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In order to improve machine performance, the optics parameters of the storage ring need to be measured
accurately. The commonly used accelerator optics parameters, including momentum compaction factor and
dispersion function, are key parameters that reflect the state of the machine. It is difficult to measure them
with traditional methods during the user operation run. Based on a high-resolution bunch-by-bunch three-
dimensional measurement system, a noninvasive measurement of momentum compaction factor and the
dispersion function was performed at the Shanghai synchrotron radiation facility (SSRF). The dispersion
function can be obtained purely from the direct observation results of the bunch-by bunch 3D position,
based on the definition of the dispersion function during normal user operation run without perturbing the
beam. The theoretical background and experimental results of the method are discussed in this paper. The
measurement results are in good agreement with the design values.
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I. INTRODUCTION

Precise knowledge of key accelerator parameters are
important for the analysis of many beam dynamics mea-
surements and user experiments, as well as to tweak the
related model of the accelerator [1]. Among others, the
momentum compaction factor and the dispersion function
are important beam optics parameters of the accelerator.
The momentum compaction factor is a parameter related to
the properties of the magnetic guide field, and it is a core
parameter in the description of synchrotron, i.e., energy
oscillation. The dispersion function is a parameter that
reflects the deviation of the electron beam orbit caused by a
momentum shift. The distribution of the dispersion func-
tion can be used to analyze the orbit focusing performance,
and the optimization of the dispersion function can ensure
the stability of the beam orbit.

A noninvasive measurement method refers to the meas-
urement of parameters locally, without affecting the daily
operation of the facility. Because it does not require special
machine study time, the operating efficiency of the

“lengyongbin @sinap.ac.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOL

2469-9888/21/24(6)/062802(10)

062802-1

synchrotron facility can be improved. Therefore, noninva-
sive measurements of machine parameters have always
been the direction that accelerator BI (beam instrument)
scholars are trying to explore [2-5].

The momentum compaction factor and dispersion func-
tion cannot be measured noninvasive without disturbing the
ordinary light supply of the synchrotron radiation facility
by conventional means. The reason is, traditional methods
to measure these optics parameters require a large variation
of the beam energy and orbit, by altering the rf (radio
frequency) frequency, which are incompatible with the
daily operation of a synchrotron radiation facility [6-9].

In this paper we present a new noninvasive method to
measure the momentum compaction factor and dispersion
function, based on high-resolution, bunch-by-bunch, three-
dimensional beam position monitoring (BPM) system. The
top-up operation mode is applied at SSRF, which means
that injection is very frequent. By applying the single bunch
refilled charge extracting algorithm, a three-dimensional
position trajectory, having a large oscillation amplitude for
the injected bunch, can be retrieved form the captured
transient data of the injection. A fit of the measured
longitudinal bunch position results in a trace showing
the longitudinal bunch oscillations, revealing a precise
value of the longitudinal tune and momentum compaction
factor. An analysis of the correlation between the measured
longitudinal and horizontal bunch position gives an infor-
mation about the dispersion function. All this can be

Published by the American Physical Society
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TABLE I. Parameters of SSRF.

Parameter Value
Energy (E) 3.5 GeV
Current (/) 220 mA

tf frequency (fyr) 499.654 MHz
rf cavity voltage (V) 4.5 MV

Buckets (h) 720
Revolution frequency (f,) 694 kHz
Bunch length (o) 18 ps

performed during normal user operation run without
disturbing the beam, which makes its method very attrac-
tive for a synchrotron light user facility.

In recent years, the bunch-by-bunch,three-dimensional
beam position measurement system has been successfully
deployed at the SSRF [10-16]. The facility is a third
generation synchrotron radiation light source. It is com-
posed of a group of accelerators: a 150 MeV linear
accelerator, a 180 m-long 3.5 GeV booster, and a 432 m
long 3.5 GeV storage ring. The machine runs routinely in
top-up mode. Four bunch trains, each has 125 consecutive
bunches, are evenly spread in the 720 buckets in the storage
ring. The relevant parameters of the machine are listed in
Table L.

A three-dimensional, bunch-by-bunch beam position
measurement refers to the simultaneous measurement of
the transverse position, longitudinal phase, and charge of
any bunches in the storage ring. Based on this system, small
changes in the behavior of the bunches can be detected,
which is relevant to study the beam dynamics of the
accelerator, but puts high demands on the resolution of
the measurement system. We improved the performance of
this bunch-by-bunch measurement system, the resolution
of longitudinal phase is better than 0.2 ps, the resolution of
transverse position is better than 10 ym and the charge
resolution is 0.3%. The system meets the measurement
requirements.

The “top-up” operation mode requires frequent injection
to maintain a constant high current. This top-up injection
process is a perturbation to the storage ring, which will kick
the beam far away from the equilibrium point. The refilled
bunch contains the stored charge and refilled charge. The
signal collected by the beam position monitors is a
combination of the stored charge and refilled charge.
During the injection process, the three-dimensional move-
ment of the newly refilled charge carries different infor-
mation from the three-dimensional movement of the stored
charge. Only the longitudinal movement of the newly
refilled charge gives relevant information for the accurate
extraction of the longitudinal oscillation frequency. In order
to study it, the refilled charge signal needs to be extracted
out and studied separately. Therefore, based on the
response function and the bunch-by-bunch measurement

technique, a set of refilled charge signal extracting algo-
rithm was developed. Using this algorithm, the refilled
charge signal is extracted the original mixed refilled bunch
signal, and the three-dimensional position and charge of the
refilled charge portion of the bunch are further analyzed.
The transient behavior of the refilled charge portion is used
to measure the beam optics parameters without disturbance
of the stored beam.

The basic principle of the beam position measurement
system is explained in Sec. II. The measurement system is
shown in Sec. III. In Sec. IV, we present the measurement
results of the noninvasive beam optics parameter measure-
ment. In Sec. V, we analyze the performance of this
noninvasive optics parameters measurement method,
including applicable conditions and uncertainty. In order
to further verify the feasibility of the measurement method,
a proof experiment is presented in Sec. VI. Section VII
provides a short summary.

II. THEORETICAL BACKGROUND

Particles with different momenta in a storage ring will
follow different closed orbit trajectories of different path
lengths. The momentum compaction factor a,. is defined as:

AL/L
A, = ———.
Ap/p

where L is the length of the closed orbit and p is the
momentum of the particle [17,18].

The period of the particle revolution 7z depends on the
momentum deviation, due to the change of the closed orbit
length and the change of the particle velocity, as:

At 1 Ap Ap
SEERA TR T

(1)

T 4 p P

where y is the Lorentz factor and #,. is the slip factor. For

high energy electron storage rings, the velocity change due

to a change of momentum is negligible and 7. = —a,..
For the storage ring:

_h
f rf .
where h is the harmonic number of available rf buckets of

the storage ring and f; is the frequency of the rf cavities.
Equation (2) can be written as:

T

(3)

Af Ap AE @)
—— =, — =0, —.
fit ‘p ‘E
where E is particle energy.
Therefore, in order to precisely measure the momentum
compaction factor, conventional methods require to greatly
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alter the beam energy, and measure the effects in energy
using methods, like the depolarization resonance [19].

A different method to obtain the momentum compaction
factor, without affecting the daily user operation, utilizes
the synchrotron damping process of the energy oscillations.
The energy oscillation equation is expressed as:

de eVy— U,y

dr T ' )
where ¢ is deviation energy and U,q4 is energy lost by
synchrotron radiation. For small deviations form the
nominal beam energy (particle energy is close to the energy
of the synchrotron particle), the longitudinal motion of the
particle appears as a typical synchrotron damping oscil-
lation [17,18], in the form of:

24 = Zy SIN (\/Qz -2t 4+ (p0> e M,

where the reciprocal of A, is the synchrotron damping time.
@o 1s the arrival time of the bunch. The synchrotron
frequency is Q = 2av, and z,, is the oscillation amplitude.
The synchrotron tune v, is determined by the following set
of accelerator parameters:

(6)

2nE -1/2

s = 7
5 acehvrf[l - (Urad/evrf)z]l/2 ( )
Due to U,y < eV, Eq. (7) can be simplified as:
27EV?
a, =20 (8)
thrf

Except for the synchrotron tune, the parameters on the
right side of Eq. (8) can be directly obtained during the
daily operation of the facility. The actual synchrotron tune
is the only free, to be measured parameter for completing
the noninvasive momentum compaction factor measure-
ment. We plan to measure the synchrotron tune during the
frequent injection process in the “top-up” operation mode.

)

In the electron storage ring, the dispersion function
[#(s)] is a parameter that reflects the deviation of the
electron orbit caused by a shift of the beam momentum,
which can be measured by altering the rf frequency,
resulting in a change of the horizontal beam orbit.
According to the definition, the horizontal shift of the
electron beam orbit can be expressed as:

Ap
()=,

Ax =1 9)

According to the definition of momentum compaction
factor [Eq. (4)], this leads to:

Ax

-, —. 10
Y Afulfa (10)

n(s) =

Therefore, in order to precisely measure the dispersion
function, it is necessary to simultaneously measure the
horizontal beam orbit and the rf frequency, as that fre-
quency needs to be varied largely when applying conven-
tional methods.

According to the basic definition [Eq. (2) and Eq. (9)],
the following equation can be derived:

Ax

—acm. (11)

n(s) =

Based on Eq. (8) and Eq. (11), a noninvasive measure-
ment method of the momentum compaction factor and
dispersion function will be introduced in this paper without
“artificially” changing particle energy and rf frequency.

III. THE MEASUREMENT SYSTEM

Based on the 3D bunch-by-bunch position measurement
system, a hardware module which consists of a broadband
oscilloscope as the core and a software module with the
refilled charge extraction method as the core are used for
noninvasive measurement of the beam optics parameters.
The system framework is shown in Fig. 1.

L S
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lC) i 1 refilled charge i
= - 3D position -
Button BPM ] S S |
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@D bunches —p e}ectrlc — data I s mm s e :
signal
FIG. 1. The BPM measurement setup of the beam optics parameter measurement system.
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In this system, button beam position monitors (BPMs)
are used as bunch signal source. There are 140 BPMs,
distributed in 20 cells, along the circumference of the
storage ring of the SSRF. A broadband oscilloscope with
25 GS/s maximum sampling rate and 10 GHz maximum
analog bandwidth was chosen to record the signals from the
four button electrodes of the BPMs.

The data processing was performed in a workstation
computer. A software module was used to extract the three-
dimensional bunch position from the measured signal
waveforms of the oscilloscope. In addition, the function
of the software module also includes the extracting of the
bunch signal related to that of a refilled bunch charge,
allowing to subtract the stored charge portion from the
refilled bunch to enable the study of instability phenomena
in a stable operating regime. Finally, the three-dimensional
position of the refilled portion of the bunch and the three-
dimensional position of the stored bunch are used to further
evaluate the beam optics parameters. Among them, the
extracting of the refilled charge signal and the extraction of
the three-dimensional position are not in the focus of this
paper, and are only briefly discussed in this section.

The four electrode signals generated by a bunch passing
through the BPM pickup is acquired by a 4-channel
broadband oscilloscope, and are short pulse waveforms
of about 0.5 ns duration, and as consequence even with a
high sampling rate the number of relevant sample points of
the pulse signal is low. Each bunch appears periodically at
each BPM in the storage ring with a rate defined by the
revolution frequency. Since there is no synchronicity
between the sampling clock of the oscilloscope and the
rf frequency of the accelerator, the signals acquired by the
oscilloscope have a different sampling phase with regard to
BPM pulse signals for each bunch passage of the BPM
pickup. The picture of the entire waveform of the bunch
response signal of one BPM pickup electrode, i.e., the
reference response signal in Fig. 2, was generated by
combining all bunch response signals of several thousand
consecutive turns.

% 10*

amplitude (arb. units)

0 0.5 1 1.5 2
time (ns)

FIG. 2. Bunch signal response waveform of a BPM electrode,
acquired with 10 GHz bandwidth.

The relative signal amplitude and relative longitudinal
phase of each bunch, at every turn was obtained comparing
the actual signal of each bunch, turn-by-turn, with the
reference response signal.

The transverse beam position (x, y) and the bunch charge
(Q) for a specific bunch are computed as follows:

(i) — k.. AW = BU) = C() + DU
“"A(i) + B(i) + (i) + D(i)
5(0) — k.. A+ B = C0) = D()
*A() + B(i) + C(i) + D(i)

0(i) = kg - (A()) + B(i) + C(i) + D(i)).  (12)

with k,, k,, and k, being constants, given by the BPM
pickup and the gain of the signal processing chain. A(i),
B(i), C(i), D(i) are the relative signal amplitudes of the
four BPM electrodes A, B, C, and D respectively, at the
ith turn.

IV. EXPERIMENTS RESULTS

The noninvasive measurement method is applied to
measure momentum compaction factor and dispersion
function at the SSRF storage ring. The experiment does
not need any special configuration of the machine, the data
was acquired unnoticed during daily operations (top-up
mode). The “top-up” operation mode requires frequent
injection to maintain a constant high current. Both, the
beam data collected during the injection transient, and the
beam data collected during the stable state were used for
the analysis of beam optics parameters. The reason to select
the injection transients, in particular the refilled charge
portion of the refilled bunches, is simply the fact that those
undergo a strong, but of course damped synchrotron
oscillation excitation. The capture of injection transient
process appeared to be a difficult task due to the small
amount of refilled charge. The injection event cannot be
observed directly, however, the range in signal amplitude
after the injection is quite large among the injected data. In
the following, the stored bunches exhibit significant trans-
verse oscillation, while the refilled charge has a large
longitudinal, while the refilled charge portion has large
longitudinal oscillations. Therefore, the amplitude differ-
ence of the refilled charge is obviously greater than that of
the other stored bunches. Based on this, a software trigger
threshold can be set up, from which we can select the
injected data group and mark the refilled bunches [16].
Typical results plotted in this section were processed by
using the data recorded on July 25, 2020 unless other-
wise noted.

A. Momentum compaction factor

The momentum compaction factor can be calculated
according to Eq. (8). In order to accurately calculate the
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FIG. 3. Signal waveform of, (a) the stored charge, (b) the

refilled charge, and (c) the refilled bunch charge as sum of
(a) and (b).

momentum compaction factor, an accurate real-time meas-
urement of the synchrotron tune is crucial. During the
injection process, due to the mismatch between the injector
and the storage ring, the refilled charge typically undergoes
a damped synchrotron oscillation. In order to obtain the
synchrotron tune, it is necessary to extract the refilled
charge signal from the acquired BPM signal, containing a
mix of stored and refilled charge in the bunch.

During each injection process, typically 3 to 5 buckets of
the SSRF storage ring are refilled, each stored bunch charge
is merged with the refilled charge and represent a
refilled bunch.

Figure 3 shows the typical signal waveform of, (a) the
stored charge, (b) the refilled charge, and (c) the refilled
bunch charge as sum of (a) and (b).

All stored bunches, several hundred in typical runs,
follow basically the same transverse and longitudinal
motion pattern. Therefore, any stored bunch signal is
representative as signal of the stored charge, and valid
for the refilled charge signal extraction algorithm. In order

TABLE II. Beam parameters of the storage ring.
Parameter Value
Stored charge (Q,) 582 pC
Refilled charge (Q,) 21.0 pC
Oscillation amplitude (z,,) 603.7+7 ps
Refilled charge arrived time (¢) 3.07 £0.01 rad
Synchrotron damping time (7,) 2.82 +0.05 ms

Synchrotron tune (v) 0.007308 £ 0.000002

to reduce the measurement error, we chose a sufficient
bucket distance N, typically N = 20, of stored bunches
separated from the refilled bunch as our reference stored
charge signal. The signal of the refill charge was obtained
by subtracting the signal of the stored charge from the
signal of the refilled bunch.

The turn-by-turn longitudinal phase of the refilled charge
was extracted from the refilled bunch signal using the
bunch-by-bunch three-dimensional measurement algo-
rithm. A mathematical model for the evolution of the
longitudinal phase oscillations was used to fit the param-
eters in Eq. (6). Table II lists the beam parameters used for
the fitting algorithm, and Fig. 4 compares the refilled
charge phase evolution extracted form the measurement
with the fit.

According to Eq. (8), the current momentum compaction
factor of SSRF is 4.078 x 1074,

B. Dispersion function

The dispersion function can be calculated according to
Eq. (11). Even during daily operations of the synchrotron
radiation facility, the revolution period z of the beam will
shift relative to the set value due to an instability. The shift
is very small, approximately le — 6 of the revolution time.
This shift of the revolution period will be coupled to the
orbit. Therefore, by accurately measuring both effects,
the value of the dispersion function was obtained. Based
on the 3D bunch-by-bunch measurement system, the

500 H * measurement phase
. —fitting curve

bunch phase (ps)
(e}

-500 :
Y = 603.7*sin(0.04592%1+3.069) *exp(-/1960)
1000 1500 2000 2500 3000
turn index

1

0 500

FIG. 4. The measured refilled charge phase and the fitting
curve. Black dot line: the measured refilled charge phase; red
solid line: fitting trace of the refilled charge phase.
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FIG.5. The measured turn-by-turn horizontal position [x(i)] vs.
turn i for a common bunch.

[\S)
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[}

10000
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FIG. 6. The measured turn-by-turn longitudinal phase [¢(i)] of
a common bunch.

horizontal beam position [x(i)], and the longitudinal phase
[¢(i)] of a bunch was accurately measured, as shown in
Fig. 5 and Fig. 6.

The horizontal bunch position of the ith turn [x(i)] is a
linear superposition of four components:

x(i) = x, + Ax(i) + x5(0) + Y _x, (i) (13)

where x, is the reference orbit. Ax(i) is the orbit shift
caused by the coupling to the shift of the revolution period.
xp(i) is related to betatron oscillation. x, (i) reflects all the
various noise contributions in the orbit measurement. Only
Ax(i), the orbit shift related to the shift of the revolution
period, is relevant for the dispersion function. Typically, the
other components are small, however, to improve the
accuracy it is valuable to minimize their contribution.
The spectral analysis results of the turn-by-turn hori-
zontal position and longitudinal phase of a common bunch
are shown in Fig. 7. The high frequency part of the
frequency spectrum of the horizontal position has peaks
caused by betatron oscillation and its higher harmonics. In
addition, both spectra have a uniformly distributed noise

1 ‘
——position
Z08 —phase
=]
)
gl 0.6 1
S
504 5
a
02 o Mt
4000 6000
0 1 1
0 1 2 3 4 5 6
frequency (Hz) «10°

FIG. 7. The spectral analysis results of the turn-by-turn hori-
zontal position and longitudinal phase of a common bunch. Blue
solid line: the spectral of turn-by-turn horizontal position; red
solid line: the spectral of turn-by-turn longitudinal phase. The
small figure on the right is the close-up of 4000 Hz—8000 Hz.

floor generated by the measurement system. In the low
frequency part, the two frequency spectra coincide (see the
zoomed plot inside Fig. 7). A low-pass filter frequency
discrimination was used to suppress the higher harmonics,
in this way the coupling of the shift of the revolution period
(A7) and the orbit shift (Ax) can be retained.

ac(iye = 2O =001 ‘f(‘ 2 (14)
where Az(i) is the shift of the period of the bunch
revolution of the ith turn. ¢(i) is the longitudinal phase
in the ith turn. 7 is the revolution time (period) of the bunch.
According to Eq. (14), the relative shift of the period was
obtained by differentiating the turn-by-turn longitudinal
phase.

The correlation between the normalized shift of the
revolution period, Az(i)/z, and the orbit shift, Ax, is linear,
as shown for several thousand turns in Fig. 8. Following

-5
x10
2 measurement result
—— linear regression

e

|y =-428.4%x - 2.614*10°
6 4 2

o 2 4 6
Af il or x 1078

FIG. 8. The correlation between the normalized shift or the
revolution period, Az/z, and the obit shift, Ax, is linear. Black
dots: measured results of 14000 turns; red solid line: linear
regression.
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Eq. (11), the value of the dispersion function at this
measurement location was determined to be 0.1747 m.

V. PERFORMANCE EVALUATION

The following will analyze the performance of this
noninvasive optics parameters measurement method,
including applicable conditions and uncertainty.

The measurement method has no special requirements
for the beam state and can be carried out in the daily
operation of the synchrotron radiation facility. As of the
sufficient high refresh rate of the parameter calculation, the
measurement system is able to detect changes of the storage
ring optics parameters in real-time. The refresh rate of the
momentum compaction factor depends on the filling
frequency of the top-up mode (approximately once every
5 minutes for SSRF), and the refresh rate of the dispersion
function is not limited (approximately 10 Hz). Since there
are no special applicable conditions, this method has the
potential to be applied in many other 3rd generation
synchrotron light sources. However, the momentum com-
paction factor is calculated using the signal collected during
the injection transient. In the “top-off” mode (infrequent
injection), the refresh rate is typically rather low. In
addition, the bunch-by-bunch three-dimensional measure-
ment system is the basis of this method.

The uncertainty of the momentum compaction factor and
dispersion function measurement was analyzed. The design
value of the momentum compaction factor is 4.2 x 10 in
SSRFE. It is consistent with the experimental results
(4.078 x 10~%). The measurement uncertainty mainly comes
from the fitting of the synchrotron tune(shown in Fig. 4). The
confidence interval for the synchrotron tune is [7.307 x
1073,7.310 x 1073] with 95% confidence bounds.
According to Eq. (8), the confidence interval for the momen-
tum compaction factor is [4.077 x 107#,4.080 x 1074].

In the above analysis, only the three-dimensional posi-
tion of a single bunch is used to calculate the dispersion

0.19

dispersion (m)

Standard deviation = 0.0066 m

0 100 200 300 400
bunch index

FIG. 9. More than 400 bunches were used to calculate the
dispersion function on a basis of independent measurements. The
standard deviation of each measurement is 0.0066 m.

function value. In fact, more than 400 bunches in the
storage ring can be used to calculate the dispersion function
independently at the same time (shown in Fig. 9).

Using one standard deviation as definition of the
uncertainty of a single independent measurement, we find
a uncertainty value of 0.0066 m for the dispersion function
measurement (about 3.8%). In the actual measurement, the
average value of more than four hundred independent
measurement results can be utilized to improve the final
measurement value. The processing gain is the square root
of 400. Therefore, the relative measurement uncertainty of
this dispersion function measurement method is
about 0.2%.

VI. PROOF EXPERIMENT

In order to verify performance and robustness of the
measurement method, some proof experiments were done
in SSRF. In the first experiment, 3 bunches were injected
into a previously empty storage ring. These injected
bunches have large longitudinal and transverse oscillation
during the injection transient which can be used to measure
the momentum compaction factor and dispersion function.
In the second experiment, the dispersion function values at
the seven different BPMs position of cell 19th were
measured during daily operation (stable beam). The appli-
cability of the measurement method was verified by
comparing the measured dispersion function of this cell
with the design value.

A. Injection transient with empty storage ring

The results presented in this subsection were processed
by using the data recorded on December 3, 2020. The
horizontal position and longitudinal phase of the injected
bunch were obtained based on the bunch-by-bunch three-
dimensional measurement system (shown in Fig. 10). In the
same way as described in Sec. IV, a mathematical model

|
W

x10

‘ ‘ 4
—~ 500 ——longitudinal phase .
é ——transverse position é
(] ’2 (e}
< \\H,\m W 2
E M \ \ \ / ‘ ! I / i\ ! ‘ o
E 5
) 22
g 5
— —500 =

: : -4

0 1000 2000 3000 4000

turn index

FIG. 10. The measured turn-by-turn horizontal position [x(i)]
and longitudinal phase [¢(i)] of a refilled bunch. Blue solid line:
longitudinal phase; red solid line: horizontal position.
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FIG. 11. The evolution in energy phase space of an injected

bunch after injection.

was used to fit the evolution of longitudinal phase to
acquire the synchrotron tune. The confidence interval for
the synchrotron tune is [7.326 x 107,7.329 x 10~%] with
95% confidence bounds. Following Eq. (8), the confidence
interval for the momentum compaction factor measurement
is [4.098 x 107#,4.101 x 107#]. This result is consistent
with that of the previous section.

Combining Eq. (11) and Eq. (14), the following equation
can be obtained:

n(s) do
Ax = 25 15
* —ta, dt (15)

Where ¢(i) is the longitudinal phase. From Fig. 10 follows,
there is a constant one quarter phase difference between the
longitudinal phase and the horizontal position. This result is
consistent with the Eq. (15).

According to Eq. (9), the change in particle momentum
can be obtained from the horizontal beam position. The
measurement result are visualized as phase space diagram,

0.3

<
&}

e
-

dispersion (m)

0 200 400 600
bunch index

FIG. 12. More than 400 bunches was used to calculate the
dispersion function independently. The calculation results of the
dispersion function at different locations along the accelerator
circumference (at different BPMs) are expressed in different
colors.

TABLE III. Dispersion value distribution in a cell.

No.1 No.2 No.3 No.4 No.5 No.6 No.7
Value (m) 0.0688 0.0749 0.0915 0.2511 0.1379 0.1054 0.0780

Position

and appear as “fish” envelopes. Figure 11 shows the
evolution of the trajectory in an energy vs. phase space
plot of an injected bunch.

In a similar way the dispersion function at the measure-
ment location was computed form the same set of meas-
urement data. Since the synchrotron oscillation amplitude
is dominant, the coupled component for the synchrotron
oscillation in the horizontal position is much larger than the
effect of the betatron oscillation. The dispersion function
measurement was improved by passing the low-pass filter-
ing. Again, the acquired results are consistent with those of
the previous section.

B. Dispersion function measurement with a stable beam

The dispersion function (1(s)) is a function related to the
location s along the accelerator circumference(s). The
dispersion value reflects the focusing the focusing effect,
which changes with regard to the location. The storage ring
consists of 20 cells. There are 7 BPMs in each cell. Seven
sets of data from seven BPMs are recorded respectively.
The dispersion function distribution in a cell is shown in
Fig. 12). The results discussed in this subsection were
processed by using the data recorded on January 6, 2021.

The average value of more than four hundred indepen-
dent measurement results (more than 400 bunches) were
used to compute the final measurement value, shown in
Table III).

The measured result is compared with the parameter
design value of SSRF. As Fig. 13 shows, the measured
results are in good agreement with the design value.

0.3 —‘design \‘/alue
X measured result

€2l

=

g

w2

o

201

S

0 1 1 1 1 1
0 5 10 15 20 25 30
X (m)
FIG. 13. The dispersion function distribution in a cell of SSRF

(No. 19 cell). Blue solid line: design value; red cross: measured
value.
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VII. CONCLUSION

Commonly used accelerator optics parameters, including
momentum compaction factor and dispersion function, are
key parameters that reflects the operational status of the
machine. This paper describes a new, noninvasive method
to measure those parameters utilizing bunch-by-bunch 3D
BPM data. The momentum compaction factor that can be
obtained relies on the injections. In the top-up mode, the
injection is very frequent and the measurement refresh rate
is high. In the top-off mode, this method can also be used to
obtain the momentum compaction factor. Due to the
infrequent injection (usually once every few days), the
measurement refresh rate of the momentum compaction
factor decreases accordingly. The dispersion function can
be obtained purely from the direct observation results of the
bunch-by bunch 3D position based on the definition of the
dispersion function which does not depend on the injection
frequency.

A series of experiments had confirmed that this non-
invasive method is adequate in key optics parameter
measurement during daily operation without additional
machine study hours. The momentum compaction factor
and dispersion function was obtained from the raw BPM
data by using bunch-by-bunch measurement algorithm
without disturbing the ordinary operation of a light source.
Since there is almost no need for special application
conditions that only depend on the oscillations caused
by injection which is almost inevitable, this method can be
widely used in other synchrotron radiation devices.

In addition to real-time monitoring of the machine status
during daily operation, this method can analyze the
influence of different insertion devices and machine
parameter settings on the optics parameters, but also help
to optimize the machine setting.
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