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Broadband impedance calculations and single bunch instabilities

estimations of of the HLS-II storage ring *
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Abstract: The upgrade project of the Hefei Light Source storage ring is under way. In this paper, the broadband

impedances of resistive wall and coated ceramic vacuum chamber are calculated using the analytic formula, and the

wake fields and impedances of other designed vacuum chambers are simulated by CST code, and then a broadband

impedance model is obtained. Using the theoretical formula, longitudinal and transverse single bunch instabilities

are discussed. With the carefully-designed vacuum chamber, we find that the thresholds of the beam instabilities are

higher than the beam current goal.
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1 Introduction

The Hefei Light Source (HLS) is a dedicated VUV
and soft X-ray light source, with beam energy of 800
MeV and storage ring circumference of 66.13 m. To im-
prove the quality of synchrotron radiation, an important
upgrade project of the HLS is underway, where the stor-
age ring will be reconstructed. The main parameters of
the HLS-II storage ring are listed in Table 1. Except
for the lower beam emittance, the beam intensity will
be higher than before, which is essential for high syn-
chrotron radiation flux and brightness [1].

Because geometric impedance-driven beam collective
effects are important considerations for reaching higher
beam intensity, it is necessary to calculate the longi-
tudinal impedances of components in the HLS-II stor-
age ring, which may cause longitudinal and transversal
bunch instabilities, and to estimate the acceptable beam
current.

In this paper, short range wake fields of various vac-
uum chambers in the HLS-II storage ring are calculated
by some analytical method and CST code [2], and then
a broadband impedance model is established. Based on
the impedance model, single bunch instability thresh-
olds, such as for the microwave instability, and the trans-
verse model coupling instability are estimated using the
classical formulas [3, 4].

2 Short review of wake field and

impedance

When a charged particle is travelling through a stor-
age ring, if the wall of the beam pipe is not perfectly
conducting and has some discontinuities, the movement
of the image charges will be slowed down, thus leaving
electromagnetic fields behind, which will influence the
motion of later particles. We calculate the longitudinal
and transverse wake functions by integrating over the
EM force normalized by the charge q and a horizontal
offset ξ [4, 6]:
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For a Gaussian bunch, the wake potential can in prin-
ciple be found from the convolution of the wake function
with the normalized line density λ(τ−t).

Actually, we often use the coupling impedance, which
is the Fourier transformation of the wake function for an-
alytical study of the beam instabilities. We also use the
reduced impedance for the longitudinal beam instabili-
ties, which is a comparable quality for storage rings with
different circumferences. The reduced impedance is de-
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Table 1. Parameters of the HLS-II storage ring.

beam energy/MeV 800

circumference/m 66.13

momentum compaction factor 0.02

transverse beam emittance/nm·rad 37

natural energy spread 0.000472

nominal RMS bunch length/mm 14.8

vacuum chamber height size/m 0.04

synchrotron frequency/kHz 28.0

betatron tunes (4.4141, 3.2235)

average transverse beta function/m 8.50/5.25

energy loss per turn/keV 16.73

main RF frequency/MHz 204

single beam current Idc/mA 300/45

damping time τx/τy/τz/ms 23/22/10

fined as the impedance divided by the harmonic num-
ber n=ω/ω0.

3 Wake fields and impedances for HLS-

II storage ring

In the HLS-/storage ring, we can ignore the influ-
ence of the space charge effect due to the highly relativis-
tic beam [7]. In this section, we consider the resistive wall
and the discontinuities of vacuum chambers by analyti-
cal formula and by the CST code. The wake potentials
were calculated up to s=100 mm, where s is the bunch
coordinate. Meanwhile we used a Gaussian bunch with
rms bunch length σz of 3 mm and charge Q of 0.0000001
C in the CST code. In the wake field solver, all metallic
parts were considered to be perfect electric conductors,
and open boundary conditions were assigned at the en-
trance and exit of the structure.

3.1 Resistive wall

The octagonal cross-section of the HLS-/storage
ring is shown in Fig. 1, including its inner dimensions.
Almost all the chambers are made of stainless steel (SS).

The impedance of the resistive wall is calculated
analytically. In order to estimate the resistive wall

Fig. 1. Cross-section of the SS vacuum chamber.
All the dimensions are in units of mm. The pipe
shape indicated by the ellipse was used in the
impedance estimation.

impedance, a simplified model is introduced. Here the
whole cross section of the vacuum chamber is considered
to be elliptical [8], with a length of major axis 2a and
minor axis 2b.

a=dcoshu0, b=dsinhu0, d2=a2−b2, (2)

where 2d is the distance between the foci, the major
and minor semi-axes of the elliptical cross-section are
a=38 mm and b=20 mm, and its eccentricity is given
by

√

1−b2/a2=1/coshu0.
The longitudinal resistive wall impedance of this el-

liptic pipe is given by [8, 9]:
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Based on the Panofsky–Wenzel theorem, the transverse
resistive wall impedance of an elliptical pipe can be esti-
mated with the effective radius b [10]:

Z⊥=
2R

b2

Z//

n
. (4)

In this case, the conductivity of SS beam pipe is
1.5×106 (Ωm)

−1
. Then we can obtain the impedances

of the resistive wall:
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(5)

3.2 Coated ceramic vacuum chamber

In the HLS-/storage ring, there are four coated ce-
ramic vacuum chambers (Fig. 2) inside the kicker mag-
nets. A metal coasting is required on the inner surface
of the ceramic vacuum chamber, the thickness of which
will affect the pulsed magnetic field of the kicker mag-
net and the coupled impedance of the ceramic vacuum
chamber. After careful design, the thickness of the metal
coasting has been set as 1 µm in the ring. For this
kind of structure, it is very difficult to calculate the cou-
pling impedance using CST code, because of the small
thickness of the metal coating. Hence a simple model of
an infinitely long pipe was used to estimate the coating
impedance [9].
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Fig. 2. (color online) Cross section of ceramic vac-
uum chamber of the injection system at HLS-II.

The longitudinal impedance formula is presented be-
lowµ

Z//
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In HLS-II, the length of this piece L is 0.28 m, the
thickness of the metal layer dm is 10−6 m, the thickness
of the ceramic chamber dc is 0.005 m, and the equiva-
lent radius of the vacuum chamber is 0.2 m, so we obtain
that: Z//=0.002497n+0.014774j.

3.3 Beam position monitors

There are 36 Beam Position Monitors (BPMs) in the
HLS-II storage ring. Each BPM consists of four button-
type electrodes, which are located on the upper and lower
planes of the vacuum chamber without electrical connec-
tion. The radius of the electrode is optimised to avoid
the higher-order modes (HOMs) being trapped in the
cavity.

To estimate the transverse and longitudinal
impedances, the designed BPMs were modelled on the
octagonal cross-section for HLS-/. A high resolution
hexagonal mesh is required for accurate discretization
of many complex details with sizes <1 mm. Fig. 3
shows the longitudinal wake potentials of the BPM com-
puted over a distance of 0.1 m at 10 lines per wavelength
(in terms of CST parameters), but with two different
constraints for the maximum longitudinal mesh step:
the red and blue wake potentials correspond to a max-
imum longitudinal mesh step of 0.1 mm (250 million

mesh cells per quarter of the 3D structure) and 0.01 mm
(2500 million mesh cells per quarter of the 3D structure)
respectively. As expected, a mesh with a smaller longitu-
dinal step results in a better accuracy for the wake field
solution: in particular, there is a significant reduction in
the unphysical wake occurring ahead of the bunch.

We can find that the wake potentials computed di-
rectly by CST are compared with the wake potentials
evaluated as a convolution of the charge distribution and
the wake function (Fig. 4): the results are in good agree-
ment, which indicates that the function has been com-
puted with reasonable accuracy.

Fig. 3. (color online) Longitudinal wake potential
of BPM computed by CST (red and blue lines);
wake potential convoluted from the wake function
(magenta line).

Fig. 4. (color online) Longitudinal wake function
of the BPM.

3.4 Pump ports

In order to reduce the coupling impedance of the
pump port, the pump port is designed with a mesh aper-
ture to meet the required high pumping speed and con-
tinuity of vacuum chamber in the HLS-II storage ring.
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There are four kinds of pump ports; their longitudinal
impedance, loss factor and kick factor were calculated
by the CST code.

3.5 Longitudinal feedback kicker

In order to damp the longitudinal coupled-bunch in-
stabilities, we designed and installed a broadband lon-
gitudinal feedback kicker, which is a waveguide over-
loaded pillbox cavity with two input and two output
ports. Meanwhile, there are two nose cones introduced to
improve the shunt impedance of the cavity. This method
leads to a strong coupling between the pillbox and the
waveguides, which can help damp the harmful HOMs.
In the calculation, we treated the interface of xmin xmax

ymin and ymax as an outgoing wave guide port. Fig. 5
shows the longitudinal wake potential computed for the
longitudinal feedback kicker. Compared to the wake po-
tentials in the BPM and the longitudinal feedback kicker,
we can find that later particles will suffer larger effects
in the later component.

Fig. 5. (color online) Longitudinal wake potential
of longitudinal feedback kicker.

3.6 Clearing electrodes

In the HLS-II storage ring, we designed the DC clean-
ing electrode to overcome ion trapping, which is one of
the serious collective effects in low-energy storage rings.
The clearing electrodes have a length of 525 or 615 mm,
and are built in the vacuum chamber with four ceramic
material supports and a high voltage electrode. Thus,
the full height of the vacuum chamber is 43.5 mm, which
is 3.5 mm higher than the common vacuum chamber.

3.7 RF cavity

At present, there is an old RF cavity installed in
the HLS-II storage ring, which is an important source
of impedance. A 3D model of the RF cavity was built
using CST code. Its length was 0.472 m. Only the fun-
damental mode of the cavity has a high quality factor

and shunt impedance, while all the other modes have
low shunt impedance due to the HOMs dampers [11].
Fig. 6 shows the longitudinal wake potential computed
for the RF cavity; we find that the wake potential also
has a large value after a long distance.

Fig. 6. (color online) Longitudinal wake potential
of RF cavity.

3.8 Bending chamber

In a bending chamber, an electron beam moves along
a curvilinear trajectory. Simulation of a curvilinear
structure is impossible in CST. For this reason, a simpli-
fied rectilinear model of the HLS-II bending chamber in-
cluding the octagonal beam channel, the pumping ports,
and the BPM has been created (Fig. 7). Analysis of
eigenwaves performed with CST shows that there is no
longitudinal resonant mode excited in the structure.

Fig. 7. (color online) Simplified rectilinear model
of the HLS-II bending chamber.

3.9 Others

In addition to these main components, there are a
large number of small discontinuities in the HLS-II stor-
age ring, such as the connection between the flange and
the vacuum chamber, shielded bellows, and slots for syn-
chrotron radiation monitor and so on. In this paper, we
used the CST code to set models and calculate the de-
tailed wake fields and impedances. The results are shown
in Fig. 8.

From Fig. 8, we find that the most significant wake
potentials are produced by the pumping ports, the clear-
ing electrodes, the longitudinal feedback kicker, the RF
cavity and the bending chambers.
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Fig. 8. (color online) Longitudinal wake potentials
as a function of distance from the bunch head for
various groups of elements.

4 Impedance budget

The impedance budget [12–14] of the HLS-II storage
ring is shown in Table 2, where the longitudinal broad-

band impedance, the longitudinal loss factors, and the
transverse kick factors are presented for each element.
The major contributors to the impedance of the stor-
age ring are the RF cavity, the pumping port chambers,
the longitudinal feedback kicker and the flanges. The
results indicate that the total longitudinal broadband
impedance is about 0.82 Ω. Then we can obtain the
broadband impedance model of the HLS-II storage ring
as:

Z///n=0.819569j+
4.5212(1+j)√

n
+

0.014774j

n
+0.002497,

(7)
where the first term of the formula is the broadband
impedance at low frequency, the second term is the re-
sistive wall impedance, and the last two terms are the
impedance of the coated ceramic vacuum chamber.

5 Instability threshold estimation

In this section, the total value of the longitudinal
broadband impedance was used to study the single bunch
instabilities in the HLS-II storage ring.

Table 2. Calculated impedance for components of the HLS-II storage ring.

component N
∣

∣Z///n
∣

∣Ω k/(V/pC) kx/(V/pC/mm) ky/(V/pC/mm)

RF cavity 1 0.018408 1.620064 2.361957 3.755356

pumping port 25 0.0046 1.3888 25.5577 30.9911

flange 59 0.2548 3.4787 1.8788 1.5853

BPM 36 0.0036 0.4301 1.6607 1.7164

clearing electrodes 32 0.0849 3.4887 72.4219 77.0221

bellows 16 4.6240e-05 0.1313 3.4647 3.4486

longitudinal feedback kicker 1 0.0095594 8.347e-001 8.221e-001 8.434e-001

bending chamber 8 0.4435 27.6218 18.6493 45.3778

others — 1.5517e-04 0.6 2.8964 2 .7163

total 178 0.819569 39.59416 129.7136 167.4564

5.1 Microwave instability

When the peak current of a single bunch is higher
than a threshold current, bunch lengthening and the en-
ergy spread increase are generated until the peak cur-
rent is reduced to the current threshold. Meanwhile,
microwave instabilities [15] also affect the brightness of
the insertion device:

Nth=
(2π)

3/2
αcσ

2
ε
(E/e)

ce

σz

|Z///n| , (8)

where the impedance |Z///n| is calculated from the wake
field using CST code, σz is the rms bunch length, σε is
the natural energy spread§and the value Nth given by
Eq. (8) has been found to be 2.1637e+10. Then we can

find that in the HLS-II storage ring, the threshold of sin-
gle bunch current for microwave instabilities is 15.7 mA.
Even considering the setting up error and some compo-
nents missing in the estimation, we find that the thresh-
old of single bunch current for microwave instability is
larger than the design value.

5.2 Transverse mode coupling instability

When the beam current is increased, the coherent fre-
quencies of head-tail modes are shifted and some of them
may be coupled, which results in a fast beam instabil-
ity. This is called the transverse mode coupling insta-
bility. For Gaussian bunches and broadband resonator
impedance, Ithresh can be expressed with a kick factor
κ⊥(σz) which eliminates the need for a bunch length cor-
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rection factor: [15]

Ithresh=
C1fsE/e

∑

i

βiκ⊥i(σz)
. (9)

The constant C1 is about 8. Using the numerical
value in Table 1, we can obtain a single bunch current
threshold of 12.589 A, which is much larger than that
for the longitudinal microwave instability. For a more
exact calculation of the threshold we should use com-
puter programs solving for the coherent modes, includ-
ing the bunch lengthening and the potential-well defor-
mation with the beam current. Nevertheless, we can
conclude that the longitudinal microwave instability is

much more significant in the storage ring.

6 Conclusions

The HLS-II storage ring broadband impedance and
loss factor have been calculated. Contributions to the
total broadband impedance from different groups of el-
ements have been found. Meanwhile we estimate the
instabilities based on the broadband impedance model,
which do not seriously affect the beam quality. In fu-
ture, we will use the broadband impedance to study the
beam instabilities by tracking, and then we will calculate
the narrowband impedance and study the coupled bunch
instabilities for the HLS-II storage ring.
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