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Longitudinal impedance and shielding effectiveness of a resistive beam pipe
for arbitrary energy and frequency
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The longitudinal coupling impedance of a cylindrical beam pipe for arbitrary relativigiiand mode
frequency is obtained analytically for finite wall conductivity and finite wall thickness. Closed form expres-
sions for the electromagnetic fields excited by a beam perturbation are derived analytically. General expres-
sions for the resistive-wall impedance in the presence of a metallic shield and for the rf shielding effectiveness
of the beam pipe have been obtained and then compared with approximate expressions. The results are applied
to the GSI synchrotron SIS, where the thickness of the vacuum chamber in the dipole magnets is much smaller
than the skin depth at injection energy.
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I. INTRODUCTION are necessary, also in order to estimate the currents that could
be induced in hardware components behind the pipe. The

. . . S Shielding effectiveness(SE) of a conducting layer,
introduced for studying the instabilities in the ISR at CERN 1 logyo(P;/Py), is measured in decibelsB) and defined as

[1]. For the design of accelerators it is desired to reduce thg,o a1 of the transmitted powe; to incident powerP; or
coupling impedance of the beam to its environment in ordef, tarms of the electric fields SE =20 IgE:/Ey) (see, e.g.,
to prevent beam instabilities. The longitudinal coupling im- efs.[10-14). For commercial applications a shielding ef-

pedance, which includes the space-charge and resistive-wall -ty eness greater than 40 dB is usually adequate for use in

impedances, is an important physical quantity for undereqyonics housindFCC Class B requirementsRequire-
standing and modeling of the longitudinal dynamics of

. . -2~ ments for military applications are significantly higher, in the
charged particle beams and the corresponding longitudingh o petween 80 dB and 100 dB. For the shielding of beam

o S : SO -generated rf fields in accelerators the requirements depend on
elgctromagnetlc fields in |_ts environment r_;md periodic €XClthe detailed accelerator environment and also on the beam
tations can occur depending on the coupling of the beam tq, .o During the bunch compression foreseen in the pro-

its environment at a particular frequency. These excitation osed heavy ion synchrotron SIS 100 at GSI Darmgtelt
can perturb the beam dynamics and lead to beam instabiliti%r example, peak currents approaching 100 A should be

[2-5]. reached. Assuming 40 dB shielding effectiveness of the
Yoeam pipe still 1% of the induced fields or 1 A of the peak
qmage (displacement current could in principle “leak
'tTﬁrough the pipe.”

In accelerator physics literature the shielding of beam
generated rf fields by thin conducting layers was considered
in a number of workgsee, e.9[16,17]). The well known

The concept of coupling impedance in accelerators wa

conducting, part of the electromagnetic field excited by th
beam penetrates into the pipe wall. The penetration depth
given by the skin deptld;. The current induced in the wall

leads to heating due to the finite wall conductivity. Expres-
sions for the corresponding resistive-wall impedance for ar

bitrary relativistic y, and frequency can be found in the lit- abilit : ; -
. . . y of a thin layer of thicknesd less than the skin depth
erature{6-8]. Recently, Zimmermann and Oid@] obtained & to shield electromagnetic field48] produced by a par-

an expression for the resistive-wall impedance using e peam was considered in Ref49,20, where approxi-
wake field approach. Lowest order corrections to Iongltud|—mate expressions for the impedance and for the shielding

r!al and_transverse resistive-wall mpedances have been dgi’fectiveness of thin layers and also of wire cages in the limit
rived, discussed and compared with those well known eX5f low frequencies or highy, were found
pressions obtained for ultrarelativistic beams. The shielding by a beam pipe which is thin as compared

Whe_n the skin depth is Iarger _than the wall thickness the, 1,5 yin depth is of relevance for the SIS 18 heavy ion
beam induced electromagnetic fields can penetrate throu nchrotron at GSI as well as for the design of the new SIS

the wall and the impedance depends on the structures outsi 0 as part of the FAIR projef21]. The SIS 18 magnets can
the pipe. In this situation, in addition to the impedance, debe ramped with 10 T/s, the superconducting SIS 100 magnets
tailed calculations of the shielding effectiveness of the pipesha” be ramped with 4 T/s. In order to reduce eddy current
effects, the stainless steel beam pipe of SIS 18 is only 0.3
mm thick. The skin depth at injectidd1.4 MeV/u is 1 mm.
*Electronic address: helga@yu.edu.jo For the stainless steel or titanium beam pipe in the new SIS
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100 a thickness of a few 0.1 mm will be requirgz2]. Be- dp(F.t)
cause SIS 100 will be a “cold” machine, the heating of the Ta +
thin pipe due to large image currents can be important.

The impedance and the shielding effectiveness of thilassuming that a particle beam in a form of circular lamina of
beam pipes is also of importance for other fast ramping synradiusa and an axially symmetric transverse charge distribu-
chrotron projects, like the rapid cycling 3 GeV synchrotrontion o(r) is moving in a cylindrical pipe of radiub with a
for J-PARC[Z?J] Because of the relevance of the issue forconstant |ongitudina| Ve|ocity_j:ﬁc'2 a|ong thez axis, the
the design of high current ring machines it is important toheam charge and current densities are as follows:
have closed form expressions for the resistive wall imped-
ance and for the shielding effectiveness covering the relevant p(F,t) = a(r)d(z-vt), (4)
range of frequencies, beam energies and wall thicknesses. In
the present work these expression will be derived and com- a
pared with approximations. Q= 27rf

The paper is organized as follows: In Sec Il, we present
the derivation of the electromagnetic fields associated with a

article beam moving in a beam pipe of finite wall conduc- o R A
'ﬁvities. Accounting fo% finite surfacrc)apcurrents within the wall (5,0 = pelf, 00 = o(r) fedlz = vz, ©)
by using the Leontovich boundary condition to find the fieldswhereQ is the total charge associated with the charge distri-
outside the metallic wall, we present in Sec. Ill a review onpytion p.(f',t). For a uniformly charged lamina, the surface
the calculation of the total longitudinal coupling impedancecharge density distribution in the transverse directionris
for a beam pipe with a thick wall and with finite wall con- =q/ a2 Accordingly, the Fourier time-transformed charge

pedance will be done by directly matching the fields at the

inner wall surface. In Sec. IV the excited electromagnetic

fields and the corresponding coupling impedance will be ob- pc(rz,0) =
tained and discussed in the presence of a metallic shield.

Shielding happens via a thin metallic cylindrical layer of

thicknesdd, where expressions like resistive-wall impedance, i1z = &eikzz (8)
shielding effectiveness, and wall losses via attenuation of 2 mas

fields behind a good conducting shielding layer will be cal- ) )
culated. In Sec V we apply our results to the SIS heavy ionVNereéw=ku has been used aridis the wave number in the

synchrotron. Finally, we present our conclusions in Sec. Vvidirection of beam propagation.
Due to the symmetry of the particle bedsource under

consideration, only transverse-magnetieM) cylindrical
Il. MODEL EQUATIONS: ELECTROMAGNETIC FIELDS waveguide modes couple to the propagating beam such that
IN A CYLINDRICAL PIPE B,=0. All other field components are obtained from
E,(r,z,w) via Maxwell's equations, wher&,(r,z,w) and
The general wave equations satisfied by the magléetic B,(r,z,w) vanish identically because of the gxial symmetry
of the beam. We assume normal mode solution for the Fou-
rier time transformed electric field such th&,(r,z,w)
=E,(r, w)€*?. Upon Fourier transforming Eq2) in time and
in transverse space coordinates, and making ugg(ofz, )
and j,(r,z,w) in Egs. (7) and (8), respectively, we get the

Vi =0. 3)

o(r)rdr, 5
0

eikZZ' 7
ma’Bc 0

and electricE fields in a conducting medium of conductivity
S, permittivity 5 and permeabilityu, are obtained from
Faraday’s and Ampere’s lawg,24—28, namely,

02 s ﬁzé(F,t) aé(F,t) .. following equation for the longitudinal electric field compo-
VZB(,t) — oo pe ~ MoS e = poV X j(F1), nent within the beam for &r<a,
1 @ 1d K k
v {—2+————Z}Ez<r,w>:'% C
dr2 rdr 2 ma® eyy5/3C
. PE(F 1) IE(F,1) where y,?=1-? was introduced. In the region of the beam
V2E(T,t) - oo e - 1S o pipe, a<r<b, which is free of charges.=0, Eq.(9) will
be used to find the electric field in that region by setting its
af(F ) §p @ right-hand side to zero. However, within a conducting metal-
= po——— + ———, (2) lic region of conductivityS which includes no bulk free
Jt €o charges, the following equation will be used to determine the
electric field within the metallic region, namely,
where p. andf are the externalfree) charge and current ? 1d K
densities, respectively, which obey the following continuity {_2 +o—— _Z] E,(r,») =0, (10)
equation: dre rdr
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1 1 uSw 1) Leontovich boundary conditiofi7,24—27, namely,

= ' ) i

Y % K E,= 2,/ % A, (14)
and 8,=v2/uSw is the skin depth for the frequeney. For : .
the TM modes in the cylindrical pipe with azimuthal sym- 7 = [Jpow (1+]) pow _1+] (15)
metry, the electromagnetic field componeBigr,z, ) and m~ s J 2S S8,

E,(r,z,w) are needed for matching the solutions at the dif-

ferent interfaces involved in the problem under consideratiof'n€rén is a unit normal to the surface pointing into the
and are obtained fror(r,z, ) via Maxwell equations as metall!c wall andZ.m is the (.:omplex'surfe}ce |mpedan'ce of the
metallic surface in electrical engineering conventions such

follows: that j=-i [7]. Using physical conventions, the surface im-
Y IESr,z,w) pedanceZ, will be such thaZ,,~ 1-i [28], a result which is
Er(r,Z,w)=—l?T, (120 3 consequence of the Fourier transform in time using the
z following physical conventions, namelf{w) =/~ f(t)e“dt.
B . uoBCcS SinceE; andH, are continuous, their values outside the metal
Bi(r,z,0) = St T E(r,zw), (13)  near the surface must be related in the same way. It has been

pointed out by Leontovich that Eq14) may be used as a
where vy in Eq. (12) stands fory, in the nonconducting re- boundary condition in determining the fields outside the
gions and fory in regions of finite conductivity. In the fol- metal without considering the fields insifi29].
lowing sections we will solve Eq$9) and(10) and then find Al-khateebet al. investigated the problem of longitudinal
the corresponding expressions for the total coupling impedspace charge and resistive wall impedances in a smooth cy-
ance for different beam-pipe-wall structures. We also inveslindrical beam pipe using the Leontovich boundary condition
tigate the beam shielding effectiveness using a conductintp relate the tangential field components at the metallic sur-
cylindrical shield of thicknessl. Results will be valid for face[8]. At any point from the beam axis, an expression for
particle beams of arbitrarg and of finite size, for arbitrary the total longitudinal coupling impedanéspace-charge and
mode wavelengths, for a pipe wall of finite conductivity, and resistive-wall was obtained from the volume integral over
at any pointr from the beam axis. the beam distribution. A second approach starting from the

flux of the Poynting vector at the pipe wall was also consid-

ered for the calculation of the resistive wall impedance
IIl. IMPEDANCE OF A THICK PIPE WALL which was found to match the expression obtained from the
volume integral over the beam distribution fiyo,<<1. Us-

For an axially uniform transverse beam charge distribuing the wake potential approach, Zimmermann and Oide re-
tion in a beam pipe with a thick conducting wall, the beam-cently obtained approximate expressions for the resistive-
pipe-wall structure essentially involves three regions whereyall impedance that are valid in the limits,<1 [9], and
Maxwell's equations should be solved with appropriatewere found to match the results of RE8] in this limiting
boundary conditions on the various interfaces. It is importantgse,
to find the unique solution for the electromagnetic field com-  For k,8,<2/8%y,, which is mostly satisfied in metallic

ponents excited by the beam in a given beam-pipe structurgions, the resistive-wall impedang&"” (o) is given by the
to account for the correct boundary conditions on metallicijowing expressior8]:

surfaces and interfaces usually present in accelerators. For R .
perfectly conducting media such th&tw, tangential and 20W () ~ (1_i)nzoﬂ5s Hilod) _ (1_i)nzof5s (W)
normal field components vanish identically on a given per-~" 2\nb o?all3(agb) 2\nb g
fectly conducting surface. On the other hand, when the con- (16)
ductivity is large but finite, surface currents will flow on the
conducting surface leading to energy dissipation via Joulgiere g™ is an effective resistive wall geometry facter,
heating produced in the wall. The net energy flux into the=k,/ 4, and 5’;:V'2/M03w0 is the skin depth at the revolution
conducting wall is nonzero and can be characterized by &equencyw,=c/R. For all situations of practical interest in
resistive-wall impedancgs]. ring accelerators we can approximalg(ooa) = 0pal2,
The conductivity of most metals is very large but finite, | (g,b)~1 and thereforg™ ~ 1. Accordingly, Eq.(16) re-

and usually it is a function of temperatui27]. At very low  guces into the well known expression for the resistive thick
temperatures, the conductivity may become infinite for directya|| impedancd7,30].

currents if the metal becomes superconducting. However, it | the following analysis, we directly solve Maxwell’s
always remains finite for alternating currents. The characterequations in each region of the beam-pipe-wall structure for
istic penetration depth of electromagnetic fields into the meT\ cylindrical waveguide modes, and then match the fields
tallic wall is the skin depthd; which is in most cases smaller zt the beam-vacuum and vacuum-wall interfaces. The Leon-
than the beam-pipe radilsand the thickness of the beam- toyich houndary conditiotfor the impedance boundary con-
pipe wall. The fields close to the surface therefore behavgition) accounts for the finite surface current at the metallic
like plane wave$27], and accordingly, the tangential electric jnterface. The longitudinal resistive-wall impedance in Eq.
(E;) and magnetic fieldH;) components have to satisfy the (16) was derived by making use of the Leontovich boundary
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condition for calculating the electromagnetic field compo-tudinal impedance at any poimt from the beam axis be-
nents outside the metallic wall. Without making use of thecomes
Leontovich boundary condition, a self-consistent expression

for the coupling impedance will be derived. N2y orm
The z component of the electric field in each region will Z(w) =~ 2 ,yzg (r,a,b,dk,9.8)
satisfy the following differential equation: .
{ # 1d kz} Q k = —inxg*(r,a,b,d k,9.8), (26)
EX(r o) =i—5 r<a,
dr? I‘ dl’ ‘}’S e EO'}/ZIBC g(total)(r ab,d.k ,g.,B)
(17 4 yz
@ 1d K k2 2 -2t |1(‘Toa)[K1(an)+F Hy(ooa)] |,
== -ZIE?(r,w)=0, asr<b, (18
{dr rdr yg} 2 (1) (18 (27
& 1d k2 @ where the total geometric factgf®® has been introduced.
a2t rar Y E,(rw)=0, bsr<cw. (19  Atthe pointr=a on the beam axis the geometric factor be-
< comes
The general solution for the electric field in thelirection is 4y
Aglo(agr) = 2Q -, 0<r=a, gt = 0{1 21(00a)[Ki(oga) + F M4 (00a) ]}
a€egk,BC
Bdrw) = Aglo(aor) + AgKo(opr),  a<r=<b, (20 yg [1 2 1(0061)( Ki(ooa) + Ko(oob) |1(O'oa)>]
AKolat), b<r, " Ke? lo(argb)
» . + 8+413(062) | Ko(ogh) _ 1
whereg=k,/y andl, andK, are modified Bessel functions ka2 lo(ogb)
of first and second kinds, respectively. Upon matching the - § )
tangential field components, and H, at the beam surface =g°9(S=) +g"™. (28)
r=a and at the pipe wall at=b, we obtain the following
coefficients: The geometry factog'®9(S=) characterizes the longitudi-
nal space-charge impedance in a perfectly conducting beam-
- . Qoga -1 pipe wall, and the factog™ results from the assumption of
— [Ki(ooa) + FH4(00a)], (21 e f . g
Ta’€gk,BC a finite wall conductivity. It characterizes the longitudinal
resistive-wall impedance. For a perfectly conducting wall,
. Qopa 1y(0ga) . Qoga we haven=0 ang therg™ =0. Sul?stitutin)g; foiF from I%q.
2=1""2 ekpc F 0T8T _Iﬂ'azeok Zﬂc|1(‘70a)' (24), the resistive-wall geometry factg™ takes the fol-
lowing form:
(22 ?
8’}/2|2(0'0a) Ko((Tob)
. Qa'oa n | 1(0'03.) g(rW) - 01 _ F—l
Aj=- - [1(ogb) + FKy(ogb)], 252
4 IvrazeoszCF Kl(gb)[ 1(ogh) 1(ogh)] kia lo(ogb)
(23) _ 8 1300a) Kglgh) U
~ 02a agblo(agb) Ky(ab) Ko(ab) '
K (O'b) 0 PO LT o) + 7 == 11(0gb)
o) + 7 > =21 (o) Kalgb)
Fe Ky(ah) * __ @Yo (29
Ko(ogb) — KO(Ub) Kl(oob) I?/(S_ weo) Equation(29) characterizes the resistive-wall impedance

K 1(ab) for any metallic conductor of finite conductivi§ Contribu-
(24)  tions from arbitrary conduction and displacement current
densities to the resistive-wall impedance are included in Eq.
29). However, in the limit of very large conductivitg such
atk,5,<<1, the argument of the modified Bessel functions
Ko(gb) andK,(ab) becomes very large. For large arguments,
1 3 T T Ko andK; behave to first order equally so that the ratio of
Z)(r,w) = _zf EXELr, 0)j,(I', ). (25 Ky(ab) andK,(agb) in Eq. (29) can be put to unity. Further,
Vbeam in the limit k,6,<1 corresponding to good conducting wall,
Substituting forj(r, z, ) from Eq.(8) and making use of the and by making use of Eq11) for y, the parameter, takes
harmonic numben defined such as=k,R, the total longi- the following limiting value, namely,

We now calculate the corresponding total longitudinal cou-,
pling impedance as a volume integral over the transvers
distribution of the beanh7],
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(

: 2k2 2
ooy 1TSS o, Bkl Ado(ool) —i—2—, 0=r=a,
iy(S—iwep) 2 oy 2 aegk,BC
(30) EZ(r,w) - < Azlo(O'ol') + A3K0(O’0r), asrs<b,
Accordingly, the resistive-wall geometric factgf"¥) and Aylolar) + AsKo(ar),  bsr=<h,
the corresponding impedance become AgKolaor), hs<r<e
\
(37
w_ 8 1Hod) 1+ B L
9= o2a? oblg(ogb) lo(agh) 207 (31) Requiring the continuity of the tangential field components
E, andH, atr=a, r=b, andr=h, we obtain the following
coefficients:
n nZ,Bo. 4l3(oa
Z0W() = - iﬁgw =1L LT _ (Kelo) + loblot)
P 2¢nb o2 lo(och) Ka(ehKo(aoh) = 7 (oo)Ko(eh)’
(32)
. 11,(gb) - FKy(gb) l1(aob) = G lg(ab)
where the skin depth, at the revolution frequency has been = 7l(ob) + EK~(ob)’ = K.(ob) +G b)’
used. Within the assamptions we introduced above,(&2). 7lolb) o(ab) 1(oob) Kolorob)
recover the expression for the resistive-wall impedance we (39
already obtained using the Leontovich boundary condition.
- Q
Al=-1— e m[h(a’oa) HKl(G'Oa)] (40)
IV. LONGITUDINAL COUPLING IMPEDANCE FOR A 0
THIN WALL
_ . o _ 11(00d) _
In this section we calculate the coupling impedance and A= - (00a) - HK.(0 a)AL Az=HA;, (41)
the shielding effectiveness of a thin cylindrical pipe of thick- 0 1o
nessd. We consider the case of a finite size beam of radius
inside a thin metallic cylindrical pipe of thicknessextend- _lg(ogh) + HKo(GobA Ac=FA, (42)
ing from r=b to r=h=b+d. Outside the pipe for>h is *7 1glab) +HKy(gb) 2 TP :
vacuum.
For TM modes in azimuthally symmetric beam-pipe
structures, the component of the electric field in the four A= FKi(gh) - |1(Qh)A _ (43
regions involved will satisfy the following differential equa- 7K1 (agh) 4
tions:
We now calculate the corresponding longitudinal impedance
5 ) as a volume integral over the transverse distribution of the
@ 1d Kk ED(r,w) = & k, beam as follows:
2 E, (rw) =i r<a,
A2 rdr 2 ma? eyy33C"
1 e x
(33 Z2(r,w) = —zf dXE(r',z,0) -] (r',z,0)
Q Vbeam
_ - . nNZy
@ 1d K =-i——9""(r,a,b,d,k,9,5)
it T g [Fre =0, asr<b, (@34 28" 9P
) . =~ inxog©®(r,a,b,d k,g. )., (44)

@ 14 kz_ where we introduced a generalized geometry factor
- E(Z3)(r,w)=0, b<r<h, (35 g(r,a,b,d,k;,g,8) defined as follows:

+t-— -5 sr<
[dr®  rdr 2] '

g (r,a,b,d, kz,g, B)
_ _ 4,}/(2)
& 1d K 2| a)[Ky(0ga) - H (00
ﬁ ra_? E(Z4)(r,w):0, h<r<w. (36 k2 1(00)[K1(00a) 1oed)] |
L 0

(45)

The general solution for thecomponent of the electric field At the beam surface=a, the geometry factog™©® takes on
is the following form:
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_ 4% Ko(agb) _ 8+ 1i(00a) 1
g = @[1 -2 1(an)<Kl(an) * lo(aob) |1(0'oa)>] 9= @ agblo(agh) [1(ogb) — lo(aob) 11(ab) = FK4(ab) -
8% {Ko(%b) _1} BT Iy(ab) + FKo(ab)
kgaz 1(00a) lo(ogb) +H @7)
=g, +0,, (46) In the following subsections we derive analytic expressions

for the resistive-wall impedance and the transmission coeffi-

where g, is the geometric factor associated with the spacescﬁgc(jis:ée:g;;? effectivenessn the limit of well conducting

charge only for the case of a perfectly conducting thick wall
atr=b. The geometric factog, in Eq. (46) accounts for the
finite width and finite electric conductivity of the cylindrical
shield. Substituting forH, the geometry factog, can be For the case of a very well conducting cylindrical shield
written in terms ofF as follows: of finite thickness and fobk,<1, we have the following:

A. Resistive-wall impedance for a thin wall

- ﬂ Ko(agh) + 7Ky (agh) G~ - 1 Kg(agh)tanhgd + 7Ky (agh)

7 Ko(ooh) = 7Ky(aoh)’ - nKo(aoh) + 7K (agh)tanhgd’ 48
. Ki(aoh)
1+i)B2 k16{1+ l—tanhad]
1 4%(0q) (14D yoke0s Tkologh) 49

%="1"">250 .
oob ogellg(gb) o 77( Ky(ooh) |1(Uob)> L o) o)
Ko(U'oh) |0(<70b) Ko(U'oh) |0(0'0b)

The presence of a well conducting finite thickness cylindrical pipe results in the following contribution to the longitudinal
impedance, namely,

Kl(Uoh)
. 1+ »p———— tanhgd
Ztw) = —i%0 g = (1 i) ZoB%_ Mo ~Mtog) (50)
2 2B 2\nb o2a?l3(ogh) tanhod + (Kl(ffoh) N |1(¢Tob)) K, (oh) 11(ogb) tanhcrd.
i Ko(aoh)  lg(agh) Ko(aoh) l(agb) -

For a cylindrical pipe of finite thicknes® # 0), the imped- ance by the factor cottid. Such a modification by cosid
anceZ,(w) in Eq. (50) represents the resistive-wall imped- of the resistive impedance or resistive geometric factor has
ance, which is the total impedance minus the impedahce been reported at low frequencies in previous wdikk, 32,
of a perfectly conducting beam pipe. We consider below twaand is well known in the transmission line theory in the case

limiting cases of I_Eq(50). _ _ of a thin conducting sheet with surface resistanc¢l8].
Assuming a thick very well conducting pipe such tidat Geometry factors and the total impedance in the limiting
— o andk,ds<1, Eq.(50) becomes case of a very thin cylindrical shield take the following

. forms, namely,
NZyB5, 41%(0a) y

23 (w) = (1 -i)—F ko< 1.
2 (w) = ( ) 2Vnb 0‘%3.2|(2)(0'0b) 20s
(51)
8'%(an)Ko(Uob)
For <1 or k,6,<1 and for arbitrary pipe thickness the 9= T 2 (ob) (00b)
impedance in Eq(50) takes on the following approximate 0= 0t

form:

nZyBd, 41i(00a)
2\nb o2al3(agb)

ZWal () ~ (1-i) cothgd. (52)
(total) 43%

=01+ 6= 5 5[1 - 2a(ocKe(oe)], (53

From Eq.(52) we see that the effect of a very well conduct- z

ing pipe is to modify the well known resistive-wall imped-
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1000.0 F Ty r T 1000E T T T T
i \‘TCOSh(gd) i vacuum limit
100.0f 6, -
g | g
c [ c
X 100 3 ~ 100f 3
) : N : 3
& i E—’ [ pure space charge
1.0¢ S
thick wall limit
0.1 L L L L 10 1 1 1 1
10-7 10 1073 107 1073 1072 107 108  10-5 10+  10-3  10-2

FIG. 1. Real par(soli(_j line) of the resi_stive wall impedance for FIG. 2. Absolute value of the imaginary pasolid ling) of the
n=1 andyy=2 as a function of the wall thicknesls The parameters total (space charge and resistive wathpedance fon=1 and y,
are(SIS 1§ C=216 m,a=1 cm, andb=10 cm. =2 as a function of the wall thickness The parameters ar&sIS

18) C=216 m,a=1 cm, andb=10 cm.

Z(tot)( w) — iﬂg(total)
” 28% the harmonic number remains well below @0 The total
(space charge and resistive wathaginary part of the wall
= nZ 4_7%[1 -2 (ce@Ky(opa)]. (54 impedance is plotted in Fig. 2. Fdr=1 um the imaginary
2,87/3 kfa2 ' ' part is dominated by the space charge impedance. For

Equation(54) shows.tha't the Fotal Iongitudinal cpupling im- f;i!etrot\j/vg;gs"gr]]aeg\'/giijyurﬂarré s%flttlr?lgS;(.)tal wall impedance
pedance without cylindrical pip@ — 0) is purely imaginary.
We see from Eq(54) that the impedance becomes also in-
dependent ob. According to the beam-pipe structure treated
here and for vanishing thickness of the pige0, the inter- We will now find an expression for the transmission co-
face atr=b becomes a virtual one so that it can be moved tcefficient by assuming a good conducting pipe such that
infinity without affecting the calculation results. The result in <1. We define the transmission coefficienas the ratio of
Eq. (54) is consistent with that obtained in the case of aAs to A3 [19]. For good shielding, the coefficiemtshould be
smooth perfectly conducting beam pipe wiitbeing moved as small as possible. The shielding effectiveness is defined as
to infinity (“vacuum space charge impedance” SE=10logy(|17?), where 7 is the ratio of the electridor

In the following we apply our results to the SIS. In Fig. 1 magnetig field transmitted through the shield to the electric
we plot the real part of the resistive wall impedarjé&®.  (or magnetig¢ field incident on the shield. Every 20 dB in-
(50)] as a function ofl for SIS parameters. As expected, the crease in the SE represents a tenfold reduction in the elec-
thick wall limit, Eq. (16), can be used fod> &, For yo=2  tromagnetic field strength by passing through the shield. For
andn=1 the skin depth is slightly larger than the wall thick- beam pipes or other rf shields in accelerators we assume here
ness(0.3 mm in the dipoles. Fod< &, the real part of the a SE of 40 dB(|71=0.0) as a sufficiently good value. The
impedance is proportional to d/In both regimes Eq(52)  final classification of good shielding will depend on the de-
can be used to very good approximation. For very small tailed accelerator environment and on the beam intensity.
below 1um the exact impedance decreases towards zero. For a beam pipe the transmission coefficient is obtained
For SIS parameters the resistive wall impedance divided bjrom the electric field$Eq. (38)] as

B. Transmission coefficient and shielding effectiveness

_ FK4(ah) — 11(gh) I5(agb) + HKy(ogb)
nHK1(aoh) lo(gb) + FKy(ab)

NE
~ h 1
~ aobKy(oahlg(eb) Kolooh) . l1(eb)

sinhgd +
7K1 (ogh) ~ lo(ogh)

(55

oshgd + Ko(roh) ) |

sinhgd + ——— coshgd
(’7 AT K (ooh)

Equation(55) is valid for any pipe thicknesd and for arbitraryB. In the special case of a conducting pipe and a skin depth
that is much larger than the wall thickness of the plige &), Eq. (55) takes on the following form:
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b 1 1
T=1\/T" . 56
\/;UObKl(O-Oh)IO(O-Ob) 1—i 2d Ko(Uoh) + |1(0'0b) (le kd + KO(O'Oh)> ( )
ﬁzyékzéﬁ Ki(aoh)  lo(ogh) 0% Ki(oph)

Further, in the limiting caseoob=kb/y,<1 and oph  tense, short50 ng U2 bunches peak currents exceeding 10
=k;h/yo<1 corresponding to not too high frequencies or toA will be reached in the SIS at a maximum energy of 1
ultrarelativistic beam energies and fbr=h, Eq. (56) be-  GeV/u (y,=2.0). A corresponding peak image current will
comes flow through the beam pipe. For insufficient shielding part of

this image current can flow through structures outside the
(57) beam pipe, resulting in an undefined longitudinal impedance
"2 and possibly in pe*rturbations of the accelerator hardware.
2 BRE v The skin depth, at SIS injection energyl1.4 MeV/u is

1 mm, at 1 GeV/u the skin depth of 0.4 mm will still be

Note that in the equivalent formula of R¢19] the first sign  |arger than the wall thickness in the dipoles. In the proposed
in the denominator is a minus sign. The main contributiong|g 100 Synchrotroﬁg at injection(y,=1.1) will be as large
for |7, however, comes from the tern2d/f*yek,%)  as 1.5 mm, with a wall thickness in the dipoles of a few 0.1
X[Ko(aoh)/Ky(aph)] in Eq. (56) which is much larger than  mm. Therefore a detailed analysis of the shielding efficiency
unity. Accordingly, forb>d, we have the following shield- of the beam pipe in the existing SIS as well as in the new SIS

BK2b 2bd kb’

1+ d+i

ing condition: 100 is of great importance.
2 In Fig. 3 we plot the absolute value of the transmission
d Byokeds | Kalogh) |- (58)  coefficient as a function ofy, for d=0.3mm, S
Js 2b | Kologh =10° (Om)~! (stainless stegknd for two different harmonic

Equation (58) reduces into the condition d/§, ~ numbers. The other SIS machine parameters of relevance are

>(%),827855/|In00b| for low frequencies or high energies 2mR=216 m ando~0.1 m. Forn=1 or wave lengths corre-

oob<1, a result which was derived previously by GlucksternsPonding to the SIS circumference the transmission coeffi-
and Zotter[19]. cient obtained from Eq55) reaches 1%good shielding of

40 dB as defined in Sec. IV)Bt y,=~ 6. For y,=2 we obtain
a sufficiently low value of=0.001 only. If we consider a
shorter wave length corresponding to the final length of com-
o . pressed bunchds~20) we obtain an even lower value well
The shielding of the beam generated rf fields by the beanyg|qw 10% but here one has to take into account that the
pipe is an important issue for the SIS high current operationompressed peak bunch current is more than 20 times higher.
as well as for the design of the vacuum chambers for the The approximation Eq(57) used in Ref[19] overesti-
proposed SIS 100/300 synchrotrofi5]. In the SIS the  mates the transmission coefficient for10. Forn=1 the
thlckness of the stamles_s steel vacuum chambe_r in th(_a dbpproximation Eq(57) agrees exactly with E55). Figure
poles isd=0.3 mm. During the planned generation of in- 4 shows the transmission coefficient for 1, y,=2 and SIS
parameters as a function of the wall thicknés$/alues ex-

V. SHIELDING EFFECTIVENESS IN SIS 18/100

10-] g T T T T
F 100F T T T T )
10-2 E 10! : ';
[ 10-2f 1
x 103 F E
E * 10-3 i 3
[ F ~ _ "Gluckstern—Zotter"
10-4 10-4 E ~ X
-5 [ i
10-5 . R
8 10 10-6[ L . " ]
10-6 10-% 104 10-3 10-2 10!
d [m]

FIG. 3. Transmission coefficient vs relativistig for the har-

monic numbersi=1 andn=20. The other parameters &®IS 19

FIG. 4. Transmission coefficient \&for y,=2 andn=1. The

C=216 m,b=10 cm, andd=0.3 mm. The dashed line represents other parameters af8IS 18§ C=216 m ancb=10 cm. The dashed

the transmission coefficient obtained from KE§7).

line represents the transmission coefficient obtained from(&A).
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100F ' " T We would like to point out that the radius of curvature has

: o-'; 6 _. been assumed to be very large compared to the transverse
E Pt 3 dimensions of the vacuum chamber. In this case the curva-

10-2 ] ture effects are negligibl84,35 and the beam-pipe system

under consideration has been replaced by infinitely long and

x 10°3F Y - straight cylinder.
104k e
: \- VI. SUMMARY
10-5F = . . .
Closed form expressions for the resistive wall impedance
10-6[ . . i ] and for the shielding effectiveness of a thin conducting beam
10-6 10-5 104 10-3 10-2 10-! pipe were derived. For the resistive wall impedance we com-
d [m] pared the exact expression with the well known approxima-

tions for thick and for thin walls. In addition we obtained an
approximate expression covering both regimes. In the limit
of a very thin walld<§; we recover the vacuum space

FIG. 5. Transmission coefficient & for yo=2 andn=1. The
other parameters ar€SIS 100 C=1080 m andb=5 cm. The
dashed line represents the transmission coefficient obtained fromh )

charge impedance.

Eq. (57). Concerning the shielding of beam induced rf fields by a
ceeding 1% are obtained forbelow 0.1 mm. The approxi- thin conducting pipe we showed that the approximate ex-
mate expression Eq57) can be used fod= &, The trans- pression obtained also previously in R€fE9,20 underesti-
mission coefficient as a function dffor y,=2, for stainless mates the shielding effectiveness for the high mode numbers
steel and for the SIS 100 parameters is shown in Fig. 5. Wehat are relevant, e.g., during bunch compression and for a
see that for stainless steel a wall thickness of a few 0.1 mnwall thickness exceeding.. Application of the derived ana-
might be sufficient in order to provide good shielding. lytical results to the GSI synchrotrons SIS 18 and SIS 100
It is important to note that for the very small of the  (planned shows that a shielding effectiveness of 40 dB
order of a fewum the situation corresponds, e.g., to a ce-(FCC Class B for “good shielding” is required. This choice

ramic beam pipe that is coated with a thin conducting film.js somewhat arbitrary and will require more detailed inves-
The effect of the ceramic pipe on the total impedance and Oantions in the future.

the shielding effectiveness is very small. The impedance o
rf-shielding wires inside a ceramic pipe was studied by Wang

and Kurennoy[33]. They observed a weak dependence on ACKNOWLEDGMENTS
the dielectric constant of the ceramic pipe. _ .
A ceramic beam pipe coated with a thifew wm) con- One of us(A.A.) thanks the High Current Beam Physics

ducting film of, e.g., CUS~=5x 10’ (Om)~] could provide = Group of GSI Darmstadt for the kind invitation. He also
transmission coefficients of the order of @or SIS 18. For would like to thank the Council of Scientific Research of
SIS 100 parameters we obtain a “good” shielding coefficienivarmouk University, Irbid, Jordan, for supporting this work
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