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l. Simple description of the RDS 

For a beam tube that is many skin depths thick, the elementary treatment 

of surface impedance2 yields 

1-i .,,s z "' - = - z (1-1) s c.S 2c o 

where & = Y2/µ 0""" is the skin depth, Z0 ~'fµ0/c0 = 377 ohms is the 

impedance of free space, and c = 1/ ~µ0c 0 is the speed of light. [Note 

that, while SI units are used, the phase of Z
5 

is given in the physicist's 

convention. Electrical engineers. please substitute i ~ - j!]. With w = 

nc/R, one obtains the longitudinal impedance, divided by n, at frequency " = 

n .. 
0 

= nc/2..rR: 

{2) 

{3) 

This is the corrected form of RDS Eq. (4.3.2). The numerical values of RDS 

Table 4.3-1 are based on Eqs. (3) and (1), with the skin depth computed with a 

4K, B = t>T resistivity of p = .,-l = 5x10-lO 0- m. 

2. Surface impedance 'for a two-layer beam pipe 

With the assumpt'lon that the total thickness t = t 1 + t 2 is small 

compared to the radius b, tile geometry may be approximated by two adjacent 

slabs. The standard treatment2 can be generalized directly. The displace­

ment current can be ignored for frequencies whose free space wavelengths 

satisfy the inequality, A.>> 2'1f;>IZ
0

, where pis the a-c resistivity. (For A. 

> 1 mm, the condition holds for all but the poorest conductors). Within the 

two layers, the magnetic field is generally much larger than the electric, by 

a factor of the order of 4'1fo&/c (Gaussian units) or atZ
0 

(SI units). 
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Outside the beam pipe, the fields are required to be those of radiation 

electromagnetic fields in free space, with equal magnitudes of E and H 

(Gaussian units). The impedance mismatch at the outer surface of the pipe 

forces the magnetic field in the outer layer to vanish at that surface, 

regardless of the dimensions relative to the skin depth. The corrections are 

of order the reciprocal of atZ
0

•
3 With this approximation, there are no 

fields outside the pipe and the boundary value of the tangential electric 

field at the inner surface of the beam pipe is determined in terms of the 

tangential magnetic field there in a straightforward manner. 

It i~ convenient to write the surface impedance as Eq. (2) times a 

correction factor \ : 

..,&1 
= - z (l-i)\ 2c o (4) 

The magnitude and phase of {give the departures from the simple model of the 

RDS for z11 and Z..L. The result for \ is 

( 5) 

where 

(6) 

Various familiar results emerge by taking appropriate limits: 
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( + O and C becomes the given by ICY. Ng 

= 0 

1 t occurs for 

as occurs for a tube of thickness t 1 and conductivity a
1 

with current 

stributed th1rou1gfu)1.1t its cross section. 

= g1 (1+z2)~ . 
( a 1-z 

2 1 
s ~s the same as (c) with 1 + 2, the factor 1 ailaz being necessary to 

convert 1/a1 + 11a2&2 in Eq. (4). 

Numerical results 

For reference, we ve some numerical valves for skin depths at low 

temperatures at fundamental frequency 

circumference (v
0 

= 3612 Hz). 

Values of ll in mm at " "' "o: 

Materia 1 

Copper (RRR = 30) 

Aluminum (hard} 

{RRR • 400) 

Stai steel 

Resistivity < 0 -111> 

5 x 11f 
10 

4 x 10-9 

8 x 10-H 

5 x 10-1 

4 

a SSC 

ll(mm) 

0.1 

0.530 

0.075 

5 

83 km 



To stale to other values of circumference, resistivity, or frequency note that 

& a (Rp/n) 112• it is clear that at frequencies associated with the bunch 

spacing and size the standard result(\= 1) holds. Only for n = 0(1) is 

there a question of corrections. 

The correction factor ~is shown in Fig. 1 for a sfogle-1ayer beam pioe. 

The magnitude and phase are plotted as a function of ti&. It is significant 

that I~ I departs less that 25~ from unity for t/o > 0.6 and its phase is 

negligible for t/o > 1.2. The beam pipe does not need to be thick compared to 

the skin depth for the simple result (2) to apply. 

fiQt:re 2 d1splays the correction factor in magnitude and phas1: as a 

function of t 11i1 (properties of the inner layer) for several values of 

c2tc1 and t 21&1 • For small c2tc1, (is independent of t 2to1, except for 

extremely small values of t 1ti1• for d 21c1 •10-1, there is some dependence 

on t
2
,t&

1
, but it is relatively unimportant, at least for 1(1 The same 

lesson is learned from Fig. 2 as from fig. 1. for t 1/o1 > 0.6, the 

magnitude of Z
5 

1s given to within 25~ by the simple result (2), and the 

phase is closely the same for t 1t&1 > 1.2, whatever the nature and thick­

ness of the outer layer. 

4. Some Examples 

The ratio c2ta1 • 10-3 is characteristic of a stainless steel tube 

with an inner layer of copper with RRR = 30. The skin depth of the copper at 

the fundamental frequency of rotation is &1 = 0.19 mm. For mechanical 

reasons the beam tube will need to have a total thickness of order 1.0 mm. 

Thus (t1 + t 2}t&1 = 5. 

If the low frequency (n = 1) resistive-wall contribution to the impedance 

can be permitted to be a factor of two larger than the RDS value, Fig. 2 shows 

that an inner layer thickness of t 1 = 0.4&1 = 75 µm (approximately 3 mils) 
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is acceptable. If a factor of 3 larger is allowed, t 1 = 50 µm (2 mils) is 

permitted. Of course, if n = 0.25 is relevant for the dominant instability, 

these t 1 values will increase by a factor of two. 

An aluminum beam pipe is an attractive possibility. A single-layer tube 

of "hard" aluminum and thickness 1.1 mm hast/&= 2 for n = 1. Figure 1 shows 

that ("' 1 and the simple result (2) holds. The sl::in depth of "hard" 

aluminum is Va"' 2.B times that of the ROS copper. Tims, if a factor of 3 

greater resistive-wall impedances than the ROS could be tolerated, a "hard" 

aluminum tube could be employed without any inner liner. 

Another possibility is a two-layer aluminum beam tube. A s~mple tube from 

Japan has approximately the characteristics of the two kinds of aluminum whose 

skin depths were calculated above. The high purity inner layer (RRR = 400) 

has a skin depth 0.4 times the RDS copper. Figure 2 shows that, if 

resistive-wall impedances twice as large as the ROS are allowed, ie 1\1 = 5, 

we need only t 11a1 "' 0.1, or t 1 = 1.5 µ111 (0.3 mils). The fabrication of 

the tubing is a mechanical process and so gives t 1 values considerably 

larger (-100 µ111). Clearly, such tubing gives impedances 2.5 times smaller 

than RDS v.H ues. 

5. Conclusions 

The simple expressions for the resistive-wall contribution to the machine 

impedances are generalized to a two-layer beam tube. The numerical results 

show that the naive expressions, based on the good inner conductor being many 

skin depths thicl::, are a good approximation for t 11i1 ~ 1.0. The 

magnitude and phase of the actual multiplicative correction factor ( are 

displayed in Fig. 2. 
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lf the SSC resistive-wall impedances could be a factor of two or three 

larger than those assumed in the RDS, it appears that a simple "hard" aluminum 

beam tube (with a low-temperature resistivity of p .$ 4 x J0-9 {}-m) would be 

adequate. Alternatively, a stainless steel tube with a inner layer of copper 

(with p = 5 x 10-10 
0-m) of 2 or 3 mils thickness (or 5 or 6 mils, if n = 

0.25 is relevant) would serve. A hard aluminum tube with an inner layer of 

nigh purity aluminum, such as has been recently fabricated in Japan, would 

exceed the ROS specifications. From the point of view of mechanical stresses 

during a quench, however, such a high RRR material is undesirable. 
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figure 2 
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