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The spectrum of the hydrogen atom has played a central part in
fundamental physics in the past 200 years. Historical examples of
its significance include the wavelength measurements of absorption
lines in the solar spectrum by Fraunhofer, the identification of
transition lines by Balmer, Lyman et al., the empirical description
of allowed wavelengths by Rydberg, the quantum model of Bohr,
the capability of quantum electrodynamics to precisely predict
transition frequencies, and modern measurements of the 15-2S
transition by Hiinsch’ to a precision of a few parts in 10'>. Recently,
we have achieved the technological advances to allow us to focus
on antihydrogen—the antimatter equivalent of hydrogen®**, The
Standard Model predicts that there should have been equal amounts
of matter and antimatter in the primordial Universe after the Big
Bang, but today’s Universe is observed to consist almost entirely
of ordinary matter. This motivates physicists to carefully study
antimatter, to see if there is a small asymmetry in the laws of physics
that govern the two types of matter. In particular, the CPT (charge
conjugation, parity reversal, time reversal) Theorem, a cotnerstone
of the Standard Model, requires that hydrogen and antihydrogen
have the same spectrum. Here we report the observation of the
1S-2S transition in magnetically trapped atoms of antihydrogen in
the ALPHA-2 apparatus at CERN. We determine that the frequency
of the transition, driven by two photons from a laser at 243 nm, is
consistent with that expected for hydrogen in the same environment.
This laser excitation of a quantum state.of an atom of antimatter
represents a highly precise measurement performed on an anti-
atom. Our result is consistent with CPT invariance at a relative
precision of ~2 x 10~ 1°.

Experimental comparison of the spectra of hydrogen and antihydro-
gen was one of the main-cientific motivations for the construction of
CERN'’s Antiproton Decelerator® (AD). Of obvious utility is the 1S-2S
transition, due to the long lifetime (~1/8 of a second) of the 28 state
and the attendant narrow frequency width of the transition (a few Hz
at 2.5x10'®Hz). A’comparison of the hydrogen and antihydrogen
frequencies for this transition is thus potentially an extremely sensitive
testof CPT symmetry. The technological challenges to addressing anti-
hydrogenwith laser light are, however, extreme, as antihydrogen does
not occur naturally and must be synthesised and judiciously protected

from interaction with atoms of normal matter - which will annihilate
it. Working with only a few anti-atoms at a time represents a further
challenge, when compared to spectroscopy on 10! atoms of trapped
hydrogen®.

Low energy antihydrogen was first synthesised? by the ATHENA
collaboration in 2002. This feat was later repeated by the ATRAP?,
ALPHAS, and ASACUSA” collaborations. In 2010 the ALPHA team
succeeded in trapping antihydrogen® in order to facilitate its study. We
subseqtiently showed that anti-atoms could be held* for up to 1000s,
andwe have performed various measurements on antihydrogen in the
context of tests of CPT symmetry'®!"12 or gravitational studies®.

The central portion of ALPHA-2, our second-generation trapping
device for antihydrogen, is shown schematically in Figure 1. Antihydrogen
is synthesised by mixing plasmas of antiprotons from the AD (~90,000
particles) and positrons from a Surko-type accumulator'*!* (~1.6 million
particles). The techniques employed in this experiment yield about
25,000 antihydrogen atoms per mixing attempt.

Antihydrogen atoms can be trapped in the multipolar, supercon-
ducting trap if they have a kinetic energy of less than about 0.5K
(in temperature units). The trap comprises a set of ‘mirror coils’ - short
solenoids that generate the axial confinement well - and an octupole for
transverse confinement. Trapped antihydrogen is detected by ramping
down the currents in the magnetic trap over 1.5 s and detecting the
annihilation of the antiproton when the released atoms hit the wall of
the trap. We employ a three-layer silicon vertex detector'® to image the
annihilation vertex position of each detected atom. Event topology is
used to distinguish antiproton annihilations from cosmic rays, which
continually trigger the detector at an average rate of (10.02 +0.04) s™".

The particle manipulations necessary to produce trappable antihy-
drogen atoms have been described elsewhere®*!7; we note only that
recent innovations (Methods) in these techniques have provided a large
improvement in the number of trapped anti-atoms available per trial,
compared to our most recent publication'?. The antihydrogen pro-
duction employed below involves a new technique in which we ‘stack’
anti-atoms resulting from two successive mixing cycles, originating
from independent shots of antiprotons from the AD and accumulations
of positrons. We have trapped on average ~14 anti-atoms per trial for
this work, compared to 1.2 in previous work!2,
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The trapped anti-atoms are confined to a cylindrical volume of
44 mm diameter and 280 mm length. Windows in the vacuum chamber
allow the introduction of 243 nm laser light into this cryogenic, ultra-
high vacuum (UHV) volume. Two counter-propagating photons can
excite the 1S-2S transition at a frequency independent of the Doppler
effect to first order. To have enough light intensity in each direction
to excite the anti-atoms in a reasonable amount of time, ALPHA-2
includes a Fabry-Pérot power build-up cavity in the UHV system
(Figure 1).

The laser system (Figure 2) features a Toptica TA-FHG pro laser gen-
erating about 150 mW of 243 nm radiation obtained by twice frequency
doubling light from a tunable, 972 nm diode laser. The UV light is
transported to the internal cavity, which is locked to the laser frequency
using the Pound-Drever-Hall'® (PDH) technique. A photodiode
monitors the transmitted light to determine the cavity power.

The laser is stabilised by locking to an ultra-low expansion (ULE)
cavity (Menlo Systems). An acousto-optic modulator (AOM) is used to
shift the laser frequency from the antihydrogen transitions to the near-
est ULE cavity mode. A femtosecond frequency comb (Menlo Systems),
referenced to a GPS-disciplined quartz oscillator (K-+K Messtechnik),
monitors and corrects the drift of the ULE cavity and relates the laser
frequency to atomic time.

The hypothesis to be investigated here is that the 1S-2S transition in
antihydrogen is at the same frequency as that of hydrogen. Since our
antihydrogen is confined in a magnetic field, we rely on the known
physics of the hydrogen atom to calculate the expected frequency and
excitation rates of the transition in trapped antihydrogen.

Figure 3 shows hyperfine energy levels of the 1S and 2S states in a
magnetic field. The low-field seeking ground state sublevels, 1S. and
1S4, survive in the magnetic minimum trap and can be excited to the
corresponding 2§ hyperfine state. The transition frequencies, f... and
fa-qare different primarily because the hyperfine splitting of the 1S and
28 states are different.

To simulate the experiment, we propagate the trapped atoms in
an accurate model of the magnetic trap. Note that the longitudinal
magnetic field profile (Figure 1b) is flattened’ using the central three
mirror coils, in order to maximise the volume of resonance overlap
with the laser. When the atom crosses the laser’beam, we calculate
the two-photon excitation probability, taking into,accounttransit time
broadening, AC Stark shift, and residual Zeeman effect. An atom in the
28 state can be ionised by a single additional photon from the 243 nm
laser, or it can decay in one of two ways: 1) a two-photon decay, which
returns the atom to the same hyperfine stateiin which it started or, 2) a
one-photon decay via the 2P state, which can mix with the 28 state due
to the motional electric field the atoms experience in the magnetic trap.
The single photon decays can result in trappable ground state atoms, or
they can induce a spin-flip ofthe positron, resulting in a non-trappable
atom that escapes and annihilates.

In Figure 4 weshow the response of the simulated atoms to a 300 s
exposure of both the c-cand d-d transitions, as a function of laser
detuning, assuming 1 W of circulating laser power in the build-up cavity.
The response is asymmetric with a tail at higher frequencies due to the
residual Zeeman effect. In the inset of Figure 4, we show the population
in the different end states after illuminating each of the transitions for
a time ¢ with zero laser detuning. The fraction of anti-atoms removed
by the'on-resonance laser, compared to off resonance, is estimated to
be 0.47 at 300 s.

The experimental protocol is very straightforward and has been
previously applied to our demonstration of microwave-induced
transitions'’ in trapped antihydrogen. A single experimental trial
involves producing antihydrogen in the atom trap, pulsing axial electric
fields to rid the trap of residual charged particles, holding the trapped
anti-atoms for 600, and then ramping down the trapping fields to
release and detect any anti-atoms in the trap.

Three types of trials were conducted. 1) ‘On resonance’: After the
antihydrogen has been produced, trapped and allowed to decay to the
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ground state, the laser is tuned to an expected resonance frequency
for one of the 1S-2S transitions, introduced into the trapping volume,
and the internal cavity is locked. The d-d transition and then the c-c
transition are driven for 300 s each. 2) ‘Off resonance’: Same as above but
the laser is detuned 200 kHz (at 243 nm) below the relevant transition.
3) ‘No laser’: No laser radiation is present during the 600 s hold time.
During the hold times, electrostatic blocking potentials are placedion
electrodes to either side of the magnetic trap (Figure 1) to ensure that
antiprotons resulting from ionisation can only be lost radially. Electric
fields from these potentials are negligible in the anti-atom trapping
volume.

In all aspects other than the laser configuration, the three trial
sequences are identical. The on-resonance laser frequencies employed
correspond to transition frequencies (twice the laser frequency) of:

fi.a =2 466061 103 064 (2) kHz

fi.c =2 466 061.707.104.(2) kHz

There is no measurable laser power difference between these and their
respective off-resonance counterparts.

We have conducted 11 sets of the three types of trial, varying the
order within each set to reduce the chance of systematic effects.
Alternating the trials in this fashion ameliorates the effects of a slow
decline in the trapping rate over the course of the experiment.

We use a multivariate analysis (MVA, Methods) algorithm'® to dis-
tinguish ‘antiproton‘annihilations from cosmic rays. The MVA used
for the 1.5s shutdown window yields a cosmic ray background rate of
(0:04240.001) s}, or 0.062 events per trial. This is the only significant
detector background in the experiment. The event reconstruction effi-
ciency (ratio of the number of events identified as antiproton annihi-
lations to the number of detector triggers) is 0.688 - 0.002 (Methods).

The results of the experiment, summed over 11 trials, are shown in
Table 1, and show a very significant difference between the on and off
resonance trials (C-test'®, one-sided p-value of 4.2x10719).

We use the ‘no laser’ trials to ensure that any fluctuation in the trap-
ping rate is small compared to the difference between subsequent on
resonance and off resonance trials. The comparison of off resonance
and no laser rates confirms that there are no laser-related side effects
(e.g, vacuum degradation) that lead to antihydrogen loss from the trap.

The on and off resonance trials differ by 92+ 15 counts. We conclude
that the laser light has removed (58 & 6)% of the trapped antihydrogen
atoms by resonant 1S-2S excitation followed by either a spin flip or an
ionisation event. The removed fraction is in good agreement with the
hydrogenic rate estimates in Figure 4, for our build-up cavity power
of 1W.

Our sensitive vertex detector allows us to search for evidence of anni-
hilations during the 2x300s hold periods. Due to the long exposure
times, we use a different MVA protocol (Methods) to distinguish events
from background. With this protocol, the cosmic background rate is
reduced to 0.0043 £0.0003 s™! at the expense of reducing the recon-
struction efficiency to 0.376 +0.002. A summary of this analysis for
the same 11 sets of trials is shown in Table 2.

Here, the summed off-resonance and no laser trials are generally
consistent with background only, and the difference between the
on and off resonance totals of 52 & 10 counts shows clear statistical
significance (C-test'”, one-sided p-value of 2.2x107). If the relative
efficiencies are taken into account, the number of annihilations here
(52/0.376 2 138) is in good agreement with the expected number of
antihydrogen lost (92/0.688 = 134) from Table 1. These events may
be due to either spin-flip of antihydrogen or radial loss of antiprotons
resulting from ionisation.

If we assume that there are no exotic asymmetries in the spectrum
of antihydrogen (compared to that of hydrogen) the 400 kHz resolu-
tion of the current observation, coupled with our model spectrum,
can be interpreted as a test of CPT symmetry at a precision of 200 ppt.
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A stronger statement of CPT invariance must await a detailed meas-
urement of the transition line shape. For smaller detunings, the laser
frequency determination, the laser linewidth and the uncertainty in
determining the minimum magnetic field in the trap can become
important. The long-term average laser frequency at 972 nm is deter-
mined to a relative accuracy of 8 x 10! using the frequency comb.
The laser linewidth contributes at most 10kHz to the uncertainty at
the two-photon frequency, based on the measured excursions of the
ULE cavity lock and worst-case fluctuations in the doubling stages.
The uncertainty in the trap’s minimum magnetic field strength
is determined from the measured electron cyclotron frequency?’
of (28.46 £0.01) GHz. The field uncertainty leads to a frequency
uncertainty of +6400Hz and 350 Hz for the c-c and d-d transitions
respectively (5.2x 1072 and 2.8x 102 relative to the transition frequencies).
Thus a straightforward extension of the current technique should
provide a measurement of the lineshape in the near future.

We have performed the first laser-spectroscopic measurement on
an atom of antimatter. This has long been a sought-after achieve-
ment in low-energy antimatter physics. It marks a turning point from
proof-of-principle experiments to serious metrology and precision CPT
comparisons using the optical spectrum of an anti-atom. The greatly
improved trapping rate demonstrated here bodes well for many other
future antihydrogen experiments, including microwave hyperfine
transitions, spectroscopy and laser cooling using Lyman-alpha light?!
and gravitational studies with neutral antimatter. The current result,
along with recent limits on the antiproton-electron mass ratio®? by the
ASACUSA collaboration and antiproton charge-to-mass ratio? by the
BASE collaboration, demonstrate that tests of fundamental symmetries
with antimatter at the AD are maturing rapidly.

We note in passing that the sensitivity of this initial measurement, in
terms of the absolute energy scale, is ~2x 10"® GeV, which is approaching
the absolute precision of the CPT test in the neutral kaon system of
~5x107" GeV*. We also note that our antihydrogen measurements
can potentially have a significant sensitivity to the internal structure
of the antiproton, at a level relevant to the current puzzle in the proton
charge radius 2>%,

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper;references unique to
these sections appear only in the online paper.
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Figure 1 | The ALPHA-2 central apparatus and magnetic field profile.
a. The various Penning traps (electrodes + 1 T external solenoid, not
shown) confine and manipulate antiprotons and positrons to produce
antihydrogen. Cold (< 0.5K) anti-atoms are confined radially by the
octupole field and axially by the magnetic well formed by the five mirror
coils and plotted in b. Earlier experiments in ALPHA used only the end
mirror coils. The flattened profile here (uniform to £10 T on axis in the
shaded region) extends the laser resonance volume and slightly improves
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the depth of the trap. Laser light enters from the antiproton side (left in
the figure) and is aligned with the fixed cavity axis. The laser beam crosses
the trap axisat an-angle of 2.3°. The piezoelectric actuator on the output
coupler is used to lock the cavity to the laser frequency. The two figures

a and b have the same axial scale; the radial extent of the annihilation
detector is larger than illustrated. The brown-shaded electrodes are used to
apply.blocking potentials during the experimental trials (see text).
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Figure 2 | Schematic of the laser setup. a. Light from the 243nm

laser passes through an electro-optic modulator (EOM) for 6.25 MHz
sideband creation, and a Galilean telescope to mode-match the beam to
the build-up cavity inside ALPHA-2. The 243 nm light is generated by
frequency quadrupling the output of a 972 nm diode laser. The 972 nm
light is shifted to resonance with an ultra low expansion glass Fabry-Perot
cavity (ULE) by an acousto-optic modulator (AOM), which also serves

to stabilise the laser frequency. The ULE frequency is referenced to the

SI second by an optical frequency comb, stabilised by a GPS-disciplined
quartz oscillator. The ULE resonance together with the chosen frequency
set point determines the AOM modulation frequency. b. The 243 nm
laser beam is transported through air to the ALPHA-2 apparatus. Beam
position and angle are stabilised through an active feedback system

using position sensitive detectors (PSD) and piezo-actuated mirrors. The
reflection from the input coupler of the build-up cavity is picked up with
a photo diode (PD) and mixed with the sideband frequency to provide the
Pound-Drever-Hall locking signal for the piezo-mounted output coupler.
The transmitted light is continuously monitored both with a PD for power
measurement and a CCD camera for mode monitoring The build-up
cavity has a finesse of 230, providing a circulating power greater than

1 W once losses are taken into account.
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Figure 3 | Hydrogenic energy levels. Calculated energies (for hydrogen) of the hyperfine sublevels of the 1S and 28 states as functions of magnetic field
strength. To show the structure of the sublevels, the centroid energy difference, Eys s =2.4661 x 10" Hz, has been suppressed on the vertical axis. Vertical
black arrows indicate the two-photon transitions between the trappable 1Sand 2S states.
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Figure 4 | Simulation results. Simulated results of illuminating both
the c-c and d-d transitions for 300 s with 1W of circulating laser power.
Survival or removal fraction is plotted as a function of laser detuning,
where zero detuning is resonant at the field minimum of the magnetic
trap. The vertical red lines indicate the detuning for off resonance
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and on resonance illumination transitions in the experiment. Inset.
Time evolution of populations in the relevant end states in the case of
zero detuning. The populations are normalized to the simulated null
experiment, i.e., the number of atoms after an equal hold time with no
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Table 1 | Detected events during the 1.5s ramp down of the trap magnets

Type Number of detected events ~ Background  Uncertainty
Off resonance 159 0.7 13
On resonance 67 0.7 8.2
No laser 142 0.7 12
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&
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Table 2 | Detected events during the 300s hold times for each transition, and their sum

Type Number of detected events Expected Background  Uncertainty
d-d off res. 15 142 3.9
d-d on res. 39 14.2 6.2
No laser 22 142 4.7
c-c off res. 12 14.2 35
c-conres. 40 142 6.3
No laser 8 14.2 28
d-d+c-coff res. 27 284 5.2
d-d+c-conres. 79 284 8.9
No laser (sum) 30 284 55
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METHODS

Time Evolution of the Dataset. The time evolution of the detected events in the
three types of trials is depicted in Extended Data Figure 1.
Suppression of Cosmic Ray Background. To determine the signal events in the
a) 1.5 sand b) 2x300 s observation windows, we require two different suppression
techniques. We tune the MVA for the two windows in a similar manner to that
used in our recent study of the neutrality of antihydrogen'2. Annihilation events are
distinguished from background events (primarily cosmic rays) by their distinctive
topologies. Nine selection variables sensitive to the difference between annihilation
and background'* have been used as input to a multivariate analysis package*”?%.
The signal data and background data used for MVA training, validation and
testing is a set of 207535 annihilation events and 1596579 background events. The
signal events were produced during antiproton/positron mixing in the apparatus,
and contain less than 1% background. Background events were collected during
times when there was no antiproton beam.
a. The 1.5 s observation window. The analysis was tuned to give the same
background rate (0.042s") as our ‘online’ analysis. This gave an efficiency of
0.688 4-0.002 (statistical error only) annihilations/detector trigger.
b. The 300s observation windows. The experimental data were accumulated over
the 600 s/trial irradiation time, so a more severe suppression of the background
was required. This MVA was optimized to give the best significance for the
estimated number of annihilation events expected, suppressing the background
rate to 0.0043 +0.0003 s}, or an expected (2.57 4-0.08) per 600s trial. The corre-
sponding efficiency is 0.376 4= 0.002 (statistical error only), or 54% of the value
for the 1.5s window.
Improved antihydrogen trapping rate. The improved trapping rate reported here
is not the result of any single new technique or manipulation, but is rather due to
very careful preparation and control of the charged species (electrons, antiprotons
and positrons) used in the process of synthesising antihydrogen. At every step in
the process, the particle plasmas are optimized for temperature, density, number
and radial extent. ALPHA-2 is equipped with extensive diagnostics for lepton and
antiproton plasmas. Potential manipulations are carefully controlled to create and
maintain temperatures as low as possible for the positrons and antiprotons during
mixing. We use such techniques as strong drive rotating wall electric fields* for
controlling plasma sizes, and evaporative cooling™ for obtaining low temperatures.

In order to maintain the lowest possible temperatures during mixing we synthe-
sise antihydrogen by potential manipulation®' rather than the autoresonant drive
technique® used in more recent work. Our position-sensitive vertex detector is
essential in analysing and optimising the mixing process, giving rapid feedback
on the antihydrogen production rate, the time evolution of the rate, and the spatial
distribution of the produced anti-atoms>!.

The stacking technique for accumulating two loads of antihydrogen in the atom
trap relies on the same careful preparation techniques in order to load a second
batch of charged particles (antiprotons and positrons) into the trappingvolume
after the trapping fields have been energized and antihydrogen produced. In all
previous publications>*1%1112, we have prepared the plasmas befofe ramping up
the trapping fields.

In a departure from our previous work?, we do not use an extremely rapid
(9 ms time constant) shutdown of the trapping fields torelease trapped antihy-
drogen at the end of a trial. The fields are ramped down over 1.5 s instead. This
leads to a higher overall duty cycle, as the rapid shutdown heats the Penning
trap electrodes and quenches the superconducting magnets, requiring a wait
of several minutes between trials to re-cool.the apparatus to optimal cryogenic
temperatures.

Data availability. The datasets generated during and/or analysed during the
current study are available from the corresponding author (jeffreyhangst@cern.ch)
on reasonable request.
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Extended Data Figure 1 | Time evolution of the dataset. The cumulative number of observed events for each type of trial (On-res = on-resonance;
off-res = off resonance) is plotted as a function of chronological trial number to illustrate the time history of the dataset. The errors are due to counting
statistics (Sqrt(N)) only.
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