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Permanent electric dipole moments violate P and T 
symmetry.
Assuming CPT, thus also CP symmetry.

By itself not a problem: Standard model includes P and CP 
violating terms (60Co decay, K0 decay, etc.)
à SM predicts very small EDMs:

e--EDM < 10-38 e·cm [1], p--EDM < 10-31 e·cm [2]

SM extensions, attempting to explain open problems of SM, 
predict new sources of CP violation and thus much larger 
EDMs: ~ 10-29 e·cm for p [2].

è Constraining EDMs, i.e., establishing upper limits, is 
promising route to search for beyond-SM physics.

[1] B. M. Schwarzschild, Physics Today 64, 12 (2011).
[2] CPEDM Collab., arXiv:1912.07881v3 (2021).

come in pairs for which the phase cancels, so that EDMs
are negligible in the standard model.

The strong (quantum chromodynamics or QCD) sec-
tor of the standard model also includes a phase angle lead-
ing to possible CP violation. In contrast with quark–W in-
teractions, interactions governed by qQCD should contribute
to EDMs. From the severe limits on the neutron EDM,
however, theorists in the mid-1970s already had inferred
that qQCD must be very small, and current experimental
limits require qQCD < 10⊗10. That the strong interactions so
precisely conserve CP is called the strong CP problem. It
has plausible solutions, such as the “spontaneous break-
ing” of CP symmetry or the existence of a new fundamen-
tal particle called an axion.4

Beyond the standard model: Supersymmetry
If the standard model were the whole story, the failure
thus far to see an EDM would not be receiving so much at-
tention. For several reasons, though, particle theorists do
not believe the standard model is a complete theory.5 The
standard model does not solve the hierarchy problem—
why the masses of the known particles are so much smaller
than the fundamental Planck mass (1019 GeV/c2) or the
grand-unification mass (1016 GeV/c2)—and it neither in-
corporates gravity nor accounts for the particle–antiparti-
cle asymmetry in the universe. Most plausible extensions
of the standard model predict new sources of CP violation
that lead to EDMs as big as or bigger than the upper lim-
its already established by experiment. The reason is sim-
ple: The extensions introduce new particles and forces that
are characterized by many additional parameters, some of
them complex.

The prevailing view among particle theorists is that the
best-motivated extension of the standard model is SUSY, a
symmetry that relates bosons and fermions.5 In the first
place, SUSY neatly solves at least part of the hierarchy
problem by protecting masses from the quantum corrections
that, in standard-model calculations, make them large: In
the standard model, one must exquisitely fine tune param-
eters in order to control masses. SUSY, though, does not ex-
plain how the mass hierarchy arises in the first place. Sec-
ond, SUSY is an ingredient in superstring theory, believed
to be a consistent theory of quantum gravity. And third, the
coupling parameters of the electromagnetic, weak, and
strong interactions approach the same grand-unified limit
to within a few percent when extrapolated to high energy in
the supersymmetric standard model (SSM), but not in the
standard model absent SUSY. Also, as with other extensions
of the standard model, SUSY adds new sources of CP vio-
lation that can help explain the universe’s particle–an-
tiparticle asymmetry. For these and other phenomenologi-
cal and theoretical reasons, it is widely anticipated that
supersymmetry will be discovered with the next generation
of particle accelerators.

Experimental limits on EDMs, however, present a se-
rious challenge to SUSY. The trouble stems from the fact
that SUSY doubles the number of particles. Every known
particle has a superpartner more massive than current
accelerators can reach. So, for example, the photon’s su-
perpartner is the photino and the electron’s is the selec-
tron. Spin-zero bosons like the selectron can engage in CP-
violating interactions with electrons and quarks. And
those interactions, unlike the quark–W interactions of the
standard model, can contribute to EDMs. In general
SUSY theories, particle doubling introduces about 100
new parameters, with dozens of CP-violating phases as-
sociated with the breaking of SUSY near the electroweak
energy scale of 100 GeV.

A simple version of the SSM has two new phases as-
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Figure 1. Fundamental symmetries are violated if an elemen-
tary particle or atom has an electric dipole moment (EDM).
(a) A spinning particle with an EDM. Inversion through the
origin, or parity P, turns the particle shown here into the one
depicted in (b). The particle’s spin is unchanged but the sign
of the EDM is reversed. Time reversal T transforms the origi-
nal particle into the one shown in (c). That operation reverses
the spin and leaves the EDM unchanged. A rotation R of
180° shows that the particles illustrated in (b) and (c) are
identical. Thus, both P and T can be thought of as changing a
particle with an EDM parallel to the spin direction into one
whose EDM direction is antiparallel.

Figure 2. Emission and absorption of virtual bosons in super-
symmetry (SUSY) and the standard model, along with pho-
ton (E) interactions, mean that a fermion (f ) such as a quark
or an electron can be thought of as a charged cloud rather
than a point charge. (a) In SUSY and other theories with
scalar bosons, the complex-number phases associated with
emission and reabsorption need not be the same if, for ex-
ample, the fermion changes handedness (indicated by the
subscripts L and R). As a result, the fermionic charge cloud
can be asymmetric and have an electric dipole. (b) In the
standard model, the emission and reabsorption of a virtual
W boson are just time-reversals of each other. As a result,
the complex-number phases of the two processes necessarily
cancel, and there is no net EDM.

34 June 2003    Physics Today http://www.physicstoday.org

N. Fortson et al. Physics Today 56, 33 (2003)



Electric dipole moments of particles

18 December 2024Matthias Germann | p̅ EDM and antiprotonic molecules 4

Permanent electric dipole moments violate P and T 
symmetry.
Assuming CPT, thus also CP symmetry.

By itself not a problem: Standard model includes P and CP 
violating terms (60Co decay, K0 decay, etc.)
à SM predicts very small EDMs:

e--EDM < 10-38 e·cm [1], p--EDM < 10-31 e·cm [2]

SM extensions, attempting to explain open problems of SM, 
predict new sources of CP violation and thus much larger 
EDMs: ~ 10-29 e·cm for p [2].

è Constraining EDMs, i.e., establishing upper limits, is 
promising route to search for beyond-SM physics.

[1] B. M. Schwarzschild, Physics Today 64, 12 (2011).
[2] CPEDM Collab., arXiv:1912.07881v3 (2021).

come in pairs for which the phase cancels, so that EDMs
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tor of the standard model also includes a phase angle lead-
ing to possible CP violation. In contrast with quark–W in-
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precisely conserve CP is called the strong CP problem. It
has plausible solutions, such as the “spontaneous break-
ing” of CP symmetry or the existence of a new fundamen-
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Beyond the standard model: Supersymmetry
If the standard model were the whole story, the failure
thus far to see an EDM would not be receiving so much at-
tention. For several reasons, though, particle theorists do
not believe the standard model is a complete theory.5 The
standard model does not solve the hierarchy problem—
why the masses of the known particles are so much smaller
than the fundamental Planck mass (1019 GeV/c2) or the
grand-unification mass (1016 GeV/c2)—and it neither in-
corporates gravity nor accounts for the particle–antiparti-
cle asymmetry in the universe. Most plausible extensions
of the standard model predict new sources of CP violation
that lead to EDMs as big as or bigger than the upper lim-
its already established by experiment. The reason is sim-
ple: The extensions introduce new particles and forces that
are characterized by many additional parameters, some of
them complex.

The prevailing view among particle theorists is that the
best-motivated extension of the standard model is SUSY, a
symmetry that relates bosons and fermions.5 In the first
place, SUSY neatly solves at least part of the hierarchy
problem by protecting masses from the quantum corrections
that, in standard-model calculations, make them large: In
the standard model, one must exquisitely fine tune param-
eters in order to control masses. SUSY, though, does not ex-
plain how the mass hierarchy arises in the first place. Sec-
ond, SUSY is an ingredient in superstring theory, believed
to be a consistent theory of quantum gravity. And third, the
coupling parameters of the electromagnetic, weak, and
strong interactions approach the same grand-unified limit
to within a few percent when extrapolated to high energy in
the supersymmetric standard model (SSM), but not in the
standard model absent SUSY. Also, as with other extensions
of the standard model, SUSY adds new sources of CP vio-
lation that can help explain the universe’s particle–an-
tiparticle asymmetry. For these and other phenomenologi-
cal and theoretical reasons, it is widely anticipated that
supersymmetry will be discovered with the next generation
of particle accelerators.

Experimental limits on EDMs, however, present a se-
rious challenge to SUSY. The trouble stems from the fact
that SUSY doubles the number of particles. Every known
particle has a superpartner more massive than current
accelerators can reach. So, for example, the photon’s su-
perpartner is the photino and the electron’s is the selec-
tron. Spin-zero bosons like the selectron can engage in CP-
violating interactions with electrons and quarks. And
those interactions, unlike the quark–W interactions of the
standard model, can contribute to EDMs. In general
SUSY theories, particle doubling introduces about 100
new parameters, with dozens of CP-violating phases as-
sociated with the breaking of SUSY near the electroweak
energy scale of 100 GeV.

A simple version of the SSM has two new phases as-
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Figure 1. Fundamental symmetries are violated if an elemen-
tary particle or atom has an electric dipole moment (EDM).
(a) A spinning particle with an EDM. Inversion through the
origin, or parity P, turns the particle shown here into the one
depicted in (b). The particle’s spin is unchanged but the sign
of the EDM is reversed. Time reversal T transforms the origi-
nal particle into the one shown in (c). That operation reverses
the spin and leaves the EDM unchanged. A rotation R of
180° shows that the particles illustrated in (b) and (c) are
identical. Thus, both P and T can be thought of as changing a
particle with an EDM parallel to the spin direction into one
whose EDM direction is antiparallel.

Figure 2. Emission and absorption of virtual bosons in super-
symmetry (SUSY) and the standard model, along with pho-
ton (E) interactions, mean that a fermion (f ) such as a quark
or an electron can be thought of as a charged cloud rather
than a point charge. (a) In SUSY and other theories with
scalar bosons, the complex-number phases associated with
emission and reabsorption need not be the same if, for ex-
ample, the fermion changes handedness (indicated by the
subscripts L and R). As a result, the fermionic charge cloud
can be asymmetric and have an electric dipole. (b) In the
standard model, the emission and reabsorption of a virtual
W boson are just time-reversals of each other. As a result,
the complex-number phases of the two processes necessarily
cancel, and there is no net EDM.
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come in pairs for which the phase cancels, so that EDMs
are negligible in the standard model.

The strong (quantum chromodynamics or QCD) sec-
tor of the standard model also includes a phase angle lead-
ing to possible CP violation. In contrast with quark–W in-
teractions, interactions governed by qQCD should contribute
to EDMs. From the severe limits on the neutron EDM,
however, theorists in the mid-1970s already had inferred
that qQCD must be very small, and current experimental
limits require qQCD < 10⊗10. That the strong interactions so
precisely conserve CP is called the strong CP problem. It
has plausible solutions, such as the “spontaneous break-
ing” of CP symmetry or the existence of a new fundamen-
tal particle called an axion.4

Beyond the standard model: Supersymmetry
If the standard model were the whole story, the failure
thus far to see an EDM would not be receiving so much at-
tention. For several reasons, though, particle theorists do
not believe the standard model is a complete theory.5 The
standard model does not solve the hierarchy problem—
why the masses of the known particles are so much smaller
than the fundamental Planck mass (1019 GeV/c2) or the
grand-unification mass (1016 GeV/c2)—and it neither in-
corporates gravity nor accounts for the particle–antiparti-
cle asymmetry in the universe. Most plausible extensions
of the standard model predict new sources of CP violation
that lead to EDMs as big as or bigger than the upper lim-
its already established by experiment. The reason is sim-
ple: The extensions introduce new particles and forces that
are characterized by many additional parameters, some of
them complex.

The prevailing view among particle theorists is that the
best-motivated extension of the standard model is SUSY, a
symmetry that relates bosons and fermions.5 In the first
place, SUSY neatly solves at least part of the hierarchy
problem by protecting masses from the quantum corrections
that, in standard-model calculations, make them large: In
the standard model, one must exquisitely fine tune param-
eters in order to control masses. SUSY, though, does not ex-
plain how the mass hierarchy arises in the first place. Sec-
ond, SUSY is an ingredient in superstring theory, believed
to be a consistent theory of quantum gravity. And third, the
coupling parameters of the electromagnetic, weak, and
strong interactions approach the same grand-unified limit
to within a few percent when extrapolated to high energy in
the supersymmetric standard model (SSM), but not in the
standard model absent SUSY. Also, as with other extensions
of the standard model, SUSY adds new sources of CP vio-
lation that can help explain the universe’s particle–an-
tiparticle asymmetry. For these and other phenomenologi-
cal and theoretical reasons, it is widely anticipated that
supersymmetry will be discovered with the next generation
of particle accelerators.

Experimental limits on EDMs, however, present a se-
rious challenge to SUSY. The trouble stems from the fact
that SUSY doubles the number of particles. Every known
particle has a superpartner more massive than current
accelerators can reach. So, for example, the photon’s su-
perpartner is the photino and the electron’s is the selec-
tron. Spin-zero bosons like the selectron can engage in CP-
violating interactions with electrons and quarks. And
those interactions, unlike the quark–W interactions of the
standard model, can contribute to EDMs. In general
SUSY theories, particle doubling introduces about 100
new parameters, with dozens of CP-violating phases as-
sociated with the breaking of SUSY near the electroweak
energy scale of 100 GeV.

A simple version of the SSM has two new phases as-
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Figure 1. Fundamental symmetries are violated if an elemen-
tary particle or atom has an electric dipole moment (EDM).
(a) A spinning particle with an EDM. Inversion through the
origin, or parity P, turns the particle shown here into the one
depicted in (b). The particle’s spin is unchanged but the sign
of the EDM is reversed. Time reversal T transforms the origi-
nal particle into the one shown in (c). That operation reverses
the spin and leaves the EDM unchanged. A rotation R of
180° shows that the particles illustrated in (b) and (c) are
identical. Thus, both P and T can be thought of as changing a
particle with an EDM parallel to the spin direction into one
whose EDM direction is antiparallel.

Figure 2. Emission and absorption of virtual bosons in super-
symmetry (SUSY) and the standard model, along with pho-
ton (E) interactions, mean that a fermion (f ) such as a quark
or an electron can be thought of as a charged cloud rather
than a point charge. (a) In SUSY and other theories with
scalar bosons, the complex-number phases associated with
emission and reabsorption need not be the same if, for ex-
ample, the fermion changes handedness (indicated by the
subscripts L and R). As a result, the fermionic charge cloud
can be asymmetric and have an electric dipole. (b) In the
standard model, the emission and reabsorption of a virtual
W boson are just time-reversals of each other. As a result,
the complex-number phases of the two processes necessarily
cancel, and there is no net EDM.
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that, in standard-model calculations, make them large: In
the standard model, one must exquisitely fine tune param-
eters in order to control masses. SUSY, though, does not ex-
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ond, SUSY is an ingredient in superstring theory, believed
to be a consistent theory of quantum gravity. And third, the
coupling parameters of the electromagnetic, weak, and
strong interactions approach the same grand-unified limit
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the supersymmetric standard model (SSM), but not in the
standard model absent SUSY. Also, as with other extensions
of the standard model, SUSY adds new sources of CP vio-
lation that can help explain the universe’s particle–an-
tiparticle asymmetry. For these and other phenomenologi-
cal and theoretical reasons, it is widely anticipated that
supersymmetry will be discovered with the next generation
of particle accelerators.

Experimental limits on EDMs, however, present a se-
rious challenge to SUSY. The trouble stems from the fact
that SUSY doubles the number of particles. Every known
particle has a superpartner more massive than current
accelerators can reach. So, for example, the photon’s su-
perpartner is the photino and the electron’s is the selec-
tron. Spin-zero bosons like the selectron can engage in CP-
violating interactions with electrons and quarks. And
those interactions, unlike the quark–W interactions of the
standard model, can contribute to EDMs. In general
SUSY theories, particle doubling introduces about 100
new parameters, with dozens of CP-violating phases as-
sociated with the breaking of SUSY near the electroweak
energy scale of 100 GeV.
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Figure 1. Fundamental symmetries are violated if an elemen-
tary particle or atom has an electric dipole moment (EDM).
(a) A spinning particle with an EDM. Inversion through the
origin, or parity P, turns the particle shown here into the one
depicted in (b). The particle’s spin is unchanged but the sign
of the EDM is reversed. Time reversal T transforms the origi-
nal particle into the one shown in (c). That operation reverses
the spin and leaves the EDM unchanged. A rotation R of
180° shows that the particles illustrated in (b) and (c) are
identical. Thus, both P and T can be thought of as changing a
particle with an EDM parallel to the spin direction into one
whose EDM direction is antiparallel.

Figure 2. Emission and absorption of virtual bosons in super-
symmetry (SUSY) and the standard model, along with pho-
ton (E) interactions, mean that a fermion (f ) such as a quark
or an electron can be thought of as a charged cloud rather
than a point charge. (a) In SUSY and other theories with
scalar bosons, the complex-number phases associated with
emission and reabsorption need not be the same if, for ex-
ample, the fermion changes handedness (indicated by the
subscripts L and R). As a result, the fermionic charge cloud
can be asymmetric and have an electric dipole. (b) In the
standard model, the emission and reabsorption of a virtual
W boson are just time-reversals of each other. As a result,
the complex-number phases of the two processes necessarily
cancel, and there is no net EDM.
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Upper limits for the magnitude of the electric dipole moment for some common 
subatomic particles [*].

Neutron < 1.8 * 10-26 e cm
Electron < 1.1 * 10-29 e cm
Proton < 2.1 * 10-25 e cm

[*]: R.L. Workman et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083C01 



Among the constituents of normal matter (p, n, e-), the proton EDM has the least 
constraining limit.

Current efforts [*]:
Storage rings with spin-polarized beams
• US: storage ring EDM collaboration at BNL
• Europe: JEDI (Jülich Electric Dipole moment Investigations)

è Promising, but expensive!

[*], see, e.g., R. Alarcon et al. arXiv:2203.08103v2 (2022)

Proton electric dipole moment
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A limited number of sensitive storage ring EDM experimental methods have been developed with
various degrees of sensitivity and levels of systematic error, see Table 1 [1, 24]. Here we only address
the method based on the hybrid-symmetric ring lattice, which has been studied extensively and shown
to perform well, applying presently available technologies. The other methods, although promising, are
outside the scope of this document, requiring additional studies and further technical developments.

The hybrid-symmetric ring method is built on the all-electric ring method, improving it in a number of
critical ways that make it practical with present technology. It replaces electric focusing with alternating
gradient magnetic focusing, still allowing simultaneous CW and CCW storage and eliminating the main
systematic error source by design. A major improvement in this design is the enhanced ring-lattice
symmetry, eliminating the next most-important systematic error source, that of the average vertical
beam velocity within the bending sections [1].

Symmetries in the hybrid-symmetric ring with 10�29 e · cm sensitivity:

1. CW and CCW beam storage simultaneously.

2. Longitudinally polarized beams with both helicities.
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Figure 2: Diagram of the storage ring EDM concept, with the horizontal spin precession locked to the
momentum precession rate (“frozen” spin). The radial electric field acts on the particle EDM
for the duration of the storage time. Positive and negative helicity bunches are stored, as
well as bunches with their polarization pointing in the radial direction, for systematic error
cancellations. In addition, simultaneous clockwise and counterclockwise storage is used to cancel
the main systematic errors. The ring circumference is about 800 m. The top inset shows the
cross section geometry that is enhanced in parity-conserving Coulomb and nuclear scattering as
the EDM signal increases over time.
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Can we implement an alternative measurement using

• a p̅ in a bound state
• spectroscopic methods
• quantum technologies

to derive a constraint on the p̅-EDM,
and hence – assuming CPT-symmetry – also one on the p-EDM?

Alternative: p̅ in a bound state?
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C.f.: electron EDM measurements

Key: polar, antiprotonic molecule
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Citation: R.L. Workman et al. (Particle Data Group), Prog.Theor.Exp.Phys. 2022, 083C01 (2022) and 2023 update

1159.6521859 ±0.0000038 MOHR 05 RVUE 2002 CODATA value
1159.6521869 ±0.0000041 MOHR 99 RVUE 1998 CODATA value
1159.652193 ±0.000010 COHEN 87 RVUE 1986 CODATA value
1159.6521879 ±0.0000043 4 VANDYCK 87 MRS + Single positron

1 FAN 23 report the most accurate measurement of the electron magnetic moment. A
one-electron quantum cyclotron is used. We do not propagate at the moment this
measurement to the fine structure and other physical constants. When discrepancies in
the independent determinations of alpha are resolved, the new measurement uncertainty
of 0.13 ppt is available for precise tests for BSM physics.

2MOHR 08 average is dominated by ODOM 06.
3 Superseded by HANNEKE 08 per private communication with Gerald Gabrielse.
4This VANDYCK 87 reault is for a positron. We do not take it into account for the
average to avoid the assumption of CPT invariance.

(ge+ − ge−) / gaverage(ge+ − ge−) / gaverage(ge+ − ge−) / gaverage(ge+ − ge−) / gaverage

A test of CPT invariance.

VALUE (units 10−12) CL% DOCUMENT ID TECN COMMENT

− 0.5± 2.1− 0.5± 2.1− 0.5± 2.1− 0.5± 2.1 1 VANDYCK 87 MRS Penning trap

• • • We do not use the following data for averages, fits, limits, etc. • • •

< 12 95 2 VASSERMAN 87 CNTR Assumes m
e+

= m
e−

22 ±64 SCHWINBERG 81 MRS Penning trap

1VANDYCK 87 measured (g−/g+)−1 and we converted it.
2 VASSERMAN 87 measured (g+ − g−)/(g−2). We multiplied by (g−2)/g = 1.2 ×

10−3.

e ELECTRIC DIPOLE MOMENT (d)e ELECTRIC DIPOLE MOMENT (d)e ELECTRIC DIPOLE MOMENT (d)e ELECTRIC DIPOLE MOMENT (d)

A nonzero value is forbidden by both T invariance and P invariance.

VALUE (10−28 e cm) CL% DOCUMENT ID TECN COMMENT

< 0.11< 0.11< 0.11< 0.11 90 1 ANDREEV 18 CNTR ThO molecules

• • • We do not use the following data for averages, fits, limits, etc. • • •

< 1.3 90 2 CAIRNCROSS 17 ESR 180Hf19F
molecules

− 5570 ± 7980 ±120 KIM 15 CNTR Gd3Ga5O12
molecules

< 0.87 90 3 BARON 14 CNTR ThO molecules
< 6050 90 4 ECKEL 12 CNTR Eu0.5Ba0.5TiO3

molecules
< 10.5 90 5 HUDSON 11 NMR YbF molecules

6.9 ± 7.4 REGAN 02 MRS 205Tl beams

18 ± 12 ± 10 6 COMMINS 94 MRS 205Tl beams

− 27 ± 83 6 ABDULLAH 90 MRS 205Tl beams
− 1400 ± 2400 CHO 89 NMR TlF molecules
− 150 ± 550 ±150 MURTHY 89 Cs, no B field

https://pdg.lbl.gov Page 3 Created: 5/31/2023 09:12
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Most advanced measurements 
all make use of electrons in polar 
molecules.



Eext: external electric field, generated by 
macroscopic electrodes and lab power supplies.

Eint: internal electric field, generated by polarization 
of the microscopic charges in the polar molecule.
à Field which is “felt” by electron.

è | Eint | >> | Eext |

Key: Enhancement of electric field by polarization
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To go beyond this simplest level, one needs to include
residual eŒects due to the part of the Coulomb interaction

X

i > j

e2

4p≤0rij

not included in the Dirack ± Fock potential. The most
common way of treating these eŒects is through many-body
perturbation theory in which the terms are represented by a
series of Feynman diagrams. The degree of complexity
increases rapidly with the order of equation that has to be
solved: one particle, two particle and so on. This rather
than the power of the interaction

X

i > j

e2

4p≤0rij

is the important expansion parameter. One particle eŒects
such as core and dipole polarization are readily
calculated and are normally included. Very reasonably,
genuine two particle eŒects are not included at this stage
when no edm has been detected and all that one needs is
a good estimate of the atomic eŒect. By analogy with the
very accurate calculations by Dzuba et al. (1989) and
Blundell et al. (1992) that have been carried out for
atomic pnc where sub-1% experiments are available
(Wood et al. 1997) one could do much better, if the
need arose.

9.2. Molecular calculations

To a certain extent edm calculations in molecules are
similar to those in atoms, though there are important

Figure 4. Highly oversimpli®ed representation of the T`F
molecule aligned in an external electric ®eld, thus producing
large aligned internal ®elds.

Figure 5. Schematic of beam resonance apparatus with Ramsey
double loops. For electric dipole measurements a high electric
®eld is inserted between the loops inside the resonance region.

Figure 6. Level scheme illustrating optical pumping into ¡Ω
ground state. The input light is circularly polarized so that it only
induces a DM ˆ ¡1 transition.

Figure 7. Schematic of Hg edm apparatus. The presence of an
edm modi®es the precession frequency of the optically pumped
Hg vapour and gives rise to a phase F in the polarization of the
transmitted light.
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P. G. H. Sandars, Contemp. Phys. 42, 97 (2001)

J. J. Hudson et al. Phys. Rev. Lett. 
89, 023003 (2002)
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FIG. 1. Effective electric field interacting with the electron
edm in YbF versus applied electric field. The dot shows the
field at which we operate.

YbF molecule, rising towards its asymptotic value Eint of
26 GV!cm [13] as the applied field is increased. In our
experiment the applied field is 8.3 kV!cm, for which Eeff
is 13 GV!cm. Such a large effective field is not particular
to YbF but can be found in a variety of other heavy polar
diatomic molecules, some of which are listed in Table I.
In short, the edm interaction in heavy polar molecules can
be thousands of times larger than in heavy atoms.

Our experiment uses 174YbF in the electronic, vibra-
tional, and rotational ground state X2S1"y ! 0, N ! 0#.
The electron spin (1!2) and the fluorine nuclear spin (1!2)
combine to produce a hyperfine singlet F ! 0 and triplet
F ! 1, separated by 170 MHz [17] as shown in the inset in
Fig. 2. The applied electric field lowers the energy of the
jF, mF $ ! j1, 0$ state relative to j1, 61$ by an amount D
(D!h ! 6.7 MHz for the 8.3 kV!cm used in our experi-
ment) [18]. This strong tensor splitting reflects the non-
spherical symmetry of the molecule’s internal structure.
The two states j1, 11$ and j1, 21$ remain degenerate as a
consequence of time-reversal symmetry. Their degeneracy
is lifted by the edm interaction, which causes a splitting
of 2deEeff that we seek to measure in the experiment. A
magnetic field small compared with D!mB causes an ad-
ditional splitting [19] of 2mBBz%1 2

1
2 "mBB!!D#2& plus

higher order corrections (here the g factor, both expected

TABLE I. Effective electric fields for some heavy polar
molecules.

Species: state Eeff (GV!cm)

BaF: X2S1 7.4a

YbF: X2S1 26b

HgF: X2S1 99c

PbF: X2S1 229c

PbO: a(1) 3S1 6d

aReference [14].
bReference [13].
cReference [15].
dReference [16].

and measured, is 1). This formula shows that the field par-
allel to E induces a Zeeman splitting 2mBBz between the
mF ! 61 sublevels, whereas the splitting due to the per-
pendicular field B! is suppressed relative to mBB! by a
factor m2

BBzB!!D2, which is 3 3 10210 in our experiment
(Bz ' 10 nT, B! ' 6 nT). We separate the splitting due
to the edm interaction from that of the magnetic interaction
by reversing the directions of the applied electric and mag-
netic fields, E and B. The edm part of interest has the sym-
metry of E ? B, as one might expect for a P-odd, T-odd
effect. The suppression of the splitting induced by B! is a
critical aspect of the experiment because the motion of the
molecules through the electric field generates a 6 nT con-
tribution to B!, Bmot

y ! Ey!c2, which reverses with E and
therefore has the potential to masquerade as an edm [20].
If B! is entirely motional it does not generate a false edm
because the splitting depends on B2

!, remaining unchanged
when B! reverses. However, if there is also a small y com-
ponent By of the applied magnetic field, the magnitude of
B! will change when either E or B is reversed, leading to
an apparent edm given by m3

BBzBmot
y By!D2Eeff. In our ex-

periment By is less than 1 nT and therefore this false de is
less than 10233e cm. The advantage of a strong tensor po-
larizability for edm measurements was first demonstrated
by Player and Sandars using the 3P2 metastable state of Xe
[21]. These two features of heavy polar molecules — large
Eeff and strong tensor polarizability —give them such ex-
cellent suppression of all the known systematic errors that
a major improvement in de now seems accessible.

Our YbF molecular beam, illustrated in Fig. 3, effuses
out of a molybdenum oven containing a mixture of Yb
metal and powdered AlF3 (mass ratio 4:1) heated to
(1500 K. The molecules are detected by dye-laser-
induced fluorescence 1 m away from the source, using
collection optics with 22% efficiency and a photomulti-
plier (PMT) of 10% quantum efficiency. The detection
laser is tuned to the F ! 0 component in the Q"0# line
of the A 2P1!2-X 2S1 electronic transition (Fig. 2) at

A 2Π
1/2 ( ν = 0,   N = 0 )

170 MHz
F = 1

F = 0

∆

X 2Σ+ ( ν = 0,   N = 2 )

X 2Σ+ ( ν = 0,   N = 0 )

40 GHz

OP
12 

(2)

Q(0)

FIG. 2. Important optical transitions Q"0# and OP12"2# in
174YbF at 553 nm. They are 40 GHz apart. Inset: ground
state hyperfine levels F ! 0, F ! 1, 170 MHz apart. In static
electric field, the mF ! 0 sublevel of F ! 1 is lower than the
mF ! 61 sublevels by an amount D.

023003-2 023003-2
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chemistry as free radicals) is that their reactivity makes
them difficult to concentrate at high density. That problem
may be solved in a new experiment now being tested at
Yale by David DeMille and colleagues.12 The stable (closed
shell) ground state of PbO can be selectively excited by
laser light into a metastable, spin-oriented paramagnetic
state. An external field of just a few volts per centimeter

can completely align the internal electric fields of the ex-
cited states and probe those states for an EDM. The
ground state PbO vapor, because it is not particularly re-
active, can be contained in a cell at high density.

Certain nuclei of radium and other atoms may have
large enhancements of EDM effects,13 and various groups
are evaluating the prospects of experimentally exploiting
those enhancements. Other new EDM experiments that
have been proposed include experiments on laser cooled
and trapped atoms,3 electrons in solids,14 and beams con-
sisting of muons or charged nuclei.3

Implications of recent results
The experiments described in boxes 1–3 constrain theo-
ries of the physics that lies beyond the standard model.
Figure 4 shows the limits imposed on the phases vA and
vB associated with CP violation in the minimal SSM.8

EDM experiments put extremely tight constraints on the
phase angles of the minimal SSM: Indeed, for a lightest
superpartner mass M ⊂ 500 GeV, the phase angles seem
unnaturally small, about 10–1 radians. Experiments place
similarly uncomfortable constraints on phase angles ap-
pearing in other theories of new physics.

Phase angles might be small for several reasons. For-
tuitous cancellation is one possibility. However, such can-
cellations would have to occur for three different EDMs
(neutron, 199Hg, and electron) that depend in different ways
on the phase angles. In the case of the minimal SSM, fig-
ure 4 reveals that not one but two phase angles would have
to be fortuitously small. A second possibility is that the
phases are not small, but that superpartners are surpris-
ingly heavy and reduce EDMs by 1/M2. Third, CP violation
might not be present in the SUSY-breaking sector or, if it
is present, it might cause vA and vB to arise only as higher-
order effects. The first two of those explanations would re-
quire additional fine tuning if the neutron, 199Hg, and elec-
tron EDMs were found to be much below present limits.

What will we learn from current and future EDM ex-
periments? It depends, of course, on what is seen or not
seen. Not seeing a neutron, nuclear, or electron EDM down
to much improved limits could mean that SUSY breaking
is mediated by an interaction that is CP conserving. Alter-
natively, it could mean that SUSY is simply wrong. And if
an EDM is found? An electron EDM would be proof of
physics beyond the standard model. An electron EDM and
a neutron or nuclear EDM, depending on the relative sizes
of the EDMs, could be interpreted as a signal of SUSY, and
could tell us much about how SUSY is broken. A neutron
or nuclear EDM and no electron EDM down to a certain
level would imply the EDM had a QCD origin, perhaps from
qQCD. A QCD phase near the present limit might suggest
that CP is a spontaneously broken symmetry of nature.

One can imagine other outcomes, but whatever
emerges, the search for EDMs should have profound im-
plications for our understanding of the fundamental sym-
metries of nature. The most exciting prospect, of course, is
that an EDM will at last be found. That discovery might
well provide a glimpse of what physics lies beyond the
standard model.
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Box 3. Thallium and Cesium Experiments

Atoms with an unfilled electronic shell can have net elec-
tronic spin and can reveal the existence of an intrinsic

electric dipole moment of the electron. Hans Dehmelt of
the University of
Washington–Seattle
initiated EDM ex-
periments with ru-
bidium and cesium
vapor cells. In
1964, one of the
authors (Sandars)
teamed up with
Edgar Lipworth to
carry out the first
beam experiment
with Cs. They re-
quired only existing
apparatus for their
study. Shortly there-
after, charge conju-
gation–parity viola-
tion in K0 decay
and the amplifica-
tion properties of
heavy atoms were
discovered, which
led to a series of
more precise exper-
iments at the Uni-
versity of Oxford.
During the past 15
years, measure-
ments have been
carried out at Amherst College in Massachusetts using Cs
vapor cells and at the University of California, Berkeley,
using a beam of thallium atoms.3 The Tl experiment,18 illus-
trated in the figure, sets the most sensitive upper limit on the
magnitude of the electron EDM: d(e) < 1.6 × 10–27 e cm.

Thallium atoms, with their unbalanced electron spins,
react strongly with cell walls. So, confined Tl atoms would
not remain undisturbed for a long time in an applied elec-
tric field E. As illustrated in the figure, the Berkeley group
avoided that problem by directing Tl atomic beams through
elongated electric plates. Polarized laser light at the 378-nm
wavelength of the Tl absorption line oriented the electron
spin of each Tl atom before it entered the electric field. After
the Tl passed through the field, a second polarized laser de-
termined whether the spin directions had been flipped by
magnetic resonance using the Ramsey method of separated
radio-frequency fields. A Tl EDM would cause a shift in the
resonance frequency with reversal of the electric field. 

Ovens facing each other at the bottom and top ends of the
apparatus produced collinear Tl beams traveling upward and
downward. Each beam experienced a “motional” magnetic
field v × E /c 2, but the opposite sign of v in the up and down
beams helped the experimenters to get around that poten-
tially serious problem. There were two pairs of Tl beams plus
an equal number of collinear sodium beams—eight beams in
all! The Na served as a magnetometer and, together with hav-
ing beams in oppositely directed electric fields, allowed the
experimenters to account for spurious magnetic fields.

Tl, Na oven

Laser beam

Laser beam

RF

E E

B

RF

Tl, Na oven

1 m

d ee cm( ) < −1 6 10 27. ×

Thallium experiment,
University of California, Berkeley, 
Lawrence Berkeley National 
Laboratory 
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A new upper limit on the 
electron’s electric dipole moment
Most proposed extensions of particle theory’s standard model predict that
the electron has an electric dipole moment just big enough to measure with
new molecular-beam techniques.

Shortly after the 1957 discovery
that mirror symmetry (conservation of
parity P) is violated in the weak inter-
actions, Edward Purcell and Norman
Ramsey devised an experiment to look
for a nonzero electric dipole moment
(EDM) in the neutron—which P conser-
vation would have forbidden. They
found none, but they were able to set an
upper limit of 5 × 10−20 e·cm on its mag-
nitude—impressively small with the
available technology.

That null result would have come as
a relief to theorists of the day. Though P
conservation had been overthrown, it
was believed that the combination CP
was still a good symmetry operation (C
being the replacement of particles by
their antiparticles). That is, particles
were presumed always to behave like
their antiparticles viewed in a mirror.
And CP conservation itself forbids an
EDM for any elementary particle.

Seven years later, however, CP con-
servation was found to be violated in
the decay of neutral K mesons. The
standard model of particle physics that
developed over the next 20 years incor-
porates a mechanism for CP violation,
and indeed it predicts a nonzero EDM
for the electron. But its predicted mag-
nitude, less than 10−38 e·cm, is far too
small to detect by any technique in the
foreseeable future.

And yet, a dozen experimental
teams worldwide are currently search-
ing for the electron’s EDM. That’s be-
cause the standard model is manifestly
incomplete, and most of the leading
candidate theories for new physics be-
yond its purview predict electron
EDMs just big enough to detect with
current frontier techniques. Further-
more, new CP-violating mechanisms
are needed to explain the cosmic 
matter–antimatter imbalance (see the
article by Helen Quinn in PHYSICS
TODAY, February 2003, page 30). Some
experimenters argue that the search for
the electron’s EDM might be the fastest
road to the new physics. 

An electron EDM vector de would

manifest itself as a tiny energy split 2deE
between states in which the electron’s
spin (which must be colinear with de) is
parallel and antiparallel to an applied
electric field E. But one can’t simply ex-
pose a free electron to an electric field;
the field would sweep it away. That’s
why the experimenters look at un-
paired electrons inside neutral atoms or
molecules subjected to an external field.

The new upper limit
No one has as yet found evidence of a
nonzero de. Until this year, the tightest
upper limit had been reported in 2002
by Eugene Commins’s group at the Uni-
versity of California, Berkeley.1 Using a
beam of thallium atoms, they found that
de does not exceed 2 × 10−27 e·cm. That
limit already began to encroach on the
parameter space of a popular theoretical
candidate, the minimal supersymmetric
model. But the Berkeley experiment is
now seen as the high-water mark of the
atomic-beam technique. Systematic un-
certainties inherent in that technique
have led experimenters to seek alterna-
tive ways of searching for de. 

Now Edward Hinds’s group at Im-
perial College London, using a beam of
cold polar molecules, has achieved the
first improvement on the Berkeley
upper limit.2 The new limit of 
1 × 10−27 e·cm thus far only doubles the
sensitivity of the old experiment, but it’s
regarded as the proof-of-principle
demonstration of a demanding technol-
ogy that experimenters have been
struggling with for a decade. The IC
team’s result is still limited by statistical
noise rather than systematics.

In atoms and molecules with heavy
nuclei, a relativistic effect of polariza-
tion in an applied electric field E can
subject an unpaired electron to a much
stronger effective field Eeff in the same
direction. That amplification is particu-
larly strong in polar diatomic molecules
like ytterbium fluoride, the species cho-
sen by the IC team. In the experiment,
an applied field of 10 kV/cm subjects
the molecule’s lone unpaired electron to
an Eeff a million times stronger. Even so,
the team faces the exacting task of look-
ing for an EDM energy split of a few at-
toelectron volts (10−18 eV). And the ag-
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Figure 1. The molecular-beam interferometer used to search for the electron’s
electric dipole moment de. The pulsed beam of ytterbium fluoride molecules
begins with laser-ablated Yb atoms reacting with fluoride gas. The YbF molecules
are then entrained in argon gas cooled by expansion through the valve and
formed into a beam. The “pump” optical laser expels YbF molecules in one hyper-
fine spin state, and its detector measures the consequent fluorescence. Entering
the region of electric and magnetic fields normal to the 75-cm-long field plates, the
beam is hit by an RF pulse that puts the molecules in a coherent superposition of
two hyperfine states. As the molecules traverse the fields, the phase angle between
those states evolves in a way that depends on de, and the net phase change is
measured by a “probe” sequence of RF pulse, optical laser, and fluorescence detec-
tor. (Adapted from ref. 2.)

YbF experiment,
Imperial College London 
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search and discovery

For decades, experimenters have
been using atomic and molecular
beams to measure the electric di-

pole moment (EDM) of the electron. As
yet they’ve found no clear signal—just
increasingly stringent upper limits.
Those modest tabletop searches are ad-
dressing an issue crucial to particle
physics, a discipline whose usual search
tools are gargantuan. It’s been argued
that such EDM searches are the fastest
and cheapest route to the discovery of
new physics beyond the standard
model of particle theory.

The electron can have a nonvanish-
ing EDM only if nature violates symme-
try under time reversal (T) and under
the combined operations of charge con-
jugation (C), which replaces particles by
their antiparticles, and parity inversion
(P). The standard model incorporates
the small violations of CP and T sym-
metry that experiments at high-energy
accelerators have revealed (see PHYSICS
TODAY, November 2012, page 16). But
its prediction for the electron EDM’s
magnitude—about 10−38 e·cm—is far 
too small to detect with foreseeable
techniques.

It’s also very much smaller than

what’s predicted by leading a"empts to
progress beyond the manifestly incom-
plete standard model and, in particu-
lar, to explain the cosmological imbal-
ance of ma"er and antima"er. The
range of those new-physics predictions
is now accessible by molecular-beam
searches.

An EDM implies some spatial sepa-
ration of charges. But the electron, unlike
the hadrons, is taken to be a dimension-
less point particle. Its EDM is a"ributed
to the surrounding cloud of virtual par-
ticles it continually emits and reabsorbs.
And the proposed new physics predicts
heavy new particles whose interactions
strongly violate CP symmetry. 

The electron’s EDM vector de must
be coaxial with its intrinsic spin. A non-
vanishing EDM would manifest itself
by a shi# −de·E of the electron’s energy
in an electric field E. But applying a
strong enough electric field to a free
electron would just sweep it away.
Nowadays experimenters favor highly
polarizable diatomic molecules with
one heavy nucleus. In such molecules,
a valence electron near the heavy nu-
cleus is subjected by a relativistic effect
to a very strong intramolecular effective

electric field Eeff. Three years ago Ed-
ward Hinds’s team at Imperial College
London used an y"erbium fluoride
beam1 to set an upper limit of 10−27 e·cm
on the magnitude of de (see PHYSICS
TODAY, August 2011, page 12). The sign
of de indicates whether the electron’s
EDM is parallel (+) or antiparallel (−) to
its intrinsic spin.

The 2011 limit already bit signifi-
cantly into the parameter space of prom-
ising supersymmetric extensions of the
standard model. But now, such “SUSY”
models and a wide class of alternatives
are even more hard-pressed by a new
null result reported by the ACME col-
laboration.2 The team is headed by John
Doyle and Gerald Gabrielse at Harvard
University and David DeMille at Yale.
With a cryogenic thorium oxide beam
setup at Harvard, they have reduced
the Hinds team’s upper limit by a fur-
ther order of magnitude. 

Measuring spin precession
The ThO molecule, much studied by the
ACME team, has special advantages in
the quest for de. When laser-excited to
the rotational ground state of a particu-
lar metastable electronic state (desig-
nated the H state), the molecule can be
fully polarized by a modest external elec-
tric field of order 10 V/cm. In the polar-
ized H state, the valence electron nearest
the molecule’s positively charged tho-
rium end feels an enormous Eeff of
84 GV/cm in the direction of the oxygen
end. (A second, less localized valence
electron feels an Eeff that’s negligible by
comparison.)

Essentially, the ACME team sought
to determine de by looking for a tiny en-
ergy spli"ing 2deEeff between two molec-
ular states that differ only by whether
the spin of the localized valence elec-
tron is parallel or antiparallel to Eeff.
That’s done, as in the Hinds experi-
ment, by measuring the spin precession
of molecules as they traverse a region of
electric and magnetic fields.

Figure 1 is a schematic of the ACME
apparatus. A 50-Hz pulsed beam of
ThO molecules embedded in cold neon
carrier gas traces a pass through uni-
form magnetic and electric fields B
and E pointing in the ẑ normal to the
transparent electric-field plates. At the
start and finish of the instrument’s 

Surprising upper limit on the electron’s electric
dipole moment
A new null result challenges favored expansions of particle theory’s
standard model.

Figure 1. The ACME experiment subjects a pulsed beam of cold, polarized thorium
oxide molecules to electric and magnetic fields E and B normal to the transparent
electric-field plates. The fields make the molecular spins (green arrows) precess in the
xy-plane. A pair of initializing laser beams set the molecules’ starting spin direction. 
A rapidly polarizable readout laser 22 cm downstream selectively excites different
components of the final molecular quantum state to fluorescent decay. Comparing the
fluorescence intensities excited by the readout laser’s different polarizations measures
the molecules’ final spin orientation and thus the precession rate. (Adapted from ref. 2.)

ThO experiment,
Harvard and Yale 

intermediate state, transferring ∼40% of the ground state
population to the 3Δ1, J ¼ 1, F ¼ 3=2 state. Figure 2(a)
shows the structure of this state in a rotating frame defined
by Erot ≡ Erotẑ. It consists of four Stark doublets (pairs of
magnetic sublevels) separated by dmfErot=3h ≈ 14 MHz,
where dmf is the 3Δ1 molecule-frame dipolemoment and h is
Planck’s constant. The population transfer process produces
an incoherent mixture of mF ¼ "3=2 states in the upper or
lower doublet, depending on the detuning of the second
transfer laser. Selective depletion is then performed by a
circularly polarized laser resonant with the Qð1Þ line of a
3Σ−

0þ ← 3Δ1 transition. The depletion laser is strobed syn-
chronously with the rotating electric field so that its wave
vector is either parallel or antiparallel to Erot, thus driving a
σ" transition to an F0 ¼ 3=2 manifold and leaving one
mF ¼ "3=2 level populated in the 3Δ1 state.
Following strobed depletion, we perform a π=2 pulse to

prepare an equal superposition of mF ¼ "3=2 states. This
is accomplished by reducing Erot for a brief interval, which
increases a rotation-induced coupling Δu=l between mF ¼
"3=2 states [Fig. 2(b)] and causes a pure spin state to
evolve into an equal superposition in ∼1 ms [11,12,21]. We
return Erot to its nominal value and allow the phase of the
superposition to evolve for a variable precession time, then
apply a second π=2 pulse to map the relative phase of the
superposition onto a population difference between mF ¼
"3=2 states. A second set of strobed laser pulses again
depletes all but one mF ¼ "3=2 level. To selectively detect

the remaining population in the 3Δ1, J ¼ 1 state, we
resonantly photodissociate HfFþ using pulsed UV lasers
[17]. We eject all ions from the trap, and count both Hfþ

and the temporally resolved HfFþ using a MCP detector.
We interleave experimental trials where the two sets of

strobed depletion pulses have the same or opposite phase
with respect to Erot in order to alternately prepare and
detect population in the mF ¼ "3=2 states. Denoting by
NA (NB) the measured population when the depletion
phases are the same (opposite), we form the asymmetry
A ¼ ðNA − NBÞ=ðNA þ NBÞ, which normalizes drifts in
absolute 3Δ1 population. The asymmetry forms an inter-
ference fringe that is well approximated by a sinusoidal
function of precession time t,

AðtÞ≃ −Ce−γt cosð2πftþ ϕÞ þO; ð1Þ

with frequency f proportional to the energy difference
between the mF ¼ "3=2 states, as shown in Fig. 2(c). The
initial contrast C, initial phase ϕ, offsetO, and decoherence
rate γ parametrize imperfect state preparation and the loss
of coherence. We perform nonlinear least squares fitting
of the asymmetry with Eq. (1), using C, γ, f, ϕ, and O as
fit parameters. Standard errors δC, δγ, δf, δϕ, and δO are
estimated from the Jacobian of the fit function at the
optimum parameter values. The precession frequency
contains the eEDM signal, while the other fit parameters
are used to diagnose experimental imperfections and
sources of systematic error.
To isolate an eEDM-dependent frequency shift and

diagnose systematic errors, we form data “channels”:
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FIG. 2. Electron spin resonance spectroscopy in HfFþ. (a) Level
structure of the eEDM-sensitive 3Δ1, F ¼ 3=2 state in an electric
bias field Erot. (b) Energies of jmFj ¼ 3=2 states as a function of
magnetic bias field Brot (not to scale), showing an avoided
crossing at Brot ¼ 0 due to a rotation-induced coupling Δu=l [21].
(c) Interference fringe with interrogation time ∼700 ms and
decoherence rate γ ¼ 0.3ð2Þ s−1.
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(c)

FIG. 1. (a) Apparatus schematic, (b) experimental timing, and
(c) relevant energy levels (not to scale) for an eEDM measure-
ment using trapped ions. HfF is photoionized (yellow) to form
HfFþ. A rotating electric bias field Erot (blue) polarizes the
molecules, and transfer (red) and depletion (orange) lasers
perform state preparation. The π=2 pulses are performed by
modulating Erot. Spin state populations are detected by depletion
followed by photodissociation (purple) and counting the resulting
Hfþ ions on a microchannel plate (MCP).
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• Orientation of a polar molecule in an 
external electric field splits energy 
levels.

• Putative dipole moment of the 
electron results in an additional shift,
with its sign depending on the 
external field direction.

• Inversion of the external field (and/or 
the initial quantum state) reverses 
this shift.
à distinguishable from Zeeman shift

e--EDM measurement method – Concept
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on s. The spin precession frequency, ω = φ/τ, is given by the energy shift 
between the M = ±1 states (divided by ħ). The value of de is extracted 
from the change in ω that is correlated with the orientation of Eeff in 
the laboratory frame, that is, with the product N E

~ ~. By denoting this 
correlated component as ω NE , we obtain ω= − /ENEd ħe eff .

We produce ThO molecules in a cryogenic buffer gas beam 
source23–25. The molecules pass through laser beams and are rotation-
ally cooled, increasing the population of the lowest energy level (ground 
electronic state X, rotational level J = 0) by a factor of 2.5. The ThO 
molecules then enter a magnetically shielded region where the EDM 
measurement is performed. The electric field E is produced by a set of 
parallel plates and the magnetic field B is generated by a current circu-
lating through coils (Fig. 2). We prepare the desired initial spin state 
using stimulated Raman adiabatic passage (STIRAP), coherently trans-
fering the molecules from the ground state |X, J = 0〉 to a specific sub-
level of the lowest rotational level, J = 1, of the metastable (lifetime 
2 ms)18 electronic H3∆1 state manifold26 (Fig. 1b). This results in a 
coherent superposition of M = ±1 states. STIRAP is implemented 
through a pair of co-propagating laser beams (wavelengths of 690 nm 
and 1,090 nm) resonant with the electronic transitions X–C and C–H. 
These beams are partially spatially overlapped, travel vertically (along 
ŷ) and have linear polarizations along ẑ  and x̂, respectively. We choose 

which N~  state to address by tuning the frequency of the H–C STIRAP 
laser. The technical details of the STIRAP implementation are given in 
a separate publication26.

Imperfections in the STIRAP-prepared spin-aligned state can lead 
to systematic errors but are suppressed with the following method. 
After leaving the STIRAP region, the molecules enter a linearly polar-
ized ‘refinement’ laser that optically pumps away the unwanted spin 
component and leaves behind a dark superposition of the two resonant 
M = ±1 sublevels27 of H. The refinement laser is resonant with the H–I 
transition (wavelength 703 nm; Fig. 1c). Within the short-lived (lifetime 
115 ns) electronic state I, there are two well resolved opposite-parity 
( = ±P
~ 1) states with J = 1 and M = 028,29. The refinement laser polari-

zation is nominally aligned with the STIRAP-prepared spin SST and 
addresses the = +P

~ 1 parity state in I. The resulting refined state, 
ψ| = N

~t( 0), , has S aligned with x̂  more accurately than the initial 
STIRAP-prepared state (Fig. 2).

Molecules travel over a distance of L ≈ 20 cm (corresponding to 
τ ≈ 1 ms) so that S precesses in the x–y plane by angle φ (given by 
equation (1)). This yields the molecular state at time t = τ,

ψ τ| = =
| = + − | = −φ φ− +

N
N N~
~ ~

t
M M

( ),
e 1, e 1,

2
(2)

i i

We measure φ by exciting the H–I transition with laser light linearly 
polarized along direction ε̂. This yields fluorescence signals with inten-
sity εS , which depends on the angle between ε̂  and S. To remove the 
effects of fluctuations in molecule number, we excite the molecules with 
two alternating orthogonal linear polarizations, =ε̂ ^ ^X Y, , by modulat-
ing ε̂  sufficiently rapidly (period 5 µs) so that each molecule is 
addressed by both polarizations as it flies through the laser beam22. We 
record the corresponding fluorescence signals SX and SY from the decay 
of I to the ground state X (wavelength 512 nm; see Extended Data 
Fig. 1a). We then compute the asymmetry18

φ θ=
−
+

= −A C
S S
S S

cos[2( )] (3)X Y

X Y

where the contrast C is 95% ± 2% on average and X̂  is defined to be at 
an angle θ with respect to x̂  in the x–y plane (Fig. 2). This procedure 
amounts to a projective measurement of the molecule alignment onto 
both X̂  and Ŷ . We set | |Bz  and θ such that φ − θ ≈ (π/4)(2n + 1) for 
integer n, so that the asymmetry is linearly proportional to small 
changes in φ and thus maximally sensitive to de. We measure C by 
dithering θ between two nearby values, θ = ±~ 1, that differ by 0.2 rad.

When limited by shot noise, the uncertainty in the measured phase, 
δφ, per unit of measurement time scales as the square root of the photo-
electron detection rate22. Compared with ACME I, ACME II improves 
phase sensitivity by an order of magnitude by increasing the fraction 
of beam source molecules used in the measurement. The implementa-
tion of STIRAP, together with a redesigned rotational-cooling scheme, 
improves the state preparation efficiency by a factor of 12. The detected 
solid angle of the diverging molecular beam is increased by a factor of 7 
by moving the source closer to the detection region and increasing the 
separation between the electric-field plates, the size of all laser beams 
and the openings of the molecular beam collimators. The photon col-
lection efficiency is increased by a factor of 5 using a combination of 
detecting shorter-wavelength photons (512 nm in ACME II, compared 
with 690 nm in ACME I), for which the photomultiplier tubes (PMTs) 
have higher quantum efficiency, and by replacing fibre bundles with 
lower-loss solid glass light pipes to transfer light to the PMTs. Together, 
these improvements increase our photoelectron detection rate by a fac-
tor of about 400 over ACME I.

We performed repeated spin precession measurements under vary-
ing experimental conditions to (a) isolate the EDM phase from back-
ground phases and (b) search for and monitor possible systematic 
errors. Within a ‘block’ of data (Extended Data Fig. 1c) taken over 60 s, 
we performed four identical measurements of φ for each state in the 

O–

Th+

e

Th+

O–

e

e

Th+

O–

O–

Th+

e
= +1

= –1

M = –1   +10

a

z

J = 1

Pump
laser

690 nm

Stokes
laser

1,090 nm
x

= –1

J = 0

M = 0 = +1

Refinement/
readout
703 nm

= –1

Fluorescence
512 nm

b c

H
H

C I

X

��eff

P   z

  de��eff

s

s

s

s

2D   
2D   

��eff

��eff

��eff

J = 1
M = 0

2D   

Fig. 1 | Energy levels of thorium monoxide and laser transitions. The 
addressed transitions are shown for one of several possible experimental 
states. a, Levels of the state H, J = 1 in external electric (E) and magnetic 
(B) fields. The orientation of the effective electric field, Eeff, is shown by 
blue arrows and that of the spin of the electron, s, by purple arrows. The 
energy shifts µBz (brown) and Ede eff  (green) due to the magnetic moment 
µ and the EDM de, respectively, are shown. The = ±N

~ 1 states are split by 
≈ED2 200 MHz owing to the Stark effect, where D is the H-state electric 

dipole moment. b, STIRAP efficiently transfers population from the 
ground state |X, J = 0〉 to a spin-aligned superposition of one molecule 
orientation, = +N

~ 1 or = −N
~ 1 ( = −N

~ 1 shown here). STIRAP uses two 
lasers, the pump laser (red arrow; X–C, 690 nm, polarized along ẑ ) and the 
Stokes laser (blue arrows; C–H, 1,090 nm, polarized along x̂ ).  
c, The refinement laser (orange) removes imperfections in the spin-aligned 
state prepared by STIRAP. The readout laser (orange) excites the molecule 
from its original orientation, = +N

~ 1 or = −N
~ 1 ( = −N

~ 1 shown here), to 
an isolated J = 1, M = 0 level in state I. This state can have either parity, 

= +P~ 1 or = −P~ 1 ( = +P~ 1 shown here). The I state decays via 
spontaneous photon emission, and we detect the resulting fluorescence 
(green wavy arrow).

3 5 6  |  N A T U R E  |  V O L  5 6 2  |  1 8  O C T O B E R  2 0 1 8
© 2018 Springer Nature Limited. All rights reserved.

V. Andreev et al. (ACME collaboration), Nature 562, 355 (2018).



Electron spin resonance:

• Initialization in superposition of the 

two states of interest by π/2 pulse.

• Phase accumulation of superposition 

state: rotation on equator of Bloch 

sphere (free precession).

• Second π/2 pulse: transfer phase 

difference into population difference.

• Read out: probing population in the 

original state.

(Ramsey separate oscillatory field 

method.)

e--EDM measurement method – Implementation
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(v⃗ × E⃗) effects (Dress et al., 1977). These systematic issues
led to experiments using stored UCN, trading higher neutron
density for longer observation times and reduced velocity
(Altarev et al., 1980). Two recent stored-UCN experiment
configurations are shown in Fig. 19. For the ILL-Sussex-
Rutherford experiment [Fig. 19(a)] (Baker et al., 2006) a
single chamber is used along with a comagnetometer, while
the Gatchina experiment [Fig. 19(b)] (Altarev et al., 1992,
1996) employed a pair of chambers with opposite electric
fields and a common magnetic field. In the latter scheme,
common-mode time-dependent magnetic-field variations are
rejected to the degree to which the common magnetic field is
uniform. The ILL experiment is analyzed as a spin-clock
comparison using a variation of Ramsey’s separated oscil-
latory field technique to measure two spin-polarized species
(neutrons and a 199Hg comagnetometer) in the same volume at
the same time. In the Gatchina approach, both chambers have

very similar systematics and the velocities of the UCN are
small enough that many systematic effects are negligible at the
10−26e cm level.
In Ramsey’s technique (Ramsey, 1990b), an interferometer

in time is realized by comparing the phase from a spin clock
with frequency ωL, the Larmor precession frequency, with the
phase of a reference clock with frequency ωR after a fixed
measurement time τ as illustrated in Fig. 20. The optimal
observation time τ is based on the UCN storage time and the
polarization lifetimes (T!

2) of the UCN and the comagnetom-
eter. The phases of the spins and the clock evolve at the
different frequencies, and the phase difference after a time τ is
Δ ¼ ðωL − ωRÞτ. This is read out using the polarization Pz,
i.e., the projection of the spin along the B0 field after the
second pulse is applied. In terms of the number of neutrons
detected with spin parallel (N↑) and antiparallel (N↓) to B0 at
the end of the free-precession cycle, the polarization is

Pz ¼
N↑ − N↓

N↑ þ N↓
: ð86Þ

For Δ ¼ 0, π=2, π, Pz=P0 ¼ −1, 0, 1, respectively, where P0

is the maximum magnitude of the polarization. To maximize
sensitivity to a change of frequency, Δ ¼ &π=2 is chosen to
provide the maximum slope of the fringes:

tim
e

B1( r) P( L) B0 

FIG. 20. Ramsey’s technique of separated oscillatory fields. The
experiment starts out with polarized particles in a stable and
uniform magnetic field B0, with a stable external oscillator at
frequency ωR near the Larmor frequency ωL of the particles in the
B0 field. First a π=2 pulse of oscillating magnetic field (B1)
rotates the polarization into the plane normal to B0, creating a
superposition of spin-up and spin-down states. The spins and
external clock evolve independently until a second π=2 pulse is
applied. The second pulse measures the phase difference between
the oscillator and precessing spins that accumulates during the
free-precession interval. Time evolves from top to bottom in the
figure.
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FIG. 19. Neutron-EDM apparatus from (a) the ILL-Sussex-
Rutherford experiment with one chamber for UCN and a
comagnetometer. From Baker et al., 2006. (b) The Gatchina
apparatus, as set up at ILL, with two neutron storage chambers so
that parallel and antiparallel E and B field orientations are
measured simultaneously. From Serebrov et al., 2015. Both
experiments are run with the storage chamber in vacuum at
room temperature.

Chupp et al.: Electric dipole moments of atoms, molecules, …

Rev. Mod. Phys., Vol. 91, No. 1, January–March 2019 015001-30

T. E. Chupp et al., Rev. Mod. Phys. 91, 
015001 (2019)
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search and discovery

For decades, experimenters have
been using atomic and molecular
beams to measure the electric di-

pole moment (EDM) of the electron. As
yet they’ve found no clear signal—just
increasingly stringent upper limits.
Those modest tabletop searches are ad-
dressing an issue crucial to particle
physics, a discipline whose usual search
tools are gargantuan. It’s been argued
that such EDM searches are the fastest
and cheapest route to the discovery of
new physics beyond the standard
model of particle theory.

The electron can have a nonvanish-
ing EDM only if nature violates symme-
try under time reversal (T) and under
the combined operations of charge con-
jugation (C), which replaces particles by
their antiparticles, and parity inversion
(P). The standard model incorporates
the small violations of CP and T sym-
metry that experiments at high-energy
accelerators have revealed (see PHYSICS
TODAY, November 2012, page 16). But
its prediction for the electron EDM’s
magnitude—about 10−38 e·cm—is far 
too small to detect with foreseeable
techniques.

It’s also very much smaller than

what’s predicted by leading a"empts to
progress beyond the manifestly incom-
plete standard model and, in particu-
lar, to explain the cosmological imbal-
ance of ma"er and antima"er. The
range of those new-physics predictions
is now accessible by molecular-beam
searches.

An EDM implies some spatial sepa-
ration of charges. But the electron, unlike
the hadrons, is taken to be a dimension-
less point particle. Its EDM is a"ributed
to the surrounding cloud of virtual par-
ticles it continually emits and reabsorbs.
And the proposed new physics predicts
heavy new particles whose interactions
strongly violate CP symmetry. 

The electron’s EDM vector de must
be coaxial with its intrinsic spin. A non-
vanishing EDM would manifest itself
by a shi# −de·E of the electron’s energy
in an electric field E. But applying a
strong enough electric field to a free
electron would just sweep it away.
Nowadays experimenters favor highly
polarizable diatomic molecules with
one heavy nucleus. In such molecules,
a valence electron near the heavy nu-
cleus is subjected by a relativistic effect
to a very strong intramolecular effective

electric field Eeff. Three years ago Ed-
ward Hinds’s team at Imperial College
London used an y"erbium fluoride
beam1 to set an upper limit of 10−27 e·cm
on the magnitude of de (see PHYSICS
TODAY, August 2011, page 12). The sign
of de indicates whether the electron’s
EDM is parallel (+) or antiparallel (−) to
its intrinsic spin.

The 2011 limit already bit signifi-
cantly into the parameter space of prom-
ising supersymmetric extensions of the
standard model. But now, such “SUSY”
models and a wide class of alternatives
are even more hard-pressed by a new
null result reported by the ACME col-
laboration.2 The team is headed by John
Doyle and Gerald Gabrielse at Harvard
University and David DeMille at Yale.
With a cryogenic thorium oxide beam
setup at Harvard, they have reduced
the Hinds team’s upper limit by a fur-
ther order of magnitude. 

Measuring spin precession
The ThO molecule, much studied by the
ACME team, has special advantages in
the quest for de. When laser-excited to
the rotational ground state of a particu-
lar metastable electronic state (desig-
nated the H state), the molecule can be
fully polarized by a modest external elec-
tric field of order 10 V/cm. In the polar-
ized H state, the valence electron nearest
the molecule’s positively charged tho-
rium end feels an enormous Eeff of
84 GV/cm in the direction of the oxygen
end. (A second, less localized valence
electron feels an Eeff that’s negligible by
comparison.)

Essentially, the ACME team sought
to determine de by looking for a tiny en-
ergy spli"ing 2deEeff between two molec-
ular states that differ only by whether
the spin of the localized valence elec-
tron is parallel or antiparallel to Eeff.
That’s done, as in the Hinds experi-
ment, by measuring the spin precession
of molecules as they traverse a region of
electric and magnetic fields.

Figure 1 is a schematic of the ACME
apparatus. A 50-Hz pulsed beam of
ThO molecules embedded in cold neon
carrier gas traces a pass through uni-
form magnetic and electric fields B
and E pointing in the ẑ normal to the
transparent electric-field plates. At the
start and finish of the instrument’s 

Surprising upper limit on the electron’s electric
dipole moment
A new null result challenges favored expansions of particle theory’s
standard model.

Figure 1. The ACME experiment subjects a pulsed beam of cold, polarized thorium
oxide molecules to electric and magnetic fields E and B normal to the transparent
electric-field plates. The fields make the molecular spins (green arrows) precess in the
xy-plane. A pair of initializing laser beams set the molecules’ starting spin direction. 
A rapidly polarizable readout laser 22 cm downstream selectively excites different
components of the final molecular quantum state to fluorescent decay. Comparing the
fluorescence intensities excited by the readout laser’s different polarizations measures
the molecules’ final spin orientation and thus the precession rate. (Adapted from ref. 2.)

J. Baron et al. (ACME collab.), Science 343, 269 (2014).



Overall idea
• Produce a polar antiprotonic Rydberg molecule:

• Polar molecule (for enhanced internal electric field)
• p̅ in Rydberg state (for extended lifetime)

• Implement experimental protocol to measure level shift of p̅ due to putative p̅ EDM.
• Derive upper limit for p̅ EDM based on statistical and systematic uncertainties of the measurement.

(Assuming, we will get a null-result – everything else would be a big surprise.)

Antiprotonic molecules – Swap e- with p̅
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Can we replace the valence electron, which 
has been used to constrain the electron 
EDM, with a p̅ to constrain the p̅-EDM?
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Can we replace the valence electron, which 
has been used to constrain the electron 
EDM, with a p̅ to constrain the p̅-EDM?



Precursor
• Neutral molecule AB (e.g., from gas jet target)
• Molecular ion

• anion AB- (co-trapped with p̅)
• cation AB+ (nested trap)

Formation
• Overlap precursor molecule (or molecular ion) with p̅.
• Form p̅AB by p̅ capture or charge exchange.
• Excite system to Rydberg state p̅AB* before or after formation
Neutral precursor: (1.) p̅ + AB à p̅AB + e- (2.) p̅AB + γ à p̅AB*
Cationic precursor: (1.) p̅ + p̅ + AB+ à p̅ + p̅AB (2.) p̅AB + γ à p̅AB*
Anionic precursor: (1.) AB- + γ à AB-* (2.) p̅ + AB-* à p̅AB-* + e-

Production of antiprotonic molecules

18 December 2024Matthias Germann | p̅ EDM and antiprotonic molecules 14



in Penning trap
• measurement in same trap as formation of p̅AB*
• manipulate quantum state in time (laser, mw pulses)
• (-) issue: strong magnetic field
• (-) accurate and precise co-magnetometer needed

in flight
• eject p̅AB* (similar as for H̅ in gravity measurement)
• manipulate quantum state in space

(separated field regions, state-selective magnetic deflection)
• similar to classical Ramsey separated-field approach
• (+) magnetic shielding possible
• (+) better access for manipulations
• (-) losses due to transport

Implementation – Experimental schemes
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Figure 6 Schematic diagram of YbF molecular beam experiment. The fluorescence 
signal, shown in the upper left, measured by the probe photomultiplier tube (PMT) 
represents the time-of-flight of molecules after the Q-switched ablation-laser pulse. 
The bottom graph shows the phase of the superposition of the mF = !1 and mF = 1 
levels as a function of B, which is probed by the population of the F = 0 state after the 
second p-pulse. Courtesy of E. Hinds and J. Hudson 

The� experiment� uses� lasers� to� prepare� the� molecules� in� the� F = 0� state�
followed� by� a� p-pulse� in� the� region� of� combined� DC� electric� field�
(3.3� kV/cm)� and� 170�MHz� RF� magnetic� field� along� the� x-direction,�

T. E. Chupp et al., Rev. Mod. Phys. 91, 015001 (2019)



in dedicated RF trap
• eject ionic p̅AB-* 
• re-trap in RF trap,
• which has superimposed rotating electric field to 

polarize molecule
• analogous to HfH+ e--EDM measurement at

JILA/NIST in Bolder (Jun Ye and Eric Cornell)
• (+) magnetic shielding possible
• (+) long interrogation time (only limited by lifetime)
• (-) most complex

Implementation – Experimental schemes
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intermediate state, transferring ∼40% of the ground state
population to the 3Δ1, J ¼ 1, F ¼ 3=2 state. Figure 2(a)
shows the structure of this state in a rotating frame defined
by Erot ≡ Erotẑ. It consists of four Stark doublets (pairs of
magnetic sublevels) separated by dmfErot=3h ≈ 14 MHz,
where dmf is the 3Δ1 molecule-frame dipolemoment and h is
Planck’s constant. The population transfer process produces
an incoherent mixture of mF ¼ "3=2 states in the upper or
lower doublet, depending on the detuning of the second
transfer laser. Selective depletion is then performed by a
circularly polarized laser resonant with the Qð1Þ line of a
3Σ−

0þ ← 3Δ1 transition. The depletion laser is strobed syn-
chronously with the rotating electric field so that its wave
vector is either parallel or antiparallel to Erot, thus driving a
σ" transition to an F0 ¼ 3=2 manifold and leaving one
mF ¼ "3=2 level populated in the 3Δ1 state.
Following strobed depletion, we perform a π=2 pulse to

prepare an equal superposition of mF ¼ "3=2 states. This
is accomplished by reducing Erot for a brief interval, which
increases a rotation-induced coupling Δu=l between mF ¼
"3=2 states [Fig. 2(b)] and causes a pure spin state to
evolve into an equal superposition in ∼1 ms [11,12,21]. We
return Erot to its nominal value and allow the phase of the
superposition to evolve for a variable precession time, then
apply a second π=2 pulse to map the relative phase of the
superposition onto a population difference between mF ¼
"3=2 states. A second set of strobed laser pulses again
depletes all but one mF ¼ "3=2 level. To selectively detect

the remaining population in the 3Δ1, J ¼ 1 state, we
resonantly photodissociate HfFþ using pulsed UV lasers
[17]. We eject all ions from the trap, and count both Hfþ

and the temporally resolved HfFþ using a MCP detector.
We interleave experimental trials where the two sets of

strobed depletion pulses have the same or opposite phase
with respect to Erot in order to alternately prepare and
detect population in the mF ¼ "3=2 states. Denoting by
NA (NB) the measured population when the depletion
phases are the same (opposite), we form the asymmetry
A ¼ ðNA − NBÞ=ðNA þ NBÞ, which normalizes drifts in
absolute 3Δ1 population. The asymmetry forms an inter-
ference fringe that is well approximated by a sinusoidal
function of precession time t,

AðtÞ≃ −Ce−γt cosð2πftþ ϕÞ þO; ð1Þ

with frequency f proportional to the energy difference
between the mF ¼ "3=2 states, as shown in Fig. 2(c). The
initial contrast C, initial phase ϕ, offsetO, and decoherence
rate γ parametrize imperfect state preparation and the loss
of coherence. We perform nonlinear least squares fitting
of the asymmetry with Eq. (1), using C, γ, f, ϕ, and O as
fit parameters. Standard errors δC, δγ, δf, δϕ, and δO are
estimated from the Jacobian of the fit function at the
optimum parameter values. The precession frequency
contains the eEDM signal, while the other fit parameters
are used to diagnose experimental imperfections and
sources of systematic error.
To isolate an eEDM-dependent frequency shift and

diagnose systematic errors, we form data “channels”:
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FIG. 2. Electron spin resonance spectroscopy in HfFþ. (a) Level
structure of the eEDM-sensitive 3Δ1, F ¼ 3=2 state in an electric
bias field Erot. (b) Energies of jmFj ¼ 3=2 states as a function of
magnetic bias field Brot (not to scale), showing an avoided
crossing at Brot ¼ 0 due to a rotation-induced coupling Δu=l [21].
(c) Interference fringe with interrogation time ∼700 ms and
decoherence rate γ ¼ 0.3ð2Þ s−1.
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FIG. 1. (a) Apparatus schematic, (b) experimental timing, and
(c) relevant energy levels (not to scale) for an eEDM measure-
ment using trapped ions. HfF is photoionized (yellow) to form
HfFþ. A rotating electric bias field Erot (blue) polarizes the
molecules, and transfer (red) and depletion (orange) lasers
perform state preparation. The π=2 pulses are performed by
modulating Erot. Spin state populations are detected by depletion
followed by photodissociation (purple) and counting the resulting
Hfþ ions on a microchannel plate (MCP).
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Theory studies
• Calculate typical achievable energy shift for realistic external electric field.

• Identify suitable molecule AB for the core of the Rydberg-p̅-AB system.

• This is: calculate the energy level structure and transition rates of the the Rydberg-p̅-AB system.

• Possible approaches:

• Frozen core approximation: calculate molecular core with a Hartree-Fock self-consistent field approach,

calculate Rydberg p̅ state as single-particle problem in the field of the core
(has been applied successfully for muonic molecules [1])

• Any-particle molecular orbital approach: calculate core and Rydberg p̅ together,

treat both using molecular orbitals in HF-SCF calculation [2].

à Establish collaboration with theoretical molecular physicist (for assistance in calculations).

[1] M. Jungen, Ab Initio Calculations for Rydberg States, in: Handbook of High-resolution Spectroscopy. Edited by M. Quack and F. Merkt. Wiley (2011)

[2] R. Flores-Moreno et al., Int. J. Quan. Chem. 114, 50 (2014)

How to proceed?
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Implementation studies
• work out implementation in more detail
• estimate systematic uncertainties
• estimate measurement time to reach a given statistical uncertainty

à derive achievable constraint for p̅-EDM

è Assess feasibility of project!

How to proceed?

18 December 2024Matthias Germann | p̅ EDM and antiprotonic molecules 18



• Electric dipole moments of subatomic particles open up a route to study beyond-
Standard-Model physics.

• Proton-EDM: least constrained of p, n and e-.

• Storage-ring experiments for new p-EDM measurements are currently emerging.

• Experiments with
bound-state p̅
utilizing spectroscopic and
quantum technologies
might offer and alternative route to constrain the p-EDM (assuming CPT symmetry) or, 
alternatively, to a CPT test. 

Conclusions
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Outline
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• Goal of anion cooling experiments
• Current issues with the Borealis setup
• Experimental work during the last months
• Plans for C2-@AEgIS: evaporative cooling in a Penning trap
• Technical feasibility for evaporative cooling at AEgIS
• Resources-related feasibility for evaporative cooling at AEgIS
• Conclusions and discussion



In a nut shell:

• Laser cool anions (i.e., C2
-) to T ≤ o(100mK).

• Co-trap these C2
- ions with p̅.

• Cool p̅ through exchange of thermal energy via Coulomb interaction:
sympathetic p̅ cooling.

• Use cold p̅ to synthesize cold H̅

• Achieve thus
• a smaller transverse H̅ emittance and lower axial velocity spread for gravity measurement

• higher H̅ density and lower Doppler broadenings for synthesis and observation of bound antiprotonic 

systems.

Goal of anion cooling project

18 December 2024Matthias Germann | Cold anions – Borealis and C2-@AEgIS 3



Separate R&D project within the AEgIS collaboration to achieve laser cooling of anions.

Borealis setup

18 December 2024Matthias Germann | Cold anions – Borealis and C2-@AEgIS 4

Pulsed gas valve with
dielectric barrier discharge

Acceleration 
stage: pulsed 
drift tube

Mass selection:
Wien filter

Beam 
bender

Deceleration
stage

Linear Paul 
trap

Neutral 
molecule 
dump



Number of trapped C2
- ions is very low:

a handful at best

Lifetime of trapped ions is very short:
o(ms)

Difficulties with Borealis setup
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Attempts for improvements
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Ion number
• Fixing of ion optical elements

• Beam transport optimization

Ion lifetime
• Optimize ion catching efficiency of trap

• Optimize compensation of trap patch potentials

• Study influence of vacuum on ion lifetime:
Improve vacuum in trap a chamber by ~1 order of magnitude

With help of Frederik Zielke
(BSc thesis TU Dortmund)

With help of Carla Scullard
(CERN Summer Student)



Results of improvements
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Findings
• Beam transport has been moderately improved.
• Number of ions trapped remains very low: a few at best
• Ion lifetime is not limited by vacuum condition and remained in the range of ms.

Conclusions
• To achieve reasonable numbers of trapped ions (hundreds) and reasonable ion lifetimes (≥ seconds),

a substantial re-design, re-development and re-construction of the Borealis setup would be needed.
• Beam line: systematic re-design from the source onwards.
• Decelerator: re-design with very systematic treatment of emittance growth.
• Trapping: higher multipole trap (e.g., octopole) to match trap acceptance to beam emittance.

efficient and systematic compensation of patch potentials and excess RF micromotion



Michael and me discussed these problems a while ago.

Conclusions from this discussion:
• The necessary re-build of Borealis, and
• successful demonstration of Doppler cooling of C2-

cannot realistically be achieved in the time remaining of my contract.

Suggestion:
• drop Doppler cooling plans
• focus instead exclusively on (simpler) evaporative cooling
• make use of the existing, time-tested AEgIS setup

è This is a gambit – hopefully a successful one!

Alternative – Evaporative cooling at AEgIS

18 December 2024Matthias Germann | Cold anions – Borealis and C2-@AEgIS 8



General idea
• Load C2

- plasma into the AEgIS 5T trap

• Pre-cool it by electron cooling

• Use velocity-selective laser-induced 
photodetachement to neutralize the fastest C2

- ions.

• The fastest (i.e., hottest) C2
- ions will be lost from the 

trap.

• The remaining ion ensemble is left in a non-thermal 
kinetic energy distribution.

• This ensemble will quickly re-equilibrate to a thermal 
distribution at a lower temperature

è We get a colder ion plasma at the cost of a lower 
number of ions.

Forced evaporative cooling of C2
- at AEgIS
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Simulation of forced evaporative cooling
[S. Gerber, J. Fesel, M. Doser and D. Comparat,
New J. Phys. 20, 023024 (2018)]

enhanced in a lowfinesse cavity at 380 nm (3.26 eV) close to theEA threshold.While theneutralC2moleculeswill
escape the trappingpotential after photodetachment of C2

-, the releasedphotoelectronswill continue toCoulomb-
interactwith theplasma.Thephotoelectrons’ angular distributionherebydependson the angularmomentumof C2

-.
Thedistribution canbedescribedby theCooper–Zaremodel [62, 63] and for simplicitywill be approximatedby an
isotropic character for the following simulation.Thekinetic energyof the photoelectrons is dominatedby the residual
binding energy givenby thedifferencebetween the combinedphotonenergy and thephotodetachment threshold,
E E E EAe Dpd= + -- , and can take values ofEe−<0.47 eV.Only the fractionof released electronswhichhave a
kinetic energy projection along the trap axis smaller than the axial confinement potential of the space charge plasmaU
will stay trapped.This canbe expressedby the limit angleβ=acos U Ee-( ) that defines the fractionof trapped
photoelectrons as 1 sin d

0òh f f= -
b ( ) . These electronswill thus continue to equilibratewith theplasmadue to

Coulombcollisions and their coupling to the black-body radiationof the environment.
The described processes are simulated infigure 3(a) for 1000 C2

- particles in a 1 T Penning trap for a
photodetachment rate ofΓpd=85 ms−1 and an axial confinement ofU=20 mV. Employing Einstein’s optical
rate equations on all relevant transitions shown infigure 2(b), the pumping and photodetachment process is
included using theMonte Carlomethod. In the simulation, the plasma isfirst initialized at a density of
n=5×1012 m−3 andT=120 K,which ranges close to temperaturesmeasured using electrostatic plasma
modes [64]. The 2.53 μm laser is blue-detuned from resonance to address only the fraction of anionswith a high
kinetic energy before interactingwith a lightfield atλpd=442 nm.At this wavelength E 20 meVe =- and all
e− are trapped, η=1. By this,molecules with high kinetic are removed from the trapping fields. After reaching

Figure 3. (a) Simulation of photodetachment cooling in a 1 TPenning trap atCf=1 and E 20 meVe =- , see text for detail. The
temperature evolution of initially 1000 C2

- (blue) is simulated together with the created photoelectrons. The initial laser detuning of
the 2.53 μmlaser is set to 1σ of the initial Doppler profile width asΔν=116 MHz and is linearly swept toΔν=84 MHz. (b)
Velocity histograms at three different times with the corresponding radial plasma profile of C2

- (blue) and e− (red). (c)Calculation of
the eC2

- - temperature evolution caused by photoelectronswith energy E 0.46 eVe =- for C2
- (solid, blue) and e− (dashed, red) and

E 20 meVe =- for C2
- (dashed–dotted, dark blue ) and e− (dotted, dark red). N N 1.5eC2 h=- - and initial T 50 KC2 =- .

5

New J. Phys. 20 (2018) 023024 SGerber et al



Due to the limited time available, we need to be sure about the feasibility of this project 
before starting it.

Feasibility study:
• Technical feasibility
• Resource-related feasibility

Feasibility
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Points looked into
• Source installation, beam transport, beam energy spread, mass selection, trapping
• Laser sources: intensity, linewidth
• Detection of ion population

Technical feasibility
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Source and beam
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• Attach source at Starship port.
• Enough space for (bare) source.
• Beam can be transported to trapping region with 

~90% efficiency.
• Beam energy spread: o(eV)

(from previous measurements at Borealis)
à no (limited) collisional detachment.

• Deceleration and trapping:
pulsed drift tube decelerator,
magnetic field: radial confinement

• Mass selection:
TOF impossible (flight time >> bunch length)
Wien filter: not enough space, limited resolution and 
transmittance
à alternative needed
à suggestions?
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Trapping efficiency at Borealis
à energy spread o(eV)

Beam transport simulation
(Thank you Volodymyr for looking into this!)



Evaporative cooling at AEgIS
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TABLE III: Electron Affinity of C2 (eV)

EA(C2) method year ref

3.268 ± 0.007 photoelectron spectroscopy 1990 this work
3.3· 0.1 photoelectron spectroscopy 1988 26
3.374 < EA(C2) < autodetachment spectroscopy 1980 5

3.408
3.54 · 0.05 photodetachment threshold 1970 25
3.3 · 0.2 electron impact 1970 27

>2.9 electron impact 1963 28
3.1 or 4.0 graphite sublimation 1954 29
3.112 theory (MCSCF-MCEP) 1987 31

3.30 theory (Cl SDQ-1 Ref) 1980 30

tationless origin is used to correct the corresponding transition
energies. These shifts are listed in Table I. Finally, the known
term energy difference for each transition is subtracted or added
to obtain the electron affinity. Averaging the electron affinities
determined from the five observed transitions each of 12C2 and
i3C2, we obtain EA(C2) = 3.269 ± 0.006 eV.

Table III reviews previous experimental determinations of the
electron affinity of dicarbon. The previously accepted value came
from high-resolution autodetachment experiments on C2~ by Jones
et al.,5 who reported limits on the electron affinity of dicarbon,
3.408 eV > EA(C2) > 3.374 eV. The present result agrees with
the upper bound from that work but disagrees sharply with the
lower bound. The upper bound5 is a strict experimental limit based
on the observation of autodetachment from the v = 5 levels of
the  2 * states of 13C2", 12C13C", and l3C2". For autodetachment
to occur, neutral dicarbon must lie below the transition energy
for the lowest energy autodetaching state,5 v = 27 490 cm"1 (3.408
eV) for  3€2( 2 „)( =5). The lower bound from the autode-
tachment experiments,5 EA(C2) > 3.374 eV, was chosen on the
basis of the observed autodetachment rates. We discuss the
autodetachment rates and alternative interpretations in section
III.D.

Early low-resolution photodetachment threshold measurements

by Feldman25 gave EA(C2) = 3.54 ± 0.05 eV. Jones et al.5

suggested that the observed threshold25 was not due to the
ground-state transition, C2(X^g) *- €2"( 2 *), which is ex-

pected to have a slow onset because it involves p-wave electron
detachment, but rather corresponded to the production of the
C2(a3nu) excited state, which involves s-wave detachment and is
therefore expected to have a sharper threshold. This reassignment
would give EA(C2) = 3 6^;^ eV. Even this lower value, how-
ever, is incompatible with the present result. It is probable that
these early xenon lamp experiments simply lacked sufficient
sensitivity to see the true threshold for either neutral state. The
same photodetachment threshold experiment25 overestimated the
C2H electron affinity by 0.76 eV.

A recent measurement26 of the dicarbon electron affinity by
time-of-fiight photoelectron spectroscopy of carbon cluster anions

produced by laser vaporization yielded EA(C2) = 3.3 ± 0.1 eV.
This determination is in good agreement with the present result,
although the error limits also include the previous autodetachment5
value. Electron affinity values from electron impact experi-
ments27,28 agree with the present determination within their un-

certainties. An early graphite sublimation measurement29 gave
EA(C2) = 3.1 eV or 4.0 eV, depending on the method of deter-
mination.

Accurate theoretical determination of the electron affinity of
C2 is most challenging because extensive treatment of correlation
energy is required. Two recent values30,31 of 3.11 and 3.30 eV
are in good agreement with experiment; indeed, the agreement
is improved compared to the previous experimental value.

C. Potential Energy Curves of C2 and C2". Potential energy
curves and vibrational levels for low-lying states of C2 and C2"

(25) Feldman, D. Z. Naturforsch. A 1970, 25, 621-626.
(26) Yang, S.; Taylor, K. J.; Craycraft, M. J.; Conceicao, J.; Pettiette, C.

L.; Cheshnovsky, O.; Smalley, R. E. Chem. Phys. Lett. 1988, 44, 431-436.
(27) Locht, R.; Momigny, J. Chem. Phys. Lett. 1970, 6, 273-276.
(28) von Trepka, L; Neuert,  . Z. Naturforsch. A 1963, 18, 1295-1303.
(29) Honig, R. E. J. Chem. Phys. 1954, 22, 126-131.
(30) Dupuis, M.; Liu, B. J. Chem. Phys. 1980, 73, 337-342.
(31) Nichols, J. A.; Simons, J. J. Chem. Phys. 1987, 86, 6972-6981.

Figure 2. Rydberg-Klein-Rees potential energy curves for l2C2 and l2C2"
calculated from molecular constants from the literature given in Table
II and the present value for EA(C2).

are shown in Figure 2. The energy curves are generated by the
Rydberg-Klein-Rees, method32 from literature vibrational and
rotational constants (Table II). The spacing between the netural
and anion curves is fixed by the electron affinity measured in this
work. With EA(C2) = 3.269 ± 0.006 eV, the o = 0 levels of both
the C2(X) and C2(a) states lie below the v = 5 level but above
the v = 4 level of the C2"(B) state.

Although only the origin and hot band transitions of the pho-
toelectron spectrum of C2~ lie within our energy range, the vibronic
assignments are unambiguous because the molecular parameters
of the low-lying states of C2 and C2" are precisely known. Figure
1 compares the experimental spectrum to a Franck-Condon
simulation. The simulation uses the known term energies, vi-
brational constants, and bond lengths (Table II) in a Morse
oscillator approximation, which is satisfactory since only v = 0
and v = 1 levels are observed. The Franck-Condon factors, listed
in Table I, are found by numerical integration of Morse oscillator
wave functions, which are calculated analytically by Laguerre
series recursion formulas.33 The most important unknown pa-
rameter in the simulation is the electron affinity of C2, which is
fixed by the observed peak positions as discussed above. The
transition intensities are determined by the calculated Franck-
Condon factors, by the anion vibrational and electronic temper-
atures, and by the relative detachment cross sections for the various
electronic transitions. The line shapes are modeled as described
above in section III.A. Because the instrumental sensitivity falls
off in the low-eKE region where the origin lies, the temperatures
and electronic transition strengths cannot be extracted from the
experiments. Instead, we use reasonable temperature estimates
to show approximate transition intensities. As expected, the
simulated spectrum, Figure 1, matches the experimental spectrum
well except for the intensities at low eKE. The positions of the
fundamental transitions (1 *— 0), which are beyond our experi-
mental energy range, are also shown in the simulation. The match
of the experimental and simulated spectra further confirms our
vibronic transition assignments.

D. Autodetachment Rates. The erroneous lower bound derived
from autodetachment experiments, EA(C2) > 3.374 eV, compared
to the present value of EA(C2) = 3.269 ± 0.006 eV, was based
on an interpretation of the observed autodetachment rates from

(32) Zare, R. N. J. Chem. Phys. 1964, 40, 1934-1944.
(33) Halmann, M.; Laulicht, I. J. Chem. Phys. 1965, 43, 438-448. Engler,

C. Z. Phys. Chem. (Leipzig) 1984, 6. 1193-1200.

Laser excitation from (X, v=0) to (A, v=0) at 2.53 μm.
Resonant bound-bound à velocity selective

Radiative decay
from (A, v=0) to (X, v=1) 

Laser-induced photodetachement
Non-resonant bound-free transition.

380 nm to 405 nm

Thank you to Giovanni for pointing to the 
possibility to allow for decay to (X, v=1)!

Level scheme from:
K. M. Ervin and W. C. Lineberger

J. Phys. Chem. 95, 1167 (1991)



Two cw diode lasers (Toptica DL100) available from Borealis setup:
2.53 μm: 5 mW
400 nm: 130 mW
Linewidth  ≤ 3 MHz

Wavelength meter
Burleigh WA-1500 IR
Range: 1.5 – 4 μm
Absolute accuracy: ±0.3 ppm (36 MHz at 2.53 μm)
Display Resolution: 10 MHz

Laser sources and wavelength meter
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Laser intensity and photodetachment rate
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by Feldman25 gave EA(C2) = 3.54 ± 0.05 eV. Jones et al.5

suggested that the observed threshold25 was not due to the
ground-state transition, C2(X^g) *- €2"( 2 *), which is ex-

pected to have a slow onset because it involves p-wave electron
detachment, but rather corresponded to the production of the
C2(a3nu) excited state, which involves s-wave detachment and is
therefore expected to have a sharper threshold. This reassignment
would give EA(C2) = 3 6^;^ eV. Even this lower value, how-
ever, is incompatible with the present result. It is probable that
these early xenon lamp experiments simply lacked sufficient
sensitivity to see the true threshold for either neutral state. The
same photodetachment threshold experiment25 overestimated the
C2H electron affinity by 0.76 eV.

A recent measurement26 of the dicarbon electron affinity by
time-of-fiight photoelectron spectroscopy of carbon cluster anions

produced by laser vaporization yielded EA(C2) = 3.3 ± 0.1 eV.
This determination is in good agreement with the present result,
although the error limits also include the previous autodetachment5
value. Electron affinity values from electron impact experi-
ments27,28 agree with the present determination within their un-

certainties. An early graphite sublimation measurement29 gave
EA(C2) = 3.1 eV or 4.0 eV, depending on the method of deter-
mination.

Accurate theoretical determination of the electron affinity of
C2 is most challenging because extensive treatment of correlation
energy is required. Two recent values30,31 of 3.11 and 3.30 eV
are in good agreement with experiment; indeed, the agreement
is improved compared to the previous experimental value.

C. Potential Energy Curves of C2 and C2". Potential energy
curves and vibrational levels for low-lying states of C2 and C2"

(25) Feldman, D. Z. Naturforsch. A 1970, 25, 621-626.
(26) Yang, S.; Taylor, K. J.; Craycraft, M. J.; Conceicao, J.; Pettiette, C.

L.; Cheshnovsky, O.; Smalley, R. E. Chem. Phys. Lett. 1988, 44, 431-436.
(27) Locht, R.; Momigny, J. Chem. Phys. Lett. 1970, 6, 273-276.
(28) von Trepka, L; Neuert,  . Z. Naturforsch. A 1963, 18, 1295-1303.
(29) Honig, R. E. J. Chem. Phys. 1954, 22, 126-131.
(30) Dupuis, M.; Liu, B. J. Chem. Phys. 1980, 73, 337-342.
(31) Nichols, J. A.; Simons, J. J. Chem. Phys. 1987, 86, 6972-6981.

Figure 2. Rydberg-Klein-Rees potential energy curves for l2C2 and l2C2"
calculated from molecular constants from the literature given in Table
II and the present value for EA(C2).

are shown in Figure 2. The energy curves are generated by the
Rydberg-Klein-Rees, method32 from literature vibrational and
rotational constants (Table II). The spacing between the netural
and anion curves is fixed by the electron affinity measured in this
work. With EA(C2) = 3.269 ± 0.006 eV, the o = 0 levels of both
the C2(X) and C2(a) states lie below the v = 5 level but above
the v = 4 level of the C2"(B) state.

Although only the origin and hot band transitions of the pho-
toelectron spectrum of C2~ lie within our energy range, the vibronic
assignments are unambiguous because the molecular parameters
of the low-lying states of C2 and C2" are precisely known. Figure
1 compares the experimental spectrum to a Franck-Condon
simulation. The simulation uses the known term energies, vi-
brational constants, and bond lengths (Table II) in a Morse
oscillator approximation, which is satisfactory since only v = 0
and v = 1 levels are observed. The Franck-Condon factors, listed
in Table I, are found by numerical integration of Morse oscillator
wave functions, which are calculated analytically by Laguerre
series recursion formulas.33 The most important unknown pa-
rameter in the simulation is the electron affinity of C2, which is
fixed by the observed peak positions as discussed above. The
transition intensities are determined by the calculated Franck-
Condon factors, by the anion vibrational and electronic temper-
atures, and by the relative detachment cross sections for the various
electronic transitions. The line shapes are modeled as described
above in section III.A. Because the instrumental sensitivity falls
off in the low-eKE region where the origin lies, the temperatures
and electronic transition strengths cannot be extracted from the
experiments. Instead, we use reasonable temperature estimates
to show approximate transition intensities. As expected, the
simulated spectrum, Figure 1, matches the experimental spectrum
well except for the intensities at low eKE. The positions of the
fundamental transitions (1 *— 0), which are beyond our experi-
mental energy range, are also shown in the simulation. The match
of the experimental and simulated spectra further confirms our
vibronic transition assignments.

D. Autodetachment Rates. The erroneous lower bound derived
from autodetachment experiments, EA(C2) > 3.374 eV, compared
to the present value of EA(C2) = 3.269 ± 0.006 eV, was based
on an interpretation of the observed autodetachment rates from

(32) Zare, R. N. J. Chem. Phys. 1964, 40, 1934-1944.
(33) Halmann, M.; Laulicht, I. J. Chem. Phys. 1965, 43, 438-448. Engler,

C. Z. Phys. Chem. (Leipzig) 1984, 6. 1193-1200.

Saturation intensity: Isat = o(mW/m2)
Laser intensity: Ilaser = o(kW/m2)
à Transition saturated.
à Half of the population in upper level

(actually: ¼ due to spin-rot. splitting)

Radiative decay
A = 1.4*103 s-1

Laser-induced photodetachement
Γpd ≈ 1 s-1

è Overall PD rate is limited by bound-free transition.
è Rate is ≈ 1 s-1 ion-1



Doppler width of the resonant transition at 2.53 μm

Ion temperature FWHM width Comment
100 K 170 MHz e- cooling, upper limit
10 K 55 MHz e- cooling, lower limit
1 K 17 MHz after evaporative cooling (?)

è Wavelength stabilization by Burleigh WA-1500 IR wavemeter seems sufficient for a first 
demonstration.

Doppler width
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Destructive detection of C2
- ions

• by ejection on axial MCP after end of experiment
• half life of C2- when exposed to both laser beams: o(1s)
• decrease in ion number should be detectable after few 

seconds
(assuming an ion lifetime without laser interaction ≫ 1s)

• uncertainties should be reasonably low, assuming o(100) 
ions and Poissonian statistics.

Detection
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è Conclusion from technical feasibility study:
Project should be technically feasible. Mass selection remains a concern.



List of work packages and milestones
WP 1 – Source operation and beam formation
WP 2 – Anion trapping
WP 3 – Electron cooling
WP 4 – Spectroscopy and thermometry
WP 5 – Forced evaporative cooling

Resource-related feasibility
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Tasks
• Source installation (mounting, vacuum interfacing, electronics)
• Source operation
• Beam formation

Materials
• Mounting frame
• Vacuum parts (bellows, nipples, etc.)
• HV supply
• Trigger signals (pulse/delay generator)

Challenges
• Mass selection: ion bunch length too long for TOF mass separation,
• insufficient space to install Wien filter

Milestone
è Beam of pure C2

- is formed and transported to the trap region.

WP 1 – Source operation and beam formation
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Tasks
• Beam deceleration: decelerate C2- beam from 2 keV to ~1 eV with pulsed drift tubes.
• Trap loading: loading of C2- ions into the 5T trap.
• Ejection and detection: eject ions on MCP, quantify number of trapped ions

Materials
• Anything?

Challenges
• Deceleration: emittance growth, losses
• Trapping: matching of phase-space volume of beam to trap (à ion losses)

Milestone
è Reproducible and reliable procedure for loading C2- ions into 5T Penning trap developed.

Number of trapped ions and ion lifetime quantified.

WP 2 – Anion trapping
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Tasks
• Load electrons into 5T trap

• Mix e- and C2
- plasmas

• Rough ion thermometry through escape-barrier potential scan

Materials
• Anything?

Challenges
• Efficient mixing of two-component plasma (simple? complex?)

• Collisional detachment of C2
-

Milestone
è C2

- ions cooled to o(100 K) by electron cooling.
Ion temperature (roughly) quantified by escape-barrier potential scan.

WP 3 – Electron cooling
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WP 4 – Spectroscopy and thermometry

Tasks
• Install diode lasers from Borealis setup at AEgIS 

Lighthouse
• Transport laser light to AEgIS through fibers
• Insert laser beams into AEgIS vacuum chamber
• Lock laser frequency with PID

feedback to wavemeters
• Demonstrate photodetachment (hν » threshold)
• Record photodetachment spectrum (hν ≈ threshold)
• Derive ion temperature from Doppler profile

Materials
• Optics (fibers, couplers, collimators, mirrors, lenses)
• UV wavemeter (only low resolution needed)

• PID regulator

Challenges
• Very limited space close to vacuum vessel (for optics)
• Collimation of IR laser beam

• Stable locking of lR laser frequency
• Efficient detection of photodetachment events

Milestone
è Ion temperature determined from Doppler 

thermometry.
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Tasks
• Increase of laser power or laser exposure time for velocity selective photodetachment.

Materials
• Likely nothing in addition to material for WP 4

Challenges
• Purity of ion plasma (impurity ions are not cooled)
• Exchange of kinetic energy within plasma
• Coupling between normal modes of plasma

Milestone
è C2- ions cooled significant below electron cooling temperature by evaporative cooling through velocity 

selective photodetachment.

WP 5 – Forced evaporative cooling
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• The AEgIS setup is complex.
• Implementing anion cooling at AEgIS cannot be realized by one person alone:

team effort needed

Support needed:
• Construction: integration of C2

- source into AEgIS (CAD drawings, machining, vacuum setup, etc.)

• Operation: adaption of control system, development of scripts, etc.

• Laser optics: setup of lasers, optics and fiber links, stabilization of laser frequency

• Simulation: C2
- beam transport, deceleration and loading of C2

- into trap

• Time: impossible to realize all WPs before p̅-run
à access to AEgIS needs to be coordinated with other experiments

Requirements
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• I am still very much interested in continuing to pursue the Doppler cooling attempts of 
C2

- in a dedicated setup.
• My curiosity/stubbornness/perseverance let’s me not to simply give up this effort.
• The difficulties encountered at the Borealis setup are of technical nature.
• They can be overcome with sufficient time and resources. 

è I am thinking about a redesign of the Borealis setup, as a longer-time project.

Borealis 2.0?
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• Borealis setup shows a number of issues that can only be solved with a systematic, 
long-term re-design, re-development and re-construction of the setup.

• Those need to be addressed before anion Doppler cooling at Borealis can be 
attempted.

• Alternative: attempt only evaporative cooling (less complex),
make use of time-tested AEgIS setup

• This project is more promising than Doppler cooling at Borealis setup,
but still very ambitious.

• The project seems technically feasible.
• It might be feasible w.r.t. reasources if the necessary time and support is provided:

Needs a team effort.
• Know-how acquired is beneficial for future anion activities (iodine ion source).

Conclusions
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Zeeman structure (at 1T)

18 December 2024Matthias Germann | Cold anions – Borealis and C2-@AEgIS 27removedby two-stage laser inducedphotodetachment, hereby reducing the temperature of the remainingparticles
after reachingplasma equilibriumonce again.While commonly applied for the spectroscopyof anionic systems
[26, 27] and recently for the controlledmanipulationof the internal states ofmolecular anions [28], photodetachment
is, to our knowledge, for thefirst time investigated for thepurposeof cooling trapped anions inPenning traps. In [29]
evaporative coolingof anions in a rf trapwas theoretically investigatedusingone laser slightly detunedbelow the
photodetachment threshold. Further, in this article the feasibility of the sympathetic coolingof antiprotons in a
Penning trapunder realistic experimental conditions are discussedusing theDoppler coolingmethod.Both studies
are performedon themolecular anion C2

-. Amongmanypossible candidates, C2
-has the advantage of awell-known

level structure anddue to its homonuclear character the B Au u
2 2S l P+ decay channel is forbidden [30–34].

Furthermore, it haswell suitedbranching ratios between B v X v0 02 2S ¢ = « S ´ =( ) ( ) groundvibrational states of
72%andbetween A v X v0 02

1 2
2P ¢ = « S ´ =( ) ( ) of 96%. In comparison to atomicLa−,molecular C2

-has a
similar dipole transitionbut exhibits nounwantedphotodetachment, nohyperfine structure and canbeproduced at
low sub-eVkinetic energies [35]. Figure 1(a) shows anoverviewof the electronic andvibrational level structure of C2

-

andC2.Thepotential curves of themoleculewere calculatedusing the empirical functionproposed in [36], using
spectroscopic parameters from [32, 37]. The vibrational levels are basedon constants from [37]. ForC2 the curves
where shiftedby the electron affinity EA=3.269.The rot–vib and electronic spectra of C2

-were simulatedusing the
programPGOPHER [38].

2. Sympathetic Doppler cooling of C p2
- ¯

C2
- can be produced fromplasma discharge of acetylene with internal energies in the sub-eV range at densities of

1013 m−3 [35, 39]. After selection of C2
- in amass spectrometer, the anions can be trapped in a Penning trap. In

sequence, p̄ can be trapped in the same Penning trap at a different axial position. Starting from typical
experimental conditions that are achieved at CERN’s AntiprotonDecelerator facility approximately 105 p̄ can be
caught and initially electron-cooled to eV kinetic energies [15, 40–42]. The p̄ can then bemixedwith the C2

- and
with priorly loaded e− using potentialmanipulations, similarly as demonstrated in the preparation of different
charge-to-mass-ratio species plasmas [43, 44]. Using electron cooling after themixing process and considering a
1 TPenning trap at 10 K, temperatures of the eC p2

- -¯ ensemble around 100 K can be realizedwithin a few tens
of seconds [45]. Subsequently, by lowering the axial trapping potential confining the particles allows for
additional evaporative cooling and the preparation of themixed plasma at about 10 K [46].

In the trap theE×Bfield causes an azimuthal drift of the particles about themagnetic field axis. At a same
radius the difference inmass of the two species will result in a difference in centrifugal force andwith that

Figure 1. (a)Molecular potential energy of C2
- versus internuclear separationwith the electronic and vibrational levels including two

neutral C2 (X a,g u
1 3S P+ ) curves [37]. TheX–A (red) cooling transitions and the photodetachment (blue,λpd) transition are indicated

with arrows. (b)Zeeman splitted vib–rot sublevels in a 1 Tfield showing the laser for theDoppler cooling scheme. The electron spin 1

2
is

coupled to the rotational quantumnumberN to form the full angularmomentum J and its projectionMon themagneticfield axis. The v
″=0 and v″=1manifoldof theX state and the excitedA states are shown (not to scale). The twoDoppler cooling lasers (DL, red)
addressing the ground states at 2.54 μmaredepictedwith their detuningsΔν. The six repumping lasers are sketched (RL, gray) at
2.54 μmand4.59 μm, respectively. Reproduced from [25]. CCBY4.0.

2
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Thermal energy in eV

Ion temperature kBT Comment
100 K 8.6 meV e- cooling, upper limit
10 K 0.86 meV e- cooling, lower limit
1 K 0.086 meV after evaporative cooling (?)
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Sympathetic Cooling of Trapped Negative Ions 
by Self-Cooled Electrons in a Fourier 
Transform Ion Cyclotron Resonance 
Mass Spectrometer 

Guo-Zhong Li, Shenheng Guan, and Alan G. Marshall 
Center for Interdisciplinary Magnetic Resonance, National High Magnetic Field Laboratory, Florida State 
University, Tallahassee, Florida, USA 

Hot electrons confined in a Penning trap at 3 tesla self-cool to near room temperature in a few 
seconds by emission of cyclotron radiation. Here, we show that such cold electrons can 
"sympathetically" cool, in - 1 0  s, laser desorbed/ionized translationally hot Au-  or C70 ions 
confined simultaneously in the same Penning trap. Unlike "buffer gas" cooling by collisions 
between ions and neutral gas molecules, sympathetic cooling by electrons is mediated by the 
mutual long-range Coulomb interaction between electrons and ions, so that translationally hot 
ions can be cooled without internal excitation and fragmentation. It is proposed that 
electrosprayed multiply charged macromolecular ions can be cooled sympathetically, in the 
absence of ion-neutral collisions, by self-cooled electrons in a Penning trap. (J Am Soc Mass 
Spectrom 1997, 8, 793-800) © 1997 American Society for Mass Spectrometry 

R eduction of ion translational and internal energy 
prior to detection is essential for achieving ion 

~stability as well as high mass resolving power 
and sensitivity in both Penning (Fourier transform ion 
cyclotron resonance, or FT-ICR) and Paul (quadrupole) 
ion trap mass spectrometry. Translational cooling is 
also required to relax ions to a region near the trap 
center for laser-induced fluorescence of mass-selected 
molecular ions [1]. 

Seven primary methods are available for transla- 
tional cooling of trapped ions and /o r  electrons: (a) 
buffer gas cooling [2-5], (b) adiabatic cooling [6-81, (c) 
evaporative cooling [9-12], (d) radiative cooling [13], (e) 
resistive cooling [13], (f) laser cooling [14, 15], and (g) 
sympathetic cooling [16, 17]. Although widely known 
in the plasma physics literature [18], several of these 
techniques are only now penetrating the "chemical" 
mass spectrometry community. Specifically, (a) colli- 
sions of ions with a "buffer" gas serve to cool atomic 
and molecular ions in both Penning and Paul traps. In 
FT-ICR MS, buffer gas cooling is essential for axializing 
ions by azimuthal quadrupolar excitation to convert 
magnetron motion to cyclotron motion, effectively 
"shrink wrapping" an ion cloud to a compact packet 
[2, 31. (b) In FT-ICR MS, if the dc trapping potential is 
much higher than the ion kinetic energy, ions may be 

Address reprint requests to Alan G. Marshall, Center for Interdisciplinary 
Magnetic Resonance, National High Magnetic Field Laboratory, Florida 
State University, 1800 E. Paul Dirac Drive, Tallahasee, FL 32310. 
* Also members of the Department of Chemistry, Florida State University. 

cooled by adiabatically lowering the trapping voltage to 
allow free expansion of the ion cloud. (c) In both 
Penning and Paul traps [19l, ions may be cooled 
"evaporatively" by lowering the trapping potential 
stepwise and allowing the (translationally) hottest ions 
to escape. The remaining ions then relax to a new 
(lower) temperature. At ultrahigh vacuum, evaporative 
cooling can yield very cold ions [12]. (d) In a strong 
magnetic field, electrons self-cool very efficiently ( -1  s 
damping constant at 3 tesla) by radiative emission (see 
below). (e) Ions undergoing periodic motion in an ion 
trap may be cooled by their resistive heating of the 
external circuit connected to the trap electrodes [13]: 
ions dissipate energy by inducing an electric current in 
the circuit. Resistive cooling is especially effective for 
electrons and ions of low mass-to-charge ratio, m/z,  in 
both Penning and Paul traps. (f) Atomic ions may be 
cooled by irradiation from opposed laser beams that 
reduce the ion velocity by repeated (directional) absorp- 
tion and (nondirectional) emission. (g) In "sympathetic" 
cooling in Penning or Paul traps, self-cooled electrons 
or laser-cooled atomic ions can cool polyatomic ions by 
mutual long-range Coulomb interactions. Advantages 
of ion cooling for FT-ICR MS include: enhanced mass 
resolving power and mass accuracy, MS/MS detection 
efficiency, peak height-to-noise ratio, ion remeasure- 
ment efficiency, trapping efficiency for externally 
ejected ions, off-axis ion injection efficiency, etc. 

Sympathetic cooling was first demonstrated in a 
storage ring by passing a velocity-matched electron 
beam through an ion beam circulating in the storage 
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