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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 v, = yG (y is the Lorentz factor,
G the gyromagnetic anomaly). At 970 MeV /¢, 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 1078, and to 1 x 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

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 '°’Hg [7]. EDMs of
charged hadrons are proposed to be measured in storage
rings with a precision of 1072° ¢ -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],

ds . = -

PraREe (Quvpm + QepM)- (1)
Here, 5 denotes the spin vector in the particle rest frame in
units of 7, ¢ the time in the laboratory system, and Qypy
and Qgpy 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 Q.| = gB/(my). As a result, the spins
of particles that orbit in an ideal planar machine precess

PACS numbers: 29.20.dg, 11.30.Er, 13.40.Em

about the vertical magnetic field B relative to the momen-
tum vector with the angular frequency Qupv = ¢GB/m,
where ¢ 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 |Qypy| by the
cyclotron angular frequency [Q.| yields the number of
spin revolutions per turn, called the spin tune v [23,24].
For a particle on the closed orbit in an ideal magnetic ring,
the spin tune is, thus, given by

vs =7G. (2)

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 ~10° particles was accumulated, accel-
erated to the final momentum of 970 MeV/¢, 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, p; " = 0.57 £ 0.01 and p;,~ = —0.49 - 0.01, and an
unpolarized state. The tensor polarization pg: 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 1f 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 p, = 0 off an unpolarized
target, can be written as [28,29]
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o(9.0) = ou(8) [1 =3 pNALO) sin | (3)

Here, 0((9) denotes the differential cross section for the
unpolarized beam, § the polar scattering angle, ¢ the
azimuthal scattering angle, and A%(9) the deuteron vector
analyzing power. According to Eq. (1), p.(¢) in Eq. (3)
oscillates as

Pu(t) = pesin(Qt + @), (4)

where Q, = 2z f ., v denotes the angular frequency of the
horizontal spin precession, ¢ the phase, and p; =
\/ P2 + p? the magnitude of the in-plane vector polariza-
tion. Because of the COSY straight sections, f., differs
from the cyclotron frequency foyc = Qcyc/(27).

In order to determine the spin tune from Egs. (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 ¢ ~ 90° and ¢p =~ 270°,
covering polar angles from 9 = 9° to 13°, and an azimuthal
range of A¢y ~ Agp ~ 90°. An expression for the event
rate Ry of a detector quadrant X = (U or D) is
obtained by integration over the solid angle, yielding

Ry = Idt[(ax(&qﬁ)a(&, $)dQ
~ tdioe(1-3 0L ). B

Here, ax(9,¢) denotes the combined detector efficiency
and acceptance, I [s”!] the beam intensity, d, [cm™2] the
target density, ooy the integrated spin-independent cross
section, and |A§? «| = 0.4 the weighted average analyzing
power of the respective quadrants.

It is not possible to determine the spin tune v, from
the observed event rates by a simple fit with v, as
a parameter using Eq. (5), because, at a detector rate of
~5000s~! and a spin frequency of f, = |vs|" frev®
0.16 - 750 kHz = 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 7 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 An = 10° turns (each turn lasting
~1.3 us). For all events, the spin phase advance ¢, =
27|19|n is calculated under the assumption of a certain spin
tune V. In this analysis, we use the absolute value |v|
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 4x interval, which
yields the event counts Ny(g,) and Np(@s) shown in
Fig. 1(a). In order to obtain from Ny(¢,) and Np(¢,) a
sinusoidal wave form that oscillates around zero, four new
event counts for the two quadrants (X = U or D) are
defined,

Nx(ps) £Nx(ps+3r) for 0<gp, <z

NE = 6
x(@s) {Nx<¢s>ﬂvx<<os+n> for <o <2m. )

The above equations provide sums, N, (¢,) and N} (),
and differences, Ny, (¢,) and N (¢;), of counts depicted in
Fig. 1(b). While the sums are constant, the differences
oscillate around zero, and the asymmetry

Np(9s) = Nu(9s)
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FIG. 1 (color online). (a) Counts Ny and Np after mapping the
events recorded during a turn interval of An = 10° turns into a
spin phase advance interval of 4z. (b) Count sums N, ,,(¢;) and
differences Ny (@) of Eq. (6) with ¢, € [0,27) using the
counts Ny (¢,) and Np(¢,), shown in panel (a). The vertical error
bars show the statistical uncertainties, the horizontal bars indicate
the bin width.
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FIG. 2. Measured asymmetry e(¢s) of Eq. (7) fitted with e(g;) g;’.’
of Eq. (8) to extract amplitude € and phase ¢, using the yields i J
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in the range ¢, € [0,2x) has the functional form

e(ps) = esin(gp; + ¢), (8)

independent of beam intensity and target density. Since the
spin coherence time (SCT) of the in-plane vector polari-
zation pg is long (zgcr =300 s), the polarization is
assumed to be constant over the duration of the turn
interval An (1.3 s).

In every turn interval, the parameters € and ¢ 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 10 in a certain range around v, = yG
(see, e.g., Fig. 5 of [14]).

A fixed common spin tune [vf%| =0.160975407 is
chosen such that the phase variation @(n) is minimized,
as shown in Fig. 3(a). The spin tune as a function of turn
number is given by

1 dj(n)
2z dn

lvs(n)| = %] + = || + Avg(n).  (9)

independent of the particular choice of i because a
different choice for vf* is compensated for by a corre-
sponding change in Av,(n).

Without any assumption about the functional form of the
phase dependence in Fig. 3(a), one can calculate the spin
tune deviation Avg(n) from vf* by evaluating dp(n)/dn
using two consecutive phase measurements, corresponding
to a measurement time of 2.6 s. At early times [5,, = 0.06,
see Fig. 3(a)], the statistical accuracy of the spin tune
reaches 6, = 1.3 x 1078, and towards the end of the
cycle (o, ~0.15) o, =3 X 1078, 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 @(n) in Fig. 3(a), which indicates that the actual spin
tune changes linearly as a function of turn number. As

number of particle turns n [10%]

FIG. 3 (color online).  (a) Phase ¢ as a function of turn number n
for all 72 turn intervals of a single measurement cycle for
[vf*] = 0.160975407, together ~with a parabolic fit.

(b) Deviation Ay of the spin tune from vf* as a function of

turn number in the cycle. At t = 38 s, the interpolated spin tune
amounts to || = (16097 540628.3 £9.7) x 107!, The error
band shows the statistical error obtained from the parabolic fit,
shown in panel (a).

displayed in Fig. 3(b), in a single 100 s long measurement,
the highest precision is reached at ¢ ~ 38 s with an error of
the interpolated spin tune of 6, = 9.7 x 107",

The achieved precision of the spin tune measurements
agrees well with the statistical expectation. The error of a
frequency measurement is approximately given by

or = +/6/N/(n€T), where N is the total number of
recorded events, £ ~ (.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~!,
one would expect an error of the spin tune of
0y, = 0¢ [ frev 1 X 1078, and, during a 100 s measure-
ment with N ~ 200000 recorded events, an error
of 6, ~10710.

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 (1073 to 107?) 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~° 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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FIG. 4 (color online). Walk of the spin tune during eight
consecutive cycles with alternating initial vector polarization
pe " (black) and p.~ (gray). The third cycle is depicted in
Fig. 3(b) as well. Cycles with unpolarized beam that followed
the p:~ state are not shown.

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 e(gp;) [Eq. (7)]. A detailed analysis
taking these terms into account shows that p, has no
influence on the spin tune at all, because the particle
ensemble precesses about the y axis; p,, thus, merely
dilutes the asymmetry e(¢,). 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
€, 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 1071,

The work presented here can be compared to the
measurement of the muon precession frequency |Qypml,
which was determined in the muon (g — 2) experiment with
a relative precision of ~107° per year [30]. This corre-
sponds to an absolute precision of the spin tune of ¢, ~
3 x 1078 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 ys in the
muon (g — 2) 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 107>¢ - 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 zgcr of a few
hundred seconds further increases the precision of v, 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 alevel of 6, = 10719 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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