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IMPEDANCE ISSUES FOR THE SSC

Joseph J. Bisognano

SSC/CDG

Single-bunrch 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



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



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 Ry L4
NB(m-c) = F (1)

p Zt,reac

where Np is the number of particles/bunch and F, # 1.5 in the long

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

_ 1/2
Np(Eb) =  Npmee) (% o,0/% o) Mo/ REN P (2)
where fc = ncfo 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 fc ~ 5GHz, the bracketed factor is about 4, and

it would appear that the low frequency coupled-mode instability would



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 fc =

1.6GHz and 6.4GHz (wc = 21rfc). With the lower frequency cutoff, mode-



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
stopbé,nds. 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 70MQl/m was obtained. The coupled-mode
criterion indicates that for the Reference Designs study lattice 180MQ/m is

4

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

lattices:

60* 6T implies limit of 188 MQ/m

90°* 6T implies limit of 119 M/m

The contribution of bellows is significant. The threshold current limit can
be eased by increasing momentum spread at the expense of RF.

4 40 3.0 10% in

Assuming a 40 bucket height, an increase from 1.5 10
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 al.). 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.



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
0/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 o &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:



1) The cataloging of impedance is of necessity incomplete. Although the
goals set for the SSC 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 f-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 SSC
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 < 1/0, where o; 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 —v,; 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 < 1/0, while the off diagonal element is related to the real part
of the impedance at w ~ 1/0,. 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 ssc.!

There have been calculations which suggest that bellows can be a large source
of transverse impedance, and thus can drive transverse instabilities. * 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 1;echniques.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 [Sm(w) > w,]

Consider an impedance which is somewhat broad band and large in the neigh-
borhood of some frequency w,. The impedance should vary slowly in a frequency
range of 1/0;. Then the sufficient condition for no fast blow-up for a Gaussian

bunch is given by4’5

eII ZJ.(Wr) I,Bave <1 : (1)
4Eno.o;wy - '

where
o = Ap/p rms

I = bunch current

E = energy

n = frequency slip factor
Z, = transverse impedance

Bave = 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 INSTABILITY "

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

currents is given by

(o o]
AV _ _ieIﬂage / _pﬂwgo.e
. = 4rEv, Z, (pwo)e dp . (2)

—00

If we assume that there is sufficient resistive impedance at w < 1/0; to couple
modes 0 and —1, then the threshold typically occurs when mode O has shifted
by about v,. For long bunches, however, mode —1 moves down also with a slope
which is 1/4 of the slope for mode 0. Thus, a simple extrapolation would yield

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

threshold,
18 00
4 1:6 ave _p2w362
—_~ r . 3
3~ 4rEv, /Zi(p“m)e a (3)
—co

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

eISm[Z, (1/0,)]|Bave /T
4-7|;E'u, orwo (4)

4~
3 =

If we compare the two thresholds and note that v,0,wo = no,, we find

Iiy(Fast Blow Up)  3o0rw, Sm[Z, (1/04)] 5
Iin(Mode Coupling) 47 | Z, (wy) | ) (5)

3. Bellows Wake Fields/Impedances

The computer code TBCI’ 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) W (t), from which we get the transverse impedance Z, (w) by

oo
17, (w) = / W, (t)e“t dt . (6)

0
The code, however, solves for the wake field of a smooth finite-length bunch,
which we will denote by W, (t). W, () is simply the convolution of W, (t) with
the current distribution. If a short enough bunch length is chosen, W, is very
similar to W, . For a Gaussian current distribution with rms bunch length o,

the Fourier transform of the bunch wake Z, (w) is related to the impedance by
2, (@) = Zu(w)e™" (7

Given Z,, Eq. (7) can be used to find Z,.
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In practice Z; 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 . Another source is the Gaussian driving bunch; for wo,
large enough the Gaussian factor of Eq. (7) destroys all meaningful information
in Z,. In all examples presented here short driving bunches were used with co,
of 1 or 2 mm. The mesh size was taken to equal co;/4. For this situation mean-
ingful information appears to be limited to w/2m = 1/20; 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 Af = ¢/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 cm, 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 W, in units of V/pC/cell due to a Gaussian bunch with

cor = 1.0 mm, centered at ¢t = 0 and with its head at ¢t < 0. Note that the



-16-

wake has a maximum value of 5.6 V/pC per cell. By taking the Fast Fourier
Transform of W, and then using Eq. (7), we get the impedance Z, (See Fig. 2).
The units are in kQ2/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, f. = (¢/27)(3.83/0.0165m) ~ 11 GHz. The peak
value of Re(Z,) is about 370 1/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 Re(Z ) to the magnitude of Ym(Z, ) near
zero also appears to be about 5. (This is consistant 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/27 ~ 0.7 GHz since the
bunch length is 7 cm. Over this frequency range Sm(Z,) = —79 Q/m per cell.
If 1.2 km of bellows are needed, which corresponds to 550,000 of these cells, then
Sm(Z1) = —43 M1/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:

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 Re(Z ) 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
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in the fundamental frequency wp with a decrease in the number of cells. For the
bellows example described above wo/2r = 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

—0.55
3’;"9 =1.79 (%) . (8)

The above relation gives the TRANSVRS results to within 5% for 0.05 < A/b <
0.30 and 0.05 < p/b < 0.20. The discrepancy is largest for A/p small. We
know that this scaling cannot be valid for structures with A/p < 1, since for
these structures (assuming p/b is small) wop/c ~ n.° Sucha structure, however,

would make a poor bellows!

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

. 10
can be written as

2¢ck
WJ_N €¥i0

o sinwot exp (—— wot ) fort>0 , (9)

2Qo
where wo, ko 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 Im(Z,(0)) by

2CICJ_0

; (10)
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when 1/4Q3 is small. Furthermore, when 1/Q is small, we have
W, ~ —weSm(Z.(0)) , (11)

where W, is the maximum of W,. Neither @m(Z,(0)) nor W, depend on Q
for 1/Qo small.

The value of $m(Z,(0)) can also be approximated by

Zop 8% — 1
Sm(ZuO) = ~ZaaTT (12)

where Zo = 377 Q1 is the impedance of free space and s = 1+ A /b. With the help
of Egs. (8), (10), (11)and (12) the values of wo, ko, W, and Sm(Z,(0)) can be
approximated for most practical simple bellows. For the above example these
relations yield wo/27 = 12.2 GHz, k)¢ = 0.25 V/pC/cell, W, = 7.1 V/pC/cell
and Sm(Z,(0)) = —921/m/cell. 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 Re(Z,) 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

Qo = = _NP ’ (13)

where Uy, Py, 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 N, is the number of bellows periods. In practice for a very large number
of periods, the @ will be limited by the finite resistivity of the metal walls. For
copper, at these frequencies, the @ 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 2m¢/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 vyo = 0.4c. Therefore, for forty

cells, the above approximation yields Q¢ = 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 Q¢ 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. 1b. 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 g 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. 1b 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 co, = 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,(0)) is —2
k1/m per shielding unit. Although Re(Z,) 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 kf1/m and 1.5 kQ1/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(Z, (0)) = —8.0 MQ}/m.

Variations and Scaling:

Running the shielded bellows again (with ¢o; = 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. Sm(Z.(0)) is
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—1.1 k(1/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 ¢ as long as it is not too small. In summary, for

a shielded bellows the peak of the wake field scales as

o) (2)

where W, is the wake field per shielding unit. The value of ¥m(Z,(0)) also

follows this scaling approximately.

Fiﬁa.lly, the cell of Fig. 1d 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 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 m(Z,) at 1.5 GHz is —620{2/m, about half the value
without the washer in place. In addition, the resonance peak near 2 GHz has

been eliminated. In fact Re(Z,) 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 W" of a bunch
traversing a bellows, from which we can get the longitudinal impedance Z) 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 cor = 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 frequéncy. 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 kj|tot, the power lost

per turn is given by
P= k||tot e N2np frev ) (15)

where N is the number of particles per bunch, n; is the number of bunches and
frev is the revolution frequency. For a Gaussian bunch kj,; is given by

o0
1
k||tot == / §Re(Z||)e'_waa3 dw . (16)
0
For the simple bellows §Re(Z||) is so small over the bunch spectrum that ks, is
completely negligible. For example, at 8 GHz, where Re(Z)) begins to grow, the

exponential factor in the above equation is —w?0? = —140.
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Shielded Bellows:

For the shielded bellows with d = 5.5 mm TBCI computes kj;; = 0.010
V/pC 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 mm loses 0.9 W per shielding unit. For
the shielded, shorted bellows with d = 4.0 mm 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 %e(Z||) 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 | 8m(Z.(0)) Power
simple bellows —43.0 MQ/m 0.0 kW
shielded (d = 5.5 mm)| —8.0 M1/m 6.0 kW
shielded (d = 4.0 mm)| —-4.4MQ/m 3.6 kW
shorted (d = 4.0 mm) —2.5MQ1/m 0.0 kW

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 striplines positioned at 45°
from the median plane so as not to intercept synchrotron radiation. The z 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

16 P Zycsin’(¢o/2)

Z) (w) = T [sin®(we/c) + isin(wl/c) cos(wt/c)] (17)

where

P = 880 = the number of pickups
Zp = 500 = pickup impedance

b =1.65cm = chamber radius

£ = 20cm = length of pickup

¢o = 55° = angle subtended by one stripline .
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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 = 1/0, contributes to the
frequency shift of mode 0. In addition, however, there is a sizable contribution
from the resistive impedance at w =~ 1/0, 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
calculation 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 Bave 230 m
Energy Spread oE 1.5 X 107 4E
Bunch Length o 7 cm

Freq. Slip Factor n 1.8 x 1074
Synchrotron Tune Vs 6.0 x 1073
Protons per Bunch N 1.45 x 1010
Number of Bunches ny 9000
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In Fig. 8 we show the results which include the BPM’S and simple bellows.
Mode O moves linearly and collides with mode —1 at about 27 uA 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 £A; however, this should not be taken seriously. In
order to calculate the mode coupling accurately past 50 pA (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 uA. Thus, at least mode —4 and perhaps mode —5 must be included
to calculate further. The growth rate of the instability is quite small (~ 0.04v,)

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

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 4 A in Fig. 9 to about 123 uA 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 @ 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 uA
shielded (d = 5.5 mm) 76 A
shielded (d = 4.0 mm) 96 uA
shorted (d = 4.0 mm) 123 uA

GHz and also include the small contribution of the pickups at that frequency,
we find a ‘threshold’ of 40 uA. 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 zA. In particular,

the stability in Fig. 8 above 50 A is probably false.

Oﬁ 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 uA. 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 SSC

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

For the SSC we include feedback with sufficient power to shift the coherent
tune by v, or to yield a damping rate of iv,. 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 SSC 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 uA for the single bunch current. The parameters for the SSC in Table 2
call for a single bunch current of 7.2 uA. 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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(Depth d = 4.0 mm)
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Batavia, IL 60510
July 1985
INTRODUCTION
Between sections of the vacuum chamber, bellows are
needed to compensate for thermal expansion and transverse
offsets. For beampipe made of stainless steel with a

6/OC and a temperature

coefficient of linear expansion 19x10
variation of ~316°C, the allowance for bellows is ~1.2% of
the total length of the beampipe, 1if we assume that the
bellows are 50% compressiblel. This implies 1.08 km of
bellows for Design A of the S5C which has a circumference of

90 km, 5Such 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
hbeam. In the Reference Designsz, the actual impedances of
the bellows have not been calculated; only an allowance of
Zl‘/n = 0.05 & and %L = 7 MQ/m is made for miscellaneous
discontinuities because all the bellows and pumping ports
are assumed totally shielded. It 1is 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 29 = 3 mm, depth <
= 4,875 mm as shown 1in Figure 1; the beampipe radius is
taken to be b = 1.5 cm.

The code TCBI3 solves directly Maxwell’'s equations in
the time domain and calculate the wake potential ﬁ(t) of a

Gaussian bunch with RMS length 9, and one unit of charge,
A
w) = ( dr 9(z)W(t-1) (1

where W is the wake potential due to a point charge and q(T)
the charge distribution of the bunch which, in reality, is a
truncated Gaussian (in our computation we truncated it at

tS% ). A Fourier transformation of Eg. (1) gives us ﬁ(m)
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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

- t(wgr)?

Zw) = Zwe (2)
In doing the Fourier transform, care must be taken to set
the time coordinate correctly so that ﬁ(O) represents the
wake at the center of the bunch. In our computation, we
truncated the wake ﬁ(t) 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 fregquencies will not be smeared away
according to Eg. (2). We took 9, = 1.5 mm so that the
impedance would be attenuated to B80% at 21 GHz, 50% at 37.5
GHz and 5% at 78 GHz. The mesh was taken to be 0.375 mm so
that there would be four 1inside each corrugation. Further
reduction Of(% is not possible unless the mesh size is
reduced also. We had tried to reduce the mesh size by hailf;
not many changes 1in the results were observed but the

computing time was increased by several times.
We ran TBCI 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 Figqures 2 to 7.
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IMPEDANCES AT LOW FREQUENCIES
When the frequency f approaches zero, from Figures 4
and 7, the longitudinal and transverse impedances for one

corrugation are respectively

Zy = jos3zxwf N, (3)

j0-19 kQ/m . (4)

ZL

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 R/d where R 1is the radius of the
accelerator ring and d = b+t 1s the bigger radius of the

bellows. The longitudinal4 and transverse5 impedances are

Z" = j(g%'_gfnS))c 5 (5)
zZ, = iz (F)eT) (6)

with 85 = d/b and f the frequency in Hz. These give ZH =

J0.53x10°° f @ and 2, = 3§219 Q/m. Eguation (5) is valid

1
when g/b<{{(7 which is certainly satisfied. Equation (6) is
valid when q/b<<ﬂ2/32 and is not so well satisfied. A more
accurate numerical calculation5 shows that Zl.= j198 Q/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 Figure 6
are similar 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
fcutoff = 2.405c/2%b = 7.655 GHz. The loss factor k =
str/4Q can be calculated. Here Ré is the shunt impedance,
w . is the resonance circular frequency, and Q the quality

r
factor. We find k = 1.1x109 volt/coulomb for each

1

corrugation, which is5 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 1loss factor 1is directly proportional to the
pillbox width g, which explains why kl is so small. The
broad rescnance near 13 GHz 1s above cutoff so its loss
factor is not governed by the same formula. For the dipole
mode, the cutoff frequency 1is 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 RM3 bunch length of Design A 1is 7 c¢m, 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 qz = 7 c¢m, the bunch
handwidth is ~1 GHz. Thus the impedances of the bellows are
of broad band and will therefore drive the single-bunch
instabilities. 1In the Reference Designsz, the most severe
limitation on beam current 1is '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 u
2

= 0, the limit on Z, is

1

21. < 4/7"]?;/8)("/5) (7)

where

£ - X f o Zleye O 4, (8)

-4

for a Gaussian bunch. In above, n = 1.3x10 is the

frequency-slip factor, op/E = I.leo-_4 the RMS energy spread

at injection energy E = 1 TeV, B = 150 m the average
hbetatron function and T = 7.7 uA the average single-bunch

current. We get for the threshold 2, =120 Mi}/m. For 10.8

L

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 %L.= 68 MQ/m. If a 100% safety

factor is included, the bellow contribution alone will be
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higher than the threshold. We note that for the whole
machine, the estimate2 of Z| is only 47 MO/m.

The next dangerous instability 1is 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 1length. The
impedance limit6 for a broad band at f ~13 GHz is

|2, < ﬂ@l@/i_);q/e)(m?f/c) = /28] MQfm . (9)

This limit will be very much lower if the traditional cutoff

frequency is used for f instead. Figures 6 and 7, |2

1

a maximum of 3.8 kQ/m for 5 corrugations or 274 MQ for

| has

360,000 corrugations which is dangerously to high.
As for longitudinal microwave instability7, the limit

on Z' /n is

[

| 2,/n| < YT (EeXGR)E/E) _ 470 . (10)

I

From Figures 3 and 4, we get, at ~13 GHz, !Zi /nf = 2.3 &

|
for all the corrugations 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 uw = 1 1is shifted most, the

stability limit for 2, /n is given by’

In Z1/n < BRIERNFEI(BR) | ;) (1)
. .
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The hellow contribution from Fiqure 4 is 0.64 O which is

very much lower than the above limit.

DISCUSSIONS

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, transverse microwave, and 1longitudinal
microwave instabilities. Therefore, the corrugations
must Dbe shielded in some way to preserve Dbeam
stability.

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,l the imaginary parts of the
transverse impedance per corrugation are respectively
0.198, 0.190, 0.186 and 0.185 kf/m when 1, 3, 5 and 9
corrugations are considered. For this reason, we
believe that our estimates for 360,000 corrugations
night have been slightly too high but nevertheless of

the correct order of magnitude.
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IMPEDANCES OF THE SHIELDED BELLOWS
IN THE 38C AND THE EFFECTS ON BEAM STABILITY
King Yuen Ng
Fermi National Accelerator Laboratory*
P.0. Box 500
Batavia, IL 60510
July 1985
INTRODUCTION
The 1.08 km of bellows in Design A of the SSC* will
contribute to single-bunch instabilities:?
1. transverse mode-coupling
bellow contribution ZL = 68 MQ/m,
allowance for stability EL < 120 MQ/m,
2. ‘transverse microwave (for broad band at 13 GHz)

eliow contribution }Z!{ = 274 MQ/m,

4ilowance for stability (Z,| ¢ 1287 MQ/m,
3. longitudinal microwave

bellow contribution iZil/nl = 2.3 48,

allowance for stability 1Zi|/n| < 4.7 Q.

In above, we have assumed an average single-bunch current 1

1}

= 7.7 uA, RMS energy spread op/E 1.5x107% 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 fuﬁction B = 150 m, and fregquency-slip factor n =
1.3x10°%. In order to support a stable bunch beam of the
designed 1intensity, the bellow corrugations must be
shielded. This shielding also needs itself to have low
enough impedances. A suggestion 1is to wuse two circular
tubes each of thickness 2 mm as shown in Figure 1. The
separation between the tubes is 2 mm;rinside 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 1s 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 TBCI3 is used to calculate the wake potentials of a
Gaussian bunch with RMS length 9 and truncated at *50 . A
Fourier transformation of the wake potential will give us
é(w), the effective impedance seen Dby the bunch, which is

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

by

By = Zwwye TN (1)



-63-

We truncated the wake potential at 30 c¢cm so that the
impedance would have a resolution of 0.5 GHz. A bunch
length of o, = 2.5 mm was wused so that the impedance Z was
attenuated to 5% at ~48 GHz. The mesh was taken to be 0.5
mm 30 that there would Dbe 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 betwecen the two shielding tubes. But the effect of the
gap does show wp in Figure 3 by contributing 6.67 Q (instead
of zera) at low freguencies and a broad resonance near 48
GHz. This .67 O can be understood by the fact that
electromagnetic energy 1s 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 c¢cm,
connected in parallel to the Dbeampipe. Thus the impedance
is just ZC = (Zo/zw)ln(1.9/l.7) = 6.67 £, the characteristic

impedance of the transmission line.
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At low fregquencies, the cavity of length g 10 cm and
radius d formed by closing the gap between the shielding
tubes can also Dbe considered as a transmission line
connected in series with the beampipe which is of radius b.

The impedance4 at frequency f is
Z/f = jEBL L, (2)

where the effective attenuated cavity 1length o is related

to the true length g by

) oy y ‘
%/ = (1-e9)(rg) " (3)
with the attenuation constant v = 2.405/d. With b = 1.5 cm
and d = 1.9 cm, we get Z,, = 2.35x107%fQ in agreement with
the 1initial slope 1in Figure 3. This cavity gives a

reaonance at 6.2 GHz, which 1is also seen in the plot. We
want to point out that what we have described so far are
independent of the 1length g since g>>b and the overlap
length of the shielding tubes 1s also >>b. At higher
frequencies, the plots exhibit a broad bhand from 12 to 25
GHz which 1s 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)

1f we Consider the 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 1length is equal to the
circumference of the line. The imaginary part of the
tranaverse impedance starts from ~1.35 kf/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 dependeht on the length of the
“closed" cavity g or the 1length of the overlap of the
shieldings. 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 él that contributes

to the Lranusverse mode-coupling instability is given by

la

A= [ ey e Ty, (4)

3

For a RMS bunch length 0 = 7 cm, our computation yields for

5000 bellows Zl ~ 5000x1.35 = 6.75 MQ/m which is 10 times

amaller than the unshielded Dbellows and will not lead not
mode-coupling instability.

For the transverse microwave, we have from our results
tZLi = 5000x2.4 = 12 MA/m 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
Z|| ~ 35 d\at f =15 GHz. For 5000 bellows this yilelds Z“/n
20,039 O which is about 60 times smaller than the unshielded
bellows.

For the 1longitudinal mode-coupling, the total bellow
contribution to Imz|!/n is ~0.039 & which is about 16 times
smaller than the unshielded bellowsz.

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 interested in the stability of a single bunch
which has‘a RM3 bunch length oi = 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
iong enough for our purpose. However, one may think that,
since the overlap length of the shieldings 1is 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 tiruncated at 30 cm. With this in mind, we
compute the longitudinal wake up to 110 cm. The result is
shown in Figure 2, which exhibits, as expected due to the

reflected waves, a big eruption around (60+5x0.5) cm, where
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0.5 cm 1is the RMS 1length 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 transverse 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 Egq. (4),
the different impedances will 1lead 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
aingle-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.

REFERENCES
1. Report of the Reference Designs Study Group on the
Superconducting Super Collider, May 8, 1584
2. J. Bisognano and K.Y. Ng, this workshop
3. T. Weiland, DESY 82-015, 1982
4. L. Vos, CERN SPS/DI-MST/Note/B84-2
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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.0. Box 500
Batavia, IL 60510
July 1985

INTRODUCTION

Inside a kicker magnet, metallic beampipe cannot be
used because it will screen off the rapid rising of the
kickers’'s magnetic field. When a ceramic beampipe is 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 builldup. 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 field generated by this transient
current 1is ;prong enough to upset the designed risetime of

the kicker.

*Operated by the Universities Research Association, Inc.,

under contract with the U.S. Department of Energy.



-80-

The magnetic field inside the ceramic beampipe is
affected by the metallic coating in two ways. Firstly,
there 1s the "shielding effect". Even when the kicker’s
magnetic field rises abruptly as step function, the field
inside the beampipe has a nonzero risetime

T, = %‘}A, (1.1)

where b 13 the radius of the beampipe, A the thickness of
the metallic coating, p the resistivity of the coating and u
= 4ﬂX10~7 henry/m is the magnetic permeability. Here, the
azimuthal electric field and the radial magnetic field are

agsumed to be continuous across the coating. If we take A
1 mil, b = 1.5 cm, p = 1.7x10"° ohm-m for copper, we get T
= 14 usec or wc/2n = 1/2ﬂTC = 11 kHz. Thus, this is a low-
frequency effect. The "shielding effect" has been
considered in detail by Shaferl and will not be included in
this article. ‘

The aecond 1s the "skin-depth" effect. Here the
flields “diffuse” from one side of the coating to the other.
(The term “"diffusion" 1s 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

pa’
Z; = 2p )
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At the characteristic angular frequency wg = 1/18, the
fields will be attenuated by a factor of e_1 across the
coating. Comparing Egs. (1.1) and (1.2), we find TS/TC =
A/b. Thus the “skin-depth" effect occurs at a fregquency
much higher than that of the "shielding" effect. For a l
mil coating with the same p, ws/2w = 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 A
at the top and bottom walls as shown in Figure 1. The
magnetic field generated by the kicker perpendicular to the

coating is

B.(t) = B, (1-e™)put), (2.1)

where 1T is the risetime of the kicker. This can be Fourier

transformed into

- B,-,, (t) = j dw B,.n(w)ejwt , (2.2)
-®
with
w
B, (w) = - £ (w_)gxz)_jwr), (2.3)
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where w_ = 1/t 18 the characteristic angular fregquency of
the kicker and € is a positive infinitesimal number. The
position of the pole near w = 0 has been carefully chosen so
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 E,
electric field E is also present. Inside the metallic

coating, the corresponding Fourier components satisfy the

Maxwell equations

U«B = Fo‘E + jweHE,

—p —

VxE = - joB, (2.4)

where ¢ 1s the electric permitivity of the coating which we
agsume to be approximately the value at vacuum. The
frequency of B and E for the kicker will be at most ~W,. /27
as a result, the displacement current can be neglected for

most metal. Eliminating E, one gets the familiar equation,
vg = jw/.c.&rg. (2.5)

The component of ﬁ'perpendicular to the coating is
continuous at both surfaces. Thus, after penetrating a

thickness A, the emerging perpendicular magnetic field is

B @) = B,(w e'(“j)""*"t’, (2.6)
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where Ty 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 1s therefore

g - (eNINT  Gwot
Bty = -8 do, & _ e’ . (2.7)
ol Vo o (wW-i5)(w-juwr)
When Bout(t)/Bo 13 viewed as a function of t/t, the only
parameter is
a= (%/2)f (2.8)

When t<0, simple contour integration gives Bdut(t) = 0 as
expected. (See Appendix for detail.) When t>0, because of
the existence of a branch point at w = 0, contour
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 T but at difference coating
thicknesses can be read off directly. For example, with A =
1 mil and T = 50 ns, 1.e., a = 0.69, the effective risetime
Cthe time for the field to increase to (1-1/e) of 1its
maximum valuel 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 1s still ~2.5 t. 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/t, as the time variable in Eq.(2.7) and take

a™l = ('t/’!:s)ll2 as the parameter. This is plotted in Figur

3. We see that even when the kicker has zero risetime ::1-1
0, the field inside the coated beampipe has an effective

risetime of ~4.5 Tg-

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

E(xt) = - x 3 B.(¢t),

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

coating surface is used, therefore

- t/z

Ej(xt)= - ZBe " 0).

Thus the current induced in one half of the coating is
Y 2
)~ [ B E(xt)dn

w?4 B e-l‘/z

where 2W 13 the width of the coating. Taking W = 1.5 cm, B

0.5 Tesla, p = 1.7x10°8 ohm-m for copper, T = 50 ns and

e

@) » (3.3)

o
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A =1 mll, this current is ~1.7x106 amp when t<{<{t. The

total energy dissipated in a unit length of coating (two
halves) is

2
g = %B_, = 4200 )'oué://ﬂ- (3.4)

This leads to a rise in temperature of

7

__wWiBr .
aT = /2TpdsH - /7{006

where 4~9 gm/cm3 and 3 = 0.092 are the density and specific
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

~ B y 2E,4 dx

back AT d xp

= AEWBo e-f/'t
et ?

(3.5)
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which comes out to be ~180 B0 at t<{{(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 Tt = 50 ns. A coating of 1 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{({(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 teméerature becomes ~32°C 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
(>w /27 = 360 MHz) but block the flow of the eddy current
which is of frequencies <wT/2w (= 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

. . -ﬁﬂ. " 3 wt QJZ’;«J Jwt
CHORES SR Y onr oy ¢

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 1s characterized by the physical condition
that the integrand decreases as the coating thickness

A(~JTS) increases; i.e.,

Vet — - ()Y

The same physical condition also applies when w is real and

negative; i.e.,

UVLw —* -(/-_)‘)'Vz}/w’
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and is below the cut. The path of integration of Egq. (A.1l)
is shown in Figure 4. The pole-part of the integrand gives
poles at JE and jwc in the upper halves of both sheets.
Therefore, when t<0, we complete the path of integration in
the lower half of the physical sheet and get B, . (t<0) = 0.
When t>0, 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:
(1) along a semicircle of radius n in the lower half-plane
to bypass the pole at the origin and (ii) from -« to -n
below the cut and then from n to =, Finally we let n-0.

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

QU
2B.f . WL [ Cosau -
B(t)- St /+a4 {Sm 2 (-ﬁ——u —as:mw,)
2
f( Sinau aca:a,a.)} ) (A.2)
where a = (15/1)1/2. Numerical integration then leads to

the curves in Figure 2.

Equation (A.2) can also be written as

Bz(é) = 23‘]; ,—-;—a—;-:‘—z{Sl‘h %( Cﬂi“ - 4-24(, Fiha)
+ ws%(—‘“—i—“—‘- + d’facasu)}: (A.3)

which gives the curves in Figure 3.
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The transient electric field is given by Eq. (3.1).
Using Egq. (A.2), we get

Ey(f = --‘z—%ﬁ”f:a y —('—('-z{eos!‘%é‘(—c”Ta-‘- a‘/hcza)

[+u4 T

W3 Smad

where a = 0 denotes the field on the top of the coating and
a0 the field inside or on the bottom of the coating. For t

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

= 0+ we get
-
@'*{ 8,/ Q=0

o a>o.,
Care must be exercised in the evaluation of Eq. (A.4)
because the sin uzt/T term gives nonzero contribution with
opposite signs when t = Ot. Equation (A.S5) 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 Tt = 0, we get with the aid of Egq. (A.3),
fi _ { B, =0

o >0

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

Maxwell equations. Both Bz and EY satisfy Egq. (2.5), which

in the time domain reads

2 . 2 .
%EL':;:F"'Es’ 25%=F‘°'Bz°
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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 # 0. Thus no matter how small z is, the
fields there always start from zero.
REFERENCE
1. R. 8hafer, "On Shielding the Beam from Kicker Magnets
at High Frequencies", this workshop. R. Shafer,
Fermilab report TM-991.
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Magnet and beampipe configuration
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Impedance Measurement Group Report

J. Simpson, Sal Giordiﬁo, Fred Voelker,
Jim Hinkson, and George Spalek

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.

Questidéns and issues were first identified as potential topics for

discussion., These included:

1) VWhat can be done with "wires" regarding-
a) Useful frequency range
b) LongitudinaI-XE.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.

Measurement 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 c?t off -- when X = 2 wr, For 1.5 cm radius this is about 3 HGZ.
Measurements 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 @ on a 200 Q wire transmission line, For a half cm
displacement of the wires this corresponds to a transverse impedance of 100
/m. It isn't clear whether perturbations caused by the wires (or probes)
will be greater than this,

For le (longitudinal), absolute values of ~ +5% are resasonable.
Differential sensitivity 1s somewhat better,

Transverse impedance is more difficult to measure, and the group had
little experience‘yith‘?t: Aﬁproposal was made by’Voelker that one might be .
able to use wire excitation plus ; small "probe" to obtain information of |

J9E 9E
3;5 . The transverse gradient of E,» 3;3 s 1s a measure of the transverse

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

oE
<= measured by a suitable electric field probe moved transversely along a

ax
radius. This approach may be very model sensitive (multi-mode effects, etc)
Preliminary measurements with a two 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 significantlf 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. Models of
impedance sources must be developed to permit estimates of the usefulness of

this method.

Impedance Source Models

Quite some time was ‘speut iu our groun diecwssing possiﬁle models for
transverse impeaance producluy geometry. 1o avoid embarrassment 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:

%l (Low freq) 100 9/m/convolution

fe 15 GHZ

Q 6
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Sensitivity of Beam Method (Transverse)

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

For L R
TLL(J-——V‘\N—-—Q

G
11

»n

N S|=u
+ | +
i moln

Zy(s) =
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For Low Q systems Z .. = QR.

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

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

R

-t

L-IZ(s) = qube 2L (Q cosabt + sin wbt)

R

if q =5 x 1079 ¢ (charge in driver pulse)

=27 x 15 x 107 Hz

s
i

e
i

100 &

o
i1
(=]

then

IL712(s) |, = oy = 286 KeV/m

For a 1 cm offset of the driver, this is 2.9 KeV, © i of witness is

2.9
—]-3- = 0.2 mrad.

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 leln measurements, let's assume the
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following:

h
[

2.5KH

h
113

15 GHz

=
R

=~ 15 x 10%/2.5 x 10> = 6 x 10°

If there are 10% such "bellows" in the SSC, each than would contribute
6 x 10°/10% = 6009, 1f ewach is modeled by the circuit above, R = 1002, and

the resulting energy kick available from a change of q = 5 x 109¢C would be
AE = quresQ = 28 KeV.

This is several times the resolutidﬁ 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 .50 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
B would impose additional contraints on the length of test objects but for
many experiments would not introduce serious problems.
Summa ry

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 probléms.
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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=1.0, 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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Fig. 1. Long wake, beam on center, o = 2 mm.
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Fig. 2. Pipe radius = 1.5 cm; 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
\/t: A;EL (where Vv-is the reference voltage and Vo is the test line

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 theﬂpower splitter must be of equal length as are the two

output coaxial lines.

Once the system has been balanced (as abo;e) the insertion section is
removed and replaced with the particular piece qf equipment to be tested.
Figs. 4 and 5 show the amplitude and phase of V?%for a pick up and clearihg
electrode system (with no damping). It can be shown that the longitudinal

impedance is given by
l
Z-2z.(~ 1)

where Z, 1s the characteristic impedance of the insertion section (in our
case, for the(pd12" wire, Z,=340Q).

(Please note that Figs. U4 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 ac furacx of the,s stem we look
wheve e ve i Taq V (an dp) 15 ploTed 3§ 3¥vmetion

at Figs. 8 q andl@ﬂ Depending on the network analyzer' used, if we take an

absolute accuracy of .01db, we see that at low impedances (10Q) 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 w@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 50Q 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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length of the piece of equipment to be tested.
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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
Zan 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.1 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 1lists 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, 2 0.7 m 1.0m
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.? We write

* Work performed under the auspices of the US Dept. of Energy.
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z ZN
2y _ 0K (- (1)
Re(n ) = an Q1 cos kQ)F .
z ZN
2y . 0K - S (2)
Im(n ) = an (k% - sin kQ)F .
cZoNK
Re(Zt) = 5 (1 - cos kLF , and (3
4wb
cZoNK
Im(Z,) = (k2 - sin kQ)F R 4
t 2
4ub

where Zo is the characteristic impedance of the kicker (assume

ZO = 25 Q), and the wave number k = wpob/(Zoa).f The frequency

f = w/2w = nfr, where fr is the revolution frequency of particles. In

the SSC, fr is 3.3 kHz. The "F" factors appearing in Egs.(1)-(4)
describe ferrite losses at high frequency for the injection kickers; Mo is
the permeability of free space, By = 4T X 1077 Him.

In the case of the abort kickers, the right-hand sides of Egqs. (1) and
(2) must be multiplied by (x/b)2, where x is the beam displacement from
center line.? For a well-centered beam, the longitudinal impedance is
essentially zero. For the calculation we merely take x/b = 0.1.

Nassibian has stated? that the expressions in Egqs. (1)-(4) are valid
strictly below the cut-off frequency of the structure. For higher
frequencies, one should account for ferrite losses. This has been done by G.
Schaffer et al.® in an internal note for the IKOR proposal. They obtain

R, \2
. e-2a/s/<] ) §E> , (5)
A
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where the skin depth s is given by

1/2 Czu 21/2 -1/2

s = Q(g—) 1 + = -1

W el wpe ’ (5)

a

R, = ——
A u, b2 ' (7)
and

_a+bh
F quS! (8)

In the calculations, we assume a constant permittivity € = 11, a resistivity
p= 103 Q-m, and a constant relative permeability u = 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
(n=3x 104). For longitudinal stability, we observe IZ!/nI is about
0.04 @ for the injection kickers and about 6 x 10_4 Q for the abort kickers. The
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.
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LONGITUDINAL AND TRANSVERSE COUPLING IMPEDANCES OF
BEAM POSITION MONITORS

R. Shafer
Fermi National Accelerator Laboratory
P.O. Box 500
Batavia, Illinois 60510

1. Introduction

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
em 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!. In particular, for a cen%ﬁred
bunched beam the voltage output of a single electrode is, for the m
harmonic of the rf bunching frequency:

Vo= .eﬂ_in(-‘-‘v)s,“(__“ieé e,gf,[ LCh O'J (3.1)

where for a typical application (Tevatron BPM's)

e electron charge 1.6x1071° Coul
N # particles in a single bunch 7 10%e

W, 27 x bunching frequency 3.33x10°® sec !
Z, characteristic impedance of stripline 50 ohms

4, subtended angle of stripline 120°

m harmonic of bunching frequency 1

L length of stripline 20 cm

c speed of light 3x10!'°cm/sec

o RMS bunch length 1-2 nsec

the above stripline BPM, with a 70 mm aperture, was suitsb%e to commission
the Tevatron with about 3x10° total circulating protons<’

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 Pos
6, are:

(o) - Boaele) g, () [mi-L(h cosneysin(ts)] (3.2

and
V() —9-%-9-(-‘")5.“( )[H_“lzi(“ cos g, s fu(m &)] [ (3.3)

where I,(w) is the peak beam current at frequency w. The total power output
into a termination of impedance @, is then

Py s L (R ]- 2 ($) Gl s () Tee) (34
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where G("l“l) 1-1- [<¢)S| (#‘ +(¢.)Slh$f°]
[<¢‘)sw~ yf,]-ai (3.5)

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

{Qe [2..(«:)] I,l(w\ = ? Zo ( %)‘LG ¢ ’X, ) S‘lu‘L ( c,&c._g ) Ig. (w) ( 4.1

This may be solved for RelZy(w)], and the 1mag1nary part of Z (w) may be
determined by using the Kraffers-Kronig relations*

L (w): 2P 2,,(,%) & (xy) [sw\‘ (w2)+ 4sin(f )co;('ec:e\] (4.2)

Using w=nw, we may write the low frequency longitudinal coupling impedance
(for a centered beam):

)
%‘_‘_: 2?2.({%) -3 chwms (Q?a)

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 w=mc/2%. For a 20 cm
long electrode, this occurs at 375 Mhz. This impedance function will
oscillate between inductive and capacitive at higher frequencies as
determined by eqn. 4.2.

The transverse impedance is given by?®

2, (w) = S(M (¢ ) (‘l S(h¢ ] 2“('#) ekuu (L[ H)
and

o R

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
ZT may be as much as twice the canonical resistive wall value:

Fulw) = 2y (w) = Zylw) = 35‘:— _iu;(\ﬁ'_) ohius (#.6)

“m
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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 ¢=110° and 2=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 Ud-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 U4 electrode geometry with
¢,=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:

2
i%? = L*G?:ao<f§§?) '%%T S0
T

Z = -%;(%)sm"(%) %1'= _%%_ 2oL s (?{") &)

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 Ref. Design Ref. Design Ref. Design
A B C

Peak field B (tesla) 6.5 T 57T 3T

Tune v 97.76 115.26 121.26

Radius R (meters) 14,324m 17,985m 26,165m

Phase advance per cell 80° 80° 80°

Aperture (2b)(mm) 33 33 25

Q (# BPMs) 880 1037 1096

¢, (degrees) 55° 550 55°

% (cm) 20 cm 20 cm 20 cm

Z, (ohms) 509 500 509

Z /n (ohms) ~0.057 0.054 0.039

ZT (ohms/m) 11.2x10¢ 13.2x10°¢ 24.2x10¢°
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ON SHIELDING THE BEAM FROM KICKER MAGNETS AT HIGH FREQUENCIES

R. Shafer
Fermi National Accelerator Laboratory
P.0. Box 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 10's of nsec
Main abort kicker , 21 usec

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:

Blw): B, sinwt (2-1)

The magnetic field inside the tube is given by!

B, (w) = (H;E%l"\q" sin (Wi -€) (2-3)
where
- OQL .
T = 7%—(5— (2.3)
and

€= Yau' (w?) (2.4)
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Hence we may define a 3 db bandwidth as

l 2
(+wl?) = V2 o W L ‘,T‘DT.a (2-6)

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:

Bi(w) = [ — sz]B Stn Wt (3.1)

Using s=jw we can rewrite the part in brackets

e < -
:11 P ‘(-ssget : l+‘5‘t' (3.2)
If we impose a step function field at t=0
Bw=o t<o
= B t o (3-3)

then the Laplace transform is

B sy ?" (3.4)

and the inverse transform of the product of eqns. 3.2 and 3.4 gives the
time dependence of the field inside the tube:

B.@®): {3‘-’ Hw% RjI-e%] G

where 1 is given by eqn.
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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

S:/.}ZTE;_“ (4.1)

Hence for a conducting tube with thickness b we can define the skin depth
cutoff frequency as

Wy —2be s G (4-2)

where w_ 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 egn. 2.5 we may rewrite 4.2 in the'form
T
W, = Me%_ (4.3)
3¢ 2 1,1,
which indicates that for a required aperture 2a and risetime 1, 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® ohm-m (resistivity at 20°C)

a=20.02m _ (4 cm aperture) (é; )

b = 25.4x107¢ m (1 mil) 3

then
Y= o0.H4 ysec Erisetime) |
cutoff frequency-transverse dipole

£z %eo0.36 MHR (5.2)

Zn (cutoff frequency-longitudinal) )

—m

s Wse, o
This has adequate risetime to be used in the SSC main abort kicker. There
are a few materials with slightly higher resistivity than stainless steel
(e.g. nichrome, about 100x107°® ohm-m), but none with substantially higher
resistivities that I am aware of.
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