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Abstract The same wall currents and magnetic (deflecting) field re-

. . . sult if the beam is replaced by two parallel wires or more
ranamisson fine method i ubject o cffculies in sens &P Y & 100P Oflengti, width & and current. The
. jec ~magnetic field induces a voltage in the loop which increases
tivity and measurement uncertainties. Thus for evaluation

of the low frequency transverse impedance properties (I?th impedance (the curreiitis constant). This additional
the LHC dump kicker a modified version of the two wire mpedance is simply the variation of the loop impedance

o . : when inserted in the Device Under Test (DUT) with respect
transmission line has been used. It consists, in the pres&;nt

case, of a 10 turn loop of approximately 1 meter length an the loop impedance. Assuming that the loop is cofled
T P ppr el 9 Imes, the transverse coupling impedance can be obtained
2 cm width. The change of input impedance of the loo

: . : rom
is measured as a function of the surroundings and by us-

' ; ’ c ZDUT _ Zfs
ing a proper reference (metallic beam pipe) these changes Ir = ———55— (1)
are converted into a meaningful transverse beam coupling w N4
impedance. Measurements of several calibration objecighere ZPY7T is the (measured) impedance of the loop
have shown close agreement with theoretical results. when inserted in the DUT and/-* is the (measured)
impedance of the loop far away from any perturbing ob-
INTRODUCTION ject (i.e. in free space). . _
In general, when measuring a very small impedance (as
A beam that oscillates from side to side with amplitudepointed out in [1]), one should also subtract the radiation
+A induces differential currents and charges on the wallgesistance from the loop measurements in free space. This
of the vacuum chamber. These in turn produce a transs appreciable unless the loop is very short compared with
verse magnetic field and an electric field which further dethe wavelength. Alternatively one could place the loop in a
flects the beam. The threshold for beam instability and theircular perfectly conducting pipe (a copper or brass one is
growth rates depends on the so called transverse couplisgough), for which the added impedance is easy to calcu-
impedanceZr. late.
Transverse impedances are well known in literature and
they can be theoretically calculated for a number of partic-
ularly simple structures or in general, they are numerically MEASUREMENT SET-UP
computed with codes. In this paper we are interested on The coil used in the measurement Was =1.25 m long
bench measurements techniques, in particular at low frgmg A =22.5 mm wide. To reduce the signal to noise ra-
quencies (below few kHz). At those frequencies a bettafo (particularly important in our case since the measured
sensitivity can be obtained by using a loop [1], instead 0§jgnals are very small), the loop was coildd=10 times.
the classical two wire technique [2]. In this way, one can increase the useful signal with a factor
The interest for very low frequencies is directly relatedN2 with a drawback of |Owering the frequency of |00p self
to the low transverse oscillation frequencies of future larggesonances: the chosen number of turns is a compromise to
machines (like LHC). To validate the bench measuremeiieep the lowest self resonance above 1 MHz.
technique, measurements were carried out on a stainlessrie |oop input impedance (much lower than 50 Ohm)
steel pipe (with conductivity =1.310% S/m) for which  \yas measured with an Agilent Vector Network Analyser
theoretical results are available. The radius of the pipe i§/NA4395A) using two different S-parameters test sets,
b =50 mm, its wall thickness is =1.5 mm and its length  according to the two different frequency ranges of the mea-
is L. =50 cm. This paper reports those preliminary measrement. In the higher frequency range (10 kHz—1 MHz),
surements and asseses a measurement recipe to be appfiedandard transformer type directional coupler (provided
later to the more complex geometries of LHC devices.  yjth the instrument as an impedance measurement test set)
could be safely used. For lower frequencies (100 Hz—
TRANSVERSE IMPEDANCE BENCH 10 kHz), a resistive coupling network has been used: the
MEASUREMENTS RF output signal from thg inst_rumgnt is split and pqrtly
used for reference (tha signal in Fig. 1) and partly di-
Being I the beam current, the source of the differentiatected to the measurement coil (the DUT in Fig. 1). The
wall current is the dipold A per unit length of the beam. reflected signalf) is then measured and a 20 db attenuator
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(corresponding to dashed white line in Fig. 1) prevents the The measurement results on the steel pipe are compared
signal from the DUT from affecting the reference. to the theoretical expectation in Fig. 2. The thick wall for-
mula ¢ < t) of EqQ. (2) is a reasonable approximation only
above 85 kHz (light blue line); a good agreement over the
whole range is achieved with an analytical model (brown
line) and with the field matching of Ref. [6] (green di-
amonds). At low frequencies also the equivalent circuit
model of Eq. (3) gives reasonable results (red line). In con-
clusion all the theoretical expectations for the real trans-
verse impedance agree in their different validity ranges and
the measurement (dark blue line) is coherent with them.

100 ¢

Figure 1: Set up for the low frequency measurements.

KOhm/meter/meter

CIRCULAR STEEL TUBE

01 L

The transverse impedance of a circular pipe is well 1 g402 1.E+03 1.E+04 1LE+05 1.E+06
known and closed formulae are available, at least in the Frequency (Hz)
most significant limits. In the following we report the ones
used to compare to the experimental data. Figure 2: Transverse impedance per unit length (real part)

Beingd = /2/(wuo) the skin depthl the length of the  of a steel circular pipe.
structure (which in our case & =50 cm), the transverse
impedance for a circular beam pipe is for the “thick wall”  On the contrary for the imaginary part, the theoretical ex-

case (see for example [3]) pectation are all in agreement, but they substantially differ
) from the measured values. In particular the measurements

Zr _ L+ 03 for & <t, ) g?ve a neggtive the immaginary part, while theT the_ories pre-

L T wob?d dicts positive values. The results are shown in Fig. 3, with

wherec is the speed of light. For wall thickness smallerthe same notation of Fig. 2.

than the skin depth, a better approximation for the real ,, _

transverse impedance can be obtained by using the wall ¢

thicknesst instead ofd in Eq. (2); anyway both formulae 5 e —

are not suited for very low frequencies where they diverges 10 \
At low frequencies such that the skin depth is greates |

than the wall thickness, the interaction between the loof@

and a cylindrical resistive pipe can be described withg 1L m

an equivalent circuit model and the resulting transversé

impedance is Rl
r ~
Zr c 1+ jwe/w _ 2 01 — s
- =03 5 5 with w. = 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
L Th3owtA? 1 4 (we/w) mubot Frequency (Hz)
3)
which is a corrected version of the result in Ref. [1]. Figure 3: Transverse impedance per unit length (imaginary

An interesting derivation of the transverse impedance qfart, absolute value) of a steel circular pipe.
a circular pipe with arbitrary surface impedance has been
recently published in [4].
A field matching approach has been proposed to describe REFERENCE MEASUREMENT ON A
the impedance of a vacuum chamber with wall thickness
smaller than the skin depth, in the framework of the VLHC BRASS PIPE
studies. The results for a circular beam pipe are reported in From the measurement shown above there is a clear
Ref. [5] and the interested reader can find the closed aneentradiction between the expected imaginary transverse
lytical formulae in Ref. [6]. impedance (which saturates for very low frequencies) and
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the measured one (which vanishes at low frequenciedhe imaginary part saturates for low frequencies (as one
This controversy is important to solve since a consisterghould expect from theory). Figure 5 shows the measure-
measurement recipe is needed for transverse impedanoent results, with the same notation of Fig. 2.
measurements on real LHC devices. For the moment

the transverse impedance is obtained from the added loop!%°
impedance on the coil in the the DUT compared to a refer-
ence (lossless) case, i.e. the free space.

The inductance of two wires (at a distankgis different g
if they are placed in the free space or inside a cylindricag
conductor of radiu$. The difference between the induc- §
tances in the two cases is independent from the conduct&r 1 |

3
g 10

properties (in particular from its conductivity) and it is pro- g : 2 ¥55%e0

portional to(A/b)2. Therefore one can show [1, 4] that,

according to Eq. (1), the (imaginary) transverse impedance g ; N S )\ r SIS

of a perfectly conducting pipe (of radiug is different 1.E402 1.E403 1.E+04 1.E405 1.E+06
from zero and equal to the "magnetic image transverse Frequency (Hz)

impedance” [4]
Figure 5: Transverse impedance per unit length (imaginary

—j Zo ) (4) part) of a steel circular pipe after comparison with a brass
2mb? tube.

p-c. _
Zr~ =

For the brass pipe used in measurement (of the same ge-

ometry of the steel pipe, i..=50 mm), one get&7.“ =

—j24 k. The measurements shown in Fig. 4 agree (within CONCLUSIONS
the measurement uncertainties) with that prediction: the
real part is mostly zero while the imaginary part is abouE)f
-23 k) in the plateau. The low frequency deviations are
due the measurement difficulties while at high frequenc
(above 200 kHz) the effect of the loop self resonance bq\—/l
comes not negligible.

A practical method to evaluate the transverse impedance
accelerator components at low frequencies has been re-
orted. A modification of the classical two wire method
hich is running into sensitivity problems below a few
Hz has been successfully tested and compared with the-
oretical expectations. This modified method, which uses

20 ¢ essentially a loop with a certain number of turns, is bet-
E/’\\ ter matched to the transverse impedance to be evaluated (at

10 i . :
_ y -l least in some practical cases of interest for LHC) than the
g0 ) normal two wire technique. Also it can be used from a few
% -10 —\,\,\\ Hz onwards while the upper operational frequency is lim-
*qu -20 E ited to the first loop resonance. To asses the validity of the
= 30 F method, measurements on a lossy circular beam pipe have
S ok been checked against theoretical results.
x~ g —Real part \

-50 F — Imaginary part
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Figure 4: Transverse impedance per unit length of a brass REFERENCES
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