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IMPEDANCE ISSUES FOR THE SSC 

Joseph J. Bisognano 

SSC/CDG 

Single-bunch and coupled-bunch instabilities have limited 

achievable current and phase space density in both electron and proton 

storage rings. For the modest bunch spacing of the SSC, feedback 

systems with bandwidths of tens of megahertz appear capable of damping 

coupled-bunch instabilities. Of course, detailed designs need to be 

pursued to optimize costs and power requirements of the hardware. On 

the other hand, single-bunch instabilities and tune shifts remain best­

treated by impedance control although broadband feedback systems offer 

considerable promise. The Reference Designs Study identified the 

transverse, single-bunch, coupled-mode instability as the primary current 

limit in the SSC. Bellows, pickups, and kickers appeared to be the major 

contributors to the machine impedance, and it was recommended that 
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bellows have sliding contact shields. With the modest synchrotron 

radiation energy loss encountered in the SCC, the RF system is a 

relatively small part of the impedance inventory. Later work indicated 

that with momentum spreads at the 10-4 level unshielded bellows alone 

would contribute enough coupling to be within a factor of two of driving 

beam instability. 

In light of these previous studies, this first SSC Impedance 

Workshop focused attention on the transverse, single-bunch instability and 

the detailed analysis of the broadband impedance which would drive it. 

Issues which were discussed included: 

1) Single-bunch stability: impact of impedance 

frequency shape, coupled-mode vs. fast blowup 

regimes, possible stopband structure 

2) Numerical estimates of transverse impedance 

of inner bellows (PEP-like) and sliding 

contact shielded bellows 

3) Analytic estimates of pickup and kicker 

impedance contributions 

4) Feasibility studies of wire and beam 

measurements of component impedance 
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Following this section are the participants' contributions, which describe 

in detail the stability limits in the SSC, the impact of a variety of 

hardware designs on machine impedance and energy loss, and the prospect 

for measurements of component impedance. The remainder of this section 

is devoted to an overview of beam stability in the SSC which highlights 

some of the workshop efforts. 

At low frequencies the threshold condition of transverse mode 

coupling due to coherent tune shifts is of the form 

E R'1 
(1) 

ec e PZt,reac 

where NB is the number of particles/bunch and F 1 ~ 1.5 in the long 

bunch limit. At high frequencies, the fast-blowup condition yields 

NB(m-c) (Zt /Zt ) [n 0"1/(R1f
1

/
2
))f F1 ,reac ,res c (2) 

where fc = n/o is the "resonant" frequency of the broadband impedance. 

For a Q = 1 resonator the reactive part of Zt at low frequency is equal 

in magnitude to the resistive transverse impedance at resonance. For a 3 

cm diameter beam pipe f ~ 5GHz, the bracketed factor is about 4, and 
c 

it would appear that the low frequency coupled-mode instability would 
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dominate. However, discontinuities such as bellows and bellow shields can 

exhibit behaviour typified by a higher Q, which would result in the peak 

resistive part of Zt being substantially larger than the low frequency 

reactive part of Zt. This effect would compensate for the enhanced 

Landau damping described by the bracketed term and bring the fast­

blowup threshold closer to the coupled-mode threshold. Studies indicate 

that PEP-like inner shields (see papers of Ruth and Bane, and Ng and 

Bisognano) behave approximately as a Q=4 resonator with a cutoff 

frequency of 12GHz (which sets the bracketed term to 10). Thus it 

appears that the fast blowup threshold current is only a factor of 1.7 

(10/4/1.5) higher than the mode-coupling value. Increasing the bunch 

length (and lowering the peak current) can improve the fast-blowup 

threshold, however. 

Experimental tests of the transverse mode-coupling instability have 

been confined to electron rings with short bunches. In this regime 

coupling occurs near the "resonant" frequency of the machine impedance 

where neighboring modes are shifted in opposite directions (since the sign 

of the reactive impedance is changing) and where there is substantial 

resistive impedance to cause growth. The transverse instability has yet to 

be observed in existing proton rings where the issue is clouded both by 

space charge tune spreads at injection and the onset of longitudinal 

instability. Figure 1 shows the results of two runs of a transverse mode-

coupling code (authored by Ruth) for a Q = 1 resonator with f c 

1.6GHz and 6.4GHz (III = 2rl). With the lower frequency cutoff, mode-c c 
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coupling yields persistent growth as a function of current. The higher 

cutoff, on the other hand, indicates a stopband structure with small 

growth rates. Work of Ruth and Bane indicates that a bellows alone, 

since it has even less resistance at low frequencies, offers an even broader 

passband structure. However, other sources of impedance from, for 

example, pickups and kickers, can provide the low frequency resistance 

necessary for instability. This appears to be borne out in the studies of 

Ruth and Bane with pickup impedance as determined by work of Shafer. 

Several comments are in order. First, the fast-blowup instability is only 

a factor of 1. 7 higher in threshold, and any easing of the coupled-mode 

criterion can at best yield this factor. Secondly, it is doubtful that the 

injection process can be so well controlled as to always miss the 

stopbands. Beam loss may occur in reaching an equilibrium in a 

passband which would not be tolerable in a superconducting environment. 

On the other hand, equilibrium may be reached by redistribution of the 

bunch current to a shape which produces less differential mode frequency 

shift. Also, pickup and kickers may be shielded at high frequencies, and 

this will limit the resistance offered. Given these uncertainties, the 

prudent approach remains to design with the no-coupling condition of 

equation (1) satisfied. 

Estimates of the contributions of PEP-like inner bellows were 

performed by Ng and Bisognano, and Bane and Ruth. The code TBCI 

of Weiland was used with the frequency dependent impedance determined 

by fast Fourier transforms of the wakefields. For a 90Km machine, 
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bellows impedance of about 70MO/m was obtained. The coupled-mode 

criterion indicates that for the Reference Designs study lattice 180MO/m is 

tolerable at rms fractional momentum spread of 1.5 10-4. For CDG 

lattices: 

60· 6T implies limit of 188 MO/m 

90· 6T implies limit of 119 MO/m 

The contribution of bellows is significant. The threshold current limit can 

be eased by increasing momentum spread at the expense of RF. 

Assuming a 40' bucket height, an increase from 1.5 10-4 to 3.0 10-4 in 

energy spread is consistent with the dynamic and physical aperture of the 

machine. However, the best solution appears to be sliding contact 

shielding of bellows which studies of Ng and Bane and Ruth indicate can 

reduce the bellows contributions by an order of magnitude. 

The impedance contributions of beam position monitors and 

abort and injection kickers were reviewed during the workshop (Shafer, 

Lambertson, Wang, et a1.). Both impedance sources were estimated to 

contribute transverse impedances of several megohms/meter. These 

components distinguish themselves from bellows in being resistive at much 

lower frequencies (in the 10-100 MHz) range. Since neither class of 

devices requires broad bandwidth, disigns which can be compensated by 

narrow band feedback should be considered. 
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The Impedance Measurement Group concluded that wire 

measurement up to 3 GHz would yield meaningful results, and that there 

would be sufficient sensitivity to measure transverse impedances in the 100 

n/m range. This would be sufficient to measure a bellows assembly or a 

shielded bellows structure, although a PEP-like bellows assembly would 

not be significantly resistive at these frequencies. The greatest 

uncertainties in impedance estimate remains with kicker structures and, to 

a lesser extent, with beam position monitors. Since these structures are 

relatively low frequency in character and not amenable to existing 

numerical codes, wire measurements offer a good choice for impedance 

determination. The work of Bane and Ruth indicates that shielded bellows 

can produce significant longitudinal power loss if sufficient sliding element 

contact is not provided. Since the bunch spectrum (bunch length (11 ~ 7 

cm) falls off rapidly above 1GHz, wire measurement again appear useful 

in sorting out various designs. 

Beam measurements of impedance were also discussed during 

the workshop. The "witness pulse" method offers the possibility of 

impedance measurements above the 3GHz limit of wires, and would 

provide information on the resistive impedance offered by bellows 

convolutions (~12GHz). Sensitivity with respect to transverse impedance 

remains a concern. 

Several future efforts suggest themselves: 
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1) The cataloging of impedance is of necessity incomplete. Although the 

goals set for the sse appear reasonable in view of what has been 

achieved in electron storage rings, measurement of the impedance of a 

superconducting proton accelerator, namely, the Tevatron, would be 

enlightening. The Tevatron was designed with unshielded bellows which 

may produce a few ohms of longitudinal impedance. Measured values 

above this level would indicate other important sources which need 

itemization. 

2) Wire measurements of abort and injection kicker impedances should be 

pursued at the earliest opportunity. Their contribution to beam stability is 

enhanced by the high p-functions in abort sections. 

3) Mechanical design of shielded bellows structures and subsequent 

measurement of transverse impedance and longitudinal energy loss is, 

needed. The success and costs of these designs will determine whether 

the enhanced thresholds and design safety margins apparently offered by 

shielded bellows can in fact be realized. 



Figure 1. Structure of Coupled Mode Instability 
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1. Introduction 

In this paper we study the transverse wake field due to the bellows in the sse 

and its effect on the transverse mode coupling instability. For long bunches this 

instability has a small growth rate which depends critically on the real part of the 

transverse impedance at w ~ l/ur where U r is the bunchlength in seconds. The 

instability is caused by the coupling of mode 0, the rigid dipole mode, and mode 

'-1' , the mode shifted by -VB from the betatron tune. Thus, the instability 

needs a large frequency shift as well as a large 'off diagonal' element to couple 

the modes. The frequency shift is induced by the imaginary part of the transverse 

impedance at w ~ 1/ U r while the off diagonal element is related to the real part 

of the impedance at w ~ l/ur. In addition, if the beam current is large enough, 

there can be a coasting-beam-like instability with a growth rate larger than the 

synchrotron frequency. By comparing the transverse and longitudinal instability 

thresholds, it is straightforward to see that the single bunch transverse instability 

is more restrictive than the single bunch longitudinal instability in the sse. 1 

There have been calculations which suggest that bellows can be a large source 

of transverse impedance, and thus can drive transverse instabilities. 2,3 Therefore, 

in this paper we will emphasize the bellows impedance but also include the beam 

position monitor impedance. There are certainly other sources of transverse 

impedance which will be omitted here. 

In the following sections we first discuss the instability thresholds and then 

show calculations of the bellows wake fields. To reduce the wake field effects, 

another design with shielded bellows is then considered. Next we discuss briefly 

the impedance of the beam position monitors. Finally, we show the effect of the 

bellows and beam position monitors on transverse mode coupling. 
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2. Thresholds for Transverse Instabilities 

There are two 'types' of transverse instabilities considered here. The first is 

the transverse mode coupling instability in which two low-order modes couple to 

cause an instability. The second is the 'transverse microwave' instability which is 

the coasting-beam-like instability mentioned above. The second of these involves 

the cooperation of an infinity of the so called head-tail modes and is better 

analyzed with different techniques. 4,5 It is important to note that in essence these 

two 'types' of transverse instabilities involve the same physics. The division is 

made for the purposes of calculation only. 

2.1 THRESHOLD FOR FAST BLOW-UP [~m(w) ~ ws] 

Consider an impedance which is somewhat broad band and large in the neigh­

borhood of some frequency W r • The impedance should vary slowly in a frequency 

range of l/ur • Then the sufficient condition for no fast blow-up for a Gaussian 

bunch is given by 4,5 

eI I Z_dwr ) I (lave < 1 
4ErJUEU r W r -

(1) 

where 

I = bunch current 

E = energy 

TJ = frequency slip factor 

Z 1. = transverse impedance 

(lave = average beta function 
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The chromaticity is assumed to be zero so that the spread in frequency above is 

entirely due to the spread in revolution frequency. 

Equation (1) can be thought of as the 'threshold' for fast blow-up; however, 

since it is actually a sufficient condition for no fast blow-up, it may be somewhat 

pessimistic. That is, the actual instability may occur at a current as much as a 

factor of 2 or 3 more than the current which satisfies the equality in Eq. (1), but 

the instability will not occur at lower values. We will use the term threshold to 

refer to the equality in Eq. (1) while keeping in mind this caveat. 

2.2 THRESHOLD FOR THE TRANSVERSE MODE COUPLING INSTABILITy5,6 

This instability has been seen both in PETRA and PEP and is due to the 

coupling of low order head-tail modes. To estimate the threshold consider the 

shift of mode o. For a Gaussian bunch the shift of the rigid dipole mode for small 

currents is given by 

Av -ie/Pave 
411" Evs 

(2) 
-00 

If we assume that there is sufficient resistive impedance at w < 1/(71' to couple 

modes 0 and -1, then the threshold typically occurs when mode 0 has shifted 

by about vs. For long bunches, however, mode -1 moves down also with a slope 

which is 1/4 of the slope for mode o. Thus, a simple extrapolation would yield 

mode coupling if mode 0 is shifted by about 4vs /3. This yields a formula for the 

threshold, 

(3) 
-00 

If the bunch is sufficiently long, and the imaginary part of the transverse impedance 
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varies little from 0 to about 1/u" the threshold is given approximately by 

4 eI~m[Z1.(1/u,)],8ave.Ji 
'3 ~ 471" Evs U,wo (4) 

If we compare the two thresholds and note that Vsu,wo = "lUe, we find 

Ith(Fast Blow Up) _ 3u,w, ~m[Z1.(1/u,)] 
Ith(Mode Coupling) - 4.Ji I Z1.(w,) I (5) 

3. Bellows Wake Fields/Impedances 

The computer code TBCI
7 

can be used to calculate the dipole wake field 

due to a bellows. Ideally we would like the wake field due to a point charge (the 

6'-function wake) W1.(t), from which we get the transverse impedance Z1.(w) by 

00 

iZ1.(w) = f w1.(t)iwt dt 
o 

(6) 

The code, however, solves for the wake field of a smooth finite-length bunch, 

which we will denote by lV1.(t). lV1.(t) is simply the convolution of W1.(t) with 

the current distribution. If a short enough bunch length is chosen, W 1. is very 

similar to W 1.. For a Gaussian current distribution with rms bunch length u" 

the Fourier transform of the bunch wake Z 1. (w) is related to the impedance by 

(7) 

Given Z1., Eq. (7) can be used to find Z1.. 
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In practice Z1. can be found only up to some limiting frequency due to nu­

merical inaccuracies. One such source of inaccuracy is the finite mesh size used 

in TBCI to calculate W 1.' Another source is the Gaussian driving bunch; for WUT 

large enough the Gaussian factor of Eq. (7) destroys all meaningful information 

in Z1.' In all examples presented here short driving bunches were used with CUT 

of 1 or 2 mm. The mesh size was taken to equal cur/4. For this situation mean­

ingful information appears to be limited to w /27r ~ 1/2uT which for the cases 

above is 75 or 150 GHz. 

For single bunch instability studies it is only necessary to calculate the wake 

field over a distance equal to the total design bunch length. Since the SSC rms 

bunch length is 7 cm, it was deemed sufficient to calculate the wake field out to 

20 cm. The resolution due to this limited sampling range is AI = c/20cm = 1.5 

GHz. 

3.1 SIMPLE BELLOWS 

Calculation: 

The first example is that of a simple rectangular bellows (See Fig. 1a). The 

actual bellows used may have rounded corners or be triangular in shape, but 

the rectangular approximation with appropriately chosen dimensions should give 

the same basic behavior. For the TBCI calculation we have chosen a beam tube 

radius b = 1.65 em, a bellows period p = 0.22 cm and a depth of corrugation 

A = 0.35 cm. These bellows are directly scaled from the PEP inner bellows. 

Forty cells were used in the computation. The mesh spacing was 1/10 of a 

period. Fig. 2 gives W1. in units of V/pC/cell due to a Gaussian bunch with 

CUT = 1.0 mm, centered at ct = 0 and with its head at ct < O. Note that the 
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wake has a maximum value of 5.6 V fpC per cell. By taking the Fast Fourier 

Transform of W..l and th~n using Eq. (7), we get the impedance Z..l (See Fig. 2). 

The units are in kO/m/cell. 

From the plots we see that the bellows impedance is dominated by what 

appears to be a damped resonance peaked at 13.5 GHz. The peak is above the 

first TM1 cut-off of the tube, Ie = (c/27r){3.83/0.0165m) ~ 11 GHz. The peak 

value of me(Z..l) is about 3700/m per cell. If we let the quality factor Q be the 

resonant frequency divided by the full width at half maximum we get Q ~ 5. 

Note that the ratio of the first peak of me(Z..l) to the magnitude of ~m(Z..l) near 

zero also appears to be about 5. (This is consist ant with the isolated resonance 

picture discussed below.) In addition, a second much weaker peak can be seen 

at 50 GHz. 

The SSC bunch samples the impedance up to w/27r '" 0.7 GHz since the 

bunch length is 7 cm. Over this frequency range ~m(Z..l) = -79 O/m per cell. 

If 1.2 km of bellows are needed, which corresponds to 550,000 of these cells, then 

~m(Z..l) = -43 MO/m for the entire SSC ring. Although this is a large value, 

the real part of the impedance over this frequency range is very small. 

Discussion and Scaling: 

8 The computer code TRANSVRS can be used to calculate the transverse 

frequencies of infinitely repeating, rectangular bellows. According to this code 

the first two dipole modes excited by an ultra-relativistic charge traversing the 

simple bellows described above are at 12.2 GHz and 47.7 GHz. It is this result 

that leads us to describe the two peaks of me(Z..l) as isolated resonances. The 

frequencies calculated by the two codes compare reasonably well. Further TBCI 

computations of this bellows, but with a varied number of cells, show an increase 



-17-

in the fundamental frequency Wo with a decrease in the number of cells. For the 

bellows example described above wo/21r = 18 GHz when only one cell is used. 

Therefore, the agreement of the two codes for the resonant frequencies of bellows 

with very many periods may be even better than is apparent here. 

In addition, TRANSVRS was used to calculate the fundamental frequency 

for rectangular bellows with various dimensions. The results can be summarized 

by the scaling relation 

( )

-055 

w~b = 1.79 ~ . (8) 

The above relation gives the TRANSVRS results to within 5% for 0.05 < /)../b < 

0.30 and 0.05 < p/b < 0.20. The discrepancy is largest for /)../p small. We 

know that this scaling cannot be valid for structures with /)../p ~ 1, since for 

these structures (assuming p / b is small) WoP / c ~ 1r. 9 Such a structure, however, 

would make a poor bellows! 

Since the bellows impedance is dominated by a single mode, its wake field 

can be written as 10 

2ck.lO . ( wot) 
W.l ~ b2wo sm wot exp - 2Qo for t > 0 (9) 

where wo, k.J..o and Qo are respectively the frequency, the strength factor (or loss 

factor) and the quality factor of the first dipole mode, and ct is the distance that 

the test charge is behind the driving charge. From Eq. (6) we see immediately 

that the strength factor is related to the value of ~m(Z.J..(O)) by 

(10) 

8 
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when 1/4Qg is small. Furthermore, when I/Qo is small, we have 

(11) 

where W.L is the maximum of W.L. Neither 9'm(Z.L(O)) nor W.L depend on Qo 

for I/Qo small. 

The value of 9'm(Z.L(O)) can also be approximated byll 

(12) 

where Zo = 377 0 is the impedance of free space and 8 = 1 + Il/b. With the help 

of Eqs. (8), (10), (11)and (12) the values of Wo, k.Lo, W.L and 9'm(Z.L(O)) can be 

approximated for most practical simple bellows. For the above example these 

relations yield wo/27r = 12.2 GHz, k.LO = 0.25 V fpC/cell, W.L = 7.1 V fpC/cell 

and 9'm(Z.L(O)) = -920/m/ceI1. These values compare reasonably well with the 

Fourier transforms of the TBCI calculations. 

The Finite Q: 

The TBCI computations assume perfectly conducting walls. Under this as-

sumption any trapped mode would have an infinite Q: there would be no energy 

loss. For a mode above cut-off, however, energy can leak down the beam tube 

yielding a resonance peak in ~e(Z.lJ with a finite width. We can therefore speak 

of such a mode as having a finite Q. But as the number of periods in our bellows 

approaches infinity, we expect the Q of this mode also to approach infinity. For 

a sufficiently large number of bellows periods 

Q 
_ woUo _ WoP J\T 

0- -- - -J.Yp 
Po VgO 

(13) 

where Uo, Po, VgO are respectively the total energy stored in the bellows, the 
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power loss and the group velocity of the mode; p is the period of the structure 

and Np is the number of bellows periods. In practice for a very large number 

of periods, the Q will be limited by the finite resistivity of the metal walls. For 

copper, at these frequencies, the Q will be limited to a value of some thousands. 

If the cells differ slightly, the effective Q will also be reduced. 

For the bellows above, where the wavelength 27rc/wo = 2.2 cm =10p, one 

would presumably need some tens of periods for the above approximation to be 

valid. For this example TRANSVRS calculates VgO = OAc. Therefore, for forty 

cells, the above approximation yields Qo = 60. 

The code TBCI, however, yields a result of Qo ~ 5 for 40 cells, which is ap­

proximately the same value it gets when only 20 cells are used in the calculation. 

Numerical errors caused by the finite mesh size used in the TBCI calculation 

will contribute to field and frequency inaccuracies and therefore to a resonance 

widening. We have seen indications that this is the cause of the unexpectedly low 

value of Qo computed by TBCI. Unfortunately, it is difficult to use a mesh which 

is fine enough to investigate this question further. In any case a real bellows has 

an effective Qo limited by the construction imperfections as discussed above. In 

the subsequent calculations we will assume the Qo given by TBCI. 

3.2 SHIELDED BELLOWS 

Calculations: 

An example of a shielded bellows in the expanded position is shown schemat­

ically in Fig. lb. The wiggles at the top of the figure represent the simple bellows 

that is being shielded. The shielding cylinders which have a thickness of 2 mm 

overlap by 11 cm when expanded. For this example we choose a gap 9 of 10 
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cm and a depth d of 5.5 mm. In order to reduce the number of mesh points 

required, the actual calculations are done for the structure shown in Fig. 1c. For 

a wake field reaching only to 20 cm behind the bunch head, the results for the 

two configurations are the same: no wave launched by the head of the bunch can 

travel to point P in Fig. 1 b and return to a test particle located 20 cm behind 

the head. 

Fig. 3 gives the wake field calculated by TBCI for a bunch with CUT = 2 

mm. The first peak has a value of 46.3 V /pC/m per shielded bellows. Note 

that the wake does not exhibit such a clear resonance as before. The period for 

such a resonant behavior must be about the time for information from the rest 

of the cavity to return back to the axis. The resultant low frequency resonance 

will affect only the multi-bunch beam behavior. The value of ~m(Z_dO)) is -2 

kO/m per shielding unit. Although me(Z.d is again small at low frequencies, it 

rises much sooner than in the simple bellows case. We see peaks at 3.3 GHz and 

9.8 GHz with values of 1.4 kO/m and 1.5 kO/m respectively. 

The impedance of this shielded bellows should be compared to the number 

of simple bellows it can shield. Let us assume that each unit shields 30 cm of 

simple bellows, or 136 periods of the simple bellows presented in the previous 

section. Then 1.2 km of bellows corresponds to 4000 of these shielding units. For 

the whole machine ~m(ZJ.(O)) = -8.0 MO/m. 

Variations and Scaling: 

Running the shielded bellows again (with CUT = 2 mm) but with d = 4 mm 

results in the wake field of Fig. 4. The wake field looks very similar to that of the 

previous example. The first peak has a value of 33.6 V /pC/m. The impedance 

looks similar, though the strong resonance at 9.8 GHz is missing. ~m(ZJ.(O)) is 
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-1.1 kO/m. 

We see that the value of the first peak of the wake scales almost exactly by 

the ratios of d used in the two cases, i.e. 4.0/5.5= 0.73. To test the scaling with 

g, we have run with g set to 7 cm and 13 cm. Neither case yields a significant 

change in the peak of the wake field. Therefore, the peak of the wake field is 

roughly independent of the gap g as long as it is not too small. In summary, for 

a shielded bellows the peak of the wake field scales as 

A A (b )-3 ( d) 
W.1 = W.1O bo do (14) 

where W.1 is the wake field per shielding unit. The value of ~m(Z.1(O)) also 

follows this scaling approximately. 

Finally, the cell of Fig. Id was used to model the shielded bellows of Fig. 

1b but with the space between the two shielding cylinders perfectly closed by 

something like a metallic washer at position Q. The depth d was set to 4 mm. In 

this case 136 small corrugations of the simple bellows are replaced by one larger 

corrugation. Fig. 5 gives the resultant transverse wake field and impedance. The 

first peak of W.1 has a value of 32.3 V /pC/m. Although the value of the peak of 

the wake field is approximately the same as in the previous example, in this case 

the total area under this peak is much less; thus, the impedance is significantly 

reduced. The value of 9'm(Z..L) at 1.5 GHz is -62onjm, about half the value 

without the washer in place. In addition, the resonance peak near 2 GHz has 

been eliminated. In fact me(Z.1) is essentially zero up to about 4 GHz. 
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3.3 THE LONGITUDINAL IMPEDANCE OF BELLOWS 

Simple Bellows: 

TBCI can also be used to calculate the longitudinal wake field WII of a bunch 

traversing a bellows, from which we can get the longitudinal impedance ZII just 

as in the transverse case. The longitudinal wake was calculated for forty periods 

of the simple bellows introduced in Section 3.1 for a bunch with CUT' = 1 mm 

(See Fig. 6.) As in the transverse case, the longitudinal impedance is dominated 

by what appears to be a damped resonance. The resonant frequency is at 12.3 

GHz, which is above the first TMO cut-off frequency. A second resonance can 

be seen at 49 GHz. The computer code KN7C,12 the longitudinal counterpart 

of TRANSVRS, yields frequency values of 11.6 GHz and 47.7 GHz for the first 

two longitudinal modes. It is interesting to note that the first two longitudinal 

modes are almost at the same frequency as the first two dipole modes. 

For the SSC, the heating of the walls is the only effect of the longitudinal 

wake which we need to consider. Given the total loss factor kll tot , the power lost 

per turn is given by 

(15) 

where N is the number of particles per bunch, nb is the number of bunches and 

ire'IJ is the revolution frequency. For a Gaussian bunch kll tot is given by 

(16) 

For the simple bellows me(ZII) is so small over the bunch spectrum that kll tot is 

completely negligible. For example, at 8 GHz, where me(ZII) begins to grow, the 

exponential factor in the above equation is -w2u~ = -140. 
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Shielded Bellows: 

For the shielded bellows with d = 5.5 m.m TBCI computes kll tot = 0.010 

V fpC per shielded bellows. Inserting the SSC parameters into Eq. (15) yields 

1.5 W of power lost in each shielding unit. Assuming the ring needs 4000 such 

units, the total power loss is 6 kW. This is quite a large value for the SSC. 

The shielded bellows with d = 4.0 m.m loses 0.9 W per shielding unit. For 

the shielded, shorted bellows with d = 4.0 m.m the power loss again becomes 

negligible as in the simple bellows case. As we saw in the transverse case, shorting 

the shielded bellows pushes the first rise of me(ZII) to higher frequencies. In the 

time domain we can say that with the shorting washer in place all the energy 

lost by the front half of the bunch is picked up by the back half. Without it, ten 

times as much energy is radiated' by the head. In addition, most of the energy 

lost by the head is radiated between the two shielding tubes and doesn't return 

to the tail (See Fig. 7). 

The lesson from these longitudinal computations is that if one wants to shield 

the bellows, then either the depth d must be made very small or the gap between 

the shielding tubes should be closed. Alternatively, one could design a shielding 

structure with only gradual discontinuities, such as those planned for LEP. 13 To 

conclude this section we summarize some key features of the bellows impedance 

calculations in Table 1. 
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Table 1. Bellows Contribution to the SSC Impedance and Power Loss 

Bellows Type ~m(Z_dO)) Power 

simple bellows -43.0 MO/m O.OkW 

shielded (d = 5.5 mm) -8.0 Mn/m 6.0kW 

shielded (d = 4.0 mm) -4.4 MO/m 3.6kW 

shorted (d = 4.0 mm) -2.5 MO/m O.OkW 

4. The Impedance of the Beam Position Monitors 

There are many other contributions to the total impedance of the SSC 

vacuum chamber. One of the most important is the contribution from beam 

position monitors. The impedance of the position monitors has been discussed 

in Refs. 14 and 15; we quote the results here for completeness. 

The BPM's discussed in Ref. 15 consist of 4 strip lines positioned at 45° 

from the median plane so as not to intercept synchrotron radiation. The x or 

y position can be obtained by an appropriate linear combination of the signals 

from the 4 striplines. These would be placed at each quadrupole in the SSC. 

The transverse impedance due to the stripline position monitors described 

above is given by 

Zl.(w) = 16PZpC:!~2(tPo/2) [sin2 (wl/c) + isin(wl/c) cos(wl/c)] (17) 
7r W 

where 
P = 880 = the number of pickups 

Zp = 50 n = pickup impedance 

b = 1.65 cm = chamber radius 

l = 20cm = length of pickup 

tPo = 55° = angle subtended by one strip line . 
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The impedance above is quite different from that due to the bellows. As with 

bellows the reactive part of the impedance below w ~ l/uT contributes to the 

frequency shift of mode O. In addition, however, there is a sizable contribution 

from the resistive impedance at w ~ l/uT which contributes to the coupling of 

modes 0 and -1 and can lead to sizable growth rates. In all the calculations 

which follow the pickup impedance is included without modification. 

5. Transverse Coherent Mode Coupling 

In this section we show mode coupling due to the wake fields and impedances 

calculated in the previous sections. The theory of transverse mode coupling is 

discussed in Ref. 5 and more briefly in Ref. 6. The SSC parameters used in the 

calcula.tion are given in Table 2, and the results for the various configurations are 

shown in Figs. 8 - 11. In each case the BPM impedance was included as well as 

the wake field from one of the various bellows schemes. 

Table 2. SSC Parameters at Injection 

Parameters Notation Values 

Energy E 1 TeV 

Circumference C 97.2 km 

Chamber Radius b 1.65 cm 

Beta Function Pave 230m 

Energy Spread UE 1.5 x 10-4E 

Bunch Length U 7cm 

Freq. Slip Factor TJ 1.8 x 10-4 

Synchrotron Tune Vs 6.0 x 10-3 

Protons per Bunch N 1.45 x 1010 

Number of Bunches nb 9000 
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In Fig. 8 we show the results 'which include the BPM'S and simple bellows. 

Mode 0 moves linearly and collides with mode -1 at about 27 J1.A causing an 

instability. The threshold for this agrees quite well with the estimate given in 

Eq. (3). Notice also that the modes split apart again and re-stabilize and that 

modes -2 and -3 collide briefly to cause another 'bubble' of instability. The 

beam appears stable after 50 J1.Aj however, this should not be taken seriously. In 

order to calculate the mode coupling accurately past 50J1.A (in this case), it is 

necessary to include more modes. Roughly speaking, the highest mode which 

is included should be relatively unaffected if we are to believe the results of the 

calculation. However, in Fig. 8 we see that both -2 and -3 shift off the graph 

just past 50 J1.A. Thus, at least mode -4 and perhaps mode -5 must be included 

to calculate further. The growth rate of the instability is quite small ("-' 0.041.18 ) 

which corresponds to an e-folding time of about 660 turns in the sse. 

The situation is somewhat different in the remaining figures. In Figs. 9-

11 we show the case of BPM's plus each of the three schemes for shielding the 

bellows. In these cases the onset of the instability has been delayed and ranges 

from about 76 J1.A in Fig. 9 to about 123 J1.A in Fig. 11. Thus, the improvement 

in the threshold is a factor of 3 to 5. In addition, note that since the higher 

modes do not move, the calculation can be trusted out to the maximum current 

shown. The transverse mode coupling thresholds are summarized in Table 3 . 

5.1 FAST BLOW-UP THRESHOLDS 

It is useful to calculate the threshold for fast blow-up for the case of the 

simple bellows. We must first assume that we believe the Q and thus the height 

of the peak in the impedance. If we use the peak value of the impedance at 13.5 
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Table 3. Transverse Mode Coupling Thresholds 

Bellows Type Threshold Current 

simple bellows 27/-LA 

shielded (d = 5.5 mm) 76/-LA 

shielded (d = 4.0 mm) 96/-LA 

shorted (d = 4.0 mm) 123/-LA 

GHz and also include the small contribution of the pickups at that frequency, 

we find a 'threshold' of 40/-LA. There is no fast blow-up below the threshold, 

but the actual instability may occur at somewhat larger currents. This indicates 

that we must be sure to include all the relevant higher modes when calculating 

transverse mode coupling threshold for currents higher that 40/-LA. In particular, 

the stability in Fig. 8 above 50/-LA is probably false. 

On the other hand we can calculate the threshold for the shielded bellows as 

well. Here the situation is somewhat different in that the impedance does not 

have a peak at high frequency. In fact the fast blowup threshold is dominated by 

the impedance of the pickups at about 2 GHz and occurs at about 50/-LA. This 

value is lower than the corresponding thresholds for transverse mode coupling; 

however, this does not indicate another instability. Since all the important modes 

are included for the shielded bellows, the transverse mode coupling threshold is 

correct. The 'fast blow-up' threshold is consistent with this in that the instability 

does occur at a larger current and has a rather large growth rate. 
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6. Feedback as a Cure for Transverse Mode Coupling 

It has been shown in Refs. 6 and 16 - 18 that feedback can be used to 

increase the threshold of the transverse mode coupling instability. In addition 

there is recent experimental evidence to support this in the case of PEP. 19 For 

PEP it was found that both reactive feedback and resistive feedback increased 

the threshold by about a factor of 2. The theoretical prediction was that reactive 

feedback would increase the threshold significantly while resistive feedback would 

only increase it slightly. 

The feedback used simply acts on the total dipole moment of the bunch. In 

the case of reactive feedback, a kick is supplied which shifts the coherent tune 

of the bunch while for resistive feedback the kick damps the dipole motion of 

the bunch. A simple damping of the dipole motion does not guarantee stability 

since there are higher modes which may be unstable. For the case of the sse 

one would need a feedback system which acts on each bunch independently. 

For the sse we include feedback with sufficient power to shift the coherent 

tune by Vs or to yield a damping rate of ivs • The results are shown in Figs. 12 

and 13 where we treat the case of the BPM's and simple bellows. As in Fig. 6, 

we cannot trust the results beyond about 0.05 mA since we have only included 

modes up to -3. However, it seems that both reactive and resistive feedback can 

increase the threshold by about a factor of 2. 
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7. Conclusions 

In this paper we have presented the calculations of the wake fields and 

impedances for several different bellows schemes for the sse and have shown how 

to scale the results to different designs. After including the additional impedance 

due to beam position monitors we have examined the transverse mode coupling 

instability. For the simple bellows we find a threshold for instability of about 

26 J.tA for the single bunch current. The parameters for the sse in Table 2 

call for a single bunch current of 7.2 J.tA. Since there will be other sources of 

impedance, this is perhaps a bit too close. 

We have studied two ways of raising the threshold. First we shielded the 

bellows with sliding contacts. This increases the threshold by a factor of 3 to 5 

depending upon which scheme is used. In addition, we find that both reactive 

and resistive feedback increase the threshold by at least a factor of 2. Note that 

these values are for the representative simple and shielded bellows we have chosen 

for this study. The exact factors, however, will depend on the specific parameters 

of the bellows chosen. 

Unfortunately, for the designs chosen to shield the bellows without a shorting 

washer, there are significant energy losses which would probably be unacceptable 

at cryogenic temperatures. However, if the shorted, shielded bellows design is 

impractical, we feel that it should be possible to design the shielded bellows with 

losses which are an order of magnitude smaller than those calculated here by 

simply smoothing the transitions. 
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including BPM's and simple bellows. 
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INTRODUCTION 

Between sections of the vacuum chamber, bellows are 

needed to compensate for thermal expansion and transversp 

offsets. For beampipe made of stainless steel with a 

-6 0 
coefficient of linear expansion 19x1O I C and a temperature 

varia.tion of ~316oC, the allowance for bellows is ~1.2% of 

the total length of the beampipe, if we assume that the 

bellows are 50% 1 compressible . This implies 1.08 km of 

bellows for Design A of the SSC which has a circumference of 

90 km, Such a length of bellows will certainly contribute 

~Operated by the Universities Research Association, Inc., 

under contract with the U.S. Department of Energy. 
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to the longitudinal and transverse impedances of the 

accelerator and will therefore affect the stability of the 

beam. In the Reference Designs 2 , the actual impedances of 

t.he bellows have not been calculated; only an allowance of 

Z.L = 7 Mn/m is made for miscellaneous 

discontinuities because all the bellows and pumping ports 

are assumed totally shielded. It is the purpose of this 

article to examine the actual contributions by the bellows 

to the longitudinal and transverse impedances assuming that 

they are not shielded. 

COMPUTATIONS 

For the ease of computation, we assume the corrugations 

of the bellows be rectangular with period 2g = 3 mm, depth L 

= 4.875 mm as shown in Figure 1; the beampipe radius is 

taken to be b = 1.5 em. 

The code TCBI 3 solves directly Maxwell's equations in 
A 

the time domain and calculate the wake potential W(t) of a 

Gaussian bunch with RMS length ~ and one unit of charge, 

~~(t) = f d.-r lJlr) W'(t-t) , (1) 

where W is the wake potential due to a point charge and ~(L) 

the charge distribution of the bunch which, in reality, is a 

truncated Gaussian (in our computation we truncated it at 
1\ 

±5~). A Fourier transformation of Eq. (1) gives us Z(w) 
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the effective impedance seen by the bunch, which is related 

to the actual impedance seen by a point charge Z(w) by 

(2) 

In doing the Fourier transform, care must be taken to set 
1\ 

the time coordinate correctly so that W(O) represents the 

wake at the center of the bunch. In our computation, we 
1\ 

t~uncated the wake Wet) at 60 cm so that the impedance could 

have a resolution of 0.25 GHz. As will be seen in our 

resulting plots, ripples of period 0.5 GHz are seen in the 

curves. 

A small bunch length should be used so that the actual 

impedance at high frequencies will not be smeared away 

according to Eg. (2). We took 0'.1 = 1.5 mm so that the 

impedance would be attenuated to 80% at 21 GHz, 50% at 37.5 

GHz lind :,% at 78 GHz. The mesh was taken to be 0.375 mm so 

that there would be four inside each corrugation. Further 

reduction of O't is not possible unless the mesh size is 

reduced also. We had tried to r:-educe the mesh size by half; 

not many changes in the results were observed but the 

computing time was increased by several times. 

We ran TBeI for a bellow of 5 corrugations as shown in 

Figure 1 for the longitudinal mode m = 0 and the transverse 

mode m = 1. The results are shown in Figures 2 to 7. 



-48-

IMPEDANCES AT LOW FREQUENCIES 

wtlen the frequency f approaches zero, from Figures 4 

and 7, the longitudinal and transverse impedances for one 

corrugation are respectively 

Z" = j 0·53 A /0-' f n,l (3) 

(4) 

Here, we assume that the impedance of N corrugations is 

equal to N times the impedance of one corrugation. The 

above values can be checked by two existing formulas at low 

harmonics n«2R/g or Rid where R is the radius of the 

accelerator ring and d = b+~ is the bigger radius of the 

bellows. The longitudina1 4 and transverse 5 impedances are 

, (5 ) 

(6) 

with S = d/b and f the 
-9 

frequency in Hz. These give Z" = 

jO.53xlO f nand 21 = j2l9 n/m. Equation (5) is valid 

when g/b«~ which is certainly satisfied. Equation (6) is 

valid when g/b«1T
2 /32 and is not so well satisfied. A more 

accurate numerical calculationS shows that Z.l = jI98 n/m. 

As a whole, our computation reproduces the correct results. 
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RESONANCES 

The real part of the longitudinal impedance in Figure 3 

and the real part of the transverse impedance in F.igure 6 

are simi lat' in shape. They have a big resonance near 13 

GHz. For the longitudinal mode the lowest resonance is at 

7.62 GHz which i::~ below the cutoff frequency of the beampipe 

f = 2.405c/2nb = 7.655 GHz. 
cutoff The loss factor k = 

R W /4Q can be calculated. 
5 r Here R' is the shunt impedance. s 

Wr is the resonance circular frequency. and Q the quality 

factor. We find kl 
9 

= 1.lx10 volt/coulomb for each 

corrugation. which is negligible compared with the size of 

the wake potential. Therefore, this fundamental resonance 

is not seen in the impedance plot. For a resonance below 

cutoff, the loss factor is directly proportional to the 

pillbox width g. which explain5 why kl is so small. The 

broad resonan~e near 13 GHz is above cutoff 50 its loss 

factor is not governed by the same formula. For the dipole 

mode, the cutoff frequency i~) 12.20 GHz and the bellow 

corrugations have no resonance below this frequency. 

There is another' smaller resonance near 38 GHz both for 

the longitudinal mode and the transverse mode. However. 

because the RMS bunch length of Design A is 7 cm, this 

resonance will not have any influence on the stability of 

the beam. 
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BEAM INSTABILITIES 

For a RMS bunch length of 0l = 7 cm, the bunch 

handwidth :is --1 GHz. Thus the impedances of the bellows are 

of broad band and will therefore drive the single-bunch 

instabilities. In the Reference Designs 2 , the most severe 

limitation on beam current is set by the transverse mode-

coupling instability which arises when the real frequency 

shift of any mode becomes equal to the synchrotron 

frequency. Assuming that the largest shift is due to mode ~ 

= 0, the limit on Z 
.1 

where 

-
ZJ. = 

. 2 
15 

for A Gaussian bunch. 

(7) 

(8) 

In above, = 1. 3xlO- 4 is the 

-4 frequency-:'iltp factor, (J IE = 1 5xlO the RMS energy spread E .. 

at injection energy E = 1 TeV, ~ = 150 m the average 

hetatron function and I = 7.7 ~A the average single-bunch 

current. We get for the threshold Z~ =120 Maim. For 10.8 

km of bellows with a period of 3 mm, there are in total 

360,000 corrugations. Using Figure 7, if the integration of 

Eq. (8) is performed, we get Z.L ::: 68 Maim. If a 100% safety 

factor is included, the bellow contribution alone will be 
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hiqher than the threshold. We note that for the whole 

machine, the estimate2 of Z, is only 47 M.Q./m. 

The next dangerous instability is the transverse 

microwave which has a risetime fast compared with a 

synchrotron period and is driven by disturbances of 

wavelengths much shorter' than the bunch length. The 

impedance limit6 for a broad band at f -13 GHz is 

(9) 

This limit will be very much lower if the traditional cutoff 

frequency is used for f instead. Figures 6 and 7, ,Z1.1 has 

a maximum of 3.8 kn/m for 5 corrugations or 274 M.Q. for 

360,000 corrugations which is dangerously to high. 

As for longi.tudinal microwave instability7, the limit 

on Z! ,In is 

(10) 

From Figures 3 and 4, we get, at ~ 13 GH z, ,Z i , / n , = 2. 3 n 

for all the corrugat.ions which is rather too high. 

The longitudinal mode-coupling instability occurs when 

two modes collide as the real frequencies shift. For a 

short bunch the lowest mode ~ = 1 is shifted most, the 

'7 stability limit for' Z! I In is given by 

.21.fl. (11 ) 
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The bellow contribut.ion from Figure 4 is 0.64 n which is 

very much lower than the above limit. 

DISCUSSIONS 

1. We learn from above that the bellow contributions to 

the impedances will upset the single-bunch stabilities, 

among which the dangerous ones are the transverse mode­

coupling, t.ransverse microwave, and longitudinal 

microwave instabilities. 

must be shielded in 

stability. 

TIlerefore, the corrugations 

some way to preserve beam 

2. In our analysis, we make the assumption that the 

impedance of N corrugations is N times the impedance of 

one corrugation. Strictly speaking, this is true only 

when the wavelength is much shorter than the period of 

the corrugations. We had run TBCI for 1 corrugation, 3 

corrugations, 5 corrugations and 9 corrugations and 

found that the impedance per corrugation decreased 

slightly with the number of corrugations. For example, 

near zero frequency, the imaginary parts of the 

transverse impedance per corr.ugation are respectively 

0.198, 0.190, 0.186 and 0.185 kn/m when 1, 3, 5 and 9 

corrugations are considered. For this reason, we 

believe that our estimates 

might have been slightly too 

for 360,000 corrugations 

high but nevertheless of 

the correct order of magnitude. 
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Figure 1. Five corrugations of a bellow 
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IN THE sse AND THE EFFECTS ON BEAM STABILITY 

King Yuen Ng 
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Batavia, IL 60510 

July 1985 

INTRODUCTION 

The 1.08 km of bellows in Design A of the SSC l will 

contribute to single-bunch instabilities: 2 

1. transverse mode-coupling 

" ..., . 

bellow contribution ZL = 68 Mn/m, 

allowance for stability 21. < 120 Mn/m, 

transverse microwave (for broad band at 13 GHz) 

bellow contribution 12,: :.: 274 M.o./m, 

d.ilowance for stdbility 1211 < 1287 M~}'/m, .... 
3. longitudinal microwave 

bellow contribution !211/nl = 2.3 .0., 

allowance for stability 12i Ilnl < 4.7 .0.. 

In above, we have assumed an average single-bunch current I 

= 7.7 ~A, RMS energy spread 0E/E = 1.5xlO-4 at injection 

energy of 1 TeV, RMS bunch length ~ = 7 cm, average 

~ Operated by the Universities Research Association, Inc., 

under contract with the U.S. Department of Energy. 
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betatron function ~ = 150 m
l 

and frequency-slip factor n = 
1.3xlO-4 . In order to support a stable bunch beam of the 

designed intensity, the bellow corrugations must be 

shielded. This shielding also needs itself to have low 

enough impedances. A suggestion is to use two circular 

tubes each of thickness 2 mm as shown in Figure 1. The 

separation between the tubes is 2 mm; inside the separation, 

balls or fingers can be placed for contacts. There will be 

roughly 5000 bellows each of which contains 72 corrugations 

(period = 3 mm). The design is to have a bellow of length 

50 cm. At room temperature, the two shielding tubes overlap 

completely while at superconducting temperature, they 

overlap for only 30 cm leaving a gap of g = 10 cm at each 

end. We want to study the impedances of such a 

configuration and the dependence on the gap length g. 

COMPUTATIONS 

Since the corrugations are shielded, we can approximate 

the configuration by forgetting all the corrugations. The 

code TBeI 3 is used to calculate the wake potentials of a 

Gaussian bunch with RMS length ~ and truncated at ±So. A 

Fourier transformation of the wake potential will give us 
A 
Z(W), the effective impedance seen by the bunch, which is 

related to the actual impedance seen by a point charge Z(w) 

by 

(1) 
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We truncated the wake potential at 30 em 50 that the 

impedance would have a resolution of 0.5 GHz. A bunch 

length of ~ = 2.5 mm was used 50 that the impedance Z was 

attenuated to 5% at ~48 GHz. The mesh was taken to be 0.5 

mm 50 that there would be four between the two shielding 

tubes. We had tried to reduce the mesh size by half; not 

many changes in the results . were observed but the 

computation time was increased by several times. 

IMPEDANCES 

In general the impedances of a shielded bellow look 

very different from those of an unshielded one. The 

longitudinal impedance in Figures 3 and 4 looks very similar 

in shape to the impedance of a cavity formed by closing the 

gap between the two shielding tubes. But the effect of the 

gap does show up in Figure 3 by contributing 6.67 n (instead 

of zero) at low fcequencies and a broad resonance near 48 

GHz. This 6.67 n can be understood by the fact that 

electromagnetic energy is leaking through this gap. In fact 

this gap can be viewed as a coaxial transmission line of 

infinite length and inner and outer radii 1.7 and 1.9 cm, 

connected in parallel to the beampipe. Thus the impedance 

is just Zc = (Zo /2TI)ln(1.9/1.7) = 6.67 n, the characteristic 

impedance of the transmission line. 
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At low frequencies, the cavity of length g = 10 cm and 

radius d formed by closing the gap between the shielding 

tubes can also be considered as a transmission line 

connected in series with the beampipe which is of radius b. 

The impedance4 at frequency f is 

Z"I f = (2) 

where the effective attenuated cavity length ge is related 

to the true length g by 

(3) 

with the attenuation constant y = 2.405/d. With b = 1.5 cm 

and d = 1.9 cm, we get ZII = 2.35xlO-9f~ in agreement with 

the initial slope in Figure 3. This cavity gives a 

resonance at 6.2 GHz, which is also seen in the plot. We 

want to point out tha.t what we have described so far are 

independent of the length g since g»b and the overlap 

length of the shielding tubes is also »b. At higher 

frequencies, the plots exhibit a broad band from 12 to 25 

GHz which is the characteristic of the closed cavity 

described above. 

For the transverse impedance, the first resonance comes 

at 2.8 GHz. This is the so called "ring mode" (a TM mode) 

if we consider t.he gap between the two shielding tubes as a 
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coaxial transmission line, which starts transmitting in the 

dipole mode when the azimuthal wave length is equal to the 

circumference of the line. The imaginary part of the 

transverse impedance starts from -1.35 k~/m which is due to 

the inductive property of the cavity formed by closing the 

gap between the two shielding tubes. Again, these low-

frequency impedances are not dependent on the length of the 

"closed" cavity g or the length of the overlap of the 

8hieldings. We have performed computations with g = 5 cm, 

10 cm, 15 cm, 20 cm and found no appreciable changes in the 

impedances at low frequencies. At higher frequencies, some 

more resonances are seen. 

STABILITIES 

The effective transverse impedance Zl that contributes 

to the trJn~verse mode-coupling instability is given by 

(4) 

For a RMS bunch length ~ = 7 cm, our computation yields for 

5000 bellows z~ ~ 5000xl.35 = 6.75 MaIm which is 10 times 

smaller than the unshielded bellows and will not lead not 

mode-coupling instability. 

For the transverse microwave, we have from our results 

,ZL' = 5000x2.4 = 12 MaIm at -3 GHz, which is 22 times 

smaller than the unshielded bellows. 
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For the longitudinal microwave, we have a broad band of 

" 21 I ~ 35 ~ at f ~15 GHz. For 5000 bellows this yields ZI lIn 

~0.039 ~ which is about 60 times smaller than the unshielded 

bellows. 

For the longitudinal mode-coupling, the total bellow 

contribution to ImZ I lin is ~0.039 ~ which is about 16 times 

smaller than the unshielded bellows 2 . 

Since the contribution to the impedances is lowered by 

so much, all types of single-bunch instabilities can be 

avoided and the shielding scheme in Figure 1 is workable. 

REMARKS 

We are inter.ested in the stability of a single bunch 

which has a RMS bunch length = 7 cm according to the 

Reference Designs. Thus, wake potentials calculated up to 

30 cm ()40 including 95.5% of the bunch particles) will be 

Long enough for our purpose. However, one may think that, 

since Lhe over'lap It'nqth of the shielding5 is 30 cm, the 

reflected waves will show appreciate effects to the wakes at 

60 cm. When these effects are Fourier transformed, the 

impedances will be very much modified from those obtained 

from the wakes Lluncated at 30 cm. With this in mind, we 

compute the Jongitudinal wake up to 110 cm. The result is 

shown in Figure 8, which exhibits, as expected due to the 

reflected waves, a big eruption around (60+5xO.5) cm, where 
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0.5 cm is the RMS length of the test bunch. The 

longitudinal impedance shown in Figures 9 and 10 is indeed 

different from our former one in Figures 3 and 4. Here, we 

see resonances at 0.0, 0.5, 1.0, 1.5, ... GHz which are 

resonances of an open-end transmission line of length 30 cm. 

The tt'ansverse counterparts, on the other hand, are not much 

different from those shown in Figure 5 - 7. 

However, although the impedance plots are different in 

the actual computations of the thresholds of single-bunch 

instabilities, for example, in formulas similar to Eq. (4), 

the different impedances will lead to exactly the same 

results. Thus, we can conclude that, by computing the wakes 

up to only 30 cm, although the impedances obtained through 

Fourier transformation may differ from the actual ones, 

nevertheless, they are completely adequate for the study of 

single-bunch instabilities. As a result, we can perform a 

simplified TCBI computation by closing the shielding gap at 

the point A (Figure 1) without losing anything but gaining 

quite a lot in the reduction of computer time. 
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AN INVESTIGATION OF THE SKIN DEPTH EFFECT OF A 

METALLIC COATING ON A CERAMIC BEAMPIPE INSIDE A KICKER 

King-Yuen Ng 

Fermi National Accelerator Laboratory~ 

P.O. Box 500 

Batavia, IL 60510 

July 1985 

INTRODUCTION 

Inside a kicker 

used because it will 

magnet, metallic beampipe cannot be 

screen off the rapid rising of the 

kickers's magnetic field. When a ceramic beamp1pe 1s used, 

one usually coats the inside with a thin layer of metal so 

as to carry at least part of the beam's image current and to 

prevent static charge buildup. The purpose of this article 

is to investigate whether such a coating will alter the 

risetime constant of the magnetic field significantly, 

whether such a coating can withstand the strong transient 

current induced by the fast rising magnetic field, and 

whether the back magnetic 

current is strong enough 

the kicker. 

field generated by this transient 

to upset the designed risetime of 

~Operated by the Universities Research Association, Inc., 

under contract with the U.s. Department of Energy. 
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The magnetic field inside the ceramic beampipe is 

affected by the metallic coating in two ways. Firstly, 

there is the "shielding effect". Even when the kicker's 

magnetic field rises abruptly as step function, the field 

inside the beampipe has a nonzero risetime 

( 1.1) 

where b is the radius of the beampipe, 6 the thickness of 

the metallic coating, p the resistivity of the coating and ~ 

= 411'xlO- 7 henry/m is the magnetic permeability. Here, the 

azimuthal electric field and the radial magnetiC field are 

assumed to be continuous across the coating. If we take 6 

1 mil, b = 1.5 cm, p = 1.7xlO-B ohm-m for copper, we get "tc 
= 14 ~sec or wc/211' = 1 I 211'''tc = 11 kHz. Thus, this is a low-

frequency effect. The "shielding effect" has been 

considered in detail by Shafer l and will not be included in 

this article. 

The second is the "skin-depth" effect. Here the 

fields "diffuse" from one side of the coating to the other. 

(The term "diffusion" is explained in the Appendix.) Thus, 

the azimuthal electric field and the radial magnetic field 

= 

become discontinuous across the coating. This effect can be 

represented by the time scale 

(1 .2) 
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At the characteristic angular frequency Ws = l/~s' the 

fields will be attenuated by a factor of e- l across the 

coating. Comparing Eqs. (1.1) and (1.2), we find ~s/~c = 

6/b. Thus the "skin-depth" effect occurs at a frequency 

much higher than that of the "shielding" effect. For a 1 

mil coating with the same p, ws/2~ = 6.7 MHz. The injection 

and injection-abort kickers of the SSC have risetimes 10 ns 

to 100 ns, or have characteristic frequencies 1.6 MHz to 16 

MHz. Thus, these kickers will be affected by the skin-depth 

effect, which we will study in detail below. 

MAGNETIC FIELD ACROSS THE COATING 

For simplicity, we assume the beampipe to be of 

square cross section with horizontal coatings of thickness 6 

at the top and bottom walls as shown in Figure 1. The 

magnetic field generated by the kicker perpendicular to the 

coating is 

where ~ is the risetime of the kicker. This can be Fourier 

transformed into 

B J<IO B jwt 
. I~{t) = dfIJ ;n{w)e , (2.2) 

-q) 

with 

(2.3) 
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where w~ = l/~ is the characteristic angular frequency of 

the kicker and I; is a positIve infinitesimal number. The 

position of the pole near w = 0 has been carefully chosen 50 

that the step function in Eq. (2.1) can be reproduced 

through the integration of Eq. (2.2). 

-Due to the time variation of the magnetic field B, 
.-,. 

electric field E is also present. Inside the metallic 

coating, the corresponding Fourier components satisfy the 

Maxwell equations 

- ..... -V)( E = - jwB, 

where e is the electric permitivity of the coating which we 

assume to be approximately the value at vacuum. The 
~ ~ 

frequency of Band E for the kicker will be at most ~w'l/21f; 

as a result, the displacement current can be neglected for 

most metal. Eliminating E, one gets the familiar equation, 

2~ • ;:t 
'iJ 8 = )wf'-rr.lj. 

-The component of B perpendicular to the coating is 

continuous at both surfaces. Thus, after penetrating a 

thickness 6, the emerging perpendicular magnetic field is 

(2.4) 

(2.5) 

(2.6) 
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where ~s is the characteristic time of the skin-depth effect 

and is given by Eg. (12). The ± sign in the exponent 

applies when w is positive (negative). The time variation 

of the emerging magnetic field is therefore 

When Bout(t)/Bo is viewed as a function of t/~, the only 

parameter is 

When t<O, simple contour integration gives Bout(t) = 0 as 

expected. (See Appendix for detail.> When t>O, because of 

the existence of a branch point at w = 0, contour 

(2.7) 

(2.8) 

integration cannot be performed simply. Instead a numerical 

integration is attempted. The result is plotted in Figure 

2. The rise of magnetic field inside the ceramic pipe at 

fixed kicker's risetime ~ but at difference coating 

thicknesses can be read off directly. For example, with ~ = 
1 mil and ~ = 50 ns, i.e., a = 0.69, the effective risetime 

[the time for the field to increase to (I-lie) of its 

maximum value] is roughly 3.5 times the kicker's risetime. 

If the thickness of the coating is reduced to 0.5 mil (a = 
0.49), the effective risetime is still ~2.5~. Thus, the 

effect of the coating is not small at all. 
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We can also fix the coating thickness, and observe 

the rise of magnetic field at different kicker's risetime. 

Then we take t/~s as the time variable in Eq.(2.7) and take 

a- l = (~/~s)1/2 as the parameter. This is plotted in Figure 

3. We see that even when the kicker has zero risetime a- l = 
0, the field inside the coated beampipe has an effective 

risetime of ~4.5 ~s. 

EDDY CURRENT IN THE COATING AND BACK MAGNETIC FIELD 

With the coordinate system in Figure 1, electric 

field Ey induced by magnetic field Bz(t) at a distance x 

from the center of the coating is 

As an overestimate, the magnetic field at the top of the 

coating surface is used, therefore 

Thus the current induced in one half of the coating is 

(3.1) 

(3.2) 

(3.3) 

where 2W is the width of the coating. Taking W = 1.5 cm, Bo 
-8 = 0.5 Tesla, p = 1.7xlO ohm-m for copper, ~ = 50 ns and 
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6 = 1 mil, this current is -1.7xl06 amp when t«~. The 

total energy dissipated in a unit length of coating (two 

halves) is 

This leads to a rise in temperature of 

W2B2 
,1 T = /27: fa; 1-1 ::: /600 t:Jc ) 

where d~9 gm/cm3 and s = 0.092 are the density and specific 

(3.4) 

(3.5) 

heat of copper respectively and H = 4.18 joules/calorie is 

the mechanical equivalence of heat. In order to reduce this 

temperature rise, we have to choose a coating metal with 

high density, resistivity and specific heat. Nickel can 

lower the temperature rise by 5.4 times, wrought iron 6.4 

times and steel ~50 times. Otherwise, some heat sink must 

be installed. 

At the same time, the eddy current in the coating 

will generate a back magnetic field in the opposite 

direction of the kicker's field. At the center of the 

coating, this back field is 

= , (3.6) 
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which comes out to be ~180 Bo at t«~. Thus, special care 

must be taken for the kicker's current source so that the 

kicker's current will not be disturbed. Again, choosing a 

coating with a high resistivity can reduce this back 

magnetic field. 

If the coatings are on the vertical walls of the 

beampipe instead, the rise in temperature and the strength 

of the induced transient magnetic field will be of the same 

order of magnitude, although there is no screening of the 

kicker's field at all in this case. 

DISCUSSIONS 

We see from above that a metallic coating will affect 

the transience of the kicker very much when the kicker's 

risetime is as small as ~ = 50 ns. A coating of I mil 

copper can increase the risetime 3.5 times. The eddy 

current in the coating can lead to a temperature rise of ~ a 

thousand degrees. The back magnetic field can be ~180 times 

the maximum kicker's field when t«~. To overcome these 

effects we can choose a metallic coating with the highest 

resistivity. If we use steel whose resistivity is ~40 times 

that of copper, the risetime increases by only ~20%, the 

rise in temperature becomes ~32oC and the back magnetic 

field becomes ~5 Bo. Such a high resistive coating may 

still serve the purpose of preventing static charge buildup. 
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To carry the image current some other methods must be 

derived. One suggestion is to use metallic strips at the 

vertical walls of the ceramic beampipe with capacitance in 

series. The capacitance is so chosen that it will allow the 

flow of the image current which is of high frequencies 

(>wrf/2~ = 360 MHz) but block the flow of the eddy current 

which is of frequencies <w~/2ff (= 3.2 MHz when the kicker's 

risetime is 50 ns). 

The author would like to thank Dr. R. Shafer for 

useful discussion. 

APPENDIX 

Solution of Eq. (2.5) gives 

(A.l ) 

There is a branch point at w = 0 and we choose the branch 

cut along the negative w-axis. For w real and positive, the 

physical sheet is characterized by the physical condition 

that the integrand decreases as the coating thickness 

The same physical condition also applies when w is real and 

negative; i.e., 
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and is below the cut. The path of integration of Eq. (A.I) 

1s shown in Figure 4. The pole-part of the integrand gives 

poles at j~ and jwc in the upper halves of both sheets. 

Therefore, when t<O, we complete the path of integration in 

the lower half of the physical sheet and get Bout<t<O) = O. 

When t>O, if we complete the path of integration in the 

upper half of the physical sheet, we need to integrate 

around the cut too which is not easy at all. Instead, we do 

the integration directly by breaking it up into two parts: 

(i) along a semicircle of radius n in the lower half-plane 

to bypass the pole at the origin and (ii) from -w to -n 
below the cut and then from n to w. Finally we let n~O. 

The first part gives 1/2 Bo while the second part reduces to 

B:/t) = ~. [~ I::: {S/~ U;t (C:~:U - ~ $1hau) 

(A.2) 

1/2 where a = (~s/~) • Numerical integration then leads to 

the curves in Figure 2. 

Equation (A.2) can also be written as 

which gives the curves in Figure 3. 



-89-

The transient electric field is given by Eq. (3.1). 

Using Eq. (A.2), we get 

where a = 0 denotes the field on the top of the coating and 

a)O the field inside or on the bottom of the coating. For t 

= 0, Ey = 0 independent of whether a = 0 or a)O. But for t 

= 0+ we get 

a~o 

Care must be exercised in the evaluation of Eq. (A.4) 

because the sin u2t/~ term gives nonzero contribution with 

opposite signs when t = 0t. Equation (A.5) says that 

although there is a surge of eddy current on the top of the 

coating at t ~ 0+, the eddy current on the other side of the 

coating always starts from zero no matter how thin the 

coating is. The same applies to Bz . If the kicker's 

risetime ~ = 0, we get with the aid of Eq. (A.3), 

at t = 0+. This behavior can also be understood from the 

Maxwell equations. Both Bz and Ey satisfy Eq. (2.5), which 

in the time domain reads 
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These are just diffusion equations. If there is a surge of 

fields at z = 0, it takes finite time for them to diffuse to 

the location z ~ O. Thus no matter how small z is, the 

fields there always start from zero. 

REFERENCE 

1. R. Shafer, "On Shielding the Beam from Kicker Magnets 

at High Frequencies", this workshop. R. Shafer, 

Fermilab report TM-991. 
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Fig. 1 Magnet and beampipe configuration 



Fig. 2. Rise of magnetic field inside beam pipe as a function of tIT. 
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Impedance Measurement Group Report 

J. Simpson, Sal Giordino, Fred Voelker, 
Jim Hinkson, and George Spa1ek 

July 9, 1985 

Impedance Measurements - Some Thoughts 

The first indication of trouble was that each member of the group stated 

disclaimers - each was here to learn and was not well prepared. Fortunately, 

this was not totally the case, and some progress resulted. 

Questions and issues were first identified as potential topics for 

discussion. These included: 

1) What can be done with "wires" regarding-

a) Useful frequency range 

b) Longi tudina1 .!!. transverse measurements 

c) Resolution and sensitivity 

2) Where do beam and wire measurements differ? What are the 

corresponding limits for beam measurements? 

Useful Frequency Limits for Wire Techniques 

The low frequency limit is determined mostly by wall penetration of the 

fields, generally at a much lower frequency than is of interest for beam 

dynamics. 

r1easurement techniques to perhaps 1.5 GHZ are not too difficult if the 

individual impedances are « A in axial extent. The accuracy of the 

measurement decreases for distributed impedances, but the measurements can 

still be useful in providing relative improvement factors. 
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The useful high frequency limit for the technique is probably the beam 

pipe cut off when ). ... 2 '!fr. For 1.5 cm radius this is about 3 HGZ. 
• 

Me'.lsurements at higher frequencies, where higher order modes can propagate, 

will require careful attention to differentiate between waveguide resonances 

and the impedance to be measured. One can think of special geometries which 

may permit waveguide mode damping and possibly higher useful frequencies for 

impedance measurement. 

Sensitivity Resolution for Wires 

It should be possible to measure impedance differences due to transverse 

position of 1/2 n on a 200 n wire transmission line. For a half em 

displacement of the wires this corresponds to a transverse impedance of 100 

n/m. It isn't clear whether perturbations caused by the wires (or probes) 

will be greater than this. 

For Z (longitudinal), absolute values of -tS7. are resasonable. 
11 

Differential sensitivity is somewhat better. 

Transverse impedance is more difficult to measure, and the group had 

little experience with it. A proposal was made by Voelker that one might be 

able 
oE z 
ax 

kick. 
aE 

z 
ax 

.. 
~ 

to use wire excitation plus a small "probe" to obtain information of 
dE z 

The transverse gradient of Ez ' ax-' is a measure of the transverse 

Perhaps a discontinuity in the beam pipe can be excited by a wire, and 

measured by a suitable electric field probe moved transversely along a 

radius. This approach may be very model sensitive (multi-mode effects, etc) 

Preliminary measurements with a tMo wire system have been tried and 

reported in the literature. The results indicate that such measurements are 

feasible, and it is strongly recommended that work on such a system start as 

soon as possible. 
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CW vs Pulses 

We do not regard these two techniques as having significantly' different 

limitations. Peters (DESY) is believed to be using the pulsed wire technique 

to about 3 GHZ. Wilson (SLAC) generally focuses on lower frequencies. 

Beams vs Wires 

The useful frequency limits for "beam" measurements are not limited at 

high frequencies end by guide modes in the pipe. Beam measurements can also 

accommodate simultaneous seriesed??? impedances. On the other hand, detailed 

sensitivity estimates haven't been made. 

The use of actual beams to make impedance measurements, especially the 

use of a witness pulse as a probe of fields, is a new idea. l-todels of 

impedance sources must be developed to permit estimates of the usefulness of 

this me thod. 

Impedance Source ~lodels 

Qui te some time was spent ill our 2.roun c:H ,,("n$sing possib'le models for 

transve'rse impeQan~t: l'roduci .. ~ geometry. "1"0 avoid etlbarrassment we will not 

detail the discussion. However, it is clear that experimentalists and 

theorists should establish better dialogue on this subject (at least our group 

of experimentalists). Joe Bisognano gave us a model to use for estimating 

transverse Z of a bellows: 

Q 

100 n/m/convolu tion 

15 GHZ 

6 
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Sensitivity of Beam Method (Transverse) 

Assuming a single "resonance" model, what can we do? 

For L R. 

L~I 

8 2 + ~ 8 + 2-
L LC 

wi th poles at - -t - (-> --R. 1 /c,R. 2 4 
2L 2 L LC 

ReS 

,. 

-,---', 

8-plane 

ImS 

'-Jr 
fo • ILC 
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For Low Q systems Zmax ~ QR. 

Because Z(s) is the delta-function response, we can estima te the "kick" seen 

by a witness pulse follow a driving pulse q6(0). 

if q = 5 x 10-9 C (charge in driver pulse) 

Wo = 2n x 15 x 109 HZ 

R = 100 Sl 

Q = 6 

then 

IL-lZ(s) I t = 0+ = 286 KeV/m 

For a 1 cm offset of the driver, this is 2.9 KeV. ~ick of witness is 

2.9 ~ 0 2 d 15 . mra. 

It would be difficult to accurately measure such a kick with the proposed 

ANL measurement system. On the other hand, several bellows convolutions could 

be' simultaneously measured, yielding somewhat larger kicks. 

To estimate sensitivity for Zll/n measurements, let's assume the 
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following: 

fo = 2.5KH 

f res = 15 GHz 

Q = 6 

If there are 104 such "bellows" in the SSC, each than would contribute 

6 x 106/104 = 600n. If ewach is modeled by the circuit above, R • lOOn, and 

the resulting energy kick available from a change of q = 5 x 109C would be 

~E - qRw Q - 28 KeV. res 

This is several times the resolution now being planned in the ANL 

facility. All of the above is, in a sense, a swindle. Better estimates must 

be made to properly assess the potential of the beam method. (Note - See the 

short note by Simpson when TBCI based estimates are made - J.S.) 

The sensitivity of the facility could be increased by a factor of ~O or 

so by the addition of a short pulse, perhaps 300 KeV witness. Such a witness 

could be obtained from a photo cathode illuminated from a triggered laser or 
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from Cerenkov light produced by part of the main pulse. The corresponding low 

6 would impose additional contraints on the length of test objects but for 

many experiments would not introduce serious problems. 

Summary 

Wire measurements are applicable to frequencies up to 1.5 GHz, maybe 3 or 

4 with effort and in special cases. Beam measurements appear useful to 

perhaps 20 GHz provided the driving and witness pulses are < 10 ps. More 

investigation of this proposed method must be made. 

Finally, we urge more open, frank, no embarrassment discussions between 

hardware and non-hardware people to better define the problems. 
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A Better Estimate of Expected Beam Wake Test Sensitivity 

J. Simpson 
Argonne National Labortory 

In the Measurement Group summary report we indicated that the quick 
estimate of bellows wakes was in suspect. Consequently, I have done a couple 
of TBCI (Tom Wieland's code) runs to get a better number for the longitudinal 
and transverse kicks that one would obtain from a bellows convolution. 

A single convolution, 5 mm radial by 3 mm longitudinal was modeled in a 3 
cm diameter tube. A single pulse of gaussian shape, sigma=2 mm, beta=l.O, was 
the beam pulse. Figures 1 and 2 show the TBCI calculated wake potentials for 
beam both on and off axis (off axis by 1.0 cm). 

From these results, I conclude that for a 5 nC drive pulse, the initial 
design value of the ANL test facility, the corresponding kicks felt by the 
witness pulse are 2.8 KeV and .04 mrad for the longitudinal and transverse 
cases respectively. The longitudinal number is in reasonable agreement with 
the preliminary estimate obtained at the workshop. The transverse kick is 
considerably smaller. The proposed ANL facility should still be capable of 
measuring the longitudinal wake produced by a single convolution but will 
probably not be able to measure the small angular kick without modification to 
the experiment or to the facility. 

The expected angular resolution of the facility is a few tenths of a 
mrad. Several convolutions could be simultaneously measured. Another 
improvement could be modification of the first 90 deg bend from the linac to 
permit 15 nC drive pulses. A third possibility is that of generating a much 
lower energy witness pulse by using a photocathode triggered by either 
Cerenkov or laser light plus a small (few kV) column. The present design will 
have a 15 MeV witness to avoid phase slip in tests of long objects, but for 
short object tests a low energy beam would work well and yield much more 
sensitivity. 

I will conclude by repeating a conclusions of the Measurement Group - R&D 
in this area must be done soon. 
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JC.IJ";;.O 

15Jll.-B5 
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~,,,,,,:- I.'SC,,-

LINE CMRGE DENSITY NIWAX= 6.909E+981 1.995E+82ASlN
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Fig. 1. long wake, beam on center, a = 2 mm. 
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Fig. 2. Pipe radius = 1.5 em; wakes at pipe radius. 
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EXPERIENCE WITH WIRE IMPEDANCE MEASUREMENTS 

S. Giordano 

July 10, 1985 

A transmission line test set up, that was constructed at BNL, is shown in 

Fig. 1. Figs 2 and 3 show the amplitude and phase variation as a function of 

V -::: ~r . (where Vv- is the reference voltage and Vo is the test line 
\Ie) 

voltage.) These variations are the result of physical differences between the 

two lines. No great care was taken in constructing this preliminary test set 

up, and a reduction of these variations can be achieved by improving the 

mechanical tolerances. These variations can be added or subtracted from the 

final measurements (to be made later), to cancel out their effect. The two 

coaxial lines from the·~ power splitter must be of equal length as are the two 

output coaxial lines. 

Once the system has been balanced (as above) the insertion section is 

removed and replaced with the particular piece of equipment to be tested. 

Figs. 4 and 5 show the amplitude and phase of V~> for a pick up and clearing 

electrode system (with no damping). It can be shown that the longitudinal 

impedance is given by 

where Zo is the characteristic impedance of the insertion section (in our 

case, for theO.o12" wire, Zo=3400). 

(Please note that Figs. 4 and 5 cover the full frequency range - the 

actual measurements were made by expanding the frequency sweep, to obtain 

better resolution, as shown in Figs. 6 and 7. 
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To get some idea as to the resolution and accurac~ of th~~System, we look 
VJ~e'i'e 't11t "e It)y V (~dbj I~ ~lor{J -:'t a fUMe;,,,,, '"'t- i!' ~ 

at Figs. fi, GJ andJ6;n Depending on the network analyzer used, if we take an 

absolute accuracy of .01db, we see that at low impedances (100) we can have an 

error of ±10%. This error decreases as we go to higher impedances. 

To the above errors we must add, as previously noted, to the errors 

resulting from the variations between the two lines, but as also noted these 

can be taken into account. 

Another error that must be taken into account is the effect of the wire. 

Test ~re made, by comparing with bead measurements on cavities at 200, 400 

and 800 MHz, errors at 200 MHz were negligible while at 800 MHz they were -5%. 

Calculations showed about the same effect. 

Overall, an accuracy of ±10% can be achieved without too much difficulty. 

Limitations 

Waveguide modes limit the above system to frequencies below ~2GHz. 

With the 6 foot long tapered sections used in the above set up, severe 

mismatch below 80 MHz can lead to additional errors. 

Below 80 MHz a straight through 50n system can be used (an inner pipe of 

=1" diameter). It can be shown that at very low frequencies the error of the 

pipe is small. 
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Results 

The final result after damping (both external and internal) the pick up 

and clearing electrodes are shown in Fig ., A comparison of the 

damped and undamped (Figs. 4 and 5) clearly demonstrate the usefulness of the 

instrumentation. 
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,------" \ '1-----1. .... 

'l ___ T"d'fofV'u/ ..sec..i\d\'l~ .J 

Tapered sections 

Insertion Length 

Vv-

Fig. 1. Typical wire measurement set up. 

a) outer pipe = 3 in. diam. 
b) Length : 6 ft 
c) Inner pipe taper with triangular distribution--

seemed at the time easiest to machine (Foundations for 
Microwave Engineering, Collins, p. 239) 

a) The length of the insertion line is made equal to the 
length of the piece of equipment to be tested. 
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Fig. 2 

.1. 
I.S:T~ 

Fig. 3 



-112-

Fig. 4 

Fig. 5 
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Fig. 6 

No Load 

Fi g. 7 
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Fi g. 11 
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SSC KICKER IMPEDANCES· 

E. Colton and T. F. Wang. MS H829 

Los Alamos National Laboratory 
Los Alamos. NM 87545 

We have calculated the longitudinal and transverse complex impedances 
Z~/n and Zt. respectively. for both the SSC injection and abort kickers 
described in Reference Design Study (RDS) Appendix A. The calculations 
assumed that no attempt was made to shield the beam from the kickers. We took 
the injection and abort kickers to be as specified. l The injection 
kickers were ferrite with a single-turn design. and the abort kickers were of 
a "window-frame design" with tape wound cores. Table I lists the kicker 
characteristics relevant to the impedance calculations. The apertures for the 
injection kicker were estimated. 

TABLE I. KICKER SPECIFICATIONS 

Injection Kickers Abort Kickers 

Type C-magnet Window-frame 

Number of modules. Nk 6 9 

Length of each module. ~ 0.7 m 1.0 m 

Core Ferrite Tape Wound 

Half height. a 15 mm 27 mm 

Half width. b 20 mm 30 mm 

For a C-magnet kicker. the expressions for the complex impedance were 
obtained from Nassibian. 2 We write 

• Work performed under the auspices of the US Dept. of Energy. 
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I N IQ. 
Re(n ) = ~nK (1 - cos kQ.)F 

IQ. loNK 
(kQ. - sin kQ.)F Im(n ) = 4i1 

Re(lt) 
cloNK 

(1 - cos kQ.)F , and = 
4wb2 

Im(lt) 
cloNK 

(kQ. - sin kQ.)F = 
4wb2 

where lo is the characteristic impedance of the kicker (assume 
lo = 25 C), and the wave number k = w~ob/(loa).2 The frequency 
f = w12~ = nfr , where fr is the revolution frequency of particles. In 
the sse, fr is 3.3 kHz. The "F" factors appearing in Eqs.(1)-(4) 
describe ferrite losses at high frequency for the injection kickers; ~o is 
the permeability of free space, ~o = 4~ x 10-7 HIm. 

In the case of the abort kickers, the right-hand sides of Eqs. (1) and 
(2) must be multiplied by (x/b)2, where x is the beam displacement from 
center line. 3 For 
essentially zero. 

Nassibian has 
strictly below the 

a well-centered beam, the longitudinal impedance is 
For the calculation we merely take xfb = 0.1. 
stated 2 that the expressions in Eqs. (1)-(4) are valid 
cut-off frequency of the structure. For higher 

(1) 

(2) 

(3) 

(4) 

frequencies, one should account for ferrite losses. This has been done by G. 
Schaffer et al. 4 in an internal note for the IKOR proposal. They obtain 

(5) 
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where the skin depth s is given by 

--112 

(6) 

(7) 

and 

( B) 

In the calculations, we assume a constant permittivity £ = 11, a resistivity 
p = 103 

Q-m, and a constant relative permeability p = 100. 

The impedances are presented in Figs. 1-2 for the injection kickers and 
in Figs. 3-4 for the abort kickers. We present the data up to 100 Mhz 

4 (n = 3 x 10). For longitudinal stability, we observe IZt/nl is about 
0.04 Q for the injection kickers and about 6 x 10-4 

Q for the abort kickers. 
transverse impedance peaks at about 1.0-1.2 MQ/m. 

It should be noted that the impedances of the abort kicker were 
calculated here by using the resistivity, the relative permeability, and the 
permittivity of ferrite. If the loss factor were calculated according to the 
parameters of iron, then the impedances of the abort kicker should be lower 
than those shown. 

Referring to the RDS,1 it appears that these impedances are modest in 
comparison to those from other sources. 

The 
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Fig. 1. Z~/n vs. frequency for the injection kickers. 
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Fig. 2. Log10[Zt/r2] vs. frequency for the injection kickers. 
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Fig. 3. Z~Jn vs. frequency for the abort kickers. 
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Fig. 4. Log10[Zt/Q] vs. frequency for the abort kickers. 
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LONGITUDINAL AND TRANSVERSE COUPLING IMPEDANCES OF 
BEAM POSITION MONITORS 

1. Introduction 

R. Shafer 

Fermi National Accelerator Laboratory 
P.O. Box 500 

Batavia, Illinois 60510 

Beam position monitors by their very nature must absorb power from the 
beam. By definition, this implies the existance of the real part of a 
longitudinal coupling impedance. If the coupling impedance is frequency 
dependent, as it must be since there is no DC coupling, an imaginary 
component must also exist. Furthermore, if there is any transverse 
dependence of the coupled power, then there must also be a transverse 
coupling impedance. 

The purpose of this note is to review the properties of both 
electrostatic and stripline type beam position monitors, and in particular 
to estimate the coupling impedances of the latter. The text is divided 
into the following sections: 

2. Stripline vs. Electrostatic Pickups 
3. Signal Response of Stripline Pickups 
4. Longitudinal and Transverse Coupling Impedances 
5. Application to SSC 

2. Stripline vs. Electrostatic Pickups 

If a metallic strip is placed inside the beam vacuum chamber in such a 
position that the passing beam bunches can induce image charges on the 
inside surface, then there must also be image currents induced on the outer 
surface (facing the vacuum chamber wall). These image currents on the 
outer surface must travel at the speed of light (as required by the wave 
equation in vacuum), unlike the image charges on the inner surface which 
must travel at the beam velocity. At certain frequencies where the strip 
is a multiple of half integer wavelengths long, it is highly resonant. The 
coupling impedance increases rapidly near resonance, and the phase switches 
from inductive (below resonance) to capacitive (above resonance). For a 20 
cm strip, this would occur at harmonics of 750 MHz. 

If this strip is tied to an external circuit, currents can flow to 
drain off the induced charge on the outside surface of the strip. If the 
connection to the external circuit is not impedance matched to the strip, 
or if the connection is not made at the end of the strip, the resonances 
are only damped but not eliminated. Although all the induced charge is 
eventually drained off in any case, it only drains off immediately (i.e., 
without standing waves) if: 
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a) the impedance of the external circuit is equal to the 
characteristic impedance of the strip (as defined by the inductance 
and capacitance per unit length), and 

b) the connection is made at either one or both ends of the strip 
(i.e., not in the middle). 

If one assumes that these sharp resonances are destructive to the 
beam, and should be avoided, then the beam position monitor electrodes 
should be of the stripline design. There are many variations of the 
stripline design, but they all share the two characteristics mentioned 
above. 

3. Signal Response of Stripline Beam POSition Monitors 

The characteristics and signal response of stripline BPM's (beam 
position monitors) is reviewed elsewhere 1

• In particular, for a centfired 
bunched beam the voltage output of a single electrode is, for the m 
harmonic of the rf bunching frequency: 

V",= dTWoi.(tr) SI" (",,~,..t )e,..p [-' ..... ;~cr~J (1.IJ 
where for a typical application (Tevatron BPM's) 

e 
N 

electron charge 
# particles in a single bunch 
2n x bunching frequency 
characteristic impedance of stripline 
sub tended angle of stripline 
harmonic of bunching frequency 
length of stripline 
speed of light 
RMS bunch length 

1.6x10-19 Coul 
/,. 10+e 

3.33x10e sec- 1 

50 ohms 
120 0 

1 
20 cm 
3x1 0 1 °cm/sec 
1-2 nsec 

the above stripline BPM, with a 70 mm apertur~ was SUit~ble to commissipn 
the Tevatron with about 3x10 9 total circulating protons ,3. 

Figures 1 and 2 show the side view and end view of a typical 
two-electrode geometry stripline beam position monitor. The peak voltages 
seen at the outputs of the two striplines for a small beam centered at r o' 
90 are: 

I.{ (<u) = 'to fn :r.C ... ) oS i ... (i!!/ ) [I -t ~ ~:t\ (~ fCOH. 611).$ ', ... (¥ )] (U J 

:~( ... \: i!9~~r,( ... ) 5 ;,,( 'tJ [I of i ~I"H~ )"~o~~e..si"l,"(lI" ~)]] (l.3) 

where Io(w) is the peak beam current at frequency w. The total power output 
into a termination of impedance 10 is then 
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where ~(),~l' iot [(~)~I"~(~)+(~)St"~J ~ 
_ [(~)Sl"':]~ (3.S) 

4. Longitudinal and Transverse Coupling Impedances 

The real part of the longitudinal coupling impedance must absorb the 
power output calculated in Section 3. Specifically for P electrode pairs 

This may be solved for Re[2"(oo)], and the imaginary part of 2 (00) may be 
determined by using the KraMers-Kronig relations~: " 

i"C"') = ;l P To (~)\~ ('~..,) [SIIII" (,"..e) + 1 si .. ('+/) Col ('1;.t)jcl4 .1) 

Using oo=noo o we may write the low frequency longitudinal coupling impedance 
(for a centered beam): 

-ttl _ - -11\ 
where R is the mean ring radius. 

It is important to note that although the impedance (4.2) is inductive 
at low frequencies, it switches to capacitive when oo=TIc/21. For a 20 cm 
long electrode, this occurs at 315 Mhz. This impedance function will 
oscillate between inductive and capacitive at higher frequencies as 
determined by eqn. 4.2. 

The transverse impedance is given bys 

i~(w} = + ~ Ki )'"$ ; .. 1.(~) + (~)silll'o] ~~( .. ) ;;s ('1.'1) 

and 

-t~ (w\ = -~ [(~J'(" flo] -tl~"') ("f .~) 

Note that since the beam coupling to the electrodes decreases as the beam 
is moved vertically (for horizontal beam position monitors) the y component 
of the transverse coupling impedance is negative. Because beam position 
monitoring electrodes are traditionally placed at locations where the 
betatron amplitude functions are a maximum, the values of the ring-average 
2T may be as much as twice the canonical resistive wall value: 

("..~ ) 
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5. Application to SSC 

In the SSC, the most demanding requirements for the beam position 
monitors is in the commissioning stage where very low beam currents must be 
used in order not to quench magnets. In the case of the Tevatron, each BPM 
pickup contained two electrodes with ~=1100 and ~=20 cm. In the case of 
the SSC, it appears that both coordinates must be measured at every 
quadrupole (one per half cell) so the pickup must be a 4-electrode design. 
However, as the aperture of the SSC is smaller than the Tevatron (33 mm vs. 
70 mm) the resolution requirements, measured as a percentage of the 
aperture, are probably not as great. Hence a 4 electrode geometry with 
~0=55° and ~=20 cm will be used in the following calculations. Using Q as 
the quantity of BPM's required, the longitudinal and transverse low 
frequency coupling impedances are: 

When a 4 electrode BPM is used, one pair is at a minimum of the betatron 
amplitude function when the other is at a maximum. Hence when this 
geometry is used, the two tranverse coupling impedances are equal. 

Parameter 

Peak field B (tesla) 
Tune \) 
Radius R (meters) 
Phase advance per cell 
Aperture (2b)(mm) 
Q (tF BPMs) 
~ 0 (degrees) 
~ (cm) 
Zo (ohms) 
Z In (ohms) 
Z1: (ohms/m) 

References 

Ref. Design Ref. Design 
A B 

6.5 T 
97.76 
14,324m 
80 0 

33 
880 
55 0 

20 cm 
500 
0.057 
11.2xl06 

5 T 
115.26 
17,985m 
80 0 

33 
1037 
55 0 

20 cm 
500 
0.054 
13.2xl06 

1. R.E. Shafer, IEEE NS-32 #5, page 1933 (1985). 

Ref. Design 
C 

3 T 
121.26 
26,165m 
80 0 

25 
1096 
55 0 

20 cm 
500 
0.039 
24.2xl06 

2. R.E. Shafer and R.E. Gerig, Proc. 12th Int. Conf. on High Energy 
Accelerators, page 609 (Fermilab~ 1983). 

3. R.E. Shafer and R.C. Webber, IEEE NS-28 #3, page 2290 (1981). 

4. See Reference 1, equation 10.5. 

5. See Reference 1, equation 11.2. 
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Figure 1. Side view of stripline beam position monitor. 

'f 

Figure 2. End view of strip1ine electrode geametry 
for calculating the equations in Section 3. 
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ON SHIELDING THE BEAM FROM KICKER MAGNETS AT HIGH FREQUENCIES 

R. Sha!'er 

Fermi National Accelerator Laboratory 
P.O. aox 500 

Batavia, Illinois 60510 

1. Introduction 

Kicker magnets contain a considerable amount of ferromagnetic material 
and introduce a large coupling impedance at high frequencies if not 
properly shielded. As kicker magnets are inherently low frequency devices, 
their performance will not be affected by shielding them from the beam at 
high frequencies. Specifically for the SSC, the kicker risetimes are: 

Injection and injection abort kickers 
Main abort kicker 

10's of nsec 
~1 llsec 

This note discusses the shielding properties of thin conducting tubes 
inside the kicker magnets. It is divided into the following sections: 

2. Shielding Properties of Conducting Tubes in the Frequency Domain 
3. Shielding properties of Conducting Tubes in the Time Domain 
4. Relation to Skin Depth 
5. Application to the SSC Abort Kicker 

2. Shielding Properties of Conducting Tubes in the Frequency Domain 

If a thin conducting tube of radius a, thickness b, and volume 
resistivity p is placed with its axis perpendicular to an oscillating 
dipole magnetic field given by: 

The magnetic field inside the tube is given byl 

where 

and 
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Hence we may define a 3 db bandwidth as 

The attenuation of the dipole field inside the tube is the result of 
induced currents in the tube wall, which by necessity also produce a dipole 
moment outside the tube. For this reason, the kicker circuit impedance 
depends on the geometry and physical properties of the conducting tube. 

It is assumed that reciprocity holds. If the conducting tube 
attenuates dipole fields from penetrating into the interior volume, it also 
prevents dipole moments produced by the beam from penetrating into the 
exterior volume (i.e., the kicker circuit). The induced currents in the 
tube walls by necessity also produce dipole fields in the interior volume 
which give rise to the transverse space charge impedance. 

3. Shielding Properties of Conducting Tube in Time Domain 

Equation (2.2) may be rewritten as: 

'B, (w) = [ '-1 ~~~J 'Bo S;1Io\ wt 
, t l.U ", 

Using s=jw we can rewrite the part in brackets 

::. -- , 
11"S1.' 

If we impose a step function field at t=O 

'S(t): 0 ~ <= 0 

:: io -e ,,0 
then the Laplace transform is 

(3.1) 

(3.2J 

and the inverse transform of the product of eqns. 3.2 and 3.4 gives the 
time dependence of the field inside the tube: 

"-1-' f g ({ "B~ \ 1- e-t/'e'] 11, (t) ~ rJ... L -f I ~ s1:' ~ ~ L 
where L is given by eqn. 2.3. 
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4. Relationship to Skin Depth 

The skin depth is defined as the thickness of a conductor to attenuate 
a normally incident plane wave to 1/e of its incident amplitude 

g "I-;!w I ('i. I) 
Hence for a conducting tube with thickness b we can define the skin depth 
cutoff frequency as 

where Wc was defined in eqn. 2.5. This skin depth cutoff frequency 
represents the frequency below which the longitudinal harmonics of the 
revolution frequency can penetrate the conducting tube and interact with 
the kicker magnet. 

Using eqn. 2.5 we may rewrite 4.2 in the form 

W$< ~ 1f~" (1./.3) 
which indicates tha for a required aperture 2a and risetime T, a high 
resistivity material is preferred to minimize the coupling of the 
longitudinal harmonics. 

5. Application to the SSC Abort Kicker 

Consider a stainless steel bore tube with the following properties: 

p 72x10- e ohm-m (resistivity at 20°C) 
a 0.02 m (4 cm aperture) (5.1) b 25.4x10- 6 m (1 mil) 

then 
1:'~ o .'f~s~(.. (risetime) 

(cutoff f~equency-transverse dipole) 
teo :: c&-: 0.3' MH~ (S,l) Zll (cutoff frequency-longitudinal) 
~c. = ~c.: 'Z8o M H-\ 

'Z1f 
This has adequate risetime to be used in the sse main abort kicker. There 
are a few materials with slightly higher resistivity than stainless steel 
(e.g. nichrome, about 100x10- e ohm-m), but none with substantially higher 
resistivities that I am aware of. 
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