3.4 Ring Impedance

Interaction of the electron beam with the surrounding vacuum chamber of the storage ring

produces longitudinal and transverse wake fields. These fields are sources of extra energy
spread and transverse kick for the particles in the beam. The main sources of the wake
fields in storage rings are

* Finite conductivity in the aterial of the wall

* Roughness of the chamber s,

» Discontinuities in the chamber geometry due to transitions;
» Bellows and Beam Position Monitors;

* High order mode extition in RF cavities.

The knowledge of the storage ring impedance, or the Fourier transform of the excited
fields, defines the stability of the circulating electron beam. This study is the basis for the
optimization of the vacuum chamber geometry, the chamia¢erial, mettod of surface
treatment, optimization of RF cavities design and the development of technigquoptess

of the resonant terms in complete impedance.

3.4.1 Resistive Wall Impedance

It is well known [1-5], that the behavior of wake potentials induced in a round pipe of finite
conductivity is determined by the characteristic distagcd3] that depends on the pipe

radiusb and the conductivityg . For long bunches, when the bunch length is large
compare tos,, the impedance of the chamber is dominated by the low frequency part. The
longitudinalW, and transvers@/. wake potentials of point charge are given by [2]
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where %=377 Q is vacuum impedanceg, =1/(36m10°)C/Vm is vacuum dielectric

constant. Table 3.4.1 presents the characteristic distanfg a round pipe of radius
b=20mm of different materials. Theudly performed with impedance high frequency
contribution into induced wake potential shows that the long wavelength approximation is

valid for the bunch rms lengtlw, =4s, [4,5]. The rms bunch length for the 3 GeV
electron beam igr, = 6.5mm, and the long-range approach for the induced fields well
describe the situation. For a Gaussian bunch the potential is given by convolution of the

point wake potential and the bunch longitudinal distribution [4]. The contribution of the
short-range wake for ANDLE vacuum chamber is an order of 1(Table 3.4.1). The rms
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energy spread, longitudinal and transverse loss factors of the Gaussian bunch can be then
presented in MKS units as
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where Q anceare the bunch andesdtron charges.

Table 3.4.1 Summary of the madrial properties

Material Conductivity Characteristic Short-range

o (10'Q*m™) | distance s,(mm) | wake correction
Stainless Stee 0.14 0.12 21072
Aluminum 3.65 0.041 410"
Copper 5.93 0.035 3.210"

The beam energy spread and power loss in CANDLE is given in Table 3.4.2 for a bunch
charge 0.7nC, which corresponding to 350 mA circulating current when all 360 RF buckets
of the ring are filled.

Table 3.4.2 Energy and power loss in resistive chamber.

Material SS Al Cu Units

Power dissipation per unit length 2.05 0.41 0.82 W/m
Power loss per revolution 0.44 0.09 0.7 KW
RMS energy spread 9.59 2.49 2.08 eV/m
Energy loss 18.10 5.28 4.45 eV/m
RMS energy spread per unit charge  13.70 3.56 2197 eV/nC/m
Energy loss Per unit charge 25.80 7.54 6.36 eV/nC/m

The maximum effect on the bunch characteristics and maximum power loss are observed
for a stainlesstsel vacuum chamber. All citecbave characteristics for stainleseed
chamber are in average five times larger than for copper chamber. The longitudinal and
transverse resistive wake potentials induced in CANDLE vacuum chamber are presented in
Fig.3.4.1. The potentials are given for the following chambatenals: opper (Cu),
aluminum (Al) and stainless steel (SS).
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Fig.3.4.1 Longitudinal (top) and transverse (bottom) resistive wake potentials induced
in CANDLE storage ring vacuum chamber .

3.4.2 Surface Roughness

The recent sidy performed for the TESLA-FEL beam dynamics [6-9] shows that the
roughness of the vacuum chamber @cef is a significant factor of the extra energy spread

in the bunch that is comparable with resistiveeetl$. The different mode[§-9] for the
roughness impedance have been developed to aenulthis effect. An puartant
consequence of these studies is that all the existing models predict similar results for bunch
length much larger than the average size of roughness.

The most comprehensive model to simulate this effect is tvekthatski-Timm Weiland

(NTW) model [6] when the roughness is @@d by equivalent periodic rectangular
corrugations structure for the vacuum chamber walls (Fig.3.4.2).
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Fig. 3.4.2 The model of the @riodical corrugations to desribe the wall roughness.

The corresponding point charge longitudinal and transverse wake potentials are then
presented as

2p
b3 (3.4.3)

whered is the rms roughness size, g is the gap pnd the corrugation period,= g/ p
is the packing factor. The analytical form of the longitudinal wake function for Gaussian
bunch is then given by [9]
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where &(x )s the complex error function. In the long-range approach wher>9d the
formula (3.4.4) is converted to
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and the impedance is inductive (no power losses). However the roughness induces an
energy spread within the bunch given by

Z,c
j 33/4nj/202k b’
A comparison of the roughness and resistive caused energy spreads is presented in

Fig.3.4.3. The packingttor of the roughness és=0. . Bhe rms energy spread for rough
and resistive wakes are equal when the rms depth of roughness is equaPlion for

copper pipe,d = 2.35um for aluminum pipe and® =9.lumfor stainless teel vacuum
chamber.

o (3.4.6)
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Fig. 3.4.3 RMS energy spread vasus rms height of roughness. Shown the resistive
energy spread for Stainless Steel, Aluminum and Copper chambers.

The corresponding longitudinal wake potentials for stainlessl yacuum chamber are
shown in Fig.3.4.4.
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Fig. 3.4.4 The longitudinal rough, resistive and combined wake potentials for stainless
steel vacuum chamber § = 9.1um).

3.4.3 Vacuum Chamber Discontinuities

The vacuum chamber discontinuities are additional sources of impedance that cause the
energy spread (below cut-off frequency) and energy loss of the bunch (above cut-off
frequency). The longitudinak, and transversek, loss factors for a Gaussian bunch
determine thearesponding energy loss and the kiaktbr of the bunch. The beam power

loss per turn for single element of discontinuity is given by

2
Pow =K, To ";;‘;' , (3.4.7)

wherel .., is the total beam currenif, is a revolution period andN is the number of the
bunches.
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Transitions. The transitions in the vacuum chamber are the transfers from the main
vacuum chamber to the smaller insertion device chamber and vice versa. For the chamber

transition from radius, to b,, the low frequency longitudinal and transverse components
of impedance [10] and longitudinal loggctor [11] for a Gaussian bunch are given by:

:—ia'zod_2 Z :—iZ_O d3
4 17T 2mp(+d)bd+bl)’
K _Zcnb,/b g lo, 0 (3.4.8)
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whered =h, — b, andl is the taper length. The data given in Tahk.3, is calcidted for

b, =20mm, b, =b, /5=4mmand| = 7cm.

Bellows Bellows are sections obougated vacuum chamber that permit the longitudinal
expansion of the rigid chambers due to temperature variations, in particular if the chambers
have to be heated to high temperatures to obtain a better vacuum. The low frequency
impedances and loss factor for one corrugation in bellow structure, obtained in the
broadband resonance approximation, are given by [12]:
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whered is a corrugation depthy is a gap widthpis a pipe radiusS=1+45/b, Q~3-5
is a quality factora =w, o, /c with the resonance frequency ~ rc/25 . The numerical
calculations performed fod =4mm, Q =5 and total gaps lengtly =1 /2 =5mm, wherel

is a length of bellow.
BPM’s. The low frequency impedances and high frequency loss factor of the Beam
Position Monitors (BPM'’s) of stripline split cylinder type [11,12] are given by:

2
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Here w, is the particle revolution frequencR is the storage ring average radiugs the
stripline length, @ is the BPM orientation angle with respect to the beam Axis the

shunt impedance at both ends of BPM. The numerical calculation (Table 3.4.3) was
performed forR=344m ,¢@, ~ /2, Z, =5Q, | =10cm.

Abort Kickers. The abort kicker is a large ferrite magnet that may introduce substantial
impedance at high and low frequencies. The longitudinal low frequency impedance in

kickers arises due to flux leaking around edges of magnet, conductiveeliodi]. The
longitudinal and transverse loss factors of the bunch are presented as [12]:
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2
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The numerical calculation (Table 3.4.3) performed & 20mm, b=40mm, | =6m,

Z,=15Q, v=0.04c and x=3mm. The longitudinal and transverse loss factors, power

loss per element for different type of impedance source&MDLE storage ring vacuum
chamber are presented in Table 3.4.3.

Table 3.4.3 Loss factors for transitions

Element Loss factor Kick factor Power loss/unit
kz (V/IpC) ke (V/IpC/m) (W)
Transition 0.035 64.5 8.7
BPM 0.0036 0.95 0.9
Bellow* 0.063 20.2 15.5
Abort Kicker 0.004 16600 0.98

*without shielding
The realistic simulation of vacuum chamber impedance is possible by the using 3-
dimensional code MAFIA. Nevertheless, the numerical data comparison with other light
sources (SPEARS3) taking inacount the difference of the bunch and vacuum chamber
parameters, gives the acceptable results.

3.4.4 Impedance Summary

The equivalent presentation of different kinds of wake potentials ofbthreh are
characterized by frequency dependent Fourier transformations of the wake potentials,
which for a Gaussian bunch may be represented as a truncated impedance:

Z(w) = Z(w)exd-w?c?/2) (3.4.12)
The main contributors to the storage ring frequency dependent total impedanagettunc
by the bunch length, are given on the Figure 3.4.5 (longitudinal impedaiiee) and)

Figure 3.4.6 (transverse impedan@e (w ). $hown also are the reactive Re(Z) and
inductive Im(Z) parts of the total impedance.

Table 3.4.4 Impedance sage parameters.

Source of wake Quantity | Parameters

Resistive walls - Stainless Ste€bnductivity: 1.4 10Q'm™
Roughness - RMS Height: 5um

Transitions 6 Length: 7cm, 5:1 taper

Bellows 100 Length; 5mm; Height: 2mm

BPM 100 Length:10cm; End Impedance-5 Q, angle 71/2

The parameters used in the calculations are given in Bahke. The main influence up on

the bunch paraaters comed$rom the imaginary part of impedance and contributes the
energy spread of the bunch particles. The energy losses arise from the resistive walls and
transverse component of the roughness impedance. The bellows, BPM’s and transition
sections contributions to the total energy losses are comparatively small.
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Fig.3.4.5 Longitudinal impedances of the ring caused by walls resistivity,
surface roughness, BPM'’s, transitions and bellows.
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Fig.3.4.6 Transverse impedances of the ring caused by walls resistivity,
surface roughness, BPM'’s, transitions and bellows.
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