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Abstract
In this paper, the radio-frequency (RF) phase modula-

tion method is exploited to investigate the variations in the
transverse beam size and emittance at Hefei Light Source
(HLS-II). Meanwhile, a certain quantitative analysis was
performed on the stability and practicability of the beam
transverse profile measurement systems. The experiments
show that the RF phase modulation method can effectively
explore the robustness and stability of beam transverse pro-
file measurement systems over the range of 20.0–22.5 kHz,
which is close to the first-harmonic of the synchrotron fre-
quency. It is concluded that when the modulation amplitude
of the external phase perturbation is less than 0.04 rad, this
optical system can be capable of maintaining reliable and
stable working status. This is also useful for analyzing the
influence of RF phase noise on the subsequent beam mea-
surement and diagnostics, which including the deterioration
of beam quality, emittance blowup, beam jitter, and beam
loss.

INTRODUCTION
In the synchrotron radiation (SR) storage ring light

sources, it is crucial to real-time high-accuracy monitor the
variations of the transverse beam size and emittance. With
this in mind, HLS-II is equipped with two transverse beam
profile measurement systems as that of the synchrotron light
imaging system and interferometric system to precisely mea-
sure the beam size, emittance, and energy spread on the basis
of the actual measurement requirement [1, 2]. In previous
machine experiments, a RF phase modulation method is de-
veloped to improve beam lifetime and explore longitudinal
beam characteristics in the HLS-II storage ring. However,
we found that the transverse beam size and emittance are
affected by the parametric resonances resulting from the
introduced phase perturbation [3, 4]. Therefore, it is neces-
sary to deeply research and elaborate the variations of beam
transverse profile and beam emittance subjected to the exter-
nal RF phase modulation. It has considerable physical and
engineering guiding significance in the operation, commis-
sioning, and beam manipulation of the HLS-II storage ring
and our future Hefei Advanced Light Facility (HALF) [5].
Considering that the preliminary machine measurement are
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carried out in the single-bunch operation mode, we mainly
focused on investigating the stability and feasibility of the
beam transverse profile measurement systems by use of the
changes on the transverse beam size and emittance. Further-
more, the dependence curve of the beam energy spread as
a function of the RF phase modulation frequency is further
analyzed under different modulation amplitudes.

THE MEASUREMENT PRINCIPLE
As for the HLS-II storage ring, it is noted that the inter-

ferometer and imaging system are installed on the dedicated
diagnostic beamlines B7 and B8, respectively. Correspond-
ingly, the underlying equations for the transverse beam emit-
tance and energy spread can be separately expressed as
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⎨{{⎩
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Where the subscripts B7 and B8 represent the parameters
at the light source points respectively, 𝜀𝑥 for the horizontal
beam emittance, 𝛿 for the beam energy spread, 𝜂𝑥 for the
dispersion function in the horizontal direction, 𝜎𝑥 for the
horizontal beam size, and 𝛽𝑥 for the beta function in the
horizontal plane, 𝑥. Similarly, the vertical beam emittance
can be obtained by

𝜀𝑦 = 𝜎2
𝑦/𝛽𝑦 (2)

Here, 𝜎𝑦 and 𝛽𝑦 indicate the beam size and beta function
in the vertical direction 𝑦, respectively. To the best of our
knowledge, the applied external RF phase modulation will
bring about the obvious parametric resonances in the case
that the modulation frequency is close to an integral mul-
tiple of the synchrotron oscillation frequency. In the case
that the modulation frequency of the RF system approaches
to a single harmonic of the synchrotron frequency, which
corresponding to the standard Hamiltonian equation related
to the charged particle motion can be described by [3, 4]

⟨𝐻1⟩𝑡 = (𝜔𝑠 − 𝜔𝑚) 𝐽 − 𝜔𝑠𝐽2

16 − 𝜔𝑠𝑎𝑚
2 (2𝐽)

1
2 cos 𝜓 − 𝜔𝑠

(3)
In Eq. (3), it is worth pointing out that the systematic Hamil-
tonian formalism is an invariant. 𝜔𝑠 denotes the synchrotron
oscillation angular frequency, which is equal to 𝜔𝑠 = 2𝜋𝑓𝑠,
where 𝑓𝑠 represents the synchrotron frequency. Whereas 𝜔𝑚
denotes the modulation angular frequency of the external RF
noise that is equivalent to 𝜔𝑚 = 2𝜋𝑓𝑚, in which 𝑓𝑚 repre-
sents the modulation frequency, and 𝑎𝑚 represents the phase
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error modulation amplitude. It is noted that 𝐽 and 𝜓 denotes
the action-angle coordinates. In terms of the aforementioned
theoretical Eq. (3) and in combination with the characteristic
parameters of the HLS-II storage ring, we simulated the par-
ticle motion trajectories at different modulation amplitudes
for the case of the RF modulation frequency approaching to
the synchrotron frequency, as shown in Fig. 1.

Figure 1: The particle trajectories under different RF phase
modulation amplitudes (𝑓𝑠 = 21.3 kHz and 𝑓𝑚 = 20.0 kHz).

In Fig. 1, the red square, green diamond, and blue tri-
angle stand for the Hamiltonian tori with the modulation
amplitudes of 0.02, 0.03, and 0.04 rad, respectively. For the
sake of simplicity and convenience, it is mentioned that the
simulated Hamiltonian torus in phase space is chosen to be
the modulation frequency of 20.0 kHz. It can be clearly seen
that the introduction of the phase noise has a great impact
on the charged particle motion trajectory and bunch volume.
The main reason is attributed to the parametric resonance
effect and the beam dilution theory. It should be empha-
sized that this method can give rise to the deterioration of
beam emittance in the case of improving beam lifetime and
suppressing beam instability. As a consequence, we aim to
investigate the variations of beam characteristic parameters
which including transverse beam size, emittance and energy
spread related to phase modulation. There is no doubted
that this has outstanding importance on machine research
and beam dynamics analysis at the HLS-II storage ring.

EXPERIMENTAL SETUP AND RESULTS
According to the above-mentioned theoretical analysis, in

which the experimental arrangement is distinctly depicted
in Fig. 2.

As shown in Fig. 2, it can be clearly observed that the
experimental measurement system is mainly composed of
the RF system, the synchrotron light interferometer system,
and the synchrotron light imaging system. Note that the
interferometer and the imaging system are installed on the
source points B7 and B8, respectively. The interferometer
system is divided into horizontal and vertical interferome-
ter, which are employed for measuring the horizontal and

Figure 2: Schematic diagram of the experimental measure-
ment system.

vertical beam size, respectively. In comparison, the imaging
system is relatively simple and compact, which is the most
direct universal beam profile measurement method. It should
be pointed out that the optical attenuator is being taken to
modulate the light intensity to avoid the damage to CCD
camera. With regard to the polarizer, whose role is to extract
the polarization component of the SR light. In addition, it is
emphasized that the band-pass filter is utilized for selecting
the spectrum of the SR light and reducing the influence of
chromatic aberration. To do that we can real-time monitor
the beam size and emittance using the two beam transverse
profile measurement systems.

In Fig. 2, it is especially mentioned that the RF phase mod-
ulation method is developed for investigating and analyzing
the changes of beam size and emittance. It is well-known
that the introduction of phase noise into RF system can ob-
viously affect the beam performance in the HLS-II storage
ring. Consequently, we are devoted to explore the stability,
measurement accuracy and applicability of the beam trans-
verse profile measurement system in view of the external
RF phase disturbance. The measured results are shown in
Figs. 3 and 4, respectively.

As plotted in Fig. 3, (a) and (b) indicate the dependence
curves of the horizontal beam size and emittance with mod-
ulation frequency, respectively. Nevertheless, Fig. 4, (a)
and (b) separately reveal the variations of beam size and
emittance in vertical direction as increasing the modulation
frequency. Here, the blue square, green circle, and magenta
triangle signify the changes of the transverse beam size and
emittance with the increase of the RF phase modulation
frequency at the modulation amplitudes of 0.02, 0.03 and
0.04 rad. It is apparent that the measured values have obvi-
ous discrepancy when increasing the modulation amplitude
in vicinity of the synchrotron frequency 20.0–22.5 kHz. This
is mainly originated from the parametric resonance effect
caused by the external RF phase noise, of which can ma-
nipulate bunch electron density and simultaneously bring
perturbation to the beam. It is directly observed that when
the modulation amplitude is increased to 0.04 rad, which
results in the beam transverse profile measurement systems
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Figure 3: The change cure of the horizontal beam size and
emittance versus the modulation frequency.

Figure 4: The change cure of the vertical beam size and
emittance with respect to the modulation frequency.

can no longer accurately measure the beam size and emit-
tance as a result of the violent bunch jitter and oscillation.
Additionally, it will bring about these systems to fail to main-
tain the stable operation state. Therefore, in order to ensure
the measurement reliability and feasibility of the beam trans-
verse profile measurement systems, the tolerance level of the
experimental system associated with the external RF phase
noise should be avoided no more than 0.04 rad.

It is noted that the resolution of the beam transverse pro-
file measurement systems are also affected by the depth of
field effect and the curvature error. Besides, the installation
error of the optical system and environmental disturbances
also give rise to the measurement error. However, the error
caused by these external factors to the optical measurement
system is approximately several micrometers, which is much
lower than the sudden variation in the beam size being at-

tributed to RF phase noise. In summary, the simple and
flexible RF phase modulation method in the sense that is
capable of roughly and intuitively providing the useful guid-
ance for accelerator operation and commissioning.

In addition, we also further measured the change in beam
energy spread under the case of the external RF phase mod-
ulation in the experiment accordingly, as shown in Fig. 5.

Figure 5: The beam energy spread variation curve via the
modulation frequency at different modulation amplitudes.

From Fig. 5, it is evident that there is a severe variation
on beam energy spread under the condition of the phase
modulation ranging from 20.0 to 22.5 kHz. This means that
this RF phase modulation approach has a great impact on
beam performance. In the future research work, we will
attempt to further expand the application scenarios based on
this phase modulation method, of which including improving
beam performance, analyzing RF noise, and studying the
beam instability of the HLS-II storage ring.

CONCLUSION
In general, it is desirable to explore and discuss the sta-

bility, feasibility and practicability of the beam transverse
profile measurement systems on the HLS-II storage ring by
means of the RF phase modulation method. It has demon-
strated that these beam transverse profile measurement sys-
tems can be effective of maintaining measurement reliability
in the case of the modulation amplitude of the external phase
noise is less than 0.04 rad within the range of 20.0–22.5 kHz.
At the same time, this phase modulation approach is of great
significance to the operation, machine research and beam
diagnosis of the HLS-II storage ring. Furthermore, it can
provide feasible suggestions and ideas for researching the
physical phenomena such as emittance dilution, beam jitter,
and beam loss in the synchrotron storage ring light sources.

ACKNOWLEDGEMENTS
This work was supported in part by the National Natural

Science Foundation of China under Grant 11575181, Grant
51627901 and Grant 11705203, the Anhui Provincial Natural

9th Int. Beam Instrum. Conf. IBIC2020, Santos, Brazil JACoW Publishing
ISBN: 978-3-95450-222-6 ISSN: 2673-5350 doi:10.18429/JACoW-IBIC2020-WEPP26

WEPP26
160

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

20
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I

Longitudinal Diagnostics and Synchronization



Science Foundation under Grant 1808085QA24, and the
Fundamental Research Funds for the Central Universities
under Grant WK2310000080.

REFERENCES
[1] K. Tang et al., “Transverse beam size measurement system

using visible synchrotron radiation at HLS II”, Chinese Phys. C,
vol. 40, no. 9, p. 097002, 2016. doi:10.1088/1674-1137/
40/9/097002

[2] C. Cheng et al., “Beam size and position measurement based
on logarithm processing algorithm in HLS II”, Chinese Phys. C,
vol. 40, no. 4, p. 047004, 2016. doi:10.1088/1674-1137/
40/4/047004

[3] H. Huang et al., “Experimental determination of the Hamil-
tonian for synchrotron motion with rf phase modulation”,
Phys. Rev. E, vol. 48, no. 6, pp. 4678–4688, 1993. doi:
10.1103/PhysRevE.48.4678

[4] N. P. Abreu et al., “Longitudinal dynamics with rf phase
modulation in the Brazilian electron storage ring”, Phys. Rev.
ST Accel. Beams, vol. 9, no. 12, pp. 124401, 2006. doi:
10.1103/PhysRevSTAB.9.124401

[5] P. Yang et al., “Design of a hybrid ten-bend-achromat lattice for
a diffraction-limited storage ring light source”, Nucl. Instrum.
Meth. A, vol. 943, p. 162506, 2019. doi:10.1016/j.nima.
2019.162506

9th Int. Beam Instrum. Conf. IBIC2020, Santos, Brazil JACoW Publishing
ISBN: 978-3-95450-222-6 ISSN: 2673-5350 doi:10.18429/JACoW-IBIC2020-WEPP26

Longitudinal Diagnostics and Synchronization
WEPP26

161

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

20
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I


