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Einstein’s general theory of relativity from 1915' remains the most successful
description of gravitation. From the 1919 solar eclipse? to the observation of
gravitational waves®, the theory has passed many crucial experimental tests. However,
the evolving concepts of dark matter and dark energy illustrate that there is much to
belearned about the gravitating content of the universe. Singularities in the general
theory of relativity and the lack of a quantum theory of gravity suggest that our
pictureisincomplete. Itis thus prudent to explore gravity in exotic physical systems.
Antimatter was unknown to Einstein in1915. Dirac’s theory* appeared in1928; the
positron was observed®in 1932. There has since been much speculation about gravity
and antimatter. The theoretical consensus is that any laboratory mass must be
attracted® by the Earth, although some authors have considered the cosmological
consequences if antimatter should be repelled by matter’”'°. In the general theory

of relativity, the weak equivalence principle (WEP) requires that all masses react
identically to gravity, independent of their internal structure. Here we show that
antihydrogen atoms, released from magnetic confinement in the ALPHA-g apparatus,
behave in away consistent with gravitational attraction to the Earth. Repulsive
‘antigravity’is ruled out in this case. This experiment paves the way for precision
studies of the magnitude of the gravitational acceleration between anti-atoms and
the Earthto test the WEP.

about 107V m™. The situation with magnetic fields is even more dire:
acryogenicantiproton®at 10 K would experience gravity-level forces

The weak equivalence principle (WEP) has recently been tested for
matter in Earth’s orbit" with a precision of order 107, Antimatter has

hitherto resisted direct ballistic tests of the WEP due to the lack of a
stable, electrically neutral, test particle. Electromagnetic forces on
charged antiparticles make direct measurements in the Earth’s gravi-
tational field extremely challenging™. The gravitational force on a pro-
ton at the Earth’s surface is equivalent to that from an electric field of

in amagnetic field of order 10°T. Controlling stray fields to this level
to unmask gravity is daunting. Experiments have, however, shown that
confined, oscillating, charged antimatter particles behave as expected
when considered as clocks™® in a gravitational field. The abilities to
produce” and confine'® antihydrogen now allow us to employ stable,
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Fig.1|ALPHA-gapparatus. a, Cross section of the ALPHA-g apparatus. The

full device comprises three antihydrogen trapping regions; only the bottom
oneisemployed here. The MCP detectors are used toimage charged particles
(e”,e",p) extracted from the Penning traps for diagnostic purposes. b, Expanded
view of thebottom antihydrogen trap (the dashed rectangle in a) illustrating
the Penningtrap for antihydrogen production and the superconducting

coils that formthe neutral atom trap. The on-axis, axial field profile at full
currentisshownontheright. Note that the rTPC, the barrel scintillator and the

neutral anti-atoms in dynamic experiments where gravity should play
arole. Early considerations'®?° and a more recent proof-of-principle
experiment®in 2013 illustrated this potential. We describe here the ini-
tial results of apurpose-built experiment designed to observe the direc-
tionand the magnitude of the gravitational force on neutral antimatter.

Antihydrogenand ALPHA-g

Trapping and accumulation?of antihydrogen are now routine, withup
to several thousand atoms having been simultaneously stored in the
ALPHA-2 device®. To date, all of the measurements of the properties
of antihydrogen®?’ have been performed in ALPHA magnetictraps.In
2018, the ALPHA-g machine—a vertically oriented antihydrogen trap
designed to study gravitation—was constructed. The experimental
strategy is conceptually simple: trap and accumulate atoms of anti-
hydrogen; slowly release them by opening the top and bottom barrier
potentials of the vertical trap; and try to discernany influence of gravity
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main solenoid are notdrawn to scale here; see Fig.1aforascaled image.

The mirror coils B-F, the analysis coil, the mini-octupole, the transfer coil and
thebackground coil are not utilized here. The capture solenoid is used for
charged particle transfer and manipulations and is de-energized for gravity
measurements. The LOc coils (dark blue in the figure) extend past the trapping
regionused here and constitute part of two additional antihydrogen traps
intended for future use.

ontheirmotion whenthey escape and annihilate on the material walls of
the apparatus. The trapped anti-atoms are not created at rest but have a
distribution of kinetic energies consistent with the trap depth of about
0.5 K (we employ temperature-equivalent energy units). Gravity is
expected tobe manifested as a difference in the number of annihilation
events from anti-atoms escaping via the top or the bottom of the trap.

The experimental layout is shown in Fig. 1. Antiprotons from the
CERN Antiproton Decelerator®® and the ELENA (Extra Low ENergy
Antiproton)® ring are first caught in a separate, high voltage Penning
trap in a3 T solenoid magnet (not shown). ELENA typically delivers
7.5 x10° antiprotons at 100 keV every 120 s. About 5 x 10° of these are
dynamically captured. After being cooled by co-trapped electrons,
antiprotons are injected into ALPHA-g and dynamically re-trapped.
A superconducting solenoid provides the background field of 1 T for
confining the charged particles. Positrons from a Surko-type accumula-
tor?arealsoinjected into ALPHA-g and re-trapped; there are typically
3 x 10®available for each mixing cycle with antiprotons. The beamline
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Fig. 2 |Illustrations of the magneticbias. a, Expanded view of the end-of-ramp
mirror coil peak regions for abias of -1g (note the discontinuous abscissa). The
square points represent offline ECR measurements carried out to determine
thefield profileand to find the peak field location. The points with red circles
indicate the axial locations at which ECR measurements were made at the

for guiding the bunches of positrons and antiprotonsinto ALPHA-g is
described elsewhere®. Following manipulations to control their size
and density**, the positron plasmas are mixed with antiproton plasmas
inaregion (electrodes B23 to B35 in Fig. 1) situated within the super-
conducting antihydrogentrap. The anti-atom trap comprises octupole
magnets for transverse confinement and two solenoidal ‘mirror coils’
(Aand GinFig.1) for axial (vertical) confinement. Antihydrogen atoms
produced with sufficiently low kinetic energy can be trapped due to
the -peBinteraction of their magnetic moments with the external fields.
For the field strengths in ALPHA-g, the anti-atoms are spin-polarized,
and the scalar magnitude of the magnetic field determines the trapping
potential. The entire production and trapping region is cooled to near
4 Kby theliquid heliumbath for the trap magnets. ALPHA-g currently
traps a few antihydrogen atoms per mixing cycle, but antihydrogen
atoms can be accumulated® over many cycles from ELENA. We refer
to this process as ‘stacking’. The atom trapping volume is nominally a
vertical cylinder of 4.4 cm diameter and 25.6 cm height.

The effect of gravity

The experimental protocol was to stack antihydrogen atoms, then
release them by ramping down the current in the two mirror coils simul-
taneously over 20 s. The anti-atoms could escape either to the top of
the trap (through mirror G) or the bottom (through mirror A) and sub-
sequently annihilate on the walls of the apparatus (Fig. 1). The annihila-
tions and their positions (vertices) could be detected and reconstructed
using the ALPHA-g radial time projection chamber (rTPC) detector
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beginning and end of the mirror coil ramp-down for each gravity trial.

b, Calculated on-axis final well shapes (after ramp-down) for the positive
bias trials. The featuresat|z| > 20 cmare due to the OcB (Fig.1) end turn
windings. The vertical dashed lines represent the physical axial midpoints
of mirrorsAandG.

(Fig.1and Methods). A coaxial, barrel-shaped scintillator detector was
also used for event selection (Fig.1and Methods).

Numerical simulations of atomtrajectories (Methods) indicate that
if hydrogen atoms were trapped and gradually released from a verti-
cally symmetric trap (that is, the on-axis magnetic field maxima are
equal; B, = Bg) under ALPHA-g conditions, about 80% of them would
exit through the bottom, the asymmetry being due to the downward
force of gravity. The goal of the current experiment was to test this
behaviour for antihydrogen. Vertical gradients in the magnetic field
magnitude can obviously mimic the effect of gravity. Quantitatively,
the local acceleration of gravity g, which is about 9.81 m s, is equiva-
lent to avertical magnetic field gradient of 1.77 x 10T m™actingona
hydrogen atom in the ground state. The peaks in the mirror coil axial
field strength are separated by 25.6 cmat full current, so afield differ-
ence of 4.53 x10™* T between these points would mimic gravity. This
consideration sets the scale for the required degree of magnetic field
control for this experiment, but it also allows us to refine the simple,
symmetricrelease procedure to more systematically probe gravity. In
particular, itis possible to either counteract or supplement gravity by
introducing a differential current to one of the mirror coils.

We first consider a simplified, one-dimensional on-axis model. As
the mirror fields are ramped down, a particular anti-atom will escape
when its axial kinetic energy exceeds the combined gravitational
and magnetic potential at the peak axial field position of one of the
mirror coils. Thus, one could balance the effect of gravity on matter
by imposing afield difference (B - B,) of about—4.53 x 10 T between
the mirror field peaks (Fig. 2a). Maintaining this difference during the
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Fig.3 | Escape histograms. The raw event z-distributions are displayed as
histograms for each of the bias values, including the +10g calibration runs.
Theseare uncorrected for background or detector relative efficiency. The time
window represented hereis 10 sto 20 s of the magnet ramp-down. The z-cut
regions areindicated by the solid, diagonal lines. Explicitly, the acceptance
regionsinzare[-32.8,-12.8]and [12.8,32.8] cm for the ‘down’and ‘up’ regions,
respectively.

ramp-down would in principle result in half of the atoms escapingin
eachdirection. Note that thisincrementalfield is very small compared
tothesize of theinitial peak end field, whichis about1.74 T. The mirror
coils A and G were connected in series, and a bipolar current supply
connected only to mirror G could provide afield increment or decre-
ment (Methods). We emphasize that a magnetic gradient is not applied
uniformly over the length of the trap. The local field geometry in the
region of eachmirror coil determines which particles can escape axially.

Therelease experiment

Inanticipation of future precision experiments, the octupole fieldsin
ALPHA-g canbe generated by three distinct coils. Two of these, which
we designate long octupole (LOc) and bottom octupole (OcB), are
employed here (Fig.1). The OcB magnet (made up of six wound current
layers) spans the axial trapping regionemployedin the current experi-
ment. The LOc magnet comprises two layers of windings and extends
over 1.5 m of the apparatus, covering two additional antihydrogen
trapping regions not utilized here. For trapping and stacking, both
octupole magnets are energized to about 830 A. At the completion
of stacking, the LOc magnet is ramped down in1s, thereby eliminat-
ing the transverse confinement field above mirror G (Fig. 1). This step
releases some of the more transversely energetic atoms —about half of
the stacked sample. By counting the resulting annihilations, we obtain
anindication of the total number of atoms that have been stacked.

The actual experiment involved many trials of antihydrogen accu-
mulation and release for various magnetic ‘bias’ levels. We define the
imposed bias as:

”B(BG - BA)
my(zg—2a)

where 1 is the Bohr magneton, (B - By) is the difference between the
on-axis field maxima under the two mirror coils, m,, is the hydrogen
gravitational mass and (z; - z,) is the height difference between the
positions of the on-axis field maxima. It is convenient to express the
biasrelative tog. Thus, in the one-dimensional model, amagneticbias
of -1gwould effectively balance the downwards gravitational force for
hydrogen. Having assumed no a priori direction or magnitude for the

gravitational force on antihydrogen, we investigated nominal bias
values of +3g, +2g, +1.5g, +1g, +0.5g and Og. Figure 2b illustrates the
positive bias fields (B; > B,), which would encourage antihydrogen
atoms to exit at the bottom.

We typically accumulated anti-atoms for 50 stacks in roughly four
hours, resulting in about 100 atoms trapped. For each trial, after the
conclusion of stacking and the LOc ramp-down, the on-axis field
magnitude at one axial location under each mirror coil (Fig. 2a) was
measured using the technique of electron cyclotronresonance (ECR)*
(Methods). The ECR measurement was made at approximately 130 s
after the LOc ramp-down. The mirror coil current ramp-downs hap-
pened next and were linear over 20 s. The smaller of the two mirror
fields was not ramped all the way down to the level of the bottom of
the confinement well but stopped at about 5 x 10 T above this level.
This was to ensure that the released atoms possessed enough energy
to overcome the small axial field bumps that arise from the end wind-
ings of the OcB magnet (Fig. 2b). At approximately 96 s after the mirror
ramp-down, the ECR measurements were repeated to characterize the
final axial well (Methods).

Various bias values were interleaved during the data-taking
period, which lasted about 30 days. We emphasize that the integer or
half-integer bias values identified above are just labels for the trials and
refer to the programmed on-axis field maxima; neither is the bias per-
fectly constant during the ramp-down, nor does the one-dimensional
model completely characterize the three-dimensional experiment.
Trials for agiven bias were repeated six or seven times, depending on
the total number of events detected. The raw results (no background
subtraction or detector efficiency correction) are presented as axial
annihilation distributions in Fig. 3. For further analysis, we exclude
events whose z-position lies between the physical mirror centres, or
more than 0.2 m outside the physical mirror centres, as indicated in
Fig. 3. This ‘z-cut’ was chosen by conducting a separate set of experi-
ments inwhich we attempted to release trapped antihydrogen atoms
to only the top or the bottom of the trap by applying a bias of -10g or
+10g, respectively. The £10g trials also help to determine the relative
efficiency of the rTPC detector for the up and down escape regions
(Methods). The efficiency determination uses the number of atoms
detectedinthe LOc ramp-down as anormalization. The plotted event
distributions were also subject toa‘time cut’: events are accepted from
10 to 20 s of the ramp-down, as we found that the number of atoms
emerging before 10 s is negligible (Fig. 4).
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Table 1| Results of the release trials

Nominalbias(g) Number of N,,(events) N,,(events) Eventsduring

trials LOc ramp-down

-3.0 7 151.7 16.5 199.2
-2.0 7 1287 33.5 168.2
-1.5 6 128.9 577 192.0
-1.0 7 69.7 62.5 183.2
-0.5 7 55.7 67.5 201.2
0 7 36.7 94.5 144.2
0.5 7 36.7 124.5 1772

1.0 7 177 119.5 185.2
1.5 6 13.9 180.7 234.0
2.0 7 6.7 163.5 228.2
3.0 7 77 1475 199.2
-10.0 6 142.9 07 169.0
10.0 6 -01 185.7 213.0

The number of events for anti-atoms escaping either up or down is tabulated for each bias
series. These events occur in the time window 10-205s during the ramp-down and lie within
the z-regions illustrated in Fig. 3. Also shown is the number of events due to antihydrogen
atoms that escape when the long octupole magnet is ramped down. All values are corrected
for the expected cosmic ray background. Counting uncertainties are not listed but are used
in the global determination of P, in Fig. 5. The background per trial was 0.18+0.01 events in
the top region and 0.21+0.01 events in the bottom region. The background per trial for the
LOc ramp-down window (duration 13.1s) was 0.83+0.02 events. The +10g entries are for the
calibration trials (see text).

The essential cumulative result for each bias can be represented by
two numbers, N,, and Ng,: the number of particles escaping upwards
or downwards. These are listed in Table 1. The techniques used to maxi-
mize the signal and suppress the background are described in Methods.
The background rates are listed in the Table 1 notes.

The escape curve

In Fig. 5 we plot the probability for an antihydrogen atom to escape
downwards (P,) as a function of the applied bias. The probabilities
and their credible intervals were obtained from the raw event counts
by using standard statistical techniques (Methods). The biases plot-
ted here are derived values, as the magnetic field difference (on axis)
between the upper and lower barriers remains only approximately

constantasthe currentis decreased. Thisis due to small asymmetries
in the background field, the construction of the mirror coils and the
ramp-induced persistent currentsin the superconductors (Methods).
We also observe that these currents decay after the end of the ramp
(Extended DataFig. 6), affecting the final-well ECR measurements. To
account for these effects, we use ameasurement-based magnetic field
model (Methods) to calculate the bias during the ramp. We can then
assign to each annihilation event the calculated bias for the time at
which that particular anti-atomescaped the trap (Fig. 4 and Extended
DataFig. 8). Finally, we average the biases for all of the events that pass
our selection criteria (or ‘cuts’) to arrive at the plotted bias value for
the collection of trials sharing the same magnetic field configuration.
The uncertainties in the bias determination are of order 0.1gand are
described in detail in Methods.

Qualitatively, the experimental data in Fig. 5 exhibit the behaviour
characteristic of gravitational attraction between antihydrogen and
the Earth. At a bias of about +3g(-3g) the anti-atoms exit predomi-
nantly at the bottom(top) of the trap, as the magnetic imbalance is
significantly larger than 1g. The fraction exiting through the bottom
increases monotonically as the bias increases from -3g to +3g. The
balance point (P,, = 0.5) is close to —1g, as naively expected from the
simplified one-dimensional argument presented above.

To gain more quantitative insight into the results (and origi-
nally to inform the design of the experiment) we rely on extensive
numerical simulations (Methods) of the trajectories of antihydrogen
atoms trapped and then released. The numerical model features a
three-dimensional magnetic field map based on both the as-built
superconducting magnet wire model and the measured fields from
ECR or amagnetron frequency measurement technique (Methods).
The actual currents measured during the experimental sequence
are used for the simulation. This is the same magnetic field model
used toderive the plotted biases above, so the simulation describes a
three-dimensional system that is consistent with our best experimental
measurements—both static and dynamic—of on-axis field strengths.
The ECR measurements taken during the trials have been supple-
mented by extensive offline studies using both ECR and the magnetron
method (Methods). The simulated release results are plotted with
the datain Fig. 5, both for attractive (normal) gravity and, by way of
comparison, for ‘no’ gravity and for ‘repulsive’ gravity.

Theagreementbetween the shape of the measured data and that of
the simulation is visually compelling. To extract a value for the local
acceleration from our dataset, we have compared the datato a set of
simulations that presume values for antihydrogen’s gravitational

r . Normal gravity simulation 710
0.9 - —e - No gravity simulation 0.8
--e-- Repulsive gravity simulation
0.8 Experimental data -1 0.6
o
0.7 » K 04
/
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Fig.5|Escape curve and simulations. The derived P,, values are plotted versus
bias for the experimental data and for simulations of the experiment for three
values of the gravitational accelerationa,: 1g (normal gravity, orange), 0g (no
gravity, green) and -1g (repulsive gravity, violet). See the text for the definitions
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ofthe uncertainties. Theright ordinateis the down-up asymmetry A =2P,, - 1.
The confidence intervals on the no-and repulsive gravity simulations are
comparable to those for the normal gravity simulation and have been omitted
for clarity.



Table 2 | Uncertainties in the bias determination

Table 3 | Uncertainties in the determination of ag

Uncertainty Magnitude (g) Uncertainty Magnitude (g)
ECR spectrum width 0.07 Statisticaland Finite data size 0.06
Repeatability of (B~ B,) 0.014 systematic Calibration of the detector efficiencies inthe 0.12

Peak field size and z-location fit 0.009 up and down regions

Field decay asymmetry (A to G) after ramp 0.02 ' ' Other rT1inor sources — . 001

Bias variation in time 0.02 rsy:?;;?tlon :l;/ln%dgfl;l_r;giso)f the magnetic fields (on-axis 0.16

Field modelling 005 Antihydrogen initial energy distribution 0.03

Summary of the uncertainties in the derived bias values, expressed in units of the local
acceleration of gravity for matter (9.81ms™). See Methods for definitions and details.

acceleration thatdiffer from 1g (Extended DataFig.1). Generally speak-
ing, the simulated curves have the same shape and are shifted along
thebias axis. From alikelihood analysis (Methods) onthe experimen-
tal data, we find that the local gravitational acceleration of antihydro-
genis directed towards the Earth and has magnitude a; = (0.75 £ 0.13
(statistical + systematic) + 0.16 (simulation))g, where g=9.81ms™.
Within the stated errors, this value is consistent with a downward
gravitational acceleration of 1g for antihydrogen.

Classification of uncertainties

Broadly speaking, we characterize three different types of uncertainty.
The uncertainties regarding magnetic field measurement and model-
ling affect the derived bias values and are listed in Table 2 and described
inMethods. These arereflected in the horizontal error bars on the bias
valuesinFig.5.Statistical and systematic uncertainties regarding event
detection, such as counting statistics, backgrounds and detector effi-
ciencies, are listed in Table 3. These are manifested as vertical error
barsin the Py, values in Fig. 5. Finally, an estimated uncertainty band
(orangebandinFig.5) isassociated with the simulation. Thisincludes
the potentialimpact of various unmeasured quantities, such as magnet
winding misalignments, off-axis persistent magnetic fields, and uncer-
tainty in the energy distributions (longitudinal and transverse) of the
trapped antihydrogen atoms. All of the above are used to extract the
uncertainties in the quoted value of ag. Our goal here is not to make a
precision determination of the magnitude of ag, but to identify the
statistical sensitivities and systematic effects that will be important
for future measurements.

Asacross check, we conducted trialsin whichweused a130 sramp-
down time, for biases of Og, -1g and —2g. Within the calculated uncer-
tainties, the results were consistent with the 20 s data and with the
appropriate simulation (Extended Data Fig. 2).

We also observe that some atoms are released after the end of the
20 sramp (Fig. 4 and Extended Data Fig. 3). This is potentially due to
long-time-scale mixing®® between the transverse and longitudinal
motions of the atoms, but this has not yet beeninvestigated in detail.
The gravitational behaviour of these atoms appears to be consis-
tent with the 20 s ramp-down sample (Extended Data Fig. 3), but the
detailed systematic measurements to confirm this have not yet been
performed.

Possible complicating effects

We have considered other effects that could mimic agravitational force
or add significant uncertainty, and we can rule them out due to their
negligible magnitudes. We have earlier determined an experimental
limit for the antihydrogen charge® to be less than about 1022 C. Thus,
alV potential change would have the same effect as a10°T change
in magnetic field. The trap electrodes are maintained at their com-
mon ground to within £10 mV after stacking is completed, so even
the extremely unlikely presence of the maximal non-zero charge on

Summary of the uncertainties involved in the determination of the gravitational acceleration
ag The uncertainties are one standard deviation and are expressed in units of the local
acceleration of gravity for matter (9.81ms™). See Methods for the details.

antihydrogen would play no role here. Concerning the size of the
magnetic dipole moment of antihydrogen, we earlier measured the
microwave transition® within the hyperfine-split ground state at
approximately 1 T with anabsolute accuracy correspondingto 0.3 mT.
Since the positron magnetic dipole moment mainly determines the
transition frequency, this corresponds to an uncertainty of the mag-
netic dipole moment of less than 1 part per thousand in antihydrogen,
leading to a negligible contribution to the error budget here.

The measured masses and charges of the positron and antiproton’®
can, in the absence of new physics, be used to constrain the polariz-
ability of an antihydrogen atom in the ground state to approximately
that of the hydrogen ground state®: 7.4 x 10 C?(J m)™. Thus, achange
inelectricfield of100 V m™would have an effect equivalent to achange
in magnetic field of less than 10 ™ T. Finally, antihydrogen atoms may
change their velocity due to collisions with background gas during
the ramp-down. From the measured antiproton storage lifetime of
4,000sin the trap, we estimate the density of background gas to be
approximately 2 x 10°cm, Using this value together with the calcu-
lated cross sections*, the probability for a collision during the 20 s
(130 s) ramp-down is less than 0.5% (3%).

Conclusion

We have searched for evidence of the effect of gravity on the motion of
particles of neutral antimatter. The best fit to our measurements yields
avalue of (0.75 £ 0.13 (statistical + systematic) + 0.16 (simulation)) g
for thelocal acceleration of antimatter towards the Earth. We conclude
thatthe dynamicbehaviour of antihydrogen atoms is consistent with
the existence of an attractive gravitational force between these atoms
and the Earth. From the asymptotic form of the distribution of the
likelihood ratio as a function of the presumed acceleration, we esti-
mate a probability of 2.9 x 10~ thataresult, at least as extreme as that
observed here, could occur under the assumption that gravity does
notactonantihydrogen. The probability that our dataare consistent
with the repulsive gravity simulationis so small as to be quantitatively
meaningless (less than107™). Consequently, we can rule out the exis-
tence of repulsive gravity of magnitude 1gbetween the Earth and anti-
matter. The results are thus far in conformity with the predictions of
General Relativity. Our results do not support cosmological models
relying on repulsive matter-antimatter gravitation.

Future perspectives

This experiment marks the beginning of detailed, directinquiriesinto
the gravitational nature of antimatter. Having determined the sign and
approximate magnitude of the acceleration, our next challenge is to
extend the method to measure the magnitude as precisely as possible,
toprovide amorestringent test of the WEP. Colder atoms will obviously
allow for more sensitive measurements, and our simulations indicate
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thatusing colder antihydrogen atoms willin general steepen the transi-
tionregion of the escape curve and allow for higher precision. Our recent
demonstration of laser cooling of trapped antihydrogen®is a promising
developmentinthis direction. Additionally, our future measurements
willincorporate adiabatic expansion cooling of trapped antihydrogen®.
Inadditionto future measurementsin ALPHA-g, alternative approaches
are being pursued by the GBAR*? and AEgIS* collaborations at CERN.

The dependence onsimulationsisnotaconcernatthe currentlevel
of precision, but supplementary experiments to benchmark and refine
the simulations will form alarge part of the future measurement pro-
gramme. Our experimental technique is ultimately limited by the
precision of the control and measurement of the magnetic fields in
theatomtrap andits surroundings. Offline magnetometry using elec-
trons, nuclear magnetic resonance** (NMR) probes, and possibly
trapped, laser cooled ions*, will lead to refinement of the current
method. The central trapping region of ALPHA-g, not yet utilized, is
designed to be less susceptible to unprogrammed magnetic fields
and towork with colder atoms. Having a cold source of stable antimat-
terinavertical trap suggests the possibility of performing fountain-
type, gravitational interferometry measurements*¢, promising preci-
sions of order107¢in the determination of ag. Formerly the subject of
countless thought experiments and indirect inferences, the motion
of antimatter in the gravitational field of the Earth finally has asound
and promising experimental foothold
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