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Maintaining a Resonance Condition of an RF Spin Rotator Through a Feedback Loop
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This paper presents the successful application of a phase-lock feedback system to maintain the
resonance condition of a radio frequency (rf) spin rotator (specifically, an rf Wien filter) with respect
to a 120 kHz spin precession in the Cooler Synchrotron (COSY) storage ring. Real-time monitoring
of the spin precession and the rf Wien filter signal allows the relative phase between the two to be
stabilized at an arbitrary setpoint. The feedback system compensates for deviations in the relative
phase by adjusting the frequency and/or phase of the rf device as needed. With this method, a
variation in the phase relative to the demanded value with a standard deviation of oa, ~ 0.2rad
could be achieved. The system was implemented in two runs aiming at a first direct measurement
of the deuteron electric dipole moment in 2018 and 2021. In addition, the difference between a
single-bunch beam affected by the spin rotator and a two-bunch system in which only one bunch
is exposed to the spin rotator fields is discussed. Both methods have been used during these beam
times. The ability to keep the spin precession and the rf fields synchronized is crucial for future
investigations of electric dipole moments of charged particles using storage rings.

I. MOTIVATION

Radio Frequency (rf) spin rotators are essential devices
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to manipulate the spin orientation of particles such as
protons, electrons, or polarized ions. Frequent reversals
of the beam polarization direction can significantly re-
duce the systematic errors in experiments with polar-
ized beams. By generating oscillating magnetic and/or
electric fields, these devices interact with the particle’s
magnetic moment, allowing precise control over the spin
direction ideally without affecting the particle’s trajec-
tory. This control is crucial for precision experiments,
e.g. the measurement of electric dipole moments, in nu-
clear and particle physics, where spin polarization plays
a significant role in probing fundamental interactions.
In the 1990s, rf spin rotators were first used at the In-
diana University Cyclotron Facility (IUCF) Cooler Ring
to induce an rf depolarizing resonance by sweeping the
frequency of the rf magnet through the resonance fre-
quency to flip the spin of a 139 MeV proton beam [I].
For an isolated resonance, the modified Froissart-Stora
equation [2H4] describes the crossing of an isolated rf res-
onance and relates the initial beam polarization to its
final polarization after crossing. About a decade later,
a spin-flip efficiency of more than 99.9% was achieved
with an rf dipole using a 1.94 GeV/c vertically polar-
ized proton beam at the Cooler Synchrotron COSY in
Jillich [5]. Using an rf dipole magnet, spin flipping of a
669 MeV horizontally polarized electron beam stored in
the MIT-Bates storage ring was also performed with very
high efficiency in the presence of an almost full Siberian
snake [6]. A more sophisticated spin flipper, consisting
of nine-dipole magnets, was used to flip the spin of a
255 GeV polarized proton beam at the Brookhaven Na-
tional Laboratory (BNL) Relativistic Heavy Ton Collider
[7] and to measure the spin tune at high energies (24 and
255 GeV) with a driven coherent spin motion [§]. Ra-
dio Frequency fields have also been successfully used to
overcome strong intrinsic spin resonances at the Alter-
nating Gradient Synchrotron (AGS) at BNL. At each of
the spin resonances, a coherent oscillation was excited
by an rf dipole. The coherent oscillation could enable an
adiabatic spin flip by preserving the beam emittance [9].
Except when frequency sweeps are used, rf spin rota-
tors have to run on resonance with the spin precession,
i.e. the oscillation frequency f,+ must be a harmonic of
the spin-precession frequency fs. Given the spin tune
vs = G (where v and G are the Lorentz factor and the
gyromagnetic anomaly, respectively) one can write

frf = |Vs +h|frcv7

where fiev is the revolution frequency of the beam.
|vs| = fs/frev also describes the number of spin revo-
lutions per turn. As the stability of vs depends on a
multitude of storage-ring parameters, the question arises
whether a constant frequency fy¢ is sufficient for main-
taining this resonance condition for hundreds of seconds.
This paper discusses this issue in the context of recent
experimental efforts at the Cooler Synchrotron COSY at
Forschungszentrum Jiilich.

The JEDI collaboration (Jiilich Electric Dipole Mo-

heZ, (1)

ment Investigations) has installed a novel wave-guide rf
Wien filter[10, [11] at COSY with the aim of conducting a
first direct measurement of the permanent electric dipole
moment (EDM) of the deuteron. The existence of such an
EDM would be an essential ingredient in explaining one
of the unsettled questions in particle physics and cosmol-
ogy: the dominance of matter over anti-matter in the uni-
verse, quantified by the parameter n = (np—ng)/n~[12l,
which exceeds the Standard Model predictions by several
orders of magnitude.

In the absence of an EDM, the invariant spin axis (see
Fig.|2) in an ideal magnetic storage ring is vertical, result-
ing in a precessing in-plane spin component. According
to the Thomas-BMT equation [13, [14], a non-zero EDM
causes a tilt of the invariant spin axis in radial direction
leading to a small oscillation of the vertical spin compo-
nent. The experimental approach employs the rf Wien
filter to accumulate these spin rotations over a full accel-
erator cycle resulting in a sizable vertical spin component
[I5HI7]. For a systematic study of this effect, the invari-
ant spin axis can be tilted longitudinally by means of a
superconducting solenoid, and the rf Wien filter (i.e. the
spin rotation axis) can be rotated around the longitudi-
nal axis. In its nominal position the magnetic field of the
rf Wien filter points in vertical and the electric field in
radial direction. The magnitude of the signal depends on
the relative phase @ between the spin precession and
the field oscillations in the rf Wien filter. This depen-
dence on ;e requires the ability to set and control this
phase along with the resonance condition in real time.

This paper presents a control system for phase and fre-
quency implemented at COSY for the experimental runs
with the rf Wien filter in 2018 and 2021. A proof of
principle of a similar system has already been reported
n [I8]. However, that approach was different: instead of
the frequency signal f;+ the beam revolution frequency
frev had been controlled to stabilize and control the spin
precession itself. The solution discussed here, i.e. modi-
fying f.¢ and its phase, was chosen to avoid higher-order
effects for other beam parameters. Two scenarios are
presented: one where the feedback system acts directly
on a particle bunch influenced by the rf spin rotator, and
another employing two bunches and a newly developed
system with fast switches to operate the rf spin rotator
selectively on a specific bunch [19] with the feedback act-
ing on the second, unaffected bunch. An analytic model
is used to discuss the differences between the two cases.

II. INTRODUCTION

For the following discussion on spin rotations, the ef-
fects of an electric dipole moment (EDM) are neglected.
Furthermore, the term ”polarization” is used instead of
”spin”. Polarization, defined as the statistical average of
individual spin vectors, is the measurable representation
of the collective spin state of the particles. Strictly speak-
ing, a spin rotator acts on the individual spins. However,
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B(t) = éo cos(27 fret) o< M

FIG. 1. As an example, the initial spin vector §(t = 0) points
in vertical direction. An rf device providing a magnetic field
By (t) = Bo cos(27 fret) with By = Bom then rotates the spin
vector by an angle x(t) o B(t) per pass around the axis
m || Eo, see Eq. . In addition, the holding field B of
the accelerator causes the spin vector to precess with the fre-
quency fs = Vs frev around the vertical axis. This only works
if the resonance condition in Eq. is satisfied.

the polarization vector follows the same rules. All im-
portant variables used in the following sections are listed
in Tables [l and [Il

The polarization vector in a storage ring is comprised
of two main components: a stable component parallel to
the invariant spin axis ¢, and a precessing component in
the plane perpendicular to it. In the case of an ideal
magnetic ring without any additional spin rotators, the
invariant spin axis is vertical, i.e. parallel to the magnetic
field of the bending elements. Typical observables include
the vertical and in-plane components of the polarization,
py and py, respectively, and the spin tune, v5. During
the last decade, the JEDI collaboration has developed
tools to measure these quantities in real-time with high
precision [I8] 20H22].

An rf spin rotator can be characterized by a rotation
axis m (defined by the oscillating magnetic and/or elec-
tric fields), an oscillation frequency fy¢, an initial phase
o at t =0, and a rotation angle per pass

X(t) = xosin (27 fert + prf) - (2)

If one assumes a bunched beam with bunches passing the
rf spin rotator at times t = n/ fiey (with n € N being the
turn number), this becomes

x(n) = xosin (27vgn + orf) (3)

if the resonance condition given in Eq. is fulfilled. The
most basic scenario is a rotation out of the stable, non-
precessing vertical spin direction as shown exemplarily in
Fig. [1] resulting in an oscillation of the vertical polariza-
tion component p, with the frequency f,. Other cases

FIG. 2. Left: Definition of angle &, ¢ denotes the invariant
spin axis, which deviates only by a small amount from the ver-
tical direction. A spin rotator rotates the spin vector around
the axis m. Right: Definition of the out-of-plane angle o and
the spin-precession phase .

depend on the relative phase between the spin preces-
sion and fir. One can define the resonance strength (or
resonance spin-flip tune) € as

1 1
= f]::v = Xolexm| = ——xo sing (4)
with £ being the tilt angle of the rotation axis with re-
spect to the invariant spin axis, as shown in Fig. [2] [23].
The resonance strength is a direct measure of the tilt
angle &.

In order to decide on the necessity of an active fre-
quency and phase control, one needs to consider the im-
pact of a detuned frequency as well as the phase stability.
Running off-resonance by a frequency change Af has a
direct impact on the induced spin motion. For exam-
ple, as shown in Sect. Eq. , the amplitude of
the oscillating polarization can be described by a Lorentz
curve with the width I' = 2¢f,e,. If the variation of the
spin-precession frequency f; over the running period is of
similar size or larger, one needs to adjust f,f with time.
For the operation of the rf Wien filter at COSY typical
run-time parameters are (see [I7])

€

xo ~ 3.8x107%rad (5)
¢ ~ —30mrad to 30 mrad (6)
frev = 750000 Hz, (7)

resulting in I" < 13.6 mHz. The typical variation of the
spin tune within one cycle is Avg ~ 1078 [21] correspond-
ing to Afs =~ 7.5mHz.

A more sensitive parameter to monitor is the relative
phase e between the rf oscillation and the spin preces-
sion. Assuming an initial phase g, the free spin preces-
sion can be described by

» = (2mvgn + ps) mod 27 , (8)
and, with the rf spin rotator operated at resonance,

Prel = Ps — Prf = const. . (9)



TABLE I. Overview of frequently used variables and parameters.

Description Symbol Defined in or near
Time in cycle t
Turn number n
Spin rotation angle per pass through an rf device x(t)
Initial phase of the rf device Orf
Invariant spin axis (unit vector) c
Spin rotation axis of an rf device (unit vector) m
Angle between the spin rotation axis 1 and the invariant spin axis ¢ 13
Vertical polarization component Dy
Oscillation frequency of the vertical spin component fv
Resonance strength €
Out-of-plane angle of the polarization vector «
Spin-precession phase ©
Offset of the spin-precession phase ©s
Relative phase between the spin precession and the rf Wien filter oscillation Prel
Measured rf Wien filter phase i
Measured relative phase Orar”
Demanded relative phase (pdemand
Difference of the relative phase with respect to the demanded value Ay
Averaged difference between the measured relative phase and the demanded phase AQavg
Slope of the difference between the measured relative phase and the demanded phase m
Phase offset due to cable delays and latencies during signal processing Poft

TABLE II. Overview of frequently used beam parameters.

Description Symbol Value Defined in or near
Beam revolution frequency  frev 750 kHz Eq. [
Spin precession frequency fs 120 kHz Eq.
Lorentz factor o' 1.126 Eq.
Gyromagnetic anomaly G —0.143 Eq.
Spin tune Vs —0.16 Eq.
Frequency of the rf device frt 871kHz Eq. and Eq.
Deuteron beam momentum  p 970 MeV /c Section

Beam polarization ~ 0.5 Section

A frequency mismatch caused by variations of fs and/or
fif results in a varying relative phase

SOl on(Af~ Afi). (10)
t

If one considers a possible frequency change correspond-
ing to a spin tune change of Ay = 1078, this would cor-
respond to a phase change of Ay, close to 27 over a
typical cycle length of T = 100s (cf. Fig. @, which calls
for permanent monitoring and control of frequency and
relative phase.

III. EXPERIMENTAL SETUP

All measurements were conducted at the Cooler Syn-
chrotron COSY at the Forschungszentrum Jiilich [24], [25].
The relevant beam parameters are listed in Table [[Il A
typical accelerator cycle proceeds as follows: About 10°
vector-polarized deuterons with the initial polarization
perpendicular to the ring plane are injected and accel-
erated to a momentum of p = 970 MeV /c. Throughout
the cycle, a radio frequency cavity is used to bunch the

beam. After the acceleration, the beam is electron-cooled
in order to reduce its emittance. A final orbit correction
is then applied to have the beam running through the
center of all elements. In the next step, the initial ver-
tical polarization is rotated into the ring plane using an
rf solenoid. During beam preparation this setup is used
to optimize the in-plane polarization lifetime (or spin-
coherence time) by means of sextupoles as discussed in
[26]. During the regular measurement the remaining part
of the cycle is used to operate the rf Wien filter at res-
onance and a given relative phase ¢ to determine the
resonance strength e. The spin rotation axis of the rf
Wien filter is set vertically with a small, variable angle £
relative to the invariant spin axis, see Eqgs. and @
At the end of the cycle measurements of the betatron
tunes and chromaticities are performed using standard
COSY diagnostics.

Part of the COSY beam is used to permanently mon-
itor the beam polarization by means of the analyz-
ing power of elastic scattering on carbon. For the
measurements described in this paper, the WASA For-
ward Detector[27] and the Jedi Polarimeter (JePo) have
been used, the latter specifically designed for EDM
measurements[28]. The beam is continuously extracted
onto an internal carbon target by applying a white noise
excitation in a frequency band around a betatron reso-
nance. Elastically scattered deuterons are detected by
detector elements in four quadrants (up, down, left, and
right) around the beam pipe. The sum of the rates is used
to control the amplitude of the excitation to keep the
rates constant. The chosen rate level determines the sta-
tistical quality of each measurement bin and defines the
achievable duration of an accelerator cycle. The asym-
metry of the measured rates in the left-right direction
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FIG. 3. Sketch of the experimental setup. The signals of the
four detector quadrants and the pre-scaled frequency signals
are fed into a long-range TDC, i.e. the same time reference
was used for all signals. A 10 MHz reference signal is used
for normalization. The DAQ system sends the time stamps
into the feedback system, which then adjusts the frequency
and phase of the rf generator of the Wien filter.

provides insight into the vertical component of the po-
larization, whereas the asymmetry in the up-down di-
rection is a measure of the oscillating, radial in-plane
component. Cycles with unpolarized beam are used to
adjust any fake asymmetries from asymmetric detector
acceptances. The frequency signals fif, frev and fionmuz
from the rf Wien filter, the COSY rf cavity and the 10-
MHz reference, respectively, are prescaled and received
via an optical-fibre distribution system. Frequency and
phase of the spin precession are determined as discussed
in Ref. [2I]. The stability of this phase w.r.t. the rf signal
from the frequency generator of the Wien filter is contin-
uously monitored and the latter is adjusted if needed. A
sketch of the overall scheme of the feedback system is
depicted in Fig[3]

For data acquisition components developed for the
WASA detector based on a proprietary optimized back-
plane bus with LVDS (Low Voltage Differential Signal-
ing) technology [29] are used. The crates are equipped
with a SIS1100/SIS3100 crate controller, the link to the
readout computer is based on the physical layer of Giga-
bit Ethernet. The communication between readout com-
puters and the phase-lock feedback system is done via
TCP/IP over Gigabit Ethernet. A GPX-based model is
used as a long-range Time-to-Digital Converter (TDC).
The adjustable clock time period is set to 95.59 ps based
on a single internal clock. For normalization, an external
GPS-based reference signal of 10 MHz is used. The in-
ternal clock counter reaches its maximum value at 6.4 us,
at which point an overflow bit is sent to a 20-bit register.
This allows a full range up to about 6.7s. During de-
coding, another overflow register is introduced, enabling
continuous time-stamping of the registered events over
the full measurement cycle.

The frequency and phase computed by the feedback
system are communicated via Ethernet to the frequency
generator (Rohde & Schwarz SMB100A) attached to the
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FIG. 4. Sketch of the main signal processing. All signals (con-
trol signals, frequencies, rates and polarization information)
are fed into a single time-stamping TDC.

polarisation
state (4 bit)

rf Wien filter. It is important to note that this genera-
tor ensures a continuous phase evolution at a frequency
change, i.e. no phase jumps. The frequency generator is
operational at all times, allowing for the synchronization
of its frequency and phase settings to the spin-precession
frequency while the rf Wien filter itself is deactivated.
Once all preparations have been completed, the ampli-
fiers of the Wien filter are activated, initiating the actual
measurement process.

Figure [4) shows the processing of the main signals be-
fore entering the time-stamp TDC. The frequency sig-
nals are discriminated and prescaled by 128 (revolution
frequency and Wien filter frequency) and 128 x 128 (10
MHz reference signal). A logical OR of the polarimeter
signals is used to filter out signal bursts by applying a
(typically 1 us long) veto signal keeping the rate within
the specifications of the TDC. The information on the
initial polarization state is provided via a 4-bit signal
triggered with a 100Hz clock. In addition, other slow
control signals (cycle start as time reference, DAQ on)
are monitored.

IV. THE PHASE-LOCK FEEDBACK

The phase-lock loop is implemented as part of a soft-
ware package developed for monitoring all frequencies,
rates, and asymmetries, as well as the spin tune and spin-
precession phase. A schematic is shown in Fig. The
data from the DAQ system are decoded and distributed
to several processes. Each of these processes analyzes
the data with respect to specific questions. This analysis
is done in certain adjustable time intervals At (typically
one second) and the results are sent to a slow control
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FIG. 5. Overall data processing scheme. The event stream
from the Data Acquisition is distributed to multiple data pro-
cessing routines, which use MQTT and EPICS for communi-
cation.

node for display via MQTT (Message Queuing Teleme-
try Transport, [d()])lﬂ and also distributed and archived
via EPICS (Experimental Physics and Industrial Control
System, [31])ﬂ The latter is also used to set all process
parameters. In the case of more than one bunch in the
ring, the system can be configured to monitor each bunch
separately.

The main three processes are:

a. Monitoring Rates and Frequencies This process
analyzes the frequencies, their stability, the detector
rates, and the left/right asymmetry as a measure of the
vertical polarization. In addition, the detector signals are
plotted relative to the start of a fi, oscillation period,
reflecting the particle distribution in the ring and to un-
fold the longitudinal bunch extension in the processes b)
and c).

b.  Spin Tune Monitoring This process analyzes the
up/down asymmetry, the spin tune and its phase as de-
scribed in Ref. [21].

c. Feedback This process does the actual phase-lock
feedback and is discussed below.

In each cycle, the measurement with the rf Wien filter
was structured as follows:

1. Adjusting the Wien-filter frequency to the reso-
nance frequency fir = [vs — 1|frev (ie. h = —1),
while the Wien filter power supplies are still off

2. Measuring the relative phase ¢, between the gen-
erated Wien filter frequency and the spin precession

3. Correcting fyr if needed and adjusting ¢pe by
means of ¢.¢ to the demanded value

4. Switching on the rf Wien filter power supplies

1 See: MQTT — The Standard for IoT Messaging, https:\mqtt.

~org,

< See: EPICS — Experimental Physics and Industrial Control Sys-
tem, https:\epics.anl.gov.

5. Maintaining ¢, throughout the measurement by
adjusting fir and @.¢

6. Switching off the rf Wien filter power supplies

The value for v4 used for calculating the initial value of
fr is the averaged, high-precision spin tune z/sﬁxed deter-
mined in the previous cycle[21]. The revolution frequency
frev 1s fixed and defined in the accelerator control system.
The fixed spin tune vf*¢d is also used to derive the
actual spin tune from the phase walk relative to this as-
sumed spin tune in the current cycle. As discussed in
[21] this phase analysis is more sensitive and faster than
a direct bin-by-bin Fourier transform. In the following,
the procedure is shortly summarized:

For every event, the spin-precession phase based on the
assumed, fixed spin tune is calculated and mapped to a
47 interval, i.e. two full precessions:

p; = (27r1/5ﬁxedn) mod 47 . (11)

These values are accumulated in a histogram such, that
events from the up and down detector elements are filled
with the weight 1 and —1, respectively. The resulting his-
togram shows the distribution of the measured asymme-
try as a function of the spin direction given by the spin-
precession phase: an unpolarized, constant background
with a sinusoidal oscillation on top. In order to remove
the unpolarized background, the two half intervals of the
second oscillation are interchanged and subtracted from
the first one. After normalization a sinusoidal oscillation
between —1 and 1 as a function of ¢ € [0,27) remains
as shown in Fig. |§| (upper panel). This data is fitted
according to

fp) = A sin(p + ) (12)

with the offset of the spin-precession phase ¢ as a fit
parameter. (In practice, the fit formula is converted into
its linear form a; sin ¢ 4 ag cos ¢.)

When the assumed spin tune v/*°d matches the real
value, the phase offset (g remains constant within the
measurement interval At. In reality the real value differs
slightly from the assumed value resulting in a phase walk
of Aps = 2mAvsfrey/At over that period. For typical
operation parameters, the deviation from the fixed spin
tune is within 10~®, corresponding to a phase change of
less than 50 mrad per second. Compared to the effect
originating from the longitudinal extension of the bunch,
which is typically ~ 500 mrad, this still can be considered
constant. By extrapolating the change of ¢ from interval
to interval, the change of the spin tune during the cycle
can be calculated using

1 dps
I/S(t) — Vﬁxed + ®

fixed
= Avg. 13
S e e A (19)

An example is shown in Fig. [6] (lower panel).
For the rf Wien filter, the current event time from the
polarimeter is used to calculate the phase that the Wien
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FIG. 6. Upper Panel: Normalized asymmetry as a function
of the spin-precession phase based on the assumed, fixed spin
tune (here vf**d = 0.161006 673 7) of data taken during one
At = 1s period. The distribution is fitted according to Eq.
. In this example the offset of the spin-precession phase is
s = 1.12(8) rad. Lower Panels: Offset of the spin precession
phase s and change of spin tune Ay, (according to Eq. ,
including uncertainties) as a function of time in the cycle. In
this example, the change of the spin tune amounts to Avs ~
1078 during a 150s interval.

filter frequency signal had at the time t; of that event
@rfi = [27 - (ti — tLastRfTag) - fre] mod 27. (14)

Here, trastRiTag is the time stamp of the last zero crossing
from negative to positive of the rf signal. In order to use
I/E"ed as a reference, the difference between ¢; and ¢, ; is
histogrammed. If sufficiently close to the resonance, this
difference can be considered constant. Finally, the event
time relative to frey is used to account for the bunch
width to get a more distinct signal. At the end of each

time bin, the mean of the distribution is calculated as
meas

Prf
Then the relative phase is the difference between both:

Ot = s — P, (15)

Once the Wien filter frequency is set to its initial value
at the beginning of the measurement cycle, the difference
of the relative phase with respect to the demanded value

Ap = g — plgmend (16)
is continuously monitored according to the following
scheme:

A sequence length N (typically 5-7) is defined via a

control parameter and N subsequent values of %,

each within a time bin At, are recorded. After the last
interval, these values are used to apply a linear fit

e =m- (-5 ) e ()
with the bin number j € [0, N — 1]. As a fitting result,
one gets the slope m and the average offset Ay to-
gether with the corresponding statistical uncertainties.
In addition, the phase difference is extrapolated to bin
number N, which is the first bin following the measure-
ment sequence. This bin represents the interval during
which the calculation and correction occur
N+1

5
Both the slope m and the offset of the phase differ-
ence, Apavg or Ap(N), are considered ”good” if their
deviations from zero fall within two standard deviations.
When this condition is met, no correction is applied, oth-
erwise frequency and/or phase are corrected accordingly:

Ap(N) = Apayg +m - (18)

- 1
frf — frf 27TAtm) (9)

Orf — Orf — AQprf7 (20)

with Agy either Ap,ye or Ap(N). For the slope m the
statistical error from the fit is used, for the phase several
approaches were considered:

e Using the average phase difference Ap,yg as Ay
and its statistical error in cases without frequency
correction, and using the extrapolated phase value
Ap(N) when a frequency correction is applied. Al-
ternatively, A@(N) could be used in all cases, re-
gardless of a frequency correction.

e For the uncertainty of Ap(N), either using the un-
certainty of Ap,ye directly or propagating the un-
certainty of the slope m in addition.

For standard data taking, the option to use Ap(N) to-
gether with the uncertainty of the averaged phase has
been selected and is presented here.

As all corrections are applied during interval N, this
bin and the next one are skipped and the collection of
samples continues at interval N + 2.

Fig. [7] illustrates the procedure. For two different cy-
cles, several measurement blocks with 742 measurement
bins are shown together with the fits to the data and the
correction to phase and frequency. The resulting distri-
butions of Ay have a typical width of oA, ~ 0.27ad.
This is consistent with the value reported for the first
commissioning run, when the revolution frequency was
controlled [18].

Depending on the variation of the spin tune in the cycle
(see Fig. @, the average relative phase shows a systematic
deviation from the demanded value. Therefore, in the
data analysis, the measured relative phase has to be used
rather than the demanded one.

There are certain limitations and caveats that need to
be mentioned:
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FIG. 7. Frequency and phase corrections derived from the measured relative phase for two exemplary cycles labeled 1A and 2A.
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applied corrections are indicated only at the time of correction, all changes are additive. The corresponding distributions of
Ay have a width of oa, = 0.16 rad and oa, = 0.21rad centered at Ay = —0.04rad and Ay = 0.10rad, respectively.

from corrections to account for the particle dis-
tribution in the ring. While these offsets remain

1. The spin tune and its phase are determined from
the oscillating radial in-plane polarization. For the

analysis, the measured in-plane polarization py has
to be non-zero taking into account its uncertainty.
Hence, the feedback stops working when either the
polarization itself becomes too small or the direc-
tion of the polarization vector approaches the ver-
tical direction.

. The measured relative phase @y differs from the

true value in the rf spin rotator due to several fac-
tors. These include cable delays and latencies, as
well as the additional spin precession that occurs
between the positions of the rf spin rotator and the
detector. In multi-bunch setups, offsets between
the bunches result from the different spin orienta-
tions determined by the selection of harmonics and

constant for a given setup and the feedback sys-
tem provides stabilization of the relative phase, the
real phase must be extracted from the data when
needed.

. Spin oscillations show a certain phase walk com-

pared to the free, in-plane precession (see Ref. [22]
and Fig. 5 and 6 therein). When the phase-lock
feedback system is operated on the bunch affected
by the rf spin rotator, this phase walk is suppressed
and the observed signal is modified. This has to be
considered when analyzing the data as discussed in
the next section.



V. EFFECT OF THE PHASE-LOCKING ON
THE SPIN ROTATIONS IN THE WIEN FILTER

An rf spin rotator typically changes the phase of the
spin precession while rotating the spin. By keeping the
relative phase constant, active phase locking also affects
the primary observable, i.e. the vertical spin oscillation.
Stabilizing the relative phase and at the same time al-
lowing an rf-induced change of (¢ is only possible by
using a second bunch that remains undisturbed by the
rf spin rotator. This was achieved in the second run in
2021 when two bunches were used and the Wien filter for
the second bunch was disabled by fast switches [19]. An-
other advantage of this method is that the application of
the feedback system is no longer limited by the vanishing
in-plane polarization due to the out-of-plane rotation by
the spin rotator.

In Ref. [22] the phase walk while applying an rf solenoid
as spin rotator has been measured and discussed in detail,
on resonance as well as off resonance. The results have
been described by a set of differential equations for the
out-of-plane angle « of the spin direction and the relative
phase 1. Although these equations were developed un-
der the assumption of an ideal ring, i.e. neglecting spin
decoherence and other systematic effects, the data could
be fitted quite well. They are used here to illustrate the
two feedback scenarios, as the differences in the result-
ing phase relations can be easily captured by modifying
a single equation.

The two equations from Ref. [22] are

d k
£ = 5 €08 Prel (21)
d re k .
gn L = B (Sin el tan a + q) (22)

and the relation to the variables defined in this paper is
given by

k = —xosin& = —4me (23)
_AnAf
T (24)

with k defining the strength of the rf device and ¢ being
the off-resonance parameter.
There is an analytic solution given:

py(n) = sina(n)
= Al Sil’l(Ag + A3’I’L> - A4, (25)
A1y/1+ g% cos(Az + A
cos @rel(n) _ 1 +4q COb( 2+ 3TL) ,(26)
\/1 — (A1 Sin(Ag + Agn) — A4)2
C + gsina(n)

sin e (n) = cos a(n) (27)

with the parameters

2 2
4 = Vire - (28)

— T ,

aerln bma(A) + A4> lore1(0)| < /2,
_ 1
A2 = (nel0)-£4) )
FATe
2

m — arcsin lore1(0)] > /2,
Ay
As = 1+q , (30)
Cq
Ay = 31
4 1+ q2 ’ ( )
C = cosasiny — ¢sina = const. (32)

The starting conditions at the time the Wien filter is
switched on are given by «(0) and ¢.a(0). Aj is the
oscillation amplitude, A5 is the phase offset of the oscil-
lation matching the start conditions, As is the oscillation
frequency and Ay is the central value of the oscillation,
which is shifted when being off-resonance. C'is an aux-
illary variable defined by Eq. In the following, these
equations are used to discuss certain properties of the
system and are compared to data. For the latter, cycles
with long spin coherence times have been selected as de-
coherence is not included in the model. In addition, the
active modification of the relative phase contributes to
systematic effects (see Fig.[7)). The corresponding x? val-
ues reflect this. All uncertainties quoted here are purely
statistical and should be interpreted as such. For the
final EDM data analysis, a more sophisticated and com-
prehensive model incorporating these systematic effects
is employed [32].

It should be noted that the definition of ;e = 0 here
differs from the one used as experimental observable in
Sect. [[V] The measured spin-precession phase based on
the up-down asymmetry in the polarimeter is relative to
the beam direction. ¢ as used in Eq. is defined
relative to the direction of &x 7 as used in Eq. (4)). This
adds another contribution to the setup-specific offset @,
but has no effect on the following discussion.

A. Resonance Width

As mentioned before, the necessity to control the gen-
erator frequency f;+ can be judged using the resonance
width T' of the rf spin rotator. Thus, one needs a
proper estimate for I'.  One can utilize the parameter
A from Eq. 7 which quantifies the oscillation ampli-
tude. When starting with the spin along the invariant
spin axis (a(0) = 7/2 and any @.c(0)), the parameter C
amounts to ¢? and with Eq. (24) A; can be written in
the same analytic form as a Lorentz function:

_ v (T
1+t (D)2 + (Af)?

(33)

with T' = k frev /27 = 2€frev. This can be used as a first
criterion whether an active control loop is needed or not.
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TABLE III. Fit parameters from Fig.

. Cycle 2B * Cycle 1B Cycle 2B
TN demand” /a4 2.36 5.50
g ! L u ; Drar [ rad 2.29(1) 5.43(1)
0%y e OAp, / Tad 0.27 0.18
S e ‘ da/dt / rad/s ~0.020(7) 0.0186(6)
1
= o»mm"%, Y, oez(O) / rad -0.04(2) -0.06(2)
2 X" [ndt 51/57 61/60
2 oap = 027 rad oo | e e
3% +*H ; ? 0.02
L\ PR o“u" by **h
2 p— ﬁ&#ﬂ 001
& <
0 — plomand — 936 rad —_— 5 g 0.00
1 i —~
160 180 200 220 240 160 180 200 220 240 <=
Time in Cycle t /s Time in Cycle t /s —0.01
FIG. 8. With phase locking: Out-of-plane angle a and relative —0.02
phase ¢y as a function of time for two different initial values 0 5 7r 377 27
of ¢o labeled as cycles 1B and 2B. The first dashed line marks omeas [ rad

twr- The second dashed line marks the timestamp at which
the phase feedback is switched off. For the fit parameters see
Table [

B. Phase Locking with a Single Bunch

As discussed in Ref. [22] and indicated by Eq.
the relative phase ¢, is changing during an rf-induced
spin oscillation. Frequency synchronisation with phase

locking prevents this change. One can consider this effect
in the model by replacing Eq. with

d‘prel

e =0, (34)

The remaining Eq. with a constant phase @p =
¢re1(0) describes a linear increase in o with a phase de-
pendent slope:

da

E = 27Tefrev COS Pre] - (35)

This results in a spin oscillation of the form

Py (t) = sin(cos @rel - 27€ frevt) . (36)

The oscillation amplitude is always 1 (i.e. the spin is
fully rotated into the vertical direction independent of the
relative phase) and the oscillation frequency is modulated
by the phase. As a direct implication, this method can
only be used for less than a quarter of a full oscillation,
because the feedback stops working when the in-plane
component vanishes.

Fig.|8|shows data for two different relative phases. The
slope is linear until the feedback stops working and the
phase is no longer stabilized. The fit results are summa-
rized in Table [TIl

FIG. 9. Sinusoidal dependence of the initial slope as a func-
tion of the relative phase for the phase-locked case as shown

in Fig. 8] The fit parameters according to Egs. and
are given by ¢ = 4.32(3) x 1077, pog = —1.335(5) rad, and
X? /ndf = 55-13/30 = 1.83.

With this method, the resonance strength e can be
extracted by varying (.. from cycle to cycle and fitting
the sinusoidal dependence of the slope &. This is shown
in Fig. @ The data are fitted using Eq. with

mea

Prol = Prel T Poft (37)

introducing the additional parameter g to address the
unknown, but constant setup-specific offset. Considering
the result of por = —1.335rad for this particular fit,
the values for ¢, for the exemplary cycles in Fig. [§] are
eIB = 3.65rad and ¢2B = 0.51rad, i.e. close to the
optimal phases of 0 and .

C. Phase Locking with Two Bunches

Using a second, undisturbed bunch for the phase-lock
feedback, the unmodified Egs. and can be ap-
plied. For a resonant operation (¢ = 0) starting with
the spin precessing in the ring plane («(0) = 0) one can

simplify the equations f:

A1 = [cos prer(0)] (38)
Ay = Oorm (39)
As = k/2 (40)
Ay =0 (41)
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filter is switched on t3yp. The blue data points represent the
signal bunch, the green ones the unaffected bunch used by the
feedback system. The fit parameters are listed in Table [[V]

and obtains
py(n) = sina(n) = cos g (0) sin(kn/2)  (42)
or
py(t) = sina(t) = cos pra(0) sin(2mefoont) . (43)

This is consistent with the expectation: the amplitude
of the oscillation depends on the initial relative phase
¢re1(0) and the oscillation frequency is fixed at w =
27e frev, which can then be used to extract the resonance
strength e.

The result of such a measurement is shown in Fig.
Here, the out-of-plane angle of the polarization vector
and the relative phase are plotted versus the time in cy-
cle for two different initial relative phases using the same
two cycles 1A and 2A, which are shown in Fig. [7] Each
cycle is fitted with the general Egs. — simulta-
neously. The green data points in the phase plot show
the unaffected bunch, which is used to monitor and con-
trol frequency and phase. The blue data points show the
signal bunch.

The corresponding fit results are shown in Table [[V]
In addition to the variables A; to A4 and C, the values
for k, ¢ and the start values a(0) and ¢27*(0) are listed.
The values of A; to A4 are close to the optimal ones in
Egs. — indicating the successful operation of the
feedback system. The number for the off-resonance pa-
rameter g slightly differs from zero if only the statistical
error is considered. However, as mentioned before the
fit quality suggests additional systematic uncertainties
and larger error margins. Furthermore, its value corre-
sponds to a frequency deviation of |[Af| ~ 5 x 10~* Hz
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TABLE IV. Fit parameters from Fig.

Cycle 1A Cycle 2A
Unaffected bunch
pdemand” /7154 0.90 4.50
Do/ rad 0.86(1) 4.60(1)
OAp, / Tad 0.16 0.21
Signal bunch
Aq 0.968(2) 0.908(3)
A m+0.07(1) 0.00(1)
As 6.38(2) x 10 ® 6.49(3) x 10 ®
A4 —0.017(3) —0.029(4)
C —0.73(2) 0.99(2)
k 1.27(1) x 1077 1.29(1) x 1077
q —0.07(3) —0.07(2)
«(0) / rad —0.05(3) 0.03(3)
@125 (0) / rad 3.96(3) 1.42(1)
Dot 1.07(1) 0.99(1)
ere1(0) / rad 2.89(3) 0.43(1)
x?/ndf 370/277 496/277

(see Eq. ), which has to be compared to the step size
of the frequency generator of 1073 Hz.

In the fits, the offset parameter po.g amounts to ap-
proximately 1rad for this setup. Thus, the actual rela-
tive phases for the signal bunch are goié} ~ 2.9rad and
cpfé} ~ 0.4rad. These relative phases are close to the op-
timal phases, but not exactly. Therefore, the oscillation
of the polarization vector does not reach the maximum
out-of-plane angles of £7/2 (Ay = | cos ¢re1(0)]).

In general, there is a good agreement between the an-
alytical model and the data presented in Figs. [§ and

The scenarios discussed in the last two subsections
and [V overall result in a different evolution of the out-
of-plane angle. When comparing Eq. with Eq. ,
one gets the same slope at t = 0:

da Fa-(35) de Fa-(43)
ao & =9 . 44
dt dt me frev (44)

t=0

In general, this can be used to compare the results from
the different methods. However, concerning the pre-
sented data the results shown in Figs[§ and [I0] are not
directly comparable, because they were taken in two dif-
ferent beam times with two different setups (2018 and
2021), and both the Wien filter power and the setup
changed.

VI. SUMMARY & CONCLUSION

This paper reports the successful operation of a phase-
lock feedback system that maintains a resonance condi-
tion between a 120 kHz spin precession in a storage ring
and a radio-frequency (rf) Wien filter operated at a har-
monic of the spin precession. By continuously measuring
the spin precession, the frequency and phase of the Wien
filter were dynamically adjusted to sustain a constant,



selectable phase difference between the spin precession
and the rf signal of the Wien filter. The performance
of the system is quantified by the deviation of the ac-
tual phase from the demanded phase, with the variation
characterized by a standard deviation of approximately
oap ~ 0.2rad. The measured time dependence of the po-
larization vector and the relative phase is in good agree-
ment with an analytical model.

Feedback systems of this type are mandatory for pro-
posed storage ring experiments using polarized beam in
order to search for electric dipole moments [33] or ax-
ion/ALPs [34]. The case when the system is combined
with the ability to do bunch-selective spin rotations using
dedicated bunches for a continuous spin-tune determina-
tion, can be of more general interest. It could be used for
other applications, that benefit from a precise knowledge
of the free spin tune, but do not need long-term stabi-
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lization. For example, one can think of fine-tuning fast
rf spin-flippers.
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