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Permanent electric dipole moments (EDM) in elementary particles would violate CP-symmetry.
The JEDI (Jilich Electric Dipole moment Investigations) collaboration will measure the EDM of
charged hadrons using a storage ring. To keep the spin oscillation in phase with an external fre-
quency, which is a requirement for EDM measurements in magnetic storage rings, an active feedback
system was developed and tested with a polarized deuteron beam at the Cooler Synchrotron (COSY).

The feedback system determines the spin polarization using information from the polarimeter
EDDA. Data measured over a time of about one second are analyzed to determine the necessary
correction. The phase of the spin rotation is continuously adjusted by modifying the accelerator
frequency, which changes the beam velocity and hence the rate of spin precession.

The effects of the EDM in a storage ring were mimicked using an RF solenoid whose frequency
was locked with respect to the spin oscillation. Like an EDM, the solenoid gradually tilts the spin

from a horizontal to a vertical direction.

The results of the feedback system tests demonstrate that the method is suitable for a proof-of-
principle experiment of EDM measurements at COSY.

I. INTRODUCTION

Permanent electric dipole moments (EDM) in elemen-
tary particles would be a violation of CP symmetry. Var-
ious methods have been proposed for measuring the elec-
tric dipole moment of charged hadrons such as protons or
deuterons in storage rings [3]. These measurements work
by injecting a horizontally polarized beam into the ring
and observing a gradual build-up of vertical polarization
caused by the interaction of the electric dipole moment
of the particle with the electric or magnetic guiding field.

To measure the electric dipole moment in a purely
magnetic ring without any electrostatic guiding fields,
such as COSY [1], a Wien filter is required [2, 4]. This
device creates a resonant RF E and B field, which ad-
vances the spin precession but does not affect the orbit.
This breaks the symmetry between upward and down-
ward spin motion in a magnetic ring, which makes an
accumulation of vertical polarization over time possible.

The spin precession must be kept in phase with the
Wien filter. A feedback system was developed and tested
at COSY that can match the precession to an external
frequency and meets the requirements for a future EDM
measurement.

II. FEEDBACK SYSTEM AT COSY

The feedback system [5] keeps the phase between the
horizontal spin precession and an external frequency con-
stant over time. While the system was designed with an
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RF Wien filter in mind, such a filter is not currently in-
stalled at COSY. Therefore an RF solenoid is used as a
substitute.

The COSY revolution frequency fcosy, the solenoid
frequency fso1, and deuteron-carbon scattering events in
the polarimeter EDDA are measured using the same time
reference. The polarimeter data can be used to deter-
mine the spin tune to a high precision [6]. Using the
common timing standard, the relative phase between the
spin precession and the external frequency can be deter-
mined. The COSY frequency is adjusted to control the
phase.

A change in the accelerator frequency changes the
beam velocity, which has two distinct effects: the spin
tune vs changes and the particles arrive at the detec-
tor at a different time. The relative phase ¢ between
the solenoid frequency and the spin precession can be
expressed as

¢ =27 fsol T — 270, feosy T (1)

The particles arrive at the detector at a fixed time T =
n/fcosy, where n is the turn number. Inserting that
into the equation (1) and taking the derivative yields:

do — % < fsol dv, ) . (2)

dfcosy feosy dfcosy

The first term in (2) corresponds to the change in time
at which the particles arrive at the detector, the second
term corresponds to the change in spin tune, which can
be calculated using
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At frequencies of fcosy =~ 750kHz and fso, ~ 871kHz
this leads to 122 ~ 7.7 224 A foogy. The COSY fre-
quency can be adjusted in steps of 3.7 mHz, which corre-

sponds to % ~ +30mrad/s.




FIG. 1. Rotation of the polarization vector p in RF devices.
The z-axis is defined by the beam, the y-axis is vertical. A
Wien filter rotates the spin about the y-axis, a solenoid about
the z-axis.
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FIG. 2. Rough polarization over time during the experiment

III. EXPERIMENTS IN FALL 2015

During the beam time in fall 2015, the feedback system
was tested using an RF solenoid as a substitute for a
Wien filter. The main difference between the solenoid
and a Wien filter is the axis of the spin rotation (fig. 1).
An RF Wien filter causes a rotation about the vertical
axis, which is also the stable spin axis. A solenoid rotates
the spin about the beam axis.

Fig. 2 shows the principle of the measurement. The
polarization is initially vertical, either positive or nega-
tive at a negligible tensor polarization. The magnitude of

FIG. 3. Definition of polarization variables. A decrease in pg
leads to an increase in a.

the negative initial polarization is about 1.7 times greater
than that of the positive initial state (see also fig. 4).

The solenoid is switched on briefly to rotate the spins
into the horizontal plane where they precess around the
vertical axis. After the feedback is switched on to keep
the phase between the spin and the solenoid stable, the
solenoid is switched on again as well, at a lower ampli-
tude, which gradually rotates the spin up or down.

Once the spin approaches the vertical axis the feed-
back system fails because a spin pointing along the stable
axis does not precess and has no well-defined phase to be
fixed. This means that the spin will remain vertical and
not rotate further. The speed of the rotation towards the
vertical axis is proportional to sin ¢, the final polarization
state can be up or down.

IV. ANALYSIS

A. Model

The goal of the analysis is to determine the rate of spin
rotation for measurements at different values of ¢. The
spin rotation caused by the solenoid is analogous to the
effect of an EDM, which also leads to a slow build-up
of vertical polarization over time. The analysis discussed
here is in principle applicable to future EDM data as well.

The polarization is parametrized by the angle o be-
tween the polarization vector and the horizontal plane
and the magnitude of the polarization:

tana =20 p?=pd 4. (4)
b
The horizontal polarization is determined using the al-
gorithm described in [6], while the vertical polarization
can be determined from the rates in the left and right
polarimeter detector. Fig. 3 gives an overview of the
variable definitions.

Under ideal circumstances the rate of rotation is ‘fl—ot‘ =
ksin ¢, where k is a constant depending on the amplitude
of the solenoid. In a real experiment there is an addi-
tional effect due to the decoherence of the spin rotations.
While the vertical spin component is stable over long
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FIG. 4. Magnitude of the polarization over time for positive
(blue) and negative (red) initial polarization.

times, the horizontal component decays over the course
of the measurement because the spins of different parti-
cles precess at slightly different rates. This effectively ac-
celerates the rotation towards the vertical axis, as shown
in fig 3.

The rotation caused by the solenoid - or the EDM in a
future experiment - can be distinguished from this effect
by taking the magnitude of the polarization into account.
The solenoid does not change the total magnitude, a de-
cay of the vertical component decreases it. Empirically,
a near linear decrease of total polarization over time can
be found in the data (fig. 4). The polarization at any
given time can therefore be approximated as p = pg—p't.

The equation of motion including decoherence is

doo . da Opy dp

The first term in (5) corresponds to the effect of the
solenoid, the second term is the effect of spin deco-

herence. The remaining derivatives are determined by

trigonometry and the definitions in fig. 3. p’ = % is

determined empirically from a fit as shown in fig. 4:

da  —py opg _ p

pr— 5 —_— . 6
Opn p? dp  pu ©)

Inserting (6) in (5) and expressing py and py as a func-
tion of v and p yields a differential equation for the spin
under the influence of a solenoid:

do tan o

— = ksin(¢) —

7 ’ (7)

potptl

This equation does not have a simple analytical solu-
tion. An approximate solution can be found by treating
the effect of spin decoherence as a small perturbation of
the ideal solution o = ktsin¢. Defining A = ksin(¢)

and B = 1’;—; the solution for a spin rotation starting at
a(0) = 0 is approximately

ABt? N AB?t3
2 3

alt) = At — +O(th). (8)
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FIG. 5. The upper plot shows the analytical approximation
from (8), the numerical solution, and a first order calculation
that neglects %. The bottom plot shows the difference from
the numerical solution.

The solution was verified using numerical integration.
Fig. 5 shows the difference between the numerical so-
lution and the analytical approximation (8) for parame-
ters near the worst case. The approximation is accurate

within 2°. If ap = «(0) is allowed to be nonzero, (8)
becomes:
at) = ag + At — Bttanag
2

+ — [fAB (1 + tan? ao) + B?tan 040]
2

B (9)

+ =5 [fAz tan® ag — A? tan oy

+ AB (1 + tan? ao) - B? tanao] .

This equation is used to fit the data.

B. Systematic uncertainties

There are two main sources of systematic error in the
measurement:

e The left and right detector of the polarimeter do
not have the same acceptance. This causes a sys-
tematic shift of both polarization states.

e The spin flip that rotates the initial vertical polar-
ization into the horizontal plane is not complete.
This means that measurements with positive and
negative initial polarization start at different val-
ues of a.

Fig. 6 shows the asymmetry between the left and right
events rates, which is roughly proportional to py. As-
suming that both the positive and negative initial polar-
ization state are rotated by the same angle, the detector
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Asymmetry between the left and right detector
for positive (blue) and negative (red) initial polar-
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FIG. 7. Fit of one cycle for positive (blue) and negative (red)
initial polarization. The decrease in « is slightly faster than
linear.

asymmetry can be calculated from the asymmetries be-
fore and after the spin flip. The detector asymmetry €qet
is

L el — eﬂcr aa

ej_—l—ef:_—ef:_—ei_

€

(10)

€det =

Where ei,’[f are the initial and final asymmetries for the
positive and negative polarization states. There is also a
solution for the angle of the initial spin flip:

F_f
cos(aqip) = % (11)
€, — e

All vertical polarizations are corrected for €ge;. The
initial angle between the polarization and the horizontal
plane could be calculated using ag = 7/2—augip. However,
ap is used as a parameter in the fit of (9) instead.

C. Results

Fig. 7 shows an example of a fit for one cycle. The
general shape is reproduced well by the model, however
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FIG. 8. The term A = ksin(¢) of (7) as a function of the
nominal phase ¢. The top fit parameter box corresponds to
positive polarization, the bottom box to negative polarization.

the statistical precision is not sufficient to distinguish the
prediction of (7) from an ideal linear decrease without
spin decoherence using « alone. The effect of decoherence
can only be estimated using fits of the magnitude of the
polarization such as in fig. 4.

Fig. 8 shows the fit parameter A = ksin(¢) as a func-
tion of the value of ¢ set for the feedback system. A sine
function is fitted to the data obtained with a positive
and a negative initial polarization. The fit parameters
agree within the statistical uncertainty, proving that the
method is robust to changes in the initial polarization
sign and magnitude.

There is an offset of 0.38 rad between the phase set for
the feedback system and the phase observed in the data.
The correction terms in (7) have the opposite sign of the
leading order term and about 20% of its magnitude. The
observed sinusoidal shape proves that ¢ is indeed kept
stable at a given value.

V. CONCLUSION

A system to fix the phase between the in plane preces-
sion of a spin and an external frequency was developed
and tested at COSY. The correct operation of the sys-
tem was verified by fixing the phase between the spin
and an RF solenoid and observing the rate of spin rota-
tion towards the vertical axis. A method was developed
to correct the measured data for the effects of a limited
spin lifetime in the detector. This scheme is in princi-
ple applicable to future measurements of electric dipole
moments in storage rings as well.
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