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Diagnosing antihydrogen energy distributions using
spatio-temporal annihilation patterns
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Abstract

Precision measurements of the fundamental properties of trapped antihydrogen in the (ALPHA)
experiment at CERN require an accurate determination of the antihdyrogen energy distribu-
tion. We introduce a new diagnostic technique, termed Spatio-Temporal Annihilation Mapping
(STAM), which measures this distribution by exploiting the dynamics of antihydrogen in adia-
batically time-varying magnetic fields. By analyzing the spatial and temporal patterns of annihi-
lations recorded during adiabatic release from magnetic confinement and comparing them with
detailed simulations, we infer the underlying energy distributions. STAM enables the simulta-
neous measurement of axial and transverse energy components, achieving a relative precision of
approximately 10% over a mean energy range of ~10-100 mK in the ALPHA trap. The technique
is applied to both uncooled and laser-cooled antihydrogen populations, with results benchmarked
against established laser-based diagnostics. While laser-based methods provide high-resolution
measurements of the transverse energy and limited sensitivity to the axial component, an accurate
determination of the axial energy remains challenging. In addition to complementing existing
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techniques, STAM is expected to access energy regimes that are currently inaccessible to laser-based
diagnostics due to intrinsic limitations of those methods. These capabilities make STAM broadly
applicable to future high-precision spectroscopic and gravitational studies with antihydrogen.
Furthermore, STAM provides a novel probe of off-axis magnetic field structures, addressing a criti-
cal gap in current magnetometry techniques within the ALPHA experiment.

1. Introduction

The antihydrogen laser physics apparatus (ALPHA) experiment at CERN measures the fundamental
properties of magnetically-trapped antihydrogen (H), e.g. [1-4]. An insufficient understanding of the
trapped H energy distribution is often a significant source of measurement uncertainty in experiments
conducted at ALPHA; for example, in the first direct observation that H is gravitationally attracted to
the Earth [5]. In spectroscopic measurements, the kinetic energy distribution strongly influences the
observed lineshape: when Doppler broadening dominates [1, 2], the lineshape is sensitive to the compo-
nent of the velocity parallel to the spectroscopy laser beam; when transit-time broadening dominates [3,
6], it is instead sensitive to the perpendicular component. This work was conducted in the ALPHA-

2 apparatus, which is primarily used for spectroscopic measurements of H. Gravitational experiments

are carried out in the ALPHA-g apparatus, in which the trap axis is rotated by 90° relative to ALPHA-

2 such that Earth’s gravitational field points along the trap axis. However, due to the similarities between
the H traps, all of the work discussed here is directly applicable to ALPHA-g, aside from the fact that the
spatial resolution with which H annihilations can be reconstructed is significantly lower in ALPHA-g. We
do not expect this to prevent the technique from being useful in ALPHA-g, but assessing its performance
will be a topic of future study.

In ALPHA, H are confined in a magnetic minimum trap, with radial confinement provided by an
octupole magnet and axial confinement by five axially-spaced short-solenoids, which we refer to as mir-
ror coils, and two end solenoids, all shown in figure 1. The total energy of trapped H motion is the sum
of its magnetic potential and kinetic energy. Due to the cylindrical geometry of the trap and the partial
separation of kinetic energy parallel and transverse to the trap axis (discussed in detail in [7]), it is use-
ful to decompose the H energy into components along these degrees of freedom. Throughout this arti-
cle, we refer to these as energy components, noting that this does not constitute a vector decomposition.
We define the axial component along the z direction, chosen to be coaxial with the trap axis, as E| and
the component in the transverse plane as E| . The quantity E| is nearly, though not exactly, aligned with
the spectroscopy laser beam used for precision measurements, as the beam enters the trap at an angle of
2.3° relative to the axis (see figure 1).

Existing techniques currently employed in ALPHA to diagnose the energy of trapped H fall
broadly into two categories: laser-based methods and diagnostics based on controlled magnetic release.
Diagnostics based on controlled magnetic release have previously been used in ALPHA primarily to
extract information about the total energy of the trapped H population [8-10], but thus far have not
provided access to the individual axial and transverse energy components. Laser-based techniques use
short-pulse laser light at 121 nm to excite H into untrapped states, allowing the reconstruction of the
energy component perpendicular to the laser beam by inferring the time-of-flight from on-axis excita-
tion to detected annihilations on the trap wall [11]. In principle, the energy component parallel to the
laser beam can be inferred by sweeping the laser frequency across resonance and fitting the resulting
Doppler-broadened spectrum. In practice, however, the presence of multiple line-broadening mecha-
nisms complicates this approach, preventing a straightforward determination of the parallel energy com-
ponent [11]. Moreover, the method is intrinsically limited at low energies, since decay to the untrapped
state imparts a recoil velocity of 3.3 ms~!, corresponding to 0.6 mK in energy units. Throughout this
article, energy, E, is expressed in temperature-equivalent units, i.e. T= E/kg, where kg is the Boltzmann
constant.

In this work, we present a novel technique that extends previous applications of magnetic release
in ALPHA to diagnose the energy of trapped antihydrogen by analyzing the spatial and temporal dis-
tributions of H annihilations during a tailored form of release from magnetic confinement in which
radial magnetic confinement is removed while axial confinement is maintained. We refer to this tech-
nique as Spatio-Temporal Annihilation Mapping (STAM). Although this release configuration has been
previously performed [10], we introduce a key insight that substantially increases both the information
extracted and the achievable precision of this established release protocol. Specifically, we recognize that
the dynamics governing the radial adiabatic release give rise to strong, energy-dependent correlations
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Figure 1. (a) Diagram of the ALPHA-2 Apparatus. Antiprotons (p) and positrons (eT) enter the apparatus from the left and
right respectively. (b) Magnetic field (in Tesla) along the trap axis in the flat configuration (see text). The pink shaded region
marks the maximum axial region occupied by H during the STAM release. The electrodes of the Penning-Malmberg trap used
to confine charged particles are shown in yellow, and sit inside the superconducting magnets of the H trap. The axial scale in (a)
and (b) is the same. The radial extent of the SVD is larger than illustrated. An external solenoid (not shown), located radially
outside the SVD, generates a uniform axial magnetic field of 1 T within the trap.

in the spatial and temporal annihilation distributions. By exploiting these correlations through detailed
modeling of the release dynamics, STAM enables accurate reconstruction of both axial and transverse
energy components from the observed annihilation data.

At its core, STAM exploits the fact that higher-energy H access stronger magnetic fields, mean-
ing they escape earlier during the release. Additionally, because the magnetic field strength increases
with distance from the trap minimum, higher-energy H atoms access more distant regions of the trap.
Together, these effects ensure that the magnetic field strength at the time and location of annihilation
encodes information about the H’s axial and transverse energy.

Because STAM is implemented during the controlled removal of the magnetic trapping potential, it
constitutes a fully destructive measurement in which the trapped H population is released and annihi-
lates. Laser-based diagnostics likewise rely on inducing transitions to untrapped states, leading to anni-
hilation of the affected atoms. In contrast to STAM, however, laser excitation can be applied in a par-
tially destructive manner, removing only the subset of atoms that pass through the laser beam. The two
approaches are therefore complementary, providing access to different aspects of the trapped antihydro-
gen ensemble. STAM exploits the unique diagnostic potential of antimatter annihilation; however, the
insights into the escape dynamics may be transferable to similar magnetic minimum traps.

In this paper, we demonstrate the utility of STAM for diagnosing typical energy distributions both
before (mean energies on the order of 100 mK) and after (mean energies on the order of 10 mK)
Doppler laser cooling.

2. Experimental context

In the ALPHA experiment, H is synthesized by merging cold plasmas of antiprotons and positrons in
a Penning—Malmberg trap (figure 1). The resulting H are confined in a superimposed magnetic mini-
mum trap. Owing to the ultra-high vaacuum conditions (<10~ '* mbar), the lifetime of trapped H due
to collisions with background gas exceeds 66 hours [12]. To build up a population of trapped H, the
magnetic trap remains energized while new antihydrogen is synthesized every four minutes over sev-
eral hours. This accumulation process, which has produced up to 15 000 trapped H, is detailed in [13],
where recent improvements in trapping efficiency were achieved through sympathetic cooling of the
positron plasma with co-trapped, laser-cooled beryllium ions. We leverage these advances to obtain high-
statistics datasets, enabling a detailed analysis using the energy diagnostic technique described below.
Given the low density (<100 cm™>) of trapped H, collisions between H are negligible.

In the synthesis procedure, H is formed via three-body combination, producing H in Rydberg states
which decay in a cascade to the ground state on ~millisecond timescales [14]. The magnetic moment

3
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of the H remains adiabatically locked, either parallel or antiparallel depending on the positron spin, to
the trap magnetic field lines due to the small variation in magnetic field over a single Larmor precession
cycle. The H are produced in a mixture of hyperfine states, but only those with positron spins aligned
antiparallel to the magnetic field, known as low-field-seeking states, remain confined and are governed
by the Hamiltonian

[vI?

T+U(X)» (1)

H(x,v) =
where x = {r,¢,z} and v= {v,,v4,v,} denote the position and velocity in a cylindrical basis (see
figure 1). The magnetic potential term is given by

U ) = [p[{[B (x £)| = B (Xmin (£),0) [}, (2)

where Xpin () is the spatial location of the global magnetic minimum, ¢ is time, B(x, t) is the magnetic
field vector, and g is the H magnetic moment vector. Throughout, we assume g is equal to the hydro-
gen magnetic moment vector which is one bohr magneton (up) to a very good approximation for the

low-field-seeking ground states. The potential is expressed as a function of time because dynamic mag-
netic field ramps are used in this work to diagnose the H energy.

For the initial H confinement, the depth of the magnetic trapping potential is typically around 0.5 K,
which is bounded by the magnetic potential at the nearest material surfaces to the confinement region:
the inner surface of the Penning-Malmberg electrodes. H will annihilate if they meet the material walls
of the apparatus. These annihilation events can be resolved in space and time through analysis of events
from ALPHA-2’s Silicon-Vertex-Detector (SVD) [15, 16].

Prior to H formation, the antiprotons are assumed to equilibrate with the temperature of the
positron plasma [17, 18]. Hence, the H is assumed to be formed in a thermal distribution at this
temperature [7]. Currently employed measurement techniques [19] limit our ability to measure the
positron plasma temperature to < 7 K [13, 20]. Most H with energy exceeding the trap depth annihilate
shortly after formation, resulting in a truncated energy distribution. A small fraction of H with energies
above the trap depth, referred to as quasi-trapped H [8], can remain confined if they occupy trajectories
that do not reach the trap walls.

3. H escape model

In this section, we describe our model underlying the energy-dependent escape of H during magnetic
release, and how the H energy distribution can be reconstructed from these escape events. The discus-
sion largely follows the experimental procedure described in section 6. We first consider the simple case
in which H is confined in a magnetic field configuration known as the harmonic configuration. In this
setup, axial confinement of H is provided by the outer mirror coils and solenoids. The release protocol
involves ramping down only the octupole from its full field at time t = 0 to zero field at t = Tyymp, while
the magnetic fields of the mirror coils and solenoids remain fixed. After discussing this simple case, we
generalize the framework to diagnose the H energy distribution for an arbitrary initial magnetic con-
figuration. The escape mechanism is initially described in simplified terms, followed by a discussion of
effects that complicate the underlying dynamics.

The release protocol is carried out adiabatically: Tr.mp is sufficiently long such that the change
in magnetic potential, U, during a single H oscillation is small compared to the magnetic potential
itself i.e.

Tw < U(x,1) (3)
dt
where 7 is the characteristic (~ millisecond) bounce time of an H oscillation. Motivated by this slow
release and the observation that the H follow chaotic trajectories [7], we make an ergodic assumption that
H have sufficient time to move throughout all regions of the trap accessible to them based on their axial
and transverse energies.
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Figure 2. (a) Modeled axial potential, U, (2), plotted for the flat configuration (blue solid curve) and in the harmonic config-
uration (evaluated at ¢ = 0, red dashed curve). See text for configuration definitions. (b) Modeled transverse potential on the
inner electrode surface (transverse trap depth, I' | (z, ¢, 1)) at two different times, , during an octupole rampdown. During the
octupole rampdown in (b), the axial potential remains approximately static and corresponds to the harmonic configuration plot-
ted in (a). See appendix B for details of the magnetic field calculation.

Due to the geometry of the magnetic trapping potential and the separation of the energy definition
into E and E, we decompose the magnetic potential into axial and transverse components. The refer-
ence axis is defined by locating the minimum |B(x)| in the transverse plane at each value of z and con-
necting these minima. We then define the axial potential as

UH (27 t) = U(X - {rmin (Za t) 7¢min (Z7 t) aZ} P t) 5 (4)
and the transverse potential as
UJ_ (T, (baza t) = U(X = {T, ¢7Z} ) t) - U(X = {rmin (Za t) ) ¢min (Z7 t) 72} 3 t) 3 (5)

where 7iyin(2,t) and @min(z,1) denote the coordinates of the minimum |B(x)| in the transverse plane.

At t =0, this minimum lies a few millimetres off axis due to the competing radial dependences of the
mirror-coil magnetic potential, which decreases with radius, and the octupole magnetic potential, which
increases with radius. As the octupole magnetic field is reduced, the transverse minimum moves radially
outward toward the trap wall.

The axial potential is shown in figure 2(a) and represents the axial energy required for an H orbit
to reach a given axial position z while remaining on the minimum magnetic potential in the transverse
plane. The axial potential Uj(z,t) remains largely unchanged throughout the octupole rampdown; how-
ever, it varies by up to approximately 10 % within |z| < 10¢m, which corresponds to the approximate
maximum axial extent occupied by trapped H. Critically, the harmonic configuration provides a mono-
tonic mapping between axial potential and z.

The transverse potential represents the transverse energy required for an H orbit to reach a given
radial displacement from the transverse potential minimum at a fixed axial position z. At time ¢, a
trapped H is confined to a volume defined by the conditions Uj(z,#) < E(t) and UL (r,¢,z,t) < EL(¢).
The energy components are expressed as explicit functions of time, as they may evolve during the release
process due to adiabatic expansion, which is discussed in section 3.1.

Evaluating the transverse potential at the radius of the inner electrode surface (rma, = 2.2175 cm in
ALPHA-2) defines a quantity we refer to as the transverse trap depth,

FL (Z7¢7 t) = UL (r = rmax;¢7za t) b (6)

which represents the minimum transverse energy required for an H to reach the trap wall and annihi-
late at a given axial position z, and is shown in figure 2(b). Under the ergodic assumption, annihilation
occurs when the transverse energy equals the local transverse trap depth,

EJ_ (ta> = m(gnFJ_ (Za7¢7 ta) ) (7)
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where the subscript a denotes the annihilation coordinates. As the octupole rampdown progresses, the
transverse trap depth decreases at all z and ¢ locations and exhibits eight local minima of nearly equal
magnitude in the z—¢ plane, corresponding to regions where the radial components of the mirror-coil
and octupole magnetic fields oppose one another. Consequently, this model predicts eight preferred
annihilation locations in ¢, each occurring with approximately equal probability.

Since the minimal transverse trap depth decreases with increasing |z| (see figure 2(b)), the ergodic
assumption further implies that annihilation occurs at the maximum z accessible to the atom. Thus,

EH (l‘a) = U|| (Za, ta). (8)

The deterministic nature of this relationship—rather than a probabilistic one, with a finite chance of
annihilation over an extended region of the trap—is a key reason the precision of this technique surpasses
previous implementations. We note that this model is an effective description and does not capture all
aspects of the coupled axial-transverse dynamics. Its validity is examined in section 4, where we find it
to be a good approximation for the system considered here.

Thus far, we have considered octupole release from the harmonic configuration. For ALPHA, STAM
must also diagnose H energies across other magnetic-field setups. A common example is the flat config-
uration, which increases trap uniformity by energizing mirror coils B, C, and D with small opposite cur-
rents relative to the outer coils, thereby maximizing the resonant volume accessible to the spectroscopy
laser (figures 1(b) and 2(a)).

Directly ramping down the octupole from the flat configuration causes H spanning a wide range
of axial energies to annihilate over a narrow z range, due to the sharp axial potential gradient near the
trap ends. This limits the achievable axial-energy resolution, given the resolution with which z, can be
detected by the SVD. To mitigate this effect, H is first confined in the flat configuration, after which the
field is adiabatically morphed to the harmonic configuration by ramping down coils B, C, and D. The
theoretical model remains applicable under this transformation. This method can be adapted to diagnose
energies in other configurations by tailoring the initial potential prior to ramping down the mirrors.

3.1. Effects beyond the simple escape picture

Several important complications have been omitted from the simplified picture described above, all of
which are incorporated into the simulation-based energy reconstruction method detailed in section 5.
One complication is that the dynamic magnetic fields used in the release technique can themselves
induce changes in H energy via adiabatic expansion or compression [10, 21]. In this process, total energy
is not conserved, in contrast to mechanisms that merely redistribute energy between dimensions. This
effect occurs during both the octupole rampdown and the transition from the flat configuration to the
harmonic configuration. The former leads primarily to radial adiabatic cooling, while the latter results in
axial adiabatic heating.

Energy exchange between the axial and transverse degrees of freedom during magnetic manipulations
presents an additional complication. As studied in [7], this arises from gradients in the magnetic trap-
ping potential and depends on the initial axial-to-transverse energy ratio of each H trajectory. Owing to
the chaotic nature of H motion in ALPHA traps [7], H that undergo energy exchange no longer retain
a unique, invertible correspondence between their axial and transverse energies and their annihilation
coordinates. Simulations predict that most H exchange energy within a few seconds in the flat configura-
tion [7], eliminating a one-to-one mapping between individual H energies in the flat configuration and
those at annihilation. While this precludes accurate determination of axial and transverse energy compo-
nents for individual H, the ensemble energy distributions remain statistically recoverable. Because energy
exchange influences the degree of adiabatic cooling or heating during magnetic ramps [10], it must be
accounted for when interpreting the results.

Finally, some H may not satisfy the ergodic assumption during the octupole rampdown. If H fail to
fully explore the trap volume accessible to them, based on their axial and transverse energies, this can
introduce errors in the reconstructed energy distributions.

4. Testing the model via simulation

In this section, we test the model presented in section 3 for mapping energy-dependent escape from the
flat configuration, as an example of an arbitrary initial magnetic-field configuration used for energy
diagnosis. We perform simulations to investigate energy-dependent H escape during the STAM tech-
nique, using techniques based on those described in [7]. The simulation is performed as follows:
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(i) Initial position, x, and velocity, v, are Monte-Carlo sampled as described below.

(ii) At each simulation time #, the magnetic fields generated by the trap magnets are computed as
described in appendix B. The currents in the individual magnets are varied as a function of time
to simulate the STAM release described in section 3. The specific timings of the magnetic ramps are
configured to match those of the experimental procedure which will be discussed in section 6.

(iii) At each timestep, the equations of motion, m%¥ = — 3 V|B(x,t)| and % =, are advanced using a
symplectic Leapfrog integrator with a fixed timestep of 10 us. The gradient V|B(x,1)| is evaluated

using a central finite-difference approximation.

(iv) Steps (ii)and(iii) are repeated until the H atom reaches the material walls of the electrode stack, at
which point annihilation is assumed to occur.

Initial conditions for the H simulations fall into two categories, which we refer to throughout this
work as the uncooled and thermal 10mK cases. For the uncooled population, H kinetic energies are sam-
pled from a Maxwell-Boltzmann distribution at the positron plasma temperature, which we take to be
3 K as an illustrative example. In our analysis of the experimental data, we use simulations spanning a
range of positron plasma temperatures bounded by the limits of currently employed plasma diagnostics,
as discussed in section 7.1. Initial positions are sampled uniformly within a coaxial, ellipsoidal volume of
length 10 mm and radius 0.8 mm, corresponding to the spatial extent of the positron plasma where H is
formed. H are assumed to be initially in high principal quantum number Rydberg states and undergo a
simulated cascade to the ground state via circular transitions, following the model described in [14].

In the thermal 10 mK case, used to approximate a laser-cooled population, H are initialized in ther-
mal equilibrium at 10 mK. There is no physical justification for assuming thermal equilibrium for this
laser-cooled population; this assumption is made for convenience, in order to populate an approxi-
mately correct energy range. The cascade dynamics are not applied, since the laser cooling occurs after
the H reach the ground state. Initial positions are sampled from the full trapping volume using a rejec-
tion method: positions are drawn uniformly over the trap volume and accepted with a probability pro-
portional to exp[—(U — Upin)/kT), where U is the magnetic potential energy and T = 10 mK is the
temperature. Velocities are drawn independently from a Maxwell-Boltzmann distribution at the same
temperature.

The energy of simulated H is evaluated in the flat configuration in order to establish a mapping
between an H’s axial and transverse energies and its annihilation coordinates. Following [7], the axial
and transverse energy components are determined by evaluating the atom’s motion at the location of the
axial magnetic potential minimum, zp;, (/= 0 mm). At this location, the axial energy is purely kinetic,

1
Ej=-mv. 9
Il 2 mvz, ( )
and the transverse energy includes both kinetic and magnetic potential contributions,
1
E, zzm(vf—l—vfb)—kU(r,qS,z:zmm). (10)

This decomposition is only valid at zy,; at other points along the H’s trajectory, both axial and trans-
verse directions include magnetic potential contributions, making it ambiguous how the total energy is
partitioned between kinetic and potential terms.

The spatial and temporal distributions of simulated H annihilations for the uncooled and thermal
10 mK populations are shown in figures 3(a) and (b), respectively, for a 180 s octupole rampdown. The
ramp-down duration is chosen to prevent saturation of the SVD in the presence of the large antihydro-
gen populations, of order 10%, that are now routinely accumulated by ALPHA [13]. The detector spatial
resolution in z is well described by a mixture of two Gaussian distributions [15]. By fitting this double-
Gaussian model to reconstructed antiproton annihilation vertices obtained from point-like, held sources
of antiprotons, we find that one Gaussian has a standard deviation of 4 mm and the other 14 mm,
with each component applied with equal probability. These antiproton measurements do not provide
information about the detector angular resolution. We therefore determine this independently using
simulations [15] of the scattering of charged annihilation products through the apparatus material and
magnetic field. These simulations predict that the angular resolution follows a Gaussian distribution with
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(a) Uncooled Sim. (b) 10mK Sim.
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Figure 3. Simulated distributions of H annihilation locations on the inner electrode surface, where t = 0's marks the start of
the 180 s octupole rampdown. Each distribution contains 10 000 simulated events for the (a) uncooled and (b) thermal 10 mK

populations, initialized as described in the text. The distributions are displayed as two-dimensional histograms. The color scale
represents the fraction of events in each bin, with yellow indicating the highest occupancy and dark blue the lowest.

a standard deviation of 0.26 radians. To model the SVD spatial resolution, we randomly smear the simu-
lated annihilation positions according to these resolution models. The SVD reconstructs the annihilation
time with a resolution of approximately 2 us, which is negligible on the timescale of the rampdown.

As expected from the presence of eight nearly-equal minima in the transverse magnetic poten-
tial (see figure 2(b)), the simulated annihilation distribution exhibits eight distinct peaks in the
azimuthal coordinate. In the axial coordinate, two peaks are observed, consistent with annihilations
occurring preferentially near the turning points of the axial motion. The thermal 10 mK popula-
tion shows a pronounced shift toward later annihilation times and lower axial annihilation posi-
tions compared to the uncooled case. This behavior reflects the lower average energy of the cooled
population and highlights the STAM technique’s sensitivity to variations in the underlying H energy
distribution.

Figures 4(a)—(c) compare the simulated axial, transverse, and total energies in the flat configura-
tion (the well in which we diagnose the energy) against the model predictions given by equations (7)
and (8) for the uncooled simulation. The equivalent plot for the thermal 10 mK population is provided
in appendix A. Significant scatter is observed in the axial and transverse benchmarks, which is notably
reduced in the total energy comparison. This behavior reflects the inability of the model to accurately
predict an individual H’s axial and transverse energy components due to energy exchange between these
degrees of freedom during the release sequence (see section 3.1). Additional deviations from the model
arise from unaccounted-for adiabatic changes in energy during the magnetic field evolution.

To test the model without the confounding effects of energy exchange and adiabatic changes,
figures 4(d)—(f) also shows the equivalent comparison using the axial and transverse energy components
evaluated at each H’s last crossing of the axial magnetic minimum prior to annihilation. In this case, the
deviation between the simulation results and the model is significantly reduced. This can be understood
from the fact that energy exchange and adiabatic evolution tend to be much smaller over the course of
a single axial oscillation than over the full magnetic manipulation sequence. The population of H with
total energies significantly exceeding the predicted values likely corresponds to H that did not sufficiently
sample the accessible phase space, i.e. those that do not satisfy the ergodic assumption (see section 3),
and are therefore destined to annihilate at a later time once they find their way out.
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Figure 4. Demonstration of the energy content encoded in the annihilation data. Each blue point represents one of 10 000 simu-
lated H atoms, initialized according to the uncooled Monte Carlo distribution described in the text and subsequently subjected
to the magnetic manipulations of the STAM diagnostic (shown in figure 2) prior to annihilation. The spread of points reflects
both the distribution of initial conditions sampled by the Monte Carlo initialization and the subsequent dynamical evolution

of the H in the trapping potential. Panels a—c compare the energy components in the flat trap configuration, extracted directly
from the simulation, with the corresponding model predictions calculated from the simulated annihilation coordinates using
equations (7) and (8). Perfect agreement between model and simulation is indicated by the red dashed line. Panels d—f show the
same comparison, but using the energy components extracted from the simulation at each simulated H atom’s final crossing of
the magnetic minimum prior to annihilation (¢ = t,).

5. Energy reconstruction method

Because the model does not account for energy exchange or adiabatic energy changes, we instead esti-
mate the distribution of axial and transverse energies in the flat configuration, fz(E),EL ), from annihila-
tion measurements using a variation of the technique in [9]. We define the integral

fi (Bj EL) = / dar, / dz, P (B[, Ev | 20,t) flzasta). (11)
0 —00

where f(z,,1,) is the observed distribution of annihilations during the release, and P(E|,E. | z,,t,) is the
simulated conditional probability map that connects (E,E1) in the flat configuration to the annihilation
coordinates (z,, ). The simulations are used to construct P(E|,E. | z,t), allowing the energy recon-
struction to incorporate the effects discussed in section 3.1 that are not captured by the simple analytic
model. The dependence on ¢, has been omitted. While the annihilation distribution exhibits azimuthal
structure, the transverse trapping potential contains azimuthal minima (figure 2(b)) toward which escap-
ing H atoms are preferentially directed prior to annihilation (see equation (7)). Therefore, the azimuthal
annihilation location provides information about the relative strength of the magnetic field at these min-
ima, but not about an H atom’s energy.

The key difference from the technique described in [9] is that the integral now includes both axial
position and time, z, and f,, whereas the original method integrated over time only. This extension is
motivated by the insights into the H dynamics discussed in section 4, which show that both annihila-
tion position and time exhibit strong, energy-dependent correlations with the initial axial and transverse
energies. Crucially, this enables the axial and transverse energy components to be reconstructed sepa-
rately, rather than only their sum.

We approximate the integral in equation (11) by adapting the method from [9] as follows: (a)

For each observed annihilation event, we construct a narrow two-dimensional selection band of spa-
tial width, dz, and temporal width, df; centered on the event’s axial position and annihilation time,
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(2asta). (b) From this band, we randomly sample Ngmpies simulated annihilation events with replace-
ment. (c) The corresponding (Ej,E. ) values associated with these sampled events—evaluated in the

flat configuration—are then aggregated. This sampling effectively integrates over t, and z,, weighted by
f(za,ta). (d) Finally, a histogram of the aggregated (E;,EL) values is constructed, yielding the recon-
structed energy distribution in the flat configuration. This method implicitly incorporates the effects of
energy exchange and adiabatic changes to the energies, which are both challenging to model analytically,
by relying on their natural inclusion in the simulation. As a result, it enables an accurate reconstruction
of the underlying energy distribution.

Due to the binning-based method described above, the inferred energy distribution is independent
of the specific simulated initial energy distribution used to sample P(E},E. |z, t), provided that the
full (E)j,E) space is sufficiently populated. This independence arises because a fixed number of samples
are randomly drawn from each two-dimensional band, rendering the result insensitive to the absolute
number of events within the band and therefore to the particular initial distribution. To ensure adequate
population of the space, the probability map is constructed such that, for each annihilation event, a suf-
ficient number of nearby simulated events are included within the corresponding band. In practice, this
requires the average band population, Npaqg, to be large enough that Ngmpies events can be drawn with-
out significant repetition; we therefore impose the condition Nyand > 4Nsamples-

The bandwidths, dz and dt, must also be chosen small enough that they do not smear out rele-
vant features in the experimental data. As will be discussed in section 7.1, energy reconstruction using
STAM in ALPHA is limited by systematic contributions. Consequently, the bandwidths are required to
be small compared to systematic effects relevant to the experimental and simulated (z,,#,). The sampling
uncertainty associated with the finite size of Ngmples is quantified by repeating the binning-based recon-
struction multiple times and evaluating the resulting spread in reconstructed energy distributions. Our
requirement on Ngmples is that this contribution be negligible compared to statistical uncertainties in the
data.

To benchmark the binning-based technique, we reconstruct the energy distributions of separately
simulated uncooled and thermal 10 mK H populations. To ensure adequate coverage across the rele-
vant energy range for both populations, we construct a combined probability map by aggregating data
from the uncooled and thermal 10 mK simulations, each with 10 000 statistics. The benchmark samples
are subsets of the full simulation data used to construct the probability map. These benchmark samples
are independently smeared using the detector resolution model (see section 4), ensuring a fair compari-
son. We use a temporal bandwidth of dt = 1.5s, a spatial bandwidth of dz = 5mm, and Ngmples = 5 for
the uncooled population and Ngmples = 20 for the laser cooled population. These values are identical to
those used to reconstruct the energy distributions corresponding to the experimental samples that will
be presented in section 7.

In figure 5, we compare the reconstructed energy distributions to the true distributions determined
directly from the simulations. The same figure also includes reconstructed distributions obtained using
the model (equations (7) and (8)). Because the model neglects the effects of energy exchange and adia-
batic changes during the magnetic manipulations, discrepancies arise between the reconstructed and true
energy distributions. In contrast, these effects are fully accounted for in the binning-based technique,
which shows no statistically significant difference from the simulated distributions. This demonstrates
that the STAM technique can accurately reconstruct the energy components of H, given the available
resolution.

6. Experimental method

To investigate STAM experimentally, we performed dedicated experimental runs in which populations
of several thousand H were deliberately released from magnetic confinement in order to diagnose their
energy. These runs were conducted both with and without laser cooling.

H accumulation was performed over a period of several hours in the flat configuration (shown in
figure 2(a)). In one set of runs, the trapped H was laser cooled following the methods described in [11],
while in the other set the population was left uncooled. We refer to these as the laser-cooled and uncooled
populations, respectively.

Following laser cooling, or after a short hold of several minutes for the uncooled population, the
small (few-ampere) currents in mirror coils B, C, and D were ramped down over 18 s to adiabatically
morph the magnetic field into the harmonic configuration (also shown in figure 2(a). As described
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Figure 5. Simulation benchmark of the STAM technique. The green histogram represents the true energy distributions extracted
from the simulation in the flat configuration. The red curve shows the reconstructed energy distributions using the model
(equations (7) and (8)) applied to the (za, t.) annihilation distributions from each simulated population. The black curve cor-
responds to the reconstructed distributions obtained by numerically approximating the integral in equation (11), as described
in the text. Black error bars include statistical uncertainties and the contribution from finite sampling in the reconstruction. Red
and black points are connected with a straight line to guide the eye. Red error bars represent statistical uncertainty. The error
bars on the green histogram are omitted for clarity but are of the same order as those on the reconstructed distributions.

in section 3, this step increases the precision with which the axial energy can be determined given the
available spatial resolution of the SVD.

Subsequently, the octupole current was ramped down quasi-linearly over 180 s, during which annihi-
lation events were recorded by the SVD. Although the ramp is programmed to be linear, non-linearities
can arise from details of the octupole current control circuitry. These non-linearities are incorporated
into the simulations using measurements of the octupole current during the rampdown obtained with a
direct-current current transducer (DCCT).

As a test of the robustness of the technique, additional experimental runs were performed, both with
and without laser cooling, in which the duration of the octupole ramp was reduced to 18 s.

7. Experimental results and discussion

In figure 6, we present the observed annihilation distributions from the experiment. In general, the
experimental data qualitatively validate the expected energy-dependent loss of H. However, it is imme-
diately apparent that two of the eight annihilation hotspots predicted by the model (section 3) and nom-
inal simulations (figure 3) are missing from both the uncooled and laser-cooled datasets. In the regions
of discrepancy, a few percent of annihilation counts remain, but the signal is clearly suppressed relative
to expectations.

11
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Figure 6. Distribution of H annihilation locations on the inner electrode surface, where t = 0s marks the start of the 180 s
octupole rampdown. (a) Simulation of 10 000 H atoms initialized under the uncooled conditions (see section 4). (b)
Experimental data from 14 297 detected H atoms without laser cooling. (c) Simulation of 10000 H atoms initialized under the
thermal 10 mK conditions (see section 4). (d) Experimental data from 2070 detected H atoms with laser cooling. Both simu-
lations shown model possible winding errors in the octupole as described in the text. The distributions are displayed as two-
dimensional histograms. The color scale represents the fraction of events in each bin, with yellow indicating the highest occu-
pancy and dark blue the lowest.

Other experiments conducted in this apparatus release H via different mechanisms, such as positron
spin-flip transitions [22], in which the H are actively accelerated toward the wall. This contrasts with the
method discussed here, where the H adiabatically sample the available magnetic potential before escap-
ing. Notably, those other experiments have observed annihilations at the same azimuthal locations as the
missing hotspots. This shows that the observed suppression does not result from non-uniform angular
detection efficiency.

A plausible explanation for the missing hotspots is a discrepancy between the modeled and actual
magnetic trapping potentials. Since the eight annihilation hotspots predicted by the model arise due to
eight minima of nearly equal magnitude in the transverse potential (see figure 2), removing two of these
minima requires raising the transverse potential at the corresponding locations. Through simulation, we
investigated possible manufacturing deviations in the mirror coils, including shifts of their axis relative
to the rest of the apparatus and elliptical perturbations to the coil geometry. However, within manufac-
turing tolerances, these effects were insufficient to reproduce the magnitude of the observed asymmetry.
In contrast, the annihilation distributions are considerably more sensitive to geometric distortions of the
octupole. This enhanced sensitivity arises from the steep radial dependence of the octupole magnetic
field, which scales as r°.

Within the allowed manufacturing tolerances, the observed asymmetry in the annihilation distribu-
tion can be reproduced by a combination of a conical squeeze of the octupole and an azimuthally asym-
metric perturbation to the transverse trapping potential. Such an azimuthal asymmetry could arise either
from an azimuthally asymmetric deformation of the octupole windings or from a small tilt between
the axis of the Penning—Malmberg trap and that of the octupole. In the latter case, the tilt produces an
equivalent modification of the magnetic field at the inner surface of the Penning—Malmberg electrodes,
where the transverse trap depth is evaluated.

In figure 6, we present simulation results incorporating such a perturbation. For simplicity, the effect
is modeled by modifying the Biot-Savart representation of the octupole, adjusting the radial positions of
the winding segments as a function of axial position z. This introduces a conical squeeze of the octupole
along the trap axis, while the perturbation is applied more strongly over one azimuthal sector to repro-
duce the observed azimuthal asymmetry. The maximum radial displacement of the windings from the
nominal geometry is 240 ym, resulting in a local magnetic field deviation of up to 0.07 T at the inner
electrode surface for the full octupole field strength (approximately 7 % of the full octupole field). The
resulting change in the on-axis magnetic field is less than 0.001 T at all values of z with the maximum
octupole current, ensuring consistency with ECR measurements.
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Table 1. Summary of priors applied to experimental and simulated annihilation coordinates (z,,t,) during
Monte Carlo error propagation.

Source of uncertainty Prior applied to Prior description

Axial detector resolution Simulated z, Mixture of Gaussians: ¢ = 14mm and
4mm, equal weighting

Global detector alignment offset Experimental z, Gaussian prior: mean 3mm, 0 = 1 mm;
same shift applied to all z,

Octupole magnetic field strength Simulated ¢, Scale t, according to 5% uncertainty in
octupole field strength

Electrode alignment Simulated z, Global axial scaling: z, — az,,
a € [0.9, 1.1] drawn from uniform prior;
applied to all z,.

The distorted field qualitatively reproduces the main features of the experimental annihilation pattern
while remaining within the manufacturing tolerances of the octupole. By applying the binning-based
reconstruction (see section 5) using a full simulation map both with and without the azimuthal per-
turbation to the octupole, we find no statistically significant difference in the reconstructed energy. We
therefore conclude that this effect does not contribute a resolvable systematic uncertainty.

Another discrepancy visible in figure 6 is that the angular annihilation pattern is more diffuse in
the data than in the simulations. Since the detector angular resolution is estimated from simulations of
charged-particle scattering (section 4), this likely reflects imperfect modeling of the scattering material.
Since the STAM reconstruction does not use the annihilation azimuthal coordinate, this discrepancy has
negligible impact.

7.1. Systematic effects

Our goal is to use the binning-based method described in section 5 to reconstruct the energy distri-
bution of the experimental data from the measured annihilation coordinates (z,,#,). This reconstruc-
tion must account for systematic uncertainties that affect the observed annihilation coordinates. In this
section, we describe the dominant sources of systematic uncertainty influencing (z,, 1, ).

To incorporate these uncertainties into the binning-based reconstruction, we employ a Monte Carlo
error-propagation technique. In this approach, the reconstruction procedure is repeated over many iter-
ations. In each iteration, the annihilation coordinates (z,,,) in both the experimental and simulated
datasets are randomly varied according to their prior probability distributions, producing a reconstructed
energy distribution for that iteration. The ensemble of reconstructed distributions obtained across all
iterations constitutes the posterior distribution of the reconstructed energy spectrum. This posterior
ensures that systematic uncertainties, including their correlations, are properly propagated to the final
reconstructed energy distributions. The priors, which quantify the uncertainty associated with each sys-
tematic effect, are summarized in table 1.

The finite axial resolution of the detector introduces a systematic uncertainty in the reconstruction.
As described in section 4, this effect is modeled using a two-component Gaussian mixture with equal
weights, characterized by standard deviations of 14 mm and 4 mm. Within the Monte Carlo reconstruc-
tion, this resolution is incorporated by applying the corresponding smearing to the simulated z, values at
each iteration using an independent random seed.

Additional uncertainty is introduced by a global axial offset between the SVD detector and the mag-
netic trap, which has been independently measured to be 3 & 1 mm. This misalignment is accounted for
by applying a Gaussian prior to the experimental z, values. In each Monte Carlo iteration, a single offset
is drawn from this prior and applied uniformly to all annihilation positions, thereby modeling the effect
of detector—trap misalignment.

Finally, the reconstructed energy distribution is sensitive to uncertainty in the overall strength of the
octupole field. While ECR magnetometry constrains the field on axis, an ideal octupole field vanishes
there, meaning it cannot be used to accurately constrain the octupole field. This uncertainty propa-
gates into the simulated annihilation times #,, which depend strongly on the transverse trap depth (see
equation (7)). To constrain this uncertainty, we compare simulated and experimental annihilation time
distributions using a Kolmogorov—Smirnov (KS) test to identify scaling factors of the octupole field that
yield statistically consistent distributions. However, a degeneracy exists: discrepancies in ¢, may result
from either incorrect modeling of the field strength or inaccuracies in the assumed H energy distribu-
tion. To break this degeneracy, we use a reference population with a well-understood energy distribution.
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For this purpose, we use the uncooled H population, which is assumed to follow a truncated
Maxwell-Boltzmann distribution at the positron plasma temperature, as discussed in section 2. Because
the trap depth is much less than the characteristic formation temperature, the shape of this truncated
distribution is largely insensitive to the precise value of the formation temperature, making it a robust
reference. To capture the effect of the uncertainty in the positron plasma temperature on this reference
population, we simulate uncooled populations for several values within the experimentally constrained
range (< 7 K [13, 20]). The comparison of these simulations with experimental ¢, distributions con-
strains the octupole field strength.

When comparing simulations to data for this reference population, we find that the axial annihila-
tion distributions are not fully consistent, even when using the uncooled simulation variant that includes
octupole wire perturbations that reproduce the observed missing hotspots. The inconsistency manifests
in the shape of the axial annihilation distributions: rather than a disagreement in the number of H anni-
hilating at positive versus negative z, there is a difference in the distribution shape. In particular, the
experimental data show more H annihilating at smaller |z| than predicted by the simulation.

A plausible source of this discrepancy is misalignment of the Penning—Malmberg electrodes.
Electrode misalignments can alter the axial annihilation distribution by modifying the relative trans-
verse trap depth over the axial extent of neighboring electrodes, thereby changing the probability that
an escaping H atom annihilates at a given z. Indeed, good agreement is recovered when small misalign-
ments of the Penning—Malmberg electrodes, within mechanical tolerances, are introduced into the simu-
lation. In particular, a radial shift of up to 500 um is required to reproduce the observed experimental z,
distribution.

This observation motivates the inclusion of a fourth systematic uncertainty in the Monte Carlo
error propagation to account for possible misalignments between individual electrodes in the Penning—
Malmberg stack. To incorporate this effect, the simulations used to construct the probability map for the
binning-based reconstruction include electrode configurations that best reproduce the observed z, dis-
tribution. Since identifying the optimal configuration requires full simulations, the electrode offsets are
restricted to the y direction in order to limit the dimensionality of the parameter space. Consequently,
the resulting configurations should be regarded as representative electrode misalignments rather than a
unique reconstruction of the true electrode geometry. No attempt is made to optimize the agreement
with the azimuthal annihilation distribution, as doing so would require exploration of a substantially
larger parameter space. Although the electrode misalignments do modify the azimuthal annihilation pat-
tern, this has negligible impact on the reconstructed energy because the azimuthal annihilation coordi-
nate is not used in the reconstruction.

To account for the residual uncertainty associated with electrode alignment, we assign an addi-
tional systematic uncertainty by applying a global axial stretch to the simulated annihilation coordi-
nates. Distortions that effectively produce an axial stretch have the largest impact on the reconstructed
energy. Specifically, we introduce a stretch parameter @ and transform the simulated coordinates accord-
ing to z, — az,. A uniform prior is applied to « € [0.9,,1.1], corresponding to a 10 % axial scaling,
which conservatively exceeds the level of discrepancy observed between the experimental and simulated
z, distributions.

Within the range of these uncertainties, we find that the simulated and experimental annihilation
time and z distributions for the uncooled reference population are statistically consistent. Consequently,
the reconstructed axial, transverse, and total energy distributions of the experimental uncooled popula-
tion agree with those of the corresponding simulated distributions.

Although the trapped H energy distribution is relatively insensitive to the assumed formation tem-
perature (taken to be the positron plasma temperature) due to truncation by the shallow trap depth, the
KS comparison between simulated and experimental annihilation time distributions remains highly sen-
sitive to this parameter. This indicates that the annihilation time structure retains sensitivity to the H
formation temperature despite the truncation. The observed sensitivity highlights both the excellent sta-
tistical precision of the simulations and experimental data and the remarkably low temperature at which
H is formed [13]. The consistency observed within the allowed temperature range provides further
support for the assumption that the H energy distribution is well described by a truncated Maxwell—
Boltzmann distribution.

As table 1 lists two distinct sources of uncertainty affecting the simulated z,, the effective prior on
the simulated z, is given by the convolution of these contributions. We do not quote individual uncer-
tainty magnitudes for each source, as they are found to be highly correlated. We note, however, that the
dominant uncertainty currently limiting the STAM technique arises from the uncertainty in the octupole
magnetic field strength.
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Figure 7. Reconstructed energy distributions of experimental H populations. The reconstruction is performed on the exper-
imental annihilation distributions shown in figures 6(b) and (d). Histogram bins are generated using the Monte Carlo error-
propagation technique described in the text to produce the posterior energy distributions, which incorporate systematic effects.
The grey band represents the 68 % credible interval of the posterior distributions (systematics only). The black error bars indicate
the statistical uncertainty and are centered on the mean of the posterior distribution containing only systematic contributions.
Uncertainties due to finite sampling in the binning-based method are negligible. The red crosses show the transverse energy mea-
sured using laser-based time-of-flight methods. The associated error bars are statistical only.

7.2. Reconstructed energy distributions of experimental data

In figure 7, we show histograms of the reconstructed energy distributions obtained from posterior sam-
ples generated using the Monte Carlo error-propagation procedure, which incorporates the system-

atic effects described in section 7.1. The reconstruction uses the binning-based method outlined in
section 5, with a temporal bandwidth dt = 1.5s and a spatial bandwidth dz = 5mm. Within these two-
dimensional bands, the average number of simulated events is 21 for the uncooled data and 170 for the
laser-cooled data, reflecting the greater sparsity of the uncooled sample. Accordingly, we randomly sam-
ple Ngmples = 5 and Ngmples = 20 simulated events per band for the uncooled and laser-cooled cases,
respectively. We find that the uncertainty associated with the finite random sampling is small compared
to the statistical uncertainty in both cases.

For the uncooled dataset, we obtain mean axial, transverse, and total energies of 109 +
1(stat) 73 (sys) mK, 180 + 1(stat) "3 (sys) mK, and 290 + 1(stat) *3(sys) mK, respectively. We find that the
reconstructed energy distributions corresponding to the uncooled dataset are consistent with those of
the uncooled simulation within the measurement uncertainty. For the laser-cooled dataset, the corre-
sponding mean energy components are 6.3 & 0.3(stat) ) %(sys) mK, 14.3 + 0.5(stat) (7 (sys) mK, and
20.6 +0.7(stat) 713 (sys) mK respectively. The quoted systematic uncertainties correspond to the one—
sigma credible intervals of the posterior energy distributions, while the statistical uncertainties are given
by the standard error on the mean.

7.3. Robustness tests and cross-validation with laser-based diagnostics

To further test the robustness of the adiabatic release diagnostic, we performed additional experimental
runs in which the energies of both uncooled and laser-cooled H populations were diagnosed using the
same procedure, but with a reduced octupole rampdown time of 18 s instead of the nominal 180 s. This
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shorter rampdown duration still ensures that the magnetic potential evolves adiabatically, according to
equation (3). We find that the results obtained from the 18 s and 180 s datasets are consistent.

We also compared the energies diagnosed using the STAM technique with those obtained from estab-
lished laser-based time-of-flight measurements (see [11]). An independent experimental run was per-
formed in which a population of H was trapped in the flat configuration and laser cooled using the
same protocol as the population diagnosed via STAM. Figure 7(d) compares the transverse energy dis-
tributions reconstructed using the STAM and time-of-flight methods. The mean transverse energy deter-
mined from the time-of-flight measurement is 15.4 £+ 1.2mK. The two diagnostics yield statistically con-
sistent distributions.

8. Concluding remarks

We have introduced the STAM technique for measuring the energy distribution of trapped H using

the time and location of annihilations during adiabatic reduction of the octupole field, with its reli-
ability evaluated through comparison with established laser-based diagnostics. Experimentally, STAM
achieves relative precision around 10% for both transverse and axial mean energies, validated across a
wide energy range from ~ 10mK to 100mK, corresponding to laser-cooled and uncooled H populations,
respectively.

Because STAM is implemented during the removal of magnetic confinement, it is inherently destruc-
tive, whereas laser-based diagnostics can be applied in a largely non-destructive manner. The two
approaches are therefore complementary: STAM provides a comprehensive characterization of the energy
distribution for a given preparation protocol, while laser-based methods enable in situ monitoring of its
stability and reproducibility.

As precision increases in H experiments, this method is expected to play a central role in charac-
terizing progressively lower-energy H populations produced using advanced cooling techniques such as
laser cooling [11] and adiabatic expansion [10, 21]. The combined application of these techniques is
expected to reach the sub-millikelvin regime, where laser-based diagnostics lose sensitivity due to pho-
ton recoil effects, a limitation to which STAM is not subject. Although these techniques substantially
reduce both the axial and transverse energies of the trapped H, adiabatic expansion intrinsically increases
the spatial scale of the H trajectories. In the implementation envisioned for future measurements, the
expansion is also accompanied by a substantial reduction in trap depth. Consequently, despite the sig-
nificantly lower energy scale, the characteristic annihilation positions and release times during STAM
are expected to remain comparable to those observed here for 10 mK to 100 mK H. As a result, the sys-
tematic uncertainties presented in table 1 are expected to remain at a similar fractional level in this new
energy regime. However, future applications in this regime will require careful characterization of the
substantially reduced trap depths, and the associated uncertainties in the trapping potential will need to
be incorporated into the systematic error budget.

Importantly, because STAM depends on the spatial distribution of the magnetic-field strength, it can
also be applied in reverse: if the H energy distribution is known independently with low uncertainty
(for instance, through independent measurement using laser-based time-of-flight methods [11]), STAM
can be used to constrain the absolute magnetic-field structure itself. However, even without an indepen-
dently calibrated reference population, STAM remains sensitive to relative variations in the magnetic-field
strength at the trap wall between different spatial regions. This capability is particularly valuable in the
ALPHA experiment, where conventional magnetometry is largely limited to on-axis measurements, leav-
ing off-axis fields poorly constrained. In ALPHA-g, for example, STAM-based release measurements can
therefore provide a direct experimental constraint on off-axis magnetic-field systematics that dominate
the uncertainty in measurements of the gravitational acceleration of H [5].
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Appendix A. Testing the model for the thermal 10 mK population
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Figure Al. Equivalent to figure 4 for the thermal 10 mK population.

Appendix B. Computation of simulated magnetic fields

The magnetic fields of the octupole and mirror coils are computed using a Biot—Savart model based

on the as-designed magnet geometries. The magnetic fields from the end solenoids are computed sep-
arately using an off-axis expansion technique [23]. The simulated magnetic fields are matched to the
experiment by comparing the on-axis magnetic-field profile with measurements obtained using electron-
cyclotron-resonance (ECR) magnetometry [24]. This comparison is restricted to the region |z| < 6 cm,
where the relatively low magnetic-field gradient enables high-precision ECR measurements. Agreement
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between simulation and experiment is optimized by making small (few-millimeter) adjustments to the
axial positions of the modeled solenoids and mirror coils, and by applying an overall scaling factor to
the magnetic-field amplitudes. After this tuning, the simulated on-axis fields agree with the ECR mea-
surements to within 5 x 107*T, corresponding to an uncertainty of approximately 3 x 10~*K in the
axial magnetic potential.

To make the simulations computationally viable, the magnetic fields from the Biot-Savart calcula-
tion of the octupole and mirror coils are precomputed on a grid and calculated at the H location using
a tricubic interpolation. This interpolation introduces a maximum error of 0.5% in the trap magnetic
fields within the H confinement region relative to the direct Biot-Savart calculation.
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