
izing H at a different location (Fig. 2) at an on-axis potential
of ~0.01 K. Mirror B was then linearly deenergized over the
course of trial € to release H from the same postexpansion
potential of trial A. During the expansion or control hold for
each trial, changes in trap depth were negligible (<0.02 K).

After expanding or holding, we linearly ramped the oc-
tupole from its full field to zero field from t =0s to t ~
1.5 s in all trials, causing all remaining antiatoms to annihi-
late on the trap walls. H annihilation events were identified
through analysis of events from ALPHA’s silicon vertex de-
tector [17,18] and recorded with a time uncertainty of ~2 us.
Annihilation counts presented here have not been scaled by
detector efficiency (67.6 & 0.3%) nor corrected for cosmic
background counts (53 = 4) x 1073 s,

Each trial was conducted 13 times. Figure 3 shows the
annihilation-time histograms during the octupole ramp-down
for each trial. Because the trap depth decreases monotonically
during this operation, H annihilation time here serves as an
imprecise energy diagnostic by establishing a lower bound on
the energy of each released antiatom. The average magnetic
trap depth at the time of annihilation for trial A events is
0.08 £0.01 K, compared to 0.22 +0.01 and 0.17 £0.01 K
(statistical errors only) for trials B and C, respectively, mean-
ing the H subject to the adiabatic cooling protocol have less
energy at the end than those of the control trials.

We simulate H trajectories using methods similar to
Ref. [16]. A second-order symplectic Leapfrog integrator with
a fixed 3.5 us time step gives the solution to the H equa-
tions of motion. The fields from the mirror coils and octupole
are calculated using approximate analytic models [19], and
the field from solenoid A is given by an off-axis expansion
method [20]. Initial antiatom positions are randomly sampled
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FIG. 3. Annihilation-time histograms (black bars) during oc-
tupole ramp-down for the three experimental trials: Adiabatic
expansion trial A (111 counts), control trial B (112 counts), and
control trial € (77 counts). The upper x axis is the depth of the
magnetic trapping potential at the time on the lower x axis for
each trial (note that this mapping is monotonic, but nonlinear and
is different for B compared to A and C due to the difference in
trapping potential at + = 0s). The red line shows the simulated
annihilation time distribution for each trial, normalized to the area of
the experimental annihilation histogram. Total simulated counts (that
survive until r = 0 s) for trials A, B, and € are 179 631, 180 553, and
175 399, respectively. Green error bars are standard counting errors
for the experimental data; similar error bars are not visible on this
scale for the simulated data.

from an ellipsoidal uniform distribution of length 10 mm and
radius 0.8 mm centered at the locations shown in Fig. 2 and
mimicking the positron plasma spatial distribution. H velocity
is sampled from a thermal distribution with temperature 50 K.
Antiatoms are initialized in high principal quantum number
states and allowed to cascade to the ground state through
circular transitions as in Ref. [21]. Of 200 000 antiatoms
remaining after 1 s, in the smaller initial trap volume of tri-
als A and B, ~85% have energy less than the trap depth,
while the remaining ~15%, known as quasitrapped antiatoms
[22,23], are confined with total energy greater than the trap
depth. For the larger initial potential of trial C, the number of
quasitrapped antiatoms is ~20%.

The simulated annihilation-time distributions of the three
experimental trials during the octupole ramp-down, shown
in red in Fig. 3, are in qualitative agreement with the ex-
perimental data. The average magnetic trap depth at the
simulated annihilation time is 0.11 K for trial A, compared
to 0.25 and 0.20 K for trials B and C, respectively (statistical
errors < 0.001 K), which are similar to the equivalent quan-
tities calculated using the experimental annihilation times.
The simulations predict 10.2%, 9.7%, and 12.3% of the H
population remaining after 1 s annihilate during the expan-
sion or hold period in trials A, B, and C, respectively. In
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FIG. 4. Ensemble-averaged total energy (E) (top curve set),
transverse energy (E,) (middle curve set), and axial energy (E;)
(bottom curve set), for simulated H trajectories as a function of time
relative to the start of the octupole ramp-down (¢t = 0 s) for trials A
(solid blue), B (dashed green), and € (dotted magenta).

the equivalent experimental period, we observe no excess of
counts during trial A compared to trials B and C. In addition,
we observe no significant difference in the number of experi-
mental counts for > 0 s in trials A and B (in which H was
formed in the same magnetic potential). As a result, loss of
high-energy quasitrapped H does not contribute significantly
to the difference in average magnetic trap depth at annihilation
time in the three trials.

We determine the simulated antiatoms’ axial, £}, and trans-
verse, E |, energy components when they cross the axial
magnetic minimum as in Ref. [16]. The total energy is E =
E| + E). Figure 4 shows the time evolution of the ensem-
ble means of these energy components ((E), (E}), (E1)) up
to the octupole ramp-down at + = 0 s. Simulated antiatoms
that escape before + = 0 s are excluded from the means to
remove the effect of any energy decrease due to the loss of
high-energy quasitrapped antiatoms, thus isolating the effect
of adiabatic changes in mean energy. In the simulation of adia-
batic expansion trial A, (E') decreased by 38%, (E) decreased
by 68%, and (E ) decreased (due to energy mixing) by 14%
(statistical errors all <0.2%). The component means (Ej)
and (E, ) do not equally reduce, showing that the antiatoms’
degrees of freedom are not equilibrated at the end of the
expansion. These values remained nearly constant throughout
trials B and C, but the small shifts observed are consistent
with adiabatic changes due to the minor magnet ramps that
occurred (see earlier text). The simulated energy decrease in
trial A is less than would be estimated by comparing the
average magnetic trap depths at annihilation time for trials A
and B since annihilation time in this experiment is signifi-
cantly correlated with both £} and E| due to a combination of
adiabatic cooling, energy mixing, and details of the changing
magnetic fields, all taking place during the ramp-down as
detailed in Ref. [24].

Just prior to the octupole ramp-down (7 ~ —50 ms), the
distributions of total energy for the simulated antiatoms,
fLE(ts)], shown in Fig. 5, have means of 0.22, 0.36, and
0.35 K (statistical errors < 0.0003 K) for trials A, B, and C,
respectively. We employ the method developed in Ref. [19] to

SfE()] (arb. units)

0.0 0.2

04 0.6 0.8
E(ty) (K)

FIG. 5. Energy distribution function f[E ()] just prior to oc-
tupole ramp-down at ¢ &~ —50 ms sampled from the simulation (red
histogram) and reconstructed (see text) from experimental annihila-
tion times (black solid curve) for trials A, B, and €. The area of each
distribution is normalized to 1.

reconstruct the f[E(f7)] that is most consistent with the ob-
served experimental annihilation-time distribution, f(z,), by
performing the integral f[E(t7)] = fooo PIE(t7|t)]f (ta)d1s,
where P[E(t]t,)] is the probability for an antiatom to have
energy E(ty) given that it is annihilated at z,. The integral
is approximated by randomly sampling 100 simulated counts
within 50 ms of an experimental #,; the E(¢;) of the sampled
counts for all experimental #, are aggregated to form f[E (¢/)].
The respective reconstructed means are 0.18 +0.01, 0.33 +
0.01, and 0.30 £ 0.01 K (statistical errors only), showing that,
under the assumption that the experimental and simulated
P[E(tf|ts)] is the same, the experimentally observed annihila-
tion distribution is consistent with a similar degree of energy
reduction as in the simulations.

We have also compared the simulation results against
semianalytic adiabatic expansion models which assume that
Eq. (2) is satisfied, that the adiabatic invariant I = f p-d
(where p is the antiatom momentum and dl is the infinitesimal
change in trajectory length) is conserved for closed orbits, and
that the orbits are periodic when decomposed into orthogonal
coordinates. We can then separate the adiabatic invariant into
components such as I, = ¢ p.(z)dz, that can be calculated
for an antiatom’s orbit between consecutive crossings of the
transverse midplane of the magnetic potential. Under the
assumption that the trap potential changes size in the axial
direction only (broadly the case for trial A), and assuming that
only axial momentum is affected by this, we have model 1,

I? o Ej(t){L.[t; E(t)]}* = const, A3)

where L.[t; Ey(¢)] is the axial trap length accessible by an
antiatom of axial energy Ej(¢) at time 7. Assuming some
process fully equilibrates energy between antiatom degrees
of freedom in all directions during the trap expansion and
trajectory ergodicity leads to model 2,
2
3

I’ x E&){V[t;E(t)]}> = const, 4)

where V[t; E(t)] is the volume that is energetically accessible
to an antiatom with total energy E(¢). Equation (4) is
derived in Ref. [24] and is equivalent to the ergodic adiabatic
invariant applied to chaotic systems in Ref. [25]. We expect
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FIG. 6. Fractional change in energy predicted by adiabatic mod-
els 1 and 2 as a function of initial energy for trials A (solid blue), B
(dashed green), and € (dotted magenta). Energies are plotted up to
the on-axis trap depth at #; for model 1 and the total trap depth at #;
for model 2. The low-energy features in model 2 for trial A are due
to the initial magnetic trapping volume being toroidal for energies
<10 mK (see Refs. [16,24]) and are expected to have little influence
on the distributions discussed here.

[16] that, due to the complex trajectories in our magnetic
potential, energy exchange should be bracketed by these two
models.

We employ a fixed-point iterative method to solve for
the model predictions of the antiatom energy at ¢y given the
energy at ;. For model 1, the iteration equation is

L[t Ey(1)] ’

5
Le[tys Eyx(ty) ®

Eyx1(tr) = Ej (h‘)(

where the subscript k is the iteration step number. [Note
that k does not represent any physical parameter; it indexes
steps towards the converged numeric solutions for Ej(ts).]
An equivalent method is used to calculate E(¢;) from model
2. L,(t,Ey) and V(t,E) are calculated numerically using
U(x,t). We approximate L,(t, E}) as the on-axis trap length
energetically accessible to an antiatom initialized at the axial
magnetic minimum with axial energy E). The solutions to
Eq. (5) (and the model 2 equivalent) are shown in Fig. 6.

Drawing the energy at #; from the simulation, we evaluate
the model-predicted change in energy for each simulated an-
tiatom. Table I shows the ratios of final to initial (E), (Ej),
and (E,) predicted by the two models as well as the full
simulation results for adiabatic expansion trial A. Model 1
assumes no energy exchange between axial and transverse
motion, whereas model 2 assumes full energy equilibration
during the expansion. In model 2 there is a smaller decrease in
axial energy (compared to model 1) and a significant decrease
in transverse energy. The trial A simulated energy decreases
lie between the model results, consistent with an adiabatic
process in which there is partial energy mixing between de-
grees of freedom as is predicted by simulation (see Ref. [16]).

In conclusion, we have demonstrated adiabatic cool-
ing of H atoms confined within the ALPHA neutral atom
traps. We have shown that the experimentally observed
annihilation-time distributions are qualitatively consistent
with simulations, which predict a 38% total energy de-
crease with a 68% decrease in axial energy (statistical errors
< 0.2%) resulting from adiabatic cooling.

TABLE I. Percent change of ensemble-averaged energies for the
trial A simulation and the two adiabatic models (1 and 2) from the
start to the end of the expansion. All errors on the ratios propagated
from the standard error on the means are <0.2%.

(EL(tf)

(E(tf)) (Ey(tr))

(E(1) (%) (E) @) (%) (EL (1)) (%)
Simulation 62 32 86
Model 1 66 24 100
Model 2 60 45 71

Beyond cooling, the simulations and the experimental data
demonstrated here increase confidence in the use of the sim-
ulation in other contexts to predict the details of the H orbit
dynamics. Understanding these details will be necessary to
fully analyze the experiments, and highlights the importance
of planned future experiments to benchmark simulated H en-
ergy mixing dynamics.

Larger changes in trap volume will result in greater cool-
ing. For example, an additional radial adiabatic expansion
could be achieved via slow manipulations of the octupole
current. Since this process reduces the trap depth, cooling is
limited by the antiatom loss that can be tolerated. Following
laser cooling of an H population in a well similar to the trial A
initial well to (E') =~ 0.05 K, simulation results (not presented
here) predict that a combined axial and radial expansion pro-
cedure would reduce (E) by 74% with around 23% antiatom
loss; this procedure is predicted to result in significantly more
transverse energy reduction, with (E;) and (E ) reducing by
77% and 73%, respectively. By enabling cooling beyond the
fundamental limits of laser cooling, the work reported in this
Letter provides a route to production of the lowest-energy
antihydrogen atoms trapped to date.
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