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Abstract

An Advanced Hadron Facility (AITF) requires a beam pipe
with  low eddyv-current losses and a low  beam-coupling
impedance, The regquirements cannot be met with a solid, con-
dneting beann pipe bt may he met by a ceranic pipe with con
ducting lavers. which may have a higher coupling impedance.
We  have measured and  compared  the  transmission-line
impedances for several candidate pipe segments. The results
are correlated with the heam-coupling impedance and are com-
pared wilh caleulated values and with AHF requirements.

Introduction

One of the most diffientt problems in the design of a high-
intensity rapid-cycling svnchrotron is the beam-pipe desigu.
The beam pipe must satisfy several conflicting requircments:
(1) it must maintain a vacoum of 21077 torr, (2) it mnst shield
the beamn [rom high-frequency impedances to avoid collective in-
stabilities, and (3) it must have a high impedance at the cycling
frequencey(~60 Hz) to avoid unacceptable large eddy-current
effects.

In one proposed scenario (LAMPF 11),1 it was necessary for
the magnituede of the longitndinal conpling impedance, 7y /n, to
be less than - 10 £ at frequencies greater than ¢/fg, where (g
is the bunch length.  Similar constraints were {found for the
transverse impedance: the scaled quantity, 7 R/2b%, must also
be less 1 lian 10 2. where 7,y is the transverse impedance, R is the
mean synchrotron radins, and b is the beam-pipe radius. The
contribution of the beam pipe to the total impedance should be
limited to a small fraction of this.

A thin. solid beam pipe of stainless steel as nsed for DESY
1T (0.3 nun thickness) has a marginally acceptable impedance
but, at LAMPEF 1 parameters, has pipe heating and indueed
felds trom eddy currents that are an order of magnitude too
large. Thinner beam pipes are structurally unstable; however,
similar electrical properties may be obtainable by depositing a
thin, metal laver on a glass or ceramic pipe. It is difhcult to
find a solid layer that meets the conflicting requirements. For
example, a 1-pgm-thick copper layer has an unacceptably large
low-frequency impedance and large eddy-current effects. Also,
the dielectric can significantly increase the impedance.

Thicker metal stripes deposited on solid ceramic may pro-
vide a low impedance with small eddy-current effects.? The ad-
vantage of this geometry is that eddy-cnrrent heating is reduced
by a factor of (d/2))? from the continnons case, where d is the
stripe width and b is the inmer radins, and eddy-current fields
are reduced by a factor of (d/2h). U is, however, difficult to
predict the impedance of this complicated geometry.  There-
fore, a program was initiated at Los Alammos to measure the
impedance of sample beam-pipe segments. The lirst results of
ihat measurement program are reported in this paper.

Impedance Calculations in Simplified Models

Impedances {or cylindrically symmetric heam pipes can be
calculated analytically? using methods described by Zotter,?
Piwinski,* and ('hao.® These calculated valies can be compared
with measured impedances. 'lo first order, we may expect the
impedance of a striped geometry to be similar to that of a cylin-
drically symuuetric case with a condueting layer of the same
thickness as the stripes. Measured impedances can he compared
to the most similar sviumetric case and the comparisons used to
identity eHects specifically caused by the stripes. T'hree partien-
lar cases are described in Ref. 2. Ouly longitudinal impedances
are explicitly calculated here; a first esthinate of the transverse
mipedance may be found using 2 ~ R(ZH/n)/‘ll)?
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Case I. Thin Metallic Pipe

We consider a beam pipe of thickness A with conductivity o
and inner radius b. The resulting expression for the longitudinal
impedance per unit length is
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and & 35 the skin depth, k - w/c, Zp = joc is the impedance of
free space, and pis the magnetic permittivity of the conductor.
For high frequencies where 8 <& A, the impedance becomes that
of a thick conductor
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which is acceptably small {or a good conducter.

At low freqnencies, where & 5 A, we obtaiu the impedance
of a thin conductor
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In the measurements completed to date, only [requencies and
pipe thicknesses corresponding to thick conductor cases have
been explored.

Case I1. Metallic-Dielectric Pipe (Metal Outside)

We now consider a diclectric layer for b < v < b+ A with
a thick conductor on the outside (r == 1 + A). Under the long-
wavelength approximations (kA <« 1 and ké < 1), we obtain
an impedance that is the sum of the conductor resistive wall
unpedance phis a reactive term resulling from the dielectric?
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where § = 1 - kK2bA(s - 11/2¢ is near nnity and where ¢ is

the dielectric constant. This estimate does not include short-
wavelength resonances within the diclectric layer (kA = 1)

Case III. Metallic-Dielectric Pipe (Metal Inside)

The next case we consider has a thin conducting laver for
b < 1 -2 b + A with dielectric for r > b + A. For k*b/\ « 1,
we obtain the following expression:
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wlere sin and cos are complex functions, Hy and Iy are
Hankel functions and uw =

"

/e =1 k(b + A). This expression
lias resonances at Hy(u) = 0. At short wavelengths, (AA 3
1), the impedance redices to that of a thick conductor; at long
wavelengths, the impedance is dominated by the thin conduc-
tor impedance, provided A\2/(Ab) < 1. The dielectric reactive
impedance and resonant impedances can be substantially re-
duced from Lhe previous unshielded case.
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Impedance Measurements
Longitudinal

The Jougitudinal conpling-impedance measurements are
performed in the nsnal way:® The evlindrical pipe was converted
into a coaxial transinission line by inserting a center conductor;
the transmission through a reference thick-walled hrass pipe was
nieasured and nsed to normalize all other transmission measire
ments of the “test™ pipes.

An HP&510 netwark analyzer with time-domain option was
used for the measnrements. Matching from the network ana-
vzer cables was performed far enongh from the test pipe to
allow for ctfective gatiug, thus eliminating the effeet of nudtiple
rellections. Blank spacers, identical to the reference pipe, were
added between the matching section (a short taper) and the test
pipe. I 7 represents the minimum gate width, then the length
of the spacers must be at least c7/2 to eliminate overlap of the
time-doiain waveloriis (see Fig. 1). The major considerations
i determining the gate width are the lowest frequency of in-
terest and the frequency range of the measurement. For more
information regarding gating consideration on the HPR510, see

[ef. 7.

MATCHING TEST OR
SECTION REFERETCE PIPE it
o Ean s £l
* 4 48
|
SPACER SPACER

Fig. 1. Experimental setup for longitudinal coupling impedance
measurenents,

The transmission {Sa;1) of such a configuration can he cal-
culated by S-parameter analysis, as in Ref. 7, [rom the following
signal flow diagram:
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The expressions in the denominatar of Eq. (T} represent the
terms resulting from multiple reflection. By gating around the
initial pulse and transforming back to the frequency domain,
the denominator of Fe. (7) is eliminated, resulting in
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Thus il SEFE represents the transmission of the reference pipe,
then il normalized, gated measuremend yields shimply
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To extract the conpling impedance of the pipe from this coaxial
fransmission measurement, we turn to the infinitesimal clement
of the distributed model for the transmission line with an extra
term, 7, added that represents the impedance in excess of that
of the reference pipe (Fig. 2). The propagation constant ~' for
such a distributed line is

Vo V(R + 7 4wy (wCy)
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Fig. 2. Distributed impedance model, infiniteshnal element, all
impedance values are per unit length.

v/ Lo/ Ca, the characteristic impedance of the coaxial
line, and 3y = wy/Ly(T, the phase constant. The transmission
through a line with propagation coustant X is S}, exp (30).

Therefore,
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where Ro and Z, are caleulated from the geometry and materi-
als. Owr measurements were performed on G0.85-mun-11 pipes
with 3.175-min-diam center conductors, resulting in Zg = 185 {2,
and Ry = 2.27 = [0°% /0 m. With a measurement repeata-
bility of about 0.02 dB and 1" at 2.205 Gliz, the resulting sensi-
tivity of the measirements was R, =~ 0.74 Q (1he pipes were
0.61 m long) and X,,,;, G.5 (),

Transverse

The transverse impedance measurements are performed by
mserting two rods inside the pipe to form a shiclded, halanced
line. The center conductors are driven by ANZAC 183-4 1R0°
hybrids (see Fig. 3). The same consideralions regarding nor-
malization and galing were applied to the transverse measure-
ments as for the longitudinal measurements. The two center
conductors were 3,175 mm in diameter with a separation of 1.32
mn1. Combined with an outer conductor diameter of 69.8 mm,
this resulted in a Z, 100 €2, which matches the two 50-0}
lines out of the hybrid. Thus, a repeatability error of 0,004 in
magnitade and 17 in phase implies a sensitivity of

, (040 £2) == 135 Syzz [resistive parl of impedance)

v] .
AX (meters

and Ali‘i' (rcters) (3.5 ) 1600 fj {reactive part of impedance).

180° °
HYBRID HYBAID

\ : 8 /

500 500
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Fig. 3 Transverse coupling impedance measurement setup,

Results

We have measured the following sample test pipes (outer
diameter of metallic layer 69.82 ) (see Fig. 1)
1. Silver-stripe-coated ceramic (stripes on outer surface:
thickness of coating, 0.04 mung stripes, 1 cin wide; gaps
between stripes, | mn; thickness of ceramic, 6 mun).
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Conclusions

We are designing onr nexi generation of tests for greater

sensitivity (lower Zg for longitudinal tests, greater spacing be-
tween balanced lines). We expect to see an increase in sensitiv-
ity of up to a factor of 4 on the longitudinal measurements and
a factor of 6 on the transverse measurements.

Some important conclusions of the measurement program

An unshielded ceramic pipe with an exterior conductor in-
troduces a large reactive impedance. The measurements
of this reactive impedance are in good agreement with {he
values calculated using Eq. (5). Therefore, it is desirable
to have a conducting layer or conducting stripes on the
interior of the pipe.

STRWPES
Laai ALUMINA CERAMIC PIPES to date are as f()”O\VSI
L ]
L]

Fig. 4. Sainple test pipes. Top:  stripes over ceramic; bottom:
slotted brass.
2. Solid-copper-coated ceramic {copper foil on onter snrface:
thickness of fuil, 0.05 mm, thickness of ceraiuic, 6 mm).
3. Copper-stripe-coated ceramic (stripes on outer surface: b
thickness, 0.05 mun; width, 1 cm; gap between stripes,
6 mmy; thickness of ceramic, 6 mm).
1. Slotted brass pipe (wall thickness, 0.32 em; width of slots,
I mny; distance between slots, 1.1 cm).

The results of the measurements are shown in Fig. 5 and
m Table 1.
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Iig. 5. Measnrement results: top-langitudinal, bot ton-transverse; 3
left-linear magnitude, right: phase.
TABLEI 4.

RESULTS OF IMPEDANCE MEASUREMENTS

(at 2.295 GHz) 5
Longitudinal Impedance
Transverse 0.
Reactive (Q) Impedance
Calculated .
Resistive Estimate Resistive Reactive ~
Pipe* Q) Measured [usingEq.(5)] (/m) (Q/m) 7
Ceramic with <1 176 <290 <4800
silver stripes
Ceramic with <1 193 185% at <290 <4800 s,
solid copper 2.285GHz
coating
Ceramicwith 15106 215 <290 <4800
copper stripes
(widely spaced)
Brass slots <1 <7 <290 <4800

®Each sample pipe is 0 61 m long
“Because of the nonuniformities of the ceramic pipe. this calculation could vary on the order
of ©10%
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The measurements have not yet discovered any large trans-
verse or longitudinal iinpedance differences hetween a lon-
gitudinally striped condnctor and a solid conducting layer
over the frequency range explored to date (0.05-2.3 GIlz).
The measurement sensitivity (see Table 1) sets limits on the
extra impedance that may be introduced by the striped ge-
ometry.

Tlhe measurement limits (Table 1) may be compared with
AHF impedance tolerances. For an AHF with a circum-
ference of 1200 m, total impedance limits of the following
magnitudes are obtained:

il <1007,

n

2.5 MQ/m

»

where 1 is the harmonic number. A sensitivity of | € (lon-
gitudinal) for our 0.6-m samples extrapolates to 2000 €} for
an AHF or a Zy/n of 10 £ at 50 MHz (n = 200). A trans-
verse impedance sensitivity of 1000 Q/m corresponds to
2 M8 /m in the AUEF. The current measurement sensitiv-
ities are of the same magnitude as the maxituum allowed
total AIIF impedance; greater sensitivity is desirable.
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