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Measurements of electric dipole moment (EDM) for light hadrons with use of a storage ring have
been proposed. The expected effect is very small, therefore various subtle effects need to be considered.
In particular, interaction of particle’s magnetic dipole moment and electric quadrupole moment with
electromagnetic field gradients can produce an effect of a similar order of magnitude as that expected
for EDM. This paper describes a very promising method employing an rf Wien filter, allowing to
disentangle that contribution from the genuine EDM effect. It is shown that both these effects could be
separated by the proper setting of the rf Wien filter frequency and phase. In the EDM measurement the
magnitude of systematic uncertainties plays a key role and they should be under strict control. It is
shown that particles’ interaction with field gradients offers also the possibility to estimate global
systematic uncertainties with the precision necessary for an EDM measurement with the planned
accuracy.
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I. INTRODUCTION

A storage ring can be used to search for an electric dipole
moment (EDM) of charged particles [1]. The main idea of
such a measurement is to observe build-up of vertical
polarization induced by an EDM for the initially horizontally
polarized beam. Various measurement scenarios are consid-
ered. It has been proposed [2] to use longitudinally polarized
protons stored in a purely electrostatic ring. With a proper
choice of the electric field, the (g − 2) precession vanishes
and the horizontal spin is always alignedwith themomentum
vector—therefore it is called “frozen-spin”method.With the
proper combination of electric and magnetic fields this
method could be applied also for deuterons where the
(g − 2) anomaly is negative. Dedicated experiments utilizing
this method have been proposed at BNL [3] with the aimed
EDM precision of 10−29 e cm for protons and deuterons. For
particles with small anomalous magnetic moment, like
deuteron, the “quasi-frozen-spin” method could be applied
[4,5]. In this method the spin rotates in the horizontal plane,
which reduces the EDM signal by a few percent. The
resonance method for EDM measurements in storage rings
[6] was also proposed. The idea is to use oscillating electric
field in resonancewith planar spin precession. In this case the
nonvanishing EDM induces a growing vertical polarization.

In the “partially-frozen-spin” method an rf Wien filter is
included in a storage ring dedicated to EDM measurement
[7]. It was shown that for the initially horizontally polarized
particles with the proper choice of rf Wien filter frequency
and phase, the EDM produces vertical polarization linearly
growing with time.
The JEDI Collaboration (Jülich Electric Dipole Moments

Investigations) [8] has been formed to demonstrate the
feasibility of the EDM measurement with use of a storage
ring and to perform the necessary developments towards the
design of a dedicated storage ring [9]. Themethod with an rf
Wien will be utilized in the planned precursor experiment at
the COSY synchrotron [10], therefore the present paper
focuses on various aspects of this method.
While with the most sensitive methods the statistical

accuracy allowing to reach a sensitivity of 10−29 e cm for
EDM could be reached in a few months of measurement,
the major issue is a control on the systematic uncertainties.
Various sources of systematic error were discussed in
Ref. [1]. The Wien filter misaligment as a source of
systematic uncertainty is discussed in Ref. [7] as an effect
specific for “partially-frozen-spin” method. More detailed
discussion of systematics in various EDM measurement
scenarios is presented in Refs. [11,12]. As a major source
of systematic error the rotation of the dipole magnets was
identified. This type of ring imperfections leads to
unwanted spin rotations that may mimic the EDM effect.
Recently a novel method to study the systematic effects of
the field imperfection was developed [13], allowing us to
determine the angular orientation of the stable spin axis
with high accuracy. Depending on the proposed technique
of the measurement various methods to verify the
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systematics have been proposed, none of them fully
satisfactory. Here a new method of controlling the system-
atics in the EDM measurement is proposed, requiring only
minor changes in the experimental conditions.
In any storage ring that could be used for the EDM

measurement the electromagnetic field gradients are nat-
urally present. For a particle possessing a magnetic dipole
moment (MDM) and/or electric quadrupole moment
(EQM), additional spin precession occurs due to their
interaction with field gradients. The values of MDM for
proton and deuteron are known with the accuracy of 10−8

[14] and EQM for deuteron is known with the accuracy of
10−3 (EQMd ¼ 0.28590ð30Þ e cm2 [15,16]). This accuracy
is sufficient to make use of the MDM and EQM inter-
action with field gradients to control systematic uncertain-
ties in the EDM measurement to the level much lower than
necessary to reach the 10−29 e cm sensitivity. Reproducing
the known values of MDM and EQM in the storage ring
measurement would demonstrate that all the systematics is
well under control. In the present paper the field gradients
effect will be always compared to the goal accuracy of
10−29 e cm for the EDM determination.
In Sec. II the equations of motion and spin precession

generalized by MDM and EQM interaction with field
gradients are discussed. Section III is devoted to analytical
solution of the spin precession equations for deuterons
circulating in a storage ring equipped with rf Wien filter.
Numerical calculations for EDM and EQM effects for a
simple storage ring are given in Sec. IVand a discussion of
the results is presented in Sec. V.

II. EQUATIONS OF MOTION AND SPIN
PRECESSION IN NONUNIFORM FIELDS

In the description of particle’s motion in storage rings a
standard Lorentz force is used, and for the description of
the spin precession the Bargmann-Michel-Telegdi (BMT)

equation [17] is applied. These equations are valid in
homogeneous fields or when the interaction of MDM
and EQM with the field derivatives can be neglected.
This approach is sufficient for the description of particle’s
motion and spin precession induced by MDM to the first
order. However, when considering the very small effect
of spin precession induced by the EDM interaction, the
second order terms containing electromagnetic field
gradients must be considered.
These second-order effects induce additional interaction

of the MDM with field gradients, changing therefore the
equation of motion and, more importantly, modifying the
spin precession equations. Further additional terms need to
be introduced when considering particles possessing a
nonvanishing electric quadrupole moment (as e.g. deu-
teron), which also interacts with electromagnetic field
derivatives. The extension of the BMT equation by these
additional terms was shown by Good [18], and later on
different derivations were presented in [19,20]. In Ref. [20]
the BMT equation was further extended considering the
EDM effects and the recent derivation dedicated to the
EDM problem can be found in Ref. [21].
The part of the spin precession equation corresponding

to MDM and EQM interaction with field gradients in
Ref. [18] was derived in terms of classical electrodynamics.
For particles with spin larger than 1=2 this result is
inconsistent with the quantum mechanical approach of
Refs. [22,23]. While it is not a place to discuss this
discrepancy, the spin motion equation from Ref. [18] is
used in a present paper. However, it should be mentioned
that the final result is by a factor of γ2 smaller when using
the equation from Refs. [22,23].

A. Equation of motion

The equation of motion supplemented with MDM and
EQM interaction with field derivatives has the form [18]

mc
dðγβ⃗Þ
dt

¼ eE⃗þ ecβ⃗ × B⃗þ g
eℏ
2mc

Iγ

�
∇⃗þ β⃗ × ðβ⃗ × ∇⃗Þ þ β⃗

∂
c∂t

��
s⃗ ·

�
ðγ − 1ÞcB⃗ −

γ2c
γ þ 1

ðβ⃗ · B⃗Þβ⃗ − γβ⃗ × E⃗

��
; ð1Þ

where I is a particle spin and s⃗ is a unit spin vector. The first
two terms in Eq. (1) correspond to Lorentz force, and the
third term describes the MDM interaction with field
derivatives. The field gradients in this equation occur
due to the ∇⃗ operator acting on B⃗ and E⃗ fields. For
time-dependent fields there is an additional term with the
time derivative ∂=∂t. The equation of motion does not
contain terms with EQM interaction with field derivatives.
Checking the coefficients at the Lorentz force and the

third term of Eq. (1) it is seen that the effect of the field
gradients is by 16 orders of magnitude smaller than that for
the Lorentz force. Therefore the effects of field gradients in

the equation of motion can be usually neglected. In some
specific cases, however, they become important, especially
when dealing with measurements of very small effects,
such as those induced by EDM. In particular it was shown
[24] that due to the Stern-Gerlach effect a stored ion beam
can be polarized by spatial separation of particles with
different spin projections.

B. Spin precession equation

The BMT spin precession equation extended by MDM
and EQM interaction with field derivatives [18] and
including the terms generated by EDM [21] reads
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ds⃗
dt

¼ e
mc

s⃗ ×

��
g
2
− 1þ 1

γ

�
cB⃗ −

�
g
2
− 1

�
γc

γ þ 1
ðβ⃗ · B⃗Þβ⃗ −

�
g
2
−

γ

γ þ 1

�
β⃗ × E⃗

�

þD
ℏ
s⃗ ×

�
E⃗ −

γ

γ þ 1
ðβ⃗ · E⃗Þβ⃗ þ cβ⃗ × B⃗

�

þ geIℏ
2m2c2

γ

γ þ 1
½s⃗ × ðβ⃗ × ∇⃗Þ�

�
s⃗ ·

�
cB⃗ −

γc
γ þ 1

ðβ⃗ · B⃗Þβ⃗ − β⃗ × E⃗

��

þ Qγ

ℏð2I − 1Þ
�
s⃗ ·

�
∇⃗þ γ

γ þ 1
β⃗ × ðβ⃗ × ∇⃗Þ þ β⃗

∂
c∂t

���
s⃗ ×

�
E⃗ −

γ

γ þ 1
ðβ⃗ · E⃗Þβ⃗ þ cβ⃗ × B⃗

��
; ð2Þ

where D is a value of the electric dipole moment andQ is a
value of the electric quadrupole moment. The first term in
Eq. (2) corresponds to the standard BMT equation, the
second term occurs due to the EDM effect, the third term
describes the MDM interaction with field gradients and the
fourth term is due to the EQM interaction with field
derivatives. For a particle with spin 1=2 (e.g. for proton)
the electric quadrupole moment is equal 0, hence the spin
precession equation reduces to the first three terms only.
The coefficients in the last three terms of Eq. (2) for

particles for which the EDM measurements are planned
(proton and deuteron) are of the same order of magnitude.
This means that to reach the aimed precision of D ¼ 10−29

e cm in the planned EDM measurement one cannot neglect
the effects of MDM and EQM interaction with field
derivatives. Additionally, for realistic experimental con-
ditions, the term with time derivative ∂=∂t is much smaller
than terms with field gradients and therefore can be
neglected. Remaining terms are by 15-16 orders of mag-
nitude smaller than the leading first term corresponding to
standard BMT equation.

III. SOLUTION OF SPIN PRECESSION EQUATION
WITHIN A SIMPLE MODEL

The spin precession equation (2) can be solved numeri-
cally together with the equation of motion (1) using one of
the existing tracking codes. However, presently none of the
existing tracking codes provides the information on the spin
precession in the presence of the field gradients. Inclusion
of their effect on spin precession would allow to obtain an
exact solution, provided the field spatial distributions are
known with sufficient precision and a sufficient numerical
accuracy can be reached, which would require large effort.
Nevertheless an analytic solution, even within a simplified
model, provides greater insight into results obtained with
numerical solution. In the present paper such an analytic
solution for a specific case was found using the
Mathematica software [25].
In Ref. [7] a simple model for “partially-frozen-spin”

method proposed for the EDM measurement was pre-
sented. In this model the particles circulate in the homo-
geneous static main field. In addition, there is an rf Wien

filter uniformly distributed along the particles trajectory.
Initially the particles are polarized horizontally in the plane
of the trajectory. For the particles moving on the reference
orbit an approximate solution of spin precession equation
was presented for the electric and magnetic field of the Wien
filter oscillating harmonically with the frequency equal to
spin precession frequency. In this case for the particles with
initial horizontal polarization, the EDM manifests itself as
vertical polarization linearly increasing with time.
In the following, the simple model presented in Ref. [7]

was extended by considering an rf Wien filter covering only
a small part of particles orbit in a purely magnetic ring.
Moreover, realistic distribution of magnetic field including
field gradients was considered. This allows to identify
properly all resonance frequencies of the rf Wien filter for
whichEDMshowsupas a linear grow-upwith timeofvertical
polarization. For a realistic field distribution in a natural way
the field gradients are present, which allows to analyze the
field gradients effects. To the best of our knowledge no such
analysis has been performed and published before. Results of
such analysis performed by author were presented on JEDI
collaboration meetings [26]. While generally all field gra-
dients should be considered, here the analysis is limited only
to the derivative ∂B⃗=∂z of a fringe field of dipole magnets.
For the particles moving on a reference orbit the presence of
these gradients cannot be avoided due to the finite size of
the magnets. Then in Eq. (2) for the particles with initial
horizontal polarization the only term with field derivatives
which remains is the one with EQM.
A pure magnetic ring with only vertical B⃗ field is consi-

dered for simplicity without loss of generality. The standard
coordinate system is used with x̂ pointing radially, ŷ per-
pendicular to the trajectory plane and ẑ along the particle
momentum. With the orbital (revolution) frequency ωo
the spin precession frequency in the main field is ωs ¼
γωoðg − 2Þ=2. The main magnetic field has only vertical
componentB0, theWien filtermagnetic field has only vertical
componentB0w and radial electric field componentE0w. The
amplitudes of the Wien filter fields are related by E0w ¼
βcB0w, and Wien filter fields oscillate harmonically with
frequency ω. The shape of bending dipoles field distribution
and their gradients are represented by Fourier series:
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BðtÞ ¼ R0

2
þ
X∞
j¼1

Rj cos jωot; ð3aÞ

GðtÞ ¼ βc
ωo

dB
dz

ðtÞ ¼ −
X∞
j¼1

jRj sin jωot: ð3bÞ

The particle moving on the reference orbit will pass theWien
filter limited in spacewith the orbital frequencyωo. Therefore
it is convenient to represent the shape of theWien filter fields
by the Fourier series

BwðtÞ ¼
EwðtÞ
βc

¼
�
W0

2
þ
X∞
m¼1

Wm sinðmωotþ φmÞ
�
cosðωtþ ϕÞ;

ð4Þ
where ϕ is a phase of Wien filter field at time t ¼ 0 and the
Fourier coefficients Wm are calculated using a function
describing Wien filter distribution along particle trajectory.
The following definitions are used:

ωW ¼ eg
2mγ2

B0w ð5Þ

ωe ¼
Dβc
ℏ

B0 ωg ¼
Qγ

ℏ
ωoB0 ð6Þ

where ωW—spin precession frequency due to Wien filter,
ωe—spin precession frequency due to EDM and ωg—spin
precession frequency due to fringe field of dipole magnets
in the ring. There is no EQM interaction with theWien filter
gradients since their effect cancels due to relation between
electric and magnetic field of the Wien filter.
With all these definitions the spin precession equations

have the following form:

dsx
dt

¼ ΩðtÞszðtÞ ð7aÞ
dsy
dt

¼ −ωeBðtÞszðtÞ þ ωgGðtÞs2zðtÞ ð7bÞ

dsz
dt

¼ −ΩðtÞsxðtÞ þ ωeBðtÞszðtÞ þ ωgGðtÞs2zðtÞ; ð7cÞ

where ΩðtÞ, describing precession of the longitudinal spin
component, is given by Eq. (8)

ΩðtÞ¼ωs

�
1þ 2

R0

X∞
n¼1

Rn cosnωot

�

−ωW

�
W0

2
þ
X∞
m¼0

Wm sinðmωotþφmÞ
�
cosðωtþϕÞ:

ð8Þ

Since ωe and ωg are several orders of magnitude smaller
than other terms, they can be neglected in Eq. (7c). With
this approximation only Eqs. (7a) and (7c) are coupled and
this set of equations can be solved analytically. The initial
conditions for time t ¼ 0 are assumed to be sxð0Þ ¼ 0
and szð0Þ ¼ 1. The EDM signal and the effect due to
the EQM interaction with field gradients could be observed
by measurement of vertical polarization sy described by
Eq. (7b). There only szðtÞ spin component has to be known,
and therefore only the formulas for this component will be
presented. Moreover, only the solution for szðtÞ valid for
ω ≠ �nωo will be considered. The special case with ω ¼
�nωo will not be discussed further since it results in the
vertical polarization syðtÞ modulated by fast-oscillating
harmonic functions, and therefore its time average gives
vertical polarization equal zero.
The Taylor expansions about point ωW ¼ 0 for the

solution of Eqs. (7a) and (7c) is applied. For realistic
Wien filter fieldsωW is small, therefore this expansion up to
first order given by Eqs. (9a) with Φ given by Eq. (9b) and
VðtÞ given by Eq. (10) is used further. Finally the Taylor
expansion about pointΦ ¼ 0 for szðtÞ and s2zðtÞ (neglecting
small terms with V2ðtÞ ∝ ωW) is performed with the results
given in Eqs. (11).

szðtÞ ¼ cosðωstþΦÞ þ VðtÞ sinðωstþΦÞ; ð9aÞ

Φ ¼ 2ωs

R0ωo

X∞
n¼1

Rn

n
sin nωot; ð9bÞ

VðtÞ¼ωWW0

2ω
ðsinðωtþϕÞ−sinϕÞ

−
ωW

2

X∞
m¼1

Wm

�
cosððmωo−ωÞt−ϕþφmÞ−cosðϕ−φmÞ

mωo−ω
þcosððmωoþωÞtþϕþφmÞ−cosðϕþφmÞ

mωoþω

�
: ð10Þ

szðtÞ¼
X∞
k¼0

cos

�
ωstþk

π

2

�
Φk

k!
þVðtÞ

X∞
k¼0

sin

�
ωstþk

π

2

�
Φk

k!
; ð11aÞ
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s2zðtÞ ¼
�X∞

k¼0

cos

�
ωstþ k

π

2

�
Φk

k!

�
2

þ VðtÞ
X∞
k¼0

sin
�
2ωstþ k

π

2

�
2kΦk

k!
: ð11bÞ

Time evolution of a vertical polarization induced by EDM
is calculated by integration over time the product of
magnetic field of Eq. (3a) and szðtÞ given by Eq. (11a)
and EQM effect is described by time integral of the product
of field gradients Eq. (3b) and s2zðtÞ given by Eq. (11b)

sEDMy ðtÞ ¼ ωe

Z
t

0

Bðt0Þszðt0Þdt0; ð12Þ

sEQMy ðtÞ ¼ ωg

Z
t

0

Gðt0Þs2zðt0Þdt0: ð13Þ

Before performing integration the expressions for szðtÞ
and s2zðtÞ are reduced to polynomials in cosðωotÞ and
sinðωotÞ representing cosðmωotÞ and sinðmωotÞ by
Chebyshev polynomials of the first and second kind,
respectively, and the multinomial theorem is used. Then
it is easy to find out that for the EDM signal for

ω ¼ nωo � ωs and for the EQM signal for ω ¼ nωo �
2ωs the only integrals given by Eq. (14) have terms
proportional to time t, where ωx stands for ωs in case of
Eq. (12) and for 2ωs in case of Eq. (13)
Z

t

0

cos2ωxt0cosnωot0dt0 ¼
Z

t

0

cos2ωxt0sinnωot0dt0

¼
Z

t

0

sin2ωxt0cosnωot0dt0

¼
Z

t

0

sin2ωxt0sinnωot0dt0

¼ 1

2nþ1

�
n

n=2

�
t

þ harmonic functions: ð14Þ

Time average of the terms with harmonic functions in
Eq. (14) equals zero and the signals for EDM and EQM are
proportional to time. Keeping only the term proportional to
time the results of the integration in Eqs. (12) and (13) may
be represented by formulas for EDM (ω ¼ nωo � ωs)
given by Eq. (15) and for EQM (ω ¼ nωo � 2ωs) given
by Eq. (16)

sEDMy

t
¼ �ωeωW

8

X∞
k¼0

1

k!

�
∓ ωs

R0ωo

�
k
�
W0Dk;0 cosϕ
nωo � ωs

þ
X∞
m¼−∞
m≠0

WjmjDk;msgnm sinðϕ − φjmjsgnmÞ
ðm − nÞωo ∓ ωs

�
;

D0;m ¼ Rjn−mj and Dk;m ¼
X∞
j1¼−∞
j1≠0

Rjj1j
j1

� � �
X∞
jk¼−∞
jk≠0

Rjjkj
jk

Rjn−mþj1þ���þjkjsgn
�Yk

i¼1

ji

�
; ð15Þ

sEQMy

t
¼ �ωgωW

8

X∞
k¼0

1

k!

�
∓ 2ωs

R0ωo

�
k
�
W0Qk;0 sinϕ
nωo � 2ωs

−
X∞
m¼−∞
m≠0

WjmjQk;msgnm cosðϕ − φjmjsgnmÞ
ðm − nÞωo ∓ 2ωs

�
;

Q0;m ¼ ðn −mÞRjn−mj and Qk;m ¼
X∞
j1¼−∞
j1≠0

Rjj1j
j1

� � �
X∞
jk¼−∞
jk≠0

Rjjkj
jk

�
n −mþ

Xk
i¼1

ji

�
Rjn−mþj1þ���þjkjsgn

�Yk
i¼1

ji

�
: ð16Þ

It is seen that EDM and EQM induced vertical polari-
zation grow-up with time is described by the same
parameters, except for the normalization factor depending
on the strength of EDM and EQM. Both these effects are
separated by Wien filter frequency ω and phase ϕ.
Therefore EDM and EQM could be measured independ-
ently with only minor changes in Wien filter parameters
without affecting particles trajectories.

IV. NUMERICAL RESULTS

The magnitude of vertical polarization build-up with
time caused by various effects can be easily estimated using
simple modeling of a Wien filter and ring dipoles field

distribution. Each of those fields is approximated by a
standard analytic midplane field profile for a soft edge 2D
dipole given by Eq. (17)

bðzÞ ¼ 1

2

�
tanh

π

2a
ðzþ LÞ − tanh

π

2a
ðz − LÞ

�
; ð17Þ

where 2L is a pole width and 2a is a full pole gap.
The numerical calculations are performed for deuteron

beam with momentum of 1000 MeV=c. As an example the
simple symmetric and periodic lattice consisting of eight
identical bending dipoles with B0 ¼ 1.5 T field is consid-
ered. The bending magnets are grouped in pairs with a drift
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space of 1.5 m between them. A drift space between pairs
of dipoles is 10 m, 20 m, 10 m, and 20 m. The total length
of the lattice is C ¼ 80 m and coordinate z ¼ 0 is in the
middle of drift space between first two pairs of dipoles. The
rf Wien filter length is 2 m with the maximum magnetic
field B0w ¼ 0.05 mT and corresponding maximum electric
field E0w ¼ 7.05 kV=m. The magnetic field distribution of
bending dipoles and Wien filter located at zWF ¼ C=4 are
shown in Fig. 1.
Since the results for both signs in Wien filter frequency

ω ¼ nωo � ωs (EDM) and ω ¼ nωo � 2ωs (EQM) are
very similar, only results for the upper sign will be
discussed here.
The indices k, j and m in Eqs. (15) and (16) are running

up to infinity. Therefore it is necessary to check conver-
gence of the results as a function of truncation values of
corresponding indices kmax, jmax andmmax for variousWien
filter positions and frequencies. The results of convergence
test for the Wien filter located at zWF ¼ C=2 and for
frequency ω ¼ ωo þ ωs for EDM and ω ¼ ωo þ 2ωs for
EQM are presented in Fig. 2 for kmax ¼ 2 and jmax ¼ mmax
varying from 0 to 20 in case of EDM and from 0 to 300 for
the EQM signal. These results are normalized to maximum
values sEDMy ðmaxÞ=t and sEQMy ðmaxÞ=t calculated for
kmax ¼ 2 and jmax ¼ mmax ¼ 300. It is seen that for
EDM it is sufficient to use k ¼ 0 and small jmax ¼ mmax
values to obtain the result with an accuracy better than 1%.
In case of the EQM signal the result for k ¼ 2 contribute to
about 2%, therefore k ¼ 0, 1 are sufficient with sums over j
and m in Eq. (16) running to approximately 150 to obtain
2% accuracy. Anyhow, in all calculations for which results
are presented below the series in Eqs. (15) and (16) were
truncated at kmax ¼ 2 and jmax ¼ mmax ¼ 300.
The resulting signals sEDMy =t and sEQMy =t are functions of

Wien filter phase ϕ only and this relation depends on the
position of the Wien filter in the lattice and on the Wien filter frequency ω i.e. on index n in Eqs. (15) and (16). The

behavior of the EDM and EQM signals was investigated in
detail for various Wien filter positions zWF=C ¼ 1=2; 1=3
and fixed frequency equal to ω ¼ ωo þ ωs for EDM and
ω ¼ ωo þ 2ωs for EQM, as well as for fixed position
zWF=C ¼ 1=4 and various frequencies defined by index
n ¼ 1, 2. The results of these calculations are presented in
Fig. 3. For a given Wien filter position and frequency the
maximal signal was obtained with a proper choice of the
phase ϕ and changing the phase by π the signal change
its sign. For any Wien filter position and frequency the
function describing the EDM and EQM signals are shifted
in phase by π=2.
For a fixed Wien filter frequency the absolute value of

the EDM and EQM signals does not depend on the Wien
filter position, however it changes slightly with Wien filter
frequency. In Fig. 4 for a fixed phase (ϕ ¼ 0 for EDM and
ϕ ¼ π=2 for EQM) the maximal signal dependence on
Wien filter frequency is presented. Changing the index n
defining Wien filter frequency the maximal signal changes
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sign but the absolute value remains almost constant.
Changing the index n from 0 to 10 the absolute maximum
value of the EDM and EQM signals decreases by
about 10%.
The presented results demonstrate the importance of the

choice of phase of the Wien filter to maximize the signal.
As shown in Fig. 3 this phase depends on the Wien filter
position and frequency. For the Wien filter located at a drift
space between lattice dipoles the phase changes linearly
with the Wien filter position and after passing the bending
dipoles it increases by ωs=ωo · π=2 in the EDM case and by
ωs=ωo · π for the EQM signal. The Wien filter phase for
maximal signal as a function of Wien filter position is
shown in Fig. 5 for the EDM and EQM signals for Wien
filter frequency with n ¼ 1. Similar dependence can be
found for other Wien filter frequencies.
Similar analysis was performed also for COSY synchro-

tron, where the precursor EDM experiment is planned [10].
Generally all the features discussed for simple lattice holds

also in case of COSY. The only major difference is that
expected EQM signal is by factor about 14 smaller than the
goal EDM signal of 10−29 e cm.

V. CONCLUSION

The vertical spin component induced by EDM in a
storage ring containing a Wien filter was considered in a
simple but realistic model. For the first time the influence of
the EQM interaction with field gradients on the vertical
spin component was analyzed. The resonant Wien filter
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frequencies for EDM and EQM interacting with dipoles
gradients were identified. It was shown that the EDM and
EQM effects are separated by different Wien filter resonant
frequency and phase.
It was shown that the strength of the EDM and EQM

signals have similar order of magnitude (in the considered
case of a simple lattice sEDMy =sEQMy ¼ 4.4). Therefore the
EQM—gradients interaction could be used for studying
the magnitude and sources of systematic uncertainties in
EDM measurements. In the storage ring designed to reach
10−29 e cm accuracy for EDM, reproducing deuteron
EQM value known with precision of 10−3 should pin
down the systematic uncertainty to 10−32 e cm. This would
allow us to reach the region of standard model prediction
for the EDM value. Therefore it is proposed to perform the
final EDM measurement with quasisimultaneous monitor-
ing of the systematic uncertainties with minor modifica-
tion of the experimental conditions. The measurement
could be performed by setting in subsequent machine
cycles the Wien filter operating conditions maximizing
the EDM–ad EQM-induced effects. In this way the time
variation of the experimental conditions during long
measurements could be also monitored. One should
consider measurement at several Wien filter frequencies
since both EDM and EQM signals change sign by
changing Wien filter frequency by orbital frequency. It
would allow an additional cross-check of the estimated
systematic uncertainties.
The results of the present analysis demonstrate that the

measurements of the MDM and EQM interaction with field
gradients could be very useful for studying the systematics
in high precision EDM measurements. While here only
consequences for one specific method of EDM measure-
ment were considered, similar studies should be performed
for other proposed methods.
While the presented model could quite well predict the

general features of the storage ring EDM measurement
including EQM interaction with field gradients, a more
advanced calculations with the tracking codes are neces-
sary. Therefore it is called for the extension of the existing
tracking codes by including MDM and EQM interaction
with field gradients. The presented analytic solution could
be used to benchmark the tracking codes, when they have
been supplemented by effects related with the presence of
field gradients.
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