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significant interest recently in “millicharged” particles (charge = εe) 
- mystery of charge quantization, dark matter candidate, EDGES anomaly…
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Figure 10: Discovery reach in dashed (dot-
ted) lines for a silicon DM detector with
single-electron sensitivity on a balloon (satel-
lite) assuming an exposure of 1 gram-hour
(0.1 gram-month) and 106 (109) background
events, assuming an ultralight dark-photon
mediator. The red region shows the direct-
detection constraints derived in this paper
from SENSEI, CDMS-HVeV, XENON10,
XENON100, and DarkSide-50 (combined
into one region).

interacting DM particle of mass m� by setting the signal-to-noise ratio with a flat background to

fmodStot
p
Stot +B

= 5 , (4.4)

and solving the equation for the cross section �e [10]. Here, Stot ⌘ "hRi is the total number of
expected events. While the assumption of a flat background is optimistic, this simple formula is also
rather conservative for a satellite-borne detector, as in practice one could search for the modulation
amplitude using a large number of orbits. In any case, this simple estimate will suffice for our
purposes.

For the balloon-borne experiment, we now assume an exposure of 1 gram-hour, and a back-
ground of 106 events. The corresponding parameters for the satellite experiment are taken to be
0.1 gram-months, and 109 background events. These background numbers are chosen for purposes
of illustration only. Next, we compute the projected constraints and modulation discovery reach for
the high-altitude experiments for the case of ultralight mediators. Both values are relatively insen-
sitive to the background. We assume that the detector onboard the balloon is shielded by the upper
atmospheric layers, as well as 5 mm of mylar, and 1 mm of copper.7 For the satellite-borne detector,
we assume a 1 mm mylar layer as the only shielding material. The simulation’s setup of parallel pla-
nar shielding layers hardly approximates the geometry of the experimental installation. Nonetheless,
our simulations will yield a reasonable first estimate. For more precise determinations of the critical
cross sections, the MC simulations would have to be generalized to more complicated simulation
geometries, e.g. using GEANT4 [104].

The projected modulation discovery reach (5�) for these two experiments in the case of a light
mediator are shown in Fig. 10, along with the combined low-mass direct-detection bounds. We
see that a balloon-borne experiment could probe to larger cross sections by about two orders of
magnitude above the current direct-detection constraints, while a satellite-borne experiment could
probe an additional two orders of magnitude above a balloon-borne instrument.

7The copper layer’s density is set to 8.96 gram/cm3, whereas mylar is modelled as a material with a density of
1.4 gram/cm3, and composed of 62.5% carbon, 33.3% oxygen, and 4.2% hydrogen [103].
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expected events. While the assumption of a flat background is optimistic, this simple formula is also
rather conservative for a satellite-borne detector, as in practice one could search for the modulation
amplitude using a large number of orbits. In any case, this simple estimate will suffice for our
purposes.

For the balloon-borne experiment, we now assume an exposure of 1 gram-hour, and a back-
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of illustration only. Next, we compute the projected constraints and modulation discovery reach for
the high-altitude experiments for the case of ultralight mediators. Both values are relatively insen-
sitive to the background. We assume that the detector onboard the balloon is shielded by the upper
atmospheric layers, as well as 5 mm of mylar, and 1 mm of copper.7 For the satellite-borne detector,
we assume a 1 mm mylar layer as the only shielding material. The simulation’s setup of parallel pla-
nar shielding layers hardly approximates the geometry of the experimental installation. Nonetheless,
our simulations will yield a reasonable first estimate. For more precise determinations of the critical
cross sections, the MC simulations would have to be generalized to more complicated simulation
geometries, e.g. using GEANT4 [104].

The projected modulation discovery reach (5�) for these two experiments in the case of a light
mediator are shown in Fig. 10, along with the combined low-mass direct-detection bounds. We
see that a balloon-borne experiment could probe to larger cross sections by about two orders of
magnitude above the current direct-detection constraints, while a satellite-borne experiment could
probe an additional two orders of magnitude above a balloon-borne instrument.

7The copper layer’s density is set to 8.96 gram/cm3, whereas mylar is modelled as a material with a density of
1.4 gram/cm3, and composed of 62.5% carbon, 33.3% oxygen, and 4.2% hydrogen [103].
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millicharged particles can 
have large couplings 

can get stuck + thermalize to 
300 K ~ 25 meV

Atmosphere

Rock

DM detector

most direct detection expts 
have thresholds ~ keV  
maybe down to ~ eV

still diffuse downwards 
“traffic jam” ➜ very large 

number densities!
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So have low energy millicharged particles, but with large density and large cross section! 
How can we detect this?

A New Kind of Dark Matter Detector

Need a sensitive low threshold detector 
Low target mass acceptable 
Maximize charged particle scattering

➜ Trapped ion

+

+

Ambient millicharged particles scatter off trapped ion, heating it
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only the ion needs to be cooled 

if whole trap is cryogenic the millicharges cool in walls 
➜ enhances number density inside trap

long-range Coulomb scattering ➜ larger cross section at lower velocities



Ion traps excellent at isolation, can detect very low energy depositions! 
Much recent progress motivated by quantum computing

Ion Traps as Detectors

To further investigate the residual drive mechanism,
we measure transition rates ζþðρ−Þ as a function of the
particle’s magnetron radius ρ−, thereby changing the
trapping field at the particle position. We excite the
magnetron mode and record series of axial frequency
sequences Ωkðνz; ρ−Þ for in total seven different magnetron
radii, thereby tracing a radial range of 6 μm ≤ ρ− ≤ 65 μm.
The results of these measurements are displayed in
Fig. 4. In Fig. 4(a) we show the measured axial frequency
fluctuation σνzðρ−; τ ¼ 250 sÞ. For the data points displayed
in Fig. 4(b), we analyze the transition rate ζþðρ−Þ of each
data set Ωkðνz; ρ−Þ and determine the spectral density
SVðωþÞ of an equivalent effective voltage noise source
present on each trap electrode,

SEðωþÞ ¼ Λ2ðρ; zÞSVðωþÞ; ð4Þ

where Λðρ; zÞ describes the relation between the electric
field at the particle position x⃗ ¼ ðρ; zÞ and the potential Vn
created by the nth electrode,

Λ2ðρ; zÞ ¼
X5

n¼1

!∂Vn

∂ρ
"

2

∝ ρ2; ð5Þ

for low cyclotron energies, ρ ≈ ρ−. The linear increase of
σνzðτÞ ∝ ρ− observed inFig. 4(a) reflects a quadratic increase
of transition rates ζþ ∝ ρ2− [Eq. (2)]. This is expected from
Eqs. (3)–(5), assuming electrode voltage noise SV as the

dominant source of electric-field fluctuations. We obtain
SV ¼ 225ð54Þ pVHz−1=2. Anomalous heating reported from
Paul traps [4,5] scales with d−4, d denoting the electrode-
ion distance. Since the variation of d is small (Δd=d ¼ 1=60)
for the considered magnetron radii, anomalous heating
would result in a nearly constant electric-field noise spectral
density. Since a clear increase is observed in ζþ, anomalous
heating is ruled out as the dominant heating mechanism.
Its effect is constrained to be below SEðωþÞ ≤ 7.5ð3.4Þ×
10−20 V2 m−2Hz−1.
The contributions to SV arising from the experimental

setup depicted in Fig. 1 are summarized in Table 1. The
effective parallel resistance of the axial detection system at
the cyclotron frequency contributes about 1.5 pVHz−1=2.
The Johnson noise of the electrode low-pass filters is below
1 pVHz−1=2; the electrode Johnson noise is on the order
of 10−3 pVHz−1=2. None of these mechanisms can explain
the observed voltage fluctuations. Field fluctuations arising
from blackbody radiation are estimated to be ωþ × SðBBÞE ≈
6 × 10−14 V2m−2 [5,41], which is 2 orders of magnitude

(a)

(b)

(c)

FIG. 3. Single particle stabilities as a function of the electrode-
to-ion distance d. Figure (a) displays the electric-field noise
spectral density SEðωÞ scaled by angular trap frequency ω,
Fig. (b) depicts heating rates dn̄=dt, and in Fig. (c) the energy
increase dE=dt is shown. The triangles represent measurements
performed in cryogenic 2D-Paul traps [32–38]; squares denote
measurements in Penning traps on single ions [21] and ion
crystals [39,40] conducted at room temperature. This work is
plotted as a blue circle.

(a)

(b)

FIG. 4. Results of frequency stability measurements for par-
ticles at different magnetron radii ρ−. (a) Measured Allan
deviation σνzðτÞ of the axial frequency for an averaging time
of τ ¼ 250 s. The black line denotes calculated values for σνzðτÞ
assuming transition rates are linked to trap voltage fluctuations.
(b) Calculated electrode voltage fluctuations SV . The linear
increase of σνzðτÞ is in good agreement with cyclotron transition
rates driven by trapping voltage fluctuations. The extracted
voltage fluctuation SVðωþÞ (black lines) is constant for
6 μm ≤ ρ− ≤ 65 μm, confirming that they can be regarded as
the dominant source of electric-field fluctuations in the trap.

TABLE I. Parasitic voltage fluctuation and heating rate
contributions.

Observed SV 225ð54Þ pVHz−1=2

Axial detection system 1.5 pVHz−1=2

Low-pass filter stages < 1 pVHz−1=2

Electrode Johnson noise ∼3 × 10−3 pVHz−1=2

Blackbody radiation ωþ × SEðωþÞ ∼ 6 × 10−14 V2 m−2

Background pressure ζþ < 4 × 10−9 s−1
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Measurement of Ultralow Heating Rates of a Single Antiproton in
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We report on the first detailed study of motional heating in a cryogenic Penning trap using a single
antiproton. Employing the continuous Stern-Gerlach effect we observe cyclotron quantum transition rates
of 6ð1Þ quanta=h and an electric-field noise spectral density below 7.5ð3.4Þ × 10−20 V2 m−2 Hz−1, which
corresponds to a scaled noise spectral density below 8.8ð4.0Þ × 10−12 V2 m−2, results which are more than
2 orders of magnitude smaller than those reported by other ion-trap experiments.

DOI: 10.1103/PhysRevLett.122.043201

Quantum control techniques applied to trapped charged
particles, well isolated from environmental influences,
have very versatile applications in metrology and quantum
information processing. For example, elegant experiments
on cotrapped laser cooled ions in Paul traps have provided
highly precise state-of-the-art quantum logic clocks [1],
enabled the development of exquisite atomic precision
sensors [2] and the implementation of quantum information
algorithms applied with highly entangled ion crystals [3].
Decoherence effects from noise driven quantum transitions,
commonly referred to as anomalous heating [4,5], affect
the scalability of multi-ion systems, which would enable
even more powerful algorithms. Trapped particles are also
highly sensitive probes to test fundamental symmetries,
and to search for physics beyond the standard model [6,7].
The most precise values of the mass of the electron [8] and
the most stringent tests of bound-state quantum electrody-
namics [9] are based on precise frequency measurements
on highly charged ions in Penning traps. Measurements of
the properties of trapped electrons [10] and positrons [11]

provide the most sensitive tests of quantum electrodynam-
ics and of the fundamental charge-parity-time (CPT)
invariance in the lepton sector [12,13].
Our experiments [14] make high-precision comparisons

of the fundamental properties of protons and antiprotons,
and provide stringent tests of CPT invariance in the baryon
sector. We recently reported on an improved determination
of the proton magnetic moment with a fractional precision
of 300 parts in a trillion [15] and the first high-precision
determination of the antiproton magnetic moment with a
fractional precision of 1.5 parts in a billion [16]. This
measurement, based on a newly invented multitrap method,
improves the fractional precision achieved in previous
studies [17,18] by more than a factor of 3000. These
multitrap based high-precision magnetic moment measure-
ments on protons and antiprotons require low-noise con-
ditions much more demanding than in any other ion-trap
experiment. Compared to experiments on electrons and
positrons [10,11], the 660-fold smaller proton-antiproton
magnetic moment makes it much more challenging to
apply high-fidelity single particle spin-quantum spectros-
copy techniques [19]. Our experiments become possible
only in cryogenic ultralow-noise Penning-trap instruments,
which provide energy stabilities of the particle motion on
the peV=s range, effectively corresponding to a parasitic
transition rate acceptance limit of, at most, two motional
quanta over several minutes of measurement time.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.
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FIG. 8 Spectral density of electric-field noise, SE, as a function of the distance, d, from the ion to the nearest electrode, for
traps operated nominally at room temperature. Data points are taken from the relevant references in table I. On the right,
the ordinate scale is given as the equivalent heating rate of a 40Ca+ ion with a motional frequency of !t = 2⇡⇥1MHz. The
shaded regions indicate an envelope scaling with d

�4. The dotted lines indicate an envelope scaling with d
�2. See Sec. III.B

for discussion, including the uses and significant limitations of plotting such data on a single graph.

graph, we note and stress the caveat, stated initially by
Turchette et al. that it is di�cult to draw general conclu-
sions from the data for this particular trap. These data
points are discussed in more detail in Sec. VII.D.

Data points [20] and [24] were taken for heating rates
in the same trap, with the di↵erence being attributed
to an improved voltage supply (Poschinger et al., 2009).
(These two measurements are discussed in detail in
Sec. VI.C.) Data points [47]a,b were also measured in a
single trap, with [47]b being on resonance with interfer-
ence for other lab equipment, while [47]a was away from
any such resonances. It has been shown that surface
treatment can make heating rates in a single trap higher
([33]a,b) or lower ([39], [40]). (These are discussed in de-
tail in Secs. VI.E and VI.F respectively.) Finally, Hite
et al. (2012), Daniilidis et al. (2014) and McKay et al.
(2014) have shown that removal of surface contamination
by ion-beam cleaning of the electrodes can greatly reduce
the heating rate. Where this has been done in a sin-

gle trap, Fig. 8 displays points for both the pre-cleaning
([46]a, [57]a) and post-cleaning ([46]b, [57]b) measure-
ments. It may be considered that ion-beam cleaning is
a su�ciently distinctive procedure that the heating rates
from such traps should be analyzed separately. All points
measured after some form of ion-beam cleaning are col-
ored grey in Fig. 8. These measurements are then dis-
cussed in detail in Sec. VI.G.

It is worth additionally highlighting data point [62]
(Goodwin et al., 2014). As well as being notable for
the large trap size, the result is interesting as it is the
only heating rate to date of a single ion in a Penning
trap. This complicates any comparison with the other
data shown here; while considerations for some heating
mechanisms (such as Johnson noise and adatom di↵u-
sion) are essentially the same in both Penning and Paul
traps, other mechanisms (such as issues concerning cou-
pling to micromotion) become moot for Penning traps.
Additionally there may be e↵ects (such as coupling be-

Ion Traps

e.g. 40Ca ions sensitive to ~  

with individual collisions ~ few neV

10−9 eV
sec
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Experiment Type Ion Vz Twall !p [neV] Ttrap[neV] Heat Rate(neV/sec)

Hite et al, 2012[3] Paul
9
Be 0.1 V 300 K !z = 14.8 14.8 640

Goodwin et al, 2016 [4] Penning
40
Ca 175 V 300 K !z = 1.24 1.24 0.37

Borchert et al, 2019 [5] Penning p� 0.6 V 5.6 K !+ = 73.8 7380 0.002

!� = 0.041

TABLE I: Measured anomalous heating rates are listed for di↵erent experiments along with other relevant
experimental parameters.

FIG. 1: Comparison of existing limits from various traps(left) nlab = 103cm�3(right) Compilation of limits for
di↵erent nlab

FIG. 2: mQ = 10 GeV, comparison with existing limits.

New Limits From Ion Traps

detector 
threshold

Penning Trap

cooled 
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room temp, 
cryogenic
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100-Fold Reduction of Electric-Field Noise in an Ion Trap Cleaned with In Situ
Argon-Ion-Beam Bombardment

D.A. Hite, Y. Colombe, A. C. Wilson, K. R. Brown,* U. Warring, R. Jördens, J. D. Jost, K. S. McKay, D. P. Pappas,
D. Leibfried, and D. J. Wineland

National Institute of Standards and Technology, 325 Broadway, Boulder, Colorado 80305, USA
(Received 31 January 2012; revised manuscript received 18 June 2012; published 4 September 2012)

Motional heating of trapped atomic ions is a major obstacle to their use as quantum bits in a scalable

quantum computer. The detailed physical origin of this heating is not well understood, but experimental

evidence suggests that it is caused by electric-field noise emanating from the surface of the trap electrodes.

In this study, we have investigated the role of adsorbates on the electrodes by identifying contaminant

overlayers, implementing an in situ argon-ion-beam cleaning treatment, and measuring ion heating rates

before and after treating the trap electrodes’ surfaces. We find a 100-fold reduction in heating rate after

treatment. The experiments described here are sensitive to low levels of electric-field noise in the MHz

frequency range. Therefore, this approach could become a useful tool in surface science that complements

established techniques.

DOI: 10.1103/PhysRevLett.109.103001 PACS numbers: 37.10.Ty, 37.90.+j, 81.65.!b, 82.80.Pv

Trapped atomic ions can potentially be employed as
quantum bits (qubits) in a scalable quantum computer,
where deterministic entanglement and multiqubit logic
gates require precise control of the ions’ collective motion
[1]. These operations incur errors caused by heating of the
ions’ motion from electric-field noise. The heating has
inhibited progress in scalability, miniaturization, and logic
gate fidelity. It is often referred to as ‘‘anomalous’’ because
its exact origin is unknown. Operation at low temperature
can substantially reduce the heating [2,3]; however, the
detailed reasons for these improvements are not understood.
Research groups have also addressed this problem by in-
vestigating different electrode materials and processing
techniques, but there are wide variations in the observed
heating for apparently identical traps, even at low tempera-
ture. Some experimental evidence suggests that electrode
surface contaminants may play a role [2–7]. Recently,
application of a pulsed laser beam to trap electrode surfaces
resulted in a reduction in heating rate by approximately a
factor of 2 [8]. In this Letter, we report a reduction in ion
heating by 2 orders of magnitude, in a room-temperature
surface-electrode ion trap [9] that has been subjected to an
in situ cleaning treatment by argon-ion-beam bombard-
ment. This suggests that anomalous heating can be signifi-
cantly reduced or perhaps eliminated, without the need for,
or in combination with, cryogenic cooling.

Ion heating is caused by electric-field noise at the loca-
tion of the ion whose spectrum overlaps the frequency of
the ions’ motional modes (typically in the range of
100 kHz to 10 MHz). The physical origin of this noise
has been debated for more than a decade. Johnson noise is
one source, but, in many experiments, its contribution is
estimated to be orders of magnitude smaller than the
observed heating. If the noise is caused by independently
fluctuating potential patches on the electrodes that are

small compared to the ion-electrode distance d, the noise
spectral density (proportional to the ion heating rate) is
approximately proportional to d!4 [5]. These potential
fluctuations may be due to adsorbate-dipole fluctuations
[10,11] or adatom-diffusion-induced work-function fluctu-
ations on the electrode surface [4,12]. Therefore, we have
focused on removing contamination from the surface.
The trap electrodes were microfabricated with 5-!m

gaps in a 10-!m-thick Au film, electroplated on a crystal-
line quartz substrate. The trap electrode layout, the same as
in [13], is shown in Fig. 1. To clean the electrode surfaces,
we applied in situ Arþ bombardment, a technique that is
well established in surface science studies [14]. The inte-
gration of Arþ-bombardment capabilities with the ion-trap

FIG. 1 (color online). Micrograph of ion-trap electrodes. The
radio-frequency (rf) and static-potential electrodes are micro-
fabricated using a 10-!m-thick, electroplated Au film with
5-!m gaps between the electrodes (darker areas). The red dot
represents the location of the ion.

PRL 109, 103001 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

7 SEPTEMBER 2012

0031-9007=12=109(10)=103001(5) 103001-1 Published by the American Physical Society

Paul Trap 
(Hite et al)

We choose 3 experiments to set new limits 
but many more ion trap experiments have achieved low noise and could extend reach



existing ion traps already reach well past previous bounds

to appear

New Limits From Ion Traps



Significant differences between traps 
- threshold 
- target mass 
- heating rate 
- temperature

to appear

New Limits From Ion Traps
Different experiments have very complementary reach!



past measurements not made for dark matter detection already place strong constraints 
significant improvement possible in future with experiments designed to search for millicharges

Future Prospects

• observing individual events reduces 
heating background, requires continuous 
monitoring of ion (already employed in 
some experiments)

to appear

• lower threshold boosts event rate

• highly charged ion boosts signal

• collective excitations in ion crystals could 
also reduce backgrounds



Bounds as a fraction of dark matter:

Dark Matter Detection

to appear
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a(t) ⇠ a0 + a1t
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V

a

Dark Energy:

very homogeneous, slowly rolling scalar 
field across entire universe

a(t) � a0 cos (mat)

a

V

Dark Matter:

Axion Dark Matter or Dark Energy Field
axion dark matter has high phase space occupancy, 

looks like homogeneous, slowly oscillating scalar field in galaxy

if dark energy is anything other than a constant, it too must be a scalar field

detecting dynamical dark energy similar to ultralight dark matter!



“Axion Wind”

a

x

a proton’s spin precesses in DM axion field 

around the axion momentum (“wind”)

How detect such a dark matter or dark energy field? 

It will generically have several (axion-like) couplings to us

like an effective “magnetic field”

proton’s spin

coupling constant

‘axion wind’ effect ➜ low-mass axion DM searched for by high precision lab experiments 
e.g. atomic magnetometry, NMR, spin-polarized torsion balances, UCN…

~ra /

<latexit sha1_base64="7uhJJ5oN7DpefUAsROeBjwmdp7o=">AAAB/3icbVA9SwNBEN2LXzF+nQo2NotBsAp3EvCjCthYRjAxkDvC3GaTLNnbPXb3AuFM4V+xsVDE1r9h579xk1yhiQ8GHu/NMDMvSjjTxvO+ncLK6tr6RnGztLW9s7vn7h80tUwVoQ0iuVStCDTlTNCGYYbTVqIoxBGnD9HwZuo/jKjSTIp7M05oGENfsB4jYKzUcY+CESVZICDiMMGAg0TJxMiOW/Yq3gx4mfg5KaMc9Y77FXQlSWMqDOGgddv3EhNmoAwjnE5KQappAmQIfdq2VEBMdZjN7p/gU6t0cU8qW8Lgmfp7IoNY63Ec2c4YzEAvelPxP6+dmt5lmDGRpIYKMl/USzk2Ek/DwF2mKDF8bAkQxeytmAxAATE2spINwV98eZk0zyt+tXJ1Vy3XrvM4iugYnaAz5KMLVEO3qI4aiKBH9Ixe0Zvz5Lw4787HvLXg5DOH6A+czx8DLpYY</latexit>

spatial momentum of axion

H 3 �gaNN
~ra · ~�
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I will focus on nucleon coupling:

if DM, axion wind signal oscillates in time



The Effect

~ra /
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spatial momentum of axion ~ra ⇠ ~va
p
⇢a
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for dark energy: va ⇠ 0
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for dark matter: va ⇠ 10�3
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large velocity suppression!

in cosmic rest frame, but in lab frame va ⇠ 10�3
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large velocity suppression in the lab 

generally hard to boost a precision lab experiment to relativistic speeds…

like an effective “magnetic field”

proton’s spin

coupling constant

H 3 �gaNN
~ra · ~�
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axion-nucleon coupling:

Can accelerate individual particles to relativistic speeds 
then precisely measure spin precession
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Storage Rings

want long integration times ➜ go in a circle instead of a straight line 

then even a constant dark energy wind keeps changing direction 
(as seen by proton)

➜ effect averages to zeroproton’s frame

need proton’s spin to precess along with axion wind 
➜ ‘frozen spin’ method!
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spin precession signalH 3 �gaNN
~ra · ~�

<latexit sha1_base64="FVk9/hCpu0pW2Fs+NFovXq3hXwM=">AAACInicbVDLSgNBEJz1bXxFPXoZDIIHDbsi+DgJXjyJglEhG0LvpBMHZ2eXmV4xLPstXvwVLx4U9ST4MU7iHnwVNBRV3XR3RamSlnz/3RsZHRufmJyarszMzs0vVBeXzm2SGYENkajEXEZgUUmNDZKk8DI1CHGk8CK6Phz4FzdorEz0GfVTbMXQ07IrBZCT2tW9Ix5qyTd5rx0S3lIOx8cFDzd4eIMiDzVECgoOPBSdhErRyl4MRbta8+v+EPwvCUpSYyVO2tXXsJOILEZNQoG1zcBPqZWDISkUFpUws5iCuIYeNh3VEKNt5cMXC77mlA7vJsaVJj5Uv0/kEFvbjyPXGQNd2d/eQPzPa2bU3W3lUqcZoRZfi7qZ4pTwQV68Iw0KUn1HQBjpbuXiCgwIcqlWXAjB75f/kvOterBd3zvdrh3sl3FMsRW2ytZZwHbYATtiJ6zBBLtjD+yJPXv33qP34r19tY545cwy+wHv4xPLM6NH</latexit>

<latexit sha1_base64="Fq8eaXgDME/JBisvyjK8sAIkiLw=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHqpiQi2mXBTZcV7AOaUCbTSTt0MgkzN2IJXbjxV9y4UMStH+HOv3HaZqGtBwbOPede7twTJIJrcJxva219Y3Nru7BT3N3bPzi0j47bOk4VZS0ai1h1A6KZ4JK1gINg3UQxEgWCdYLxzczv3DOleSzvYJIwPyJDyUNOCRipb5c8zSPcwB7wiGlc8YA9QDYrpud9u+xUnTnwKnFzUkY5mn37yxvENI2YBCqI1j3XScDPiAJOBZsWvVSzhNAxGbKeoZKYlX42P2KKz4wywGGszJOA5+rviYxEWk+iwHRGBEZ62ZuJ/3m9FMKan3GZpMAkXSwKU4EhxrNE8IArRkFMDCFUcfNXTEdEEQomt6IJwV0+eZW0L6ruVdW5vSzXa3kcBVRCp6iCXHSN6qiBmqiFKHpEz+gVvVlP1ov1bn0sWtesfOYE/YH1+QPkqpeY</latexit>

⇠ H ⇥ (time)

inject protons 
spin precession signal grows linearly in time 

measure spin precession rate

avoids velocity suppression, improves signal by
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⇠ 103

(don’t get γ since time dilation reduces time in proton’s frame)



Storage Ring Schematic
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counter-propagating beams 
cancel backgrounds

same hardware as proton storage ring EDM proposal
(see e.g. Storage Ring EDM Collaboration 1502.04317) 
we relied on built up knowlege, simulation machinery:Table 3: Main systematic errors and their remediation when hybrid fields (electric bending and magnetic

focusing) are used for the DM/DE, probing (pseudo-)scalar fields, (radial polarization) case.
E↵ect Remediation
Radial B-field. Small e↵ect.
Unwanted vertical forces when other than Small e↵ect.
magnetic focusing is present.
Dipole vertical E-fields. Small e↵ect.
Quadrupole E-field in the electric bending Small e↵ect.
sections.
Corrugated (non-planar) orbit. Minimize e↵ect with symmetric lattice design. Fi-

nally, keep the stored beams at zero average ver-
tical angle when integrating over the electric field
bending sections.

Longitudinal B-field. The CW and CCW stored proton spins rotate in
same direction, while the (pseudo-)scalar fields
rotate them in opposite directions.

Geometrical phase e↵ect due to lattice Equivalent to a spin resonance due to lattice
elements imperfections. elements imperfections. Cancel with magnetic

quadrupole polarity switching.
Geometrical phase e↵ect due to external Equivalent to a spin resonance due to external
magnetic fields. magnetic interference coupled with electric field

bending section misplacement.[24, 26] When the
local spin e↵ects are kept below 1nT B-field equiv-
alent, the e↵ect is negligible even for one direc-
tional (CW or CCW only) storage. In this polar-
ization case, the relevant fields and lattice mis-
placements may be in a di↵erent direction than
the previous table.

RF cavity vertical and horizontal misalignment. Small e↵ect.

4.2 Ring lattice design

The tools we have in our disposal to minimize and eliminate the potential systematic errors are:

1. Design a symmetric lattice to minimize the e↵ect of the lattice-elements positioning errors.

2. Shield the external magnetic field anywhere in the storage ring to below 100 nT. This can be easily
achieved by using an array of fluxgate magnetometers and shimming the residual field using an array
of current wires. The aim for the low azimuthal harmonics, i.e. N = 1, 2, ..., 10, of the B-field is to
reach below 1 nT amplitude.

3. The SQUID-based beam position monitors (S-BPM) developed at IBS-CAPP in collaboration with
KRISS in Korea utilizing special, low-temperature-superconducting (LTS) SQUID-gradiometers, have
been showed to exhibit 10 nm/

p
Hz,[14] i.e. every 100 s they can provide 1 nm beam separation

resolution. The S-BPMs will be used to reduce the external B-field and the magnetic quadrupole
position tolerance by modulating the vertical tune and by using beam-based alignment.[36, 37]

4.3 Position tolerances of ring elements

Here, we will address the main systematic errors in both the EDM and DM/DE cases in more detail, their
origin, and the way to eliminate them. The main issue in the EDM case arises from the subtle e↵ect that
there might be a quadrupole E-field present, most likely at the electric bending sections, while there is a radial
B-field present somewhere in the ring. A radial B-field of any order will inevitably split the vertical position

14

need beam position (splitting between CW and CCW) measured to ~ 100 nm in 1000 s fill 
easily achieved with SQUID-based Beam Position Monitors (SBPMs) shown to have 10 nm/Hz1/2



Storage Ring Sensitivity to Axion Dark Matter

NS + SN 1987A
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one of the most sensitive searches for axion dark matter in this mass range

1000 s time in ring

axion oscillates faster than 
1000 s, signal averages down. 

choose slight ‘detuning’ from 
magic momentum so proton 
spin precesses relative to 
velocity at axion frequency



Planck Collaboration: Cosmological parameters
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Fig. 30. Marginalized posterior distributions of the (w0,wa)
parameters for various data combinations. The tightest con-
straints come from the combination Planck TT,TE,EE+lowE
+lensing+SNe+BAO and are compatible with ⇤CDM. Using
Planck TT,TE,EE+lowE+lensing alone is considerably less con-
straining and allows for an area in parameter space that cor-
responds to large values of the Hubble constant (as already
discussed in Planck Collaboration XIII 2016 and PDE15). The
dashed lines indicate the point corresponding to the ⇤CDM
model. The parametric equation of state given by Eq. (49) stays
out of the phantom regime (i.e., has w � �1) at all times only in
the (upper-right) unshaded region.

2008). These and other modified gravity models, typically also
change the behaviour of the perturbations.

Marginalized contours of the posterior distributions for w0
and wa are shown in Fig. 30. Note that CMB lensing has only
a small e↵ect on the constraints from Planck alone (see the pa-
rameter grid tables in the PLA). Using Planck data alone, a wide
volume of dynamical dark-energy parameter space is allowed,
with contours cut o↵ by our priors (�3 < w0 < 1, �5 < wa < 5,
and 0.4 < h < 1; note that Fig. 30 does not show the com-
plete prior range). However, most of the allowed region of pa-
rameter space corresponds to phantom models with very high
values of H0 (as discussed in PDE15); such models are inconsis-
tent with the late-time evolution constrained by SNe and BAO
data. This is illustrated in Fig. 30 which also shows constraints if
we add BAO/RSD+WL and BAO+SNe to the Planck TT,TE,EE
+lowE+lensing likelihood. The addition of external data sets
narrows the constraints towards the ⇤CDM values of w0 = �1,
wa = 0. The tightest constraints are found for the data combi-
nation Planck TT,TE,EE+lowE+lensing+BAO+SNe; the di↵er-
ence in �2 between the best-fit DE and ⇤CDM models for this
data combination is only ��2 = �1.4 (which is not significant
given the two additional parameters). Numerical constraints for
these data combinations, as well as �2 di↵erences, are presented
in Table 6. It is also apparent that for the simple w0, wa param-
eterization of evolving DE, Planck combined with external data
sets does not allow significantly lower values of S 8 or higher
values of H0 compared to the base-⇤CDM cosmology.

Fixing the evolution parameter wa = 0, we obtain the tight
constraint

w0 = �1.028 ± 0.032 (68 %, Planck TT,TE,EE+lowE
+lensing+SNe+BAO), (50)

Table 6. Marginalized values and 68 % confidence limits for cos-
mological parameters obtained by combining Planck TT,TE,EE
+lowE+lensing with other data sets, assuming the (w0,wa) pa-
rameterization of w(a) given by Eq. (49). The ��2 values for best
fits are computed with respect to the ⇤CDM best fits computed
from the corresponding data set combination.

Parameter Planck+SNe+BAO Planck+BAO/RSD+WL

w0 . . . . . . . . . . . . �0.961 ± 0.077 �0.76 ± 0.20
wa . . . . . . . . . . . . �0.28+0.31

�0.27 �0.72+0.62
�0.54

H0 [ km s�1Mpc�1] 68.34 ± 0.83 66.3 ± 1.8
�8 . . . . . . . . . . . . 0.821 ± 0.011 0.800+0.015

�0.017
S 8 . . . . . . . . . . . . 0.829 ± 0.011 0.832 ± 0.013

��2 . . . . . . . . . . . �1.4 �1.4

and restricting to w0 > �1 (i.e., not allowing phantom equations
of state), we find

w0 < �0.95 (95 %, Planck TT,TE,EE+lowE
+lensing+SNe+BAO). (51)

Here we only quote two significant figures, so that the result
is robust to di↵erences between the Plik and CamSpec likeli-
hoods.

For the remainder of this section, we assume ⇤CDM at the
background level (i.e., w = �1 at all times), but instead turn
our attention to constraining the behaviour of the dark sector
perturbations.

7.4.2. Perturbation parameterization: µ, ⌘

In the types of DE or MG models considered here, changes to
observables only arise via the impact on the geometry of the
Universe. At the level of perturbations, it is then su�cient to
model the impact on the gravitational potentials � and  , or,
equivalently, on two independent combinations of these poten-
tials (e.g., Zhang et al. 2007; Amendola et al. 2008). Following
PDE15 we consider two phenomenological functions, µ and ⌘,
defined as follows.

1. µ(a, k): a modification of the Poisson equation for  ,

k
2 = �µ(a, k) 4⇡Ga

2 ⇥⇢� + 3(⇢ + P)�
⇤
, (52)

where ⇢� = ⇢m�m + ⇢r�r, using comoving fractional density
perturbations �, and where � is the anisotropic stress from
relativistic species (photons and neutrinos).

2. ⌘(a, k): an e↵ective additional anisotropic stress, leading to
a di↵erence between the gravitational potentials � and  ,
defined implicitly through

k
2 ⇥� � ⌘(a, k) 

⇤
= µ(a, k) 12⇡Ga

2(⇢ + P)�. (53)

At late times, � from standard particles is negligible and we
find

⌘(a, k) ⇡ �/ . (54)

These definitions are phenomenological, in the sense that
they are not derived from a theoretical action. However, they
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only known technique to reach sensitivity to dark energy 

past current bounds in this coupling 

hopefully inspires improvements!

less sensitive to dark energy than 
dark matter since energy density is 
~105 smaller



1. Trapped ions are excellent detectors for millicharged 
particles with large cross sections.  Already set new limits, 
large improvements possible. 

2. Storage rings can detect axion dark matter (and even dark 
energy) in the lightest mass range

Conclusions





Backup



if millicharged particles exist, existing ion traps already reach well past previous bounds

Ion Traps as Detectors

significant improvements possible (e.g. highly charged ions, single events, ion crystals…)

to appear


