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Complementary ways to look for new physics

● Higher energy (enter new regimes)

● Higher luminosity (rare events)

● Higher precision (undetected phenomena)

To gain high precision:
• Go to lower energy

• more control
• longer time to study
• less thermal noise

• Measure frequency
• interferometric techniques
• frequency combs 1S-2S spectroscopy of hydrogen

(Latest: 4.2* 10-15 in 2011, PRL 107 203001)
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Hydrogen spectroscopy

● Bohr’s model of the hydrogen atom (1913), ~PHz

● Quantum mechanics (1920s)

● Relativistic quantum mechanics (fine structure) ~10 GHz

● Quantum Electro Dynamics (Lamb shift, 1947) ~ GHz

● Radio astronomy (1420 MHz)

● Charge radius of proton (muonic hydrogen)
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An ideal probe: antihydrogen

● Hydrogen very well understood
● Neutral
● Can be trapped with magnetic fields
● Single atom detection possible
● Laser spectroscopy with extreme 

accuracy possible
● Many different sectors can be 

probed 
(leptons/baryons/B-fields/etc.)
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Missing antimatter problem

● Antimatter is believed to be a perfect mirror image of ordinary matter

● Created in equal amounts at big bang?

● Annihilated and created in pairs

● Why do we (almost) only see one kind?

● Balanced universe?

● Matter-antimatter asymmetry?
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Looking for cracks in the mirror image: a look at symmetry

● What if the mirror image is not perfect?

● Parity symmetry (3D mirror) broken 

● Combination Charge conjugation (particle-> antiparticle) and Parity broken

● CP breaking too small to solve the problem

● Combination CPT (T=time reversal) valid in any local, Lorentz-invariant Quantum Field Theory

● CPT implies that atoms of matter and antimatter have identical spectra

● Test this!

15/06/2022 Fysikdagarna 2022, Lund 6



Matter-antimatter gravity

● CPT -> antimatter attracts antimatter 
same as matter attracts matter

● Einstein’s Weak Equivalence principle 
(~ everything falls the same way) says 
that matter attracts antimatter the 
same way.

● Test using neutral bodies 
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Antiprotons at CERN

● At CERNs Proton Synchrotron 1013 protons with energy 26 GeV are collided with a target

● Antiprotons are formed in the collision, some enter the Antiproton Decelerator (AD)

● The AD slows ~3 107 antiprotons from 3-4 GeV to 5.3 MeV

● ELENA further slows to 0.1 MeV and delivers to experiments (ALPHA, GBAR, BASE, ASACUSA, 

AEGIS, formerly also ATHENA and ATRAP)

● ALPHA traps antihydrogen with energies less than 0.5 Kelvin (0.04 meV)

● Overall cooling by a factor 6*1014
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ALPHA (and ATHENA) achievements
● 2002 first “cold” antihydrogen formed

● 2010 first antihydrogen trapped in magnetic trap (on average 1 per 2 tries)

● 2011 antihydrogen trapped for 15 minutes (ground state!)

● 2012 first study of internal structure (spin flip of positrons using microwave)

● 2012 original ALPHA upgraded to ALPHA2 (e.g. laser access)

● 2016 antihydrogen 1S-2S transition observed

● 2017 now trapping for hours, about 10 per shot, but up to 1000 by accumulating

● 2018 antihydrogen 1S-2S measured with relative accuracy 2*1012 (hydrogen still *1000 better)

● 2018 1S-2P (Ly-a) observed (needed for laser cooling, very difficult wavelength: 121 nm)

● 2021 Laser cooling of antihydrogen
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Spectroscopy with a handfull of antiatoms

● Design experiment so that signal = loss 

of antiatoms

● Individual antiatoms can be detected 

through annihilation

● Either: hold antiatoms while you do 

something to them – turn off trap and 

see if they are still there

● Or: detect antiatoms when they are 

kicked out (more difficult)
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Level structure of (anti-)hydrogen

● Photon angular momentum L=1

● Conservation of angular momentum
1S-2P: 1 photon
1S-2S: 2 photons

● 2S has no 1-photon decay
lifetime 0.125 s 
width 5.2 *10-15 eV

● 2-photon spectroscopy is Doppler free
(to first order)
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Laser cooling
● Photon hits atom 

● “hit” = absoption and re-emission in 

random direction

● Overall effect: slowing in one direction

● Problem: push from behind

● Photon energy must match transition

● Trick: slightly mismatch photon energy

● Doppler effect selects atoms moving 

towards laser
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Why is colder better??
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Results

Line shape with and without cooling
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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.

–250 –200 –150 –100 –50 0 50 100 150 200

Relative laser frequency at 243.1 nm (kHz)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

N
or

m
al

iz
ed

 s
ig

na
l (

a.
u.

)

Run A (cooling)
Run B (no cooling)

Fig. 5 | Recorded spectra of the 1S–2S transition from runs A and B. The fits 
use lineshapes informed by simulation (Methods). Both of the spectra are 
normalized to their fitted height and have a frequency-independent 
background subtracted to illustrate the difference in line shape. The 
subtracted background is 3.6 (18.3) annihilation events per bin in run A (B) and 
the fitted signal amplitude is 84.6 (135) events. The error bars represent 1 s.d. 
counting statistics. a.u., arbitrary units.
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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 
horizontal axis, the mean values of the reconstructed energies for each series 
are marked by downward-facing arrows, and the medians by upward-facing 
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.

Reconstructed kinetic energy perp. to laser



Gravitational Behaviour of Antimatter at Rest (GBAR)

● measure g for antiatoms

● Drop and measure time-of-flight + 
position

● Gravity is very weak
● Attempts with antiprotons failed 

due to interaction with stray 
electric fields

● Thermal motion must be reduced

● Laser cooling helps, but GBAR 
chose different method
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GBAR: cooling scheme

● Form the antihydrogen ion anti-H+ (             )

● Charged -> easier to manipulate

● trap together with very cold ions (e.g. Be+)

● Ion cools through collisions

● ++ Repulsion -> never gets close enough to 
annihilate

● a very carefully tuned laser removes one 
positron

● The neutral antiatom falls
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GBAR: creating the antihydrogen ions

● Scheme: slow beam of antiprotons enter 
a could of positrons 

● First antihydrogen is formed though the 
reaction

● A second collision makes the ion

● Reaction rates are very low
● Need lots and lots of positrons
● GBAR has its own little accelerator to 

create prositrons
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Conclusions

● High-precision studies of antihydrogen at low energies is a probe for new physics.

● Comparing to spectra of normal hydrogen tests the Charge-Parity-Time reversal symmetry

● Spectroscopy at ALPHA is approaching accuracy of normal hydrogen

● So far no differences have been detected

● Antimatter gravity will be studied by GBAR (and others)
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