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(Almost) no experimental results;
Certainly no theoretical results;

Instead: suggestions for building potentially interesting
systems in which BSM might be probed differently than 

in existing systems - IOW: speculative

Disclaimer!
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a few words on charge exchange processes

for antiprotons: →X* + p pX* + e
_ _

n
_

charge exchange: →Ps* + p H* + e
_ _

n
_

(A+e ) + xcharge exchange: →(A+x )* + e
__ _ _

n

n’

n’

starting with ground state atoms:

starting with Rydberg atoms:
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charge exchange:

why Rydberg systems ?
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Physics goals: measurement of the gravitational interaction between 
matter and antimatter, H spectroscopy, antiprotonic atoms (pp, pCs), Ps, ...

grating 1 grating 2
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Schematic overview

Physics goals: measurement of the gravitational interaction between
matter and antimatter, H spectroscopy, ...

_

An example:  AEgIS

→

! Anti-hydrogen formation via Charge exchange process with Ps*
      • o-Ps produced in SiO2 target close to p; laser-excited to Ps*
      • H temperature defined by p temperature

! Advantages:
! Pulsed H production (time of flight – Stark acceleration)
! Narrow and well-defined H n-state distribution
! Colder production than via standard process possible
! Rydberg Ps &               → H formation enhanced

            

_
_

_
σ≈ 𝑎0𝑛4

_

_ _

_ _

(Antimatter Experiment: gravity, Interferometry, Spectroscopy)

_

gratings produce periodic pattern on detector; 
measure gravity-induced vertical shift of fringes

pulsed production
 of H*

horizontal beam 
formation

_

_
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Development of nuclear emulsions with 1 Pm spatial  
resolution for the AEgIS experiment 

M. Kimura on behalf of the AEgIS collaboration. 
Albert Einstein Center for Fundamental Physics, Laboratory for High Energy Physics, University of Bern 

Contact e-mail: mitsuhiro.kimura@lhep.unibe.ch  

The goal of the AEgIS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a    beam will be measured with a precision of 1% on 'g/g by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few Pm to achieve the 1% goal. 

 The AEgIS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 Pm. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AEgIS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability (Pm level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
• The detection efficiency per AgBr crystal with 6 GeV/c pions 
• The background in terms of the fog density 
  (the number of noise grains per 103 Pm3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AEgIS detectors. Right: 'g/g vs. number of  
particles for a position sensitive detector resolution of 1 Pm (red) and 10 Pm (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/c  pion� 

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 Pm on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 Pm stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 Pm slit, 40 Pm pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 Pm 

Reference 
C. Amsler et al.,  ‘A  new  application  of  emulsions  to  measure  the  
gravitational force on antihydrogen’.,  JINST  (in  press), arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 Pm 

1 Pm 

10 Pm 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 Pm (red) and 10 Pm (blue).  
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wave atom interferometer [8] to measure their vertical
displacement with a position-sensitive detector. Grav-
ity (or any other force acting on the atoms) can then be
worked out if the average velocity of the atoms is known
[3, 8].

All the suggested schemes involve laser excitation to
long-lived excited states to overcome the lifetime limita-
tion of the 13S ground state (142 ns) where Ps is nor-
mally produced. An e↵ective and widely adopted choice
consists in laser-exciting the atoms to the Rydberg lev-
els, where lifetimes spanning from tens of s up to several
ms can be obtained [9, 10]. Atoms in Rydberg states are,
in general, sensitive to electric field gradients [11] which
can modify their trajectories. This is due to their large
electrical polarizability (up to ⇠ 10�32 Cm2 V�1 for Ps
in n = 15) [12, 13]. Ps Rydberg sublevels with large elec-
trical dipole can be guided and focused [12, 13] while the
selective excitation to sublevels with low dipole moment
has been proposed [14] as a method to minimize the de-
flection of Rydberg Ps in interferometric measurements
with physical gratings [15].

An alternative way to produce a beam of long-lived Ps
with lower electrical polarizability (⇠ 10�38 Cm2 V�1)
consists in laser exciting the atoms to their 23S
metastable level [15], whose lifetime is 1.14 s in vac-
uum and in the absence of electric field [16]. A beam
of 23S Ps atoms (of known average velocity) has been
shown to be suitable for improving the inertial sensitiv-
ity in proposed matter-wave interferometric layouts [8].
Moreover, the availability of 23S Ps with average veloc-
ity < 105 ms�1 would allow keeping the interferometer
compact in length (L . 1m), thus easing the control of
thermal and vibrational noise [17].

Producing fast 23S Ps with energies of several eV has
already been demonstrated via e+ collisions with solid
[18–20] or gaseous targets [21, 22]. 23S Ps atoms with
a beam Maxwellian distribution at around 600 K (av-
erage speed > 1.4 · 105 ms�1) were also produced via
Doppler-free two photon excitation of ground-state atoms
of Ps desorbed from metallic surfaces [23–25] and 13S–
23S two photon excitation of Ps emitted from porous sil-
icon [26]. Production of 23S Ps via single photon excita-
tion of ground-state atoms to mixed 23S–23P in electric
fields [15] and the single photon excitation of ground-
state atoms to 33P levels with subsequent radiative decay
to 23S [16] have been recently demonstrated. The reduc-
tion of the 23S lifetime in electric fields due to Stark
mixing has also been studied [16].

In the present work we investigate the feasibility of a
source of metastable 23S Ps with defined and tunable
velocity in the absence of electric field. The 23S level
is populated by spontaneous radiative decay of laser-
excited 33P Ps atoms. The tuning of the 23S Ps velocity
is achieved by varying the delay of the 13S–33P excitation
pulse between 20 ns and 65 ns from the e+ implantation
time in a nanochannelled silicon e+–Ps converter [27],

thus selecting Ps populations emitted after di↵erent per-
manence times in the target [28, 29] and consequently
with di↵erent velocities [30, 31].
In our experiment, Ps is formed when ⇠ 7 ns bursts

of ⇠ 107 e+, prepared in the AEḡIS e+ system (see
[16, 32, 33] for a detailed description of the apparatus)
are electro-magnetically transported and implanted at
3.3 keV into a Si (111) p-type crystal where nanochan-
nels were previously produced via electrochemical etch-
ing and thermal oxidized in air [16, 33]. Ps produced in-
side the converter out-di↵uses into vacuum through the
nanochannels loosing a fraction of its emission energy by
collision with the walls. The Si target was kept at room
temperature and e+ were implanted into it with a spot of
⇠ 3mm in size. Measurements previously performed on
identical e+–Ps converters indicated a wide angular emis-
sion of Ps from the nanochannels [16, 33]. A schematic
of the experimental chamber is illustrated in Fig. 1.

Figure 1: Schematic of the experimental chamber with
example Monte Carlo in-flight and collision annihilation
distributions for an 13S Ps population (light and dark
red dots) and for a 23S Ps population (yellow and blue
dots). The line-shaped annihilations distribution of 23S

atoms is due to the UV laser Doppler selection.

In the target region, e+ are guided by a 25mT mag-
netic field and focused by an electrostatic lens formed by
the last electrode of the transfer line set at �3000V and
the target kept at ground potential (see Fig. 1 for the ge-
ometry), inducing an electric field of about 300V cm�1

in front of the converter. Since this electric field shortens
considerably the 23S lifetime [13, 16], for the present mea-
surements the focusing electrode was switched o↵ ⇠ 5 ns
after the e+ implantation using a fast switch with a rise
time of ⇠ 15 ns (from �3000V to 0V).
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cosmic background and continuous annihilations, which361

have a constant rate, these time-dependent counts repre-362

sent the only relevant background in our measurement.363

We interpreted them as annihilations of p̄ following the364

desorption of gas from the cryogenic walls hit by the laser365

(see Sec. IV.6): note that the laser - pulsed with 10 Hz366

frequency - is repeatedly fired into the vacuum chamber367

in a time window starting several seconds before the e+368

injection on the target.369

Referring to the sample lp̄, in the signal (S) and in the370

control (C) region, we can write the measured number of371

counts nS

lp̄
and n

C

lp̄
as372
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where nµ and ntrap are the number of counts due to373

cosmic rays (muons) and to p̄ annihilation in the trap not374

related to the presence of the laser, while finally, ngas is375

the number of counts due to p̄ annihilation on the laser376

induced desorbed gas.377

Considering (see section IV.6) that ngas is proportional378

to the number Nlp̄ of trapped p̄ through a factor that we379

can call ✏ (ngas = ✏Nlp̄), this factor can be determined380

using the relations in Eq. 2 taking also into account that381

nµ and ntrap are proportional to the duration of the time382

interval during which they are evaluated:383
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A relation similar to Eq. 2 can be written for the sam-384

ple lp̄e
+ including the presence of the H̄ signal. We call385

nH̄ the number of counts due to H̄ and Nlp̄e+ the total386

number of p̄ in the data set lp̄e+.387
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Recalling that ngas is proportional to Nlp̄e+ , and using389

the expression of ✏ obtained in Eq. 3, we can thus esti-390

mate the number of counts nS
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S region in absence of H̄ production in the sample lp̄e
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The total number of interacting antiprotons in the lp̄394

sample, as calculated using the procedure explained in395

section IV.5, is higher than in the lp̄e
+ data set (Nlp̄e+396

= 1.08 · 109, Nlp̄ = 1.58 · 109). Table I summarizes the397

relevant number of counts in the S and C regions of the398

three data samples.399

In order to quantify the evidence of H̄ formation, we400

consider as null hypothesis the absence of H̄ signal (nH̄ =401
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FIG. 4. Time distribution of ESDA pulses. We show the dis-
tributions of the coincident pulses with mean amplitude above
250 mV, detected after 1 µs from the laser firing time for the
three samples of data: lp̄e+, p̄e+, lp̄. Note that the number
of p̄ and H̄cycle are di↵erent in the three samples and that the
number of counts due to cosmic rays scales linearly with the
number of H̄cycle, while the counts due to annihilations are
proportional to the total number of antiprotons.

0) in the sample lp̄e
+. If the null hypothesis is true,402

then we expect nS

exp
counts in the S region of the sample403

lp̄e
+ due to the cosmic background, p̄ losses measured404

in the C region and rescaled to the S region plus the405

additional p̄ losses due to the laser desorbed gas. In406

other words n
S

exp
would be statistically compatible with407

n
S

lp̄e+
. The measured number of counts in a S region 25408

4.8 σp + e  + laser
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relevant number of counts in the S and C regions of the398

three data samples.399

In order to quantify the evidence of H̄ formation, we400

consider as null hypothesis the absence of H̄ signal (nH̄ =401
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FIG. 4. Time distribution of ESDA pulses. We show the dis-
tributions of the coincident pulses with mean amplitude above
250 mV, detected after 1 µs from the laser firing time for the
three samples of data: lp̄e+, p̄e+, lp̄. Note that the number
of p̄ and H̄cycle are di↵erent in the three samples and that the
number of counts due to cosmic rays scales linearly with the
number of H̄cycle, while the counts due to annihilations are
proportional to the total number of antiprotons.
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cosmic background and continuous annihilations, which361

have a constant rate, these time-dependent counts repre-362

sent the only relevant background in our measurement.363

We interpreted them as annihilations of p̄ following the364

desorption of gas from the cryogenic walls hit by the laser365

(see Sec. IV.6): note that the laser - pulsed with 10 Hz366

frequency - is repeatedly fired into the vacuum chamber367

in a time window starting several seconds before the e+368

injection on the target.369

Referring to the sample lp̄, in the signal (S) and in the370

control (C) region, we can write the measured number of371
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where nµ and ntrap are the number of counts due to373

cosmic rays (muons) and to p̄ annihilation in the trap not374

related to the presence of the laser, while finally, ngas is375

the number of counts due to p̄ annihilation on the laser376

induced desorbed gas.377

Considering (see section IV.6) that ngas is proportional378

to the number Nlp̄ of trapped p̄ through a factor that we379

can call ✏ (ngas = ✏Nlp̄), this factor can be determined380

using the relations in Eq. 2 taking also into account that381
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A relation similar to Eq. 2 can be written for the sam-384

ple lp̄e
+ including the presence of the H̄ signal. We call385

nH̄ the number of counts due to H̄ and Nlp̄e+ the total386

number of p̄ in the data set lp̄e+.387
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Recalling that ngas is proportional to Nlp̄e+ , and using389

the expression of ✏ obtained in Eq. 3, we can thus esti-390
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FIG. 4. Time distribution of ESDA pulses. We show the dis-
tributions of the coincident pulses with mean amplitude above
250 mV, detected after 1 µs from the laser firing time for the
three samples of data: lp̄e+, p̄e+, lp̄. Note that the number
of p̄ and H̄cycle are di↵erent in the three samples and that the
number of counts due to cosmic rays scales linearly with the
number of H̄cycle, while the counts due to annihilations are
proportional to the total number of antiprotons.
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• rate x 1000
• pulsed beam
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Why so low?

Pulsed production of H in 2018
_

→Ps* + p H* + e
__

= 0.05H / cycle

  in 2023:
• rate x 1000
• pulsed beam

_
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•

nPs ~ 18•

• #p ~ 105 , #Ps* ~105_

_

How to improve?

Tp ~ 1~10 K, TX ~ 1~10K•

nX ≫ 18•

• #p ≫105 ,#X* ≫105_

_

(for antiprotonic systems: →X* + p pX* + e  )
_ _

n
_

n’
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antiprotonic Rydberg atoms and ions (with p instead of e-)

antiprotonic molecules (H2 , others ?) 
_

towards (pulsed formation of) �
matter-antimatter Rydberg systems ...

_
•

•
_

search for a novel dark matter candidate•

trapped fully stripped HCI’s of radio-isotopes•
spectroscopic tests of QED, search for BSM interactions, investigation 
of novel trapped radioisotopes (nuclear physics, masses, transitions)

spectroscopic tests of CPT, QED, search for pEDM
_
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Exotic atom formation

• stopping of 
negatively charged 
particles in matter
• slowing down by 

ionization (normal 
energy loss)

• end when kinetic 
energy < ionization 
energy

• capture in high-lying 
orbits with n~!(M*/me) 

example: antiprotonic helium
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characteristics of both atom and molecule
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52

  antiprotonic Rydberg atoms:

atomic physics processes (Rydberg states, cascades, binding energies, lifetimes)

nuclear physics processes: the deeply bound states' energy levels and lifetimes 
are affected by strong-interaction effects, which in turn provide the opportunity 
to study nuclear forces at large distances ("nuclear stratosphere") as well as 
isotope-related nuclear deformations

Atomp
_

e-
p

N

_

e-

formation process: inject antiprotons into 
                            solid/gaseous target material

consequence: only pHe metastable states; all other antiprotonic atoms cascade rapidly (O(ns)) 
Stark mixing via collisions with other atoms           only fluorescence spectroscopy is possible
Annihilation from high nS states very likely

_
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 heavier antiprotonic atoms
• established method: capture in gas/solid; Rydberg
  atom formation; Stark mixing upon collisions, 
  practically immediate annihilation, from high-n s-states

• proposed method: trapped anion together with 
  antiprotons, photo-detachment of electron  
   

  Temperature  p ~ 10 K, X- ~ 10 K, pX(+)* ~ 10 K

→ fluorescence spectroscopy of Rydberg antiprotonic atoms

→ clean cascade (vacuum → no Stark mixing)

→ longer decay cascade (à la ASACUSA pHe)
_

  AEgIS : heavier “long-lived” antiprotonic Rydberg atoms

_

_

_

1
2
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_

  

Antiprotonic atoms – strong interaction effects

strong interaction

↓
widens and shifts p levels

in the experiment we measure:

Γ
low

 - directly from the line shape

ε - determining the line energy

Γ
up

 - indirectly from the intensity balance

pPb+

 X-rays in cascade of antiprotonic atoms

3
Correlate measurements of:

• antiprotonic x-ray cascade 
(annihilation radius, energy shifts)

_ _
4

Annihilation with nucleus

  

Antiprotonic atoms – anninihaltion

p ends its life in the atom annihilating with a peripheral nucleon (p or n)

π

π
p

p
_

π

n

• p-p or p-n  →  change in (Z, N) of 
                         mother nucleus
• resulting pions can interact with the 
                        (Z’,N’) and fragment it

fragmentation is not the dominant process
a wide swathe of radioisotopes with N,Z close
to the mother nucleus can be produced

PUMA 
experimental 

program

→ nuclear fragments highly charged, trappable 
(production of trapped nuclear fragments also works if starting with cations) 
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  AEgIS : an improved pp* (and pd*) production method
5

FIG. 3. (color online) a) Level scheme of the relevant states
of H� and H at 5 T. The continuum of H is marked in gray
with the possible ionizations from the excited states. The
ml, ms states and �E are labeled and the binding energy
(BE) of H�. The three lasers are shown with the 121 nm
and 366 nm laser driving �� and �+ transitions, respectively.
The solid lines represent the addressed states. b) Excita-
tion e�ciency ⌘L versus 366 nm laser parameters for a beam
waist of wL = 1 mm and Gaussian intensity pulse shapes
Ii = Ii,max exp(�4 ln 2(t � Ti)

2/⌧2
i ) for i = 1064, 121, 366

with peak intensity Ii,max, FWHM intensity pulse duration
⌧i and pulse delay Ti with respect to the 121 nm; I1064,max =
2.5 MW/cm2, I121,max = 755 W/cm2, ⌧1064 = ⌧366 = 10 ns,
⌧121 = 16 ns and T1064 = �20 ns. c) Lasers intensities ver-
sus time for I366,max = 0.12 MW/cm2 and T366 = �5 ns. d)
Populations of the bound electronic levels and of dissociated
H from eq. 3 versus time with an insert showing the H(30d)
state resulting in ⌘L = 0.163 at 100 ns.

atomic populations given by:

ṄH� = ��pd NH� ,

Ṅ1s = A2p N2p + �pd NH� � �1s2p (N1s �N2p),

Ṅ2p = �A2p N2p + �1s2p (N1s �N2p)

��2p30d (N2p �N30d)� �pi,2p N2p,

Ṅ30d = �A30d N30d + �2p30d (N2p �N30d)� �pi,30d N30d,

Ṅpi = �pi,2p N2p + �pi,30d N30d. (3)

Here A2p = 6.3⇥108 s�1 and A30d = 2.6⇥105 s�1 are the
Einstein A coe�cients from the H(2p) and the H(30d)
state, respectively, and �pd is the photodetachment rate
of H�. Because the decay of H(30d) populates a lot of
levels with a negligible probability of reaching H(2p)
within the considered time, we neglected this part. �1s2p

is the 121 nm laser excitation rate for the four tran-
sitions H(1s)|ml = 0,ms = ±1/2,mi = ±1/2i !H(2p)
|ml = �1,ms = ±1/2,mi = ±1/2i and �2p30d

is the 366 nm laser excitation rate for
H(2p)|ml = �1,ms = ±1/2,mi = ±1/2i !
H(30d)|ml = 0,ms = ±1/2,mi = ±1/2i, because we
have used circular polarized light. Npi is the population
lost due to photoionized H. ⌘L is then defined as the
population transfer e�ciency from H� to H(30d) by
⌘L = N30d/NH� at t = 100 ns. This parameter is
maximized scanning over the laser intensities and pulse
delays, see Fig. 3 b). Figure 3 c) shows the result, where
the time depending populations of the states are plotted
in Fig. 3 d). Here we find that ⇠ 16% of the H� are
excited to H(30d) mainly limited by the Lyman-alpha
laser power and width.

B. Pn limitations from crossed fields in Penning
traps

The precedent discussion deals (especially the Pn cross
section formation and Pn radiative lifetime and annihi-
lation) with Pn in |nlmi state. Unfortunately the Pn
is formed in a complex electric and magnetic field envi-
ronment. Indeed, formed Pn will be exposed to the trap-
ping magnetic field but also to several electric fields: time
constant electric fields (due to the trapping potential in
axial Eax and radial Erad direction) but also time vary-
ing electric fields (from stochastic Coulomb collision with
p, p̄, e

�
,H�

,H⇤ as Ecol) and a motional field Em = v⇥B.
It is beyond the scope of this article to study in detail the
e↵ect of the external fields and we will simply give sim-
ple argument in order to estimate the modification of its
internal states and especially concerning its annihilation.
The Hamiltonian for Pn in E and B fields is expressed as
H = H0 +HZeeman +HDiamagnetic +HStark and is dis-
cussed in the appendix V (the formulas are also valid for
H and Ps because of the reduced mass). Neglecting sec-
ond order magnetic interactions (HDiamagnetic = 0), Pn
has no first order Zeeman e↵ect (HZeeman = 0) and the
Hamiltonian eigenstates are thus the Stark eigenstates
(assuming a quantization axis along the electric field):
|nkmi =

P
l
|nlmiClm

n�1
2

m+k

2 ,
n�1
2

m�k

2

where C
jm

j1m1,j2m2
is

the standard Clebsch-Gordan coe�cient producing, up

to the first order a level shift of �E
(1)

St
= 3

2
nkm Ē (see

eq. 7) [51]. This formula can be use to estimate the
annihilation lifetime of the Stark states because of the
s or p annihilation rate ⌫a(ns) = 5.3 ⇥ 1018n�3 s�1,
⌫a(np) = 4.3⇥ 1014n�3 s�1 [4]. Rates from higher values
of lPn ones such as the ⌫a(nd) ⇡ 1010n�3 s�1 are negligi-

ble (rate varies about as n�3(R⇤/a
(Pn)

0
)2l [52].) In a very

rough estimation we can assume that the Clebsch-Gordan
coe�cient is on the order of 1/n and that the Stark eigen-
states contains more or less all l � m quantum numbers
and thus that the annihilation rate for a Stark eigenstate
with m = 0 is roughly given by ⇠ ⌫a(ns)n�1 and for
a m = 1 state by ⇠ ⌫a(np)n�1 whereas for m = ±2
the radiative transition rate into p-states is larger than
the d-state annihilation rate (see Fig. 2 e). The first net

_ _

• co-trap H  (or D ) and p
   in a Penning trap

__

• photo-ionize H

• laser-excite H → H*(30)

• charge-exchange reaction:
  H*(30) + p → pp(n) + e

_ _

_

_

_
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FIG. 2. a) Formation cross section to produce Pn from p̄ with
H(n=1) using the Langevin cross section and with H(n=2)
and H(n=30) using eq. 1 versus the collision energy. The
red dots show the findings for H(n=2) from [30] and the or-
ange curve the fit using the values c1 = 6.3 ⇥ 10�4 a.u. and
c2 = 6.9 a.u. The plot includes the ionization thresholds
(right axis) and probability distribution function (PDF) for
a Maxwellian at 100 K (left axis). b) Radiative lifetime of
100  nPn  1200 for di↵erent lPn states including black
body radiation at 10 K. c) nPn distribution resulting from p̄
capture by either H(n=20) with hnPni = 735, H(n=30) with
hnPni = 1288 or H(n=40) with hnPni = 1825 integrated over
collision energies for 100 K using fit parameters in [23]. d) lPn

distribution corresponding to Pn formation from H(n=30). e)
For initial Pn(n=300) and di↵erent lPn, with all mPn statis-
tically populated, the time before annihilation occurs is cal-
culated in a field free environment. Similar, f) shows the
annihilation time for initial Pn(n=1000) and di↵erent lPn for
a perturbation electric field of Ep =1 V/cm using ⌫St,x from
eq. 4.

A. H� excitation to Rydberg H

To create Rydberg H from ground state H� and to
calculate a value for ⌘L, several laser excitation paths
are possible [44], where we concentrate on a scheme us-
ing single photon excitations and a Lyman-alpha laser.
First a pulse laser at 1064 nm photodetaches H� from
the ground state to the H(1s) state, overcoming the bind-
ing energy of BE=0.7542 eV [45]. The photodetachment
cross sections is given by �1064 = 4⇥10�17 m2 [46]. Sub-
sequently, a laser at 121 nm excites the atoms to the
H(2p) state, from where, a third laser at 366 nm ad-
dresses the H(2p)!H(30d) transition.

Figure 3 a) sketches the relevant levels of H and H�

in the Paschen-Back regime at B=5 T showing the
uncoupled basis |n, l, s,ml,msi for each state, where
the level splitting is �E = µBB(ml + 2ms). Thus
for ml = �l, .., 0, .., l and ms = ±1/2 the splitting
caused by a change of �ml = ±1 or �ms = ±1/2 is
�E =11.2 GHz. For the 121 nm we will use specifica-
tions that have been achieved in [47] of a laser energy of
190 nJ at a pulse duration of 16 ns, which results in a
linewidth of �⌫L ⇡ 27 MHz. For the other two lasers
we will fix the pulse duration to typical 10 ns giving
linewidths of ⇡ 44 MHz. The H transitions get Doppler
broadened at the plasma temperature, which gives at
Tp=100 K a transition FWHM of �⌫D,121 = 17.9 GHz
and �⌫D,366 = 5.9 GHz. Because this broadening is
larger than the hyperfine splittings between mi = ±1/2
states of �EHF = 1.3 GHz for the H(1s) and of 55 MHz
for the H(2p), all mi hyperfine substates are addressed.

Additionally the influence of crossed E and B fields on
H have to be considered, which Hamiltonian is discussed
in the appendix V. For this case of E ? B, the energy
spectra of H have been experimentally studied in [48] and
theoretically in [49, 50]. In first order perturbation of the
fields the level shift is then �E

(1) = ml(
1

2
B̄ + 3

2
nĒ) (see

eq. 7). For H(2p) in ml = �1 the radial trapping field of
typically up to 104 V/m (see sec. II B) thus causes a level
shift of ⇠0.5 MHz, which is smaller than the contribution
from the magnetic field and can be neglected compared
to the Doppler line broadening for plasma temperatures
>1 K.

From this we see that after the 1064 nm addresses the
three H� states separated by 22.4 GHz with approxi-
mately the same cross section, all four mi H(1s) hyper-
fine states get populated. Then, due to Doppler broad-
ening at 100 K the 121 nm laser addresses all H(1s) sub-
states. To find the overall transfer e�ciency, we can cal-
culate the cross sections and the excitation and photoion-
ization rates using standard expressions for the radial
wavefunctions of H and their overlaps for bound-bound
and bound-continuum transitions (see appendix V). The
excitation rates include the Doppler broadening at the
plasma temperature. Both the 121 nm and 366 nm laser
can cause photoionization from the excited states. The
photoionization rates for the 121 nm laser from H(2p),
�pi,2p, is calculated from the sum of the rates coupling
to the l = 0 and l = 2 continuum states. Similarly, the
photoionization rate from H(30d) caused by the 121 nm
and the 366 nm laser as �pi,30d constitute of the sums
of the individual photoionization rates that couple to the
continuum states with l = 1 and l = 3. The e↵ect of
the laser interaction with the H� and H atom can then
be semiclassically described as solutions to a set of Ein-
stein rate equations for the time dynamics of the involved

5

FIG. 3. (color online) a) Level scheme of the relevant states
of H� and H at 5 T. The continuum of H is marked in gray
with the possible ionizations from the excited states. The
ml, ms states and �E are labeled and the binding energy
(BE) of H�. The three lasers are shown with the 121 nm
and 366 nm laser driving �� and �+ transitions, respectively.
The solid lines represent the addressed states. b) Excita-
tion e�ciency ⌘L versus 366 nm laser parameters for a beam
waist of wL = 1 mm and Gaussian intensity pulse shapes
Ii = Ii,max exp(�4 ln 2(t � Ti)

2/⌧2
i ) for i = 1064, 121, 366

with peak intensity Ii,max, FWHM intensity pulse duration
⌧i and pulse delay Ti with respect to the 121 nm; I1064,max =
2.5 MW/cm2, I121,max = 755 W/cm2, ⌧1064 = ⌧366 = 10 ns,
⌧121 = 16 ns and T1064 = �20 ns. c) Lasers intensities ver-
sus time for I366,max = 0.12 MW/cm2 and T366 = �5 ns. d)
Populations of the bound electronic levels and of dissociated
H from eq. 3 versus time with an insert showing the H(30d)
state resulting in ⌘L = 0.163 at 100 ns.

atomic populations given by:

ṄH� = ��pd NH� ,

Ṅ1s = A2p N2p + �pd NH� � �1s2p (N1s �N2p),

Ṅ2p = �A2p N2p + �1s2p (N1s �N2p)

��2p30d (N2p �N30d)� �pi,2p N2p,

Ṅ30d = �A30d N30d + �2p30d (N2p �N30d)� �pi,30d N30d,

Ṅpi = �pi,2p N2p + �pi,30d N30d. (3)

Here A2p = 6.3⇥108 s�1 and A30d = 2.6⇥105 s�1 are the
Einstein A coe�cients from the H(2p) and the H(30d)
state, respectively, and �pd is the photodetachment rate
of H�. Because the decay of H(30d) populates a lot of
levels with a negligible probability of reaching H(2p)
within the considered time, we neglected this part. �1s2p

is the 121 nm laser excitation rate for the four tran-
sitions H(1s)|ml = 0,ms = ±1/2,mi = ±1/2i !H(2p)
|ml = �1,ms = ±1/2,mi = ±1/2i and �2p30d

is the 366 nm laser excitation rate for
H(2p)|ml = �1,ms = ±1/2,mi = ±1/2i !
H(30d)|ml = 0,ms = ±1/2,mi = ±1/2i, because we
have used circular polarized light. Npi is the population
lost due to photoionized H. ⌘L is then defined as the
population transfer e�ciency from H� to H(30d) by
⌘L = N30d/NH� at t = 100 ns. This parameter is
maximized scanning over the laser intensities and pulse
delays, see Fig. 3 b). Figure 3 c) shows the result, where
the time depending populations of the states are plotted
in Fig. 3 d). Here we find that ⇠ 16% of the H� are
excited to H(30d) mainly limited by the Lyman-alpha
laser power and width.

B. Pn limitations from crossed fields in Penning
traps

The precedent discussion deals (especially the Pn cross
section formation and Pn radiative lifetime and annihi-
lation) with Pn in |nlmi state. Unfortunately the Pn
is formed in a complex electric and magnetic field envi-
ronment. Indeed, formed Pn will be exposed to the trap-
ping magnetic field but also to several electric fields: time
constant electric fields (due to the trapping potential in
axial Eax and radial Erad direction) but also time vary-
ing electric fields (from stochastic Coulomb collision with
p, p̄, e

�
,H�

,H⇤ as Ecol) and a motional field Em = v⇥B.
It is beyond the scope of this article to study in detail the
e↵ect of the external fields and we will simply give sim-
ple argument in order to estimate the modification of its
internal states and especially concerning its annihilation.
The Hamiltonian for Pn in E and B fields is expressed as
H = H0 +HZeeman +HDiamagnetic +HStark and is dis-
cussed in the appendix V (the formulas are also valid for
H and Ps because of the reduced mass). Neglecting sec-
ond order magnetic interactions (HDiamagnetic = 0), Pn
has no first order Zeeman e↵ect (HZeeman = 0) and the
Hamiltonian eigenstates are thus the Stark eigenstates
(assuming a quantization axis along the electric field):
|nkmi =

P
l
|nlmiClm

n�1
2

m+k

2 ,
n�1
2

m�k

2

where C
jm

j1m1,j2m2
is

the standard Clebsch-Gordan coe�cient producing, up

to the first order a level shift of �E
(1)

St
= 3

2
nkm Ē (see

eq. 7) [51]. This formula can be use to estimate the
annihilation lifetime of the Stark states because of the
s or p annihilation rate ⌫a(ns) = 5.3 ⇥ 1018n�3 s�1,
⌫a(np) = 4.3⇥ 1014n�3 s�1 [4]. Rates from higher values
of lPn ones such as the ⌫a(nd) ⇡ 1010n�3 s�1 are negligi-

ble (rate varies about as n�3(R⇤/a
(Pn)

0
)2l [52].) In a very

rough estimation we can assume that the Clebsch-Gordan
coe�cient is on the order of 1/n and that the Stark eigen-
states contains more or less all l � m quantum numbers
and thus that the annihilation rate for a Stark eigenstate
with m = 0 is roughly given by ⇠ ⌫a(ns)n�1 and for
a m = 1 state by ⇠ ⌫a(np)n�1 whereas for m = ±2
the radiative transition rate into p-states is larger than
the d-state annihilation rate (see Fig. 2 e). The first net
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• photo-ionize Rb

• laser-excite Rb → Rb*(30)

• charge-exchange reaction:
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• Auger-stripping, then peripheral annihilation

• trap nuclear remnant (e.g.           ), 
  sympathetically cool to !K (e.g. Ca+)
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HCI (stable), (Z-n)+ HCI*(stable or unstable), (Z-1)+ HCI*(stable or unstable), (Z-1)+

e-
e- p

_

p

_

+

Ps* / pX*Z+

2 3 5

capture Auger ejection annihilation
charge exchange 
w/ Rydberg atom

M. Doser, Prog. Part. Nucl. Phys, (2022), https://doi.org/10.1016/j.ppnp.2022.103964

standard HCI  novel HCI’s  

a novel Hydrogen-like hollow atom(ic ion): step-by-step
1

_

_

__

HCIs for ultra-precise clocks : applications & future

HCIs: much larger sensitivity to variation of α and dark matter searches then current clocks

• Enhancement factor K>100, most of present clocks K<1, Yb+ E3 K=6

• Hyperfine HCI clocks sensitive to me/mp ratio and mq/ΛQCD ratio variation 

• Additional enhancement to Lorentz violation searches

Dark matter 
searches

Tests of the equivalence principle

Search for the violation of 
Lorentz invariance

Picture: Nature 517, 592

• Searches for the variation of fundamental constants

• Tests of QED: precision spectroscopy

• Fifth force searches: precision measurements of isotope 
shifts with HCIs to study non-linearity of the King plot

5 years: Optical clocks with selected HCIs will reach 10-18 accuracy
10 years: Strongly α-sensitive transitions in HCIs will reach of 10-18 uncertainty, multi-ion HCI clocks

Picture: Jun Ye’s group

HCIs: much larger sensitivity to variation of α and dark matter searches than current clocks

• Searches for the variation of fundamental constants
• Tests of QED: precision spectroscopy
• fifth force searches: precision measurements of isotope
  shifts with HCIs to study non-linearity of the King plot

4

Z+

trap & cool

+

https://mmm.cern.ch/owa/redir.aspx?C=NDQTp_Ai9edklvTOm5b9MkYa7RJMbiF5XgPPGnsDYyZFk1hxBj_aCA..&URL=https%3a%2f%2fdoi.org%2f10.1016%2fj.ppnp.2022.103964


 charge-exchange reaction 2:
 (pRb)* +         →(p       )    * + Rb+

(           )*

 charge-exchange reaction 1:
 Ps* +         →           * + eRb37+

Rb36+37
83

+ _

_

• in nearby Penning trap, 
  produce Ps* (or pRb* again)

_

Rb37+37
83

Rb p+37
85

_

Ps*

Rb37+37
83 Rb 36+37

83

_

Rydberg ionic atom (electronic or antiprotonic) 
of a radio-isotopic HCI→

37
83

Rb37+37
83

p
_

→
Atomic spectroscopy of trapped ionic systems
is very sensitive to exotic interactions,
benefits from long lifetime of Rydberg atom

1 2

a novel Hydrogen-like hollow atom(ic ion): step-by-step

Sympathetic cooling prior to charge exchange: 
ultracold hydrogen-like Rydberg HCI's



  antiprotonic molecules:

molecular anionp
_

e-
p

N

_

e-

formation process: as for antiprotonic atoms, i.e. possible co-trapping of p and
                            anionic molecules, formation initiated by photo-detachment

but: antiproton rapidly selects one atom, resulting antiprotonic atom cascades rapidly (O(ns))

_

long lifetimes require Rydberg states

association of Rydberg atoms / ions (formed via charge exchange)

charge exchange with Rydberg molecule

𝛾

molecules: very numerous very narrow transitions (molecular clock) ; pEDM (à la RaF)
_
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  antihydrogen molecular ion: H2

_ _

H2
+~

H2
+ has very narrow transitions, clock @ 10-15 level; how to form antimatter analog?

_ _
→

(~continuous, extremely low numbers, very low rate)

alternatively: Ps* + p + p     H2(*?)  + e→

_ _

_ _ _?

(pulsed, requires ridiculous n(Ps), very low rate? state?)

alternatively: H* + (pp)*     H2(*?)  + e+→
_ _ _ _

?

(pulsed, high instantaneous density... rate? state?)

_ _
Three-body recombination

Rydberg atom - Rydberg atom
associative ionization
(but is Penning ionization >> ?)#

M. Zammit et al., Phys. Rev. A 100, 042709 (2019)current thinking: H + H +       H2  + e+𝛄 Hnl-Hn’l’ Associative ionization

# “associative ionisation between two excited states is less than a tenth of the Penning ionisation” - M Cheret et al 1982 J. Phys. B: At. Mol. Phys. 15 3463

Formation of a molecular ion by photoassociative Raman processes, D. Sardar1, S. Naskar1,2, A. Pal1, H. Berriche3,4 and B. Deb1,5 , J. of Phys. B: 
Atomic, Molecular and Optical Physics, Volume 49, Number 24 (2016)        https://iopscience.iop.org/article/10.1088/0953-4075/49/24/245202

photo-associative Raman process
(STIRAP) to combine atom & ion
into a molecular ion (Li + Cs +    (LiCs)+)

alternatively: H* + p + 𝛄 + 𝛄     H2(*?)
_ _ _

→

?

_
→

H2+ and HD+: Candidates for a molecular clock,   J.-Ph.Karr, J. of Mol. Spectr. 300, 2014, 37-43

Observation of a molecular bond between ions and 
Rydberg atoms, N. Zuber et al., Nature vol. 605,  
pages 453–456 (2022)

Semiclassical Treatment of High-Lying Electronic 
States of H2+, T. J. Price and Chris H. Greene, J. 
Phys. Chem. A 2018, 122, 43, 8565–8575, https://
doi.org/10.1021/acs.jpca.8b07878

https://iopscience.iop.org/journal/0953-4075
https://iopscience.iop.org/journal/0953-4075
https://iopscience.iop.org/volume/0953-4075/49
https://iopscience.iop.org/issue/0953-4075/49/24
https://iopscience.iop.org/article/10.1088/0953-4075/49/24/245202
https://www.sciencedirect.com/science/article/pii/S0022285214000770?_rdoc=1&_fmt=high&_origin=gateway&_docanchor=&md5=b8429449ccfc9c30159a5f9aeaa92ffb&dgcid=raven_sd_recommender_email&ccp=y#!
https://www.sciencedirect.com/science/journal/00222852
https://www.sciencedirect.com/science/journal/00222852/300/supp/C
https://www.nature.com/
https://doi.org/10.1021/acs.jpca.8b07878
https://doi.org/10.1021/acs.jpca.8b07878
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e-

p
_

1

Rydberg excitation

2

charge exchange

  formation of (other) antiprotonic Rydberg molecules

0 photo-detachment (if starting from an anionic molecule)
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  further (trapped) antiprotonic Rydberg (ionic) molecules

•  3-body formation: combine with nearby cold anion (p, X   )
_

X + X + p HCIZ+* → (p HCIZ+*X  )        + X
_ _ _ _

NZ+

p
_

p
_

_

(p       )    *Rb 36+37
83

_

molecular ion

“halide ionic 
molecule”

_(Z-1)+ …

__

(or X  )
_

•

•

•  pulsed formation: co-trapped multiple anion species A ,H
  with antiprotons; photo-detach & excite H   to form pp*
  photo-detach & excite A  to form A* (and pA(+)*)

_ _

_

_

_
_

Rydberg atom interactions between: A* , pA(+)*, pp*
__

 for example: pCs(+)* + pp*→ ppp* + Cs+ (???)
_ _ _ _

(Ps /Ps+ analog)
_

                    pCs(+)* + pp*→ ppCs(2+)* + p (?)
_ _ _ _

doubly antiprotonic Cs
M. Emami-Razavi & J. Darewych, EPJD 75, 188 (2021) 

https://link.springer.com/article/10.1140/epjd/s10053-021-00187-4#auth-Mohsen-Emami_Razavi
https://link.springer.com/article/10.1140/epjd/s10053-021-00187-4#auth-Jurij_W_-Darewych
https://link.springer.com/journal/10053


in-trap formation of antiprotonic atoms
charged particle tracking, PID
detection of spectator p, d

formation reaction:
 (p 3He)*  → S(uuddss) + K  K  π

_

  Antiatomic atoms : a novel dark matter search

→

sexaquark: uuddss bound state (m ~ 2mp                  )

→ sensitivity down to 10-9

+ + _ S= +2, Q= -1

𝛑

→

Geant-4 simulation

not excluded by prior searches for similar states (among them, the H dibaryon) in the GeV region

standard model compatible (uuddss bound state)
astrophysical bounds can be evaded

https://arxiv.org/abs/2302.00759

Michael Doser / CERN        Ascona 5/7/23               22/25

https://arxiv.org/abs/1708.08951< 2m/\

https://arxiv.org/abs/


Summary & outlook:

What's next? First attempts to valide the pulsed formation of few K 
antiprotonic atoms (using I  ), trapping of nuclear remnants, character-
ization of the trapped remnants (2024). Possibly additional anionic 
systems in 2024/2025 (including anionic molecular precursor states).

Charge exchange processes between Rydberg systems and single
charged particles provide controlled access to unique exotic systems,
with which fundamental symmetries, nuclear physics, possible 
novel interactions or a specific dark matter candidate could be explored
(admittedly sometimes at the price of quite some gymnastics...)

Charge exchange pulsed formation of H* between Ps* and p
is well under control; beam formation under work. Extendable to 
other Rydberg atoms.

_

Michael Doser / CERN        Ascona 5/7/23               23/25

_

_



THE END
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Table 3

Selected annihilation reactions energetically compatible with n̄ formation within or at the surface of the nucleus.
Reaction Final state energy [u] Lifetime of initial state isotope Lifetime of final state isotope
7Be + p̄ ! ‘‘8Li’’ 0.0022u 53 d 839 ms
8B + p̄ ! ‘‘9Be’’ 0.0202u 730 ms stable
11C + p̄ ! ‘‘12B’’ 0.0049u 20 m 20 ms
13N + p̄ ! ‘‘14C’’ 0.0103u 10 m 5730 y
24Na + p̄ ! ‘‘25Ne’’ 0.0004u 15h 0.6 s
33P + p̄ ! ‘‘34Si’’ 0.0004u 25 d < 210 ns
40Ca + p̄ ! ‘‘41K’’ 0.008u stable stable
212Rn + p̄ ! ‘‘213At’’ 0.0051u 24 m 125 ns
216Th + p̄ ! ‘‘217Ac’’ 0.009u 27 ms 69 ns

Table 4

Selected annihilation reactions energetically compatible with free antineutron formation.
Reaction Final state energy [u] Lifetime of initial state isotope Lifetime of final state isotope
8B + p̄ !8Be + n̄ 0.0018u 770 ms 8 x 10�17s
11C + p̄ !11B + n̄ 0.0007u 20 m stable
15O + p̄ !15N + n̄ 0.0016u 122 s stable
18F + p̄ !18O + n̄ 0.0004u 109 m stable
22Na + p̄ !22Ne + n̄ 0.0015u 2.6 y stable
211Rn + p̄ !211At + n̄ 0.0013u 15 h 7 h
216Th + p̄ !216Ac + n̄ 0.0009u 27 ms 0.4 ms

from production targets (e.g. F, Si, V, Zr, Nb, Mo, Tc, Ru, Rh, Ta, W, Re, Os, Ir, etc.) or that have very short lifetimes of the
order of tens of ms (12B, 13B, 12N) or even down to ns, but would furthermore ensure that they would be available inside
a trap, thus potentially allowing subsequent manipulations or measurements. For heavier elements, this might also be
a way to obtain very neutron rich isotopes of heavy elements. Under the assumption that only �(A) = �1 transitions
occur, then starting from trapped 196Os+ (with a lifetime of 35 min), via this scheme, it should be possible to form trapped
195Re, or from 190W+ (with a lifetime of 30 m), to form trapped 189Ta, or 225At from 226Rn+ (lifetime of 7.4 min), or 208Au
from 209Hg+ (lifetime of 36 s). Whether reaching these states indeed requires starting from radioactive precursor states is
currently being investigated via simulations; the outcome of these simulations in the case of Rb (Fig. 13) already indicates
that a much broader set of precursor states, including stable or long-lived ones, can potentially result in a specific trapped
neutron-rich radioisotope.

5.4.7. Antiprotonic atoms: antineutron production
While the process p̄p ! n̄n is of course forbidden in isolation due to energy conservation, this is not necessarily the

case for bound systems: the formation of an n̄n pair from a bound p̄p within a nucleus is energetically possible for a small
number of nuclei, among them 7Be:

7Be + p̄ ! ‘‘8Li’’, with one of the neutrons of the ‘‘8Li’’ being in fact an antineutron.
with m(7Be) = 7.01692u, m(8Li) = 8.02249u, this results in �(m[7Be]+m[p̄] - m[8Li]) = 0.0022u. This process correspond-
ing to (5p + 3n) + p̄ ! (4p + 4n + n) is thus energetically allowed if the binding energy of the n̄ is the same as that of
the neutron; the observation of this process thus constitutes a test of CPT for the strong interaction. A clean tag for the
presence of an antineutron (annihilation will most likely be immediate upon formation) is formed by measurement of
the sum of charges of formed secondaries: ⌃Q (n̄p) = +1, while all other annihilation processes result in a total charge
of �1 (⌃Q (p̄n) = �1) or 0 (⌃Q (p̄p) = 0; ⌃Q (n̄n) = +0). The process corresponds to:

A
ZN + p̄ !A+1

Z�1 N(n̄), where A+1
Z�1N(n̄) contains A neutrons and one antineutron.

Table 3 lists a number of such systems in which the reaction channel, available energy (in atomic units) and lifetimes
of the mother and daughter isotopes are tabulated. Among these, the most sensitive probe is 24Na + p̄ ! "25Ne", with
an energy difference of 0.0004u, e.g. 375 keV. Even more interestingly, a small number of radioisotope pairs have the
characteristics required for a related process A

ZN + p̄ ! A
Z�1N + n̄, i.e. for formation of a free antineutron. Here, the

requirement is that m(mother) > m(daughter) + 2m(n) � m(p)).
Table 4 lists several reactions that should energetically be possible, and that would result in the release of a low

energy antineutron (the lowest free energy occurring in the case of the reaction 18F + p̄ ! 18O + n̄, with only 0.0004u
being available above threshold; the resulting antineutron energy should thus be 375 keV). The potential availability
of antineutrons with energies far below those of prior formation attempts through in-flight charge exchange (En̄ >
100MeV [216]) opens up the intriguing possibility of measuring the antineutron annihilation cross section at very low
n̄ energies; such very low energy antineutron-nucleus data would be highly relevant for neutron–antineutron oscillation
experiments [217].

Differentiating this process from the formation of an antineutron within the nucleus must rely, in addition to the
total ⌃Q (n̄p) = +1 of the produced mesons, on a timing difference between the last emitted atomic transition of the

26

p + p           n + n
__

X

  Antiatomic atoms : antineutron production
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Table 3

Selected annihilation reactions energetically compatible with n̄ formation within or at the surface of the nucleus.
Reaction Final state energy [u] Lifetime of initial state isotope Lifetime of final state isotope
7Be + p̄ ! ‘‘8Li’’ 0.0022u 53 d 839 ms
8B + p̄ ! ‘‘9Be’’ 0.0202u 730 ms stable
11C + p̄ ! ‘‘12B’’ 0.0049u 20 m 20 ms
13N + p̄ ! ‘‘14C’’ 0.0103u 10 m 5730 y
24Na + p̄ ! ‘‘25Ne’’ 0.0004u 15h 0.6 s
33P + p̄ ! ‘‘34Si’’ 0.0004u 25 d < 210 ns
40Ca + p̄ ! ‘‘41K’’ 0.008u stable stable
212Rn + p̄ ! ‘‘213At’’ 0.0051u 24 m 125 ns
216Th + p̄ ! ‘‘217Ac’’ 0.009u 27 ms 69 ns

Table 4

Selected annihilation reactions energetically compatible with free antineutron formation.
Reaction Final state energy [u] Lifetime of initial state isotope Lifetime of final state isotope
8B + p̄ !8Be + n̄ 0.0018u 770 ms 8 x 10�17s
11C + p̄ !11B + n̄ 0.0007u 20 m stable
15O + p̄ !15N + n̄ 0.0016u 122 s stable
18F + p̄ !18O + n̄ 0.0004u 109 m stable
22Na + p̄ !22Ne + n̄ 0.0015u 2.6 y stable
211Rn + p̄ !211At + n̄ 0.0013u 15 h 7 h
216Th + p̄ !216Ac + n̄ 0.0009u 27 ms 0.4 ms

from production targets (e.g. F, Si, V, Zr, Nb, Mo, Tc, Ru, Rh, Ta, W, Re, Os, Ir, etc.) or that have very short lifetimes of the
order of tens of ms (12B, 13B, 12N) or even down to ns, but would furthermore ensure that they would be available inside
a trap, thus potentially allowing subsequent manipulations or measurements. For heavier elements, this might also be
a way to obtain very neutron rich isotopes of heavy elements. Under the assumption that only �(A) = �1 transitions
occur, then starting from trapped 196Os+ (with a lifetime of 35 min), via this scheme, it should be possible to form trapped
195Re, or from 190W+ (with a lifetime of 30 m), to form trapped 189Ta, or 225At from 226Rn+ (lifetime of 7.4 min), or 208Au
from 209Hg+ (lifetime of 36 s). Whether reaching these states indeed requires starting from radioactive precursor states is
currently being investigated via simulations; the outcome of these simulations in the case of Rb (Fig. 13) already indicates
that a much broader set of precursor states, including stable or long-lived ones, can potentially result in a specific trapped
neutron-rich radioisotope.

5.4.7. Antiprotonic atoms: antineutron production
While the process p̄p ! n̄n is of course forbidden in isolation due to energy conservation, this is not necessarily the

case for bound systems: the formation of an n̄n pair from a bound p̄p within a nucleus is energetically possible for a small
number of nuclei, among them 7Be:

7Be + p̄ ! ‘‘8Li’’, with one of the neutrons of the ‘‘8Li’’ being in fact an antineutron.
with m(7Be) = 7.01692u, m(8Li) = 8.02249u, this results in �(m[7Be]+m[p̄] - m[8Li]) = 0.0022u. This process correspond-
ing to (5p + 3n) + p̄ ! (4p + 4n + n) is thus energetically allowed if the binding energy of the n̄ is the same as that of
the neutron; the observation of this process thus constitutes a test of CPT for the strong interaction. A clean tag for the
presence of an antineutron (annihilation will most likely be immediate upon formation) is formed by measurement of
the sum of charges of formed secondaries: ⌃Q (n̄p) = +1, while all other annihilation processes result in a total charge
of �1 (⌃Q (p̄n) = �1) or 0 (⌃Q (p̄p) = 0; ⌃Q (n̄n) = +0). The process corresponds to:

A
ZN + p̄ !A+1

Z�1 N(n̄), where A+1
Z�1N(n̄) contains A neutrons and one antineutron.

Table 3 lists a number of such systems in which the reaction channel, available energy (in atomic units) and lifetimes
of the mother and daughter isotopes are tabulated. Among these, the most sensitive probe is 24Na + p̄ ! "25Ne", with
an energy difference of 0.0004u, e.g. 375 keV. Even more interestingly, a small number of radioisotope pairs have the
characteristics required for a related process A

ZN + p̄ ! A
Z�1N + n̄, i.e. for formation of a free antineutron. Here, the

requirement is that m(mother) > m(daughter) + 2m(n) � m(p)).
Table 4 lists several reactions that should energetically be possible, and that would result in the release of a low

energy antineutron (the lowest free energy occurring in the case of the reaction 18F + p̄ ! 18O + n̄, with only 0.0004u
being available above threshold; the resulting antineutron energy should thus be 375 keV). The potential availability
of antineutrons with energies far below those of prior formation attempts through in-flight charge exchange (En̄ >
100MeV [216]) opens up the intriguing possibility of measuring the antineutron annihilation cross section at very low
n̄ energies; such very low energy antineutron-nucleus data would be highly relevant for neutron–antineutron oscillation
experiments [217].

Differentiating this process from the formation of an antineutron within the nucleus must rely, in addition to the
total ⌃Q (n̄p) = +1 of the produced mesons, on a timing difference between the last emitted atomic transition of the
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