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Introduction of  the ALS-U project

Update of the Advanced Light Source (ALS-U) to a multi-bend-achromat 
lattice as a 4th generation LS

Provide a soft x-ray source that is up to 100–1,000 times brighter than 
today’s ALS 3
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Figure 1: View of the Advanced Light Source upgrade complex. Every 1.4 s up to four bunches are generated and accelerated to
2GeV through the existing linac and booster ring and then injected through the BTA into the new Accumulator Ring (AR) to
top-o↵ a single 25- (or 26-) bunch train. Every ⇠30 s this train trades place (swap-out) with one of the eleven trains circulating
in the Storage Ring (SR). On-axis injection/extraction swap-out is enabled by a fast kicker located in the straight section of
SR Sector 1 (across from the landing point of the BTA in the straight section of AR Sector 1), the ATS/STA transfer lines,
and two additional fast kickers in the AR, one located at the entrance of ATS and the other at the exit of STA.

from the SR swap-out injection straight section (same as the present ALS injection section) [14] and therefore placed
in the heavily shielded portion of the tunnel.

Injection from the existing Booster Ring (BR) is o↵ axis in top-o↵ mode, as in the ALS. Unlike the ALS, however,
injection is based on a Two-Dipole-Kicker (2DK) scheme as described in detail in Sec. IVB rather than a traditional
pulsed-dipole orbit bump. The first half of the existing Booster-to-Storage Ring (BTS) transfer line is re-utilized into
the Booster-to-Accumulator (BTA) transfer line, see Sec. III. When powered, a new DC magnet placed immediately
downstream of the B3 BTS bending magnet will direct the beam toward the AR, allowing for start of early AR
commissioning while the ALS is still in operation. The portion of BTS downstream of the new branch-o↵ magnet will
eventually be removed together with the ALS before the SR installation. The AR will operate at the same 2 GeV
energy as the storage ring but we expect early commissioning to be done at 1.9 GeV (ALS energy). Assuming no
changes to the present BR lattice, the beam exiting the BR will have an emittance of about 300 nm, or about 10%
larger than the emittance of the beam injected into the ALS, due to the di↵erence in energy.

Given the SR beam relatively short lifetime (⇠1 hr), swap out should be as frequent as possible to minimize the
beam average-current decay in the SR, with minimum time between swap-outs being limited by the injector-system
capacity and the bunch-charge uniformity of the beam from the booster. Injection e�ciency from the BR into the
AR is not a factor limiting the swap-out frequency but a high 95% or better injection-e�ciency is the Project goal.
As we expect swap out to occur every about ⇠ 30 s, containing beam-scattering losses to a fraction of 1% between
swap-out sets a 3 hr target for the AR beam lifetime.

The ATS/STA transfer lines connect the AR and the SR for swap-out. Swap-out is enabled by three fast kickers:
one installed in the SR (straight section of Sector 1) and the other two in the AR (straight sections of Sector 2 and
Sector 12). While the rise/fall time requirement for the SR swap-out kicker is set by the short ⇠ 10 ns separation
gap between trains, the relevant rise/fall time scale for the two AR kickers is considerable longer and on the order of
the AR revolution time. Ferrite-loaded devices su�ce to meet the timing requirement and are a better fit to the AR
straight sections than the longer strip-line kickers that had been proposed in the CDR [? ] for uniformity with the
SR fast kicker design.

Each of the two AR fast kickers shares the straight section with one pulsed vertically-bending thin septum and one
DC horizontally-bending Lambertson septum. The physics design of the AR swap-out kickers and septa are outside
the scope of this document and will be reported in detail elsewhere. There are, however, aspects of their design
that interface to those of the AR. Specifically, in the AR design a minimum 6 mm full-gap vertical inner aperture
is assumed for the AR fast kickers and 3 mm beam stay clear for the adjacent pulsed thin septa. In turn, beam
dynamics performance in the AR will inform the specification of the septa field quality or field residuals.

Because of the larger number of bending magnets (9 vs. 3), the SR reference-orbit circumference is about 0.3 m
shorter than the ALS’s. Moreover, because the RF frequencies of the existing injection system (gun/Linac/booster)
will be maintained to avoid costly alterations, the SR RF frequency (assuming same harmonic number as in the ALS)
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Short-range wakefield/BB impedance in the ring

Source: resistive wall // geometric elements

Wakefields and Impedances 

Since particles travel in the accelerator environment, with beam pipes and 
magnets, etc, they induce fields in the accelerator structures. These 
fields can act back on a trailing particle.  

v 

Wakefields are also 
generated in a conducting 
pipe near the intersection 
of a geometry change.  

Wakefields are generated 
in a smooth pipe of 
constant radius if it has 
finite resistance: 
“Resistive Wall Impedance” 

Wakefield in smooth pipe with finite resistance 

Wakefields and Impedances 

Since particles travel in the accelerator environment, with beam pipes and 
magnets, etc, they induce fields in the accelerator structures. These 
fields can act back on a trailing particle.  

v 

Wakefields are also 
generated in a conducting 
pipe near the intersection 
of a geometry change.  

Wakefields are generated 
in a smooth pipe of 
constant radius if it has 
finite resistance: 
“Resistive Wall Impedance” 

Wakefield in intersection of a geometry change 

Short range wakefield

Drive beam

FFT
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Short-range wakefield/BB impedance in the ring

Effect: deterioration of beam quality (bunch lengthening, tune shift, 
instability…) // overheat the vacuum chamber 

limitation of beam intensity

In Fig. 4, the energy spread is plotted as a function of 
single bunch current. The grey dots are from data meas-
ured in 2014 at RF voltage 9MV. The numerical results 
obtained with ELEGANT (green dots) and SPACE (blue 
dots) agree with each other and describe well the behav-
iour of the measurements at low and high single-bunch 
current. 

 
Figure 4: Energy spread vs single bunch current. Compar-
ison of the measured data (grey dots) with the numerical 
results obtained with the ELEGANT (green dots) and 
SPACE (blue dots) codes. 

 
The RMS energy spread of the electron beam in APS 

has been measured at low current in 2001 [6] and in 2005 
[7], with values ߪఌ଴ = 0.91 × 10ିଷ (Fig. 5) and ߪఌ଴ =
0.96 × 10ିଷ (Fig. 6) respectively. In Fig. 5, three differ-
ent regions are shown: region I below the microwave 
instability threshold current ܫ௧௛ଵ =  and region II ,ܣ7.4݉
and III above it, where the energy spread increases. Re-
gion II and III are separated at the transition threshold 
௧௛ଶܫ = -where a change in the functional depend ,ܣ8.8݉
ence of the energy spread on the bunch current is ob-
served. The appearance of a change in behaviour of the 
energy spread increase has been observed at SPEAR II [8] 
as well. Recent measurements performed at the NSLS-II 
storage ring, using three different diagnostic methods, 
have confirmed the same phenomenon by demonstrating 
the appearance of several transition thresholds in studies 
of the dependence of the microwave instability threshold 
on the RF voltage [9]. The physical mechanism responsi-
ble for the change in the behaviour of the energy spread 
increase as a function of current is under investigation. 
Possible candidates, such as mode mixing at the transition 
thresholds are being considered [9]. 

 
Figure 5: Energy spread vs single bunch current meas-
urements in APS at RF voltage 9.4MV, 2001. 

 

 
Figure 6: Energy spread vs single bunch current meas-
urements in APS, June 2005 at RF voltage 7MV. 

The dependence of the longitudinal instability thresh-
olds on the RF voltage in the APS storage has been stud-
ied numerically with SPACE simulations. In Fig. 7, the 
energy spread vs. single bunch current is plotted for the 
RF voltage in the range 7MV-15MV. For a clearer inter-
pretation of the results, the data are separated uniformly 
by the quantity ∆= 10ିସ.  

To determine changes in energy spread at low RF volt-
ages is pretty challenging because the slope gets smaller 
with lower ோܸி. Increasing the RF voltage allows us to 
observe several thresholds as the energy spread slope 
becomes bigger. From Fig. 7 we can clearly see multiple 
thresholds as a function of single bunch current. 

The same threshold behaviour can be seen from the 
bunch lengthening simulations (Fig. 8). The resolution to 
determine the thresholds gets higher with the RF voltage. 
Here we show the maximum value of the bunch length 
during the unstable motion above the microwave instabil-
ity threshold (ܫ௧௛ଵ. The bunch length is constant, yet cur-
rent dependent, below ܫ௧௛ଵ. 
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goes high due to BB impedance @ APS

LESSONS LEARNT AND MITIGATION MEASURES  

FOR THE CERN LHC EQUIPMENT WITH RF FINGERS 

E. Métral, O. Aberle, R.W. Assmann, V. Baglin, M.J. Barnes, O.E. Berrig, A. Bertarelli,  

G. Bregliozzi, S. Calatroni, F. Carra, F. Caspers, H.A. Day, M. Ferro-Luzzi, M.A. Gallilee,  

C. Garion, M. Garlaschè, A. Grudiev, J.M. Jimenez, R. Jones, O. Kononenko, R. Losito,  

J.L. Nougaret, V. Parma, S. Redaelli, B. Salvant, P. Strubin, R. Veness, C. Vollinger,  

W. Weterings, CERN, Geneva, Switzerland

Abstract 
Beam-induced RF heating has been observed in several 

LHC components when the bunch/beam intensity was 

increased and/or the bunch length reduced. In particular 

eight bellows, out of the ten double-bellow modules 

present in the machine in 2011, were found with the 

spring, which should keep the RF fingers in good 

electrical contact with the central insert, broken. 

Following these observations, the designs of all the 

components of the LHC equipped with RF fingers have 

been reviewed. The lessons learnt and mitigation 

measures are presented in this paper. 

INTRODUCTION 

Despite the excellent performance of the LHC in 

2011/12, the intensity ramp-up was perturbed by several 

instabilities [1] and beam-induced RF heating issues [2]. 

The problem mentioned above, with the so-called 

VMTSA modules, is revealed in Fig. 1. The left picture 

shows that the spring, which should keep the RF fingers 

in good electrical contact with the central insert, has been 

broken and therefore the bottom RF fingers fell down due 

to gravity. On the right picture the stainless-steel spring 

has been deformed and brazed to the CuBe (Copper-

Berylium) RF fingers with permanent deformation of the 

latter. The temperature reached has been estimated to be 

~ 800 - 1000 °C. Detailed simulation studies revealed that 

even a small gap of 0.5 mm could lead to huge power 

losses which are concentrated on the RF fingers and 

which could lead to this device failure [3]. 

After this observation, the decision was taken at the 

beginning of the 2012 run to review the design of all the 

components of the LHC equipped with RF fingers before 

the long shutdown in 2013/14 [4]. The outcome of this 

review is discussed in the present paper. 

 

Figure 1: X-ray image of the nonconforming RF fingers 

of a VMTSA module (left) and stainless-steel spring 

deformed and brazed to some RF fingers (right). 

WHY DO WE NEED RF FINGERS 

AND/OR FERRITE TILES? 

RF fingers are used to avoid having too large 

impedances (longitudinal or transverse) due to (big) 

changes of geometry for moving equipment, which can 

lead to (i) beam-induced RF heating (due to the real part 

of longitudinal impedance) and/or (ii) longitudinal or 

transverse beam instabilities (due to the real and/or 

imaginary parts of the longitudinal or transverse 

impedances). RF fingers’ examples are shown in Fig. 2. 

   

Figure 2: Example of (conforming) RF fingers for the 

VMTSA modules in 2011 (left) and for the PIMs (Plug-In 

Modules) (right). 

 

If we take the particular example of the beam-induced 

RF heating issue, in the case of a sharp resonance 

impedance, i.e. when Q >> fr / (2 fb), assumed to fall 

exactly on an harmonic of the bunch frequency, the power 

loss is given by the simple formula 

 
Ploss = Itotal

2
� 2 R �10

PdB fr( )
10   

where Itotal = M Ib is the total beam current with M the 

number of bunches and Ib the bunch intensity, R the shunt 

resistance (i.e. the value of the impedance at the 

resonance frequency fr), PdB the power in dB  

read from the longitudinal beam power spectrum 

(computed or measured), Q the quality factor of the 

resonance and fb the bunch frequency. Assuming a total 

beam current of 1 A (the nominal LHC value is ~ 0.6 A) 

and considering the theoretical longitudinal bunch 

spectrum of Fig. 3 (left) for an rms bunch length of 9 cm 

(similar to the LHC case in 2011 [5]), a sharp resonance 

of 5 k� (usual typical values are between few hundreds 

and few tens of thousands Ohms) at 1.4 GHz would 

therefore generate a power loss of 1 W. However, this 

result is very sensitive to the bunch length. It can be seen 

for instance from Fig. 3 (right), that dividing the bunch 

length by 2, i.e. going from 9 cm rms to 4.5 cm, would 
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05 Beam Dynamics and Electromagnetic Fields
D05 Instabilities - Processes, Impedances, Countermeasures

IMPEDANCE OF THE FLANGE JOINTS WITH THE RF CONTACT 
SPRING IN NSLS-II *  

A.  Blednykh†, B. Bacha, G. Bassi, C. Hetzel, B. Kosciuk, V. Smaluk, T. Shaftan, G. Wang 
BNL, NSLS-II, Upton, NY, USA

Abstract 
Since the beginning of the NSLS-II commissioning, 

temperature of the vacuum components has been moni-
tored by the Resistance Temperature Detectors located pre-
dominantly outside of the vacuum enclosure and attached 
to the chamber body. Mapping the temperature is helpful 
to control overheating of the vacuum components around 
the ring especially during the current ramp-up. The average 
current of 475mA has been achieved with two main 
500MHz RF cavities and w/o harmonic cavities. Effect of 
the RF shielded flanges on local heat and on the longitudi-
nal beam dynamics is discussed in details. 

INTRODUCTION 
The unperturbed energy spread 𝜎ఋ at low single bunch 

current 𝐼଴ in the NSLS-II storage ring can be varied by 
closing and opening the magnet gaps of three 7m damping 
wigglers installed in Cell 08, 18, 28 [1]. The Bare Lattice 
(BL) corresponds to all IDs magnet gaps open.  The pre-
dicted energy spread at 𝑉ோி = 3.4𝑀𝑉, determined by the 
Bending Magnet (BM), is 𝜎ఋ = 0.5 ൈ 10ିଷ. The expected 
increase of the energy spread by closing one Damping 
Wiggler (1DW) and three Damping Wigglers (3DWs), is 
𝜎ఋ = 0.71 ൈ 10ିଷ and 𝜎ఋ = 0.87 ൈ 10ିଷ respectively. 
The main storage ring parameters to estimate the collective 
effects are given in Table 1, where the RF voltage is in-
duced by two superconducting 500MHz CESR-B RF cav-
ities installed back-to-back in Cell 24 with a capability to 
deliver a maximum total RF voltage of 𝑉ோி = 3.8𝑀𝑉 with 
the present RF power couplers design. A second RF 
straight section is reserved for two more RF cavities.  
Table 1: NSLS-II Parameters for the Collective Effects 
Characterization  
Energy 𝐸଴ሺ𝐺𝑒𝑉ሻ 3 
Revolution pe-
riod  

𝑇଴ሺ𝜇𝑠ሻ 2.6 

Momentum 
compaction 

𝛼 3.7 x 10-4

RF voltage 𝑉ோிሺ𝑀𝑉ሻ 3.4 

Synchrotron 
tune 

𝜈௦ 9.2 x 10-3 

 BL 1DW 3DW 
Energy loss 𝑈ሺ𝑘𝑒𝑉ሻ 287 400 674 
Damping time 𝜏௫, 𝜏௦ ሺ𝑚𝑠ሻ 54, 27 40, 20 23,11.5 
Energy spread 𝜎ఋ ሺ%ሻ 0.05 0.071 0.087 
Horizontal 
Emittance 

𝜀௫ ሺ𝑛𝑚ሻ 2.1 1.4 0.9 

Bunch length 
(at low current) 

𝜎௦ ሺ𝑚𝑚ሻ 2.5 3.5 4.3 

LOCAL OVERHEATING 
The RF contact spring (Fig. 1) has been designed for in-

stallation in the area between two flange joints to eliminate 
the large cavity effect generating wakefield/impedances. 
To stay securely, the RF contact spring is placed in one of 
the flanges with trapezoidal groove. Due to the RF spring 
installation procedure and a bit larger gaps between two 
groups of flanges, the local overheating appeared at differ-
ent locations of the NSLS-II storage ring, predominately in 
the straight sections. The local overheating has been meas-
ured by the thermal Infrared (IR) camera (Fig. 2) and the 
Resistance Temperature Detector (RTD) sensors (Fig. 3), 
installed on the surface of the flange joints.  

 
Figure 1: The RF contact spring placed between flanges. 

 
Figure 2: Thermal image of the attached bellows to the 
flange of the vacuum chamber made by the FLIR AX8 in-
frared camera, where the local overheating appeared.  

The gap being closed by the RF spring varies at different 
locations around the storage ring. Where the gap 𝑔 is at its 
maximum (𝑔 ൎ 1.2𝑚𝑚), proper installation of the RF 
spring is critical to ensure good contact between adjoining 
vacuum flanges. There are multiple flange joints in the 
straight sections that have this geometry which explains the 
high concentration of hot flanges in this area. Figure 4 
shows an example of a spring which has not been installed 
correctly. The difference in the height of the spring on ei-
ther side of the beam aperture becomes clear when a 
straight edge is placed across the opening. Figure 5 shows 
the imprint of the spring contact on the adjoining flange 
when the RF spring is not installed correctly. This flange 
joint was one of the locations getting hot during operations 

10th Int. Partile Accelerator Conf. IPAC2019, Melbourne, Australia JACoW Publishing

ISBN: 978-3-95450-208-0 doi:10.18429/JACoW-IPAC2019-TUPGW082
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A05 Synchrotron Radiation Facilities
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[3] Spring deformed 
and brazed to RF 
fingers @ LHC

[2] Local overheating image of flange joint at 
NSLS-II A. Blednykh, et., al., IPAC2019, TUPGW082 
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Overview of the BB impedance study

Essential part of accelerator design

Similar oder of the impedance value for different facilities

Discrepancy between measurement and calculation…

V. Smaluk., to be published in NIMA, 2018 

If the bunch is not very short, the measurable transverse single-
bunch e↵ects can be also described using the simplified models
such as broadband resonator or pure inductive impedance, sim-
ilar tor the longitudinal case.

Interaction of a bunched beam with short-range transverse
wake fields (broadband impedance) results in the transverse
mode coupling. The wake fields induced by the bunch head
part act on particles of its tail part (head-tail e↵ect), the head
and the tail of the bunch exchange places periodically due to
synchrotron oscillations. If the chromaticity is zero, a fast head-
tail instability occurs when the beam current exceeds a certain
threshold. In the frequency domain, the instability threshold
is reached when the coherent (0-th) mode is coupled with the
lowest (�1-st) head-tail mode. If the chromaticity is non-zero,
a chromatic head-tail e↵ect occurs. The coherent mode damps
upon the positive chromaticity and becomes unstable when the
latter is negative, and the higher-order head-tail modes behave
oppositely. The rising/damping rates decrease rapidly with the
mode number, and the eigenmode analysis [1] is e↵ective.

For a low beam current (well below the threshold of fast
head-tail instability), the frequency shift �!� = �⌫�!0 of the
coherent (bunch centroid) mode is small compared with the
synchrotron frequency, and the linear approximation is appli-
cable:

�⌫� = �
Ib

2!0E/e

X

j

� jk? j , (14)

where ⌫� is the betatron tune, Ib is the bunch current, the sum is
over all impedances around the ring, � j is the amplitude beta-
tron function at the location of j-th local impedance. Formula
(14) is used to fit measured data in order to estimate the kick
factor k?.

4. Comparison of computations and measurements

To compare computed and measured impedances, 13 syn-
chrotron light sources and 2 electron-positron colliders have
been selected: Advanced Light Source (ALS, USA), Australian
Synchrotron (AS), ELETTRA (Italy), ALBA (Spain), SOLEIL
(France), Taiwan Photon Source (TPS), MAX-IV (Sweden),
DIAMOND Light Source (DLS, UK), National Synchrotron
Light Source-II (NSLS-II, USA), ESRF (France), Advanced
Photon Source (APS, USA), SPRING-8 (Japan), PETRA-III
(Germany), PEP-II (USA), KEKB (Japan). For all these stor-
age rings, Table 1 shows the parameters related to single-
bunch collective e↵ects: ring circumference C, energy E, r.m.s.
bunch length at zero current �t0, r.m.s. relative energy spread
�� = �E/E, momentum compaction factor ↵, betatron tunes ⌫x
and ⌫y, average beta functions �aver

x and �aver
y , average apertures

of vacuum chambers: 2a (horizontal) and 2b (vertical).
For every machine, the bunch length and beam current were

taken from the published graphs of measured bunch lengthen-
ing. The original data can be found using the following ref-
erences: ALS [18, 22], Australian Synchrotron [9, 23], ELET-
TRA [19, 24], ALBA [14, 25], SOLEIL [26, 27], Taiwan Pho-
ton Source [15, 28], MAX-IV [29, 30], DIAMOND [11, 31],

NSLS-II [32, 33], ESRF [20], APS [20, 34], SPRING8 [20, 35],
PETRA-III [13, 36], PEP-II [37, 38], KEK-B [10, 39]. The val-
ues of the parameters listed in Table 1 correspond to the ma-
chine conditions at which the measurements were carried out.

The normalized longitudinal impedance (ImZk/n)e↵ can be
estimated by fitting the measured bunch lengthening with the
Haissinski equation or with the cubic equation. Such machine
parameters as the revolution frequency !0 and the momentum
compaction factor ↵ are well determined but the synchrotron
tune ⌫s is dependent on the RF system parameters and is not
always specified in the publications. Let’s rewrite the cubic
equation using the relation

⌫s =
↵��
�t0!0

expressing ⌫s in terms of the energy spread �� and the bunch
length at zero current �t0:

 
�t

�t0

!3
� �t

�t0
=

Ib

4
p
⇡↵!0 �t0 �2

� E/e
Im

 
Zk
n

!

e↵
. (15)

In equation (15), the energy spread �� is determined by the
radiation integrals; the bunch length at zero current �t0 is also
dependent on the RF parameters, which are often not specified
in the published materials describing the measurements, but it
can be estimated by extrapolation of the measured bunch length.

For every ring, the normalized longitudinal impedance was
estimated by fitting the measured data with formula (15) using
the machine parameters from Table 1. The e↵ective impedance
(ImZk/n)e↵ and the bunch length at zero current �t0 are fitting
parameters. Figure 2 shows the impedance Im(Zk/n)e↵ obtained
from the measured data in comparison with the values from
the published impedance budgets. As one can see, the discrep-
ancy between the impedance budgets and the measurements can
reach 100% and even more.
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Figure 2: Longitudinal normalized impedance: measurements and calculated
budgets

The normalized impedance decreases with the ring circum-
ference, because it is proportional to the revolution frequency

4

taken with the current-dependent bunch lengthening, otherwise
the value of ImZy(0) will be underestimated.

Figure 4 shows the vertical low-frequency impedance
ImZy(0) obtained from the measured current-dependent shift
of betatron frequency, in comparison with the values from the
computed impedance budgets. Since the transverse impedance
budgets of several machines were not found in published ma-
terials, formula (4) was used for these rings. As one can
see, the discrepancy between the transverse impedance bud-
gets and the measurements is also quite large. Note that the
current-dependent tune shift depends on the beta function at the
impedance locations. Strictly speaking, the tune shift should be
calculated using formula (14) with local impedances and cor-
responding beta functions in the sum. Using the average beta
function and the total impedance introduces an additional un-
certainty, which is hard to estimate without knowledge of the
impedance distribution that is not available.
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Figure 4: Vertical low-frequency impedance: measurements and calculated
budgets.
⇤ Zy is calculated using formula (4).

Figure 5: Measured ImZ?b3 vs ring circumference

Let’s compare the measured transverse impedances of dif-
ferent rings. In general, the dipole transverse impedance is
inversely proportional to the third power of vacuum chamber
half-aperture b. Figure 5 shows a roughly linear trend of the
product ImZ?b3 as a function of the ring circumference, similar
to the the longitudinal case.

The betatron tune can be measured quite precisely, usu-
ally better than 10�3. The errorbars in Figure 5 represent the
impedance measurement error including the error of fitting the
measured data with formula (18) and the tune measurement
error of 10�3. The error caused by the impedance and beta
function variation along the ring is not included because the
impedance distribution is not available, but this error could be
also significant.

5. Possible reasons for the discrepancy

Element-wise computer simulations of wake fields is the
usual way to calculate the impedance budget of a vacuum cham-
ber. The typical procedure of impedance budget computation is
the following: 1) calculation of wake potentials for all types
of vacuum components (bellows, flanges, BPMs, cross-section
transitions, etc.) using Maxwell equation solvers [5, 6, 53];
2) conversion of the wake potentials to impedances using for-
mula (5); 3) summation of the impedances multiplied by the
number of the corresponding vacuum components. This proce-
dure results in a table or a graph representing the impedance
budget [23, 25, 27, 28, 30, 31, 33–35, 38, 39, 49]. The to-
tal impedance of a vacuum chamber is calculated as a sum of
impedances of its components assuming no interference of the
wake fields excited by the beam in di↵erent components of the
chamber. This assumption is valid, if the components are far
away from each other or if the wake fields are rapidly damping.
As one can see in the previous section, the standard approach
assuming element-by-element summation of the impedances
does not provide su�cient accuracy of the impedance budget
computing. Three possible reasons for the discrepancy between
the impedance budgets and the beam-based measurements are
analyzed below.

5.1. Interference of wake fields

Interference of the wake fields excited by a beam in adja-
cent components of the vacuum chamber is not negligible and
it can cause significant errors of the total impedance even if
the impedances of all components are calculated precisely. An
example of a periodic array of cavities modeling an acceler-
ating RF structure is discussed in [2]. As it was shown, the
impedance of the array can not be approximated by the sum of
the single-cavity impedances. For the periodic array of cavities,
an empirical formula has been published in [54]. This formula
can be also applied to a periodic array of small obstacles.

Let’s consider a simple section consisting of two pillbox cav-
ities separated by a pipe with variable length. The pipe radius
is b = 10 mm (typical for modern electron storage rings), the
cavity radius is d = 15 mm, the cavity length is g = 20 mm, the
total length of the section is L = 1 m. The wake potentials have

6

Vertical low-frequency impedanceLongitudinal normalized impedance

Measurements and calculated BB impedance budgets for different rings
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Workflow/method in the study

Excel
List; track

Vacuum design

CAD model—> W(s) & Z(w)
3D CST particle studio*

Analytical
prediction; cross-check

Impedance modeling

Matlab

Impedance budget

Data post-processing

Elegant

VPF solver

Analytical

Beam dynamics

Instability threshold**

Macro-particle simul.

Numerical solver

Optimize for low impedance

Close collaboration with vacuum engineers

*In the modeling  we use both 5mm (nominal bunch length of designed beam) and 1mm drive beam ( correspondent to 
impedance up to 100 GHz, to get the Pseudo-Green function in beam dynamics study)
**The designed beam at ALS-U AR  is 1.15nC



Impedance	modeling
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Identify the impedance source_1:  resistive wall

Resistive wall impedance is determined by the beam pipe dimensions, 
shape and materials

Tech. Note ALSU-AP-TN-2019-05

I. IMPEDANCE MODELLING

One of the significant limiting factors of beam intensity is the beam’s interaction with electromagnetic fields induced
in a vacuum chamber by the beam itself (collective e↵ects of beam dynamics). This interaction can result in serious
troubles a↵ecting accelerator operations, such as overheating of vacuum chamber components or instability of beam
motion, leading to deterioration of the beam quality or limitation of the beam intensity. The interaction of a particle
beam with its surroundings is described using the concept of impedance. Basically, the interaction intensity is
proportional to the product of the impedance and the beam current [? ]. The charge of the beam in AR is 1.15nC,
and the nominal bunch length is 5 mm, the length for the pseudo-Green function wake in the following calculate is 1
mm, which corresponding to the calculated impedance up to 100GHz.

A. Modeling of the impedance

1. Resistive wall

The resistive wall impedance is an important part in the impedance model[? ]. For the resisitive wall impedance,
the resistive and reactive parts are usually equal.

The lattice design of the accumulator ring is TBA periodic structure [? ], with three bending magnets in each
sector. There are 12 sectors in total and the total circumference C ⇡ 182m. Fig. 1 shows the layout of a normal arc
section, and Tab. I gives the types and features of the vacuum chambers for the sector shown in Fig. 1.

Note that 9 of the total 12 sectors are normal sectors as shown in the Fig. 1, other 3 sectors are still under design,
which should have more features to hold the RF cavities, kickers and feedback and corresponding transitions. We
count the vacuum chamber of 12 sectors as the same for now, and then add the cavities, kickers, feedback and
corresponding transitions to the total budget.

FIG. 1: layout of the normal arc section in the accumulator ring

TABLE I: types and features of the normal arc section in the accumulator ring as shown in Fig. 1

chamber type VC chamber ID chamber profile across total length material
dipole chamber 3,5,7 14⇥ 40 mm ellipse 3m aluminum
arc section 1,2,4,6,8,9 28 mm circular 7.8m stainless steel
straight section 10 47 mm circular 4.2m stainless steel

Theory of round chamber

The analytical formula for resistive wall longitudinal wakefield excited by a Gaussian bunch in the a round chambers
with infinite thickness is. [? ]:

W|| =
Z0c

4⇡

1

2b
p
2Z0µr�c

1

�3/2
z

fz(s/�z) (1)

with

fz(u) = |u|3/2 · e�u
2
/4 · (I1/4 � I�3/4 � sgn(u) · I�1/4 + sgn(u) · I3/4)|u2/4

For the transverse, we have[? ]:

W? =
1

b2
· Z0c

4⇡

1

2b
p
2Z0µr�c

1

�1/2
z

fx(s/�z) (2)

1 normal sector in the AR, 12 sectors in total

ALS-U Conceptual Design Report 4.3 Accumulator

4.3.4 Accumulator Vacuum

The beam current in the accumulator is less than 10% of the one in the storage ring, so the synchrotron
radiation heat load on chambers and the radiation induced out gassing are much reduced. In addition, since
each of the bunches only spends about 10% of the time in the accumulator ring, the gas-scattering lifetime
requirements are relaxed as well. The main design goals of the accumulator vacuum system are summarized
in the following list:

• Simple design, quick to install, and low maintenance due to accessibility.

• Base pressure and long-term dynamic pressure better than 10 nTorr.

• Low-cost design using conventional materials (stainless steel chamber, copper absorbers, ConFlat
flanges) and manufacturing techniques.

• Conventional pumping – ion pumps, NEG cartridges, TSP. No NEG coating. No in-situ bake.

• Low footprint due to space constraints. No girder supports within straight sections.

• Minimal vacuum instrumentation, 1 valve per sector, 1 gauge per vacuum space.

• 6 BPMs per sector, no bellows

• Magnets are splittable for vacuum chamber assembly

4.3.4.1 Accumulator Vacuum Layout

Figure 4.155: Layout of the accumulator vacuum chambers for the arc sections.

Table 4.72: Types and features of vaccuum chambers for the accumulator ring.

Chamber
Type

VC Nominal Beam
Path ID

Chamber
Profile Across

Beam Path

Pumping Scheme Material

1 3, 5, 7 43 mmx17.5 mm Ellipse - Stainless Steel
2 1,2,4,6,8,9 30 mm Circular In-line IP Stainless Steel
3 10 50 mm Circular NEG cartridge + IP Stainless Steel

229



Drive	beam	bunch	length:Chamber	radius:
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Identify the impedance source_1:  resistive wall

Resistive wall impedance is calculated with theoretical formulas with 
infinite thickness wall and DC conductivity [1-3]

FYOKOYA	:	geometric	factor,	Fy=0.83	and	Fx	=	0.43	
for	AR	elliptical	dipole	chamber	

RW	impedance:		 RW	wakefield:

Z||(ω) =
Z0δω
4πbc

(sign(ω) − i) × FYOKOYA

Z⊥(ω) =
Z0δ

2πb3
(sign(ω) − i) × FYOKAYA

1. A.Piwinski, Wakefield and ohmic losses in round vacuum chambers, 1992
2. K. Bane,  The short range resistive wall wakefield, 1996
3. K. Yokoya, in Proceedings of International Conference on Particle Accelerators (IEEE, 1993), pp. 3441–3443

b

δ = 2/μ0σc |ω |Skin	depth:

W⊥ =
1
b2

⋅
Z0c
4π

1
2b 2Z0μrσc

1
σ1/2

z
fx(s/σz)

W|| =
Z0c
4π

1
2b 2Z0μrσc

1
σ3/2

z
fz(s/σz)

σz
Drive	beam	bunch	distribution: λ

Loss	factor	and	kick	factor:

κl = ∫
∞

−∞
dsλ(s)W||(s) κ⊥ = ∫

∞

−∞
dsλ(s)W⊥(s)
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Identify the impedance source_1:  resistive wall

Resistive wall impedance results, by vacuum chamber type:

Loss factor: 1.6 V/pC H-kick factor: 58.6 V/pC/m V-kick factor: 72.2 V/pC/m

Longitudinal Transverse Horizontal Transverse Vertical

∝ 𝜔0.5
∝ 𝜔−0.5 ∝ 𝜔−0.5

For nominal bunch length: σz = 5mm:
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Identify the impedance source_2: geometric ones

Component Quantity
Scraper 1

Injection kicker 2
Gate valve 4

TBD TBD

To	be	studied	

Per sector (12 sectors in AR) In the ring
Component Quantity Component Quantity
Flange 20 RF cavity 2
Pump screen 4 Cavity transition 2
Transition_DA 3 LFB kicker 1
Transition_SA 1 LFB transition 1
BPM 6 Stripline kicker 1
Inline pump 4
Bellow 7

Majority	has	been	simulated	

r2
L

r1

BPM
RF cavity

Pump screen Bellows with RF 
finger shielding

Transition between chamber Flange with gasket
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Solve the geometric impedance by CST Particle Studio

Example:	AR	button	BPM	in	
CST	with	meshing

Wakefield

Impedance

Based on Finite Integration Technique (FIT). Calculating the wakefield 
in time domain. Deriving the impedance in frequency domain by the 
Fourier transform. 
Proper settings for boundary conditions, wakefield calculation 
methods and meshing sizes, convergence check.
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Solve the geometric impedance by CST Particle Studio

Different categories of the wakefield vs. CST results

RF cavityIn transition (step-in model) Pump screen

W(s) ∝ − Rλ(s) W(s) ∝ − Lλ′�(s) W(s) ∝ − C∫ λ(s)
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Cross-checked with analytical as much as applicable

Good agreement on RF cavity loss factor

g = 230 mm

b = 37 mm

b
g 

h = 150 mm
Loss factor by CST (in time domain):

Loss factor by Omega3P (frequency domain) +analytical:

σz = 1 mm σz = 5 mm 

Method: CST Omega3P+analytical CST Omega3P+analytical

Loss factor (V/pC) 1.97 2.41 0.98 1.08

κ = ∫
∞

−∞
dsλ(s)W||(s)

𝜅|| = 𝜅𝐹𝑀 + 𝜅𝐻𝑂𝑀 + 𝜅𝑑
① ②

Below cut-off frequency, discrete eigenmodes (shunt impedances calculated by Omega3P)
Above cut-off frequency, diffraction model formula

①
②
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Cross-checked with analytical as much as applicable

Good agreement on inductive impedance at low frequency* Z|| = − jωL

L =
Z0

2π2h2cb
(ln(2πb /h) + 1/2)

L =
Z0

2πc ∫
L

0
ds(d′�)2

Rounded-end	slots:
αe + αm = w3(0.1334 − 0.0500w/l)

Rectangular	slots:

L =
Z0(αe + αm)

4π2b2c

αe + αm = w3(0.1814 − 0.0344w/l)

* All formulas above can be found in Accelerator Handbook



Total	budget
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Longitudinal budget：1

Table: loss factor(σz = 5mm) and normalized impedance fitted by RL model

Component
Quan
-Vty

Single	component Sum	up
Loss	factor	

V/pC
Re(Z/n)	
mΩ

Im(Z/n)	
mΩ

Loss	factor	
V/pC	

Re(Z/n)	
mΩ

Im(Z/n)	
mΩ

Bellow 84 0.097 0.984 0.250 8.148 82.622 21.000
Cavity 2 0.980 9.930 -7.097 1.960 19.859 -14.193

ResisVve	wall 1 1.600 16.232 24.012 1.600 16.232 24.012
TransiVon_SD 12 0.041 0.413 2.109 0.492 4.959 25.311
LFB	kicker 1 0.490 4.969 -3.383 0.490 4.969 -3.383

TransiVon_AD 36 0.004 0.018 0.871 0.144 0.660 31.369
BPM 72 0.0014 0.014 0.040 0.101 1.022 2.872

Cavity	transiVon 2 0.088 0.898 1.973 0.176 1.796 3.946
Flange 240 0.00034 0.013 0.118 0.082 3.129 28.414

LFB	transiVon 1 0.075 0.765 1.620 0.075 0.765 1.620
Arc	pump	screen 24 0.00058 0.006 0.129 0.014 0.142 3.104
Straight	Pump	

screen
24 0.00057 0.006 0.098 0.014 0.139 2.340

Stripline	kicker 1 0.0104 0.087 ~	0.000 0.010 0.087 ~	0.000
Inline	pump 48 0.00012 0.001 0.032 0.006 0.059 1.545
Ring	Total 13.3 136.4 128.0

𝒁
𝒏

=
𝝎𝟎𝝈𝒛

𝒄
𝑹 + 𝒊𝝎𝟎𝑳𝑾𝑹+𝑳(𝒔) = − 𝑹𝒄𝝀(𝒔) − 𝒄𝟐𝑳𝝀′�(𝒔)
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Longitudinal budget：2

Loss factor/ReZ dominated by bellows, cavity and RW; overall inductive ring
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Longitudinal budget：3

Sum of the short range wakefield
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Wakefield	of	σz	=	5	mm Wakefield	of	σz	=	1	mm

• σz	=	5	mm	wakefield:	about	the	nominal	bunch	in	AR.	
• σz	=	1	mm	wakefield:	serve	as	the	pseudo-Green	function.



Component QuanFty βx	
(m)

βy	
(m)

Single	component	
(kΩ)

Sum

(β*Zeff)x (β*Zeff)y (β*Zeff)x	kΩ (β*Zeff)y	kΩ
Tune	shi`	x	

*10-4
Tune	shi`	
y	*10-4

TransiFons_AD 36 1.58 13.54 0.24 9.69 8.74 348.70 -0.068 -2.699

RW_Arc	secFon 1 6.57 12.17 15.34 28.42 15.34 28.42 -0.119 -0.220

RW_Dipole	
chamber

1 1.73 16.64 1.49 27.74 1.49 27.74 -0.012 -0.215

TransiFons_SD 12 15.0 5.85 4.88 1.90 58.53 22.83 -0.453 -0.177

Flange 240 8.09 8.77 0.09 0.09 20.66 22.40 -0.160 -0.173

Pump	screen 48 14.65 5.5 0.03 0.36 1.33 17.17 -0.010 -0.133

BPM 72 7.03 11.03 0.10 0.15 6.88 10.80 -0.053 -0.084

Inline	pump 48 8.85 3.88 0.28 0.12 13.31 5.62 -0.103 -0.043

Bellow* 84 9.08 3.93 0.12 0.05 10.37 4.49 -0.080 -0.035

Cavity 2 15.0 5.0 6.92 2.31 13.83 4.61 -0.107 -0.036

Cavity	transiFon 2 15.0 5.0 2.31 0.77 4.61 1.54 -0.036 -0.012

LFB	kicker 1 15.0 5.0 4.52 1.51 4.52 1.51 -0.035 -0.012

RW_Straight	
secFon

1 15.0 5.0 3.99 1.33 3.99 1.33 -0.031 -0.010

LFB	transiFon 1 15.0 5.0 2.04 0.68 2.04 0.68 -0.016 -0.005

Stripline	kicker 1 15.0 5.0 0.51 0.17 0.51 0.17 -0.004 -0.001

Ring	total 166.18 498.00 -1.29 -3.85
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Transverse budget：1

Table: β-weighted effective impedance and tune shift
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Transverse budget：2
Main contribution, vertical, transition between dipole and arc (36 pairs, ID: 14-28mm)
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Transverse budget：3

Sum of the short range wakefield

Horizontal	dipole	wake Vertical	dipole	wake

• σz	=	5	mm	wakefield:	about	the	nominal	bunch	in	AR.	
• Analytical	estimation	of	vertical	TMCI	threshold	>10nC/bunch	(Marco)	
• σz	=	1	mm	wakefield:	serve	as	the	pseudo-Green	function.



Instability	study
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Longitudinal: microwave instability_1

ELEGANT simulation: onset of microwave instability at charge of ~11 nC

11	nC

11	nC

1.15	nC

1.15	nC

Bunch	length	vs	Charge Energy	spread	vs	Charge

• 400	000	macro-particles	in	one	bunch.	Tracking	for	20000	passes	(~	2τdz).	
• Scan	the	bunch	charges	from	0	to	16	nC.	Clear	onset	of	microwave	instability	

at	~	11	nC		>>	1.15	nC.
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Longitudinal: microwave instability_2

Simulation verified by solving Vlasov-Fokker-Planck (VFP) equation:

11	nC

11	nC

1.15	nC

1.15	nC

Bunch	length	vs	Charge Energy	spread	vs	Charge

Energy	spread	evolution	over	3τdz

Courtesy	of	R.	Warnock	

	Bunch	charge	11	nC,	stable

Bunch	profile	over	3τdz

	Bunch	charge	11.5	nC,	unstable
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Transverse instability

ELEGANT simulation: onset of transverse instability at charge of ~12 nC

• Scan	the	bunch	charges,	instability	shows	up	at	~	12	nC		>>	1.15	nC.



Discussion:	feedback	on	vacuum	design



Recall the the bellows’ model, from the CAD mode by vacuum group
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• Loss factor = 97 mV/pC per bellows @ 5mm beam

• Quite resistive/large loss factor compared with 
pump screen 0.58mv/pC

• 72 bellows in total, contribute the largest Re(Z/n) in 
the budget

What cause such large loss factor?

Low impedance bellows with RF shielding_1

κl = ∫
∞

−∞
W(s))λ(s)ds



What cause such large loss factor since the slots should be inductive?
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0.4mm gap

• The 0.4mm gap in the model was not 
seen until we check the loss factor 
source…

Low impedance bellows with RF shielding_2



Update the model with good contact/ proper assembling
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Touched

• Loss factor from 97 mV/pC down 
to 6.3 mV/pC

• This also indicates the requirement 
of accuracy assembling of the RF 
finger shielding during the vacuum 
installation, also for avoiding of  
vacuum heating

Low impedance bellows with RF shielding_3
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Budget discussed above

(a)
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Updated with good-assembled bellows

(b)

If we can control the impedance of the bellows with RF fingers

Low impedance bellows with RF shielding_4
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Microwave instability threshold: slightly instability even up to 35nC

0 5 10 15 20 25 30 35
charge (nC)

8

8.5

9

9.5 10-4

with total wakefield of 1mm drive beam
with total wakefield of 0.25mm drive beamElegant results

VPF results @ 35nC

Low impedance bellows with RF shielding_5
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https://www.atlasuhv.com/products/all-metal-uhv-seals-gaskets/copper-cf-rf-flare-gaskets/

h~0.5mm

shallow gap model in CST

• Fail to install, 
some mechanical 
problem…

Low impedance flange with gasket_1

The low impedance gasket used is under development by ATLAS

 Back to transitional gasket with a small cavity:

https://www.atlasuhv.com/products/all-metal-uhv-seals-gaskets/copper-cf-rf-flare-gaskets/
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Scan d

g~2 mm
R

e

κl = ∫
∞

−∞
Re(Z(ω))F(ω)dω

0 2 4 6 8 10
g*d [mm3]

0

2

4

6

8

10

12

24
0 

fla
ng

e 
to

ta
l 

t (V
/p

C
)

gd=4, kl = 1.2

gd=5, kl = 3.8 • We may suggest the 
gasket design to 

have gd<4 or gd<5

Low impedance flange with gasket_2

Optimize the loss factor by scan parameters:



Summary
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Summary & Plan
Broad band impedance of ALS-U AR have been extensively surveyed by 
numerical simulation and analytical formulas. Majority of the impedance 
sources have been analyzed. 


Based on the current impedance model, both ELEGANT tracking and VPF 
solution indicate the AR bunch charge is well below the threshold of the 
longitudinal single bunch instability (1.15 nC vs ~11 nC). Transverse single 
bunch instability study shows the instability threshold charge is 12nC.


The total impedance model will be updated as rest of the vacuum 
components are included, as well as the bellows and flange models are 
revised


The trapped modes will be investigated in components such as button 
BPM, bellow, etc. for multi-bunch instability study


Longitudinal and transverse feed back system can be added into the 
study in the future



SC1-05

Many thanks!



Back	ups
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CST solves wake potential / not wake function

• More discussion on : short drive beam / long drive beam

The from factor of a Gaussian drive beam:

F(ω) = ∫
∞

−∞
dsλ(s)e−jωs = exp(−ω2σ2

z /2c2)

Structure characteristic: impedance in frequency domain / wake function or 
Green function in time domain

Wake potential: convolution in time domain / production in frequency domain

Z(ω) / G(s)

Z(ω) × F(ω) ∼ G(s) ⊛ λ(s)

Cut-off frequency of calculation in CST 

fc [GHz] ⋅ = 100/σz [mm]

Z||(ω) = −
∫ ∞

−∞
W||(s)e−jωsds

∫ ∞
−∞

λ(s)e−jωsds

• Careful choose drive beam bunch length 1/5 or 1/10 of that of real beam in the ring



• Use it with right setting, such as boundary condition/ mesh size / integration 
method
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CST with proper settings

• Background: PEC / normal

• Boundary:               in X&Y || open in Z

• Suggest mesh set [1,2]:

• Wakefield integration method: solve the infinity 
integration in a bright / indirect way (instead of 
direct one)[3]

Et = 0

2. Impedance Evaluation for PF IVU
CST Studio Mesh Size

• It is known that a very fine mesh is needed for accurate calculations 
of the taper impedance

• The empirical formula

• We need Dz < 150 mm

f: taper angle 
a: chamber radius

Dz: mesh size

Frasciello’s slide at SIF2014
on wakes of LHC collimators

3/8/2018 Olga Tanaka, ICFA ABDW FLS2018 16

100 .za
z z
Vf

d �
D D

[1]	Victor	Smaluk,	et.a..,	PRAB,17,074402,2014	
[2]	O.	Tanaka,	et.al.,	Journal	of	Physics:	Conference	Series,	1067,	062008,	2018	
[3]	Igor	Zagorodnov,	Indirect	methods	for	wake	potential	integration,	PRAB,	9,	102002,	2006

ANALYSIS
Click now on “Wakefields…” and change the “Wake integration method” from “Direct” to 
“Indirect testbeams” (if possible, you should always use it). In addition to that, let’s apply a 
roll-off parameter of 0.5 (this will lead to a smoother solution, removing numerical noise in 
the results). 

W||(x, y, s) = −
1
q ∫

∞

−∞
dzEz(x, y, z,

s + z
c

)



• Cores:12, logical processors: 24; maximum meshcells~1.5 billon (our RF 
cavity, with mesh size 100 um)
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CST server at LBL



Theory of cavity wakefield and loss factor
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model of RI cavity

κ|| ≈
Γ(1/4)Z0c

4π5/2b
g
σz

= 1.08V/pC

g = 230 mm

b = 37 mm

b
g 

h = 150

Ch.3: ELECTROMAGNETIC AND NUCLEAR INTERACTIONS

while it vanishes in front of it (τ < 0). For a
Gaussian bunch, the total loss factor is

κ∥(σ) =
∞∑

n=1

knh(ωn,σ) =
∞∑

n=1

kne
−ω2

nσ
2
(11)

For the n-th dipole mode, the modal kick fac-

tor is k1n =
V1nV ∗

1n

4U1n
where V1n is the voltage at

the iris or beam tube radius. The transverse wake
function is

W⊥(τ) =
2c

b2

∞∑

m=1

k1n
ω1n

sin (ω1nτ) (12)

For a Gaussian bunch, the total kick factor is

κ⊥(σ) =
2c

b2

∑ k1n
ω1n

∫ ∞

0
dt S(t) sinω1nt

=
2c√
πb2

∑ k1n
ω1n

D(ω1nσ) (13)

where D(z) = exp (−z2)
∫ z
0 dt exp (t2) is the

Dawson integral [4].
Examples other than resonator impedance
For further examples (other vacuum chamber dis-
continuities, such as tapers and steps) [2, 6].

Resistive wall For a cylindrical resistive wall
with conductivity σc and pipe radius b, the loss
factor per unit length for a Gaussian bunch is

κ∥(σ)

L
=

Γ(34 )c

4π2bσ3/2z

(
Z0

2σc

)1/2

(14)

Γ(3/4) ≈ 1.225. Eq.(14) holds also for a beam
moving (a) centered between two parallel plates
spaced by 2b, and (b) a distance b from a single
resistive plate. For an elliptical pipe, κ∥ is min-
imum when (major axis)/(minor axis)≈1.4, and
the minumum value is 0.87 of Eq.(14) [7].

Collimator For a collimator of aperture a
in a pipe of radius b, and cσ ≪ a, κ∥ ≈
Z0 ln(b/a)/(2π3/2σ).

Very short bunches For very short bunches in
a linac structure, κ∥ is not determined by the col-
lective interaction of the beam with the periodic
cavity array, but by diffractive losses in the indi-
vidual cells [6]. In this regime (σ < a2/(Np),
with a iris aperture radius, p periodic length, N
number of cells in the structure), κ∥ diverges as
σ−1/2 (see Secs.3.2.2, 3.2.4).

For a resonant cavity in a storage ring, κ∥ is
given by a sum over modes up to the cut-off fre-
quency, plus a high frequency diffraction contri-
bution (diffraction model [8], also Sec.3.2.4)

κ∥ ≈
Γ(14)Z0

4π5/2b

√
cg

σ
(15)

where b is the vacuum chamber radius, g is the
axial length of the cavity.

For perfectly conducting walls, Re Z∥ is zero
below the first cavity resonance at ω01/c = j01/d,
and κ∥ decreases exponentially with σ, rather than
σ−3 in the resonator model.

For a cavity-like structure with a small open-
ing gap (smaller than the chamber radius) and for
a short bunch (shorter than the chamber radius),
the loss factor can be estimated in a good accuracy
only from the gap size, the chamber radius and the
bunch length, regardless of the exact shape and
size of the structure. This is because the bunch
does not have enough time to see the details of
the structure in one passage, and the interaction
takes place almost solely between the gap and the
bunch. The analytical expression of the loss fac-
tor in this case is available in a form suitable for
numerical evaluations [9].

Structures without cylindrical symmetry For
vacuum chambers not cylindrically symmetric
but with mirror symmetry about two orthogonal
planes, intersecting at an axis, the loss factors de-
pend on beam displacement. The kick factors of
off-axis beams have finite cross terms and can be-
come negative (focusing).

For structures with less or no symmetry, no
axis is defined, and the loss factors must be com-
puted along straight trajectories, e.g. parallel to
the vacuum chamber wall.
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3.2.7 Trapped Modes
S.S. Kurennoy, LANL

The term “trapped mode” refers to a mode which
cannot propagate in the beam pipe. Often this
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[8] K. Bane and M. Sands. Wakefield of very short bunches in an accelerating cavity, 1987

(from handbook)

κ||,d =
Z0c

4π5/2b
g
σz

* (Γ(1/4) − 4 ωcσz /c) = 0.4V/pC (from [8])

• Diffraction model, start from the pillbox cavity edge, can be applied to 
calculate the loss factor that count the modes above frequency. This valid 
when [8]:


• Bellow the cut-off, we sum up the model loss factors with [1]:

κn =
ωn

4
(

R
Q

)nF(ωn, σz)

[1]. Thomas Wangler, Principles of RF linear accelerators, 1937, p295-p299. 

(g + 4σz) * 4σz < (h − b)2

The one from handbook is a asymptotic form as :               ;σz → 0 σz = 5 mmOur beam:



Theory of cavity wakefield and loss factor
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No. Frequency	f		(GHz) R/Q* loss	factor	V/pC
1(fm) 0.5208 241.0060 0.1966
2 0.6762 104.2300 0.1102
3 1.3242 23.2839 0.0475
4 1.5873 15.5068 0.0376
5 1.0680 15.0499 0.0249
6 2.2690 7.3617 0.0248
7 1.9610 7.7516 0.0229
8 1.5190 9.7950 0.0228
9 1.9152 7.8738 0.0228
10 2.1734 5.7740 0.0187
11 2.4194 3.9011 0.0139
12 2.0691 1.9336 0.0060
13 2.3764 0.7288 0.0026
14 1.2676 0.2743 0.0005

Table of 14 modes with largest loss factor bellow cut-off frequency (~3.1 GHz)

*From Tianhuan’s simulation



Theory of cavity wakefield and loss factor
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κfm =
ω0

4
(

R
Q

)0F(ω0, σz)

κHOM =
n( f<fc)

∑
n

ωn

4
(

R
Q

)nF(ωn, σz)
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0 0.5 1 1.5 2 2.5 3 3.5
frequency (GHz)

X 3.0467
Y 0.019468

X 3.1363
Y 0.27917

κfm = 0.20
κHOM = 0.43

κd

fcut = 3.1 GHz

κ||,d = = 0.4V/pC

κt = κf m + κHOM + κd = 1.03V/pC κt,CST = = 0.98V/pC

We can also estimate the beam power into different modes with loss factor calculation



Resistive wall in dipole chamber with Yokoya’s factor
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AR dipole chamber: a = 20 mm (x), b = 7 mm (y)

0 0.2 0.4 0.6 0.8 1
a-b/a+b

0
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Fz
Fd,x
Fd,y
Fq,x,y
Fx = Fx,d-Fx,q
Fy = Fy,d+Fy,q

(0.98)
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(0.43)

(0.40)

(1.23)

(0.03)
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ya
   

Fa
ct

or
s

• Because a>b, using impedance 
/wakefield of round chamber 
with r = b is an over-estimate 
for all directions

F = Zellipse/Zround(r = b)
• Yokaya’s factor F [1]:

• Fy, dipole = 0.83;

• Fx, dipole = 0.43

[1] Yokoya, K, Resistive wall impedance of beam pipes of general cross section, 1993

[2] A. Chao, et.al., Tune shifts of bunch trains due to resistive vacuum chambers without circular symmetry, 2002

[3] T. F. Gunzel, Transverse coupling impedance of the storage ring at the European Synchrotron Radiation Facility, 2006
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Impedance of flanges: theory to be study

“Point charge passing a resonator 
with beam tubes”, 1986

“Diffractive grating structure for 
coherent light source 
production”, 2009
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Geometry impedance sources, such as:

RF flanges (N>200) Bellows (N>50)

Small ones may be the trouble makers !

K.Y. Ng, “Impedance Issue of Corrugated Beam Pipe from CDF”, FERMILAB-TM-1847 (1993) 
Karl Bane, “Impedance Calculation and Verification in Storage Rings”, SLAC-PUB-1007, 2005

Flanges with gasket Bellows with shield
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Now, use CST to simulate each component

• Know your tools before using it:

Drive beam with certain distribution

Solve 3D electromagnetic field in time domain

Calculate the wake potential with integration:

Z||(ω) = −
∫ ∞

−∞
W||(s)e−jωsds

∫ ∞
−∞

λ(s)e−jωsds

W||(x, y, s) = −
1
q ∫

∞

−∞
dzEz(x, y, z,

s + z
c

)

Transverse wake potential from Panovsky-Wenzel theorem

λ(s)

FFT of wake potential
FFT of beam distribution, from factor

Impedance from FFT,  calculation range decided by the drive beam distribution:

W⊥(x, y, s) = − Δ⊥ ∫
s

−∞
ds′�W||(x, y, s′�)
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Results from CST for different components

(a) cavity

(b.1) step-in

(b.2) step-out

(c) pump screen

(d) transition pair

(e) BPM
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Check our CST simulations

Handbook is always there (most valid for low frequency)

Sec.3.2: IMPEDANCES ANDWAKE FUNCTIONS

Description Impedances wake
Annular-ring-shaped
cut: inner and outer
radii a and d = a + w
with w ≪ d.

αe + αm =
π2d2a

2 ln(32d/w) −4
− π2w2(a+ d)

16
t ≪ d

αe + αm = πd2w − 1
2w

2(a+ d) t ≥ d

Half ellipsoidal pro-
trusion with semi
axes h radially, a
longitudinally, and d
azimuthally. 2F1 is
the hypergeometric
function.

αe + αm = 2πahd

[
1

Ib
+

1

Ic − 3

]

Ib =2F1

(
1, 1; 52 ; 1−

h2

a2

)
, Ic =2F1

(
1, 12 ;

5
2 ; 1−

a2

h2

)
, if a = d

αe + αm = πa3 if a = d = h ,
2πh3

3[ln(2h/a) − 1]
if a = d ≪ h

αe + αm =
8h3

3

[
1 +

(
4

π
− π

4

)
a

h

]
if a ≪ h = d

αe + αm =
8πh4

3a

[
ln

2a

h
− 1

]
if a ≫ h = d

Z∥
0 = −ikcL, Z⊥

1 =
2

b2k
Z∥
0 W ′

0=−c2Lδ′(z), W1=
2

b2

∫
W ′

0 dz
Small inductive
objects-2D: [27, 30]
small cavities, shal-
low irises, and transi-
tions at low freq.
(h ≪ b, k ≪ 1/h);
h is height of object,
g is gap of cavity
or length of iris; L
is inductance. For
tapered transition
pair:θ is taper angle.

Pill box g <∼ h ≪ b : L =
Z0

2πcb

[
gh− g2

2π

]

Shallow iris g <∼ h ≪ b : L =
Z0h2

4cb

Transition pair g ≫ h, h ≪ b : L =
Z0h2

2π2cb

(
ln

2πb

h
+

1

2

)

Tapered :L=
Z0h2

π2cb

[
ln

(
bθ

h
−2θ cot θ

)
+
3

2
−γe−ψ

(
θ

π

)
−π

2
cot θ− π

2θ

]

γe ≈ 0.57721 is Euler’s constant, ψ(x) is psi function.

Wall roughness
inductive model: [35]
1-D axisymmetric
bump on beam pipe,
h(z) or 2-D bump
h(z, θ). Valid for low
frequency k ≪ (bump
length or width)−1,
h ≪ b, and |∇h| ≪ 1.
See also [36]

1-D: Z∥
0 = −2ikZ0

b

∫ ∞

0
κ|h̃(κ)|2dκ

with spectrum h̃(k) =
1

2π

∫ ∞

−∞
h(z)e−ikzdz

2-D: Z∥
0 = −4ikZ0

b

∞∑

m=−∞

∫ ∞

−∞

κ2√
κ2 +m2/b2

|h̃m(κ)|2dκ

with spectrum h̃m(k) =
1

(2π)2

∫ 2π

0
dθ

∫ ∞

−∞
dz h(z, θ)e−ikz−imθ

Note: small periodic corrugations model is also used for wall roughness
impedance estimation.

Small periodic
corrugations: (a) [31,
32] L <∼ h ≪ b,
k ≪ 1/h; L period, h
depth, g gap, ℘ prin-
cipal value; βgc group
velocity.

Z∥
0

L
=

Z0

πb2

[
πkrδ(k

2 − k2r) + i℘

(
k

k2 − k2r

)]
,

W ′
0

L
=

Z0c

πb2
cos krz

Z⊥
1 =

2

b2k
Z∥
0 , kr =

√
2L

bgh
; (1− βg) =

4hg

bL
, W1=

2

b2

∫
W ′

0 dz

(b) [33] L≫h, L≪ b,
k≪1/h; kL=2π/L.

Z∥
0

L
=

Z0h2k
3/2
L

8πb
(−ik)1/2

W ′
0

L
= −Z0ch2k3L

16π3/2b

1

(−kLz)3/2
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Flange with gasketCh.3: ELECTROMAGNETIC AND NUCLEAR INTERACTIONS

Description Impedances Wakes
Thin dielectric or fer-
rite layer on pipe:
[34] thickness h ≪ b.

Like small periodic corrugations (a), but kr =
[

2ϵr
(ϵrµr − 1)bh

]1/2
, with

relative dielectric constant ϵr and magnetic permeability µr.
Coherent syn-
chrotron radiation
(CSR): [37, 38, 39]
Bunch moves in free
space on a circle of
radius R; k ≪ γ3/R.
See Sec.2.4.15.

Z∥
0

L
=

Z0

2 · 31/3π
Γ

(
2

3

)[
ik

R2

]1/3 W ′
0

L
= − Z0c

2 · 34/3πR2/3

1

z4/3

Γ(2/3) ≈ 1.3541. Note: non-zero wake for test particle ahead of driv-
ing particle. W ′

0(0
+)/L ≈ 0 .1Z0cγ4/R2. This is also used to approx-

imate effect at high k for beam in beam pipe; shielded (suppressed) for
k <∼ R1/2b− 3/2.

Round collimator:
(a) [40] low frequen-
cy k ≪ 1/d.

Z ⊥
1 = −0 .3i

Z0

d
collimator radius d ≪ b.

W1= −0 .3
Z0c

d
δ(z)

collimator radius d ≪ b.
(b) High frequency
k ≫ 1/d; if tapered,
angle θ ≫ 1/(kd).

See optical model formulae (a) above

(c) [41] For any fre-
quency, small angle,
d ′(s) ≪ 1, kdd ′ ≪
1, with d(s) pipe pro-
file versus longitudinal
position s, and d ′ is
derivative of d with re-
spect to s.

Z∥
0=

−iZ0k

4π

∫
ds (d ′)2

Z ⊥
1 =

−iZ0

2π

∫
ds

(
d ′

d

)2

⇒ symm. tapers of angle θ≪1:

Z ⊥
1 =

−iZ0

π
θ

(
1

d
− 1

b

)

W ′
0=

Z0c

4π

∫
ds (d ′)2δ′(z)

W1= −Z0c

2π

∫
ds

(
d ′

d

)2

δ(z)

W1= −Z0c

π
θ

(
1

d
− 1

b

)
δ(z)

Flat collimator: [42]
low frequency, small
angle, h′(s) ≪ 1,
h≪w≪ ℓ, with h(s)
vertical profile, w
width, ℓ length

Zy =
−iZ0w

4

∫
ds

(h′)2

h3 Wy = −Z0cw

4

∫
ds

(h′)2

h3
δ(z)

Pill-box cavity —low
frequency: [43] cavity
radius d, gap g; S =
d/b. When g ≫ 2(d−
b), replace g by d − b.
Valid for k ≪ 1/d.

Z∥
0= −ik

Z0g

2π
lnS

Z ⊥
1 = −i

Z0g

πb2
S2− 1

S2+ 1

W ′
0= −Z0cg

2π
lnS δ′(z)

W1= −Z0cg

πb2
S2− 1

S2+ 1
δ(z)

Effect will be one half for a step in the beam pipe from radius b to radius
d, or vice versa, when g ≫ 2(d− b).

Resonator model:
[1] form-th azimuthal
mode, with shunt im-
pedance R(m)

s ,
quality factor Q, and
resonant frequency
kr.

Z∥
m =

R(m)
s

1 + iQ (kr/k − k/kr)

Z ⊥
m =

R(m)
s /k

1 + iQ (kr/k − k/kr)

Wm =
R(m)

s ckr
Qk̄r

eαz sin k̄rz

where α = kr/(2Q)

k̄r =
√

|k2r − α2|

Valid only close to kr. As k → ∞, Z∥
0 → k− 1/2 for non-periodic

cavities and→ k− 3/2for an infinite array of cavities. [16, 46]
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Ch.3: ELECTROMAGNETIC AND NUCLEAR INTERACTIONS

Description Impedances Wakes

(b) Periodic array of
deep cavities (model
for linear accelerator
structures): [20]-[24]
period L, gap g, outer
cavity radius d, with
g <∼ k(d− b)2 .

Z∥
0

L
=

iZ0

πkb2

[
1+

α(g/L)L

b

√
2πi

kg

]− 1

α(ζ) ≈ 1− 0.465
√
ζ − 0.070ζ

Z⊥
1 =

2

b2k
Z∥
0

W ′
0

L
=

Z0 c

πb2
eη(z)

2
erfc

[
η(z)

]

η(z)=
αL

b

√
−2πz

g

W1 =
2

b2

∫
W ′

0 dz

Numerical fit:[24, 25]
valid over larger z
range: −z/L ≤ 0.15,
0.34 ≤ b/L ≤ 0.69,
0.54 ≤ g/L ≤ 0.89.

W ′
0 =

Z0 c

πb2
exp

(
−
√

z

z0

)
, W1=

4Z0 cz1
πb4

[
1−
(
1+

√
z

z1

)
exp

(
−
√

z

z1

)]

z0 = −0.41
b1.8g1.6

L2 .4
, z1 = −0.17

b1.79 g0 .38

L1.17

Bethe’s dipole
moments of a hole of
radius a on beam pipe
wall [26].

Electric and magnetic dipole
moments when wavelength≫ a: d⃗=−2ϵ0

3
a3E⃗ , m⃗=− 4

3µ0
a3B⃗

E⃗ and B⃗ are electric and magnetic flux density at hole when hole is
absent. This is a diffraction solution for a thin-wall pipe.

Z∥
0 = −ikcL,

Z⊥
1 =

4

b2k
Z∥
0 cosφ

W ′
0 = −c2L δ′(z)

W1=
4

b2

∫
W ′

0 cosφ dz

Small 3D obstacle on
beam pipe: [27, 28]
size ≪ b, low freq.
k ≪ 1/(size); φ a-
zimuthal angular posi-
tion of object.

Inductance L =
Z0 (αe + αm)

4π2 b2c
αe is electric polarizability, αm magnetic susceptibility

Elliptical hole: major
and minor radii are a
and d. K(m) and
E(m) are complete
elliptical functions of
the first and second
kind, with m=1−m1

and
m1=(d/a)2 . For
long ellipse perpen-
dicular to beam, ma-
jor axis a ≪ b, beam
pipe radius, because
the curvature of the
beam pipe has been
neglected here [29].

αe + αm=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

πa3m2
1[K(m)−E(m))]

3E(m)[E(m)−m1K(m)]

πa3[E(m)−m1K(m)]

3[K(m)−E(m)]

m→1
=⇒
long
ellipse

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

πd4 [ln(4a/d)−1]

3a
∥beam
d ≪ b

πa3

3 [ln(4a/d)−1]
⊥ beam
a ≪ b

αe+αm
circular−→
m→0

2a3

3
circular hole a = d ≪ b

Above are for t ≪ a. When t ≥ a, ×0.56 when hole is circular and
×0.59 when hole is long-elliptic.
For higher frequency correction, add to αe + αm the extra term,

+
2πa3

3

[
11k2a2

30

]
circular,

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

−πad
2

3

[
k2a2

5

]
∥beam

long ellipse

+
2πa3

3

[
2k2a2

5[ln(4a/d) − 1]

]
⊥ beam

long ellipse

Rectangular slot:
length L, width w.

αe + αm = w3(0.1814 − 0.0344w/L) t ≪ a, ×0.59 when t ≥ a

Rounded-end slot:
length L, width w. αe + αm = w3(0.1334 − 0.0500w/L) t ≪ a, ×0.59 when t ≥ a
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Check our CST simulations

Handbook is always there (most valid for low frequency)
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5 mm beam
RW
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Add up to get the impedance budget
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Im
(Z
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)

RW
flanges
bellows
transitions
RF cavities
others
total

Boussard criterion (very rough estimation):

Qth = (2π)3/2 ασzEσ2
δ

c |Z /n |

|Z /n | = 0.13 Ω

Qth = 3.25 nC > 1.15 nC (AR) |Z /n |th = 0.37 Ω(AR)

Total budget:

or

Are we really safe?

Longitudinal wakefield and impedance
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reason?: results with assumed wakeifeld models

Weak instability shows up 
in the resistive ring


Weak instability can be 
suppressed by inductive 
components


Impedance is not the 
smaller the better!
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Category of the wakefield / impedance

Example of resistive by short bunch / inductive by long bunch

Real impedance

Inline-pump

non-shiled bellows driven by 1mm beam driven by 5mm beam


