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We present a new design of highly specialized small storage rings for low energy polarized electron 
beams. The new design is based on the transparent spin methodology that cancels the spin precession 
due to the magnetic dipole moment at any energy while allowing for spin precession induced by 
the fundamental physics of interest to accumulate. The buildup of the vertical component of beam 
polarization can be measured using standard Mott polarimetry that is optimal at low electron energy. 
Systematic effects are suppressed using counter-rotating bunched beams with various polarization 
orientations. These rings can be used to directly measure the permanent electric dipole moment of the 
electron, relevant to CP violation and matter-antimatter asymmetry in the universe, and to search for 
dark energy and ultra-light dark matter.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.
1. Introduction

The electric dipole moment (EDM) is very sensitive to physics 
beyond the Standard Model and new sources of Charge-conjugation 
and Parity (CP) violation [1–3]. Such CP violation, beyond what is 
present in the weak interaction, could signal the presence of new 
physics and explain the puzzle of the matter-antimatter asymme-
try in the universe. However, there are no direct measurements 
of the electron or proton EDMs. The EDM upper limit of the elec-
tron (de < 4.1 × 10−30 e · cm, 90% C.L.) has been extracted from 
a measurement using HfF+ ion [4] while the proton limit was 
obtained using 199Hg atom [5]. Direct measurements of the EDM 
upper limits only exist for the neutron [6] and the muon [7] where 
the muon limit was measured in conjunction with the anomalous 
magnetic dipole moment, g − 2(≡ 2G).

Any measurement of EDM relies on measuring the spin pre-

cession rate in an electric field of a particle’s rest frame, d�S
dτ =

�μ × �Brest + �d × �Erest, where the magnetic dipole moment (MDM) 
and EDM are defined as �μ = (G + 1)

q
mc

�S and �d = η
2

q
mc

�S , q and 
m are the particle charge and mass, c is the speed of light, η
is the electric dipole factor, and �S represents spin in the parti-
cle’s rest frame. However, since an electric field leads to accel-
eration for charged particles, such measurement cannot be made 
while keeping the particle at rest. Therefore, to both apply an 
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electric field and trap a charged particle, a storage ring must be 
used. For a charged particle moving in transverse (�E⊥) and lon-
gitudinal (�E‖) electric and magnetic (�B) fields given in the lab 
frame, the generalized Thomas-BMT equation of spin precession 
is d�S

dt = ( �ωMDM + �ωEDM
) × �S with [8]:

�ωEDM = − ηq

2mc

(
1

γ
�E‖ + �E⊥ + �β × �B

)
, (1)

where �v ≡ �βc and γ are the particle’s velocity and Lorentz energy 
factor.

The basic principle of the EDM measurement in a ring relies on 
making MDM spin rotation effectively vanish. Observation of a spin 
rotation then indicates the presence of EDM. Strategies to cancel 
MDM spin precession can be formulated for particle motion along 
a closed reference design orbit, traditionally (but not necessarily) 
in a plane, that permit the effective stacking of the EDM preces-
sion turn by turn around the orbit. A flat reference orbit generally 
employs vertical magnetic (B y ) and horizontal transverse electric 
(Ex) fields. In the accelerator reference frame, spin then precesses 
due to MDM about vertical axis with angular frequency, ωy :

ωy,MDM = − q

mc

(
G B y − 1 − γ 2β2G

γ 2β
Ex

)
. (2)

Considering Eq. (2), two experimental approaches have been 
developed to compensate MDM spin rotation and thereby measure 
EDM in storage rings:
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Fig. 1. Layout of a two-energy ST storage ring for measuring the electron EDM (fig-
ure not drawn to scale). Only one of the two CR electron beams is shown. The ring 
uses only static electric fields (E‖ and E⊥) except for a single RF bunching cav-
ity. The high-energy arcs are floating at high voltage of 600 kV. Both vertical and 
horizontal polarization components can be simultaneously measured using a Mott 
polarimeter.

1. All-electric ring with B y = 0 and γ 2 = 1 + 1/G , described as 
the magic energy (ME) approach [9]. This works only for G > 0
(e.g., electron or proton) and at a very specific energy. Two 
experiments have been proposed to measure the proton EDM 
(dp) with a sensitivity of 10−29 e · cm at ME of 232.8 MeV in 
rings with ≥ 500 m circumference [10–14].

2. Combined electric/magnetic ring with G B y = (1 − γ 2β2G)/

(γ 2β)Ex . An experiment is planned to measure the deuteron 
(G = −0.143) EDM (dd) at 1.0 GeV/c with such a ring [15].

Notably, these experiments propose to measure dp and dd
but not de. In fact, there is no de proposal at ME (γ = 29.38, 
15.01 MeV) because there is no viable polarimetry at this electron 
beam energy.

This paper briefly presents a method to measure de in a small 
storage rings with beam energy below 1 MeV. More details can 
be found in Ref. [16]. It is based on the Figure-8 spin-transparent 
(ST) configuration [17,18] where the MDM signal is naturally sup-
pressed at any energy due to the ring topology and symmetry. 
Thus, there is no spin decoherence due to the beam energy spread. 
To reduce systematic effects, we consider an all-electric design 
with no magnetic fields to allow for two counter-rotating (CR) 
electron beams A and B (CRA and CRB) to circulate concurrently.

For EDM searches, the challenge consists of accounting for all 
systematic effects associated with field errors, beam emittances, 
and background magnetic fields that could mimic the EDM sig-
nal, and compensating for them. For example, one must eliminate 
the MDM spin effect due to closed orbit excursion and beam emit-
tances. Closed orbit excursion is always present in a real ring. Tech-
niques have already been developed for compensating the first and 
second order effects of imperfections on the spin in ST rings. They 
have been verified by simulations while designing polarized beams 
in Figure-8 rings for the Jefferson Lab Electron-Ion Collider [17]. 
The small-scale size of the proposed ring greatly simplifies the 
problem of error control.

2. EDM spin-transparent ring concept

The EDM ST ring illustrated in Fig. 1 consists of two low-energy 
and two high-energy arcs connected by longitudinal static electric 
2

Fig. 2. Magnitude of the EDM spin rotation per unit η per unit time �EDM as a 
function of γ1 and γ2 for the conceptual scenario.

field sections to provide acceleration/deceleration. They preserve 
suppression of the MDM effect but remove the degeneracy of the 
EDM spin precession. The beam directions in the two arcs of each 
energy are opposite making the net bending angle zero. A straight-
forward way to obtain the EDM spin rotation per turn N around 
the ring, ∂ |ψEDM|/∂N , is to treat the EDM signal as a perturbation 
of the MDM spin motion on the closed orbit [17]. Equation (1) can 
be readily used to find:

∂ |ψEDM|
∂N

=
∣∣∣∣∣2η

[
γ 2

2 β2

1 − γ 2
2 β2

2 G
− γ 2

1 β1

1 − γ 2
1 β2

1 G

− ln
γ2 +

√
γ 2

2 − 1

γ1 +
√

γ 2
1 − 1

⎤
⎥⎦ sin

(
ω1

M

2
π

)
sin

(
ω2

M

2
π

)∣∣∣∣∣∣∣ , (3)

with the spin rotation axis lying in the horizontal plane. A detailed 
derivation of Eq. (3) can be found in Ref. [16]. The quantity ωn

M in 
Eq. (3) is the spin precession due to MDM per unit orbital angle in 
transverse electric field given by ωn

M ≡ −(1 + G − γ 2
n G)/γn , where 

n = 1, 2 specifies γn in the two different energy regions.
The EDM spin rotation per unit η and unit time is �EDM ≡

∂2 |ψEDM|/∂η∂t = fc ∂2 |ψEDM|/∂η∂N where fc is the beam circu-
lation frequency. Fig. 2 shows �EDM as a function of γ1 and γ2
where we assumed bending and accelerating/decelerating electric 
fields of |E| = 10 MV/m and a packing factor of 0.5 (conceptual 
design scenario). Fig. 2 indicates that reaching a substantial EDM 
signal requires a significant difference between γ1 and γ2. As an 
example, for γ1 = 1.4 and γ2 = 2.6, corresponding to 200 keV 
beam from the electron source and the high-energy arcs floating 
at high voltage of 600 kV, �EDM = 0.46 × 109 rad/s.

For the ME racetrack approach, EDM spin precession per turn 
is �EDM = π/

√
G . Under the same field and packing factor as-

sumptions as above, �EDM = 1.47 × 109 rad/s. Thus, the above 
conceptual consideration provides an EDM spin rotation achievable 
in an ST ring that is only a factor of 3 smaller than that of an ME 
ring but with vastly smaller footprint, and other advantages. The 
particular ST ring design described below (and shown in Fig. 4) ac-
counts for practical aspects and results in �EDM = 0.29 ×109 rad/s, 
which is somewhat lower than in the conceptual case but is still 
in a reasonable agreement with it. The results of the ST and ME 
rings comparison are summarized in Table 1.

Assuming η = 6.0 × 10−19 (see Section 7), the expected EDM 
spin precession rate in the ST ring of Fig. 4 is ∂ |ψEDM|/∂t =
�EDM × η = 0.17 nrad/s. This rate is experimentally discernible 
given adequate suppression of systematic effects.

3. Optics design

Searching for an EDM signal requires detection of minute 
changes in the beam’s polarization. Therefore, the polarimeter 
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Table 1
Comparison of EDM spin rotations in the ME and ST rings.

Approach γ
∣∣∣ ∂2 |ψEDM |

∂η∂N

∣∣∣ �EDM

(rad) (×109 rad/s)

ME 29.38 92.24 1.47
ST (conceptual) (1.4, 2.6) 4.24 0.46
ST (of Fig. 4) (1.4, 2.6) 4.24 0.29

Fig. 3. Optics of the entire EDM ST ring showing the Twiss β functions in both 
planes (βx,y ) and the horizontal dispersion (Dx) along the ring.

must provide high-precision measurement of the polarization dur-
ing an experiment. With systematic effects suppressed as discussed 
in Section 8, the measurement precision is determined by the 
statistical error. Thus, one must store a sufficiently large num-
ber of particles in the ring. The statistical considerations for the 
polarimetry suggest the following procedure. Four bunches, each 
with 2 nC electron charge, are initially injected in each direction 
of circulation. The initial beam polarization is then immediately 
measured with good statistics reducing the bunch charge down 
to 1 nC (Ne = 6.24 × 109 of stored electrons). The reduced-charge 
bunches are stored for an extended period of time and their po-
larization is monitored for an EDM signal. The resulting statistics 
provides an adequate sensitivity level as discussed below.

3.1. Transverse dynamics

For the optical structure of the arcs of the ST ring, we rec-
ommend the design described in Ref. [19] which employs weak-
focusing optics. The horizontal focusing is set by the orbit bend ra-
dius, while the vertical one is provided by a weak vertical-focusing 
gradient of the electric field. The dispersion is controlled by chang-
ing the bending direction. The main drawback of this design is that 
the reverse bends do not contribute to the out-of-plane rotation 
of the EDM signal. However, this disadvantage is offset by a high 
packing factor compared to other designs.

We assume longitudinal fields of 5 MV/m and bending fields of 
≤ 10 MV/m on the design orbit. Small beam sizes are required to 
have sufficient beam aperture and to maintain long beam lifetime. 
Fig. 3 shows the resulting optics of the entire ring. The corre-
sponding footprint of the ring is shown in Fig. 4 and the main 
parameters of the ring design are summarized in Table 2.

3.2. Longitudinal dynamics

Beam bunching is necessary to distinguish and stochastically 
cool simultaneously-stored CR electron beams and as a means of 
efficient suppression of systematic effects. Therefore, a bunching RF 
cavity is inserted into the ring. In a matched equilibrium state with 
weak longitudinal focusing, each bunch has nearly constant length 
3

Fig. 4. Footprint of the EDM ST ring drawn to scale showing the high-energy arcs in 
blue, the low-energy arcs in green, and the longitudinal static electric field sections 
in red.

Table 2
EDM ST ring and beam parameters.

Quantity Value

γ1, γ2 1.4, 2.6
Ring circumference 3.55 m
Circulation frequency fc 68.5 MHz
Straight section length 12.3 cm
Beam pipe aperture ±3 cm
Longitudinal field

∣∣E‖
∣∣ 5 MV/m

Arc bending fields |E⊥| 3.3 − 10 MV/m
Number of bunches 4 CRA and 4 CRB
Charge per bunch 2 nC at injection,

1 nC at store
Beam current 274 mA CRA and CRB

Table 3
Longitudinal dynamics parameters for a stochastically cooled 
beam. The bunching cavity is placed in the low-energy section.

Quantity Value

Harmonic number 5
RF frequency 342.6 MHz
Bunch length 17.8 cm
Bunching voltage amplitude 1.67 kV
Synchrotron tune 0.029

and root-mean-square (rms) absolute momentum spread around 
the ring.

We choose a harmonic number of five providing sufficient 
bucket length for relatively intense bunches. Four of the buckets 
are filled while the fifth one is kept empty for the purposes of 
injection, extraction and ion cloud clearing. Considering densely 
populated buckets, we assume one quarter of the bucket length to 
be the rms bunch length. The equilibrium momentum spread at 
that bunch length is determined by a balance of the intra-beam 
scattering (IBS) diffusion and stochastic cooling as discussed in 
Section 4. For a cooled bunched beam with the bunching cavity 
placed in the low-energy section, the voltage required is given in 
Table 3 along with other key parameters relevant to the longitudi-
nal beam dynamics in the two-energy ring.

4. Beam physics issues and limitations

Measuring de to 10−30 e · cm level requires a relatively high 
stored charge of 1 nC in each bunch. In combination with our 
choice of low beam energies, IBS will cause large beam sizes. We 
use the optics shown in Fig. 3 and the ring parameters listed in 
Table 2 to estimate the emittance limitations imposed by IBS. We 
find transverse emittances and momentum spread [20,21] that give 
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Fig. 5. Beam sizes along the EDM ring when stochastic cooling is applied.

equal IBS growth times τ IBS
x/y/z of 104 s in the three dimensions. 

This corresponds to a fairly large maximum rms horizontal/vertical 
beam size of σx/σy = 25/19 mm.

To reduce beam sizes, we must apply stochastic cooling. A 
typical time of stochastic cooling, assuming the number of elec-
trons Ne of 6.24 × 109 and the cooling system’s bandwidth W
of 10 GHz [22–24], is τ cool

z ∼ Ne
2W ∼ 0.3 s. We conservatively use 

a longitudinal cooling time τ cool
z of 4 s. We assume that cooling 

is primarily longitudinal with 10% of the total cooling decrement 
coupled into the transverse dimensions. Since the IBS rates are de-
termined by the equilibrium with the cooling rates, we find trans-
verse emittances and momentum spread resulting in τ IBS

x = τ IBS
y =

40 s and τ IBS
z = 4 s. With stochastic cooling, the beam sizes are 

shown in Fig. 5, which are manageable.
Another potential limitation on the amount of stored charge 

comes from the betatron tune shifts �νSC
x/y due to space charge 

fields. Beam stability requires that |�νSC
x/y | do not exceed the space 

charge threshold |�νthr
x/y | of about 0.3 (or even higher [25,26]). Us-

ing the cooled beam parameters, the direct space-charge tune shift 
is �νSC

x/y = 3.4/4.2 × 10−2. More importantly, each stored beam 
experiences the field of the CR beam. Its local effect is a factor of 
γ 2(1 + β2) stronger than the self-field interaction. The resulting 
tune shift is a factor of about 6 greater than that of a single beam. 
Fortunately, it is still consistent with the typical threshold of 0.3.

We also investigated issues related to microwave instabilities of 
our low-energy electron beams. At these energies, the Coulomb 
intra-beam and CR beams interactions are dominant compared 
with influence of the external and radiation impedances. However, 
strong Landau damping due to the large energy spread at equilib-
rium prevents development of the Coulomb instabilities.

For electrons with γ = 2.6, the power radiated by a single 
electron in free-space is estimated to be about 0.3 keV/s and for 
γ = 29.38 (the ME case) the synchrotron radiation is about 35 
keV/s per single electron. For the new ST ring described here, 
at this low electron energy combined with the proposed vacuum 
chamber design, some shielding effect is expected that suppresses 
the emission of synchrotron radiation [27,28] such that the bunch-
ing cavity can easily compensate for this energy loss. In contrast, 
there is no such shielding effect in the magic energy ring and syn-
chrotron radiation is another major drawback when compared to 
the low energy ST ring.

Beam lifetime should be at least as long as the spin coherence 
time (SCT). As discussed above, stochastic cooling can overcome 
the IBS effect. Thus, the beam lifetime will be limited by other 
mechanisms. The vacuum level in such a small ring can be as low 
as 1 × 10−12 Torr (dominated by H2 molecules) [29] and residual 
gas scattering will not be a limiting factor. The total energy loss 
4

per electron due to interaction with residual gas molecules after 
1 day of store time is estimated to be 1.1 keV and, as in the case 
of synchrotron radiation, the bunching cavity will compensate for 
any energy loss. The expected lifetime due to the CR beam-beam 
interaction is estimated to be more than 1 day. No energy loss is 
expected here since the identical beams are moving in opposite 
directions, i.e., no energy exchange in the scattering but the emit-
tance is affected because of the angular distribution.

5. Spin stability and precision control

SCT is the time beam stays polarized in the storage ring. It is 
important to have a long SCT since this is the time available to ac-
cumulate and observe the EDM signal. After beam has been stored 
one unit of SCT, the second beam polarization measurement is 
performed. For the second polarization measurement, the second 
half of the beam is extracted on the polarimeter target. The proton 
EDM proposals at magic energy are limited by SCT of about 1000 
s [15], where depolarization is caused by the spread in MDM spin 
precession mainly due to energy spread and being slightly off ex-
act magic energy, while the beam lifetime is much longer. Since in 
our case the spin tune is energy independent, the energy spread 
does not contribute to depolarization in the first order. The main 
limitation comes from the spin tune spread due to the beam emit-
tances.

The spin motion in an ST ring is governed by a zero-integer spin 
resonance. The main parameter describing a spin resonance is its 
strength defined as the number of spin precessions per unit turn. 
The zero-integer spin resonance strength consists of coherent and 
incoherent parts. The coherent part is determined by the ring im-
perfections and is the same for all particles. Thus, it does not cause 
depolarization. It can be precisely compensated using weak cor-
recting elements and its residual effects can be further suppressed 
by comparing polarization dynamics of the CR beams. The limit 
on SCT is determined primarily by the incoherent part of the spin 
resonance εinc , which causes the spins of particles with different 
betatron and synchrotron amplitudes to precess at slightly differ-
ent rates. There are also other effects, such as spin diffusion due to 
stochastic cooling, that need further study.

The ST theory [30] still needs to be extended to electric rings 
to provide an analytic expectation for εinc in the proposed ring de-
scribed above. For now, we only provide an upper limit on εinc

based on the desired coherence time τcoh . Consider a particle with 
its motion invariants equal to the rms emittances of the bunch. 
Let us define τcoh as the amount of time it takes the spin of such a 
particle to deviate by 60◦ from its original direction. The spin com-
ponent of this particle along the initial spin direction is then equal 
to cos 60◦ = 1/2 of its original value. Since the number of turns it 
takes the spin to complete such a rotation is Ncoh = 1/(6εinc), εinc

must satisfy

εinc <
1

6τcoh fc
. (4)

For τcoh of 105 s (about 1 day) and fc of Table 2, Eq. (4) gives 
εinc < 2.4 · 10−14. Just for scale, such levels of εinc are reachable in 
magnetic ST rings even without applying any special suppression 
measures [31].

6. Polarized electron source and Mott polarimeter

Nowadays, polarized electron sources can deliver beam polar-
ization of 0.90 on a regular basis. Details about a polarized electron 
source can be found in Refs. [32–34].

The build-up of the vertical component of the electron beam 
polarization due to spin precession from longitudinal to vertical 
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. 
Fig. 6. Schematic of the Mott polarimeter.

caused by EDM can be measured using a conventional Mott po-
larimeter [35–38]. The polarimeter can simultaneously determine
both the horizontal and vertical asymmetries. The horizontal asym-
metry is sensitive to the vertical polarization component and thus 
the physics of interest while the vertical asymmetry will be used 
to monitor the horizontal polarization component. For 200 keV ki-
netic energy electrons scattered from 238U [39,40], the analyzing 
power of Mott scattering from a single atom can be as large as 
0.56 at scattering angle of 130◦ .

A schematic of a Mott polarimeter is shown in Fig. 6. The target 
is made of two 100 nm 238U foils with a low-Z substrate as a 
beam dump. The detectors cover the scattering angles from 90◦ to 
160◦ with full azimuthal coverage. For this design, the polarimeter 
efficiency (ε) is 0.0024 and the average analyzing power (A y ) is 
0.45.

7. Expected electron EDM statistical limit

One possible scheme to operate the EDM ST storage ring and 
perform Mott measurements is as follows:

• Ring is filled with four polarized electron bunches, each 2 nC, 
in one direction and another four bunches, each 2 nC, in op-
posite direction.

• Four possible filling schemes for CRA:
1. First bunch with positive helicity (CRA,+h), second bunch 

with negative helicity (CRA,-h), or
2. First bunch with negative helicity (CRA,-h), second bunch 

with positive helicity (CRA,+h).
3. Third bunch with in-radial polarization (CRA,+r), fourth 

bunch with out-radial polarization (CRA,-r), or
4. Third bunch with out-radial polarization (CRA,-r), fourth 

bunch with in-radial polarization (CRA,+r). Or,
5. Third bunch with up-vertical polarization (CRA,+v), fourth 

bunch with down-vertical polarization (CRA,-v), or
6. Third bunch with down-vertical polarization (CRA,-v), fourth 

bunch with up-vertical polarization (CRA,+v).
• Four possible filling schemes for CRB - similar to CRA.
• Use half the charge of each bunch to measure the initial bunch 

polarization at t = 0. Now, each bunch is 1 nC.
• Store for period of SCT = 1 day.
• The longitudinally polarized bunches will be used to measure 

EDM while the radial and vertical polarized bunches will be 
used to measure the systematic uncertainties related to back-
ground electromagnetic fields.

• EDM will accumulate a positive vertical polarization compo-
nent for (CRA,+h) and (CRB,-h) and negative vertical compo-
nent for (CRA,-h) and (CRB,+h).
5

Table 4
Parameters used to evaluate the statistical uncertainty of the EDM measurement.

Spin quantum number s 1
2

Electrons per fill Ne 5.0 × 1010

Longitudinal polarization P 0.90

Polarimeter efficiency ε 0.0024

Analyzing power A y 0.45

Spin rotation per η per time �EDM 0.29 × 109 rad/s

Spin coherence time SCT 1 day (86400 s)

• Measure left-right and up-down asymmetries at the end of 
store time, t = SCT by having the bunches intercept the Mott 
target.

• Measure scattered electron asymmetries of each beam in 
its back-angle detector. Forward scattered electrons will be 
stopped in the substrate. Target ladder will be electrically iso-
lated to measure intercepted charge from each bunch.

• Mott measurement statistical uncertainty of vertical polariza-
tion due to EDM spin precession per fill (CRA and CRB) is 
δP ≈ 0.020%.

• After total running of 1825 fills (or five years), achieve mea-
surement of vertical polarization due to EDM spin precession 
to statistical uncertainty of δP ≈ 4.7 × 10−6 or 4.7 μ rad.

For this polarization measurement scheme, the statistical un-
certainty of the EDM measurement per fill can be calculated 
as [11,41]:

σEDM = √
8

qsh̄

2mc

1√
Ne ε A y P �EDM SCT

. (5)

With the numerical values given in Table 4, σEDM = 2.5 ×10−28 e · cm
After five years of data taking, the projected statistical limit is 
about 5.8 × 10−30 e · cm (corresponding to η = 6.0 × 10−19) with 
the expectation that further optimization and improvements will 
lower this limit.

8. Systematic effects

Since the spin rotation due to EDM is much smaller than that 
of the MDM (η/G ≈ 10−15), uncontrolled MDM spin rotations limit 
the smallest EDM that can be measured and introduce systematic 
uncertainties [14,42]. In the ST ring, MDM spin rotations should 
average to zero over a single turn, however, fringe and background 
electromagnetic fields and errors in the construction and align-
ment of the ring elements may introduce non-zero MDM spin ro-
tations. One approach to further suppress residual MDM effects is 
the use of state-of-the-art shielding of background fields where the 
small size of the ST ring makes elaborate shielding very practical. 
Another approach relies on the fact that EDM is time-reversal vio-
lating while the majority of the experimental systematic effects are 
time-reversal conserving. The time-reversal is implemented by the 
use of CR beams. A third approach is to rely on the electron helic-
ity (±h) reversal and combine data collected during EDM measure-
ments as: ((CRA,+h) − (CRA,−h) + (CRB,−h) − (CRB,+h)) /4. Fi-
nally, a fourth approach will use two of the four bunches (with 
either radial or vertical polarization, as was discussed in the pre-
vious section) in each direction of the ring to control background 
electromagnetic fields. Not all systematic effects cancel with ei-
ther beam velocity or spin reversals, some systematic effects (e.g., 
a radial background magnetic field that generates a vertical spin 
rotation identical to EDM) mimic the EDM signal and these will re-
quire more study [11,13,14]. The expected systematic uncertainty 
of the Mott polarimeter is δP ≈ 1 μ rad, similar to the EDM po-
larimeter at COSY [43].
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9. Dark energy and ultra-light dark matter search

As in the ME based design, the low energy ST storage ring can 
also be used to search for spin precession induced by dark energy 
and ultra-light (axion) dark matter (DE/DM). The axion field gradi-
ent couples to the spin of transversely polarized electrons stored 
in the ring with a sensitivity proportional to the relativistic beam 
velocity, β , and SCT [44]. Since the proposed ST ring has a small 
size, one ring can be used to store longitudinally polarized elec-
trons to measure EDM while a second ring can be used to store 
transversely polarized electrons for DE/DM search. Unlike the EDM 
ring, for the DE/DM ring, one can use an identical ring to EDM, or 
Figure-8 electric ring without longitudinal electric fields. For this 
search, the spin rotates around the electron’s velocity and the main 
systematic uncertainty is longitudinal background magnetic field 
that rotates the spin of the CRA and CRB beams in the same direc-
tion. However, DE/DM interaction will rotate the spin in opposite 
directions, resulting in cancellation of this background effect when 
combining CRA and CRB data.

Another method to probe dark matter is to measure oscillation 
in the EDM signal in the presence of an axion field [41,45,46].

10. ST concept developments in progress

A similar ring to the one discussed above can be used to mea-
sure the positron EDM. Generating and accumulating polarized 
positron bunches have been extensively studied in relation to other 
projects [47] and was found to be very achievable. The ST ring con-
cept could potentially be extended to low-energy polarized proton, 
deuteron, and muon beams using rings of comparable dimensions 
to those described here for electrons, although for this all-electric 
design, it is harder to create a substantial difference in γ for heavy 
particles. At a minimum, the all-electric, two-energy design pre-
sented here can serve as a testbed for EDM searches of these other 
particles. Also, one may consider a low-energy ST ring based on an 
electro-magnetic design [16]. The advantages of accessibility, low 
cost, and simplicity of beam and polarization control and diagnos-
tics might outweigh the disadvantage of the absence of a CR beam.

Techniques of compensation and control for spin coherent and 
decoherent detunes due to background magnetic fields, imperfec-
tions, and beam emittances are under consideration by several 
collaborations. In particular, an intriguing possibility of implement-
ing the Spin Echo technique [48] in low-energy rings with bunched 
beams is under study [16].

11. Summary

We described a new method to directly measure de to pro-
jected statistical limit of about 5.8 × 10−30 e · cm and to search 
for DE/DM using small ST rings in the energy range below 1 MeV. 
The presented approach has the following advantages: CR beams, 
energy-independent spin tune, long SCT, bunched beam, any en-
ergy, spin-achromatic beam transport, no synchrotron radiation, 
minimum safety issues, straightforward polarimetry, room-sized 
facility, good control of systematic effects and imperfections in-
cluding background magnetic fields, manageable, low cost, and fi-
nally, such rings can serve as testbed for larger-scale experiments.
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