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Abstract 

The paper summarizes results on the impedance study of the components of the 

PEP-11 B-fixtory? 
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Table 1. Parameters of the PEP-II B-factory 

parameter HER/LER 

energy E 

average radius R 

rf frequency f rf 

harmonic number h 

revolution frequency fa 

dc beam current 1~ 

number of bunches nb 

particles per bunch NB 

-- gap 

bunch spacing 

129, 9 *I 

SB 

momentum camp. c~ 

energy spread s 

bunch length UB 

damping time TX 

z-Partition number JE 

number of cavities %a, 

loss/turn UO 

synchrotron tune QS 

voltage/cavity V rf 

cavity shunt imped. R, 

average beta-x PX 

average beta-y PII 

9.0/3.1 

350.03 

476.0 

3492 

136.3 

0.98612.14 

1658 

(2.72/5.91) 1o1O 

88; O.O5*2aR 

1.26 

(2.41/1.31) 1O-3 

(6-l/8.1) 1o-4 

1 

(36.8/40.4) 

1.9969/2.0116 

2418 

3.5710.87 

0.0516/0.033 

0.77/0.64 

3.5 

(14.5/10.84) 

(13.84/9.95) 

GeV 

m 

MHz 

kHz 

A 

m 

cm 

ms 

MeV 

MV 

MS-I 

m 

m 



Introduction 

There is no need to emphasize how important is to minimize the beam impedance 

for a lepton machine with the beam current of several amperes and large number of 

bunches. The paper summarizes results of the impedance studies of the components 

of the B-factory [‘I. The prime goal of this activity was to support the design of the 

vacuum chamber and, at the same time, to get reasonable model of the machine 

impedance, which can be used later for detail studies of the collective effects. The 

work was carried out combining analytic approach with extensive simulations with 

available numerical codes such as MAFIA and ABCI. 

The main parameters of the B-factory relevant to the paper are given in Table 1. 

The paper is organized in the following way. First, we discuss limitations on the 

impedance given by the beam dynamics. After that, we list the impedance generating 

elements in the electron high energy ring (HER) and mention the difference with 

the positron low energy ring (LER). Th e analysis of the impedance of each element 

follows. At the end, we summarize results giving the parameters of the impedance of 

the HER. 

In the Appendix 1 we summarize for completeness the definitions of the impedances 

and wakes together with some useful relations. In Appendix 2 we discuss the mode 

trapping. Appendix 3 describes the power loss of a train of bunches. 

Constraints on the impedance 

Impedances should be minimized to reduce the wake fields excited by the beam 

which, interacting with the beam, may make the beam unstable. Coherent effects 

impose certain limitations on the magnitude of the impedance. 

The longitudinal wake field modifies the RF potential well and, as a result, changes 

the bunch shape p(s). F or a purely inductive impedance L, a single bunch self- 

consistent potential is 

2 

lJ = za2 - + f&(s) 

B 
(1) 

-- 
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where s p( s)ds = 1, and dimensionless 

e2 E 
2rya&2R’ re = ,,2, -/ = ,,2’ 

For small s, 

(2) 

(3) 

For the HER at the nominal 1~ = 1 A, A/a = 0.88510m3 and 10% bunch length- 

ening may be expected for 

L = 225 nH, or Z/n = 0.2 R. (4) 

The microwave longitudinal instability sets the limit on the effective impedance 

(Zln)eff d fi d e ne as Z/n averaged with the bunch spectrum 
-. 

2na( E/e)S2 
(i)eff < Ipeak (5) 

where, for a Gaussian bunch, the peak bunch current is Ipeat = $,‘&,,&R/cB. 

For the nominal CDR[‘], Table 1, the limit is ($)eff < 0.97 Ohms for the HER 

and (i)eff < 0.14 Ohms for the LER. Sometimes the SPEAR scaling ($)eff = 

( $)(~B/~)1.s8 is used to relate effective and machine impedances. For the average 

< b >= 3.3 cm the machine impedance is 7.4 times larger than the effective impedance 

giving (Z/n) = 7.2 Oh ms for the HER, and (Z/n) = 1.03 Ohms for the LER. However, 

SPEAR scaling may not necessarily be valid for PEP-II. Note, that a purely inductive 

impedance does not lead to the microwave instability. 

The transverse microwave (transverse fast blow-up) instability limits the effective 

broad-band impedance for a given average bunch current; 

l-u < 
4QsWe)b 

I ;znch < PI > R (6) 

where Qs is the synchrotron tune, and < p > is the average transverse beta function. 

At the nominal CDR currents, an average < PI >= 10 m, and a beam aperture 
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b = 2.5 cm, the criterion limits impedance to IZll = 21 MO/m for the HER, and 

[Zll = 2.3 MR/m for the LER. 

The transverse mode-coupling instability limits the imaginary part of the effective 

transverse impedance 

(7) 

and gives for PEP-II essentially the same constraints as the fast blow-up instability. 

The slow head-tail instability sets some loose limit on the chromaticity of the ring 

- and is not important for this note. 

The transverse impedance also causes closed orbit distortion and changes the 

betatron tune. However, these effects are small. They may be enhanced by a factor 

QLC/(T~,SB) proportional to the loaded QL factor of a higher-order mode (HOM) 

exited--by a train of bunches if the frequency of a mode fm of the narrow band 

impedance is in resonance with the bunch spacing fms~/c = integer + l/4, or with 

the frequency of a coherent coupled-bunch mode of the train. 

The maximum kick from a single mode to a bunch centroid with the offset r is 

(8) 

provided that the mode frequency is in resonance with the bunch spacing. 

For example, one of the strongest Rf cavity dipole HOM with parameters f = 

1674.2 MHz, R/Q = 0.31 K?/ m, and loaded QL = 2134, gives the maximum trans- 

verse impedance Zl = (R/&)&L = 0.66 MO/m. Take NB = 6 x lOlo, offset r = 1 

- cm, y = E/mc2 = 6 x 103, re = e2/mc 2 = 2.8 x 10-13cm. Then 8 = 1.0 x 10m5 is 

much smaller than the divergence angle within a beam. The HOM of a cavity with 

length I is equivalent to a quad with the focusing length F = l/O. The betatron 

tune shift given by the mode is AQl = -P1/(47rF) and, for I = 10 cm, PI = 11 m, 

AQI = 4. x lo- 4. Hence, under the resonance condition the maximum tune shift 

due to the strongest HOM of the 8 RF cavities AQl = 0.6 x 10m3 in the LER is still 

much smaller than the beam-beam tune shift (5 = 0.03). 
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More limitations come from coupled bunch instabilities. 

In the longitudinal case, the growth rate for nb equally spaced bunches 

1 IB’Y CO 

7, = 4n(E/e)Q, p=--oo WPne c 4WpnuBY Re Zl (wpn ) 

where wPn = Wrev [pnb + n + Qs], huld b e compared to the damping time 71 = 20 

msec. (This conservative approach ignores additional possible Landau damping and 

head-tail effect). That limits the impedance at any resonance frequency f = wpn/27r. 

For the CDR parameters of the rings: 

( f - &e- GH )( 

ReZ (2Xfn?/C)2 < 19.5 (HER); < 4.1 (LER). 
Z 

(9) 

Similarly, comparison of the growth rate of the transverse coupled-bunch instability 

__ = IBfrevPI O” 1 
(10) 

rl,n 
c We) p=--oo 

e-(wpn”B)2 Re Zl(wpn) 

where wpn = wrevbnb + n + 911, with the damping time 71 = 40 msec limits the 

transverse impedance at any resonance frequency fpn 

ReZl e-(WaB/C)2 < 119.8 (HER); 
KR/m 

< 26.6 (LER). (11) 

The longitudinal loss factor gives the energy loss of a beam and defines the power 

deposited in the beam pipe by an uncorrelated train of bunches 

P = AEfo = 
zO$fWB 

4= (12) 

where Zo = 1207r 0 is the impedance of the vacuum. For a 1 A current and sg = 1.26 

m, a loss factor of ~1 = 1 V/PC corresponds to P = 4.16 kW of microwave power. 

In summary, the main limitations on impedance come from the bunch lengthening, 

power deposition, and multibunch stability. Single bunch stability does not seem to 

be a strong limiting factor. 
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Table 2. Impedance generating elements, HER PEP-II B-factory 

RF Cavities 

Arcs 

Straights 

RF cavities 24 

RF cavities tapers 48 

Copper chamber(m) 1440 

Dipole screens 192 

BPM 198 

Arc bellows module 198 

Collimators 2 

Dipole offsets 384 

Quad pump slots 198 

Arc flex jonts 198 

Flange/gap rings 398 

Early x-ray mask 6 

SS 304L pipe (m) 760 

BPM 92 

Collimators 6 

Pump ports 92 

Sliding joints 92 

Flex joints 92 

Flange/gap rings 184 

Gate valves 16 

Tapers octag./round 12 



I : 

IR IR Be chamber 1 

IR masks 

Q2 septum 2 

Collimators 4 

Feedback 

Inject/Abort 

IR pump ports 

Special BPMs 

High power dumps 

Feedback pickups 

Longitud. kicker 

Transverse kicker 

Injection port 

Kicker ceramic 

Abort dump port 1 

Arcs Diagnos. Synch. light monitor 2 

SSRL xray port 2 

Str. Diagnos. BB curent monitors 1 

IR Diagnos. 

Other 

DC current transf. 1 

Tune monitor 1 

Profile monitor 1 

Luminosity monitor 1 

Pulsed separator 4 

PPS stopper 1 



Impedances of the components 

The list of impedance generating elements in the HER (including interaction 

region (IR)) g is iven in Table 2. The LER is different only in a few aspects. First, 

the LER has an Al vacuum chamber in the arcs and, because LER dipoles are short, 

an ante-chamber with discrete pumps is used instead of HER distributed ion pumps 

(DIPS). In the LER, th e impedance of the antechamber “replaces” the impedance of 

the dipole screens of the HER. Secondly, wigglers give an additional contribution to 

the LER impedance budget. 

RF cavities 

The dominant contribution to the impedance comes, of course, from the damped 

RF cavities, see Fig. 1. 

The loaded QL factor of the HOMs for a damped cavity is relatively low and the 

width-of a HOM is large compared to the revolution frequency. For this reason, the 

variation of the HOM frequency in the non-identical cavities (HOM detuning) is not 

important and the total impedance of the cavities is proportional to the number of 

cavities. 

Table 3 summarizes the main longitudinal monopole and transverse dipole modes 

found numerically with the code URMEL and those measured on a prototype cavity 
PI . 

The total narrow-band loss, Eq. (Al-15), of a cavity is ~1 = 0.26 V/PC. This is the 

sum of the loss-factors of the monopole HOM-s below the 2.5 GHz cut-off frequency 

of the beam pipe with b = 4.76 cm radius. The loss factor of the fundamental mode 

adds 0.167 V/PC. The total loss factor of a cavity calculated by ABC1 from the wake 

field excited by a bunch going through the cavity, is Icl = 0.55 V/PC, Hence, the 

broad-band loss from the modes above the cut-off frequency is 0.12 V/PC. 

The longitudinal wake field of a RF cavity is depicted in Fig. 2. The real and 

imaginary parts of a RF cavity broad-band impedances are depicted in Figs. 3a, and 

3b for monopole HOMs, and Figs. 4a, 4b for dipole HOMs. The beam pipe radius is 

b = 4.49 cm. 



I 
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8 __ 

9 

10 

11 

12 

Table 3. Single RF Cavity Monopole HOMs 

freq (MHz) 

____ 

R/Q 

489.6 108.8 5.036 131926 3472.28 

769.8 44.97 1.782 26128 1.26 

1015.4 0.006 0.0002 169,‘246 0.001 

1291.0 7.68 0.692 66/ not visible 

1295.6 6.57 0.265 1907 5.96 

1585.5 5.06 0.216 /178 0.90 

1711.6 4.75 0.404 not visible 

1821.9 0.06 0.006 1295 /0.018 

1891.0 1.68 0.075 not visible 

2103.4 3.52 0.235 1233 0.82 

2161.9 0.02 0.002 /201 0.004 

2252.2 1.21 0.068 /500 0.61 
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Table 4. Main RF cavity Dipole HOMs, ro = 4.7625 cm 

f (MHz) R/Q (0) QL (calc/meas) 

1 

2 

3 

. 4 

-5 

6 

7 

8 -. 

9 

10 

11 

12 

679.6 0.001 35/- not visible 

795.5 9.876 1211122 31.86 

1064.8 31.990 38/- not visible 

1133.2 0.320 761112 0.65 

1208.2 0.385 226611588 10.3 

1313.2 10.336 1498 80.1 

1429.0 5.999 I3955 342.0 

1541.0 2.065 159 1.62 

1586.2 5.262 1178 12.1 

1674.2 14.732 I2134 385.0 

1704.4 0.285 1444 1.52 

1761.9 0.330 17129 27.3 



Eight cavities in the LER with the nominal beam current would generate, see Eq. 

(12), 16.6 kW of power propagating downstream from the cavities and absorbed in 

the walls. For the TM modes in the round pipe with the radius r = b, the power 

absorbed in the wall within the distance 1= l/cyp is P(z) cx emapz, where 

Here k = w/c, k, = dm, k, is the cut-off frequency of the m-th propagating 

mode. The bunch spectrum starts to roll-off above frequencies ka 21 1. For a frg = 1 

cm bunch, the roll-off starts at the frequency f II 4.77 GHz. For such a frequency, 

the skin depth is S N lpm, and the absorbtion length in the beam pipe with radius 

b = 4.76 cm is of the order of I ~500 m. Hence, the wall power deposition from the 

cavities is 29.0 W/m. 

The broad-band transverse kick-factor of a RF cavity kl = 5.266 V/PC/m at 

b = 4.49 cm. 

The maximum narrow-band (NB) impedance of a single cavity (R/Q)QL = 

5,96kR at f = 1.296 GHz, see Table 3, is larger than the 3.4kQ limit set by Eq. 

(9) for the LER. Th e coherent stability of PEP-II th ere ore f requires a feedback sys- 

tem. Optimization of the vacuum chamber should be considered, in this context, as 

an attempt to minimize the requirements on the feedback system. 

The same is true for the dipole modes. The dipole modes f = 1.429 GHz and 

f = 1.674 GH z, see Table 4, have maximum impedances much higher than allowed 

by Eq. (11). T ransverse stability depends again on the bunch-by-bunch transverse 

feedback system. 

Resistive wall 

The longitudinal resistive wall impedance is given byL2’ 

Z-1 -= 
zo(l -i)S L 

n ~jjgjplb) (13) 

where 
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is the skin depth, F = 1 for a circular pipe with radius b and F(a/b) = 0.97 for a 

rectangular beam pipe with a ratio of height to width of b/u = 2.414.6 = 0.52. 

The transverse resistive wall impedance for a circular pipe is 

z -2RG 
I 

. 
b2 n’ (14) 

The transverse impedance of a rectangular pipe can be estimated from the impedance 

of two parallel planes separated by a distance 2b13’: 

(l-i)2R6 L 
z1= BZo--------- 

2 b2 b2rR’ (15) 

-B = r2/24 or B = 7r2/12 for motion parallel or perpendicular to the planes, respec- 

t ively. 

For the 1300 m copper beam pipe of the HER arcs with a conductivity l/c = 

17.7 no - m, the longitudinal and transverse impedances are Zl = 0.823(1 - i)fi& 

Z, = 0.435/h MR/m,ZY = 0.87/fi MR/ m. The 900 m straight circular stainless- 

steel pumps with b = 4.6 cm and l/a = 900 nR - m give Zl = 2.16(1 - i)fi 0 and 

Z& = 0.74/&i MO/m. 

Combining the two contributions, the total resistive wall impedances are 

Zl = 2.98(1 - i)& R, Z, = 1.17516 Ma/m, Z, = 1.61/G Ma/m. 

The longitudinal impedance at the roll-off frequency of the bunch kaB = 1, or 

n = 3.5 x 104, is 0.56 k0, still within the limit of Eq. (9). Transverse impedance gives 

the dominant contribution to the total impedance at low frequencies and is higher 

than the limit Eq. (11). Ag ain, stability of the beam relies on a transverse feedback 

system. 

The loss factor and the power deposition per unit length due to the resistive wall 

(RW) impedance in a circular beam pipe are 

dP e2 %$jfo 
ds = 2ab aB 312 (16) 

where nb is number of bunches per ring, NB is the number of particles per bunch, 

and fo is revolution frequency. 

_- 
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The copper coating on the stainless steel (SS) beam pipe may be used to reduce 

impedance and heating due to synchrotron radiation from upstream dipoles. The 

impedance depends on the thickness t of the coating: it decreases exponentially from 

the value for the SS pipe for t = 0 to the value of the copper pipe for t N 6czLt4] 

Zl -= zo(l-i)d L n ----y-b 2.i,Rl(w) 

where 

I+ A + (1 - X)F(s) 
‘@)= 1+x-(14)F(z)’ ‘= 

F(z) = e-2(1--i)xe 

(17) 

The factor 5 goes to 1 for a thickness of the order of the skin depth of the coating. 

The wall conductance at the transitions between arcs and straight sections has a 

jump. The impedance generated by such a jump in the conductivity may be estimated 
-. 

as the impedance of a step with a width equal to the difference of the skin depths 

and is negligible small. 

HER DIP-screen 

The screen separates the beam pipe and DIP-s in the HER dipole vacuum cham- 

ber. We considered several possible designs of the screen. The issues here were the 

screen vacuum conductance, beam impedance, crosstalk between the plasma in the 

DIP and the beam, screening the beam from dust particles, which may be produced 

in the DIP chamber, and screening the DIPS from the scattered synchrotron radiation 

and from penetration of TE modes, which may be generated by an offset beam or by 

TM/TE mode conversion in the beam pipe. The impedance issue includes the broad 

_ band impedance as well as the narrow-band impedance produced by the interference 

of waves generated by openings in the screen or by trapped modes. 

The final design of the screen is based on the old T. Weiland idea of using contin- 

uous narrow longitudinal grooves cut halfway through the screen with small holes cut 

through another half of the screen thickness, see Figs. 5a,b. Grooves with the height 

UJ and depth d attenuate the beam field at the slot opening by a factor emXdlw for 

frequencies w/c < r/w. For w = 3 mm chosen for the grooves, this condition is true 

-- 
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for all frequencies within the Ug = 1 cm bunch spectrum. For w = d, the attenuation 

factor is e-* = 0.043, and the broad-band impedance is reduced by the square of this 

factor, i.e. by a factor 500. 

Narrow grooves also preclude the DIP plasma discharge affecting the beam. Con- 

tinuous grooves reduce the broad-band impedance and eliminate complications of the 

narrow band impedance. Tilted grooves make efficient screening of the beam from 

dust particles and screening of the DIPS from the scattered synchrotron radiation. 

Small 3 mm diameter holes give large enough vacuum conductance while simul- 

taneously preventing penetration of the TE modes through the screen. A hole acts 

as an antenna for an incoming TE mode with a dipole moment proportional to r3. 

The ratio of the radiated power to incoming power of a TE wave generated in the 

beam pipe with radius b by a bunch with rms length fYg may be estimated as (see 

Eq. AL-37) 

Aurad r3 

Auin 
N 0.3$---g)? 

B 
(1% 

Hence, the penetration length of a TE mode scales with the hole radius as (1/r)6 

and, for 3 mm holes, is larger then the absorbtion length of such modes in the beam 

pipe walls. The hole separation is chosen large enough to make the gap impedance 

small. This prevents a significant crosstalk between holes, which could result in the 

adding-up of their dipole moments. The mesh reduces the total vacuum conductance 

by less than 4%. 

There will be 192 of 5.6 m long screens, 6 grooves and 8400 holes per screen. 

Each hole has an inductance (see Eqs. Al-24, Al-25) L = 3.5 x low5 nH, giving 

L = 56.5 nH for all holes of the 192 screens. The attenuation in the grooves reduce 

the total inductance of the holes to L = 0.1 nH. 

The holes make the tolerance on the tilt of the grooves in respect with the beam 

direction very loose. 

The total transverse impedance of the HER DIP screens is (Eq. Al-29) Zl = 

-i 0.06 kR/m. 

15 



The resistive part of the impedance and the loss factor (Eq. Al-32) for frequencies 

within the bunch spectrum are negligible small: kl = 5.5 x 10m5 V/PC. 

LER Antechamber 

The LER antechamber, see Figs. 6a,b, replaces the DIP vacuum chamber of 

the HER and is similar to the antechamber of the ALS. The impedance of the ALS 

antechamber was measured and modeled with MAFIA[“‘. The broad-band impedance 

is generated mostly by the discontinuity of the antechamber slot at the ends. The 

narrow-band impedance would correspond to modes trapped in the antechamber. 

Simulations and theory show that the dependence of the impedance on the length 

of the slot saturates when it becomes several times the rms bunch length at several 

ag (several cm). Excitation of the modes of the antechamber by the beam may be 

attenuated significantly if the slot of the ante-chamber is narrow and long: it works 

exactly in the same way as the grooves in the DIP screen. Fig. 7 shows the field -. 

pattern at the slot opening which confirms this statement. The attenuation factor 

found with MAFIA agrees with the simple formula emrdlw. However, the opening of 

the slot has to be large to accommodate the vertical size and the position jitter of 

the beam. Calculations were carried out with slot heights of 1.8, 1.4,and 1.0 cm. In 

all cases, the wake field is inductive and small, with the maximum values 0.04, 0.12, 

and 0.31 mV/pC, respectively, for a slot 40 cm long and 1 cm deep (see Fig. 8). 

Dependence on the depth c of the antechamber slot was compared for c = 1, 12, and 

26 cm: the difference is negligible small. The calculated inductive Z/n = 0.5 $2 or 

L = 5.7 x 10d4 nH is quite small and agrees with measurements. No trapped modes 

were found. 

Abort system 

Beam abort system requires a long 3 cm wide and 12 cm deep (from the beam to 

the bottom) vacuum chamber under the beam terminated with the dump[“as shown 

in Figs. 9a, 9b. To minimize the impedance, the chamber is screened with 2 shallow 

RF tapers (down and back up to the beam pipe). The taper going down may be 

very long and gives negligible small impedance. The aborted beam goes through the 

taper going up. The angle (Y of this taper is limited by the energy deposition, which 

16 



depends on the radiation length X0, and the thickness t of the screen: (Y > t/X0. 

MAFIA calculations for a 3 m long structure with two (up- and down-) tapers 8.5 cm 

high and angle o = 0.048 give an inductive wake field with L = 0.23 nH. The loss 

factor is kJ = 4.5 x 10e3 V/PC. N o narrow-band trapped modes were found. 

Interaction Region 

The interaction region is a complicated 3-D set of masks and tapers as shown in 

Fig. lOa, and lob. It was modeled with MAFIA as a whole structure. The broad- 

band wake field is approximately inductive with L = 5 nH (see Fig. 11). The loss 

factor of the total structure is kl = 0.12 V/PC. Most of the power lost due to the 

-broad-band impedance propagates downstream and is absorbed outside the IR. 

The main issue for the IR is heating. The heating in the IR comes mostly from the 

modes trapped in the central Be pipe f20 cm around the IP, 3 watts of ohmic losses in 

the Be-pipe, and, to a much smaller extent, from the losses in upstream components 

of the beam pipe, mainly from the IR septum. The broad-band impedance has 

maximum ReZ = 0.46 kR at 6 GHz as result of averaging of the trapped modes. 

The I = 40 cm Be pipe with radius b = 2.5 cm and adjacent masks with circular 

openings on both sides was modeled separately. The loss factor of this section is 

kl = 0.012 V/PC. A number of the trapped modes are confined in the 40 cm Be pipe 

due to the adjacent masks, see Fig. 12. The frequencies of the modes range from 4.6 

GHz to 5.92 GHz. The frequency interval at the low frequency end is about 50 MHz. 

The spacing increases to 150 MHz at the upper frequency end. The trapped modes 

are, basically, TM01 modes of the pill-box cavity with frequencies 

W 
- = 

C J 

(32 + (IT),. (20) 

The lowest radial number v = 2.4 and the number of the half waves n along the 

structure in the range from n = 1 to n = 12. 

Both beams excite the modes simultaneously. For a symmetric structure, the 

amplitude A of the even modes (n = 2m) excited by a bunch is proportional to 

(N+ + N-) sin( kZ/2), and for odd modes (n = 2m + l), A 0; (N+ - N-)cos(kl/2) 

17 



where N& is the number of particles per bunch in each beam. Therefore, the power 

deposited in even modes scales as P CC (N+ + N-)2. F or an IP placed asymmetrically 

at a distance Zr from one end of the pipe, the amplitude of the even and odd modes 

is 

A* 0: (N+ + N-)[sin(kZl) f sin(k/p)] + (N+ - N-)[cos(kll) F cos(kZ2)] (21) 

and odd modes can be excited even for equal number of particles in both beams. 

The power deposition within the Be pipe depends on the Q-factor of the modes. 

The resistive Q N 1.25 lo4 in our case is very large. The loaded QL depends on 

the coupling of the trapped modes to the propagating modes in the beam pipe on the 

other side of the masks, where the beam pipe radius is much larger than that for the 

Be pipe. We estimate for round openings in the masks that 

Qext N ( +ytJ& (22) 

where aa is the radius at the neck of the masks, and Wt is the probability of tunneling 

through the mask for a mode with frequency fm: 

W. = le-Jdzlq(z)l12, Id4l = 
J 

C&Y - (y2 

The integral may be estimated as 

J 

2Jz 
dzIq(z)I 121 TA3/2$ A=““+ 

Wmao 

(23) 

(23) 

where a’ = Ida/dzl is the slope of the mask. 

For our case, this approach gives Qezt = 1200 for a typical fm = 5.7 GHz, and 

as = 1.5 cm. In this case, only 10% of the power loss goes to the Be pipe wall. 

-- 
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In principal, detuning from a resonance can be done by heating of the Be pipe. 

The temperature dependence of the mode frequency 

Af (W> 
-= l+(s)2 f (25) 

is different for different n: the coefficient is equal to l/50 for n = 1, and l/2 for 

n = 12. For (Al/Z) N 10-5AT, and AT N 100’ the frequency shift for the mode 

n = 12 is small but comparable with the width of the resonance. 

The power loss to an even mode with the loss factor /cm and loaded Qf;, is (see 

Eq. (A3-5)) 

P = POD, SB PO = I&m, (26) 

where-P0 = 480 W is the power loss of uncorrelated bunches, and 1~ = I+ + I-. The 

. enhancement factor D for a train of bunches with bunch spacing Sg (see Eq. (A3-6)) 

(27) 

depends on the detuning of the mode frequency from the resonance frequency w,, 

L&SB/(%C) = integer. Far away from the resonance Awm/Wm > > 1/2&m and we 

get the factor D << 1. At the resonance 

D 4Qic 
max = ~ 

WmSB 
(28) 

and, for sg = 120 cm and fm N 6 GHz, D ma% >> 1 provided that Q >> 70. For 

Qm = 1200, the enhancement D,,, = 16, and Dmin = 4.4 x 10m3. If only 3 out of 12 

trapped modes are resonant, the power loss is P = 3 x (l/12) x 480W x D,,, = 1.92 

kW. Power dissipated in to the wall itself in this case is Pwall = 192 W. 

The frequency spectrum of a train of bunches also has frequencies at the multiples 

of the revolution frequency wo. The number of independent coherent modes is equal 
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to the number of bunches ng . If the amplitude of the coherent mode is Al, the power 

loss of a particle due to this mode is (Eq. A3-17) 

P N 21;,(+)2(R/Q)lQ;. (29) 

The rms amplitude of the coherent modes is of the order of Al N 2ag/Jng, and 

the power loss due to single coherent mode is 2~&(aBw~/c)2(&L/ng)(R/&)~. The 

number of such modes within the resonance width wl/(Q~) is w~/(~&Lwo). The total 

loss of the coherent modes 

is independent of QL and is smaller than the uncorrelated power loss PO. 

Hence, the wall power loss is acceptable provided there is a careful design of the 

pipe and adjacent masks to avoid resonances with the bunch spacing. 

Injection port, kicker ceramic 

The injection port generates impedance due to a 2 x 12 cm slot in the tapered beam 

pipe wall with the average pipe radius b = 3.8 cm (see Fig. 13 a,b). Both broad-band 

impedances, of the slot and the taper, calculated with MAFIA, are mostly inductive. 

The slot gives an inductance L = 0.025 nH and a loss factor kl = 1.5 x 10e3 V/PC. 

The contribution of the taper is larger: L = 0.15 nH and kl = 5.4 x 10m3. Including 

both contributions, the injection port gives L = 0.17 nH and kl = 6.9 x 10m3 V/PC. 

No indication of the trapped modes was found. 

Kicker ceramic section (6 = 9 >> 1, thickness Ab = 4 mm, tube radius b = 

2.75 cm) for the injection kicker (length 1 = 1.25 m) have a thin titanium coating 

(resistivity Pcoat = 43 ~0 - cm). The wake field generated by the ceramic section 

depends[“on the parameter 

v = ;;(ybyt. WV 

where t = 0.75pm is the thickness of the coating. For this coating thickness, V << 1 
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and the wake 

W(s) = $y/qs) (31) 

is mostly resistive, Eq. Appendix l-22, 

R+$ (32) 

For I = 1.25 m, resistive part of the impedance Rn = 5.7 R; the loss factor kl = 0.04 

V/PC* 

The inductive impedance corresponds to L = 0.5 10m3 nH. 

BPM 

There are 290 sets of 4-button BPMs, see Fig. 14, in the HER. A BPM should 

have high sensitivity within the bandwidth 1 GHz, but, at the same time, must have 

low power going to the cables, low beam impedance, and low heating inside of the 

the BPM structure. We compared several designs of a BPM. 

A 2 cm diameter round button has reasonable sensitivity but the impedance has 

resonance at 6 GHz with relatively high shunt impedance. The problem may be 

avoided making the button asymmetric. In particular, a narrow bridge across the 

gap eliminates the resonance but makes power to the cable too high. 

Measurements confirmed the results of MAFIA simulations quite well, see Figs. 

15a,b. 

The final version of the BPM uses a round button with a = 1.5 cm diameter. 

- Such a design (see Fig. 16) satisfies requirements for sensitivity, heating, and power 

output to the cables. 

For a 4-button BPM and NB = 3 x lOlo, the sensitivity[“is defined by the 

impedance 0.50 at 1 GHz. 

The impedance of a single button is generated by a w = 2 mm round slot. 

Impedance of a slot can be esimated as difference of the impedances of two round 

21 



holes with radii a and a + w. That gives polarizability oe + om = 2wa2 and 

2wa2 
L=y$F 

or L = 5.7 x 10e3 nH per button, L = 6.8 nH for 300 4-button BPMs. Kuren- 

noy[“estimate is smaller: oe + c~, = wa2/8. MAFIALglgives L = 3.7 x 10d211 nH and 

the loss factor kl = 2.7 x 10m3 V/PC f or a 4-button BPM; L = 11 nH, and ICI = 1 

V/PC for 300 BPMs. 

Hence, the power loss by the beam is P = 126 W per BPM at the current 3A. 

Power output to a cable is found by direct calculations of the fields at the port and 

is 9 W per cable. The 1 cm beam offset in the direction to a button can increase 

the power to the cable by a factor of 2 because the frequency harmonic of the field 

depends on the distance as l/r. 

Transverse broad-band impedance of 300 BPMs found in simulations[“is Z, = 

6.7 kfl/m, and Z, = 5.5 kR/m. There is a mode of the narrow-band longitudinal 

impedance with the total shunt impedance 6.5 kR at f = 6.8 GHz for 300 BPMs. 

The field pattern of the mode indicates that this mode is a TEll mode (in respect 

with the button axis). Transverse narrow-band impedance Z, has a mode with the 

total R, = 90 kfl/ m at f = 6.8 GHz, and Z, = 120 kfl/m at f = 6.2 GHz. 

The impedance is only slightly more than required by the conservative estimate 

of Eq. (9) and may increase the power of the feedback amplifier not more than by 

5%. 

Ceramic in the BPM has E = 10 and the loss tangent of the ceramic S, = 0.0007. 

The power absorbed in the ceramic with thickness h = 3 mm by a propagating wave 

P 
- = ($s, 

P;n 

is P = 12 mW per button for P;, = 126 W loss per BPM and f = 7.5 GHz. 

(33) 
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The power absorbed in the thin Ni layer at the edge of the ceramic in a coax with 

characteristic impedance 2~ = (Zo/27r) ln(b/a) and radii a, b is 

P = (y$ 
P;n 

where for TEM wave 

(a + b) 
‘ldeff = 2ab ln( b/u) ’ 

(34) 

(35) 

and S is the skin depth of Ni. Note, that ~6 scales as JTI. The permeability p of Ni 

rolls off at high frequencies very rapidly and at 7 GHz is of the order p = 3, see Fig. 

17, reducing the power loss to Ni to P = 46.8mW per button for the loss P;, = 126 

W per BPM. 

The fraction of power absorbed in the resistive walls is of the order of the ratio 

of the-length of a button 1= 1.9 cm to the absorption length 

(36) 

and is very small. 

The Q factor given by these losses is Qo = 534. The loaded QL determined by 

MAFIA and confirmed in wire measurements on a BPM prototype is much smaller 

QL N 60. It is too low to enhance the power loss in a train of bunches. 

It is worthwhile to compare the loss factor ICI = (w/2)(R/Qo) of the longitudinal 

mode f = 6.8 GHz with the broad-band loss kl = 2.7 x 10p3. Taking QO = QL and 

_ R, = 22R per BPM, we get kl = 0.46/&~ per BPM what, for QL = 100, is larger 

than the broad-band loss factor. That indicates again that the loaded QL should be 

much less than Qo and has to be dominated by the radiation back to the beam pipe. 

For heating, the relevant parameter is the wall losses by a propagating wave 

multiplied by the number of passes of a wave, Q~c/wl N 36 for QL = 60. That gives 

absorbed power 2.5 W and the heating of the button at the normal conditions should 

not be a problem. 
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If a button cable is accidentally disconnected, the situation may be different. 

First, reflection from the open unmatched end can produce a standing mode within 

the BPM. Consider a button as a transmission line. The currents and voltages at the 

both ends of the line are related by the characteristic impedance of the line 2~ and 

the impedance of a termination Zt 

V;, = V,[cos t/J + ig sin$], Iin = It[COS II, + i$& sin+]. 

At the normal conditions, the characteristic impedance of the line is matched to the 

impedance of the cable and the voltage and current at both ends of the button are 

the same, except of a phase 1c, = ql where q is the propagating constant and I is the 

length of the line. For a disconnected cable, the current at the output port of the 

button is zero. The current at the input port is related to the density of the image 

current induced by the beam and, therefore, is the same as at the normal operation. -. 

Hence, the voltage at the input port increases compared to the normal operation by 

a factor cot T+!J. For a TEM wave with frequency w, the phase II, is 1c, = wZ/c. From 

a reciprocity theorem it follows, that the voltage induced at the beam current and, 

hence, the energy loss by the beam and heating are also increased by the same factor 

cot $, or by a factor 6.25 for f = 7.5 GHz and I = 1.9 cm. Radiation to the beam pipe 

is increase also due to the reflected TEM mode. Simulations with MAFIA confirmed 

appearence of the new resonances in the beam impedance with a disconnected cable. 

The same design of a BPM-s with flat buttons will be used in the arcs and straight 

sections. In the straight sections, a flat button will be flush with the round beam 

pipe only at the center making small cavities at the edges. The effect was simulated 

with MAFIA and changes the broad band impedance only by few percent. 

To screen BPM-s from halo electrons, buttons will be recessed by 0.5 mm (includ- 

ing tolerance for installation). Other factors such as direct or secondary synchrotron 

radiation, or electrons emitted from the chamber walls are not affected by small re- 

cess under consideration. For the beam pipe gap b = 2.5 cm and the betatron wave 

length Xp = 50 m the incident angle of a halo electron is 6’ = 4b/Xp and the recess 

A N 2rO = 0.75 x 10m3 cm would be enough for the button with radius r = 0.75 
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cm. This number is very small, and practically recess is defined by the tolerances of 

the BPM installation. Excessive recess may, however, produce trapped modes, see 

Appendix 2. 

The lowest TM mode in a rectangular beam pipe with dimensions a x b, a > b is 

Hz = c sin y cos 7, 
U 

Hy = -Acos~sin~ (37) 
U U 

and has the cut-off frequency (w~/c)~ = (T/u)~ + (7r/b)2. For 4 buttons with radius 

r located at x = xb = u/4, y = 0 or y = b and recessed by A, the total volume of 

bulging is vb = 4nr2A, and the ratio 5 defined in Eq. (A2-3) is 

c= 4U2 Sin2(7rXb/U) 2U2 

u2 + b2 
= 

u2 + b2’ (38) 

Eq. (A2-4) gives 

Aw (2w)4r4A2 
-= 

W 2b4(u2 + b2)’ (39) 

Resistive wall gives in this case is 

6 u3 + b3 
RW = &2 + b2’ (40) 

Recess is small if it gives the frequency shift small compared to the shift due to 

resistive wall: 

(41) 

Take a = 9.0 cm, b = 4.8 cm, r = 0.75 cm, S = lpum. Then A < 0.64~~~ has to be 

taken as the maximum acceptable recess of a button in the arcs. In the round pipe 

of the straights, the resistive wall frequency shift is 

(42) 

The acceptable button recess for 4-button BPM in the beam pipe with radius b is 

(43) 

and larger than that in the arcs: A < 1.6 mm for b = 4.5 cm, and r = 0.75 cm. 
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The estimate of the acceptable recess is conservative not taking into account losses 

to a BPM cable. 

Bellows, Quad/dipole offset, RF seals 

We compared several designs of a bellows module. The final design uses fingers 

outside of the beam pipe and does not use large synchrotron radiation masks. Instead, 

the beam pipes are offset horizontally by few mm and the transitions are tapered (see 

Figs. 18 a,b), to produce sufficient protection from the synchrotron radiation. 

The impedance of the quadrupole/dipole transition with the tapered beam pipe 

offset of 5 mm was modeled with MAFIA. The loss factor of the transition is kl = 

4.5 10m4 V/PC. No trapped modes were found either by considering propagation of 

the Rf Gaussian bunch or in the S-matrix calculations. 

The impedance of the bellows module is generated by finger slots, slots in the 

bellows corners, small tapers of the synchrotron radiation masks, and the RF seals. 

All contributions are small and correspond to an inductive impedance. 

Impedances of the tapers of the bellow module were modeled as independent 

axi-symmetric structures with radii equal to the distances from the beam line to the 

corresponding taper. The results then were averaged proportional to the azimuthal 

filling factors. That gives the inductance L = 0.044 nH and the loss factor kl = 

3.3 x 10e3 V/PC per bellows. For 300 bellows the total inductive impedance is only 

L = 13 nH and kl = 1 V/PC. The taper with the large 20’ angle gives after averaging 

small contribution due to the larger distance of the taper from the beam and the 

small vertical size of the vacuum chamber. 

Impedance of the 50 finger slots with the length 1.25 cm, and width 0.76 mm can 

be estimated using Eqs. (Al-24) and (Al-26). That gives L = 1.5 x low4 nH for 50 

fingers per bellows. Eight slots in the corners are wider w = 4 mm and, although 

they are farther away from the beam, give L = 7.6 x 10m4 nH per bellow, more than 

the finger slots. The total inductance of the slots is L = 0.27 nH per 300 bellows. 

The difference in the dimensions of the beam pipe in the arcs and straights is of no 

significance here. 
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The RF seals in a bellows module are designed to give a small 1 mm high and 5 

mm wide recess in the beam pipe. The height of the recess can not be known exactly 

but the RF seal should not look like a groove which may generate trapped modes. 

The impedance of the RF seal is inductive”‘] 

4A2 
Lx- 

b ’ (44) 

To be conservative, we take A = 1 mm, g = 0.25 mm, < l/b >= 0.33cm-‘. Then 

L = 1.6 x 10m2 nH per RF seal. ABC1 gives the same L = 1.07 x 10F2 nH and the 

loss factor kl = 1.1 x lo- 4. Neglecting again the difference between dimensions of 

the bellows in the straights and arcs, we get L = 0.47 nH or Z/n = 0.4 x lo-” R for 

the 290 RF bellows seals in the ring. (Note, that this is an overestimate of the actual 

impedance). 

The estimate of the impedance of the Rf bellows seals is valid also for the 

flange/gap rings. These give an additional L = 0.47 nH per ring. 

Clearly, the main issue for the bellows is not the beam impedance but the heating 

and operational reliability of the fingers. 

The heating, in particular, may be produced by the radiation through the slots, 

and by the coupling of the beam to the modes of the cavity between fingers and the 

bellow convolutions. 

Radiation of the slots is the dipole radiation with the dipole moment induced by 

the field of a bunch or by the field of a TM HOM generated somewhere upstream 

from the bellow. The first mechanism gives the average radiated power due to the 

_ beam 

P beam = (45) 

For I,, = 3 A, ag = 1 cm, and b = 3.3 cm that gives P = 0.45 W/bellow from 8 

corner slots. 50 finger slots, being narrower, give less by a factor of 123. 

Consider now the TM modes generated by the beam somewhere upstream at 

the components with the total broad-band loss factor kl. That defines the power 
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of the incoming HOM modes averaged over frequencies within the bunch spectrum 

PTM = I~,klsg/c. Power PTM radiated from a slot due to incoming TM mode may 

be compared then with the power radiated by the beam Pbeam: 

PTM = 2GkPBPbeam (46) 

and, for the total loss factor kl N 3V/pC can be larger than Abeam by a factor of 10.6. 

The radiated power becomes of the order of 5 W per bellows module. This estimate 

does not take into account local variation of the power in TM HOM-s. 

Radiation from the finger slots induced by a TE mode is 1290 times larger than 

radiation due to regular TM modes mostly due to the factor (l/~)~. Taking into 

account difference in the number of finger and corner slots, we get the power P = 312.8 

W per bellow module provided that the power of the incoming TE and TM modes are 
-. 

the same. However, beam does not couple with the TE modes: they can be produced 

by the transformation of the TM-modes or due to decay of modes in asymmetric 

structures with hybrid modes. In both cases there is a small factor which makes the 

power of the TE modes of the order of few percent of the average power of the TM 

HOM-s reducing the radiation power due to TE HOM-s to few watts per bellows 

module. 

Another mechanism which may be important for heating is the resonance excita- 

tion of the eigen modes in the cavity between fingers and bellow convolutions if their 

frequencies are in resonance with the bunch spacing WSg/c = 2rn. The enhancement 

factor of the power deposited by the beam is D = 4QL/(2wn), see Eq.(A3-6). For 

_ a frequency f N 1 GHz, the factor wsg/c = 87r and D depends on the loaded QL, 

D max = &1/4x- F or a TM HOM corresponding kl = 3 V/PC the power P = 0.02 

W/bellow is still small even for QL = 104, which can be expected with stainless-steel 

convolutions. 

Lumped pumps 

Ports of the lumped vacuum pumps are screened with a grid of long and narrow 

slots. The layout for the straight section of the HER is shown in Fig. 19a, and for 
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the arcs in Fig. 19b. In the arcs, there are 24 slots altogether in the upper and lower 

decks with length I = 15.4 cm and width w = 2.54 mm. 

The impedance of each slot of the pumping screen in the arcs, see Eqs. (Al-24), 

(Al-26) is L = 1.1 x 10e4, and the total contribution of the 24 pumping slots for all 

of the 200 ports in the arcs is 0.53 nH. 

The potential problem here is not the broad-band impedance but the possibility 

to have trapped modes. 

As an example consider a g = 2 cm long circular cavity with a depth A = 3 mm 

.in the b = 3 cm radius beam pipe ml. The broad-band impedance of such a small 

cavity is small and mainly inductive, see Eq. (41). However, MAFIA finds a narrow 

resonance with shunt impedance R, = 7 kR and Q = 2.7 x 104. Such a mode can 

be considered as a modified propagating mode with a frequency close to the cutoff 

frequency wm/c = vo/b where vo = 2.405 is the first root of the Bessel function 

Jo(vo) = 0. A small bulge of the beam pipe changes the frequency of the mode, 

shifting it below cutoff and makes a trapped mode. The situation is quite analogous to 

the frequency shift of a mode in a cavity due to a small perturbation of the boundary. 

The mechanism is described in the original paper by Stupakov and Kurennoy[“‘. 

The paper gives also a numerical example quite similar to described above. Relevant 

formulas are given in Appendix 2. 

The theory predicts a trapped mode at the grid of the vacuum port in the arcs 

with the shunt impedance [lSIRQ = 644.0, Q factor of the order of 3.5 x 104, and 

localization length L = 35 cm. The shunt impedance of a trapped mode at the 

vacuum ports of the straight sections is smaller, R, = 85.R. MAFIA confirms that 

slots cut in the circular beam pipe produce a trapped mode with parameters given 

by the total magnetic polarizability of the slots, Fig. 20a,b. 

The frequency shift of the trapped mode is larger than the width given by the 

resistivity of the wall. Radiation outside of the thick beam pipe from a narrow slot 

is suppressed at the frequency close to the cut-off. Radiation into the beam pipe 

is possible only in the T&r mode, which has the cut-off frequency lower than the 
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cut-off for the TM01 mode. However, the width due to this process is very small. For 

a symmetric placement of the slots, radiation is additionally suppressed. 

To eliminate trapping, the beam pipe at the vacuum port may be recessed with the 

recess volume equal or slightly larger than the polarizability of the slots. Numerical 

simulations with MAFIA confirmed this statementn3’. 

A bow-like recess of the slots in the arcs has to have saggita A > 0.27 mm and, 

practically, will be set to be larger than the fabrication tolerances. 

A mesh of small holes on the pump side should be used to prevent propagation 

of TE modes to the pumps. 

Tapers 

The circular beam pipe of the straight sections (b = 4.5 cm) and the rectangular 

beam pipe of the arcs (2.5 x 4.5 cm) are connected with tapers (see Fig. 21). The 2D 

modeling of a 10’ taper connecting 2 circular beam pipes with the radii 2.5 and 4.5 

cm gives a conservative estimate of ki = 5.1 x 10v3 V/pC and L = 0.3 nH per taper 

(see Fig. 22). Th e wake is inductive. The real part of the impedance is ReZ < 0.50 

per taper for frequencies below 5 GHz. 

Collimators 

A simple model of a collimator as a pair of tapers with a height of 4.5 cm and a 

taper angle 10’ gives a loss factor kl = 2 x 10m2 V/PC. The wake is inductive and 

corresponds to L = 1.57 nH per collimator (see Fig. 23). 

Feedback kickers 

The longitudinal and transverse kickers for PEP-II are modeled after those de- 

signed and measured for the ALS[“‘, see Fig. 24. The longitudinal beam impedance 

of the ALS transverse kicker was found to be Z/n = 0.53 mR and the loss parameter 

was estimated as kl = 0.66 V/PC. For the longitudinal ALS kicker, Z/n = 25 mR 

and the shunt impedance is 300 R within the passband 1.25 GHz. 

Tolerance on the beam pipe misalignment 

The misaligned beam pipes can generate additional impedance. For a small mis- 
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alignment S of two beam pipes with radius b the impedance is inductive 
1151 

(43) 

For S = 2 mm and b = 2.5 cm that gives L = 0.023 nH. In the worst case of 

300 misalignments of this kind give L = 7 nH. That gives the upper bound for the 

misalignments with rms error 2 mm. We checked this formula with the 2-D code 

ABC1 considering two pipes with radii 4.7 and 4.5 mm. That gives L = 0.030 nH, 

and the loss factor kl = 1.4 10m3 V/PC. Inductance, after scaling proportional to the 

azimuthal filling factor l/2 and ratio of radii is L = 0.027 nH in a good agreement 

with the analytic formula. 

Impedance of the Synchrotron Radiation 

The maximum value of the impedance caused by the synchrotron radiation _. 

?nux(z, = 3oo;n 
n (44 

for b = 2.5 cm and the average radius R = 350 m is quite large giving Lmax = 

25 nH. However, the maximum value corresponds to the harmonic number nth N 

(rR/b)3/2 = 7.5 x 10”. Such frequencies are much larger than frequencies within 

the bunch spectrum which, for 0 = 1 cm, rolls-off starting from n = 3.5 x 104. 

For frequencies n < nth the impedance of the synchrotron radiation is suppressed 

exponentially and gives negligible contribution for the PEP-II impedance budget. 

Cross-talk 

As usual, in this calculations we neglected the cross-talk between spatially close 

components. Example of the periodic array of irises shows that such an interfer- 

ence tends to reduce the total impedance, but no serious studies of the problem are 

available, to our knowledge, at the present time. We want to give only few comments. 

At high frequencies, diffractional model can be used to estimate the length of 

the interaction of the wake with a particle. Consider, for example, a scraper with 

the inner radius a in the beam pipe with radius b. The angle of diffraction 8 for 
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a wave with frequency w = 2w j is 0 21 c/wa. The elements of the vacuum system 

can be considered as independent if the distance between is larger than the length of 

diffraction L N (b - a)wa/c. 

If two recessed elements of the vacuum chamber are close to each other, a mode 

can be localized between them. However, to have a large Q factor, the mode should 

not be coupled with propagating modes outside of the elements. This coupling for 

smooth obstacles with the width UI and height of the recess A depends exponentially 

on the parameter 

VW 2A 

II- 
-- 

b b 

where b is the beam pipe radius, and v = 2.4 is a root of the Bessel function. To have 

large Q, the parameter should be much larger than one. 

This problem was considered for the RF seal and recessed vacuum port. Both 

have very small height (in the model it was 1 mm) and are close to each other. 

Field pattern found in MAFIA simulations confirmed, as it was expected, that such 

a-system does not confine a mode, see Fig. 26. 

Summary 

The main contributions to the impedance of PEP-II come from the RF cavities 

and the resistive wall impedance. Components giving the main contribution to the 

inductive part of the impedance are summarized in Table 6. The contribution of an 

element is calculated and multiplied by the number of such elements given in Table 

2. These elements are mainly inductive but do have a small resistive part, which 

give a non-zero loss factor of Icl = 3.1 V/PC. W e can describe this loss by a constant 

resistivity Rn in Eq. (Al-14) using Eq. (Al-19). 

The longitudinal impedance is the sum of the narrow-band impedance and the 

broad-band impedance as it is discussed in Appendix 1. The narrow-band impedance 

is given by the modes of the cavities, see Table. 3, and few modes in the BPM-s, 

and kickers. The broad-band impedance can be parametrized by Eq. (Al-18) with 

inductance L given by Table 6 and Rw defined by the resistive wall impedance above. 
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The transverse impedance is dominated by the modes of the RF cavities, Table 

4, and resistive wall estimated above. The rest of the ring gives small contribution 

and, therefore, it may be suffice to have an estimate of such a contribution. It can be 

obtained in a standard way, see Eq. (Al-8), from results of Table 6. 
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Table 6. The main contribution to the inductive impedance of PEP-II 

L (nH) kl (V/PC) 

Dipole screens 0.10 

BPM 11. 

Arc bellow module 13.5 

Collimators 18.9 

Pump slots 0.8 

Flange/gap rings 0.47 

Tapers act /round 3.6 

IR chamber 5.0 

Feedback kickers 29.8 

Injection port 0.17 

Abort dump port 0.23 

Total 83.3 

0.8 

1.41 

0.24 

0.03 

0.06 

0.12 

0.66 

0.004 

0.005 

3.4 
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Figure Caption 

Fig. 1. RF cavity shape (without damping ports). 

Fig. 2. Longitudinal Wake potential of a RF cavity. 

Fig. 3a, and 3b. Real and imaginary part of the monopole 

broad-band impedance of a RF cavity. 

Fig. 4a, and 4b. The same as Fig. 3 but for dipole longitudinal impedance. 

The beam pipe radius b = 4.5 cm. 

Fig. 5 a,b. The layout of the DIP screen. 

Fig. 6 a,b. The layout of the LER antechamber. 

Fig. 7. The electric field pattern for the antechamber. 

Fig. 8. Th e on i u 1 g t d inal wake potential W(s) for different 

length and depth of the antechamber. 

Fig. 9 a,b Layout of the abort system and the model used in MAFIA simulations. 

Fig. lOa,b. Layout of the masks of the IR in horizontal and vertical planes. 

Fig. 11. Broad-band impedance of the IR. 

Fig. 12. Field pattern of trapped modes of the Be pipe of the IR. 

Fig. 13 a,b. Injection port and the model used in MAFIA simulations. 

Fig. 14. Layout of a 4 button BPM. 

Fig. 15 a,b Comparison of MAFIA simulations with wire measurements 

of a BPM. 

Fig. 16. Impedances and wake fields of a 1.5 cm button. 

Fig. 17. Dependence of the permeability /J on frequency. 

Fig. 18 a,b. Layout of a bellows, Z,Z and y,z planes. 

Fig. 19 a,b. Layout of the slots of a vacuum port for the straight sections 
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and arcs respectively. 

Fig. 20. (a) D p d e en ence of the E, component of a trapped mode on the 

distance from the slot center and (b) the electric field pattern. 

Fig. 21. Layout of the taper of a transition from a round to a 

hexagonal pipe. 

Fig. 22. Wake potential of the taper. 

Fig. 23. Longitudinal wake potential of a model of a typical collimator. 

Fig. 24. Layout of a feedback kicker. 

Fig. 25. Layout of a valve. 

Fig. 26. Field pattern with two 1 mm high restrictions. The beam pipe is closed 

at the-ends. The wide restriction confine the mode but a small one has no effect. In 

a real system, the mode would propagate to the left. 
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Appendix 1. Definitions and general properties of impedances and wake fields 

The impedance Z(w) of an accelerator characterizes (in a linear approximation) 

the electromagnetic (EM) fi e Id s excited in the vacuum chamber by a circulating cur- 

rent. It is one of the main factors defining coherent stability of the beam. 

The (S-functional) wake field W/(s) d e fi nes the energy loss AE(s) of a particle 

with a charge e due to the EM field excited by a point-like particle with the charge 

NBe moving at the distance s 2 0 ahead of the test particle: 

AE(s) = -NBe2w:‘(s). (Al - 1) 

For axi-symmetric structurs, the wake can be expanded over the transverse offsets of 

the leading, rl, and trailing, rl, particles 

-- 
wp(s, r) = W(O)(s) + r&w(s) + ..) (Al - 2) 

where the first term corresponds to axi-symmetric or monopole modes(m = 0), and 

the second term to dipole modes (m = *l) of the wake field. For the longitudinal 

dynamics it is usually sufficient to consider only the first term. 

Complementary to the wake Wl(s), the impedance Z(w) describes the interaction 

of the beam with its environment in the frequency domain. They are related by the 

Fourier transform. In particular, the longitudinal impedance is 

Zl(w) = 
J 

d(s/c)W/(s)eiwslc. (Al - 3) 

- The wake potential W(s) is defined by averaging the wake function W/(s) with the 

bunch distribution function p(s), sp(s)ds = 1: 

W(s) = dslp(sl)w;(sl - s). (Al - 4) 

S 

Sometimes more useful the wake potential < W(s) > averaged also over the distri- 
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bution of the trailing bunch 

< W(s) >= J dSl~S2P(S~)P(S2>wp(S1 - s2 + 4, 

< W(s) >= J ~ReZl(w)lp(w)12e-iWS/c. 

For a Gaussian bunch, Ip( = e-(wuB/c)‘. 

The loss factor ICI defines the average energy loss per particle. It is given by the 

wake potential: rcl =< W(0) >. I n a train of equidistant bunches the loss can be 

-enhanced, see discussion below and in the section describing the interaction region 

w 

Similarly, the transverse components of the field excited by the leading particle 

give a transverse kick to the trailing particle. The transverse kick for azimuthally 
-. 

symmetric structures is zero for a zero offset of the leading particle rl = 0. Therefore, 

the transverse wake is defined usually factoring out the offset: 

cApl = Ne2r,Wt(s). (Al - 5) 

The transverse impedance is the Fourier transform of the transverse wake 

Z,(W) = -i J d(s/c)W:(s)eiwslc. (Al - 6) 

The frequency dependence of the broad-band transverse impedance follows from 

the Panofsky-Wenzel theorem, which relates 21 with the dipole longitudinal impedance 

z,(l). 

z(l) 
- - 7 u4 = m* (Al - 7) 

Usually, when azimuthal asymmetry is not too large, Z(‘)(w) E d”)/b2 and 21(w) N 

Z(‘)(w)/kb2 where Ic = w/c. For example, for a RF cavity, see Fig. 1 and Fig. 2, 

Z(O) = 0.143 k0. Hence, .d”)/b2 = 70.6kR/ m2 at b = 4.5 cm what is very close to 

Z(l) = 68 IcR/m2 given by ABCI. 
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In particular, the resistive wall impedances in a beam pipe with radius b are 

related by 

z,(w) = ?y = $3 
n 

(Al - 8) 

This relationship is often used as an estimate of the transverse impedance in other 

cases as well. 

The transverse wake potential is defined similarly to Eq.(Al-4): 

W(s) = J dsds2W& - s2 + ++)p(s2). (Al - 9) 

It defines the kick of the bunch centroid ~1 = W_L(O). 

Note, that with these definitions the dimensions of the wake fields are V/PC for 

Wl, and V/PC/m for Wl. They have the following analytic properties: 

z/(-w*) = Z?(w), 2,(-w*) = -q(w). (Al - 10) 

It is worth noting also that 1 V/PC = l.llcm- ‘. The dimension of the longitudinal 

impedance is Ohms and the transverse impedance is measured in Ma/m. 

As a function of frequency, the impedance usually has narrow spikes at certain 

frequencies and, in addition, a broad and smooth background. The narrow spikes 

correspond to localized trapped modes of the EM field of the beam and are referred 

to as narrow-band impedances. The smooth background is referred to as a broad-band 

impedance. 

The trapped modes are usually associated with the fields localized within large 

structures, such as RF cavities. However, even a small enlargement of the beam pipe 

radius can result in mode trapping, see Appendix 2 and discussion of the impedance 

of the lumped vacuum pumps. 

The narrow-band impedance may be represented as a sum of resonance terms for 

each trapped mode, characterized by a loss factor &, a mode frequency wm = 27r jm, 

-- 
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. 

and a resonance width Ye: 

(Al - 11) 
m 

-“+$+;r I- (Al - 12) 
m m 

Usually, the narrow-band impedance is described by the shunt impedance R,, quality 

factor Qk, and loaded quality factor Qk: trn = wmRm/(2Q~), -ym = wm/(2Qi). 

Similar relations are valid for the transverse case. 

The longitudinal wake corresponding to the narrow-band impedance is the sum 

of the wakes of individual modes. For s > 0 

W/(S) = C 2[C, COS(bJmS/C)fZ-WmS’2Q’. (Al - 13) 
__ m 

We = C 2s;t;. sin(wms/c)e-wm”/2Qm. (Al - 14) 
m 

For s < 0, the wake is zero, I@(s) = 0. 

The loss factor 

Kil =< W(O) >= CFmlP(Wrn)12. (Al - 15) 
m 

The kick of the bunch centroid 

Kl =< Wl(O) >” -$ c s; !y)+)12. 
m 

(Al - 16) 

The variation of the transverse wake field along the bunch defines the relative kick of 

particles within a bunch 

< % >= c y;lp(w)12 
m 

(Al - 17) 

The broad-band longitudinal impedance can be parametrized[161’171by expansion 
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over $. For w > 0 it takes the form: 

+(I - i)Rw&+Rfi + (l+ i)R, -WC) + . . . . (Al - 18) 

where 20 = 47r/c = 1207r R, and w,/2w is a cutoff frequency. Usually, it can be set 

to the cutoff frequency of the beam pipe at the RF cavities. Dependence of the total 

impedance on the choice of wc is weak if the number of modes below cutoff taken into 

account in the narrow-band impedance and the coefficient R, are chosen consistently. 

The relation between real and imaginary parts of the impedance follow from the 

- analytic property of the impedance, Eq. (Al-lo). 

The first term here describes inductive impedance generated by all elements in 

the ring with eigen-frequencies much higher than the frequencies within the bunch 

spectrum. The inductance L (L in nH, 1 cm=1 nH) defines the low-frequency pa- 

rameter 2,/n where n = w/w0 is the harmonic number, and ws = 27r j = c/R is the 

revolution frequency: 

Zl ZOL 

- = 47rR n 
(Al - 19) 

A purely inductive impedance corresponds to the wake function W6(s) = LdS(s)/ds 

that is proportional to the derivative of 6(s). The wake of a bunch with a bunch 

profile p(s) in this case is proportional to Q(s)/&. For a Gaussian bunch 

W(s) = -Lse-i(f)’ 
a36 

W,,, = L/(02&iG). (Al - 20) 

The maximum value can be used to find L in numerical simulations. 

The second term in Eq. (Al-18) d escribes the resistive wall impedance and gives 

the loss factor 

(Al - 21) 

The third term describes a constant resistivity and gives the loss factor 

k - Ro2fi 
1 - 

zo 0 * 
(Al - 22) 

41 



The wake of a bunch in this case 

W(s) = 4*$(s) 

is proportional to p(s). 

The last term is a good parametrization of the high-frequency tail of the RF 

cavities. For w,ag/c << 1 it gives the loss factor 

h = 2E[I’(l/4) - 4,/F], I’(1/4) = 3.6256. (Al - 23) 

The transverse Zl can be expanded in l/fi similarly to Eq. (Al-18). The 

expansion starts with a constant term that gives an inductive wake of a bunch pro- 

portional to the bunch profile p(s). 

In-the accelerators of the last generation, 

to be very smooth minimizing impedance. As 

vacuum chamber such as holes and slots in the 

the vacuum chambers are designed 

a result, small discontinuities of the 

beam pipe become important giving 

substantial contribution to the total impedance. The problem has been carefully 

studied recently[81’1B1. 

The impedances of small holes and slots are inductive[” 

Z&J) = -;zowae + (ym, L= 
Qe+Q77l 

c (27rb)2 7rb2 
(Al - 24) 

where (Y~,~ are polarizabilities which depend on the geometry of the opening. For a 

circular hole with radius r: 

4r3 2r3 
a* = - 

3 ’ 
(Ye = --. 

3 
(Al - 25) 

For a slot parallel to the beam with length 1 and width w, w << I, in a thin wall 

a m= -a!e = zw21, 
16 

ae + am = (n/24)w3. (Al - 26) 

The formulas remains valid for a slot tilted by a small angle 13 with respect to the 
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beam axis, provided that 

e2 << (w/q3 (Al - 27) 

For a transverse slot perpendicular to the beam direction om >> oe, 

al3 
Q - 

m - 24[ln(41/w) - 11. 

The transverse impedance of a hole with inductance L is 

(Al - 28) 

(Al - 29) 

The transverse impedance of a narrow slot, w << I < b depends on its orientation 

and is given by 

-. z1= -zo- 24W,36n (slot along the beam) 

ZJ- = -zo l3 
247rb4(ln $ - 1) 

(slot perpendicular to the beam). (Al - 30) 

These formulas are given for the openings in a thin wall. For a thick wall the 

impedances are smaller. For example, polarizabilities of a slot parallel to the beam 

are 

1 
o! m= --aye = -w21. 

2w 

For an infinitely thick wall, the longitudinal impedance of a hole is reduced[lB1by a 

factor of 0.56. 

The real part of the impedance and the loss factor are second order effects and 

much smaller 
1191 PI 

ReZi(w) = 2Zo a3 ’ aE (ff)4, 
37r(2z-b)2 c 

(Al - 31) 

(Kurennoy’s result is corrected here, according to G. Stupakov, by a factor four to 

retain definitions of Eq. (Al-25). Th ese definitions are smaller than the Bethe’s result 

by the factor 2 but are consistent with Eq. (Al-24)). 

-- 
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For a hole 

For a slot along the beam, 

and the loss factor 

kz = 0.03;($)4(;)2. (Al - 32) 

kl = (Al - 33) 

The energy loss due to dipole radiation from an opening (in CI units) by a mag- 

netic moment M, = omHw and an electric dipole moment P, = cxeroEw is 

Zoe$ dw 
a”=s J gw4[(Qe)21Ew12 + (ZO~m)2~~~~2] (Al - 34) 

-- 

where E, and H, are the frequency components of the field exciting dipoles. For a 

bunch with a charge Nbe, the fields are E, = ZoH, = 2NBe/(cb)p(w), p(w = 0) = 1, 

giving result Eq. (Al-33). 

For a TMor mode the ratio of the radiated power to the power of the incoming 

wave 

Pin = a J dSEu X Hz (Al - 35) 

is 

P 
-= 
pill 

&(;)3bI + 4z(“)21 
qc 

(Al - 36) 

where q is the propagation constant of the wave in the beam pipe with radius b, and 

- am of a slot is given by Eq. (Al-26). 

For a TEll mode losses are given by the magnetic polarizability Eq. (Al-28) 

(Al - 37) 

where q is the propagation constant, qc = we/c, and wc is the cut-off frequency. For 

a rectangular beam pipe, the factor 4/(rb2) is replaced by 2/(ab). 

-- 
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Appendix 2. Trapped modes in a beam pipe 

The mechanism of the mode trapping by a small bulging of a beam pipe was 

described in the paper by Stupakov and Kurennoyn2’. Consider a propagating mode 

with the frequency w in a straight beam pipe, which is close to the cut-off frequency 

wc. If the beam pipe has a bulging with the additional volume Vb, the frequency may 

change and, if the frequency shift Aw < 0 and large, the mode may be shifted below 

the cut-off and be trapped. The transverse spatial structure of such a mode is close to 

the structure of the propagating mode but with the z-dependence of the form e-Qlzl. 

The mode is localized within the distance fL from the bulge location where L = l/q, 

and q is related to Aw: 

Aw !12 -=- 
2k,2 

kc = w&. (A2 - 1) 
W 

Theory ““gives 

Aw - = $I!)2 
W 

(A2 - 2) 

for an axi-symmetric bulging with the surface area A in the (r, z) plane in a round 

beam pipe with radius b. Here Y is the root of the Bessel function JO(V) = 0, and 

w& = v/b. 

In a general 3-D case (axial symmetry is not required) 

(A2 - 3) 

where V is the additional volume of the bulging, S is the beam pipe cross-section, 

and 5 is the ratio of the field IH21 of th e mode at the bulge opening to the averaged 

value < IH2j > over the beam pipe cross-section. For a round beam pipe, 5 = 1. 

The effective bulging of the opening in the beam pipe can be considered as a result 

of the magnetic field leaking out of.the beam pipe. A hole with radius a in a thick 

beam pipe corresponds from this point of view to a volume Vb = 7ra2S/2 where factor 

2 takes into account that field pattern in the hole is triangular in (T, z) plane, and 

-- 
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S N a is the maximum depth to which the field penetrate into the hole. This gives 

&/(2nb) = a3/(4b). Exact solution 1121gives for this quantity (8/3r)(u3/4b). For a 

long slot parallel to the beam the same arguments give Vj = lw2/2, what corresponds 

to the magnetic polarizability CY = 7rZw2/16 of a slot. 

Exact result for an opening replaces the volume Vb by the magnetic polarizability 

of the opening. If there are several openings within the localization length, the sum 

of the polarizabilities of all openings should be taken instead of Vb. 

The frequency shift (l/(2&) = SW/W should be compared with the sum of the 

damping due to the finite skin depth S of a resistive wall 

(AW/W)RW = f (A2 - 4) 

and the damping due to radiation outside of the beam pipe. The Qezl due to radiation, 

Q ezt =-&, is given [121by the ratio of the energy U stored in the trapped mode, U = 

. s IH12dV/4r, to the half of the power P/2 radiated by a magnetic dipole M = aH, 

P = (2~/3)(w/c)~M~, where LY is polarizability of the opening. For a round beam 

pipe with the cross-section S 

(A2 - 5) 

For a round beam pipe with radius b, the shunt impedance of a trapped TMon 

mode is 
WI 

(A2 - 6) 

where v is the n-th root of the Bessel function JO(V) = 0. 

The shunt impedance of a lowest TMor mode in a rectangular chamber with the 

full dimensions a x b, a > b, and with a slot located at zs, 0 < xs < a in the upper 

or lower decks is 

(A2 - 7) 

Here kc = we/c is given by the cut-off frequency, and b,ff = ub(u2 + b2)/(a3 + b3). 

-- 
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Appendix 3. Energy loss by a train of bunches 

The energy loss of a single bunch due to excitation of a narrow-band mode with 

the loss factor kl is 

AU = (NBe)2tq. (A3 - 1) 

One might expect that a train of bunches separated by the bunch spacing sg has the 

power loss 

po = (sag;) = I&Z 
C 

(A3 - 2) 

In the train of bunches, however, a bunch interacts not only with its own wake 

field but with wakes excited by all previous bunchesL2”: 

AU = 2N,fe2tq 2 cm cos(w~sm/c)e-w1sm/(2cQ~). 

m=O 

(A3 - 3) 

For a train of equidistant bunches sm = msg. Here Qf is the loaded Q factor of the 

mode, and cm = l/2 for m = 0 and < = 1 otherwise. Wake fields of different bunches 

tend to cancel each other. Exception is a resonance where the mode frequency wl is 

close to the multiples of the inverse bunch spacing 

WlSB 
IT- 27rnl << -L 

QL’ 
n = ineteger. (A3 - 4) 

In this case, all contributions build up giving: 

1 
AU = (Nbe)2Kl- 

l/Q," 
2rn (Aw/w~)~ + (1/2Qf)2 * 

(A3 - 5) 

The energy loss of each bunch in the resonance is enhanced compared to Eq. (A3-1) 

by a factor 

D - 4Qfca 
“-‘lsB 

(A3 - 6) 

The width of the resonance is Aw/w = (~QL)-‘. S UC resonances are separated in h 

frequency by A j = c/SB. 
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The same result can be obtained in frequency domain. That allows also the 

estimate of the heating due to coherent coupled-bunch motion. These resonances of 

the coherent motion are separated only by the revolution frequency and much denser 

than resonances with the bunch spacing considered above. 

The power loss is defined by averaging the product V(t) x I(t) over a large period 

of time 7’. The frequency components of the voltage and current are related by the 

impedance. Hence, in the frequency domain we get for the power loss 

where I(w) JdteiwtI~(t) is th e F ourier transform of a bunch current 

IN(t) = It&hTT x[l - $f]pN(t - nT, - NTB - TN(t)). 
_. n 

(A3 - 7) 

(A3 - 8) 

Here N is bunch number, 1 < N < nb, p(t) is normalized to one bunch profile, 

CTB = Sg, T, = 27r/w, is the revolution time, and the sum is over the number of 

turns. The coherent motion of a bunch TN(t) can be described as a sum of coupled- 

bunch modes with frequencies RI, and amplitudes &. For a ring filled with bunches 

uniformly, 

r&B-1 

w(t) = c A, cos(‘hrkN/nB) COS(flkt -j- ‘I/Q). (A3 - 9) 
k=O 

Fourier transform of the bunch density and summation over n 

c e 
-iwT,n = 

WI C( 
6 ‘d - ‘dT1) 

n 1 

gives in the first order in q,r(t) 

IN(t) = C ~~~nchpN(wTZ)eiwr’(t-~~B)[l - 2 - iW,ZTN(t)]. 

1 

(A3 - 10) 

(A3 - 11) 

For a point-like bunch, p(w) = 1. 
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This defines the Fourier spectrum of a bunch current IN(W) 

1N(w) = 27r c I~~nc~p~(wT~)e-iwrzNrB[~(wT~ - 0) 
1 

+; c A, cos( FN)[e-i+k(flk - w)ti(w,l- w - ok) - e”‘(nk + w)6(wTi - w + flk)]. 

k 
.” 

(A3 - 12) 

The spectrum of the beam current is given by the sum over bunches in the ring. For 

identical point-like bunches, (pi = p), the result is 

I(w) = 27dgrn C( 6 w - nbwTdp(w) 

P 

_. 

-ilrwIba,2m c AkdW> Le- i~~k+nbp’~(WTnBp~WTk-~k-W)~ei~(k+nbP)6(WTnBp~WTk+~k-W)]. 

PA 
(A3 - 13) 

Note, that S(w = 0) = T/(2a). Neglecting coherent modes, we get 

lI(w)12 = 2rTC(ItJam)2b(W - nbwTp)lp(w)12s 

P 

(A3 - 14) 

The power loss Eq. (A3-7) is 

)2Z(nbwTd IdnbwTd i2- (A3 - 15) 

p=--00 

If the resonance frequency is equal to a frequency wl of a mode of a narrow-band 

impedance with the shunt impedance RI, and loaded QL, the loss is 

P - 2(IEzm)2QL( $)l* ma2 - (A3 - 16) 

This is larger than uncorrelated loss PO Eq. (A3-1) by the factor Eq. (A3-6). 

-- 
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Loss due to coherent modes does not interfere with the loss of rigid bunches. 

Eqs.(A3-7) and (A3-13) g ive the loss due to a coherent modes 

P=E[- Ak~kI~~am]2[z(wT(nBp + k) - ak) + z(wT(nBp + k) + ok)] CA3 - 17) 

p,k 

where Wpi; = &(nbp + k). T o estimate the amplitude the rms & let us assume that 

rms coherent motion of a bunch is of the order of the rms bunch length 

= (oB/C)2. (A3 - 18) 

If the frequency of a coherent mode w = wT (nbp + k) f ok is equal to the frequency 

wm of a narrow-band mode and the width of the mode is small compared to wT, the 

loss Eq. (A3-17) is smaller than the loss Eq. (A3-16) by the factor I/r&b. If the 

narrow-band resonance is wide, 

Aw = (2;L) >> WT 

then the coherent modes give the power loss 

P N Po(w+)2, (A3 - 19) 

of the order of PO Eq. (A3-2). 
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Figure 3: Longitudinal wakefield of the 2-cm BPM as a function of the particle position 
for a Gaussian bunch with CT= = 1 cm. 
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Figure 4: Longitudinal impedance spectrum of the 2-cm BPM as a function of the inverse 

wavelength for a Gaussian bunch with u, = 1 cm. 
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for a Gaussian bunch with u, = 1 cm. 
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800 CKASGE OF IMAGNETIZATION WITH TIhfE 

FREOUENCY, f, IN CYCLES PER SECOND-- 

FIG. 17-23. Collection of data on the permeability of iron at high frequencies. 
Sources: 0, Singer [34Si]; + and X, Arkadiew [19Al]; A, Hoag and Gottlieb 
[39H3]; V, Hoag and Jones [32H4]; 0, Lindman; 0, Mijhring [39,M3]; A, Schwarz 
[32S8]; 0, ;\Iaswell [461\11]; n , Procopiu and d’Albon [37P2]; 0, Johnson, Rado and 

r\Ialoof [47Jl]; 0, Glathart [39GS]. 

b 
i -i WI 1 II I 

lob 2 4 6 blo9 2 4 
II . . I 

6 bto”’ 2 

FREQUENCY, f, IN CVCLES PER SECOND 

FIG. 17-24. Collection of data on the permeability of nickel at high frequencies. : 
Sources: +, Arkadiew [19Al]; A, Haag and Gottlieb [39H3]; 0, Lindman [38L2]; f 
V , Simon [46Sl]; 0, Miihring [39M3]; 0, Glathart [3965]; 0, Potapenko and Singer t 

((33PlJ and private communication to C. Kittel); A, Hodsman et ul. [49H2]. f 
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