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Abstract

Beam coupling impedance is very important parameters
for advanced synchrotron radiation facilities. Till now there
3 is no online method to measure beam impedance directly.
£ But some beam parameters such as betatron tune amplitude

£ and frequency, synchrotron phase, bunch lifetime and so
O on, can be modulated by beam impedance effects. So wake
2 field and beam impedance information could be retrieved
§ by measuring bunch-by-bunch beam 3D positions and ana-

£ lyzing bunch index dependency of above beam parameters.
&= A bunch-by-bunch 3D positions and charge measurement
E system had been built at SSRF for this purpose and the perfor-
mance is not good enough for beam impedance analyze due
to cross talk between bunches. We upgraded the measure-
ment system to minimize cross talk and improve resolution
this year. New beam experiment results and corresponding
analyze will be introduced in this paper.
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INTRODUCTION

The advanced synchrotron radiation light sources have
the following basic characteristics: ultralow beam emittance
Z (few nmrad or even tens of pmrad), ultra-high beam stability
& (orbital feedback control accuracy is mostly micron or sub-
micron level), high average beam current (above 300mA),
small-aperture beam vacuum pipe (below 30mm in diame-
ter), a large number of vacuum inserts in , top-up operation
mode, small dynamics aperture, with high time resolution
experiment ability (time resolution ps order) and so on. The
use of small-aperture vacuum pipes and a large number of
inserts makes the problem of beam instability caused by the
wakefield particularly prominent. Under this condition, the
problem of strong beam wakefield (large beam impedance)
will become a key issue that limits the further improvement
of light facility performance [1]. Correspondingly, how to
optimize the beam impedance in the design stage and how
to accurately target the source of beam impedance during
the commissioning and operation stage to give optimization
opinions is the key technical issues that must be resolved
when development of the next generation of advanced syn-
chrotron radiation facility.

Under ideal conditions, the particles move steadily in the
storage ring. Due to the action of the strong focusing prin-
ciple and the principle of automatic phase stabilization, the
particles make S oscillations around the closed orbit in the
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transverse. The synchronous particles in the longitudinal di-
rection make synchronous oscillations. When the oscillation
amplitude is small, the transverse oscillation can be consid-
ered as simple harmonic vibration. The bunches running in
the pipeline will excite the wakefield. If the wakefield de-
cays slowly, it will have an effect on the subsequent bunches.
The oscillation amplitude of the bunches under the effect
of the wakefield may increase, causing instability. Because
its effect is that many bunches are coupled together through
the wakefield, it is called coupling instability. The wakefield
that can produce coupling instability must not be attenuated
before the next bunch arrives. The impedance corresponding
to such a wakefield is an impedance with a higher quality
factor Q value, or narrow-band impedance. These narrow-
band impedances correspond to the higher-order modes of
the cavity-like.

At present, the research methods of beam wakefield and
impedance mainly include four methods: analytical method,
simulation calculation method, emulation test, and beam
machine research.

The above methods have their own advantages and limi-
tations in application. The analytical method has the most
complete theory, but it can only calculate simple and regu-
lar structures, which is not suitable for a new generation of
high-performance light sources with many IVU. The simu-
lation calculation method has great application value in the
pre-research stage of the accelerator storage ring, but as the
structure of the storage ring becomes more and more com-
plex, the device structure cannot be perfectly reconstructed
in the software, which has a great influence on the accuracy
of the simulation results. In addition, the complicated stor-
age ring structure also brings about the problems that the
algorithm cannot converge normally, the calculation time
is long, and the resources are occupied. The emulation test
method can measure the impedance of some devices in the
laboratory. Its disadvantage is that on the one hand, the cold
test result in the experiment cannot be completely equal to
the result after installation. On the other hand, it is inevitable
that the connector will be tightened during the electrical sig-
nal input process. The transition section excites a lot of noise
signals and causes measurement errors. In order to tighten
and straighten the center wire, it is impossible to make it
very thin, and there is a certain systematic error. The beam
machine research method can directly measure the accelera-
tor beam wakefield, but most of the existing methods require
specially designed machine research experiments to measure
the wakefield in a special bunch filling mode. The storage
ring structure will be adjusted during operation (for example,
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the magnetic gap of the insert in the vacuum will change
at any time according to user needs), which will affect the
wakefield function in real time, relying on special machine
research to traverse all states to determine the corresponding
beam wakefield, will inevitably take up a lot of equipment
running time, reducing equipment operating efficiency.

WAKEFIELD ANALYSIS BY
BUNCH-BY-BUNCH POSITION

If the basic parameters (charge amount, three-dimensional
position, etc.) of all bunches in storage ring can be inde-
pendently measured, and the measurement accuracy is high
enough, then we can use all the bunches in the storage ring as
sources and witnesses. When the wakefield effect is strong
enough, the required wakefield information can be obtained
by analyzing the changes of the bunch parameters. In the nor-
mal operation of synchrotron radiation light source, if we can
find a suitable physical process in which the wakefield effect
is sufficiently obvious, then we can achieve real-time in-situ
beam wakefield measurement without changing the beam
conditions and without affecting the user’s experiment [2—4].
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Figure 1: Transverse position during injection transient at
X-axis.
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Figure 2: Transverse position during injection transient at
y-axis.

For the transverse wakefield, only when the excitation
bunch has a relatively large transverse position offset, it is
possible to excite a sufficiently large field strength to gen-
erate a physical quantity to be measured that can meet the
measurement accuracy requirements. During the normal
operation of the synchrotron radiation source, such beam
conditions are not available most of the time. However, in
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the transient process of injection, due to the existence of
the kicker field, almost all the bunches will deviate greatly
from the equilibrium orbit (on the order of millimeters) at
the moment of injection, and then perform a transversely
damped simple harmonic oscillation (coherent Beta oscil-
lation) to excite The stronger transverse wakefield becomes
the excitation bunch (shown in Fig. 1 and Fig. 2). At the
same time, all bunches will be affected by this transverse
wakefield to produce incoherent Beta oscillations, and at
the same time become the witness bunches. Therefore, as
long as we can capture the transient process of injection,
accurately determine the change in the transverse position
of each bunch during this process, and separate the coher-
ent Beta oscillation and incoherent Beta oscillation of each
bunch, we can use fitting Incoherent Beta oscillation wave-
form to obtain the information of the transverse wake field.
The capture of injection process data can be achieved by
using the amplitude jump of the BPM signal at the injection
time as a trigger condition. The separation of coherent Beta
oscillation and incoherent Beta oscillation data can be real-
ized by analyzing the multi-bunch multi-turn data matrix by
using the principal component analysis method (PCA). We
hope to find a wakefield function that can satisfy the trans-
verse oscillation evolution of each bunches. If under the
effect of the wakefield potential, the transverse oscillation
evolution process predicted by the model is consistent with
the measured data, then this wakefield function is worthy of
trust.
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Figure 3: Transverse position of bunch 400 at y-axis.
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Figure 4: Transverse position of bunch 1 at y-axis.
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Some bunches that were originally stable in transverse po-
j sition increased rapidly after injection (shown in Fig. 3). The
.Z envelope is an exponential decay, so it could be considered
2 as a betatron damping oscillation invoked exclusively by the
x kickers mainly. The spatial vector indicated that the kickers
£ fields influencing the bunches were not constant. In bunch
é’ index 1, this effect of kickers is very small. Therefore, the
5 change of the transverse oscillation amplitude of 1st bunch
= is mainly affected by the wakefield (shown in Fig. 4). The

—
=

—xwake oscillation of a bunch is determined by the betatron os-
% cillations of all bunches. The propagation coefficient of the
£ wakefield is considered a constant once the drive bunch and
o the witness bunch are decided, so the amplitude of second
> mode of a bunch is a linear combination of the amplitudes of
; the first modes of all bunches (including itself). Due to the
special filling mode, there are more than 40 empty buckets
in front of bunch 1st. Therefore, the length of the global
= wakefield of the storage ring is much longer than dozens of
'S bunches.
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According to the definition of wakefield, we define the
'E global equivalent wakefield with Eq. (1). Where W, (j — i)

is the influence on the oscillation amplitude in y-axis after

] — i buckets. x; and x; is transverse oscillation amplitudes
b= Z of bunches. q; and g; are charges of bunches. Taking the
'§ oscillation amplitude of each bunch in the current turn as
-4 known data, calculate the transverse position of the follow
2 thousands of turns according to the equivalent global wake-
i field and damping coefficient as parameters, and compare
& it with the measured value. Taking the minimum residual
error between the predicted position value and the measured
position value as the optimization goal, we found a rough
equivalent wakefield function shown in Fig. 5.
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Figure 5: A specific solution of equivalent wakefield func-
tion in x-axis shows the coupling relationship between the
bunches.

There are more than 500 bunches in the storage ring un-
der normal operation in SSRF. The coupling relationship
between bunches is very complicated, so there is more than
one solution of the equivalent wakefield function that can
satisfy the evolution trend of each bunches transverse am-
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plitudes. In the future, it is necessary to eliminate the error
solution of the equivalent global wakefield by different fill-
ing modes data. In addition, considering the effect of the
driving force of the transverse movement of the bunches, the
wakefield force influence on the transverse oscillation of the
bunch is related to the oscillation phase, so the model needs
to be further optimized.
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Figure 6: The frequency shift of betatron oscillation at x-
axis.
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Figure 7: The frequency shift of betatron oscillation at y-
axis.

The frequency shift of betatron oscillation has been ob-
served (shown in Fig. 6 and Fig. 7). Due to transverse
quadrupolar wakefield, the frequency of betatron oscillation
is dependent on bunch index. This means that transverse
quadrupolar wakefield are expected to be extracted from
the bunch-by-bunch position data. However, the impact of
the transverse quadrupolar wakefield into tune is very small,
which places high requirements on the measurement accu-
racy. In the next step, more experiments need to be done
to determine whether the difference in operating points is
always present, rather than caused by measurement errors.

In order to further study this phenomenon, a special beam
experiment was done. In this experiment, we turned off
the transverse feedback system and turned off the insert
vacuum undulators (IVU) in turn. Due to the closing of the
feedback system, the transverse oscillation of the bunch will
be maintained at a relatively large magnitude for a long time.
The relationship between the average tune of bunches and
the state of IVU is shown in Fig. 8. It can be seen that the
average tune becomes larger with the opening of IVU.
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Figure 8: The frequency shift of betatron oscillation with
different IVU status.

CONCLUSION

The analysis of coupling impedance and wakefield is of
great significance for optimizing the structure of the IVU and
finding the source of beam instability. This paper proposes
some methods for in-situ analysis of the wakefield in the
normal operation model of the storage ring. These methods
are based on the bunch-by-bunch three-dimensional position
measurement and charge measurement technology. In the
storage ring, hundreds of bunches are both the source and
the witness. By monitoring the position of each bunch, the
evolution process of the bunch position under the action
of the coupled wakefield is clearly seen. Using the PCA
method, the wakefield oscillation mode can be separated.

In theory, if a sufficiently complete mathematical model
is established, the value of the wakefield function between
the bunches can be solved. With the existing computing
resources, a relatively simple model was established to de-
scribe the evolution of the transverse oscillation amplitude of
each bunch over time under the combined action of the wake-
field and the damping term. We use this model to predict
the evolution trend of the transverse oscillation amplitude
of these bunches in the follow thousands of turns through
the transverse oscillation amplitudes of all bunches in the
current turn. The model works well in some data sets, but it
is not universal, and the wakefield solution applicable to a
set of data is not unique. Therefore, more data is needed to
screen the solutions of the wakefield. The data with different
IVU states are analyzed. When the insert is very close to the
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beam, the beam is affected by a large short-range impedance
wall and shows obvious instability in the string. In addition,
the difference in the transverse oscillation frequency of the
bunch can be observed, which is the basis for analyzing the
quadrupole wakefield.

The analysis of the coupled wakefield has just begun. The
current simplified model can only roughly agree with the
transverse oscillation evolution process of bunches in some
cases. Since the predicted value is used to calculate the fu-
ture position, the cumulative error is quickly amplified after
thousands of turns. The equivalent coupled wakefield func-
tion found by the current model needs to be further verified.
In the future, our model needs to be further improved. For
example, the influence of the transverse oscillation phase
difference of the bunches will be accepted into the model.
For the longitudinal wakefield, we plan to start from the
longitudinal balance phase of each bunch, and calculate the
longitudinal wakefield function through the difference of the
acceleration phase.
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