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A new method to determine the spin tune is described and tested. In an ideal planar magnetic ring, the
spin tune—defined as the number of spin precessions per turn—is given by νs ¼ γG (γ is the Lorentz factor,
G the gyromagnetic anomaly). At 970 MeV=c, the deuteron spins coherently precess at a frequency of
≈120 kHz in the Cooler Synchrotron COSY. The spin tune is deduced from the up-down asymmetry of
deuteron-carbon scattering. In a time interval of 2.6 s, the spin tune was determined with a precision of the
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order 10−8, and to 1 × 10−10 for a continuous 100 s accelerator cycle. This renders the presented method
a new precision tool for accelerator physics; controlling the spin motion of particles to high precision
is mandatory, in particular, for the measurement of electric dipole moments of charged particles in a
storage ring.

DOI: 10.1103/PhysRevLett.115.094801 PACS numbers: 29.20.dg, 11.30.Er, 13.40.Em

The matter-antimatter asymmetry that emerges from the
standard model (SM) of particle physics falls short by many
orders of magnitude compared to the observed value [1].
Physics beyond the SM is, thus, required and is sought at
high energies and by high-precision measurements at lower
energies, for instance in the search for CP-violating electric
dipole moments (EDMs). A nonzero EDM measurement
would be a telltale sign of physics beyond the SM [2]. In
addition, EDM measurements of various systems would
point towards the underlying extension of the SM [3–5].
Up to now, upper limits of hadronic EDMs have been

determined for the neutron [6] and the proton, but the latter
only indirectly from a measurement on 199Hg [7]. EDMs of
charged hadrons are proposed to be measured in storage
rings with a precision of 10−29 e · cm by observing the
influence of the EDM on the spin motion [8–10]. The high
level of sensitivity is maintained only when the particle
spins in the machine precess coherently for long periods of
time (≈1000 s). In a series of recent investigations at
COSY [11,12], we studied how the spin coherence time
of an ensemble of particles can be increased to many
hundreds of seconds through sextupole corrections, bunch-
ing, and phase-space cooling of the beam [13–16].
Another limiting factor of the storage ring approach to

EDM searches, however, is controlling the spin motion in
the presence of small fluctuations of electric and magnetic
fields in order to unambiguously determine the EDM
signal. Consequently, the measurement described in this
Letter constitutes one cornerstone of storage ring EDM
searches: viz. the first precise measurement of the spin tune
during a complete accelerator cycle.
The spin motion of a particle in the electric and magnetic

fields of a machine is governed by the Thomas-Bargmann-
Michel-Telegdi equation [17–19], extended to include the
EDM [20,21],

d~s
dt

¼ ~s × ð ~ΩMDM þ ~ΩEDMÞ: ð1Þ

Here, ~s denotes the spin vector in the particle rest frame in
units of ℏ, t the time in the laboratory system, and ~ΩMDM
and ~ΩEDM the angular frequencies due to magnetic dipole
moments (MDMs) and electric dipole moments. In the
following, spin rotations ue to EDMs, being many orders of
magnitude smaller than those produced by MDMs, are
neglected. It is convenient to define the spin motion relative
to the momentum direction [22,23] rotating with the
angular velocity j ~Ωcycj ¼ qB=ðmγÞ. As a result, the spins
of particles that orbit in an ideal planar machine precess

about the vertical magnetic field ~B relative to the momen-
tum vector with the angular frequency ~ΩMDM ¼ qG~B=m,
where q and m denote particle charge and mass, G is the
gyromagnetic anomaly, and ~B the magnetic field at a given
point of the particle trajectory. Dividing j ~ΩMDMj by the
cyclotron angular frequency j ~Ωcycj yields the number of
spin revolutions per turn, called the spin tune νs [23,24].
For a particle on the closed orbit in an ideal magnetic ring,
the spin tune is, thus, given by

νs ¼ γG: ð2Þ
In a real machine, field imperfections, magnet misalign-
ments, and the finite emittance of the beam lead to spin
rotations around nonvertical axes and the spin tune deviates
from the one given in Eq. (2). The most prominent one is
the so-called pitch correction [25,26].
The experiment was performed at COSY. A polarized

deuteron beam of ≈109 particles was accumulated, accel-
erated to the final momentum of 970 MeV=c, and electron-
cooled to reduce the equilibrium beam emittance. The
beam polarization, perpendicular to the ring plane, was
alternated from cycle to cycle using two vector-polarized
states, pξ

þ ¼ 0.57� 0.01 and pξ
− ¼ −0.49� 0.01, and an

unpolarized state. The tensor polarization pξξ of the beam
was smaller than 0.02. An rf cavity was used to bunch the
beam during the ≈140 s long cycle. After the beam was
prepared, the electron cooler was turned off for the
remaining measurement period of 100 s.
An rf solenoid-induced spin resonance was employed to

rotate the spin by 90° from the initial vertical direction into
the transverse horizontal direction. Subsequently, the beam
was slowly extracted onto an internal carbon target using a
white noise electric field applied to a stripline unit.
Scattered deuterons were detected in scintillation detectors,
consisting of rings and bars around the beam pipe [27], and
their energy deposit was measured by stopping them in the
outer scintillator rings. The event arrival times, with respect
to the beginning of each cycle and the frequency of the
COSY rf cavity, were recorded in one long-range time-to-
digital converter; i.e., the same reference clock was used for
all signals. The number of orbit revolutions could, thus, be
unambiguously assigned to each recorded event [14].
In the following, we use a right-handed coordinate

system, where the z axis points in the beam direction, y
upwards, and x sideways. The differential cross section, for
scattering of purely vector-polarized deuterons with a
vertical polarization component py ¼ 0 off an unpolarized
target, can be written as [28,29]
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σðϑ;ϕÞ ¼ σ0ðϑÞ
�
1 −

3

2
pxðtÞAd

yðϑÞ sinϕ
�
: ð3Þ

Here, σ0ðϑÞ denotes the differential cross section for the
unpolarized beam, ϑ the polar scattering angle, ϕ the
azimuthal scattering angle, and Ad

yðϑÞ the deuteron vector
analyzing power. According to Eq. (1), pxðtÞ in Eq. (3)
oscillates as

pxðtÞ ¼ pξ sinðΩstþ φÞ; ð4Þ

where Ωs ¼ 2πfrevνs denotes the angular frequency of the
horizontal spin precession, φ the phase, and pξ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
x þ p2

z

p
the magnitude of the in-plane vector polariza-

tion. Because of the COSY straight sections, frev differs
from the cyclotron frequency fcyc ¼ Ωcyc=ð2πÞ.
In order to determine the spin tune from Eqs. (3) and (4),

and to cancel possible acceptance and flux variations
during the measurement, asymmetries are formed using
the counts of the up (U) and down (D) detector quadrants.
The quadrants are centered at ϕU ≈ 90° and ϕD ≈ 270°,
covering polar angles from ϑ ¼ 9° to 13°, and an azimuthal
range of ΔϕU ≈ ΔϕD ≈ 90°. An expression for the event
rate RX of a detector quadrant X ¼ ðU or DÞ is
obtained by integration over the solid angle, yielding

RX ¼ Idt

Z
X
aXðϑ;ϕÞσðϑ;ϕÞdΩ

¼ Idtσ̄0X

�
1 −

3

2
pxðtÞAd

yX

�
: ð5Þ

Here, aXðϑ;ϕÞ denotes the combined detector efficiency
and acceptance, I ½s−1� the beam intensity, dt ½cm−2� the
target density, σ0X the integrated spin-independent cross
section, and jAd

yXj ≈ 0.4 the weighted average analyzing
power of the respective quadrants.
It is not possible to determine the spin tune νs from

the observed event rates by a simple fit with νs as
a parameter using Eq. (5), because, at a detector rate of
≈5000 s−1 and a spin frequency of fs ¼ jνsj · frev≈
0.16 · 750 kHz ¼ 120 kHz, only about one event is
detected per 24 spin revolutions. Therefore, as described
below, an algorithm is applied that maps all events into one
oscillation period. It generates an asymmetry, largely
independent of variations of acceptance, flux, and polari-
zation that oscillates around zero. For each event, the
integer turn number n is calculated, using the event time
compared to the time of the COSY rf cavity. Based on the
turn number, the 100 s measurement interval is split into 72
turn intervals of width Δn ¼ 106 turns (each turn lasting
≈1.3 μs). For all events, the spin phase advance φs ¼
2πjν0s jn is calculated under the assumption of a certain spin
tune ν0s . In this analysis, we use the absolute value jνsj
because the asymmetry measured at one location in the ring
is insensitive to the sign as well as to integer offsets of the

spin tune. Each of the turn intervals is analyzed independ-
ently, and the events are mapped into a 4π interval, which
yields the event counts NUðφsÞ and NDðφsÞ shown in
Fig. 1(a). In order to obtain from NUðφsÞ and NDðφsÞ a
sinusoidal wave form that oscillates around zero, four new
event counts for the two quadrants (X ¼ U or D) are
defined,

N�
XðφsÞ¼

�
NXðφsÞ�NXðφsþ3πÞ for 0≤φs<π

NXðφsÞ�NXðφsþπÞ for π≤φs<2π:
ð6Þ

The above equations provide sums, Nþ
UðφsÞ and Nþ

DðφsÞ,
and differences, N−

UðφsÞ and N−
DðφsÞ, of counts depicted in

Fig. 1(b). While the sums are constant, the differences
oscillate around zero, and the asymmetry

ϵðφsÞ ¼
N−

DðφsÞ − N−
UðφsÞ

Nþ
DðφsÞ þ Nþ

UðφsÞ

¼ 3

2
pξ

σ0DAd
yD − σ0UAd

yU

σ0D þ σ0U
sinðφs þ ~φÞ; ð7Þ
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FIG. 1 (color online). (a) Counts NU and ND after mapping the
events recorded during a turn interval of Δn ¼ 106 turns into a
spin phase advance interval of 4π. (b) Count sums Nþ

U;DðφsÞ and
differences N−

U;DðφsÞ of Eq. (6) with φs ∈ ½0; 2πÞ using the
counts NUðφsÞ and NDðφsÞ, shown in panel (a). The vertical error
bars show the statistical uncertainties, the horizontal bars indicate
the bin width.
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in the range φs ∈ ½0; 2πÞ has the functional form

ϵðφsÞ ¼ ~ϵ sinðφs þ ~φÞ; ð8Þ

independent of beam intensity and target density. Since the
spin coherence time (SCT) of the in-plane vector polari-
zation pξ is long (τSCT ≈ 300 s), the polarization is
assumed to be constant over the duration of the turn
interval Δn (1.3 s).
In every turn interval, the parameters ~ϵ and ~φ of Eq. (8)

are fitted to the measured asymmetry of Eq. (7). An
example is shown in Fig. 2. The procedure is repeated
for several values of ν0s in a certain range around νs ¼ γG
(see, e.g., Fig. 5 of [14]).
A fixed common spin tune jνfixs j ¼ 0.160 975 407 is

chosen such that the phase variation ~φðnÞ is minimized,
as shown in Fig. 3(a). The spin tune as a function of turn
number is given by

jνsðnÞj ¼ jνfixs j þ 1

2π

d ~φðnÞ
dn

¼ jνfixs j þ ΔνsðnÞ; ð9Þ

independent of the particular choice of νfixs , because a
different choice for νfixs is compensated for by a corre-
sponding change in ΔνsðnÞ.
Without any assumption about the functional form of the

phase dependence in Fig. 3(a), one can calculate the spin
tune deviation ΔνsðnÞ from νfixs by evaluating d ~φðnÞ=dn
using two consecutive phase measurements, corresponding
to a measurement time of 2.6 s. At early times [σφ ≈ 0.06,
see Fig. 3(a)], the statistical accuracy of the spin tune
reaches σνs ¼ 1.3 × 10−8, and towards the end of the
cycle (σφ ≈ 0.15) σνs ¼ 3 × 10−8, due to the decreasing
event rate.
An even higher precision of the spin tune is obtained by

exploiting the observed parabolic phase dependence, fitted
to ~φðnÞ in Fig. 3(a), which indicates that the actual spin
tune changes linearly as a function of turn number. As

displayed in Fig. 3(b), in a single 100 s long measurement,
the highest precision is reached at t ≈ 38 s with an error of
the interpolated spin tune of σνs ¼ 9.7 × 10−11.
The achieved precision of the spin tune measurements

agrees well with the statistical expectation. The error of a
frequency measurement is approximately given by
σf ¼ ffiffiffiffiffiffiffiffiffi

6=N
p

=ðπ ~εTÞ, where N is the total number of
recorded events, ~ε ≈ 0.27 is the oscillation amplitude of
Eq. (8), and T the measurement duration. In a 2.6 s
time interval with an initial detector rate of 5000 s−1,
one would expect an error of the spin tune of
σνs ¼ σfs=frev ≈ 1 × 10−8, and, during a 100 s measure-
ment with N ≈ 200 000 recorded events, an error
of σνs ≈ 10−10.
The new method can be used to monitor the stability of

the spin tune in the accelerator for long periods of time. As
shown in Fig. 4, the spin tune variations from cycle to cycle
are of the same order (10−8 to 10−9) as those within a cycle
[Fig. 3(b)], illustrating that the spin tune determination
provides a new precision tool for the investigation of
systematic effects in a machine. It is remarkable that
COSY is stable to such a precision, because it was not
designed to provide stability below ≈10−6 with respect to,
e.g., magnetic fields, closed-orbit corrections, and power
supplies. Presently, investigations are underway to locate
the origins of the observed variations in order to develop
feedback systems and other means to minimize them
further.
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of Eq. (8) to extract amplitude ~ϵ and phase ~φ, using the yields
Nþ;−

U;DðφsÞ of Fig. 1(b) for a single turn interval of Δn ¼ 106 turns
at a measurement time of 2.6 s < t < 3.9 s.
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FIG. 3 (color online). (a) Phase ~φ as a function of turn number n
for all 72 turn intervals of a single measurement cycle for
jνfixs j ¼ 0.160 975 407, together with a parabolic fit.
(b) Deviation Δνs of the spin tune from νfixs as a function of
turn number in the cycle. At t ≈ 38 s, the interpolated spin tune
amounts to jνsj ¼ ð16 097 540 628.3� 9.7Þ × 10−11. The error
band shows the statistical error obtained from the parabolic fit,
shown in panel (a).
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Several systematic effects that may affect the spin tune
measurement are briefly discussed below. Terms with a
vertical vector and a tensor polarization have been omitted
in the derivation of ϵðφsÞ [Eq. (7)]. A detailed analysis
taking these terms into account shows that py has no
influence on the spin tune at all, because the particle
ensemble precesses about the y axis; py, thus, merely
dilutes the asymmetry ϵðφsÞ. Although a small tensor
polarization of up to �0.02 leads to higher harmonics in
the oscillation pattern from which the spin tune is derived
(Fig. 2), these contributions alter neither the location of the
zero crossings nor that of the extrema and, thus, have no
influence on the extracted spin tune. In addition, a tilt of the
invariant spin axis or misalignment of the detector leads to a
modification of the magnitude of the measured asymmetry
~ϵ, but neither effect alters the measurement of the pre-
cession frequency.
Effects of time-dependent variations of the in-plane

polarization, acceptance, and flux were studied using a
Monte Carlo simulation, for which detector rates were
generated using Eq. (5). The analysis, carried out assuming
these quantities to be constant, showed that even extreme
variations such as a complete loss of polarization or
acceptance during a 100 s measurement, does not affect
the spin tune determination down to a level of 10−11.
The work presented here can be compared to the

measurement of the muon precession frequency j ~ΩMDMj,
which was determined in the muon ðg − 2Þ experiment with
a relative precision of ≈10−6 per year [30]. This corre-
sponds to an absolute precision of the spin tune of σνs ≈
3 × 10−8 per year. The higher precision achieved here is
mainly attributed to the much longer measurement time of
100 s compared to the measurement time of 600 μs in the
muon ðg − 2Þ experiment. Ring imperfections introducing
MDM rotations about nonvertical axes make it impossible
at this stage to use the new technique to directly determine
the gyromagnetic anomaly G with high precision from the
measured spin tune.

Future charged particle EDM searches with an antici-
pated precision of 10−29e · cm can be carried out in frozen-
spin mode [9,10]. These investigations, however, demand a
new class of storage rings. Using an existing machine, one
could perform a first direct measurement of the proton or
deuteron EDM using an rf Wien filter [31–33]. In this case,
one has to cope with the fast spin precession due to the
deflection and focusing in the magnetic elements. The
precision determination of the spin tune allows one to lock
the phase of the spin precession to the rf phase of the Wien
filter, using a feedback system.
The method to determine the spin tune, described in this

Letter, provides a precision tool to map out field imper-
fections, orbit corrections, and beam instabilities. It can be
readily extended to protons. In addition, increasing the
measurement period by a factor of 10 with τSCT of a few
hundred seconds further increases the precision of νs by
about the same factor.
This Letter presents the most precise measurement to

date of the spin tune in a storage ring. The current precision
reaches a level of σνs ¼ 10−10 for a 100 s measurement. The
new method will have a huge impact on future precision
measurements in storage rings, such as the determination of
electric dipole moments of charged particles.
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