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Abstract

Beam Position Monitors (BPMs) for the FAIR super
conducting synchrotron SIS100 [1] will be installed in-
side the cryostats of quadrupole magnets. This contri-
bution focuses on the coupling path between BPM elec-
trodes and low noise amplifiers installed outside the cryo-
stat. Matching transformers (MT) meet well the require-
ments of reflection-free signal transfer through the rela-
tive long cable without loading the capacitive BPM by
50 Ω. Transformers based on toroidal cores made out of
nanocrystalline Vitroperm-500F were tested. The form of
windings and circuit geometry were optimized to improve
linearity and allow for resonance-free transmission over a
required frequency range from 0.1 to 40 MHz. The MTs
have to be balanced pair-wise within 0.1 dB and the geom-
etry of windings has to be mechanically stabilized using
e.g. epoxy resin. A choice of different epoxy types and
their suitability for cryogenic operation was tested in LN2.

METHODS AND RESULTS
For the heavy ion synchrotrons where bunches with the

length of several meters revolve with a frequency of few
MHz high impedance coupling of the BPM is advanta-
geous because it delivers a larger signal strength. Since
the signal strength decreases with increasing capacitance
high impedance amplifiers are typically mounted directly
on BPM vacuum feed-throughs. However, in the case of
SIS100, due to the heat deposit raised by amplifier power
losses, the amplifiers have to be installed outside the cryo-
stat [3]. The length of the signal lead inside the vacuum
vessel has to be about 2.5 m – on the one hand – to over-
come space between the BPM and cryostat cable ports and
– on the other hand – to keep the heat flow through all four
signal leads below 0.5 W per single BPM. In addition, the
expected radiation level in the neighborhood of BPM sta-
tion can reach the level of some kGy per year, thus ex-
ceeding the maximal tolerable radiation dose for the head
electronics by almost one order of magnitude. Therefore,

Figure 1: Schematic diagram of impedance matching by
means of matching transformer.

Figure 2: The transfer function of the optimized MT at dif-
ferent temperatures.

the cable lengths have to be extended by another five me-
ters to move the amplifiers away from the beam pipe. For
reflection free signal transport in such long signal lines an
impedance matching to 50 Ω close to the BPM plates by a
passive transformer is necessary [4], see Fig. 1. The real-
ization described here has a winding ratio of Npri/Nsec =
18 : 2 and is based on a toroidal core with external/internal
radius and thickness of re = 15 mm / ri = 10 mm, h =
10.5 mm, respectively. The input impedance of the am-
plifier Zampl = 50 Ω is transformed proportionally to the
square of the winding ratio Zeff = (Npri/Nsec)

2 · Zampl,
yielding an effective impedance of about 4.8 kΩ. Because
the voltage ratio for a transformer is given by U2/U1 =
N2/N1 = 18 : 2 the signal strength U2 is nine times
smaller compared to the high impedance case. On the
other hand, the thermal noise is lower compared to the high
impedance termination due to the scaling of the noise volt-
age Ueff ∝ √

R. The influence of a transformer on the
resulting BPM signal shape for a single bunch as well as
for a train of bunches is discussed more precisely in [5].
The transmission function is the most important MT pa-
rameter and can be determined by a vector network an-
alyzer by measurements of the scattering parameter S21.
For the shortest bunch length of 50 ns and revolution fre-
quency in the order of one MHz a reasonable bandwidth
of the transformers that is able to transmit the full sig-
nal shape and its full power spectrum is ∼ 0.1 MHz to
40 MHz [3]. Since the transfer function can be extended
toward the lower frequencies by using toroid materials with
high relative permeability Vitroperm 500 F was chosen [6].
An advantage of this material is its high saturation induc-
tion Bs = 1.2 T. This is extremely important with re-
gard to the dynamic range of the signal amplitude of over
120 dB [3]. At best the transmission is very linear over the
whole relevant frequency range exceeding significantly the
required bandwidth. This can be seen in Fig. 2 where the
frequency dependence of S21 measured at different tem-
peratures is shown. The table in Fig. 2 summarizes the
useful MT bandwidth (defined as the frequency range, in
which the S21 variation is smaller than ±0.1 dB). Since
the bandwidth even grows with decreasing temperature the
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Figure 3: The transfer functions measured with and without
DC bias at different temperatures, see text. Data for the
doted line are taken from [8].

new MT based on Vitroperm-500F core can be success-
fully used in the cryogenic environment. The high linearity
of the MT transmission can be deteriorated, mostly at the
lower frequencies, by core saturation that occurs for the
highest expected BPM signal amplitudes. First investiga-
tions of the former MT type described in Ref. [8] (dimen-
sions: re = 8.6 mm, ri = 5.9 mm, h = 7.4 mm, winding
ratio 18 : 3) had shown strong saturation effects ranging
from 40 dB at 100 kHz down to 5 dB at 1 MHz, respec-
tively. This exceeds the allowed value by almost two or-
ders of magnitude [3]. To reduce the saturation influence
on the transfer function, the optimized MT toroidal cores
have a larger cross section and lower number of primary
windings compared to the design from [8]. To simulate the
core saturation the primary MT winding was biased with a
DC current via a BIAS-TEE using the setup schematically
shown in Fig. 3. The solid line in this figure presents the
transmission function without DC bias and corresponds to
that in Fig. 2. The additional low frequency limitation is
caused by the high pass characteristics of the BIAS-TEE.
The dashed lines show the transmission at a bias current
of 450 mA which is equivalent to the highest expected sig-
nal amplitude of 1.8 kV [3]. Note, that the saturation ef-
fects at the low temperatures (77 K and 4.2 K) are much
smaller than at room temperature due to the temperature
dependency of the saturation polarization. This tendency,
observed already for other nanocrystalline alloys [10], is
advantageous when MTs are operated at cryogenic condi-
tions. Moreover, optimized MT, with the larger toroid cross
section, are by a factor of two less bias sensitive in compar-
ison to the former used cores (doted line).

Test of Transformer Encapsulation
Due to possible geometry changes during thermal cy-

cling transformer windings have to be stabilized using e.g.
epoxy resin. The choice of a proper epoxy type is an is-
sue: material has to be suitable not only for insulation vac-
uum of about 10−7 mbar but also for cryogenic conditions.
Particularly its linear thermal expansion has to be matched
to the expansion of the MT toroid material. Otherwise ei-
ther the epoxy or toroide may crack. At the lower tem-
peratures, i.e. bellow 100 K, the commonly used Temper-
ature coefficient of thermal expansion α ≡ (1/L)dL/dT
becomes highly nonlinear and is usually substituted with

Table 1: Epoxy Resins Used in the Tests. Values of total
thermal contraction ΔL/L are taken from [7].

Main constituent Second constituents ΔL/L [%]
395 to 4 K

Stycast 2850 FT Catalyst 24 LV 1.2
Stycast 2850 KT Catalyst 24 LV –
Stycast 2850 GT Catalyst 24 LV 0.42

Araldite CW 299-3 Araldite CW 299-1 1.06
Stycast 1266 A Stycast 1266 B 1.15

the so called total thermal contraction ΔL/L that is inte-
grated over a given temperature range [2]. Since the MT
toroid is build out of nanocrystaline ribbon wounded alter-
nately with an insulating foil, a determination of its total
thermal contraction can only be done by empiric compar-
ison with epoxy materials of known total thermal contrac-
tion. The contraction of the epoxy resin can be controlled
by a choice of material with proper contents of ceramic ad-
mixtures. Five epoxy resigns with slightly different thermal
contraction were tested, as listed in table 1. Great atten-
tion was put in the preparation of the samples. Epoxy con-
stituents were mixed with a precision of 10−3 (0.1 g). An
admixture of Antifoam 88 was used to reduce the surface
tension and to remove air bubbles from epoxy material. In
addition, the MT encapsulations (shown in fig 4) after fill-
ing with epoxy were kept 10 min. in a 0.1 mbar vacuum for
outgasing. After that samples were stored in a temperature
controlled oven as specified in the epoxy documentation.

For each epoxy type four samples were prepared and
tested with LN2 in a bath cryostat. The MTs were cooled
down over 20 minutes. As shock cooling, would generate
additional stress in the epoxy, the cooling time was pro-
longated by a connection of a semi-rigid cable extension
with the length of about 20 cm to the N-type connector.
MTs with this extension were slowly immersed into liquid
nitrogen until the whole MT chassis was covered. In the
next step samples were warmed up to the room temperature
within 20 minutes in the temperature controlled oven. Ten
such cycles were performed for all four samples of each
epoxy type. All epoxy resigns with total thermal contrac-
tion in the order exceeding 1% (Stycast 2850 FT, Araldite

Figure 4: Matching transformers non-encapsulated and en-
capsulated in epoxy (from left top to down bottom). The
order is the same as in Table 1.
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CW 299-3 and Stycast 1266 A/B) were affected by many
cracks in the structure whereas the last was completely bro-
ken already after first cycle. On the contrary, Stycast 2850
KT and Stycast 2850 GT showed to be suitable for MT
operation in cryogenic temperatures. Electrical features of
MT measured after cryogenic test remain unchanged which
proves that the toroids were not destroyed in cryogenic
tests.

Since encapsulation of the transformers has to be suit-
able for the insulation vacuum of the cryostat measure-
ments of the outgasing rate were performed by means of the
accumulation method reported in [9]. For each epoxy resin
1 mm thick samples of 5 × 10 cm2 were prepared. Since
measurements of outgasing rate are in progress (test of
one sample takes 50 days) only results for Stycast 2850GT
can be presented, see Fig. 5. The outgasing of epoxy is
driven by two main processes: desorption from the surface
and diffusion of the gases bounded in bulk material. At
the beginning of the pumping process desorption is dom-
inant. After about 10 hours of pumping the surface of
the sample is more or less free of adsorbed gases and dif-
fusion becomes dominant. Both outgass processes have
more or less an exponential character with two different
time constants: τ1 and τ2. This is typical for plastic ma-
terials like epoxy [9]. Data points in Fig. 5 were fit by
means of nonlinear least square method using a function:
f(x) = a · exp(− t

τ1
) + b · exp(− t

τ2
), whereas the coeffi-

cients for a desorption and diffusions are a = 5.37e − 7,
τ1 = 4.55 h, b = 9.5e − 9, τ2 = 114.9 h, respectively.
Fluctuation of the outgassing rate that can be seen start-
ing from about 40 hours of pumping are caused by day-
night environment temperature changes of ±2oC. After
100 hours of pumping one reaches the outgassing ratio of
3,6e-8 mbar · l/s/cm2 which is almost two orders of mag-
nitude smaller than for non-machined Araldit-epoxy usu-
ally used in the cryogenic applications [11]. Since the
area of epoxy used in MT encapsulation and exposed on
the vacuum is only about 10 cm2 one can state that con-
tribution to overall outgasing rate of four MT installed to
one BPM is negligibly small compared to e.g. contribution
of super-insulation used in SIS100 cryostats. Constituents
of the outgassing flux from the epoxy were analysed by a
quadrupole mass spectrometer. Resulting mass spectrum is
shown in Fig. 6. The spectrum is dominated to more than
95% by the products of thermolized water and water va-

Figure 5: Outgasing rate for Stycast 2850 GT, see text.

Figure 6: Mass spectrum of the constituents of the out-
gassing flux for Stycast 2850 GT, see text.

pors. An yield of hydro-carbon gases CxHy that should ap-
pear as a peak at mass of 16 and which should significantly
contribute to carbon peak at mass of 12 is not observed
which is an evidence that the tested epoxy is not contami-
nated with the organic solvents or oils. Therefore, Stycast
2850 GT can be assumed suitable for insulation vacuum.

CONCLUSIONS AND PERSPECTIVES
It was shown that the optimized matching transformers

are able to transmit BPM signals in the required frequency
range. To minimize the offset of the BPM position de-
termination the MTs have to be pairwise balanced within
±0, 1 dB. Moreover, the geometry of windings has to be
stabilized using e.g. Stycast 2850 GT that is suitable at the
insulation vacuum and its total thermal contraction match
the one of toroid material. For a complete prove of the
cryogenic suitability of the encapsulation further tests in
LHe are required.
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