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Abstract
Fast kicker magnets are used to inject beam into and ex-

tract beam out of the CERN accelerator rings. These kick-
ers are often ferrite loaded transmission line type magnets
with a rectangular shaped aperture through which the beam
passes. The interaction of the beam with the resistive part of
the longitudinal beam coupling impedance leads to power
dissipation and heating of different elements in the accel-
erator ring. In particular, power deposition in the kicker
magnets can be a limitation: if the temperature of the ferrite
yoke exceeds the Curie temperature, the beam will not be
properly deflected. In addition, the imaginary portion of
the beam coupling impedance contributes to beam insta-
bilities. A good knowledge of electromagnetic properties
of materials up to GHz frequency range is essential for a
correct impedance evaluation. This paper presents the re-
sults of transmission line measurements of complex initial
permeability and permittivity for different ferrite types. We
present an approach for deriving electromagnetic properties
as a function of both frequency and temperature; this infor-
mation is required for simulating ferrite behaviour under
realistic operating conditions.

INTRODUCTION
In circular accelerators, injection and extraction systems

place newly injected or extracted particles onto the correct
trajectory while aiming to minimize the beam losses. A
major component of these systems are fast kicker magnets,
which are typically ferrite loaded transmission line type
magnets. These magnets consists of multiple cells to approx-
imate a transmission line, where C-shape yokes of magnetic
material (typically NiZn ferrites) are sandwiched between
high voltage capacitance plates [1]. A key parameter of a
ferrite is permeability, which effects the strength and homo-
geneity of the magnetic field. An accurate model of the fer-
rite’s permeability is critical to understanding its behaviour
and for proper beam coupling impedance simulations. The
permeability is of particular interest as the ferrite approaches
its Curie temperature (Tc).

Beam induced power deposition, due to circulating beam
passing through the kicker aperture, can cause an increase
in ferrite temperature. More specifically, the power depo-
sition in the ferrite is dependent upon the interaction of
the beam spectrum with the real component of the longi-
tudinal beam coupling impedance of the magnet [2]. A
change in ferrite properties, due to the beam induced heating,
will also influence beam coupling impedance. Importantly,
good impedance evaluation is critical, as the impedance can
∗ agnieszka.chmielinska@cern.ch

also affect beam stability in the transverse and longitudinal
planes [3].

CMD5005 (Ceramic Magnetics, Inc.) [4] or 8C11 (Fer-
roxcube) [5], both of which have Tc ≥ 125◦C as indicated by
the supplier, are used for the CERN LHC MKI injection, the
SPS MKP injection and SPS MKE extraction kicker mag-
nets. A major concern is that beam induced heating of the
ferrite yoke will result in severely degraded performance of
the kickers, especially during operation with long fills with
high beam intensity [6, 7].

Employing an alternative ferrite, e.g. CMD10, that has a
higher Curie temperature (Tc ' 250◦C) than CMD5005 and
8C11, in the MKI magnet, was considered [8], but its initial
permeability [4] is lower than required for the MKI. As a
result, a ferrite of a 50/50 mixture in powder of CMD5005
and CMD10 is being considered, and it will be tested in a
prototype SPS MKP kicker magnet [9]. This blended fer-
rite, CMD10B, will have a higher Curie temperature (190◦C
expected) than CMD5005 or 8C11 but with higher initial per-
meability than CMD10. The goal of the current studies is to
measure initial permeability as a function of temperature. If
the performance of CMD10B is satisfactory, replacement of
some of the yokes in the MKI could be considered. An addi-
tional note, for NiZn ferrites the permeability data provided
by the manufacturer is sometimes only up to 10’s of MHz,
which is inadequate for beam coupling impedance simula-
tions (GHz range required). The electromagnetic properties
of ferrites CMD5005, CMD10 and CMD10B are presented
here as a function of both frequency and temperature.

ELECTROMAGNETIC
CHARACTERIZATION OF MATERIALS
The response of a material to an applied electromagnetic

field is quantified by the material’s complex permeability
(µ∗) and permittivity (ε∗), which are related to the free space
parameters by the relative parameters µ∗=µ∗r µ0 and ε∗=ε∗rε0.

Electromagnetic properties of the materials can be deter-
mined using coaxial line measurement methods. A sample
of the ferrite is placed within a 50 Ω coaxial line test fixture
(see Fig. 1) and S-parameters are measured using a vector
network analyzer (VNA) [10]. At the sample’s position
within the line, the cross section of the line should be com-
pletely and homogeneously filled by the sample: however
small air gaps cannot be avoided. The material properties
are extracted from the measured S-parameters using algo-
rithms, which are presented in the following sections. This
paper focuses on two different non-resonant measurements:
transmission and short-circuit line methods.
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Figure 1: Coaxial line test fixture with Dezifix connec-
tor [10], PT100 sensor, heating braid and non-reversible
temperature indicators.

Transmission Method
The transmission method [11] allows for simultaneous

measurement of µ∗r and ε∗r . A toroidal sample of length
d loads a section of transmission line, that has a length
L = L1 + L2 + d (see Fig. 2). If Z0 is the characteristic
impedance of the transmission line and k0 = ω

√
µ0ε0 is the

propagation constant in the free-space region, then in the
ferrite loaded region: Z = Z0

√
µ∗r
ε∗r

and k = k0
√
µ∗rε
∗
r . The

reflection coefficient at material boundaries is R = ± Z−Z0
Z+Z0

.

Port 1 Port 2

L1 L2d

ε0 μ0 ε0 μ0ε* μ*

Z0 Z0Z

r r

Figure 2: Simplified diagram of the measurement setup.

The expressions for µ∗r and ε∗r for this method are given by:

ε∗r = ε
′

r − jε
′′

r =
k
k0

(
1 − R
1 + R

)
(1)

µ∗r = µ
′

r − jµ
′′

r =
k
k0

(
1 + R
1 − R

)
(2)

where a single-prime and double-prime donates the real and
imaginary components, respectively. R and k are derived
from measured S-parameters:

k =
1
d

cos−1

(
e−j2k0(L1+L2) + S2

21 − S2
11

2e−jk0(L1+L2)S21

)
(3)

R =
S11

e−jk0(L1+L2) − S21e−jkd
(4)

Short-Circuit Line Method
If, in Fig. 2, L2=0 and a short-circuit is placed on port 2,

we have a short circuit line method [10, 12]. Since only
S11 is measured and the sample is placed against a short-
circuit, only µ∗r is extracted and ε∗r must be known. In this
study, ε∗r=12 is used, which was given in the datasheet [4]
and was confirmed by the results of the transmission line
measurement method (see below). S11 f illed and S11empty are
the measured S-parameters of the filled and empty sample

holder, respectively. The following equation, shown in [12],
is solved for µ∗r using the Newton-Raphson algorithm:

S11 f illed

S11empty
+ e j2k0L1

tanh(k0
√
µ∗rε
∗
r L1) −

√
ε∗r
µ∗r

tanh(k0
√
µ∗rε
∗
r L1) +

√
ε∗r
µ∗r

= 0 (5)

RESULTS
Measurements at Room Temperature

The µ∗r and ε∗r have been derived from the transmission
method performed at 25◦C. Figure 3 shows ε′r for three types
of ferrite: there is a good agreement with the expected value
of ε∗r ∈ (12 − 13) [4, 13] for frequencies above 400 MHz.

Figure 3: ε′r for three types of ferrites at 25◦C.

Figure 4 shows µ∗r for CMD5005 ferrite: there is good
agreement between the two measurement methods and the
datasheet [4]. However, since the transmission line method
is more prone to error at higher frequencies, the short-circuit
line technique was predominantly used in these studies.

Figure 4: µ∗r of CMD5005 ferrite at 25◦C.

Figures 5 and 6 show µ
′

r and µ′′r , respectively, for the three
ferrite types, measured using the short-circuit line method.
The maximum measured frequency is limited by the half-
wavelength resonance [12]. In repeated measurements it
has been observed that µ′r oscillates around zero at high
frequencies: this effect requires further investigation. Since
CMD10B is a 50/50 blend of CMD10 and CMD5005, its
µ∗r is in between those of these ferrites, as expected. Below
100 MHz the µ′′r of the three ferrites is quite different.

Figure 5: Measured µ′r of ferrites at 25◦C.
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Figure 6: Measured µ′′r of ferrites at 25◦C.

Heated Sample Measurements
Heated sample measurements were performed using a

power supply powering a heating braid that was wrapped
around the coaxial line test fixture (Fig. 1). The required tem-
perature was set and the output of the supply was controlled
by feedback from a temperature sensor. As a cross-check on
the temperature, a PT100 sensor and non-reversible tempera-
ture indicators were used on the outside of the sample holder.
However it was not possible to measure the temperature of
the ferrite sample directly. Hence, temperatures shown in
this paper are those set, i.e. on the outside of the test fixture:
the ferrite sample would be cooler than, because of thermal
conduction via the cables to the VNA. The set temperature
was increased in steps, ensuring thermal equilibrium of the
sample was reached at each step by monitoring the stability
of the S-parameters, before the S-parameters were recorded.

To prevent damage to the test fixture, measurements
were limited to Tmax=175◦C, therefore only the CMD5005
reached its Curie temperature, indicating that the ferrite
CMD5005 was above ∼125◦C; Figs. 7 and 8 show µ

′

r and
µ
′′

r , respectively. At 150◦C set, the CMD5005 was still below
its Curie temperature (∼125◦C). Below ∼10 MHz, µ∗r gener-
ally increases with temperature, while at higher frequencies
the opposite effect is observed. Hence, two mechanisms of
losses can be distinguished in the µ∗r spectra: resonance-
type for domain wall motion and relaxation-type for the
spin rotation [14, 15]. Above TC ≥ 125◦C, µ′r and µ

′′

r are
both significantly reduced: the ferrite is magnetically nearly
transparent and lossless.

Figure 7: Temperature dependence of µ′r for CMD5005.

The LHC beam bunches are typically spaced by 25 ns: this
results in line harmonics at multiples of 40 MHz, which can
significantly contribute to power deposition in the ferrite.
The results show that, above 40 MHz, µ′′r decreases with
increasing ferrite temperature: for a given beam, this would
result in a reduction in beam induced power deposition as
the ferrite heats up. This reduction in beam induced power
deposition is not presently accounted for and thus losses

Figure 8: Temperature dependence of µ′′r for CMD5005.

are overestimated at higher temperatures. Hence, dedicated
simulations will also be run at higher temperatures [16]

An interesting analysis is the comparison of µ∗r for all fer-
rites at higher temperatures. At frequencies below ∼10 MHz,
which is the highest significant frequency in a pulse with
30 ns rise-time, µ′r must be above 500 to provide the required
field strength for the MKI [17]. However at 50◦C set µ′r is
300, for CMD5005, at 10 MHz (Fig. 7), and is less than
100 at 150◦C set (Fig. 9). For both CMD10 and CMD10B
µ
′

r is ∼300 at 150◦C set (Fig. 9). For the LHC MKI, the
homogeneity of the field stays within specification when the
relative permeability is above 100 up to 10 MHz [17]. This
condition is satisfied, unless the operating temperature of
CMD5005 reaches its Curie point.

Figure 9: µ′r at 150◦C set, for the three types of ferrites.

CONCLUSIONS
The electromagnetic properties of CMD5005, CMD10

and CMD10B ferrites have been successfully characterized,
into the GHz range, using transmission and short circuit
measurement methods. A good agreement between the two
methods, as well as the available low frequency data from
the manufacturer, has been achieved for the CMD5005. The
results are important both for understanding the µ∗r of ferrites
and for the accurate simulation of beam coupling impedance.

It is also necessary to have accurate µ∗r data for ferrites as a
function of temperature, especially approaching and exceed-
ing the Curie point: this can occur with high intensity beam
circulating for many hours. A comparison of the properties
of the three types of ferrite shows that a new type, CMD10B,
maintains its initial µ′r , at 10 MHz, to higher temperatures
than CMD5005. The presented results also show that, above
40 MHz, µ′′r decreases with increasing ferrite temperature:
for a given beam, this would result in a reduction in beam
induced power deposition as the ferrite heats up. Hence, the
measurement results at 25◦C and at higher temperature are
vital input for beam coupling impedance simulations and to
understand kicker magnet ferrite yoke behaviour.
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