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Electron spin polarization occurs naturally in an electron storage ring due to spin-flip synchrotron
radiation. The equilibrium polarization level that is achieved in Diamond Light Source was studied
theoretically and experimentally. A novel approach that enables measurements during user operation is
presented, compatible with beams of small vertical emittance in the range of pm rad. An array of four
custom-made scintillation detectors has been installed around the beam pipe downstream from the
collimators to capture a significant fraction of the lost particles and witness the depolarization process in the
presence of a background loss rate. A new concept for detecting the depolarization resonance even when it
coincides with higher-order betatron resonances was introduced. The momentum compaction factor was
measured to be in very good agreement with the storage ring numerical model. In the end, we measured a

good long-term stability of the beam energy during user operation time.
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I. INTRODUCTION

Resonant spin depolarization (RSD) is a well-
established technique to measure the electron beam
energy in synchrotrons [1-5]. The spin of the electrons
is aligned antiparallel with the magnetic field of bending
magnets due to spin-flip synchrotron radiation. Using a
device that can generate a time-varying horizontal mag-
netic field, \the spin vector can be resonantly tilted away
from the vertical axis by a small amount in successive
revolutions of the storage ring, resulting gradually in the
reduction of the beam polarization. The depolarization
leads to an increase of Touschek scattering and, con-
sequently, in the stored beam loss rate. The increase in
beam losses is used to determine the precession frequency
of the electrons, and, thus, the energy can be calculated.
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In the Diamond Light Source storage ring, the electron
beam consists of up to 936 bunches with a total current of
300 mA, a vertical emittance of 8 pm rad, and an energy of
3.0145 GeV. Energy measurements with RSD have been
achieved [6] but so far have not been compatible with
operational user time and required long time periods during
the dedicated machine development. This resulted in rare
readings of the electron beam energy. The implementation
of a technique that makes RSD compatible with user time
would give information about the energy stability of the
electron beam.

In this paper, the details of the experimental setup used
for these measurements are presented. A range of different
parameters in order to accomplish the energy measure-
ments with high accuracy and repeatability during user time
have been studied.

II. THEORY

A. Beam polarization

According to the Sokolov-Ternov effect, the spin of the
electron beam will develop a polarization antiparallel with
the magnetic field of the main bending magnets. This is a
result of the quantum emission of synchrotron radiation,
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which causes the spin state to flip either parallel or anti-
parallel to the magnetic field of the main bending magnets
with a transition rate which is asymmetric and in favor of the
antiparallel direction for electrons. This asymmetry, in an
ideal ring in the absence of depolarizing effects, leads to a
maximum beam polarization of 92% [7]. The polarization
of the beam, for the case of Diamond Light Source (DLS),
was studied theoretically and was verified experimentally.

B. Beam depolarization

The spin precession frequency of an ultrarelativistic
electron in a magnetic field follows the Thomas-
Bargmann-Michel-Telegdi equation which, for a light
source storage ring where there are no significant solenoid
magnetic fields nor transverse electric fields, can be
simplified to the form below [8]:

Qz:w0(1+ag7/)v (1)

where @, is the revolution frequency, a, = (9 —2)/2 ~
0.0011597 the anomalous gyromagnetic ratio, and y the
relativistic factor. The product agy is the number of
revolutions the spin vector makes about the vertical axis
in one revolution of the storage ring defined as the spin
tune v. The relationship between the spin tune and the
energy is the basis of the energy measurement, as by
measuring the spin tune the energy can be extracted.

For the determination of the spin tune, the stored
polarized beam is excited by a horizontal magnetic field
produced by a pair of vertical strip lines. The magnetic field
is swept across frequencies (f ) in an attempt to match the
fractional part of the spin tune:

fdep = (agy + k) ’ frev» (2)

where k is an integer and f., the revolution frequency.
When the above relationship is valid, the spin vector
gradually starts to tilt away from the vertical axis as a
result of the resonance, and the beam gets depolarized. The
decrease of polarization leads to an increase of the beam
losses. The beam losses are used to identify the resonant
depolarization of the beam and, consequently, indicate the
spin tune and the beam energy.

1. Froissart-Stora equation

A vertically polarized beam can be depolarized by a
perturbing horizontal magnetic field when the perturbation
frequency matches the spin resonance. The Froissart-Stora
formula describes the spin transport through a single
resonance where the final polarization is given by [9]

Py(o0) = (2e”‘€|2/2“r —1)Py(~00), (3)
where e is the resonance strength and «, the rate of resonance
crossing. This ratio is a function of the frequency step Af,

the excitation time Az, and the revolution frequency f, by

the equation a, = %. P, (co0) and Py(—oo) refer to the
2 )

initial and final polarization, respectively. This formula
shows that a large polarization loss can occur when the
crossing speed is comparable to the square of the resonance
strength. Because this calculation is valid only for a single
particle without the effect of synchrotron radiation, it cannot
give exact results of the final polarization in our case.
However, this relationship is useful to understand what
parameters we should adjust in order to maximize the
depolarization level of the beam through a scan.

III. POLARIZATION STUDIES

A. Polarization experimental study

The polarization of the beam can be observed exper-
imentally by monitoring the beam lifetime. The relation
between Touschek lifetime 7, Touschek beam losses
dN/dt, and polarization P is shown [10]:

%:—%%¥IQK@+F@WWW (4)
where
qazelw%{cg—%mcg—lFﬂmh(ﬂ
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where §,.. is the momentum acceptance, y is the Lorentz
relativistic factor, o, is the horizontal beam size, and f, is
the horizontal beta function. The coefficient ¢, is inversely
proportional to the electron bunch volume V = 6,6,0,. For
a measurement, these numerical integrals can be treated as
constants and have been evaluated using Mathematica [11].
The relative increase of the lifetime due to the polari-

zation is given by the following relation:
LUNEEIC)

T(S) C(S) P ’ (8)

where 7 corresponds to the initial lifetime after the
injection and 7(g) is the lifetime value during the polari-
zation. Using Eq. (8), we can have an estimation of the
polarization level during the polarization process.

The amount of polarization will be a combination of the
polarizing and depolarizing effects by horizontal magnetic
fields due to closed orbit distortions or quadrupole mis-
alignments. It is given by [12]

122801-2



CONTINUOUS ENERGY MEASUREMENT OF THE

PHYS. REV. ACCEL. BEAMS 22, 122801 (2019)

0.9 T T T T T T T
Data with wigglers OFF
0.8 4
P(t) = F’eq (1-exp(-t/ req)) +C
07}  Peq = 0818 1
7_ =27.8min
eq
06  c=0.067 1
=}
g
E 0.5 Data with wigglers ON b
= B
% 04 P(t) = Peq (1-exp(-t/ 'req)) +C |
a Peq = 0.590
0.3 7_ =20.9min 1
eq
c=0.06
0.2 — data from beam loss monitors | |
— data from lifetime (dcct)
0.1 — fit 4
0 1 1 1 1 1
0 10 20 30 40 50 60 70 80
time (min)
FIG. 1. Beam polarization as a function of time measured for

wigglers off and on. A fit according to Eq. (9) calculates the
maximum polarization level and the polarization time.

t +
st e (1)) o
Tq + TstT TsT Tg

where Pgr and 7gqr are the Sokolov-Ternov values for the
equilibrium polarization level and the time constant,
respectively, and 7, is the depolarization time constant.

The equilibrium polarization level Pgr is related with the
integral of the magnetic fields B along the curvilinear
trajectory of the beam s [5]:

P(t)=P

b _ 8 §Bds
" 5Va$IBlds

which for an isomagnetic planar ring equals to the
maximum value of 92%. When wiggler insertion devices,
of which there exist two electrically powered devices in
DLS, are introduced, the polarization level is reduced.

In Fig. 1, the polarization built up with both wigglers
turned off and on is displayed from a recording of the beam
lifetime plotted versus time. A fit according to Eq. (9)
calculates the maximum polarization level and the polari-
zation time. An offset was introduced to include the
polarization that had already been present at the beginning
of the data acquisition. The beam lifetime can be derived by
fitting a slope on the measurement of the beam current
using a parametric current transformer. Alternatively, a
beam lifetime proportional value can be calculated from the
measurement of beam losses and the beam current using
Eq. (4). The second approach, as is shown in Fig. 1, results
in less noisy data.

Because of the excellent alignment given by orbit correc-
tion schemes and resulting in the small vertical emittance in
DLS, the reduction of equilibrium polarization is very small,
allowing the beam to acquire a polarization level of 88% with
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FIG. 2. The beam polarization level calculated by sLim for
various sets of closed orbit distortions which were generated
randomly by the orbit disturbances. The rms values of the
horizontal and vertical orbit distortions are shown in the legend.
The red vertical line shows the experimental operational spin tune.

a polarization time of 27 min. When the wigglers are turned
on, the maximum beam polarization is reduced according
to Eq. (10). From experimental data, we found that the
maximum polarization for this case was 65%.

B. Simulation study of polarization

Imperfections or intrinsic resonances can arise due to
magnet field and alignment errors or betatron oscillations,
respectively, and can limit the maximum level of polari-
zation. A high initial level of polarization of the beam is
critical for the implementation of the energy measurements
with RSD. To ensure that the beam polarizes in the case of
DLS, the beam polarization level was calculated using the
numerical simulation code sLM [13]. A thin lens approxi-
mation of the diamond lattice was used as an input. A random
distribution of vertical orbit distortions was introduced to
the model in order to simulate the field imperfections. The
strength of a quadrupole doublet was adjusted to keep
the betatron tunes in agreement with the model after the
introduction of the closed orbit distortions (CODs) from the
field errors. The horizontal CODs result from the coupling
with the vertical CODs. In Fig. 2, the right-hand resonances
show that when the spin tune v and the horizontal betatron
tune v, meet the condition v+ v, = 35 the polarization
degree can be reduced. When the spin tune is close to the
intrinsic resonance v + v, = 20, where v, is the vertical
betatron tune, the beam can be depolarized strongly, as is
illustrated by the left-side resonances in Fig. 2. The betatron,
synchrotron, and spin tunes of the diamond ring are listed in
Table I. Different simulated field imperfections give different
results of the position and the width of the resonances.
To quantify the simulated field imperfection, the rms value of
the closed orbit distortion that is introduced is calculated.
Since the spin depolarization resonances do not diverge
strongly and are far from the operational spin tune (6.84 for
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TABLE I. The diamond storage ring parameters.

Parameter Values Units
Energy 3.014 GeV
Horizontal betatron tune v, 28.189 e

Vertical betatron tune v, 13.277

Synchrotron tune v 0.0041

Spin tune v 6.840

Theoretical polarization time zgy 29.9 min

the DLS case), a high level of beam polarization during
operation can be expected. Only when the CODs are large
(in the range of hundreds of microns, much more than we
anticipate in the case of DLS) is the equilibrium polarization
reduced away from the resonances. These simulations results
revealed that attention should be given to good orbit correc-
tion and that high-quality alignment of the magnets is
mandatory. In addition, the betatron tunes should be chosen
carefully in order to avoid any destructive spin depolarization
resonances.

IV. EXPERIMENTAL SETUP

A. Excitation scheme

The experimental setup consists of the excitation and the
detection scheme. For the excitation, we use two 30-cm-
long vertical kicker strip lines [14] which are a part of the
transverse multibunch feedback (TMBF) and can generate
a horizontal oscillating magnetic field with an integrated
strength of up to 8 yTm. A numerically controlled oscil-
lator, which is integrated into the feedback system, can be
modulated with an internally synchronized rectangular
waveform to generate a magnetic field which excites only
a selected part of the beam. In Fig. 3(a), a typical fill pattern
of the storage ring is shown. It consists of 936 rf buckets, of
which 900 are populated with around 500 pC and 36 are
deliberately unpopulated. The depolarization (carrier) sig-
nal, which is a sinusoidal signal with a frequency close to
the spin tune, and the modulation (message) signal, which
is a rectangular signal with a period which equals the
revolution time, are illustrated in plot Figs. 3(b) and 3(c),
respectively. The modulated signal in Fig. 3(d) will excite
only the selected bunches of the fill pattern, leaving the
others unaffected. The part of the beam which is excited can
be set by adjusting the duty cycle of the message signal.
This feature is essential for the implementation of the online
energy measurements, where the data from the excited and
the nonexcited part of the beam are used to detect the
depolarization event excluding the background data from
external factors.

B. Detection scheme

The detection scheme consists of a set of four detectors
connected with a commercial acquisition instrument. Four
blocks, 15 cm long, made of scintillator EJ204 [15], as is
shown in Fig. 4, were manufactured in order to fit around
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FIG. 3. The excitation regime for the online measurements
includes a sinusoidal signal in frequencies according to the spin
tune (c) and a rectangular waveform which modulates the signal
(b). The modulated signal (d) excites only one part of the fill
pattern (colored light blue), leaving the rest unaffected.

the octagonal shape of the beam pipe. They were wrapped
in aluminum foil to enhance the reflection of the produced
light and black taped for protection from external light. The
design of the detectors was chosen based on the results
from radiochromic film RTQA?2 [16] that was installed in
the same area as the detectors [17]. The radiochromic film
which covers an area of 3 cm x 3 cm was installed in the
storage ring and is shown on the left in Fig. 5. The film was
exposed for 8 h in the radiation produced by the electron
beam under user operation conditions, where the beam
current is 300 mA and the beam lifetime 11 h. The darkening
of the film was expressed as a dose as shown on the right in
Fig. 5 using a calibration formula. The highest dose revealed

FIG. 4. The detector setup.
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FIG. 5. The radiochromic film installed in the storage ring of
DLS (left) and the calculated dose (right).

the area where the highest fraction of shower events caused
by beam losses occur. The detectors should be positioned
such as to detect the maximum number of Touschek particles.
Touschek particles transfer high momentum from transverse
to longitudinal motion, exceed the longitudinal acceptance
limit, and are lost in areas with high dispersion and limited
physical aperture. The area downstream from the collimators
was chosen, as this is the location with the largest ratio of
horizontal dispersion to physical aperture.

The four detectors were equipped with photomultipliers
with a bialkali photocathode that matches with the wave-
length of the scintillator light. Thin silicone pads were placed
between the photocathode and the ends of the scintillator
block in order to avoid any reflections when the light passes
through two different materials. The monitors are protected
from background ionizing radiation by a lead sheet of 1.3 mm
thickness.

The photomultipliers are connected to the acquisition
instrument (Instrumentation Technologies Libera BLM
[18]). The input signals are sampled using an analog to
digital converter (ADC) with a clock which is locked to a
quarter of rf frequency, a little below 125 MHz. The ADC
data are continuously monitored and counted based on the
difference between the two neighboring samples. The
differential mode is a feature of the acquisition system
that helps to improve the counting when pileup events are
observed in pulses produced by the scintillator.

Another characteristic of the acquisition system is the
gating of the ADC samples. Two processing windows are
generated and synchronized to the revolution clock at
533 kHz. The processing window length is set to the number
of ADC samples, which means that the beam loss events are
accounted for over every four bunches. The processing delay
is set to receive two independent sets of ADC samples to
align with the excited—not excited parts of the fill pattern.

V. EXPERIMENTAL RESULTS

A. Continuous measurements

The key aim of this project is to make the energy
measurements compatible with the user operation using a
beam with a small vertical emittance. Previously, studies at
electron storage ring BESSY [3] have shown that the
energy measurements were achieved during user operation.
However, the vertical beam size was larger than the case of
DLS. Diamond Light Source operates with a small vertical

emittance in the range of 8 pm rad, and the main challenge
is not to affect this quantity when the beam is excited
during the depolarization scans. For this reason, a low
current is applied in the strip lines, which is enough to
depolarize partially the beam but not to affect the quality of
the beam.

One of the main challenges of the energy measurements
are variations in the beam losses that are created by causes
other than depolarization. To overcome this problem, the
idea of gating the excitation pattern and the beam loss
detection was introduced. The TMBF has the capability to
select and excite only those bunches that are of interest. The
beam loss acquisition system is equipped with two ADC
masks which can monitor only a selected part of the beam.
The main principle of the continuous measurements is to
excite one part of the beam and count the beam losses using
one ADC mask that is time aligned with the excited part,
while the second mask counts the beam losses that are
produced by another, equivalent in charge, part of the beam.
The benefit of this technique is that the external factors that
will modify the beam losses, like the change of the insertion
device gaps, will be recorded within both masks, but the
additional losses that are created due to depolarization will
be seen only by one mask. As shown in Fig. 6(a), the beam
loss data that are recorded from the excited and nonexcited
masks during user time show the same trend until the
excited mask starts to depolarize and the losses become
higher. Dividing the counts from the two masks, the ratio
will be equal to one in the beginning. When the depolari-
zation happens, this ratio will change and will indicate the
spin precession frequency, as shown in Fig. 6(b). The idea
of the beam loss rate normalization was first introduced in
storage ring VEPP-4 using the losses from two bunches
circulating in the storage ring [19]. However, we estab-
lished the same idea using large sets of bunches of the fill
pattern independently and while preparing this paper found
the earlier study at VEPP-4. The ratio between the beam
loss data is fitted using an error function which calculates
the energy, the width of the resonance, and the beam loss
increase with the corresponding uncertainties. The increase
of the ratio during the depolarization is low due to the low
current that is applied in the strip lines in user time operation
measurements. Nevertheless, it was sufficient for our pur-
pose. This is a compromise in order not to affect the vertical
beam size. The error of each measurement is on the order of
keV or single-digit parts per million of the beam energy.

1. Top-up injections

For the online energy measurements, the excitation
strength was chosen to be low in order not to affect the
vertical beam size. This implies that for a decent amount of
depolarization the beam should be excited for a long time
according to the Froissart-Stora formula. Typically, scans
last more than 10 min, which is the time interval between
the top-up events at DLS [20]. The top-up system selects
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FIG. 6. The ratio of the beam loss data from the two masks
show the beam depolarization.

which bunches to fill according to their charge. This creates
inequalities between the loss rates of the two masks, as the
loss rates depend on the total charge in each mask. For this
reason, the ratio between the counts of the two masks is
recorded before and after the injection without beam
excitation, and the ratio is calculated and included in the
analysis. Thus, we can have long scans keeping the ratio of
the two masks unaffected by top-up injections.

2. Crossing of betatron resonances

The high sensitivity of the beam loss detectors enables
them to detect losses that are created by exciting higher-
order betatron resonances. During the crossing of the
betatron resonances, we observe an increase in the vertical
beam size accompanied by a decrease in beam losses. After
the crossing, the above parameters are back to their normal
values. These resonances appear as ratio changes between
excited and nonexcited parts of the beam and, thus,
represent additional disturbances in the measurement of
beam depolarization. In Fig. 7, the red data represent the
loss rates that are recorded during the time that the beam is
excited. The results show two betatron resonances and an
underlying depolarization resonance which is evident in the
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FIG. 7. Thered line represent the loss rates during the excitation.
The blue line corresponds to the loss rates that happen when the
excitation is paused and any betatron resonances have damped out.
The data are plotted versus the time to show the sequence of
excitation and nonexcitation during the measurement.

increased count rate at the end of the scan. These data are
difficult to be fitted, and it is impossible to calculate the
energy of the beam. For this reason, we choose to switch off
the depolarization signal after excitation at each frequency
and record the loss rate (shown in blue in Fig. 7). Since the
beam losses due to betatron resonances damp within a few
milliseconds, the blue data show only the losses due to
depolarization that remain. These data, which show the
beam depolarization clearly, can be fitted and provide an
energy measurement.

B. Sidebands

Synchrotron oscillations modulate the spin tune resulting
in synchrotron sidebands around the main resonance
frequency. The distance between the synchrotron sidebands
and the main resonance equals the synchrotron frequency.
To distinguish the main resonance from its sidebands, we
deliberately vary the rf voltage, and, consequently, the
synchrotron frequency changes. The rf voltage was set to
2.9, 2.5, and 2.1 MV, and the left synchrotron sideband
resonance and the main resonance were swept. As is shown
in Fig. 8, the left resonance was shifted 180 Hz toward the
right in each step, which is the expected shift for a 0.4 MV
decrease in rf voltage. This measurement identifies the
main resonance, which remains the same for all the scans,
and the synchrotron sideband, which shifts towards the
main resonance when the synchrotron frequency decreases.

For the case of 2.9 MV 1f voltage, the beam loss increase in
the left sideband is lower in comparison with the other two
cases. This could be caused by the incomplete equilibrium
polarization, since the measurements with 2.9 MV rf voltage
started first. After the excitation of the left sideband, the ratio
of the two masks remains constant as the two parts of the
beam polarize simultaneously. For the other two cases, where
the unexcited part of the beam has reached the maximum
level of polarization, the repolarization of the excited part of
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FIG. 8. Three depolarization scans to identify the main reso-

nance and the sideband.

the beam is shown by the decrease of the beam losses until
the next depolarization due to the excitation of the main
resonance happens.

C. Momentum compaction factor measurements

The momentum compaction factor is defined as the
relative change in the path length with respect to a relative
change in the beam energy. Taking into account that a
relative change in the rf frequency is equal and opposite to
the relative change in the path length, the relationship
between the tf frequency, beam momentum, and compac-
tion factor can be defined as [21]

_ _AfRF/fRF
ac—w. (11)

By measuring the beam energy as a function of the rf
frequency, a first-order polynomial is used to extract the
momentum compaction factor. For this measurement,
the beam current was lowered to 50 mA to stay close to
the model description of the storage ring. The lower loss
rate due to a low beam current was not a problem for the
detection of the beam depolarization due to the high
sensitivity of the beam loss system. The rf frequency was
varied in the range of 100 Hz. The results are shown in
Fig. 9, and the calculated value for the momentum
compaction factor is @, = (1.61 +0.03) x 10™*. This is
close to the value calculated using the storage ring model
of @, = 1.56 x 1074,

VI. DISCUSSION

The main scope of this study is to implement the resonant
spin depolarization technique during user time. The beam
polarization is essential in order to conduct later the energy
measurements. In the case of DLS, the maximum polarization
of 88% can be achieved only when specific betatron tunes
values are avoided and the beam circulates in the storage ring
without the effect of magnetic field errors. In addition, during
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FIG. 9. The relative change in the rf frequency is plotted versus
the relative change in the energy, taking into account the error of
the measurement. The measured data points are shown in blue,
whereas a first-order polynomial fit in red is used to extract the
compaction factor in good agreement with the model.

user time, when the wigglers are turned on, the equilibrium
polarization level is reduced but is enough in order to
accomplish the depolarization measurements.

Regarding the depolarization measurements, the main
challenge of not disturbing the vertical beam size was
compensated by exciting the beam with low excitation
strength and for a long time. The amount of the beam
losses that are produced by this way is small, and a more
advanced instrumentation system was needed for the
detection of the beam losses due to depolarization. The
new detectors produce a high count rate and are able to
give precise readings of the beam losses. Because of the
gating of the excitation and the beam loss monitor system,
the normalization of the beam loss data reveals the
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FIG. 10. Energy measurements every hour for a duration of
three weeks of user operation. The energy changes over the time
on the order of 10 keV.
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depolarization resonance in the presence of a significant
background loss rate. These two characteristics of the
instrumentation were essential for the energy measure-

ments. An additional challenge of the measurement was

the excitation of betatron resonances that overlap with the
depolarization resonance. This problem was resolved by

taking advantage of the fact that, when the beam excita-

tion is stopped for one second, the beam losses due to
betatron resonance will meet their normal values, but the

beam losses due to depolarization will not restore. The
evidence of the online measurements is shown in Fig. 10.

The resonant spin depolarization scan is running contin-
uously [22], and the energy measurements over a period of
three weeks of operation are presented and show good

energy stability. The small error of every measurement

brings proof that the energy stability during the weeks of
operation is in the range of 10 keV.

VII. CONCLUSIONS (7]

The level of beam polarization is critical for energy
measurements using RSD. The polarization was studied

theoretically and experimentally. The resonant spin depo-
larization technique was employed to measure the energy of

the beam, and measurements of the synchrotron sidebands

resonances confirmed the main depolarization resonance.

The momentum compaction factor was measured using a
low beam current, and the results are in good agreement with

the model. A new approach of the energy measurement

(10]

method with RSD was implemented in order to be com-
patible with the user operation mode of the storage ring, and
continuous measurements were demonstrated. The chal-

lenges in implementing energy measurements during user

(1]

time from the detector side to the technique were presented

and novel solutions have been introduced.
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