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Abstract Continuous tracking of bunch charges is the key
to maintain stable operations in a storage ring in top-up
mode. Recently, a precise bunch-by-bunch beam-current
measurement (BCM) system has been developed at the
Shanghai Synchrotron Radiation Facility. To avoid the
influence of longitudinal oscillation on the amplitudes of
the sampling points, a method called two-point equilibrium
sampling is introduced. The results, obtained during rou-
tine operation time, show that the relative resolution of the
measurement of the bunch charges is better than 0.02%.
With this high resolution, the new BCM system is able to
monitor the bunch-by-bunch beam lifetime. By using the
filling pattern information, the Touschek lifetime and the
vacuum lifetime can also be calculated. In this paper, the
principle of the new method and the experiments is pre-
sented in detail.
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1 Introduction

The Shanghai Synchrotron Radiation Facility (SSRF) is
a multi-bunch, high-current, advanced third-generation
synchrotron light source. The main parameters of its stor-
age ring are listed in Table 1.

The beam current and its lifetime are two of the most
important parameters of an electron storage ring. They are
used to not only characterize the beam quality and machine
status, but also to quantify the injection efficiency for
weighing the injector/storage-ring matching.

The average beam current is measured to control
injections during top-up operations, calculate the average
lifetime and stability of the beam, and calculate the
injection efficiency to determine whether the beam loss
during an injection is tolerable. The charges of the bunches
are used to check the filling pattern and determine how to
make the next injection to achieve the designed pattern,
such that the desired filling pattern and the operation mode
can be sustained.

There might also come a situation in which the values of
the Touschek lifetime, vacuum lifetime, and quantum
lifetime are needed, especially during machine studies.

When a sudden beam loss occurs, the total and the
individual charge reductions are both needed to analyze the
root cause of the accident and to further optimize the
performance.

The average beam current is usually picked up by a new
parametric current transformer (NPCT; sometimes called a
DC current transformer, DCCT). Combining with a nar-
row-banded and high-resolution digital acquisition device,
this beam-current measurement (BCM) system can operate
with the resolution of better than 2pA at a refresh rate
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Table 1 Main parameters of the SSRF storage ring

Parameter Value
Beam energy (GeV) 35

RF frequency (MHz) 499.654
Current (mA) 240

RF harmonic number 720
Filled buckets 500
Bunch charge (nC) 0.3-1.0
Bunch length (ps) 14.4
Longitudinal tune 0.007
Timing trigger rate (Hz) 2

greater than 1 Hz, when the dynamic range is approxi-
mately 2A [1-4].

However, owing to the diversity among the bunches, the
average is not sufficient to describe the behavior of all the
bunches in the storage ring individually and accurately.
The lifetime formulae can only be strictly applied to a
single bunch; in terms of the multi-bunch situation, the
lifetime can only be calculated using approximate param-
eters. The information of the average beam current is not
good enough to analyze and locate the source in the case of
beam loss. Moreover, the Touschek lifetime and the vac-
uum lifetime analysis using the average beam current
require a larger range of beam currents (on the order of tens
of mA), as well as a longer acquisition time (on the order of
hours). In addition, this kind of average algorithm is unable
to detect fast changes in bunch lifetimes. Thus, it is difficult
to make DCCTs useful in cutting-edge research.

There are two common types of bunch-by-bunch
charge-measurement systems, or filling pattern-monitoring
systems, in an electron storage ring. The conventional type
picks up the bunch signals with four button-type electrodes
of a beam position monitor (BPM). After the radio-fre-
quency (RF) signals pass through the signal conditioning
front end, which consists of a variety of phase-stable cable
assemblies, broadband signal synthesizers, and low-pass or
band-pass filters, they are recorded by a high-speed
broadband digitizing module. This type of bunch-by-bunch
charge-measurement system can be seen at the National
Synchrotron Light Source II (NSLS II), Beijing Electron-
Positron Collider II (BEPC II), and SSRF [5-8].

The other type picks up the synchrotron radiation of
each bunch with photodiodes in a diagnostic beam line.
After being conditioned at the front end with RF amplifiers
and low- or band-pass filters, the signals are also recorded
by a high-speed broadband digitizing module, as in the
conventional method. This type of bunch-by-bunch charge-
measurement system can be seen at the Australian Syn-
chrotron (AS), the Swiss Light Source (SLS), and the
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Hefei Light Source II (HLS II) [9-11]. This type was
designed initially to achieve a relative resolution of 0.1% at
a refresh rate of greater than 1 Hz when the dynamic range
is of the order of 1 nC.

The beam instrumentation group at the SSRF has
focused on the study of bunch-by-bunch beam diagnostics
since 2009 [12-18]. It has been proven that the BCM
system can achieve a resolution of 0.1% with the single-
point sampling method [7, 8, 19]. However, additional
system offsets may increase owing to phase drifting during
long-term operation. On this basis, the phase-equilibrium
sampling method has been created to enhance the BCM
system accuracy, stability, and reliability. The new BCM
system can achieve high-speed bunch-by-bunch lifetime
measurement. The bunch charges in the SSRF storage ring
are not uniformly distributed. By taking advantage of the
variation in the bunch charges, we can measure the Tou-
schek lifetime and perform vacuum lifetime analysis.

This paper reviews previous bunch-by-bunch measure-
ment works and focuses on the beam-lifetime measure-
ment. The remainder of this paper is organized as follows:
The fundamental physical principles are presented in
Sect. 2. The method is introduced in Sect. 3. Next, beam
experiments and results are discussed in detail in Sect. 4.
The conclusion is given in Sect. 5.

2 Basic principle

When a four-electrode BPM is used, the sum signals of
all electrodes are proportional to the bunch charges under
paraxial approximation [5, 19-21]. Therefore, they can be
used to calculate the lifetimes of all bunches.

The lifetime of a bunch is determined by three mecha-
nisms: the quantum excitations, intra-bunch scatterings,
and bunch-gas scatterings [22]. They are called the quan-
tum lifetime, Touschek lifetime, and vacuum lifetime,
respectively [23, p. 388, p. 394, p. 431, & p. 705].
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They are so well known in the particle physics field that
descriptions and explanations of the individual parameters
are trivial. Only the parameters of interest will be discussed
here.
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The total loss rate is the sum of all loss rates:
I_lzral—i-‘cfl—l—‘c;sl—krgsl, (2)
where 14, 1, Tcs, and 1Ty are the quantum lifetime, Tou-
schek lifetime, vacuum lifetime owing to Coulomb or
elastic scattering, and vacuum lifetime owing to brems-
strahlung or inelastic scattering, respectively.

The quantum lifetime 7, is related to the aperture A and
the bunch size ¢. A is much greater than o in design, so the
quantum lifetime is too long to have any effective influence
on the total lifetime [22]. However, when A shrinks in
some cases and becomes comparable to g, the quantum
lifetime will exponentially decrease and the loss rate owing
to quantum excitation will be visible.

The vacuum lifetimes 7. and 1y are proportional to the
residual gas pressure P or P;, regardless of the collision
mechanism. They are also affected by the f function and

the 3D acceptance 0 and §ycc [24]. During the operation in
a third-generation synchrotron radiation facility with
designed parameters, the residual gas pressure in the vac-

uum pipe decreases gradually, so the vacuum lifetime 7, =

(12! + 1)) increases along with the decrease in the
residual gas pressure until it approaches a constant at the
leakage-pumping equilibrium. The vacuum lifetime is
much longer than the Touschek lifetime under good vac-
uum conditions. However, changes in any of the related
parameters will directly cause changes in the vacuum
lifetime, so the vacuum lifetime can be used to indicate the
overall stability of the storage ring. For example, if the
vacuum lifetime is being measured on line, the ring sta-
bility can be evaluated with this single parameter, and
predictions can be made before the machine is out of
control.

The Touschek lifetime 77 is related to the bunch charge
Q = eN, the 3D bunch sizes o, o, and ¢,. All the above
parameters are characteristics of an individual bunch. If
anything happens, e.g., beam instabilities or turbulences of
RF parameters, and the bunch size changes, the Touschek
lifetime will also change accordingly. Therefore, the
Touschek lifetime, or the normalized Touschek factor with
respect to the bunch charge, can be used to indicate the
stabilities of the bunches. If the Touschek factor is being
measured on line, the bunch stability can be evaluated with
the single factor, and prediction can be made before the
beam is out of control.

By analyzing the lifetime expressions, one can find that
the quantum lifetime and the vacuum lifetimes are irrele-
vant to the bunch charge, but the Touschek lifetime is
linearly correlated to it. If the charges of all bunches are not
identical, by measuring the lifetime of each bunch quickly
and precisely, we can obtain the Touschek factor with
linear regression analysis [25]:

1 1
- = KQi+_7 (3)
. To

l

where 7 is the calculated total lifetime of the ith bunch, Q;
is the charge of the ith bunch, 7o = (7, o) is the
combined lifetime of the vacuum lifetime and the quantum
lifetime, and x is the Touschek factor, which is propor-
tional to the loss rate owing to the Touschek effect. When
the quantum lifetime is much longer than the vacuum
lifetime, 79 can be regarded as the vacuum lifetime t,. The
quantum lifetime will from now on be ignored, especially
in Sect. 3, unless otherwise noted.

3 Method

The most common way to pick up the signals from the
button-type electrodes is to use a sampler whose sampling
frequency equals the bunch repetition rate. By adjusting a
phase shifter, the best signal-to-noise ratio can be obtained
when the synchronous sampling is at the signal peaks. This
method has some obstacles to overcome in this particular
situation. Owing to the synchrotron dynamics, peak loca-
tions of all bunches from the electrodes will oscillate about
the timing signal [24].

Before making any further progress, we had estimated
the effect of the clock jitter. The timing signals from the
SSRF were used as the clock to sample the signals from a
waveform generator. The results showed that the jitter
would contribute an error of around 40 ps to the sampling.

To minimize the system error caused by the longitudinal
oscillation and the jitter of the triggers, the data acquisition
system adopts a two-point equilibrium sampling method.

3.1 Idea

The purpose of the two-point sampling method is to find
the peak value of the signal whenever the trigger occurs.
The invoked signal is sampled at two points with fixed time
delay Ar (as shown in Fig. 1). The signal f(f) can be nor-
malized to a fixed concave function fy(¢) by multiplying a
factor A(Q) related to the bunch charge (as shown later in
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Fig. 1 Sketch map of two-point phase sampling methodology
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this section). If the length of the interval between the two
sample points is fixed, it can be easily seen that the con-
cavity assures that the ratio of the values g(f) =
fo@®)/fo(t+ Ar) at the two sample points is (strictly)
monotonically decreasing. Thus, g(¢) is a bijective function.

Suppose the two measured values are y; = f(#;) and
2 =f(r2) = f(ti + Ar). The idea is eliminating the factor
by dividing the two values, and using the injection property
of g7!(#) to get the phases of the two points. We can even
make a new function V(y;,y,) that outputs the bunch
charge. The function is discrete, so interpolation might be
necessary in practice.

3.2 System setup

The layout of the measurement system is shown in
Fig. 2. It consists of three major components: the front-end
electronics, the fast digitizer (a high-speed ADQ card), and
the timing system. The front-end electronics handles the
four signals of each bunch, via phase shifters to compen-
sate phase shifts caused by the transmission cables, and
then transmits the signals into the signal combiner. After
that, the sum signals are divided into two channels with a
Mini-Circuits power splitter ZFSC-2-372-S+. The two
channels of the sum signals are transmitted, via two high-
precision delay cables whose phase difference is strictly
100 ps, into the two channels of the SP devices ADQ14
digitizer card (external clock 999.63 MHz, external trig-
gered at 2 Hz, 14 bits ADC) [26]. The front-end electronics
is equipped in the tunnel of the accelerator to reduce the
reflections due to impedance mismatches.

The timing system consists of a trigger signal and a
clock signal. The sampling clock uses the main accelerator
clock directly to guarantee the sampling synchronicity. A
phase shifter is used to adjust the ADC sampling clock to
find the peak value of the sum signal.

The acquisition routine is as follows: Both channels will
acquire approximately 1000 turns of bunch-by-bunch data
simultaneously. Each channel (separated by 100 ps) will
take one sample at a bucket every turn. The two data
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Fig. 2 System layout of two-point phase sampling method
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stream will be zipped with the bunch charge function
V(y1,y2), and we will obtain 1000 turns of the peak volt-
ages of all bunches. Taking the averages along the turns,
we can get the mean voltages of all bunches. The bunch
charges are calculated by multiplying a coefficient that was
calibrated with an NPCT.

3.3 Response waveform reconstruction

To calibrate the function g(7) =f(¢)/f(t+ Ar), we
measure the waveforms of the sum signals. Each bunch
lasted 2 ns and the concavity changes at the zero-crossing
point.

The same layout of the acquisition system, as shown in
Fig. 2, was used to reconstruct the response signal of a
passing bunch. The sampling frequency of the ADQ card is
1 Gigabit Samples Per Second and the bandwidth of the
ADQ card is 1.2 GHZ, so each sampling clock can only
acquire two samples for the sum signal of the bunch. Under
this consideration, we use the high-precision NARDA-
ATM  coaxial phase shifter P1100D [27]. The
adjustable group delay ranges from O to 1.016 ns. The
phase shifter is controlled by a multi-turn non-translating
shaft, with approximately 100 turns from minimal to
maximal phase adjust. With this high-precision phase
shifter, we can reconstruct the refined waveform of the sum
signal.

To check the consistency and to reduce the random
noise, we normalized the waveforms of all the filled bun-
ches and obtained the response function by averaging and
interpolation. It is safe to say that in the interval around the
peak, the waveform is a concave function.

3.4 Bunch charge calculation

To calibrate the relation between the bunch charge and
the two measured voltages separated by a fixed time
interval, we pick the delay line Ar = 100 ps and use the
reconstructed waveform to calculate the relation curve.

Because ¢ can be seen as a function of
fo)/foltt + At) =f(tn)/f(t + Ar), the peak V s
uniquely determined. We have further calibrated the
coefficient K as a function of fo(11) /fo(t1 + At) where the
peak V = Kf ().

3.5 Bunch charge measurement resolution
evaluation

As soon as we obtained the function to calculate the
bunch charge, the first experiment was to evaluate the jitter,
the longitudinal oscillation, and the readout errors (as
shown in Fig. 3). The raw signals of the two channels
separated by 100 ps were recorded at a regular stored bunch
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Fig. 3 Readout noise evaluation. Red and blue lines: raw readouts of
the two channels; magenta: calculated readouts of peak values; and
black: raw readouts of background noise

and at an empty bucket. The latter signals could be
regarded as pure readout errors, and the former signals
contain the effects of the jitter, the synchrotron motions in
addition to the ADC readout.

The ADC readout noise of the empty bucket is
approximately 12 and the total measurement variation is
approximately 21 (close to peak) or 28 (away from peak),
so the measurement error introduced by the jitter and the

synchrotron oscillation is approximately v212 — 122 ~ 17

or V282 — 122 ~ 25, depending on where the measurement
occurs. This is expected, given that the slope differs at
different phases. The two-point method could efficiently
reduce the measurement error. The relative resolution is
0.2%. The stochastic noise can be reduced by averaging all
the samples (approximately 1000 turns) taken after a tim-
ing trigger (2 Hz).

Another experiment was also conducted to evaluate the
performance of this method. The new system is expected to

have a finer resolution than that of the traditional method,
i.e., taking just one sample around the peak.

Two series (separated by 100 ps) of bunch signals were
taken, and the “actual” charges were calculated with them.
We can see that the signal contains the decay of the bunch
charge and all kinds of noises. We assumed a linear
approximation of decay of the bunch in a short period for
simplicity. After removing the “theoretical” decay, we got
the standard deviation ¢ = 0.14 pC of what is left. That
value was regarded as the maximal system resolution.
Given that the bunch charge was approximately 950 pC, the
relative measurement resolution is better than 0.02%,
which is approximately five times better than the former
BCM system [7, 8].

3.6 Beam-lifetime analysis method

The new BCM system is now ready to measure the
bunch-by-bunch beam lifetime with high precision. This
enables us to analyze the Touschek lifetime and the vac-
uum lifetime on a finer scale.

Because the Touschek lifetime is dominated by the
intra-bunch scattering effect, the lifetime of each bunch
varies with its charge. We have recorded the raw data of all
the storage bunches of the whole storage ring between two
injections and calculated the lifetimes of all bunches. The
loss rate, i.e., the reciprocal of the lifetime, is linearly
related to the bunch charge (as shown in Fig. 4). The
Touschek factor and the vacuum lifetime can be directly
obtained by using Eq. (3). In this case, the vacuum lifetime
iS Tyaeuum = (35.8 £0.1)h and the Touschek factor is

Kk = (0.0248 £ 0.0001)h~' nC~.

0.052 w

Omeasurement
0.05 —linear fitting

0.044 -

vacuum lifetime = 35.8 £ 0.1 h

0.042 - 0o
Touschek factor = 0.0248 + 0.0001 h™ nC
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Fig. 4 The correlation between reciprocal of beam lifetime and
bunch charge
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4 Applications

This system intends to work during normal operations
for users (top-up mode at 240 mA), user studies, or
machine studies. The physical aperture is one of the most
convenient parameters to adjust. Thus, an experiment was
arranged and a scraper was available to simulate the change
in the acceptance of the beam transporter.

Meanwhile, a miniscule beam loss was noticed by the
system during a normal top-up operation, and the cause of
the event was roughly categorized for further analysis.

4.1 Study of the physical aperture

Collimators and scrapers are used to select a portion of
the beam by blocking or deflecting the unwanted electrons.
The locations of the blades determine the physical aperture
at that position of the vacuum chamber. Because they can
provide some reliable data, they are still worth studying.

As can be seen in Eq. (1), all the lifetimes are deter-
mined by the acceptance of the beam transport line. The
Touschek lifetime trp is proportional to the cube of the
momentum acceptance Vi Moving the scraper trans-
versely in a dispersive section will also affect the
momentum acceptance. The blade in this experiment could
move very close to the bunch center, invalidating the
enormously long quantum lifetime assumption. Thus, the
combined vacuum and quantum lifetimes should be con-
sidered. This combined lifetime is more complicated, so we
can only expect to see that 7y and the gap size are posi-
tively correlated.

An experiment was designed to observe the relation
between the lifetime and the physical aperture. We chan-
ged the gap of a vertical scraper and measured the bunch-
by-bunch charges.

No obvious changes in the normalized filling pattern
were observed when the blades were moved closer. Thus,
beam loss due to instabilities can be ignored. After sepa-
rating the Touschek lifetime via Eq. (3), we can check the
relation between the lifetimes and the physical aperture.

The gap was initially set to 8 mm, and the corresponding
Touschek factor x = ‘c;l/Q was 0.039h™! nC~!, and the
residual lifetime 7o was 32.7 h. When the gap was shrunk
to 7.5 mm, 7.0 mm, 6.0 mm, and 5.0 mm, the Touschek
factor ~ became  0.04h~' nC~',  0.053h~'nC7!,
0.068h~! nC~', and 0.225h ! nC~', respectively. The
residual lifetime slowly decreased with the gap at first and
then suddenly dropped, much faster than the Touschek
lifetime, until it reached 1.8 h.

The Touschek lifetime tp oc k=" is roughly a cubic
function of the gap size, based on the above data. The
deviation may be introduced by measurement errors,

1
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variation in the Touschek function D(e) in Eq. (1), or
changes in the beam size.

The behavior of the residual lifetime suggests that the
quantum lifetime, which is exponentially related to the
squared aperture size as shown in Eq. (1), dominates over
the vacuum lifetime later.

4.2 Analysis of accident beam loss

The high-precision BCM system can provide bunch-by-
bunch beam-charge information to detect sudden beam
losses, whereas a DCCT can only obtain, somewhat slowly,
the average beam current.

The resolution of the old BCM system at the SSRF is
approximately 0.1%. A beam loss of greater than 1 pC
could be detected when the single bunch charge is
approximately 1 nC. When the storage ring is evenly filled
with 500 bunches, only current drop greater than 500 X
1/1.44 = 0.34 mA may be visible to be located and ana-
lyzed. The resolution of this new BCM system is approx-
imately 0.02%, which means the new BCM system can be
used to analyze all current drops that are greater than
500 x 1/1.44 = 0.07 mA.

Normally, SSRF operates at 240 mA in top-up mode. In
this research, an unexpected tiny (0.2 mA) beam loss
during normal operation was observed on December 16,
2018. Using the high-precision bunch-by-bunch BCM
system, we found that the bunch-charge loss had a strong
correlation with the bunch charge and a weak correlation
with the position in the bunch train (as shown in Fig. 5).
According to accelerator physics, there are two main beam-
loss classes: those due to scattering and those due to
instabilities [24]. Based on this analysis, it can be inferred
that the beam loss may be caused by scattering. Further
studies are required for accelerator physicists to determine
the beam-loss mechanics in this case.

5 Conclusion

A bunch-by-bunch BCM system, based on the BPM sum
signals and the two-point equilibrium sampling method,
has been developed at the SSRF to make high-precision
charge measurements. The two-point equilibrium sampling
method can overcome the weakness of the single-point
method so that the measurement will not be affected by
trigger jitter or the longitudinal dynamics of the beam. By
applying this new method, the relative resolution of the
measurement of the bunch charge is better than 0.02%.
With this high resolution, the new system is able to monitor
the bunch-by-bunch beam lifetime. By taking advantage of
the variation in the bunch charges, we can achieve the
Touschek lifetime and vacuum lifetime analysis. The
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lifetime measurement will be useful for accelerator
physicists when optimizing the machine with more and
more IDs.
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