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A bit of anti-history
1928 Dirac predicts the existence of antiparticles

1932 Discovery of positron C. A. Anderson 

1955 Discovery of the antiproton  
        at the Bevatron E. Segrè & O. Chamberlain 
 

1995 First antihydrogen detected (beam)

2002 First “useful” antihydrogen formed  
         (low energy).

2010 First trapped antihydrogen
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Quite some time…. 

A long time…. 
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Fundamental Physics
• In addition to spacetime translations we have some discrete 

transformations: charge conjugation (C), parity (P) and time 
reversal (T)

• In a Local, Lorentz Invariant (LLI) quantum field theory (QFT), the 
combined transformation (CPT) is an exact symmetry

• The Standard Model of particle physics is an example of a LLI QFT

• E.g. If CPT invariance holds the energy of bound states of 
antihydrogen and hydrogen are the same, so a measurement of 
transitions between energy levels in hydrogen and antihydrogen 
test CPT invariance.

3

In general, antimatter experiments test these principles.

https://arxiv.org/abs/2002.09348
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So what’s wrong ?

Predictions	of	the	baryon	to	photon	ratio	are	
inconsistent	by	about	9	orders	of	magnitude 
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Precise comparisons of simple antimatter/matter 
conjugate systems could be sensitive to CPT violations, 
and speculatively even 5th forces.

Alternatives ? 

1) CPT violation
2) 5th forces
3) your favorite violation

Sakharov conditions
(for an asymmetric universe)

1) Baryon number violation (!?)
2) CP-violation (observed, but too small)
3) Out of thermal equilibrium (!?)
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BASE Collaboration

BASE uses single particles in advanced Penning trap systems, to study the fundamental

properties of protons and antiprotons with high precision. 



 

αALPHA

How does antihydrogen help ?
• Only pure antimatter system 

so far!

• Antihydrogen is neutral! 
[makes gravity possible]

• Spectroscopic techniques 
can be brought to bear.

• Ex: H-H̅ comparison by 
1s-2s two photon 
spectroscopy.
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Einsteins Equivalence principles
General Relativity (GR)

• Strong equivalence principle : In a local inertial frame, the laws of 
physics take their special relativistic form.

• Weak equivalence principle (WEP) :

• WEPff : Universality of free-fall - all (anti)particles fall with the 
same acceleration in a gravitational field. 
→ Free fall measurements of antihydrogen (AEGIS, GBAR, ALPHA)

• WEPc: Universality of clocks - all dynamical systems that can be 
viewed as clocks measure the same time dilation independently 
of their composition (e.g. atomic clocks). 
→ Antiproton g-factor (ATRAP, BASE) 
→ Transitions in antihydrogen (ALPHA, ASACUSA, GBAR)
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The solar reference frame
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Reference frames
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• It’s not enough just to measure a number! 
 
 
 
 
 
 
 

• Reference, time & place are key!

• Experimentalist: No model - so do best possible job - and 
try to make your measurement model independent. 

(BASE)
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Antiprotons
• Energetic proton creates Proton/Antiproton pair

• Charge/Mass selected

Cern Proton Synchrotron

-+

(and other stuff)

+

26 GeV/c

3.7 GeV/c

1.5x1013 protons result in 3x107 antiprotons in the AD
ELENA : ~8M antiprotons per shot per experiment
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Charged Particle Traps
All C.P. traps at the AD are Penning-Malmberg traps*

B-!eld

+V

+V

Charged Particle

*for now - I think

ALPHA-1 CT



 

Antihydrogen work
• AEGIS (2012-) :  Antihydrogen gravity with a cold beam of 
H̅.

• ALPHA (2005-) :  Antihydrogen spectroscopy and gravity 
using trapped antihydrogen.

• ASACUSA (1999-) :  Antihydrogen micro-wave 
spectroscopy using an cold beam of H̅.

• ATRAP (1999-2018) : Antihydrogen production and 
trapping.

• GBAR (2018-) : Antihydrogen gravity and spectroscopy 
using a low-energy beam of H̅ and H̅+.
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Antihydrogen trapping
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Experiments with ~1 H̅
• Hold for 15 minutes -> ground state. 

Nature Physics 7, 558 (2011)

• Spin-flip transition observed 
Nature 483, 439 (2012) 

• Demonstration of gravita- 
tional measurement. 
|Mgravity/Minertial| < 75 
Nature Comm. 4, 1785 (2013)

• Charge of H̅ measured |Q|<0.71ppb at 68% conf. 
Nat. Comm. 5, 3955 (2014), Nature 529, 7585 (2016)

E

B

fbc fad

Breit Rabi Diagram

Low Field Seekers (Trapable)

High Field Seekers (Untrapable)
|a>=|   >
|b>=|   >

|c>=|   >
|d>=|   >
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Trapping evolution
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Seems predominantly linked to e+ temperature
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1s-2s in Antihydrogen

• Density of H̅ low (~14/exp, trap of 28cm * ø4cm = 0.4L)

• “High” temperature (short transit time).

• Needs lots of laser intensity - so laser small - and (as it turns 
out) must be cavity enhanced  

• Excite 2s (|c> and |d>) - photo-ionise, lyman-alpha not 
detectable (and spin-flip not quite frequent enough).

• Disappearance : Need to hit both hyperfine states (cc/dd)

• Appearance (observe “lost” p/̅H̅): large background…

• Need ~100s to interact…
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Spectral Lines of H̅

• Appearance scaled response detuning D: L(D)/L(0) (L = lost H̅) 
Disappear. : [S(-200kHz)-S(d)]/[S(-200kHz)-S(0)] (S = survived)

• Fit result: P1=1135(50mW), P2=904(30)mW, P3=1123(43)mW, 
P4=957(31)mW and df = -0.44±1.9kHz (@ 243nm)

LETTER RESEARCH

frequency because of a hardware failure in an early block of four trials; 
extra trials were added to compensate for the excluded data.

To examine the general features of the measurement results, we plot 
(Fig. 3a) the four datasets on one graph by using a simple scaling. The 
points at zero (on-resonance) and −200-kHz detuning (at which no 
signal is expected7), repeated for each set, are used for the scaling. For 
the laser exposure (‘appearance’) data, we define a scaled response at 
detuning D within each set: rl(D) = L(D)/L(0). Similarly, for the sur-
viving population (‘disappearance’ data), we use rs(D) = [S(−200 kHz) 
− S(D)]/[S(−200 kHz) − S(0)]. The uncertainties shown are due to 
Poissonian counting errors only. For comparison, we also plot the 
results of a simulation19 based on the expected behaviour of hydrogen 
in our trap for a cavity power of 1 W, scaled to the zero-detuning data 
point. We see that the peak position and the width of the scaled spec-
tral line are consistent with the calculation for hydrogen and that the 
experiment generally reproduces the predicted asymmetric line shape. 
There is also good agreement between the appearance and disappear-
ance data (Fig. 3a).

The simulation involves propagating the trapped atoms in an accu-
rate model of the magnetic trap. When an atom crosses the laser 
beam, which has a waist of 200 µm at the cavity centre, we calculate 
the two-photon excitation probability, taking into account transit-time 
broadening, the a.c. Stark shift and the residual Zeeman effect. The sim-
ulation determines whether excited atoms are lost owing to ionization 
or to a spin-flip event. The variable input parameters for the simulation 
are the cavity power and the laser frequency. The modelled response is 
asymmetric in frequency owing to the residual Zeeman effect19. The 
width of the line, for our experimental parameters, is dominated by 
transit-time broadening, which contributes about 50 kHz full-width 
at half-maximum (FWHM) at 243 nm. For 1 W of cavity power, the 
a.c. Stark shift is about 2.5 kHz to higher frequency and the ionization 
contributes about 2 kHz to the natural line width.

To make a more quantitative comparison of the experimental results 
with the expectations for hydrogen, it is necessary to scrutinize differ-
ences between the four datasets. The overall response should be linear 
in the number of atoms addressed, so it is possible to normalize for this. 
However, the line width depends on the stored power in the cavity, as 
does the frequency of the peak (Fig. 3b). The cavity power is difficult 
to measure in our geometry because the amount of transmitted light 
depends sensitively on the small transmission from the output coupler 
(about 0.05%) and on absorption in the optical elements through which 
the transmitted light exits (Fig. 1). We observe that the transmitted 
power can degrade, owing to accumulated ultraviolet damage to the 
window and mirror substrate, whereas the finesse of the cavity does 
not change.

A modelling approach that self-consistently accounts for fluctuations 
in experimental parameters is a simultaneous fit in which we allow the 
four sets to have distinct powers (P1–4), but the same frequency shift 
with respect to the hydrogen calculation (Methods). We require that 
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frequency because of a hardware failure in an early block of four trials; 
extra trials were added to compensate for the excluded data.

To examine the general features of the measurement results, we plot 
(Fig. 3a) the four datasets on one graph by using a simple scaling. The 
points at zero (on-resonance) and −200-kHz detuning (at which no 
signal is expected7), repeated for each set, are used for the scaling. For 
the laser exposure (‘appearance’) data, we define a scaled response at 
detuning D within each set: rl(D) = L(D)/L(0). Similarly, for the sur-
viving population (‘disappearance’ data), we use rs(D) = [S(−200 kHz) 
− S(D)]/[S(−200 kHz) − S(0)]. The uncertainties shown are due to 
Poissonian counting errors only. For comparison, we also plot the 
results of a simulation19 based on the expected behaviour of hydrogen 
in our trap for a cavity power of 1 W, scaled to the zero-detuning data 
point. We see that the peak position and the width of the scaled spec-
tral line are consistent with the calculation for hydrogen and that the 
experiment generally reproduces the predicted asymmetric line shape. 
There is also good agreement between the appearance and disappear-
ance data (Fig. 3a).

The simulation involves propagating the trapped atoms in an accu-
rate model of the magnetic trap. When an atom crosses the laser 
beam, which has a waist of 200 µm at the cavity centre, we calculate 
the two-photon excitation probability, taking into account transit-time 
broadening, the a.c. Stark shift and the residual Zeeman effect. The sim-
ulation determines whether excited atoms are lost owing to ionization 
or to a spin-flip event. The variable input parameters for the simulation 
are the cavity power and the laser frequency. The modelled response is 
asymmetric in frequency owing to the residual Zeeman effect19. The 
width of the line, for our experimental parameters, is dominated by 
transit-time broadening, which contributes about 50 kHz full-width 
at half-maximum (FWHM) at 243 nm. For 1 W of cavity power, the 
a.c. Stark shift is about 2.5 kHz to higher frequency and the ionization 
contributes about 2 kHz to the natural line width.

To make a more quantitative comparison of the experimental results 
with the expectations for hydrogen, it is necessary to scrutinize differ-
ences between the four datasets. The overall response should be linear 
in the number of atoms addressed, so it is possible to normalize for this. 
However, the line width depends on the stored power in the cavity, as 
does the frequency of the peak (Fig. 3b). The cavity power is difficult 
to measure in our geometry because the amount of transmitted light 
depends sensitively on the small transmission from the output coupler 
(about 0.05%) and on absorption in the optical elements through which 
the transmitted light exits (Fig. 1). We observe that the transmitted 
power can degrade, owing to accumulated ultraviolet damage to the 
window and mirror substrate, whereas the finesse of the cavity does 
not change.

A modelling approach that self-consistently accounts for fluctuations 
in experimental parameters is a simultaneous fit in which we allow the 
four sets to have distinct powers (P1–4), but the same frequency shift 
with respect to the hydrogen calculation (Methods). We require that 

0 0.2 0.4 0.6 0.8 1.0 1.2
Magnetic !eld (T)

–15

–10

–5

0

5

10

15

|1Sd>

|1Sb>
fc–b

(Microwave)

–10

–5

0

5

10

15

fd–d
(Laser)

|2Sa>

|2Sd>

Trappable states
Non-trappable states

E 
– 

E 1S
–2

S
 (G

H
z)

E  (G
H

z)

–15

|1Sa>

|1Sc>

|2Sb>

|2Sc>

Fig. 2 | Hydrogenic energy levels. Calculated energies (E; for hydrogen) 
of the hyperfine sublevels of the 1 S (bottom) and 2 S (top) states are 
plotted against magnetic field strength. The centroid energy difference 
E1S–2S = 2.4661 × 1015 Hz has been suppressed on the vertical axis. The 
vertical black arrow indicates the two-photon laser transition probed here 
(frequency fd–d); the red arrow illustrates the microwave transition used to 
remove the 1Sc state atoms (frequency fc–b).

0

0.2

0.4

0.6

0.8

1.0

1.2

N
or

m
al

iz
ed

 s
ig

na
l

Disappearance, rs(D)
Appearance, rl(D)
Simulation, 1 W

–300 –200 –100 100 200 300

Detuning, D (kHz at 243 nm)

–0.2

–0.2

0

0.2

0.4

0.6

0.8

1.0

1.2

S
ig

na
l n

or
m

al
iz

ed
 to

 1
 W

1.15 W
1 W
0.9 W

0.7 1.0 1.3
Laser power (W)

50

60

70

80

90

100

110

FW
H

M
 (k

H
z 

at
 2

43
 n

m
)

a

b

Fig. 3 | Spectral line of antihydrogen. a, The complete dataset, scaled as 
described in the text. The simulated curve (not a fit, drawn for qualitative 
comparison only) is for a stored cavity power of 1 W and is scaled to the 
data at zero detuning. ‘Appearance’ refers to annihilations that are detected 
during laser irradiation; ‘disappearance’ refers to atoms that are apparently 
missing from the surviving sample. The error bars are 1-s.d. counting 
uncertainties. b, Three simulated line shapes (for hydrogen) are depicted 
for different cavity powers to illustrate the effect of power on the size and 
the frequency at the peak. The width of the simulated line (FWHM) as a 
function of laser power is plotted in the inset.

N A T U R E | www.nature.com/nature
© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Nature, 557, 71-75 (2018)

most of width:
transit time



AL HA

Result
• At a magnetic field of 1.03285(63) T : 

• fd-dexp = 2,466,061,103,079.4(5.4) kHz

• fd-dcalc = 2.466,061,103,080.3(0.6) kHz 

• Consistency to 2 x 10-12

• Hydrogen precision state of the art : 4.2 x 10-15

• Used ~ 15000 antihydrogen atoms. 

• The most precise and accurate measurement on 
antimatter to date. 

Nature, 557, 71-75 (2018)
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UncertaintiesLETTERRESEARCH

the average powers for the appearance and disappearance data within a 
set are the same. We find the parameters that best reproduce the data to  
be: P1 = 1135(50) mW, P2 = 904(30) mW, P3 = 1123(43) mW, 
P4 = 957(31) mW and δf = −0.44 ± 1.9 kHz, where δf is the difference 
(at 243 nm) between the resonant frequency inferred from the fit and 
the resonant frequency of hydrogen expected for our system, both at 
zero power. The uncertainties represent the 68% confidence interval of 
a least-squares fit and do not take into account systematic uncertainties. 
The fit uses the five variables identified above, and the individual data 
points at each frequency are weighted by their Poissonian counting 
errors. We include an uncertainty of 3.8 kHz (Table 3) in the final reso-
nance frequency to represent statistical and curve-fitting uncertainties.

Considering systematic effects, the microwave removal procedure 
for the 1Sc-state atoms provides a reproducibility check on the strength 
of the magnetic field at the centre of the trap. At the beginning of each 
data-taking shift, the magnetic field of the external solenoid magnet 
was reset to a standard value using an electron cyclotron resonance 
technique16. For the complete dataset, we find that the variations in the 
magnetic field at the minimum field of about 1 T are about 3.2 × 10−5 T  
(1 s.d.). This corresponds to a resonance frequency shift19 of only about 
15 Hz at 243 nm for the d–d transition. (At 1 T, the c–c transition is 
about 20 times more sensitive to magnetic field shifts, which is why 
the d–d transition is more attractive here.) The laser frequency was 
tuned with respect to the minimum of the magnetic well, such that the 
resonance condition should be met in the centre of the trap for zero 
detuning in the limit of zero laser power. The accuracy of the magnetic- 
field determination corresponds to an uncertainty of 300 Hz in the 
243-nm laser frequency.

Including all of the statistical and systematic uncertainties that we 
have identified (Table 3, for 121 nm), our fit of the experimental data 
to the hydrogen model yields

= . .−f 2,466,061,103,079 4(5 4) kHzd d

The value (Methods) for hydrogen calculated at the minimum field 
in our system (1.03285(63) T) is

= . .−f 2,466,061,103,080 3(0 6) kHzd d

where the uncertainty is determined by the experimental error in meas-
uring the field.

Owing to the motion of the antihydrogen atoms in the inhomoge-
neous trapping field, this comparison is necessarily model-dependent. 
We therefore conclude that the measured resonance frequency for this 
transition in antihydrogen is consistent with the expected hydrogen 
frequency to a precision of about 2 × 10−12. Although the precision of 
our measurement is still a few orders of magnitude short of the state of 
the art with a cold hydrogen beam8, the modern frequency reference 
permits the accuracy of our experiment to exceed that achieved with 

trapped hydrogen20 as recently as the mid-1990s. We used a total of 
about 15,000 antihydrogen atoms to obtain this result, compared to 1012  
trapped atoms in the analogous matter experiment. Our dataset was 
accumulated over a period of ten weeks, illustrating that the antihy-
drogen trapping procedure is robust and that systematic effects are 
manageable. ALPHA’s emergent antihydrogen production, storage and 
detection techniques, together with advances in ultraviolet laser tech-
nology and frequency metrology, pioneered by Hänsch and colleagues, 
enable precision anti-atom spectroscopy.

Precision experiments at the antiproton decelerator have recently 
constrained the properties of the antiproton through studies in Penning 
traps21, 22 or with antiprotonic helium23. For example, the antiproton 
charge-to-mass ratio is known to agree with that of the proton to 69 
parts per trillion21, equivalent to an energy sensitivity of 9 × 10−27 GeV. 
The ratio of the antiproton mass to the electron mass has been shown 
to agree with its proton counterpart23 to 8 × 10−10, and antihydrogen 
has been shown to be neutral24 to 0.7 parts per billion. Our measure-
ment of antihydrogen probes different and complementary physics at 
a precision of a few parts per trillion, or an energy level of 2 × 10−20 
GeV. This already exceeds the precision (4 × 10−19 GeV) in the mass 
difference of neutral kaons and antikaons25, which has long been the 
standard for particle-physics tests of charge–parity–time invariance.

Near-term improvements in the ALPHA-2 apparatus will include a 
larger waist size for the radiation in the optical cavity to reduce tran-
sit-time broadening, operation at lower magnetic fields and operational 
improvements to accelerate data acquisition and to reduce statistical 
uncertainties. Future measurements will require an upgrade to our 
frequency reference to exceed a fractional precision of 8 × 10−13 
(Methods). The rapid progress detailed here confirms that, in principle, 
there is nothing to prevent the achievement of hydrogen-like preci-
sion in antihydrogen and the associated very sensitive test of charge– 
parity–time symmetry in this system.

Online content
Any Methods, including any statements of data availability and Nature Research 
reporting summaries, along with any additional references and Source Data files, 
are available in the online version of the paper at https://doi.org/10.1038/s41586-
018-0017-2.
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Table 3 | Summary of uncertainties

Type of uncertainty
Estimated 
size (kHz) Comment

Statistical uncertainties 3.8 Poisson errors and curve #tting to 
measured data

Modelling uncertainties 3 Fitting of simulated data to  
piecewise-analytic function

Modelling uncertainties 1 Waist size of the laser, antihydro-
gen dynamics

Magnetic-#eld stability 0.03 From microwave removal of 1Sc-
state atoms (see text)

Absolute magnetic-#eld 
measurement

0.6 From electron cyclotron resonance

Laser-frequency stability 2 Limited by GPS clock
d.c. Stark shift 0.15 Not included in simulation
Second-order Doppler shift 0.08 Not included in simulation
Discrete frequency choice 
of measured points

0.36 Determined from #tting sets of 
pseudo-data

Total 5.4
The estimated statistical and systematic errors (at 121 nm) are tabulated.
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initially trapped in a well depth of about 50 µeV (corresponding to a maxi-
mum speed of about 90 m s−1), down to submicroelectronvolt energies.

In practice, however, laser cooling of antihydrogen presents a num-
ber of technical challenges. First, generating and transporting radiation 
at 121.6 nm is difficult. There are no convenient lasers or nonlinear 
crystals at vacuum ultraviolet wavelengths, and the light is readily 
attenuated in air and in optical components. Second, the experimental 
requirements of antihydrogen experiments severely restrict optical 
access to the anti-atoms. Because they need to be synthesized from 
their antiparticle constituents and trapped in situ, extensive infrastruc-
ture is required, limiting the available space. Third, the currently avail-
able maximum density (about 1 cm–3) of the scarce anti-atoms—more 
than 10 orders of magnitude lower than the 1011–1014 cm–3 in previous 
trapped hydrogen experiments26,27—results in extremely low rates of 

laser transitions. Furthermore, such a low density rules out collisions 
as an equilibration mechanism for achieving three-dimensional cool-
ing with one-dimensional laser access, as was done for the pioneering 
work on laser cooling of hydrogen26 (Methods).

Despite these challenges, the feasibility of laser cooling antihydrogen 
in the Antihydrogen Laser Physics Apparatus (ALPHA) using a pulsed 
laser was explored in ref. 9. Simulations showed that the low excitation 
rate could be overcome with long cooling duration, enabled by the 
previously observed long confinement time20. (The excitation rate can 
also be increased by a higher repetition rate of the laser.) The simula-
tions also predicted that three-dimensional cooling could be achieved 
with one-dimensional laser access by anharmonic coupling of antihy-
drogen’s motional degrees of freedom in the trap, an effect that could 
be enhanced by tailoring the profile of the magnetic trapping field.
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axis—due to Doppler broadening having been reduced via laser cool-
ing (Methods).

Figure 2b depicts the distributions of the time of flight (TOF)—the 
time delay between the application of the nanoseconds-long 1Sd → 2Pc– 
probe laser pulse and the detection of the associated annihilation. The 
time resolution of the TOF measurement is of the order of 1 µs. The 
TOF provides information on the transverse speed v v( + )x y

2 2 1/2, per-
pendicular to the trap longitudinal axis z, of an anti-atom that travelled 
from the laser excitation point to the trap walls10 (Methods). Here, vx 
and vy are the atom’s velocities perpendicular to z (Fig. 1a). While the 
effect of the blue-detuned laser on the TOF distribution (heating) is 
not evident, the application of the red-detuned laser (cooling) clearly 
shifts the distribution to later times. Again, the ‘stack and cool’ series 
shows a dramatic shift; compared with the no-laser series, the mean 
of the TOF is shifted from 0.42 ± 0.01 ms to 1.00 ± 0.03 ms—an indica-
tion that a substantial reduction in the transverse velocity of the 
anti-atoms has been achieved by the application of cooling pulses. 
See Methods for a further discussion on laser heating.

Importantly, with the red-detuned laser applied, both the longi-
tudinal and transverse velocities are reduced; this suggests that 
three-dimensional cooling is realized despite having essentially only 
one-dimensional laser access. Cooling in the transverse plane is presum-
ably enabled via the coupling of antihydrogen’s motional degrees of 
freedom in the anharmonic magnetic trapping potential9,36,43. See Meth-
ods for a discussion on the dimensionality of cooling in our experiment.

Comparison with simulations
We have compared the results of our cooling experiment to numerical 
simulations to gain insights into the cooling process. The simulation 
tracks the motion of trapped antihydrogen atoms and their interac-
tions with the cooling and probing laser radiation (Methods). In this 

work, we have empirically adjusted one input parameter, Wcool—the total 
amount of energy injected inside the trap by the cooling (or heating) 
laser—to match the experiment. The probing laser energy is unchanged 
in simulation. With this single parameter Wcool adjusted, the simulations 
reproduce the qualitative features of our experimental results. The need 
for this scaling probably reflects our imperfect understanding of some 
parameters of the experiment (as detailed in Methods), and is a subject 
of future work. However, this does not affect our primary conclusions.

Figure 2c, d shows the lineshapes and TOF distributions obtained in 
the simulations, which are in a qualitative agreement with the experi-
ment. The actual or ‘true’ energies—as opposed to the reconstructed 
energies, as discussed below—of the simulated antihydrogen atoms at 
the time of probing spin-flip transitions are denoted as EL and ET, for the 
longitudinal and transverse energies, respectively. In Fig. 2c, d, we give 
the values EL and ET, representing the mean values of EL and ET. We 
observe that between the no-laser and the ‘stack and cool’ simulations, 
both EL and ET are reduced by roughly a factor of 4. While the antihydro-
gen distributions are highly non-thermal as discussed below, we note 
that a thermal distribution with the same average kinetic energy as the 
simulated ‘stack and cool’ sample would have a temperature of about 
50 mK. The approximate agreement of the experimental distributions 
(Fig. 2a, b) with the simulations (Fig. 2c, d) implies that similar reduc-
tions in antihydrogen mean energies have been attained experimentally.

Reconstruction of antihydrogen energies
To further quantify the extent of cooling, we focus on the transverse 
kinetic energy of the anti-atoms, for which accurate experimental 
determination is possible on the basis of the TOF diagnostic. Plotted 
in Fig. 3a (Fig. 3b) are distributions of transverse kinetic energies, recon-
structed from the recorded (simulated) TOF by solving the equation 
of motion of the spin-flipped anti-atoms in the trap magnetic field 
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Fig. 2 | Laser cooling of antihydrogen. The spectral lineshapes and the TOF 
distributions, obtained during the probing phase by detecting antihydrogen 
annihilations resulting from laser-induced spin flips. In all cases, the curves are 
drawn to guide the eye. a, The experimental lineshapes given by the number of 
annihilation counts within a TOF time window of 0 to 3 ms, as a function of the 
probe laser frequency relative to the resonant frequency. b, TOF distributions 
representing the time between the nanosecond-scale probe laser pulse and the 
detection of the annihilation. Events with an axial annihilation position 
between +10 cm and –10 cm are plotted. The distributions are compared for the 
experimental series given in Table 1: the no-laser series (green); the heating 

series with a detuning of approximately +160 MHz (blue); the cooling series 
with a –240-MHz detuning (orange); and the ‘stack and cool’ series where a 
–230-MHz detuning was applied during both the stacking phase and the 
cooling phase (red). c, d, The corresponding simulations for the lineshapes (c) 
and the TOF distributions (d). Each distribution is normalized to its total 
number of counts, and the error bars represent 1 s.d. counting statistical 
uncertainties. The values labelled EL and ET represent the mean of ‘true’ 
longitudinal and transverse energies, respectively, of the simulated atoms at 
the time of the spin-flip transitions. See text and Methods.
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(Methods). Here simplifying assumptions—that the spin flips take place 
on the trap axis, and that the trapping field strength is a function only 
of the radial distance from the axis—enable event-by-event conversion 
of the TOF to the transverse energy. These are good approximations 
to our conditions (Extended Data Fig. 1, Methods). Notably in Fig. 3a, 
a striking low-energy peak is developed in the laser-cooled samples. 
Compared with the no-laser series, the growth in the population below 
1 µeV in the ‘stack and cool’ series is more than a factor of 10, from 
3.2 ± 0.8% to 43 ± 3%. The mean of the reconstructed energies in the 
experiment (down arrows in Fig. 3a) is reduced from 16.3 ± 0.5 µeV to 
4.7 ± 0.5 µeV between the no-laser and ‘stack and cool’ series. This reduc-
tion is consistent with that for ET, the mean of true energies of the 
simulated events, given in Fig. 2d. However, the median value of the 
reconstructed energies (up arrows) is decreased even further—from 
15.1 ± 0.8 µeV to 1.3 ± 0.1 µeV, that is, by more than an order of magnitude. 
These characteristics in the transverse energy distributions reflect the 
highly non-thermal nature of our dilute antihydrogen samples, where 
collisions are negligible. Similar features are obtained in Fig. 3b, where 
the simulation events are analysed in the same way as the experiment.

In principle, we could also reconstruct the longitudinal energies 
from the spectral lineshapes. However, the existence of a multitude of 
line-broadening mechanisms, as well as the limited number of fre-
quency points, would complicate such analysis and prevent straight-
forward reconstruction of the longitudinal energies. In this work, we 
instead derive an upper limit of the mean longitudinal energy "L

∼  as an 
approximate measure of cooling (Methods). The evolution of ∼"L over 
the experimental series agrees qualitatively with the prediction of 
simulations, corroborating the observation of three-dimensional cool-
ing (Extended Data Fig. 2).

Correlation between longitudinal and transverse 
energies
In Fig. 4, we examine the correlation of the longitudinal and trans-
verse energies within the same samples in the cooling experiment. 
The lineshape distributions are compared by dividing the data from 
each series into two equally sized subsamples on the basis of whether 
the reconstructed transverse energies are greater or less than their 
median. The ability of the TOF diagnostic to provide event-by-event 
(that is, atom-by-atom) information permits such selection on the 
basis of the transverse energy of the individual anti-atom. Qualitative 
features in the experimental curves (Fig. 4a–d) are reproduced by the 
simulations (Fig. 4e–h). For both the ‘stack and cool’ and the cooling 
series, the lineshapes are narrower for the subsample with smaller 
reconstructed transverse energies (dashed filled curves in Fig. 4a, b, 
with r.m.s. widths of 217 ± 28 MHz and 284 ± 15 MHz, respectively), 
compared with those for larger transverse energies (solid curves, with 
widths 284 ± 15 MHz and 371 ± 17 MHz). This indicates that the longi-
tudinally cooled population is also cooled transversely, implying that 
individual atoms are cooled in three dimensions. (In contrast, Extended 
Data Fig. 2 shows that the ensemble average is cooled.) Interestingly, 
in the heating series (Fig. 4d), the energy correlation is reversed from 
the laser-cooling series, that is, the transversely colder anti-atoms 
appear to be longitudinally hotter with an r.m.s. lineshape width of 
503 ± 21 MHz (dashed filled curve), compared with the transversely 
hotter subsample (359 ± 20 MHz, solid curve). This trend can be under-
stood by examining the simulated correlations (Extended Data Fig. 3). 
Recall that our magnetic trap can stably confine only the anti-atoms 
with the sum of the longitudinal and transverse energies less than the 
trap depth of about 50 µeV. Hence, for the atoms with total energy 
comparable to the trap depth, the longitudinal and transverse energies 
must anticorrelate. In fact, this anticorrelation is apparent even in the 
no-laser simulation (Fig. 4g, Extended Data Fig. 3c). The simulations 
indicate that laser heating enhances the anticorrelation by displacing 
the population with the smallest total energies (Extended Data Fig. 3d). 
Qualitative, but non-trivial, agreements on these correlations between 
experiment (Fig. 4a–d) and simulation (Fig. 4e–h) further support our 
interpretation of three-dimensional cooling. Moreover, these correla-
tion measurements provide opportunities for further studies of the 
cooling dynamics of dilute antihydrogen samples in a magnetic trap. 
Detailed understanding of the cooling dynamics will be important for 
future precision measurements, as the cooling process will define the 
initial condition of the anti-atom population in these measurements.

1S–2S spectroscopy with laser-cooled antihydrogen
Finally, we studied the influence of laser cooling on measurements of 
1S–2S transitions in the ‘spectroscopy’ experiment. In run A, we col-
lected a sample of antihydrogen atoms for 9.1 h using the ‘stack and cool’ 
procedure, and then continued the 121.6-nm illumination for an addi-
tional 6 h (detuning at –220 MHz). This sample was then probed with 
243.1-nm light with a set of nine discrete frequencies covering ±100 kHz 
around the expected 1Sd–2Sd transition. The frequency was stepped 
after a 1-s exposure, alternately in ascending and descending order for 
a total of 100 s exposure at each frequency. For comparison, a sample 
of trapped antihydrogen not subjected to laser cooling was probed 
in a similar manner, this time with 2-s exposures spanning ±200 kHz 
around the 1Sd–2Sd transition (run B). Figure 5 shows a comparison of 
the 1Sd–2Sd transition spectral profiles between the laser-cooled (run 
A) and uncooled (run B) samples. In the plot, we have subtracted the 
frequency-independent background, which consists largely of annihi-
lation events on background gas in the trap, as well as a small fraction 
of misidentified cosmic-ray events. The data were fit with a function 
that has been developed to match simulated 1S–2S spectra (Methods). 
The fitted linewidths are 57.6 ± 12 kHz (uncooled), and 14.4 ± 4.0 kHz 
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Fig. 3 | Reconstructed transverse energies of the laser-cooled and heated 
antihydrogen. a, Distributions of the transverse kinetic energies 
reconstructed from the TOF of antihydrogen for different series. On the 
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arrows. b, Corresponding simulations, where simulated events are analysed in 
the same way as above. The error bars represent 1 s.d. statistical uncertainties. 
See text and Methods.
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(laser cooled), quantifying the degree of the line narrowing already 
clearly visible in Fig. 5.

It is worth noting that the 1S–2S spectral width is free of first-order 
Doppler broadening and is instead dominated by transit-time broad-
ening. Thus, the width is sensitive to the velocity of antihydrogen 
perpendicular to the spectroscopy laser. As this motion is also nearly 
perpendicular to the cooling laser (Fig. 1a), the narrowing of the 1S–2S 
line width provides additional evidence that laser cooling on a single 
axis as implemented here results in three-dimensional cooling of the 
trapped atoms on the timescales studied here. The limited number 
of points in the current data sample does not allow for a more precise 
determination of the absolute frequency of the 1S–2S transition12. A 
more detailed analysis of the spectroscopy results will be presented in 
a future publication (C.J.B. et al., manuscript in preparation).

Conclusions and future perspectives
In this Article, we have reported the demonstration of laser cooling of 
antihydrogen. The anti-atoms are cooled in three dimensions, with longi-
tudinal cooling characterized by the narrowing of the 1S–2P lineshape and 
transverse cooling determined by the TOF method. In particular, the TOF 
diagnostics revealed strong growth of the transversely cold population; 
an order of magnitude reduction in the median transverse energy was 
observed—with a substantial fraction having submicroelectronvolt trans-
verse kinetic energies. Furthermore, laser cooling was applied before prob-
ing the 1S–2S transition, resulting in a striking narrowing of its observed 
spectral width, and confirming transverse cooling. To achieve these results, 
the anti-atoms were held and exposed to Lyman-α and 243.1-nm radiation 
for up to 17 h in a single experiment, demonstrating ALPHA’s capability 
for robust and sustained laser cooling and spectroscopic operations.

Beyond this initial demonstration, we foresee a substantial reduc-
tion in the final energies of the anti-atoms and a notable increase in 
cooling rates. Our Lyman-α laser system is currently undergoing an 
upgrade to increase its pulse energy and repetition rate. The precise 
value of the detuning and the magnetic field configuration during the 
laser-cooling process have yet to be optimized, and schemes employ-
ing a time-dependent change of laser frequency and/or magnetic field 
have not yet been explored. It is noted, however, that in the limit of high 
cooling laser power, the indirect coupling between degrees of freedom 
will eventually limit the cooling rate in our current, one-dimensional 
laser access geometry. The use of laser cooling in conjunction with 
other cooling schemes, such as adiabatic expansion cooling44, should 
further reduce the antihydrogen energy. The diagnostic of pulsed laser 
probing and correlation studies reported in this Article makes these 
experimental optimizations viable. We also note that the ‘stack and cool’ 
procedure demonstrated here has a particular practical advantage; it 
transforms the antihydrogen accumulation period, currently hours of 
‘dead time’ in the experimental cycle, into an efficient cooling period.

The implications of this work are both immediate and far reaching. 
Precision spectroscopic measurements on antihydrogen for tests of 
charge–parity–time invariance will be improved, as slower anti-atoms 
offer smaller Doppler, Zeeman and transit-time broadenings, and an 
increased excitation rate—all at the same time. For example, as reported 
in this Article, laser cooling has immediately resulted in a striking nar-
rowing of the observed 1S–2S transition spectral width—a result that 
promises rapid progress towards matter-like precision45 in antihydro-
gen spectroscopy. It is now in principle possible to interrogate trapped 
antihydrogen atoms with lower velocities than those in the sample of 
hydrogen used in the current best measurements for matter45.

In addition, the determinations of the antihydrogen Lamb shift, 
fine-structure splitting11 and the hyperfine splitting13 will greatly benefit 
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Fig. 4 | Comparison of spectral lineshapes 
between transversely cold and hot anti-atoms 
within the same series in the cooling experiment. 
a, Comparison of the spectral lineshapes between 
equally sized subsamples of the ‘stack and cool’ 
series data. The lineshape for the subsample with 
the transverse energy greater (smaller) than its 
median value is shown with a solid line (dashed line 
filled under the curve). b–h, Analogous 
comparisons are given for the cooling (b), no-laser 
(c) and heating (d) series, and the corresponding 
simulations (e–h). The error bars represent 1 s.d. 
counting statistics. In all cases, the curves are 
drawn to guide the eye. These correlations indicate 
that in the laser-cooling series (a, b), transversely 
colder atoms are also longitudinally colder, while 
the correlation is reversed for the heating series (d). 
See text and Methods.
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is independent of B !

• Upgrade includes µ-waves! 10-6 -> 10-8 potential!
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Addition of gravity experiment (vertical  
trap) e+/p ̄beam line was needed

https://cds.cern.ch/record/2200720/files/SPSC-P-325-ADD-1.pdf

H̄ Gravity: Alpha-g



 

αALPHA

H̄ Gravity in ALPHA-g
• A trapped (GS) H̄ experiences a potential equal to : 

 

• The gravitational potential difference over 1 meter corresponds 
with a potential difference arising from a 17 Gauss change in the 
magnetic field.

• So, a priori, avoid B-fields (e.g. AEGIS & GBAR)… but we can trap 
them, so we will start from that. 

• With identical B in a vertical apparatus, they would tend to fall our 
the bottom of the trap (assuming “normal” gravity). Quantitatively 
were expect 70% to fall out the bottom and 30% top. 
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Φ(r) = μB |B(r) | − mH̄ḡ ⋅ r

https://cds.cern.ch/record/2200720/files/SPSC-P-325-ADD-1.pdf
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H̄ Gravity in ALPHA-g
• We can add a bias field :  to the bottomBg = mH̄ḡΔz /μB
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escape	out	the	top.	However,	if	a	bias	field	!! = !!! ∆! / !!  is	added	to	the	field	
on	 the	 bottom	 of	 a	 trap	 of	 length	∆! 	will	 compensate	 for	 the	 gravitational	
potential	 difference	 across	 the	 trap,	 atoms	 will	 leave	 evenly	 out	 the	 top	 and	
bottom.	 With	 a	 field	 of	 2	!!,	 gravity	 is	 over-compensated,	 and	 we	 expect	 the	
symmetric	 version	 of	 the	 first	 experiment.	 Figure	 14	 shows	 these	 three	
potentials	illustrated.		
	
	
	
	

	
	
Figure	 14.	 Illustration	 of	 the	 trap	 potential	 for	 identical	 top	 and	 bottom	mirror	 coils	 energized	 to	 equal	
fields	(red),	gravity	compensated	by	field	Bg	appropriate	to	trap	length	 ∆!	(green)	and	over-compensated	
fields	 (blue).	 Arrows	 indicate	 the	 direction	 antihydrogen	 atoms	 would	 tend	 to	 leave	 the	 trap	 under	 the	
influence	of	normal	gravitation.	

	
In	practice	a	measurement	of	!	will	be	carried	out	by	scanning	a	range	of	

compensation	curves,	and	measuring	the	relative	population	of	particles	exiting	
the	top	and	bottom	to	the	trap.	The	value	of	!	can	be	measured	by	determining	
Bg.	Figure	15	shows	simulations	of	outcomes	of	different	experimental	protocols		
The	precision	of	 the	measurement	 is	determined	by	the	confidence	with	which	
one	 determines	 Bg	 (the	 point	 at	 which	 the	 ratio	 of	 top	 escapees	 to	 bottom	
escapees	balance),	and	the	accuracy	is	limited	by	systematic	effects	that	shift	this	
ratio	(for	example,	detector	bias	and	magnetic	field	biases).		
	

https://cds.cern.ch/record/2200720/files/SPSC-P-325-ADD-1.pdf

• 2022:  ALPHA-g operational and trapping antihydrogen. 
Analysis of gravity measurement attempts ongoing. 
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Outlook

• Antihydrogen gravity

• Improved resolution of 1S-2S and cc component* 
(with laser-cooling!).

• Observing first photons from antihydrogen.

• Rydberg constant, Lamb shift, antiproton charge 
radius… (1S→3S?, 2S→3S?, 2S→4S?)

• Further improvements of GS HF splitting

• More H̅ with sympathetically cooled positrons

*cc component tentatively observed in 2018
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Thank you for listening…



 


