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Chapter 1

Introduction

High resolution γ-spectroscopy is the underlying method to investigate excited
stats in nuclei and to understand nuclear structure physics. Since the com-
plexity of nuclear structure experiments is still increasing, the requirements on
an efficiently and accurately working γ-spectrometer are considerably high.
AGATA (Advanced GAmma Tracking Array) is an European project to es-
tablish a new γ-spectrometer which is based on modern electronics with the
encapsulated, highly segmented germanium-crystal-technology. A character-
istic of these complex detector-systems is the continuous operation at liquid
nitrogen temperature. A lack of cooling would cause a severe damage of these
delicate detectors and major losses in operation time and financial losses would
be related to such a warmup event. Therefore the determination of the liquid
nitrogen consumption and the direct monitoring of the liquid nitrogen level
inside the detector are of great importance.
The subject of this thesis is a novel liquid nitrogen fill level meter for the
AGATA-triple-cluster detectors. The consumption of liquid nitrogen depend-
ing on different setups of the AGATA-detector is investigated with the newly
developed device.
Due to various AGATA detector positions the affect of the consumption of liq-
uid nitrogen and the influence on the liquid-nitrogen-level-read-out itself was
subject of this thesis.
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Chapter 2

The AGATA-spectrometer

The AGATA-spectrometer is designed as a 4π γ-spectrometer and will consist
of 60 antisymmetric triple cluster (ATC) detectors (see fig. 2.1) in its final
configuration. Each cluster contains three 36-fold-segmented, encapsulated
high purity n-type Germanium (HPGe) crystals [DB01]. The geometry of the

Figure 2.1: Left: Drawing of the AGATA-array consisting of 180 hexagonal shaped
crystals. The inner radius of the shell is 23.5 cm [JE08], as 82 % of the solid angle
are covered by the Ge-crystals. The total amount of germanium needed for this
configuration is 362 kg [JE08]. Right: The Ge-crystals inside one triple cluster are
not shaped symmetrically, three different asymmetric types are used instead: A-type
(red), B-type (green) and C-type (blue).

AGATA-array is determined by the following requirements [DB01]:

• Full energy efficiency and spectral response for γ-rays in the energy range
from 10 keV to 10 MeV

• Symmetry of the configuration

• Modularity

• Available inner space (inner radius of shell)

• Amount of germanium used (cost)

The final design of the array is shown in fig. 2.1. The AGATA-spectrometer
will be used for several types of experiments which are characterised by a

3
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γ-radiation after a reaction zone. Thus a spherical configuration of the Ge-
crystals around a target provides the highest detection efficiency [DB01]. Many
methods of γ-spectroscopy (e.g angular distribution, correlation measurements
etc.) take advantages of a symmetric arrangement of the detectors which is
given by the configuration shown in fig. 2.1 [DB01]. In order to realise a
full solid angle coverage in a spherical arrangement, the detectors are shaped
asymmetrically.
Figure 2.1 displays the predicted performance for the future AGATA-spectrometer
at energies of 1 MeV. The efficiency for a single γ-particle is determined by
the amount of detection material which surrounds the radiation source [DB01].
γ-rays with energy Eγ = 1 MeV for example are detected with an efficiency of
43.3 %. According to the attenuation law I = I0 · e−µ∆x for gamma rays, the
thickness of the surrounding Ge-material becomes more important for higher
γ-energies [DB01]. If the γ-multiplicity Mγ increases then the number of de-
tecting elements has to increase too, in order to distinguish between different
γ-rays. Considering this, simulations have shown that 6000 − 8000 detec-
tion elements are required which is realised by 6660 channels for the AGATA-
spectrometer. The peak-to-total ratio P/T describes the spherical response of

Multiplicity 1 10 20 30

Efficiency [%] 43.3 33.9 30.5 28.1

Peak to total ratio [%] 58.2 52.9 50.9 49.1

Table 2.1: Predicted performance of 180 triple cluster detectors in the AGATA for
γ-energies of 1 MeV [JE08].

the detector. A high position resolution is assured by the segmentation of the
Ge-crystals, as the segments are sufficiently small [DB01].

2.1 The AGATA-triple-cluster
Each AGATA-triple cluster (see fig. 2.4) consists of two main parts: on the
one hand the Ge-crystals which are detecting the γ-rays and the cryostat on
the other hand. The cryostat connects the crystals with the high front end
read-out-electronics and keeps the crystals at an temperature near −196 ◦C
since they are cooled with liquid nitrogen.

2.1.1 The AGATA-capsule

The high angular resolution and position sensitivity of the AGATA-spectrometer
is related to the fact that all Ge-crystals in the array are segmented. Each Ge-
crystal comprises 36 segment-electrodes and one core-electrode. In order to
separate the delicate Ge-crystals from the cryostat and to protect them during
repairs of the electronics, all crystals are encapsulated. Figure 2.2 shows an
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Figure 2.2: Left: CAD-drawing of an encapsulated, segmented hexagonal Ge-
crystal [DB01]. Middle: Labeling of the segmented detector: The rows are labelled
from 1 to 6, as no. 6 is the upper segment. The rings are labelled from A to F. Right:
Photograph of an AGATA-detector. In order to read out the signals of the segments
a board is mounted on top of the crystal which connects the first preamplifier stage
with the segments.

encapsulated AGATA-detector with a board mounted on top. The capsules
are made of aluminium with a 8 mm wall thickness. The space between the
detector and the Al-caspule is about 0.5 mm. The whole detector has a weight
of 2 kg.
The AGATA-capsules are manufactured by the company Canberra, Lingol-
sheim (Strasbourg), France. Before these crystals are mounted in the AGATA
triple cryostat, they have to pass a customer acceptance test (CAT) which is
done at IKP (Institut für Kernphysik) Cologne. The results of such a test
are displayed in fig. 2.3. All segments and the core of this detector are per-
forming well. The FWHM of segment B3 for example is 1 keV for a γ-energy
Eγ = 59.6 keV.
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Figure 2.3: Results of a customer acceptance test done at IKP Cologne for an
asymmetric C-type AGATA-detector. The full width at half maximum (FWHM) of
a measured energy peak is specified for the segments and the core. The specifications
for the segments are: 1.3 keV for an energy of 59.6 keV, 2.3 keV for 1.3 MeV and for
the core: 1.35 keV at 122 keV, 2.35 keV at 1.3 MeV. The measured FWHM of the
segments and core of this detector are performing well within the specifications.

2.1.2 The cryostat

Each AGATA-cryostat (see fig. 2.4) may in principle be divided in three main
sections:

1. The cold part: Three asymmetric, hexagonal, encapsulated Ge-crystals
and the first amplifying stage are operated under a high vacuum of p <
10−7 mbar and a temperature near −196 ◦C. The cold part is covered by
an aluminium endcap with a length of 27.5 cm and a weight of 420 g.

2. The warm part: The warm preamplifiers are connected by feedthroughs
with the amplifying stage in the cold part. The amplifiers in the cold
and warm part are operated with a low-voltage of ±6 V and ±12 V.

3. The liquid nitrogen is hosted inside a dewar.

Since all AGATA-detectors are cooled with LN2, the dewar is linked by a
cooling finger with the cold part (see chapter 3) where the crystals are attached.
The whole cryostat has a total length of 92 cm, as the dewar has a length of
38 cm. The total weight of the cryostat without liquid nitrogen inside is 38 kg.
Figure 2.4 shows a symmetric triple cluster where symmetric detectors are
mounted inside. But the working principle is identical to that of an asymmetric
triple cluster.
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dewar, able to host 4.5l of liquid nitrogen

warm part: 37 warm preamplifier, MDR-signal-read-out

cold part: cold preamplifier: 111FETs, 

Ge-crystals, p< 10-7mbar

high voltage plug in

connectors for low-voltage supply

Figure 2.4: Symmetric AGATA-triple-cluster (STC) at IKP Cologne. The only
difference between a symmetric and an asymmetric triple cluster is given by the shape
of the detectors and the endcap. The amplifying stage in the cold part comprises
111 (3 × 36 segments + 3 cores) feld-effect-transistors (FETs). The signals coming
from the cold part pass the warm preamplifiers (2 warm preamplifier provide six
segments, whereas each core-signal is read out by one warm preamplifier→ 37 warm
preamplifiers in total) and are read out by a MDR-cable afterwards.
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Figure 2.5: Automatic cryogenic filling system at IKP Cologne. The LN2-tank is
able to host 450 l of liquid nitrogen and linked by a valve with the control unit. The
control unit itself is linked to a PC where the start of a filling and the filling period
are adjusted. The control unit drives several valves which are connected by filling-
nozzles with the detectors. Each filling-nozzle is equipped with an overflow, as the
overflow itself is controlled by a PT100-sensor. If this sensor detects a temperature of
−196 ◦C the control unit shuts the valve and the filling is terminated. The adjusted
filling period of the Cologne-filling-system is 8 h. The liquid nitrogen is filled with a
pressure of 1.5−2 bar into the dewar. The duration of the filling for an AGATA-triple
dewar varies between 5− 12 min depending on the pressure inside the tank.

2.2 The cryogenic filling system
All detectors in the AGATA-array are linked to an automatic cryogenic filling
system which provides every cluster with liquid nitrogen. The requirements to
such an automatic filling system are:

• Reliability

• The filling should start automatically at a given point in time and end
automatically when a certain liquid nitrogen level inside the dewar is
reached.

• A warning signal has to be sent out by the system if the filling is somehow
interrupted or impeded.

• A force filling has to be done in the case the regular filling is interrupted
or the detectors is warming up above a temperature treshold.

Figure 2.5 shows the automatic cryogenic filling system which is used in Cologne.
The control unit is driven by a Linux-PC which is connected to the Internet. If
a filling process was successful (or not) an email is sent out. The reliability of
this system depends strongly on the pressure inside the LN2-tank. Thus it is of
great importance that the tank is equipped with a self-adjusting pressure unit
which keeps the pressure always at a constant level. The Cologne-filling-system
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is able to provide two AGATA-trilpe-clusters and one AGATA-single-detector
at once with liquid nitrogen.
The filling-system for the AGATA-array is more complex but mainly working
in the same way. Figure 2.6 displays the general layout of a cryogenic system
at the LNL (Laboratori Nazionali di Legnaro) in Legnaro. The liquid nitrogen
is hosted in the outer tank which is connected by a pipeline with the detectors.
Each detector is equipped with a gas-exhaust. The nitrogen gas is collected
in a vessel (lime-green coloured box) which is equipped with a PT100-sensor
and connected to the outflow watchdog. If the gas becomes liquid the PT100
sensor at the vessel gives a signal to the watchdog which stops the filling au-
tomatically [Koj07]. Each detector has an extra PT100-sensor (DPT) which

Pipeline

DPV

DIV

Det. 1 Det. 2 Det. 3 Det. 4 Det. 5 Det. 6 Det. 7 Det. 8

DV5 DV6 DV7 DV8DV1 DV2 DV3 DV4
VPT

P V

DPT1 DPT2 DPT3 DPT4 DPT5 DPT6 DPT7 DPT8

MSV

Outer Tank

Detector Group 

2-Tank Autofill System

LNL Version

Pt100 Sensor

Electromagnetic LN2 Valve

Shut-off Valve

OPT1 OPT2 OPT3 OPT4 OPT5 OPT6 OPT7 OPT8

Autofill

PS

Outflow WatchDog

Figure 2.6: General structure of the cryogenic system at Legnaro [Koj07]

monitors its temperature. In the case that the temperature exceeds a certain
value the detector valve (DV) opens and the DPT gives a signal to the watch-
dog and a force-fill is done. Due to the complexity of such a system it is not
unlikely that a failure may occur and prevent the automatic filling which would
be crucial for any detector in the array. A missing liquid nitrogen fill causes an
uncontrolled warming up of the detector. This leads to an overheating of the
crystals while they are operated under high voltage. Moreover the electronics
inside the cold part might be damaged by high voltage sparks.
Thus an independent liquid nitrogen monitor is a necessary extension of the
control system. The new monitor is directly linked to the liquid nitrogen level
inside the dewar. In case the LN2-level falls below a certain value, the monitor
will cause a force-fill. The working principle of such a LN2-monitor and the
difference with respect to a PT100-sensor inside the detector is discussed in
the following section.
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Chapter 3

The LN2-monitor

The AGATA-detectors have to be kept at a low temperature ∼ −190 ◦C and
monitoring of the LN2-level is of great importance. In this chapter the basic
concepts and prerequisites of the new LN2 monitor are introduced.

3.1 Cooling with liquid nitrogen
The detectors used for the AGATA-triple-clusters are 36-fold segmented high
purity germanium detectors. Germanium is a chemical element of the fourth
main group and thus is a semiconductor which has a temperature dependent
conductivity. The electrical conductivity σel inside a semiconductor depends
on the intrinsic carrier concentration ni(T ) [EH05]:

σel ∼ ni(T ) (3.1)

The temperature dependency of ni determines the conductivity and is dis-
cussed in the following section.

3.1.1 Characteristics of a semiconductor

A solid is characterised as conductor, semiconductor or isolator by the bandgap
Eg = Ec − Ev between the valence band and conduction band (see fig. 3.1
left). Considering a semiconductor the bandgap is in a region of: Eg ∼= 0.5 −
1 eV [Dem05]. The probability that an electron inside a solid occupies a state
with energy E at a given temperature T is described by the Fermi-Dirac-
distribution [Dem05]:

f(E) =
[

exp
[(E − EF )

kBT

]
+ 1
]−1

(3.2)

As EF is the Fermi-energy. A plot of equation 3.2 is shown on the right hand
side of fig. 3.1. If the temperature T of the system is 0, no state with energy
E > EF can be occupied by electrons. When temperature is finite, states with
energies E > EF may be occupied. Therefore for a certain temperature T the
probability exists that an electron inside a semiconductor may transcendent
through Eg into the conduction band. The electrical conductivity of a solid is
determined by the concentration n of electrons in the conduction band which
is given by: [Kit06]

n =

∞∫
Ec

ρe(E) · f(E)dE (3.3)

11
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Electron energy E

metal   semiconductor  isolator

conduction band

valence band

Eg=Ec-Ev
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T=0
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0.5

1
fHEL

Figure 3.1: Left: Schematic drawing of the band model for solids. The conduction
band has a minimum energy Ec whereas the valence band has a maximum energy
Ev [Dem05]. The energy EF is the Fermi-energy and denotes the highest energy
state at T = 0 which is still occupied with electrons [Dem05]. Right: Plot of
the Fermi-Dirac-distribution f(E) as a function of the energy E. If the energy is
E = EF , the distribution takes the value f(EF ) = 0.5. For the temperature T = 0
the distribution is equal to the Θ-function.

As ρe is the density of states for electrons and f(E) the Fermi-Dirac-distribution [Kit06].
Each electron in the conduction band causes a positive charge called hole in
the valence band. Referring to equation 3.3 the concentration of holes in the
valence band is given by [Kit06]:

p =

Ev∫
−∞

ρh(E) · fh(E)dE (3.4)

ρh describes the density of states for holes and fh(E) = 1 − f(E) [Kit06]
the corresponding distribution. The temperature dependent intrinsic carrier
concentration is then given by [EH05]:

ni(T ) =
√
n · p = ni0 · T 3/2 · exp

[ −Eg
2kBT

]
(3.5)

Considering germanium for example, the bandgap is Eg = 0.66 eV and ni0 =
1.57 ·1015 cm−3K−3/2 [EH05]. Equation 3.4 is shown in figure 3.2, where log[ni]
is plottetd with respect to the inverse temperature 1/T . For high temperatures
the charge carrier concentration is considerably high. In order to measure only
electron-hole-pairs created by radiation, the semiconductor has to be kept at
low temperature: T ∼ 98K. The most common cooling techniques applicable
are:

1. Cooling with liquid nitrogen LN2

2. Cooling with liquid helium
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Figure 3.2: The intrinsic carrier concentration ni(T ) plotted for germanium with
respect to the temperature T .

3. Cooling with liquid argon

The AGATA-triple-clusters are cooled with liquid nitrogen which is hosted in
a dewar (see fig. 3.5). The dewar itself is linked by a cooling finger with the
germanium crystals, as they have a temperature about −190 ◦C when being
cooled. This temperature is in a region where the intrinsic carrier concentration
is marginal (see fig. 3.2) and thus does not contribute to the concentration of
charges which are created by radiation. In order to keep this temperature at
a constant level the crystals environment needs to be evacuated. Otherwise
the gas between the crystals and the endcap causes a thermal contact to the
outside environment of the cryostat which leads to a heating of the crystals.

3.1.2 Working under vacuum

All AGATA-detector-systems are operated under high vacuum (p ≈ 7·10−7 mbar),
which means the crystals and electronics inside the cold part are evacuated.
Operating the cluster under such a vacuum has two main aspects:

i) The radiation detection only works if the germanium crystals are kept
at a low temperature and therefore a thermal contact between them and
the cryostat needs to be avoided.

ii) If the cluster is not operated under vacuum, spontaneous discharges may
occur and cause a severe damage of the electronics inside the cold part.

The second aspect is related to the Paschen-law which is displayed in fig. 3.3.
If a voltage is applied to two electrodes in a gaseous environment, free elec-
trons get accelerated and scatter with the gas molecules.This scattering causes
an ionization or excitation of the molecules which leads to more free elec-
trons [Rai99]. These free electrons can ionize further molecules. Whether this
chain reaction stops or causes an avalanche of free electrons depends on the
pressure p of the gas, the distance d between the electrodes and the applied
voltage U . In case of an avalanche of free electrons, a current may occur which
may cause a severe damage of an electrical system. The relation between the
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Ubv,min

HpdLmin

pd

UbvHpdL

Figure 3.3: Paschen-curve of the breakdown Ubv(pd) with respect to the product
of pressure and distance pd. The minimum voltage Ubv,min is indicated by the black
dashed lines.

breakdown voltage Ubv which causes the severe current and the product of p
and d was found by Friedrich Paschen [pas09]:

Ubv =
c1 · pd

log[c2pd]− log[log[1 + γ−1]]
(3.6)

The constants c1 and c2 depend on the gas between the electrodes and the
electrode material itself. γ is called the Townsend-coefficient [Rai99] and de-
termines whether an avalanche is formed or not. The breakdown voltage is
minimal if the product of pressure and distance takes the value (pd)min (see
fig. 3.3). If pd < (pd)min, the gas pressure is too low and the distance be-
tween the electrodes too short the probability for a scattering between the
free electrons and gas molecules decreases. Thus a higher voltage for creating
avalanches is needed.For values which are larger than (pd)min (see fig. 3.3)
the breakdown voltage depends linear on the product of pressure and dis-
tance [Rai99]:

Ubv ∼ pd, pd > (pd)min (3.7)

High pressure forces the electrons to scatter with the molecules before they
have enough energy to ionize or excite them. Large distances between the
electrodes will cause a weak electrical field if the voltage is not increased.
Thus the electrons gain not enough energy to ionize the gas molecules. Fig. 3.4
shows three different Paschen-curves for three different gases, e.g air with a
pressure of 10 Torr ≈ 13 mbar and a distance of 1 cm causes a break down
voltage of Ubv ≈ 103 V. This value is crucial for any AGATA-detector since
the operational voltage is 4 − 5kV. In order to achieve a high breakdown
voltage which is not in the range of the operational voltage, a low pressure
or high vacuum is needed. A special feature of the AGATA-cryostats are the
getter inside them which have the ability to bind gas molecules [Rot79]. The
getter used in AGATA-cryostats work in a low temperature environment, which
can be reached by using LN2. The getter start binding gas molecules when
a certain (low) temperature Tl is reached which happens during a cooling-in-
process of the cryostat. When the pressure of 10−7 mbar is reached it will
remain inside the cryostat as long as the temperature T inside the cryostat is:
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Figure 3.4: Plot of equation 3.5 for three different gases: air, N2 and H2 [Cob41].

T < Tl. When the temperature inside the cryostat is above Tl the getter start
gasing out immediately and the pressure increases. According to Paschen’s
law a spontaneous discharge may occur and damage the electronics. Thus
there is a need for constant cooling and a stable monitoring of the LN2-level
inside the dewar. In the following sections two oportunities of temperature- /
LN2-monitoring will be discussed.

3.1.3 The AGATA-dewar

Figure 3.5 shows an AGATA-triple-cryostat and a schematic drawing of an
AGATA dewar where the liquid nitrogen is hosted. The germanium crystals
are in thermal contact with the dewar through a copper cooling finger. An
AGATA dewar is able to host 4.5 l of liquid nitrogen which is roughly the half
of the dewars volume.The dewar has a total length of l = 38 cm and an outer
diameter d = 25 cm and is equipped with a pressure control valve which opens
automatically if the pressure inside the dewar is about 10 bar. A possibility
to check the LN2-level inside the dewar is to open the valve and measure the
filling-level manually. But this method is too inefficient because the AGATA-
array consists of 60 triple cluster which have different positions inside the array
and no digital data produced to be used on a PC.

3.2 Temperature-monitoring
The LN2 filling level can be indirectly checked by monitoring the temperature
inside the dewar and the temperature of the germanium crystals. If the crystals
are not cooled anymore their temperature will increase.

3.2.1 The PT-100-sensor

A most common possibility of monitoring the temperature inside the dewar is
using a PT-100 sensor. Such a sensor consists of a PT-resistance R(T ) , which
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Figure 3.5: Left: AGATA-Triple-cryostat at IKP-Cologne. The blue part on top
is the dewar where the liquid nitrogen is hosted. Right: Schematic drawing of a
dewar used for AGATA. The dewar is linked to the crystals by a cooling finger. A
getter is mounted inside the dewar to hold the pressure low. The interior of the
dewar is separated from the exterior by a damping and a vacuum isolation as the
vacuum region inside the dewar is indicated in dark blue.The inner metallic cylinder
(indicated by the red lines) is used for the LN2-monitoring. The filling nozzle extends
about one half into the inside of the dewar. Thus the maximum filling height is
limited by the length of the filling nozzle.
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varies as function of the temperature T . For low temperatures T ≤ 0◦C the
resistivity is described by [pt1]:

R(T ) = R0 · [1 + a · T + b · T 2 + c · (T − 100 ◦C) · T3] (3.8)

With the coefficients: a = 3, 9 · 10−3 1
◦C
, b = −5, 8 · 10−7 1

◦C2 and c = −4, 2 ·
10−12 1

◦C4 . The ouput of the sensor for T = 0 ◦C is defined as: R0 = R(T =
0 ◦C) = 100 Ω.
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Figure 3.6: Left: Typical PT-100 sensor, used for the AGATA-detectors. Right:
Plot of the PT100-resistivity R(T ) for low temperatures T ≤ 0 ◦C.

The PT-100-sensors used for AGATA-detectors (figure 3.6 left) are fixed at two
positions: the first is inside the cryostat on the copper rod of the dewar. The
second PT100 is on the crystal-surface itself. Figure 3.7 shows the PT100-read-
out of an cooling-in-process as the measured resistance has been translated
into a temperature. For this reason equation 3.7 has been approximated by
the following linear function:

R(T ≤ 0 ◦C) ≈ R0 · (1 + 4.02 · 10−3

◦C
· T) (3.9)

The temperature decreases when liquid nitrogen is filled inside the dewar.
After one hour the temperature has reached a minimum of −193 ◦C. However
the fluctuations in the measured curve are caused by frequently filling of liquid
nitrogen. During the cooling-in-process the dewar and its temperature are not
in a steady state as the temperature is changing quickly with any amount of
LN2 filled in. The red curve in figure 3.7 is a fit to the measured temperature
T (t) as a function of time:

T (t) = a · exp[−b · t] + c (3.10)

Fitting this equation to the measured data leads to the following coefficients:
a = (246±1) ◦C, b = (3.80±0.04) 1

h
and c = (−194.2±0.3) ◦C. The fluctuations

are disregarded because they depend on the amount of liquid nitrogen filled
in and are absolutely randomly. Except the fluctuations the data is fitted well
by equation 3.8. Thus the temperature seems to decrease exponential during
a cooling-in-process.

3.2.2 The Bias-shut-down

The critical temperature of the detector-system is about TC ≈ −160◦C, which
is equivalent to a resistivity of R(TC) ≈ 35 Ω on the crystal’s surface.
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Figure 3.7: Temperature of the crystal’s surface during a cooling-in-process. By us-
ing equation 3.8 the temperature has been calculated from the measured resistance of
the PT100-sensor. The red curve is an exponential fit to the measured temperature:
T (t) = a · e−b + c with coefficients a, b and c.

High-

Voltage

Bias-shut-down
ATC

PT-100-sensor on crystal

Figure 3.8: Schematic drawing and photograph of the bias-shut-
down. The PT-100-signal is linked with the shut-down-system
(right side on photograph), which is linked to the high-voltage
power supply (left side on foto). For R ' 30Ω the shut-down-
function is activated and ramps down the high-voltage immedi-
ately.

By reaching TC
the getter will
start gasing out
and the break-
down voltage
increases. More-
over the leak-
age current over
the crystal’s sur-
face increases
and may dam-
age it. Thus
the high volt-
age needs to
be shut down,
in order to pro-
tect the detector-
electronics and
the crystals. This
can be achieved
by a bias-shut-
down, which is

linked between the PT-100-sensor and the high-voltage-supply (fig. 3.8). If
the PT-100 has a resistance of R ' 30 Ω (T ≥ −170 ◦C), the bias-shut-down
will ramp down the high-voltage.
The sensor is fixed on the crystals surface and the crystal is linked through
the cooling finger with the dewar. The cooling finger is made of copper, which
has good thermal conduction. This means: If the dewar is getting warm and
the getter starts gasing out already, the crystal will remain cold for a while
due to its own and the cooling fingers’ heat capacity. Hence the PT-100-sensor
will not alarm the cryogenic filling system at the right time (before the getter
starts gasing out). Therefore the only possibility for preventing damages of
the detector-system is to release the bias shut down by the PT-100-sensor.
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An other aspect of this monitoring-method is that the detector is not oper-
ational after a bias shut down since its temperature and the condition of its
electronics need to be checked. The worst case is the separation of a detec-
tor unit from the array which is not trivial at all considering the few space
between each detector (about 0.5 mm space between the endcap of each de-
tector). Therefore a shut down of a detector unit causes an expenditure of
time, a lack of the measurement period and extra costs. These problems can
be overcome by a direct read out of the LN2-level and provides an additional
safety in operating such delicate detector systems.

3.3 The capacitive LN2-read-out (I)
The LN2-filling-level can be directly checked by measuring the capacity inside
the dewar. For that reason a metallic cylinder has been mounted inside the
inner dewar (red line in fig.3.5 left). The dielectric constant of liquid nitrogen
is εLN2 = 1.4 [APG] whereas the dielectric constant of nitrogen is ε ≈ 1. Thus
a change in the filling level causes a change of the capacity C between the
inner cylinder and inner dewar.

3.3.1 The steady state and vertical dewar-postion

Figure 3.9 shows a schematic drawing of a dewar in vertical position which is
filled up to the height h with liquid nitrogen. Considering the gas phase of the
nitrogen (indicated by N2(g) and the liquid-phase (indicated by N2(g)) being
in thermal equilibrium a classical cylindrical capacitor may be used to describe
the electrical properties of the dewar (see right hand side of fig. 3.9). Using the
equivalent circuit diagram (see fig. 3.9) leads to the average dielectric constant
〈εr〉 of the whole dewar:

〈εr〉 =
1

h0

· [(h0 − h) + εr,l · h]⇔ (3.11)

〈εr〉 =
1

h0

· [h0 + (εr,l − 1) · h]⇔ (3.12)

〈εr〉 = 1 + 0.4 · h
h0

(3.13)

As the dielectric constant for gasious nitrogen is equal to 1 and the dielectric
constant for liquid nitrogen is 1.4 then the total capacity C of the dewar is
given by:

C = 2πε0 ·
h0 · 〈εr〉

ln
(
r2
r1

) ⇒ (3.14)

C(h) = 2πε0

ln

(
r2
r1

) · (h0 + 0.4h
)

(3.15)

For the dewar in a vertical position the measuring capacity C is a linear func-
tion of the filling level h. Figure 3.10 shows a simulation of the filling capacity
C(h) as a function of the filling level h when the liquid nitrogen level inside
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Figure 3.9: Left: Schematic representation of the dewar as a cylinder capacitor.The
red line indicates the inner cylinder with radius r1. The inner dewar’s radius is r2.
The dewar has the total height h0 and is filled up to h with liquid nitrogen. Because
the system is in thermal equilibrium, this part can be represented by the dielectric
constant εr,l = 1.4 of LN2. The upper part contains gasious nitrogen N2(g), which
has the dielectric constant εr,g = 1. Right: Equivalent circuit diagram of a dewar
which is filled with LN2. The capacity C1 depends on ε0 and the area A(h0 − h)
whereas the capacity C2 depends on the electrical constant εr,l of liquid nitrogen and
the area A(h). Both capacities add up to the measured capacity C = C1 + C2.
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Figure 3.10: Simulation of the filling capacity C as a linear function of the filling
level h. The simulation has been done for an ideal dewar with total height h0 = 29 cm,
radius r2 = 10 cm and r1 = 9.82 cm.
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the dewar is decreasing. The expected values for the measuring capacities are
a few nF. Considering this simulation, the variation between the maximum
capacity C(h = 0 cm) and the minimum capacity C(h = 15 cm) varies about
21 % which is considerably low.

3.3.2 Measuring device (I)

The capacity inside a dewar is read out through a BNC-connector (figure 3.11
left), which has been connected to a multimeter. The first capacitive measure-
ments were done this way. Additionally, the multimeter has a digital output
and is connected to a laptop (figure 3.11 right).

Figure 3.11: Left: BNC-connector for reading out the capacity. Right: Multime-
ter with digital-output, connected to a laptop.

First measurements and results

First of all, the capacity was measured with respect to the LN2-filling level.
This was done at ATC(1) (fig. 3.12 a)) and repeated for ATC(3) (fig. 3.12 b))
later. The capacity C was measured with a multimeter and the filling-level h
was read out analogously. The red curves in fig. 3.12 are linear regressions:
C(h) = m · h+ C0. Using this and equation 3.12 leads to:

m

b
=

1

h0

· [εr,l − 1]⇔ (3.16)

εr,l =
m

C0

· h0 + 1 (3.17)

With h0 = (29± 1) cm, the value of εr,l results in:

ATC(1) : εr,l = (1.29± 0.02) (3.18)
ATC(3) : εr,l = (1.31± 0.01) (3.19)

These values are not consistent with the true value of εr,l = 1.4. The measured
capacity C depends strongly on the adjusted measuring-range of the multime-
ter. Thus the determination of εr,l is less precise. Figure 3.13 represents the
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Figure 3.12: a) First capacitive read-out at ATC(1). The capacity C was measured
with respect to the filling level h. The red curve is a linear regression C(h) through
the measured data: C(h) = (9.48± 0.59) pF

cm · h+ (947± 5) pF. b) The measurement
was repeated for ATC(3) as the measured data was regressed by: C(h) = (9.91 ±
0.11) pF

cm · h+ (916± 1) pF. The errors of the measured capacities are related to the
multimeter and assumed as ∆C = 5 pF. The errors of the measured filling height h
are assumed to be 0.5 cm.
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Figure 3.13: Over-weekend-measurement at ATC(2) during a filling-cycle. ATC(2)
was connected to an automatic filling system, which refilled the detector with LN2

every 8 hours.
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results of an over-weekend-measurement of C(h). It perfectly reflects the lin-
ear behaviour of C(h), as C was measured with respect to the time and not to
the filling height. The maximum capacity is Cmax ≈ 1070 pF. The minimum
capacity Cmin of an empty dewar was not measured because the dewar has
been refilled every 8 h. The lowest capacity which can be observed in fig. 3.13
is C ≈ 1000 pF. The minimum capacity of a dewar Cmin is referring to an
empty where no liquid nitrogen is inside. But the dewar is still cold and the
getter is not gasing out.

3.3.3 Cooling-in- and warming-up-process

Considering a cooling-in or warming-up-process, the liquid phase N2(l) and the
gas phase N2(g) are not in thermal equilibrium and therefore equation 3.14 is
not valid anymore. The mean dielectric constant of the dewar is now strongly
time-dependent. Figure 3.14 (left)shows that the liquid nitrogen is boiling

Figure 3.14: Left: Cooling in of an AGATA-single-cryostat. The LN2 is boiling
at room temperature. Right: Phase diagram of liquid nitrogen [Thr08].

under pressure and steam development while a cryostat is cooled in. The right
hand side of fig. 3.14 displays the phase diagram of liquid nitrogen. Since
the liquid nitrogen is filled into the dewar at room temperature and normal
pressure, the phase of the LN2 is far away from the critical point. Thus the
liquid phase and the gas phase of nitrogen are co-existing.

Cooling in an AGATA-triple-cryostat

The data during a cooling-in-process are shown in figure 3.15 where two struc-
tures are striking: the first one is visible in diagram a) of fig. 3.15. The second
one is a minimum of the measured capacity at t ≈ 15 min. The expansion of
this diagram (see fig. 3.15 b) ) points out several peaks which have already
appeared in fig. 3.7. When liquid nitrogen is filled into the dewar for the
first time, the whole material is working under thermal contraction. As the
temperature of the whole system is not constant, the dewar is getting warm
immediately, as long as no LN2 is filled in. The material starts to expand.
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Figure 3.15: a) Cooling-in-Process of an AGATA-triple-cryostat. b) Expansion of
the left figure. The measured capacity C decreases in the first 15 min but increases
after that point. The thermal equilibrium is reached approximately after one hour,
because C(t) is linear as a function of time.

When LN2 is filled in again the temperature decreases rapidly and the dewar-
material is contracting. This process, namely the expansion and contraction of
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Figure 3.16: Comparison of the function CR(t) (red curve) within the measured
data during several cooling-in-processes. a) Cooling-in-process of ATC(2). b)
Cooling-in-process of ATC(4). c) and d) Cooling-in-process of ATC(3).

the dewar (including the rest of the cryostat), will repeat itself until the tem-
perature of the system is in equilibrium. The liquid nitrogen inside the dewar
strongly boils until the cryostat is cooled down to −190 ◦C and the filling level
and the dielectric constant behave in an irregular way. These considerations
may be reasonable for the peaks of the measured capacity which are displayed
in diagram b). Moreover the height and width of each peak depends strongly
on the amount of liquid nitrogen filled in during a cooling-in-process. Taking
a closer look at diagram a) again points out that the measured capacity de-
creases in the first 15 min of the cooling-in-process. After that the capacity
increases as a function of the filling height. Figure 3.16 shows the measured
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data during four-cooling-in-processes. The red curve in each diagram is a fit
CR(t) to the measured data which only considers the thermal contracting of

the dewar. Diagram a) of fig 3.17 shows the variation of the factor ln
(
r2
r1

)−1

as a function of the distance ∆r = r2 − r2, as r1 is the radius of the inner
cylinder and r2 the radius of the inner dewar respectively. The distance ∆r
between the inner cylinder and inner dewar is 5 mm when the cryostat is at
room temperature. Diagram a) points out that even small variations of ∆r

lead to considerable high variations of the factor ln
(
r2
r1

)−1

which affects the
measuring capacity C (see equation 3.14). Due to the thermal contraction
of the dewar during a cooling-in-process the radius r2 and r1 depend on the
temperature T of the system:

ln
(r2

r1

)
= ln

(r2(T )

r1(T )

)
(3.20)

The temperature dependence of a solid with length l is given by [Dem04]:

l(∆T ) = l0 · (1 + α ·∆T ) (3.21)

l0 is the length at room-temperature and ∆T the change in temperature. The
coefficient α is called the coefficient of expansion and is material specific
constant. Considering the temperature-measurement discussed in section 3.2.1
it is shown that the temperature decreases exponentially:

T (t) = a · e−bt + c (3.22)

Assuming that the derivative dT
dt

can be approximated by ∆T
∆t

and that ∆t is a
constant time interval (e.g. the measuring time) leads to:

∆T = κ · e−b·t (3.23)
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Figure 3.17: a) Variation of ln
(
r2
r1

)−1
as a function of the distance ∆r = r2 − r1

between the inner cylinder and the inner dewar. b) Plot of the contraction function
R(t) as a function of time with arbitrary parameters: r0,2

r0,1
= 1, c2 = 2, b2 = 3, c1 = 4

and b1 = 5.

Using this for equation 3.20 results in:

r(t)i = r0,i ·
[
1 + ci · e−bit

]
, ci = α · κi, i = 1, 2 (3.24)
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r0,2 is the radius for the inner dewar in case of constant temperature and
r0,1 the radius for the inner cylinder respectively. Considering the thermal
coupling, thickness and fixing inside the dewar, the inner cylinder and inner
dewar should behave slightly different during a cooling-in-process and therefore
the coefficients bi and ci are for each radius different. This leads to the following
function:

R(t) :=
{

ln
[r0,2

r0,1

· (1 + c2e
−b2t)

(1 + c1e−b1t)

]}−1

(3.25)

R(t) shall be called the contraction function. A plot of R(t) as a function
of time is shown in diagram b) of figure 3.17. Comparing this simulation and
the capacity measurement shown in figure 3.15 point out a similar structure.
For a first consideration of the capacity C during the cooling-in-process, the
average dielectric constant 〈εr〉 inside the dewar has been approximated as:
〈εr〉 ≈ 1. Thus the capacity C during a cooling-in-process is approximated by
the capacity CR:

C(t) ≈ CR(t) = 2πε0h0 ·R(t) (3.26)

The fits of CR(t) to the measured data is not very accurate for the cooling-in-
process of ATC(2) (see fig. 3.16), whereas the measured capacity C of ATC(3)
and ATC(4) is approximated very well by CR(t). Thus the decrease of the
measured capacity during the first 15 min of a cooling-in-process and the in-
creasing of C after that time are related to the thermal contraction of the
dewar.
Describing the peaks of C is not trivial because they depend on the amount

Cryostat c1 c2 b1[1/h] b2[1/h]

ATC(2) 17.11± 0.79 16.03± 0.74 −15.98± 1.35 −15.98± 1.35

ATC(4) 7.93± 0.54 7.38± 0.51 −4.78± 0.63 −4.79± 0.63

ATC(3), c) 3.66± 0.03 3.4± 0.03 −18.52± 0.25 −15.98± 1.35

ATC(3), d) 0.0695± 0.0001 0.0177± 0.0002 0.042± 0.002 −29.4± 0.7

Table 3.1: Fit-paramters c1, c2, b1 and b2 of the function CR(t) which is shown in
fig. 3.16. The ratio r0,2

r0,1
has been set as 1.

of liquid nitrogen which is filled into the dewar. Table 3.1 shows the fit-
parameters of CR(t). The coefficient pairs c1, c2 and b1, b2 for one cryostat do
not differ very much from each other. This is not surprising, since the inner
cylinder and inner dewar are made of the same material and effects like thermal
coupling should not have any significant effect. Comparing the coefficients of
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the third and fourth row of table 3.1, shows a discrepancy while the cryostat
is the same.This discrepancy between the coefficients is related to the experi-
mental conditions, like the amount of LN2 filled in, which were not accounted
for. The experimental conditions are also reasonable for the complexity of an
exact fit of C(t) during a cooling-in-process.

Warming-up-process

The warming-up-process is another process in which the thermal equilibrium
is not valid after a certain time. In principle R(t) with different parameters
is applicable to describe C(t) during this process but this will not be treated
in this section. One important aspect of measuring C(t) during a warming-
up-process is the determination of Cmin and Cmax. Cmin is the capacity of the
dewar when no liquid nitrogen is inside, but the dewar is still cold and the
getter does not start gasing out. Cmax is the capacity in case of a completely
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Figure 3.18: a) Warming-up-process of ATC(4). b) Warming-up-process of
ATC(3). The red dashed lines indicate Cmin and Cmax.

filled dewar. The capacity C(t) was measured as a function of time during
two warming-up-processes for two different triple clusters. The results of these
measurements are displayed in fig. 3.18. The measurements were done with
ATC(4) and ATC(3) (further warming-up-processes are shown in appendix A).
The red lines in both diagrams indicate the minimum capacity Cmin and the
maximum capacity Cmax. The measured values are listed in table 3.2. The

Cryostat Cmin[pF] Cmax[pF] ∆C = Cmax − Cmin[%]

ATC(4) 924± 5 1054± 5 12.3± 0.6

ATC(3) 917± 5 1050± 5 12.7± 0.6

Table 3.2: Measured minimum capacity Cmin and maximum capacity Cmax for
ATC(3) and ATC(4). The difference capacity ∆C = Cmax−Cmin is evaluated in %.

difference between a full and empty dewar is about 14%. The left diagram
in fig. 3.18 also reveals a behaviour of C(t) opposite to the cooling in pro-
cess. At first, C(t) decreases nearly linearly (see equation 3.15). When the
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LN2-reservoir is exhausted, the non-equilibrium-environment starts and the
contraction function is not constant anymore. Thus the inner cylinder and
inner dewar start to expand slowly and the capacity increases over a long time
period until the whole dewar is at room temperature. The measurement with
ATC(4) was stopped after 60 hours, whereas the warming-up-process itself was
not completed at that time.
Another interesting aspect is the consumption of liquid nitrogen, which is
slightly different for each cryostat and depends on whether the cryostat is fully
equipped with detectors, the preamplifier stage is under operation and whether
high voltage is applied. By looking again at fig. 3.18, a considerable difference
between the LN2-consumption of the two cryostats is visible. ATC(4) (see
fig. 3.18 left) is not equipped with electronics and detectors, whereas ATC(3)
is fully equipped (but not biased). However the empty cryostat of ATC(4) lasts
22 h; a huge difference of 8 h compared to the LN2-consumption of ATC(3).



Chapter 4

LN2-consumption-measurements

The LN2-consumption is the important feature for operating the AGATA
detector-cryostat. Consumption-measurements were performed with the fol-
lowing three AGATA triple clusters: ATC(2), ATC(3) and ATC(4). All ca-
pacitive measurements were performed with measuring device (I) which has
been discussed in chapter 3.

4.1 LN2-consumption of ATC(2)
The consumption-measurement performed with ATC(2) shows how the con-
sumption ν is influenced by applying high / low voltage and the room temper-
ature. Furthermore, the direct read out by measuring the LN2 filling height
and the capacitive read out shall be compared.

4.1.1 Setting up ATC(2)

The consumption-measurements of ATC(2) were done over four days. The
dewar was filled manually each day and the measurement started 30 min after
that, so there was enough time for the filled in LN2 inside the dewar to settle
down.The capacity and LN2-filling-height have been checked every hour. The
LN2-consumption of ATC(2) has been measured under three different condi-
tions:

• ATC(2) being operated with high and low voltage

• ATC(2) being operated without any voltage

• ATC(2) being operated with low voltage and high voltage which was
ramped up slowly. Moreover, the XIA-electronics was running1

In order to provide equal conditions for each measurement, the pressure in-
side the dewar and the amount of liquid nitrogen at the beginning of each
measurement were kept constant. Figure 4.1 shows several closings for the
AGATA-dewar. ATC(2) was closed with a lead piece with a hole in the mid-
dle (closing d)) which has the advantage that the pressure inside the dewar is
always in balance with the pressure of the environment. The lead piece has
also no valve which might freeze up (like closing d) in fig. 4.1) and cause a
built up pressure inside the dewar. Since the pressure inside the dewar is still

1If the XIA-electronics is running the room temperature increases apreciably which might
influence the consumption.

29
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a)               b)            c)           d)

Figure 4.1: Four different closings for an AGATA-triple-cryostat. a) filling nozzle
for connecting the detector to the automatic filling system. b) dewar closing with
valve (on top) which opens at an internal pressure of one bar. c) dewar closing
without any valve. d) lead piece with a 2 mm hole in the middle to avoid build up
pressure.

high after a first filling, a re-opening would cause a burst of liquid nitrogen
and therefore the filling height h(t = 0h) could not be determined.

4.1.2 Results: ATC(2)

The results of the capacity measurements under different conditions are dis-
played in fig. 4.2. Diagram a) shows a plot of the measured capacities related
to time, where all curves show a linear dependency between the measuring
capacity C and the time t. The blue (high and low voltage) and black curve
(low and high voltage and xia-electronics running) have the same gradient but
different axis-intercept which is related to (slightly) different filling heights at
the beginning of each measurement. The green curve (no high and low voltage)
has a different slope than the others which indicates a lower LN2-consumption.
Diagram b) displays the same data, as the blue curve has been shifted by the
difference δC between the maximum capacity C(t = 0) of the black and blue
curve. This diagram points out that there is no severe difference between the
slopes of the blue and black curve. Thus the LN2-consumption predom-
inantly depends on the applied low voltage. Diagram c) and d) show
the measured filling height h which has been measured with respect to the
time t (The measured filling heights are displayed in appendix B.). The mea-
sured capacity and the filling-height are strictly linear in time and thus can be
described by:

C(t) = mC · t+ bC (4.1)
h(t) = mh · t+ bh (4.2)

mC , bC , mh and bh are fit-parameters. A fit of equation 4.2 to the measured
filling heights is shown by the red curve in diagram c) and d) and therefore
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Figure 4.2: a) Measured LN2-consumption for ATC(2) under different conditions
(HV = high voltage, LV = low voltage). b) The blue curve has been shifted by
the constant value δC = 3 pF which compensates the indifferent filling height at the
beginning of each measurement. Thus they are overlapping now. c) Measured LN2-
filling-level for ATC(2) which has been operated with high and low voltage. The red
curve is a linear regression h(t) = (−1.33±0.02) cm

h · t+(14.2±0.1) cm. d) Measured
LN2-filling-level for ATC(2) without any voltage applied. The function of the fitted
curve here is given by: h(t) = (−1.2± 0.07) cm

h · t+ (14.3± 0.1)cm.
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the LN2-consumption ν and operation time τ are given by:

ν =
mh

bh
· 4.5 l (4.3)

h(τ) = 0⇔ τ =
bh
mh

(4.4)

The factor 4.5 l is equal to the maximum amount of liquid nitrogen which
can be hosted inside the dewar being in vertical position. The operation time
of a detector depends on the different system-conditions, before the liquid
nitrogen reservoir is completely consumed. Table 4.1 summarises the measured

Low voltage ν
[

ml
h

]
νW [W] τ [h]

ON 419± 19 18.65± 0.85 11± 0.5

OFF 378± 23 16.83± 1.02 12± 0.7

Table 4.1: Summary of the consumption measurements at ATC(2). τ is the oper-
ation time of the detector-system under two different conditions: low voltage on or
off.

consumption of liquid nitrogen and operation time. The operation time varies
up to one our between operating the system with low voltage turned on or off.
The evaporation heat ∆QV and density ρLN2 of liquid nitrogen are: ∆QV =
198.6kJ

kg
and ρLN2 = 0.807kg

l
. Thus the LN2-consumption νW expressed in Watt

is given by: νW = ν ·∆QV · ρ. The values for νW are also listed in table 4.1.
Considering them, the applied low voltage is equivalent to an extra heat loss
about 2 W which is related to the heat loss of the FETs (20 mW per channel,
as each triple-cluster consists of 111 channels) in the cold part [JE08].

4.2 LN2-consumption of ATC(3): The capton-
cable-test

Figure 4.3: Second set of cable harness:
copper wires which are coated with cap-
ton.

Two different sets of cables inside the
cold part of ATC(3) have been tested
for this consumption-measurement.
The FETs in the cold part are
linked through a cable harness with
the feedthroughs to the warm part.
The first set of cabling is used in
all AGATA-triple-clusters and single
cryostats so far. The characteristics
of these cables are a low thermal con-
ductivity but a rather high electrical conductivity. The second set of cabling
consists of copper wires which are coated with capton (seef ig. 4.3). This new
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cabling is considered to be more robust and reproduceable in production, in
comparison to the old cabling. To see the different influence of the old or new
cabling, the following issue has to be considered, namely: how does the new
cabling influence the cooling of the detectors and their LN2-consumption. The
results related to this issue are described in the following section.

4.2.1 Setting up ATC(3)

The setup of ATC(3) was similar to the one of ATC(2), whereas a dewar
closing with valve (see fig. 4.1) was used instead of a lead piece. ATC(3) was
operated with preamplifier-voltage on. The first consumption-measurement
has been performed with the old cabling for all three crystals, whereas the
second measurement was done with the capton-cabling for all three crystals.

4.2.2 Results: ATC(3)

The results of both capacitive measurements are displayed in diagram a) of
fig. 4.4. Both curves have a different maximum capacity C(t = 0) which is
related to a different filling height at the beginning of each measurement. For
that reason the orange curve has been shifted by δC = 14 pF with respect to the
y-axis (see diagram b) in fig. 4.4). Both curves have a different gradient, caused
by a higher LN2-consumption of the capton cable harness. The measured data
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Figure 4.4: Measured LN2-consumption for ATC(3). a) Measured capacity C for
the new and old cabling. b) The orange curve is shifted by δC = 14 pF with respect
to the y-axis.

is fitted equation 4.12 and therefore the consumption is given by:

ν = mC ·
4.5 l

∆C
(4.5)

∆C is the difference between the maximum and minimum capacity of the
dewar. This was already determined in chapter 3 to be: ∆C = (133 ± 5) pF.
The operation time τ can be determined by using:

τ =
4.5 l

ν
=

∆C

mC

(4.6)

2The measured filling heights and a linear regression of them are shown in appendix B
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Cabling νC [ml/h] νW [W] τ [h]

old cabling 414± 16 18.43± 0.71 10.9± 0.4

Capton 489± 19 21.77± 0.85 9.2± 0.4

Table 4.2: Consumption value ν, νW and operation time τ for the two different
cabling-setups.

Table 4.2 shows the measured consumption values for the two different cabling-
sets. The measured operation time for ATC(3) being equipped with the old
cabling is consistent with the measured operation time of ATC(2) being op-
erated with low voltage. Considering the 2 W heat loss due to operating the
FETs, points out that the capton cabling causes an extra heat loss of 3.34 W.

4.2.3 Vacuum-leak in ATC(3)

Further tests with ATC(3) being equipped with the capton-cabeling inside
could not be done because the detector got warm. Fortunately the LN2-
consumption was measured before the warm up, as the detector was linked
to the filling system and a filling period of 8 hours was used. Diagram a) of
figure 4.5 shows the measured capacity C(t) as a function of time. The slope
of each curve is changing by time which is only reasonable for an indifferent
consumption of liquid nitrogen.
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Figure 4.5: a) Measurement of the capacity C of ATC(3) equipped with capton-
cabeling. The slopes of the curves differ as a function of time, indicating a change
in the LN2-consumption.

Each slope has been fitted by equation 4.1 and the consumption was calcu-
lated by using equation 4.5. The results of this procedure are displayed in
diagram b) of fig. 4.5, where ν is plotted with respect to each measuring run.
The consumption varies slightly around 425 ml

h
during the first three runs, but

increases after the third run up to 585 ml
h
. Thus an instability of the consump-

tion appeared during the measurement which caused a variation of ν about
38 %.
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What happened?

An increased consumption value is in most cases related to a thermal contact
between endcap and the interior of the detector or to a vacuum leak, such as
a broken feedthrough, which actually happened to ATC(3). As a consequence
the pressure inside the cryostat and the consumption of LN2 increased. Fur-
thermore, the outer endcap was cooled and its temperature fell below the dew
point and therefore the whole detector got wet at the surface (see fig. 4.6).
The pressure inside the cryostat increased due to the broken feedthrough from

a)                                                        b)

c)                                                        d)

Figure 4.6: Status of ATC(3) after the vacuum broke. a) Flange near the warm
preamplifier is covered with water. b) The endcap is totally wet. A temperature of
12 ◦C (which is below the dew point) has been measured in some regions. c) The
flange near the high voltage feedthrough got also wet. d) The dewar was covered
with water and had a temperature of 14 ◦C.

10−7 mbar to 10−4 mbar. As a consequence, the cabling has been changed back
to the old cabling and the broken feedthroughs were repaired.

4.3 LN2-consumption of ATC(4)
Considering the results gained in the previous sections, the question arose, how
the consumption ν of the cryostats reacts to different loads (e.g. low voltage,
different cabeling, change in electronics). The change in the LN2-volume is
given by:

V (t) = −ν · t+ V0 (4.7)

ν · t is the amount of liquid nitrogen which is needed to keep the detector at a
certain temperature at the time t. Figure 4.7 shows the schematic drawing of
an AGATA-cryostat which is treated as ideal for simplicity. A heat loss through
the copper-rod or thermal coupling with the environment are neglected. The
crystal with temperature T1 is linked by the copper-rod with the LN2-reservoir
with temperature T2. The system reaches a steady state after a certain time, so
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dewar

crystal/Al-block

Cu-rodL !

 T1

T2

Figure 4.7: Schematic drawing of an AGATA-cryostat. The dewar is linked by a
copper-rod (cooling finger) with the Ge-crystal, or Aluminium-block in the case of
ATC(4). The dewar with liquid nitrogen inside has the temperature T2, whereas the
crystal/Al-block has the temperature T1 > T2. The copper-rod has the length L and
thermal conductivity λ.

that a constant amount of heat is floating through the rod from the crystal to
the dewar [Dem04]. Despite the temperature difference T1− T2, this heat flow
depends on the length L, the sectional area A and the thermal conductivity λ
of the copper rod [Dem04]:

dQ

dt
= (T1 − T2) · λ · A

L
(4.8)

As the LN2-reservoir is constantly heated by dQ
dt
, the consumed amount of

liquid nitrogen per time is given by:

∆QV · ρLN2 · ν =
dQ

dt
⇔ ν = (T1 − T2) · λ · A

∆QVLρLN2

(4.9)

As ρLN2 is the density, ∆QV the evaporation heat and ν the consumption of
liquid nitrogen. In this simplified model the consumption of liquid nitrogen
depends on the temperature T1 of the crystals and the characteristics of the
cooling finger. Since dQ

dt
is constant, the amount of heat Pin which is induced

into the cooling finger is equal to equation 4.8. Thus the consumption of liquid
nitrogen is given by:

ν = 1
∆QV ρ

· Pin (4.10)

4.3.1 Setting up ATC(4)

For the purposes mentioned above, the cryostat of ATC(4) (picture a) fig. 4.8)
has been equipped with three aluminium blocks (picture b) fig. 4.8) and a
caddock (picture c) fig. 4.8). In principal a caddock is a resistor which creates
heat when voltage is applied. A caddock is used for annealing a cryostat which
needs to be done when the getter is saturated after several cooling-in-processes
or a long operation-time. The getter is heated by the caddock and starts gasing
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out. Hence the cryostat has to be pumped in order to get the gas molecules
out of the system. If P is the heating power of the caddock, the injected heat
per time yields for:

Pin = κ · (P + P0) (4.11)

The factor κ determines how much heat radiation produced by the caddock
is injected into the cooling-finger and heats the LN2-reservoir. κ depends on
the heat-conductivity of the copper rod and the surrounding material, such as
the aluminium blocks, the attachment for the crystals etc. P0 is the amount
of heat which is frequently emitted by the material attached at the cooling
finger. Thus the liquid nitrogen consumption as a function of the applied
heating power is given by:

ν(P ) = m · P + ν0 (4.12)

As m = κ
∆QV ·ρ

and ν0 = κP0

∆QV ρ
. The caddock has been fixed directly on the

cooling finger (picture d) fig. 4.8) in order to measure the influence of the
applied heating power on the consumption. Apart from the aluminium blocks

a)                            b)                                                    c)

d)

e)

Figure 4.8: a) The cryostat of ATC(4), equipped with no crystals and no electronics
inside. b) Three asymmetrical aluminium blocks of A, B and C-type. Each block
has a mass of mblock = 1.6 kg. c) Caddock with a resistance of R = 13 Ω. d) The
caddock been mounted directly onto the cooling finger and between the aluminium
blocks. e) In order to check the temperature a PT100-sensor has been fixed on the
outside of a block.

and the caddock a PT100-sensor has also been fixed on one block (picture e)
fig. 4.8) so that the temperature inside the cryostat could be checked. Again
the capacity has been read out with measuring device I. The caddock was
biased with a standart power supply unit, which can be seen in fig. 4.9.
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Figure 4.9: The cryostat of ATC(4) is equipped with aluminium blocks inside and
plugged to the automatic filling system. The caddock is linked to an external power
supply unit (black box) and the capacity is read out by using measuring device I.

4.3.2 Cooling-in ATC(4)

After preparing the system for the consumption-measurement, the cryostat
was cooled in and directly linked to the automatic filling system. The con-
sumption was measured over two filling periods. Figure 4.10 shows the results
of this measurement. Diagram a) displays the measured capacity as a function
of time. The slope of C(t) is changing by time which indicates a change of
the consumption ν. Diagram b) of fig. 4.10 displays the measured consump-
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Figure 4.10: a) Measured capacity C(t) as a function of time during one filling
cycle. The curves are changing within one period of 8hours. b) Measured LN2-
consumption after cooling in ATC(4) as a function of the time intervals in which the
consumption did not change.

tion ν of liquid nitrogen as a function of time. According to equation 4.9 the
consumption of liquid nitrogen is direct proportional to the difference T1 − T2

between the temperature T2 inside the dewar and the temperature T1 of the
whole material which is attached at the cooling finger. The temperature T2 is
constant, whereas T1 is changing by time after cooling in. Thus the consump-
tion ν changes as long as T1 is not constant. Considering a one dimensional



CHAPTER 4. LN2-CONSUMPTION-MEASUREMENTS 39

heat flow inside the copper rod, the change of T1 as a function of time is given
by [Dem04]:

∂T1

∂t
=

λ

c · ρrod
· ∂

2T1

∂x2
(4.13)

λ is the heat conductivity, ρrod the density and c the heat capacity of the copper
rod. Thus the temperature T1 changes as longs as the temperature gradient
inside the cooling finger is not constant. The condition ∂T1

∂t
= 0 (steady state)

is prerequisite for equation 4.8.

4.3.3 Results of the consumption tests

The capacity has been measured during one filling-cycle (see section 4.3.1)
and each measurement lasted 22 h. The heating power was changed for each
measurement by biasing the caddock with different voltages. One run is shown
in fig. 4.11 where the heating power is P = 2W . Each curve has been fitted by
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LN2-Consumption with P = 2W

Figure 4.11: LN2-consumption for P = 2W . The three slopes result from the
filling-system, which fills the detector every 8h. The red dashed lines indicate the
linear fit to each curve.

a linear regression: C = mC · t+ bC therefore three values of mi,C are obtained
with an average:

m̄C =
1

3
·

3∑
i=1

mi,C (4.14)

and its standard deviation. This causes the consumption:

ν =
m̄C

∆C
· 4.5l (4.15)

for one P -value. This has been repeated for several heating powers. At first the
power was increased in 0.5 W-steps until 3 W and after that in 1 W-steps until a
maximum of 7 W. The curves of the other measurements are listed in appendix
B. The measured consumption as a function of the applied heating loss is
displayed in figure 4.12. As expected from equation 4.12, the consumption
ν(P ) is strictly linear in P . The fitted function was found as:

ν(P ) = (27.66± 1.05) · 10−3 l

Wh
· P + (0.241± 0.004)

l

h
(4.16)
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Figure 4.12: Results of the consumption-measurement with ATC(4). The con-
sumption ν(P ) is a linear function of the applied heating loss P .

The axis intercept ν0 = 0.241 l
h

is related to the cryostat with aluminium
blocks inside but without any extra heating power applied. The consumption
ν0 differs for each detector system, when the configuration of the cold part
(e.g. cabeling, amount of crystals etc.) is different. Multiplying equation 4.16
with ∆QV · ρLN2 leads to the consumption νW expresses in Watt:

νW (P ) = (1.23± 0.05) · P + (10.73± 0.18) W (4.17)

According to equation 4.10 and 4.11, the consumption νW is given by: νW =
κ · (P + P0). Thus the factor κ measured in this experiment is given by:
κ = (1.23 ± 0.05). This result is surprising, since κ is larger than 1 which
means more heating power than produced by the caddock is injected into the
cooling finger. This is only reasonable if a thermal radiation emitted from
another source inside the cryostat is considered.



Chapter 5

The LN2-read-out (II): A
capacitive preamplifier

Up to now all capacitive measurements were performed by measuring the filling
capacity directly with a multimeter which was read out by a PC. Since the vari-
ations of the measured capacities are of 12 %, a high accuracy of the read out is
needed. This implies that the read-out-device itself does not influence the mea-
suring capacity.
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Figure 5.1: Result of a capacitive measure-
ment with ATC(2). The measured capacity C
runs linear with respect to the time t. The hor-
izontal data-points which are marked with red
circles do not refer to the measured capacity, as
they result from the PC-read-out-software. The
program wrote frequently some extra capacity
values of C = 1042 pF and C = 942 pF into the
measured data.

Measuring device (I) however
does not fulfill this condition,
because the BNC-cable which
links the multimeter with the
capacitive read-out of the dewar
has an own capacity CBNC =
150 pF. This capacity is in
the same range as the varia-
tion between Cmin and Cmax.
Moreover the measured capac-
ity is shifted by CBNC with re-
spect to the „real“filling capac-
ity of the system. Apart from
this, the measured capacity is
also influenced by the adjusted
measuring-range of the multi-
meter. Figure 5.1 shows a ca-
pacitve measurement which has
been performed with measur-
ing device (I). The two horizon-
tal lines (marked by red circles)
refer to capacity values which

have not been measured but written by the program which reads out the
multimeter. Thus all measured data which has been taken with device (I) has
to be corrected by those unwanted values.
In order to avoid all these problems a LN2-read-out-device is needed which
meets the following conditions:

• Measuring the capacity C and amplifying it

• Converting the measuring capacity into a signal which can be easily read

41
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out and is independent of further read-out-devices (e.g. BNC-cabling,
range of multimeter)

• Sensitive to capacity changes in the range of 12 %

• Compact in size

• The device should be supplied with the warm and cold amplifier’s low
voltage

• A DC-operator, such that the detector electronics is not disturbed by
measuring the capacity C

Such a device has been developed by Gheorghe Pascovici and is realised by a
capacitive preamplifier.

5.1 The capacitive preamplifier
The basic principle of the LN2-read-out-device (II) is measuring the difference
∆C between the measuring capacity Cm and a fixed reference capacity Cr, in-
stead of measuring the filling capacity Cm over the full range of 1000 pF. Thus
this device is more sensitive to small changes of Cm which are typically about
12 %. The reference capacity Cr has been set to Cr = 1

2
· (Cm,max +Cm,min), as

Cm,max is the measured maximum filling capacity and Cm,min the minimum ca-
pacity respectively.

CAV 414 offset O gain G

Figure 5.2: Capacitive LN2-read-out-device
developed by the electronic workshop at IKP
Cologne. The CAV 414 converts the measuring
capacity into a voltage. The gain G and offset
O of the final output signal are adjustable.

The output signal of the
LN2-read-out-device is a direct-
voltage signal which can be ma-
nipulated by an adjustable gain
G and offset O (see fig. 5.2)
and therefore set to defined
values. Figure 5.2 shows a
photograph of the LN2-read-
out-device which converts the
measuring capacity Cm into a
voltage Um. The circuit di-
agram of this device is dis-
played in fig. 5.3. The conver-
sion of the filling capacity into
a DC-voltage is predominantly
done by an analogue measur-
ing device called CAV414 (de-
veloped by Analog Microelec-
tronics). The working princi-
ple of this device can be seen
on [Gmb08] in detail. But the
main and basic aspects are dis-
cussed in the following section.
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Figure 5.3: Circuit diagram of the LN2-read-out-device designed at IKP Cologne.
The potentiometer P5 (Gain 2) and P6 (Offset) are the adjustable gain and offset as
shown in fig. 5.2.
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5.1.1 The CAV414

The CAV414 is a capacity/voltage transducer with an adjustable output volt-
age. A reference oscillator drives two identical integrators, as one is equipped
with the reference capacity Cr and the other one with the measuring capacity
Cm respectively (see fig. 5.4). The output signals of each integrator are sub-
tracted from each other, as their amplitude depends on Cr and Cm respectively.
This difference signal is filtered and amplified several times so that the out-
put signal is a DC voltage which is proportional to ∆C = Cm − Cr [Gmb08].
A triangular wave oscillator is in principle realised by the combination of a

Figure 5.4: Top: Working principle of the CAV414 [Gmb08]. Bottom: Functional
diagram of the CAV414 for a constant oscillator frequency fosc = const [Gmb08].

Schmitt Trigger and an Integrator. Since the filling capacity Cm is measured
with respect to the cryostats ground, this method is not favourable. For this
reason the oscillator used here consists of a constant current source which
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charges/ discharges a grounded capacitor C by the constant currents +I/ −I
(see fig. 5.5). If the capacitor is directly charged by the constant current −I

+I -I

S1 S2

+

-

OR

C

R1

R2

Umax

Umin

UC(t)

AUC(t)

+

-

+

-

amplifier

comparator

Figure 5.5: Simplified circuit-diagram of an oscillator (design by G.Pascovici).

for example, the voltage UC(t) after a time t at the capacitor is given by:

UC(t) =
1

C
·Q(t) = − 1

C
· I · t (5.1)

The voltage decreases linearly as a function of time t. This voltage signal
passes a non-inverting amplifier and is amplified by the factor A =

(
1 + R2

R1

)
.

The output A · U(t) is injected into two identical comparators with different
threshold-voltages Umin and Umax. A comparator switches between two fixed
voltages ±U0 depending on the polarity of the difference-signal Uin − Utrsh
as Utrsh is the threshold-voltage. A positive polarity of Uin − Utrsh leads to
+U0 whereas a negative polarity leads to −U0 [EH05]. The lower comparator
in fig. 5.5 switches if the input voltage is AUC(t) < Umin, whereas the up-
per comparator switches for AUC(t) > Umax. Both comparator signals drive
through an OR-gatter the switches S1 and S2. Considering the example dis-
played in fig. 5.5, switch S2 opens if AUC(t) is below Umin and the switch S1

is closed. The capacitor is now charged by +I. If UC(t) exceeds Umax, switch
S1 is opened and S2 closed respectively. The output signal of such a device is
a triangular wave (see diagram a) of figure 5.6). The frequency of this signal
is found by using equation 5.1:

Umax =
1

C
· I · T

2
+ Umin ⇔ (5.2)

f =
I

2 · (Umax − Umin) · C
(5.3)

Thus the frequency fosc of the reference oscillator is determined by its capacity
Cosc and the constant current Iosc. The two integrators are working in much
the same way as the reference oscillator (see fig. 5.5), whereas the integrators
are not equipped with two comparators (like the oscillator in fig. 5.5). The
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T
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Ur bL

Time t

Voltage U

Figure 5.6: a) Output signal of the reference oscillator with period T , maximum
amplitude Umax and minimum amplitude Umin. b) Output signals Ur and Um of the
two integrators which have the same period T as the reference oscillator.

constant current sources of each integrator is driven phase locked and clock
synchronised by the reference oscillator instead [Gmb08]. This feature ensures
that the output signals of both integrators are not shifted to each other and
have exactly the same frequency. Another characteristic of the integrators
is that the discharging current is twice of the charging current. Thus the
ratio between the charging time tcharge and discharging time tdischarge of the
capacitor is given by: tcharge = 2 · tdischarge [Gmb08]. The minimum voltage of
each integrator is set to a fixed value of Umin = 1.2 V [Gmb08]. The maximum
output voltages of both integrators are given by:

Um,max =
Im

2 · fosc · Cm
(5.4)

Ur,max =
Ir

2 · fosc · Cr
(5.5)

Im is the charging current of the integrator with capacity Cm and Ir the charg-
ing current of the integrator with Cr respectively. Diagram b) of fig. 5.6 dis-
plays the output signals of the integrators. In a next step both triangular
signals Ur and Um are subtracted from each other which leads to the differ-
ence signal ∆Urm = Ur − Um. This signal is filtered by an active lowpass
and amplified (see fig. 5.4) which leads to the DC-signal ULPOUT at pin no.
5 [Gmb08]:

ULPOUT =
(

1 +
RL1

RL2

)
· 3

8
·∆Urm,filtered (5.6)

The DC-voltage UM at pin 6 (pin out of the CAV414 see appendix C) is
subtracted from equation 5.6: ULPOUT − UM . This signal is amplified by an
instrumentation and operational amplifier (see functional diagram in fig. 5.4).
The instrumental amplifier has a fixed gain G = 5, whereas the gain of the
operational amplifier is determined by the two resistors R1 and R2. This leads
to the output voltage [Gmb08]:

Uout = 5 ·
(

1 +
R1

R2

)
·
[
ULPout − UM

]
∝ Cm − Cr (5.7)

The resistors R1, R2, RL1 and RL2 are adjustable and change the amplitude
of Uout. UM is an adjustable DC-potential. Considering the circuit diagram
shown in fig. 5.3 the resistors RL1 and RL2 are realised by RL1 = 75 kΩ and
RL2 = (75 + 39) kΩ. The amplification through the resistors R1 and R2 is
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realised in the circuit diagram by the potentiometer P1, the resistor R3 and
R4.
The CAV414 might be operated in two different configurations [Gmb08]:

1. The load currents Ir and Im are selected as constant, thus the oscillator
frequency fosc has to be adjusted.

2. The oscillator frequency fosc is constant and the load currents Ir and Im
are functions of the resistors RCM and RCR.

The second method is realised in the LN2-read-out-device, since the poten-
tiometers P2, P3 and P4 are used for adjusting the currents Ir, Im and Iosc.

5.1.2 Further signal processing

The circuit diagram in fig. 5.3 shows that the output voltage Uout of the
CAV414 is connected to pin 7 (as indicated by the functional diagram) but not
read out. Instead of that, the voltages ULPOUT and UM are plugged into an in-
strumentation amplifier namely LT1168.

Figure 5.7: Pin out of the
LT1168 instrumentation am-
plifier. The output gain of
this amplifier is determined
by only one external resistor
RG [Tec00].

The pin out of this device is shown in fig. 5.7.
The voltages ULPOUT and UM are connected
to pin 2 and 3. The resistor RG is realised
by the resistor R12 and the potentiometer P5
(Gain 2) as shown in the circuit diagram.The
final output gain is given by [Tec00]: G =
(49.4 kΩ/RG) + 1 = (49.4 kΩ/(R12 + RP5) + 1.
This adjustable gain is indicated by the black
circle in fig. 5.2. In a last step, the output volt-
age of the LT1168 is connected to a non-inverting
amplifier (LT1880CS5). The inverting input of
this device is connected to an adjustable offset-
voltage (potentiometer P6 in fig. 5.3). This ad-
justable offset is also indicated by a black circle
in fig. 5.2. The final output voltage of the LN2-
read-out-device is taken at the output OUT 2 and is a function of the measur-
ing capacity Cm, the gain G (adjusted by potentiometer P5) and the offset O
(potentiometer P6).

5.1.3 First tests with the prototype

A first prototype of a LN2-read-out-device (see fig. 5.8) has been tested at
ATC(4) being in vertical position. The results of this measurement are dis-
played in diagram a) of fig. 5.8. The slope of the measured curve is not linear
in time as expected. The capacity CBNC of the BNC-cable was not consid-
ered when adjusting the measuring range of the prototype therefore the device
is not detecting the filling capacity in a proper way. Nevertheless the LN2-
read-out-device is working since the curve in diagram a) is linear for capacities
which are in the range of 780 − 880 pF. Diagram b) in fig. 5.8 shows a plot
of the device-output versus the filling capacity which has been corrected by
CBNC . The red curve in this diagram is a linear regression U(C) = m · C + b
through the data points. The prototype was also used for a position-dependent
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Figure 5.8: a) Results of the filling capacity measurement at ATC(4) performed
with a prototype of the LN2-read-out device. b) Plot of the devices output U
versus the measuring capacity C of ATC(4). The red line is a linear regression
U(C) = mC + b through the measured data. Down left: Photo of the prototype
which is equipped with an BNC-input, an SMB-outbut and a voltage supply. Gain
and offset of the device are adjustable by two potentiometers. Down right: ATC(4)
inclined by the angle θ = 45 ◦. The read-out-device is fixed onto the dewar. The
results of this measurement are shown and discussed in chapter 6.
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capacity measurement as displayed in fig. 5.8. The results of this measurement
will be discussed in chapter 6.

5.2 The LN2-read-out-box
After testing the prototype successfully another four read-out-devices (boxes)
were produced (see fig. 5.9). One of the four devices is shown in fig. 5.9. Each
device has an SMA-input for reading in the measuring capacity and a BNC-
ouput for reading out the voltage. The boxes are supplied by the preamplifier-
low-voltage. Every box has two potentiometers (see fig. 5.2) for adjusting the
gain G and offset O of the output signal. The offset can be varied in a range
of 0 − 10 V. The influence of these two parameters on the output-signal of a

BNC-read-out

SMA-input

Power supply

Figure 5.9: LN2-read-out-box. The housing is very robust and water resistent.
This feature is important, because it will protect the electronics inside against an
unwanted contact with liquid nitrogen.The whole electronics of this device can be
seen in the down right corner of this figure.

LN2-read-out-device is briefly discussed in the following section.

5.2.1 Characterising the LN2-read-out

The output of each device depends on the measuring capacity C (The index
m is neglected for simplicity.) and the two parameters gain G and offset O
namely (see fig. 5.10). Therefore it is convenient to calibrate each device on
the basis of a defined basic setting, such as G = 1 and O = 0. This setting
leads to the output voltage:

U(G = 1, O = 0, C) := m0 · C + b0 = U0 (5.8)

Diagram a) of fig. 5.13 displays the output voltage U0 of box no.2. This
measurement was done by using a capacitive dummy which is able to simulate
test-capacities from 888 pF to 1030 pF. A change of gain and offset leads to
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G, O

Box

C U(C,G,O)= mGC+bG

Figure 5.10: Schematic drawing of a read-out-device. The output voltage
U(C,G,O) is a function of the adjustable gain G, offset O and the input capac-
ity C.

a change of the output from U0 to U(G 6= 1, O 6= 0, C). Moreover, the order
of adjusting the gain and offset is important, which is shown by the following
equations:

U ′(C) = G′ · U0 +O (5.9)
U(C) = G · [U0 +O] (5.10)

Adjusting the gain first and the offset after that is described by equation 5.9,
whereas the reverse case is described by equation 5.10. The relation between
G and G′ is given by:

G′ =
( O
U0

+ 1
)
·G+

O

U0

(5.11)

This equation simplifies if O = 0. All calibrations of the boxes were done by
considering equation 5.10. Thus the output voltage of a box with adjusted
gain G and offset O is given by:

U = G · [U0 +O] = mGC + bG (5.12)

Introducing the ratios α := mG

m0
and γ := bG

b0+O
leads to the following expression

for the gain:

G(C, α, γ,O) = UG

U0+O
= α + (γ − α) · b0+O

U0(C)+O (5.13)

This equation points out, that the gain is decreasing for an increasing capacity.
If the measuring capacity reaches the critical value Ccrit at U0(Ccrit) + O = 0
the gain of a box will be nearly infinite. Solving this equation leads to the
critical capacity:

Ccrit = −b0 +O

m0

(5.14)

Diagram a) of fig. 5.11 displays how the gain changes for different adjustments
of the offset. The gain decreases for an increasing offset and the critical ca-
pacity shifts to the right with respect to the x-axis. The codomain of the gain
G(C) is influenced by the parameter α. Solving the equation dG

dC
= 0 leads to:

αcrit = γ (5.15)

If the adjusted parameter α is smaller than αcrit, the codomain ofG(C) changes
from positive to negative (see blue curve in diagram b) of fig. 5.11). If α
exceeds αcrit, the codomain of G(C) changes from negative to positive (see red
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Figure 5.11: a) Plot of the gain G(C) as a function of the measuring capacity for
two different offsets. b) Plot of G(C) for two different parameters α as the critical
value αcrit is: αcrit = 4.

curve in diagram b)). The critical capacity C is not affected by changes of α.
Considering two different gains G1(C, α1, γ1, O)) and G2(C, α2, γ2, O) with one
common offset O and demanding G1 = n ·G2 for n ∈ R leads to the following
relation between the parameters α1, γ1, α2 and γ2:

α1

γ1

=
α2

γ2

(5.16)

This relation is needed for calibrating each box, which is discussed in the
following section.

5.2.2 Calibrating the LN2-read-out

The calibrated output Ucal and calibrated gain Gcal of each box are given by:

Ucal = mcal · C + bcal (5.17)

Gcal =
Ucal

U0 +O
= αcal + (γcal − αcal) ·

b0 +Ocal

U0(C) +Ocal

(5.18)

Figure 5.12 displays the calibrating procedure for the LN2-read-out-devices:
first the test-capacities of the capacitive dummy were measured with no gain
G = 1 and no offset O = 0, which leads to the output U0 with parameters m0

and b0. After that the gain has been increased to its maximum Gmax which
leads to the output voltage Umax:

Umax = mmax · C + bmax (5.19)

Gmax = αmax + (γmax − αmax) ·
b0

U0

(5.20)

and the test-capacities were measured again. Diagram b) and c) of fig. 5.13
display the maximum gain Gmax and the output Umax of box 2 as function of
the measured test-capacity C. The relation between the measured parameters
αmax, γmax of the maximum gain Gmax and the unknown parameters αcal and
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Calibrating the LN2-read-out-device

Measuring test-capacities with G=1 and O=0 

! U0=m0C+b0 ! Parameters: m0,b0

Measuring test-capacities with G=max and O=0 

! Umax=mmaxC+bmax ! Parameters: mmax,bmax

Parameters "cal(m0,mcal), #cal(bmax,b0,bcal) define: Gcal and Ocal

Adjust each device with Ocal and Gcal

Figure 5.12: Schematic drawing of the calibrating-procedure of each device.

γcal of the calibrated gain Gcal, is given by equation 5.16:

αcal =
mcal

m0

(5.21)

γcal =
αcal
αmax

· γmax =
mcal

mmax

· bmax
b0

(5.22)

Ocal =
bcal
γcal
− b0 (5.23)

Thus the calibrated offset Ocal and the calibrated gain Gcal are determined
by the measured quantities m0, mmax, b0 and bmax. Table 5.1 displays the
measured parameters of the maximum gain Gmax and the calibrated values for
each box.

Box Nr. αmax γmax/αcrit Ccrit[pF] mcal[10−3 V
pF

] bcal[V]

1 7.13± 0.28 6.12± 0.26 964± 37 38.29± 0.97 −30.47± 0.95

2 7.3± 0.26 6.21± 0.25 986± 29 39.1± 1.11 −31.27± 1.08

3 7± 0.2 6.25± 0.19 1000± 31 39.71± 0.73 −31.72± 0.71

4 7.06± 0.25 6.09± 0.24 971± 25 39.11± 1.19 −31.3± 1.16

Table 5.1: Measured parameters αmax, γmax and Ccrit for all four boxes. The
adjusted parameters mset and bset define the output Uout of each box.
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Figure 5.13: a) Measured output U0 of box 2 as gain and offset have been set to
G = 1 and O = 0 V. b) Measured output Umax of box 2 for a maximum gain and
no offset. c) Plot of the measured maximum gain Gmax of box 2 with respect to
the input capacity. The measured outputs U0, Umax and the gain Gmax of all other
boxes are displayed in appendix C.

The output voltages for Cmin and Cmax are defined for an AGATA-dewar in
vertical position:

Ucal(Cmin) = 5 V (5.24)
Ucal(Cmax) = 10 V (5.25)

These equations determine the calibrated output Ucal. The adjusted output
voltages of all boxes are displayed in diagram a) of figure 5.14. Only two curves
are visible since the curves of box 1,2 and 4 are overlapping. The orange curve
is slightly shifted with respect to the y-axis. Diagram b) shows the results
of a capacitive measurement which was performed with all boxes at ATC(4).
Except for box 3 all other boxes are working identically, since the orange curve
is shifted. The missing capacity of the BNC-cable has been compensated by an
extra capacity of 150 pF which was fixed at the input of each box. All curves
in diagram b) are strictly linear in time and show that all read out devices
are performing well. The red lines in diagram b) indicate the defined values
5 V and 10 V which are met quite well by the measured data. The following
chapters will focus on the issue how an inclination or axial rotation of a cryostat
influences the filling capacity. The LN2-read-out-devices discussed here will be
used for these position-dependent measurements.
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Figure 5.14: a)Plot of Uout(C) = mset ·C+bset fo all four boxes. The curves of Box
1,2 and 4 are overlapping whereas the curve of box 3 is slightly shifted with respect
to the y-axis. b) Results of measuring the filling capacity C of ATC(4) in vertical
position with each box. The red lines indicate Umin = 5 V and Umax = 10 V.



Chapter 6

Position-dependence of the
LN2-monitoring

Each AGATA-detector in the array takes a different position (see fig. 6.1) which
has an effect on the time dependent capacity. Thus the angle dependence of
the filling capacity has to be analysed. Moreover, it will be discussed how
the consumption of liquid nitrogen depends on the inclination. Figure 6.1

Horizontal axis

Vertical axis

!

Detector axis
AGATA-detector-array

Figure 6.1: AGATA-detector-array. Each triple-cluster in the array has its inclina-
tion angle θ between the vertical axis and the detector axis.

shows a CAD-drawing of the AGATA-detector-array and a schematic drawing
indicating the definition of the inclination angle θ. A detector is in vertical
position for θ = 0 ◦ and in horizontal position for θ = 90 ◦.
The position of a triple-cluster in the array is not only determined by the
inclination angle θ but by the rotation around its own axis as well, which is
not shown in fig. 6.1. The rotation around the detector axis shall be described
by the angle β, so that each detector position inside the array is given by a pair
of these two angles (θ, β). The position (90 ◦, 120 ◦) for example describes a
detector which is in horizontal position and rotated 120 ◦ around its axis with
respect to a fixed position.

55
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6.1 Influence of horizontal inclination and axial
rotations

The first position dependent measurements were performed by Heinz Georg
Thomas with a triple cluster.The measurements were performed in such a way
that the cryostat was filled once with liquid nitrogen and inclined stepwise
after that. The filling capacity has been measured for each inclination and
for different filling heights. The results of these measurements are plotted in
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Figure 6.2: Results of the first position-dependend measurement done by Heinz
Georg Thomas. The measured capacity is plotted versus the inclination angle. The
green markers represent the measurement done with a filling height h of h = 11 cm
whereas the red markers represent a measurement performed with a filling height
h = 7.5 cm.

fig. 6.2 for two different filling heights (11 cm and 7.5 cm measured in vertical
position). Both measurements show that the capacity has a maximum at
θ = 90 ◦ and a minimum at θ = 0 ◦ and θ = 180 ◦. Therefore the filling
capacity measurements are inclination-dependent.
For the purpose of understanding and describing the inclination-dependency of
the measuring capacity C, the relation C ∼ (h0+0.4h) is not adequate because
it is only valid for a detector in vertical position. Hence a parameterisation
of C as a function of inclination is needed. The capacity C between the inner
and outer cylinder inside the dewar depends on the volume vol(θ) of liquid
nitrogen between them. Since the distance ∆r between the two cylinders is
small compared to the radius r0,1 of the inner cylinder, the volume between
the cylinders can be approximated by the surface S(θ) which is covered by the
liquid nitrogen: vol(θ) ∼= ∆r · S(θ). Like in chapter 3 the dewar is divided
in two sections: one with liquid nitrogen and one without. This is shown in
fig. 6.3. The calculations for the capacity C considering the surface S(θ) are
similar to those in chapter 3. The average dielectric constant is given by:

〈εr〉(S) =
1

S0

· [εr,g · (S0 − S) + εr,l · S]⇔ (6.1)

〈εr〉(S) =
1

S0

· [εr,gS0 + (εr,l − εr,g) · S]⇔ (6.2)

〈εr〉(S) = 1 + 0.4 · S
S0

⇒ (6.3)
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N2(g)

Figure 6.3: Schematic drawing of a dewar, like in fig. 3.9. The filling height h has
been replaced by the surface S covered with liquid nitrogen. The total surface of the
inner cylinder is described by S0 = 2πr2 · h0.

C ∼ S(θ) (6.4)

As the capacity C is always measured with respect to the time t a further
parameterisation of t as a function of the angle θ is needed. The volume
V (θ, t) (not to be mistaken with vol(θ)) of liquid nitrogen inside the dewar at
a certain time is linked through equation 4.7 with the time:

V (θ, t) = V0(θ)− ν(θ) · t (6.5)

ν is the consumption of LN2 and V0(θ) the volume of liquid nitrogen at the
beginning of each measurement. Understanding how an inclination θ effects
the surface S and the volume V of liquid nitrogen inside the dewar is related
to the question, how volume and surface of a liquid inside an ideal cylinder
changes as a function of the inclination θ.

6.1.1 Calculations of S(θ) and V (θ) of a liquid inside a
cylinder for different inclination θ.

The mathematics used and discussed in this section is taken from Horst Stocker
and John W. Harris [Wei09a]. Figure 6.4 shows a liquid inside a cylinder
at different inclination. In case of no inclination the liquid has a cylindrical
shape with a surface S = 2πRh and volume V = πR2h as R is the radius of the
cylinder and h the filling height of the liquid. If the cylinder is slightly inclined,
the shape of the liquid changes to a cylindrical segment (see fig 6.5) which „[...]is
the solid cut from a circular cylinder by two (or more) planes.[...]“ [Wei09a, p.1].

The surface Sseg and volume Vseg of a cylindrical segment are:

Sseg(θ) = πR(h1 + h2) (6.6)

Vseg(θ) =
1

2
πR2(h1 + h2) (6.7)
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   cylinder                 cylindrical segment          cylindrical wedge

!

detector axis

horizontal axis

vertical axis

Figure 6.4: Schematic drawing of an ideal cylinder which is filled with a liquid
(indicated by dark blue coloured area). The geometrical shape which is formed by
the liquid changes with respect to the inclination θ.

Figure 6.5: Cylindrical segment with inclination angle θ [Wei09a]. The relation
between height h1 and h2 is given by: h2 = h1 + 2R tan θ.
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As long as 0 < h1 < h2 the filling height h can be written as 2h = h1 + h2.
This leads to:

Sseg(θ) = 2πRh (6.8)
Vseg(θ) = πR2h (6.9)

Both quantities do not depend on θ, thus they are constant for a given filling
height h. If this is not the case and h1 or h2 is negative, the cylindrical segment
changes to a cylindrical wedge. „A wedge is cut from a cylinder by slicing a
plane that intersects the base of the cylinder. [...]“ [Wei09b, p.1].

h
2

R

b

!
a

Figure 6.6: A cylindrical wedge with base length b > R and height h2 =
b tan θ [Wei09b]. The parameters a and Φ which are shown in this drawing depend
on h2 and θ.

The results of a detailed derivation of Swdg(θ) and Vwdg(θ) for the cylindrical
wedge are [Wei09b]:

Swdg(h2, θ) = 2R tan θ · [a(h2, θ) + (h2/ tan θ −R) · Φ(h2, θ)] (6.10)

Vwdg(h2, θ) =
1

2
R · Swdg(h2, θ)−

1

3
a(h2, θ)

3 · tan θ (6.11)

As a and Φ are the parameters shown in fig. 6.6 and given by [Wei09b]:

Φ =
1

2
π + arctan

(b−R
a

)
(6.12)

a =
√

2bR2 −R2 (6.13)

In order to describe the surface S(θ) and volume V (θ) over the full range of the
inclination θ both expressions of surface and volume for a wedge and segment
have to be combined. The shape of a cylindrical segment turns into the shape of
a cylindrical wedge when the height h1 is equal to zero: h1 = 0⇔ h2 = R·tan θ.
Using this condition and the step-function Θ leads to the following formula:

S(θ) = Swdg ·Θ(k) + Sseg ·Θ(−k) (6.14)
V (θ) = Vwdg ·Θ(k) + Vseg ·Θ(−k) (6.15)

The parameter k is given by k = 2R tan θ − h2. Equation 6.14 and 6.15 are
invalid if the inclination exceeds a certain angle namely θcrit. Figure 6.7 shows
a two dimensional cut through a cylinder which is filled with a liquid inside.
The volume and surface of the liquid change for θ > θcrit in such a way that
they can not be described by Vwdg and Swdg anymore because these expressions
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V,S 90°
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! " !crit: V=Vwdg

             S=Swdg

! > !crit: V<Vwdg

             S<Swdg

! = 90°: V=V90

              S=S90

R

h0

Figure 6.7: Two dimensional drawing for three different inclination: θcrit < θ < 90 ◦

of a cylinder with radius R and total height h0 which is filled with a liquid (indicated
by dark blue line). The inclination θcrit represents the angle for which the liquids
shape can still be described by Vwdg and Swdg. In the case that θ > θcrit the volume
and surface of the liquid inside the cylinder can not be described by Vwdg and Swdg
anymore. Inclining the cylinder up to 90 ◦ will change the geometrical shape of the
liquid to a horizontal segment with volume V90 and surface S90.

predict larger values than it is in reality the case. This problem can be solved
by introducing two correction-terms called δVwdg and δSwdg which are negative
and correct equation 6.14 and 6.15 for θ > θcrit.
The last case to discuss is a horizontal inclination of the cylinder (see fig. 6.7).
In this configuration the liquid inside the cylinder is shaped like a horizontal
segment with volume V90 and surface S90 (see fig. 6.8). The formulas for these
expressions are given by [Wei09a]:

S90(h) = 2 · arccos
[R− h

R

]
·Rh0 (6.16)

V90(h) = h0 ·
(
R2 · arccos

[R− h
R

]
− (R− h) ·

√
2Rh− h2

)
(6.17)

Figure 6.8: Schematic drawing of a cylinder in horizontal position which is half
filled with a liquid [Wei09a]. The total length l in this picture corresponds to the
total height h0 of the cylinder.

The volume V (θ) and surface S(θ) of a liquid inside a cylinder with height
h0 and radius R over the full range of inclination 0 ◦ − 90 ◦ can be found by



CHAPTER 6. POSITION-DEPENDENCE OF THE LN2-MONITORING61

combining equations 6.14 to 6.17. This leads to:

S(θ) =

{
SwdgΘ(k) + SsegΘ(−k)− δSwdgΘ(θcrit − θ), θ < 90 ◦

S90, θ = 90 ◦
(6.18)

V (θ) =

{
VwdgΘ(k) + VsegΘ(−k)− δVwdgΘ(θcrit − θ), θ < 90 ◦

V90, θ = 90 ◦
(6.19)

In order to simulate the volume and surface of a liquid inside an inclined
cylinder with radius R and height h0, a model is needed which has two main
features:

• Equations 6.18 and 6.19 shall be part of it, so that V (θ) and S(θ) can
be predicted for all angles between 0 ◦ and 90 ◦.

• The theoretical values of V (θ) have to be inclination independent for a
given filling height h (conservation of the LN2-mass).

The second feature is not trivial to realise. The model used1 here considers an
ideal cylinder with an imaginary filling-nozzle with length lf = h0 − h and a
varying diameter d(θ), so that the volume of the liquid remains constant for
each inclination θ. Figure 6.9 shows a simulation of the volume and surface
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Figure 6.9: Simulation of the volume V (θ) and surface S(θ) of liquid inside a
cylinder with radius R = 10 cm and height h0 = 29 cm for different inclination angle
θ and filling height h. a) Simulation of V (θ) for two filling heights h = 11 cm and
h = 7.5 cm. b) Simulation of S(θ) for the same two filling heights. All curves in
both diagrams are not perfectly shaped which is related to the model that was used
for these simulations.

of a liquid inside a cylinder. The curves of V (θ) are nearly straight lines as
expected. The deviation of each curve from an ideal straight line is related to
the working precision of the model which was used for these simulations. The
curves of S(θ) show some small deviations too, but their order of magnitude
is low, thus the are negligible. Since the measuring capacity C is proportional
to the surface S(θ), the simulations point out that the measuring capacity
changes with respect to an inclination even though the amount of
liquid nitrogen is constant. This statement meets perfectly with the results
of the position-dependend measurements which are shown in fig. 6.2. The
experimental data shows that the measuring capacity has its maximum at

1A detailed description of this model and the calculations of S(θ) and V (θ) are shown in
appendix D.
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θ = 90 ◦ and its minimum at θ = 0 ◦, whereas the difference between these two
values depends on the filling height.These two observations are also reflected
by the simulation of S(θ). One aspect which is not considered by the model
used here, is the fact that the inner cylinder inside the dewar does not reach
until the dewars ground and therefore the correlation between volume and
surface of the liquid nitrogen inside the dewar is different to the correlation
between volume and surface of a liquid inside an ideal cylinder.

6.1.2 Influence of the dewars geometry

The geometry of a dewar differs from an ideal cylinder in such a way that the
dewar is equipped with a filling nozzle which has a length lf and a diameter d.
Figure 6.10 (left) shows a schematic drawing of a dewar with a filling-nozzle.

h0

2R

lf

d

hmax

hmax=(h0-lf)+(R-d/2)tan!

0°

90°

!

Top view of a dewar

Figure 6.10: Left: Schematic drawing of a dewar with radius R, total height h0

and a filling-nozzle which has a length lf and a diameter d. The red line in this
drawing indicates the filling level of a liquid inside the dewar. Right: Top view of
a dewar. The axial rotation is defined by the angle β.

As long as the dewar is not completely filled with liquid nitrogen, the filling-
nozzle should have no influence on the calculations of V (θ) and S(θ) however.

6.1.3 Axial rotations

Apart from inclining the system, the detector might also be rotated around
its own axis which is shown on the right hand side of fig. 6.10. The axial
rotations are described by the angle β. Considering an ideal dewar the axial
rotations should have no effect on the measuring capacity. The inner and outer
cylinder of a real dewar might not have a perfect cylindrical shape which causes
an asymmetry between them. This might have an effect on the measuring
capacity if the dewar is inclined and rotated around its own axis.

6.1.4 Simulating the time behaviour of the capacity C(t)

The model which was introduced in section 6.1.1 shall now be used for simu-
lating the capacity of a dewar which is filled with liquid nitrogen. The relation
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between surface S(θ) and capacity C is shown by equation 5.2 and leads to:

C(θ) =
ε0

R · ln
(

R
R−∆r

) · [S0 + 0.4 · S(θ)] (6.20)

As ∆r is the distance between the inner and outer cylinder. The relation
between volume V (θ) and time t is given by equation 6.5. In an intuitive picture
the consumption ν of liquid nitrogen should not depend on an inclination θ
thus ν is assumed to be inclination-independent. Solving equation 6.5 for t
and considering a constant consumption leads to:

t(θ) =
V (θ)− V0(θ)

|ν|
(6.21)

V0(θ) is the maximum amount of LN2 which can be filled into the dewar with
inclination θ. Due to the dewars geometry this amount is assumed to be
inclination dependent. Figure 6.11 shows four simulations of the measuring
capacity C(t) as a function of time for an ideal dewar which is filled with liq-
uid nitrogen. Furthermore the ideal dewar is equipped with a filling-nozzle.
Diagram a) and b) in fig. 6.11 show the case of a partially filled dewar. Both
simulations reflect the observations which have already been made and dis-
cussed in section 6.1.1. The filling-nozzle has no effect on C(t) until the dewar
is completely filled. The simulation of a completely filled dewar for each in-
clination is displayed in diagram c) of fig. 6.11. The liquid nitrogen inside
the dewar seems to last longer when the cryostat is in horizontal position, as
the filling nozzle limits the maximum filling height in vertical position. Con-
sidering a finite diameter of the filling-nozzle leads to the simulation shown
in diagram d). The operation time and the maximum capacity C(t = 0) are
different for each curve. Nevertheless the simulations shown in diagram c) and
d) imply that the liquid nitrogen is exactly filled until the beginning of the
filling-nozzle. This condition is difficult to realise in a real experiment, hence
it is not clear how the filling-nozzle effects the measuring capacity in a real
experiment.

6.2 Position-dependent measurements (I)
The first position-dependend measurements were performed with the setup
shown in fig. 6.12 and an empty cryostat (ATC(4)). The results of these
measurements are shown in fig. 6.13. The position in which the capacity was
measured is indicated by a pair (inclination θ, axial rotation β). Diagram
a) shows the measured capacity for the two positions (0 ◦, 0 ◦) and (90 ◦, 0 ◦).
Both measured curves are shaped as predicted by the simulation of C(t) shown
in section 6.1.3. The results of measuring C(t) under the influence of axial
rotations can be seen in diagram b) of fig. 6.13. All curves are again shaped
as predicted by the simulation of C(t) and have a common minimum at C =
924 pF. The curves in diagram b) are not unique which is also revealed by
the measured operation times τ (see table 6.1). The difference between the
operation time of position (0 ◦, 0 ◦) and position (90 ◦, 0 ◦) is about one hour.
This might be related to the length of the dewars filling nozzle as simulated in
diagram c) of fig 6.11. The difference between the operation times which are
indicated by the blue, red and green curve are striking. Table 6.1 shows that
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Figure 6.11: Simulations of the measuring capacity C(t) as a function of time for an
ideal dewar with filling-nozzle. The dewars radius and total height are: R = 10 cm,
h0 = 29 cm. The distance ∆r between inner and outer cylinder has been chosen
as ∆r = 0.18 cm. The nozzles length is lf = 15 cm. The inclination angles which
have been chosen for these simulation are: 0 ◦, 45 ◦ and 90 ◦. The consumption of
the system was set to the constant value ν = 220ml

h . a) Simulation of C(t) for
a filling height h = 11 cm. b) Simulation of C(t) for a filling height h = 7.5 cm.
c) Simulation of C(t) considering the filling-nozzle with a diameter which is here
d = 0 cm. d) Simulation of C(t) for a nozzle with diameter d = 2 cm.

Figure 6.12: Experimental setup for measuring the filling capacity of ATC(4) being
in horizontal position. The cryostat is mounted in a special frame with adjustable
inclination. The capacity was measured with device (I). The dewar has been com-
pletely filled with liquid nitrogen before the measurement was started.
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Figure 6.13: a) Measured capacity for θ = 0 ◦ and θ = 90 ◦. b) Measured capacity
for θ = 90 ◦. The cryostat has been rotated during this measurement around its own
axis in 120 ◦-steps. The red dashed line indicates the common minimum capacity
Cmin = 924 pF of all curves.

the amount of liquid nitrogen inside the dewar being in position (90 ◦, 120 ◦)
lasts nearly 9 h longer than for the dewar being in position (90 ◦, 0 ◦). This
discrepancy can not be explained by the dewars properties (e.g. the filling-
nozzle or asymmetries between the inner and outer cylinder). The second

Position (0 ◦, 0 ◦) (90 ◦, 0 ◦) (90 ◦, 120 ◦) (90 ◦, 240 ◦)

τ [h] 22.1± 0.3 23.4± 0.3 32.5± 0.3 32.5± 0.3

Table 6.1: Measured operation time τ of ATC(4) in four different positions.

position-dependent measurements were performed with ATC(4) again in which
the inclination was changed to θ = 45 ◦ and the capacity was read out for the
first time with the prototype of the C/V-transcenducer. Figure 6.14 shows
the experimental setup of the measurement. The LN2-read-out-box was fixed
at the outside of the dewar and read out by a multimeter which was itself
connected to a laptop. The results of these measurements are shown in fig. 6.15.
The slight deformation of the measured curves in fig. 6.15 are related to the
missing capacity of the BNC-cable as discussed in chapter 5. Apart from the
deformation the measured curves show for each position a different operation
time (see table 6.2). Comparing them with the data shown in table 6.1 points
out that the operation times ot ATC(4) are not unique. The blue curve in
diagram b) of fig. 6.2 has a larger maximum U(t = 0) than the red and green
one. Neglecting all measurements with an operation time longer than 23 h
points out that τ varies up to one hour with changing inclination from 0 ◦ to
90 ◦. These variation in time might be caused by a variation of the pressure
and filling level inside the dewar. Hence further investigation needs to be done
in order to determine the influence of inclination θ or axial rotation β on the
liquid nitrogen consumption ν.
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Figure 6.14: ATC(4) with inclination θ = 45 ◦. The capacity was read out with a
C/V-transcenducer which was fixed on the site of the dewar.
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Figure 6.15: a) Measured voltage U as a function of time for θ = 0 ◦ and θ =
45 ◦. b) Measured voltage for θ = 45 ◦. The cryostat has been rotated during this
measurement around its own axis in 120 ◦-steps. All curves have a common minimum
at U = 1 V. Gain and offset of the C/V-transcenducer were not adjusted.

Position (0 ◦, 0 ◦) (45 ◦, 0 ◦) (45 ◦, 120 ◦) (45 ◦, 240 ◦)

τ [h] 23.1± 0.3 28.8± 0.3 22± 0.3 22± 0.3

Table 6.2: Measured operation time τ of ATC(4) in four different positions.
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6.3 Position-dependent measurements (II)
The third iteration of position-dependent LN2-measurements was performed
with four LN2-read-out-devices (called box for short) which have been dis-
cussed in chapter five in detail. This iteration aimed for the following issues:

• Testing the performance of each read-out-device. Ideally all devices
should work identically.

• Measuring the capacity and hopefully achieving a consistent picture
about the influence of inclination and axial rotations on the consumption
of liquid nitrogen.

Figure 6.16: Left: ATC(4) in vertical position with a LN2-read-out-device on top.
Right: ATC(4) in horizontal position; the LN2-read-out-device is standing on the
dewar.

In order to compensate the missing capacity of the BNC-cabling, the capacity-
read-out of the dewar was equipped with an extra capacity of 150 pF. The
experimental setup for the measurements in horizontal and vertical position is
shown in figure 6.16. All measurements were performed with ATC(4) which
was equipped this time with three aluminium blocks. In order to provide sta-
bile and reliable measurement-conditions a dewar-closing with an overpressure
protection valve has been used. Furthermore the dewar has been completely
filled with LN2 for each position-measurement and the filling-capacity has been
measured with all four boxes one after another in each position. All results
of the position-dependent measurement (II) are shown in diagram a)-d) of fig-
ure 6.17. The deformation which appeared in the measurements discussed in
the section before is not present anymore, as the extra capacity of 150 pF has
been added. All curves are perfectly shaped as predicted by the simulation
of C(t). The red lines in each diagram indicate the range of 5 V between the
minimum voltage Umin = 5 V and the maximum voltage Umax = 10 V. The
black curve (box 1) shown in diagram a) is interrupted between t = 1 h and
t = 5 h for a period of four hours due to a power failure. The orange curve
(box 3) in diagram a) is a bit shifted with respect to the other curves, whereas
the blue (box 2) and green curve (box 4) are overlapping. Thus box 2 and
4 are working identically. After readjusting box 3 the capacity-measurements
have been repeated with inclination θ = 45 ◦ as the data of this measurement



CHAPTER 6. POSITION-DEPENDENCE OF THE LN2-MONITORING68

black:   box 1
blue:     box 2
orange: box 3
green:   box 4

aL

0 5 10 15

5

6

7

8

9

10

Time t @hD

V
ol

ta
ge

U
@V

D

black:   box 1
blue:     box 2
orange: box 3
green:   box 4

bL

0 5 10 15

5

6

7

8

9

10

Time t @hD

V
ol

ta
ge

U
@V

D
black:   box 1
blue:     box 2
orange: box 3
green:   box 4

cL
0 5 10 15

5

6

7

8

9

10

11

Time t @hD

V
ol

ta
ge

U
@V

D

dL

blue:     box 2 H45°,120°L
yellow: box 2 H45°,240°L
orange: box 3 H45°,120°L
black:   box 2 H90°, 120°L

0 5 10 15 20
5

6

7

8

9

10

11

Time t @hD

V
ol

ta
ge

U
@V

D

+

+

+

+

+
+

*

*

*

*

* *

°

°

°

°

°

°eL
0 1 2 3 4 5 6

17.0

17.5

18.0

18.5

19.0

19.5

20.0

20.5

Position on endcap

T
em

pe
ra

tu
re

T
@°C

D

inclination: 45°,red: 0°, green: 120°, black: 240°

+

+

+

+

+

+

°

°

°

°

°

°fL
0 1 2 3 4 5 6

17

18

19

20

21

Position on endcap

T
em

pe
ra

tu
re

T
@°C

D

inclination: 90°, red: 0°, green: 120°

Figure 6.17: Measured voltage with inclination a) θ = 0 ◦, b) θ = 45 ◦ and c)
θ = 90 ◦. The red, dashed lines indicate the minimum voltage Umin = 5 V and the
maximum voltage Umax = 10 V for a dewar being in vertical position. d) Measure-
ment of the output voltage under the influence of inclination and axial rotations,
performed with box 2 and 3 only. e) Temperature of the endcap as ATC(4) was in
position (45 ◦, 0 ◦), (45 ◦, 120 ◦) and (45 ◦, 240 ◦). f) Temperature of the endcap whith
ATC(4) being in position (90 ◦, 0 ◦) and (90 ◦, 120 ◦).
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is shown in diagram b) of figure 6.17. The readjustment of box 3 has been suc-
cessful since all curves are overlapping now which is also shown in diagram c).
All curves have an identical slope, which is comparable to the simulations of
C(t), so that all LN2-read-out-devices are performing well and working
identically. Each position-dependent measurement is characterised by three
quantities: the operation time τ , the minimum voltage output Umin and the
maximum voltage output Umax of the LN2-read-out-device. Table 6.3 shows
the average of these quantities which has been taken over the four measure-
ments with each box at one inclination. The variation of Ūmax has already
been discussed in section 6.2 and is related to the inclination-dependence of
the surface S(θ). The average operation time τ̄ is varying for each inclina-
tion. The biggest discrepancy of τ̄ is observed between the measurements
with θ = 45 ◦ and θ = 90 ◦ which is nearly 8 %. Considering axial rotations,
diagram d) in fig. 6.17 shows a different situation: All curves have their min-
imum nearly at t = 20 h. The average operation time of these four curves
is τ̄ = (19.95 ± 0.06) h. The difference between this operation time and the
measured ones in table 6.3 is not reasonable. A possible explanation for this
is displayed in diagram e)-f) in fig 6.3, which show the measured temperature
at six positions on the endcap. The red points in diagrams e) and f) indicate

Inclination θ[◦] τ̄ [h] Ūmin[V] Ūmax[V]

0 17.58± 0.11 5.05± 0.07 9.84± 0.03

45 16.69± 0.3 5.12± 0.1 10.38± 0.07

90 18± 0.25 5.33± 0.11 10.91± 0.1

Table 6.3: Taken average of the operation time. minimum and maximum output
Umin, Umax of the measurements shown in diagram a)-c) of figure 6.17.

the temperature of the endcap as the cryostat was in position (45 ◦, 0 ◦) and
(90 ◦, 0 ◦) respectively. In these positions, the endcaps temperature varies be-
tween 17 ◦C and 18 ◦C. But the temperature changes up to 20 ◦C when the
cryostat is rotated around its own axis, which is a clear hint for a heat loss
inside the cryostat through thermal radiation. This has an influence on the
consumption and seems to be position-dependent in this case. The existence
of this extra heat loss has already been observed in chapter 4. The last issue to
discuss is the variation of Ūmin for each inclination. Considering table 6.3 the
minimum output-voltage seems to increase with increasing inclination which
is not reasonable, since an empty dewar should show a position-independent
minimum. The filling-capacity C is measured between the inner and outer
cylinder inside the dewar. Hence the inner cylinder does not reach until the
dewars ground, the capacity-measurement will display an empty dewar, but
there is still an amount of liquid nitrogen inside which cools the system. This
fact might be a possible explanation for the variation of Ūmin.
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Figure 6.18: The temperature of the endcap was measured at six different positions
with an infrared-thermometer.

6.4 First summary and discussion of the results
The measured results displayed in figure 6.17 show that the simulations of C(t)
which have been discussed in section 6.1.4 are working and that the dewars
filling-nozzle seems to have a negligible influence on the filling ca-
pacity measurement. All LN2-read-out-devices are working identically and
deliver reproducible results. The average operation time τ̄ which is displayed in
table 6.3 varies in a range of 45 min within the errors between each inclination-
dependent measurement. This variation of the operation time is much smaller
than observed in the measurements which have been investigated in section
6.2. Noticing that and considering the unique operation time displayed in di-
agram d) of fig. 6.17 and the position-dependent temperature of the endcap
leads to the conclusion that the consumption of liquid nitrogen inside a
dewar is inclination-independent.
Referring to this result, each AGATA-detector in the AGATA-array will have
the same position-independent consumption of liquid nitrogen which is advan-
tageous for monitoring the liquid nitrogen level inside a dewar.
Referring to these results, the results gained in chapter 4 and equation 6.21,
the operation time τ of an AGATA-dewar is given by:

τ =
V0

|ν|
=

V0

|m · P + ν0|
(6.22)

The numerator V0 contains all information about the dewar (length, radius,
maximum filling height,etc.) and the amount of liquid nitrogen inside it. The
denominator contains all information about the liquid nitrogen consumption
(e.g. electronics, cabling, crystals, etc.). Diagram a) of figure 6.19 shows a sim-
ulation of the operation time as a function of the applied heating power. Fur-
thermore the volume V0 of liquid nitrogen inside the dewar has been varied. In
order to confirm the validity of equation 6.22, an operation time-measurement
has been performed with ATC(4) being in position (90 ◦, 120 ◦). The capacity
has been read out with box 2, as the heating power P of the caddock was
increased stepwise. Diagram b) in fig. 6.19 displays the results of this mea-
surement. At first the heating power has been increased from 0 W to 6 W in
steps of 2 W (see green data-points in diagram b)). After increasing, the heat-
ing power was decreased in steps of 1 W (see red data-points i diagram b)).
The red and green curve shown in diagram b) are a fit of equation 6.22 to the



CHAPTER 6. POSITION-DEPENDENCE OF THE LN2-MONITORING71

measured data. Both curves are not identical. After being heated up, the cryo-
stat needs a certain time to cool down and to accumulate to the new adjusted
heating power. Diagram c) displays all consumption measurements which have
been performed with ATC(2) and ATC(4). The green and red curve refer to
the measured data shown in diagram b). Since both curves are nearly overlap-
ping, the difference between the consumption measured with increasing power
P and decreasing power is marginal. The orange curve indicates a higher liq-
uid nitrogen consumption than the green curve for example. Although the
cryostat is the same. But this difference is caused by the position dependent
heat loss through thermal radiation inside cryostat. Referring to the equation:
∆QV ·ρLN2 · ν = κ · (P +P0), which has been discussed in chapter 4, the factor
κ can be determined for the green and red curve: κgreen = (0.81 ± 0.08) and
κred = (0.84 ± 0.02). Thus 80 % of the radiation emitted by the caddock is
injected into the cooling finger which is a reasonable value.
The consumption of liquid nitrogen is higher for ATC(2) than for ATC(4) (see
blue curve). But this result does not surprise since ATC(2) is fully equipped
with three Ge-crystals and the complete electronics inside the cold part.
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Figure 6.19: Simulation of τ for an ideal dewar with radius R = 10 cm, total height
h0 = 29 cm and a filling-nozzle with length lf = 15 cm. a) Plot of the operation
time τ as a function of the applied heating power for three different volumes V0.
The volume of liquid nitrogen has been set at a fixed value of 120 · π cm3 and the
consumption was set to ν(P ) = 27.66 cm3

Wh ·P + 241 cm3

h . b) Measured operation time
τ(P ) for ATC(4) being in position (90 ◦, 120 ◦). The green data points represent the
measured operation with increasing power P , whereas the red data points represent
the measured operation time with decreasing power. The green and red curves
are regressions through the data-points referring to equation 6.22. The volume of
liquid nitrogen inside the dewar has been assumed to be V0(90 ◦) = 4555 cm3 which
leads to the following parameter found for the green curve: mgreen = (18.26 ±
1.83) cm3

Wh , ν0,green = (226.8 ± 4.9) cm3

h . The parameters found for the red curve are:
mred = (18.85± 0.4) cm3

Wh , ν0,red = (228.7± 1.2) cm3

h . c) Plot of the consumption ν as
a function of the heat loss P for the triple clusters: ATC(2) and ATC(4). The blue
curve is a linear regression through the measured consumption of ATC(2) which was
discussed in chapter 4. The orange curve reveals the measurement done with ATC(4),
which was also discussed in chapter 4. The consumptions of ATC(4) referring to the
measured operation time in diagram b) are indicated by the green (increasing heating
power) and red (decreasing heating power) curve..



Chapter 7

Summary and outlook

The main goal of this thesis was to test and to charatcerise a novel liquid
nitrogen fill level meter. The experiments done within this thesis point out
that the liquid nitrogen fill level meter is working and delivers reproduceable
results which are comparable to a direct measurement of the liquid nitrogen
filling height.
By using this capacitive liquid nitrogen read out, the warming-up and cooling-
in-process of an AGATA-triple-cluster were investigated and quantified.
The consumption of liquid nitrogen was measured and discussed in chapter
4 for three different triple cluster under different conditions. These measure-
ments point out that the consumption of liquid nitrogen is strongly influenced
by the cabling inside the cold part of an AGATA-cryostat and the applied low-
voltage-power. Moreover the liquid nitrogen consumption depends linearly on
the applied heating power coming from the crystals, the electronics, the inter-
nal cabling etc.
In chapter 5 a novel capacitive LN2-read-out was introduced which uses a ra-
tiometric method for measuring the filling capacity. The advantage of this
method is that small changes of the filling capacity (∼ 15 %) are detected with
high accuracy.
Four of these new devices were developed by the electronic workshop at IKP
Cologne and tested at the AGATA-triple-cryostat ATC(4). All devices per-
form well and work identically. The extra capacity of the BNC-cable, which
was used for measuring the variation range of the filling capacity, needs to be
compensated.
The issue how horizontal inclination or axial rotations influence the capaci-
tive read out was discussed in chapter 6. For this purpose calculations were
done to determine the volume and surface of a liquid inside an ideal cylinder.
By parameterising the filling capacity with the surface and the volume with
the measuring time, the filling capacity was calculated for different inclination.
These results show an inclination dependence of the measuring capacity. These
results of the inclination-dependent capacity measurements show:

• a good agreement with the calculation. Thus the theoretical model is
working.

• that the filling capacity depends on horizontal inclination but is not
affected by axial rotations.

• the consumption of liquid nitrogen does not depend on inclination and
axial rotations.
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• the dewar’s filling-nozzle has a negligible influence on the capacity mea-
surement and the consumption of liquid nitrogen.

Based on the results of this thesis, additional LN2-read-out-devices will be pro-
duced to provide a LN2-monitor for each AGATA-triple-cryostat in the array.
The monitor implies that the variation ∆C of the filling capacity between a
full and empty dewar is determined for each AGATA-cryostat. A performance-
test of the AGATA-cryostat needs to include a specification of ∆C. The final
LN2-monitor should avoid the capacity of the BNC-cabling which affects the
adjustment of the device.
Since the consumption is independent of any inclination or rotation of the
detector, a common threshold-voltage for all detectors in the AGATA-array
may defined. If the automatic filling system of the array is not working or
damaged and if the LN2-level inside a dewar is below the threshold a system-
independent forcefill will be started and fill the cryostat before it warms up,
in order to protect it.
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Warming-up-process

aL
0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.90

0.92

0.94

0.96

0.98

Time t @hD

M
ea

su
re

d
ca

pa
ci

ty
C

@nF
D

bL
0 10 20 30 40 50 60

0.86

0.88

0.90

0.92

Time t @hD

M
ea

su
re

d
ca

pa
ci

ty
C

@nF
D

cL
0 10 20 30 40 50 60

0.90

0.95

1.00

1.05

1.10

Time t @hD

M
ea

su
re

d
ca

pa
ci

ty
C

@nF
D

Figure A.1: Measured capacity C as a function of time t during the warming-up-
processes of: a) ATC(2). b) ATC(3). After 60 h this warming-up-process is still
not finished. The measured capacity C shows a chaotic behaviour after t = 30 h. c)
ATC(4). The cryostat was in horizontal position during this measurement.
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Appendix B

Consumption measurements

B.1 Measured capacities and filling heights dur-
ing the consumption measurements of ATC(2)

76



APPENDIX B. CONSUMPTION MEASUREMENTS 77

HV, LV ON HV, LV OFF

time [h] C[pF] h1[cm] C[pF] h2[cm]

0 1, 126± 5 - 1, 129± 5 -

1 1, 115± 5 13± 2 1, 120± 5 13± 2

2 1, 104± 5 11.5± 0.5 1, 113± 5 12.4± 0.5

3 1, 093± 5 10.3± 0.5 1, 101± 5 10.7± 5

4 1, 082± 5 8.8± 0.5 1, 092± 5 9± 0.5

5 1, 071± 5 7.5± 0.5 1, 082± 5 8.1± 0.5

6 1, 059± 5 6.2± 0.5 1, 072± 5 7.1± 0.5

7 1, 050± 5 5.1± 0.5 1, 063± 5 6.2± 0.5

Table B.1: Measured filling height h as a function of time for ATC(2) under different
conditions (high and low voltage/ high and low voltage off). The filling height was
checked every hour. The filling hight for t = 0 h could not be determined, because
the dewar was at maximum filling-level and an opening would have caused a burst
of LN2. This is also the reason why the error of h is 2 cm at t = 1 h. The filling
capacity was additionally checked every hour.
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LV ON, ramping HV and XIA

time [h] C[pF] h[cm] C[pF] h[cm]

0 1, 130± 5 - 1, 130± 5 -

1 1, 119± 5 13± 2 1, 119± 5 13.4± 2

2 1, 109± 5 11± 0.5 1, 107± 5 10.5± 0.5

3 1, 097± 5 9.8± 0.5 1, 097± 5 9.1± 5

4 1, 086± 5 8.5± 0.5 1, 085± 5 8.2± 0.5

5 1, 074± 5 7.5± 0.5 1, 074± 5 7.1± 0.5

6 1, 063± 5 6.3± 0.5 1, 063± 5 6± 0.5

7 1, 053± 5 5.3± 0.5 1, 052± 5 5± 0.5

Table B.2: Measured filling height as a function time for ATC(2). The low volt-
age was applied and the high voltage has been ramped up in irregular steps. The
XIA-electronics was running additionally, as the room temperature increased about
2 ◦C. This measurement was performed twice, thus the measured filling heights and
capacities are similar.



APPENDIX B. CONSUMPTION MEASUREMENTS 79

B.2 The capton-cable-test

B.2.1 Measured capacities and filling heights during the
consumption measurements of ATC(3)

old cabling capton-cabling

Time [h] C[pF] h[cm] Time [h] C[pF] h[cm]

0 1, 051± 5 - 0 1, 037± 5 -

2.17 1, 025± 5 10.4± 0.5 1 1, 023± 5 10.8± 0.5

3.75 1, 006± 5 8.5± 0.5 2 1, 012± 5 9.7± 0.5

5.17 989± 5 6.9± 0.5 4 981± 5 6, 5± 0.5

6.67 971± 5 5± 0.5 5 965± 5 5.1± 0.5

8.17 953± 5 3.2± 0.5 6 952± 5 3.6± 0.5

9.5 945± 5 1.7± 0.5 7 937± 5 2.1± 0.5

Table B.3: Measured capacities and filling-hights for ATC(3). The left column
represents the data for ATC(3) with the old cabling, whereas the data measured
with the capton-cabling is displayed in the right column.

B.2.2 LN2-consumption calculated by the measured fill-
ing heights

The measured filling heights are plotted as a function of time in fig. B.1. Using
the linear function: h(t) = m · t + b for fitting the measured data, leads to
the consumption ν = m

b
· 4.5 l and operation time τ = b

m
(see chapter 4). The

calculated values are displayed in table B.4.
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Figure B.1: Plot of the measured filling height h as a function of time. The blue
and orange curve are linear regressions through the measured data points. Their
functions are given by: hold = (−1.19± 0.01) cm

h · t+ (12.99± 0.06)cm and hcapton =
(−1.47 ± 0.03) cm

h · t + (12.43 ± 0.12)cm. The gradient of each curve indicates the
consumption of liquid nitrogen

Cabling ν[ml
h

] τ [h]

old cabling 412± 4 10.9± 0.1

Capton 509± 11 8.8± 0.2

Table B.4: Liquid nitrogen consumption and operation time of ATC(3) for two
different cablings. The calculated values refer to the measured filling heights.
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B.3 LN2-consumption and operation time of ATC(4)
after a cooling-in-process

Time interval ∆t[h] ν[ml/h] τ [h]

1.64 997± 44 4.51± 0.2

1.92 554± 21 8.13± 0.31

3 332± 15 13.54± 0.61

5 270± 11 16.67± 0.69

6.73 242± 9 18.57± 0.71

Table B.5: Measured consumption ν and operation time τ after a cooling-in-process
as a function of the time interval ∆t where the consumption did not change.

B.4 Measured filling capacity as a function of
time for different loads at ATC(4)

The results of the consumption measurements are displayed in fig. B.2 and
fig. B.3, as the parameters of the linear regressions are shown in table B.6.
The consumption ν for one load has been calculated by ν(P ) = m̄

∆C
· 4.5 l (see

chapter 4), as ∆C = 130 pF for ATC(4).
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Figure B.2: Measured filling capacity C as a function of the time t for different
heat loads P . The red lines are linear regressions through the measured data.
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P [W ] m[pF
h

] b[pF] m̄[pF
h

] P [W ] m[pF
h

] b[pF] m̄[pF
h

]

0 −37
5

5259
5

0.5 −7.24 1086.62

−64
9

3353
3

−7.24± 0.14 −7.37 1076.05 −7.25± 0.12

−36
5

5837
5

−7.14 1145.43

1 −7.86 1065.14 1.5 −8.07 1031.53

−7.35 1040.68 −7.61± 0.36 −8 1098 −8.04± 0.05

2 −8.3 1027.45 2.5 −8.75 1192.5

−25
3

1095 −8.23± 0.15 −8.89 1138.11 −8.78± 0.1

−8.06 1156.1 −8.71 1044.07

3 −8.86 1062.27 4 −9.8 1043

−9.27 1117.09 −9.04± 0.21 −10 1150 −9.93± 0.12

−9 1190.25 −10 1230

5 −11.07 1045.07 6 −11.36 1042.82

−67
6

6983
6

−11.08± 0.09 −12 1117 −11.71± 0.28

−11 1246.4 −11.64 1161.18

−11.84 1260.26

7 −12.5 1053.5

−12.67 1154.33 −12.46± 0.23

−12.22 1250.4

Table B.6: Parameter m and b of the linear function C(t) = m ·t+b which has been
regressed to the measured data. m̄ is the mean value of all gradients m referring to
one load P .
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Figure B.3: Measured filling capacity C as a function of the time t for different
heat loads P . The red lines are linear regressions through the measured data.



Appendix C

The C/V-transcenducer

C.1 Pin out and component placement specifi-
cation of the CAV414

Figure C.1: Pin out of the CAV 414 [Gmb08].

C.2 Increasing and decreasing the gain
Considering chapter 5, the gain of a LN2-read-out-device is given by: G =
UG

U0+O
. Decreasing the gain is described by:

G−1(C) :=
U0 +O

UG
=

1

α
+
b0 − 1

α
· (bG −O)

UG
(C.1)

Considering an output-voltage U = U0 + O with gain G = 1 and offset O 6= 0
leads to the output: UG = GU = GU0 + GO if the gain is changed to G 6= 1.
Changing the gain back to G = 1 leads to the original output voltage U :
G−1(UG) = G−1GU = U0 + O. But if the offset is changed by Õ before
changing back the gain leads to a different situation: the output-voltage is
Ũ = UG + Õ = GU + Õ. Decreasing the gain now by G−1 changes Ũ to:

G−1(Ũ) = G−1GU +G−1Õ = U +G−1Õ (C.2)
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Figure C.2: Component placement specification of the LN2-read-out-device which
has been developed in cologne.

Thus the beginning value U has an extra offset G−1Õ , because the offset has
been changed between increasing and decreasing the gain. Increasing the gain
again by G̃ leads to:

G̃(U +G−1Õ) = α̃ +
bG̃ + α̃ · (b0 +O +G−1Õ)

U0 +O +G−1Õ
(C.3)

The extra offset G−1Õ appears in every new adjustment of gain and offset.
The previous information about gain and offset effects every new
adjustment of them. This has to be considered when adjusting gain and
offset of the read-out-device. Figure C.2 displays a general layout diagram of
the read-out-device.
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C.3 Measuring U0, Umax and Gmax for box 1,3 and
4
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Figure C.3: Measured output voltages U0, Umax and maximum gain Gmax for box
1 and 3 as function of the test capacity C.
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Figure C.4: Measured output voltages U0, Umax and maximum gain Gmax for box
4 as function of the test capacity C.
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Figure C.5: Left: Capacitive dummy which is able to simulate capacities between
888 pF and 1030 pF. Right: Measuring device for testing and adjusting the boxes:
The capacitive dummy is connected to the read-out-device. The output-voltages are
measured with a multimeter. Down left: Photograph of all LN2-read-out-devices.



Appendix D

Simulation of S(θ) and V (θ)

The simulation of the surface S and the volume V of a liquid inside an ideal
cylinder with radius R height h0 and inclination θ is related to a theoretical
model as described in chapter 6. The equations for S and V are given by:

S(θ) =

{
SwdgΘ(k) + SsegΘ(−k)− δSwdgΘ(θcrit − θ), θ < 90 ◦

S90, θ = 90 ◦
(D.1)

V (θ) =

{
VwdgΘ(k) + VsegΘ(−k)− δVwdgΘ(θcrit − θ), θ < 90 ◦

V90, θ = 90 ◦
(D.2)

D.1 The correction terms δSwdg and δVwdg

The correction terms δSwdg and Vwdg are related to the fact that the liquid
inside the cylinder for a certain inclination θ has a smaller surface/ volume
than predicted by the formulas of Swdg and Vwdg. Figure D.1 shows an ideal

!

h
0
 +"h

h
0

2R

Figure D.1: 2d-cut through an ideal cylinder with radius R, height h0 and inclina-
tion θ.

cylinder with a liquid inside. The surface and volume of the liquid are thus
given by:

V = Vwdg(h0 + ∆h)− Vwdg(∆h)︸ ︷︷ ︸
=δVwdg

(D.3)

S = Swdg(h0 + ∆h)− Swdg(∆h)︸ ︷︷ ︸
=δSwdg

(D.4)

The correction terms are gained from these equations: δVwdg = Vwdg(∆h) and
δSwdg = Swdg(∆h). The height ∆h depends on the filling-level inside the dewar
which will be discussed in the following sections.

90
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D.2 Simulation of S and V for a constant volume
V

Figure D.2 shows a two dimensional cut through an ideal cylinder with a liquid
inside. The cylinder is inclined by the angle θ. The volume of the liquid inside
the cylinder is inclination independent: V (0 ◦) = V(θ) = V(θcrit). Thus the
filling level h for each inclination is determined by this condition. In order to
realise an inclination independent volume V of the liquid, an imaginary filling
nozzle with length lf and diameter d is introduced. The diameter of this filling
nozzle is a function of the inclination, so that the volume of the liquid is always
constant. The function d(θ) can be found by solving the equation:

l
f

2R

V = const V = const V = const

h
0

h
2

h
2

h
2

d

0° 0° < ! !
 
< !

crit

Figure D.2: 2d-cut through an ideal cylinder with a liquid inside. The filling height
h of the liquid inside the dewar is determined by an imaginary filling nozzle (dashed
lines) with constant length lf and diameter d. In order to remain the volume of
the liquid constant for each inclination, the diameter d has to be a function of the
inclination θ as shown in this drawing: d(θ = 0 ◦) = d(θ) = 0, but d(θcrit) 6= 0.
Thus the height h2 is given by: h2 = (h0 − lf ) + (R− d(θ)/2) · tan θ. This leads to:
∆h = (R− d(θ)/2) · tan θ − lf for a given inclination.

V (θ, d(θ), (h0 − lf ), R)
!

= (h0 − lf ) · π ·R2 (D.5)

for d(θ), as V (θ, d(θ), (h0−lf ), R) is the volume of a liquid inside an ideal dewar
with radius R, height h0, nozzle-lentgh lf and inclination θ. The expression
(h0 − lf ) · π · R2 represents the volume of the liquid being in vertical position
θ = 0 ◦. Equation D.5 has been solved for an ideal dewar with R = 10 cm,
h0 = 29 cm and lf = 18 cm and lf = 21.5 cm. The blue data-points in figure D.3
represent the results d(θ) of solving equation D.5 for inclination angles from
40 ◦ to 90 ◦. The inclination angle θcrit at which the imaginary filling-nozzle
becomes important for the calculations of S and V is given by:

tan θcrit =
(h0 − lf )

R
⇔ θcrit = 48 ◦(lf = 18 cm), θcrit = 37 ◦(lf = 21.5 cm)

(D.6)
Thus inclination angles smaller than 40 ◦ are negligible for calculating d(θ).
The red curves in fig. D.3 are a polynomial fit to the data-points:

d(θ) = a · θ5 + b · θ14 + c · θ3 + d · θ2 + e · θ + f (D.7)

As a, b, c, d, e, f are fit-parsmeters. The volume in diagram a) is related to
a filling height h = 11 cm in vertical dewar-position, whereas the volume in
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Figure D.3: a) Plot of the nozzle-diamteer d as a function of the inclination θ for a
constant volume V = 3456 cm3.The function d(θ) is given by: d(θ) = 8.01 · 10−8 cm ·
θ5 − 2.65 · 10−5 cm · θ4 + 3.42 · 10−3 cm · θ3 − 0.21 cm · θ2 + 6.37 cm · θ − 73.87 cm.
b) Plot of d(θ) for a volume V = 2356 cm3, as the function of the diameter is:
d(θ) = 9.17 · 10−9 cm · θ5 − 4.14 · 10−6 cm · θ4 + 6.53 · 10−4 cm · θ3 − 4.43 · 10−2 cm ·
θ2 + 1.38 cm · θ − 16.52 cm.

diagram b) is related to a filling height h = 7.5 cm in vertical dewar-position.
All calculations considering S(θ) and V (θ) have been done with mathemat-
ica. Figure D.4 displays an extract from the program which was used for the
simulation of S(θ) and V (θ), as the parameters of equations B.3 and B.4 are
defined in this part (see mathematica-guide):

• f [x_,y_, z_] = · · ·: Defines a function f(x, y, z) depending on three or
even more variables.

• HeavisideTheta[...]: Refers to the step-function and is used for defining
the surface and volume of the liquid over the full inclination-range from
0 ◦ to 90 ◦.

• Tan[x Degree]: Defines the trigonometrical function tan(x), as the
angle x is given in ◦.

The part of the program where the surface S(θ) and volume V (θ) are visualised
is displayed in fig. D.5, as the following commands were used [x]:

• Plot[f(x), {x, xmin, xmax}]: Generates a plot of the function f(x)
beginning at x = xmin and ending at xmax.

• PlotStyle: Defines characteristics (like colour or thickness) of the plot-
ted curve.

• Frame, FrameLabel: Defines a frame with a labelling.

• PlotRange: Defines the range of the plot which shall be shown.

• PlotLabel: Defines a labelling of the plot.
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R = 10; L = 29; aw@x_, di_, H_D = Sqrt@2*R* HL - H + HR - di�2L *Tan@x DegreeDL �Tan@x DegreeD -

HHL - H + HR - di�2L *Tan@x DegreeDL �Tan@x DegreeDL^2D; Φw@x_, di_, H_D =

Π �2 + ArcTan@HHL - H + HR - di�2L *Tan@x DegreeDL �Tan@x DegreeD - RL �aw@x, di, HDD;
awm@x_, di_, H_D = Sqrt@2*R* H-H + HR - di�2L *Tan@x DegreeDL �Tan@x DegreeD -

HH-H + HR - di�2L *Tan@x DegreeDL �Tan@x DegreeDL^2D; Φwm@x_, di_, H_D =

Π �2 + ArcTan@HH-H + HR - di�2L *Tan@x DegreeDL �Tan@x DegreeD - RL �awm@x, di, HDD;
vw@x_, di_, H_D = Tan@x DegreeD �3* Haw@x, di, HD * H3*R^2 - Haw@x, di, HDL^2L +

3*R^2* HHL - H + HR - di�2L *Tan@x DegreeDL �Tan@x DegreeD - RL * Φw@x, di, HDL *

HeavisideTheta@HR + di�2L *Tan@x DegreeD - HL - HLD +

Π *R^2* HL - H - di�2*Tan@x DegreeDL *HeavisideTheta@HL - HL - HR + di�2L *Tan@x DegreeDD;
vwm@x_, di_, H_D = Tan@x DegreeD �3* Hawm@x, di, HD * H3*R^2 - Hawm@x, di, HDL^2L +

3*R^2* HH-H + HR - di�2L *Tan@x DegreeDL �Tan@x DegreeD - RL * Φwm@x, di, HDL;
sw@x_, di_, H_D = H2*R*Tan@x DegreeD *

Haw@x, di, HD + HHL - H + HR - di�2L *Tan@x DegreeDL �Tan@x DegreeD - RL * Φw@x, di, HDL *

HeavisideTheta@HR + di�2L *Tan@x DegreeD - HL - HLD +

2* Π *R* HL - H - di�2*Tan@x DegreeDL *HeavisideTheta@L - H - HR + di�2L *Tan@x DegreeDDL;
swm@x_, di_, H_D = 2*R*Tan@x DegreeD *

Hawm@x, di, HD + HH-H + HR - di�2L *Tan@x DegreeDL �Tan@x DegreeD - RL * Φwm@x, di, HDL;
vg@x_, di_, H_D = vw@x, di, HD - HeavisideTheta@HR - di�2L *Tan@x DegreeD - HD *vwm@x, di, HD;
sg@x_, di_, H_D =

sw@x, di, HD - HeavisideTheta@HR - di�2L *Tan@x DegreeD - HD *swm@x, di, HD;
nu = Π *R^2* HL - HL �20; d1@x_, H_D =

H8.007236605879354`*^-8*x^5 - 0.00002653176171680337`*x^4 + 0.003421330672866954`*x^3 -

0.21252849253009456`*x^2 + 6.366501773577047`*x - 73.86869199399531`L *

HeavisideTheta@Tan@x DegreeD - HL - HL �RD; d2@x_, H_D =

H9.167396979646134`*^-9*x^5 - 4.1384187688018035`*^-6*x^4 + 0.0006530677570700743`*x^3 -

0.04428623326084718`*x^2 + 1.3809034538376617`*x - 16.521762597525587`L *

HeavisideTheta@Tan@x DegreeD - HL - HL �RD;

Figure D.4: Extract from the program which was used for simulating the surface
S and volume V for a liquid inside an ideal cylinder, as the volume of the liquid has
to remain constant. This part of the program defines all parameters of the cylinder
and the parameters of S(θ) and V (θ) as they were discussed in chapter 6.

Plot@8vg@x, d1@x, 18D, 18D, vg@x, d2@x, 21.5D, 21.5D<,
8x, 0.01, 89<, PlotStyle ® 88Thick, Green<, 8Thick, Red<<,
Frame ® True, PlotRange ® 880, 90<, 82000, 4000<<, FrameLabel ®

8Style@"Inclination Θ @°D", FontSize ® 13D, Style@"Volume VHΘL " @cm^3D, FontSize ® 13D<,
PlotLabel ® "green: h=11cm, red: h=7.5cm"D

Plot@8sg@x, d1@x, 18D, 18D, sg@x, d2@x, 21.5D, 21.5D<, 8x, 0.01, 89<,
PlotStyle ® 88Thick, Green<, 8Thick, Red<<, Frame ® True, FrameLabel ®

8Style@"Inclination Θ " @°D, FontSize ® 13D, Style@"Surface SHΘL "@cm^2D, FontSize ® 13D<,
PlotRange ® 880, 90<, 8400, 840<<, PlotLabel ® "green: h=11cm, red: h=7.5cm"D

Figure D.5: Visualisation of S(θ) and V (θ) using the parameters defined in fig. D.4.
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D.3 Simulation of S and V for a refilled dewar
If the dewar is refilled with a liquid for each inclination, the calculation of
S(θ) and V (θ) is very simple, since no imaginary nozzle with an inclination
dependent diameter is needed. If the filling nozzle is longer than h0

2
the volume

changes as function of the inclination θ, whereas the filling height h remains
constant and isdetermined by the length lf of the filling nozzle:

h = h0 − lf = const. (D.8)

Figure D.6 shows the simulation of S(θ) with respect to V (θ) for a liquid inside
an ideal cylinder. The structure of this program is mainly the same as used
in the programs before, whereas the surface S(θ) is plotted with respect to
the volume V (θ) for a given angle θ. The definitions of all parameters which

G = Green; B = Blue; Rd = Red; Yl = Yellow; Oe = Orange; Bk = Black;
Clear@iD; w = 1; y = 1; n = 0; R = 10; L = 29; H = 15; d = 0; Label@beginD;
i = w++; Γj = Input@"Bitte Winkel in ° angeben"D Degree;
a@x_D = Sqrt@2*R*x�Tan@ΓjD - Hx�Tan@ΓjDL^2D;
Φ@x_D = Π �2 + ArcTan@Hx�Tan@ΓjD - RL �a@xDD; vi@x_D =

HTan@ΓjD �3* Ha@xD * H3*R^2 - Ha@xDL^2L + 3*R^2* Hx�Tan@ΓjD - RL * Φ@xDL *HeavisideTheta@
2 R*Tan@ΓjD - xD + Π *R^2* Hx - R*Tan@ΓjDL *HeavisideTheta@x - 2*R*Tan@ΓjDDL;

si@x_D = H2*R*Tan@ΓjD * Ha@xD + Hx�Tan@ΓjD - RL * Φ@xDL *HeavisideTheta@2*R*Tan@ΓjD - xD +

2* Π *R* Hx - R*Tan@ΓjDL *HeavisideTheta@x - 2*R*Tan@ΓjDDL;
V@x_D = vi@xD - HeavisideTheta@x - LD *HeavisideTheta@Tan@ΓjD - H� HR - d�2LD * HTan@ΓjD �3*

Ha@Hx - LLD * H3*R^2 - Ha@Hx - LLDL^2L + 3*R^2* HHx - LL �Tan@ΓjD - RL * Φ@Hx - LLDLL;
S@x_D = si@xD - HeavisideTheta@x - LD *HeavisideTheta@Tan@ΓjD - H� HR - d�2LD *

H2*R*Tan@ΓjD * Ha@Hx - LLD + HHx - LL �Tan@ΓjD - RL * Φ@Hx - LLDLL;
s90@x_D = H2*ArcCos@HR - xL �RD *R*LL; v90@x_D = R�2*s90@xD - L* HR - xL *Sqrt@2*R*x - x^2D;
p90 = ListLinePlot@Table@8v90@xD, s90@xD<, 8x, 0, R - d�2, 0.01<D, PlotStyle ® 8Thick, Red<D;
p@iD = ListLinePlot@Table@8V@xD, S@xD<, 8x, 0.001, L - H + HR - d�2L *Tan@ΓjD, 0.01<D,
PlotStyle ® 8Thick, Input@"Welche Farbe? HG,Rd,B,Oe,BkL"D<D;

r = Input@"Erneute Eingabe?"D; If@r > 0, Goto@beginDD;
tab = Table@p@kD, 8k, 1, i<D; Show@tab, p90, Frame ® True,
FrameLabel ® 8Style@V�cm^3, FontSize ® 13D, Style@S�cm^2, FontSize ® 13D<,
PlotRange ® 880, v90@RD<, 80, s90@RD<<D

Figure D.6: Program for simulating the surface S(θ) and volume V (θ) for a liquid
inside an ideal cylinder with radius R = 10 cm, height h0 = 29 cm, filling-nozzle-
length lf = 15 cm and nozzle-diameter d = 0.

are needed for calculating S(θ) and V (θ) are integrated in one loop, so that
several plots of S vs. V for different angles are possible. The important steps
of this program shall be described in the following:

1. Definition of the parameters R, d, H = lf and L = h0 for the ideal
cylinder.

2. Label[begin]: Beginning of the loop. The command Input["Bitte
Winkel in ◦ eingeben" demands the operator to define an inclination
angle θ.

3. Definition of all parameters Φ, a for the calculation of S and V .

4. ListLinePlot[Table[{V[x], S[x]}...]]: Generates a table of pairs (V (θ), S(θ))
for a specified angle θ which are plotted afterwards.

5. Input["Welche Farbe? (G, Rd, B, Oe, Bk)"]: The colour of each
plot can be chosen here.
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6. r=Input["Erneute Eingabe?"]: Asks the operator for another itera-
tion with a different inclination angle. The command If[r>0,Goto[begin]]
terminates the iteration if the answer is no.

7. Table[p[k],...]: Each V −S-plot referring to one inclination is collected
in a table and finally plotted in one common diagram by the command
Show[...] if the iteration is terminated.

For practical reasons the calculations and plots of S(θ) and V (θ) for angles
between 0 ◦ and 89 ◦ are separated within this program from the calcula-
tions/plots of S(90 ◦) and V (90 ◦). Figure D.7 shows the generated output
of the program for two different angles.

0 1000 2000 3000 4000
0

200

400

600

800

V

cm3

S cm
2

Figure D.7: Output of the program: Plot of the surface S(θ) with regard to the
volume V (θ) for the angles θ = 0 ◦ (blue curve) and θ = 90 ◦ (red curve).

D.4 Simulating the filling capacity C(t)

The simulation of the filling capacity as a function of the time is similar to the
simulations discussed before, as the formulas 6.20 and 6.21 are used. Figure D.8
and D.9 show the simulation of the filling capacity C(t) as a function of time
t. The case of a constant amount of liquid nitrogen inside an inclined dewar
is displayed in fig. D.8, whereas the case of a dewar which is refilled with LN2

for each inclination is shown in fig. D.9.
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G = Green; B = Blue; Rd = Red; Yl = Yellow; Oe = Orange; Bk = Black; Clear@iD; w = 1; y = 1; n = 0;
R = 10; L = 29; H = 21.5; Label@beginD; i = w++; Γj = Input@"Bitte Winkel in ° angeben"D Degree;
d = d2@Γj, HD; a@x_D = Sqrt@2*R*x�Tan@ΓjD - Hx�Tan@ΓjDL^2D;
Φ@x_D = Π �2 + ArcTan@Hx�Tan@ΓjD - RL �a@xDD; vi@x_D =

HTan@ΓjD �3* Ha@xD * H3*R^2 - Ha@xDL^2L + 3*R^2* Hx�Tan@ΓjD - RL * Φ@xDL *HeavisideTheta@
2 R*Tan@ΓjD - xD + Π *R^2* Hx - R*Tan@ΓjDL *HeavisideTheta@x - 2*R*Tan@ΓjDDL;

si@x_D = H2*R*Tan@ΓjD * Ha@xD + Hx�Tan@ΓjD - RL * Φ@xDL *HeavisideTheta@2*R*Tan@ΓjD - xD +

2* Π *R* Hx - R*Tan@ΓjDL *HeavisideTheta@x - 2*R*Tan@ΓjDDL; V@x_D =

vi@xD - HeavisideTheta@x - LD *HeavisideTheta@Tan@ΓjD - H� HR - d2@Γj, HD �2LD * HTan@ΓjD �3*

Ha@Hx - LLD * H3*R^2 - Ha@Hx - LLDL^2L + 3*R^2* HHx - LL �Tan@ΓjD - RL * Φ@Hx - LLDLL;
S@x_D = si@xD - HeavisideTheta@x - LD *HeavisideTheta@Tan@ΓjD - H� HR - d2@Γj, HD �2LD *

H2*R*Tan@ΓjD * Ha@Hx - LLD + HHx - LL �Tan@ΓjD - RL * Φ@Hx - LLDLL;
s90@x_D = H2*ArcCos@HR - xL �RD *R*LL; v90@x_D = R�2*s90@xD - L* HR - xL *Sqrt@2*R*x - x^2D;
p90 = ListLinePlot@Table@8Hv90@R - d2@89, HD �2D - v90@xDL *20� HΠ *R^2* H14LL,

8.854*10^H-2L � HR*Log@10�9.82DL * H2* Π *R*L + 0.4*s90@xDL<,
8x, 0, R - d2@89, HD �2, 0.01<D, PlotStyle ® 8Thick, Red<D;

p@iD = ListLinePlot@Table@8HV@L - H + HR - d2@Γj, HD �2L *Tan@ΓjDD - V@xDL *20� HΠ *R^2* H14LL,
8.854*10^H-2L � HR*Log@10�9.82DL * H2* Π *R*L + 0.4*S@xDL<,

8x, 0.001, L - H + HR - d1@Γj, HD �2L *Tan@ΓjD, 0.01<D,
PlotStyle ® 8Thick, Input@"Welche Farbe? HG,Rd,B,Oe,BkL"D<D;

r = Input@"Erneute Eingabe?"D; If@r > 0, Goto@beginDD;
tab = Table@p@kD, 8k, 1, i<D;
angle = Show@tab, p90, Frame ® True, FrameLabel ® 8Style@"Time t "@hD, FontSize ® 13D, Style@

"Simulated capacity CHtL " @pFD, FontSize ® 13D<, PlotRange ® 880, 14<, 8891, 1040<<D

Figure D.8: Simulation of C(t) for a constant amount of liquid nitrogen inside the
dewar. The model of an imaginary filling-nozzle with varying diameter d(θ) was used
here.

G = Green; B = Blue; Rd = Red; Yl = Yellow; Oe = Orange; Bk = Black; Clear@iD; w = 1; y = 1; n = 0;
R = 10; L = 29; H = 15; Label@beginD; i = w++; Γj = Input@"Bitte Winkel in ° angeben"D Degree;
d = 2; a@x_D = Sqrt@2*R*x�Tan@ΓjD - Hx�Tan@ΓjDL^2D;
Φ@x_D = Π �2 + ArcTan@Hx�Tan@ΓjD - RL �a@xDD; vi@x_D =

HTan@ΓjD �3* Ha@xD * H3*R^2 - Ha@xDL^2L + 3*R^2* Hx�Tan@ΓjD - RL * Φ@xDL *HeavisideTheta@
2 R*Tan@ΓjD - xD + Π *R^2* Hx - R*Tan@ΓjDL *HeavisideTheta@x - 2*R*Tan@ΓjDDL;

si@x_D = H2*R*Tan@ΓjD * Ha@xD + Hx�Tan@ΓjD - RL * Φ@xDL *HeavisideTheta@2*R*Tan@ΓjD - xD +

2* Π *R* Hx - R*Tan@ΓjDL *HeavisideTheta@x - 2*R*Tan@ΓjDDL;
V@x_D = vi@xD - HeavisideTheta@x - LD *HeavisideTheta@Tan@ΓjD - H� HR - d�2LD * HTan@ΓjD �3*

Ha@Hx - LLD * H3*R^2 - Ha@Hx - LLDL^2L + 3*R^2* HHx - LL �Tan@ΓjD - RL * Φ@Hx - LLDLL;
S@x_D = si@xD - HeavisideTheta@x - LD *HeavisideTheta@Tan@ΓjD - H� HR - d�2LD *

H2*R*Tan@ΓjD * Ha@Hx - LLD + HHx - LL �Tan@ΓjD - RL * Φ@Hx - LLDLL;
s90@x_D = H2*ArcCos@HR - xL �RD *R*LL; v90@x_D = R�2*s90@xD - L* HR - xL *Sqrt@2*R*x - x^2D;
p90 = ListLinePlot@Table@8Hv90@R - d�2D - v90@xDL *20� HΠ *R^2* HL - HLL,

8.854*10^H-2L � HR*Log@10�9.82DL * H2* Π *R*L + 0.4*s90@xDL<,
8x, 0, R - d�2, 0.01<D, PlotStyle ® 8Thick, Red<D;

p@iD = ListLinePlot@Table@8HV@L - H + HR - d�2L *Tan@ΓjDD - V@xDL *20� HΠ *R^2* HL - HLL,
8.854*10^H-2L � HR*Log@10�9.82DL * H2* Π *R*L + 0.4*S@xDL<,

8x, 0.001, L - H + HR - d�2L *Tan@ΓjD, 0.01<D,
PlotStyle ® 8Thick, Input@"Welche Farbe? HG,Rd,B,Oe,BkL"D<D;

r = Input@"Erneute Eingabe?"D; If@r > 0, Goto@beginDD;
tab = Table@p@kD, 8k, 1, i<D;
angle = Show@tab, p90, Frame ® True, FrameLabel ® 8Style@"Time t "@hD, FontSize ® 13D, Style@

"Simulated capacity CHtL " @pFD, FontSize ® 13D<, PlotRange ® 880, 22<, 8890, 1070<<D

Figure D.9: Simulation of C(t) for a dewar which is refilled with liquid nitrogen
for each inclination.
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D.5 Measured filling capacity as a function of
the inclination for a given filling height
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Figure D.10: Measured filling capacity C as a function of the inclination θ. The
dewar was filled with liquid nitrogen, when being in vertical position. The filling
height was 1 cm. After filling the dewar has been inclined. This measurement was
done by Heinz Georg Thomas (CTT Montabaur).
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