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_ T&@ 19ng§tuﬁ%n&? and traﬁsversa %m@aéanc&s presented to beam particles by

the finite conductivity of the walls of the beam tube are im@ortant guantities
far-h&am-a;ahi%%ﬁy;Caﬁgiﬂaratiﬁﬁﬁg. Humerical estimates made i the RDS
were based on & copper-walled ﬁaam“taﬁa’withia Tow temperature relative
* resistance ratio {(RRR) of 30, and a copper thickness large compared to the
skin depth. The present note examines the impedances iﬁrré%héricbmaiat&
and

“generality for aftw0w?ayer@& beam tube, the inner layer @?7th?ﬁkﬁ§$$'%Y

tﬁnﬁnativixgzgf, the outer layer of thickness t; and conductivity Iye
:&é:iﬁgﬁffiﬁﬁnﬁ¥as§ﬁﬁstians {about thickness relative t@'gfther~sg%n depth, for
axa§ﬁ¥e}-akafmaéé;3'?ﬁe treatment i3 valid f@r:??éaﬁ&ncies_¥e$STﬁaaﬁ 100 BHz
_fbr-mater%a¥$1aﬁth conductivity &s'ga@dfas or better than stainless steel.

The resistive-wall contributions to the ?amg%tﬂd§na% ané'tf&nsv&rae

émpedancaa for the beam are related to the §§rf§ce im@&d nee Z nf the beam

':@ﬁ&e wall acaﬁrﬁing to

Ry g;‘_g_ S N

po=-g

where“&'i$7thé;effettivajvadius_nf'the accelerator (the circumference of the
equilibrium closed orbit is 2sR), b is the inner radius of the beam pipe, and

'n-is the harmonic number (o = nc/R).



© 1. - Simple description of the RDS

- For a beam tube that is many skinlaepth'thTQQ, the elementary treatment
of surface impedancéz yields

_lxi_* o
z, = 1= 2 (1-4) (2)

where &= V2/ugws is the skin depth, Zo =Vugleq = 377 ohms is the
?QﬁeﬁaQCE.df free space, éhd c.= 1f’¥;;:; 15 therspeed.af'light, [Note

| ~that, while SI units are uged,_the:phase'cf'zg is.given in'tha“physicist‘s
convention.  Electrical eﬁginEErg; please substitute § -» = ji1. wéth @ =
ne/R, nse;@bf&inS;ihe‘}gﬁgitudéhai impedance, divided by n, at freguency v =
~nw, = nc/2et: | | |
ZH Z8

= "%;-(Tai)- (3)

-Tﬁfs-is'tﬁe'carretteé=ferm_a§~RaS~Eq; {4.3.2}. 1The'numeri¢al-va1ues-a§ RS
Table 4.3-1 are based on Egs. (3) and (1), with the skin ééwth computed with a

4K, B = 6T resistivity of » #-ﬁ*‘-x 5x1§“10 Q- .

2. .Surface'impedanﬁe”for-a two-layer beam Digg

with ahe aﬁsumption that the tatai thickness t = t1 + tz is small

:camﬁared to the radéus b, the geometry may be appraximatad by two adjacent

“slabs. '”The-stanﬁarﬂ-treatme&tz

can be generalized dirECtly. The displace~
 mént'cu?rent can be Sgnnréd:fdr freguencies whose free space wavelengths
:jéatiﬁfy fhé_iﬁéﬂuai%ty, A >> 2wp/Z_, where p is the a-c réséétivityﬂ {For a
>1 mm, the condition holds for all but thé poorest conductors). Within the
{wo lavers, the magnetic field is generally much Jarger than the electric, by

'”ajfécter'gf the arderﬂof-4wgaféf(ﬁau5313n'3n§ts}_er75515.(SE-uhité}i



-UUtSide-tﬁe'héam_piﬁa;'thé'.field$-are required to be those of radiation
 elettromagnetic fields in'ffee'sﬁacei Qith-eguﬁl magnﬁtades of £ and H
{Gaussian units). The imaéﬁance-mismaith'at“tha outer surface of the pipe
forces the magnetic field in the outer layer 1o vanish at that surface,
regardiess of the dimensions relative Yo the skin depth. The corrections are
of order the reciprocal of u&ZQ.S Hith-thﬁs_aparax%m&tian@ there are no
Fislds outside the pipe and the boundary %a?ue-af the tangential electric
field at the inner surface of the beam pipe is determined in terms of the
-tangeﬁtiaiimagnetit field there 9n a straightforward manﬁer.

It 4= convenient to Qkite-the.surfaee'imﬁaéaﬁce as Eq. {2} times &

correction factor T :

_O=e %,
Zs R C =g L,0-08 (4)

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

RﬁS-fnr-Zg and Z,. The result for T is

L f 5y _(I-fz})- (!wzé}
A - Ai+z 14Z,,
{= _ (5)
1-24 . . (1 “f"z_g}
. .
where
{&)

A

‘ zim_exg {~2{?fi)t{fsi] .

Various familiar results emerge by taking appropriate 1imits:

1A

_ waﬁgand'(wn-}i:as_exﬁectéﬁ;iregard?ess:6f t



 (§} tp>5 &p - 22 @ 6 anﬁ { becamﬁs tﬁ& rasa?t given by K. ¥ “Hg. 4

e _§27%;§ | _L§ % |

Here a familiar Timit occurs for £y << &.

S L A
R e T T e
L (0t s Tahy !

as oCCUrs: for a tube of thwc&nes& ti ané ennéuttivity oy witk current

' ﬁﬂif0rm§y d%strahateé thraughﬁ&t 1ts arasa Sﬁitiﬂﬂs.

'<3§£)

-fThﬁs s the $ame as (t) with 1% 2 the faatar

Vo170 being necessary to

_ganve?t 3fa‘&? - !fu252 in E& {&}

_53; ﬁumer?ca¥ vesu?ts

For refereﬁcag u@ give sama aum&rica? sa?vex far skén &epihs at Tow
temgeratarg& and at th& fﬁnﬂameat31 ?requancy of ratat%an for a $SC ﬁf 83 km
.3Qircumferaace (v = 3&?2 Rz)
¥Values af 3 in . at =y . |
ﬁateriai .':'_ o Ra&i&tivitv fi) ﬂﬁ§  O stmm)

 €6§per (RRR = 30) Csx0 -10 et

‘Aluminum (hard) sk’ 0.530
Atuminum (RRR = 400) gx107 0:075

Stainless steel osx” - 582



To scé?aftu.éthe?]valu2s of circumference, resistivity, or ?réq&éncy note that
'é'u~(Rpin)?f2; It is c!ear that_at'fféauenciES-assaciated with the bunch
‘spacing and size the standard result ({ = 1) holds. Only for a = 0(1) is
‘there a guestion of corrections.

The correction factor {is shnwn_ﬁh Fig. 1 for a single-layer beam pipe.
The-magnit&¢9'336~ghase-are-p?otteﬁ-as'a:fuﬁctian of t/74. It is significant
~that [T éegarts less that 25% from unity for t/8 > 0.6 and its phase is
‘negliigible for t/8 > 1.2. The beam pipe does not need to be thick compared to
the skin depth for the simple result (2) to apply.

igure 2 displays the correction factor in magnitude and phase as a
-functian.of 1?161 {properties of the inner ?ayar):far several values of |
'tazfai.anﬁ-tefaj. For small o,/ay, (s independent of t,/8,, except for
extremely small values of tif§]& For aéfalrw iﬁ"?, there is some dependence
on t,/8,, but it is re'lat%#ietw uné'mgartgn't,-ét Teast for [{] . The same
_ 4
‘magnitude 5?'2# ¥5 given to within 25% by the simplie result {2), and the

lesson i5 learned from Fig. 2 as from Fig. 1. For t > 0.6, the

phase is closely the same for tlféz > 3,2; whatever the nature and thick-

ness of the outer laver.

4.  Some Examples

The ratio azfa-im ?Gmg'is.charactéristic-af a stainless steel tube

with an inner layer ¢f copper with RRR = 30. The skin depth of the copper at
"thé'funﬁémeﬂta?3freﬁuency of rotation is &, = 0.19 mm. For mechanical
_?easahs-thefbeém-tube will need to have a total thickness of order 1.0 mm.
Thus (Y, + t,)/8, = 5. |

'lf'the'?ug-freﬁuanty {n=1) resistive-wall contribution to the impedance
‘can be permitted to be & factor of two larger than the RBS'va1ue;yFi§,'2'sths

~that an inhe?'anér‘thickness_ofxt? - Giéﬁ}“wf?ﬁ um (approximately 3 mils)



s acceptable. If a facter of 3 larger is aTIowed,-tT = 60 um (2 mils) i%
permitted. Of course, if n =0.25 is relevant for thE'dominant'énstabi!ity,

~these ., values will tncrease by a factor of two.

1
An aluminum beam-pipe is an attractive pbss%bi?ity. A single-layer tube
of “hard® aluminum and thickness 1.1 mm has t/8 = 2 for n = 1. Figure 1 shows
that =1 and the simple result (2) holds. The skin depth of “hard*
“atuminum iﬁ‘7r§h#'2;8-t€mes-that-af the ROS copper. Thus, if a factor of 3
greater resistive-wall impedances than the RDS could be tolerated, a “hard®
‘aluminum tube could be emploved without any inner liner.

* Another possibility is a two-layer aluminum beam tube. A sample tube from
“Japan has -approximately the characteristics of the twa.kiadﬁ-af-aTuminam whose
'_ékin ﬁegtthwere-;aiculated-abeve. The high purity inner laver (RER = 400)
;has'a.s&in'dépth §‘4-times the RDS copper. Figure 2 shows that, if
'resiStivewwéii impedantes-téite as large as the RDS are allowed, fe |{] =5,
we need only t,/8, = 0.1, or t; = 7.5 wm (0.3 mils). The fabrication of
the tubing s a mechanical process and so gives 1, values considerably
larger (w?ﬁb]ﬁm). Clearly, such tubing gives impedances 2.5 times smaller

.than RDS valiues.

5. Conclusions
The simple expressions for the resistive-wall cantributianfta 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
 $kiﬁ*depth§ thick,1are-a good approximation for t,/& 2 1.0. The
magnitude and phase of the actial multiplicative correction factor { are

dispiayed in Fig. 2.



_.§f thé"SS€-?ésistiVEJwaii'impedaGCés*tduid be a factor of two or thres
'iarger than those assumed in the RDS it appears that a- simp?e “hard" aluminum
‘beam tu&e (with & iowutemperature resistivity of p < 4 x 10 €2~m)_wou§d he

| adequate.. ﬁ?tarnatively,-a stainiess steel tube with a fhner'iayer of copper
_ :(with P 5 x 10 10 Q-m) of 2 or 3 mils thickness {or § or & mils, if n
_O,ESris relavant) would serve. A-hard.a?aminum tube with an inner layer of
| “high purity aluminum, such as has been recently fabricated in Japan, would
:_exceéd tﬁe’Rﬁs-séecifications.: - From the point of view affmechanicaiystressesr
- ‘during a quench, however, such a Eﬁgh“kékfmaiariai is undesirable.
iﬁefere&ees'”
1. See’ Section 4.3 of the Rapart of the SSC Reference ﬂas1gns Study (May
1984), p. 95 fF,

'fé‘ See, for exama?e, J.B. Jackson. Classical E]eatrodynamias, 2nd ed., John
“Wiley and Sons, N.Y. (?9?5}¢ D 335~339,

3. At v = 100 ﬁ%!zB ably = -5@0 far“s%aﬁn%ess steel at 4K an612;5.x.1a4 for
copper with RRR = 30.

'4;' K.Y, Ng, in’ ’Acce§eretor Physics Issues. far a 5uperﬁandﬁctin§ Super

Coilider®, Ann Arbor, Michigan, 12-17 ﬁecember 1983, University Michigan
- report UM HE B4-1, p. 139.
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Figure 1
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Figure 2
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