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Sympathetic cooling of antiprotons
using laser-cooled anionic molecules
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• Hbar production by resonant charge
exchange:

• pbar currently prepared at ~10-100 K
No direct cooling method available
->Use sympathetic cooling

• Needs anions to avoid annihilation

Hbar production by resonant charge exchange (RCE)
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where the star denotes a highly excited Rydberg state. This
reaction owes its appeal to the fact that the cross-section
scales approximately with the fourth power of the principal
quantum number. In addition, it creates H in a narrow and
well-defined band of final states. Most importantly, H
formed with !p at rest is created with a velocity distribution
dominated by the !p temperature, hence the surrounding
(cryogenic) environment [23]. This is in stark contrast to
the rather high H temperature observed when using the
nested-well technique pioneered by ATRAP and ATHE-
NA [24,25]. Our proposed technique is conceptually similar
to a charge exchange technique based on Rydberg cesium
[26] which has been successfully demonstrated by ATRAP
[27].

The principle is illustrated in Fig. 2. The Ps emitted from
the porous insulator material are excited to Rydberg states.
They then traverse a Penning trap region in which several
104 !p have been accumulated and stored. The charge
exchange cross-section is very large (! 107 Å2 for n = 35)
and reaches a maximum when the e+ and !p relative veloci-
ties are matched. Taking into account the corresponding
kinetic energy, as well as a smaller contribution due to con-
verted internal energy, H is created at velocities of
25. . .80 m s"1.

While neutral atoms are not sensitive (to first order) to
constant electric fields, they do experience a force when
their electric dipole moment is exposed to an electric-field
gradient. Since the dipole moment scales approximately
with the square of the principal quantum number, Rydberg
atoms are especially amenable to being manipulated in this
way. This technique is related to the splitting of spectral
lines due to the presence of external electric fields (the Stark
effect) and is therefore called Stark acceleration.

Recently, Stark acceleration has been successfully dem-
onstrated by one of the AEGIS groups with (ordinary)
hydrogen after excitation to the n = 22, 23, 24 states
[28,29]. In these experiments, accelerations of 2 # 108

m s"2 were achieved using the electrode geometry shown
in Fig. 3. A hydrogen beam traveling at 700 m s"1 was
stopped within 5 ls over a distance of only 1.8 mm. We

intend to use a similar electrode configuration, adapted to
the cylindrical geometry of a Penning trap, to accelerate
the created H atoms to about 400 m s"1 in the direction
of the deflectometer apparatus. Prior to the beam forma-
tion, remaining !p can be transferred back to the accumula-
tion trap in order to be reused in the next cycle.

2.3. Gravity measurement

In matter wave interferometers of the Mach–Zehnder
type [30,31], three identical gratings are placed at equal dis-
tances L from each other. The first two gratings produce an
interference pattern at the location of the third. That pat-
tern has the same period d as the gratings, and its position
perpendicular to the diffracted particle beam can be deter-
mined precisely by displacing the third grating and record-
ing the overall transmission with a particle detector. Under
the influence of gravity, the interference pattern is vertically
displaced (it ‘‘falls”) by a distance

dx ¼ "gT 2; ð2Þ

where g is the local gravitational acceleration and T is the
time of flight L=v between each pair of gratings of a particle
beam traveling at velocity v.

Unlike atomic fountain interferometers, such a device
does not necessitate trapped atoms. Furthermore, neither
spatial nor temporal coherence of the incoming particle
beam are required. Due to these unique features, an anti-
matter gravity experiment based on a Mach–Zehnder inter-
ferometer was proposed some ten years ago [32]. However,
interactions between (anti)-matter waves and material grat-
ings can lead to a number of decoherence effects in matter
wave diffraction: quenching of metastable states; deflection
of Rydberg states in field gradients; transitions between
sub-levels of Rydberg states; and annihilation of anti-
atoms on the grating. Furthermore, the technique places
a very stringent limit on the acceptable beam divergence,

Fig. 2. Proposed method for H recombination and subsequent
acceleration.

Fig. 3. Electrode geometry and resulting equipotential lines (magenta) as
employed for Stark acceleration of Rydberg atoms. (For interpretation of
the references to color in this figure legend, the reader is referred to the
web version of this article.)
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• Laser cooling of negatively charged parti-
cles has never been done. 
• Only three atomic anions with electric

dipole transitions known: 
La-, Os-, Ce- (Alban Kellerbauers talk on Wednesday)

• Many more molecular anions known
• C2

- level structure well known; 
homonuclear; 
no hyperfine structure
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Anions and laser cooling

P. Yzombard et al., Phys. Rev. Lett. 114, 213001 (2015) 
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• Strong X <-> B transition at 541 nm
Lifetime: 20 ns
12 lower vibrational levels

• Weak X <-> A transition at 2.54 um
Lifetime: 50 us
2 lower vibrational levels

• Photodetachment threshold:
X -> .... 379 nm
A -> .... 446 nm
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Level structure of C2-

M. K. Ervin et al., J. Phys. Chem., 95, 1167 (1991)
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Doppler cooling
• Simulation of 1848 C2

- and 200 
pbars

• Cooling artificially amplified by a 
factor of 1e4
->Cooling time >100 s for sub
Kelvin regime

• Competing with heating
mechanisms in Penning trap

S. Van Gorp et al., Nucl. Instrum. Methods Phys. Res. Sect. A, 638, 192 (2011) 
S. Gerber et al., New J. Phys., 20, 23024 (2018)
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Repumping needed for Doppler cooling
• Continuous repumping of 19 levels

required

• v=1 branch repumped by single

broad diode

• v=0, N=2 branch repumped by two

sideband modulated lasers

• -> Total of five lasers needed
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Magnetic field gradient Sisyphus cooling

P. Yzombard et al., Phys. Rev. Lett. 114, 213001 (2015) 

• Strong cooling on a weak transition
possible

• Sub Kelvin reachable in ~100 ms

• Requires axial magnetic field
gradient

• Might lead to unwanted plasma
dynamics due to magnetic mirror

z (mm)



• Create modulation of potential 
using a strong, detuned laser on 
X(v=0) <-> A
• Weaker than a gradient in the

magnetic field
• Better than Doppler cooling
• Requires a very intense

lightfield, radially covering the
whole plasma (6 W, w0=140 um)
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Dipole force sisyphus cooling

J. Fesel et al., Phys. Rev. A, 96, 31401 (2017) 
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Overview of our experimental setup

• Stable dielectric barrier discharge
• ~1e9 anions produced
• Acceleration to 1 kV
• 20 us pulse
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Next months:
• Determine abundance of C2

- in anion pulse
• Characterise internal population of the produced C2

- via spectroscopy
• Trap C2

- in Paul trap

After that:
• Show proof of concept laser cooling in Paul trap

-> Doppler selective photodetachment cooling
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Outlook
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Thank you for the attention.
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Spares
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Concerning annihilation of pbars with C2-
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Doppler selective evaporative cooling

S. Gerber et al., New J. Phys., 20, 23024 (2018)

• Simulation using GPU accelerated
Simbuca code for 1100 C2

-

• Initial temperature ~10 K

• Mean Ekin reduced by factor of ~5.5 
during ~300 us.

• # of C2
- reduced by factor of ~2.5
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Repumping needed for Sisyphus cooling
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• Could be used at 5 T

• Only one upper level addressed-> Need to
repump 15 levels

• v=1 branch can be covered by a single diode

• Sidebands can be used for v=0, N=2 triplets

• -> 4 repumping lasers needed


