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Abstract

Experimental as well as theoretical research concerning neutrino properties have experi-
enced a tremendous boost in the last few years leading eventually to a revision of the
standard model of particle physics. A brief historical sketch, as well as the latest results
concerning solar neutrino physics followed by an outlook on future experimental tasks are
given in chapter 1.

The fundamental energy production mechanism inside the sun, where each nuclear fu-
sion of 4 protons into helium produces an energy of 26.73MeV, can occur via several
sub-cycles, the pp, "Be, pep, ®B, hep and CNO cycle (Bethe-Weizsicker-cycle). Radio-
chemical gallium experiments are especially attractive since they provide information on
the low-energy and predominant part of the solar neutrino spectrum, the pp-neutrinos. At
the beginning of the 1990s two gallium detectors each operated by an international collab-
oration, started solar neutrino data taking: GALLEX in Gran Sasso, Italy, later in 1998
to become GINO, the Gallium Neutrino Observatory and SAGE, the Soviet American
Gallium Experiment in Bhaksan, Russia. For more than 12 years these two detectors
have been monitoring the solar core, confirming both the presence of pp-neutrinos and
an important lack in the measured neutrino interaction rate on earth, as we know now,
due to the oscillatory behaviour of neutrinos. Radiochemical gallium detectors are the
only solar neutrino experiments so far that can give an upper limit for the contributions
by the CNO-cycle to the total energy production in the sun. The latest results from
GALLEX/GNO are presented in chapter 2.

In the past few years low-temperature detectors have become a state of the art detection
technique in many different fields of physics and especially astrophysics. A considerable
amount of work has been invested at our institute into the development of highly-efficient
cryogenic detectors, designed to suppress statistical as well as systematic error contribu-
tions in a gallium experiment like GNO. A description of the basics of cryogenic detectors
using superconducting phase transition thermometers, so-called transition edge sensors
(TESSs), is given in chapter 3.

The fabrication and processing of a TES based on iridium-gold bilayers, as well as the
construction steps of the complete cryogenic detector are described in chapter 4. In
order to gain further knowledge on various possibilities to produce superconducting/non-
superconducting bilayers for a great variety of applications and to ensure the production
of reproducible high-quality low-temperature detectors, a new magnetron sputtering sys-
tem has been set up and is described in this chapter, too.

In order to achieve a high detection efficiency, i.e. close to 100%, the cryogenic detector



has to exhibit a full absorption in 47 solid angle, a feature realized by using two individual
detectors placed on top of each other. As outlined in chapter 5, both detectors consist
of a 10 x 20 x 1 mm? sapphire substrate with a 1 x 3 mm? iridium-gold bilayer serving
as a superconducting phase transition thermometer (TES). However, the high temper-
atures (~400°C for 3-4h) necessary to deposit germanium onto the sapphire substrate,
see next paragraph, cause destruction of the TES bilayer. To overcome this problem, the
Ge-deposition and the fabrication process of the TES had to be decoupled, which can be
realized by using a silicon substrate bearing the TES that can later easily be glued onto
the sapphire substrate. These composite detectors prove to be extremely satisfactory and
due to their flexibility they have a high potential of applicability in other fields of cryo-
genic detection and also neutrino physics (e. g. [-endpoint measurements, neutrinoless
B-decay). Special care has also been given to the design of the 47 detector holder, since
the implementation in a gallium experiment like GNO requires maximum redundancy in
order not to lose a solar run and at the same time to ensure easy and straightforward
handling. In addition to that a further cylindrical shielding made of ultrapure copper and
low-activity lead, to be operated in a cryostat at temperatures of ~100mK, was conceived
and successfully realized to shield the 47 detector from the inner parts of the cryostat
itself. Apart from the first results obtained with a composite detector, also radiopurity
aspects concerning the material selection for the detector and its surroundings are pre-
sented in chapter 5.

In order to introduce low-temperature detectors in the experimental procedure of a gallium
experiment, a suitable interface is needed. Using the dissociation process of germane gas
(GeHy) at temperatures higher than 280°C, it is possible to deposit the neutrino-produced
germanium ("' Ge; Ty o = 11.43d) within a metallic film onto a sapphire substrate (Al,O3),
later to become the absorber of the cryogenic detector. This process has to be highly ef-
ficient. In our experiments it has been performed up to a level of > 91% thus meeting
the requirements of the GALLEX/GNO experiment. This procedure is briefly described
in chapter 6.

With the aim to show the feasibility of using cryogenic detectors in a gallium experi-
ment (GNO), a 3He/*He dilution refrigerator (Oxford: Kelvinox 150) was installed in the
underground laboratory (UGL) of the Maier-Leibnitz-Laboratorium in Garching. The
shielding of the experimental setup has been improved progressively. The cryostat is now
completely surrounded by 15cm of lead equipped with a muon-veto that can be operated
in anticoincidence with the cryogenic detector. Background and long-term "'Ge mea-
surements using composite detectors have been performed. As a last step, to show the
long-term stability of the cryogenic measuring system, the decay curve of reactor activated
"LGe was measured in the UGL for a total of 35 days without interruption. The results of
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these measuring campaigns as well as results from composite detectors using macroscopic
lead absorbers are presented in chapter 7.

In a collaborational work with the cryogenic detector group of the LN.F.N (Istituto
Nazionale Di Fisica Nucleare) Genova, a strive for high energy resolution with microcalori-
meters using the technique of composite detectors was performed. The results of first
measurements using iridium-gold TESs, produced in our laboratory in Garching, and tin
as an absorber are presented in chapter 8. An energy resolution of 5.9¢V (FWHM) at
5.9keV has been achieved. This represents a world-wide record for cryodetectors relying
on TES sensors.
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Chapter 1

Introduction

1.1 History of the Neutrinos

Neutrinos first appeared on the elementary particle stage in 1930 when W.Pauli postulated
the existence of a so called neutron’ [1]. Pauli introduced this new particle, later baptized
neutrino by E. Fermi, in order to explain the continuous shape of the §-spectrum without
violating conservation of energy and angular momentum (spin). It was not until 26 years
later that Cowan and Reines measured for the first time neutrinos directly [2], [3], [4].
Using a CdCly-solution as target, they were able to detect antineutrinos via the reaction

Ve+p— e +n (1.1)

The antineutrinos were produced in nuclear fission processes in the nearby Savannah
River (USA) nuclear reactor. To view positron annihilation +’s as well as 7’s due to
the delayed capture of the neutron on Cd, the experimental setup was based on liquid
scintillator detectors. A detection technique for neutrinos used to present day only on
larger and more complicated scale, liquid scintillator detectors in the kiloton-range like
KamLAND, Borexino, LENS, LENA, can be expected to further contribute to our un-
derstanding of such an elusive particle. Further highlights in neutrino physics were the
discovery of parity violation in the electroweak interaction by the Wu experiment [5], and
the measurement of the neutrino’s helicity by Goldhaber in 1958 [6]. The muon neutrino
was discovered in 1961 at the Brookhaven Proton Synchrotron by Ledermann, Schwarz
und Steinberger [7]. The first direct measurement of the tau neutrino was made in the
year 2000 by the DONUT experiment at Fermilab [8].
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The number N, of active neutrino flavours can be deduced from the decay width of Z.
Measurements of the total Zy decay width and the widths of the visible decay channels
at LEP yield an experimental value of N,=2.9844-0.008, which is close to the expected
number of 3 [9].

In the standard model of particle physics neutrinos are mass and chargeless and de-
scribed by the theory of electroweak interaction. The model assumes three left-handed
neutrinos, which reside in left-handed lepton doublets:

L, = ( VLa ) a=euT (1.2)
ar,

As described in more detail in section 1.2.4, experiments involving solar, atmospheric
and reactor neutrinos demonstrate the existence of flavour transitions by means of neu-
trino oscillations. However, neutrino oscillations imply that at least two neutrinos have
non-zero mass, which requires an extension of the standard model of particle physics.

In this context it is clear that the determination of the masses of the neutrinos is of
great importance. Up to now, only upper limits from various experiments are given for
the neutrino mass. The Mainz and Troitsk [10] experiments [11], which both are based on
the precise measurement of the endpoint of the tritium decay, give a limit of <2.2eV /c? at
95% confidence level (see also chapter 8). KATRIN, an upcoming experiment also based
on the measurement of the tritium endpoint, is designed to have a sensitivity of 0.2eV /c?
[12]. As described in more detail in chapter 8 high-resolution cryogenic detectors can be
used as well for high precision measurements of the endpoint of a (-spectrum, e.g. of
187Re [13], [14].

Another way to determine an upper mass limit of the neutrinos is the cosmological
approach. Using a combination of WMAP (Wilkinson Microwave Anisotropy Probe) data
on the cosmic microwave background as well as results from galaxy redshift measurements
[15], it is possible to give a limit for the total mass of all neutrinos of <1.0eV/c?. This
value can be regarded as conservative in the context of interpreting cosmological data
which, however, is highly model dependent.

A possibility to investigate the nature of the neutrino, that is to determine whether it is
a Majorana or Dirac particle, is the neutrinoless double beta decay (0v33). In the case of
the neutrino being a Majorana particle, i.e. particle and anti-particle are identical, a mass
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limit can be deduced from these measurements, too. Collaborators from the Heidelberg-
Moscow experiment, which uses ®Ge, claim to have observed Ov33-decay for the first
time [16]. If these measurements are correct they will have proven that the neutrino is
indeed a Majorana particle. Also an upper mass limit of 0.35eV/c? at 90% confidence
level has been derived [16]. Other experiments, based on the same or different isotopes are
presently underway or already measuring, like CUORICINO, CUORE (TeOs). Also a new
generation germanium experiment is under preparation: GERDA. A promising approach
would also be the use of cryogenic detectors to detect Ov33 in ONd [17]; preliminary
efforts in this direction have been made at our institute and will be continued in the
future.

1.2 Solar Neutrino Physics

The field of solar neutrino research was initiated by the question of how the energy in the
sun is generated. The goal was to see if the predicted rate of neutrinos produced in the
sun during various fusion reactions would agree with their measured number on earth.
It was the experimental search for those solar neutrinos that started a whole new era of
particle physics, namely neutrino and astroparticle physics.

1.2.1 The Solar Neutrino Spectrum

The energy production inside the sun is based on the thermonuclear fusion of hydrogen
to helium, the sum reaction can be written as

4p —* He + 2e™ + 2v, + 26.73MeV (1.3)

Indeed, the fusion processes follow several branches which are depicted in figure 1.1.
Based on the pioneering works of Bethe and Weizsacker [18], [19], who first proposed
thermonuclear fusion to be responsible for the energy production in the sun, more de-
tailed and complex models were conceived, notably the various so-called standard solar
models (SSMs)[20]. A SSM allows to calculate neutrino fluxes on earth originating from
the different fusion branches shown in figure 1.1.

The main contribution to the energy production inside the sun is due to the pp-cycle.
As can be seen in figure 1.1 the fusion of two protons to deuterium can occur directly (pp-
reaction) or with a reduced probability together with an electron (pep-reaction). Since
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Figure 1.1: Fusion branches in the sun. The pp-fusion chain is responsible for ~98.5%

([21]) of the energy production in the sun as calculated by present SSMs. The figure

illustrates the various contributing reactions as well as their branching ratios; the names
used to identify the neutrinos from the different reactions are marked in red.
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the pp-reaction results in a three body process, it is of continuous shape, whereas the
pep-reaction with finally two particles, leads to a monoenergetic line in the solar neutrino
energy spectrum depicted in figure 1.2. Once deuterium is produced it "acquires’ a further
proton forming 3He. From this point on the fusion can be terminated in 4 different ways.
These chains are labelled pp-chain I to IV (see figure 1.1) and have different probabilities of
occurrence. These probabilities are related to the cross-sections of the individual nuclear
reactions, the solar density profile, the element abundances and the temperature. In
three of the four fusion branches neutrinos are produced leading to two monoenergetic
"Be lines and continuous ®B and hep neutrino spectra as shown in figure 1.2. The by far
predominant component is the pp-flux. Since it is directly related to the luminosity of the
sun it can be predicted with high accuracy (+1%) which is largely independent of SSM
calculations. According to the SSMs, the CNO cycle, illustrated by dotted lines in figure
1.2, contributes only 1.5% [21] to the overall energy production in the sun. In the CNO-
cycle, the elements C, N, O and F act as catalysts for the fusion of 4 protons into helium.
Solar neutrino experiments allow to give an upper limit for the CNO contribution to the
energy production. The neutrino spectra shown in figure 1.2 give the various contributions
with the individual precisions as calculated by the SSM [21]. The predictions made by the
SSMs have been cross-checked by means of helioseismology and largely confirmed [22].

1.2.2 Solar Neutrino Detection: Homestake and Kamioka Ex-
periments

With the intention to measure solar neutrino fluxes down to energies of ~0.8MeV as
shown in figure 1.2, Ray Davis Jr. in the 1960s conceived the first solar neutrino detector
on earth. It was the so called Homestake Chlorine Experiment located in Lead, South
Dakota. In 2002, Ray Davis was awarded the Nobel Prize in physics for his pioneering
effort in trying to understand, whether the interior of the sun was functioning according
to the way theorists predicted it in their standard solar models.

The experiment was set up underground to avoid undesired contributions to the mea-
surement by cosmic radiation. The target consisted of 615 tons of perchlorethylene C,Cly
contained in a huge tank. The idea was to expose the CyCly solution to the v, flux from
the sun using the following reaction to detect the v,

Ve +°7Cl —T Ar + e (1.4)

The energy threshold for this reaction is 814 keV, thus covering one branch of the
"Be neutrinos, however, inhibiting the detection of the dominant lower energy part of

5
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Figure 1.2: The solar neutrino energy spectrum on earth as predicted by the current
standard solar model [21]. Contributions from the pp-chain branches (see figure 1.1) are
plotted as solid lines, the CNO contributions as dotted lines. The precisions indicated for
the various branches are derived from SSM calculations. The top part of the diagram il-
lustrates from left to right the energy thresholds for the gallium (GALLEX/GNO/SAGE),
chlorine (Homestake), as well as the water (SuperKamiokande) and heavy water (SNO)
experiments.
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the solar neutrino spectrum, the pp-neutrinos. After a typical exposition of 60 to 100
days literally a handful of 3"Ar had to be extracted from the tank in a highly efficient
chemical procedure and then to be measured in low-background proportional counters.
The number of decaying 3"Ar atoms (half-life: ~35d) thus reflected the neutrino flux to
which the target had been exposed. The measured event rate was only ~~ 1/3 of the value
that was predicted by solar models. This result led to two consequences: a) the SSM was
wrong, or b) unknown properties of the v, were responsible.

The Kamioka detector [23] in the Kamioka mine (2700m.w.e.) 300km west of Tokyo,
Japan, was a water Cerenkov detector constructed in 1983 aiming at measuring solar
neutrinos via elastic neutrino electron scattering:

v+e —v+e (1.5)

The Cerenkov light emitted by the recoil electron in water (fiducial volume, 680t) is
detected by a large number of photomultipliers surrounding the water target. In com-
parison to a radiochemical experiment like the Homestake chlorine experiment, Cerenkov
detectors offer the possibility of real-time detection at the cost of a higher energy thresh-
old (see figure 1.2). The energy threshold (for recoil electrons) was 9.3MeV at first, and
could later be improved to 7.5MeV. Nevertheless, the detector was only sensitive to the
high-energy part of the solar neutrino spectrum (see figure 1.2), the ®B and hep neutrinos.
The neutrino flux measured was only ~50% of the predicted value by the SSM [24]. Just
like in the chlorine experiment, the measured neutrino flux did not correspond to the pre-
dictions made by solar theories, even though the errors were smaller. In 2002 Masatoshi
Koshiba, from the Kamiokaande collaboration, was awarded the nobel prize for pioneering
contributions to astrophysics, in particular for the detection of cosmic neutrinos.

1.2.3 Present Status of Solar Neutrino Detection

In the early 1990s two radiochemical experiments, GALLEX in Italy and SAGE in Bhak-
san, Russia, started to investigate the low-energy part of the neutrino spectrum. Both
experiments are based on electron-neutrino capture on™ Ga:

Ve +1 Ga —" Ge+e” (1.6)

GALLEX/GNO used a liquid gallium chloride solution as a target, whereas SAGE
first used 30t and later 57t of metallic gallium [25]. The energy threshold of both exper-

7
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iments is 233keV, thus allowing to investigate pp-neutrinos (see figure 1.2). In analogy
to the chlorine experiment the few neutrino-produced instable ' Ge atoms were measured
in miniaturized low-background proportional counters. A detailed description of the ex-
perimental procedure, as well as a summary of the results of GALLEX/GNO is given in
chapter 2. However, also these two experiments measured only ~60% of the predicted
signal. The overall result of these two experiments after more than a decade of measuring
is:

(69.3 + 4.1]stat.] & 3.6[syst.])SNU (GALLEX/GNO) (1.7)

(66.9 + 3.9[stat.] & 3.6[syst.])SNU (SAGE) (1.8)

Both results agree well within the error margins.

In 1996 an enlarged version of the Kamioka water Cerenkov detector was built with a
fiducial volume of 22500t and an energy threshold of ~5MeV, Super-Kamiokande. Apart
from the detection of the solar neutrinos, this detector was also conceived to measure
atmospheric neutrinos, as well as to search for proton decay. Since this type of detec-
tors exhibits a directional sensitivity, it proved that the neutrinos measured did indeed
originate from the sun. Again this detector measured only ~40.6% of the predicted solar
neutrino event rate. Further details are given in [26].

The SNO (Sudbury Neutrino Observatory) detector located in the Creighton mine
(6000m.w.e) close to Sudbury, Canada, is also a real-time Cerenkov detector with an
energy threshold of ~5MeV (see figure 1.2). The target in this case is provided by
1000t of heavy water (D,O) contained in an acrylic vessel, monitored by ~9500 8-inch-
photomultipliers and surrounded by 1700t of ultrapure water. Neutrinos crossing the DO
volume can be detected via three different reactions:

Ve+ D —p+p+e (CC) (1.9)
Ve+ D — v, +p+n (NC) (1.10)
vy +e — v, +e (ES) (1.11)

Flavour transitions from v, to v, or v, can be determined by comparing the interaction

rates measured by the charged current reaction (CC) and the neutral current reaction
(NC).
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co O (v,)
NC Q(ve + v, +vr)

(1.12)

Since only electron neutrinos are produced in the sun, an excess in the neutral current
rate can only be attributed to a v, or v, component in the solar neutrino flux originating
from flavour transitions on their way to earth. The electron scattering process (ES) allows
a further measurement of neutrino interaction and a cross-check of the other two reactions
CC and NC , however, with less statistic significance. The latest results reported by the
SNO collaboration [27] in units of 10%m™2s™! are:

Do = 1.68 + 0.06(stat.) Fooe (syst.) (1.13)
Do = 4.94 4 0.41(stat.) "5 (syst.) (1.14)
Dpg = 2.35 4 0.22(stat.) "0 10 (syst.) (1.15)

Results of the measurements by the SNO experiment are shown in figure 1.3. The
diagram exhibits the flux of non-electron flavour active neutrinos (v,.) versus the flux
of electron neutrinos (). The error ellipses shown are the 68%, 95% and 99% joint
probability contours for ®,, and ®.. The measured value of ®,, shows that ~2/3 of the
electron neutrinos have undergone flavour transition.

These results include also data from SNO’s saltphase where 2.7t of NaCl were added to
the D5O to improve the n-detection efficiency of the NC reaction. For further details see
[27]. The SNO experiment has hereby proven that part of the electron neutrinos produced
inside the sun alter their flavour due to the oscillation scenario described in section 1.2.4
below. The favoured explanation for the neutrino deficit measured so far by every solar
neutrino experiment except for the NC reaction in SNO, was first proposed in 1968 by
Gribov and Pontecorvo [30], [31], who introduced the idea of neutrino oscillations. The
theoretical assumptions on which this theory is based, involving non standard properties
of the neutrinos, are presented at the end of next section (1.2.4).

1.2.4 Physics beyond the Standard Model - Neutrino Oscilla-
tions

Figure 1.4 shows the measured lack of the neutrino interaction rate compared to the pre-
dictions by SSMs (colour); from left to right the results are given from the experiments
mentioned in the sections above, together with the individual predictions of the SSM. This
diagram exhibits clearly the non-standard nature of neutrinos. All experiments based on

9
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flux predicted by the SSM [28] is shown as dashed lines, and that measured with the NC
channel is shown as the solid band parallel to the model prediction. The narrow band
parallel to the SNO ES result corresponds to the Super-Kamiokande result in [29]. The
intercepts of these bands with the axes represent the +10 uncertainties. The non-zero
value of ®,, provides strong evidence for neutrino flavour transformation. The point
represents @, from the CC flux and @, from the NC-CC difference with 68%, 95% and
99% C.L. contours included.
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Figure 1.4: Comparison of neutrino interaction rates as predicted by SSMs with results
of measurements performed by different experiments relying on individual detection tech-

niques [32].
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1 Introduction

CC and ES detection exhibit a clear deficit which has been referred to in literature as
the ’solar neutrino puzzle’. Today it seems solved, assuming neutrino oscillations as the
main reason for this non-standard-particle behaviour. Also theoretical predictions (MSW-
effect, see below) treating energy-dependent suppression of the neutrino flux on earth due
to interaction of electron neutrinos with solar matter have proven to be right.

Neutrino oscillations are a quantum mechanical effect:

A neutrino of flavour v, produced in a weak process is described by a coherent linear
superposition of mass eigenstates

[va) = 3 Ui [12) (1.16)

In an extended standard model in which neutrinos have mass and the lepton numbers
L., L, and L, are not conserved, the electron, muon and tau neutrinos in the lepton
doublets (see equation 1.2) are flavour eigenstates which relate to the mass eigenstates
vy, vy and v3 with the eigenvalues my, my and mjs via the unitary mixing matrix U. The

—iE;t

evolution in time of the stationary mass eigenstates |v;) with the phase factors e and

energy E; follows the Schrodinger equation. After a certain time t, |v;) has evolved to

i) = e 1) (1.17)

In the ’simple’ case where only two states are involved the mixing matrix can be
parameterized by one mixing angle 6

U= < cosf  sinf ) (1.18)

—sinf cosfd

It is the non-diagonal structure of the matrix that leads to oscillations. Assuming
the ultra-relativistic limit (m; << E,) the oscillation probability, i.e. the probability of a
neutrino produced as |v,) to be detected as |vg) is

vy 2 " * Am?L
Py—y = (sl e P wa) | = Y UniU;UsUsjeap(—i ) (1.19)
]

where Am?; = m; — m? are the mass-squared differences, L the distance from the
production point and E the neutrino energy. Therefore neutrino oscillations do not depend
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1.2 Solar Neutrino Physics

on absolute masses, but on the differences Am?j. The oscillation probability P,, .., and
the survival probability P, ., can be expressed as

. , Am?L
P, ., = sin®(20)sin” < 1B ) (1.20)
Am?L
P, ., =1-—sin*260)sin? 1.21
e sin®(260)sin ( 1B ) (1.21)

When neutrinos propagate through matter they experience coherent elastic forward
scattering [33], which, however, is different for v, (as compared to that for v, and v,) due
to CC-interaction with the electrons. This so-called MSW-effect (named after Mikeyhev,
Smirnov, and Wolfenstein [34], [33]), is essentially important when describing neutrinos
leaving the solar core. Their oscillatory behaviour is affected by the interaction with
electrons of the sun-plasma. To describe this behaviour the Schrédinger equation for
electron neutrino propagation in matter is modified by a term containing an additional
effective potential V:

V = V2GrN, (1.22)

where Gp is the Fermi-constant and N, the electron density. The consequence is a
difference in the mass eigenstates in vacuum and in matter. Consecutively, the effective
mixing parameters taking into account matter interaction, are referred to as 6,,, and Am?,,
both depending on the neutrino energy as well as on the electron density. Since the sun
is not of constant density along its radius, neutrinos emitted from the core to the outside
can meet so-called resonant conditions when crossing a certain electron density. This then
can lead to an effective mixing angle of #,, = 45°, causing maximum mixing.

Taking into account the results of all solar neutrino experiments, one can deduce limits
in the parameter space for Am3, and tan?§. Figure 1.5a shows the allowed parameter
region at different C.L.s. This favoured region is referred to as the Large Mixing Angle
(LMA) solution. Figure 1.5b shows the combined result of solar and KamLAND data.
KamLAND measured for the first time an electron antineutrino disappearance signal
and cross-confirmed, independently from solar neutrino measurements, the hypothesis
of neutrino oscillations. The KamLAND experiment is located in Japan and measures
electron antineutrinos from several nuclear power reactors with an average distance of a
~200km to the detector (for details, see [35], [73]). In fact, the experiment was the first
to favour the LMA solution [35], which was later confirmed by other experiments like
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1 Introduction

SNO and Super-Kamiokande. The impact of this experiment is clearly visible in figure
1.5b, where the parameter space for Am3, and tan®65 is further constrained. The best fit
point gives a value of 7.9732.107°eV? for Am2,, and a value of 0.407015 for tan?6;, [37].

{\207“‘\"““"““7 7"'\"‘|"‘|“‘
% [ (a) i i (b) — 68%CL
“ L F —95%CL
o |- -
=) ]5 L _ L —89.73% CL —
NE [
< i
10 S y
:
5. 1 L i
[ solar 1 [ solar + KamLLAND 1
0 02 04 06 08 1 0 02 04 06 08 1

tan’0 tan’0

Figure 1.5: a) Global neutrino oscillation analysis [27] using only solar neutrino data, and
b) including KamLAND 766 ton-year data. The solar neutrino data include SNO’s pure
D>O phase day and night spectra, SNO’s salt phase extracted day and night CC spectra
and ES and NC fluxes, the rate measurements from the Cl, SAGE, GALLEX/GNO, and
SK-I zenith spectra. The stars represent the best-fit parameters.

As an example with slightly different values for the oscillation parameters [38] figure
1.6 illustrates the energy dependence of the survival probability P, ., . For smaller
energies it is like for the vacuum oscillation scenario, at higher energies it is dominated
by the MSW-effect. The transition region between ~0.8 and ~4MeV has not yet been
investigated experimentally. Experiments like BOREXINO (for further details, see [39])
and KamLAND (for further details, see [73]), but also a new generation of solar neutrino
experiments (LENA, LENS) could probe this region. Deviations from the LMA-I curves
(e. g. the curves LMA-O and LMA-D) would demonstrate that LMA(MSW) oscillations
are not the dominant effect and rather additional interactions (e. g. via possible magnetic

transition moments of the neutrino) would be important.
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Figure 1.6: Energy-dependent survival probability for the large mixing angle solution
(LMA). The LMA-T solution is defined by the parameters Am3, = 8.3-107°¢V? and tan?6
= 0.43 (best fit point) [38]. LMA-0 and LMA-D are the solutions assuming non-standard-
model interactions between neutrinos and matter. The solid and dotted lines correspond
to different production points in the sun. The neutrino energy distributions originating
from the various fusion cycles in the sun (pp in grey, ‘Be and pep in dotted lines and B
in green) are depicted on the x-axis [38].
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1 Introduction

1.3 Future Tasks in Neutrino Physics

The progress in neutrino physics, especially in the last few years, has been tremendous
(and has already earned several nobel prizes). Triggered by solar neutrino spectroscopy,
the non-standard-model behaviour of the neutrino has become a field of great interest and
intense research, pointing in many different directions. Evidence for neutrino mixing and
oscillations has been obtained by various experiments probing solar, atmospheric, reactor-
generated and accelerator-generated neutrinos. Oscillation experiments have produced a
picture where the three known neutrino flavours are mixtures of three mass eigenstates,
the relations of which is described by the PMNS (= Pontecorvo-Maki-Nakagawa-Sakata)
matrix [42]

Ve 10 0 C13 0 sp3€™ c1a S12 0 "
v, = 0 Co3 593 0 10 S12 C12 0 1]
vV, 0 —S923 (a3 —8136_16 0 C13 0 0 1 V3

(1.23)

with s;;=sinf;; and c;j=cosf;; and a CP violating phase 6. Equation 1.23 shows the
PMNS matrix broken down into 3 components each handling a mass eigenstate pairing
and its associated Am?:

e the 23-sector, measured by atmospheric oscillation experiments and by the K2K
([40]) long baseline measurement

e the 12-sector, describing solar neutrino oscillations and the KamLAND result
e and the 13-sector, which will be the main focus for next generation experiments.

Our understanding of the elusive neutrino is growing, however, only a large-scaled
scientific strategy can bring forth the details of the neutrinos’ physical properties. They
are needed if the neutrinos are to give further information on stellar interiors or insights
into supernovae or into the density profile of the earth. The results required can originate
not only from already running experiments, but also from forthcoming detectors. To
determine the properties of the neutrinos a variety of experimental techniques are required:

e Endpoint measurements to determine the absolute mass of the electron neutrino.
[-endpoint measurements of ®"Re with cryogenic detectors [13] or 3-endpoint mea-
surements of tritium with a spectrometer like the upcoming KATRIN experiment
[12] will give new upper limits of the neutrino mass.

16



1.3 Future Tasks in Neutrino Physics

e Future precision measurements of the cosmic microwave background (CMB) com-
bined with galaxy surveys will yield limits perhaps as low as 0.04eV for the sum of
the neutrino masses [41].

e Neutrinoless-double-beta-decay experiments to determine the nature of the neu-
trino, i.e. whether the neutrino is its own antiparticle or not (Majorana or Dirac
particle) and to investigate the mass hierarchy. Since there is already evidence from
one experiment [16] to have observed neutrinoless-double-beta decay, it will be the
task of already existing or upcoming experiments like CUORICINO, CUORE and
GERDA [43] to cross-check the above mentioned results. Also an experiment using
the isotope ®’Nd together with cryogenic detectors might help to shed light on these
questions.

e Precise determination of the mixing parameters by means of various detectors,
sources and baselines. The 12-sector is probed by solar neutrino experiments (see
section 1.2.3), however, there is still need for measurements yielding higher sta-
tistics and precision. Solar neutrino experiments have a good sensitivity to 6,
KamLAND, on the other hand, a reactor experiment, is sensitive to the oscillation
effect on the energy spectrum and can therefore make better restriction on Am?,.
SNO, Super-Kamiokande and future experiments like the proposed LENA (Low
Energy Neutrino Astronomy) detector (for more details, see[44]) will also allow to
further constrain the uncertainties in the 12-sector. Also other astrophysical neu-
trinos like from supernovae, as well as relic and geo neutrinos could be measured
and investigated with a kilo-ton liquid scintillator detector like LENA, time and
directionally resolved [48].

e Atmospheric neutrino oscillations, described by the 23-sector, have been measured
by Super-Kamiokande and have recently been confirmed on a 3.90 level by the
K2K long baseline experiment [41] that observed the oscillation effect in both the
reduction of flux and the energy shape distortion.

e (13 can be investigated with reactor-neutrino experiments like Double CHOOZ [45]
or accelerator neutrino experiments. These experiments may be able to settle the
question of neutrino mass hierarchy and to investigate the CP violating phase 0 (see
equation 1.23).

e With a neutrino beam from CERN to Gran Sasso, experiments like ICARUS [46]
and OPERA [47] are aimed at confirming the oscillation behaviour by detecting the
appearance signal of v, via v, — v, oscillations.
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Chapter 2

GNO - Monitoring Solar Neutrinos

The Gallium Neutrino Observatory (GNO), the successor experiment of GALLEX, was
a radiochemical detector located in Hall A of the Laboratori Nazionali del Gran Sasso
(L.N.G.S.) with a rock overburden of 3600 m.w.e. The experiment measured solar neutri-
nos for ~12 years (1991-2003) thus monitoring one solar cycle (~11y). Electron neutrinos
with energies above 233 keV were detected via the inverse electron capture reaction

Ve + Ga—" Ge +e” (2.1)

in a target consisting of 101 tons of a GaCl;s solution in water and HCI, containing
30.3 tons of natural gallium. This amount corresponds to ~10% " Ga nuclei. Data taking
was started by the international GALLEX collaboration in 1991, interrupted in 1997 for
modifications in the data acquisition electronics and maintainance work concerning the
chemical system and continued in May 1998 under the collaboration name, GNO. Mea-
surements were stopped in April 2003 for external non-scientific reasons.

Not only did GALLEX recordings establish the presence of pp-neutrinos [49] until
then only predicted by standard solar models, but also a significant deficit, the so-called
solar-neutrino puzzle, in the sub-MeV neutrino induced rate [50], [51], [52]. At that time,
this was the strongest indication for deviations of neutrino properties from the predictions
of the standard model of particle physics, e.g. for neutrino transformations on the way
between the solar core and the earth, implying non-zero neutrino mass [55], [56], [57] and
[58]. The subsequent GNO, as well as similar measurements of the gallium experiment
SAGE in Bhaksan (see [25]) observations have improved the quality of the data, added
important restrictions on the presence of possible time variations, and substantially re-
duced the total error on the charged current reaction rate for pp-neutrinos as measured by
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2.1 Experimental Setup

the inverse beta decay on gallium [74]. Most important, together with the Cl-experiment
[59] and the real-time measurements by Superkamiokande [26], and SNO [27], it has been
established that neutrino flavour oscillations (the so-called LMA (MSW) solution, see sec-
tion 1.2.4) are by far the dominant mechanism responsible for the solar neutrino deficit.
Without radiochemical gallium detectors, the majority (93%) of all solar neutrinos would
still have remained unobserved.

GALLEX/GNO have provided a long time record of low energy solar neutrinos and
determined the bulk production rate with an accuracy of 5.5 SNU. This is based on 123
solar runs (SRs), 65 from GALLEX and 58 from GNO. The results of GALLEX/GNO
and SAGE and their precision will remain without competition from eventually upcoming
low-threshold real-time experiments for many years to come. The gallium experiments
have recorded a fundamental astrophysical quantity, the neutrino luminosity of the sun.
Lack of these basic data would have a very negative impact on the interpretation of the
results from forthcoming second generation (real-time and low threshold) solar neutrino
experiments such as BOREXINO (aiming at “Be neutrino detection). In the astrophysical
context, the gallium results shed light also on the relative contributions of the PPI, PPII
and CNO cycles to the solar luminosity and on the agreement of the energy production
derived from the photon and neutrino luminosities.

2.1 Experimental Setup

The neutrino produced "'Ge is radioactive, and decays via electron capture (EC) to "'Ga:

e” +™1 Ge —™ Ga+ v, (2.2)

The half-life of this decay is of ~11.4d; the meanlife ~16.4d: thus "'Ge accumulates in
the solution, reaching equilibrium when the number of "'Ge atoms produced by neutrino
interactions is just the same as the number of the decaying ones. When this equilibrium
condition is reached, about a dozen "*Ge atoms are present inside the chloride solution of
GNO. The solar neutrino flux above threshold is then deduced from the number of " Ge
atoms produced, using theoretically calculated cross sections as e.g. in [21]. The "Ge
atoms are identified by their decay after chemical extraction from the target.

The experimental procedure for the measurement of the solar neutrino flux, referred
to as 'a solar run’ (SR), is the following (see figure 2.1): The solution is exposed to solar
neutrinos for about 4 weeks; at the end of this time ~10 "*Ge nuclei are present in the
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A solar run’
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Figure 2.1: Performing a solar run (SR) in GNO: After an exposure of 3-4 weeks, the
neutrino-produced "Ge is extracted by flushing the GaCls solution with nitrogen and by
absorption in water. After concentration of the obtained liquid and synthesis of GeHy
(germane gas), the latter is mixed with xenon and filled into miniaturized proportional
counters. The Ge decay is then measured in a low background environment, followed
by the analysis of the data.
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2.1 Experimental Setup

solution, due to solar neutrino interactions on " Ga. " Ge, present in the solution in the
form of volatile GeCly, is chemically extracted [49] into water by pumping ~2000 m?3 of
nitrogen through the target solution. The extracted 'Ge is then converted into GeH,
(germane gas), mixed with Xenon as counting gas and finally introduced into miniaturized
proportional counters. The overall chemical extraction procedure is a highly efficient one:
a mean value of 95.7% (yields range from 91.2% to 98.7%) for the transfer of the "' Ge into
the counter has been reached; extraction and conversion efficiencies are under constant
control using non-radioactive germanium isotopes, such as °Ge, "Ge, ™“Ge, and "Ge
alternately as carriers. The overall efficiency is not of a desirable 100% since there are
unavoidable loss processes such as germanium atoms escaping the chemical extraction
out of the target solution or losses that occur during the conversion of GeCl, into the
counting gas component GeH, (germane gas) and in the counter filling procedure. "*Ge
electron-capture decay is observed for a period of 6 months, allowing the complete decay
of ™"Ge and a good determination of the counter background. The intrinsic counter
background is minimized by application of low-level-radioactivity technology in counter
design and construction. The residual background is mostly rejected through application
of amplitude and shape analysis to the recorded pulses. "Ge decays produce pulses
originating from X-rays corresponding to an energy around 10.4 keV (’K peak’) or 1.2
keV ('L peak’) and Auger electrons (see chapter 7, table 7.1). In the late measuring
periods of GNO the ’classical’ pulse shape analysis has been replaced by a neural network
analysis [66]. Counters have been calibrated by an external Gd/Ce X-ray source, in
order to carefully define amplitude and pulse shape cuts with known efficiency for each
measurement. The event amplitude and shape selection reduces the mean background rate
to less than 0.1 counts per keV and day. The selected data are analyzed with a maximum
likelihood method to obtain the most probable number of *Ge nuclei at the beginning
of counting, which (after correcting for counting, extraction and filling efficiencies) gives
the number of ™ Ge nuclei produced in the solution during the exposure and, therefore,
the 'Ge production rate. A correction is applied to account for contributions to the
observed signal from processes other than solar neutrino capture, producing "*Ge as well
(so called ’side reactions’), mainly due to interactions in the solution generated by high-
energy muons from cosmic rays and by natural radioactivity. Another correction is made
to account for background signals in the counter that can be misidentified as "' Ge decays.
The total subtraction is typically of the order of a few percent of the signal [74].
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2 GNO - Monitoring Solar Neutrinos

2.2 Results of GALLEX/GNO

In this section a summary of the results from the GALLEX/GNO experiments [74] and
their implications concerning both particle and astrophysics are presented.

2.2.1 12 Years of Data-Taking

In total seven measuring campaigns were performed, GALLEX I-IV and GNO I-III, re-
sulting in a number of 123 solar runs.
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Figure 2.2: GNO results, electron neutrino induced production rate versus time of mea-
surement of GNO (1998-2003).

The results from the three measuring campaigns GNOI-III are shown in figure 2.2.
Altogether 58 solar runs were performed in the time between May 1998 and April 2003.
After subtraction of 4.55SNU to account for side reactions, the overall result is:

62.9723(stat) & 2.5(syst.) SNU (2.3)

The systematic error, compared to GALLEX, was reduced by a factor of ~2 and is
in the order of 4%. The different error contributions are listed in table 2.1. The main
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GNOI-III in % in SNU
" Ge detection efficiency (energy cuts) +2.2% | 1.4
" Ge detection efficiency (pulse shape cuts) | £1.3% | 0.8
extraction yield +2.1% | £1.3
target mass +0.8% | +0.5
side reactions subtraction error +2.1% | £1.3%
total systematic error +4.0% | £2.5

Table 2.1: Main contributions to the overall systematic uncertainty in GNO.

GNO I-II1 GALLEX I-IV GNO + GALLEX
Time period 20/05/98-09/04/03 | 14/05/91-23/01/97 | 14/05/91-09/04/03
Net exposure time [d] | 1687 1594 3281
Result [SNU] 62.97%9 775708 69.345.5

Table 2.2: Results from GALLEX and GNO. Statistical and systematic errors are com-
bined in quadrature. Errors quoted are 1o.

contributions (~ £+2.6%) to the total error (£4%) are due to uncertainties generated by
the limited detection efficiency of the miniaturized proportional counters (65-75%).
Table 2.2 gives the time periods when the experiments GALLEX and GNO were in op-
eration, the net exposure times and the final results in solar neutrino units (SNU). The
combined data sets of GNO I-III and GALLEX I-IV lead to a result of 69.3£5.5SNU
for the neutrino capture rate on "'Ga. The updated result of the SAGE experiment of
66.9723SNU (10) [60], agrees well with this result. Figure 2.3 shows the result of all the
123 SRs covering a measuring period of 12 years. Already GALLEX alone with a result
of 77.577¢ SNU (corresponding to ~60% of the rate predicted by SSMs) indicated non
standard model properties of the neutrino and confirmed that the idea of thermonuclear
fusion being the source of energy inside the sun, was correct.

2.2.2 Implications for Particle Physics and Astrophysics

e Particle physics context: Concerning both particle physics as well as astro-
physics, low-energy solar neutrino experiments are of high importance also in the
years to come (see, [61]). The electron neutrino capture rate on "*Ga could be mea-
sured with an accuracy of 8%. Since the combined experimental results of GALLEX
and GNO without taking into consideration neutrino oscillations diverge clearly (on
a 5o level) from theoretical predictions made by standard solar models, the results
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Figure 2.3: Combined GALLEX/GNO results of 3281 days (123 solar runs) of net exposure
time from 1991 to 2003. The solar neutrino induced production rate is shown after
subtraction of contributions due to side reactions. The error bars are 1lo. The blue
point shows the combined result of 69.3+£5.5SNU; the diameter of the point indicates the
precision (stat. and syst. errors combined) achieved by the experiment.

obtained by GALLEX were confirmed on a higher precision level. GALLEX had
shown that the energy production mechanism inside the sun is indeed nuclear fu-
sion. Furthermore, as was already the case in the Homestake experiment, GALLEX
and now also GALLEX/GNO indicated neutrino properties beyond the standard
model of particle physics to account for the measured deficit. Today, the results
are well in agreement with the LMA(MSW) oscillation scenario. If this oscillation
solution is correct, the basic oscillation mechanism changes at a neutrino energy
of about 2 MeV from the MSW matter mechanism (above 2 MeV) to the vacuum
oscillation mechanism (below 2 MeV). If the ®B neutrino contribution as measured
by SNO [67] is subtracted from the gallium signal and the suppression factor P
is calculated with respect to the BP04 SSM [68], the result is P = 0.556+0.071.
Assuming vacuum oscillations, P is given by: P = 1-0.5 sin?(20). This yields 6=
35.21“2:2 degrees. Although such an estimate is quite approximate, it is in good
agreement with the latest determination (32.0£1.6 degrees [61]), which essentially
comes from ®B neutrinos (i.e. matter effects dominate). Furthermore, in addition to
the dominant LMA(MSW) conversion mechanism the possible existence of a sterile
neutrino and/or flavor-changing neutrino matter interactions other than the MSW
effect ([69], [70], [64]) can be investigated using low-energy solar neutrinos.
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2.2 Results of GALLEX/GNO

e Astrophysical context: The results provided by solar neutrino gallium experi-
ments allow to extract an upper limit of the CNO cycle contribution to the solar
luminosity. The CNO-cycle (also referred to as the Bethe-Weizsécker cycle [19]) as
well as the pp-cycle lead to the fusion of four protons to Helium, however much less
frequently and with the nuclei C, N, O and F acting as catalysts. It is the low en-
ergy threshold of gallium experiments that allows to gain experimental information
about sub-MeV solar neutrinos (especially pp-neutrinos). The experiments are able
to test the consistency of the (electromagnetic) solar luminosity with the observed
neutrino fluxes. The luminosity constraint is defined by

LSun = Z CI)Z e’ (24)

where Lg,n= 8.53 -101'MeVem 257! is the solar luminosity. ®; and «; are, respec-
tively, the neutrino flux and the energy release in form of electromagnetic radiation
per emitted neutrino of type i (i = pp, pep, 'Be, ...). This assumes that nuclear
fusion reactions are the only energy production mechanism inside the sun. Apart
from this basic assumption, the luminosity constraint does not depend on the solar
model. The fractional CNO luminosity is defined by :

Leno _ Dy -ap+ Py - ay
LSun Zz e

(2.5)

It can be calculated from the measured gallium rate

R =Y [ a(BYE)P(E)E (2.6)

where 0;(E) is the neutrino capture cross section on Ga, ¢;(E) is the differential flux
of solar neutrinos of species i, and P(E) is the electron neutrino survival probabil-
ity. The integration covers the energy interval from 233keV (energy threshold) to
~20MeV. In performing this calculation the following assumptions have been made:

— The ®B electron neutrino flux, and the electron neutrino survival probabilities
are measured with a precision of the order of 12% by SNO [67].

— The "Be neutrino flux is as deduced in BP04 SSM [68], with an uncertainty of
12%. It has not yet been measured directly up to now.
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— The neutrino flux ratios pep/pp and N /150 are fixed from nuclear physics
and kinematics with negligible uncertainties (see [61]).

— The neutrino capture cross section (and its uncertainty) on ' Ga is theoretically
calculated as in [63].

With these assumptions an upper limit can be extracted from the gallium capture
rate as measured by GALLEX/GNO [74]: Lono/Lsun<6.5% (30) (best fit: 0.8%).
The result is in good agreement with the predictions of the solar models [68], Loyo
= 1.6+0.6%. This can be seen as a self-consistency test of the observed solar lumi-
nosity, the predicted neutrino fluxes, and the oscillation scenario. An upper limit
on the CNO luminosity from all currently available solar neutrino and reactor anti-
neutrino experimental data is discussed in more detail in [61].

To obtain the above results the "Be neutrino flux is assumed to be as predicted
from the SSM, with an uncertainty of 12%. In this context the high importance of
the BOREXINO [62] and/or KamLAND [73] experiments, both aimed at measuring
"Be neutrinos become obvious. Once this will be done, the gallium rate will become
a completely model independent test of the solar neutrino luminosity.

2.3 Motivation for Cryogenic Detectors in Gallium

Experiments

In order to determine the intensities of the individual neutrino fluxes as well as a possible
variation with time, the measurement of the integral solar neutrino signal on a level <4%
is essential. This can be viewed as the main motivation for reducing the systematic and
statistical uncertainties in gallium experiments. Statistical uncertainties can be reduced
by continuing gallium measurements with high target mass. Further looking at the error
contributions in the overall experiment, it is quite obvious (see table 2.1) that the number
of tunable parameters, i.e. sources of uncertainties are basically reduced to the detection
efficiency. Here, miniaturized proportional counters exhibit an overall efficiency of 65-
75%, whereas well designed low-temperature detectors have efficiencies of 98% to 100% .
To understand the impact of this different detection method one can also express the gain
in efficiency in terms of additional target mass: using cryogenic detectors is equivalent to
a target-mass increase by 40% [65]. Due to their intrinsical physical properties cryogenic
detectors seem to be the ideal candidate to replace the miniaturized proportional coun-
ters. A low energy threshold allowing detection of the M-capture at 160eV, as well as a
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more efficient background rejection due to a better energy resolution and the fact that in
comparison to proportional counters no escape effects are present in well designed cryo-
detectors lead to a significant improvement in the detection of "*Ge. Also in the case of a
calibration experiment using an artificial neutrino source like 5'Cr in order to determine
the capture cross section of v, on "*Ga more accurately, cryogenic detectors could help.
Their high detection efficiency corresponds basically to a higher neutrino source activity.
The development of such a highly efficient cryogenic detection concept for a gallium ex-
periment like GNO or SAGE is described in the following chapters.

In Ref. [32] a projection was made for the continuation of gallium experiments assuming
a total gallium target mass of 90t (GNO 30t + SAGE 60t) along with cryogenic detectec-
tion exhibiting 100% efficiency. Figure 2.4 starts with the present situation of the gallium
experiments: 123 solar runs from GALLEX/GNO and 121 solar runs recorded by SAGE.
The combined relative statistical uncertainty of these 244 solar runs is 4.2% and the total
uncertainty is 5.6%. The graph shows that after another 120 solar runs the total error
could be reduced to 4.1%. This calculation was made under the assumption that the
systematic error of each of these additional solar runs is decreased to ~3.1% if cryogenic
detectors with 100% detection efficiency are introduced. Thus the total systematic un-
certainty would be reduced with each single solar run resulting in an overall uncertainty
of 3.4% after 120 additional solar runs.

With a view to reducing the uncertainty connected to the capture cross section of v, on
"1Ga, which is crucial for the separation of the individual neutrino fluxes, man made neu-
trino sources have been used in GALLEX/GNO as well as in SAGE for calibration. For
an efficient calibration, e.g. in GNO a 5'Cr source of several MCi is required. However
the technical production of such high activity sources is very challenging and only realiz-
able to a certain extent. In this context, the use of highly efficient cryodetectors would
be beneficial, since it would correspond to using a neutrino source with higher nominal
activity. A combination of a new detector concept for solar runs, as well as a calibra-
tion with a high activity source, then also measured with cryodetectors, could enhance
the already operated gallium experiments for an extremely profitable use in future solar
neutrino spectroscopy.
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Figure 2.4: [32] Evolution of the total, systematic and statistical errors over another 120
solar runs assuming a 90t gallium target and 100% detection efficiency as achievable with
cryogenic detectors.
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Chapter 3

Basics of Cryogenic Detectors with
Transition Edge Sensors (TESs)

3.1 Fields of Application for Cryogenic Detectors

Cryogenic detectors are a 'new’ and exciting tool in atomic, nuclear, particle and astropar-
ticle physics. Nowadays, cryogenic detectors, due to their excellent features concerning
energy threshold, energy resolution, efficiency and applicability to different tasks, are
employed in many fields of physics. According to the experiment they are designed for,
the detectors are adapted to a special purpose, which can result in different size, mass,
number or location of the devices. From tons to micro-gramms, from one to arrays of
thousands, cryogenic detectors offer the possibility to achieve energy thresholds of less
than 100eV and allow detection over several orders of magnitude in energy (up to several
MeVs). The following list of applications gives an idea of how versatile and successful
low-temperature devices have become in modern physics.

e Dark Matter Search (e.g. CRESST, EDELWEISS, CDMS)

e Determination of neutrino properties: direct neutrino mass search by means of (-
endpoint analysis (e.g. using %"Re), neutrinoless double-beta decay (e.g. CUORI-
CINO, CUORE), determination of the neutrino’s nature: Majorana or Dirac parti-
cle, determination of mass hierarchy as a "by-product’ of Ov[33-experiments

e Solar Neutrinos: replacement of proportional counters inducing an important gain
in sensitivity for radiochemical solar neutrino experiments (e.g. SAGE, GNO)
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Astrophysics, X-Ray Astronomy, IR Astronomy

Cosmic Microwave Background (e.g. BOOMERANG [75])

Material Science and Analysis (e.g. "Polaris’, [108])

Metrology (absolute activity measurements) [109]

However, the basic set-up of low temperature detectors is always rather similar and
will be described in the next section.

3.2 Working Principle of a Cryogenic Detector with
a TES

The essential components of a cryogenic TES detector are: the absorber, that is responsi-
ble for the interaction of radiation with the detector, and a superconducting film operated
in the region of transition between normal and superconducting state, which serves to pro-
duce a signal after energy absorption. In addition to that, a weak thermal coupling to a
heat bath is required to allow thermal relaxation of the superconducting film. As can be
understood from figure 3.1 the energy deposition in the absorber causes a temperature
rise which is translated to a change in the superconducting film’s resistance. The thin film
can be regarded as a thermometer converting deposited energy, i.e. heat into an electrical
signal.

In order to obtain an important change in resistance (AR) compared to a relatively
small change in temperature (AT), the ideal transition curve of the thermometer film is
steep and desirably linear between the normal and superconducting phase. Figure 3.2
shows one such model curve. The height of the signal produced by a defined energy
deposition (AE) in the absorber, is also strongly correlated to the heat capacitiy C of the
thermometer and the absorber material itself. Equation 3.1 formulates this first order
approximation:

AFE
AT=—- 1
- (3.1)

In an easy approach to describe the physics of a phase transition thermometer, one
would assume an instantaneously rising and exponentially decaying temperature signal.
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heat bath

T

electrical contacts (Al) // thermal coupling to heat bath (Au)

transition edge sensor (TES)

absorber

energy deposition

Figure 3.1: Working principle of a cryogenic detector with a transition edge sensor TES.
The energy deposition in the absorber leads to a temperature rise which is translated into
a resistance change of the TES. The TES is weakly coupled to a heat bath via a gold
bond wire allowing thermal relaxation of the TES.
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Figure 3.2: Transition curve between normal and superconducting state of the
thermometer-film

The time constant 7 of the decay in this picture would be defined again by the heat
capacity of the thermometer and the thermal coupling G to the heat bath:

Analyzing real pulses as the one depicted in figure 3.3, it becomes evident that the
accurate description of the signal requires a more thorough knowlegde of the physical
processes occurring in the detector. An energy deposition in the absorber always creates
a state far off thermal equilibrium, which results in various relaxation processes. In order
to describe them properly, it is important to understand the solid state properties of the
individual materials a cryogenic detector can be made of, and also their mutual thermal
coupling that can sensibly influence the form of the signal. For this reason the following
sections will deal with these contributions and with their physical and mathematical
formulation.
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Figure 3.3: Modelled pulse of a cryogenic detector with calorimetric read out
3.3 Heat Capacities of Various Materials

In the previous section it was already made clear that the various contributions of the
individual detector components to the overall heat-capacity play an important role con-
cerning the detector’s performance. The choice and the mass of the materials a detector
will be made of, is crucial to achieve good energy resolution, low energy threshold or,
for instance, the potential for high counting rates. In other words, the detector response
to an energy deposition in the absorber and the resulting temperature signal are mainly
related via the heat capacity of the total system. This is one of the reasons why the
development of a new device must be planned very accurately, in order to achieve maxi-
mum sensitivity of a low temperature device for the task in question. Therefore the next
passages will describe briefly the contributions of dielectrics, semiconductors, metals and
superconductors to the heat-capacity.

e Dielectrics can only contribute to the heat capacity via the phonon system. This
fact is reasonably well described by the Debye theory [76] which gives for the heat
capacity at low temperatures (T<<@®p):

1274 T\?
— Nk N .
o= 21 (1) 5
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Where N is the number of atoms in the specimen, kg = 1.38 - 1072*J /K the Boltz-
mann constant, T the temperature and ©p the Debye temperature. The absence
of conduction electrons explains why there is no other contribution to the heat ca-
pacity. Nevertheless, indications have been found pointing towards the existence of
long-living excited states in dielectrics, especially in sapphire (Al;O3) [89].

Semiconductors typically exhibit no electronic contribution to the heat capacity,
since the working point of cryogenic detectors is normally in the order of a few mK.
At these temperatures only the crystal lattice is responsible for the heat capacity.

For metals however, the heat capacity at low temperatures is governed by the elec-
tronic contribution. In addition to that, there is also a phononic part that should be
added to the heat capacity, but is virtually of no influence due to its T?-dependence.
For a free electron gas the heat capacity is given by

2 T
Ceo = —Nkp— 3.4
1= 5 Nk (3.4)
where N, is the number of electrons. Tk, the Fermi temperature, is defined by the
Fermi energy Er = k1. For a real metal the heat capacity may be written as the

sum of electronic and lattice contributions (for T<<®p and T<<Tp):

C =~T + AT? (3.5)

where v and A are constants characteristic of the metal. For cryogenic detectors
only the term C' = vT plays a role.

The electronic part, normally contributing to the heat capacity of a metal, varies
from the normal to the superconducting state due to Cooper-pair formation of the
electrons. According to the BCS theory, the electronic heat in the region of transi-
tion can be described as [76]:

Ces (Tc) - ,}/TC

S =143 (3.6)

Where C,; is the electronic contribution to the heat capacity of the superconductor,
~ a material constant and T, the critical temperature of the superconductor in ques-
tion. Regarding the superconducting state where the material is below the critical
temperature, the heat capacity can be approximated by the following equation:
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T,

Cos =ayTe™ T

(3.7)

Where T, is again the critical temperature of the superconducting material, v a
material constant, and @ and b are theoretical parameters.

3.4 Phonon Excitation and Propagation in the Ab-
sorber

In the case of cryogenic detectors fabricated for the "*Ge measurements described in
chapter 5 and chapter 7, the main absorber made from dielectric sapphire (Al,O3) with
a smaller semiconductor (Si) substrate bearing the TES. Both kinds of absorbers can be
treated equally since their behaviour at low temperatures does not differ significantly;
only their gap energies differs by ~1 order of magnitude. For dielectric absorbers like
sapphire, the energy gap is in the order of ~10eV, for silicon it is ~1eV. The absorption
of radiation generates highly excited electrons, which lose their energy by transferring it
to other electrons and/or electron hole pairs. For the excitation of an electron hole pair,
the electron has to have an energy greater 2¢,4. Electron hole pairs excited well above the
energy gap, relax to the band edge where they finally recombine. The relaxation process
occurs via electron-electron interaction, via optical phonon or photon emission [77]|. High
energy optical phonons decay on a time scale of a few 100ps into two acoustic phonons
with half the Debye frequency wp. The decay rate ['4e. for longitiudnal acoustic phonons
of a given frequency w in an infinite isotropic medium is

5
w
Fdec = YdecWD ( ) (38)
w

where Y4ec is a material constant and wp the Debye frequency. In crystals exhibiting
different isotopes, all phonon modes experience scattering at deviations from the periodic
lattice. The resulting scattering rate I'iy, is described by

liso = wp (iy (3.9)

Wp

where 7, is a material constant. The strong frequency dependence of both processes
results in a rapid decay of the average phonon frequency and a slow, relatively diffuse
propagation of the phonons. On a time scale of a few us this behaviour changes drasti-
cally: a ’phonon generation’ with a frequency of roughly half the Debye frequency is stable
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for a few ms and their mean free path length is in the cm range, thus corresponding to
the dimensions of the absorber (10x20x1mm?)[89]. In other words, on a timescale of a few
ms this non-thermal phonon population does not change significantly, the propagation of
these phonons is referred to as "ballistic’. In order to thermalize, e.g. by surface scattering
would take another several ms. However, in a real detector ballistic phonons can reduce
their energy by absorption in the thermometer. This process will be discussed in section
3.4.1.

In superconducting absorbers like lead, as used in measurements presented in section
7.4, the absorption of radiation breaks up Cooper pairs and produces thereby quasi parti-
cles. These quasi particles relax under emission of phonons to the band edge where again
Cooper pairs can be broken up - of course only as long as the energy is greater than the
energy gap A of the superconductor in question. After ~100ps the absorbed amount of
energy resides at 40% in the form of quasiparticles and at 60% in the form of sub-gap
phonons [79]. The lifetime of the quasiparticles near the band edge depends mainly on the
density of the quasiparticles, which, however is exponentially decreasing with temperature
resulting in ms long recombination times. If the recombination energy is released by the
emission of a 2A phonon, further Cooper pairs can be broken up again and the process
repeated, resulting in long lifetimes. Impurities or lattice defects contained in the super-
conducter can act as regions of diminished gap energy resulting in a higher recombination
probability and therefore shorter than the above mentioned lifetimes.

3.4.1 Collection Time of Non-Thermal Phonons in a TES

As mentioned in section 3.4, in a simplified model the spectral density of phonons is
reduced to thermal and non-thermal phonons. After several surface reflections, the non-
thermal phonons fill the crystal uniformly. The time required can be estimated from the
dimensions of the crystal and the sound velocity averaged over directions and modes. This
time is usually a few ms long. When high frequency phonons enter the thermometer, they
are efficiently absorbed by the free electrons of the metal film forming the TES. Assuming
that all phonons are absorbed in the TES, the ideal collecting time 7 is given by

n= () (3.10)

where V, is the volume of the absorber, At the surface of the TES, vy, the group
velocity of the phonons perpendicular to the boundary, a the transmission probability
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and (...) the average over all modes and wave vectors of the incident phonons. If only a
fraction 1 of phonons is absorbed in the TES, then 7rgs=7,/7n. Using the values for « from
[77] for interfaces sapphire/iridium or sapphire/gold, 7o &~ 200us when the dimensions of
10x20x1mm? for sapphire and 1x3mm? for the TES area are used.

The transmission of thermal phonons across the boundary between TES and absorber
leads to a Kapitza thermal conductance Gg oT? between thermal phonons in the ab-
sorber and the TES. The temperature of the electrons in the TES determines the resistance
of the TES and therefore the resulting signal. The electrons and thermal phonons in the
TES are considered as subsystems thermally coupled by G, T°. These processes will
be described in section 3.6.

3.4.2 Phonon Signal Evolution in a Composite Detector

In the course of this work, so called composite detectors, where a TES on a silicon substrate
is glued via a cryo epoxy resin to a different absorber (Al;O3 and Pb) have been developed
and tested. Pulse analysis, especially after irradiation of a Si+TES/Al,O3 composite
detector with a 5"Co source indicated two different classes of events concerning the decay
time of the pulses (see figures 5.6 and 5.7). They can be attributed to events originating
from the silicon absorber and the sapphire absorber, respectively. In the context of a
theoretical description of low temperture detectors, it is interesting to understand the
impact of the glueing spot concerning the signal (phonon) evolution. In [32] a model is
presented to describe the pulse shape behaviour observed:

To the point of production of non-thermal ballistic phonons the process is as described
above in section 3.4.1. However, different scenarios are conceivable in the glue spot. First,
assuming that the glue spot is transparent for ballistic phonons: in this case reaching
the silicon absorber corresponds to phonon transmission through two boundaries. This
process can be limited by the area of the glue spot, which is not yet fully reproducible
regarding its size and shape. The phonons can be reflected and reenter the sapphire
absorber only progressively thermalizing in the thermometer. According to the strength
of coupling, i.e. the size of the glue spot, this process can vary and result in longer or
shorter decay times of the signal produced.

In a second scenario, the glue spot can be regarded as a 'thermal bottleneck’, in which the
ballistic phonons produced in the sapphire absorber already thermalize in the cryo resin
layer and thereby heat up the silicon substrate in a secondary effect, so that the eventual
thermalization in the thermometer is delayed compared to a TES directly evaporated onto
sapphire. It is highly probable that an overlap of both scenarios is the case for composite
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detectors.

3.5 Thermal Coupling to the Heat Bath

The thermal coupling between TES and heat sink determines how fast energy can flow
from the detector to the heat sink. The detectors used in this work were all coupled to the
heat sink (base temperature of ~10mK of a *He/*He dilution refrigerator) via a 25um thick
gold bond wire. The gold wire is ultrasonically welded onto the structurized Ir/Au layer
to allow its thermal relaxation after energy absorption. The strength of thermal coupling
is ideally given by the length, diameter and temperature of the bonding wire following
the Wiedemann Franz law, relating electric resistance R with thermal conductance G:

LT
G=— 3.11
; (3.11)
where L is the Lorenz number and T the temperature. The bondpoint is realized in
the middle of the TES to avoid effects due to non-uniform thermal conductance along the

thermometer film.

3.6 Calorimetric Model of a Cryogenic Detector

The detector response, in this case meaning all relaxation-mechanisms in terms of solid
state physics after the absorption of energy in form of particle or wavelike radiation is
of great importance when designing a cryogenic detector. The theoretical understanding
of cryogenic calorimeters is based on a model description first published by Probst et
al.[77]. It accounts for the thermal couplings inside the calorimeter and the energy flow
and relaxation processes.

A scheme of all components relevant for the thermal processes occurring in the calorime-
ter is depicted in figure 3.4. The model describes the detector as a system of thermally
coupled subsystems: The phonon system of the absorber crystal, the phonon system of
the superconducting thermometer film, the electron system of the superconducting ther-
mometer film, a heat sink (heat bath) with infinite thermal capacity and distinct thermal
couplings between these components. In this discussion the absorber crystal is treated
as dielectric with only the phonon system carrying thermal energy. The discussion can
be extended to other absorber materials [78]. The phonon system of the absorber crystal
has the temperature T, and the heat capacity C,. It couples thermally to the phonon
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Figure 3.4: Calorimetric model of a cryogenic detector [77]. The black spot represents
the glue spot in composite detectors.

system of the superconducting film, evaporated onto it with the Kapitza coupling Gg.
For composite detectors like the ones developed for GNO in this work, the 'glue spot’
and also the interface between deposited germanium and sapphire represent further com-
ponents that have to be added to the Kapitza coupling as is depicted in figure 3.4. Via
the mechanical mounting of the detector, the absorber crystal is also coupled directly to
the heat bath by a parasitic coupling G, (see figure 3.4). The phonon system of the
TES film is coupled to the electron system by the electron-phonon coupling Ge,. Since
the heat capacity of the phonon system in the thermometer is very small compared to
C, and the heat capacitiy of the electron system C, in the interesting temperature range,
it can be neglected. The coupling of the absorber crystal to the electron system in the
superconducting thermometer film is given as:

1 1\ !
ea — - 12
G <GK + G@p) (3.12)

The electron system of the thermometer has the temperature T,. It is directly con-
nected to the heat sink at the temperature Tj by the thermal coupling G.,. An energy
deposition AE in the absorber crystal creates high-energetic non-thermal optical phonons.
They decay by inelastic scattering processes as described in section 3.4. On the timescale
of interest of <100us the mean phonon frequency in an absorber like sapphire, which was
used in this work, is still above 600GHz and the phonons are not thermalized. These
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non-thermal phonons are effectively absorbed by the free electrons of the thermometer
film causing a power flow P.(t) into the film. By this process the phonon density decays
exponentially as does P.(t). Additionally, concurring inelastic phonon decay is likely to
happen in the absorber crystal. It causes the energy of the non-thermal phonons to be
thermalized, leading to a power flow P,(t) into the absorber. A fraction € of the initial
energy is deposited in the thermometer film, a fraction (1-¢) in the absorber crystal. P,(t)
and P,(t) can then be written as

Pe(t) = O(t) Py exp — (3.13)

Pa(t) = Pe(t) (3.14)

with the step-function ©(t), the time constant for the decay of non-thermal phonons
T, and the initial power (with AE being the total energy deposited in the absorber)

Pty = CE (3.15)

Tn

The life time of the population of the non-thermal phonons is given by

rn:( ! + ! )_1 (3.16)

Tfilm Tabsorber

where Tg,, is the phonon collection time of the thermometer film and 7apsorper is the
life time of non-thermal phonons in the absorber without a thermometer film attached.
In clean absorbers, T psorper 1S dominated by surface scattering. After a few of these re-
flections the non-thermal phonons fill the absorber uniformly.

The thermodynamic system depicted in figure 3.4 can be described by two coupled
differential equations, where T, is the temperature of the electron system and T, the
temperature of the phonon system of the absorber:

dT,

Ced_te + (T, — T,)Geo + (T. — Ty)Gep, = P.(t) (3.17)
dr,
(Jaﬁ + (Te — To)Geo + (T. — Ty)Gap = Pu(2) (3.18)
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With the initial condition T, (t<tq)=T.(t<tq)=T}, the thermometer signal AT,=T,(t)-
T, is given by the solution

AT, = O(t — ty) [An <e_t;z‘:zo - e*%) + Ay (e_t:tto - e*t:rioﬂ (3.19)

with the time constants

Tin = Vin - ﬁ (3.20)
Tt:ult:a— 32—419 (321)

. Gu ;—eGeb , G ;aGab .
- GeaGeb + Gg«:gjb + GepGap (3.23)

and the amplitudes

F (Vm - G‘“’) v, — Gab
A, = < ( S oA i) (3.24)

€ (Vin - Vt) (Vn - Vin) Ge - g_ZGab Ce

Py (v — Se v, — Gab
A= (- ) G (3.25)
€ (Vin =) (v — 1) \ Geb — G Ce

T:n and 7, are time constants of the homogeneous equations. 7; is the life time of the
non-thermal phonon population introduced by P.(¢) and P,(t) and v,=7,!. In the case
that C.<<C, the equations simplify and the physical relevance of 7;,, and 7, becomes
more evident:

1 C,
R e 3.26
! a Gea + Geb ( )
a C,
TR = —Ge Gon (327)
b Geblz‘l'Gea + Gab

Now it can be seen more obviously that 7;, represents the intrinsic time constant of the
electron system of the thermometer and is responsible for carrying heat out of the electron
system via its temperature gradient to the environment. 7; is the time constant of the
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thermal relaxation of the phonon system of the absorber through all its thermal couplings.
If the time constant for the decay of non thermal phonons 7, <<7;,, the electron system
is quickly heated up by non-thermal phonons. Its temperature relaxes slowlier (with
time constant 7, to the heat bath and the absorber crystal. On the longer scale of 7,
the absorber crystal and the thermometer film equilibrate to the temperature of the heat
bath. The amplitude of the non-thermal component A,, measures the total absorbed heat.
This operating mode is the 'calorimetric mode’. The signal rise time of the calorimeter is
given by the life time of non-thermal phonons 7,~7 i, of equation 3.16, where 7y, is the
phonon collection time of the thermometer film and T,psorber >>7fitm- In the case 7,,>>7;,
the detector is operated in the ’bolometric mode’ and the signal rise time is given by 7,.
The detectors produced and measured in this work were operated as calorimeters.

3.7 Example: Iridium-Gold Transition Edge Sensors

The thermometer film of a calorimeter as described in the section above is the heart and
therefore the most vital part of such a low-temperature device. All cryogenic detectors
featured in this thesis are based on iridium-gold-bilayers used as Transition Edge Sensors
(=TES). The great advantage offered by ’'metal-sandwiches’ made of a normal and a
superconductor is their adjustability to a given physical environment or purpose. Defined
for instance by the base temperature or cooling power of a cryostat, the size of the
detector itself, aspects concerning radiopurity, or other issues influencing the detector’s
performance, a tunable critical temperature via the proximity effect discussed in section
3.7.1 is of tremendous advantage.

It has to be considered that the production of such thin layers, however trivial they
may seem, can severely affect the overall performance of the detector. Reproducibility of
the form and temperature of the phase transition region are of the utmost importance if
devices of that kind are to be operated for instance in arrays (e.g. CRESST, CUORICINO)
or on long time-scales. All TES produced and measured in this work had a size of at
most 3mm? and had an average thickness of ~10004. The operation points of the films
discussed here lay in the region between 10mK and 100mK. The TESs in this work
were used under various circumstances and proved, in most cases, excellent performance
according to the individual task. Some to a level that a use as sensors for §-endpoint
measurements and thus determination of neutrino mass limits would be conceivable. Also
other new ’'cutting-edge’ applications appear to be at hand.
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3.7.1 Proximity Effect in Iridium-Gold Bilayers

The production of proximity-effect transition edge sensors requires the use of Ultra High
Vacuum systems (=UHV), in which a selection of metals, like iridium and gold can be
evaporated for instance using an electron gun. If the thin film deposition technique is
well understood, it is possible to (re)produce a bilayer of iridium and gold. The normal
conductor, in this case gold, will affect the superconducting properties of the iridium layer
in such a way that the critical temperature of the whole film (Ir and Au) is lowered to
a certain amount. There are several models that describe this behaviour by considering
mainly functions of the respective thicknesses of the layers [80]. However, those models
have their limits since they can only account for ideal thin films, not always achievable in
reality.
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Figure 3.5: Example of a bad transition (si492a). The curve is not smooth over the whole
transition width. As a consequence, non-linear detector behaviour as well as problematic
working point stabilization can result.

Figure 3.6 depicts a measured transition curve which showed satisfactory behaviour, in
comparison to that of figure 3.5, which exhibits 'bumps’ and virtually no linearity at all.
An explanation for this 'ugly’ behaviour could be a wrongly chosen substrate temperature
during the gold evaporation. Gold demonstrates a tendency to clusterize very rapidly,
which leads to the conclusion that a higher surface energy is desirable when depositing
gold onto the adhesion layer. The substrate heating in both cases differed by 50°C;
the higher substrate temperature during evaporation leading to the better result. But
also other factors can affect the behaviour of an iridium-gold-film. The use of cryogenic
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Figure 3.6: Examples of good transition curves [89].
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detectors in GNO would have required thermal deposition of "'Ge in the vicinity of the
TES. Tests have been performed several times, always leading to the same conclusion:
if exposed to high temperatures or temperature gradients the superconducting bilayer
will suffer deterioration or more likely destruction of its desired properties. To avoid this
problem, we developed a special method where the TES is produced separately on a silicon
absorber and then attached by glueing to a sapphire absorber onto which the thermal
vapour deposition has already been carried out. This procedure and its applicability to
other tasks is described more accurately in section 5, 7 and 8.

3.7.2 Electronic Read-Out Circuit for a TES

A typical read-out circuit for transition edge sensors is shown in figure 3.7. The main
components are: a reference resistor Ry, called 'shunt’ resistor, an induction coil L, with
the thermometer resistance Ry, in series and a SQUID (=Superconducting QUantum
Interference Device). This circuit is biased by a constant current Iy that splits into the
two branches of the circuit in proportion to the value of the resistance of the individual
branch.

Iy Ry

[, =
"7 (R, + R (T, I)

(3.28)

If the resistance of the TES varies, the resulting change in current induces a change
of the magnetic field that is then measured by the SQUID. It is the ratio of the shunt
resistor R, and the thermometer’s resistance Ry, that mainly determines whether the TES
is in the so called current or voltage biased mode. In the case of this work, all TES were
voltage biased since our shunt resistors R, were of ~10m¢2 and the TES in the 1-5{2 range,

i.e. if Rg<< Ry, then I, ~ %23 = RL; and therefore U =const.

The integration of this TES-SQUID read-out circuit into the overall data acquisition
system is described in detail in section 7.1.2.
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Figure 3.7: SQUID read out circuit
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Chapter 4

Fabrication and Processing of
Transition Edge Sensors (TESs)

4.1 Iridium-Gold Evaporation System

Most detectors featured in this work are based on iridium-gold phase transition ther-
mometers, which are produced at our institute in Garching. The iridium-gold films are
evaporated in an ultra high vacuum system (UHV) that reaches a final pressure of typ-
ically ~5x10~1%mbar. The system consists of two chambers separated by a gate-valve.
The main chamber is used for the evaporation process itself, whereas a smaller crosslike
recipient acts as a transfer chamber in order not to break the vacuum for every new
thin film deposition. This prechamber, due to its small volume, can be pumped quite
rapidly using a small turbo-molecular pump (Fa.VARIAN 696-9007). The main recip-
ient is equipped with heating-bands that can reach temperatures up to 300°C serving
to bake out the system in order to get rid of gas-atoms or molecules stuck in the walls
or other parts of the chamber thus severely affecting the quality of the final pressure
and hence the quality of the vacuum. The normal bake out procedure is performed at
~180°C for 2-3 hours and is usually done after replacing evaporation material or for
maintenance work. The overall system is pumped constantly by a turbo-molecular pump
(Fa. PFEIFFER,TMU520). During evaporation a titanium-sublimation pump can be
added to remove mainly hydrogen molecules very effectively. In addition to that the
bell-like main chamber (height:~70cm, diameter:~30cm) has a so called nitrogen-shroud
only filled with liquid nitrogen during the evaporation process. The cold surface on the
inner side of the recipient acts as a ’cryopump’ which very effectively adsorbs remaining
atoms and molecules during the deposition process, resulting in pressures in the region of
~10~"mbar, a prerequisite for excellent and reproducible thin films. In order to monitor
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the quality of the vacuum and the nature of remaining atoms and molecules, the system
is further equipped with a mass spectrometer (Fa. INFICON QUADREX 200). To avoid
undesired contaminations, the system is only used for the deposition of iridium and gold.
The evaporation is performed with an electron-gun with which the iridium and gold tar-
gets, located in carbon-crucibles are heated up. The substrates to be evaporated are at a
distance of ~150mm from the iridium-gold-targets and can be heated up to temperatures
of 700°C by a Boron-Nitride-Heater, which is regulated by a temperature control device
(EUROTHERM). The maximum substrate size is ~51mm corresponding to a common 2”-
wafer used in the semiconductor industry. The substrate holder can be modified quickly
in order to accommodate a great variety of substrate forms and sizes, simply by using dif-
ferent supports in the main 2”-holder. Most parts inside the system are made of tantalum
which is one of the ideal materials to be used in UHV-systems since its physical properties
are such that it does not ’gas out’, exhibiting in addition very good features concerning
rigidity, stability and maintainability. It is of great importance to know as precisely as
possible the thicknesses of the deposited thin layers of iridium and gold. This is done
using a resonant crystal read-out by a thin-film deposition monitor (Fa. INTELLEMET-
RICS T11.-820) that measures the thickness as well as the deposition rate of the evaporated
material. A tantalum shutter allows regulation of the desired rate of the material to be
evaporated, prior to the deposition onto the substrate. The evaporation material is pro-
duced by MATECK. The purity of gold is of 99.999%, whereas the iridium has a nominal
purity of 99.95% out of which a single crystal is produced that, in principle, ought to have
a higher purity than the polycrystalline metal. However, it is not quantified by MATECK.

The detectors measured in this work were produced according to the following proce-
dure:

e The first important step in producing an iridium-gold bilayer is the evaporation of
a ’cover’-layer of iridium that commonly has a thickness of 50A. Past experience
has proved that this layer guarantees on the one hand good adhesion of the follow-
ing main iridium-gold-bilayer to the substrate’s surface, and on the other hand it
burries unwanted impurities or microscopic ’dirt’ underneath. This iridium-layer is
evaporated at a temperature of 300°C; at lower temperatures iridium or gold would
not stick to the surface layer. The rate during the deposition of this first layer is of
~0.3 AJs.

e After evaporation of the first iridium layer the temperature of the substrate(s) is
ramped down to 150°C, which is the temperature required to deposit the second
layer, gold. The typical rate at which gold is deposited is of ~1.3—1.4/01/ s. Due

48



4.2 Cleaning of Substrates

to its normal-conducting behaviour at low temperatures, gold lowers the transition
temperature of a superconductor such as iridium via the 'proximity-effect’ [80] de-
scribed in section 3.7.1 Current experience has shown that the temperature chosen
for the gold-layer evaporation is a crucial parameter. Gold was deposited by other
experimentalists in our group at a temperature of 100°C: the transition curves ex-
hibited bumps (see figure 3.5) leading to an extremely unlinear or uncontrolable
behaviour of the detector and virtually no reproducibility at all. Of course such an
unlinear transition slope can have various reasons, nevertheless the quality of a film
evaporated then at 150°C showed again the desired smooth and thus rather linear
behaviour. Apparently, gold atoms tend to form clusters if their kinetic energy on
the surface during film growth is not sufficient, leading to undesired effects in the
production of proximity bilayers.

e The last layer, iridium, is evaporated at room temperature, i.e. at ~20-30°C. This,
later superconducting part of the film, is again deposited at a rate of NO.SA/ s. The
typical thickness of this iridium layer is of the order of 300A.

All films produced in the above mentioned system, are named according to the sub-
strate they are grown on, the substrate position with respect to the crystal resonator and
by a consecutive number.

4.2 Cleaning of Substrates

The cleaning of substrates is normally performed prior and after the thin-film deposition.
There are several ways of cleansing substrates depending on the substrate type and also
on the type of thin film to be evaporated. In the case of this work, only silicon or sapphire
substrates were used.

The cleanroom procedure is the following:

e The substrates are immerged in an aceton filled glass container that is placed in an
ultrasonic bath for ~10min.

e The substrates are then mounted onto a spinner revolving at 3000rpm.

e Again drops of ultrapure aceton (Fa. MERCK) are repeatedly poured onto the
spinning substrate.
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e The same procedure is then performed with methanol.

e Inbetween the methanol or aceton covered substrate is flushed with nitrogen gas, in
order to get rid of microscopic dust particles.

Past experience has shown that if substrates are still inside their packages on arrival,

direct introduction into the evaporation system can be performed, since the industrial
production is very clean and allows direct thin film deposition with good results (see
section 4.5.4).
In the case of superconducting monolayers (e.g. tungsten) as TES like in CRESST, a
further cleaning has to be performed since residual magnetic impurities in the order of a
part per million (ppm) can affect the critical temperature shifting the superconducting
transition by 1mK to 10mK [81]. Here, a cleaning prior to evaporation is obligatory. It
is done using a combination of H3PO, and HCI+HNOj; (aqua regia) removing surface
contamination of Fe and Ni by more than an order of magnitude [81].

4.3 Photolithography and Structurization of the TES

After removing the evaporated substrates from the iridium-gold deposition system further
treatment of the detectors-to-be is realized in a clean room (actual dust particle concen-
tration 1000-2000 measured by monitor, cleanroom class 10000). In order to obtain a
desired pattern out of the iridium-gold film, positive 'photolithography’ is necessary. The
process comprises the following steps:

e Photoresist has to be applied as thin and homogeneously as possible onto the evapo-
rated film. This is done by rotating the substrate in a spinner at ~1000rpm. Careful
attention has to be given not to include microscopic dust particles on or in the liquid
photoresist, since it can severely affect the desired structures, especially if they are
in the pum range.

e After briefly having checked the quality of the applied photoresist under a micro-
scope, the substrate is placed on a heating plate at 100°C for 5min, to bake the
photosensitive layer for further processing.

e The exposure to ultra-violet light is performed in a mask-aligner (Fa. KARL SUSS)
using the hard contact mode and an exposure time of 30s (’soft’ mode).
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e The structure created in the photoresist is subsequently developed (ma-D330, Fa.
MICRORESIST) for ~30sec, or sometimes more, depending on the thickness of the
photolithographic layer and the obtained result as judged by eye or microscope.

e Finally the substrate is cleansed for a couple of minutes with deionized and purified
water (Fa. Millipore).

After termination of the cleanroom processes, the substrate is transferred again to
the evaporation laboratory, where it is placed in an Ar-sputtering system for the even-
tual structurization of the iridium-gold film. The recipient is pumped to a pressure of
5x10 °mbar using a cryogenic adsorption pump that allows rapid and efficient pump-
ing (~10min). The subsequent argon atmosphere is auto-regulated at 3.2x10~*mbar.
The typical acceleration voltage for Ar-ion-etching is 650V, whereas the ion current is
~2bmA. After setting the above mentioned values, it is recommended to wait until the
"Kaufmann-source’ has reached stable operating condition (quite important changes in
the ion current are likely to occur during the first minutes of operation, then it remains
constant for most of the sputtering time). The substrate, which is mounted on a water-
cooled copper target and additionally contacted with thermal paste, is only exposed to
the argon plasma once a tantalum shutter is opened manually. The exposure time to the
plasma is of the order of 15min to 20min depending on the thickness of the evaporated
film. Most detectors in this work had to be etched for 18min. Over-exposures should be
avoided, since the photoresist covering the structure to remain can not indefinitely resist
the ion-bombardment. The result can be undesired deterioration of the film, which can
easily generate problems concerning reproduction of a certain kind of detector. A mirror
allowing direct view on the substrate’s surface is a simple, but efficient tool to determine
the right exposure time to the Ar plasma. If the detector in question requires a gold bond
pad for more defined thermal contact or additional Al contact stripes etc., the sputtering
system can also be operated in such a way that the argon plasma is used to detach e.g.
Au atoms out of a desired target (the following targets are available for this system: Au,
Ag, Al,O3, Ti, Nb, plus a variety of different metal alloys and insulators). If such a
structure is needed, a so called negative photoresist structure has to be applied again on
the substrate. The procedure (for which the substrate is taken back to the cleanroom) is
the following:

e Application of negative photoresist (ma-N440; Fa. MICRORESIST) with a spinner
rotating at 3000rpm for a duration of 30s.

e Bake out of the photoresist on a heating-plate for ~5min at 100°C.
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e UV-light exposure for 120s in the ’hard-contact’ mode of the above mentioned mask-
aligner.

e Development of the photolithographic structure for 60s (Developer: ma-D332S, Fa.
MICRORESIST).

e (Cleansing the substrate with deionized and purified water.

4.4 Thermal and Electrical Contacting

After termination of the cleanroom processes the detector has to be mounted in its holder
and must be contacted thermally as well as electrically. Both types of contacts are ef-
fectuated with an ultrasonic bonding machine (Fa. Kulicke und Soffa). The electrical
contacting of the TES is realized via 4 aluminium bond wires (Fa. Miiller Feindraht) of
25 pm diameter. In principle 2 wires bonded at the two extremities of the TES would be
sufficient; however experience has proved that doubling the wiring is advantageous since
mounting the detector in the cryostat often causes bond wires to go off. Also during
the cool down procedure bonding wires tend to go off leaving the detector uncontacted.
Due to the fact that the electrical bonding wires are made of aluminium, which becomes
superconducting at 1.14K, no parasitary heat capacity is introduced in the detector if
bonded twice.

The thermal link to the heat bath (see section 3.5 for theoretical description), which in
this case is the ’infinite’ cooling power of a cryostat is realized via a gold bond wire of 25m
diameter. The gold bond wire was always attached in the middle of the thermometer in
order to cool the TES as homogeneously as possible. Sometimes a gold bond pad can be
used for easier bonding and more defined thermal contact. The gold bond wire most of
the time is not bonded twice since it is normal conducting in the mK range and therefore
contributes to the overall heat capacity of the detector. In the case of GNO detectors
where redundancy plays an important role, the TES for the measurement described in
section 7 both detectors were double bonded.
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4.5 Construction and Design of a Magnetron Sput-
tering System for Low Temperature Detector Pro-
duction

4.5.1 Motivation

Our institute has been equipped with a common 'Kaufmannquelle’-based sputtering sys-
tem that was custom built, in order to provide a flexible system for the production of a
broad variety of low-temperature and other devices. This system offers a great number of
targets and mounting possibilities of the substrates. Unfortunately the use of many dif-
ferent materials inside such a vacuum system, leads to uncontrolable impurities in terms
of material and radiopurity. For most applications, except magnetic impurities, this fact
is of no relevance, but can, however, severly affect the performance of low-temperature
detectors, designed for a defined low-background environment (e.g. in CRESST). Since
present scientific involvement in experiments like CRESST, GNO or upcoming Ov(33-
experiments demand extremely low background, radiopurity is an overall important issue
to consider. In order to control radiopurity to the best level achievable, it is necessary to
establish an extremely clean production method of the detectors. This can for instance be
guaranteed if a system is only equipped or filled with materials of determined radiopurity.
Additionally, magnetron sputtering has become a state of the art technique for thin-film
deposition and might even be used to produce Ir/Au proximity effect TESs. In this case
all production processes necessary to fabricate a TES for a cryogenic detector could be
performed in one single system.

4.5.2 Magnetron Sputtering

Observations of the phenomenon called sputtering, go back over one hundred years to
early experiments which introduced electricity into a reduced pressure atmosphere [82].
Today, the inert gas argon is used to act as the sputtering medium, because it is a heavy
noble gas with a low ionization potential and is plentiful. Furthermore, the inert nature of
argon inhibits compounds from being formed at the target’s surface. Target and cathode,
which in the case of magnetron sputtering are identical, are bombarded by argon atoms
progressively removing material from the target’s surface e.g. Au, Ir, Si etc. When the
ions strike the target, their primary electrical charge is neutralized and they return to the
process as atoms. Once sputtered, the target atoms travel until they reach the substrate.
The argon plasma however is confined by the magnetic field of the cathode. According
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to the R.F. power input and the distance cathode-substrate, a thin film is growing at a
desired rate on the substrate’s surface influenced by such things as material, temperature
and plasma structure.

Figure 4.1 depicts schematically the principle of planar magnetron sputtering. In the
case of the realized system described in section 4.5.3 the substrate and the cathode are
mounted upside down, i.e. the cathode is on the bottom and the target above.

Planar Magnetron Sputtering
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Figure 4.1: Planar magnetron sputtering principle [85]

To operate magnetron sputtering cathodes (e.g. Mighty MAK-Series) a vacuum system
must be available. This system has to be pumped with a high-vacuum pump of the
turbo or cryo type to achieve pressures in the 10~*mbar range during sputtering, and
in the 10~?mbar range during presputter pump down. A suitable fixture for mounting
and holding the substrate(s) during film deposition should be provided, in conjunction
with a means of shuttering the source (target) from the substrate during precleaning
of the target. To obtain ideal uniformity, the distance from source to substrate should
be adjustable. The rate will decrease by the square of the distance between source and
substrate, however, uniformity will be enhanced as this distance is increased.
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Figure 4.2: Schematic drawing of the new magnetron sputtering

Figure 4.3: Picture of the opened main chamber equipped with 3 sputtering cathodes. In
the picture only one magnetron cathode equipped with a gold target is visible.

55



4 Fabrication and Processing of Transition Edge Sensors (TESs)

4.5.3 Setup of the System

Figure 4.2 depicts the schematic setup of the newly built magnetron sputtering system
located in the ’Physik II' building in Garching; figure 4.3 and 4.4 show the realized
apparatus. The system can be divided into three main parts: the main evaporation
chamber, the prechamber and the electronic and mechanical periphery. The following
paragraphs will describe them in detail:

e The main chamber consists of a cylindrical recipient (diameter: ~30cm, height:
~90cm) that can be opened ’in the middle’ in order to gain access to the interior
of the evaporation chamber e.g. to change targets, for cleaning or for maintenance
work. The main chamber is equipped with a viewport (diameter: 10cm) to allow
surveillance of the evaporation process.

The upper recipient of the main chamber including a mass spectrometer and its
pumping unit as well as the prechamber and the transfer manipulator can be moved
with a crane. For stability reasons the whole upper part of the system is mounted
on a two-rail fixture that is attached to the floor and the ceiling of the laboratory
as can be seen in figure 4.4. The lower part of the recipient is mounted on an iron
chassis which is attached to the floor and also accomodates two rotary-pumps and
one turbomolecular pump. To the left of the lower recipient a second turbomolec-
ular pump (Fa. Balzers, TMH 180) is mounted for constant pumping of the main
chamber. The lower turbomolecular pump (Fa. Leybold NT450) can be added via
a gate-valve separating it from the recipient. Normally the second turbo pump is
only added during sputtering to handle the higher pressures in the system due to the
argon plasma of ~3.2x10~* mbar. Under normal conditions i.e. the lower pump is
detached from the recipient, the system reaches a typical pressure of 6-9x10~"mbar
after 48h of pumping without heating out the recipient. The pressure in the main
chamber can be monitored with a thermocouple gauge for coarse vacuum and an ion
gauge for fine to ultra high vacuum, both are located at the backside of the system.
The ion gauge also facilitates the ignition of the argon plasma without increasing
the RF source’s power too much since it can act like a spark and start the plasma.
At the backside of the recipient a mass spectrometer (Pfeiffer QME200) was mounted
in an individual small recipient that is equipped with a small turbomolecular pump-
ing unit (Pfeiffer TMU 071T) of its own. The mass spectrometer can also be sepa-
rated from the main chamber with a rotary valve since it is recommended to leave
the spectrometer’s sensor-head always under vacuum to avoid deterioration. During
evaporation, when the valve between main chamber and spectrometer is open, the
turbo pump allows differenial pumping. Instead of a normal 35mm copper seal, a
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3bmm copper plate with a 1.5mm hole in the middle was introduced. The small
hole guarantees low pressure on the spectrometer side while the vacuum in the main
chamber during deposition is at least 2 orders of magnitude higher. In order to con-
trol thickness and deposition rate, a water-cooled resonant crystal is mounted on
the left side of the main recipient at about the same height as the viewport; it is
read out by a deposition monitor (Fa. INFICON XTM-2).

The lower part of the main chamber is equipped with 3 magnetron sputtering cath-
odes (Mighty MAK 2”) as depicted in figure 4.3, bearing presently iridium, gold
and aluminium as targets (Fa. MATECK). The water cooling for the cathodes is
located at the bottom of the recipient and connected to them via plastic hoses: two
adjacent metal rings (one as an inlet, the other as an outlet) account for constant
water flow through the cathodes. Each cathode can be shut off from the water
supply by a valve. The bottom recipient still has free ports (diameter: 16 to 35mm)
for mounting of manipulators or other vacuum equipment.

e The prechamber is a cross-like recipient (see figure 4.2) of which the main vol-
ume is ~25x25x25cm?. It was added to the system with the intention to allow
transfer of substrates into the main chamber without breaking its vacuum. The
magnetic transfer manipulator (Fa. Huntington) is equipped with a removable sub-
strate holder. In order to offer the possibility to ion etch already evaporated films
in the same system, an argon plasma source (Ion Tech. INC. MPS 3000PBN) was
mounted on the lower part of the prechamber. Substrates are introduced via a load
lock which acts also as a viewport during ion etching. A turbo pump (Fa. Varian
V250) is located on top of the recipient. Due to geometrical reasons the pump
was mounted with a 'knee’ adapter thus putting the pump in a horizontal position.
Its upright positioning would mean a direct exposure to the etch plasma (due to
the geometrical setup of the chamber and would lead to a rapid destruction of the
turbo pump. In addition, the turbo pump has to be water cooled since the pressure
regime (3-5x10~*mbar) during ion etching causes a drastic increase in temperature.
The vacuum is monitored with a thermocouple gauge and an ion gauge (Fa. Var-
ian) located at the backside of the recipient, as is the inlet for the argon gas. The
prechamber is separated from the main chamber by a gate-valve. The typical time
for pumping the prechamber after insertion of substrates is 0.5h, then the valve to
the main chamber can be opened for the substrate transfer. After successful transfer
the gate-valve is shut again.

e The periphery can be split into two main parts: vacuum related electronics and
electronics necessary for evaporation. All units for controlling the vacuum pumps
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are located at the bottom of the rack depicted in figure 4.4. The RF source (Fa.
Technics HFG500), necessary to drive the sputtering cathodes, is mounted in the
middle of the rack and is equipped with powerful ventilation at the back. The
matching controller is located just above. It is responsible for the right tuning
of the RF matchbox fixed on top of the RF generator. The upper section of the
rack is equipped with various pressure gauge read-out monitors, an argon gas inlet
regulator and the deposition monitor.

Figure 4.4: Picture of the new magnetron sputtering system for future production and
treatment of cryogenic detectors.

4.5.4 First Results and Further Potential

When the above mentioned sputtering facility was set up, a series of tests were performed
alming at optimizing various parameters of the system. First concern was given to the
vacuum conditions that could be created in the recipient. It turned out that the vac-
uum that could be achieved in the main chamber with only turbo pump 1 (TP1) (see
figure 4.2) and with no prior bake out, was ~5x10"®mbar after 12 hours of continuous
evacuation. After 48 hours the system reached a best final pressure of ~6x10~"mbar,
which is very satisfactory. When the second turbo pump is added to evacuate the main
chamber virtually no improvement in end pressure is observed, but this pump is indeed
needed during sputtering when the pressure inside the system increases to 3.2x10"*mbar,
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a regime at which one single turbo pump would suffer deterioration if used in frequent
or long mode. With the small turbo pump on top of the pre chamber a vacuum of
~5.5x1077 is achieved within 0.5h and can be decreased to ~1.5x10 "mbar after a few
hours of pumping. Transfers are possible by opening the gate valve between pre and main
chamber. Further experience has proved that one should stick to a time window of at
least 2 hours in order not to deteriorate the (excellent) vacuum conditions in the main
chamber; best results e.g. when producing 20050413 (see table 4.1) were obtained under
the best vacuum parameters achievable.

The next step in characterizing the system was the test and calibration of the resonant
crystal for determination of deposited film thickness and sputtering rate during evap-
oration. The calibration of the read-out module was performed for iridium, gold and
aluminium, the only targets mounted presently in the system. They are the four main
materials required to produce TESs for cryogenic detectors at our institute. Table 4.1
gives an overview of a series of test depositions performed on different substrates, at var-
ious rates and distances. To guarantee precise film thickness determination and to check
the calibrations of the deposition monitor, some sputter depositions were analyzed with
an a-stepper.

The first deposited layers were gold on silicon substrates. Various sputtering rates were
tested: the rate of at maximum 2.2A4/s achievable in our old "Kaufmann-source’ based
system could easily be pushed to 5.04 /s under stable conditions; if R.F. power was further
increased the rate could still be pushed even up to ~10121/ s, but became more and more
uncontrolable followed mostly by an extinction of the argon plasma. As a demonstration
that the potential of high sputtering rates allows the production of thick layers of a spe-
cific material to act e.g. as a reflective or shielding coating, a watch, severely affected
by corrosion was cleaned and then successfully coated with ~0.5um of gold. Another
investigation concerning the sputtering of shielding roman-lead layers with thicknesses in
the pum range, is mentioned at the end of this chapter (see section 4.5.5.

A first test of gold deposited onto silicon as required in the production of gold bond pads
for a defined thermal contact of TES based cryogenic detectors was performed. In this
case a 200x400um? bond pad on a light detector for the CRESST experiment was struc-
turized out of the sputtered gold film. The deposition of the gold bond pad as well as the
measurement of the detector were successful.

After the satisfactory deposition of gold, iridium was tested next. The depositions
were performed on silicon as well as on sapphire substrates; parameters concerning these
depositions are listed in table 4.1. Most of the depositions were followed by a residual
resistance measurement: Using ge-varnish, the substrate was glued onto a holder mounted
in a helium dip stick. The electrical contacting of the iridium film with the wiring of the
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Sample | Thickness [A] | Rate [As~!] | Distance [cm] | Substrate | RRR
20050218 400 0.1 12 Si 1.47
20050221 400 0.1 12 Si 1.54
20050223 404 0.8 12 Si 1.46
20050322 400 0.1 32 Si 1.44
20050411 400 0.1 12 Al,O3 2.84
20050413 1233 0.1 12 Al,O3 22.58

Table 4.1: Results obtained from RRR measurements with 6 different samples (4 silicon
substrates and 2 sapphire substrates). The thickness of the evaporated layers, as well as
sputtering rates and distances between substrate and target are given.

dip stick was effectuated by 4 aluminium bonding wires of 25um diameter ultrasonically
welded. The resistance of the film was then measured with a LR-400 resistance bridge
once at room temperature and then again at liquid helium temperature (4.2K)(see [86]).
The ratio of resistance at room temperature and resistance at helium temperature is
defined as the residual resistance ratio (RRR):

p(300K)

RRR = M (4.1)
The first experiments exhibited RRR values of 1-4.5, which are in agreement with most
results obtained in this field, also by other groups [87]. Nevertheless, deposition 20050413
(see table 4.1), in which special care was given to extremely good vacuum conditions and
careful mechanical treatment of the substrate, proved to have a RRR value of 22.58. This
is an exceedingly good value and comparable to best results achieved by other groups in
this field [87]. The importance of such a good RRR ratio in terms of superconductivity is
a high mean free path length for Cooper-pairs determining eventually the quality of the

superconducting layer and thus also the performance e.g. of a TES.

4.5.5 A Desktop Magnetron Sputtering System for Roman Lead
Coatings

Since low radioactivity level is often of great importance for cryodetectors, tests have
been performed with a small magnetron desktop sputtering device depicted in figure 4.5
(Fa. POLARON) using normal and roman lead as targets as shown in and figure 4.6 (for
properties and advantages in radiopurity see section 5.4). The idea was to demonstrate
e.g. the feasibility of a sputtered ~10pum thick roman lead coating inside a copper detector
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4.5 Construction and Design of a Magnetron Sputtering System
for Low Temperature Detector Production

Figure 4.5: Polaron magnetron sputtering device

Figure 4.6: Roman lead target designed for the Polaron desktop magnetron sputtering
device.

61



4 Fabrication and Processing of Transition Edge Sensors (TESs)

holder. Tests showed positive results after the lead target was adapted in geometry to
the cylindrical holder.
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Chapter 5

Design and Construction of
Composite Cryogenic Detectors for

GNO

5.1 General Aspects and Requirements

The aim of this section is to define the requirements that have to be met if a cryogenic
detection concept is to be introduced in a radiochemical solar neutrino experiment like
GNO. All the necessary experimental experience to keep a radiochemical detector going
has been gained over numerous years, which is, for instance, reflected by high efficiencies
concerning chemical extraction and further processing in the so called solar runs (see
chapter2). In other words, no established procedure in the experiment must be altered
which results in the fact that a suitable interface to the existing experiment has to be
found. Germane gas (GeH,) which is the final product of a solar run, containing the few
neutrino-produced " Ge-atoms seems to be the ideal candidate. It is usually mixed with
Xenon and then introduced into miniaturized proportional counters to be measured over
a period of ~6 months [54], [74]. The behaviour of germane gas on the other hand is such,
that it can be dissociated at temperatures higher than 280°C following the equation:

GeHy; — Ge + 2H, (5.1)

This so called chemical vapour deposition (CVD) can be performed onto or into a sub-
strate that will later act as the absorber of the cryogenic detector bearing the neutrino-
produced " Ge on or in it. In the following sections it will become clear that the tem-
peratures needed to perform a highly efficient chemical vapour deposition ought to be in
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the temperature region between 400°C and 500°C, unfortunately affecting severely the
superconducting properties of the transition edge sensor. To overcome this deteriora-
tion or destruction of the phase transition thermometer, a separation of the CVD and
the fabrication of the TES becomes unavoidable. In addition, a post-CVD evaporation,
structurization and testing of the TES would take too long in comparison to the half-life
of "Ge (Ty/o= 11.43d).

Concerning the detection performance itself the main emphasis has to be put on the long-
time stability of the cryogenic detector and the cryostat it is operated in. Along with the
longterm measuring conditions, the detection must be highly efficient, i.e. ~100% and
therefore requires a 47 solid angle geometry. The detector(s) should have a reasonably
good energy resolution, i.e. ~200eV at 6 keV (FWHM), sufficient to account for an excel-
lent resolution of the decay channels of "'Ge via X-rays and Auger-electrons (see section
7.3): M-capture: 0.16keV, L-capture: 1.30keV, K-capture: 10.37keV. To allow detection
of the M-capture, never achieved with miniaturized proportional counters in GNO, the
energy threshold of the detector should not exceed ~100eV, a parameter severely depend-
ing on the individual TES properties. Therefore reproducible production of the TESs is
also an exceedingly important prerequisite. Further aspects for a new detection concept
are the radiopurity of the various detector components and surroundings, redundancy
concerning the overall handling, mounting and functioning of the cryo-detector as well as
the cryostat in which it is operated.

5.2 Development of a Composite Detector

Driven by the development of low-temperature detectors for the solar neutrino experi-
ment GNO, a way had to be found to avoid deterioration of the iridium-gold bilayer.
This was realized by separating the deposition of germanium and the fabrication of the
TES. The decoupling of these two processes was achieved by producing a 1x3mm? TES
on an individual silicon substrate (5x7x0.25mm?) that was later glued to a regular sap-
phire substrate (10x20x1mm?) using a special cryo-resin (EPO-TEK 301-2) as described
in section 5.2.1. Such a detector where the TES on an individual substrate is glued to
the absorber we call composite detector.

Also other composite detectors were produced for this work: in section 7.4 a TES on a
silicon substrate was attached to a 5x7x4mm?® Roman lead absorber to investigate an al-
ternative 47 design for GNO and the potential for radiopurity analysis in the mBq range;
in section 8 another application is discussed where feasibility studies with iridium-gold
TES for the MANU2 experiment [83] for neutrino mass determination were performed
with great success. The separate treatment of detector components during fabrication
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EPO-TEK 301-2 (optically transparent epoxy)

index of refraction 1.564

color transparent

specific gravity 0.95g/cm?

curing temperature 80°C for 3h

application for mK use yes

cyclability 300K to mK yes

intrinsic radioactive impurities clean, according to y-spectroscopy

Table 5.1: Properties of EPO-TEK 301-2.

followed by a rapid coupling process of the individual parts is a most powerful tool for
many applications of cryogenic detectors (see section 8).

5.2.1 Assembly of Composite Detectors

Obviously, the choice of the right 'glue’; its subsequent treatment and its introduction
into what is to become the cryogenic detector, is of great relevance. It has to exhibit
certain qualities to allow thermal cycling of the device from room temperature to very
low temperatures down to the mK range. Also aspects concerning intrinsic radiopurity
were investigated (see section 5.4 for further detail). The 'glue’ used in this work is a two
component epoxy cryo resin 301-2 (Fa. EPO-TEK) which proved to be the right choice
for our applications. Table 5.1 lists the various physical parameters and properties of the

resin.

Experimental experience gained during the production of composite detectors lead to
a recipe that proved both, satisfactory and reproducible results:

e Mixing of the two resin components at a ratio of 100:35 at room temperature using
a small glass container.

e 'Baking out’ of the resin at a temperature of 80°C for ~2 hours; the baking procedure
has to be stopped when the viscosity of the resin is increasing. From this point on
the glue should be applied as soon as possible since it will now dry out quickly.
Nevertheless there is a great advantage connected to the higher viscosity of the glue
- it is much more stable when being applied and glue spots can be decreased to a
size of ~10um.
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e The epoxy resin itself is applied using a thin needle or for extremely small spots one
can use a bonding wire of 17-25um diameter. It is possible to create microscopic
drops on the end of the wire by dipping it into the resin. They can then be deposited
under a microscope where they can be measured in diameter giving a hint of how
broad the glue surface will be when under pressure between the two substrates.

During the tuning of the above mentioned glueing procedure, where parameters as
bake out temperature, time of the bake-out, different mixing ratios of the two epoxy
components, photo exposition, glueing and then heating, etc. were tested it became clear
that the liquid resin changes its viscosity while drying causing sometimes nonuniformities
of the spot. Figure 5.1 shows four examples of glue spots after various treatments, only
one, d), is satisfactory and reproducible with respect to energy resolution and decay
time of the pulses (see figures 5.6 and 5.7). It was obtained according to the recipe just
described.

Figure 5.1: Illustrations of 4 silicon substrates differently glued to the sapphire substrate,
d) being the best spot.
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5.2.2 First Results

Figure 5.2 shows the setup of the first composite detector si405c. In fact four 1x3mm?
TESs were produced out of the original si405¢ 10x20x0.25mm? silicon substrate: After
the photolithographic processes and structurization via ion etching, four individual TESs
(~5x7x0.25mm?) were cut out of the initial substrate in our crystal laboratory in Garch-
ing. The transition temperature of TES si405¢ was ~28mK with a phase transition width
of ~2mK. The sapphire substrate is thermally decoupled from the copper holder by three
sapphire spheres (diameter: 1.0mm). The silicon substrate bearing the Ir/Au TES was
glued asymmetrically taking into account the germanium layer that would normally be
deposited onto the remaining surface of the sapphire substrate. The gluespot could be
seen through the transparent sapphire absorber and was ~100um in diameter. The cop-
per holder in which the detector was mounted was open at the bottom thus allowing
irradiation of the detector from below. The Fe-source was thermally decoupled from
the detector holder by a 30mm long cylindrical plastic rod (Fa. SINTIMID). The idea
behind this configuration of measurement was to give rise to pulses only in the sapphire
substrate, in order to ’simulate’ a source as e.g. "*Ge that would later be deposited onto
this absorber. The whole setup was mounted below the mixing chamber of a *He/*He

dilution refrigerator (see section 7.1) and operated at the transition temperature of the
TES (~28mK).

Ir/Au TES
Gluespot (Epo-Tek 301-2) ' silicon substrate (Si)

7
Detector holder (Cu)

SINTIMID

55Fe source

~50mm

Figure 5.2: Schematic positioning and setup of the first composite detector.
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Figure 5.4 shows a picture of the first realized composite detector. The sapphire
absorber, as well as the silicon substrate bearing the 1x3mm? Ir/Au TES can be seen.
An amazingly good result was achieved concerning energy threshold, which was about
100eV. Such a low energy threshold, as pointed out in section 5.1 is especially attractive
in the case of "'Ge-measurements where the M-capture with an energy release of 160eV
would be detectable. The energy resolution of 187eV (FWHM) at 5.89keV, as depicted in
figure 5.3, was obtained when the detector was irradiated from below with an 5*Fe-source
and thus only illuminating the sapphire absorber.

[cts] 5sMn K,
300
501
200
FWHM 187eV @ 5.89 keV
1501 (%5Fe source)
100 1
*Mn K;
S0
Energy-threshold: ~100 eV J m
o, sl el Motk i

0 1000 2000 3000 4000 5000 £000 7000

[eV]

Figure 5.3: 5Fe spectrum recorded with the first composite detector.

In a later cool down, the detector was irradiated from outside the cryostat with a °"Co
source. The main 7-lines (at higher energies) emitted by this source are at 122.1keV and
136.5keV. The intention was to study the behaviour of the detector at higher energies
and rates and to have the possibility to illuminate both the sapphire and the silicon
substrates at the same time. Figure 5.5 shows the energy spectrum obtained with the
57Co source placed outside the cryostat (see section 7.1 for setup details). Due to the low
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Figure 5.4: Picture of the first realized composite detector si405c.
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absorption efficiency of sapphire and silicon for the 122.1keV and the 136.5keV ~-lines,
mainly the Compton edge at 39.4keV is visible. Apart from irradiating both substrates
this measurement was also performed to investigate the possibility of external detector
calibration (section 7.2).

[cts]

Irradiation with 57Co

B+ -

404 =

30 A =

201 o

104 o
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80 &0 100 T4

120 Q
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Figure 5.5: 57Co spectrum recorded with the first composite detector. The spectrum
clearly shows the Compton edge of the 122keV ~-line at ~39.4keV and possibly a small
indication of the photo peak at 122keV.

After analyzing the pulses produced by this detector irradiated with 5"Co, it became
clear that there are two different categories of pulse shapes: fast and slowly decaying
pulses that can be attributed to events ocurring in the sapphire and the silicon absorber,
respectively. This is demonstrated in figures 5.6 and 5.7 which show pulses with decay
times of ~2ms (from the silicon substrate) and ~8ms (from the sapphire substrate),
respectively.

This classification of the pulses was also confirmed by a Monte Carlo simulation which
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Figure 5.6: Pulse originating from the silicon substrate, the decay time is ~2ms.
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Figure 5.7: Pulse originating from the sapphire substrate, the decay time is ~8ms.
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predicted the eventually measured event rates in the silicon and sapphire substrates. Fur-
ther, the ratio of slow and fast pulses, experimentally determined, corresponds to the ratio
of the volumes of the sapphire and the thermometer substrates. In addition, it was found
that the pulses attributed to the sapphire exhibited not only two decay components (see
chapter 3), but needed a third one to fit the further progression of the signal. This longer
decay time with respect to events from the silicon substrate, as depicted in figure 5.7, is
attributed to the glueing point, which in this case was of the order of ~100um in diameter
and acts as a ’bottle-neck’ for phonons produced in the sapphire. A more detailed de-
scription of this transmission phenomenon is given in section 3.4.1. The conclusion of this
pulse shape analysis is that energy absorption in different components leads to different
pulse shapes and therefore to a determination of where the detected event took place.
In other words, one might think of a geometrical arrangement of cryogenic detectors or
absorbers, where the localisation of events could be utilized as a means of background
suppression. Also a setup allowing directional determination might be conceivable.

The results gained with si405c were very satisfactory, especially since it was also the proof
of feasibility of this new type of detector. Cryogenic detectors exhibiting the features of
si405¢ would be desirable for a solar run in in gallium experiments: The three main decay
channels of "'Ge would have been well separated. Furthermore a strive for much higher
energy resolutions with Ir/Au TESs is highly promising as described in chapter 8.

5.3 4mn-Efficient Detection Design for GNO

It has been mentioned earlier that the introduction of cryogenic detectors in GNO was
discussed under the assumption that a highly efficient (~100%) detection of ™" Ge can
be achieved, thus increasing the overall sensitivity of the GNO experiment. This order
of efficiency can only be reached, if the detection is performed in a 47 full solid angle
geometry. In the PhD thesis of S. Wénninger [84] such a geometry was realized to prove
the principle and the efficiency of this detection technique. Later the results were cross-
checked by means of Monte Carlo simulations [84].

Figure 5.8 is an illustration of the detector set up designed for 47 detection. Basically,
the information of two individual detectors is used to obtain a ~100 efficiency. To avoid
energy losses, it is always the summed energy of detectors A and B that is considered
(Etot=Ea+Eg). A Monte Carlo simulation for this detector geometry gives a lower limit
of ~98% for the detection efficiency. A loss of ~1.9% is mainly due to the energy threshold
(~230eV, [84]) of the detector, which in [84] did not permit the measurement of the M-
capture at 160eV. The mutual distance of the detectors, which in this case was ~1mm
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Germanium layer

Metallic germanium layer
(thickness: ~6um) Detecior B
T ~1mm o
l Detector A \ %
(sideview) (topview)

Figure 5.8: Geometrical setup of two detectors to realize a 47 efficient detection [84].
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[84], is responsible for a loss of ~0.1%. X-rays and/or Auger electrons from the surface
of the germanium layer can escape the detector via this slit. Bringing the detectors
closer together, which was done in the set up described in section 5.3.1 and a low energy
threshold, can then increase the detection efficiency close to 100%. For these reasons the
depicted geometry was maintained in the present thesis. Nevertheless, also a different
type of 47 detection set up, using a single detector consisting of a Roman lead absorber
of 5x7x4mm?® and a TES on a silicon substrate, was tested and is described in section 7.4.

5.3.1 Design of a Low-Background Holder and Shielding for the
41 Detector

With the aim to replace the 47 detector holder used for the first feasibility studies of ™ Ge
measurements [84] and at the same time to create a shielding for the detector against
natural radioactivity, a new detector holder was designed. Also various aspects regarding
handling and reliability, if introduced in GNO, were taken into account before construc-
tion.

First, suitable materials have to be investigated. In the case of cryogenic detectors the
use of copper, due to its attractive thermal properties, is common. Second, the material
surrounding the detector should be suited for low level counting. Luckily, we had access
to ultrapure copper mainly used for the CRESST experiment and stored in our under-
ground laboratory (15m.w.e.) in Garching. Prior to its further treatment the copper was
analyzed by a low level germanium detector to investigate intrinsic radioactive impurities.
These measurements, which are reported in section 5.4, proved that the quality of the
copper, in terms of radio purity, was excellent.

Since the detectors are operated at temperatures in the mK range the copper must be
annealed to guarantee homogeneous cooling of the holder. For this pupose a new insert for
the annealing oven of our crystal laboratory was constructed. The insert is a cylindrical
quartz recipient (diameter: 127mm, length: 1300mm) to which a double flange can be
attached. The recipient can then either be flushed continuously with gas, e.g. argon, or
be evacuated to ~5x10~%mbar after one hour of pumping with a turbo molecular pump.
The dimension of the recipient were chosen such that it can host also bigger pieces of
copper than commonly used annealing facilities. The annealing oven in which the insert
is placed can generate 3 different temperature zones of ~30cm length along the recipient.
The following procedure was applied for annealing various copper parts used during con-
struction of the detector holder and the internal shielding of the cryostat (see below and
section 5.3.2):
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e All copper parts were cleaned with ultrapure aceton (Fa. MERCK) to remove dirt
or thin oxydation layers. The copper parts were placed in the recipient which was
also previously cleaned.

e The heat up time from room temperature to 700°C, was 7h; all three temperature
zones in the oven were at the same temperature during the whole procedure.

e 7h at 700°C

e Cooldown, again 7h from 700°C to room temperature. The vacuum during the
whole annealing procedure was 5x10~%mbar.

Also longer annealing times and higher temperatures have been considered for copper.
However, we found that the recipe mentioned above guarantees a homogeneous cooldown
of the holder without weakening the copper too much in terms of mechanical strength.
Some of the copper parts forming the detector holder had later to be retreated mechani-
cally and should therefore be not too 'soft’.

It was mentioned earlier that the efficiency of the 47 detection geometry slightly depends
on the distance between the two detectors. Therefore, special care was given to reduce
the slit to ~Imm. First, an aluminium dummy was constructed which allowed to check
all the required features like handling, mounting in the ultrasonic welding machine for
electrical and thermal contacting of the eventual detector.

Figures 5.9 and 5.10 are schematic drawings of the holder; figure 5.11 shows a picture
of the final detector holder with detectors mounted inside. This 47 detector system was
later used for many cooldowns and measurements. It is designed in such a way that each
of the two individual detectors can be placed in a separate holder. After thermal and
electrical contactation is finished, the two halves of the holder are placed on top of each
other with the two detectors forming an angle of 90° with respect to each other, see figure
5.8. After locked by screws, the two halves are forming a completely closed volume around
the detectors. A way had to be found to account for efficient evacuation of the holder
once the detector is mounted in the IVC (=inner vacuum chamber) of the cryostat, where
the pressure prior to nitrogen cooldown is ~5x10~®mbar. The schematic drawing of the
detector holder depicted in figure 5.10 shows how this problem was overcome by L-shaped
holes which prevent radiation to interact with the detector directly.

The electrical contacting was designed such that the detectors can be bonded di-
rectly inside the holder. As can be seen schematically in figure 5.10, two copper pads
(5mmx5mm) were glued with epo-tek onto the copper to decouple it electrically from the
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Figure 5.9: Schematic drawing (sideview) of the 47 holder showing the electrical and
thermal contacts. Both detectors can be irradiated e.g. by a ?°Fe source outside the
holder.
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Insulated Cu-pads

for electrical contactation , .
External electrical contactation

points for SQUID read-out

Gold bond wire for
thermal contactation /| __—=messs_ """ 3

Aluminium bonding
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Hole for 55Fe Sapphire  Silicon substrate L-shaped holes for
calibration absorber  with Ir/Au TES evacuation
(lower detector) (upper detector)

Figure 5.10: Schematic drawing (topview) of the 47 holder showing the electrical and
thermal contacts. The detectors can be bonded directly inside the holder. Two copper
pads are glued to the copper holder for electrical insulation.

77



5 Design and Construction of Composite Cryogenic Detectors for

GNO
Thermal contact points Welded electrical wiring (Nb/Ti)
on copper Electrical contact for SQUID contactation
Ir/Au TES pads

Silicon Detector T2
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Sapphire for vacuum
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Figure 5.11: Picture of the 47 holder opened with two detectors mounted inside. On
one sapphire substrate (left) the deposited Ge film containing the "'Ge activity can be
recognized.
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holder itself. Epo-tek was utilized again, since it is located in the close surroundings of
the detector and its features concerning radio purity had been analyzed before-hand as
discussed in section 5.4. From these two pads two electrical wires are brought outside
where they are again welded onto two glued copper pads finally serving as contacts for
the SQUID read-out (see section 3.7.2). Special care was given to the feed through of the
wiring, which was designed such that no direct irrradiation of the detector from the out-
side is possible, the wires are always led around two corners. In figure 5.11 the deposited
germanium can be seen on the sapphire absorber of detector T2. In the upper part of T1
and T2 the silicon substrates with the Ir/Au sensors can be seen. The bottom of the 47
holder (detector T1) exhibits a small hole (~1mm in diameter) for **Fe calibration.
Before mounting the detectors in the 47 holder, it has to be cleaned. For this the two
holder parts as well as all screws and parts used inside the holder have to be etched to
remove impurities from the copper surface. This was done according to the following
procedure:

e First, all parts are immerged in a recipient filled with ultrapure aceton (Fa. MERCK).
The recipient is then placed in an ultrasonic bath for 15min.

e After removing the parts from the aceton bath, they are flushed with nitrogen gas.

e Finally, the copper parts are placed in another recipient filled with a 10% HNOj
solution, which is kept at a temperature of 80°C on a heater plate. It has to be juged
by eye when the etching should be stopped. After 10 to 15min the copper surfaces
become very clean and shiny, whereas the solution turns slowly blue. At this point
the etching can be aborted. If the etching procedure is applied for too long a time,
the copper will start to disintegrate, especially the fine mechanical parts like small
screws etc. can no longer be used. Also the repeated cleaning of the same detector
holder should be performed with care.

5.3.2 Mounting of the Detector in the Cryostat

Once the 47 detector is fixed and contacted in its holder, it is put into an exsiccator
and is taken from the cleanroom to the underground laboratory to be mounted into the
cryostat. The setup of the cryostat including the data acquisition is described in detail
in section 7.1. Figure 5.12 shows a picture of the bottom end of the cryostat insert.
The mixing chamber plate of a 3He/*He dilution refrigerator is the stage where the base
temperature (i.e. minimal temperature) is reached. In our case the base temperature is
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~10mK; the lowest temperature ever reached with the full setup of internal shielding and
4m detector was 9.1mK. Underneath the mixing chamber an internal shielding consisting of
low activity lead (<5Bq/kg, Fa. PLOMBUM, Poland; see section 5.4 for further details)
and ultrapure copper, was attached. As mentioned before, this internal shielding was
designed to protect the detector from radiation originating from the various inner parts of
the cryostat. The weight that can be attached at the mixing chamber is limited to ~3kg.
Therefore the internal shielding could not be made thicker and thus more effective in
terms of shielding. Prior to this internal shielding design, the lead was not yet segmented
and used as one single piece with one copper plate (diameter: 80mm, thickness: 5mm)
on top and one at the bottom (diameter: 80mm, thickness: 10mm) of the lead block.
During a test cooldown the lead shielding which was then attached thermally to the
mixing chamber plate did not cool down. In fact, the whole insert could not be cooled
lower than ~300mK. The explanation found was that both copper plates then attached
to the lead cooled probably faster than the lead itself, which became superconducting at
~7.2K and therefore decreased drastically in thermal conductivity leaving the middle part
of the lead block as a heat leak. After this unsuccessful cooldown, the lead was segmented
into 2 cylindrical pieces (diameter: 80mm, length: 23mm) separated again by a copper
plate (diameter: 80mm, thickness: 5mm) in the middle. Furthermore we decoupled the
internal shielding from the mixing chamber plate with a 40mm long SINTIMID rod and
attached the lead as well as the copper plates of the shielding thermally via 8 copper wires
to the cold plate of the dilution refrigerator which has a temperature of ~100mK. From
then on the cryostat did reach again its usual base temperature of ~10mK.

Most important, the 4r-detector holder has to be at base temperature. To achieve this,
the detector holder was again decoupled thermally from the internal shielding by a 40mm
SINTIMID rod. Both parts of the 4m-detector were then thermally connected to the
mixing chamber plate via 4 copper wires (see figure 5.12). Measurements with this setup
proved to be very successful and are described in detail in chapter 7.

5.3.3 Detector Calibration

To calibrate the detectors and in order to find suitable working points it is common to use
an *>Fe source for irradiation. Since the 47 holder was designed in a way that the detectors
are shielded from outside radiation, a way had to be investigated to allow illumination by
the 5°Fe source without causing to much background in the detector. This was realized
by a Imm hole in the bottom of the holder (see figures 5.9- 5.11) that can be closed if
not required or opened for common irradiation of both detectors with a preferably weak
radioactive source. Figure 5.13 shows two 5°Fe spectra obtained during simultaneous ir-
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mixing chamber @ ~10mK
shunt boxes (SQUID read out)
thermal decoupling (SINTIMID)
thermal links to 100mK plate

Pb/Cu shield @ ~100mK
(clean Cu; Pby,, A < 4.2 Ba/kg)

thermal decoupling (SINTIMID)
thermal links to mixing ch.

47 detector holder and shielding
(clean Cu)

temperature stabilisation (heater/speer)

holder for °°Fe calibration source

Figure 5.12: Setup of the internal shielding and the 47-detector.
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radiation of both detectors. In this case, we made feasibility tests with tungsten TESs as
they are used in the CRESST experiment, instead of our iridium-gold TESs. Since the
two TESs differed in their critical temperatures by ~15mK, it was challenging to find a
common working point for these two detectors. Once a temperature was found for the
TES exhibiting the lower transition temperature, the other TES had to be stabilized using
a much higher bias current to heat it up separately from the other detector. For this test
the whole detector holder, i.e. both halves were equipped with only one heater and one
temperature sensor (speer resistor) for temperature stabilization (see section 7.1 for more
details). Figure 5.9 illustrates also the schematic set up and especially the positioning
of the Fe source with respect to the two detectors. Using two individual but identical
data acquisition systems (Fa. National Instruments, PXI Bus) we were able to determine
online the best common working point for the two detectors by analyzing the 'real time’
energy resolution at ~6keV. For the two detectors an energy resolution of 235eV (FWHM)
and 220eV (FWHM) has been achieved, although the bias currents were very different:
32pA and 170pA (see figure 5.13). In the left spectrum of figure 5.13 the ’shoulder’ on the
left side of the 5.9keV peak originates from pile up due to the close geometrical position
of the lower detector with respect to the source. Ideally, the holder (or the source) should
have a shutter mechanism to open or close the source periodically during operation of the
detector(s). The Milano cryogenic group for instance developed such a device for their
neutrino mass experiment [88], [14].
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Figure 5.13: 5°Fe calibration spectra recorded during the simultaneous irradiation of the
two detectors via a small hole in detector holder T1 (see figures 5.9 and 5.10).
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GNO

5.4 Material Analysis

Before the new 47 detector holder and the internal shielding of the cryostat were fabri-
cated, as presented in section 5.3 of this chapter, copper and lead used for these parts
were analyzed by means of low-background ~y-spectroscopy in the UGL (15m.w.e.) Garch-
ing. Especially the efficieny of cleaning with HNOj acid of the copper surfaces of the 47
detector holder was investigated.

5.4.1 Experimental Setup for y-Spectroscopy

u-veto:
plastic scintillator panels

N

Liquid N,
dewar

Germanium crystal

N\ N\
AANEANESN

1st Pb shielding

2nd Pp shielding (<5Bg/kg) Fixture for sample holder Sample holder
(ultrapure Cu)

Figure 5.14: Schematic experimental setup of a germanium detector in the underground
laboratory Garching used for material analysis.

The germanium detector (Fa. Ortec LOAX) used for 7-spectroscopy consists of a
high-purity germanium crystal, which is cooled by liquid nitrogen contained in a dewar
outside the detector housing. It is shielded, as depicted in figure 5.14, against natural
radioactivity and muon induced radiation. The innermost shielding is realized by 5mm
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5.4 Material Analysis

copper plates, which are followed by 50mm thick lead bricks (Fa. PLOMBUM) with a
low intrinsic ?'°Pb activity. This low-activity lead shielding is further surrounded by a
100mm thick lead shielding using 'normal’ (in terms of intrinsic activity) lead bricks. To
allow rejection of muon induced background contributions the whole detector setup is
surrounded by 6 plastic scintillator panels which are operated in anticoincidence to the
germanium detector. In order to remove radon, the whole detector shielding is constantly
flushed with nitrogen gas evaporating from the liquid nitrogen dewar.

The samples investigated were measured as depicted in figure 5.14. For all the measure-
ments performed, a copper disk (120mm in diameter, thickness 5mm, made from ultrapure
copper stored in our UGL) was mounted on a rail-fixture (see figure 5.14), so that the
sample can be moved as close to the germanium detector as possible. The distance of the
sample to the carbon entrance window of the detector was ~1.5mm, whereas the copper
disk covered the whole area of the window.

5.4.2 Results for Copper and Lead Components Used for the
Internal Shielding of the Cryostat

First measurments performed with the setup described in section 5.4.1 were dedicated
to the analysis of the ?!°Pb activity in low-activity lead (Fa. PLOMBUM) and ancient
Roman lead, since materials exhibiting both, a high Z value and a low intrinsic activity
are ideally suited to shield low-background detectors. Figure 5.15 illustrates the decay of
the unstable lead isotope 21°Pb. With a probability of 81% the decay occurs via [-decay
that is followed by a y-emission of 46.5keV, which can be monitored in the germanium
detector.

The low-activity lead as used, e.g., in the shielding of the germanium detector was
measured to check the nominal activity of <5Bq/kg given by Fa. PLOMBUM. The sam-
ple was 2mm thick and ~100mm in diameter and placed in the copper disk see figure
5.14. The absolute activity of 'Pb was measured to be 4.22Bq/kg, thus confirming the
nominal activity of <5Bq/kg given by PLOMBUM. Also two samples of Roman lead
depicted in figure 5.16 and figure 5.17 originating from different sources (one sample was
found underwater, the second ~1.5m underground) were analyzed using the same setup
as described above. In both cases, after subtraction of a two weeks background data, only
an upper limit of ~3mBq/kg for the 2!°Pb activity can be given. This is due to the fact
that the part of the germanium detector connected to the liquid nitrogen dewar cannot
be completely shielded with copper against the 46.5keV 2'°Pb background originating
from the PLOMBUM lead shielding. From these measurements the motivation arose to
investigate the absolute activity determination by means of composite cryogenic detectors
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210Pb 31 %
53 y 8 k
e 46,5 keV
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Figure 5.15: Decay of the lead isotope *1°Pb.

using Roman lead as absorber. Measurements using a macroscopic piece of polycrystaline
lead (5x7x4mm?) as absorber with a TES on a silicon substrate attached to it, are pre-
sented in section 7.4. Unfortunately, the energy threshold of this composite detector was
too high to record the 46.5keV ~-line. However, using a smaller lead absorber with a
microcalorimeter TES in analogy to the measurements described in chapter 8, where the
energy threshold was low and the energy resolution excellent, the absolute avtivity might
be determined cryogenically.

For the construction of the new 47 detector holder, ultrapure copper stored in the UGL
was analyzed next. The spectra depicted in figure 5.18 and figure 5.19 were both recorded
over a period of two weeks. The spectra show the same piece of copper once without
surface treatment (figure 5.18) and once after 10min of etching in a 10% HNOj; acid
solution, heated up at 60°C (figure 5.19). Both spectra are depicted without background
subtraction, however, the impact of the cleaning procedure applied can be recognized when
comparing the two spectra. The spectrum shown in figure 5.18 exhibits several known
background lines (see [95]), the energies of which are labeled in the figure itself. Two
main backgound contributions can be distinguished: i) Contributions originating from
the implantation of radon and its unstable daughter nuclei in the copper surface. ii) A
contribution at 1460.86keV due to the primordial “°K—*°Ar decay which can be induced
by perspiration of the human body, which contains - for biochemical reasons - a relatively
large amount of potassium. The only remaining visible contributions in figure 5.19 after
etching the surface of the copper for 10min with HNOj3 at 60°C, are the muon induced
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Figure 5.16: Roman lead sample from a broken ’dolium’, found underwater in Corsica.

Roman water conduct

Figure 5.17: Roman water conduct found on a contruction site from ~ 1.5m underground.
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fluorescence lines of lead (72.81keV, 74.97keV, 84.94keV, 87.30keV) resulting from muon
interactions in the lead of the detector shielding, which cannot be fully suppressed due to
a small part at the back of the germanium crystal which is uncovered by copper and due
to a reduced efficiency of the muon-veto. Furthermore, the annihilation line at 511keV
can be seen which is present in every germanium detector measurement.

On the basis of these measurements the ultrapure copper measured was utilized for the
fabrication of both, the 47 detector holder and the internal shielding (see section 5.3).
The originally dicussed use of a Roman lead shielding inside the 47 detector holder was
abandoned since the low-energy fluorescence lines at 10.55 keV and 10.45 keV of lead are
too close to the 10.37keV signature of "'Ge. The lead from PLOMBUM was used for
the internal shielding since its 2!°Pb activity is comparably low, furthermore the copper
plates segmenting the lead as well as the 47 copper detector holder itself efficiently absorb
the residual radiation of 46.5keV.
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Figure 5.18: Spectrum of an ultrapure copper sample recorded over a period of two weeks,
with no cleaning procedure applied. The energies of the background lines are given; for
further information on the nature of these contributions see [95].
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Figure 5.19: Spectrum of the ultrapure copper sample depicted in figure 5.18 recorded
over a period of two weeks, after the application of surface etching with HNOj3 at 60°C for
10min. Apart from muon-induced Pb fluorescence lines at 72.81keV, 74.97keV, 84.94keV
and 87.30keV and the positron-electron annihilation line at 511keV, no further background
contributions are visible.
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Chapter 6

Thermal Deposition of Germane Gas
onto a Sapphire Substrate

To measure the decay of "*Ge which was produced by solar neutrinos or by neutron
activation in a reactor [32] with our cryogenic detector, germane gas (GeHy) has to be
thermally deposited onto an absorber, which in this case is sapphire (Al;O3). In analogy
to the evaporated iridium-gold film, the germanium layer must be deposited in such a way
that good thermal contact with the absorber substrate is guaranteed. In order to gain
experience for the procedure and to demonstrate its feasiblity, a test deposition system
was installed in Garching and is described in detail in [90] and [32]. The efficiency of the
overall system could be increased to almost 100%, which is an important prerequisite if
cryogenic detectors are to be implemented in GNO, where the efficiency has to be at least
95%.

The chemical vapour deposition (=CVD) GeHy— Ge + Hy occurs at temperatures >
280°C and is performed according to the following steps:

e GeH, is synthesized in a chemical reaction where GeO, and NaBH, have been mixed.
The reaction occurs at a temperature of ~90°C.

e The gas is then moved stepwise through the system, which is shown schematically
in figure 6.1.

e The deposition system is constantly purged with helium gas which acts on the one
hand as a carrier for GeH, and on the other hand as a flushing medium for the
overall apparatus prior to the CVD.
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Figure 6.1: Schematic drawing of the germanium deposition system
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The first cold trap through which the germane gas is passed, is at a temperature
of -50°C (the temperature is created by mixing aceton and liquid Ny) in order to
freeze out water.

Cold traps, ranging from -196°C (liquid nitrogen) to 0°C (ice water, or again aceton
mixed with liquid nitrogen), are used to freeze out GeHy at certain points in the
system to collect it there efficiently, and offer also the possibility to operate them
as ‘cryopumps’ within the system.

Gas chromatography is used for purification of the germane gas prior to its intro-
duction into a gauge volume (=recipient of defined volume), in order to determine
the exact amount of germane gas.

The deposition itself is realized at temperatures of ~400°C in the 'deposition oven’,
where a copper stamp heats the substrate on one side to produce - due to the
favourable thermal properties of sapphire - a hot surface on the opposite side to
which the germanium can stick easily. It is the geometry of this device that mainly
determines the efficiency of the germanium vapour deposition onto the substrate
[90]. The thermal deposition lasts for ~3h.

The CVD of germane gas is described in full detail in [90] and [32].
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Chapter 7

Results of Measurements with
Composite Detectors in the
Underground Laboratory in
Garching

7.1 Experimental Setup

The underground laboratory (UGL) in Garching is located in the former 'Flugzeittunnel’
of the accelerator laboratory and has a shielding of 15 meter water equivalent (= m.w.e.)
corresponding to an earth overburden of ~5m. This underground facility has also been
equipped with a ~2m deep pit designed for the implacement of a cryostat for low-level
measurements, especially for feasibility studies concerning the use of cryogenic detectors
in the solar neutrino gallium experiment GNO. The setup of an OXFORD KELVINOX
100 cryostat has now been completed after many steps of optimization, described in the
following sections. The experimental setup of this cryostat now has the potential to test
cryogenic detectors for various kinds of applications from neutrinoless double beta decay
measurements, e.g. with °Nd, to high energy resolution TESs for various applications in
the X-ray and y-energy range, but also for measurements under low background conditions
as is, e.g., the case for the CRESST experiment. A well designed internal and external
shielding as well as a muon-veto [32] that can be operated in anticoincidence with the
cryogenic detector inside of it, also allows to perform important tests and development
of experimental equipment for an eventual use in an ultralow background laboratory, for
instance in the Gran Sasso tunnel (3600m.w.e.). The setup, as well as the first measure-
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7.1 Experimental Setup

ments including longterm campaigns to test the feasibility of cryo-GNO, are presented.
Figure 7.1 shows a picture of the experimental setup around the cryostat. The gas han-
dling system, as well as the electronic rack and the data acquisition system (DAQ) can be
seen in the picture. The cryostat, surrounded by the muon-veto and the lead shielding is
located in a pit in the corner of the laboratory and cannot be recognized on this picture,
the dashed arrow, however, shows the implacement.

7.1.1 The Cryostat

The KELVINOX 100 (Fa. Oxford Instruments) is a cryostat of the 3He/*He dilution
refrigerator type. It has a cooling power of 140uW (at 100mK) and reaches a base
temperature of 6.6mK with no thermal load attached to the mixing chamber plate. The
addition of internal shieldings and new detector holders has led to a best base temperature
of 7.8mK. The creation of these low temperatures allows not only measurements with
iridium-gold TES based detectors commonly operated in the 20-100mK range, but also
with superconducting tungsten monolayers, as used in the CRESST experiment, which
need at least 10mK of base temperature for stable performance.

Figure 7.2 shows a schematic drawing of the final setup of the UGL cryostat KELVINOX
100. The cryostat is located in a 2m deep pit and surrounded by a lead shielding of 10-
15cm thickness. For muon anticoincident measurements, the cryostat is equipped with a
muon-veto consisting of 15 plastic scintillator panels placed around and on top of the lead
shielding. The setup offers also the possibility to insert a y-source in a channel between
the cryostat and the lead shielding to allow calibration of the detectors inside the cryostat.
After the calibration is finished, the source can be removed to avoid unwanted activity
around the cryostat and the lead shielding as well as the muon-veto is closed. Thus,
conditions are created for low-background measurements.

Our cryostat is equipped with a comfortable gas handling unit that can be read-out
and controlled via an interface to a PC. All valves, including needle valves for fine flux
regulations of the 3He/*He mixture, are operated electronically from a control panel. In
the case of longterm measuring campaigns where only a daily parameter check is necessary,
the whole cryostat can be monitored or operated via a remote computer equipped, e.g.,
with PcAnywhere (Fa. Symantec).

The cooldown of the cryostat is performed in several steps, which are reflected by the
itemized list below (some of the steps can be performed in a semi-automated mode):

e Pumping of the inner vacuum chamber (IVC): 5x10 °mbar
e Nitrogen cooldown, T=77K
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4n external lead shielding Cryostat
(10-15cm) (KELVINOX100)
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Figure 7.1: Experimental setup around the 3He/*He dilution refrigerator in the under-
ground laboratory in Garching (15m.w.e.). Gas handling system for the cryostat, elec-
tronic rack and DAQ are placed around the lead-shielded cryostat. Between the lead
shielding and the walls of the circular pit a muon veto, consisting of plastic scintillator
panels can be seen. The lead shielding can also be closed on top with two cylindrical lead
plates (thickness: 2x5cm). Also the muon-veto can be closed on top by six additional
scintillator panels above the two lead plates.
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e Helium cooldown, T=4.2K
e Helium pumping at 1K-pot, T~1.6K

e ‘condense in’ procedure: 3He/*He gas mixture is introduced via 2 cold traps, one
at 77K (liquid N3) and one at 4.2K (liquid helium), into the closed circulation loop
and condensed in the mixing chamber (it is advantageous to start this procedure by
manual regulation and to leave it operated by a PC routine).

e ’circulation’: the circulation of the condensed 2-phase *He/“He mixture is gradually
augmented by opening a needle valve; also this procedure can be performed in a
semi-automated way.

e The time required to perform a cooldown from room temperature to ~10mK severely
depends on the thermal load attached to the mixing chamber plate. It varies from
~12h to ~48h.

e Once the cryostat has reached its base temperature of ~10mK it can be operated
continuously apart from liquid helium refills which are necessary every ~5 days.
Longest operating time up to now: 45 days in a row.

For details of cryogenic cooling techniques and a variety of applications refer to [91],
[92], [93].

7.1.2 Electronics

The electronics required to operate cryogenic detectors can be divided into two categories:
1) Temperature measurement and stabilization, 2) SQUID read-out of the TES. A detailed
description of this setup is given in [32]. Figures 7.3a and 7.3b illustrate the electronic
setup realized inside and outside the cryostat. Since the cryogenic detector must be kept
at a constant temperature level during operation, a fine-tunable resistance bridge along
with a heater control (PID) is necessary. Once a suitable working point is found for
the detector, the resistance bridge is constantly measuring the actual temperature and
comparing it to the set value of a calibrated speer or RuO; resistor. The difference be-
tween the two values determines the amount of power transmitted to the heater. Another
application of the resistance bridge is the progressive scanning of the transition curve
R(T) of the TES, where the temperature of the heat bath (detector holder) is gradually
augmented or decreased while the resistance of the TES is recorded (examples of such
transition curves are given in the sections 3.2 and 8.3.
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Figure 7.2: Experimental setup of the cryostat (KELVINOX 100, Fa. Oxford Instruments)
in the underground laboratory in Garching (15m.w.e.). The cryostat is located in a 2m
deep pit and surrounded by a lead shielding of 10-15cm thickness. The cryostat is equipped
with a muon-veto consisting of 15 plastic scintillator panels placed around and on top
of the lead shielding. The setup offers also the possibility to insert y-sources between
the cryostat and the lead shielding (channel for external ~y-sources) to allow calibration
of the detectors inside the cryostat. The internal shielding mounted below the mixing
chamber, consisting of segmented lead and copper cylinders, as described in section 5.3.2

is also shown in a magnified view on the right. The 47 holder is attached below with a
SINTIMID rod.
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Temperature stabilization

For the measurements described in this chapter an AVS-47 (Fa. Picowatt, Finland) re-
sistance bridge was used. Figure 7.3a shows the schematic wiring required to achieve
temperature stabilization. The temperature sensor, in this case a calibrated RuO, resis-
tor glued on top of the 47 detector holder, is first electrically connected via Nb/Ti twisted
pair wires to the electrical filtering unit at 4.2K. The low pass filter in use has a cut-off
frequency of 80kHz. From there, the wiring is thermally attached to each temperature
stage inside the dilution refrigerator to prevent thermal load on the mixing chamber from
the wiring at room temperature outside the cryostat. The cryostat is equipped with sev-
eral 'speer’ channels which can be connected individually to the resistance bridge via a
distribution box. If required, an additional AVS-47 resistance bridge and PID controler
can be introduced e.g., when two detectors are to be operated at the same time, but at
different working points.

The heater resistance which is screwed to the 47 holder is also connected to the PID con-
troler via Nb/Ti twisted pair wires, which are again thermally connected to the various
stages of the cryostat. The PID heater control unit is connected via an interface to the
AVS-47 resistance bridge and can also be computer controlled, e.g. for R(T) measure-
ments.

SQUID read-out and TES biasing

As was already mentioned in section 3.7.2 the TES necessitates a voltage or current
biasing. This setup is realized as depicted in figure 7.3b. A constant bias current I is
branched according to the ratio of the shunt (Rg) and TES (Rrgs) resistance values. If a
variation of Rrgg occurs, the resulting change of current induces a magnetic field in the
inductivity L. which is measured by the SQUID and translated into a voltage signal for
further processing. The wiring is again realized with Nb/Ti twisted pair wires, filtered at
the 4.2K stage twice by a low pass filter (cut-off frequency at 160kHz).
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Figure 7.3: a) Electronic setup for temperature stabilization of the cryogenic detector. b)

TES biasing and SQUID read-out.
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7.2 Background Measurement with Cryogenic Detectors

7.2 Background Measurement with Cryogenic De-
tectors

7.2.1 Background Measurement with a Composite Detector

The same composite detector (Sid05¢) and setup as described in section 5.2 was used
to record the first background spectrum in our underground laboratory in Garching. At
the time this measurement was taken, the outer shielding of the cryostat as depicted
in figure 7.2 was not yet realized. Only half the height of the cryostat pit (see figure
7.2) was filled with common lead bricks that - compared to Roman lead - still have a
high intrinsic 2!°Pb actvity that cannot be fully absorbed by the relatively thin heat and
vacuum shields of the cryostat. Since the working point of the TES was known from
prior measurements no *Fe calibration source, as depicted in figure 5.2, was necessary.
Figure 7.4 shows a ~30h background measurement. Apart from constant background
contributions between 0 and ~230keV, two peaks are clearly visible in the spectrum, one
at ~8keV and one at ~46keV. The more protuberant peak at ~8keV is due to muon
induced copper fluorescence generated in the close surroundings of the detector as for
instance in the copper holder or the radiation shields of the cryostat, also made of copper.
The event rate was determined to be 2570cts/d. The relatively bad energy resolution of
the Cu K, line at ~8keV was due to induced instabilities in the SQUID read-out circuit,
which, at that time, was not yet optimized for longterm measurements (see section 7.3).
The second peak with an event rate of 247cts/d can be attributed to the 46.5keV -~ys
emitted during the decay of the 21°Pb isotope. The background rate between 100 and 200
keV was evaluated to be ~0.22cts/keV/d. Apart from giving first hints on the nature of
the background contributions, the composite detector Si405¢ was also tested concerning
its thermal cyclability and longterm stability.

7.2.2 Background Measurement after Improvement of External
Shielding and Activation of u-Veto

The background measurement described in the previous section was repeated, after three
important changes had been made: a) the external shielding had been improved, b) the
muon-veto had been activated, and c) this time a 10x20x1mm? sapphire substrate had
been used with a tungsten TES directly evaporated onto it. Apart from a further back-
ground investigation, the motivations for using tungsten monolayer TESs were to test the
potential of the cryostat to perform measurements with CRESST detectors in the future
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Figure 7.4: First background spectrum recorded with the composite detector si405c
(Al,03, 10x20x1mm?) in the cryostat of the underground laboratory in Garching. Two
peaks dominate the background in the energy range between 0 and 50 keV. One at ~8keV
with an event rate of 2570cts/d is due to p-induced Cu K, fluorescence. The other, smaller
peak (247cts/d) is generated by 7-radiation from the intrinsic 2!°Pb activity of the lead
shielding outside the cryostat. A slight bump in the spectrum in the energy region be-
tween 60 and 75keV might be due to muon induced fluorescence in the lead of the external
shielding.
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and to investigate a possible use of tungsten TESs also in GNO.

In order to reject p-induced background like the copper fluoorescence shown in figure 7.4,
a pi-veto was set up around the cryostat. It is described in detail in [32]. Also the external
lead bricks filling only half the cryostat pit were replaced by a custom made lead shielding
of reduced intrinsic ?'°Pb activity (Fa. JL Goslar) as illustrated in figure 7.2. From the
top to the bottom of the helium dewar the cryostat is shielded by 15c¢m of lead; the upper
part of the cryostat is shielded by 10cm of lead. The volume inside the lead shielding
can be flushed with nitrogen to remove radon gas in analogy to the low-level germanium
detectors described in section 5.4.1. For calibration or for finding an appropriate working
point of the cryogenic detector, an external «-source can be moved in a channel between
the lead shielding and the helium dewar. The source can be moved along the whole cryo-
stat to find the best position for irradiation.

background spectrum

25+ w induced copper
flourescence (~ 8keV)

Counts [a.u.]

204

L3 AE ~ 2keV @ 8keV

* Energy [keV]

Figure 7.5: Background spectrum recorded over 18h. Apart from continuous background
contributions over the whole energy range depicted in this figure, the main contribution
is due to muon induced copper fluorescence at ~8keV.

Figure 7.5 shows a background spectrum recorded with one of the two tungsten TES
based detectors. The time of measurement was ~18h. This time the spectrum only
exhibited one clearly visible peak at ~8keV with an energy resolution of ~2keV (FWHM),
the second at 46.5keV was no longer present. For this measurement also the u-veto was
activated. Figure 7.6 is an example of a coincident detector pulse and muon signal; the
DAQ is triggered by the detector channel and both the muon and the detector channel
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Figure 7.6: Coincident detector pulse and muon event. Events of that kind can be removed
from the spectrum after data analysis.
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Figure 7.7: Spectrum resulting from coincident events as depicted in figure 7.6. The
spectrum is clearly dominated by muon induced copper fluorescence.
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Figure 7.8: Background spectrum obtained after subtraction of muon coincident
events. The remaining background rate in the energy range between 8 and 12 keV is
~11.6¢cts/keV/d .

are recorded simultaneously. During data analysis all coincident events can be flagged,
the resulting energy spectrum is shown in figure 7.7. It is clearly visible that the main
contribution to the background in the energy window between 1 and 10 keV, is indeed the
copper fluorescence peak at 8keV and can be rejected due to the muon-veto. Figure 7.8
shows the energy spectrum after subtraction of muon coincident events. The remaining
background in the energy region between 8 and 12keV is ~11.6¢ts/keV /d.

7.2.3 Background Measurement after Improvement of Internal
Shielding

The same measurement as described in the previous section was performed again, this
time with the detectors mounted inside the new 47 holder (see section 5.3). The muon
anticoincident energy spectrum shows no relevant peaks. After subtraction of the muon
coincident events the obtained energy spectrum looked again like in figure 7.8, only that
the background was decreased by a factor of ~2 to 5.5cts/keV/d in the energy region
between 8 and 12keV.
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7.3 "'Ge Measurement in 47 Geometry with Two Com-
posite Detectors

In this section results from the first longterm (35d) ™ Ge measurement are presented. Fol-
lowing the procedure described in chapter 6, a sample of reactor activated germanium was
deposited onto a 10x20x1mm? sapphire substrate. Four Ir/Au TESs were produced on a
10x20x0.25mm? silicon substrate. Two of the 1x3mm? TESs were cut out in our crystal
laboratory. The size of the silicon substrate bearing one TES was ~5x7mm?. Once the
sapphire substrate with the ™ Ge activity deposited onto it was mounted in the holder
depicted in figures 5.9, 5.10, and 5.11, a composite detector was realized by glueing the
silicon substrate with the TES onto the sapphire substrate; this detector is called T2.
The opposite detector, with which the 47 efficient detection geometry is realized, was
produced in analogy to T2 also using the glueing technique: a second 1x3mm? TES on
a ~5x7x0.25mm? silicon substrate was glued to another 10x20xImm? sapphire substrate;
this detector is called T1.

Both detectors were bonded inside the 47 holder. Each contactation, i.e. 2 electrical
contacts (25um Al wire) and 1 thermal contact (25pum Au wire) was realized twice for
redundancy reasons. Both halves of the detector holder were closed and screwed tightly.
In order to realize a temperature stabilization as described in section 7.1.2 a RuOy re-
sistor was glued to the top half of the 47 holder as a temperature sensor and a heater
was screwed outside to the lower part of the holder. The closed holder was taken to the
underground laboratory and mounted in the cryostat as depicted in figures 5.12 and 7.2.
Due to the thermal load caused by the internal Cu/Pb shielding (see figure 5.12) the
cool down of the cryostat took longer, i.e. ~2d instead of 1d when no additional load is
attached to the mixing chamber. However, a base temperature of ~9mK could be reached
with no bias current applied to the detectors.

Though both TESs originate from the same evaporation charge and even from the same
substrate, the transition temperatures of T1 and T2 from the normal to the supercon-
ducting state differed by 11mK. The critical temperature T, of detector T1 was measured
to be 56mK, the transition temperature of T2 was measured as 45mK. In order to find a
suitable working point for both detectors a %°Co source was placed outside the cryostat
to generate pulses in both detectors. While monitoring the pulses on an oscilloscope and
the DAQ system, the temperature of the 47 holder along with the bias currents of T1
and T2 were tuned to obtain good pulses in terms of signal to noise ratio. Since the 4w
holder represents the heat bath for both detectors its temperature was finally stabilized at
33mK, whereas the additional heating of T1 and T2 was realized by augmenting the bias
current. T1 was biased with 256uA and T2 with 140uA; the difference in bias current
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reflects the different critical temperatures of T1 and T2.

Both detectors were then operated for 35 days in a row to measure the decay of " Ge.
This measuring campaign was aimed at recording the decay curve of "'Ge and by this to
indicate the feasibility of longterm cryogenic measurements as required for an application
in solar neutrino gallium experiments. During the whole time of measurement the base
temperature was kept constant at ~10.2mK, the temperature stabilization, as well as the
SQUID read-out both working satisfactorily. The only dead time of measurement was
inferred by liquid helium refills of the cryostat which induced drifts of the bias current in
one of the SQUIDs due to temperature drifts. However, this problem can be overcome by
placing the SQUID as well as its wiring at a different position in the cryostat with less
temperature variation.

To check the stability of the measurement test pulses were generated every 20s by a func-
tion generator and applied to the bias current sources of both detectors T1 and T2. Since
the response of the SQUID signal depends on the ratio of the shunt resistor Rg and the
TES resistance Rrgg, a change in temperature can be recognized by a modification in the
form of the testpulses. The determination of the lifetime of the DAQ system from these
test pulses is described in detail in [32]. The average value of the life time was 99.1%
taking into account the interruptions due to liquid-helium refills of the cryostat (see figure

7.9).

Figure 7.9 shows a plot of pulse height versus the whole measuring time of 35 days.
Three lines are clearly visible. They correspond to K-capture and L-capture events (see
below). The K-region exhibits a double structure since energy absorption in the ger-
manium layer and the sapphire absorber leads to different pulse height conversions. As
discussed below, L-capture events with an energy release of 1.30keV are only absorbed in
the germanium layer, therefore these events are represented by a single line. Figure 7.9
demonstrates the superb stability of the pulse height during the whole measuring period
of 35 days. The fading of the three lines reflects the decay of "'Ge. From our 35 day mea-
surement the half-life of ™" Ge was determined to 11.341.5d which is in good agreement
with the known value of 11.4d [94]. For more detail see [32]. The interruptions of the plot
are due to liquid helium refills of the cryostat; the Kelvinox 100 needed refilling every 4-5
days.

In order to interpret correctly spectra produced by the two detectors forming the 47
efficient detection setup, a detailed knowledge of the decay possibilities of ™ Ge is required.
Table 7.1 shows the various possible decay channels of "'Ge. The electron capture process
can occur in the K, L, and M shells. The dominant decay channel is the K-capture with a
probability of 88%. In 41.5% an energy of 10.37keV is taken away by an Auger-electron.
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Figure 7.9: Stability of the pulse height of detector T2 (bearing the germanium layer)
over the whole measuring time of 35 days. The plot shows K and L-capture events. The
K-event region exhibits a double structure due to different pulse height conversions in
sapphire and germanium. The fading of the K and L regions indicates the decay of ™ Ge.
The interruptions in the plot are due to liquid-helium refills of the cryostat.

Capture from | Probability [%] | Emission Probability [%] | Energy [keV]
K-shell 88 only Auger-e™ | 41.5 10.37
Ga-K, + e~ 41.2 9.25 + 1.12
GaKs+e |53 10.26 + 0.11
L-shell 10.3 only Auger-e~ | 10.3 1.30
M-shell 1.7 only Auger-e~ | 1.7 0.16
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In 41.2% of the cases the total energy release of 10.37keV is emitted in form of an X-ray
photon with an energy of 9.25keV and an Auger-electron with 1.12keV. Only in 5.3%
the energy is by a 10.26keV X-ray photon and an Auger-electron with 0.11keV. L and M
capture result only in Auger electron emissions with an energy of 1.30keV and 0.16keV,
respectively.

The pulse height spectrum depicted in figure 7.10 was recorded with detector T2
(detector bearing the germanium layer). The spectrum shows the complete measurement
over 35d. Three peaks are visible, the lower one at ~1.3keV is not only due to L-capture
events (1.30keV), but also to Auger-electrons (1.12keV) from the K-capture process (see
table 7.1). The energy resolution of 361eV (FWHM), however, was not sufficient to
separate these two lines. In principle this separation is feasible (see section 5.2.2, but
due to the longterm measuring conditions the energy resolution was pejorated. The
energy resolution obtained for the K-capture in germanium is 573eV (FWHM) and 507eV
(FWHM) for the K-capture absorption in sapphire.

The energy spectrum of detector T1 (upper detector without germanium layer) de-
picted in figure 7.11 originates from escape events of the lower detector T2. 9.25keV
and 10.26keV X-rays (Ga-K, and Ga-Kp) are recorded by detector T1 as well as Auger-
electrons emitted from the upper part of the germanium layer which form a continuous
distribution to the left of the 9.25keV peak. Since both TESs used for T1 and T2 differed
by ~11mK concerning their critical temperature T, the working point of detector T1 was
not ideal and resulted in an energy resolution of 1.45keV (FWHM) at 9.25keV. If both
detectors are temperature stabilized individually, this energy resolution can be optimized
(see section 5.2.2).

Figure 7.12 shows the 4m-scatterplot obtained when the pulse height of detector T1
is plotted versus the pulse height of detector T2. The complicated structure of the plot
can be understood when taking into account the various decay channels of "*Ge shown in
table 7.1:

e K-capture: according to table 7.1 the K-capture with a probability of 88% is the
predominant decay channel. The energy of 10.37keV can be released via a single
Auger-electron with 10.37keV, or two combinations of Auger-electron and Ga-K,, or
Ga-Kj X-rays, respectively. Depending on the location of the decaying "' Ge atom
in the germanium layer and the direction of emission of the Auger-electrons, either
the total amount of energy can be deposited in the lower detector T2 or a fragment
of the energy resides in the germanium and the residual energy of the electron is
detected by T1. This fact leads to the band structure of the K-capture region in
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Figure 7.10: Pulse height spectrum of detector T2. The three visible peaks correspond
to L and K capture events. The lower peak at ~1.3keV is due to the full absorption of
the released energy after L-capture and to 1.12keV Auger electrons from the K-capture
process. The K-capture, with an energy release of 10.37keV produces two peaks which
originate from different pulse height conversions if absorbed in sapphire or in the germa-
nium layer itself. The x-axis has been scaled according to the K-capture (10.37keV) in
germanium.
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Figure 7.11: Pulse height spectrum of the composite detector T1. The dominant peak
at 9.25keV originating from the Ga-K, X-rays (see table 7.1) could be resolved with an
energy resolution of 1.45keV (FWHM). The tailing of the 9.25keV peak to the left is
due to Auger-electrons escaping the germanium layer from detector T2. The shoulder on
the right-handside of the peak is the unresolved peak originating from the Ga-Kj X-rays
(10.26keV) emitted from the germanium layer on detector T2.
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the plot. Since the K-band is straight and does not exhibit any curvature, it can be
deduced that no loss processes occur, the sum energy of 10.37keV always remains
the same. The intersection of the K-band on both axes is at 10.37keV.

Events located in the energy window K1 originate from Kz escape events, where the
X-ray of 10.26keV is only ’seen’ by detector T1. If the total energy release occurs
in detector T2 the window K2 contains all events either absorbed in the germanium
itself or in the sapphire absorber, which is reflected by a different pulse height
conversion. The LK window contains all events where only the K, X-ray escapes
detector T2, whereas the Auger electron is absorbed in the metallic germanium layer
on detector T2. The location of this window projected on the x-axis is therefore
1.12keV and 9.25keV if projected on the y-axis.

L-capture: only Auger-electrons with an energy of 1.30keV are emitted. Assuming
an average thickness of 5um for the germanium layer on detector T2 virtually all
Auger-electrons are absorbed in the germanium itself leading to all the events located
in the window labeled L1. In principle some Auger-electrons could escape from the
top part of the germanium layer and deposit part of their energy in the lower and
upper detector. This would result in a band parallel to the K-band. However, due
to the small number of these events, only events in detector T2 are visible in figure
7.12.

M-capture: only Auger-electrons with an energy of 0.16keV are emitted in this
process. The energy threshold of detector T2 was ~230eV which inhibited the
detection of this decay channel; the ensuing loss in efficiency is therefore ~1.7%.
As shown in section 5.2.2 it is principally possible to fabricate composite detectors
with an energy threshold of ~100eV. The resulting detection efficiency is then close
to 100%.

In figure 7.12 the windows in green contain rejectable background events. For further

details concerning background considerations, see [32].

Figure 7.13 shows the summed pulse height spectrum of detector T1 and T2, where

E=Er11+Ers. The spectrum is dominated by the energy resolution of detector T1 that

was, as already observable in figure 7.11, not as good as achievable due to the not-so-well
suited working point and excess noise in the SQUID read-out. The ratio of K to L-captur

events, however, is of 9:1 which corresponds to the expected branching ratio of the ™ Ge

decay. Due to escape effects and inhomogeneous detector response this feature is for

instance not obtainable with miniaturized proportional counters.
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Figure 7.12: Scatterplot of the pulse height of detector T1 over pulse height of detector
T2 for the whole measuring time of 35 days. The complex structure of the plot is due
to the various decay channels of ™"Ge (see table 7.1). The regions corresponding to L
and K-capture events are marked. Since the energy threshold of detector T2 (~230eV)
was above 160eV, the M-capture could not be recorded. The signal windows (acceptance
windows) are marked in red. The events marked in green are background events and can
be rejected. For further details concerning background discussion, see [32].
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Figure 7.13: Summed pulse height (E¢o=ET;+ET2) spectrum of detector T1 and T2 over
the 35d period of measurement.
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7.4 Feasibility Studies for an Alternative 4m-Design
Using Roman Lead as Absorber

7.4.1 Motivation

The use of superconducting absorbers with, at the same time, high Z values for efficient
energy absorption like lead (Pb, Z=82) is common in the design of high resolution cryo-
genic detectors, e.g. in the production of superconducting tunnel junctions [96]. As was
already pointed out in section 3.3, a superconducting material exhibits only a negligible
contribution to the heat capacity. As a consequence, the superconducting absorbers can
be increased in size without affecting severely the sensitivity of the detector. Another
example for superconducting absorbers are the measurements presented in section 8.3. In
this case, a small piece of tin (Sn) foil was used as a superconducting absorber for *°Fe
irradiation. Also the neutrino mass measurements performed by the cryogenic groups of
Genova and Milano use superconducing rhenium absorbers containing the unstable iso-
tope ¥"Re [83], [14].

During the development of cryogenic detectors for the solar neutrino gallium experiment
GNO, the question arose whether a highly efficient and 47 solid angle detection could
also be realized with a single detector, e.g., by introducing the ' Ge activity inside a lead
absorber with a TES later glued onto it - in analogy to the first composite detector si405¢
described in section 5.2. A further point of motivation was that a high performance cryo-
genic detector with a macroscopic lead absorber offers the potenial for efficient absorption
of higher energies especially in v-radiation measurements as will be discussed in section
8.4. A cryogenic detector exhibiting a combination of high energy resolution and high
absorption efficiency for radiation in the MeV range would be an extremely powerful tool
for future measurements, not only in astrophysics (see section 8.4), but also for a multi-
tude of other applications in particle physics.

Apart from this first conceptional idea, also the efficient detection of intrinsic radioac-
tive impurities, for example the 2!°Pb activity, was an issue discussed. The potential of
measuring ©Bq/kg to mBq/kg activities of a given material, e.g. lead, would significate a
great improvement in selecting suitable materials, e.g. for upcoming ultra-low background
experiments (e.g. EUREKA).
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7.4.2 Detector Concept

Figure 7.14 shows the concept for a thermal germane gas deposition (CVD) into a
~5x5xbmm? lead absorber. The germane gas (GeH,) would be introduced via a thin
crystal tube which has a 90° bend to allow direct optical contact between the lead ab-
sorber and a laser beam. If the lead is cooled from outside for instance in a small water
or liquid nitrogen cooled copper recipient, the laser can be used to heat the lead only lo-
cally (~1mm?) to perform a highly efficient germanium deposition (CVD). The schematic
drawing on the right in figure 7.14 illustrates the realized composite detector consisting
of the lead volume as absorber to which an iridium-gold TES on a silicon substrate is
attached.

a) Deposition of activity b) Realized composite detector

Laser

Gas flow

CVD point /

Si substrate

Glue spot

Deposited
activity

“ Cooling device e.g. "'Ge

Figure 7.14: Concept and feasibility study to realize one single 47 efficient detector for
"IGe measurements. The left illustration shows how the CVD of Ge could be achieved,
the right illustration is the schematic setup of the realized composite detector depicted in
figure 7.15.

The realized detector PbSi369¢ shown in figure 7.15 consisted of a 4x5x7mm?® poly-
crystalline Roman lead absorber - which is considered to be of high radioactive purity -
and a 5x7x0.25mm? silicon substrate bearing a 1x3mm? Ir/Au TES. Not only was the
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lead absorber large in terms of cryogenic detectors, but also intentionally melted and cut
out of a larger block. The idea was to simulate the conditions if such a detector could
really be used for ' Ge measurements after the CVD procedure described in figure 7.14a.

PbSi369¢c

Ir/Au TES
_Support 10x20x1mm?3
apphire substrate)

Si substrate

Electrical contacts pphire spheres)

for SQUID read-out

Pb absorber
. (4x5x7mm?3)

Figure 7.15: Realized composite detector with a 5x7x0.25mm? silicon substrate bearing
a 1x3mm? Ir/Au TES and glued with cryo-resin (EPO-TEK 301-2) to a 4x5x7mm?® poly-
crystalline Roman lead absorber. The lead was first melted and then a small block was
cut out.

The composite detector PbSi369¢ was placed on a sapphire substrate, which was it-
self decoupled by sapphire spheres from the copper holder. After electrical and thermal
contactation of the TES the detector was mounted in the cryostat.

7.4.3 Results of Measurements with a Composite Lead Detector

For the irradiation of the detector, a *Na source was placed outside the cryostat (see figure
7.2). The best position of the source along the cryostat was determined by monitoring the
event rate online with an oscilloscope. Once the point with the highest rate was found,
the external lead shielding of the cryostat was closed and data acquisition was started
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for an ~18h measurement. The obtained energy spectrum, however, was unsatisfactory.
Though it exhibited clearly the Compton edge of 22Na at ~1061keV and also an indication
for the photo peak at 1275keV the ratio of the intensities of the photo peak and of the
Compton edge was not as expected. The intensity of the photo peak at 1275keV was
too low with respect to the Compton edge. This behaviour might be explained by the
following facts:

e The dynamic range of the detector already biased with a low current of 1uA was
too small to record the full intensity of the photo peak at 1275keV. This could be
seen during data analysis where a great number of pulses in the peak region were
‘cut’ on top due to a surpass of the superconducting transition region of the TES. A
limitation of the dynamical range, especially at such high energies, can also result
in a non-linear behaviour of the detector.

e The thickness of the lead absorber with respect to the geometrical positioning of
the source was not sufficient to fully absorb 1275keV. The absorption efficiency for
~-photons in lead of ~5 to 10mm thickness is roughly 50% [97].

Figure 7.16 shows a plot of pulse height over live time of the measurement. The
stepwise changes in the pulse height over live time plot shown in figure 7.16 are due to in-
stabilities which were induced in the SQUID read-out system by the broadcasting stations
"Voice of America’ (1091kHz) and 'Bayernl’ (801kHz). The unexpectedly bad energy res-
olution of ~15% at 1275keV of a test spectrum produced out of the part marked 'ROI’ in
figure 7.16 was probably due to inhomogenities, in the (melted and cut) lead. In addition
to that also the continuous instabilities induced by the second radio station broadcasting
on 801kHz ("Bayernl’) deteriorated further the achievable energy resolution.

Due to an ensuing better grounding scheme involving the cryostat, pumping lines and
various electronic devices, this problem has been solved. In particular, for the measure-
ments described in sections 7.2.2, 7.2.3, and 7.3 these instabilities in the SQUID read-out
system had already been eliminated and allowed from then on successful longterm mea-
suring campaigns.

As already described in section 5.2.2, plotting pulse height over decay time led to two
categories of events (pulse shapes), which could be attributed to events occurring in the
silicon and those originating from the lead absorber. Furthermore, it could be shown
that this kind of composite detector is principally realizable, but needs, indeed, further
investigation for instance using smaller and/or single crystal absorbers.
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Figure 7.16: Plot of pulse height over live time. The protuberant parts marked VOA
reflect instabilities induced by the nearby radio broadcasting station "Voice of America’
(1091kHz). Smaller modulations of the pulse height spectrum are due to another radio
station broadcasting permanently on 801kHz ('Bayernl’). This measurement was an im-
portant hint for modifications concerning grounding schemes, electrical insulation points
in the pumping lines and shielding, as well as the location of various electronic devices
present in the laboratory.
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Chapter 8

Strive for High Energy Resolution
(Microcalorimeters) Using the
Technique Developed for Composite
Detectors

8.1 Motivation

Looking at recent results obtained with various types of high energy-resolution detectors
(98], [96], where energy resolutions between 3.4eV and 12eV at 6keV were reached, one
could pose the question whether such performances can also be achieved with iridium-
gold TESs. In [99] an example is given where an energy resolution of 6.9eV at ~6keV
was measured with a microcalorimeter using a 200x200um? iridium-gold film evaporated
onto a SiN membrane and illuminated by synchrotron radiation.

In the case of the cryogenic detectors developed for GNO the energy resolution obtained
at 6keV was always ~200eV for a TES evaporated directly onto 10x20x1mm? sapphire
substrates as well as for the composite detectors where an additional silicon substrate
of 5x7x0.250mm? was glued onto the above mentioned sapphire substrate (see section
5.2 and section 7.3 for details). For that kind of detector aimed at measuring the decay
channels of "'Ge (0.16keV, 1.30keV and 10.37keV X-rays and Auger-electrons) the en-
ergy resolution is absolutely satisfactory and mainly limited by the size and therefore the
heat capacity of the detector system. The important aspects have been the reproducible
performance, the redundancy and the longterm stability of each single detector. In ad-
dition, in order to produce two TESs to provide the required 47 geometry, it has been
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a challenging task to fabricate them eventually exhibiting similar transition temperatures.

In 2004, in collaboration with the cryogenic group of Prof. F. Gatti in Genova/Italy, a
large number of iridium-gold TESs were produced in one production step at our institute
in Garching. They were fabricated with the intention to investigate their adaptability to
a different kind of read-out effectuated in this case with a low-noise transformer, however
requiring a matching of the impedances of the transformer input and the TES resistance.
Ag/Al based TESs ([83], [100]) like the ones utilized by the Genova group do not exhibit a
high enough resistivity prior to their superconducting phase transition. Calculations and
experience gained from other TESs produced at our institute seemed promising since our
TES sensors have typical resistance values of 1-5¢2 in the normal conducting state. This
kind of device would allow the read-out of large arrays of detectors on a less expensive
scale than the commonly used SQUID read-outs as described in section 3.7.2. The Genova
group has been interested in this kind of read-out since one of their main scientific goals
has been the measurement of the beta-endpoint spectrum of ¥"Re for direct neutrino
mass measurement (MANU2, see [83] for details). In the MANU2 experiment an array of
~300 detectors, each consisting of a polycrystalline rhenium absorber (0.3x0.3x0.3mm?),
and a TES on a silicon substrate, is foreseen to perform measurements in order to give an
upper limit on the neutrino mass in the order of 1eV/c?. The cryogenic detectors allow
to perform a total energy dispersive beta spectroscopy, avoiding complex and model de-
pendent corrections of the impulse dispersive spectra of tritium experiments. To achieve
such a good limit, presently only established at <2.2eV/c? (95% confidence level) by the
Troitsk [101] and Mainz [102] experiments, an excellent energy resolution and longterm
stability of the detectors is of the utmost importance.

8.2 Fabrication of ym-sized TESs

In our laboratory in Garching we produced 280 TESs on a 2”-silicon wafer commonly
used in the semiconductor industry (see figure 8.1). The prerequisite for the Genova ex-
periment was a transition temperature in the order of 100mK. The individual thicknesses
of the iridium-gold bilayer were 200A gold and 1000A iridium (evaporated on a 50A ad-
hesion layer of iridium) where past experience had shown that for this partitioning of the
film, a critical temperature of slightly below 90mK should be expected.

After the evaporation onto the silicon wafer in the system described in section 4.1, the
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Material | Thickness of layer ‘ Evaporation temperature

Iridium 50A 300°C
Gold 200A 150°C
Iridium 1000A ~25°C

Table 8.1: Parameters used for the evaporation of the iridium-gold bilayer.

Photolithography

Photoresist ma-P215
Spinner 1000rpm (30s)
Bake out 100°C (5min)
UV exposure 20s (soft mode)
Developer ma-D330 (~50s)

Table 8.2: Parameters used for the photolithography of the TESs

substrate was processed photolithographically in the clean room. The difficulty in this
case was the extremely small snakelike TES structures in the 5-20pm range (see figure 8.2).
Careful attention was given to the shape of the borders of the TES structure: Processing
was stopped when the borders were sharply edged. Thereafter the wafer was placed in
an argon ion etching plasma, twice for 18min. The reason for this double exposure was
the big size of the 2”7 substrate compared to a relatively small plasma beam of ~30mm
of diameter, see figure 8.1 for illustration. In order to cover well the TES structure
especially in the middle region where the structures were etched twice, the thickness of
the photo resin for photolithography was increased. Details of the evaporation and ensuing
photolithographic and sputtering processes can be found in tables 8.1, 8.2 and 8.3.

After termination of the TES production the 2”7 silicon wafer bearing 280 TESs was
taken back to Genova for further processing and measurement. The individual TESs are
usually cut out with a sharp knife or a scalpel according to the crystal orientation of the
silicon wafer. After that a tin absorber of 0.43x0.43x0.025um? [83] was cut from a poly-

Structurization (plasma etching)

Argon atmosphere 3.2x10~*mbar
acceleration voltage 650V

ion current 25mA

exposure time 2 x 18min

temperature water-cooled copper plate

Table 8.3: Parameters used for the structurization of the TESs
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8.2 Fabrication of ym-sized TESs

280 structurized TESs

2“ silicon wafer

Region of double exposure Regions of single exposure
to the argon etch plasma to the argon etch plasma

Figure 8.1: 2” silicon wafer bearing four different shapes of TESs (see figure 8.2). Repeated
ion etching for 18min each was applied. The resulting overlap of the plasma beam(s) in
the middle is illustrated.

Figure 8.2: TES structures produced on a 2” silicon wafer. Four different patterns were
produced by UV-photolithography: (a) length=1.1mm, width=10um, (b) length=0.7mm,
width=30um, (c¢) length=5mm, width=10pm, (d) length=7.8mm, width=5um. The
larger surfaces at the extremities of the meander are the areas for bonding, i.e. elec-
trical and thermal contactation.
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8 Strive for High Energy Resolution (Microcalorimeters) Using
the Technique Developed for Composite Detectors

crystalline foil and glued onto the backside of the remaining piece of silicon onto which
the TES had been evaporated. The glue (resin) used by the Genova group is, like in the
case of our composite detectors, Epo-Tek 301-2 and applied similarly. After contacting
the TES with two aluminium bond wires, the detector is hanging freely being only sus-
pended by its electrical contact wires which act at the same time as a thermal link to the
heat bath. This way of contactation is sufficient for the typically small masses used in
microcalorimeters. For our cryodetectors of larger mass we always introduce a thermal
link to the heat bath via a gold bond wire as described in section 4.4. The microcalorime-
ter was then mounted along with a weak ®°Fe source in a cryostat for measuring. The
experimental setup is shown in figure 8.3.

8.3 Results

The structure of the TES used for this experiment is shown in figure 8.2b. The super-
conducting transition temperature was measured to be 83.2mK and thus exactly in the
temperature region required. Figure 8.4 shows the transition curve of one Ir/Au TES.
The width of the transition was 0.5mK, i.e., in terms of TESs very steep, resulting usually
in high sensitivity. Furthermore, as can be seen by eye, the shape of the curve is very
smooth which indicates an excellent film quality. The transition was measured with a bias
current of 0.49uA. The normal state resistance was ~2.5¢2 and the residual resistance in
the superconducting state 38mf). These measurements were performed with a SQUID
(Fa. Jena) [83].

The energy spectrum depicted in figure 8.5 was obtained by irradiation of the detector
with a weak ®Fe source. An energy resolution of 5.9eV at 5.9keV was obtained [83].
This was so good that the K, line at 5.9keV could be resolved as K,; and K,o. It is,
although preliminary, the best result obtained during the development of MANU2 thermal
sensors [83]. It is also the best result ever achieved with a temperature sensor fabricated
in our laboratory. This energy resolution, if confirmed also with a rhenium absorber
would permit to improve the sensitivity to neutrino mass determination to 1eV/c?. For
comparison: upcoming big experiments for neutrino mass determination like the tritium
experiment KATRIN could discover a neutrino mass of 0.35¢V /c? with a 5o significance;
a neutrino mass of 0.30eV/c? would be discovered with a 3¢ significance [103].
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8.3 Results

Electrical / thermal
contactation:

25um Al wires Ir/Au TES

Silicon substrate

" 5n (glued)
0.43x0.43x0.025pm3

55Fe source __—

Figure 8.3: Experimental setup of the measurement performed with a tin absorber
(0.43x0.43x0.025um?) glued to the silicon substrate bearing the iridium-gold TES. The
whole detector is only suspended by two 25um thick aluminium wires, welded onto both
extremities of the TES and on the contact pads of the detector holder. The irradiation
with an 5Fe source was performed from below illuminating the Sn absorber [83].
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Figure 8.4: Transition curve of one Ir/Au TES for a microcalorimeter measured by the
Genova cryogenic group [83]. The transition width for a bias current of 0.49uA is 0.5mK
and the superconducting transition temperature is ~83mK. The structure of the TES

used for this measurement is depicted in figure 8.2b.
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Figure 8.5: Energy spectrum of a *Fe source used for irradiation of the tin absorber
attached to the TES [83].
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8 Strive for High Energy Resolution (Microcalorimeters) Using
the Technique Developed for Composite Detectors

8.4 Further Conceivable Applications for Iridium-Gold
TESs Using the Technique of Composite Detec-
tors

The first results obtained with iridium-gold TESs on a silicon substrate with an attached
superconducting absorber (e.g. Sn) look extremely promising and have, most of all, shown
that we are able to produce TESs in our laboratory in Garching that can compete with
the best in the world. Of course, further inquiries have to be performed concerning sta-
bility, electronic noise and reproducible production of the iridium-gold proximity layers.
In any case, the production of 280 TESs in one single production process could be the
key to a successful operation of large-array experiments like MANU2. Not only could this
kind of devices serve as neutrino mass detectors, but might also be conceivable for other
applications where a large number of high resolution detectors is needed, e.g., for high
angular resolution as is for instance the case when observing gamma ray bursts (GRBs).
For this kind of detection where a broad energy band in the v range from 1 to several
MeV has to be covered, the use of superconducting lead absorbers for higher absorption
efficiency seems a promising and scientifically relevant task.

Apart from the design and production of large array-detectors, such high-resolution
TESs could also be utilized for a variety of other applications:

e Each cryogenic detector modul used in the CRESST experiment consists of two
detectors. One is a phonon detector, measuring the total energy of a particle in-
teraction with a CaWOQ, single crystal; the other is a light detector, measuring the
light emitted by this CaWQO, crystal in the same event. Both kind of detectors
are operated with TESs. The simultaneous measurement of phonons and scintilla-
tion light originating from the CaWOQ, crystal due to particle interaction, allows a
powerful separation of undesired v and electron induced background from nuclear
recoil events. For a highly efficient background suppression the light detectors have
to be extremely sensitive, i.e. the energy threshold should be as low as possible
(~60eV). A possibility to increase the sensitivity is the use of Neganov-Luke am-
plification [104], [105]. In this context a silicon drift detector (SDD) produced by
KETEK [107] was equipped with a TES using the glueing technique as described
in 5.2.1. The TES in this case was of the same geometry and size and also from
the same evaporation charge like the ones used for the ' Ge longterm measurements
described in section 7.3. In this way the SDD acts as a Neganov-Luke amplifier,
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8.4 Further Conceivable Applications for Iridium-Gold TESs
Using the Technique of Composite Detectors

whereas the thermal signal is measured by the TES (also produced on a silicon sub-
strate). In this case the advantage of the glueing technique is that the introduction
of the TES consisting of iridium and gold does not interfere with the high-purity
production process of the SDD itself. A first test of this concept has already been
performed and proved the principle to be realizable since pulses from a *°Fe source
placed underneath the SDD could be detected in the TES. Ground loops caused
by the electrical wiring of the SDD inside the cryostat did not allow to check the
gain in sensitivity due to Neganov-Luke amplification of this composite detector,
but further tests using this technique will be performed.

Energy dispersive X-ray spectroscopy (EDS) is a standard technique for element
identification in material analysis and especially in the semiconductor industry.
The POLARIS spectrometer which has been successfully codesigned by INFINEON,
VeriCold and our institute is operated at the failure analysis lab FA5 at Infineon
Technologies AG, Munich. Presently, the POLARIS system is equipped with mi-
crocalorimeters on membrane substrates which allow good separation of the X-ray
lines emitted by the analyzed sample [108]. Still, also in this case the use of a
composite detector with e.g. a lead absorber for higher absorption efficiency also at
higher energies is conceivable.

Absolute-activity measurements of low-energy emitting radioisotopes necessitate a
highly efficient detection geometry and an excellent energy resolution. An example
of such measurements is given in [109] where an *°Fe source was embedded in the
gold absorber of a magnetic microcalorimeter [98]. A similar setup with a cryodetec-
tor might again be conceivable using a small superconducting lead or tin absorber,
where the activity to be measured could be deposited inside the absorber by means
of chemical vapour deposition (CVD) as illustrated in section 7.4. Such a detector
operated in a cryostat designed for longterm measurements like the setup in our un-
derground laboratory in Garching would also allow the measurement of low-activity
sources.
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Chapter 9

Conclusions

The main focus of this thesis was the realization of a cryogenic detection concept for ra-
diochemical solar neutrino experiments like GNO and SAGE which use gallium as target
material. Gallium experiments measure the capture rate of electron neutrinos on "Ga
nuclei via the reaction "Ga + v,—"Ge + e~. ™ Ge is unstable and decays back to " Ga
(half-life: 11.43d). A highly efficient and highly resolved detection of the 'Ge decay sig-
nature consisting of X-rays and Auger-electrons (0.16 to 10.37keV) is required to further
improve the sensitivity of gallium experiments essentially. Also in the context of a more
precise determination of the electron neutrino capture cross section on “*Ga, using an
artificial neutrino source (e.g. 3"Ar or 5'Cr), highly efficient cryodetectors could enhance
the accuracy considerably.

Gallium experiments like GNO and SAGE have been of great importance to obtain insight
into a stellar interior and, in particular, they are the only ones capable of probing the
predominant low-energy pp-neutrino branch of the solar fusion cycles. Both experiments
measured a deficit in the expected total v, interaction rate on gallium. The neutrino
deficit can now be explained as a consequence of massive neutrinos undergoing flavour
transitions, via so-called neutrino oscillations. Data from all solar neutrino experiments
combined with data obtained from the reactor neutrino experiment KamLAND favour
the large mixing angle solution (LMA) for the parameters 01, and Am2, in the 12-sector
of the Pontecorvo-Maki-Nakagawa-Sakata matrix (PMNS). The higher energy part of the
solar neutrino spectrum for the LMA solution is distorted in shape by the MSW effect
due to v, interaction with matter resulting in a further suppression of the expected v,
flux on earth.

The energy production mechanism in the sun, resulting finally in a fusion of 4 protons into
helium, occurs via several sub-cycles: the pp, "Be, pep, ®B, hep and CNO cycle. Gallium
experiments are especially important if pp and “Be flux are to be separated using informa-

130



tion provided by other experiments like, e.g., KamLAND, the upcoming BOREXINO [39]
or the proposed LENA [44] detector. Gallium measurements have provided up to now the
only experimental data from which a limit for the CNO-cycle contribution to the overall
energy production in the sun can be derived. The continuation of gallium measurements
is also essentially important for further analysis of time dependencies regarding the solar
pp-neutrino flux.

The introduction of cryogenic "'Ge detection in gallium experiments necessitated the
development of a composite detector concept. Commonly used Ir/Au Transition Edge
Sensors (TESs) are destroyed during chemical vapour deposition (at ~400°C) of germane
gas (GeHy) onto the sapphire absorber (Al,O3; 10x20x1mm?®) of the cryodetector. The
separate fabrication of the TES on a smaller silicon substrate (Si; 5x5x0.25mm?) and the
deposition of the metallic germanium layer containing the "'Ge activity was successfully
realized. It was demonstrated that an energy resolution, mainly limited by the size of the
dielectric sapphire absorber, of 187eV at 6keV and an energy threshold of 100eV can be
reached, thus increasing the detection efficiency due to the detectability of the M-capture
process, which was previously not possible with the miniaturized proportional counters
utilized in GNO. Concerning a reproducible fabrication of composite detectors a particu-
larly critical issue is the glueing of the two detector components, where the amount and
shape of the glue drop (two-component epoxy-resin) plays an important role for the de-
tector’s eventual performance.

Since the detection of "*Ge has to be highly efficient, the detection geometry must cover
the full (47) solid angle. This is realized by using the information provided by two in-
dividual detectors. Detector A bears the metallic germanium layer containing the " Ge
activity and detector B is placed above. The separation between the two detectors is
<1mm. Thus a detection efficiency close to 100% has been reached, which is only lim-
ited by the detector’s energy threshold, determining the detectability of the M-capture at
160eV.

To operate this double (47) detector a special holder had to be designed taking into ac-
count aspects like: fast handling, redundancy, shielding capability for creating low back-
ground conditions, radiopurity, temperature cyclability from room temperature to ~10mK
and longterm stability. In order to reduce the intrinsic radioactive background the selec-
tion of materials for the construction of the holder was based on low-level «y-spectroscopy
indicating the quality of materials in terms of radiopurity like copper, antique lead, or
the sapphire and silicon substrates themselves. The 47 detector housing made from cop-
per with a minimum thickness of 5mm all around the detectors acts also as part of the
internal shielding inside a *He/*He dilution refrigerator. The holder can be attached to
a ~70mm thick, segmented copper and lead shielding below the mixing chamber of the
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9 Conclusions

cryostat. Thus the detectors are shielded from radioimpurites originating from the parts
of the refrigerator itself.

To investigate the feasibility of cryodetectors for gallium experiments, a *He/*He dilution
refrigerator was set up in the underground laboratory (15m.w.e.) in Garching, which is
described in detail in [32]. The cryostat is located in a ~15cm lead shielding which itself
is surrounded by a plastic scintillator based muon-veto that can be operated in anticoinci-
dence to the cryodetector. Together with the muon-veto the background rate was lowered
to 5.5¢cts/keV/d in the energy region between 8 and 12keV.

Using this experimental setup and the double (47) detector of the composite type Al,O3/Si
+ Ir/Au TES, a successful 35d longterm measurement was performed to prove the fea-
sibility of cryodetectors for gallium experiments by recording the decay curve of "'Ge.
The longterm stability of the measurement was excellent. Reduction of excess noise espe-
cially in one of the SQUID read-out channels could further improve the obtainable energy
threshold.

In addition to the Al,O3/Si-type also different versions of composite detectors have been
investigated in this thesis: a silicon substrate (5x7x0.25mm?) bearing a 1x3mm? Ir/Au
TES was glued to a macroscopic piece of lead (5x7x4mm?). First measurements with
an external ?2Na source (y-energies: up to 1.27MeV) proved the increased absorption
efficiency for high-energy ~-rays, but also showed large local dependences probably due
to the size and the polycrystalline nature of the lead. However, future experiments, e.g.
with single-crystal lead absorbers might help to overcome this problem. The development
in this direction looks very promising.

In a collaborational work with the cryogenic detector group of the INFN (Istituto Nazionale
di Fisica Nucleare) Genova (Prof. F. Gatti) a large number (280) of Ir/Au TESs on a
2-inch silicon wafer was produced in one production step at our institute in Garching.
The TESs were investigated concerning their potential for implementation in the neutrino
mass experiment MANU2, which will be measuring the end-point of the 8"Re 3-spectrum.
First measurements with a composite detector of the microcalorimeter type consisting of
a 0.43x0.43x0.25um3 Sn absorber and a silicon substrate with the TES were extremely
successful. An energy resolution of 5.9eV (FWHM) at 5.9keV was achievd; this result
is to the day the best obtained with Ir/Au TESs worldwide. If used in an experiment
like MANU2 the neutrino mass sensitivity would be of ~1eV/c2. This excellent energy
resolution of the composite Sn/Si detector also indicates the feasibility of high-resolution
cryogenic detectors using other superconducting absorbers with high absorption efficiency
such as lead.
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