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THE COUPLING IMPEDANCE OF THE RHIC INJECTION KICKER
H. Hahn, M. Morvillo and A. Ratti

I. Introduction

The RHIC injection kicker is configured as a “C” cross section magnet with interspersed
ferrite and dielectric bricks to approximate a transmission line as shown in Fig. 1. The
dielectric bricks replace the lumped capacitors used in the more conventional plate kicker
configurations used at other laboratories. This solution was suggested by Cassell as an
economical way of building a transmission line kicker and adopted by Forsyth et al? in
order to achieve the required 95 nsec (1 - 99%) risetime. The use of ceramic bricks with
a relative dielectric constant of ~100 provides the capacitance missing in the original slab
ferrite constructions® and which now results in a true transmission line kicker. The high
dielectric constant entails, however, the danger of high local electric stress, potentially
limiting the peak field achievable. Another peculiarity of this solution was observed by
Mane et al* in the measurement of the longitudinal coupling impedance, which exhibits
sharp resonances in the GHz region.
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Fig. 1. RHIC Injection Kicker Geometry
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In response to the difficulties encountered, it was considered prudent to evaluate two
alternative solutions:

- the “all-ferrite” kicker which is expected to allow higher peak fields at the expense of
rise time and flatness of the pulse

- and a “hybrid” kicker in which dielectric bricks are used only above the inner conductor
and are eliminated from the two sides and replaced with ferrite bricks. This maintains
the transmission line character of the kicker but increases its characteristic impedance
by ~10%. Improvements as to peak field can be expected but need confirmation.

As part of this evaluation, the coupling impedance of one each half-size ferrite-dielectric
and all-ferrite kicker model was remeasured and the results are presented in this report. In
summary, the total coupling impedance of the four full-size ferrite-dielectric kickers in one
ring was found to be Z/n = 0.16 Q/ring up to 1 GHz. The all-ferrite kicker has 0.13 Q/ring
with no resonances observable. Measurement of individual cells allows the conclusion that
the hybrid kicker will have a coupling impedance essentially the same as the all-ferrite
kicker. The resonances in the GHz region observed in the ferrite-dielectric kicker have
been identified as resonances, localized in the dielectric bricks, which are decoupled from
each other by the strong ferrite losses at the relevant frequencies.

The coupling impedance was measured using the wire method in which a resistive
match provides a smooth transition from the 50 Q of the network analyzer to the 165
of the reference line in the setup.’ The advantage of this method stems from the sim-
plicity of its calibration procedure and the fact that a sufficient approximation of the
results in terms of real/imaginary impedance or magnitude/phase is directly provided and
can be plotted by the network analyzer without post processing. However, the results
quoted above were obtained using the more accurate “log-formula”® appropriate for dis-
tributed systems. Details of the measurement method and its interpretation are found in
Appendix 1.

5 A. Ratti, Fourth EPAC, London 1994, Vol. 2, p. 1262.
6 L. S. Walling, D. E. McMurry, D. V. Neuffer, H. A. Thiessen, Nucl. Instr. Meth.,
A 281, p. 433 (1989).



I1. The Ferrite-Dielectric Kicker

The forward scattering coefficient Sy1pyT of the half-size ferrite-dielectric kicker model
(normalized to the calibrated reference line with So1ref = 1) is shown in Fig. 2 for the
frequency range from 300 kHz to 3 GHz. The resulting longitudinal coupling impedance
is shown in Fig. 3, and with an expanded scale in Fig. 4. The curves are directly plotted
from the network analyzer, and thus are obtained from the scattering coefficent as

Z =2Zet (1 — SoarpuT) /So1puT

with Zef = 165 Q. In Fig. 4, the corrected impedance values at select frequencies are
marked as crosses and were calculated using the log-formulae,

Z = =2ZInSo1puUT

or explicitly,
ReZ = —2Z,4n|Sy1pyT|

ImZ = —2Z,/Sy1puT

Using the corrected results, one finds for frequencies from ~ 0.1 to 1 GHz Z /n=20.2 mQ
and for the four kicker units in one ring 0.162 Q, with the result independent of the kicker
terminations, as seen from Fig. 5, where the uncorrected kicker impedance for “both ends
open” and “both ends shorted” is compared.

At frequencies below ~100 MHz, the kicker terminations influence the results and a
full study, including the feeder cables (up to 75 m long) with the thyratron switch and the
25 ) termination, remains to be carried out. Results for the kicker open at both ends are
shown in Fig. 6. The sharp resonance at ~ 20 MHz was predicted by the transmission
line analysis’ and is due to the ferrite-dielectric cell structure having an inductance of 90
nH and capacitance of 150 pF per cell.

In normal operation, the kicker output end is terminated in its characteristic
impedance of Z¢ ~ 25 ). An upper-limit estimate of its coupling impedance is obtained
from the kicker terminated at the output end and open at the input with the result shown
in Fig. 7.

In an attempt to correlate measurements with the frequently quoted, theoretical pre-
dictions by Nassibian,® the ¢ = 0.5 m long kicker model was measured with both ends
terminated in its characteristic impedance. The measured results shown in Fig. 8 differ
significantly from the predictions. The first dip at 36.4 MHz in the resistive component of
the impedance, which corresponds to k¢l = 27 yields a propagation velocity of

v _ 18 06
[+ C

in sufficient agreement with the measured propagation velocity, but the resistive peak of
6 Q at ko £ ~ 7 is only half the theoretical value which would imply a mutual coupling
coeflicient of only 0.25 instead of 0.5 as expected for a centered wire. This discrepancy is
partially explained by the location of the wire, nominally at 20.6 mm above the bottom

" H. Hahn and E. B. Forsyth, Fourth EPAC, London 1994, Vol. 3, p. 2550.
8 G. Nassibian, Report CERN/PS 84-25(BR), 1984.




plate, but sagging to 19 mm in the middle of the kicker, and displaced from the ideal
center at 23.5 mm. Furthermore, one can assume that the beam couples to the kicker
mostly through the ferrite bricks which cover only 2/3 of the axial length. However, at the
frequency of 36.4 MHz, one would expect an inductive component of Z = 7Z¢/2 = 39 Q
versus the measure ~ 9 Q. A factor of 2 could be explained with a smaller coupling
coeflicient, but the remaining factor of 2 requires a different explanation, possibly due to
the non-ideal ferrite properties.

At frequencies above 1 GHz, the paramount feature of the results is the appearance
of resonances at 1.02, 1.76, and 2.74 GHz. In order to verify the hypothesis that these
resonances are caused by the dielectric cells, the coupling impedance of a, single dielec-
tric cell, 2.5 cm long in beam direction, was measured with the results in Fig. 9 clearly
demonstrating the possibility of high-Q resonances. Subsequently, a combination of fer-
rite+dielectricHerrite cells, 12.5 cm long, was measured with the result given in Fig. 10
showing resonances at 1.06, 1.86, and 2.84 GHz, in correspondance to the kicker frequen-
cies. In a combination of 2 1/2 ferrite cells, with the same 12.5 cm length, the coupling
impedance shown in Fig. 11 is in the GHz region resistive, and almost noninductive, with
no resonances observed. (The small spikes are calibration errors as seen from Fig. 12
which shows the impedance of the setup alone, corrected to give Sy ef = 1.)

In an additional test to identify the origin of the resonances, it was attempted to treat
the entire kicker as a cavity and to excite resonances by loops. Only localized resonances
(trapped modes ?) could be excited. It thus can be concluded that the kicker resonances
are due to the sum of essentially separate dielectric cell resonances, which are decoupled
by the lossy ferrite cells.

Anticipating the construction of a hybrid kicker, where dielectric bricks are only used in
the top layer but not at the sides, a combination of ferrite+ ferrite dielectric hybrid+ferrite
cells, 12.5 cm long, was tested. The results in Fig. 13 are almost identical to the all-ferrite
combination and allow the prediction that the hybrid kicker will be free of resonances and
have the same, lower Z/n as the all-ferrite kicker.
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Fig. 2. Forward scattering coefficient of ferrite-dielectric kicker
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II1. The All-Ferrite Kicker

The forward scattering coefficient 5210yt of the half-size all-ferrite kicker model is
shown in Fig. 14 for the frequency range from 300 kHz to 3 GHz. The resulting longi-
tudinal coupling impedance is shown in Fig. 15. The curves are directly plotted from
the HP-network analyzer, but corrected values at selected frequencies are marked on the
figure. Using the corrected results, one finds for frequencies from ~0.1 - 1 GHz a coupling
impedance of Z/n = 16.1 mQ for the half-length model and ~ 0.13 Q per ring. In the
GHz region, the coupling impedance is essentially resistive and Z/n decreases with n. As
expected from the measurement of ferrite cells, no resonances are observed. A tentative
explanation of this coupling impedance character as being an electric shock wave is given
in Appendix II.

An upper-limit estimate of the coupling impedance below 100 MHz is obtained from
the results in Fig. 16, with the input port open and the output port terminated with
~ 25 () (which is the characteristic impedance of the feeder cable in parallel but not of the
“lumped-inductance” kicker).
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Appendix I: Wire Measurement of Distributed Impedances

The coupling impedance of the kicker models was measured with the existing bench
setup for wire measurements used and described by Mane, et al.* However, significant
changes were introduced, which made the interpretation of the results simpler and are
believed to yield more accurate results.

The wire thickness was increased to 3.2 mm in order to avoid excessive sagging and
increase the repeatability of results. The characteristic impedance of the wire in the
rectangular pipe was measured directly to be Z,.s = 165 by shorting the output port of
the system and measuring the input impedance, 7 Z,¢s tan (krefl), with the Hewlett-Packard
Network Analyzer 8753C connected to the S-Parameter Test Set 85078A.

The coupling impedance measurement of the “Device Under Test” was made using
Ratti’s implementation® of the wire method, in which a resistive match provides a smooth
transition from the 50 § of the network analyzer to the 165 Q of the reference line. The
advantage of this method stems primarily from the simplicity of the “through reference”
calibration procedure which allows on-line interpretation of the results and easy change
of the frequency range covered. At the input port, a parallel resistor of ~ 59.9  and
a series resistor of ~ 137.7 Q provides forward and backward matching. At the output
port, a series resister of ~ 115 ) provides forward matching. The frequency dependence
of the carbon resistors and stray inductances/capacitances destroys the match at higher
frequencies, but is correctable by the calibration procedure. Further improvements can be
achieved by gated measurements, which were applied in few cases.

The accuracy of the results was tested and confirmed by measuring the impedance of a
100 © carbon resistor shown in Fig. 17, which previously was calibrated by a measurement
directly at the network analyzer input with the result given in Fig. 18. The measurements
are considered accurate to + 10% below 1 GHz, but become only qualitative above 2 GHz.

The coupling impedance measurement is obtained from the change in the forward
scattering coeflicient Sy;pyT with respect to the reference measuring system with Sotref
(which by proper calibration can be made to be Sy, = 1). In the case of a single lumped
disturbance, the coupling impedance is obtained by the well known formula?

(1 — S21pUT/ S211ef)
Z =27
ref (S21puT/ S211et)

This formula is also used by the hp Network Analyzer and is quite useful in an exploratory
study involving distributed impedances. However, if accurate results are required, at least
the “log-formula”® should be used; although itself an approximation, it is extremely simple
to use and sufficient in the present application.

The general relation between the forward scattering coefficient and a distributed wall
impedance is best obtained by field matching (i.e. voltage and current matching in a
transmission line) which leads to the conditions (see Fig. 19):

- at the input port
in + bin = apyT + bpUT
1 1

- ain_b'n =
Zo( in) ZpuT

(epuT — bDUT)

® H. Hahn and F. Pedersen, Report BNL 50870 (1978). -
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- at the output port

apyTe 7 PUTE | pryrelFouTt —

1 i y) ; 1
(aDUTe J#DUTE — bDUTewDUTZ) = —bout
ZpuT Zg

from which follows for the ratio of forward scattering coefficients
SZIDUT _ 4ZDUTZ0 e—j’cDUT‘eejK'O‘e
Sotref (ZpuT + 20)2 — (Zpyr — Z0)2 e—J2cpuTt

/Lo / . ¢

ZO = Zref - FO’ ZDUT = ZO 1 —J KOZO
. ¢

Ko = ket = wy/ LoCp; kpyT = fﬁo\/ 1 _JKOZO

where Ly, Cy are inductance and capacitance per unit length of the reference line and ¢
the wall impedance per unit length seen by the beam.
For ¢ < £9Zy, one has

with

M ~y e~ J(Ko—rDUT)!
S 1ref
and in further approximation one finds Walling’s log-formula for the coupling impedance

Z=_C(lx _220111—5—21—Dﬂ

Seref

—_— a———>

ain DUT

b

in DUT b

S <« out_
Z ,x

0’ o ZDUT ! KDUT Zo ’»Ko

-« I >

Fig. 19. Scattering waves in distributed impedance
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The use of the log-formula approximation has been justified, and the limitation of the
lumped-element formula has been demonstrated by comparing them in Fig. 20 with Nas-
sibian’s theoretical expressions for a travelling-wave kicker with characteristic impedance
Z¢, propagation velocitiy v, and length £

ReZ = %ZC (1 —coskch)

7 — 1chic€ <1__ smlccE)

4 kel
1 sin kKl
= —-Lolw|1—
4LC N ( kol )
with ¢ I
w C
= — == — ,e
&l - ch

where Lg is the kicker inductance per unit length and Lot the total kicker inductance.
Using the above exact expression for the forward scattering coeflicient, one obtains the
exat ratio So1pyT/So1res for Nassibian’s impedance which then can be translated back into
a coupling impedance via the lumped-element or log-formula approximation.
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Appendix II: The Ferrite-Dominated Coupling Impedance

A particle beam traversing a structure such as the kicker will induce electromagnetic
fields (“TM” or “E” modes) which are the source of the coupling impedance. The propa-
gation velocity of the e.m. wave in the kicker is smaller than the particle velocity which
represents a situation similar to shock waves or Cherenkov radiation. This effect was
pointed out to us by Dome, who had analyzed the wake fields of relativistic particles in a
dielectric lined circular wave guide.?

Such a situation can result in losses which are local and thus independent of the kicker
termination.” Consequently, the resulting coupling impedance cannot be obtained from
Nassibian’s analysis, which in essence treats the kicker as transformer.

A full analysis is beyond the scope of this report, but some qualitative aspects of this
effect can be demonstrated by studying the simple case of a current sheet between ferrite
blocks as shown in Fig. 21.
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Fig. 21. Kicker Model

% G. Dome, Proc. 2nd EPAC, Nice 1990, p 628.
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The electromagnetic/fields are generated by the current sheet with current density

. I
17 = —e

2h

where w = vk and h the vertical kicker height assuming & >> a. The field expressions in
the beam region are then given by (natural units ¢ = po =1)

I & _ o & sinh £z

——]nze]wt

B = vh° chosh a
(1-v¥)Is coshéz
— 7 _&'z . .
Be=j vhé e 0k coshéa
H,=0

I

2 __ 2 inh
Hy = 26 4 gt 2 Simhte

vk coshfa

H,=0
with the common factor e 757/ suppressed and w? = k2 — £ or £2 = (1 - vz) k2.

The fields in the ferrite (e, 4, o) can be assumed to be independent in the left and right
blocks as a result of the ferrite losses and induced eddy currents. One then finds (z > a)

E; = —jC’FﬁiFe"jeF (z=e)

E,=0
E, = jCpe 9¢r(z-a)
H,=0

2 2
Hy = —jCp L it (o)
PUKER

H,=0

with é,'lzp = (,uev2 — 1) &% — jucvk. It follows that the fields penetrate the ferrite only to a
“ferrite skin depth” of (assuming pe > 1 and o < ew),

2
6Fw— E
o\ p

The “surface impedance” Ry of the ferrite is given by
E.
Rp = — ( By ) __&r
Hy),. ., e—jo

[w
€w— jo

and, if pe> 1,
RF ~




29

As expected, this expression reduces in the case of very high conductivity (6 — o0) to the
skin effect formula for metal, ,
Rp ~ [J pw

ag

and in the case of low loss ferrite to
.0
Rp ~ \/E (1 +J ——)
€ 2ew

The induced field coefficients Cx and Cp are determined by field matching of E, and
H, at the interface z = a. Of special interest is the ultrarelativistic limit, v ~ 1, where
one finds

I Rp
_ CF_CK_EwaRF—j
The coupling impedance per unit length now follows as

Cg _ Ry
I~ h(1+ jwaRp)

1 .
Z = '—T (Ez)a:=0 =-J

It is to be noted that the impedance can be lossy even if the ferrite is not (however, the
formula is only valid if the “ferrite skin depth” is smaller than the kicker height, 6F < b,
which requires a lossy ferrite).



