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The hydrogen atom is one of the most important and influential
model systems in modern physics. Attempts to understand its
spectrum are inextricably linked to the early history and develop-
ment of quantum mechanics. The hydrogen atom’s stature lies in
its simplicity and in the accuracy with which its spectrum can be
measured' and compared to theory. Today its spectrum remains a
valuable tool for determining the values of fundamental constants
and for challenging the limits of modern physics, including the
validity of quantum electrodynamics and—by comparison with
measurements on its antimatter counterpart, antihydrogen—the
validity of CPT (charge conjugation, parity and time reversal)
symmetry. Here we report spectroscopy of a pure antimatter atom,
demonstrating resonant quantum transitions in antihydrogen. We
have manipulated the internal spin state>* of antihydrogen atoms
so as to induce magnetic resonance transitions between hyperfine
levels of the positronic ground state. We used resonant microwave
radiation to flip the spin of the positron in antihydrogen atoms
that were magnetically trapped*® in the ALPHA apparatus. The
spin flip causes trapped anti-atoms to be ejected from the trap. We
look for evidence of resonant interaction by comparing the survival
rate of trapped atoms irradiated with microwaves on-resonance to
that of atoms subjected to microwaves that are off-resonance. In
one variant of the experiment, we detect 23 atoms that survive in
110 trapping attempts with microwaves off-resonance (0.21 per
attempt), and only two atoms that survive in 103 attempts with
microwaves on-resonance (0.02 per attempt). We also describe the
direct detection of the annihilation of antihydrogen atoms ejected
by the microwaves.

Magnetostatic trapping of neutral atoms’ or anti-atoms is accomp-
lished by creating a local minimum of the magnetic field magnitude in
free space. The confining force results from interaction of the atomic
magnetic moment p with the non-uniform magnetic field. Figure 1 shows
the expected Breit-Rabi hyperfine level diagram for the ground state of
the antihydrogen atom in a magnetic field. We label the four eigenstates
|a), |b), |c) and |d) in order of increasing energy. Trapping is possible
when the atom is in a ‘low-field seeking’ quantum state (|c) or |d) in
Fig. 1). We employ the Ioffe-Pritchard” configuration: the superposition
of a magnetic multipole (an octupole) field that confines atoms in the
transverse directions and two ‘mirror coil’ fields for axial confinement?®.

Working at the Antiproton Decelerator’ facility at CERN, we
recently demonstrated magnetic confinement of cold antihydrogen

atoms* and showed that—once trapped—these atoms end up in their
ground state, where they can be held® for up to 1,000 s. Here we use the
same apparatus, modified to enable injection of microwaves into the
trapping volume (Fig. 2a). Antihydrogen atoms are produced near the
field minimum (about 1T, Fig. 2b) by mixing cold plasmas of
antiprotons and positrons for about 1s (Methods). Atoms having
kinetic energies corresponding to less than 0.5K can be trapped.
Mixing about two million positrons and 20,000 antiprotons yields
approximately 6,000 anti-atoms; on average, approximately one
anti-atom is trapped. The trapping field currents can be ramped down
with a time constant of 9 ms, releasing trapped atoms in a well-defined
time window®. The trapping volume is surrounded by a three-layer,
30,720-channel imaging silicon detector'’, which can locate the spatial
positions—vertices—of antiproton annihilations.

Our approach was to subject trapped antihydrogen atoms to res-
onant microwaves to eject them from the trap. A tuned, oscillating
magnetic field B; applied perpendicularly to the trapping field can
drive positron spin-flip transitions between the trappable and the
untrappable states, that is, |c)—|b) and |d)—|a). Untrapped atoms
escape and annihilate on the surrounding apparatus. A single experi-
mental cycle or ‘trapping attempt’ involves producing anti-atoms in
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Figure 1 | Hyperfine energy levels. The Breit-Rabi diagram, showing the
relative hyperfine energy levels of the ground state of the hydrogen (and
antihydrogen, assuming CPT invariance) atom in a magnetic field. In the state
vectors shown (for the high-field limit), the single arrow refers to the positron
spin and the double arrow refers to the antiproton spin.
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Figure 2 | The ALPHA device. a, Cut-away, schematic drawing of the
antihydrogen synthesis and trapping region of the ALPHA apparatus. The
superconducting atom-trap magnets, the annihilation detector, and some of the
Penning trap electrodes are shown. An external solenoid (not shown) provides
a 1-T magnetic field for the Penning trap. The drawing is not to scale. The inner
diameter of the Penning trap electrodes is 44.5 mm and the minimum-B trap
has an effective length of 274 mm. Microwaves are injected along the axis of the
trapping volume using a horn antenna, which is located about 130 cm from the
trap axial midpoint. b, Map of magnetic field strength in the ALPHA
antihydrogen trap. The red contour bounds a region up to 0.35mT (or 10 MHz
in microwave frequency equivalent) above the minimum field, to roughly
indicate the size of the resonant volume.

the magnetic trap, holding any trapped atoms first for 60's (during
which the magnetic field may be changed) and then for 180 s (during
which microwaves may be introduced), and then intentionally releas-
ing any remaining atoms to detect their annihilation.

To select the proper microwave frequencies and magnetic field
configurations, we consider (Fig. 3a) the calculated positron spin res-
onance lineshapes for equal numbers of trapped |c) and |d) state atoms
exposed to microwaves. The abrupt low-frequency onsets are asso-
ciated with the minimum in the static magnetic field near the trap
centre; the high-frequency tails reflect the highly inhomogeneous
nature of the trapping fields elsewhere. We choose the resonance
condition such that transitions are induced as atoms pass close to
the magnetic minimum (Fig. 2b). This choice yields higher transition
rates than elsewhere in the trap, and it localizes the position in space
where transitions occur, and whence the resulting high-field seeking
atoms are ejected. We do not know a priori the hyperfine level in which
atoms are trapped; for a given magnetic field configuration we need to
alternately irradiate the trap at two frequencies (details in Fig. 3 legend)
separated by the zero-field hyperfine splitting of 1,420.4 MHz.

We collect two distinct, complementary types of annihilation data.
First, at the end of every trapping attempt, we rapidly turn off the
confining fields and watch for annihilation events in a 30-ms window
from the start of the magnet shutdown. This allows us to determine an
effective trapping rate. The ejection of trapped atoms by resonant
microwaves will reduce this rate. Rates for application of resonant
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microwaves, off-resonant microwaves and no microwaves can be com-
pared: these are ‘disappearance mode’ data. The second data set comes
from monitoring annihilation events throughout the entire time that
antihydrogen atoms are held in the trap. We look for events from
ejected atoms during the time that resonant microwave fields are
applied: these are ‘appearance mode’ data.

Because the duration of the observation window differs significantly
between these two modes, we rely on two different cosmic background
rejection algorithms (Methods). In the 30-ms ‘disappearance window’
we use the algorithm developed earlier* (the ‘default criteria’). The
rate at which cosmic ray events are interpreted as annihilations by this
selection scheme is (4.7 +0.2) X 10 s~ '. For the much longer
‘appearance mode’ observation (180s), we rely on an alternative set
of acceptance criteria that, compared to the default criteria, reduces
annihilations by 25% but lowers the cosmic background by an order of
magnitude. To avoid experimenter bias, the two sets of criteria are
optimized and cross-checked using control samples*®: cosmic ray
events and annihilation events collected independently of the trapping
experiments described here.

We conducted six series of measurements. For series 1, we set the
minimum on-axis trapping field BX® to some value B* (Methods), and
then applied resonant microwave fields at frequencies f and f4
(Fig. 3b; see the legend for microwave frequency drive details) during
the 180-s hold portion of the cycle. For series 2, we shifted BXS to
B® > B* by increasing the mirror coil currents such that microwave
fields oscillating at f» and f4 are detuned by 100 MHz and are no
longer resonant with atoms at the centre of the trap (Fig. 3¢). The field
was shifted (in about 1 s) after the mixing and initial trapping phase of
each trapping attempt, and a waiting period of 59 s was imposed to
allow the field to stabilize before microwave introduction. This con-
figuration should eliminate |d) —|a) transitions and reduce the rate of
|c)—|b) transitions. The latter can still occur as atoms pass through
regions of space in which the local magnetic field brings them into
resonance with microwave fields applied at frequency f2. Series 3
involved operating at the higher field B and shifting the microwave
frequencies so as to bring both transitions back into resonance
(Fig. 3d). Series 4 field and frequency conditions were identical to those
of series 2, but series 4 attempts were interleaved with those of series 3.
This repetition attempts to minimize possible systematic effects due to
time variations in the experimental conditions. Antiproton beam and
plasma conditions—and thus the initial trapping rate—can vary from
day to day, so on- and off-resonance experiments were interspersed.
Thus, series 1 and 2 were taken under very similar conditions, and
series 3 and 4 constitute a second, complementary set of measure-
ments. In concert with series 1-4, we measured trapping and annihila-
tion rates with B set to B* or B® when no microwaves are injected
into the apparatus (series 5 and 6, respectively). Apart from changes in
magnetic field or microwave conditions, the experimental procedure
was identical for each of the six series.

A summary of ‘disappearance mode’ data appears in Tables 1 and 2.
The errors quoted are based on counting statistics only. By comparing
the Poisson rate of the process of interest with the rate of the control
process, we evaluate the probability (P-value) that the observed number
of outcomes, or a more extreme one, could have been produced by
background fluctuations''. We observe a clear decrease in the survival
rate for the cases in which microwaves are injected on-resonance, as
compared to the equivalent off-resonance measurements, with a
P-value of 1.0 X 10"

The two measurement sets (series 1-2; series 3—4) could have dif-
ferent systematic uncertainties. For example, in the former, the mirror
field shift might affect the orbit dynamics of the trapped antihydrogen
(ahypothesis not supported by numerical simulations), while the latter
could suffer from different microwave field characteristics between
on- and off-resonance frequencies (again, this is not supported by our
detailed off-line measurements with electron plasmas; see Methods).
However, both data sets show decreases in the on-resonance rate
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Figure 3 | Transition lineshapes and resonance conditions. a, Calculated
spin-flip transition lineshapes in the ALPHA antihydrogen trap. Transition
probability (arbitrary units) is plotted versus microwave frequency. Only the
trapping field inhomogeneity is considered in calculating the lineshape.

b, Schematic representation of the experimental situation for the on-resonance
experiments at magnetic field B* (series 1). The yellow bands represent the
frequency ranges over which the microwaves are scanned. ¢, The situation for
off-resonance experiments at magnetic field B (series 2 and 4). d, The situation

measurements, compared to the associated off-resonance measure-
ments, with P-values of 1.6 X 10~ * and 1.5 X 10~ 2, respectively, sup-
porting the hypothesis that the difference is due to spin flip.

We note that the survival rates for the no-microwave measurements
are higher than for those in which microwaves are present but off-
resonance (the P-value is 6 X 10~ 2). This difference could be explained
by far off-resonant interactions with the |c) state, assuming there is
sufficient microwave power to induce spin flips in the long tails of the
resonance lineshape (Fig. 3¢). (See the discussion of the appearance
mode data below.)

We also directly searched for annihilation signals of anti-atoms that
are ejected from the trap after a spin-flip transition—the ‘appearance
mode’ described above. Figure 4a shows the time history of events
satisfying the alternative acceptance criteria and having |z| <6cm
(Methods). In the first frequency sweep (0 <t<30s) we observe a
significant excess of counts (P = 2.8 X 10~°) in on-resonance (series 1

Table 1 | Series summaries for the ‘disappearance mode’ analysis

B=m +100MHz 8= + 100 MHz

Frequency

for on-resonant experiments at magnetic field B® (series 3). A two-segment
frequency sweep lasting 30 s was used to apply microwave fields. This sweep
was repeated six times in each trapping attempt for a total microwave
application time of 180's, beginning 60 s after the end of antihydrogen
formation. In each case, the first 15-s scan covers the lower yellow band and the
second 15-s scan covers the upper yellow band. The bands span —5 MHz to
+10 MHz about the target frequency.

plus series 3) compared to off-resonance attempts (series 2 plus series 4).
Seven of the 19 events appearing in 0 < ¢ < 15s (microwaves probing
Joc) occur in the first second; for 15 <t<30s (probing f,q) the first
second has seven of 18 events. This suggests that the microwave power
is sufficient to flip most of the spins during the first 30-s sweep, in
agreement with numerical simulations of the transition rate
(Methods). An investigation of power dependence indicated that a level
as low as one-sixteenth of the nominal 700 mW injected (Methods) was
still enough to eject the trapped atoms in the first 30-s sweep, again
consistent with the simulations.

In the off-resonant experiments, we observe a mild excess of counts
above the no-microwave case (series 5 plus series 6) with an associated
P=5.6X10"% We interpret this excess to be due to the above-
mentioned off-resonance interaction with the |c) state. This conclu-
sion is supported by the fact that the events are in 15<<t<<30s
(Fig. 4a), when the microwaves are probing the upper 15-MHz

Series Relative microwave Relative magnetic field Number of attempts Antihydrogen detected Rate Comment
frequency at trap shutdown

1 OMHz OmT (B2 = BY 79 1 0.01 +0.01 On resonance (Fig. 3b)
2 O0MHz +3.5 mT (B2 = BB) 88 16 0.18 +0.05 Off resonance (Fig. 3¢c)
3 +100 MHz +3.5 mT (BXis = BB) 24 1 0.04 +0.04 On resonance (Fig. 3d)
4 0MHz +3.5mT (B = B®) 22 7 0.32+0.12 Off resonance (Fig. 3¢)
5 Off OmT (B = BY 52 17 0.33+0.08 No microwaves

6 Off +3.5mT (B = B®) 48 23 0.48 +0.10 No microwaves
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Table 2 | Totals for all ‘disappearance mode’ seties

Number of attempts Detected antihydrogen  Rate
On resonance (1 + 3) 103 2 0.02+0.01
Off resonance (2 + 4) 110 23 0.21 =0.04
No microwaves (5 + 6) 100 40 0.40 =0.06

frequency band (Fig. 3¢), and by indications that the nominal power
should be sufficient to drive off-resonant transitions. Taken together,
the disappearance and appearance analyses constitute a consistent
picture of the fate of the trapped antihydrogen atoms.
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Figure 4 | Appearance mode data. a, The number of ‘appearance mode’
annihilation events satisfying the alternative selection criteria and |z| <6 cm
(Methods) as a function of time between the end of antihydrogen production
and the trap shutdown. Microwave power is first applied at time ¢ = 0. The
expected cosmic background per bin per run is 0.026 = 0.005 events. The error
bars are due to counting statistics. b, The z-distribution of annihilation vertices
in ‘appearance mode’ for 0 <t <<30s. The grey histogram is the result of a
numerical simulation of the motion of spin-flipped atoms ejected from the trap.
The dashed black curve is the result of a simulation of trapped antihydrogen
annihilating on the residual gas (Methods). Both simulations are normalized to
the on-resonant data.
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We have considered other processes that could lead to antihydrogen
loss in the presence of microwaves but that could not be due to a spin-
flip. The only plausible candidate is heating of the trap electrodes by
the microwaves, causing desorption from the surfaces of cryo-pumped
material, which could then scatter or annihilate the trapped anti-
atoms. Indeed, we observe a slight electrode temperature increase from
about 8 K to at most 11 K during the 180-s microwave cycle. However,
any such thermal effect on the vacuum should be the same for series 1
and 2, which differ only by a slight change in the trapping magnetic
field. Further evidence against vacuum deterioration comes from
Fig. 4b, which shows the z-distribution of appearance-type events
(in 0 <t <<30s). The distribution is highly localized around the trap
centre, as we expect from simulations of how spin-flipped atoms are
lost from the trap (Methods). Annihilation or collisional loss of
trapped anti-atoms in a compromised vacuum could occur anywhere
in the 274-mm-long trapping volume.

We thus conclude that we have observed resonant interaction of
microwave radiation with the internal quantum states of trapped
antihydrogen atoms. This is a proof-of-principle experiment; we have
not yet attempted to accurately localize a resonance or determine a
spectroscopic lineshape. We have bounded the resonance between the
off-resonance scan value and the maximum of the on-resonance
sweep. Roughly speaking, the observed resonance is within 100 MHz
of the resonance frequency expected for hydrogen, corresponding to a
relative precision of about 4 X 10~ . This experiment marks the advent
of antimatter spectroscopy and takes a preliminary step towards
precision comparison of the spectra of hydrogen and antihydrogen
as a test of CPT symmetry. Importantly, it also demonstrates the
viability of performing fundamental measurements on small numbers
of trapped anti-atoms by combining resonant interaction with the long
trapping times and sensitive annihilation detection in ALPHA. In
future experiments, the transition |c¢)«>|d) could be probed by double
resonance; the frequency of this transition goes through a broad
maximum' at a field of 0.65 T, allowing a precision measurement of
hyperfine parameters without requiring precise knowledge of the abso-
lute value of B (see Supplementary Information).

METHODS SUMMARY

The ALPHA apparatus traps antihydrogen atoms synthesized from cold plasmas
of positrons and antiprotons. Microwaves from a frequency synthesizer were
amplified and injected into the magnetic atom trap using a horn antenna. We
use electron cyclotron frequency measurement techniques to set the magnetic field
in the device, and to characterize microwave field patterns. We perform numerical
simulations of trapped antihydrogen dynamics to model microwave resonant
lineshapes and transition rates, atom ejection dynamics, and the spatial distri-
bution of residual gas annihilation. Two distinct analysis methods are used to
reduce cosmic ray background in the annihilation detector.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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LETTER

METHODS

Antihydrogen synthesis and trapping. The ALPHA techniques for synthesizing
trappable anti-atoms are described extensively elsewhere* . Antihydrogen atoms
are produced near the trap minimum by mixing cold plasmas of antiprotons and
positrons for about 1 s in a Penning-Malmberg"? trap. The mixing makes use of the
evaporative cooling' (for both positrons and antiprotons) and autoresonant injec-
tion'® techniques developed for our initial demonstration of trapping. At the end of
the 1-s synthesis stage the magnetic trap fields are on and the trapping region has
been cleared of any remaining charged particles. The anti-atoms are then held in
the trap for 240 s before being released. During the first 1s of this time period we
either ramp the mirror coil currents from 650 A to 692 A (adding 3.5 mT to BXE to
attain B®), or do nothing (to remain at BY). During the next 59 s we wait to ensure
that the currents in the mirror coils have stabilized. Finally, during the last 180 s we
either inject microwaves or not, depending on the measurement type.
Microwave injection. Ka-band microwaves from an Agilent 8257D PSG Signal
Generator are amplified and injected down the axis of the apparatus via a waveguide-
fed horn antenna. The maximum power used was about 700 mW, measured at the
vacuum transition.

Electron cyclotron resonance diagnostics. We measure the electron cyclotron
resonance frequency by loading an electron plasma in the centre of the trap. A
series of 4-{1s microwave pulses is injected, at frequencies scanned across the
cyclotron resonance; these pulses heat the plasma. Between each pulse we allow
the plasma to return to its equilibrium temperature. Simultaneously, we monitor
the quadrupole vibrational mode of the plasma by applying an oscillating potential
at 26.5 MHz to an electrode adjacent to the plasma and measuring the plasma
response on another. The frequency of this mode shifts approximately linearly
with changes in temperature'®. When the microwave frequency matches the cyclotron
frequency, the heating of the plasma and the quadrupole frequency shift will be
maximized. This method allows us to determine and to set the trapping magnetic
field and to ensure field stability between trapping attempts.

Using the quadrupole frequency shift diagnostic, we can also infer the in situ
amplitude of the microwave electric fields near the trap centre. We adjust the
solenoid field so that the electron cyclotron resonance frequency is equal to one
of the spin-flip transition frequencies and inject resonant microwave pulses to heat
the plasma. From the temperature increase we can infer that the peak electric field
amplitudes for 700mW injected power are about E(f2)=110Vm~’,
E(f)=150Vm L E(f2)=130Vm ", E(f}) =100Vm "

In yet another mode of operation, we fix the microwave frequency and apply an
axial magnetic field gradient across a long (about 4 cm) electron plasma so that
only a narrow slice of the plasma is in resonance. The external solenoid field is then
swept through resonance to generate a map of electric field strength along the
length of the plasma, reflecting the underlying standing-wave pattern. This pro-
vides another check of the similarity of microwave field distributions at the four
frequencies, as well as of variations over the 15-MHz frequency sweeps. We see no
evidence for significant differences in the microwave environment at the two pairs
of frequencies (f2, f4 and £2, f5) or within the sweeps.

Magnetic field settings. The background solenoid field of about 1 T is the same as
that used previously’. We use the electron cyclotron resonance technique to
quantify the contributions of the solenoid and trap magnets to B2 and to deter-
mine the field change necessary to achieve the 100 MHz offset for off-resonant
operation. The microwave frequencies used for driving (f2, f4) were
(28.276,29.696) GHz and for (f2, f2) were (28.376,29.796) GHz. The electron
cyclotron resonance measurements were used to monitor field stability from
attempt to attempt; any necessary corrections were done by adjusting the back-
ground solenoid field. The reproducibility of the field-setting procedure translates
to £2 MHz in microwave frequency.

Numerical simulations of antihydrogen dynamics. We use a mixture of
quantum and classical mechanics to simulate the effect of the microwaves on
the trapped antihydrogen, and to calculate spatial distributions, both for ejected
atoms, and for atoms lost by annihilation on the residual gas. The simulated anti-
atoms® are in a low-field seeking state and are launched from the region of the
positron plasma with a 50 K thermal distribution; only those with kinetic energy
less than about 0.5 K are trapped. The atomic motion is calculated classically using
a smooth fit to the magnetic field to obtain the centre-of-mass force.

The spatial structure of the microwave field in the electrode stack is complex,
but an order-of-magnitude estimate of spin-flip transition rates can be obtained
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by assuming that the microwave magnetic fields B; are those of a plane wave
propagating in free space. During each simulation time step, we check whether the
spin-flip resonance condition was met. If it was, we compute the transition
probability from the standard Landau-Zener approximation for a two state system
using a three-point time fit to the energy and coupling parameters. In the strong
trapping field, the coupling matrix element between the states is approximately
B 1t/4. The resonance condition is met twice each time the atom passes through
the centre of the trap, and we allow for the unlikely possibility of the spin flipping
twice. The coupling matrix element V' can be related to the Rabi frequency,
Q =V /h. For a microwave electric field of 100 V m™" (giving a vacuum intensity
of 1.3mW cm™?), B, is about 0.33 uT and the Rabi frequency is approximately
1.5 X 10" rad s ". Simulations do not lead to a simple exponential decay of trapped
population when the microwaves are present, because antihydrogen trajectories
differ in how they pass through the resonance volume. As a rough estimate, a
microwave intensity of 2mW cm ™ * gives a flip rate of the order of 15~

Default criteria for annihilation event identification. The detector tracks the
trajectories of charged pions that are produced when released antihydrogen atoms
encounter matter in the Penning trap electrodes and annihilate. A reconstruction
algorithm that considers track topology is then used to discriminate between pion
tracks and cosmic ray events, and ultimately to locate the spatial position (‘vertex’)
of each annihilation event'. The detector and the ‘default criteria’ for the event
discrimination procedure have been extensively described previously®"”.

Alternative criteria for annihilation event identification. We use a bagged
decision tree classifier, in the random forest approach'®*, to separate antiproton
annihilations on the trap walls from cosmic ray events. Nine variables are used for
classification: (1) the radial and (2) the azimuthal coordinates of the reconstructed
annihilation vertex, if present, (3) the total number of channels registering ‘hits’ by
charged particles, (4) the number of three-hit combinations used as track candi-
dates, (5) the number of reconstructed tracks, (6) the sum of the squared residual
distances of hits from a fitted straight line, and three topological variables. The
topological variables comprise (7) a sphericity variable, (8) the cosine of the angle
between the event axis and the detector axis, and (9) the angle between the
vertical and the projection of the event axis onto the transverse (x—y) plane.

3.0 .
The sphericity variable is defined as the quantity 5(42 +73). Here /., >/, > 73

N _
are the eigenvalues of the tensor $” = Zi pfp{’ |P1| : / N, where p? is the
component o (where o =x,y,z) of the momentum associated with the ith track.

The event axis is defined as the line passing through the centre of the detector and
oriented along the eigenvector associated with 4;.

The random forest event-selection criteria have been determined by maximiz-
ing a sensitivity figure of merit®'. Compared to the ‘default’ selection, this method
is about ten times more effective in rejecting cosmic background, while retaining
75% of the signal. For Fig. 4a, based on dynamical simulations, we require the
event’s axial position z to be less than 6 cm away from the trap centre. This
requirement affects the signal only marginally and further suppresses the back-
ground by a factor of three, resulting in a cosmic rate of (1.7 4 0.3) x 10> s~ ' For
Fig. 4b we select an annihilation candidate if it falls within 0 <t<30s (the first
microwave sweep).
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