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a b s t r a c t

The concept of a relatively new type of energy sensitive detectors, namely calorimetric
low temperature detectors, which measure the temperature rise of an absorber due to
the impact of an energetic particle or photon, is displayed, and its basic properties and
its advantage over conventional detector schemes is discussed. Due to the low operating
temperature, the impact of a microscopic particle or photon affects the properties of a
macroscopic piece of matter (absorber) and therefore allows to measure the incident
energy with high sensitivity and with high resolution. The present article will focus
on the application of such detectors in the field of heavy ion physics, and it will be
demonstrated that this type of detector bears a large potential as a powerful tool for
many fields of nuclear and atomic heavy ion physics.
The design and construction of calorimetric low temperature detectors for the detection
of heavy ions in the energy range of 0.05−360MeV/u, operated at temperatures around
1−2 K, and of hard x-rays in the energy range of 50−100 keV, operated at temperatures
of 50 − 100mK, is displayed and examples of the performance are presented.
The excellent energy resolution of the order of ∆E/E = 1 − 5 × 10−3 for various ion
species, ranging from 4He to 238U, and the linearity of the energy response without
any indication of pulse height defects, and the obtained mass resolution down to
∆m = 1.3 amu for heaviest ions like 238U, which represent a considerable improvement
as compared to conventional heavy ion detectors based on ionization, have already
allowed for various first applications in nuclear heavy ion physics. As prominent
examples, the precise determination of isotopic yield distributions of fission fragments
from thermal neutron induced fission of 238U and 239,241Pu, the precise determination
of electronic stopping powers of various ions in various absorbers down to energies
far below the Bragg peak, and the trace analysis of rare isotopes in accelerator mass
spectroscopy, will be discussed. Future perspectives for further applications for high
resolution nuclear spectroscopy, and the direct in-flight mass identification of heavy ions
for the identification of superheavy elements and of reaction products from reactions
with radioactive beams in inverse kinematics, and others, are also displayed.
Concerning the field of atomic physics, where energy resolutions down to ∆E = 22 eV
for 60 keV x-rays have been obtained, the application of calorimetric low temperature
detectors for Lamb shift measurements on hydrogen-like heavy ions, and various other
applications, will be discussed.
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1. Introduction

The success and the progress of experimental physics and the quality of experimentally determined results generally
epend on the performance of the available detection systems with respect to important properties like energy resolution,
etection threshold, detection efficiency, granularity, etc. Consequently the search for, and the development of, improved
etection techniques is always a basic part of research activities in all disciplines of experimental physics. When focusing
n atomic, nuclear, particle and astrophysics, energy sensitive detectors for radiation – covering photons from the infrared
o visible light via x-rays to hard γ−rays, and particles, such as α−, β−radiation, light and heavy ions and various exotic
articles in a wide range of energies, with high energy resolving power, and a large dynamic range – are of particular
mportance.

However, many of the conventional techniques for the energy sensitive detection of radiation have already reached
heir principle limitation in energy resolution, detection threshold, and other properties. For example, detectors which
perate on a charge collection principle following ionization processes in matter, such as ionization chambers or
emiconductor detectors, or based on photon counting from scintillation light, such as scintillation detectors, etc. have
hysical limitations due to statistical fluctuations of the number of charge carriers or photo electrons involved in an
vent, which is determined by the energy gap for the creation of the secondary particles or photons to be detected (about
0 − 30 eV for a gaseous ionization detector, about 5 eV for a scintillation detector, and of the order of about 0.7 − 1 eV
or a semiconductor detector [1,2]). Moreover, the resolving power is often limited due to incomplete energy detection
hich appears due to direct phonon excitation, i.e. heat production, as well as charge recombination, due to short lifetimes
ecause of radiation damage, or limited detection efficiency (for example, small effective solid angles of high resolution
agnet spectrometers or of crystal spectrometers for x-rays).
On the other hand, the need for more sensitive and versatile instruments for a large number of experiments in

strophysics, nuclear and particle physics was the driving force for the development of alternative detection concepts.
hereas most of the standard methods for detection of radiation are based on ionization, the rapid development of low

emperature physics and techniques has allowed for the investigation of a novel detection concept for radiation, which
s independent on ionization processes, namely the concept of thermal detectors. In contrast to ionization detectors,
here the amount of electron–ion pairs, created by the impact of a photon or particle into an absorber, is detected,
he basic concept of thermal detectors is focused on the variation of the thermal properties of an absorber due to the
mpact of radiation. This concept, which is essentially different from that of conventional detectors, opens completely
ew and promising perspectives for radiation detectors. In order to allow for a measurable change of the properties of a
acroscopic piece of matter (i.e. the absorber) due to the impact of a microscopic particle, and to optimize the sensitivity,
uch detectors take advantage of the drastic drop of the heat capacity of solids at low temperatures due to the Debye
aw. Consequently, such detectors are operated at low temperature and are therefore called low temperature detectors. It
s obvious that for the design and the optimization of such detectors the basic understanding of the solid state properties
f the detector constituents, in particular at low temperatures, is essential.
Within the last 2–3 decades, a large variety of different detection concepts for low temperature detectors has been

nvestigated by numerous research groups all over the world for various applications in different fields of physics. In
any cases already excellent results have been reported. For a detailed overview on the field, including the different
etection concepts, the physics motivations, and the historical development, the reader may be referred to the following
eview articles: [3–26]. The present article will focus on the concept of Calorimetric Low Temperature Detectors, in the
ollowing called CLTDs, and on their applications in heavy ion based nuclear and atomic physics. Calorimetric detectors
3
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– often also called microcalorimeters – determine the kinetic energy of an incident particle or photon by measuring the
resulting temperature increase in an absorbing medium with low heat capacity after the deposited energy is thermalized
(i.e. converted to heat). After the temperature rise is read out by a thermometer, which is thermally coupled to the
absorber, the incident heat is transferred to a heat sink, enabling the detector to return to its base temperature and
making it ready for the detection of the next incident particle. This distinguishes the present concept of single particle
detectors from that of a bolometer which detects an integrated flux of particles or photons.

The potential advantages of this detector concept over conventional detectors based on charge collection after
ionization (solid state Si or gaseous detectors) are:

• the smaller energy content of the detected quanta (i.e. phonons), the excitation energy of a thermal phonon being
of the order of only ≤ 10−4

− 10−3 eV [27], to be compared to the energy gap of conventional detectors of about
one to several eV (see above),

• the more complete energy detection (almost the whole kinetic energy deposited by the incident particle or photon
is converted into heat after the decay of initial electronic excitations) with the absence of any pulse height defect
due to charge recombination,

• the possibility to omit any entrance window or dead layer.

This reduces considerably the fluctuations in the detected amount of energy, and therefore can lead to substantial
improvements concerning the basic detector properties as for example the energy resolution, the linearity of the energy
response function, the detection threshold, etc.

Other potential advantages are

• the reduced noise power at low temperatures,
• the capability to detect weakly- or non-ionizing particles,
• the higher flexibility in the choice of the absorber material, to be optimized with respect to radiation hardness,

detection efficiency and other criteria like the capability of embedding the radiation source (α, β, or γ ) to be studied
within the detector.

Historically, the application of bolometric or calorimetric detection techniques, measuring the deposited energy of
radiation in an absorber after its conversion to heat, is already an old concept in various fields of physics, dating back
to the 19th century. In 1881, the American astronomer S. P. Langley invented a bolometer with which he was able to
measure the energy flow of the sun in the far infrared region of the spectrum [28]. Already in the early days of nuclear
physics, when radioactivity was discovered, P. Curie and A. Laborde demonstrated in 1903 that the radioactive decay of
radium leads to a remarkable production of heat in a calorimetric device [29].

However, as these investigations were performed at room temperature, the sensitivity was limited by the relatively
large heat capacity of the absorber, and therefore allowed only to detect the integrated energy produced by a large
number of decay events. The observation of F. Simon a few years later in 1935 that calorimetric detectors, operated at
low temperature, could have a considerably enhanced sensitivity [30] marked an important milestone in the calorimetric
detection of individual particles. In 1939, the idea to improve the sensitivity of radiation detectors at low temperatures
was brought up independently by A. Goetz [31]. Since then, many advances have been made in the development of
low temperature detectors. In the following years, first successful steps have been undertaken on the detection of single
α-particles using various kinds of low temperature detectors [32–40]. It happened also in this time-interval of the
70ties and 80ties of the last century, that some of the pioneers of the field, T. O. Niinikoski, E. Fiorini, D. McCammon,
S. H. Moseley, B. Cabrera, B. Sadoulet, F. von Feilitzsch, and their co-workers, explored several possibilities of applications
of low temperature detectors for astrophysics, particle physics, and other fields [41–47], see also [48] (for a more complete
overview on the history of low temperature detectors see also [3]). A few years later, D. McCammon et al. [49,50] published
an impressive result obtained with a calorimetric detector, the energy resolution of ∆E = 7.3 eV for 6 keV x-rays (to
e compared to the resolution of a semiconductor detector of around 110 − 120 eV [4,17]), staying for many years the
est result concerning the resolution power of a calorimetric low temperature detector. Principle limitations of CLTDs
oncerning their energy resolution were discussed already in 1984 for the detection of x-rays [37,51,52], and in 1985/86
or the detection of light and heavy ions [53,54].

Based on all these interesting proposals and developments a first workshop on low temperature detectors (LTD1) was
eld in 1987 [48] at the Ringberg Castle near Munich, Germany with 43 participants. Various ideas and phenomena were
iscussed about low temperature detection of particles and photons. This workshop can be considered as the starting
oint of a rapidly growing field of physics research. Due to its success and the big interest further subsequent biannual
nternational workshops – namely LTD2–19 – have been organized over the years, the last, LTD19, being held at NIST,
aithersburg, USA, in 2021 [55]. Already the LTD18 counted more than 400 participants from 17 countries, and a still
rowing community of physicists and technicians all over the world is meanwhile established. Much of the original work
an be found, and the progress of many developments can be followed in the Proceedings of these workshops (the latest
eing the Proceedings of the LTD17 [56], LTD18 [57] and LTD19 [55]). A compilation of the references concerning the
roceedings of LTD1-16 can be found in [4].
Many of the ideas discussed already in 1987 and before have meanwhile been demonstrated to work, and a large
ariety of detection concepts for low temperature detectors with fascinating capabilities has been investigated over the

4
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Fig. 1.1. Energy spectrum obtained with a CLTD consisting of a Mo/Au transition edge sensor on an Au absorber [123] for 5.895 keV Mn-Kα x-rays
rom a 55Fe source. The blue line represents the natural line shape of the group of Kα lines. The energy resolution ∆E(FWHM) = 1.58(7) eV represents
he up to date best resolving power obtained with a CLTD.
ource: Figure reprinted from [19] with kind permission of IOP Publishing.

ears by numerous research groups all over the world for many applications in different fields of physics, and impressive
rogress on the technical developments, and excellent results have been reported, and have been used to explore new
rontiers in physics. Whereas many detection concepts for the investigation of fundamental problems in astronomy,
uclear physics, atomic physics, astrophysics, particle physics, and weak interactions and cosmology were or are presently
pplied in various experiments, some are still under development for future investigations. For an overview, the reader
ay be referred to some reviews on this subject [3–26,58–60]. A few examples, which range from fundamental research

o applications in life sciences, material analysis and industrial quality control, without the claim to be complete, are:

• microwave, infrared, x-ray and γ−ray astronomy and astrophysics, including rocket and satellite missions, which
all profit from the excellent energy resolution and the large dynamic range of CLTDs. In this field, excellent results
were already obtained, and very promising projects have been started [4,18,20,21,61–73].

• the search for dark matter (i.e. particles like Weakly Interacting Massive Particles (WIMPs) or other exotic dark
matter candidates) in the universe. These research projects profit from the low detection threshold and the almost
complete energy detection of CLTDs, leading to a high sensitivity to the impact of weakly ionizing or non-ionizing
particles. In this field, several big collaborations all over the world are involved [4,6,11,12,46,48,74–83].

• the direct detection of low energy solar or galactic neutrinos [3,6,11,12,44,48,84], which profit from the same
advantages of CLTDs as discussed in the previous topic.

• neutrino mass experiments including the search for the neutrino-less double beta-decay and beta-endpoint measure-
ments, which both profit from the excellent energy resolution and the flexibility in the absorber material, allowing
for the absorber material to be identical with the β−source. Besides the high efficiency of this method, it also enables
to exclude systematic uncertainties due to final state interactions. Also here several large collaborations word wide
are involved [3,4,6,7,11,42,85–102].

• atomic and nuclear physics. This topic, including in particular heavy ion physics, represents the main topic of this
review article, and will be accordingly discussed in more detail below in Sections 4–6 of the present article. It profits
from the high energy resolution and energy linearity of CLTDs, and also (in the case of decay spectroscopy like
α−decay or x-ray spectroscopy) from the large detection efficiency and from the flexibility in the absorber material.

• applied physics and life sciences, including condensed matter research like x-ray microanalysis and ion-material
analysis, radiopurity investigations, as well as forensic and environmental monitoring through α−spectroscopy
(without dead layers and energy degradation in the source), mass-spectrometry of bio-molecules (MALDI within
the Human Genome project), and others. These investigations profit mainly from the high energy resolution and
the high detection efficiency of CLTDs, in particular for very slow incident particles. For details, the reader may be
referred to [4,19,26,54,103–122],and [22, and references therein].

In order to demonstrate the power of the concept of LTDs concerning the spectral energy resolution, we refer to
the presently, to our knowledge, best result so far obtained with a CLTD by S. J. Smith et al. [123] with ∆E(FWHM) =

1.58±0.07 eV for 5.9 keV x-rays. This result (see Fig. 1.1), which was obtained with a 35×39 µm2 Mo/Au transition-edge
ensor on a 4.5 µm thick Au absorber, and which corresponds to a resolving power of E/∆E = 3700±170, is substantially
uperior as compared to the theoretically best value ∆E ≈ 110 − 120 eV which can be obtained with a conventional
semiconductor detector under similar conditions [4,17].
5
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On the other hand, one should be also aware that CLTDs have, due to their detection principle, some drawbacks
oncerning their performance, namely the maximum active detector volume (limited by the heat capacity), and the rate
apability, that means the maximum count rate that the detector can sustain (limited by the thermalization time and
y the coupling to the heat sink, leading to relatively large signal decay times, in particular for very low temperatures).
ependent on the demands of the individual experimental applications, these limitations can be partly overcome by
ompromises on the active detector volume and the sensitivity, and/or by constructing large arrays of individual detector
ixels (for details see Section 3.2.4).
The present review article is intended to focus on CLTDs for heavy ion physics, including their design, construction,

erformance, and their application in various nuclear physics and atomic physics experiments. The detector design will
oncentrate on composite calorimetric detectors with three different readout schemes, namely semiconductor thermistors,
uperconducting transition-edge sensors and magnetic sensors. The corresponding heavy ion research projects were, and
till are, motivated by the excellent research opportunities provided by various heavy ion facilities all over the world,
lready existing or under construction or planned for the future. These include not only big heavy ion facilities, like
or example GSI, Germany [124], GANIL, France [125], Argonne National Laboratory, USA [126], RIKEN, Japan [127], and
AIR, Germany [128–130], FRIB, USA [131], HIAF, China [132], RAON, South Korea [133], but also smaller, very specialized
nd dedicated facilities, as for example Accelerator Mass Spectrometry (AMS) facilities (at Vienna, Austria, Cologne,

Germany, Florence, Italy, Caserta, Italy, Canberra, Australia, Sevilla, Spain, as well as Zurich, Switzerland [134–141]), and
research facilities at Jyväskylä, Finland [142], MPI Heidelberg, Germany [143], LLNL Livermore, USA [144], ILL Grenoble,
France [145], and many others. In particular, the availability of well performing dedicated separators providing, among
others, high quality and high intensity radioactive beams, reaching far outside the valley of stability in the chart of nuclides,
high intensity fission fragments from neutron induced fission at high flux reactors, highly effective production of well
separated very rare species like superheavy elements, very rare isotopes, important for trace analysis, etc., as well as
stored and cooled stable and radioactive heavy ion beams with excellent beam quality, and of highly charged heavy ions,
opens a playground for various applications of CLTDs in atomic, nuclear and applied heavy ion physics.

The conditions for the application of CLTDs in heavy ion physics with respect to the total energy deposited in the
detector, reaching in some cases values of up to several GeV, and the amount of energy per detector volume deposited in
the absorber, are in the most cases by orders of magnitude different as compared to the conditions for many applications
in other fields of physics, as discussed above. It will be demonstrated in the present review article that CLTDs provide, due
to their detection principle, also in the field of heavy ion physics excellent performance with respect to energy resolution,
energy linearity, detection efficiency, and radiation hardness (i.e. resistivity against radiation damage), not reached by
conventional ionization detectors operating on the charge collection principle. The latter are limited by the incomplete
energy detection due to the high ionization densities produced by heavy ions in matter, leading to charge recombination,
and/or due to inactive entrance windows, dead layers, etc. High-resolution magnet spectrometers for heavy ions, or crystal
spectrometers for x-rays, are capable of achieving comparable or even better energy resolution, but on the cost of small
dynamic range and limited solid angle and thus limited detection efficiency, and, for the case of magnet spectrometers,
charge state ambiguities, in particular for slow heavy ions.

The proposal to apply CLTDs for the energy sensitive detection of heavy ions dates back to the late eighties of the
last century, and was initiated at that time by K. W. Shepard [146] and W. Henning [147], whereas a few years later
the application of CLTDs for Lamb shift measurements on hydrogen-like heavy ions was proposed [148]. Consequently, a
research project was started in 1988 at the University Mainz, Germany, and at the GSI, Darmstadt, Germany [149–151]
with the aim to study the response of CLTDs to the impact of energetic heavy ions in the energy range of about 0.05 MeV/u
up to several hundred MeV/u, and to develop heavy ion detectors, and later also x-ray detectors for hard x-rays, with high
energy resolution. After several years of trial and error in the development and construction of appropriate detectors, first
excellent results on the performance of such detectors concerning energy resolution and energy linearity for a wide range
of ions (4He...238U) and energies (0.05–360 MeV/u) were obtained [152–155]. Depending on the individual experimental
conditions, relative energy resolutions of the order of ∆E/E = 1 − 5 × 10−3 have been obtained even for the heaviest
ions. In contrast, conventional heavy ion detectors, operating on a charge collection principle, provide relative energy
resolutions of ∆E/E ≥ 1 − 5 × 10−2 for heavy ions, becoming substantially worse for low energies and very heavy ions
[54,156]. For the detection of hard x-rays, energy resolutions of the order of 70 eV, down to 46 eV, for 59.6 keV x-rays
were obtained [157,158], to be compared to a theoretical limit of 380 eV for conventional semiconductor detectors under
these conditions.

Having these promising results in mind, a large potential for present and future applications was discovered (for an
overview, the reader may be referred to a couple of review articles [15,23,24,59,158]). It was shown that CLTDs may
become powerful tools for heavy ion physics, as several successful applications in various areas of experimental heavy
ion research were started and have already provided first results which will be discussed in the present review. These
include

• the investigation of precise isotopic yield distributions of fission fragments [159–161] with the aim of a better
understanding of the fission process and to obtain important information for nuclear structure, reactor and neutrino
physics,

• the investigation of the interaction of heavy ions with matter, namely the precise determination of electronic
stopping powers of heavy ions in matter [155,162],
6
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• Accelerator Mass Spectrometry (AMS) [163] investigations for trace analysis [154,164,165],
• the application in Lamb shift experiments on hydrogen-like heavy ions [24,158,166–169], which allow an unam-

biguous test of bound-state QED in the unperturbative regime of extremely strong Coulomb fields.

These developments were and are still continued at the Justus-Liebig-University, Giessen, Germany and the TH
ittelhessen University of Applied Sciences, Giessen, Germany, in close cooperation with GSI and FAIR. Over the
ears, several research activities concerning the application of CLTDs in heavy ion physics were also started in several
aboratories all over the world, such as for example (without the claim to be complete) at LLNL Livermore, USA, in
ooperation with the Goddard Space Flight Center of NASA, USA [71,105,112,170–175], the Harvard Smithsonian Center for
strophysics, Cambridge, USA [176], the National Institute of Standards and Technology (NIST), Boulder, USA [26,110,113],
he Los Alamos National Laboratory, USA [22,111], the University of Milano-Bicocca, Italy [40,103,120], the University of
eidelberg, Germany [24,112], the University of Jena, Germany [177] and the CEA Saclay and the University of Orsay,
rance [107].
Concerning the future perspectives for the application of CLTDs in heavy ion physics, which will also be discussed

n detail in the present review article, we are convinced that CLTDs will become powerful tools in heavy ion physics as
hey bear a large potential for various applications in basic and applied heavy ion research, such as nuclear structure and
strophysics, atomic physics, the physics of symmetries and basic interactions, and the interaction of heavy ions with
atter. They include:

• high resolution nuclear spectroscopy,
• applications in nuclear structure and astrophysics such as the exploration of the limits of nuclear stability, where an

event-by event direct in-flight mass identification via the combined energy/time-of-flight detection may be applied
for the identification of superheavy elements, or the identification of beam-like reaction products in direct reaction
experiments, or in-flight γ -spectroscopy with radioactive beams in inverse kinematics,

• further applications in the identification of fission fragments and the determination of isotopic yield distributions,
in particular for heavy fragments, for providing important information for nuclear structure, reactor and neutrino
physics,

• applications in AMS trace analysis experiments improving the sensitivity, the identification of rare isotopes and the
background suppression,

• high resolution x-ray spectroscopy on highly charged heavy ions in flight or at rest for atomic physics, in particular
for sensitive tests of the QED in ultra-high electromagnetic fields.

• investigations in applied physics such as heavy ion channeling experiments in single crystals, as well as further
experiments on stopping powers of heavy ions in matter, decay energy spectroscopy, and life sciences,

The present review is organized in the following way: After a description of the operation principle and the basic
properties of CLTDs, including the potential advantage over conventional detection schemes in Section 2, the design,
construction and performance of CLTDs for the detection of heavy ions is discussed in Section 3. A review on various
applications of CLTDs in heavy ion physics, including the investigation of isotopic yield distributions of fission fragments,
the precise determination of electronic stopping powers, and first applications in AMS is presented in Section 4, followed
by an overview on perspectives for future applications in Section 5. In Section 6 the design, construction and performance
of CLTDs for the detection of hard x-rays and their application in atomic physics experiments with highly charged heavy
ions is described. Finally conclusions and an outlook are presented in Section 7.

2. Detection principle and basic properties of CLTDs

In this section the detection principle of calorimetric low temperature detectors (CLTDs) and their properties will be
iscussed. For various applications in different fields of physics quite a number of different detection and readout schemes
re used, dependent on the individual experimental conditions. For an overview see [3,4,12,13,15,17,24,178–182].
In the present review we will restrict ourselves to the case of composite calorimeters, that means that, in contrast

o so called monolithic calorimeters where thermometer and absorber are identical, the absorber and the thermometer
re separated, and to a readout scheme of the thermal signal which is based on the resistance change of a temperature
ependent resistor. For the case of x-ray detection the alternative readout scheme of a magnetic calorimeter which is
ased on the readout of a change of magnetization of a paramagnetic sensor is also used. This scheme will be discussed
n Section 6.3.2.

.1. Thermal particle detection

Calorimetric low temperature detectors are thermal detectors, this means that their detection principle is based on
he measurement of the temperature increase of a piece of matter – in the following called absorber – after the energy
hich is deposited by an incident particle or photon is converted into heat (i.e. thermal phonons). A schematic view
f the detection scheme of a composite CLTD is displayed in Fig. 2.1. The detector consists of three basic components:
n absorber, characterized by its heat capacity C , a thermometer, characterized by the temperature dependence of the
7
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Fig. 2.1. Schematic view of the detection principle of a composite calorimetric low temperature detector: The detector consists of an absorber with
heat capacity C , a thermometer with its temperature-dependent resistance R(T ), and a thermal link k to a heat sink at bath temperature Tbath .

esistor R(T ), and a thermal link to a heat sink at bath temperature Tbath, characterized by the thermal coupling k to the
bsorber.
The impact of a particle or a photon leads primarily to atomic and solid state excitations, namely to ionization and the

roduction of high energetic ballistic phonons in the absorber [1,2,54,183]. The process of slowing down of an energetic
onizing particle, like a heavy ion, to rest is dominated by the interaction of the ion with electrons of the bulk material,
eading to the creation of electron–hole pairs (electronic energy loss) [1,2,183,184], and, in particular for slow ions, to
he interaction with nuclei of the bulk material leading to lattice vibrations or recoil ions from Rutherford scattering
nuclear energy loss) [1,2,183,184]. The interaction of photons like x-rays or γ−rays with the absorber material leads to
he production of electrons (photo effect), which also create electron–ion pairs through inelastic electron scattering [1,2],
nd solid state excitations in the bulk material. In a second step, after the recombination of the electron–ion pairs, the
eexcitation of excited electronic states, and the decay of high-energetic phonons to thermal phonons, the majority of
he deposited energy is converted to heat (thermal phonons). The absorber reaches thermal equilibrium after a typical
hermalization time of the order of 10−8 s (for details see [54,183,185–187]). The corresponding temperature increase ∆T
f the absorber allows now to determine the amount of the deposited energy with a suitable thermometer, which should
e strongly thermally coupled to the absorber. The thermometer – in the present case a temperature dependent resistor –
esponds to the increased temperature by a change of resistance of a properly biased thermistor. It is measured by passing
constant current I through the thermistor and observing a corresponding voltage change. Finally the deposited heat is
ransferred to a heat sink, and the absorber temperature returns back to its base operation temperature Tbase, making the
ystem ready for the detection of the next incoming particle.
The amplitude of the observed thermal signal is for the ideal case, assuming that the deposited energy E of the particle

r the photon is fully thermalized, given by

∆T =
E
C

(2.1)

T is proportional to the incident energy and inversely proportional to the heat capacity C = c m of the absorber, c
enoting the specific heat, and m the mass of the detector. Since the specific heat of solids generally decreases with
emperature (see next section) calorimetric detectors need to be operated at low temperatures to allow for a sufficiently
igh sensitivity with an appreciable temperature increase ∆T . In addition, the absorber volumes are kept as small as
ossible. Therefore CLTDs are also often called microcalorimeters.
The time development of the thermal signal is schematically displayed in Fig. 2.2. It is, under the assumption that the

ise-time τrise of the signal is negligibly small as compared to the fall-time τfall, given by:

T (t) = Tbase +
E
C

exp
(

−
t

τfall

)
(2.2)
8
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Fig. 2.2. Schematic view of the time dependence of the thermal signal.

Here, Tbase denotes the operating temperature of the detector. The dynamic behavior of the CLTD is determined by an
exponential decay of the thermal signal with a thermal time constant τfall, which is in first approximation (for details see
Section 2.3) given by :

τfall =
C
k

(2.3)

hus the fall time, which determines the maximum acceptable count rate (i.e. rate capability) is limited by the heat
apacity C and the constraint that the thermal coupling to the heat sink (defined by k) needs to be sufficiently weak in
rder to avoid that heat will escape from the absorber to the heat sink before thermal equilibrium is reached, and that
he full energy signal can be detected. Typical values for τfall, which depend on the individual experimental conditions
nd requirements, like absorber volume, absorber material, etc., are in the range of about 100 µs up to 10 ms or more. A
ower limit for the rise time τrise of the thermal signal is given by the thermalization time, but in most practical cases the
ise time is determined by the time constants of the electronic readout circuit, and is in the range of about 1 − 10 µs.

.2. Optimization of the sensitivity

The application of a composite calorimeter enables to optimize all three basic components of the device individually:

.2.1. The absorber
The most efficient strategy to optimize the sensitivity of a calorimetric detector is based on the temperature

ependence of the heat capacity C = mc of the absorber. The specific heat c of a solid is determined by contributions of
attice vibrations (phonons) cl and of the conduction electrons ce [27]. Applying the Debye law for the contribution of the
attice [27], we receive for a normal conducting material:

c = cl + ce = αc

(
T

ΘD

)3

+ βc T (2.4)

here ΘD is the Debye temperature, αc is given by αc = 1944 Jmol−1 K−1, and βc is a material-dependent constant. Having
n mind that for normal conducting metals the contribution of the conduction electrons with its linear T -dependence
ominates the heat capacity for low temperatures (below temperatures around typically 1−10 K), lowest heat capacities
re obtained for dielectric materials with high Debye temperatures, for which the contribution of the conduction electrons
anishes.
For the special case of superconducting materials we obtain for the contribution of the electrons [188]:

ce =
a

T 3/2 exp
(

−b
TC
T

)
(2.5)

hich reflects the number of thermally excited electrons across the energy gap of the superconductor. a and b are material
onstants. Here we obtain for temperatures below the critical temperature T that the contribution of the electrons
C

9
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Table 2.1
As an illustrative example, the temperature dependence of the heat capacity C and the temperature
increase ∆T due to the impact of a 1 MeV α-particle on a sapphire absorber with a volume of 1mm3 is
displayed. In the last column, the theoretical limit ∆Etheo for an ideal calorimeter, calculated according
to Eq. (2.26) with ξ = 2, is displayed. Note that the theoretical limit for the energy resolution of a
semiconductor detector is about 7.5 keV [193].
T [K] C [J/K] ∆T [mK] ∆Etheo
300 9 × 10−3 9 × 10−8 3.2 GeV
10 4 × 10−7 2 × 10−3 700 keV
1 4 × 10−10 2 2.2 keV
0.1 4 × 10−13 2000 7 eV

Table 2.2
As a second illustrative example, the temperature dependence of the heat capacity C and the temperature
increase ∆T due to the impact of mono-energetic x-rays with an energy of 50 keV on a tin absorber
with an area of 1mm2 and a thickness of 50 µm is displayed. In the last column, the theoretical limit
∆Etheo for an ideal calorimeter, calculated according to Eq. (2.26) with ξ = 2, is displayed. Note that the
theoretical limit for a semiconductor detector is about 350 eV.
T [K] C [J/K] ∆T [mK] ∆Etheo
300 8 × 10−5 1 × 10−7 295 MeV
1 9 × 10−10 1.1 × 10−2 3.3 keV
0.1 7.5 × 10−13 10.7 9 eV
0.05 9.3 × 10−14 85.9 2 eV

decreases exponentially with the temperature, and therefore, the contribution of the lattice cl dominates for very low
emperatures similar to the case of dielectric materials.

The most important constraints for optimizing the absorber material are:

• The absorber material should be a dielectric material, or a superconductor operated below the critical temperature,
with a high Debye temperature.

• The absorber material should provide fast and complete thermalization of the incident energy. In particular, the
choice of an absorber material which maximizes the amount of the absorbed energy transferred to heat within the
time window of the readout system is one of the challenges of the detector technology for CLTDs. It is this issue
which determines, among others, the practical limitation of the energy resolution. Therefore, any loss processes due
to lattice defects, Frenkel pairs, or metastable electronic states, etc., where a part of the incident energy may be
trapped, should be avoided or minimized (for details see Section 2.4.2 and [53,54]).

• The absorber material should be radiation hard, that means it should not be much affected by radiation damage.
This is in particular important for the detection of heavy ions.

• The absorber material should be optimized with respect to the absorption efficiency. This concerns the chance for
the escape of secondarily produced radiation (electrons, or photons) out of the absorber volume, as well as the
absorption efficiency (photo-peak efficiency) for the detection of x-rays. In addition, the absorber volume should be
sufficiently large to ensure that incident ions are slowed down to rest within the absorber.

n practice, some absorber materials, such as for example sapphire for the detection of heavy ions, mercury-tellurite
HgTe or HgCdTe) for the detection of low energetic x-rays [49,50,170,189], and Sn, Pb or Au for the detection of hard
-rays [157,173,190–192], [24, and references therein] have already shown very good performance.
In order to demonstrate the dependence of the sensitivity of a CLTD on the absorber temperature, the temperature

ependence of the heat capacity C and of the temperature increase ∆T are listed in Tables 2.1 and 2.2 for two individual
xamples, namely for the impact of a 1 MeV particle on a sapphire absorber with a volume of 1mm3 (Table 2.1), and for
he impact of a 50 keV x-ray on a tin absorber with a thickness of 50 µm and an area of 1mm2 (Table 2.2). In addition,
he theoretical limit of the energy resolution ∆Etheo, according to Eq. (2.26) under the assumption of an ideal CLTD, which
s determined by the thermodynamical fluctuations (i.e. quantum statistics) and Johnson noise [50,51,178], (for details
ee Section 2.4.1) is listed in both tables. It is obvious from both tables that for sufficiently low temperatures the impact
f a microscopic particle or photon affects the properties of a macroscopic piece of matter (i.e. absorber), and, therefore,
llows to measure the incident energy with high sensitivity and very good energy resolution.

.2.2. The thermometer
As thermometers for reading out the temperature increase ∆T of a CLTD, thermistors are most commonly used. For

uch thermistors, the change of the temperature of the absorber is converted to a change of its resistance R. When biasing
he thermistor with a constant current, the change of its resistance leads to a voltage pulse which is finally read out by

ell adjusted readout electronics (see also Section 3.3). For optimizing the sensitivity of the thermistor a high dR/dT is

10



P. Egelhof and S. Kraft-Bermuth Progress in Particle and Nuclear Physics 132 (2023) 104031

i
a

m
T
b

u
t
d
r
t
d

m
o

i

Fig. 2.3. The typical temperature dependence of the resistance R of a semiconductor thermistor and of a superconducting phase-transition
thermometer is schematically displayed for comparison.

required. As parameter for the sensitivity of a thermistor the dimensionless quantity

α =
d log R(T )
d log T

=
T
R

dR
dT

(2.6)

s commonly used1 [178]. Besides the requirement of a high value of α, a good thermal contact between thermometer
nd absorber is necessary for a proper operation of the CLTD.
In the following, two types of thermistors, both having advantages and disadvantages, namely semiconductor ther-

istors and superconducting phase-transition thermometers, also called Transition-Edge Sensors (TES), will be discussed.
he typical dependence of the resistance R as a function of the temperature T is displayed schematically in Fig. 2.3 for
oth cases.
The semiconductor thermistor consists of a small piece of a semiconductor material (here Si or Ge are most frequently

sed) which is heavily doped and compensated, and which is typically connected to the absorber by a glue with good
hermal conductivity (for a detailed discussion see [12,179]). For providing a proper doping of the thermistor with
onors and acceptors, ion implantation or Neutron Transmutation Doping (NTD), performed with thermal neutrons from
eactors [12,179], is frequently used. The impurity concentrations are chosen to be slightly below the metal–insulator
ransition [12,179]. An important requirement for the fabrication of thermistors is to achieve a good and reproducible
oping homogeneity.
For low temperatures such thermistors provide a steep rise of the resistance with decreasing temperature due to the

echanism of phonon assisted hopping conductivity, also called variable range hopping conductivity [179,194–196]. For Si
r Ge thermistors a typical T−dependence of the resistance

R(T ) = R0 exp

((
T0
T

)1/2
)

(2.7)

s observed for temperatures between 10 mK and 4 K. R0 and T0 are determined by the material properties of the
semiconductor and by the doping density [179,194]. In Fig. 2.4, an example for the R(T ) characteristics of a germanium
thermistor consisting of a 3 × 1 × 0.5mm3 germanium crystal, heavily doped and compensated with indium (2 ×

1017 atoms/cm3) and antimony (1 × 1017 atoms/cm3), for which a resistance of R = 200 k�, a dR/dT = −0.48M�/K,
and an α = −3.3 is obtained at T = 1.7 K, is displayed [164]. The R(T ) characteristics is well described by Eq. (2.7) with
values of R0 = (69 ± 1)� and of T0 = (106 ± 2) K.

A superconducting phase-transition thermometer consists typically of a film or strip of superconducting material which
can be evaporated or glued on the absorber. For a detailed discussion see [17,180]. Typical superconducting materials
used are Al, Ti, Mo, W, Ir or others [4,180]. As illustrated in Fig. 2.5 (left-hand side), the thermometer is operated at a
temperature below or around the transition temperature TC in the narrow transition region between the superconducting
and the normal conducting state, where its resistance changes between zero and the value RN for normal conductivity. In
the temperature range within 25%–75% of RN , an approximately linear behavior with dR/dT ≈ const. (exactly constant in
the ideal case) needs to be obtained for a linear energy response of the detector, and a small transition width δT is required

1 log in this case denotes the natural logarithm to base e. We follow the notation used in [178].
11
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Fig. 2.4. R(T ) characteristics of a Germanium thermistor used for the present investigations [15,164]. The data set is displayed in a linear (left -and
side) and a logarithmic scale (right-hand side). The solid lines represent a fit to the data using Eq. (2.7) (Please note that log denotes the natural
ogarithm. For details see text).

Fig. 2.5. left-hand side: The R(T ) characteristics of a superconducting phase-transition thermometer in the region of the phase transition between the
superconducting and the normal conducting state is schematically displayed. At the operating temperature, usually chosen in the linear region of the
transition below the transition temperature TC , a temperature increase ∆T due to the impact of a particle or a photon induces a resistance change
R. δT denotes the transition width. right-hand side: R(T ) characteristics of an Al phase-transition thermometer used for the present investigations

for details see text).
ource: Figure reprinted from [15] with kind permission of Springer.

or a high sensitivity. For proper operation, care has to be taken that the amplitude ∆T of the temperature increase does
ot overshoot the transition region. This can be realized for an energy range of the incident particle or photon, defined
y the experimental requirements, by a proper choice of the absorber volume and with that of the heat capacity of the
bsorber.
In Fig. 2.5 on the right-hand side, an example of a typical R(T ) characteristics of a superconducting phase-transition

hermometer, used for the present investigations, is displayed. The sensor consists of a 10 nm thick Al film, patterned in
meander-like structure in order to match its resistance to conventional readout electronics. The Al meander structure
as 51 strips of 10 µm width and 1 mm length each, and is evaporated by photolithographic techniques on a sapphire
bsorber (see also Section 3.2.3.1). At a transition temperature of TC = 1.488 K, a transition width of δT = 2.9mK, a
esistance of R(TC ) = 52 k�, and a dR/dT = 21M�/K, leading to a sensitivity of α(TC ) = 601, is obtained [15].

In practice, the challenge in detector technology is to produce samples with reproducible homogeneous transition
urves and transition temperatures. Furthermore, such detectors require a very good temperature stabilization. For the
ase of detector arrays, even small variations of TC for different detector samples may, due to the small temperature
indow for proper operation, make it impossible to operate them all at the same bath temperature, and can lead to
he need of individual temperature adjustment by heaters on the individual detector pixels (see also Section 3.2.4 and
ection 3.5.2).
Comparing finally the two thermometer concepts discussed, we find for both types advantages and disadvantages.

emiconductor thermistors have a negative slope of the R(T )−curve, and provide a much higher dynamic range of the
12
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incident energy, at the cost of sensitivity – typical values for α are −3 to −10 [4] – and energy linearity. Superconducting
hase-transition thermometers have a positive slope of the R(T )−curve, and provide very high sensitivity of the order of
∼ 600 − 1000 [4], and very good energy linearity because of the linear R(T ) characteristics in the operating window,

t the cost of the dynamic range for the incident energy due to the narrow transition region.

.2.3. The thermal link to the heat sink
The heat sink of the detector system (see Fig. 2.1) is in the most cases realized by a block of metal – copper is a

onvenient material – which has a good thermal contact to the cold bath of the cryostat. The thermal link of the CLTD to
he heat sink can be realized by a metal wire or metal strip, which connects thermally the absorber with the heat sink.
he thermal coupling constant k, which defines, besides the heat capacity C of the absorber, the thermal time constant
fall of the CLTD (see Eq. (2.3)), is determined by the geometry of the wire or strip (length l and cross section A) and its
pecific thermal conductivity λ:

k = λ
A
l

(2.8)

or optimizing the thermal link several constraints have to be taken into account:

• the thermal link must be sufficiently strong to transport the steady flow of heat which hits the CLTD from its
environment. This is particularly important for CLTDs housed in cryostats which have a window-less connection
to a beamline transporting the incident particles to be detected (for details see Section 3.4).

• the maximum count rate to be accepted by the CLTD increases linearly with the strength of the thermal coupling
contact.

• the thermal link must be kept sufficiently weak in order to avoid that the heat deposited in the absorber from the
incident particle or x-ray will partly escape to the cold bath before thermal equilibrium is reached and the full energy
signal to be measured can be read out. Thus, a degradation of the energy resolution is avoided.

herefore, for each application a compromise needs to be made, concerning the heat capacity of the absorber, the
otal energy to be detected, the operating temperature, the necessary rate capability, etc., dependent on the individual
xperimental conditions.
Before concluding this section it should be pointed out that for a successful design and realization of CLTDs, a detailed

nderstanding of the solid state and thermal properties of the materials used for the detector components – in particular
t low temperatures –, and of the detailed thermalization processes of the incident energy in the absorber material are
ssential.

.3. The thermal signal

As described in Section 2.1, the creation of a thermal signal by a CLTD happens in two steps. Firstly, the energy
f an incoming particle is converted into heat in the absorber. Secondly, the heat induces a resistance change in the
hermometer which is detected as the change of a voltage while a constant current is applied.

.3.1. Thermalization of the incident energy
When a heavy ion hits the absorber, its energy is transferred to the lattice by different processes which strongly depend

n the ion energy. Fig. 2.6 gives an overview on the different processes.
Depending on the kinetic energy of the ion, two energy loss processes can occur:

• The incident ion interacts with the electrons of the solid (in this case the absorber), causing excitation or ionization.
This process is referred to as electronic energy loss or electronic stopping power Sel.

• In particular at low ion energies, at the end of the track of the incoming ion, Rutherford scattering of the ion on the
absorber nuclei occurs. This results in the creation of phonons or in the displacement of target atoms within the
lattice. This process is referred to as nuclear energy loss or nuclear stopping power Sn.

or energetic heavy ions, the electronic stopping power is usually the dominant process of the energy transfer. The nuclear
nergy loss becomes dominant only after slowing down of the incoming ion or for ions with low incident energy.
After the incident ion is stopped to rest, the excited or ionized atoms deexcite or recombine with electrons after a

ertain time. The excitation energy is transferred to the lattice in the form of lattice vibrations, i.e. phonons. However,
long the ion trajectory, the ionization density of the target can become very large. The freely moving electrons leave the
roximate volume of the trajectory very fast. The remaining positive atomic cores repel each other. This mechanism can
lso create phonons. If the ionization density becomes too large, atomic cores may even be displaced from their lattice
nd form so-called Frenkel pairs. Such Frenkel pairs can be very long-lived and trap phonons, creating one of the potential
oss processes which may impede the energy detection.

Elastic scattering of ions on the target atoms creates phonons directly, because the target atoms are slightly displaced
rom their original lattice position. However, also nuclear energy loss can create Frenkel pairs if the transferred energy is

arge enough. In addition, other processes like the creation of photons (Cherenkow light), sputtering, bremsstrahlung or

13
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Fig. 2.6. Schematic overview on the energy flow in the absorber of a CLTD after the impact of an ion. Sn and Sel denote the nuclear energy loss,
nd the electronic energy loss, respectively. Processes which are indicated by side arrows do not contribute to the thermal signal.
ource: Adapted from [54].

he reaction of ions with target nuclei may occur, but they are only relevant at very low (sputtering) or very high ion
nergies. In the worst case, these processes have to be taken into account as losses of the thermal signal.
As described above, electronic and nuclear energy loss create energetic secondary particles, i.e. free electrons and/or

xcited atomic cores. These secondary particles deexcite or recombine, thereby transferring part of their energy to the
attice. However, they can also excite or ionize other target atoms and create a cascade of secondary particles until
he energy has become too low for further excitation. These cascade particles again recombine or deexcite and create
honons [2,197]. After a certain time, almost the full kinetic energy of the incoming ion has been transferred to phonons
n the absorber. These initial phonons are acoustic or high-energy phonons. When scattering on other phonons, on Frenkel
airs or at the surfaces of the solid, these high-energy phonons decay into thermal phonons within about 10−11 s [187].

For thermal phonons, the mean free path is determined by the dimensions of the crystal, because they only scatter on the
crystal surfaces. After a thermalization time, the thermal phonons have traveled through the whole crystal. The absorber
is then in thermal equilibrium and the temperature rise can be read out as the corresponding voltage signal.

2.3.2. The equation of heat and its solution for small temperature signals
The transfer of the ion energy to the lattice is the sum of many microscopic interactions in the absorber which can

only be described by Monte Carlo simulations. To describe the temperature signal as a function of time, it is necessary to
move from microscopic interactions to the macroscopic quantity heat. Die change of the quantity of heat dQ (t)/dt in the
etector is defined by the power Pin(t) that is transferred to the detector and the power Pout (t) that is removed from the

detector via the thermal coupling:

dQ (t)
dt

≡ C(T (t))
d
dt

T (t) + T (t)
d
dt

C(T (t)) = Pin(t) − Pout (t) (2.9)

he heat which is removed from the detector via the thermal coupling is given by

Pout =

∫ T (t)

Tbath

k(T ′)dT ′ (2.10)

here Tbath is the temperature of the heat bath as described in Section 2.1. T (t) is the temperature of the detector as a
unction of time. The power P (t) that is transferred to the detector has several components:
in
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• The energy that is introduced by the incoming particle or x-ray can be described in good approximation by a Delta
function if the thermalization time is short compared to the thermal time constant τfall:

PE = ϵ E δ(t) (2.11)

The factor ϵ takes into account that a part of the incident energy may not have been transferred to the phonon
system (see Fig. 2.6).

• As a current I is applied to a resistor, Joule heating PJ has to be taken into account:

PJ = R(T ) · I2 (2.12)

• In addition, heat is introduced from the environment, e.g. from ‘‘hot’’ surfaces or apertures (black bodies) surrounding
the detector. While this contribution PH may vary over time, it can be considered to be constant within the time
scale of a single temperature signal.

Taking into account all these contributions, the thermal balance of the detector can be described by the equation

C(T )
dT (t)
dt

+ T (t)
d
dt

C(T (t)) = ϵ · E · δ(t) + R(T ) · I2 + PH −

∫ T (t)

Tbath

k(T ′)dT ′ (2.13)

Without incoming ions, Joule heating and thermal radiation from the environment are in equilibrium with the power
that is removed from the detector:

R(Tbase) · I2 + PH −

∫ Tbase

Tbath

k(T ′)dT ′
= 0 (2.14)

base is the equilibrium or operation temperature of the detector. When a particle or an x-ray photon hits the absorber,
t creates a temperature change ∆T. If ∆T ≪ Tbase is fulfilled, C(T ), k(T ) and dR/dT can be considered to be constant as
(Tbase) ≡ C, k(Tbase) ≡ k, dR/dT (Tbase) ≡ dR/dT . We can then linearize equation (2.13) and obtain:

C
d
dt

∆T(t) = ϵ · E · δ(t) +
dR
dT

· I2 · ∆T(t) − k · ∆T(t) (2.15)

ith the ansatz ∆T(t) = A · exp(−t/τeff ) we obtain the solution for small temperature signals (∆T ≪ Tbase)

∆T(t) =
ϵ · E
C

· exp
(

−
t

τeff

)
with τeff =

C
k −

dR
dT · I2

(2.16)

It has to be stressed that this solution is only valid under the assumption of ∆T ≪ Tbase. If the temperature change ∆T
is of the same order of magnitude as the operating temperature Tbase, which is often the case for x-ray detectors, the
temperature dependence of C(T ) and k(T ) has to be taken into account explicitly. Analytic solutions for the temperature
signal are obtained by numerically solving Eq. (2.13) in that case.

The time constant τeff differs from the time constant τfall = E/C presented as a first approximation in Section 2.1. The
term dR

dT · I2 is usually referred to as electrothermal feedback [178]. If the detector warms up during particle detection, the
Joule heating changes due to the change in the thermistor resistance. If the sensitivity α (defined in Eq. (2.6)) is negative
– as it is the case for semiconductor thermistors –, the Joule heating will decrease and the detector cools down faster.
If α is positive – as for a TES –, Joule heating will increase and the cooling down back to the operating temperature is
slowed down. In this case, the electrothermal feedback term may even become larger than the thermal coupling k, which
will result in a negative effective time constant. That means that the detector will not cool down to the base temperature
any more. Rather, its temperature will continue to increase and it will become unstable. In particular for transition-edge
sensors which have a positive α, the electrothermal feedback, therefore, limits the applicable measurement current [178].

2.3.3. Readout of the thermal signal
Fig. 2.7 displays the readout scheme for a current-biased CLTD [164,184]. To keep the current constant when the

resistance changes, the temperature-dependent resistance R(T ) is in series with a load resistance RL ≫ R(T ). The
emperature signal ∆T causes a change of the resistance ∆R(T ). This resistance change is read out as a voltage signal
(T ) = ∆R(T ) I .
The transfer function of the readout scheme displayed in Fig. 2.7 corresponds to a low pass filter with the time constant

τel =
RLR(T )CS

(R(T) + RL)
≈ CS · R(T ) for RL ≫ R(T ) (2.17)

S is the stray capacitance of the detector and the readout cables. In the usual case of τel ≪ τeff , the thermal decay time
f the voltage signal will not be affected by the stray capacity. The rise time of the voltage signal, however, is determined
y the electronic time constant τ , because τ is much longer than the actual thermalization time (see Section 2.2).
el el
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Fig. 2.7. Readout scheme for a current-biased CLTD: The temperature-dependent resistance R(T ) is biased with a constant current I in series with
a load resistance RL . As long as RL ≫ R(T ), the current does not change if R(T ) varies. The resistance change ∆R(T ) is read out directly as a voltage
signal U(T ) [164,184].

If the resistance change ∆R is small against the resistance of the thermistor at the operating temperature, the voltage
signal is described by

∆U(t) = Umax ·

[
exp

(
−

t
τeff

)
− exp

(
−

t
τel

)]
(2.18)

with Umax =
ϵ · E
C

·
dR
dT

· I (2.19)

If τel ≪ τeff is no longer fulfilled, the voltage amplitude Umax decreases. Therefore, the stray capacities have to be kept
sufficiently small. But also the resistance R(Tbase) has to be kept small enough so that the condition τel ≪ τeff is not
eopardized. Otherwise, a larger resistance may result in a smaller voltage signal even if the same measurement current
s applied (for more details see [164,184]).

.4. Energy resolution

An important property that characterizes any energy detector is its energy resolution. As the energy transfer to either
harge or light or – in the case of CLTDs – heat is governed by statistical processes, the response of an energy detector to
he detection of an ensemble of mono-energetic particles with energy E0 is given by a Gaussian distribution:

p(E) =
1

√
2π σ

exp
(

−
(E − E0)2

2σ 2

)
(2.20)

(E) thereby describes the probability distribution to detect a particle of energy E0 in an energy interval E0 + dE. σ is the
tandard deviation of the energy. More commonly, energy detectors are characterized by the Full Width at Half Maximum
FWHM) of the distribution, also referred to the energy resolution ∆E of a detector. It is given by

∆E = 2 ln(2) σ ≈ 2.35 σ (2.21)

The energy resolution is determined by a sum of different contributions which can roughly be divided into two
ategories: Baseline noise describes all noise sources which are independent of the particle detection process. The
onversion of the particle energy into phonons, on the other hand, may be impeded by loss processes which are again
ubject to statistical fluctuations and, therefore, contribute to the energy resolution. In the following discussion, we will
ummarize these contributions as conversion noise.
D. McCammon has given an excellent discussion of the different contributions to the energy resolution of CLTDs

n [178]. For the sake of completeness, we will summarize the main arguments of this discussion concerning resistance
hermometers in Section 2.4.1. Section 2.4.2 will focus on the specific details for the detection of heavy ions, in particular
egarding the conversion of the ion energy into phonons. In Section 2.4.3, the theoretical limit of the energy resolution
f a CLTD will be discussed.

.4.1. Baseline noise due to thermal and electronic noise sources

.4.1.1. Noise due to thermodynamic fluctuations (phonon noise)
A CLTD is fundamentally a heat capacity C coupled to a heat sink at temperature Tbath by a finite thermal conductivity
(see Fig. 2.1). Even in equilibrium, phonons are exchanged constantly between the absorber and the heat sink. The

luctuation in the energy content of the detector is given by fundamental thermodynamics as⟨
∆U2⟩

= k T 2 C (2.22)
B bath
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where kB is the Boltzmann constant. Taking into account the thermal conductivity as well as the electrothermal feedback,
his equation is modified to⟨

∆U2⟩
= kBT 2

bath kτeff (2.23)

his equation assumes that detector and heat bath are in total thermal equilibrium with Tbase = Tbath. However, due to the
inite thermal coupling the real detector temperature will always be somewhat higher than Tbath. To take this into account,
. C. Mather has derived an effective thermal coupling constant k⋆ [198] with specific correction terms for insulators, metals
nd superconductors.

.4.1.2. Johnson noise of thermometer and load resistor
When a current is flowing through a resistance, heat dissipation is unavoidable. The thermal fluctuations of the charge

arriers create small voltage changes which are referred to as Johnson noise. This type of noise is always present in a
esistance thermometer and contributes to the overall energy resolution. Following D. McCammons derivation [178], the
pectral density function can be written as

eJ,therm =
RL

RL + R(T )

√
4kBT R(T )
1 − βA

(2.24)

he term βA takes into account the electrothermal feedback. For positive electrothermal feedback (positive α) as in
ransition-edge sensors, this factor may considerably enhance the Johnson noise [198]. Expression (2.24) illustrates that
ohnson noise can be minimized if the load resistance RL is kept large compared to the thermistor resistance R(T ). In that
ase, Eq. (2.24) is simplified to

eJ,therm ≈

√
4kBT R(T )
1 − βA

(2.25)

One advantage of low temperature detectors is that the low operating temperatures generally lead to low values of the
Johnson noise term.

Phonon noise and Johnson noise are present in every type of resistance thermometer. Therefore, it is common to
summarize these contributions in one formula and write for the intrinsic energy resolution of a CLTD [50,51,178]:

∆Eint = 2.35 ξ
√
kBT 2mc , 1 < ξ < 3 (2.26)

m is the total mass of the detector, c is its specific heat capacity. The factor ξ takes into account the contribution to the
eat capacity of conducting electrons, as well as the effective thermal coupling constant k⋆.
The thermal movement of the atoms in the thermistor leads to statistical fluctuations of the resistance which cause

statistical fluctuations of the current flowing through the thermistor. The noise spectral density is proportional to
1/f [178]. Therefore, this contribution is often referred to as 1/f noise.

2.4.1.3. Amplifier noise
Preamplifiers and amplifiers may also contribute to the overall electronic noise. Following the discussion in [178], their

noise can be described as a quadratic sum of voltage noise and current noise:

(∆U)2 = (∆UA)2 +
RL

RL + R(T )
(∆IA)2

1 − βA
(2.27)

his term is minimized if the condition RL ≫ R(T ) is fulfilled which is also demanded by the minimization of the Johnson
noise. In addition, care has to be taken to choose amplifiers which are optimally adapted to the thermistors, in particular
regarding the input impedance. Generally, it is possible to make the amplifier noise sufficiently small so that it is negligible
as compared to the other noise sources [178].

2.4.1.4. Photon noise
The detector exchanges energy with its environment not only via the thermal link to the heat sink. Thermal radiation

from the environment of the detector may also introduce heat into the absorber. The fluctuations of the thermal radiation
present an additional source of thermal fluctuations. Its spectral density function is independent of the frequency and,
according to the Stefan-Boltzmann-law, given by

eSB =

√
4σSB kBT 5

en, σSB = Stefan-Boltzmann constant (2.28)

It has to be emphasized that Ten in this equation refers to the temperature of the heat radiating surfaces surrounding the
detector, not to the operating temperature of the detector. Taking into account absorption and emission coefficients of
the absorber, as well as the solid angle of the heat radiation hitting the detector, this translates into a contribution to the
energy resolution of [199]

∆Ephoton = 2.35

√
τeff ·

Ω
· a(λ)ϵ(λ) AD · 8σSBkBT 5

en (2.29)

π
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where AD is the active detector surface and Ω the solid angle. The factors a(λ) and ϵ(λ) take into account the absorption
nd emission coefficient of the detector surface. In particular for the detection of heavy ions, apertures towards a beamline
r target cannot be completely omitted because heavy ions have only a short range in matter and will be hindered to reach
he detector if thin foils at low temperatures are introduced. Therefore, heat radiation from room temperature sources can
ntroduce a considerable amount of heat to heavy ion CLTDs. To minimize this contribution, the detectors are generally
urrounded by several thermal shields. Apertures are kept as small as reasonably possible by experimental demands. If
easible, i.e. for higher ion energies, cooled entrance windows made of ultra-thin foils are applied (see Sections 3 and 4
or a more detailed discussion).

.4.1.5. Summary
As described by Eq. (2.26), phonon and Johnson noise may be combined and can be estimated if the heat capacity and

he operating temperature of the detector are known. Examples are given in Tables 2.1 and 2.2. As quoted in Table 2.1,
or a sapphire absorber with a volume of 1mm3 an energy resolution of 2.2 keV can be estimated for an α−particle with
n energy of 1 MeV at an operating temperature of 1 K. The contribution of photon noise and amplifier noise have to
e added quadratically to this contribution. However, as discussed above, the amplifier noise can usually be neglected as
ompared to the other noise sources. The photon noise depends very strongly on the experimental conditions and may,
herefore, contribute considerably to the overall noise budget.

.4.2. Conversion noise
Conversion noise or thermalization noise summarizes all noise sources which are connected to the process of

ransferring the kinetic energy incident on a CLTD to a temperature signal. In Section 2.1 and Section 2.3.1, the processes
hich govern the energy deposition of a heavy ion or an x-ray in the absorber have been discussed in detail. All of these
rocesses are subject to statistical fluctuations which contribute to the energy FWHM. In addition, losses of the deposited
nergy as well as losses of phonons, which do not contribute to the thermal signal, may occur. The statistical fluctuations
f these losses may also increase the energy resolution of the detector.

.4.2.1. Quantum fluctuations (statistics of the detected quanta)
In the case of an ideal CLTD, all kinetic energy incident on the detector is used to create phonons. For a phonon at a

emperature T , the energy is given by

E = kBT (2.30)

he number of created phonons is therefore given by the simple relation

N =
Ekin
kBT

(2.31)

s the creation of phonons is a statistical process, the ultimate limit in energy resolution is given by the statistical
luctuations of their number, i.e.

∆Eqf = 2.35
√
NkBT = 2.35

√
Ekin kBT (2.32)

However, for heavy ions with a kinetic energy of the order of MeV, the number of phonons is very large (of the order of
109). As a consequence, the contribution of quantum fluctuations to the energy resolution is relatively small. Examples are
given in Table 2.3 in Section 2.4.3. The contribution to the energy resolution is, for example, ∆Eqf = 62 eV for α-particles
with an energy of 5.5 MeV, ∆Eqf = 133 eV for uranium ions with an energy of 18 MeV, and ∆Eqf = 845 eV for uranium
ions with an energy of 1 GeV. For 50 keV x-rays, an energy resolution of ∆Eqf = 38meV can be calculated from the values
given in Table 2.2.

2.4.2.2. Statistics of energy loss processes
In a real CLTD, the incident energy may not be transferred to 100% to heat and may not fully contribute to the

temperature signal. Different loss processes may occur which lead to a fluctuation in the detected amount of energy. The
statistics of these fluctuations lead to an additional contribution to the energy resolution. For semiconductor detectors,
the most pronounced effect is the reduction of the detected energy due to recombination of the electrons and holes. When
the created charge density is very high – which is often the case for the detection of heavy ions – the electrons and ions
recombine before the electrons reach the electrode and contribute to the energy signal. This so-called pulse-height-defect
(see also Section 2.5) leads to a decrease in the energy signal, but also to a decrease in energy resolution because the
number of the detected electrons fluctuates. For CLTDs, this effect is expected to be negligible because after recombination
the excitation energy is transferred to heat and, accordingly, it is detected. However, there are other loss processes which
may play a role in CLTDs (see also Fig. 2.6). H. H. Andersen [53,54] has given a detailed discussion of energy loss processes
of various ions in a diamond absorber and their influence on the energy resolution of a CLTD. His results are summarized
in Fig. 2.8. In the doubly logarithmic scale, the FWHM decreases almost linearly with temperature if only thermodynamic
fluctuations are taken into account. However, the different contributions of internal electrons, fluorescence, as well as
Frenkel pairs lead to an increase in the FWHM which is independent of the detector volume and leads to the different
horizontal lines in Fig. 2.8.
18
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Fig. 2.8. Theoretical predictions for the energy resolution for the detection of various ions in a CLTD with a diamond absorber of different volumes.
The calculation for the absorber volume of 1mm3 is highlighted. The blue line describes the thermodynamic limit from fluctuations in the number
of phonons (Eq. (2.32)). The contribution from the creation of Frenkel pairs (marked in red) is dominant for the heavy ions Br and Cu and limits the
relative energy resolution to ∆E/E = 2 × 10−3 for 25 MeV Br ions and to ∆E/E = 11% for 100 keV Cu ions. For the light ion He, the contribution
from losses by fluorescence (marked in dark orange), i.e. photons, is more significant. It limits the relative energy resolution to ∆E/E = 2 × 10−4 .
Source: Figure adapted from [54].

Creation of Frenkel pairs
As was described in Section 2.3.1, electronic as well as nuclear energy loss can result in a permanent displacement

of absorber atoms from their lattice position. Such Frenkel pairs [54,200] can be very long-lived for the low operating
temperatures of CLTDs. The displacement energy is then stored in the lattice and not converted into phonons. Accordingly,
Frenkel pairs act as phonon traps. The trapped phonons do not contribute to the temperature signal. This has two
consequences: On the one hand, the temperature signal will be reduced and may no longer be proportional to the kinetic
energy of the detected ion. On the other hand, the quantum fluctuations of the loss process will contribute to the energy
resolution of the detector according to

∆EFP,n = 2.35

√
0.42

δEn
Ed

QFP (2.33)

∆EFP,el = 2.35

√
0.17

δEel
Ed

QFP (2.34)

δEn and δEel denote the integral of the nuclear and electronic stopping power along the ion path. QFP is the amount of
heat trapped by one Frenkel pair, and Ed is the displacement energy [54,201]. According to H. H. Andersen [54], there is
no coupling between the electronic and the nuclear stopping channels. Therefore, both contributions have to be weighted
with the relative contribution of nuclear and electronic energy deposition and have to be added quadratically. The relative
contributions depend on the nuclear charge and mass of the incident ion and of the target material, as well as on the ion
energy.
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Table 2.3
Calculated values for the different contributions to the conversion noise of a CLTD after the impact of an ion: Ed is the displacement energy of the
lattice, QFP is the energy necessary to create a Frenkel pair. δEn and δEel are the deposited nuclear and electronic energy contributions integrated over
the ion path. ∆EFP,n and ∆EFP,el describe the contributions to the FWHM energy resolution by the creation of Frenkel pairs, ∆Efl the contribution of
fluorescence and ∆E⟨FP⟩2 the fluctuations between nuclear and electronic energy loss. ∆ECN is the squared sum of all contributions to the conversion
noise. For comparison, the last column displays the FWHM expected from quantum fluctuations according to Eq. (2.32). All calculations were
performed for an operating temperature Tbase = 1.5 K and an absorber volume V = 1mm3 .
Absorber Ion δEn δEel ∆EFP,n ∆EFP,el ∆Efl ∆E⟨FP⟩2 ∆ECN ∆Eqf

[MeV] [MeV] [keV] [keV] [keV] [keV] [keV] [keV]

Diamond Ed = 28 eV QFP = 12 eV

5.5 MeV αa 0.006 – 0.3 – 1.0 0.4 1.1 0.062
25 MeV Bra 1.1 – 3.6 – 2.2 52 52 0.133

Sapphire Ed = 16 eV QFP = 9 eV

5.5 MeV αb 0.011 5.48 0.4 5.1 1.4 0.1 5.2 0.062
18 MeV Ub 8.69 9.30 9.3 6.7 2.4 429 429 0.133

aCalculation of H. H. Andersen taken from [54].
bPresent work [164].

Additional energy loss processes
A certain fraction of the incoming ions may be backscattered from the surface of the absorber or cause sputtering of

absorber ions. However, the sputtering cross section is strongly dependent on the energy. Therefore, only heavy ions at
energies below 1 MeV may cause considerable sputtering yields which may then deteriorate the detector performance. If
the detection of such low ion energies is intended, a careful determination of sputtering yields is needed [54] (see Fig. 2.6).

When electronic energy loss is dominant, the creation of fluorescence photons has to be considered. When ions and
electrons which have been created by electronic stopping processes recombine, they can transfer their recombination
energy also into the creation of photons. While most of these photons will remain in the absorber (dependent on the
absorber volume) and therefore will contribute to the temperature signal, a small amount of photons may escape from the
absorber and cause a loss in the detected energy. For diamond absorbers, H. H. Andersen [54] estimates this contribution
to be around 1% of the particle energy, because diamond is a very efficient scintillator (see Fig. 2.8). As will be discussed
in Section 3, sapphire is used as absorber material for most of the present investigations. Sapphire scintillates only at very
low temperatures well below 1 K [202], so an upper limit of 1% probably overestimates this contribution.

As an alternative to fluorescence photons, the recombination energy can also be used to create δ−electrons. However,
ccording to H. H. Andersen [54] this mechanism is negligible in insulators. Electrons which have been created by
lectronic energy loss can also be trapped in metastable states. If the life time of these states is long compared to the
hermalization time, the trapped electrons do not recombine in time to contribute to the temperature signal. The life time
nd the number of such states depends strongly on the absorber material. For single crystals like diamond or sapphire,
heir density is relatively small. However, in heavily doped semiconductor thermistors they may cause significant losses
f the deposited energy [203,204].

Radiation damage
Radiation damage may occur in CLTDs after the detector was irradiated with a critical dose which depends on the

bsorber material, as well as on the nuclear charge and the energy of the incident ions. If the number of Frenkel pairs
ecomes too large, the crystal lattice of the absorber may suffer permanent damage. In particular for heavy ions, the
efect density along the track can become considerable, creating so-called thermal spikes [201,205]. Within these spikes,
he crystal locally melts. Due to the high density of charges, the displaced atoms are driven out of the melted volume
Coulomb explosion) [205], leaving behind a permanently amorphous ion track. In this amorphous region, the Debye law
for the heat capacity no longer holds. The heat capacity can become considerably larger than in the crystalline regions.
Thus, ion tracks may severely decrease the temperature signal. In addition, they may hinder the thermalization process
because the mean free path of phonons in such amorphous regions is much smaller than in a crystal [27].

Excess noise
In addition to the contributions discussed above, D. McCammon et al. have observed additional noise contributions

in semiconductor thermistors. They call them excess noise. Different mechanisms have been proposed for this noise
contribution:

• D. Liu et al. contributed part of it to the limited coupling between the electron and the phonon system in a thermistor.
This limited coupling between the two thermal systems leads to a fluctuation in the energy content between
electrons and phonons, thus causing fluctuations in the temperature signal [206].

• In [179], D. McCammon discusses a second possible mechanism which is related to two-dimensional effects in the
electron gas. This effect is more pronounced for silicon thermistors because the doped layer in these thermistors is
relatively thin.

• D. McCammon discusses also a potential local dependence of the energy response function [178]. This aspect will
be further elaborated in Section 3.6.2.1.
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Table 2.4
Example for the different noise contributions in two detectors with an Al TES and a germanium
thermistor [164]. All values were calculated for an operating temperature of Tbase = 1.5 K and are
given in keV. The conversion noise for a 5.5 MeV α-particle was scaled with the volume of the sapphire
absorber to ∆ECN = 5.5 keV.

Johnson Amplifier Phonon Photon Sum
noise noise noise noise including ∆ECN

Al TES 5 5 7 2 11
Ge 40 19 8 2 45

As all the contributions discussed in Section 2.4 are considered independent of each other, they have to be added
quadratically in order to get a full estimate on the expected energy resolution.

2.4.3. Theoretical limit of the energy resolution of a CLTD
Table 2.1 in Section 2.2 illustrates the dependence of the energy resolution on the operating temperature and the

Johnson noise for the example of an α-particle in a sapphire absorber with a volume of 1mm3, taking into account only
he thermodynamic fluctuations. In particular, the value of ∆Etheo = 2.2 keV at 1 K – which is independent of the energy
f the α-particle and only dependent on the operating temperature – may be compared to the results of Table 2.3, where
he contribution of the conversion noise is estimated to be 5.2 keV. Eq. (2.26) does not take into account either the nature
f the detected particles or details of the energy deposition process. However, it represents a lower limit for the energy
esolution that can be obtained. Compared to that value, the contribution from quantum fluctuations ∆Eqf as shown in
able 2.3 can be neglected.
In Table 2.4, the conversion noise is compared to the other noise contributions for two detectors which were used in

art of the present investigations [164]. The detectors are described in detail in Sections 3.2.2.1 and 3.2.3.1. The point has
o be stressed that these noise contributions strongly depend on the thermistor type, operating temperature and specific
xperimental conditions, and may vary accordingly. For the germanium thermistor which operates with a resistance of
200 k�, the Johnson noise is clearly the dominating factor, while for the TES with an operating resistance of ∼50 k�,
ll contributions are of the same order of magnitude. The energy resolution for α-particles was in all cases above this
heoretically estimated limit, indicating that other limits on the energy resolution are present. Further details of the
etector performance and additional noise sources will be presented in Section 3.

.5. Potential advantages over conventional detection schemes

Due to their operation principle CLTDs provide potential advantages over conventional ionization detectors, such as
emiconductor detectors or ionization chambers, etc. Whereas the following discussion is valid for many kinds of CLTDs
or various applications, a special emphasis is given to detection schemes for heavy ion physics, namely detectors for
nergetic heavy ions and hard x-rays. Potential advantages of CLTDs with respect to basic detector properties are:

• the smaller energy gap ω for the creation of an elementary excitation, leading to a better counting statistics of the
detected quanta. Whereas the energy gap ω for producing an electron–ion pair or a photo electron in a conventional
ionization detector based on charge collection is of the order of one to tens of eV (about 0.7–1 eV for a semiconductor
detector and about 10–30 eV for a gaseous ionization detector [1,2]), the excitation energy of thermal phonons is
of the order of ω ≤ 10−4

− 10−3 eV [1]. This results in much lower statistical fluctuations, decreasing with
√

ω (see
Section 2.4.2.1), and therefore in a potentially better energy resolution and a lower energy threshold. It should be
noted, however, that – in contrast to the case of x-rays – for the relatively large incident energies of energetic heavy
ions this effect is of minor importance as compared to other limiting factors, except for the lowest total energies of
E ≤ 10MeV;

• the more complete energy detection leading to considerably smaller statistical fluctuations of the loss processes, and
to a better energy linearity, as compared to detectors based on charge collection. Whereas in CLTDs the majority of
the incident energy (at least more then 95%) is converted into heat (within a relatively short thermalization time
of ≪1 µs) after the decay of the initial electronic excitations (see Section 2.4.2, Table 2.3 and [54]), considerable
losses in the ionization signal up to 60%–80% may appear for ionization detectors due to direct phonon creation and
charge recombination. The latter effect is particularly dominating for the impact of very heavy ions in matter due
to the creation of extremely high charge densities. Besides the deficit of the detected energy, this effect results also
in a substantial pulse height defect [154,207–210], which is dependent on energy, mass and nuclear charge of the
incident ion. For example, this defect for different ion species can be as high as about 60% when comparing the signals
created by a carbon ion to those of an uranium ion at the same energy (see Section 3.6.2 and Fig. 3.21). Therefore,
besides statistical fluctuations of the loss processes, affecting the limit in energy resolution, the pulse height defect
affects substantially the linearity of the energy response. Therefore CLTDs provide an energy measurement which is
usually independent of energy, mass and nuclear charge of the incident ion.
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• the ability to efficiently detect weakly or non-ionizing particles, which is also due to the almost complete energy
detection of CLTDs. This effect is important, for example, for the detection of very slow ions for which the stopping
power is dominated by nuclear stopping, or for the search for dark matter (see Section 1).

• the lower detection threshold due the fact that CLTDs can be constructed without any dead layers and, in some cases,
also without entrance windows, which are unavoidable in conventional ionization detectors and therefore result
there, especially for very slow heavy ions, in limitations in detection efficiency, energy resolution due to energy loss
straggling effects, and energy linearity due to the Z-dependent energy loss in the inactive detector components;

• the flexibility in the choice of the absorber material. As compared to conventional ionization detectors, a much
wider variety of materials is expected to fulfill the conditions for absorber materials of calorimetric detectors (see
Section 2.2). The absorber material may therefore be optimized with respect to radiation hardness (important for
heavy ion detection), and detection efficiency, for example to optimize the photopeak efficiency for x-rays. The short
lifetimes caused by radiation damage, mainly due to lattice damage by nuclear stopping, is one of the limitations
of semiconductor detectors when detecting high count rates of very heavy ions. Other criteria, for which the choice
of the absorber material is important, are defined by the individual experimental demands, such as for example
applications where the radiation source is identical with the absorber material (see Section 1);

• the smaller noise power at low temperatures. Several contributions to the thermal and electronic noise are decreasing
with temperature, and are therefore reduced due to the low operating temperatures of CLTDs (see Section 2.4.1).

Finally the performance of CLTDs is compared with some other conventional detection techniques, which are not operating
on charge collection:

• Magnet spectrometers provide similar or even higher energy resolution, but they are, in particular for higher incident
ion energies, relatively big devices, not easy to handle, and are limited by relatively small solid angle acceptance and
a narrow dynamic range. Moreover they are limited, in particular for the detection of slow heavy ions, by charge
state ambiguities.

• Dispersive detection techniques, such as crystal spectrometers [172,211], which are frequently used for high
resolution detection of x-rays, provide very good or even better energy resolution, but on the cost of dynamic range
and detection efficiency due to the very limited solid angle acceptance.

3. CLTDs for the energy-sensitive detection of energetic heavy ions

3.1. Experimental conditions and specific requirements for the detection of energetic heavy ions

The research project for the design, development and construction of CLTDs for the energy-sensitive detection of
nergetic heavy ions was motivated by the rapid development of heavy ion physics in numerous research facilities,
lready existing or under construction or being planned, world wide [124–134,136–145]. These research facilities already
rovide, or will provide, excellent conditions for various experimental research projects of high interest, and have already
ttracted a world-wide growing community of researchers. One prominent example is the GSI/FAIR facility at Darmstadt,
ermany [124,128–130].
Heavy ion beams of highest intensity and quality, and well performing separators providing, among others, high

ntensity secondary radioactive beams, reaching far outside the valley of stability in the chart of nuclides, high intensity
eams of fission fragments, and highly effective production of very rare species like superheavy elements, are or will
e soon available. They have therefore a large potential for addressing a wide spectrum of many important questions
n nuclear physics, nuclear astrophysics, applied heavy ion physics, and many more [124–131,212] which will address,
mong others, the exploration of the limits of nuclear stability (dripline nuclei, superheavy elements), the exploration
f astrophysical scenarios (element synthesis in the universe, supernova evolution, s-, r-, rp-processes, etc.), the isospin
ependence of nuclear structure, as well as new modes of collective excitations (access to the nuclear equation of state),
he dynamics of nuclear fission processes, and the interaction of heavy ions with matter.

Therefore, heavy ion detectors with highest energy resolution and/or highest detection efficiency, good energy-pulse
eight linearity, low detection threshold, and radiation hardness are required:

• for high-resolution nuclear spectroscopy with cooled heavy ion beams available from storage rings;
• for mass identification via combined energy/time-of-flight detection for reaction products in direct reaction- and

γ -spectroscopy experiments with radioactive beams. Such experiments, performed in inverse kinematics, require
an event by event identification of the beam-like reaction products;

• for a unique background-free and highly efficient mass determination – again via combined energy/time-of-flight
techniques – for the identification of superheavy elements;

• for a highly efficient and background-free identification of rare isotopes in accelerator mass spectrometry [163]
via a high-resolution total energy measurement. Hereby, high detection efficiency for very slow heavy ions (E ≤

0.1MeV/u) is also very important;
• for an identification of fission isotopes from neutron induced fission;

• for a precise determination of stopping powers of heavy ions in matter.
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Table 3.1
Range of various heavy ions in sapphire for energies between 0.1 and 500 MeV/u, calculated using the
program SRIM [213].
Energy Range in µm for

in MeV/u 20Ne 40Ar 132Xe 238U

0.1 1.4 1.6 2.7 2.7
1 6 7 10 12
10 94 72 57 62
100 4760 2980 1230 945
500 70800 43800 15900 8080

When designing cryogenic detectors for energetic heavy ions, it has to be realized that the conditions and detector
parameters with respect to absorber size, incident energy, energy resolution, amount of radiation damage, etc., are
different by orders of magnitude from those of most other applications of such detectors (see Section 1). The typical
incident kinetic energies of the heavy ions to be detected in the various applications range from energies well below the
Coulomb barrier (E ≤ 0.05 − 1MeV/u) via energies around the Coulomb barrier (E ≈ 3 − 10MeV/u) up to relativistic
nergies (E ≥ 100 − 2000MeV/u), thus corresponding to total energies of E ≈ 10 − 20MeV up to some hundred GeV.
espite the relatively large total energies, the high specific energy loss of heavy ions in matter leads to comparably small
anges (2 µm − 15mm in most cases, except for light relativistic ions, see also Table 3.1), thus allowing relatively small
bsorber volumes. If quantitatively compared to the detection of photons, electrons or protons and light ions, etc., it turns
ut that, due to the characteristic energy loss processes, the energy deposit per range in matter is for heavy ions by orders
f magnitude higher. This specific feature makes CLTDs, which reach their highest sensitivities for small absorber sizes,
ttractive for the detection of heavy ions. Due to the relatively high incident energies, already operating temperatures
round 1.5 K will allow sufficient sensitivity of calorimetric detectors for heavy ions, thus reducing the demands on low
emperature technology.

Concerning the energy resolution power required a relative resolution of ∆E/E of the order of one to a few times 10−3

ould, as compared to conventional heavy ion detectors, be already a big step forward for various applications in heavy
on physics.

.2. Detector design and detector characterization

.2.1. Sapphire absorbers
As described in Section 3.1, the short ranges of heavy ions in matter favor small absorber sizes for CLTDs. Following

he discussion in Section 2.2, a high temperature signal is obtained by realizing a small absorber heat capacity and a high
ensitivity of the thermistor. On the other hand, the active detector area cannot be made arbitrarily small. Therefore, a
aterial with low specific heat capacity is mandatory. As the detection of heavy ions does not demand for any specific
roperties of the absorber (except radiation hardness and a fast and complete thermalization), an insulator with a high
ebye temperature is an obvious choice. According to H. H. Andersen, diamond is the ideal absorber from the heat capacity
oint of view, because its Debye temperature is exceptionally high [54]. In addition, it is the hardest material available and
hows exceptional resistance against radiation damage by heavy ions [214]. However, it is also a very expensive material,
ard to machine and difficult to grow to large crystals. A close choice is sapphire (single crystal Al2O3) with a Debye
emperature of around 1000 K. Because it is widely used in laser physics, large single crystals of excellent crystal quality
re available at a reasonable cost. It can be machined into a wide variety of geometries, including thin wafers which can
e used as substrates for photolithography. Its heat conductivity, which is exceptionally large for an insulating material,
s a further advantage [215]. B. Canut et al. have investigated the susceptibility of sapphire to radiation damage caused
y swift heavy ions [216]. While small damage effects have been observed, the effect was much smaller than in quartz
r conducting oxides.
The impact of α-particles on a single crystal of sapphire has been investigated by K. W. Shepard et al. already in

975 [35]. They used a superconducting aluminum film as a resistance thermometer, even though no energy-sensitive
article detection was intended. Following these investigations, sapphire absorbers with superconducting aluminum
ransition-edge sensors are one type of CLTDs which have been developed for heavy ion detection. These detectors are
escribed in detail in Section 3.2.3. To overcome the limited dynamic range of transition-edge sensors, composite detectors
onsisting of a sapphire absorber and a semiconductor thermistor were also investigated. These detectors are discussed
n Section 3.2.2.

.2.2. CLTDs based on semiconductor thermistors

.2.2.1. Detector design
As is described in Section 2.2, semiconductor thermistors consist of silicon or germanium which is heavily compensated

oped to achieve a conductivity slightly below the metal–insulator transition [12,179]. In this case, the temperature

ependence of the resistance below 4 K is given by Eq. (2.7) (see also Fig. 2.4). For the present investigations, germanium
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Fig. 3.1. On the left-hand side, a schematics of the composite CLTD with a germanium thermistor and a sapphire absorber is displayed (adapted
rom [15]). The germanium thermistor is glued on the copper cold plate by means of GE7031 varnish [217]. The sapphire absorber, in turn, is
lued onto the germanium thermistor with GE7031. On the right-hand side, photos of the detector are shown. To make sure that only the sapphire
bsorber is hit by the ions, an aperture with a diameter of 0.5 mm was mounted in front of the CLTD.

hermistors were chosen. These had been produced by the Chemical and Metallurgical Division of Sylvania Electric Products
nc..2 The doping concentration was chosen sufficiently high to provide a high value of α in the intended range of operating
emperatures around 1.5 K. The germanium crystals were doped with 2 × 1017 cm−3 of indium and 1 × 1017 cm−3

f antimony by conventional ion implantation. The original crystals of 6 × 3 × 0.5mm3 were cut into pieces of
.5 × 0.5 × 0.5mm3 and 1 × 0.5 × 0.5mm3.
In addition to the electronic noise sources discussed in Section 2.4, Schottky noise can provide a considerable

ontribution to the overall noise budget if the contact resistance between the thermistor and the readout cables is large.
f a semiconductor is contacted to a metal, the free electrons from the metal will travel into the semiconductor and create
depletion layer [27]. The resulting Schottky barrier prevents charge carriers from the semiconductor from traveling into
he metal, thus effectively suppressing conduction. To minimize this effect, the contact surfaces of the germanium crystals
ontain a layer with increased doping concentration of boron doping and are covered with a contact layer of palladium
nd gold. Electronic contacts are realized by ultrasonic bonding of gold wires with a diameter of 25 µm.
In early investigations a monolithic germanium CLTD was used. That means that the germanium crystal was chosen

s absorber and thermistor at the same time. However, tests with heavy ions showed that germanium was not a suitable
bsorber material. Using the germanium crystals directly for the detection of heavy ions did not yield satisfactory re-
ults [151,217]. The spectra showed a complex multi-peak structure which was dependent on operating temperature and
osition of the ion impact. These structures were interpreted as effects of inhomogeneities in the doping concentration,
f inhomogeneous thermalization and of energy loss processes.
Consequently, a composite detector with sapphire absorber(s) was realized for a germanium crystal from the first

roduction badge [152,217]. The sapphire absorber had a thickness of 0.3 mm and lateral dimensions of about 1.8 ×

.9mm2. It was glued onto the germanium thermistor by means of the low-temperature epoxy GE7031.3 This epoxy
rovides high thermal conductivity at low temperatures. In addition, it maintains its mechanical flexibility, thus mediating
etween the different thermal expansion coefficients of sapphire and germanium. The schematic setup and photos are
isplayed in Fig. 3.1. For the first prototypes, the detectors were glued on the copper holders by means of GE7031 varnish.
owever, it was discovered that this coupling was too strong and led to a loss in signal amplitude of the thermal signal
nd bad energy resolution [217,218]. Therefore, in the later design the thermal coupling between thermistor and heat
ink was realized by the wires which also provide electrical contact.
The electrical contact of the germanium thermistor is realized by means of so-called ultrasonic ball bonding. The concept

s displayed in Fig. 3.2. A gold wire of typically 25 µm in diameter is formed into a ball, pressed onto a gold contact surface
nd fixed there by a pulse of ultrasonic power. Then the bond tip is moved to the gold contact pad, where the gold
ire is again fixed by pressure and ultrasonic power. With this technique, small yet mechanically quite stress-resistant
onnections are realized which are strong enough to hold the small sapphire crystal without further support.
To provide the connection to the preamplifiers at room temperature, the gold coated pins for electrical contact are

oldered to wires of phosphor bronze. Phosphor bronze is an alloy with low thermal conductivity, thus minimizing the
ntroduction of heat load from room temperature to the detectors. To further reduce this heat load, the wires are thermally
nchored by wrapping them around copper cylinders which in turn are screwed to the different temperature stages at
7 K and 1.2 K. Again Ge7031 is applied for additional thermal contact.
For a later experiment at high ion energies, an additional sapphire absorber with a thickness of 6 mm and a diameter

f 3 mm was glued onto the first sapphire absorber. Fig. 3.3 shows this composite detector on the left-hand side. The

2 Today: Osram Sylvania Inc., Wilmington (DEL), USA.
3 Cryophysics GmbH, Dolivostraße 9, 64293 Darmstadt, Germany.
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Fig. 3.2. This schematics displays the steps of ultrasonic ball bonding.

Fig. 3.3. On the left-hand side, this figure shows a photo of a composite CLTD consisting of a large sapphire absorber, which was added to account
for the larger range of high energetic heavy ions, and a germanium thermistor (denoted by the white square). On the right-hand side, a germanium
thermistor glued onto a thin sapphire absorber made for low ion energies is displayed [164].

large cylindrical crystal is held by thin tips of stainless steel and a small drop of GE7031 varnish to maintain mechanical
stability.

In the second production badge, it was tried to further reduce the Schottky barrier by applying boron doping. The
ermanium crystals were doped on opposite surfaces by the Haller-Beeman Assoc. Inc.4 to a boron concentration of
×1019 cm−3. The thickness of the doped layer is around 0.13 µm [164]. Afterwards, the surfaces were covered with 20 nm

of palladium for better adhesion and then with 400 nm of gold. An annealing step at 300 ◦C was applied to anneal defects
caused by the implantation process. Copper wires with a diameter of 50 µm were glued onto the gold contacts by means
of the epoxy Epo-Tek H20E.5 Fig. 3.3 shows an example on the right-hand side. The target of the second production badge
were ions in an energy range below 1 MeV/u. Accordingly, a germanium crystal with a dimension of 0.5× 0.5× 0.5mm3

as glued on a sapphire absorber with a thickness of only 50 µm and an area of 3 × 3mm2.

.2.2.2. Detector characterization

R(T) curves
R(T ) curves were the first characterization step to investigate if the expected values for R0 and T0 had been realized

nd if the expected exponential Mott behavior was observed. An example for a detector of the second production badge is
isplayed in Fig. 2.4 in Section 2.2. Both CLTDs follow the expected Mott behavior perfectly well. The solid lines represent
its to the data with Eq. (2.7). The values of R0 and T0 are (69 ± 1)�, and (106 ± 2) K, respectively. At an operating
emperature of 1.7 K, this results in a sensitivity parameter of α = −3.3. Similar results were obtained for the other
etectors discussed in the previous section [151,152,217,219].

4 Haller-Beeman Assoc. Inc., El Sobrante (CA), USA.
5 Epoxy Technology Inc., Billerica (MA), USA.
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Fig. 3.4. The α-signal of a CLTD with a germanium thermistor was averaged from 100 signals of the α-source with three nuclides. The amplification
factor of the preamplifier is 5000, the measurement current is 4 µA. The red curve describes a fit to the data according to Eq. (2.18). The decay time
constant deduced from the fit is τeff = 185(7) µs [164].

Characterization with α-particles
As a second characterization step, all detectors were irradiated with α-particles from a combined source which contains

239Pu, 241Am, and 244Cm. For all detectors, the shape of the α signals as well as pulse height spectra were recorded. Fig. 3.4
shows the signal shape of a composite CLTD with a semiconductor thermistor [164]. The signal was averaged from 100
single preamplifier signals of the α-source with three nuclides. The shape of the signal is well described by Eq. (2.18). The
negative sign of the voltage signal is a result of the negative dR/dT characteristics. The decay time constant τeff = 185(7) µs
determined from the fit allows for a maximum count rate of around 1–3 kHz for this detector if pile-up should be
avoided. The voltage amplitude Umax should be inversely proportional to the detector heat capacity (Eq. (2.19)), while the
effective time constant τeff should be directly proportional to it. Therefore, the signal shape offers two different means to
experimentally determine the heat capacity and compare it to the expected value, namely from τeff according to Eq. (2.16)
and from Umax according to Eq. (2.19).

To compare these values with the heat capacity calculated from literature values, the following parameters were used
(for details see [164]):

• Specific heat for sapphire: csapphire = (3.4 ± 0.1) × 10−7 T 3 J
cm3 K

• Specific heat for germanium: cgermanium = (3.03 ± 0.05) × 10−6 T 3 J
cm3 K

+ (1.8 ± 0.2) × 10−6 T J
cm3 K

The second term for germanium accounts for the heat capacity of the electrons. In addition, the heat capacities of the
glues GE7031 and H20E may lead to additional contributions which are difficult to quantify because the volume of these
glues is not easily determined.

The detector with which the signal displayed in Fig. 3.4 was taken consists of a thin sapphire absorber of 3 × 3 ×

0.05mm3, glued to a germanium thermistor of 0.5 × 0.5 × 0.5mm3. For this constellation, the heat capacity is clearly
dominated by the germanium thermistor:

• Heat capacity of the sapphire: C = (0.74 ± 0.09) nJ
K at T = 1.67 K

• Heat capacity of the germanium: C = (2.1 ± 0.3) nJ
K at T = 1.67 K

• Total heat capacity: C = (2.8 ± 0.4) nJ
K at T = 1.67 K

For comparison, the heat capacities determined from Umax and τeff result in C = (8.4 ± 0.5) nJ
K , and C = (5.1 ± 0.1) nJ

K ,
espectively. The reason for this discrepancy is not yet understood. One possibility is that the thermal coupling which
as determined from I(V ) curves [164] is not correct. A contribution of the GE7031 low temperature varnish or the H20E
lue for the electrical contact may also not be excluded.

.2.3. CLTDs based on superconducting phase-transition thermometers
The other established technique for resistance-based CLTDs are superconducting phase-transition thermometers, also

alled transition-edge sensors (TES) (see Section 2.2.2). K. D. Irwin and G. C. Hilton give an extensive overview on the
peration principle and the basic theory in [180], and an overview on recent developments is presented in [17]. The use
f a superconductor in its transition from the normal to the superconducting state allows for very high values of the
ensitivity parameter α (see Section 2.2). In addition, the value of dR/dT is more or less constant in a certain range of the
ransition. Therefore, the energy response function of a TES is usually quite linear.

For sapphire (Al2O3), nature offers us a perfect fit: aluminum is a type I (i.e. BCS) superconductor [188] with a transition
emperature of TC = 1.2 K. For thin films, the transition temperature can be increased up to 1.7 K [220,221]. Thin
luminum films can be deposited very well onto sapphire substrates, because aluminum fits well into the sapphire crystal
attice [27].
26
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Fig. 3.5. On the left-hand side, a schematics of the aluminum TES structure is displayed. The thin aluminum film is structured by means of
photolithography in the form of a meander with a long wire to obtain resistances in the transition in the range of k�. On the right-hand side, a
icture of a thermistor on a sapphire crystal of 3 × 3 × 0.44mm3 is displayed [155].

.2.3.1. Detector design
K. W. Shepard et al. [35] investigated the response of thin films of aluminum, which were deposited onto sapphire

ubstrates, to α-particles. They investigated the thermal response by observing the voltage signal induced by the resistance
hange and made a profound analysis of the thermal processes in the sapphire absorber, as well as in the aluminum film.
ut no spectra were recorded.
Based on these investigations, the development of composite CLTDs with sapphire absorbers, which provide low heat

apacity and good radiation hardness (see Section 3.2.1), and aluminum TES was started in 1989 at the University of
ainz, Germany [149,220] with the aim to use this technique for the detection of energetic heavy ions. The first step
as to determine the ideal film thickness and to establish the production process. For a good energy-sensitive detector,
everal demands on the aluminum film had to be met:

• a homogeneous transition from the superconducting to the normal-conducting state with a constant value of dR/dT
in the whole transition range;

• a narrow transition width for obtaining a large value of dR/dT for high sensitivity;
• a transition temperature of around 1.4–1.5 K which can be reached with a pumped 4He bath cryostat;
• a resistance at the operating temperature which allows for the use of conventional preamplifiers (see discussion in

Section 3.3).

Over the years, several attempts have been made to meet these requirements and continuous improvements on
he performance were obtained [150,153,162,164,184,218,220–223]. It turned out that reaching the aim of aluminum
tructures with narrow, homogeneous and reproducible transitions was a challenging task which demanded considerable
fforts. At the beginning of the development, aluminum strips with different film thicknesses between 5 nm and 40 nm
ere evaporated onto sapphire substrates and characterized with respect to transition temperature TC and transition
idth δT [220]. It turned out that thicker films yielded smaller transition widths, but also smaller resistances. In addition,

f the film thickness was chosen too small, the transitions became inhomogeneous. As a compromise, a film thickness of
0 nm was chosen which has been maintained for all further detector developments of this type. A. Echler [221] made
ome tests with sputtered films with a thickness of 15 nm, but as these films showed a larger δT and, accordingly, a
ower dR/dT , the concept was not pursued. Interestingly, the transition temperature of the sputtered films did not show
considerable dependence on the film thickness, at least not in the investigated range of thicknesses. Rather, a variation
f the transition temperature of up to 0.2 K was observed from one detector to the next even within the same production
adge [155,221]. The sputtered films reached higher transition temperatures of up to 1.7 K, but at the cost of lower
ensitivity. On the other hand, aluminum films which were deposited on very thin sapphire samples with a different
rystal orientation did not become superconducting even at temperatures close to the 1.2 K of the bulk material [164].
hese findings indicated that the microstructure of the deposited films has a rather large influence on the transition
emperature. However, controlling this microstructure turned out to be very difficult.

To match the impedance of the aluminum thermistors to conventional preamplifiers, and to realize a large dR/dT ,
the aluminum films were structured in the form of a thin meander-like structure by means of photolithography [150,
164,218,220]. Three different stripe geometries were tested [164]. Wider stripes are easier to produce and less prone
to failures, but the resistance is smaller which leads to a smaller dR/dT . Thinner stripes place higher demands on the
production process, but the higher resistance results in larger dR/dT which ultimately was found to produce a better
energy resolution. Accordingly, for detectors only the geometries with a length of 50 mm and a width of 10 µm, and with
a length of 102 mm and a width of 5 µm were further used.
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Fig. 3.6. The left-hand side shows a schematics of the setup of the first generation of a composite CLTD with a TES thermistor on a sapphire
absorber, with gold wires for thermal and electrical contact (adapted from [15]). The support of the absorber, as well as the thermal link to the
heat sink is realized only by the gold wires. The right hand panel shows a photo.

Fig. 3.7. Left-hand side: schematics of a CLTD for the detection of heavy ions with higher energies. Onto the sapphire crystal of a standard CLTD
with aluminum TES as discussed above, an additional sapphire crystal with larger volume was glued in order to increase the absorber thickness. On
the right-hand side, corresponding photos are displayed.

Photolithography6 is performed on sapphire wafers with a diameter of 2 inch (About 200 individual sensor structures
can be put onto one sapphire wafer.) It is performed in two steps: In the first step, the aluminum film is deposited onto
the sapphire wafer and structured in the form of a meander. For the quality of the aluminum TES, an excellent vacuum
and clean conditions during the evaporation process are of vital importance [164,184]. In the second step, the contact pads
for ultrasonic bonding are realized. They consist of 30 nm Cr which helps to fix the layer of 100 nm Au onto the sapphire
surface. In the second detector design, the small gold contact pads were replaced by gold stripes to allow the placement
of more than one bond [164]. In the third generation of thermistors, an additional strip of gold was added which was used
as a heater for the individual temperature stabilization of each detector in a detector array (see Section 3.2.4) [184,223].
Fig. 3.5 shows an example for the third generation of detectors with a schematics on the left-hand side and a picture on
the right-hand side.

After the structuring is completed, the wafers are cut with a diamond saw into pieces of either 2.5×3×0.33mm3 [164,
18] or 3×3×0.44mm3 [184,221]. Electrical contacts are provided by gold wires with a thickness between 17 and 25 µm,

which are attached to golden contact pads at the ends of the aluminum meander structures by means of ultrasonic ball
bonding [164,184,218,220,221]. The detector pixels are mounted on copper holders similar to the ones for the CLTDs
with germanium thermistors described in Section 3.2.2.1. In the first attempts, the sapphire crystals were glued onto the
copper holders by means of the GE7031 varnish to realize an optimal thermal coupling. However, this setup was found
to yield bad performance. Accordingly, in the later design the detectors were connected to the heat sink only via the gold
bond wires, which are, therefore, also used as mechanical support. Fig. 3.6 shows a scheme of the setup and a photo.

For the detection of ions with higher or even relativistic energies, which cannot be stopped in the standard absorber
thickness of 330 µm (see Table 3.1), the absorber thickness had to be adjusted to the individual experimental conditions.
Therefore, detectors with additional sapphire absorbers with larger volumes (6mm3 and 120mm3 [153]) were realized.
For this purpose, sapphire crystals of 2.5 × 3 × 0.33mm3 with aluminum TES were glued onto the additional larger
sapphire crystals with GE7031 varnish. The larger absorbers are fixed by specially shaped copper support structures in
order to minimize thermal contact to the environment. A schematics and photos of this setup are displayed in Fig. 3.7.

6 Photolithography was performed by different institutions: for the first generation of detectors by K. Haberle et al., Institut für Halbleitertechnik,
Technische Universität Darmstadt, Schlossgartenstrasse 8, D-64289 Darmstadt, Germany, [164,218], for the second generation by C. Enss et al.,
Kirchhoff Institute, Im Neuenheimer Feld 227, D-69120 Heidelberg, Germany, [221], for the third generation by the Fraunhofer-Institut für
Mikrotechnik und Mikrosysteme IMM, Carl–Zeiss–Strasse 18–20, D-55129 Mainz, Germany [184].
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Fig. 3.8. The homogeneity of the transition curve is strongly dependent on the aluminum film thickness. Whereas a film with a thickness of 5 nm
(left-hand side) results in a transition with steps, a film thickness of 12 nm (right-hand side) yields a homogeneous transition with a well-defined
dR/dT [220].

Fig. 3.9. The panel on the left-hand side displays an example for a homogeneous transition curve of an aluminum TES with a film thickness of 10 nm.
The transition temperature is 1.424 K, the transition width is 3.5 mK. The panel on the right-hand side shows the corresponding point-by-point
derivative dR/dT . In the region from 25%Rn to 75%Rn , the average slope is dR/dT = 19.9(4)M�/K which results in a sensitivity parameter of α = 406.
The maximum derivative is slightly higher with dR/dT = 21.7(1)M�/K.

3.2.3.2. Detector characterization

R(T) curves
As was discussed for the germanium CLTDs, R(T ) curves are the first step to characterize CLTDs. For TES sensors, in

addition to the transition temperature, the homogeneity and the width of the transition are of primary importance. A
small transition width δT results in a high dR/dT , but also in a smaller dynamic range. A homogeneous transition is
mandatory for a linear energy response of the detector.

Since the beginning of the developments, around fifty CLTDs based on aluminum TES’s were characterized [150,164,
184,218,220,221,223]. Figs. 3.8 and 3.9 display three examples of transition curves. Fig. 3.8 illustrates how sensitively
the homogeneity of the transition depends on the film thickness. Whereas an aluminum film with a thickness of 5 nm
results in an inhomogeneous transition with steps, a film thickness of 12 nm yields a homogeneous transition with a well
defined, constant value of dR/dT , as is illustrated by the example in Fig. 3.9. For this example, the film thickness is 10 nm.
The aluminum strip has a length of 102 mm and a width of 5 µm. It should be pointed out that ultra-clean conditions
during the evaporation of the aluminum film onto the sapphire wafers were mandatory in order to obtain homogeneous
and reproducible transition curves [164,221].
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Fig. 3.10. This example of a preamplifier signal averaged of 100 signals from the three-line-α-source was taken with the detector whose R(T ) curve
s displayed in Fig. 3.9. The red line shows a fit with the function described in Eq. (2.18). The rise time and the decay time of the thermal signal
ere determined to be τrise = 34(2) µs, and τeff = 936(2) µs, respectively.

Further examples for transition curves are displayed in Fig. 2.5 in Section 2.2.2 and Fig. 3.12 in Section 3.2.4. Even when
considering detectors of the same production run, it is unavoidable that the transition temperatures as well as the widths
of the transition curves have slight variations within about 0.02 K. It turned out that tiny variations in the film thickness
have a large impact on these characteristic values [164,184]. As a general rule, each detector pixel has to be characterized
individually concerning its transition temperature and its dR/dT . Concerning the overall variation of all transition curves
obtained over the years with different generations of detectors, a wider range of parameters was found:

• TC : 1.45 − 1.7 K
• δT : 4 − 15mK
• dR/dT : 1 − 20M�/K
• α : 150 − 600

The point-by-point derivative of a typical transition curve is displayed on the right-hand side of Fig. 3.9. The value of
R/dT is constant over most of the transition region which ranges from 25% to 75% of the resistance RN in the normal
onducting state. The point-by-point derivative yields an excellent value of dR/dT = 21.7(1)M�/K. A linear fit to the
(T ) curve in the transition region yields a value of dR/dT = 19.9(4)M�/K which is slightly smaller due to the smaller
lope in the upper part of the transition. However, optimal performance is achieved in almost the whole transition region.
When a current is applied to a superconductor, its transition temperature and transition width changes due to Joule

eating (see Section 2.3). Therefore, TES’s are usually operated in the constant voltage mode and the change in current
s detected. Opposite to this practice (discussed in more detail in [180]), the aluminum TES in our case are operated
n the constant current mode. This means that a constant current is applied by a battery or the preamplifier, and the
emperature change is read out as a voltage signal. The main reason is the use of conventional preamplifiers for the present
nvestigations as discussed in Section 3.3. As a consequence, the determination of the optimal measurement current was
nother important issue when characterizing the detectors. It was found that the transition temperature decreases by up to
% when the current is increased from 50 nA to 3000 nA [220]. The transition becomes narrower with increasing current,
oo. From these results, the conclusion is that a measurement current as small as possible is favorable. On the other hand,
maller measurement currents result in a smaller voltage signal which in turn will decrease the signal-to-noise-ratio and,
herefore, may worsen the energy resolution. The optimal measurement current was determined by investigation of the
esponse of the detectors to α-particles as discussed in the following section.

Characterization with α-particles
For characterization with α-particles, again a combined α-source which contains 239Pu, 241Am, 244Cm, as discussed in

ection 3.2.2.2, was used. First tests were performed using an oscilloscope to record the signal shape. For the recording
f spectra, the data acquisition described in Section 3.3 was used. An example of a typical preamplifier signal is displayed
n Fig. 3.10. It can be described very well by the relation described in equation (2.18), as is shown by the red curve
hich represents a fit to the data. The rise time in this particular case is τrise = 34(2) µs, and the thermal time constant

s τeff = 936(2) µs. In general, the decay constant is tuned by varying the thermal coupling to be between 200 µs and
1000 µs, allowing for count rates of around 0.3–1 kHz without substantial pile-up. The optimal measurement current was
determined by varying the current and measuring the signal amplitude [164,220]. It was found to be between 500 nA and
700 nA for all detectors. Most of the measurements presented in Sections 4 and 5 were performed with a measurement
current of 500 nA.
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In the case of the CLTD based on a germanium thermistor, the comparison of the heat capacities determined from the
oltage amplitude U0, from the decay time constant τeff and calculated from the detector volume showed considerable
ifferences (see Section 3.2.2). This was not observed for CLTDs with aluminum TES. The heat capacities determined by the
hree different methods (calculated from the volume of the sapphire absorber V , Umax and τeff of the voltage signal) agree
ery well in most cases. For the example in Fig. 3.10, the three values of the heat capacities amount to C(V ) = 2.3(7) nJ/K,
(Umax) = 2.0(1) nJ/K, and C(τeff ) = 2.1(5) nJ/K, respectively. Within the uncertainties, all three values are in rather good
greement. The reason is probably that the contribution of the aluminum TES to the overall heat capacity is negligible.
hermal coupling between absorber and thermometer is only limited by the electron–phonon-coupling in the aluminum.
hus, the detector consisting of a sapphire absorber and an aluminum TES turns out to be an almost optimal CLTD concept.

.2.4. Detector arrays
For most of the detector tests discussed in Sections 3.2.3 and 3.6.1, the operation of single detector pixels with an

ctive area of 3× 3mm2 was sufficient. On the other hand, it is obvious that for the application of CLTDs in experiments
see Sections 4 and 5) detectors with larger active areas are needed, dependent on the experimental demands.

As is discussed in Section 1 and Section 2.2, the heat capacity of the absorber constrains, besides the operation
emperature, the detector volume of a single pixel. Therefore, for a given operation temperature, the detector volume
hould be chosen sufficiently small so that a high temperature signal is achieved in order to obtain a high sensitivity
nd a high signal-to-noise ratio. But it should also be chosen large enough so that the temperature rise does not exceed
he width of the transition (although it is possible to operate the CLTD below the transition, but at the cost of energy
esolution [218]). In addition, the absorber should be thick enough to fully stop the incident ions (see Section 3.1).
onsidering all these constraints, the lateral size, i.e. the active detector area, is a rather constrained parameter. Therefore,
n many cases the application of detector arrays, consisting of many individual detector pixels, is the only way to achieve
sufficiently large active area and thus large solid angles of CLTD detectors.

.2.4.1. Design of detector arrays
In a detector array, the relatively loose support structure of the detectors by their gold wires is not a feasible option,

ecause each detector pixel has to be held firmly in its place. The distance between neighboring pixels has to be kept
s small as possible to cover a large active detector area with a minimum of insensitive area, but sufficiently large to
void thermal contact and thermal cross talk. At the same time, the thermal coupling to the heat sink cannot be made
oo strong, because that deteriorates the energy resolution as the maximum of the voltage signal is not reached [220]. As
solution, the sapphire crystals are glued onto a Marcor ceramic holder with two tiny dots of Stycast 2850F epoxy7. The

design is displayed in Fig. 3.11. The panels in the upper row display the detector array with five modules carrying two
detector pixels each [184,221]. Five modules were mounted on a copper holder to form an array of two by five single
detectors. In this geometry, the detector response, as well as thermal cross talk was investigated. Based on the results
obtained with this first detector array, a second array with five detectors in each module was deployed [223,224]. The
panels in the lower row display this second array.

Both detector arrays follow the same design. The individual pixels are glued onto a ceramic holder made of Marcor
by means of GE7031 varnish such that the backside of the pixel is facing the ion beam and the aluminum TES is not
irradiated. To realize a defined thermal coupling of the detector pixels to the heat sink despite of varying glue spot sizes
and to minimize thermal cross talk, two thin spacers of single crystal sapphire were sandwiched between the absorber
crystal and the ceramic [224]. The thermal coupling is then defined by the dimensions of these so-called sapphire spacers.
The ceramic holders are sandwiched between two pieces of copper and glued by GE7031 low-temperature varnish. This
on the one hand ensures good thermal coupling between ceramic and copper. On the other hand, the varnish mediates
between the two different thermal expansion coefficients. Inside the copper, copper wires for electrical contact are guided.
The golden bond wires from the thermistors are fixed to the copper wires by means of silver epoxy and – in a later version
– by soldering to avoid contact noise. The copper wires are soldered to wires of phosphor-bronze which in turn provide
the leads to the readout electronics at room temperature.

In summary, the present design of CLTD arrays enables the adjustment of the detector arrays to the individual
experimental conditions. Its modular structure allows fitting the active detector area to any detector geometry demanded
by the experiment. Moreover, each detector module can be individually replaced.

3.2.4.2. Characterization of the detector arrays
The CLTD pixels used for setting up the arrays have relatively small transition widths of around 10 mK, and on the other

hand considerably varying transition temperatures, because the transition temperature depends on the microstructure of
the thin aluminum film. Therefore, the variation of the transition temperatures often exceeds the transition widths. Even
if all detectors of an array are hand-picked and from the same production badge, it is impossible to operate them all at
the same temperature. This is illustrated in Fig. 3.12. It shows transition curves of different detector pixels which belong
to the two detector arrays displayed in Fig. 3.11. The detector pixels were hand-picked from the same production badge
to make their transition temperature as closely matching as possible [184,221,223]. Still, the transition temperatures vary
too strongly (up to 20 mK in this example) to operate all detectors at the same temperature. Accordingly, each detector
has to be temperature-stabilized individually in its operating point. The detailed procedure is described in Section 3.5.2.

7 Henkel Electronic Materials (Belgium) N.V., Westerlo, Belgium
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Fig. 3.11. Left-hand side: schematics of one element of a detector array with 2 × 5 pixels (upper panel) [184,221] and with 5 × 5 pixels (lower
anel) [223,224]. All detector pixels are aluminum TES structures with sapphire absorbers. (1) detector pixel(s), (2) ceramic holder, (3) gold wire,
4) copper wire, (5) copper holder, (6) glue point(s).
iddle: schematics of the two composite arrays.
ight-hand side: photographs of the two arrays. (for discussion see text). In the nominal 5 × 5 pixel array, the upper left pixel is missing.

.3. Detector readout

The principle detector readout scheme for a single CLTD with aluminum TES has been discussed in Section 2.3 (see also
ig. 2.7). The detectors are operated in the constant current mode, i.e. a constant current through the detector is provided

by a battery via a parallel load resistor. The change of the resistance of the thermistor leads to a change in the voltage
across the resistance which is detected by a voltage-sensitive preamplifier. Naturally, the preamplifier should display low
noise and should be matched to the resistance of the CLTD in the operating point. To facilitate operation, the aim was to
use conventional low-noise preamplifiers which are readily available for conventional, ionization-based semiconductor
detectors. In the case of the germanium thermistors, the resistance in the operating point is around 200 k�. In the case
f the aluminum TES, a resistance of the order of 40 − 100 k� in the operating point is obtained. A preamplifier with an
nput impedance of several M� as is used for ionization-based detectors, is therefore well suited.

In most of the development work and also in the early experiments, voltage-sensitive preamplifiers of the type HMS
THACO 1201 were used. This very versatile preamplifier has a large amplification range of 1−10 000 and a tunable set of
igh-pass and low-pass filters. The total bandwidth can be chosen in a range from 0.03 Hz (minimum low-pass frequency)
p to 400 kHz (maximum-high pass frequency). In addition, the ITHACO offers the possibility of DC amplification for the
emperature stabilization (see Section 3.5.1). As amplifiers of the type HMS ITHACO are no longer commercially available,
nd because the detector arrays demanded for a more compact solution (see Section 3.2.4), two dedicated preamplifiers
ere developed. The first type was designed by the company FEMTO.8 It is based on their model DLPVA-S, but it was
odified to provide a second path for DC amplification, as well as an internal current source with a load resistor of
.6M� [221]. The DC amplification is fixed to 200, while the AC amplification and the bandwidth can be chosen according
o experimental needs. This amplifier is designed as a stand-alone module with an individual power supply for each
mplifier. For the reading out of detector arrays with 25 or more detectors this design was not feasible. Therefore, a
IM module containing two amplifier channels was developed by the company Surface Concept9 based on the DPLVA-S
esign. Its AC amplification can be varied from 250 to 2000, while the DC amplification can be varied from 50 to 200. The

8 FEMTO Messtechnik GmbH, Klosterstr. 64, 10179 Berlin, Germany.
9 Surface Concept GmbH, Am Sägewerk 23a, D-55124 Mainz, Germany.
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Fig. 3.12. Transition curves for different detector pixels which were selected for the two detector arrays displayed in Fig. 3.11 [184,223]. Although
the pixels were hand-picked from the same production badge, the transition temperatures vary too strongly to operate all detectors at the same
temperature.

bandwidth for the AC path is adjustable from 10 Hz to 300 kHz. Both preamplifier types were used in several experiments
and have shown excellent performance. Further details will be presented in the according sections.

The preamplifier signal was further amplified by a second, shaping amplifier stage. Standard shaping amplifiers are
dapted to the time constants of ionization detectors which are in the range of 10− 30 µs. Therefore, they are not suited
or the long decay times of CLTDs. Accordingly, it was necessary to develop amplifiers with shaping times of up to 200 µs
to account for the long decay times of the thermal signals. The first shaping amplifier used had been modified by the GSI
electronics workshop [218] for a shaping time of 100 µs. The second shaping amplifier was developed by the company
Silena.10 Its shaping time can be selected in steps of 25, 50, 75, 100, 125, 150 µs. For germanium thermistors, as well as
for aluminum TES, shaping times of 100 µs were found to be sufficient to realize a good energy resolution [164,217].

After the shaping amplifier, the signals were digitized by Silena 7420/s Analog-to-Digital Converters (ADCs) with a
frequency of 400 MHz. For the comparably slow signals of CLTDs, these ADCs were operated in the peak detection
mode and gated by an external gate in order to detect the correct maximum of the signals. Details of this readout
scheme can be found in [164,217,218]. Fast flash ADCs, which digitize voltage signals point by point over the whole
signal length with frequencies of MHz, are of course nowadays state of the art in detector readout. Such a readout
scheme was also implemented for the experiments presented in Sections 4 and 5. Tests were performed with several
different modules [164]. The current setup uses so-called Field Programmable Gate Arrays (FPGAs) of the company
National Instruments.11 The modules PXI-7833R and PXI-7852R digitize the signals from the preamplifiers with a digitizing
frequency of 200 kHz, and 750 kHz, respectively. These frequencies are more than sufficient for the rather slow CLTD
signals with time constants of many microseconds. The FPGAs are operated and read out by a data acquisition program
based on the National Instruments software Labview [184]. Fig. 3.13 displays a schematics of the readout and temperature
regulation for a detector array using an FPGA as well as a digital PID regulator which is discussed in Section 3.5.

In the offline analysis, the procedure of optimal filtering is often applied for CLTDs [164,178,225]. It minimizes electronic
noise by applying an optimized filter algorithm in the frequency domain, thus optimizing the energy resolution for each
measurement. The digital filter is calculated based on the Fourier transformed frequency spectrum of an averaged signal
and the noise spectrum according to

H =

∑ D(f ) × S(f )
N2(f )

(3.1)

here H denotes the filtered signal amplitude and D(f ), S(f ) and N(f ) denote the real signal, the averaged signal and the
oise in the frequency domain, respectively [225]. The data acquisition records not only the full signal point by point,
t also regularly records noise signals which are averaged and used to create the optimal filter (see [164] for a detailed
iscussion).
In some experiments, the application of this procedure improved the already excellent energy resolution of CLTDs for

eavy ions as well, although in most cases the signal-to-noise ratio was not the limiting factor (see Section 3.6.2).

10 Silena International S.p.A, Cernusco s/Naviglio (MI), Italy.
11 National Instruments, Newbury, Berkshire, RG142PS, UK.
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Fig. 3.13. Schematics of the readout of a detector array including the temperature regulation discussed in Section 3.5 [224].

3.4. The cryostats

To cool the CLTDs to their operating temperature of around 1 K, cryostats are mandatory. Most of the measurements
which are presented in the following sections have been carried out in a window-less pumped continuous-flow 4He bath
ryostat produced by the company CryoVac12 with a base temperature of ≈1.2 K. In this cryostat, the detectors were
ounted in a vacuum chamber which can be connected directly to the beamline of a heavy ion accelerator. Fig. 3.14
hows a schematic overview.
The CLTDs are coupled via a cold plate to a small volume named 1 K pot which in turn is connected to the 4He bath by

very thin capillary. As liquid helium is a superfluid, it flows through the capillary without resistance and continuously
efills the 1 K pot which is emptied by pumping, thus maintaining the operating temperature Tbath of about 1.2 K. The
ottom of the 1 K pot is coupled to a thick copper plate called cold plate. The cold finger with the detectors is in turn
onnected to the cold plate. This design allows for a continuous operation at 1.2 K and refilling the cryostat without
arming up the detectors to 4 K and thereby potentially changing the experimental conditions. To further reduce the
eat load from the surroundings, the N2 and He reservoirs are mounted in an insulating vacuum vessel and wrapped in
everal layers of so-called superinsulation foil, an aluminum-coated thin foil of mylar [184].
To reach the operation temperature, a good coupling of the detectors to the helium bath is mandatory, in particular

or the transition-edge sensors discussed in Section 3.2.3. On the other hand, temperature fluctuations of the helium bath
ay cause fluctuations in the operating temperature which in turn might deteriorate the detector performance. As a
ompromise, the detector holders (see Sections 3.2.2.1 and 3.2.3.1) are mounted on a solid block of copper (mass around
.3 kg). The copper block itself is fixed to the cold plate by means of four thin rods of stainless steel. This means that the
opper block is not thermally connected very strongly to the helium bath. While that may seem counter-productive at
irst sight, it is needed to realize a thermal low-pass filter. A well defined thermal connection is obtained by using copper
ires of well-known diameter and length. These wires are soldered to a copper ring on each end. The copper rings in turn
re screwed to the bottom of the cold plate, as well as on the copper block. Depending on the experimental demands,
he thermal connection can be varied and adapted, i.e. to different heat loads. For example, a thermal conductivity of
60 µW/K results in a thermal time constant of the copper block of around 40 s. This is sufficiently slow to level out most
emperature fluctuations of the helium bath, but still strong enough to realize a stable operation. For experiments with
etector arrays (see Section 3.2.4), the thermal coupling was adapted to a larger detector solid angle. The cryostat was
esigned for a cooling power which allows to cool down a detector array of 30 × 80 cm2.
However, íf the vacuum chamber with the detectors is connected to a beamline, its opening is basically a black body

t room temperature. The heat radiation from this black body reaches the detectors and heats them up. This will shift
he operating temperature of the detectors to higher values. Accordingly, the detectors are surrounded by heat shields
t 77 K, 4 K, as well as at 1.2 K. A system of several apertures with variable size is mounted in front of the detectors
o minimize the heat radiation (see Fig. 3.14). For high ion energies, even the application of thin cooled foils in front of
he detectors may be feasible. Moreover, the cryostat is equipped with additional cooled shield extensions towards the

12 CryoVac Gesellschaft für Tieftemperaturtechnik mbH & Co. KG, Langbaurghstr. 13 D-53842 Troisdorf, Germany.
34



P. Egelhof and S. Kraft-Bermuth Progress in Particle and Nuclear Physics 132 (2023) 104031

r
a
s
o

b
T
[

o
t

e
3
c
s
t
f
a

3

t
t

Fig. 3.14. On the left hand side, a schematics shows the basic design of the window-less continuous flow cryostat. Liquid helium is stored in a
eservoir which feeds a small volume denoted 1 K pot via a small capillary. The 1 K pot is continuously pumped and kept at 1.2 K. The detectors
re mounted on the cold finger which is thermally coupled to a cold plate. The vacuum extension towards the beamline for heavy ions contains
hields at N2 , and He temperature, respectively, which reduce the black body radiation from the environment [184]. On the right hand side, a photo
f the CLTD array mounted in the cryostat, as well as a photo of the cryostat in its mount are displayed [224] (for details see text).

eamline in front of the detectors. Different apertures can be mounted on these shields according to experimental needs.
he number, position and dimension of the apertures is variable and can be adjusted to the experimental conditions
164,184,224].

The cryostat is mounted in a very versatile frame (see Fig. 3.14, right-hand side) and can be flipped by 180◦ to work
n the cold finger without the need for a lifting device. The frame has a bottom counterpart which can be moved in all
hree dimensions as well as rotated to precisely adjust the cryostat alignment to the beamline.

The consumption of liquid helium is a considerable drawback for the operation of low-temperature detectors in
xperiments. In the last decade, a new cooling concept has been established which reaches base temperatures of around
K without the need for cryogenic liquids. This cooling concept is based on so-called pulse tube coolers [226]. It uses

ompression and decompression of a closed volume of helium gas in a Stirling cooler with a pulse tube instead of a
econd piston. Such a cryostat was recently commissioned and successfully tested in experiments with heavy ions. On
he 3 K stage, an internal helium liquefier produces 0.5 l of liquid helium per hour when supplied with gaseous helium
rom a gas bottle. From the liquefier, the helium is fed to a 1 K pot very similar to the continuous flow system described
bove. A cold plate is coupled to the 1 K pot, and detectors are mounted on a cold finger weakly coupled to the cold plate.

.5. Stabilization of the operating temperature

For a good and stable CLTD performance, the operating temperature should be as stable as possible. For semiconductor
hermistors, dR/dT is directly proportional to 1/

√
T 3 [179], so small fluctuations in the operating temperature will directly

ranslate to fluctuations in the signal amplitude. For superconducting transition-edge sensors, dR/dT is approximately
constant in the temperature range in which the detector is operated (see Section 2.2 and Section 3.2.3.2), and is thus
expected to be less sensitive to small temperature fluctuations, but the small width of the transition demands for a good
temperature stabilization. The same is the case for semiconductor detectors. Accordingly, great care was taken to realize
an optimal temperature stabilization circuit.

3.5.1. Temperature regulation for single detector pixels
The temperature of the copper block, which is thermally connected to the detector pixel, is monitored by means of

a calibrated temperature sensor which is read out by a four-wire-resistance bridge. Active temperature stabilization is
realized by applying a small current through a heater resistance of 100� which is glued into a hole in the copper
block with Stycast 2850 FT, another epoxy varnish suitable for low temperatures. Temperature regulation is provided
by a Proportional–Integral–Derivative (PID) controller of the company Linear Research.13 This very versatile controller

13 Linear Research Ass. Inc., 5244 Perry Lity Road, Trumansburg (NY), USA.
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is usually operated with the input from a four-wire-resistance bridge and stabilizes to its reference value. This scheme
was also applied in the first experiments with CLTDs [217,218,220,227]. A temperature stability of the detector of around
5 µK at time scales of seconds was achieved. As will be shown later, this temperature stability allowed for excellent
results in heavy ion test experiments. However, on the time scale of hours, slow drifts of the operating temperature were
observed [218] due to heat radiation on the detector from the environment, which are prone to changes over long time
scales, and which are not seen by the temperature sensors on the copper block and are therefore not corrected for. As
the detector resistance in the operating point is very sensitive to temperature changes, it was a natural move to use this
resistance itself as a temperature reference in a second generation of measurements. The temperature controller of Linear
Research offers the unique possibility to provide a voltage reference rather than a temperature reference. The amplifiers
used provide an AC as well as a DC amplification path [164,184,221]. The DC path produces an offset which in turn is fed
to the voltage reference of the PID controller. The need to split the input signal from the CLTD into a DC and an AC path
did not deteriorate the detector performance [164]. On the opposite, temperature fluctuations were reduced to around
1 µK. Even more important, longterm drifts of the operating temperature were completely removed. From one experiment
to the next, the operating point of the CLTDs was reproduced with a precision of 0.1 mV.

3.5.2. Temperature regulation for detector arrays
Due to the fluctuation of the transition temperatures of individual pixels of an array (see Section 3.2.4.2), each CLTD

pixel needs its individual temperature regulation. For this purpose, a thin gold strip with a width of 10 µm and a thickness
of 120 nm is deposited onto the sapphire crystal close to the aluminum structure (see Fig. 3.5). The geometry results
in a heater resistance of around 15�. As the heater strip is directly deposited onto the sapphire crystal, the coupling
between heater and absorber is optimal. If a well-regulated heating current is applied to the gold wire, each CLTD pixel
can be individually stabilized in its individual operating point. This is electronically realized by a PID feedback system
based on the FPGA module of the readout system (see Section 3.3), and a digitally regulated heating current [221]. The
optimal working point is chosen as a reference voltage. The real detector voltage is supplied by the DC output of the
preamplifier. The digital PID feedback regulates the current through the gold heater and thus provides the temperature
stabilization. Special care has to be taken to choose the time constants for the PID such that fast temperature fluctuations
as from an ion signal are not counter-regulated but a longterm temperature stability of better than 1 µK is maintained.
For the temperature regulation, it was found that a two-staged approach was the most feasible [221]: To suppress signal
deterioration due to fast temperature fluctuations of the helium bath, the whole cold finger with its heavy copper mass is
temperature-regulated to the operating temperature of the CLTD pixel with the lowest transition temperature. All other
detector pixels are then stabilized in their individual operating points by applying a current to the gold heaters on the
pixels [184].

3.6. Detector performance under heavy ion irradiation

The detector performance of the CLTDs was studied in the frame of various test measurements and also during the
experiments discussed in Sections 4 and 5. The measurements were performed at various accelerator facilities, namely
at the GSI facilities UNILAC (universal linear accelerator), SIS (synchrotron), ESR (storage ring), at Jyväskylä, Finland
(cyclotron), as well as at tandem accelerator facilities at Heidelberg and Munich, Germany, and Vienna, Austria. In addition,
experiments at the research reactor at Grenoble, France, were conducted. Either Rutherford-scattered beams (see for
example Fig. 3.15 where the experimental setup at the UNILAC at GSI is displayed) or intensity-degraded direct beams
were used for the measurements. Details of the experimental setups have been reported in [164,184,217,218,224,227].

3.6.1. CLTDs based on semiconductor thermistors
Three different composite detectors with semiconductor thermistors were exposed to several different beams of heavy

ions at the GSI Darmstadt [124]. Most of the experiments were performed at the UNILAC, a linear heavy ion accelerator
which provides ion energies between 1.4 and 11.4 MeV/u for any ion species. As the ion intensity cannot be decreased
arbitrarily far and CLTDs are by nature rather slow devices, the ion beams were Rutherford-scattered elastically on heavy,
thin metal foils of gold or nickel. A schematics of the setup is displayed in Fig. 3.15. To detect the scattered particles,
the cryostat was mounted on a rotating arm, and the scattering chamber was also mounted on a rotating table. This
setup provides the additional advantage that – besides the ion intensity – the ion energy can be varied by changing the
scattering angle without changing the energy of the incident ion beam. For further energy variation, energy degrader foils
were mounted on a movable vacuum feedthrough and could be inserted in front of the CLTDs. Dependent on the nuclear
charge and energy of the ion beam, different degrader foils were used.

For the experiments with heavy ions, three different composite CLTDs with germanium thermistors were investigated:

• One CLTD, further referred to as Germanium 1, consisted of a germanium crystal of 3 × 1 × 0.5mm3 glued onto a
sapphire absorber of 2 × 1 × 0.33mm3 [152,217].

• In a second campaign [152,227], an additional large cylindrical sapphire absorber of 7mm2
× 6mm was glued

onto the detector Germanium 1 to adapt it for higher ion energies. This campaign was performed at the heavy ion
synchrotron SIS-18 at GSI which can accelerate even the heaviest ions up to several hundred MeV/u. This detector
shall further be referred to as Germanium 2.
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Fig. 3.15. Schematics of the setup used at the beamline of the UNILAC accelerator at the GSI Darmstadt, Germany, for various measurements. The
ryostat is mounted on a movable arm which allows to adjust the scattering angle and with that the count rate to the individual experimental
onditions.

Table 3.2
This table summarizes results of test measurements with composite CLTDs with germanium thermistors.
The last two columns report the obtained absolute FWHM and the relative energy resolution for each
ion and incident energy.
Detector Ion Energy [MeV/u] ∆E (FWHM) [MeV] ∆E/E [×10−3

] Ref.

Germanium 1 20Ne 11.4 1.4 6.2 [217]
209Bi 11.4 4.3 1.8 [151,152,217]

Germanium 2 20Ne 100 7.4 3.7 [227]
209Bi 100 113 5.4 [227]

Germanium 3 95Mo 4.4 2.8 6.7 [164]

• The aim of combining a germanium thermistor with a very thin sapphire absorber was to reduce the heat capacity
and increase the signal-to-noise ratio in order to optimize the performance at very low ion energies down to
0.1 MeV/u. This CLTD, as described in Section 3.2.2.1, was designed for low ion energies with a thin sapphire absorber
of 3 × 3 × 0.05mm3, glued to a germanium thermistor of 0.5 × 0.5 × 0.5mm3 [164]. This detector shall further be
referred to as Germanium 3.

.6.1.1. Energy resolution
A typical preamplifier signal for the impact of a 11.4 MeV/u 136Xe ion onto the CLTD Germanium 1 is displayed in

ig. 3.16. From the observed pulse height, a temperature rise of the CLTD of 9.5 mK at an operating temperature of 1.7 K
as obtained. The decay time of τeff = 250 µs is determined by the thermal coupling to the heat sink. Table 3.2 summarizes
he results of test measurements for the different detectors, ions and ion energies, as well as the obtained absolute and
elative energy resolutions. It should be mentioned that the energy resolution, which was determined from the measured
nergy spectrum, contains, besides the intrinsic detector resolution for heavy ions, the contribution of the energy width
f the incident ion beam, the contributions due to the scattering geometry, the energy loss straggling in the scattering
arget used, and the contribution due to the signal-to-noise-ratio and the stabilization of the operating temperature (see
lso Section 3.6.2.1), dependent on the individual experimental conditions.
All relative energy resolutions are below 1%. The value of ∆E/E = 1.8× 10−3 for 209Bi ions represents one of the best

nergy resolutions obtained with CLTDs for heavy ions. The corresponding energy spectrum is displayed in Fig. 3.17. For
he incident ions, a clean spectrum showing a narrow Gaussian peak is obtained. This result represents a considerable
mprovement as compared to conventional ionization detectors, in particular for such very heavy ions. No conventional
onization detector has ever been reported to obtain such an excellent performance.

When considering which factors eventually limit the energy resolution, we have to compare our experimental results
ith the theoretical values calculated in Table 2.3. Although the measurements presented here were performed at
onsiderably higher ion energies, these calculations may serve as a lowest limit for the expected energy resolution. For
ranium ions with a total energy of 18 MeV, i.e. 0.08 MeV/u, the sum of all predicted conversion noise contributions is
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Fig. 3.16. Preamplifier signal due to the impact of a 11.4 MeV/u 136Xe ion onto the detector Germanium 1 [151].
Source: Reprinted from [15] with kind permission of Springer.

Fig. 3.17. Energy spectrum for 209Bi ions with an energy of 11.4 MeV/u obtained with the composite CLTD with a germanium thermistor Germanium
2. The relative energy resolution is ∆E/E = 1.8 × 10−3 . The baseline noise was determined with a pulser which was applied to the preamplifier
(see insert) [151,152,217].
Source: Reprinted from [15] with kind permission of Springer.

given as 429 keV. This would result in a relative energy resolution of ∆E/E = 2.4%. Clearly, conversion noise is rather
overestimated by the calculations according to the model of H. H. Andersen [54]. The present investigations rather point
to the fact that the relative energy resolution obtained is in all cases limited by the energy distribution of the incident
ion beam [218].
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Fig. 3.18. This figure demonstrates the linearity of the energy response function for a composite CLTD with a germanium thermistor (Germanium 2)
for 209Bi ions with a total incident energy of 0.7 to 2.4 GeV (left-hand side, reproduced from [152] with kind permission), and with different ions
in the energy range from 5 to 400 MeV, obtained with the detector Germanium 3 (right-hand side) [164].

3.6.1.2. Linearity of the energy response
Another important consideration concerning the performance of any detector is the linearity of the energy response

function. Fig. 3.18 (left-hand side) displays the measured pulse height as a function of ion energy for 209Bi ions in an
energy range of 0.7 to 2.4 GeV, obtained with the detector Germanium 2. The variation in energy was obtained by varying
the scattering angle as well as by using several energy degraders of aluminum [152,217]. The energy response function
is linear within error bars over the full energy range. For an ion energy of 2.4 GeV, a temperature change of about
10 mK can be estimated. Within this small temperature interval, dR/dT can be considered approximately constant and
the approximation for small temperature signals obviously holds. This is, among others, a very important prerequisite for
many applications as discussed in Section 4.2.

While the linearity of the energy response function is one concern, the response to different ion species with different
masses or nuclear charges Z is another important issue. In ionization detectors, a considerable difference is observed
between the energy signal caused by a low-Z ion and by a high-Z ion, even if both ions have the same kinetic energy.
This phenomenon, commonly referred to as pulse height defect [154,207–210] (see also Section 2.5), is in many cases a
severe limitation of experiments using ionization detectors. Fig. 3.18 (right-hand side) shows the signal amplitude for
three different ion species at three different ion energies, obtained with detector Germanium 3. Within error bars, also in
this case the energy response is perfectly linear. Moreover, no difference between the energy response of molybdenum
and the energy response of carbon or helium is observed, meaning that no pulse height defect is visible. This result is
expected from the detection principle of CLTDs, because the detection of phonons also includes the energy of recombined
ion/electron pairs. It was confirmed further in investigations with aluminum transition-edge sensors and will be presented
in the next section (see also Fig. 3.21).

3.6.2. CLTDs based on superconducting phase-transition thermometers
3.6.2.1. Energy resolution

Sections 4 and 5 will present the rich experimental program that has been performed with CLTDs for heavy ions
based on aluminum superconducting phase-transition thermometers. Each of the experiments was prepared by feasibility
studies and the investigation of the detector performance for the ion species and energy range under consideration. Over
three decades, the CLTDs were applied for the detection of heavy ions covering the full mass range from 4He to 238U in
wide range of kinetic energies from 0.05 MeV/u up to 360 MeV/u.
Figs. 3.19 and 3.20 show examples for some of the best energy resolutions which were obtained for uranium and for

amarium, i.e. a very heavy and a medium heavy ion. In three very different ranges of kinetic energies (0.07–360 MeV/u),
n excellent relative energy resolution is obtained. The preamplifier signal displayed in Fig. 3.19 on the left-hand side has
n effective decay time constant of τeff = 206 µs which is a typical value for this type of CLTDs. It allows for count rates of
p to 1 kHz without substantial pile-up. The solid line in the right panel of Fig. 3.19 is the result of a fit with a Gaussian
o the data resulting in a width of ∆E = 80 keV, corresponding to a relative energy resolution of ∆E/E = 4.6 × 10−3 for
.07 MeV/u 238U ions, which represents the best result obtained at energies below 1 MeV/u at present. The shoulder on
he low energy side is due to scattering of ions from the entrance slits of the beam line. The excellent result of 0.9×10−3

for 3.6 MeV/u 152Sm ions, and 1.1× 10−3 for 360 MeV/u 238U ions, the latter obtained for cooled ions extracted from the
storage ring ESR, has never been obtained with an ionization detector for heavy ions. A direct comparison of the energy

resolution obtained with a CLTD and with a conventional silicon surface barrier detector under the same experimental
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Fig. 3.19. Preamplifier signal (left-hand side) and energy spectrum (right-hand side) for 238U ions at E = 17.39MeV obtained with a CLTD with an
luminum thermistor. The relative energy resolution is ∆E/E = 4.6 × 10−3 . The decay constant of the thermal signal of τeff = 206 µs allows for
ount rates of up to 1 kHz without significant pile-up [154,164].
ource: Reprinted from [15] with kind permission of Springer.

Fig. 3.20. These two energy spectra display two examples for the best energy resolutions which have been obtained for heavy ions with aluminum
CLTDs. The relative energy resolution of 0.9×10−3 on the left hand side for 3.6 MeV/u 152Sm ions [221] (reprinted from [154] with kind permission of
IP), and of 1.1×10−3 on the right hand side, obtained for cooled 238U ions which were extracted from the storage ring ESR at 360 MeV/u, [153,228]

(reprinted from [15] with kind permission of Springer) are unparalleled with conventional ionization detectors to our best knowledge.

conditions is displayed in the upper part of Fig. 3.21 for 20.85 MeV 238U ions. For this case of very heavy ions at a very
ow energy, the FWHM of the CLTD is about a factor of 30 smaller than the FWHM of the silicon detector.

Table 3.3 gives an overview of the energy resolutions obtained for the various ion species and ion energies. In all
ases, the relative energy resolutions are well below 1% for all ions and energies, and of the order of (1 − 4) × 10−3

n most cases. This represents a considerable improvement as compared to conventional ionization chambers or silicon
etectors, which usually do not exceed an energy resolution of ≥ 1–5% for ions heavier than neon [54,156]. However,
he energy resolution varies considerably for different measurements (see Table 3.3). There is no obvious dependence on
he ion nuclear charge or ion mass nor on the ion energy. Also for measurements under similar conditions with detectors
ith very different absorber volumes, no difference was observed, indicating that the results are independent of the heat
apacity of the detectors [153]. This rises the justified question which of the following factors actually limit the energy
esolution of CLTDs:

• theoretical intrinsic limit of the energy resolution of a CLTD
In Section 2.4, it was discussed that the energy resolution is ultimately limited by the fluctuations of the phonons
between absorber and heat bath. This limit is independent of the ions or ion energies. It only depends on the mass of
the absorber and the operating temperature, as described in Eq. (2.26). For the largest CLTDs used, this contribution
is only of the order of 14 keV at 1.5 K. Even for the lowest ion energies, namely for uranium and gold ions at 0.08
MeV/u, this is a contribution of around 10% to the total FWHM.
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Table 3.3
Results on the relative energy resolution ∆E/E obtained with various types of CLTDs with aluminum TES (see Sections 3.2.3 and 3.2.4) for various
ion species and incident energies.
Ion Energy [MeV/u] ∆E/E [×10−3

] Facility Ref.
16O 8.5 3.9 UNILAC, GSI, Darmstadt, Germany [218]
20Ne 5 2.5 Synchrotoron, Jyväskylä, Finland [229]
20Ne 8.5 2.8 UNILAC, GSI, Darmstadt, Germany [218]
20Ne 100 2.0a SIS, GSI, Darmstadt, Germany [153,227,228]
32S 1 4.1b Tandem, Heidelberg, Germany [184]
32S 1.9 3.2b Tandem, Heidelberg, Germany [184]
32S 3.2 1.8b Tandem, Heidelberg, Germany [184]
40Ar 2.5 3.7 Synchrotoron, Jyväskylä, Finland [229]
40Ar 5 1.8 Synchrotoron, Jyväskylä, Finland [229]
63Cu 0.8b 6.0 Tandem, Heidelberg, Germany [184]
58Ni 4.8 1.6 UNILAC, GSI, Darmstadt, Germany [218,222]
64Ni 4.8 4.4b UNILAC, GSI, Darmstadt, Germany [221]
109Ag 0.6 3.3b Tandem, Munich, Germany [223]
109Ag 0.7 2.3b Tandem, Munich, Germany [223]
127I 0.6 3.0b Tandem, Munich, Germany [223]
130Te 0.3–0.4–0.5 4.3b Tandem, Munich, Germany [230]
132Xe 4.8 7.2b UNILAC, GSI, Darmstadt, Germany [221]
152Sm 3.6 0.9b UNILAC, GSI, Darmstadt, Germany [221]
197Au 14 4.0 UNILAC, GSI, Darmstadt, Germany [218]
197Au 0.09–0.3 6.6 VERA Tandem, Vienna, Austria [154,164]
206,208Pb 0.08 9.8 VERA Tandem, Vienna, Austria [154,164]
208Pb 5.9, 11.8 3.6, 3.8 UNILAC, GSI, Darmstadt, Germany [218,222]
209Bi 4.8 7.5 UNILAC, GSI, Darmstadt, Germany [164]
209Bi 100 4.0 SIS, GSI, Darmstadt, Germany [227,228]
238U 0.08–0.11 4.6 VERA Tandem, Vienna, Austria [154,164]
238U 70 1.4c ESR, GSI, Darmstadt, Germany [153,228]
238U 360 1.1c ESR, GSI, Darmstadt, Germany [15,153,228]

aMeasured with a composite detector consisting of a sapphire crystal of 2.5×3×0.33mm3 with an aluminum TES onto which an additional sapphire
crystal with a thickness of 5 mm and a diameter of 1 mm was glued.
bMeasured with detectors of a detector array as described in Section 3.2.4.
cMeasured with a cooled ion beam extracted from the Experimental Storage Ring ESR using a composite detector consisting of a sapphire crystal of
2.5 × 2.5 × 0.33mm3 with an aluminum TES onto which an additional sapphire crystal with a thickness of 9.5 mm and a diameter of 4 mm was
glued.

• energy distribution of the incident ion beam
The distribution of the kinetic energies in the ion beam of an accelerator is usually considered as a Gaussian. Its
standard deviation or FWHM is dependent on the emittance of the accelerator which in turn depends on the type of
the accelerator and its technical details. It is often difficult to estimate the exact value of this energy spread. For the
UNILAC and the SIS accelerators at GSI, it is of the order of about ∆E/E = (1−2)×10−3, but it depends strongly on
the beam preparation and the optimization of the energy width. Therefore, in the experiments at these accelerators,
the measured energy resolution may in some cases not be limited by the performance of the detector, but rather by
the accelerator adjustment.
One of the main advantages of tandem accelerators is the relatively small spread of the kinetic energy of the beam
which is usually well below ∆E/E = 10−3 [134]. Even better beam qualities can be obtained for beams extracted
from heavy ion storage rings, for example the Experimental Storage Ring (ESR) at the GSI Darmstadt, Germany, due
to beam cooling, where the interaction with a mono-energetic electron beam provides a relative energy spread
below ∆E/E ≤ 10−4 [231]. Accordingly, the best results on energy resolution were obtained for beams from
tandem accelerators and for beams extracted from the ESR storage ring (see Table 3.3). The energy resolution of
∆E/E = 1.1 × 10−3, which is a world record for uranium as far as we know, was obtained with a cooled beam
extracted from the ESR and is limited by intrinsic detector properties, because the contribution of noise in the
spectrum was much lower [228].

• scattering geometry
For all investigations of the energy resolution using heavy ion beams which are Rutherford scattered from a target
(see Section 3.6.1), the contribution of energy loss straggling in the target may contribute to the measured energy
resolution. Another contribution may be caused by the scattering geometry, because the ion energy depends on
the scattering angle and, therefore, the angular acceptance of the experimental setup may lead to an additional
broadening of the distribution of ion energies.

• signal-to-noise-ratio
Even though CLTDs are operated at low temperatures, the readout electronics is operated at room temperature
and creates electronic noise (amplifier noise). This noise is usually referred to as baseline noise. It is approximately
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Fig. 3.21. This figure shows a direct comparison of the performance of a CLTD (figures left-hand side) and a conventional silicon surface barrier
detector (figures right-hand side), obtained under identical experimental conditions. The panels on the left-hand side show a spectrum for 238U at
0.85 MeV on the top and the measured pulse height in ADC channels for different ion species and energies on the bottom for the CLTD. In the panels
n the right-hand side, the corresponding plots for the silicon detector are shown [154,164]. The relative energy resolution is ∆E/E = 4.4×10−3 for
he CLTD, and 135 × 10−3 for the silicon detector, respectively. Whereas a pronounced pulse height defect of up to 60% is observed for the silicon
etector (lower plot on the right), no indication of a pulse height defect is observed for the CLTD (lower plot on the left). The inlay shows part of
he data on an expanded scale. The peak positions for three ions with three different masses and nuclear charges (13C, 197Au, 238U) agree within
he uncertainties.
ource: Lower figures adapted from [154].

constant and independent of the properties of the ion beam. Even more severe are contributions to the baseline
noise which are due to low or high frequency signals from sources of the environment which may couple to the
readout circuit even after optimized shielding and the use of an isolating transformer. This problem is particularly
prominent at the beamlines of HF accelerators. Baseline noise can be minimized with various filtering techniques
including digital filters (see Section 3.3), but it can be the limiting factor of the obtained energy resolution under
certain experimental conditions. If the signal-to-noise-ratio limits the energy resolution, ∆E is constant and the
relative energy resolution should be proportional to 1/E.

• stability of the operating temperature
As was discussed in Section 3.5, the stability of the operating temperature may influence the energy resolution
if the R(T )-curve is not completely homogeneous. Variations in the value of dR/dT will directly translate to a
larger FWHM if the operating temperature changes during a measurement. This fact limited the energy resolution
in early measurements to 2.2% before active regulation of the operating temperature was implemented (see
Section 3.5) [232]. However, with an active temperature regulation the fluctuations of the operating temperature
were limited to 1 µK [164]. With an average width of the transition of 10 mK, this corresponds to a relative variation
of around 10−4. A strong variation of dR/dT on this scale does not seem very likely [218]. However, a contribution
to the energy resolution cannot be excluded for some of the measurements [228].

• condensation of residual gas on the absorber
While no inherent loss processes affect the longterm stability of the energy response, it might deter if residual
gas condensates on the detector during an extended measurement campaign. A surface at 1.5 K in vacuum acts
like a perfect cryo-pump. When molecules from the residual gas in the vacuum chamber hit the detector surface,
they are adsorbed and stay there until the detector is warmed up well above liquid nitrogen temperature. The best
42
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protection against this effect is an excellent vacuum with low residual gas concentration. But even for a low pressure
of 10−7 mbar in the accelerator beamline in front of the cryostat, its effect is visible.
The layer of frozen residual gas is amorphous and has a considerably larger specific heat capacity than sapphire,
which means that even very thin layers lead to an increase in heat capacity which decreases the signal and distorts
the energy resolution. Fortunately, for sufficiently low pressure the process is rather slow and can be corrected for
by a linear function according to [184]

U(t) =
U0

1 + b t
(3.2)

where U(t) describes the decreasing amplitude as compared to the initial amplitude U0. In this regard, the absence
of a pulse height defect in CLTDs is again of big advantage: signals from the α−source which is mounted inside the
cryostat can be used as a reference to monitor the decrease in signal amplitude. The according correction can be
applied to all ions and ion energies [164,221].

• conversion noise
Another limiting factor in energy resolution may be the transfer of the ion energy to the absorber, i.e. conversion
noise, also discussed in Section 2.4. In Table 2.3, for 238U with a total energy of 18 MeV, an estimate for this
contribution is calculated to be 429 keV. The FWHM which was obtained at the VERA tandem accelerator for the
same ion and energy was 80(1) keV (see Fig. 3.19), which is a factor of five smaller. Obviously, the creation of
Frenkel pairs and other contributions to the conversion noise are considerably overestimated by the approach of
H. H. Andersen [54] that was used for the calculations in Table 2.3. Furthermore, if the creation of Frenkel pairs
would influence the FWHM, this effect is expected to be considerably larger for uranium than for the much lighter
carbon ions. However, systematic investigations showed that for the same ion energy no difference in the FWHM
was observed between uranium and carbon ions (see Fig. 3.22) [154,164].

• position dependence of the CLTD response function
In very recent investigations [224], an indication was obtained that the energy response of the CLTDs used was
slightly (on the level of a few times 10−3) dependent on the position of the impact of the heavy ion on the absorber.
It is still unclear whether this effect, which was observed for one individual detector sample only, is a general feature
of all CLTDs used for the present experiments, or if it is a property of one detector. The effect may be explained
due to radiation damage of this particular sample during beam adjustment. Further investigations are necessary to
clarify this open question. For the case of a position dependence of the detector response function, probably by
inhomogeneous thermalization of the absorber (see also [178]), further improvements of the detector design are
currently under investigation.

Energy response to the impact of very slow heavy ions
For some potential applications (see Sections 4 and 5), high resolution detectors for relatively low ion energies of
1MeV/u are needed. Therefore, the response of CLTDs to the impact of very low energetic heavy ions was systematically

tudied [154,164] using 13C, 197Au and 238U beams at various incident energies ranging from total energies of E = 10MeV
o E = 60MeV, corresponding to about 0.1 ≤ E ≤ 1MeV/u. In addition, data for 5.5 MeV α-particles provided by a
39Pu/241Am/244Cm source, mounted inside the cryostat, were taken. The present measurements were performed at the
MV Tandem accelerator of the VERA facility at the university of Vienna, Austria [134,135]. This facility is discussed in
etail in Section 4.3.2, where also the experimental arrangement is displayed in Fig. 4.44. The present measurements took
dvantage of the excellent beam qualities provided by this facility, the energy spread being of the order of ∆E/E ≤ 10−4,
nd of the fact that changing from one ion species to another is a fast and relatively easy operation which facilitates
ystematic investigations with various ion species at various energies.
For a direct comparison, a conventional silicon surface barrier detector was mounted at the same beamline (see

ig. 4.44) and could be moved in front of the CLTD, thus allowing measurements under practically identical experimental
onditions. The result of such a measurement for 238U ions at E = 20.85MeV is displayed in Fig. 3.21. As discussed
bove, the relative energy resolution of the CLTD of ∆E/E = 4.4× 10−3 is more than one order of magnitude better than
he resolution of ∆E/E = 135 × 10−3 achieved with the silicon detector. Furthermore, a relatively fast decrease of the
nergy resolution of the silicon detector throughout several hours of measuring time was observed, most probably due
o radiation damage, whereas the CLTD showed no evidence of such behavior even after irradiation with integrated ion
oses as high as 109 ions/cm2.
Results of a systematic study on the energy resolution obtained for all ions and energies investigated are summarized

n Fig. 3.22. At low energies (E < 20MeV), an increase of ∆E/E for α-particles and 13C is observed. This behavior may
e explained by a lack of sensitivity of the present detectors due to their relatively large heat capacity, and could be
mproved in future by using substantially thinner absorbers as compared to d = 330 µm in the present setup. For energies
≥ 20MeV, the relative energy resolution is approximately constant, independent of ion species and incident energy.
he solid line in Fig. 3.22 is the result of a fit to the data using the ansatz:

∆E
E

=
1
E

√
∆E2

BLN + (βE)2 (3.3)

ereby, ∆EBLN represents the contribution of the baseline noise, amounting to 60(2) keV in this measurement, which is
upposed to limit the signal-to-noise-ratio for low energies and describes the increase in relative energy resolution for
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Fig. 3.22. The relative energy resolution ∆E/E of a CLTD with aluminum TES was systematically investigated at the VERA tandem accelerator for
different ions, charge states and energies. The red line shows a fit to the data (for details see text).
Source: Figure adapted from [154].

E < 15MeV. For the higher energies, the term ∆E ∼ E dominates, β being a proportional constant. This term is most
probably due to intrinsic detector properties like conversion noise, etc. (see previous section). But it could also be caused
by a position dependence of the detector response function due to incomplete thermalization of the whole absorber [178].
Further detailed investigation of the energy deposition processes will be necessary for a full understanding of the obtained
detector performance.

3.6.2.2. Linearity of the energy response
To investigate the energy response function, experiments with different ions and different ion energies were performed

at the VERA tandem [154,164] and the Heidelberg tandem [184,221]. In both cases, the energy response function is
perfectly linear. The results for ion energies between 5 and 60 MeV, obtained at the VERA tandem, are displayed in Fig. 3.21
(lower panel on the left-hand side). The solid line represents a linear fit to the data. No deviation from linearity was
observed over the whole energy range. Even more remarkable, the peak positions for the three different ions 13C, 197Au,
238U at the same energy agree within 0.1%, showing no evidence of a pulse height defect (see insert in Fig. 3.21) [154,164].
In contrast, for the conventional silicon detector a considerable pulse height defect of up to 60% was observed when
comparing the peak position of 13C to that of 238U (see Fig. 3.21, lower panel on the right-hand side). As already discussed
in Section 2.5, both, the limited energy resolution, as well as the pulse height defect of ionization detectors, are due to
incomplete energy detection because of charge recombination in regions of high charge densities which happens before
the ionization signal is created. Besides the good energy resolution of the CLTDs, we consider the non-existence of a pulse
height defect to be a considerable advantage over ionization detectors, important for many applications (see Sections 4
and 5). Furthermore, this result allows to set an upper limit on the existence of Z-dependent energy loss processes in
CLTDs, like creation of Frenkel pairs etc. (see Section 2.4.2), and on their contribution to the energy resolution.

3.6.3. Detector arrays
The best energy resolutions for the detection of heavy ions with CLTDs are listed in Table 3.3 in Section 3.6.2. The

best relative energy resolution is 0.9× 10−3, obtained with one pixel of the two-by-five pixel array. The average relative
energy resolution of this measurement for eight of the ten pixels (two were not functional during the measurement) is
(2.6 ± 0.2) × 10−3, where the error denotes the standard deviation. For both arrays used in various measurements, the
relative energy resolution is between 1.8 × 10−3 and a few times 10−3. The linearity of the detector response function
was also not deteriorated by the new temperature regulation for arrays (see Section 3.5.2). All detector pixels show a
linearity of better than 1.5% over an energy range of 5 to 100 MeV. The small non-linearity can be corrected for by a third
order polynomial [184,223].

With this performance, the application of the two arrays in different experiments led to improved results for several
physics questions and opened the door to new applications. These all will be discussed in Sections 4 and 5.

4. Application of CLTDs in heavy ion physics

4.1. Investigation of Z-yield distributions of fission fragments from thermal neutron induced fission

4.1.1. Motivation
Nuclear fission is a complex multi-faceted many-body phenomenon resulting from collective and intrinsic excitation

within the nucleus in which fine structure effects and energy dissipation plays a crucial role. The understanding of the
44
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re-ordering of the nucleons from an excited nucleus into two or more fragments, where nuclear shell and pairing effects
play an important role, is one of the most challenging problems of nuclear physics.

Since its discovery [233–235], about 80 years ago, a huge amount of experimental data has been collected and various
heoretical investigations have been undertaken in order to understand all details of the fission process. For an overview
he reader may be referred to a collection of reviews concerning this topic [236–250]. In particular, the nuclear liquid-drop
odel [251] and the nuclear shell model [252,253] have been cornerstones for the present understanding of nuclear

ission. During the last decades, many of the data collected world wide were incorporated in nuclear data libraries,
rominent examples being JEFF-3.3 [254], ENDF/B-VIII.0 [255], JENDL-4.0 [256] and the GEF code GEFY [246].
Over the years, a number of important research topics connected with the phenomenon of nuclear fission, reaching

rom nuclear and particle physics to practical applications like reactor physics, were identified (see for example [257]),
hich address, among others:

• the basic theoretical understanding of the fission process with all its facets and tests of theoretical predictions
• information about the nuclear structure (shell effects, pair breaking, etc.) by the spectroscopy of exotic nuclei
• the understanding of the element synthesis in the universe, in particular of the astrophysical r-process taking place

in the region of fission fragments
• particle physics, in particular neutrino physics
• reactor physics and technology
• nuclear energy and disposal management of radioactive waste

espite of the big experimental and theoretical efforts mentioned above, due to its complexity the many-body phe-
omenon nuclear fission is not yet satisfactorily understood, including many discrepancies in the data, and a number of
till open questions, thus demanding for new, improved data sets and more sophisticated theoretical attempts, (such
s statistical models [240], microscopic–macroscopic models [242], pure microscopic models including a dynamical
reatment [243], etc.). Here, besides high-energy experiments [258–268], low-energy experiments (as will be discussed
n the following) are of particular importance.

The typical characteristics of low-energy fission, such as for example spontaneous or thermal neutron induced fission,
s the asymmetric mass distribution of fission fragments. A nucleus is excited by capturing a low energy neutron and in
urn splits (for the most probable case of binary fission) in two fragments which carry away most of the energy released
s kinetic energy, and about one to three neutrons, as well as γ−rays, are emitted. As illustrated in Fig. 4.1 for the case
f thermal neutron induced fission of 235U, the symmetric splitting in two fragments of roughly equal mass is strongly
uppressed, whereas the asymmetric splitting in a light and a heavy fragment is much more probable. As can be also seen
n Fig. 4.1, thermal neutron induced fission typically leads to a multitude of about > 400 different nuclei, which can be
rouped in 3 mass regions, the light fragment group, the symmetry region and the heavy fragment group. The kinetic
nergies of the fission fragments span an interval from typically about 40 to 110 MeV for the present example.
One of the most important tools for a better understanding of the fission process, in particular for providing information

n its dynamics and for a sensitive test of theoretical models describing the fission process, are precise data on the
haracteristics of fission fragment distributions in terms of mass distribution, nuclear charge distribution, kinetic energy
istribution, excitation distribution, and correlations between these quantities. In particular, the study of isotopic fission
ields as a function of fragment mass and kinetic energy allows a very detailed insight into the sharing of nucleons
etween the light and heavy fragments in binary fission, and the dynamics of the fission process from the saddle point
o scission (see [250] and references therein). Among others the influence of shell effects, as well as pairing correlations
nd odd–even effects on the isotopic distributions are of particular interest.
A huge amount of data on fission yields has been collected by a worldwide scientific community since first inves-

igations in 1941 [269]. In particular, thermal neutron induced fission of actinides has been in the focus. However, not
ll actinides have been scrutinized in the same detail. In particular, experiments with shorter-lived target nuclides are
hallenging due to their high activity. For example 241Pu (T1/2 = 14.35 a) has a specific activity of 3.8 GBq/mg and only few
irect yield measurements of 241Pu(nth, f ) have been published so far, e.g. by J. K. Dickens [270], H. Thierens et al. [271]
nd P. Schillebeeckx et al. [272].

239Pu(nth, f ) and, at higher burnup, also 241Pu(nth, f ) play an important role in nuclear reactor fuel, and together with
35U(nth, f ) are also important for our understanding of reactor antineutrino spectra. Thus, these nuclei are in the scope of
he JEFF evaluation program of fission yields [254]. This work is based on experimental data and fission models, including
he nuclear charge repartition models. Today, the Zp model of A. C. Wahl [237] is commonly used in the evaluation, but the
eakness is the important dependency on fractional independent yield data. Uncertainties of the resulting fission product

nventory are most pronounced outside the fission peaks, i.e. in the symmetric and far asymmetric fission regions [273].
omplementary experimental data including isotopic yields could reduce these ambiguities.
Fragment yields for thermal neutron induced fission were and presently are investigated at various research reactors

ll over the world using various experimental methods (see for example [250] and references 5–53 therein). One of
he most prominent examples is the combination of the LOHENGRIN recoil mass separator [274,275] with the high-flux
esearch reactor at the Institute Laue-Langevin (ILL) at Grenoble, France [145] with which outstanding contributions to
ur knowledge of mass, nuclear charge and energy distributions of fission fragments from actinides could be made in the
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Fig. 4.1. The distribution of the kinetic energy of the fission fragments as a function of the mass number A is displayed for the case of thermal
neutron induced fission of 235U. The color code represents the calculated number of nuclides of a given mass number A, produced at a particular
kinetic energy. The calculation was performed using the GEF model [246].
Source: Figure adapted from [246].

last 4 decades [239,244,276–282]. The basic advantage of this combination is one of the highest thermal neutron fluxes
in the world together with the excellent mass and energy resolution provided by LOHENGRIN.

Fission fragments emerging from a thin fissile target, located very close (about 50 cm) to the reactor core with
a thermal neutron flux of about 5 × 1014 n cm−2 s−1 are separated according to mass and kinetic energy with high
resolution (typically M/∆M > 400, and E/∆E > 100 [274,275]). There is, however, a serious limitation: while mass
and energy measurements are straight forward, the determination of the nuclear charge Z is less evident at LOHENGRIN,
and requests additional experimental efforts. In the past, several experimental methods have been used for this purpose
(see [244,250] and references therein, [248,249,283–285] for a detailed overview). Radiochemical methods [250] and
references therein, [269,284–287] or γ−spectroscopy [244,281], [248] and references therein, [270,288–290], for instance,
enable measurements in a larger range of fragment masses, but are limited to specific radioactive isotopes, depending
on their lifetimes, their decay or chemical properties, as well as the limited knowledge on their decay schemes [161]. A
more universal method, applicable principally to all elements, is the passive absorber method [291–293] that exploits the
Z−dependent energy loss of fission fragments in an energy absorber for a given velocity. Here, as will be discussed in
more detail in the next section, the fission fragments, separated with respect to mass and energy, pass an absorber foil,
and the residual-energy which principally contains, due to the Z−dependent energy loss, the information on the isotopic
yield distribution, is detected in an energy sensitive detector, usually in an ionization chamber or a Si detector. However,
it has turned out in the past that the quality of this method, i.e. the Z−resolution, decreases towards higher masses,
which is partly due to the limited performance of residual-energy detectors used up to date [294]. Therefore this method
has been limited up to now to the region of light fission fragments up to Z ∼ 42 [239,293–295] (see also Fig. 4.15). On
the other hand, it is of high interest to get experimental access to the investigation of isotopic yield distributions in the
symmetry region and the heavy mass region of the fragment mass distribution (see Fig. 4.1). The lack of data in these mass
regions is very regrettable since, as symmetric and asymmetric fission are discussed as two distinct modes of decay, the
comparison of charge odd–even effects in the two modes could become a crucial contribution to our understanding of the
fission process. Moreover, the measurement of charge distributions in the heavy mass group by physics methods and their
comparison with results from radiochemistry and γ−ray spectroscopy are, besides being relevant for our understanding
of the fission process, also of technological importance in the development of future reactor generations.

Having in mind that the limitation of the passive absorber method to the light fragment group is due to the limited
performance in energy resolution and energy linearity (due to the pulse height defect) of conventional detectors, such
as ionization chambers or Si detectors (see Section 2 and [294]), the new detector technology of CLTDs was identified
as a potential improvement for the investigation of isotopic distributions for heavier fragments. Consequently a specially
designed experimental setup with a CLTD array was used in the present work for the first time for the investigation of
isotopic distributions of fission fragments by the passive absorber method.

The advantages of the application of CLTDs for this research topic are in detail:
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Fig. 4.2. Principle of the passive absorber method: it uses the Z dependence of the energy loss of ions in matter. The fission fragment beam from a
mass separator like LOHENGRIN consists of ions with well defined mass number A, kinetic energy E0 and ionic charge state q, but different nuclear
harge Z . When passing through a homogeneous absorber medium, the Z-dependent energy loss ∆E(Z) separates the different nuclear charges Z
corresponding to the different peaks in the residual-energy spectrum.

• the better energy resolution, in particular for heavy low energetic fission fragments, providing an improved
Z−resolution in the residual-energy spectra (see Section 4.1.5),

• the better linearity of the energy response which enables systematic studies over a wider energy- and Z−range. This
is of particular importance for a proper Z−identification of fission fragments (see Section 4.1.6),

• the high granularity of the CLTD array presently used, which allows systematic studies and a good control of
systematic effects such as subtle shifts of the beam position in the focal plane (for details see [224]).

In the following, after a detailed description of the experimental setup and the experimental procedure, first very
promising results are displayed for different regions of the mass distribution for thermal neutron induced fission of 235U
nd 239,241Pu.

.1.2. Z-identification with the passive absorber method
As already discussed in the previous section, a rich program of the experimental determination of Z−yields of fission

ragments has been performed at the LOHENGRIN facility at the Institut Laue Langevin at Grenoble. LOHENGRIN is a
ombination of electrostatic and magnetic fields which separates fission fragments from a nuclear reactor according to
ass and kinetic energy, but it does not provide Z−separation. Besides radiochemical and γ−spectroscopy methods for

he Z−identification of mass-separated fission fragments, which suffer from individual limitations (see previous section),
more versatile method uses the dependence of the energy deposition of heavy ions in matter, also known as the specific
nergy loss, on the nuclear charge of the incident ion.
Here, the Z-identification by means of the specific energy loss is referred to as passive absorber method [291–295]. It is

ased on the fact that the stopping power of heavy ions in matter [296] depends, among other parameters, on the nuclear
harge Z of the incident ions. The principle is displayed in Fig. 4.2: Incoming ions, in the present case fission fragments,
ave a well defined mass, energy and ionic charge state after passing a mass separator. In the energy absorber, they deposit
nergy ∆E(Z) which is dependent on their nuclear charge Z . This leads to a separation of the different nuclear charges in

the residual-energy spectra. The amount of deposited energy per path length in the absorber is described by the stopping
power or the specific energy loss [297]. The stopping power depends on the mass A, the nuclear charge Z and the energy
of the incident ions, and on the properties of the absorber material [298]. As already discussed in Section 2.3.1, the energy
loss is essentially determined by two types of interaction, namely electronic and nuclear interaction. Electronic stopping
refers to the energy loss due to inelastic collisions between the incident ions and the bound electrons in the absorber
medium. Nuclear stopping refers to elastic collisions between the incident ions and the nuclei of the target medium. Other
processes like emission of Cherenkov radiation, bremsstrahlung and nuclear reactions [2] also contribute to the energy
loss, but are not relevant for the energy range of heavy ions of interest in the present fission yield studies.

For fission fragments from LOHENGRIN, the energy loss is, at least for thin absorbers and a relatively small energy loss,
dominated by electronic stopping processes. Electronic stopping is described by the Bethe–Bloch formula [2,299]:

−
dE
dx

≡ Sel(qeff ) =
4πe4

me
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[
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(4.1)

with qeff = effective ionic charge of the ion, ZA = nuclear charge of the absorber material, n = absorber density, I = mean
excitation potential of the absorber material, v = velocity of the incident ion, β =

v
c and PK = ionization probability for

he K shell. The effective ionic charge qeff of the ion is usually parameterized as [300,301]

qeff = Z
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In this parameterization, Z denotes the nuclear charge of the incident ion, C(Z), D and δ denote parameters which are
etermined from experimental values, while v0 denotes the Bohr velocity. From Eqs. (4.1) and (4.2) it is evident that the
lectronic energy loss is approximately proportional to the square of the nuclear charge Z of the incident ion. The other
arameters influencing the electronic energy loss depend on the target material, with the exception of the velocity v of

the incident ion. Therefore, the energy loss of ions which have the same kinetic energy depends on their nuclear charge
Z and on their mass A. Accordingly, the incident ions can be separated with respect to Z if all other parameters are fixed.

Like any statistical process, the mean energy loss is subject to statistical fluctuations in the number of collisions and
in the energy transferred in each collision. So, when a mono-energetic ion beam passes through an absorber material
with fixed thickness, the kinetic energy of the ions after the interaction becomes a distribution in energy rather than a
delta function with a peak energy corresponding to the initial energy minus the mean energy loss. This effect is generally
referred to as energy loss straggling. As long as the absorber is not too thin, but the energy loss is still small compared to
the initial ion energy, the final energy distribution of an initially mono-energetic ion beam is – in first approximation
– Gaussian with a standard deviation σ ∼ ZA [302], where ZA is the nuclear charge of the absorber material. For
very thick absorbers, where a substantial amount of energy is lost, this assumption breaks down and the description
becomes more complex. The energy loss straggling poses an inherent limitation to the quality of Z separation. From
σ ∼ ZA it can be deduced that light target atoms are favorable. In addition, inhomogeneities in the absorber material
and/or channeling effects may cause an additional line broadening or even an asymmetric line shape (for details see
Section 4.1.4.2, [223,224]).

In principle, it is possible to measure Z yields for all kinds of fission fragments with the passive absorber method. But
it should be kept in mind that the width and the separation of the individual Z−peaks in the residual-energy spectra,
hich finally determine the quality of the Z−resolution (see Section 4.1.5), depend on the following parameters, which
eed to be optimized for the individual experimental conditions:

• energy width of the energy E0 of the fragment beam
• energy loss straggling in the absorber medium, determined by the incident energy E0 and the thickness and the type

of the absorber medium
• the homogeneity of the absorber medium over the area where the incident ions pass through
• the intrinsic energy resolution of the residual-energy detector

In the past, it turned out that with the use of conventional ionization detectors and Parylene-C foils as energy absorbers,
he passive absorber method has been limited to nuclear charges of the fission fragments below Z = 42 [293–295] (see
lso Fig. 4.15). It was evident that for the residual-energy detection a detector system with better energy resolution and
inearity of the energy response in combination with more homogeneous passive absorber foils was needed to study
he symmetry region and the heavy mass region of the fission fragments. Accordingly, in the present work the passive
bsorber method was combined with the new detector technology of CLTDs and a new type of absorber material, namely
ilicon nitride (SiN), to further improve the scope of this technique.

.1.3. The experimental setup

.1.3.1. The LOHENGRIN mass separator
As discussed in Section 4.1.1, LOHENGRIN [274,275] is a mass and energy separator which is installed at the research

eactor of the Institut Laue Langevin (ILL) at Grenoble. The high-flux research reactor provides a neutron flux of about
×1014 cm−2 s−1 at the position of the fission target. This high neutron flux allows for measurements of fission fragment
ields as low as 10−9. A schematic view of the layout of LOHENGRIN is displayed in Fig. 4.3. A fissile target [303] is placed in
vacuum tube which protrudes into the heavy water moderator of the reactor. Recoiling fission fragments leave the target
s highly charged ions after a small energy loss which is due to the target’s protective backing. At 8 m from the target, the
onized fragments enter the horizontally deflecting homogeneous magnetic field which separates them according to their
atio of momentum to ionic charge, p/q. Afterwards, the fragments pass through the vertically deflecting condenser which
eparates them according to the ratio of kinetic energy to ionic charge, E/q. Accordingly, LOHENGRIN is a spectrometer
which separates the fission fragments according to the ratios A/q, i.e. atomic mass to ionic charge state, and E/q. Hence,
fission fragments having the same A/q ratio and the same velocity are focused along a parabola. For an energy acceptance
of 10%, this parabola can be approximated by a straight line [294], but this line is tilted against the horizon by 45◦. A
variation in mass of 1% corresponds to 32 mm in the focal plane, and a variation in energy of 1% corresponds to 72 mm.
With these features, LOHENGRIN provides excellent resolution of mass (0.3%) and energy (1%) for a standard target size
of 70× 10 mm. The flight time through the whole spectrometer is of the order of 2 µs, allowing for the determination of
independent Z−yields as the fission fragments reach the detector before undergoing β−decay.

4.1.3.2. The fissile targets
For measurements with the LOHENGRIN mass separator, relatively thin actinide targets with a thickness of the order

tens of µg/cm2 are used for the precise fission yield measurements, whereas up to 1mg/cm2 thick targets are employed for
nuclear spectroscopy applications. With relatively thin targets the correction for the energy loss in the target is minimized
which enables the precise determination of the kinetic energy distributions of the fission fragments (see Section 4.1.6).

To obtain individual fission fragment yields, high isotopic purity of the targets is mandatory. Therefore, radiochemical

separation is not sufficient in many cases, and the target atoms have to pass a mass separator before use, making the
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Fig. 4.3. Schematic view of the experimental setup for isotopic yield measurements at the LOHENGRIN mass separator [274,275], using the passive
absorber method in combination with a CLTD: After exiting LOHENGRIN, the fission fragments pass the SiN absorber foils which are mounted
directly in front of the detectors. A rotating disk (displayed on the right hand side [304]) allows for choosing different absorber thicknesses
(1 µm, 4 µm, 5 µm, 6 µm, 7 µm). The manipulator serves to mount the PIN diodes as well as additional absorber foils.
ource: Adapted from [159,304].

arget preparation an elaborate and expensive procedure. The LOHENGRIN targets [303] are produced by deposition of
he actinide material as oxide on a 0.2 mm thick platinum-coated high purity titanium backing of dimension 9 × 2 cm2

hich is fixed on a titanium support frame by spot welding. Usually, the targets are covered by a 250 nm thick nickel
oil (except for the relatively thick 235U targets, which are covered with ≈100 nm tungsten foils) to reduce the loss of
he target material due to sputtering and to guarantee a smoother burnup. On top of the target, a diaphragm is placed
o customize the size of the target corresponding to the need of the experiment. In Sections 4.1.7 to 4.1.9, the different
argets used for the different measurements will be discussed in greater detail.

.1.3.3. The passive absorber setup for the Z-yield determination
The experimental setup which was installed at the exit of the LOHENGRIN beamline is schematically displayed in

ig. 4.3 (for details see [224]). The 4He bath cryostat (see Section 3.4) with the CLTD array for the measurement of the
esidual-energy was coupled – without any entrance foil – to the straight exit flange of LOHENGRIN, inclined by 35◦. To
nsure a sufficiently large solid angle for the detection of the fission fragments, a detector array consisting of 25 pixels
n a 5 × 5 matrix with a total active area of ≈ 15 × 15mm2 was deployed. This detector array is described in detail in
ection 3.2.4 and is displayed in Figs. 3.11 and 3.14.
In order to keep the heat radiation from the environment on the CLTDs on a minimum, the shield tubes shown in

ig. 3.14 (on liquid helium, liquid nitrogen and room temperature) had to be adapted to the LOHENGRIN beamline (see
ig. 4.3). Fig. 4.4 shows the two variations with the array mounted vertically (for measurements with stable beams at the
LL, see Section 4.1.4), and under 35◦ (for measurements at LOHENGRIN). In front of the detectors, a rotating disk with
ifferent absorber foils is mounted at a distance of only a few millimeters from the CLTD array.
The manipulator between the LOHENGRIN exit and the detector array served two different purposes. On the one hand,

t held a PIN diode which was used for complementary measurements of the ionic charge and kinetic energy distributions
f the respective fragment masses [160,224] (see also Section 4.1.6). In addition to the SiN absorber foils mounted on the
otating disk, SiN absorber foils mounted on the manipulator could also be moved into the path of the fragments.

In the first experiment with CLTDs at LOHENGRIN as reported in [223,305], only the absorber foils which were mounted
n a movable feedthrough (the manipulator in Fig. 4.3) at a distance of about 95 cm from the CLTD array were used.
his large distance between absorber and residual-energy detector drastically affected the overall detection efficiency.
ue to scattering processes in the absorber foil, a considerable part of the fission fragments did not reach the detector
rray. Therefore, the detection efficiency for these measurements was limited to less than 5% which would not have
een sufficient to investigate fission fragments towards the symmetry region. In addition, an increased background from
eighboring mass lines leaking through the LOHENGRIN separator was observed [223]. To counter these problems, a
otating disk was incorporated into the cryostat in the later experiments. In order to place the absorber foils as close as
ossible to the detectors, the foil stacks were mounted on this disk as shown in Figs. 4.3 and 4.4. It gave the flexibility
o choose between five different absorber thicknesses (1 µm, 4 µm, 5 µm, 6 µm, 7 µm) and thus to optimize the absorber
hickness with respect to the individual experimental conditions such as fragment mass and energy. In addition, a three-
ine α-source was mounted for energy calibration, as well as for monitoring the detector performance. This arrangement
llowed the placement of the absorber foils very close (3 − 5mm) to the CLTD array, and hence significantly improved
he detection efficiency to almost 100% [223].
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Fig. 4.4. These pictures display (a) a front view of the rotating disk with the different SiN absorber foils in front of the detector array, (b) a side
iew of the detector array mounted in the strictly vertical position used for the measurements with stable ion beams at the MLL (see Section 4.1.4),
c) tilted by 35◦ with respect to the horizontal position to match the LOHENGRIN beamline. The rotating disk was equipped with different SiN stacks
ith nominal thicknesses of 1 µm, 4 µm, 5 µm, 6 µm, 7 µm. In addition, one position was left open to allow for measurements without an absorber

foil. The α-source is used for calibration, as well as to monitor the signal amplitude.

The rotating disk was driven by a remotely controlled piezo-driven rotary stepper positioner. In this work, we used the
system ANR240/RES from Attocube,14 which consists of a positioner with resistive encoder and the controller ANC350.
The device operates under vacuum and at temperatures as low as 10 mK, and allows a reproducible positioning with an
accuracy of 0.05◦ (30 µm for the current design) based on a slip stick driving mechanism. As only moderate voltages are
needed for this positioner and as zero voltage is applied after movement, noise introduction into the readout circuit of
the CLTDs is minimal which is very important to maintain the high energy resolution of the detectors. After operation
of the positioner, it took only five minutes for the detector system to recover thermal equilibrium and operate without
degradation of the energy resolution [224]. An α-source, also positioned on the disk, was used to calibrate the position of
the rotating disk in front of the detector array. The alpha intensity was recorded for rotation steps of 5◦ to determine the
angular position of the α-source on the disk. The α-intensity was recorded over the entire range of the encoder readout
angle for which non-zero alpha intensity was observed on the detectors. The position of optimal central alignment of the
α-source was determined by determining the encoder readout for which the α-intensity peaked for the central pixel C2.
This allowed the calibration for all the other SiN foil positions on the manipulator which are symmetrically distributed
on the disk. With this procedure, the exact orientation of the SiN foils for different measurements was reproduced with
a precision of 0.03 mm.

4.1.3.4. The silicon nitride absorber foils
As is detailed in Section 4.1.2, the energy loss of the fission fragments is used to determine the nuclear charge Z . In

the experiments reported in [291,293–295], foils of Parylene C were used for this purpose, because Parylene C was found
to provide the best homogeneity in thickness. Inhomogeneities in the foil thickness cause an additional broadening of
the energy loss distribution because the energy loss may vary depending on the position of incidence of the fragment
onto the degrader foil. The homogeneity of the absorber thickness is, therefore, an important parameter that determines
the Z-resolution. An additional factor is the energy loss straggling in the absorber foil which should be kept as low as
possible. The energy loss straggling depends on the target material, but as a general rule, it is smaller for thin targets. But
for thin targets, also the energy loss and, therefore, the Z-separation is smaller. Therefore, a compromise between energy
loss and energy loss straggling has to be found for optimal Z-resolution (see also Section 4.1.4).

In recent years, the production of thin foils of silicon nitride (SiN) with excellent homogeneity has made considerable
progress. The material has become an interesting alternative for entrance windows of ionization chambers [141] or time-
of-flight detectors. Therefore, it was decided for the present experiments to combine the high-resolution CLTDs with
absorber foils of this newmaterial to further improve the Z-resolution. The silicon nitride (SiN) foils used in this work were
manufactured by the company Silson15 which produces and supplies ultra-thin foils with thicknesses varying from 30 nm
to 1000 nm using lithographic techniques. They also produce these foils in different sizes. Regarding the nomenclature,

14 Attocube systems AG, Eglfinger Weg 2, D-85540 Haar, Germany.
15 http://www.silson.com/, Silson Ltd, Insight Park, Welsh Road East, Southam, Warwickshire, CV47 1NE, UK.
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Fig. 4.5. Performance test for different types of absorber foils: The FWHM of the residual-energy spectrum for 109Ag ions with an incident energy
f 68.6 MeV as a function of the energy loss is shown [223].

ilicon nitride is abbreviated to SiN in this work. Traditionally, silicon nitride has the stoichiometry of Si3N4. However,
ue to the high stress on Si3N4, it is not possible to produce membranes with a thickness greater than 200 nm–250 nm,
specially for larger membranes. The thicker membranes will break. So, Silicon-Rich Nitride (SiRN) is used instead, which
as a higher Si content, more like Si:N = 1:1. It has much lower stress, typically 200 MPa – 300 MPa rather than 1

GPa in case of Si3N4. It is also less dense so it has a higher transmission. On the other hand, there are larger batch-to-
batch variances in terms of density for SiRN than for Si3N4.16 The color of the SiN foils is very sensitive to the thickness,
ranging from violet to red. Varying the thickness by less than 50 nm completely changes the color. This provides a very
good method for checking the relative variation of the SiN foil thickness. In addition, the density of several foils was
determined using the energy loss of α-particles [306]. It was found that the homogeneity of foils from one production
batch is excellent.

It was already proven in the previous investigations [223] that the SiN foils survive the cooling down and warming up
procedures in the cryostat. The same measurements also demonstrated that the performance of the SiN foils was better
than the performance of the Parylene C foils [294] used previously for the passive absorber method. The FWHM of the
measured ion energies after passing through the foil was found to be around 15% smaller with SiN foils than with Parylene
C absorbers (see Fig. 4.5) [223]. On the other hand, these foils are very sensitive and demand special care while handling.

4.1.4. Feasibility studies and performance tests with stable beams
Two crucial parameters that determine the quality of the nuclear charge determination using the absorber method

are the line width in the measured residual-energy spectra and the separation, that means the energy loss difference
for adjacent Z , for a given initial velocity and a fixed absorber thickness. At the LOHENGRIN mass separator, only the
total widths in the residual-energy spectra, which are a sum of the detector resolution, the beam energy width which is
mainly due to the target length (see Section 4.1.4.2, [223]), the absorber-foil inhomogeneity and the energy loss straggling
within the absorbers, can be measured. However, to optimize the measurements for different fission-fragment mass and
energy regions, the various contributions to the energy width have to be determined separately. Moreover, the precise
knowledge of the line shape of the Z−peaks in the residual-energy spectrum is important for the fitting procedure for
cases of overlapping Z−peaks. For this purpose, feasibility tests with isotopically pure ion beams were performed at the
tandem accelerator facility at the Maier-Leibnitz Laboratory Munich (MLL) [307].

4.1.4.1. Experimental setup and experimental procedure
A tandem accelerator is an ideal tool for such feasibility studies, as heavy ion beams in the energy range of a few MeV

to about 100 MeV can be provided with a very narrow energy distribution. Accordingly, tests at the tandem accelerator
were performed with the aim to optimize the energy resolution of the new CLTD pixels, to check the quality of the new
SiN foils stacks, and to precisely determine the energy loss, as well as energy loss straggling as a function of the initial ion
velocity and the absorber thickness. Furthermore, it was investigated which thickness of the SiN absorber foils provides
the best Z-separation.

16 Private communication with the manufacturers.
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Fig. 4.6. Experimental setup at the tandem accelerator of the MLL [224]. For the test measurements, the detector array was mounted vertically with
the rotating disk in front of it. Additional SiN foils were mounted on manipulators in front of the cryostat.

Ideally, to determine the quality of the Z-separation one would choose ion beams with neighboring Z values and
identical mass. However, such a combination was not available in the Z region of interest (Z ∼ 50 − 55), because a
tandem accelerator demands the injection of stable negative ions which are not available for all elements for the same
mass. A feasible compromise was the choice of 130Te (tellurium, Z = 52) and 127I (iodine, Z = 53). Based on the typical
nergies of fission fragments, the energy range was defined to be 50 − 85MeV.17 In this energy range, the resolution of
he ion beam from the accelerator is expected to be of the order of ∆E/E = 10−3 or better.

Fig. 4.6 shows a picture of the respective setup. The ions are delivered by the tandem accelerator from the right-hand
ide. The beam was adjusted to the beamline by magnetic steerers and was monitored by a beam monitor in front of a
cintillating view screen. The beam intensity was adjusted by using degraders in the form of grids to a rate of <100 ions/s.
he manipulators 1, 2 and 3 were used to mount additional SiN absorber foils to realize a higher thickness and to compare
easurements between foils mounted on the disk and foils mounted on the manipulator for a thickness of 4 µm. The
etector array in the cryostat is mounted vertically (see also Fig. 4.4) with the rotating disk in front of it. Fig. 4.4(a) shows
he picture of the rotating disk mounted in front of the CLTD array, installed in the cryostat. The figure also shows the
osition of different SiN foil stacks with nominal thicknesses of 1 µm, 4 µm, 5 µm, 6 µm, 7 µm (for details see [224]). One
osition was left without absorber to investigate the energy resolution of the detectors alone.

.1.4.2. Energy width and shape of the residual-energy spectra
As was discussed in Section 4.1.2, energy loss straggling widens an initially mono-energetic ion beam to a Gaussian line

hape if the absorber is not too thick and the energy loss is not too large. However, in the case of thick absorbers, nuclear
nergy loss becomes more and more important. The elastic scattering of the ion on target nuclei causes not only energy
ransfer, but it may also alter the direction of the ion propagation which then will have to travel through a larger absorber
hickness before reaching the detector. This scattering process may cause a low-energy shoulder in the otherwise Gaussian
istribution. In the present setup, the distance of the absorber foils to the detectors is only about 5 mm. Accordingly, the
umber of scattered ions which reach the detector after traveling through a larger absorber thickness is not negligible.
Fig. 4.7 displays an example of data which are necessary for a straight-forward analysis of fission fragment data. It

hows spectra of 127I ions with an incident energy of 66.9 MeV after passing through a stack of SiN foils with different
hicknesses. The low-energy shoulder increases with increasing foil thickness and is clearly visible for the thicker foil
tacks. To account for this non-symmetric line shape, the Gaussian was modified by an exponential term containing a
ailing parameter:

f (x) =
A
t0

exp
(
x − xc
t0

+
σ 2

2t20

)
erfc

(
1

√
2

(
x − xc

σ
+

σ

t0

))
(4.3)

Hereby, A is the area under the Gaussian, xc and σ are the Gaussian peak position and the standard deviation. t0 is the
tailing parameter of the exponential shoulder. erfc denotes the error function. To account for the tailing parameter t0, the
WHM of the Gaussian is modified to

FWHM = 2.35σ + Cr t0 (4.4)

The parameter Cr was determined from the ratio σ/t0 according to [308]. In the following discussion, the term energy
esolution ∆E refers to the FWHM determined by this equation. The peak position of the modified Gaussian corresponds
o the most likely value of the distribution, i.e. its maximum.

17 Since LOHENGRIN separates both mass and velocity simultaneously, it results in an energy separation, but intrinsically it is a velocity filter.
Hence, the energies of the two ion beams were chosen such that the ions had the same velocity.
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Fig. 4.7. Residual-energy spectra of 127I ions with an incident energy of 66.9 MeV after passing through a stack of SiN foils with a total thickness
of 1 µm, 5 µm, 6 µm, and 7 µm, respectively. The shoulder on the low-energy side is most probably due to scattering processes from nuclear energy
loss. The red lines show fits with the function described by Eq. (4.3) [224].

The results of a measurement of the energy width (FWHM) for 130Te ions with four different incident energies and
ifferent absorber foil thicknesses as a function of the residual-energy are summarized in Fig. 4.8. The measured data
re taken from [230]. To enhance the influence of the SiN foils, the FWHM for measurements without absorber foils was
ubtracted quadratically for each incident energy. The corresponding values for the energy loss and stopping powers
ill be published in a dedicated article [306]. As expected, the FWHM increases with increasing absorber thickness
i.e. decreasing residual-energy) due to energy loss straggling. However, the FWHM increases steeply for small absorber
hicknesses, then it becomes more or less constant before it increases steeply again. This effect is more pronounced at
igher incident energies. In contrast, the tailing factors, determined from the same series of measurements (Fig. 4.9), do
ot vary strongly with the incident energy. The contribution of the shoulder increases with increasing foil thickness rather
moothly.
An interesting observation was made from the measurements where the energy width for two different stacks of SiN

bsorber foils with the same number of foils from the same production batch was compared. One stack was mounted
n the disk at a distance of ≈5mm from the CLTD array, the other stack was mounted on a manipulator at a distance
f ≈1m from the CLTD array. Fig. 4.10 compares the FWHM for different energy settings. The FWHM for the SiN stack
ounted on the disk, i.e. closer to the CLTD array, is always higher than the one for the stack mounted on the manipulator

elatively far from the detector array. The foil stack positioned closer to the array results in bigger solid angle acceptance
f the beam passing through the absorber foils, whereas the foil stack positioned on the manipulator at a distance of 1 m
esults in a significantly smaller solid angle acceptance compared to the foil stack on the disk. The nuclear energy loss
s connected to considerably larger scattering angles and hence its contribution to the energy resolution can potentially
e reduced by the small solid angle acceptance of the detectors. This effect is more pronounced at lower incident ion
nergies.
It was hence realized with this test measurement that the gain in detector efficiency and flexibility in the choice

f the SiN thickness for the experiment with fission fragments comes at the cost of a slight decrease in energy
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Fig. 4.8. Energy width (FWHM) obtained for 130Te ions with four different incident energies as a function of the residual-energy, which is defined
by the different absorber foil thicknesses (1 µm to 8 µm). The measured data were taken from [230], but the FWHM of the ion beam without SiN
foils was subtracted quadratically to demonstrate the dependence on the absorber foil thickness.

resolution. However, the advantage of better efficiency outweighed this small loss in resolution. Although the theoretical
understanding of its origin is still missing, the regime of constant FWHM provides a choice of absorber foil thicknesses
for energies between 80 MeV and 100 MeV which are typical for LOHENGRIN. This allows adjusting the foil thickness to
the optimum separation of Z which shall be discussed in the next section.

Concerning the energy width obtainable in measurements with fission fragments, it should be mentioned that
he contribution from the energy resolution of the fragment beam to the overall energy width cannot be neglected.
OHENGRIN provides a nominal mass resolution of 0.3% and a relative energy resolution of 1% (see Section 4.1.3.1).
owever, the mass resolution and the energy resolution also depend on the length of the fissile targets. Since the
agnification at LOHENGRIN from the object (fissile target) to the image (focal plane) is 1:1, for a 8 mm wide target
8 mm wide mass-defining slit provides a mass resolution of A/∆A ≈ 400 while by reducing the target width to 3 mm
ith a 3 mm wide exit slit improves the resolution to A/∆A ≈ 1000 [224]. In [223], the influence of the target length on
he overall energy resolution when using CLTDs at LOHENGRIN was investigated for two target lengths of 2 cm, and 4 cm
f 235U, respectively, with ions of mass A = 92 and A = 102 at an energy of E = 97MeV. It was found that the FWHM for
he target length of 4 cm of 235U was up to 11% larger than for the target length of 2 cm. From these investigations it has
o be concluded that shorter targets improve the energy resolution, but the reaction rate is also reduced. A compromise
etween reaction rate and energy resolution has to be made, in particular for investigations in the symmetry region where
he reaction rates are low (see Section 4.1.8). Hence, the fissile targets used had surface areas ranging from few mm2 to
maximum of ∼ 72 × 10mm2 [223,224].

.1.4.3. Z-separation in the residual-energy spectra
To determine the Z-separation, the energy loss difference of ions with neighboring Z but same mass is required.

ecause ions with neighboring Z and the same mass were not available from the Munich tandem, measurements were
erformed with 127I and 130Te as detailed in Section 4.1.4.1. However, for a realistic estimate on the Z−separation using
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Fig. 4.9. Tailing factors deduced from the same measurements as displayed in Fig. 4.8 [230].

Fig. 4.10. This figure summarizes the energy width (FWHM) for 130Te ions for all incident beam energies and for two absorber foil positions. In one
setting, the absorber foils were positioned directly in front of the detector on the disk. In the second setting, the absorber foils were mounted on a
manipulator at a distance of about 1 m from the detectors.

these beams, the dependence of the energy loss on the atomic mass A has to be taken into account. The correction for
this mass dependence was approached in two independent ways by using SRIM calculations, and by using semi-empirical
calculations [309] based on the theory of N. Bohr. A detailed discussion is given in [224,306].
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Fig. 4.11. This figure summarizes the Z−separation which is expected from the measurements with stable 127I and 130Te beams as a function of
he absorber foil thickness. The correction for the A-dependence is estimated using SRIM, as shown in black, and by semi-empirical calculations
eveloped by G. N. Knyadzeva [309] based on the classical Bohr theory, as shown in red [224].

Fig. 4.11 shows the results of the expected Z−separation from measurements with stable 127I and 130Te beams as a
unction of the absorber thickness. For both models, taking into account the predictions on the A-dependent correction,
he data agree reasonably well within error bars. According to the calculations, the optimal Z−separation is obtained for
n absorber foil thickness of about 4 µm. As expected, the separation increases for small absorber thickness with increasing
ncident energy.

.1.5. Z-resolution
The quality of the nuclear charge resolution with the passive absorber method depends on several criteria:

• proper choice of the energy loss ∆E(Z) of the fragment beam in the absorber by choosing the appropriate absorber
material and absorber thickness

• energy loss straggling within the absorber as discussed in the last section
• homogeneity of the absorber
• quality of the fragment beam (energy and mass resolution)
• energy resolution of the energy detector

The commonly used figure of merit to quantify the quality of the Z-resolution is defined as Z times the difference
etween the energy losses of neighboring Z (Z-separation) divided by the full width half maximum of the energy
istribution according to

Z
∆Z

= Z ·
∆E(Z) − ∆E(Z − 1)

FWHM
(4.5)

There exists a general trend that the FWHM is increasing with increasing absorber thickness (most pronounced for
smaller energies in Fig. 4.8), and also the Z-separation increases with increasing absorber thickness up to a maximum
(see Figs. 4.11 and 4.14), but both findings depend on the incident energy and on Z . Therefore, an optimum needs to be
found for the individual experimental conditions with respect to these parameters.

Fig. 4.12 shows the results of the expected Z−resolution Z/∆Z from measurements with stable 127I and 130Te beams
s a function of the absorber foil thickness. Again, the results for two models of the A-dependence correction are shown.
he maximum is observed at an absorber foil thickness of about 4 − 5 µm. At 80 MeV, the Z−separation of 0.45 MeV
orresponds to a Z-resolution of Z/∆Z ≈ 25. As the estimate was performed for rather large masses around A = 127
nd A = 130, these results indicate the possibility of determining fission fragment yields also in the region of very heavy
asses.
It should be mentioned that the predicted Z-resolution from the data with stable tandem beams do not include the

ontributions of the quality of the fragment beam to the energy width (FWHM). Therefore, even more realistic estimates on
he Z-resolution are obtained frommeasurements at LOHENGRIN. Accordingly, the first part of the measurement campaign
t the LOHENGRIN mass separator with CLTDs was dedicated to the optimization of the detector setup for the isotopic
ield determination. Measurements were performed with different SiN foil thicknesses for masses A = 89 and A = 96 for
35U(nth, f ) in order to study the effect of the SiN foil thickness on the nuclear charge resolution. Fig. 4.13, for example,
hows spectra for mass A = 89 for 235U(nth, f ) measured with different SiN foil thicknesses at a LOHENGRIN energy of
L = 94MeV and an ionic charge state of q = 19 [224]. These spectra are fitted with a sum of Gaussian distributions
ccording to Eq. (4.7).
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Fig. 4.12. This figure summarizes the expected quality of the Z−resolution Z/∆Z which is expected from the measurements with stable 127I and
30Te beams as a function of the absorber foil thickness. The correction for the A-dependence is estimated using SRIM, as shown in black, and by
emi-empirical calculations developed by G. N. Knyadzeva [309] based on the classical Bohr theory, as shown in red [224].

Fig. 4.13. Residual-energy spectra from a measurement for the mass A = 89 at a LOHENGRIN energy of EL = 94MeV for 235U(nth, f ) for different
SiN absorber foil thicknesses (1 µm, 4 to 8 µm). The increasing Z-resolution with increasing absorber foil thickness is clearly visible [224].

In Fig. 4.14 (left-hand side), the Z-resolution as a function of the SiN foil thickness is displayed [224]. The data points in
red correspond to the measurement with mass A = 89, the black points to the one with mass A = 96, respectively. In both
cases, the values correspond to the Z/∆Z value for the central nuclear charge, Z = 36 for mass A = 89, and Z = 38 for
mass A = 96. Also plotted (right-hand side) is the corresponding FWHM of the individual Z peaks, and the Z-separation.
ll data points are connected with lines to guide the eyes. The Z-resolution initially increases with increasing thickness of
he SiN foil stack. It reaches a maximum of Z/∆Z ∼ 53 at 7 µm foil thickness for mass A = 89 before it starts to decrease
gain.
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Fig. 4.14. The Z-resolution Z/∆Z versus the SiN absorber foil thickness for masses A = 89 and A = 96 for 235U(nth, f ) at a LOHENGRIN energy of
EL = 94MeV is displayed on the left-hand side. The panel on the right-hand side shows the FWHM and the Z-separation for neighboring Z peaks.
he data points are connected with lines to guide the eyes [224].

Fig. 4.15. Z-resolution (Z/∆Z) versus nuclear charge Z for Z-yield measurements using the passive absorber method, obtained with CLTDs and SiN
bsorbers for fission fragments at the ILL Grenoble and with stable beams at the MLL Munich [223,224]. The data are compared to data measured
y U. Quade et al. [291] and J. P. Bocquet et al. (partly predictions) [294]. The latter are obtained for the condition with conventional detection
echniques for the residual energy measurement, namely ionization chambers, and Parylene C as absorber foils. The limit for the application of
onventional detection techniques for fission yield measurements was identified to be around Z = 42 [239,293–295].
ource: Adapted from [304].

Summarizing all available data, the Z-resolution Z/∆Z (see Eq. (4.5)) is plotted as a function of mass A and nuclear
harge Z in Fig. 4.15. The measurements obtained at the Munich tandem and at the LOHENGRIN are shown by the red data
oints. The results are compared to literature values from U. Quade et al. [291] (shown by black symbols) and J. P. Bocquet
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Fig. 4.16. Examples for residual-energy spectra obtained for different mass regions of fission fragments. Whereas the spectra for the light (a) and
symmetry (b) mass regions were fitted with a sum of Gaussians, a fit with modified Gaussians including a tail-contribution was applied to the
spectrum in the heavy mass region (c) (for details see text) [224].

et al. [294] (shown by blue symbols). For the light fragment group, the historically best Z-resolution, e.g. Z/∆Z = 53 for
= 36, achieved with a conventional setup of Parylene C absorbers and an ionization chamber [239,293–295], was already

eached. The FWHM of the CLTDs for the fission fragments with 7 µm SiN foil thickness is typically about 800 keV for an
nitial kinetic energy of around 95 MeV (see Fig. 4.14). Most of the Z-yield measurements with light masses performed with
µm thick SiN foils have a FWHM of 850−900 keV and a Z-separation of around 1 MeV for a mean kinetic energy of around

95 MeV. Near the symmetry region of nuclear fission, we already see improvements in the Z-resolution, e.g. Z/∆Z = 45
t Z = 45 with the CLTD and SiN foils, compared to the values given in J. P. Bocquet et al. [294] (partly predictions)
or measurements with a conventional ionization chamber. The FWHM and the energy loss difference obtained with the
resent setup in this region is typically 810 keV, and 880 keV, respectively. For the heavy mass region, constrained fits
n the overlapping peaks in the residual-energy spectra yield a Z-resolution of Z/∆Z = 28 for Z = 52. This value is also
n very good agreement with the estimate on Z/∆Z from the test measurements at the Munich tandem accelerator with
table 130Te and 127I ion beams, shown in orange in Fig. 4.15. It demonstrates a significant improvement as compared to
redictions for a conventional residual-energy detector as presented in Bocquet et al. [294] (blue symbols in Fig. 4.15).
he FWHM and the Z-separation obtained for the heavy masses with 6 µm thick SiN foils are 225 keV, and 375 keV,
espectively [224].

The presently reached performance allowed to apply the combination of SiN absorber foils and CLTDs at the
OHENGRIN to investigate Z yields towards the symmetry region of fission fragments and, for the first time with the
assive absorber method, in the heavy mass region from A = 92 to A = 133. The results of these measurements will be
resented in the following sections.

.1.6. Procedure for the determination of Z-yields of fission fragments
The precise determination of isotopic yield distributions requires several steps concerning the data taking and data

nalysis:
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• fitting of the individual residual-energy spectra:
In a first step, a proper fitting of the residual-energy spectra measured with the CLTDs is necessary. As the quality of
the data depends on several parameters (see Section 4.1.5), a proper adjustment of these parameters for the measure-
ment of the spectra to the individual experimental conditions is necessary (for details see [159,160,223,224,306]).
Examples for residual-energy spectra of mass- and energy-separated fission fragments from the LOHENGRIN separa-
tor after passing through SiN absorber foils are displayed in Fig. 4.16. Due to the energy-loss dependence fragments
with different nuclear charge Z are separated. In order to deduce the content of counts for the individual Z−peaks,
the spectra are fitted with a sum-of-Gaussian fitting function f (x), in some cases with pure, symmetric Gaussians:

f (x) =
A1

σ
√

π/ ln(2)
exp

[
− ln(2)

(
x − (xc − d)

σ

)2
]

+
A2

σ
√

π/ ln(2)
exp

[
− ln(2)

(
x − xc

σ

)2
]

+ (4.6)

A3

σ
√

π/ ln(2)
exp

[
− ln(2)

(
x − (xc + d)

σ

)2
]

+ · · ·

where x denotes the channel number, A1, A2, A3, . . . stand for the area under the peak 1,2,3, . . . , σ is the standard
deviation (with the FWHM = 2.35σ ), xc is the peak position of the second peak from the low energy side of the
residual-energy spectrum (central peak for the case of 3 Gaussians), and d denotes the energy separation between
two neighboring Z-peaks.
In some other cases – where necessary –, modified asymmetric Gaussians including an exponential term containing
a tailing parameter need to be used to allow for a proper description of low energy tails of the individual peaks (see
Section 4.1.4.2 and Eq. (4.3)):
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where t0 denotes the tailing parameter of the exponential component, σ stands for the standard deviation of the
Gaussian distribution, and erfc for the Gaussian error function. The FWHM is given by Eq. (4.4).
All the residual-energy spectra measured for the present investigations showed a number of i = 2 to maximum
i = 4 individual Z-peaks. All additional contributions of Z-peaks turned out to have negligible intensities. In order
to minimize the number of free parameters, each spectrum was analyzed under the assumption that the width 2σ
of the individual Z-peaks, the separation d of neighboring Z-peaks, and the tailing parameter t0 are constant for the
individual spectrum. Following this procedure all measured spectra could be well described by the results of the fits
(see also Fig. 4.16).
As already discussed in Section 4.1.5, the Z-resolution, the FWHM of the Z-peaks, the separation of neighboring Z-
peaks, the shape of the Z-peaks, and the appearance of unwanted contributions of contamination from neighboring
masses (leaking through the LOHENGRIN mass separator [223,224,306]), depend on the energy and the nuclear
charge Z of the fragments, as well as on the absorber thickness (number of absorber foils) used. Therefore,
compromises have to be made for each individual measurement series for obtaining overall optimum conditions.
Generally, the Z-resolution Z/∆Z is improving with the increasing number of absorber foils up to a maximum (see
Figs. 4.12 and 4.14 in Section 4.1.5). On the other hand, contributions due to neighboring masses which may leak
through the LOHENGRIN mass separator for some individual experimental conditions of fragment mass, energy,
and ionic charge state, and which then are due to scattering processes in the absorber foils scattered to the region
of interest for the main mass, thus disturbing the Z-peak analysis (for details see [223,224,306]). Moreover, for
increasing foil thickness and for increasing nuclear charge Z of the fragments, asymmetric Z-peaks appear showing
low energy tails (see Section 4.1.4.2 and Fig. 4.7). This effect is attributed to an increasing amount of nuclear energy
loss in the absorber foils where the relatively large scattering angles lead partly to larger paths through the absorber
foils and consequently larger energy loss (for details see [224,306]).
For all present measurements performed for the low mass region and the symmetry region of fission fragments (see
Sections 4.1.7 and 4.1.8), well separated symmetric Gaussian-shaped Z-peaks are obtained already for an absorber foil
thickness less then required for an optimum Z-resolution. In fact, an absorber thickness of 4 µm for measurements
in the low mass region and in the symmetry-region was used. Therefore, the appearance of contaminations from
neighboring masses and the appearance of asymmetric shapes of the Z-peaks could be avoided.
In contrast, for the heavy mass region with A ≥ 128 (see Section 4.1.9), due to a decreasing Z-resolution with
increasing Z (see Fig. 4.15), even for an optimum foil thickness the separation of neighboring Z-peaks was not
sufficient to resolve individual peaks, but overlapping Z-peaks with asymmetric shapes with low energy tails were
obtained (see Fig. 4.16). Therefore, a special fitting procedure was required for this part of the present data (for
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Fig. 4.17. Illustration of the Z-identification: The peak position of the second Z-peak from the low-energy (left) side of the residual-energy spectra
is plotted versus the fragment mass. The data shown are extracted from measurements in the mass range 89 ≤ A ≤ 112 for 241Pu(nth, f ) at
EL = 94MeV. Each red line corresponds to a unique nuclear charge Z . Z = 39 (marked in red) was identified from known Z-yield distributions for
mass A = 96 [254].
Source: Reprinted from [160] with kind permission of the American Physical Society.

details see [224,306]) which followed a method described in [310]. This method is well established in high-precision
mass spectrometry. Constrained fits for the deconvolution of the measured residual-energy spectra could be reliably
performed, provided that the spectra were measured with sufficiently high statistics, and that the response function
(that means the spectral shape of the Z-peak) was precisely known. For the latter constraint, a measurement with
a beam containing one single Z-component only, but with the same energy and absorber thickness, performed at
the tandem accelerator of the MLL Munich (see Section 4.1.4), was mandatory. It should be also pointed out that
the excellent energy stability of the CLTDs throughout longer measurement periods was important for the success
of the experiments in the heavy mass region.

• Identification of the nuclear charge Z:
One of the crucial steps in the data analysis is the reliable identification of the nuclear charge Z corresponding to the
individual peaks in the residual-energy spectra. Therefore, a systematic approach was followed which is illustrated
in Fig. 4.17 for the example of measurements with the 241Pu target for the mass range of A = 89 to 112 (for details
see [160,224]). All measurements were performed with the same energy settings of LOHENGRIN EL, and with the
same thickness of SiN degrader foils (4 µm thick). This provided a very consistent Z-identification technique based on
the energy loss dependence on mass and nuclear charge as shown in Fig. 4.17. The peak position of the second peak
from the left side in the residual-energy spectra is plotted against the fragment mass, resulting in a step-like structure
(see Fig. 4.17). The second Z-peak was chosen as it is usually the central peak with relatively high intensity making
it a good choice for the systematic studies. The data points on the red dashed lines correspond to the fragments
with the same nuclear charge but different mass number. The nuclear charge Z = 39 marked in red was identified
from the known Z-yield distributions for the mass A = 96 [254]. Fig. 4.17 is in addition a clear representation of
the different scale of energy loss dependence on the ion mass and the nuclear charge. A weaker dependence of the
energy loss on the ion mass as compared to the dependence on the nuclear charge is observed as expected [295]. On
average, the energy separation between adjacent masses with the same nuclear charge is about 150 keV, whereas the
energy separation between fragments of adjacent nuclear charges but the same mass is about 750 keV (see Fig. 4.17).
These values were also confirmed by semi-empirical calculations for the energy loss [224,306]. It should be noted
here that it is due to the good energy linearity of the CLTDs, which makes it possible that such a Z-identification
procedure works. Unlike the conventional detectors, where these systematics in energy loss cannot be observed due
to the pulse height defect in the detectors, CLTDs offer an energy detection not affected by pulse height defects, and
therefore allow to exploit the nature of energy loss for the Z-identification. Examples for the Z-identification in the
heavy-mass region are displayed in Fig. 4.31 (for details see [161,224]).

• determination of isotopic yields:
In the following, we need to distinguish between the observables independent yields, fractional independent yields
and cumulative yields: Independent yields describe the probability of formation, expressed in percent, of a fission
product with mass number A and nuclear charge Z after prompt neutron emission and before radioactive decay [237].
Fractional independent yields describe the fractions of the different elements with nuclear charge Z for a given mass
A. The fractions add up to unity (100%) for every mass [224,244]. Thus independent yields can be determined from
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Fig. 4.18. Examples for kinetic energy (left-hand side) and ionic charge state (right-hand side) distributions of isotopic yields of mass A = 92 for
35U(nth, f ). The solid lines on the left are exponentially modified Gaussian fits and the dotted lines on the right are used to connect the data points
o guide the eyes.
ource: Reprinted from [159] with kind permission of the American Physical Society.

fractional independent yields by a multiplication with the mass yields. Whereas the independent yield describes the
probability of formation directly in fission, the cumulative yield is defined as the probability of its accumulation from
fission plus through the radioactive decay of its precursor(s) plus and/or minus through delayed neutron emission.
It should be pointed out that the determination of independent or cumulative yields is a separable problem where
mass yields and fractional yields can be determined in different experiments and later combined. The particular
strengths of using CLTDs are their high and reproducible Z-resolution and, due to the granularity of the detector
array, moreover the perfect control of systematic effects such as subtle shifts of the beam position in the focal plane
(see also [224]). Therefore, the present work is mainly focused on a new independent determination of fractional
yields, while the absolute mass yields were taken from literature, and were complemented with consistency checks
against other masses in the region with well-known yields.
The determination of the final isotopic yields is performed in the following way: In a first step, from the fits of the
residual-energy spectra, measured with the CLTDs (see above), the individual peak areas divided by the sum of the
peak areas in the spectrum provide directly the relative nuclear charge distributions for given masses, ionic charge
states and kinetic energies selected by the LOHENGRIN mass separator. As fission yields generally depend on the ionic
charge state and the kinetic energy, these relative Z-yields for individual measurements at different LOHENGRIN en-
ergies and ionic charge states were convoluted with ionic charge state and kinetic energy distributions of the respec-
tive masses measured with the PIN-diode (see Fig. 4.3 in Section 4.1.3) to determine the ionic charge state and kinetic
energy distributions of the corresponding nuclear charges. Examples for such distributions for the measurements in
the light mass region of fission fragments are displayed in Fig. 4.18. The complete data sets are presented in [224].
The ionic charge state and kinetic energy distributions thus obtained are denoted by Y (A, Z, qi, Ej). The fractional
independent yields which correspond to the integral over the ionic charge state and the kinetic energy distributions
are generally given by evaluating the following sum of integrals:

Y (A, Z) =

∑
i

∫
E
Y (A, Z, qi, E) dE (4.8)

As it is a time-consuming procedure to perform measurements for all possible ionic charge state and kinetic energy
settings at LOHENGRIN, a simpler approach [244,311] to estimate the yields was applied in the present work which
is given by:

Y (A, Z) =

∫
E Y (A, Z, q̄, E) dE ×

∑
i Y (A, Z, qi, Ē)

Y (A, Z, q̄, Ē)
(4.9)

With this procedure, yields can be determined by measuring a single ionic charge state distribution at a mean
kinetic energy Ē and a single kinetic energy distribution at a mean ionic charge state q̄. Measured kinetic energy
distributions are fitted with exponentially modified Gaussian functions as shown in Fig. 4.18, and both the
quantities

∫
E Y (A, Z, q̄, E) dE and

∑
i Y (A, Z, Ē, qi) are determined from the values of the Gaussian integral, and

sum, respectively. Finally, to determine the independent yields which correspond to the yields directly from fission,
fractional independent yields were multiplied by the mass yields determined with the PIN-diode, and normalized
to data from the literature.
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Fig. 4.19. Typical example of the fragment rate as a function of time for 235U(nth, f ) due to the target burn-up. The data are well described by an
exponential decay function [224].

• normalization of count rates:

(a) Energy acceptance of the LOHENGRIN mass separator: The relation between the kinetic energy EL of the
fragments measured by LOHENGRIN and the LOHENGRIN energy acceptance ∆E which is, due to the small
acceptance (∆EL ≪ EL) given by the linear equation:

∆EL/EL = ∆x/DE (4.10)

where DE = 7.2m is the energy dispersion of the spectrometer. The acceptance ∆x is given by the detector
size, so the ratio ∆x/DE is constant. The accepted energy range is therefore proportional to the chosen energy.
To correct for this effect, all count rates are divided by the energy set at the LOHENGRIN mass separator for
normalization.

(b) Target burn-up: When placed in a high neutron flux, the fission rate of the target decreases with time due to
the loss of target material [303]. To account for the target burn-up, the decrease in fission rate was monitored
regularly (once to twice a day) by measuring a reference mass. The target burn-up curve thus obtained (a typical
example for the case of the 235U target is displayed in Fig. 4.19) is described with an exponential decay curve,
and corresponding corrections were applied in the yield calculations.

• Corrections due to the energy loss in the fission target and due to the target purity:
The fission fragments undergo energy loss in the target and the cover of the target before they pass through
the LOHENGRIN mass separator. The original kinetic energies E of the fission fragments are therefore derived by
calculating this energy loss in the target and its cover and adding it to the LOHENGRIN energy setting EL. The
calculated energy losses in the target and the cover foil of the target amount to values of 5–7 MeV for the fissile
targets used [159–161]. These targets were highly enriched: 235U (> 99%), 239Pu (99.98%), and 241Pu (71.1%). The
235U and 239Pu targets can be considered as ‘‘pure’’ since ≫ 99.9% of the fission rate stems from the isotope of
interest. For the 241Pu target the remaining fraction is composed of non-fissile 240,242Pu and 7.7% 241Am produced
by β−decay of 241Pu appearing since the Pu/Am separation before the target preparation. Due to its small fission
cross section, 241Am(nth, f ) contributes only with 0.03% to the total fission rate, but ≈ 1.1% of the fission rate is
due to double neutron capture reactions 241Am(n, γ ) 242gAm(n, f ), and 241Am(n, γ ) 242mAm(n, f ), respectively. The
reaction of interest 241Pu(nth, f ) represents therefore 98.9% of the total fission rate.

• Error analysis:
Various sources of errors are identified and taken into account in the total error budget (for details see [159–161,
224]). The statistical error including the fit error was determined using the OriginLab software for each residual-
energy spectrum measured with the CLTDs. Additionally, an error of less than 0.6% was estimated due to the thermal
neutron flux instability [244]. The systematic uncertainty due to the approximation used for fractional independent
yield calculations (see Eq. (4.9)) leads to an error of less than 1.3% (see also [223,224,244]). Additional errors propa-
gate from the errors in mass yields used to determine the independent yields from the fractional independent yields.
We note that some of the systematic uncertainties, namely a possible bias due to the chosen ionic charge state
or the kinetic energy settings on the fractional independent yields, could be reduced by additional measurements
at more q and E settings. In particular, the appearance of non-Gaussian distributions of ionic charge states due to
nanosecond isomers [159,244,312,313] could be then completely taken into account. The values of the independent
yields include moreover the normalization uncertainty of the available mass yields.
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Fig. 4.20. Illustration of the short baseline reactor antineutrino anomaly. The ratio of the predicted values of the antineutrino rates to the experimental
alues is plotted versus the distance of the detectors to the reactor, taking into account the latest evaluation of antineutrino spectra. The mean
veraged ratio is 0.943 ± 0.023. The red line shows a possible 3 active neutrino mixing solution. The blue line displays a solution including a new
eutrino mass state (for illustrative purpose only).
ource: The figure is reproduced from [314] (with kind permission of the American Physical Society), where further details are presented.

Fig. 4.21. Calculated electron spectra (solid blue line) following thermal neutron induced fission of 235U compared to data from ILL (black squares).
The thin gray lines indicate the individual β spectrum from each fission fragment. The colored lines highlight the 20 most important individual
contributors at 5.5 MeV. The contribution of 92Rb and 96Y are marked by arrows.
Source: The plot is reproduced from [315] with kind permission of the American Physical Society.

4.1.7. Investigations in the light mass region: precise 92Rb and 96Y yields for thermal neutron induced fission of 235U and
239,241Pu
4.1.7.1. Motivation: the reactor antineutrino anomaly

The so-called reactor antineutrino anomaly [314], an apparent ≈ 2.5σ deficit in antineutrino rate from the Standard
Model, has been derived by comparing measured antineutrino rates from nuclear reactors with those computed from
integral fission product beta spectra measured previously by K. Schreckenbach et al. with the BILL spectrometer at the
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Table 4.1
List of the measurements for different fissile targets to determine the isotopic yields for masses A = 92 and A = 96 at different settings for the
OHENGRIN energy EL and the ionic charge state q.
Target A = 92 A = 96
235U E scans at q = 20 and 25 for EL = 80, 88, 94, 100 and

106 MeV. q scans at EL = 94MeV for all q settings between 16
and 26

E scans at q = 18 and 21 for EL = 74, 80, 88, 94, 100, 102
and 106 MeV. q scans at EL = 84, 94 and 102 MeV for all q
settings between 16 and 26

241Pu E scans at q = 21 and 25 for EL = 86, 94, 100 and 106 MeV E scans at q = 21 for EL = 86, 94 and 100 MeV, as well as for
EL = 94MeV at q = 18

239Pu E scans at q = 21 and 25 for EL = 94, 100 and 106 MeV. q
scans at EL = 100MeV for q = 17, 20, 21, 24 and 25

ILL [316–319]. The discrepancy is particularly pronounced for antineutrinos in the energy range from 4 to 6 MeV [320–
322]. The observed reactor antineutrino anomaly could either have a particle physics explanation, namely the existence
of a fourth sterile neutrino [314], as illustrated in Fig. 4.20, or a nuclear physics explanation, namely a problem in the
onversion of beta to antineutrino spectra. Independently, from a conversion of integral beta spectra, the expected
ntineutrino spectra can also be computed by the summation method where the contributions of all known decay
ranches of fission fragments are summed, weighted with their fission yields [315,323,324]. Only few fission products with
ery high Q -value for beta decay contribute to the high energy part of the antineutrino spectra as illustrated in Fig. 4.21.
he two main contributors are 92Rb and 96gY [315,325]. It turned out [315] that, for example, 92Rb has a 21.6% contribution
o the antineutrino spectrum from 235U at 5.5 MeV. Vigorous efforts of the neutrino community are ongoing to accurately
measure reactor antineutrino spectra at short distances [326–330]. Complementary effort is required for nuclear physics
experiments, evaluation and theory, to improve the knowledge of the beta spectra of the key contributors and to reduce
uncertainties on their fission yields. The former data are obtained by measurements with total absorption gamma ray
spectrometers [331–334], while consistency checks of nuclear data libraries already allowed to identify and eliminate
certain artefacts [335]. We report in the following on new measurements of the fission yields of the two key contributors
92Rb and 96gY, the former measurement explicitly requested by D. A. Dwyer and T. J. Langford [325] and by A. A. Sonzogni
et al. [315]. Particular effort was devoted to the measurement of thermal neutron induced fission of 235U since these
esults are relevant for the STEREO [326] and PROSPECT [327] experiments which measure at research reactors with
ure 235U core. Moreover, the yields were determined for 239Pu and 241Pu which have additional contributions in power
eactors, thus affecting the antineutrino spectra studied by the Double Chooz [336], RENO [320,328], Daya Bay [321,329]
nd NEOS [330] collaborations. Precise yield measurements for 92Rb and 96Y were hence performed by applying CLTDs
t the LOHENGRIN mass separator for a more precise knowledge of the contribution of these nuclei to the antineutrino
lux, and to resolve the discrepancy in the 92Rb contribution between the standard data base JEFF [254] and another
ndependent measurement by S. V. Tipnis et al. [334].

.1.7.2. Measurements and data analysis
Measurements were performed at different LOHENGRIN kinetic energy EL and ionic charge state q settings to determine

ndependent and cumulative fission yields of 92Rb and 96Y for 235U(nth, f ), and 239,241Pu(nth, f ), respectively. Three fissile
targets of highly enriched 235U (> 99% enrichment), 239Pu (99.98%) and 241Pu (71.1%) were used, all in the form of oxide
deposits on thick titanium backings. A detailed description is presented in Section 4.1.3.2 and Section 4.1.6.

For each target the effective area visible by the spectrometer was either defined by the area of the deposit, or
constrained by a thick titanium diaphragm mounted on top of the target. The 235U target had an effective area of
4 × 0.4 cm2, was 128 µg cm−2 thick and was covered by a sputtered tungsten layer of ≈ 100 nm to reduce losses by
self-sputtering [303]. The 239Pu target had an effective area of 4 × 0.3 cm2, was 38 µg cm−2 thick and was covered by a
0.25 µm Ni foil. The 241Pu target had an effective area of 4×0.5 cm2, was 24 µg cm−2 thick and was covered by a 0.25 µm
Ni foil.

A list of all measurements performed for determining the isotopic yields of mass A = 92 and mass A = 96 is presented
in Table 4.1. The complete set of data is presented in [224], and original data files are available via [337,338]. In addition,
for both masses under investigation (A = 92 and 96) and other masses used for normalization, measurements were
performed with the complementary PIN-diode detector mounted on the manipulator at the exit of LOHENGRIN (see
Fig. 4.3), to determine the energy and ionic charge state distributions of these masses in order to normalize the isotopic
yields determined from the measurements with the CLTDs [223,224].

After the analysis of the spectra taken with the CLTDs (see Section 4.1.6), the results for the relative Z-yields for
measurements at different LOHENGRIN energies EL and ionic charge states q were convoluted with ionic charge state
and kinetic energy distributions of the respective masses measured with the PIN-diode to determine the ionic charge
state and kinetic energy distributions of the corresponding nuclear charges. Examples for such distributions are displayed
in Fig. 4.18. The complete data sets are presented in [224]. Fractional independent yields were then determined using
Eq. (4.9) (see Section 4.1.6 for details). Finally, to determine the independent yields which correspond to the yields directly
from fission, fractional isotopic yields were multiplied by the mass yields determined with the PIN-diode, normalized to
data of F. L. Lisman et al. [339]. The mass yields determined for A = 90, 95 and 99 from PIN-diode measurements,
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Table 4.2
Fractional independent yields for mass A = 92, Yfrac (%), and independent yield per fission Yind for mass A = 92 for thermal neutron induced fission
f the three targets 235U and 239,241Pu. The last row represents the cumulative yields for 92Rb.
ource: Data taken from [159,224].
Isotope 235U(nth, f ) 239Pu(nth, f ) 241Pu(nth, f )

Yfrac (%) Yind Yfrac (%) Yind Yfrac (%) Yind

92Br <0.5 <0.0003 <0.5 <0.0001 <0.5 <0.0001
92Kr 32.0(18) 0.0190(11) 11.6(16) 0.0035(5) 17.2(12) 0.0038(3)
92Rb 51.7(31) 0.0308(18) 49.7(47) 0.0150(14) 62.5(30) 0.0139(8)
92Sr 15.6(11) 0.0093(7) 37.9(53) 0.0115(16) 19.6(26) 0.0044(6)
92Y <1 <0.0006 <1 <0.0003 <1 <0.0002
Cum. 92Rb 0.0499(8) 0.0186(15) 0.0178(8)

Table 4.3
Fractional independent yields, Yfrac (%), and independent yields per fission, Yind , for mass A = 96 for thermal neutron induced fission of the two
argets 235U and 241Pu. The last two rows represent the cumulative yields for 96Sr and the ratio of the independent yield of 96g+mY to the cumulative
ield of 96Sr.
ource: Data taken from [159,224].
Isotope 235U(nth, f ) 241Pu(nth, f )

Yfrac (%) Yind Yfrac (%) Yind

96Kr <0.6 <0.0004 <0.6 <0.0003
96Rb 4.2(3) 0.0026(2) 3.8(4) 0.0016(2)
96Sr 54.4(21) 0.0339(13) 57.9(29) 0.0251(14)
96Y 34.1(14) 0.0212(9) 32.9(30) 0.0143(13)
96Zr 6.3(5) 0.0039(3) 4.4(9) 0.0019(4)
96Nb <1.6 <0.001 <1.6 <0.0007
Cum. 96Sr 0.0366(11) 0.0268(16)
96g+mY/96Sr 0.579(29) 0.532(55)

normalized to the mass yields for A = 92 and A = 96, are fully consistent with the respective values from F. L. Lisman
et al. [339] and the JEFF-3.3 data library [254]. Masses 90, 95 and 99 were chosen because the cumulative fission yields of
90Sr, 95Zr and 99Mo cover > 99.9% of the respective mass yields and these cumulative yields are accurately known also
from radiochemical measurements.

We note that 96Y has two beta-decaying states, the 0− ground state 96gY (T1/2 = 5.34 s) and the 8+ isomeric state
6mY (T1/2 = 9.6 s). Both are populated in nuclear fission, but only the beta decay of 96gY contributes significantly to
ntineutrino spectra above 4 MeV while the beta decay of 96mY feeds higher-lying high-spin levels in 96Zr, which increases
he fraction of the Q -value released as γ -rays at the expense of energy released by betas and antineutrinos. The method
sed in the present experiment is only sensitive to isotopes but not to isomers. Thus we report the isotopic yield 96Y
hich represents the sum of the yields of both beta-decaying isomers 96gY and 96mY. An additional measurement with
n independent method, e.g. γ -ray spectrometry at LOHENGRIN, is required to obtain the isomeric ratio 96gY/96mY and
hus transform the 96Y sum yield reported here into the individual yield of 96gY relevant for the antineutrino spectra
for details see [159]). Since 96gY decays dominantly to the ground state of 96Zr or to the first excited 0+ state, only few
-rays accompany this decay and their intensities carry large uncertainties. Thus, a more precise value for the individual
6gY yield can be obtained by comparing the 96mY and 96Sr yields which emit both intense gamma rays with well-known
ntensities, then subtract the so determined 96mY yield from the total 96g+mY yield. For this purpose we provide also
he newly measured independent and cumulative 96Sr yield and the 96g+mY/96Sr yield ratio, respectively, where some
xperimental uncertainties cancel.

.1.7.3. Results and discussion
The fractional and independent isotopic yields for mass A = 92 for the three targets under investigation are listed in

able 4.2. The last row of the table presents the cumulative yields of 92Rb. Table 4.3 lists the fractional and independent
sotopic yields for mass 96 for thermal neutron induced fission of the two targets 235U and 241Pu. Also presented in
his table are the cumulative yields of 96Sr and the 96g+mY/96Sr yield ratios. These data are relevant for a precise yield
etermination of 96gY in the future by γ -spectroscopy (for details see [159]).
A detailed discussion of the results can be found in [159,224]. In all the measured spectra of mass 92, three isobars

ere identified as 92Kr, 92Rb and 92Sr, while only upper limits were determined for isobars with other nuclear charges
, namely < 0.5% for 92Br and < 1% for 92Y. Correspondingly, for mass A = 96 four isobars were identified and upper
imits were derived for the non-observed isobars < 0.6% for 96Kr and < 1.6% for 96Nb. These limits are accounted for in
he calculation of cumulative yields by symmetrizing the upper limits. The cumulative yield of 92Rb for 235U(nth, f ) was
lso determined in the first attempt [223,305] of isotopic yield determination with the CLTDs, with the reported value of
.0471 ± 0.0037 which is in good agreement with the present result.
The first generation of fractional fission yield measurements at LOHENGRIN had been performed with one or few
and E settings close to the peak of the distributions [276,340,341]. As evident from Fig. 4.18, and as discussed
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Fig. 4.22. The cumulative yields of 92Rb, as determined for the three fission targets under investigation are presented in red. The present results
re compared to literature values from nuclear data libraries and from experimental data [159,224].
ource: Reproduced from [159] with kind permission of the American Physical Society.

Fig. 4.23. Independent isotopic yield results from the present experiment for mass A = 96 in comparison with the GEF calculation [342].
Source: Reproduced from [159] with kind permission of the American Physical Society.

in detail by H. Wohlfarth et al. [312], for some nuclides with particular ionic charge state distributions (e.g. 92Rb)
measurements at the peak of the distribution are not fully representative for the average fractional yield in fission.
Later measurements took this observation into account and covered a wider q range [277,292] as also done in the
present investigations [159,223,224]. Another difference to previous LOHENGRIN measurements is the target coverage.
Experiments that measured the ‘‘unperturbed’’ kinetic energy distributions in the same run prefer minimum energy
corrections and would use uncovered targets. However, such targets are also prone to very rapid and less regular burn-up
and their ionic charge state distributions may evolve significantly during burn-up [292]. In contrast to prior single-detector
measurements, the use of a detector array with 24 independent pixels in the present experiment allowed to cross-check
and validate the individual spectra, and to eliminate artifacts from neighboring A/q ratios that may spill in at the edge of
the mass-defining slit (for details see [224]).

In Fig. 4.22, the cumulative yields for 92Rb, determined in the present work, are compared with values reported in
nuclear data libraries JENDL-4.0 [256], JEFF-3.3 [254], ENDF/B-VIII.0 [255], and the GEF Code GEFY-6.2 [246,342] and the
experimental values from [272,277,292,334,343,344]. E. Norris et al. [343] and P. Schillebeeckx et al. [272] determined
fractional independent yields. For the purpose of plotting we summed these values and multiplied them with the mass
yield from F. L. Lisman et al. [339]. For the most important fissioning system 235U(nth, f ) the newly measured value
is in good agreement with nuclear data libraries and the GEF Code, and most previous measurements performed with
different techniques and instruments. However, a clear disagreement is observed for the 92Rb cumulative yield published
by S. V. Tipnis et al. [334] who reported a 50% higher cumulative yield as compared to the yield determined in the
present work. We conclude that the value of S. V. Tipnis et al. has to be considered as clear outlier. Computing the reactor
antineutrino anomaly based on the yields reported by S. V. Tipnis et al. for 92Rb, the high energy part of the antineutrino
spectra would further increase the anomaly by 8%. With the new independent measurement resulting in high accuracy
yields in the present work, we could confirm that the yields reported in the nuclear data libraries are indeed more
reliable, and therefore could reduce the nuclear physics uncertainties in the investigation of the antineutrino anomaly
and numerous other applications. We may conclude that, independently of the measurement of S. V. Tipnis et al. [334],
which may have suffered from additional problems (for a detailed discussion of this topic see [159]), γ -ray spectrometric
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Table 4.4
List of measurements for 241Pu(nth, f ) at different LOHENGRIN energies EL and ionic charge states q.
A EL (MeV) q A EL (MeV) q

89 94, 100 20 101 94, 100 22
90 94, 100, 106 20, 24 102 94, 100 23
91 94, 100 20 103 86, 94, 100 19, 22, 23
92 86, 94, 100, 106 21, 25 104 86, 94, 100 19, 23
93 94, 100 21 105 86, 94, 100 20, 23, 24
94 94, 100 21 106 86, 94, 100 20, 23, 24
95 94, 100 21 107 86, 94, 100 20, 23, 24
96 86, 94, 100 18, 21 108 86, 94, 100 20, 24, 25
97 94, 100 22 109 86, 94, 100 20, 24, 25
98 94, 100 22 110 86, 94, 100 20, 24, 25
99 94, 100 22 111 86, 94, 100 20, 24
100 94, 100 20, 22 112 86, 94, 100 21, 24, 25

Table 4.5
List of measurements for 239Pu(nth, f ) at different LOHENGRIN energies EL and ionic charge
states q.
A EL (MeV) q

109 80, 84, 90, 94, 98 20, 24
110 80, 84, 90, 94, 98 20, 24
111 84, 90, 94 20, 24
112 80, 90 20
113 86 21

yield determinations may have intrinsic shortcomings in particular for those fission products which are most relevant for
the high energy part of reactor antineutrino spectra. Yields determined by direct ion counting are clearly preferred for
these cases.

It is also noteworthy that for the fissioning systems 239Pu(nth, f ) and 241Pu(nth, f ), the present cumulative fission yields
for 92Sr, and 92Y, respectively, match well those determined by J. K. Dickens et al. [270,345] by γ -spectrometry, i.e. with
a method not relying on normalization with mass yields. Moreover, the independent fission yields given by the GEF code
GEFY-6.2 [342] match also remarkably well with those measured for A = 96, see Fig. 4.23.

4.1.8. Investigations in the mass region near symmetric fission: fission yields for thermal neutron induced fission of 239,241Pu
for the masses 89 ≤ A ≤ 113
4.1.8.1. Motivation

239Pu(nth, f ) and, at higher burn-up, also 241Pu(nth, f ), play an important role in nuclear reactor fuel. Thus these nuclei
are in the scope of the JEFF evaluation program of fission yields [254]. This work is based on experimental data and fission
models, including the nuclear charge repartition models. Today, the Zp model of A. C. Wahl [237] is commonly used in
the evaluation, but the weakness is the important dependency on fractional independent yield data. Uncertainties of the
resulting fission product inventory are most pronounced outside the fission peaks, i.e. in the symmetric and far asymmetric
fission regions [273]. Complementary experimental data including isotopic yields could reduce these ambiguities.

We note that low-energy fission of the compound nucleus 240Pu is considered a benchmark reaction in many theoretical
fission studies, see the review by N. Schunck and L. M. Robledo [247] and references therein. In theory the interplay
between symmetric and asymmetric fission has been studied by inspecting the shape of the Potential Energy Surface
PES) near the saddle point. Microscopic calculations have been performed, e.g. by J. F. Berger et al. [346], H. Goutte
t al. [243], P. Möller et al. [242] or J.-F. Lemaitre et al. [347]. The transition region from asymmetric to symmetric fission
s of particular interest since there three main fission modes are contributing, according to U. Brosa et al. [241]: a symmetric
ode (SL) and two asymmetric modes (StI and StII). The SL mode is understood in the classic Liquid Drop Model (LDM)
hile for the modes StI and StII shell stabilizing effects in the fragments have to be invoked. Precise experimental data on

sotopic yields can provide insight into the interplay between modes coming into view in the nuclear charge polarization
Z (see Section 4.1.8.3), i.e. a shift of the actual fragment charges away from the Z/A ratio equal to that of the fissioning
ystem, and in the odd–even effect of nuclear charge yields.
It is therefore of great physics interest to push measurements towards the symmetric mass region, e.g. in order

o study significant nuclear charge polarizations not predicted by the LDM, or odd–even effects in the nuclear charge
ields. It is evident from cross section data and, perhaps even more directly, from mass distributions as a function
f the excitation energy of the fissioning compound that asymmetric and symmetric fission are two distinct fission
odes. In the review ‘‘The Nuclear Fission Process’’, edited by C. Wagemans [238], there are numerous examples of mass
istributions for neutron induced fission of actinides as a function of the neutron energy, demonstrating the distinct
nergy dependencies of asymmetric and symmetric fission. It is so far conjectured from structures in the mass yield curves

hat, in contrast to asymmetric fission, only a small odd–even effect in the charge yields should be present in symmetric
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Fig. 4.24. Fractional independent yields (left) and independent yields (right), averaged over kinetic energies and ionic charge states, are plotted for
atomic masses A = 89 to 112 for 241Pu(nth, f ). The data points are connected with lines to guide the eyes.
Source: Reproduced from [160] with kind permission of the American Physical Society.

Fig. 4.25. Fractional independent yields (left) and independent yields (right), averaged over kinetic energies and ionic charge states, are plotted for
atomic masses A = 89 to 113 for 239Pu(nth, f ). The solid dots for A = 109 to 113 correspond to the present results and the open dots to data from
C. Schmitt et al. [277] for comparison. The data points are connected with lines to guide the eyes.
Source: Reproduced from [160] with kind permission of the American Physical Society.

fission. However, on the way from asymmetry to symmetry, LOHENGRIN experiments point to the onset of a sizeable
odd–even effect [276,277,292] right at the turnover from asymmetry to symmetry. Extending the nuclear charge yield
measurements in the light fragment group by a few more masses towards symmetry would hence allow a noteworthy
progress in confirming (or rejecting) the onset of a pronounced odd–even effect.

4.1.8.2. Measurements and data analysis
For the isotopic yield determination, a series of measurements were performed for 24 masses in the range A = 89 to

= 112 for 241Pu(nth, f ) for the first time with the LOHENGRIN mass separator. Moving from asymmetric to symmetric
ission, known data were supplemented for masses from A = 110 to A = 112 for 241Pu(nth, f ), and from A = 109 to
= 113 for 239Pu(nth, f ). All measurements were performed with a 4 µm thick SiN degrader foil stack as passive energy
bsorber on the disk installed inside the cryostat (see Figs. 4.3 and 4.4). The lists of measurements performed at different
OHENGRIN energies EL and ionic charge states q for 241Pu(nth, f ) and 239Pu(nth, f ) are displayed in the Tables 4.4 and 4.5.
he complete set of data is published in [160,224,337,338].
The fissile targets used are described in Section 4.1.3.2. The procedure of the Z−identification is demonstrated in

ection 4.1.6 (see Fig. 4.17). The procedure of the data analysis and the application of the necessary corrections are
escribed in Section 4.1.6 (for further details see [160,224]). Finally fractional independent yields were determined using
q. (4.9). Independent yields are determined by multiplying the fractional independent yields with the mass yields
etermined with the PIN-diode, and normalized to the mass yields from P. Schillebeeckx et al. [272] for 241Pu(nth, f ),
nd to the mass yields from C. Schmitt et al. [277] for 239Pu(nth, f ), respectively. We note that high accuracy mass yield
easurements have been performed recently for 241Pu(n , f ) at the LOHENGRIN mass separator [348,349]. Combined with
th
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Fig. 4.26. Fractional independent yields for Z = 39, 41 and 43 for 241Pu(nth, f ) from the present work (red data points) in comparison with data
from P. Schillebeeckx et al. [272] (black data points). The data points are connected with lines to guide the eyes.
Source: Reproduced from [160] with kind permission of the American Physical Society.

the present nuclear charge distributions, this will lead to a new and independent set of isotopic yields for 241Pu(nth, f )
measured with the same instrument.

4.1.8.3. Results and discussion
The results for the isotopic yields Y (A, Z) determined for the two reactions 241Pu(nth, f ) and 239Pu(nth, f ) investigated in

the present work are displayed in Figs. 4.24 and 4.25. Data in numerical form are published in [160]. The errors reported for
the isotopic yields are the total uncertainties with contributions from statistical and systematic uncertainties as discussed
in [159,160,224]. The systematic uncertainties are dominating for all but the heaviest measured masses (A = 112 for
241Pu, and A = 113 for 239Pu). We note that some of these systematic uncertainties, namely a possible bias due to the
chosen ionic charge or kinetic energy settings on the fractional independent yields [159], could be reduced by additional
measurements at more q and E settings. The values of the independent yields moreover include the normalization
uncertainty of the available mass yields [272,277]. For 241Pu(nth, f ), new mass yields with higher accuracy will become
available in future [348,349].

The statistical error including the fit error was determined using the OriginLab software for each residual-energy
spectrum measured with the CLTDs. Additionally, an error of less than 0.6% was estimated due to the thermal neutron flux
instability [244]. The systematic uncertainty due to the approximation used for fractional independent yield calculations
(see Eq. (4.9)) leads to an error of less than 1.3% (see also [224,244]). Additional errors propagate from the errors in mass
yields used to determine the independent yields from the fractional independent yields.

Results for the fractional independent and independent yields obtained from the present experiment for thermal
neutron induced fission of 241Pu are plotted in Fig. 4.24 versus the atomic mass. The data points in the same color
correspond to a particular nuclear charge as marked on the plot with the same color. The lines passing through the data
points in Fig. 4.24 guide the eye for individual nuclear charges. Similarly, the yields obtained in the present experiment
are plotted for thermal neutron induced fission of 239Pu with solid data points in Fig. 4.25. The isotopic yields measured
in the present experiment are compared to previously published data and are found to be consistent with the available
data in the literature from P. Schillebeeckx et al. [272] for 241Pu, measured with the Cosi-Fan Tutte spectrometer for the
three nuclear charges Z = 39, 41 and 43 (see Fig. 4.26), and from C. Schmitt et al. [277] measured at LOHENGRIN for 239Pu
for mass A = 109 (plotted with open data points in Fig. 4.25). The agreement of the present results with measurements
with completely different experimental setups [272,277] gives confidence in the methodology applied for the present
investigations.

In the left part of Figs. 4.24 and 4.25, we observe the odd–even staggering in the fractional independent yields. The even
Z−peaks are consistently higher compared to the odd Z−peaks. The evident reason for this staggering, which enhances
even charge splits, is proton pairing in fragments from fission of even-Z compounds (plutonium with an even Z = 94 in
this case). For thermal neutron induced fission, a dominant odd–even effect is observed, reflecting that the nuclear pairing
effect plays a major role.

However, since fission fragment yields vary as function of both, proton and neutron number of the respective
fragments, subtle underlying structures may be less evident when regarding only these fractional independent or
independent yields or summed mass or elemental yields. Certain derived differential quantities are better suited for this
purpose. A key indicator of shell effects not foreseen in the Liquid Drop Model (LDM) is the so-called charge polarization
of fragments usually represented by ∆Z (not to be confused with the quantity ∆Z which is discussed in Section 4.1.5 for
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Fig. 4.27. Charge polarization ∆Z as a function of the secondary mass AL in the light (towards symmetry) fragment group for 241Pu(nth, f ) (left-hand
side) and for 239Pu(nth, f ) (right-hand side). The corresponding approximate primary masses A′

L are given on top of the graph (corresponding masses
connected by vertical gray lines), but these carry an inherent uncertainty due to the statistical nature of the neutron evaporation. For 239Pu(nth, f ),
the present results are combined with results of C. Schmitt et al. [277]. The dashed red lines mark the respective mean Z for corresponding masses.
The data points are connected with lines to guide the eyes.
Source: Reproduced from [160] with kind permission of the American Physical Society.

the definition of the Z-resolution). The charge polarization ∆Z measures the deviation of the mean nuclear charge ⟨Z⟩ for
a fixed primary mass A′

L from an Unchanged Charge Density (UCD). It is given by

∆Z = ZUCD − ⟨Z⟩ with ZUCD =

(
A′

L

AF

)
ZF (4.11)

Here, ZUCD is the unchanged charge distribution identical to the AF/ZF ratio of the fissioning nucleus, and ⟨Z⟩ is the average
value of the measured nuclear charge distribution integrated over the kinetic energy distribution. The quantity A′

L is the
primary light fragment mass number before neutron evaporation, defined as A′

L = AL + ν(A′

L) with AL being the mass
number after neutron evaporation as measured in the present experiment, and ν(A′

L) being the average number of neutrons
emitted from the primary fission fragment. The masses A′

L for 239Pu(nth, f ) were determined using the most recent and
accurate mass-dependent neutron emission data (‘‘neutron sawtooth’’) from A. Göök et al. [350]. As approximation, the
same data were also adopted for 241Pu(nth, f ) since no experimental neutron sawtooth data are available for this system.

The charge polarization ∆Z for the two reactions 241Pu(nth, f ) and 239Pu(nth, f ) is shown in Fig. 4.27 as a function of
the masses after and before neutron evaporation, AL, and A′

L, respectively. We note that the bottom scale AL represents
the accurate masses, measured with ‘‘perfect’’ mass resolution due to negligible cross-talk of neighboring masses in the
LOHENGRIN mass separator. However, the approximate pre-neutron mass scale A′

L on top has a larger uncertainty which
is dominated by the uncertainties of the experimental neutron sawtooth data.

The evaluation of ∆Z for 241Pu(nth, f ) and 239Pu(nth, f ) is based on the measured isotopic yield distributions shown in
Fig. 4.24 for 241Pu(nth, f ) and in Fig. 4.25 for 239Pu(nth, f ). The modulations of ∆Z in Fig. 4.27 follow the same trend of
systematically larger yields for even charges Z as compared to odd charges. However, catching the eye in Fig. 4.27, for
both plutonium isotopes 241Pu and 239Pu are the steep surges of ∆Z , observed for the light fragment charge ZL = 44.
This broad impact at charge ZL = 44 in the light fragment group appears to mirror the importance of the complementary
charge number ZH = 50 in the heavy group for Pu with the charge of the fissioning compound ZF = 94. It is recalled that
nuclides close to the doubly magic 132Sn play a key role in asymmetric fission. This most striking effect is not foreseen in
the LDM, but it is readily understood.

For complementary fragments, light L and heavy H, the following relations hold for the yields of primary masses A′

and charges Z in binary fission of a compound nucleus F:

AF = A′

L + A′

H = const, and ZF = ZL + ZH = const (4.12)

In a binary fission process, the yields for the two fragments L and H are strictly equal:

Y (A′

L) = Y (A′

H ), and Y (ZL) = Y (ZH ) (4.13)

The enhanced yields of the magic heavy fragments with ZH = 50 (tin) thus impose the same enhanced yields in the light
fragment for ZL = 44 (ruthenium).

In the present experiment, for the first time the stabilizing feature of the ZH = 50 shell in the heavy fragment directly
shows up like a mirror in the light group for the two Pu-isotopes. The outstanding role of the charge Z = 44 is seen in
L
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the fractional independent yields in Fig. 4.24 for 241Pu(nth, f ) and in Fig. 4.25 for 239Pu(nth, f ). For a primary mass near
A′

L = 112 the contribution of ZL = 44 comes close to 80%.
It should be stressed that there is no stabilizing shell effect known for nuclei with charge number ZL = 44, nor for

neutron numbers near N = 66. Only in binary fission with a complementary heavy fragment with the magic charge
ZH = 50, the conservation of nuclear charge in fission imposes a mirror effect in the yield of the complementary non-
magic fragment with ZL = 44. But how the large yield of ZL = 44 can produce such a huge effect in the charge polarization
∆Z in Fig. 4.27 remains a question still to be investigated in more detail.

A further noteworthy phenomenon in low energy fission are charge odd–even effects in the isotopic yields as a function
of the fragment mass A. In Fig. 4.24 for 241Pu(nth, f ) and in Fig. 4.25 for 239Pu(nth, f ) it is a general observation that the
yields for even charges are larger than the yields for odd charges. The reason for this staggering with even charges being
enhanced is proton pairing in fragments from fission of even-Z compounds. In the case of thermal neutron induced fission,
this odd–even effect is very pronounced, bringing to evidence that nuclear pairing effects are important. The odd–even
staggering in charge yields is therefore a critical test of theoretical calculations of pair-breaking in fission.

Following the definition of a local neutron odd–even effect by B. L. Tracy et al. [351], W. Lang et al. [292] calculated
the local proton odd–even effect δp based on a method of differences, given by

δp =
1
8

· (−1)Z+1
[[

ln
(
Y (Z + 3)

)
− ln

(
Y (Z)

)]
− 3 ·

[
ln
(
Y (Z + 2)

)
− ln

(
Y (Z + 1)

)]]
(4.14)

The natural logarithms of independent yields for four charges Z, Z + 1, Z + 2 and Z + 3 are employed. A non-zero
δp ̸= 0 is taken as a measure of a local odd–even effect in the charge yields averaged over the four charges considered.
The odd–even effect is attributed to the midpoint charge Z̄ = (Z + 1.5).

W. Lang et al. [292] applied this prescription to isotopic fission yields of 235U(nth, f ), which were measured at
LOHENGRIN, and observed a significant rise of the proton odd–even-effect δp at Z = 42 (or more precisely at Z̄ = 41.5).
Previously, H. G. Clerc et al. [276] had already speculated that the rise of elemental yields at Z = 42 and the drop at Z = 43
could be related to the Z = 50 shell of the complementary fragment. More measurements, e.g. for fission of plutonium
isotopes, were recommended to clarify this point. Provided that the above discussion of the charge polarization is generally
valid, one should expect for Pu isotopes large odd–even-effects at Z = 50 in the heavy fragment group and at Z = 44 in
the light group. The present experiment confirms this expectation.

In the studies by C. Schmitt et al. [277] of the 239Pu(nth, f ) reaction, besides the charge polarization ∆Z also the
odd–even-effect was evaluated. Results for the fission reaction of 239Pu(nth, f ), complemented by the present results,
are plotted together with the data for 241Pu(nth, f ) from the present experiment and, in addition, for 235U(nth, f ) from
W. Lang et al. [292] in one common figure. The data are shown in Fig. 4.28 as a function of the nuclear charge Z . It is
obvious that the behavior of the δp distributions is similar for both uranium and plutonium targets, but shifted by two
charges. At mid-charges there is first a minimum of the odd–even effect, and then a maximum at the largest charges
that could be analyzed. Remarkably, the maxima of δp are seen at Z = 42 for 236U∗ and at Z = 44 for both, 240Pu∗ and
242Pu∗. With the definition according to Eq. (4.14) for the local-effect δp, these charge numbers become Z = 41.5, and
Z = 43.5, respectively. Making use of the standard technique for Z−identification C. Schmitt et al. could not, however,
check the predictions for the Pu-isotopes due to difficulties in the identification of charges near Z = 45. The present
experiments have now overcome this technical limitation and allowed to measure isotopic yields up to Z = 46. They
clearly demonstrate the presence of shell effects in binary fission as previously indicated by yield evaluations of light and
heavy fragments performed by A. C. Wahl [237,352]. We note that the proton odd–even effect is not fully understood
theoretically [239]. Various models have been proposed [262,353–355], but these explanations predict a local proton
odd–even effect that is monotonously dropping towards symmetry. This is in conflict with the present observations.

Comparing Fig. 4.27 for the charge polarization ∆Z and Fig. 4.28 for the local odd–even-effect δp, it is evident that the
surges for ∆Z and the spikes in the odd–even effect δp are found at the same charge numbers Z = 42 (molybdenum)
for 235U(nth, f ), and at the charge number Z = 44 (ruthenium) for 239Pu(nth, f ) and 241Pu(nth, f ). These singled-out charge
numbers in the light fragment group are both complementary to the magic Z = 50 (tin) in the heavy group. It is hence
evident that both effects have as a common origin the shell effect in the heavy fragment for Z = 50. However, in the
light group the complementary charges carry no genuine shell effect, so we see simply a virtual effect mirroring that of
the heavy complement.

4.1.9. Investigations in the heavy mass region: fission yields for thermal neutron induced fission of 239Pu for the masses
128 ≤ A ≤ 137
4.1.9.1. Motivation

As already discussed in Section 4.1.1, the investigation of fission fragments in the heavy mass region (see Fig. 4.1) is of
high interest because it allows access to regions of fragment masses where other (direct) methods, like γ -spectroscopy,
are not easily or not at all applicable. Moreover, such investigations allow a comparison of charge odd–even staggering
and charge polarization in both asymmetric (light and heavy) mass regions, and thus to study mirror effects of these
observables. The application of CLTDs has for the first time allowed to perform such measurements in the heavy mass
region up to mass 137 for thermal neutron induced fission of 239Pu by the universal passive absorber method.
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Fig. 4.28. Local proton odd–even effect δp versus the nuclear charge Z for the (nth, f ) reactions on 235U (blue triangles), 239Pu (black points) and 241Pu
(red squares). Results from the present experiment are displayed together with results from C. Schmitt et al. [277] and from W. Lang et al. [292].
We remind that δp is calculated as a third difference from the elemental yields of four consecutive nuclear charges (Z to Z + 3). δp is then plotted
for the midpoint Z + 1.5. The last point at Z = 44.5 is plotted as open symbol to show that it carries an additional, not quantifiable, systematic
uncertainty due to the contribution of non-measured masses (A > 112 for 241Pu and A > 113 for 239Pu) to the elemental yields of Z > 44. The
dashed blue line corresponds to the 235U data shifted by two nuclear charges towards the right.
Source: Reproduced from [160] with kind permission of the American Physical Society.

4.1.9.2. Measurements and data analysis
For the isotopic yield determination a series of measurements was performed for 10 masses (128 ≤ A ≤ 137) at

energies of EL = 80MeV and EL = 88MeV. The fast target burn-up for 239Pu(nth, f ) allowed measurements at only
these energies due to time constraints at this first experimental run in the heavy mass region (for details see [224]).
The experimental setup and the fissile target used are described in Section 4.1.3. All measurements were performed
with 6 µm thick SiN absorber foils. The procedure of the data analysis is described in Sections 4.1.6 and 4.1.7 (for details
see [161,224]).

As already discussed in Section 4.1.6, the data analysis for the present measurements was rather challenging because
the residual-energy spectra comprised of overlapping nuclear charge peaks. The technique implemented here to retrieve
the Z-yields was to perform constrained fits with iterations (see [161,224]). The problem of identification and separate
quantification of overlapping peaks is present in many fields of research and various computational approaches for this
deconvolution problem have been reported in the literature [310]. Basically, the quality of the results depends on the
knowledge on spectroscopic parameters, such as peak width, separation, the shape of the response function, and, last not
least, on the available counting statistics. For all present measurements, over 10000 counts were obtained in the peaks,
and the fits were performed with a sum of three modified Gaussians defined in Eq. (4.7). An example spectrum with fits
for mass A = 130 is displayed in Fig. 4.16. From the measurements at the MLL tandem accelerator, information on the
width 2σ and the tailing parameter t0 of the modified Gaussians were known for mass A = 130 (see Section 4.1.4.2), and
were used as a starting point. With this knowledge, the first iteration of the fits was performed with all free parameters
of Eq. (4.7). The results are presented in Fig. 4.29 for an energy of EL = 80MeV. From these first iteration fits the mean
width 2σ and the mean tailing parameter t0 were determined. For the second iteration of the fits, the width and tailing
parameters were fixed to the mean value obtained from the first iteration. From the second iteration of fits, the mean
Z-separation between the neighboring nuclear charges was determined (see Fig. 4.30), and the final iteration of fits was
performed with fixed width, tailing parameter and Z-separation determined from the first two iterations. A similar analysis
was performed for the measurements at EL = 88MeV where a first iteration of fits was performed to determine the mean
width and the tailing parameter which were then fixed for the next iteration to determine the relative Z-yields. Due to
the higher energy setting at EL = 88MeV, a better Z-resolution is achieved, and already with two iterations consistent
fits with reasonable uncertainties were possible. The numerical results can be obtained from [161,224]. Please note that
these results are still preliminary. For the nuclear charge identification, a similar procedure as described in Section 4.1.6
was followed. Measurement series for all masses with the same LOHENGRIN energies at 80 MeV and 88 MeV allowed for
a consistent nuclear charge identification. The results on the nuclear charge identification and the relative Z-yields are
presented in Fig. 4.31 for two LOHENGRIN energies.

4.1.9.3. Results and discussion
The results for the relative Z-yields, obtained at EL = 80MeV, determined from the present data in the heavy mass

region for the reaction 239Pu(n , f ) are presented in Fig. 4.32, left-hand side, (solid data points) [161,224]. Please note
th
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Fig. 4.29. Fit results from the first iteration of fits to determine the width parameter 2σ and the tailing parameter t0 for heavy masses in the range
A = 128 to A = 137 at EL = 80MeV for 239Pu(nth, f ).

Fig. 4.30. Fit results from the second iteration of fits with fixed width and tailing parameter obtained from the first iteration to determine the
Z-separation for heavy masses in the range A = 128 to A = 137 at EL = 80MeV for 239Pu(nth, f ).

Fig. 4.31. Results on the Z-identification for heavy masses in the range A = 128 to A = 137 at EL = 80MeV (left-hand side), and in the range
= 128 to A = 133 at EL = 88MeV (right-hand side) for 239Pu(nth, f ). The results were obtained from constrained fits with fixed width 2σ and

ailing parameter t0 determined from the iterations shown in Figs. 4.29 and 4.30. Please note that these data are still preliminary [161].
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Fig. 4.32. Left: Relative Z−yields in the heavy mass region for 239Pu(nth, f ), determined from the present measurements with CLTDs and SiN
foils (solid data points). Please note that these data are still preliminary. The present results are compared to recent measurements by γ -ray
pectrometry [244] (open data points) for masses for which such data are available. Right: Calculated fractional independent Z-yields from the
uclear data library JEFF 3.1.1 for comparison. The data points are connected with lines to guide the eyes [161,224].

hat these data are still preliminary. It should be mentioned that the data displayed in Fig. 4.32, left-hand side, are – due
o the limited beam time in this first experiment in the heavy mass region – based on measurements at two energies
nly, and therefore may bear additional uncertainties. Further measurements in the whole energy range may therefore
educe these uncertainties. Nevertheless, the present data can already be compared to data from γ -spectroscopy and from
redictions of data tables.
The available data from γ -spectroscopy for some masses [244] are plotted with open circles in Fig. 4.32 (left-hand

ide). A reasonable agreement within uncertainties is obtained in most cases except for Z = 54. It is also obvious from
ig. 4.32 (left-hand side) that, besides the possibility to cross-check already available experimental Z-yields, the present
nvestigations allowed to complete the experimental data set with data for masses A = 130 − 132 and A = 135, which
re either not easily or not at all accessible by γ -spectroscopy.
The present data can also be compared to data predicted from the nuclear data library JEFF 3.1.1 [254] (Fig. 4.32, right-

and side). It turns out that an overall good agreement is obtained which demonstrates the present experimental method
o be reliable. A more pronounced odd–even staggering obtained in the present data, as compared to the predictions,
ay be attributed to the fact, that the present data were evaluated from measurements at two energies only, which lie at

he upper end of the kinetic energy distribution where a stronger odd–even staggering is expected [356]. In contrast, the
redictions of the data library are integrated values over the whole energy distribution. Also here, further measurements
n a complete energy range may solve this open question.

.1.10. Future perspectives
In several feasibility studies and in the application in first experiments, CLTDs have already been demonstrated to be

aluable tools for the determination of Z-yields of thermal neutron induced fission fragments. Besides the investigations in
he light mass region, the application of CLTDs was particularly successful towards the symmetry mass region, and also for
he first time with the passive absorber method in the heavy mass region, and interesting physics questions concerning the
ntineutrino anomaly, the behavior of proton odd–even staggering and the charge polarization at the borderline between
symmetric and symmetric fission, and for some cases in the heavy mass region, hardly or not accessible before, could
lready be addressed.
As only a small portion of a wealth of interesting data could, due to the lack of more beamtime, be already taken, mainly

ith the aim to demonstrate the feasibility and the potential of the new method, a lot of additional data, in particular
n the symmetry region and the heavy mass region, wait to be taken using the new method (passive absorber method
n combination with CLTDs and SiN absorber foils). This undertaking may in the future solve a couple of interesting, still
pen questions concerning the understanding of the fission process and its dynamics and will allow further sensitive tests
f fission models. Using prinicpally the present experimental setups, an optimization regarding the acceptance (active
ength) of the fissioning target may already improve the performance with respect to the Z-resolution.

In order to further improve the performance of the experimental setup for future experiments, the development and
construction of a thin CLTD detector, designed as a ∆E transmission detector, would be an important step forward. Having
in mind that this task would be technologically rather challenging, its realization would allow to replace the passive SiN
absorber foil by the ∆E transmission CLTD as active absorber. Such an active absorber method could be favorably used
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to – at least partly – compensate the energy loss straggling in the absorber, and therefore considerably improve the
Z-resolution, thus allowing a much better performance, especially important for investigations in the heavy mass region.
It is needless to say that the development of a CLTD-based ∆E − E telescope could be also of interest for a number of
ther applications in nuclear and particle physics.

.2. Precise determination of electronic stopping powers of heavy ions in matter

.2.1. Motivation
Precise data on electronic stopping powers, i.e. specific energy loss dE/dx, for heavy ions are of high interest in

various fields of basic and applied science [183,357,358], such as atomic, nuclear, solid-state and applied physics. Besides
the wish to improve our basic understanding of the interaction mechanisms of heavy ions with matter, prominent
examples for applications where precise stopping power data are required are, among others, in-flight separation of
radioactive heavy ion beams [298,359], heavy ion tumor therapy [360], heavy-ion driven inertial fusion [361], heavy ion
channeling [362,363], and material science, such as the investigation of crystal structures after radiation damage [187].
However, as the number of potential projectile–target combinations is very large, and the energy range for required
stopping power data spans over several orders of magnitude, it is impossible to obtain all desired data experimentally,
a fact that makes precise theoretical predictions indispensable. Despite the progress in the accuracy of theoretical ab-
initio models [364–367] describing the interaction of energetic particles with matter, the most precise predictions are
nowadays still obtained using semi-empirical computer codes [213,357,358,368], which rely on best fits on experimental
data. To improve the reliability of these calculations as much as possible, stopping power data for different projectile/target
combinations at various projectile energies are required. For a detailed overview on the knowledge about the field of
slowing down of ions in matter the reader may be referred to several review articles [183,296–298,357,369,370].

As compared to standard experimental techniques, originally used for the determination of electronic stopping
powers [183], new techniques, which use combinations of Time-of-Flight (ToF) and energy detectors – therefore called
ToF-E method – to collect continuous dE/dx data over a wide range of energies in a single measurement [209,371–373],
have been successfully applied since more than one decade in various experiments. A leading part in these developments
was taken by a group at the University of Jyväskylä, Finland, which has significantly improved the ToF-E method [209,372],
and invented the B-ToF method [373]. While these methods proved to be very successful, they both rely primarily on
the time-of-flight for the determination of the energy. Although ToF-based energy measurements are a well established
method, a verification of the energy by an independent, high-precision method is desirable, in particular for low ion
velocities. However, for high ion masses and low ion energies, this is a challenging task, as the commonly used ionization
based energy detectors suffer from systematic uncertainties in a proper energy calibration due to incomplete energy
detection, resulting in pulse height defects [207–210] and a relatively poor energy resolution. In particular, pulse height
defects which are Z− and energy-dependent make an absolute energy calibration based on α−sources unreliable [209],
and the limited energy resolution makes the determination of the very small energy differences, required for very thin
material samples, hard or even impossible.

At this point, considerable improvements can be achieved by using CLTDs which provide an energy measurement
without any pulse height defect and a substantially better energy resolution for low energy heavy ions (see Section 3.6),
as compared to conventional ionization detectors. Therefore, the application of CLTDs in a ToF-E measurement offers
an opportunity to minimize systematic uncertainties, and to improve the accuracy of the energy loss determination,
in particular in the low energy and heavy mass regime, where stopping power data are nowadays still scarce, and
discrepancies between predicted and measured values are often observed [208,209,371,374].

It should be finally mentioned that calorimetric low temperature detectors were already used in the last century for
stopping power measurements, but with a, as compared to the present investigations, different detection scheme, namely
the calorimetric-compensation method [375,376]. Albeit both detection concepts are based on an energy measurement
by the determination of heat, H. H. Andersen et al. have been measuring the heating power dissipation of a particle flux
within an absorber and a detector, while the CLTDs presented here are used for a precise energy determination of single
particles.

4.2.2. The ToF-CLTD spectrometer — a new experimental technique for stopping power measurements
The experimental setups used for the present investigations of electronic stopping powers for heavy ions are based

on the ToF-E method [209,371–373]. This method was modified by the application of a CLTD instead of a conventional
ionization-based semiconductor detector, and is therefore called ToF-CLTD method in the following. The use of a CLTD
provides a better energy determination due to its energy linearity, and a better sensitivity for small energy losses due to
the better energy resolution.

Within the present research project, two experimental campaigns were undertaken, one at the GSI Darmstadt,
Germany [155,184], and the other at the University of Jyväskylä, Finland [162,184,377]. The experimental setups used,
which are quite similar in principle, are displayed schematically in Fig. 4.33. In the first section of these setups (left-
hand side), a mono-energetic heavy ion beam provided by an accelerator is used to produce a broad projectile energy
distribution. The second section (right-hand side) allows for a transmission-type energy loss measurement, where a
ToF spectrometer in front of an absorber and an energy detector behind the absorber are used for a simultaneous
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Fig. 4.33. Experimental setups for stopping power measurements for the two experimental campaigns presented in the present article: The incident
ions (238U or 131Xe) hit a thick scatterer (a) or a degrader (b), which produce ions with a broad energy spectrum. A time-of-flight spectrometer is
sed to determine the energy for each single incident ion. After passing the energy loss target(s), the residual-energy of each single ion is determined
ith the CLTD. A direct correlation between time-of-flight and CLTD measurement provides the incident energy and the energy loss for each single
vent, thus allowing for the investigation of stopping powers in a broad range of incident energies in one experimental run (for details see text).
ource: Figure adapted from [162,184].

etermination of the initial and the final energy of the projectiles with respect to the absorber. The absorber foils
targets) to be investigated are mounted on a movable target ladder or a rotary wheel, which is installed between the
oF spectrometer and the CLTDs, and allows to mount several different absorber targets. One position is kept empty for
easurements without an absorber. This empty slot enables a cross-check of the energy determination of the heavy ions
y the ToF spectrometer and the CLTDs.
The absorber targets used for the energy loss measurements are thin self-supporting foils, each mounted on an

luminum frame with an oval aperture of 12 × 9mm2. They have been produced at the target laboratory of the GSI.
o obtain a relative energy loss within the absorbers of about 10%–50% with respect to the initial energy, thinner foils
≈ 50−360 µg/cm2) have been selected for lower projectile energies of 0.05−0.5MeV/u. For carbon and nickel absorbers
lso thicker foils (≈ 600 µg/cm2) for measurements in a higher energy range of 0.3−1MeV/u have been used (for details

see [162,184]). For the Jyväskylä measurements, a 226Ra α−source and a PIN diode with a size of 2 × 2 cm2 have been
placed parallel to the beam axis at the opposite side of the target wheel for an online inspection of the absorber foils and
for the thickness determination of the absorbers by determination of the energy loss of α–particles.

The ToF spectrometer used for the determination of the ion energies prior to the absorber foils consists in both
experimental setups of two identical MicroChannel Plate (MCP) based time pickoff detectors placed in a distance of about
0.9 − 1m. Each time pickoff detector is equipped with a carbon converter foil (4 µg/cm2 thick at the GSI-setup, and
10 µg/cm2 thick at the Jyväskylä-setup) with a size of 9 × 12mm2 for the generation of secondary electrons during ion
passage, and a 45◦ electrostatic mirror for deflection of these electrons to an electron detector (two MCPs in chevron
configuration). A description of the basic principles of that type of time pickoff detectors may be found for example
in [209,378].

The energies of the ions after transmission through an absorber foil are determined by a CLTD array. To operate the low
temperature detectors the windowless pumped 4He bath cryostat, which was described in detail in Section 3.4, is used,
providing a direct transmission of the ions to the detectors without influencing their energies by entrance windows or foils.
For calibration of the CLTDs in the low energy range, as well as for stability monitoring of the detectors and the readout
electronics, a 3-line α−source (239Pu, 241Am, 244Cm) is mounted within the cryostat. The α−source is placed diagonally
in front of the detectors, ensuring a free ion passage from the accelerator beam line. For the present investigations, the
CLTD detector array consisted of 8 detector pixels with a total active area of 12 × 6mm2 (see Fig. 3.11 in Section 3.2.4).
With transition widths of the TES of about 10 mK and a detector heat capacity of about 5 − 6 nJ/K at 1.6 K, the present
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Fig. 4.34. Examples for energy distributions obtained after degrading the incident heavy ion beam: On the left-hand side, the continuous energy
distribution which is produced by a thick scattering target is displayed versus the time-of-flight obtained with and without the degrader target.
The quadratic dependence of the energy on the time-of-flight leads to a parabola [184]. On the right-hand side, the energy distribution of 2 MeV/u
131Xe ions after passing through a specially designed energy degrader and a dipole magnet is shown. Each peak corresponds to a single ionic charge
state, with all peaks having an identical momentum to charge ratio p/q.
Source: Reproduced from [162].

CLTDs were designed and optimized for the detection of projectile energies ranging from a few MeV up to 350 MeV. The
decay constants of the thermal signals of about 0.5 ms allowed for count rates for the individual pixels of these detectors
up to a few hundred particles per second (for details see Section 3.2.3).

The basic difference between the two experimental setups used (see Fig. 4.33) is the method how the broad energy
distribution of the incident beam is produced. For the measurements at GSI, the primary beam is scattered from a
20mg/cm2 thick Au foil, mounted under an angle of 7.5◦ towards the ToF-CLTD setup, thus providing a broad continuous
energy distribution of Rutherford-scattered beam particles from lowest energies up to almost the maximum energy
defined by the energy of the primary beam. An example is displayed in Fig. 4.34, left-hand side (for details see [162,184]).
For the measurements at Jyväskylä, the primary beam passes through a special degrader, designed to produce a broad
energy and ionic charge state distribution. Thus a broad bell-shaped energy distribution is created. After passing through
a 30 degree dipole magnet, working as a q−filter, the originally broad spectrum obtains a characteristic picket fence
structure (Fig. 4.34, right side), that can be shifted to the desired measurement range by variation of the magnetic field.
For further details concerning the experimental setups, see [184].

For the data acquisition, as well as for online monitoring and online analysis, an FPGA-based data acquisition system
has been used. Assignment of coincident ToF and CLTD data have thereby been obtained by means of event timestamps,
allowing for a full and independent recording of the ToF and CLTD signals. More details concerning the readout electronics
and the data acquisition may be found in [184,379].

The advantage of the present experimental ToF-CLTD method for the determination of stopping powers of heavy ions
in matter can be summarized as follows:

• the simultaneous energy measurement before and after the absorber foil allows for the determination of the energy
loss on an event by event basis, As compared to investigations with only one energy measurement after the absorber
foil, where the energy loss is determined from the measured energy distribution with and without absorber, this
method allows to reduce systematic errors and makes the measurement independent of the energy width of the
primary heavy ion beam,

• moreover the determination of the energy loss on a event by event basis allows for the investigation of the energy
loss for a broad energy distribution in one single measurement which enables the consistent and fast determination
of the energy dependence of stopping powers, and thus to reduce individual systematic uncertainties.

Whereas the previous arguments hold already for the previously used ToF-E method, the application of CLTDs for the
energy determination in the new ToF-CLTD method provides additional advantages:

• the more complete energy measurement due to the absence of entrance windows and dead layers, and, due to the
absence of pulse height defects, allows for a much better energy calibration, independent of the Z and the energy
of the ions used, and in particular allows for the energy calibration with α–particles without any corrections due to
pulse height defects,

• the better energy resolution allows for a higher sensitivity and accuracy of energy loss measurements, which is in
particular important for investigations with very thin absorber foils and for low incident energies.
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Fig. 4.35. The two panels show pulse height spectra of the CLTD (left-hand side) and of the time-of-flight spectrometer (right-hand side) of 131Xe
ions after a degrader was inserted. In the spectrum of the CLTD, the peaks of the 3-line α-source can be seen as well. The peak of the incident
131Xe ions at 2 MeV/u, which is displayed in the time-of-flight spectrum, was recorded in a separate measurement and is not seen in the CLTD
spectrum because the total energy exceeds its dynamic range. The vertical dashed lines in both spectra correspond to an absolute projectile energy
of 13 MeV, i.e. 0.1 MeV/u for 131Xe ions, marking the energy range in which the α−calibration of the CLTDs is considered to be valid.
Source: Reproduced from [162].

4.2.3. Measurement procedure and data analysis
Prior to the measurement of stopping powers, preparatory studies were performed concerning the energy calibration

and the determination of the absolute thickness and the homogeneity of the absorber foils. One of the possible sources
of systematic uncertainties in previous stopping power measurements was the energy calibration of the detector system.
Due to the pulse height defect of the formerly used Si-detectors, the energy calibration was obtained solely from the ToF
spectrometer using monoenergetic heavy ion beams provided by the accelerator, and radioactive sources with energies
higher than 1MeV/u [208,209,372]. Hence, for measurements at very low energies in the range of a few 100 keV/u and
below, which is the focus of the present experiments, a verification of the linear ToF calibration down to the energy range
of interest is desirable to exclude possible systematic errors.

The replacement of the Si-detector by the CLTD array for the current setup enables additional calibration opportunities
at very low energies by using α−sources. As the pulse height of a CLTD is independent of the projectile mass and Z
(see Section 3.6.2.2), an α−calibration at absolute energies of a few MeV can be used without additional corrections
for an energy measurement of the much heavier 131Xe or 238U ions in the same range of absolute energies, meaning
in that particular case several 10 keV/u. Therefore, calibration lines from two independent sources are available below
(α−source) and above (monoenergetic 3.6MeV/u 238U beam or 2MeV/u 131Xe beam from the accelerator) the desired
measurement range for ion energies of about 0.05 − 1MeV/u, allowing for a reduction of calibration uncertainties, as
well as a verification of the linearity of the ToF spectrometer.

In the following, the procedure of the energy calibration is described for the example of the measurements with a
2.0MeV/u 131Xe beam from the K130 cyclotron of the University of Jyväskylä. The energy calibration for the measure-
ments with the 3.6MeV/u 238U beam from the UNILAC accelerator at the GSI Darmstadt was performed in a similar way
for details see [184]). Fig. 4.35 shows the pulse height spectra of the CLTD (left-hand side) and of the ToF spectrometer
right-hand side) obtained from a measurement with 131Xe ions. In addition to the picket-fence structured energy
istribution of the 131Xe ions, the CLTD spectrum contains also the peaks from the 3-line α-source. Moreover, in addition

to the picket-fence structure, the non-degraded peak of the 2 MeV/u 131Xe ions, which has been recorded in a separate
easurement without the degrader, has been included in the ToF spectrum.18 The energy calibration of the detector
ystem was obtained in three steps. In a first step, the CLTDs have been calibrated in the low energy part using the
-line α-source (239Pu, 241Am, 244Cm, E = 5 − 6MeV). For the validity range of that calibration, twice the energy of
he α−calibration lines, i.e. E ≈ 13MeV, was assumed, as the calibration uncertainties due to small non-linearities of the
LTDs are below 1% within this energy range [184], see also Section 3.6.2.2. This α−calibration was used to determine the
nergies for the Xe ions with E < 13MeV (see Fig. 4.35) and, due to the coincident detection of these ions with the ToF
pectrometer, to obtain calibration points in the low energy part of the ToF spectrum (see Fig. 4.35, right-hand side). Here,
he energy loss of the ions within the carbon converter foil of the second time pickoff detector was taken into account
sing SRIM [213,368] calculations. In the second step, these calibration points at energies E < 13MeV and the point

18 The 2 MeV/u-line does not appear in the CLTD spectrum (Fig. 4.35 left-hand side) because the detector parameters have been optimized for
the best performance at lower energies at the cost of a reduced dynamic range, which shifted in that case below the total energy of 262 MeV.
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Fig. 4.36. The energy of 131Xe ions as a function of the time difference tTDC , measured with the TDC of the ToF spectrometer, (left-hand side) is
escribed by the function E ∼ 1/(t0 + tTDC )2 . The error bars are smaller than the displayed data points. The red curve shows a fit to the data which
s used as calibration function of the ToF spectrometer. The energies determined by the ToF spectrometer were in turn used to calibrate the CLTD
ver the full energy range. The resulting calibration plot (values determined with the ToF spectrometer and with the α-particles as a function of
he CLTD pulse height), displayed on the right-hand side, is described by a 3rd order polynomial. The fit is again shown as a red curve. The insert
hows the region of the α–particles in an expanded scale.
ource: Reproduced from [162].

t E = 262MeV (measurement without degrader) (see Fig. 4.36, right-hand side) have been taken to calibrate the ToF
pectrometer (for details see [162,184]). The calibration of the time axis of the TDC, i.e. the relation between measured
DC channel and the time interval between the start and the stop signals tTDC , has been obtained using an Ortec Time
alibrator 462. The relation between tTDC and the energy is displayed in Fig. 4.36 (left-hand side). As the final step, the
nergy calibration of the CLTDs in the complete measurement range was obtained from the 131Xe−peaks in Fig. 4.35
ith the energies determined from the ToF spectrometer (measurement with degrader but without target). As before, the
nergy loss within the carbon foil of the second time pickoff detector was taken into account using SRIM calculations.
n addition, also the 3 peaks from the α−source have been taken as supplementary calibration lines in the low energy
egime. To account for small non-linearities of the CLTD pulse height as a function of the projectile energy, a 3rd order
olynomial has been used to fit the calibration points presented in Fig. 4.36 (right side). However, the deviations of this
itting function from a linear calibration, using only the 3 α−lines at energies of 5 − 6MeV, are less than 1.5% up to
rojectile energies of 130 MeV, showing the extraordinary linearity of the CLTDs as compared to ionization based energy
etectors [208]. The overall systematic error in the absolute energy determination is quoted to be about 1% (for details
ee [162,184]).
Concerning the performance of the ToF and CLTD detectors with respect to time- and energy-resolution we report

he following results which were obtained under experimental conditions at accelerator facilities. For the relative energy
esolution, values around ∆E/E = 3 − 4 × 10−3 were obtained for the measurements with a 238U beam at the GSI
armstadt, and values around ∆E/E = 6 − 7 × 10−3 were reported for the measurements with the 131Xe beam at
yväskylä [184]. For the time-resolution, values around 150–250 ps were obtained [184]. It should be pointed out that, as
here was no need to optimize the detector resolution for the present energy loss experiments, these results are partly
imited by noise contributions, and therefore can be considered only as upper limits of the intrinsic detector resolutions.

As an ingredient for precise stopping power measurements, an accurate determination of the mean areal density,
.e. the thickness, and homogeneity of the absorber foils, is mandatory. For the present measurements, two different
ndependent methods have been applied (for details see [162,184]). A standard method which is supposed to be, at
east for thicker target foils, the least critical and most precise method is a direct determination of the areal density by
eighing the foil and determining the size of its surface area. For that purpose, upon completion of the experiment, the

rradiated parts of the targets have been cut off their frames and weighted using a precision balance (with an accuracy of
10 µg), while the corresponding surface areas have been determined from a digital image. For the case of measurements
erformed under the same experimental conditions with thicker and thinner target foils, the thickness ratio of the thinner
oils with respect to the thick foils of the same material can be determined by matching the measured heavy ion stopping
ower curves within an overlap region of identical projectile energies, thus improving the accuracy on the thickness of
he thinner foils.

To obtain a cross-check of the results, the target thicknesses have additionally been determined by measuring the
nergy loss of α–particles and comparing it to SRIM calculations. Whereas for the measurements performed at GSI a
-line α-source was used, the measurements at Jyväskylä have been performed with a 226Ra source, which provides 5
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Fig. 4.37. Left-hand side: The measured energy difference ∆EEL = Ei − Ef is displayed as a function of Ei for 131Xe ions from measurements without
and with a 53 µg/cm2 thick carbon target. Right-hand side: the corresponding histogram for the energy range shaded in the panel on the left-hand
side is displayed. The curves show fits to the data (for details see [162,184]). The mean energy loss ∆EM and the most probable energy loss ∆Ep
(peak energy loss) are determined from the difference between the corresponding mean or peak values in the distributions of the measurements
with and without target.
Source: Reproduced from [162].

α−lines at energies between 4.7 and 7.6 MeV, as well as with 440 keV and 1400 keV 4He ions delivered by the pelletron
accelerator at the University of Jyväskylä. The energies of the α–particles have thereby been determined with a PIN diode.

Besides the determination of the mean thickness also the homogeneity of the targets is of importance. Inhomogeneities
in the thickness distribution of the foils may lead to deviations between the measured mean thickness, and the actual
mean thickness in these parts of the targets, which have been irradiated with the heavy ion beam during the transmission
measurements. Fortunately, the granularity of the presently used CLTD energy detector with several independent single
pixels provides the opportunity to investigate the targets concerning potential inhomogeneities. The idea behind this is,
that ions, which have been detected with different CLTD pixels, in the average have passed through different parts of the
target, which in first approximation correspond to a projection of the pixel geometry on the target foil. Comparing the
ratio of the energy loss determined with different CLTD pixels gives therefore an information on the ratio of the mean
thicknesses in the corresponding irradiated parts of the target, and hence an information about the target homogeneity
on larger scales. The results of this analysis [184] have shown that the variations in the thickness distribution of the
targets are less than 2% for all target foils used. For the thick targets the variations are even below 1%, which may be a
result of a better relative homogeneity, but may also be attributed to a decreasing sensitivity of this method due to the
increased scattering processes within the target. The obtained values give a direct information on the maximum systematic
error in the mean target thickness, that results from foil inhomogeneities. The results of all thickness and homogeneity
measurements including an error evaluation are summarized in [162,184].

The absolute energy loss ∆EEL = Ei − Ef within the absorber targets has been measured on an event-by-event
basis, meaning that the initial energy Ei and the final energy Ef have been determined for every single ion by the ToF
spectrometer, and the CLTDs, respectively. Considering the energy loss ∆EMCP within the thin carbon converter foil of
he rear time pickoff detector, the initial energy is given by Ei = EToF − ∆EMCP with the energy EToF measured by the
oF spectrometer. Thereby, the values for ∆EMCP have been calculated using SRIM. Fig. 4.37 shows, for the example of
he measurement at Jyväskylä, the measured energy loss of 131Xe ions in a thin carbon target as a function of the initial
nergy, as well as the corresponding data from the measurements without target. In principle it is possible to obtain the
esired energy loss curves as a function of the energy from a parameterization of the data points in Fig. 4.37, e.g. with
higher order polynomial, as it has been done for example in [371]. However, in the analysis presented here, the final
alues used for the stopping power determination have been obtained from ∆E-histograms, created in discrete intervals
f the initial energy Ei as it is illustrated in Fig. 4.37. This procedure provides also the possibility to investigate structures
ithin the energy loss distributions, and in particular to determine the mean energy loss ∆EM and the most probable
peak) energy loss ∆Ep separately.

The quantities ∆EM and ∆Ep are defined as illustrated in Fig. 4.37, right-hand side. Whereas ∆Ep denotes the energy
ifference of the peak positions of the peaks measured with and without absorber, ∆EM denotes the energy difference
etween the mean-value of the two peaks. Both quantities are obtained from fits to the data (solid lines in Fig. 4.37,
ight-hand side), for details see [162,184]. As long as the shapes of the energy distributions determined with and without
bsorber target are equal, there will be no difference between ∆Ep and ∆EM . However, as it becomes obvious from
ig. 4.37, right-hand side, an asymmetric shape exhibiting a tail on the high energy side is obtained for the energy
istribution measured with absorber, leading to different values for ∆E and ∆E . This effect, which turned out to be a
p M
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Fig. 4.38. The electronic stopping power data of 238U ions in carbon absorbers as a function of the energy, obtained in the present experiment (red
squares) are compared to data from the literature [374,380,382–384], as well as semi-empirical (SRIM [213,368]) and theoretical (PASS [364,365],
CasP [366,367]) stopping power calculations. The present data and the literature data are displayed with the total experimental errors. For a more
detailed view, the data from the upper panel are presented on an enlarged scale for different energy regions in the two lower panels.
Source: Adapted from [377].

common characteristics in the present experiments, is attributed to the appearance of the portion of nuclear energy loss,
leading to high momentum transfer, and eventually thickness inhomogeneities of the absorber foils. Having in mind that
the present investigations are aiming to determine purely the electronic stopping powers, the mean energy loss ∆EM was
hosen for the further data analysis. Nevertheless, the portion of nuclear energy loss leading to lower momentum transfer
ay still give rise to a non negligible contribution in ∆EM . This is in particular true for the relatively small projectile

energies used in the present experiment, which reach to a range, where electronic and nuclear stopping power are of
the same order of magnitude [183,297]. Although the major part of the nuclear stopping power Sn does not contribute
due to the quite low solid angle covered by the individual pixels of the CLTD array, a remaining contribution has to be
considered, as a determination of the pure electronic stopping power Sel is intended. Therefore, SRIM calculations have
been used to apply a nuclear stopping power correction on the measured total stopping powers (for details see [162]).
The results show, that despite the relatively small solid angle covered by the CLTD detector, the contribution of nuclear
stopping is up to 5%–10% in the lowest part of the examined energy range, and therefore, cannot be neglected for the
present experiment, and thus needs to be corrected for. However, at ion energies above 0.3 MeV/u these corrections are
with values below 1% already much smaller than the experimental uncertainties.

The stopping power, more precisely the mass stopping power,

S(Eeff ) = −
1
ρ

dE
dx

(Eeff ) =
⟨∆E⟩

⟨∆x⟩
(4.15)

t an effective ion energy Eeff within the target, was determined as the ratio of ⟨∆E⟩ and the mean areal density of the
arget ⟨∆x⟩. Due to the low relative energy losses ∆E/E < 15% in the measurements with the thinner targets, E can be
i eff
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Fig. 4.39. The electronic stopping power data of 238U ions in gold absorbers as a function of the energy, obtained in the present experiment (red
quares) are compared to data from the literature [374,380,382,384], as well as semi-empirical (SRIM [213,368]) and theoretical (PASS [364,365],
asP [366,367]) stopping power calculations. The present data and the literature data are displayed with the total experimental errors. For a more
etailed view, the data from the upper panel are presented on an enlarged scale for different energy regions in the two lower panels.
ource: Adapted from [377].

pproximated by the arithmetic mean of initial and final energy

Eeff ≈ Eav = Ei − ∆E/2 (4.16)

However, as for the thick C- and Ni-targets the relative energy losses ∆E/Ei were up to 55%, the non-linear dependence
f the stopping power as function of the ion energy within the target has to be taken into account. The corrections on Eav
ave been determined in an iterative procedure (for details see [162]).
A careful evaluation of all kinds of systematic uncertainties has been performed for the results of both measurement

ampaigns at GSI and Jyväskylä (for details see [162,184]). For both cases the systematic error is dominated by the
ncertainties on the properties of the absorber targets, namely the mean target thickness, as well as the inhomogeneity
6%–8% for the measurements at GSI, and 2%–5% for the measurements at Jyväskylä), whereas uncertainties due to the
bsolute energy calibration, the correction for the nuclear energy loss, etc. contribute only less then 1%–2% in both
ases. The resulting total systematic uncertainty (quadratic sum of all contributions) amounts to 6%–9% for the GSI
easurements, and to 3%–6% for the Jyväskylä measurements, and exceeds in all cases the statistical uncertainties.

.2.4. Results and discussion

.2.4.1. Electronic stopping powers for 0.1–1.4 MeV/u 238U ions in C and Au absorbers
The results on the measured electronic stopping powers for 238U ions in carbon and gold, obtained in the experimental

ampaign at the UNILAC accelerator of the GSI Darmstadt, are displayed in Figs. 4.38 and 4.39 (red data points)
83



P. Egelhof and S. Kraft-Bermuth Progress in Particle and Nuclear Physics 132 (2023) 104031

(

(
t
i
t
a
n
i
c

t
b

Fig. 4.40. ∆E-distributions of 131Xe ions for different energy intervals for measurements without (black squares) and with a gold absorber target
red circles). The double peaks in the ∆E distributions of 131Xe ions with target are attributed to channeling in polycrystalline regions of the gold
target. An effect of the ion beam or the detector can be excluded because the distribution without target shows no double peak structure.
Source: Reproduced from [162].

together with literature values from previous measurements, and with the results of different theoretical predictions and
calculations (for details see [184,377]). For both absorber targets, new data for low incident energies could be measured,
thus extending, as compared to previously published data, the data sets down to energies around 0.1 MeV/u. This can
be considered as a significant input for the improvement of theoretical predictions of semi-empirical computer codes,
in particular concerning the energy dependence of electronic stopping power data at small incident energies. For higher
incident energies the present data are, within the experimental uncertainties, including statistical and systematic errors,
in good agreement with data of H. Geissel et al. [374,380,381], R. Bimbot et al. [382], H. Pape et al. [383], and M. D. Brown
et al. [384]. Slight systematic deviations of the data sets of M. D. Brown et al. (higher values for the carbon absorber, and
lower values for the gold absorber), and of H. Pape et al. (for the carbon absorber) may be attributed to uncertainties in
the determination of the thickness of the absorber targets.

Predictions from the semi-empirical computer code SRIM [213,368] show a remarkably good agreement in the low-
energy region of the data for the Au absorber target, but slight disagreements are obtained in the higher energy range.
For the C absorber target the SRIM predictions overestimate the data at very low energies, and underestimate the data
at high energies. As expected, the predictions of the ab initio computer codes PASS [364,365] and CasP [366,367] show
bigger discrepancies for both absorber targets. The best agreement with the experimental data is obtained for the PASS
predictions for the C absorber target at low energies, and for the Au absorber target at high energies.

4.2.4.2. Observation of channeling effects for the interaction of 131Xe ions with Ni and Au absorber foils
Before the results on stopping powers obtained in the second experimental campaign at Jyväskylä will be presented

see next section), the surprising appearance of channeling effects during these measurements, their confirmation and
he resulting data on channeling stopping powers, which can be considered as an unexpected by-product of the present
nvestigations, will be discussed in this section (for details see [162,184]). While the measurements with the carbon
argets, as illustrated in the example for an energy loss spectrum in Fig. 4.37, do not show any irregularities, a high
nd a low energy-loss component have been observed in the ∆E-distributions for the measurements with the two thin
ickel absorber targets, and especially pronounced for the gold absorber target, as can be seen in Fig. 4.40. Thereby, the
ntensity ratio of the two peaks RI shows a strong energy dependence, and also the ratio of the peak positions of the two
omponents R∆E , i.e. of the energy losses ∆E, is varying with energy (see Fig. 4.41).
A detailed analysis [184] has revealed that the double peak structures arise from channeling effects within polycrys-

alline regions of the thin metallic target foils (an overview on the phenomenon of the channeling of ions in matter can
e found in [362]). Whereas the low ∆E component corresponds to channeled ions, the high ∆E component results from
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Fig. 4.41. The values RI and R∆E describe the relations between the low (channeling) energy loss and the high (random) energy loss components
hich were observed in the ∆E distributions for the gold target as a function of the incident energy (black dots). RI (left-hand side) is the ratio
f the peak areas (intensity ratio), and R∆E (right-hand side) is the ratio of the peak positions (energy loss ratio) (reproduced from [162]). For
omparison, data for R∆E from S. Datz et al. [385] for 127I ions are plotted (red dots) on the right-hand side.

he expected random energy loss in amorphous regions of the target. Other possible explanations, like irregularities in the
nergy measurement, could be excluded, as no double peak structures have been observed in the measurements without
target. Also target defects or effects of target thickness distributions cannot explain the double peak structure, due to

he strong energy dependence of the observed effect that can be seen in the graphs of Fig. 4.41. As channeling requires
rystalline targets, the structure of the used absorber foils has been inspected by X-Ray Diffraction (XRD) [162,184].
ndeed, a significant signature of polycrystalline structures was found in the Ni and Au targets, whereas no polycrystalline
tructure was observed for the carbon targets, proving their fully amorphous structure, thus explaining the absence of a
ouble peak in the corresponding energy loss spectra (see Fig. 4.37). Moreover, the results have shown a correlation
etween the magnitude of the observed effect, i.e. the intensity of the lower ∆E−component, and the amount of
olycrystalline regions within the Ni and Au absorber targets. Nevertheless, the observation of channeling and random
nergy loss of the same order of magnitude for the Ni and Au absorber targets may still be surprising. As only parts of the
etallic foils are crystalline, and furthermore, the crystallites have a random orientation, the probability for channeling
hould be extremely low. In fact, the channeling probability for a 131Xe ion passing through the Au target could be roughly
estimated to be in the range of 10−3.

This apparent contradiction to the measurements is dissolved by considering the exit angle distributions for the
different energy loss processes, and the relatively low coverage of the detection solid angle by the CLTDs. While the
exit angles for channeled ions are very small, and therefore no significant losses in intensity are expected, the primary
intensity in the case of the random energy loss is decreased by a factor of about 102 due to small angle scattering and a
maximum detection angle of only 0.3◦. Therefore, and considering the fact that the estimated channeling probability of
about 10−3 is just a rough estimate, it is absolutely possible to observe ions, having passed a target under the two different
energy loss processes, with an intensity of the same order of magnitude. In other words, for the present experimental
parameters, i.e. low incident energy and small solid angle coverage by the detectors, the low channeling probability in
thin polycrystalline foils is compensated by the high loss in intensity for the random energy loss, resulting from scattering
processes within the target. This explanation is also consistent with the strong energy dependence of the peak-intensity
ratio RI in Fig. 4.41 (left-hand side), as for lower energies on the one hand the critical angle for channeling increases
with Ψc ≈ 1/E1/2 [362], and on the other hand the count rate for random energy loss decreases, due to the increasing
nuclear scattering cross section. As for the ratio of the peak positions R∆E , a very similar energy dependence is observed
for channeling of 127I ions along the (110) planes of a single crystalline Au foil [385] (see Fig. 4.41, right-hand side).

As a consequence of the discussed observations, channeling and random energy loss have to be treated separately to
be able to compare the present results to previously determined values from other experiments, as well as to theoretical
calculations. For that reason, the mean and peak values ∆Em and ∆Ep of the corresponding ∆E−distributions have been
etermined by using a sum of two fit functions, as illustrated in the examples of Fig. 4.40. As a positive side effect,
dditional data on the ratio of planar channeling energy loss and random energy loss of 10− 60MeV 131Xe ions in nickel
nd gold absorbers (see Fig. 4.41 and [162,184]) have been obtained in the present experiment. However, at this point it
as to be stated, that no investigations have been carried out to what extent different orientations of the crystal planes
ave been contributing to the measured channeling energy loss data.
Finally it should be mentioned that for the measurements at GSI with Au absorber foils (see Section 4.2.4.1), there was
o indication of a second component in the energy loss spectra. This finding can only be explained by the fact that for the
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Fig. 4.42. The electronic stopping power data of 131Xe ions in carbon absorbers as a function of the energy, obtained in the present experiment (red
squares) are compared to data from the literature [208,374,380,382,383], as well as to semi-empirical (SRIM [213,368]) and theoretical (PASS [364,365],
and CasP [366,367,386]) stopping power calculations. The present data and the literature data are displayed with the total experimental errors. For
a more detailed view, the data from the upper panel are presented on an enlarged scale for different energy regions in the two lower panels.
Source: Reprinted from [162].

GSI measurements different samples of the Au absorber foils were used, which do, due to a different production process,
not (or only to a very small extend) contain polycrystalline structures.

4.2.4.3. Electronic stopping powers for 0.05–1 MeV/u 131Xe ions in C, Ni and Au absorbers
The results on the measured electronic stopping powers for 131Xe ions in carbon, nickel and gold, obtained in the

experimental campaign at the K130 cyclotron of the University of Jyväskylä, are summarized in Figs. 4.42 and 4.43 together
with literature values from previous measurements, taken from the database of H. Paul [374], and with results of different
theoretical predictions and calculations (for details see [162,184]). As for some of the targets, channeling effects have been
observed (see previous section), it should be noted that the results presented here correspond to random stopping power
only. The statistical errors are for the major part of the data with less than 1% negligible as compared to the systematic
uncertainties. Only for the data points at lowest and highest energies they contribute significantly to the total experimental
uncertainty, due to the decreasing count rate.

Comparing the results with previously published data (see Figs. 4.42 and 4.43) shows that within the experimental
uncertainties the present results are in agreement with the literature values for most of the data points in the higher
energy regime. Slight systematic shifts between different data sets may be attributed to the errors in the determination
of the mean target thicknesses. At lowest energies, however, the stopping powers measured in the present experiment
show lower values as compared to previously published data [208] for all three absorber targets. As a possible explanation
for at least part of these deviations the additional corrections for nuclear stopping power which are taken into account in
the present data (see Section 4.2.3 and [162,184]) are identified. For all three target materials the experimental data have
been (similarly to the results for 238U, see Section 4.2.4.1) extended, as compared with previously published data, down
to very low energies around 0.05 MeV/u, which may again be considered as an important input for future theoretical
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Fig. 4.43. The electronic stopping power data of 131Xe ions in nickel (left-hand side) and gold (right-hand side) absorbers as a function of the
energy, obtained in the present experiment (red squares) are compared to data from the literature [208,374,380,382], as well as to semi-empirical
(SRIM [213,368]) and theoretical (PASS [364,365], and CasP [366,367,386]) stopping power calculations. The present data and the literature data are
displayed with the total experimental errors.
Source: Adapted from [162].

predictions. Moreover, the total errors, in particular the calibration errors, could be reduced as compared to previous
measurements [208], where ionization detectors have been used for the energy measurement (for details see [184]).

Predictions from the semi-empirical computer code SRIM [213,368] for carbon absorbers show the behavior which
was already discussed in [387], that SRIM typically predicts stopping powers of very heavy ions in light materials too
high at very low energies and too low in the region of the Bragg-peak. For the medium-heavy nickel absorbers, the
SRIM calculations are above the measured data in the entire examined energy range, while an excellent agreement
between prediction and measurement is observed for the heavy absorber material gold in the entire measurement
range of 0.08–0.45 MeV/u of the present data. Not surprisingly, the theoretical ab-initio calculations PASS [364,365] and
CasP [366,367,386] show larger deviations from the measured values than the SRIM-predictions. However, for carbon
absorbers and very low projectile energies, as well as for nickel absorbers at higher energies, the PASS calculations show
also very good agreement with the obtained experimental data, while the best predictions using CasP are obtained for
the heavy target material gold.

4.2.5. Conclusion and perspectives
A new experimental setup using a CLTD array for the energy determination in a combined ToF-E measurement has been

applied to collect continuous stopping power data for 0.1–1.4 MeV/u 238U ions and 0.05–1 MeV/u 131Xe ions in different
bsorber materials. The results demonstrate that CLTDs are well suited devices for stopping power measurements. A
omparison with previously published stopping power values shows a good agreement for most of the data, providing
consistency check of the new experimental setup. In the region of very heavy ions at very low energies, which is
ardly accessible with ionization detectors, and where therefore reference data are scarce [374], new stopping power
ata have been obtained for light, medium-heavy and heavy absorber materials. These data may help to adjust theoretical
alculations and therefore to improve the precision of their predictive power.
Comparing the present data to the values of the previous publication [208] is of special interest, not only as these

re the only reference data in the lowest part of the examined energy range, but also as an almost similar experimental
etup, however with a conventional Si-detector for energy determination, has been used. By replacing the Si-detector
ith the CLTD array, calibration errors resulting from the pulse height defect of the ionization detector, could be
onsiderably reduced due to the additional calibration options and the excellent energy linearity of the CLTDs. Moreover,
n independent verification of the linearity of the ToF spectrometer could be obtained by the additional calibration of
he detector system at low ion energies using an α−source, a possibility given solely due to the alternative detection
rinciple of the CLTDs. Also the statistical errors could be reduced significantly as compared to the previous measurements
resented in [208]. Albeit this argument depends basically on the measurement time, also the better sensitivity due to
he improved energy resolution of the CLTDs contributes to a reduction of statistical errors.

Besides the increased accuracy for the determination of small energy losses, the high energy resolution of the CLTDs
lso enabled for the first time in such experiments a precise investigation of structures in the measured ∆E−distributions.
his allowed, for example, a separate determination of the mean and the peak energy loss and also the observation of
nexpectedly strong channeling effects. The latter point demonstrates, that under the current experimental conditions,
.e low projectile energy and small detection angle, despite the low channeling probability for polycrystalline samples, a
ossible contribution of channeled ions to the measured mean energy loss cannot be neglected. In the present data for
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instance, the measured mean energy loss, taking all detected ions into account, was for some of the absorber targets up
to 15% lower than the pure random energy loss. Therefore, when only the determination of the latter quantity is intended
or expected, ignoring the channeling effect represents a significant systematic error source, which is in particular the case
for all measurements with conventional energy detection if absorber targets with not identified polycrystalline structures
were used. In addition, the identification of channeling effects in parts of the present measurements allowed also to obtain
experimental data concerning the ratio between planar channeling and random energy loss of 10–60 MeV 131Xe ions in
ickel and gold absorbers.
Another important point concerns the composition of the energy detector of several CLTD pixels which provides

dditional options for the analysis of the measured stopping power data as compared to a detector without position
nformation. In the present case, for example, the homogeneity of the target foils could be investigated by comparing the
nergy loss data measured with different CLTD pixels (for details see [184]). In principle, an array of individual detectors
s also well suited for the determination of energy loss as a function of the projectile exit angle, what would be of special
nterest with regard to a separation of nuclear and electronic energy loss. In the data presented here, corresponding
nvestigations could not be carried out, as the small differences in the energy loss determined with different CLTD pixels
ere dominated by thickness variations of the target foils, and therefore corrections due to the nuclear energy loss had
o be estimated by calculations. For the option to obtain angle dependent energy loss data in future experiments, more
omogeneous absorbers, as well as a larger covering of the detection angle, the latter being possible by using the new
eneration of 25-pixel CLTD arrays recently constructed (see Section 3.2.4), are mandatory.
For the future, the present experimental setup for ToF-CLTD measurements provides a large potential for several

nvestigations, which may profit from the excellent energy resolution of CLTDs. Examples are, among others, further
nvestigations of electronic and nuclear stopping powers for various beam–target combinations with the focus on very
ow incident energies and thin targets, dedicated heavy ion channeling experiments with single-crystal absorbers, with a
ocus on the energy-loss dependence on the crystal orientation with respect to the incident angle of the heavy ions, and
he investigation of charge exchange energy loss straggling in solid absorbers [298,388] in the region of the Bragg peak
nd at even higher energies.
The investigations in the present article focused on the electronic stopping power of heavy ions. However, in particular

or the purpose of cancer treatment, the stopping power at the end of the ion track has to be known with high precision.
ancer treatment with carbon ions is nowadays an established method next to therapy with protons and photons
360]. Several dedicated treatment facilities exist allover the world, e.g. the Heidelberg Ion Therapy Center (HIT) at
Heidelberg [389], or the Marburg Ion Therapy Center (MIT) at Marburg [390] in Germany. With carbon ions, brain and
spine tumors can be treated that would not be curable otherwise. An excellent overview of the current status of carbon
therapy worldwide is given in [391]. In this reference, the main advantage of using ions as compared to photons is
explained: The region of maximum energy loss, which causes the highest damage in the tissue, is confined to a very small
volume at the end of the ion track. This means that the tissue in front of the tumor suffers much less damage than it
would when using x-ray or γ−ray photons. In addition, charged particles can be focused very sharply by electromagnetic
fields, thus sparing the surrounding tissue. This feature is especially important when treating brain or spine tumors. The
region of maximal damage is also referred to as the Bragg peak. It becomes sharper as the mass of the ion increases, which
eans that heavier ions allow for an even more precise tumor treatment [392]. The advent of the new method of spatially

ractionated radiotherapy has reinitiated the investigation of using ions as heavy as iron for cancer treatment, because
hey may be more effective when treating very hypoxic tumors [393,394]. It is obvious that precise cancer treatment
emands very precise and reliable data on electronic as well as nuclear stopping powers for the ions under consideration.
s discussed in Section 4.2.1, such data become more and more scarce for heavier ions. On the other hand, ranges of
ron ions in human tissue, which were calculated using codes for medical application, differ by almost 40% from the few
easurements that were performed at the GSI [395]. These measurements in turn suffered from the fact that an ionization
hamber was used to determine the energy. For the very low ion energies close to the Bragg peak, the energy loss in the
ntrance foil cannot be neglected. CLTDs for low ion energies provide the optimal tool for such investigations, because
hey do not need entrance windows at all. A first pilot experiment to investigate the energy loss of ions close to iron in
he Bragg peak region is scheduled. It may pave the way for a new understanding of stopping of ions in matter at very
ow energies.

.3. Application of CLTDs in accelerator mass spectrometry

.3.1. Motivation
Accelerator Mass Spectrometry (AMS) is a well established method for the determination of very small isotope ratios

ith high sensitivity [135,163,396]. In comparison with conventional mass spectrometry, the use of accelerated ion beams
rovides substantial advantages in the quality of isotope separation and background suppression, thus allowing the
etermination of isotope ratios down to a level of 10−10

− 10−16, depending on the ion species. The most prominent
example is certainly the ratio of 14C to 12C which is used for radiocarbon dating. However, heavier nuclides have become
more and more of interest for AMS investigations also. A special focus lies on trace analysis of actinides which can be
used to guard nuclear waste proliferation, as nuclear safeguard, or as oceanographic tracers. An excellent overview is
given in [163,396].
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236U represents one of the heaviest nuclides of interest for AMS. Being produced in nature by capture of thermal
eutrons in the reaction 235U(n, γ )236U and having a half-life of 23.4 million years [397], the relative abundance of

236U provides an excellent neutron flux monitor integrated over geological time scales. Thus, besides other applications,
236U could be used to prove the existence of an enhanced neutron flux due to natural ‘‘reactor-like’’ conditions in the
past [134,398]. As a standard, the content of 236U is determined from the ratio to the most abundant isotope 238U. In
atural uranium minerals, the isotope ratio 236U/238U is expected to be of the order of 10−10

− 10−14, dependent on the
ample’s history and surroundings. However, the energy resolution and detection efficiency of conventional heavy ion
etection systems limit the sensitivity and demand relatively large amounts of sample material [399,400].
The use of CLTDs can overcome these limitations. AMS is commonly performed at dedicated tandem accelerators

ith a relatively small terminal voltage of 0.5 − 5MeV, so the total energies for heavier ions usually do not exceed
.3 MeV/u [401]. CLTDs can provide better detection efficiency and a lower detection threshold in this energy range (see
ection 3.6.2). Furthermore, their excellent energy resolution can be used to improve the background suppression from
eighboring isotopes.

.3.2. First application of CLTDs for trace analysis of 236U
The systematic investigations which are presented in Section 3.6.2 demonstrate the potential of the CLTDs for the

nvestigation of the 236U/238U ratio by means of AMS. Two types of uranium samples were investigated in this first
roof-of-principle campaign performed at the Vienna Environmental Research Accelerator (VERA) at Vienna, Austria [134,
35]:

• To minimize systematic errors caused by changes in machine performance and experimental setup, AMS measure-
ments are usually performed normalized to a material standard for which the isotope ratio is very precisely known.
In the case of the 236U/238U ratio, such a material standard had not been established due to the lack of a suitable
material (see also [399]). However, the VERA laboratory possesses a considerable amount of uranyl nitrate from the
mine Joachimsthal, prepared and stored before 1918 and thus not contaminated by 236U created by human nuclear
activities. The 236U content is, therefore, sufficiently low that the ore can serve as a reference material for AMS of
geological samples. P. Steier et al. [399,400] performed first measurements on this material with a conventional
time-of-flight/energy detection system.

• The ratio of 236U to 238U in water has become a valuable tool, not only for direct measures of nuclear safeguard, but
also as a tracer material to investigate water streams across the globe on long time scales [402,403]. The uranium
content in these samples is expected to be much lower than in an uranium ore. An enhancement in sensitivity is
needed for systematic investigations. As a first test, one sample had been extracted from 5 l of water steming from an
uranium containing spring in the region of Bad Gastein, Austria. Because the uranium in the water had been washed
out from the deep regions of the Alpes, the isotope ratio was not known, but expected to be significantly lower than
that of the uranyl nitrate.

.3.2.1. Experimental setup
The experimental setup is shown schematically in Fig. 4.44. As energy detector, a single pixel CLTD with a 2 × 3 ×

.33mm3 sapphire absorber and an Al TES was used. A pumped 4He bath cryostat (a predecessor of the one described
n Section 3.4), which is described in detail in [164,218], housed the CLTDs. It was connected to the beamline of the
ERA facility [134,135], which is a dedicated AMS facility. A cesium sputter ion source produces negative ions which are
njected into a tandem accelerator with 3 MV terminal voltage. A high resolving magnetic and electrostatic analyzing
ystem provides heavy ion beams of various ions in an energy range of 6 MeV ≤ E ≤ 65 MeV with an energy spread as
mall as ∆E/E ≤ 10−4. To suppress background from neighboring uranium isotopes, an additional switching magnet was
sed for the AMS measurements. Therefore, these measurements were performed at the 20◦-beamline. The count rate of
he radioisotope 236U was detected in the CLTD, while for the long-lived 238U the beam current was measured in a Faraday
up which was moved in and out of the beam. The results of systematic investigations of the detector performance for
hese low ion energies were reported in Section 3.6.2. To minimize systematic errors, several targets for the ion source
ad been prepared from each sample (for details of target preparation see [134]). The measurements with these targets
ere performed several times in cyclic order. The 238U current was measured alternatingly every 200 s. For a detailed
escription of the AMS measurement procedure see also [134,399]. In contrast to the setup described in these references,
o time-of-flight detector was included in the present measurements.
Under the experimental conditions at the VERA AMS facility, background in AMS measurements for very heavy ions

ike 236U is mainly due to neighboring isotopes (234U, 235U, 238U), which undergo ionic charge exchange reactions with the
esidual gas in the accelerator beamline, and afterwards have the same magnetic rigidity mE/q2 as 236U (m being the mass
nd q the ionic charge state of the uranium ion). Therefore, the neighboring isotopes can pass through the high-energy
agnetic analyzer and – after additional charge exchange – also through the electrostatic analyzer (see [134] for a detailed
iscussion). The background situation expected for the case of 236U5+ at E = 17.54MeV is displayed in Fig. 4.45. As the
esolution of the magnetic analyzer is very high [134], the condition mE/q2 = constant leads to well defined energies
or the background peaks. Since standard heavy ion detectors (e.g. ionization chambers) do not provide sufficient energy
esolution to resolve these background peaks, in the standard measurement procedure [134,399] a time-of-flight (ToF)
pectrometer combined with an ionization chamber is used. Due to ion losses in the start and stop foils of the ToF detector
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Fig. 4.44. Schematic view of the experimental setup: The pumped 4He bath cryostat was connected directly to the beamline of the Vienna
Environmental Research Accelerator VERA. The AMS measurements were performed at the 20◦-beamline (for details see text).
Source: Adapted from [154,164].

Fig. 4.45. Simulation of the background situation for the AMS experiment under the assumption of Gaussian line shapes. The ratio of 236U to
38,235,234U is assumed to be 10:1, the energy resolution is assumed to be ∆E/E = 4.6 × 10−3 .
ource: Adapted from [154,164].

nd in the entrance window of the ionization chamber, the transmission through this detection system is limited to about
1% [404], thus limiting the sensitivity [399]. The use of CLTDs can overcome this obstacle and, therefore, improve the
ensitivity.

.3.2.2. Results and discussion
The results of the present experiment were published in [154] where a more detailed discussion is presented. Table 4.6

ummarizes the results of the first application of CLTDs for AMS to determine the ratio of 236U/238U. Fig. 4.46 shows
wo spectra for two of the investigated samples. For the very first ‘‘proof-of-principle’’ AMS measurement performed
ith a CLTD, the detector performance under running conditions was unfortunately worse as compared to the results
resented in Section 3.6.2. In fact, the energy resolution was about a factor of two worse than could have been expected
see Fig. 4.45). The decrease in energy resolution was caused by additional noise contributions under running conditions,
s well as being due to an increase in the heat capacity of the detector by condensation of residual gas onto the detector
urface because of the relatively bad vacuum (see also discussion in Section 3.6.2.1). In addition, non-permanent radiation
amage during the adjustment process, during which the CLTD was irradiated with a high-intensity beam of 238U ions,
annot be completely excluded. But already with a resolution of ∆E/E = 9.1× 10−3, essential parts of background could
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Table 4.6
Results of the measurements of the 236U/238U isotope ratio to establish a material standard (Vienna-KkU
and Joachimsthal 2), and to improve the sensitivity (Bad Gastein 1) (for details see text and [154,164]). For
comparison, measurements with the conventional time-of-flight setup are presented [400]. The samples
Bad Gastein 2A and Bad Gastein 2B were prepared from the same water well, but at a later time.
Sample 236U/238U [10−11] Reference

Vienna-KkU 3.89 ± 0.08stat ± 0.35syst [154]
Vienna-KkU 6.98 ± 0.32stat [400]
Joachimsthal 2 2.29 ± 0.07stat ± 0.29syst [154]
Bad Gastein 1 0.61 ± 0.17stat ± 0.12syst [154]
Bad Gastein 2A 0.62 ± 0.23stat [400]
Bad Gastein 2B 0.70 ± 0.31stat [400]

Fig. 4.46. On the left-hand side, an example spectrum obtained for the sample Vienna-KkU is displayed, which is used as a material standard for
MS experiments on 236U [154,399]. Background from the isotopes 234U and 238U can be separated, while a possible contribution of 235U is still
ncluded in the 236U peak. On the right-hand-side, the spectrum of the only sample extracted from spring water (Bad Gastein 1) is displayed. Due
o the limited amount of sample material, only one measurement with a duration of 20 min could be performed.
ource: Both figures adapted from [154,164].

e separated, whereas a possible contribution of 235U is still included in the 236U count rate. The systematic error is mainly
imited by the determination of the transmission from the Faraday cup to the detector. As compared to a conventional
etection system, using a calorimetric detector improved the transmission from about 31% to (65 ± 10)%, in the latter
ase limited by the active detector area.

• Samples from Joachimsthal
The spectrum for the sample Vienna-KkU is displayed on the left-hand side of Fig. 4.46. As compared to the total
count rate, the background contribution from 234U is 10(1)%, and from 238U 4(1)%. Therefore, at a level of 10−11,
the background is not limiting the sensitivity. The uncertainty is dominated by the systematic uncertainty of the
transmission which also limits the precision of the measurement of P. Steier et al. [400]. The result is close to the
result of this measurement, but it is clearly smaller. The reason for this discrepancy is yet unclear. Unfortunately,
no estimate on the systematic error is given in [400]. The result of the sample Joachimsthal 2 is considerably smaller
than the result of Vienna-KkU. However, this is understandable because the sample originates from a different batch
of the Joachimsthal ore, and local variations of rock composition, e.g. presence or absence of neutron absorbing or
emitting nuclides, can cause variations in the local 236U/238U isotope ratio. The present result demonstrates that, once
a material standard is established, different samples with different isotope ratios can be characterized and compared
with high accuracy.

• Sample from Bad Gastein
Due to the low uranium concentration in the water, the amount of sample material for this sample was limited, and
only one measurement of 20 min duration could be performed. The corresponding spectrum is displayed in Fig. 4.46
on the right-hand side. In the case of this sample, the background is dominated by 234U and yields approximately
30% of the total count rate. Therefore, at this level of sensitivity, background starts to play an important role, and a
good energy resolution becomes more and more important for background separation.
The present result for the isotope ratio, 236U/238U = (0.61 ± 0.21) × 10−11 (see Table 4.6), represents the smallest
isotope ratio measured for 236U/238U up to date. The result was confirmed by P. Steier et al. with the conventional
setup and a larger amount of sample material [400] in two other samples which are labeled Bad Gastein 2A and Bad
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Gastein 2B in Table 4.6. As compared to earlier measurements with a conventional setup (see [399]), the sensitivity
was enhanced by one order of magnitude by increasing the transmission from 31% to 65%. The uncertainty of the
result is dominated by the statistical error. With a detection efficiency of 100% and an improved resolution, as is
usually obtained with CLTDs (see Section 3.6.2.1), it will be possible to reduce this error even if an increase in sample
material is not easily achievable.

4.3.3. Future perspectives
The first application of CLTDs in AMS demonstrated their great potential, in particular for AMS of actinides. With

detector array as discussed in Section 3.2.4, detection efficiencies close to 100% can be realized. In recent years, the
nterest in 236U and other actinides has increased considerably [396,400]. 236U can be used as an oceanic tracer to study
he transport and mixing of different water streams [402]. During the era of atomic bomb tests, a considerable amount
f 236U was released into the atmosphere and distributed allover the world by global winds. As a consequence, the 236U
ontent of ocean water decreases with increasing depth. The content of 236U can therefore be used to investigate global jet
treams of deep ocean waters. A feasibility study, which was performed at the VERA laboratory by A. Sakaguchi et al. [403],
emonstrated the potential of this new tracer method for oceanography and climate studies. In addition, the proliferation
f radioactive material in the ocean after the Fukushima incident in Japan was investigated with AMS of 236U [402]. Other
eavy nuclides like 239Pu, 240Pu, 137Cs or 241Am are also of interest for such investigations [404,405]. In AMS of 239Pu, 238U
as found to be a major source of background due to the same ionic charge exchange processes along the accelerator
eamline which were already discussed as sources for background in the 236U measurements in Section 4.3.2.1 [404].
ccordingly, the application of CLTDs has the potential to improve the sensitivity also for 239Pu which is important to
bserve mitigation of plutonium in the environment, or to monitor its dispersal from nuclear facilities.
Several AMS facilities around the world, for example at Argonne, USA [406,407], Canberra, Australia [139], Caserta,

taly [138], Sevilla, Spain [140], Florence, Italy [137], Cologne, Germany [136,408], as well as Zurich, Switzerland [141],
ave joined their efforts to improve the detection efficiency for different uranium and plutonium isotopes (see also [409]
nd references therein). In parallel, AMS facilities develop towards smaller terminal voltages below 1 MV [401]. Several
edicated accelerators with a terminal voltage of 0.5 MV are already in operation [410]. A machine with a terminal voltage
f 0.2 MV is under investigation at the ETH Zurich [410]. This means that the typical kinetic energies for heavy nuclides
re of the order of 1− 2MeV. Such low energies demand for new detection systems, because the overall efficiency of the
acility is hampered severely by energy loss processes in thin foils of time-of-flight detectors or ionization chambers. In
his case, CLTDs for ion energies below 0.05 MeV/u are needed. In addition, CLTDs hold a lot of potential for applications
n the AMS community, because particularly for small facilities the installation of additional magnetic filter stages as
resented in [411] is a less feasible option.

. Perspectives for future applications of CLTDs in heavy ion physics

Whereas several applications of CLTDs in heavy ion physics, which provided already interesting physics results in some
ields of heavy ion research, were presented in the previous section, there are a couple of potential future applications
hich will be discussed in the following section.

.1. High-resolution nuclear spectroscopy

The investigation of direct reactions, such as elastic and inelastic scattering, few-nucleon transfer reactions, charge
xchange reactions, etc., is a well known tool in nuclear physics to obtain information on nuclear structure [128,212,412].
n particular, inelastic scattering allows to study the nuclear multipole response to excitation. Here the investigation
f low lying states whose characteristics reflects the deformation, transition densities, as well as the investigation of
ollective excitation modes in nuclei, including new collective modes and the isospin dependence of giant resonances,
re of interest. In the recent past, such investigations performed with radioactive beams in inverse kinematics became of
articular importance [128,412,413].
Heavy ion detectors, which detect the scattered particles or the reaction products after the nucleus–nucleus interaction,

eed to have sufficient energy resolution to separate elastic from inelastic reaction channels, or to identify specific reaction
hannels. The availability of high-quality heavy ion beams, cooled in storage rings to highest phase space densities with
relative energy spread as good as ∆E/E ≤ 10−4

− 10−6, and of high resolution detectors opens new possibilities in that
ield. Here the application of CLTDs may in the future improve the performance of such experiments.

As an example, a scattering experiment [153,218,228], performed with a relativistic heavy ion beam from the SIS18
ynchrotron at GSI, representing the first application of a cryogenic detector in nuclear structure physics, will be discussed.
he excitation of the giant resonance, which is a collective vibrational mode of nucleons in nuclei [414–416], was
nvestigated for the lead nucleus by separating inelastically from elastically scattered ions in the spectrum for the
cattering of 100 MeV/u 20Ne ions from a lead target. Since a beam particle which has excited a giant resonance in a
arget nucleus essentially loses an amount of kinetic energy corresponding to the excitation energy, the excitation of
he resonance can be detected in the total energy spectrum of the scattered 20Ne projectiles. At relativistic energies, a
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Fig. 5.1. Experimental setup for the investigation of giant resonances with CLTDs [218].

Fig. 5.2. Energy spectrum obtained with an aluminum TES calorimeter for scattering of a 100 MeV/u 20Ne beam from a lead target. The bump due
o the excitation of the giant resonance in lead is indicated by the label GR. The solid line represents the result of Gaussian fits to the data.
ource: Reprinted from [15] with kind permission of Springer.

elatively high excitation probability for giant resonances is expected for Coulomb excitation at peripheral collisions [414–
16]. Theoretical predictions [153,218,228,417] indicate that modes predominantly excited in this system are the isovector
iant dipole resonance, the isoscalar giant quadrupole resonance, and the isoscalar giant monopole resonance. It turns out
hat at a scattering angle of θlab = 3◦ the giant dipole resonance dominates, with small contributions of the other two
odes. At this angle, the ratio of the cross section for the excitation of the giant resonance σGR to the cross section for
lastic scattering σel was calculated to be σGR/σel = 1.4% with a mean excitation energy of E⋆

= 13.1MeV (see Table 5.1).
In Fig. 5.1 the relatively simple experimental setup for the present investigations is displayed (for details see [218]).
100 MeV/u 20Ne beam, extracted from the SIS18 synchrotron, hits a natural (not isotopically enriched) Pb target of
0mg/cm2 thickness. The cryostat housing the CLTD was installed on a movable platform and connected to the scattering
hamber by two bellows, which allowed to adjust the scattering angle in the angular range of 0◦ < θlab < 5◦. A 90mg/cm2

titanium degrader foil, which could be moved in the beam, was used for an energy calibration by a measurement with and
without degrader foil. The unscattered beam was stopped in a beam dump mounted between the degrader foil and the
cryostat. In order to detect the relativistic 20Ne ions (total energy up to 2000 MeV) a CLTD with an Al-TES thermometer
glued on a cylindrical sapphire absorber with 1 mm diameter and 5 mm length was used (see Section 3.2.3.1).

In Fig. 5.2 the energy spectrum measured for 20Ne ions, scattered from a lead target (50mg/cm2) at a scattering angle
of θlab = 3◦, is displayed. The energy resolution obtained for the elastic peak amounts to ∆E = 6.9MeV, which is close to
the energy resolution of ∆E = 6.3MeV deduced for a measurement with direct beam [153] (see also Section 3.6.2), which
means that contributions to the energy broadening due to the scattering geometry, energy straggling in the target, target
inhomogeneity, etc. are of minor importance. Below the elastic peak, a bump appears which is attributed to the excitation
of the giant dipole resonance in the lead nuclei. The shoulder at the high energy side of the spectrum is most probably
due to pile up, as the relative strength of this shoulder varied with the beam intensity. The positions and the intensities
of the two peaks were extracted by Gaussian fits. The excitation probability and the excitation energy as deduced from
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Table 5.1
The results of the giant resonance experiment are compared with theoretical predictions
[228].

Experiment Theoretical prediction

Excitation probability [%] 1.7(0.3) 1.4
Excitation energy [MeV] 14.0(1.2) 13.1
Width [MeV] 7.8(1.2) 5–6

the fits are compared with theoretical predictions in Table 5.1. Both experimental values agree well within errors with
the theoretical predictions.

It should be pointed out that similar experiments in future, performed with high quality beams, cooled in storage rings
o highest phase space densities with a relative energy spread as good as ∆E/E ≤ 10−4

− 10−6 [231], and then extracted
or experiments, would even improve the quality of such experiments with respect to the energy resolution, as we assume
hat the energy resolution obtained in the prototype experiment with a 20Ne beam (discussed above) was limited by the
nergy width of the incident beam [218], and that the full potential of the intrinsic energy resolution of the CLTD (which
an be of the order of 1 × 10−3 (see Section 3.6.2) [228]) was not yet exploited.
On the basis of the present results, possible future applications include investigations of giant resonances with stable

nd radioactive beams of heavy ions. In contrast to standard inclusive detection techniques which require high resolution
pectrometers [418] and to exclusive detection techniques [413,416,419], where the giant resonance is excited in the
rojectile, and thus all decay products of the giant resonance have to be detected for a missing mass reconstruction for
easuring all decay channels with sufficient accuracy, requiring a rather extended and complicated experimental setup,

he present method allows a relatively simple setup, but requires high energy resolution.
For the future it is planned to continue such investigations. Of particular interest are the excitation of single giant

esonances of different multipolarities, the excitation of higher order collective modes, so-called multi-phonon giant
esonances [413,416], and new excitation modes, that may allow access to the parameters of the equation of state of
uclear matter. It should be pointed out that for giant resonance studies on radioactive nuclei using the present method,
ue to the fact that nuclei in which a giant resonance is excited are not particle stable, targets of radioactive nuclei at rest
eed to be bombarded by stable nuclei. Recent developments on the production of radioactive nuclei stored in traps [420]
ay allow such investigations in future.
Concerning investigations on heavy ion reactions at energies near the Coulomb barrier the excellent energy resolution

f CLTDs will allow to resolve and separate elastic from inelastic reaction channels and/or to identify specific reaction
hannels with level spacings down to ≥100 − 200 keV, representing the regime of very low excited states. Examples for
various experimental studies planned for the future in this field can be found in [128,130].

5.2. In-flight mass identification of heavy ions

The direct in-flight mass identification of ions, atoms, molecules, and other species is an important task for many fields
of physics. In particular, the in-flight mass determination of nuclides produced in heavy-ion induced reactions is required
in many fields of heavy ion physics, and is in many cases mandatory for a unique identification of rare isotopes and
an unambiguous interpretation of experimental data. As the required relative mass resolution for resolving neighboring
masses scales with the nuclear mass m according to 1/m, such a task turns out to be most challenging for the heaviest
article-stable nuclides under investigation.

.2.1. Detection scheme
Well established methods [421] for the in-flight mass identification are the Bρ/ToF method and the E/ToF method, the

atter one being in the focus of the present investigations. Whereas the Bρ/ToF method, where an isotope mass m = p/v
s determined by a magnetic rigidity (Bρ) measurement of the momentum p and a time-of-flight (ToF) measurement
f the velocity v, requires, especially for high energy ions, a big magnet spectrometer, and suffers (in some cases) from
imitations due to a relatively small solid angle, a small dynamic range, and, in particular for slow, not fully stripped heavy
ons, ionic charge state (q) ambiguities (because B · ρ = p/q), the E/ToF method is principally free of such limitations.

The detection principle of the E/ToF method is illustrated in Fig. 5.3. Here, the mass of an isotope m = 2E/v2 is
etermined by its kinetic energy E and its velocity v, measured again via ToF. Principally there exists also the option
o obtain a ToF Stop signal from the energy detector, and therefore to skip the stop detector in the present scheme. In
easurements with conventional energy detectors this option is often realized, however, for the present investigations
ith CLTDs this option was presently not realized because of the relatively long rise times of the CLTDs used here.
For the non-relativistic approach the mass resolution for the E/ToF detection scheme is given by the relation

∆m/m =

[
(∆E/E)2 + (2∆t/t)2

]1/2
(5.1)

t is obvious from this relation that the separation of the heaviest nuclides (M ≈ 300 u) will require a relative ToF
esolution of at least 1 − 2 × 10−3, and a relative energy resolution of at least 2 − 3 × 10−3 or less, and even better
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Fig. 5.3. Detection scheme for the in-flight mass determination of heavy ions by the E/ToF method: The velocity v is determined by measuring the
flight time (ToF ) between a start (t1) and a stop (t2) detector. The kinetic energy E is determined by an energy detector.

Table 5.2
Experimental results for the mass resolution (marked in red) obtained in various experimental investigations with the ToF/CLTD method, including
all other relevant parameters. Please note that the experimental setups were in some cases not optimized for obtaining the best mass resolution.
Incident Incident Flight Energy resolution Time resolution Mass resolution Limiting Reference
ion energy path

∆E ∆E/E ∆t ∆t/t ∆m ∆m/m
factor

[MeV/u] [m] [MeV] ×10−3 [ps] 10−3 [amu] ×10−3

63,65Cu 0.8 1.2 0.33 6.9 680 6.6 0.9 14 ToF res. [155]
63,65Cu 0.8 1.2 0.30(2) 6.0(4) 560(56) 5.4(5) 0.80(8) 13(1) ToF res. [184]
131Xe 0.82–0.88 0.88 0.68 6.6 140 1.4 0.94(5) 7.2(4) E res. [184]
206,208Pb ≈0.08 1.52 0.166(5) 9.8(3) 535 1.4 2.43(4) 11.0(2) E res. [15,164,430]
209Bi 4.7 2.0 7.33(3) 7.5(1) 205(12) 3.4(2) 1.8(1) 8.6(5) ToF res. [164]
238U 0.23–0.63 1.06 0.31 3.5 250 2.0 1.28(4) 5.0(2) ToF res. [155,184]

for the case of mass identification of very rare isotopes with a large abundance difference with respect to neighboring
isotopes. Whereas the determination of the ion velocity with the required relative resolution is possible with standard ToF
echniques [209,399] by using fast channel plate detectors and applying, especially for the case of very slow heavy ions,
ltra-thin carbon foils [422] to keep energy-loss straggling on a tolerable level, the required relative energy resolution is
he crucial point of this method.

The application of conventional ionization-based heavy ion detectors for this detection scheme has, due to the intrinsic
imitations of such detectors (see Section 2.5) which suffer from incomplete energy detection due to charge recombination,
esulting in pulse height defects and a non-linear energy response, and a relatively poor energy resolution for very heavy
ons, therefore shown only satisfactory results for the mass resolution for light masses (m ≤ 90) [291,423–428]. This
roblem can be overcome by replacing conventional detectors by CLTDs for the energy detection, which, due to their
xcellent energy resolution and energy linearity because of the absence of a pulse height defect (see Section 3.6.2), and
heir radiation hardness, may in future be favorably used for such purposes.

.2.2. Mass resolution for the ToF/CLTD method
There have been a number of attempts to determine the performance of ToF/CLTD systems with respect to the mass

esolution. Some selected examples will be discussed in the following. It should be pointed out that the results presented
ere were obtained as by-products of measurements with a different focus (see also Section 4.2.2) and therefore, the
xperimental setups used were in some cases not optimized for obtaining the best possible mass resolution.
For all measurements presented in this section, CLTD detectors on the basis of sapphire absorbers and Al phase-

ransition thermometers were used (for details see Section 3.2.3). Several versions of start and stop time pickoff
etectors have been used, all working with the same non destructive operation principle [184,208,209,372,378,399,429]:
econdary electrons which are produced during the passage of heavy ions through a thin carbon foil are deflected by
45◦ electrostatic mirror, and focused on a fast electron detector, consisting of two micro channel plates in ‘‘Chevron
onfiguration’’ (for details see [209,378]). This ToF setup allows a transition-type velocity measurement with low influence
n the heavy ion energy. Relatively short flight paths of 1 − 2m were chosen for the present investigations, and thin to
ltra-thin carbon foils with 0.6 − 10 µg/cm2 thickness were used, ensuring that the energy straggling of the heavy ions
n the carbon foils was in all cases negligible as compared to the energy resolution of the CLTDs. With these setups
ime resolutions of the order of 140 − 680 ps, dependent on the individual experimental conditions, were obtained (see
able 5.2). The flight paths (distance between start and stop detector) were chosen in the present investigations relatively
hort, and could be in future increased for optimizing the mass resolution.
Results from different measurements concerning the mass resolution obtained with a ToF/CLTD setup for different

ncident ions and different incident energies are summarized in Table 5.2. For a measurement with the relatively light
3Cu and 65Cu ions a 0.8 MeV/u beam from the MP tandem accelerator at the MPI Heidelberg was used [155,184]. This
as the advantage that the energy resolution was not affected by the energy width of the incident beam, which was
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Fig. 5.4. Mass spectrum determined with a ToF/CLTD setup for a 50 MeV 63,65Cu beam. The mass resolution is ∆m(FWHM) = 0.80(8) amu.
Source: Adapted from [155].

Fig. 5.5. Results of a test experiment for isotope identification by a combined ToF/CLTD measurement for the isotopes 206Pb and 208Pb at several
energies around 0.08 MeV/u. The ToF/energy correlation is plotted on the left-hand side. The solid lines represent fits to the data according to the
expected kinematic correlation. The corresponding mass spectrum is displayed on the right-hand side. A mass resolution of ∆m = 2.43(4) amu is
achieved.
Source: Adapted from [15].

estimated to be of the order of ∆E/E ≤ 5 × 10−4 [184]. The result is displayed in Fig. 5.4. Well separated peaks are
obtained for 63,65Cu, and a mass resolution of ∆m(FWHM) = 0.80(8) amu is obtained, in this case still limited by the
time resolution. A first attempt with heavier ions was performed [164,430] during a measurement at the VERA facility
at Vienna, Austria. Here, a mass resolution of ∆m(FWHM) = 2.43(4) amu was obtained with not optimized CLTDs for
206,208Pb ions with a relatively small incident energy of around 0.08 MeV/u (see Fig. 5.5). Even better results were more
recently obtained with the experimental setups displayed in Fig. 4.33 as a by-product of experiments on stopping power
measurements (see Section 4.2) with mass resolutions of ∆m(FWHM) = 0.94(5) amu for 0.82 − 0.88MeV/u 131Xe ions,
and of ∆m(FWHM) = 1.28(4) amu for 0.23 − 0.63MeV/u 238U ions [155,184] (see Fig. 5.6).

Having in mind that also in these cases the full potential on the energy resolution of the CLTDs was not realized,
these results represent already a substantial improvement for the mass resolution of ToF/E setups, not reachable for such
heavy ions with conventional energy detectors, and therefore bear a large potential for future investigations in heavy ion
physics.
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Fig. 5.6. The mass spectrum as derived from a ToF/CLTD measurement for 131Xe ions in an energy interval of 0.82 − 0.88MeV/u is displayed on
the left-hand side. On the right-hand side, the mass spectrum for 238U ions in an energy interval of 0.23−0.63MeV, again derived from a ToF/CLTD
measurement, is displayed. The mass resolution corresponds to ∆m = 0.94(5) amu for 131Xe, and to ∆m = 1.28(4) amu for 238U, respectively.
Source: Adapted from [184].

5.2.3. Identification of superheavy elements
5.2.3.1. Motivation

The search for new chemical elements has been a driving force for nuclear physics since the days of Marie and Pierre
Curie (see [431]). When the GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany, was founded, the search
for new elements was a central focus of its research program. A detailed recollection of the very successful story that
followed is given by G. Münzenberg in [432]. One successful production process of the socalled superheavy elements is the
process of cold fusion where a projectile of mass around 60 collides with atoms of a heavy target. The collision energy is
chosen such that fusion of the two nuclei is just barely possible. As a result, the compound nucleus which is formed has
only a very moderate excitation energy and thus a large survival probability. To separate the scarce reaction products from
the main ion beam and other background, the mass separator Separator for Heavy Ion reaction Products (SHIP) [433–436]
was commissioned at GSI in 1975. In its now almost fifty years of operation, SHIP has produced a rich spectrum of physics
results. The highlight is certainly the first production of the elements with Z = 107 to Z = 112. The elements hassium
(Z = 108) and darmstadtium (Z = 110) honor the place of their discovery. The story of superheavy elements is also
written at the GARIS separator at RIKEN [437], where Z = 113 was discovered, and at the JINR Dubna [438] in Russia
with the discovery of Z = 114−118 in cooperation with the LLNL, Livermore, USA and the ORNL, Oakridge, USA, produced
by the alternative process of hot fusion with an actinide target. Recently, also the IMP at Lanzhou, China [439] has started
its superheavy research program. The search for superheavy elements is also part of the long-term research program at
GSI and FAIR within the NUSTAR program [130,440]. Preparations for the construction of a dedicated accelerator only for
superheavy element research are currently underway [441,442]. In 2008, the gas-filled separator TransActinide Separator
and Chemistry Apparatus (TASCA) was commissioned at GSI [443]. In addition to producing superheavy elements, TASCA
uses a gas-filled separation cell to extract the very rare reaction products and to study their chemistry [444,445]. An
overview on the status and the perspectives of the research on superheavy elements is given in [446].

Superheavy elements are very rare species with relatively short half lives. For example, the detection rate at SHIP
dropped from several per week to a few per month when going from Z = 108 to Z = 112, despite continuous
improvements in accelerator as well as target technologies. Accordingly, the unambiguous identification of a specific
nuclide is a demanding but mandatory task. Nuclear structure supports this quest: In the high-Z region, many elements
usually decay by α−decay which means they emit α-particles with well defined energies and decay constants. The
identification of the original nuclide is possible when climbing up the ladder, i.e. following the successive α−decays from
a well-known end up to its beginning [436]. A combination of position-sensitive silicon detectors is used to uniquely
assign each α−decay chain to the original nuclide. The excellent energy resolution for α-particles in addition to the
determination of the decay time allows for the unambiguous identification of each decay chain. However, for higher
Z (Z ≥ 112) and neutron-rich isotopes, the reaction product itself or one of its daughters has a large probability to
undergo spontaneous fission [438,443,447] before ending in an α-decay chain with well known α−decay signature. In
this case, the identification method of the produced isotope used for Z ≤ 112 is not applicable. Instead, the identification
relies on the measurement of excitation functions and α−decay chains in combination with nuclear structure calculations,
which may be prone to systematic uncertainties. To overcome this problem, it was proposed [15,23] to use a combined
ToF/energy measurement, which directly measures the mass of the produced nuclide or of its fission products. In addition,
the precise energy of the superheavy nuclide and the half life of potentially occurring α−decays should be measured
simultaneously. The excellent energy resolution in combination with a good mass resolution and energy linearity makes
CLTDs a well-suited tool for the identification of superheavy elements [15]. However, the very rare reaction products
demand for detector arrays with large solid angle to achieve a sufficiently large detection efficiency.
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Fig. 5.7. The panel on the left-hand side displays an example of a recorded α−spectrum. 241Am is the calibration source. The panel on the right-hand
ide displays the corresponding energy spectrum of the reaction products. Elastically scattered 58Ni projectiles were also detected. For the heavy
ons (right-hand side), the width of the peaks is determined by the velocity acceptance of SHIP, as well as by the kinematics of the nuclear reaction.

.2.3.2. First feasibility study at SHIP

Experimental setup:
The experimental setup of SHIP for the production and identification of superheavy elements is described in detail

n [432,436]: The ion beam from the UNILAC accelerator with an energy of around 100 MeV hits the rotating target wheel
here the fusion reactions take place. After being focused by a quadrupole triplet, the produced superheavy elements,
s well as the incident ion beam and other (unwanted) reaction products pass through the first filter stage of combined
lectric and magnetic fields. At the intermediate horizontal focus, the primary beam is separated into a beam dump, while
he reaction products pass on to the second filter stage. The second quadrupole triplet focuses the reaction products onto
he silicon detectors where they are implanted with their full energy. The last dipole magnet, as well as a short time-
f-flight path were added to suppress scattered projectiles. SHIP has a velocity acceptance of ∆v/v = 5% and an ionic
harge acceptance of ∆q/q = 10%. The central silicon detector has an active area of 3 × 8 cm2 and a position resolution
f 150 µm. Four additional silicon detectors detect α-particles which might have escaped from the central detector. The
ain detector measures the position and time of the heavy ion as well as of the consecutive α−decays. If the position of

he α−decays coincides with the position of the heavy ion, they are assigned to the same α−decay chain.
In the present feasibility study,19 the silicon detector chamber was replaced by a cryostat which housed a single CLTD

f 3×3×0.33mm3 (for details see [164]). As a test case, a reaction with a rather high reaction cross section was chosen:

58Ni +102 Ru →
160 Hf⋆, Q = 104MeV (5.2)

he Ni ions had an incident energy of 4.7 MeV/u. Dependent on the incident energy, the reaction product hafnium
vaporates 2−4 protons and up to 8 neutrons with a rather broad mass distribution. The distribution of the kinetic energies
s determined by the velocity acceptance of SHIP, as well as by the kinematics of the nuclear reaction. Several of the
roduced nuclides undergo α-decay. Due to technical reasons in this first feasibility study, the time-of-flight measurement
as not integrated into the data acquisition. The goal was to demonstrate that a simultaneous detection of the heavy
eaction product and its α−decay(s) is possible. The reaction products have a kinetic energy of around 93 MeV, and the
-particles have energies between 3 and 6 MeV (see Fig. 5.7). The dynamic range of the CLTD is sufficiently large to
etect both ion species. However, to realize a good energy resolution for the α-particles, as well as for the heavy ions,
he detector signal was split and fed into two different main amplifiers (Emetron Shaping Amplifiers, see Section 3.3)
ith different amplification factors. The time correlation between the events was realized by using a time signal from
frequency generator with a frequency of 160 kHz [164]. The signals of the main amplifiers were fed into the data
cquisition system of SHIP [436].

Results:
The left-hand side of Fig. 5.7 displays an example spectrum of the α−decays. 241Am is the calibration source. The main

ontributions of the different reaction and decay products could be identified. The overlapping peaks were deconvoluted
y keeping the FWHM fixed and using the literature value of the α-energy. Only the amplitudes of the Gaussians were
itted. Although within rather large error bars, we can state that with the present experimental settings no 152Er and very
ittle 153Er is produced. In contrast, the production cross sections of 156Yb and 153Tm are much larger than predicted.

19 Performed in cooperation with D. Ackermann, F. Hessberger, S. Hofmann and G. Münzenberg (GSI Darmstadt).
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Fig. 5.8. Examples of α−decay chains, which were identified in the present feasibility study with CLTDs. The related α-energies and decay times
isplayed were extracted from the experimental data by using a dedicated software which was used in experiments on superheavy element
roduction [436]. The literature values for the α−energies and the half lives are well reproduced. [164].

he small contribution of 152Er can be completely attributed to the decay of 156Yb. On the right-hand side of Fig. 5.7,
he corresponding spectrum of the reaction products is displayed. The peak of 58Ni is the result of elastic scattering
rocesses of projectiles. Its width of ∆E/E = 5.1(2)% is determined by the velocity acceptance of SHIP. The peak of the

reaction products is considerable wider, because the decay processes and emission of nucleons during the flight through
the velocity filter broaden the energy distribution.

The main goal of the experiment was to demonstrate that a unique identification of reaction products via the correlated
detection of α-decay chains under realistic experimental conditions is possible when using a CLTD as energy detector. For
this purpose, the data were analyzed with a dedicated software which is used to identify α−decay chains in experiments
n superheavy elements [436]. Fig. 5.8 shows examples for different α−decay chains that were identified with this method
rom the present data. The literature values for energy and half life are well reproduced. This example demonstrates that
he dynamic range of the CLTDs is in principle large enough to detect α−decay chains and the emitting mother nuclide
imultaneously and time-resolved. With the best obtained energy resolution for α-particles and the excellent performance
or direct mass determination (see Section 5.2), CLTDs bare the potential to provide both, the α−decay chains, and the
irect mass of the reaction products. In particular, the mass of nuclides which undergo spontaneous fission can also be
etermined. The main challenge remains to realize detector arrays which provide sufficient detector solid angle to cover
he full focal plane of SHIP of 30×80mm2, or of other SHE separators. The recent construction and successful application
f a detector array with an active area of 15× 15mm2 (see Section 3.2.4) paved the way for solving this problem, having
n mind that the design allows for the construction of even larger arrays with the same concept.

.2.4. Application for reaction studies with radioactive beams in inverse kinematics

.2.4.1. Motivation
The investigation of nuclear reactions with isotopic clean radioactive beams is an important tool for addressing many

uestions of high interest in nuclear physics and nuclear astrophysics, such as for example the isospin dependence of
uclear structure, the mechanisms of nucleosynthesis in the universe, etc. (see for example [128–130,212,412,448]).
t allows, among others, to study the structure of very short lived nuclei which are not available as targets. Such
nvestigations are presently performed, or will in future be performed, at various laboratories world wide with radioactive
eam facilities existing, under construction, or planned, such as GSI/FAIR [124,128–130], GANIL [125], Argonne National
ab. [126], RIKEN [127], RIB [449], FRIB [131], HIAF [132], RAON [133], etc., with the aim to produce and use radioactive
eams of highest quality and intensity, reaching as far as possible outside the valley of stability (see also Sections 1 and
.1).
Typically, reaction studies with radioactive beams are performed in inverse kinematics, as illustrated in Fig. 5.9. That

eans that the radioactive beam is interacting with a stable target, and as many as possible reaction products are detected
nd identified with the highest possible resolution. For an overview on this research field, the reader may be referred to
he Nuclear Structure, Astrophysics and Reactions (NUSTAR) project [448,450,451], and to selected review articles and
hite papers [128,130,212,412]. Among others, an important ingredient of such investigations is the direct in-flight mass
etermination of the reaction products, which is in many cases mandatory for a unique identification of the reaction
roducts, and for an unambiguous interpretation of the experimental data. Here the application of the ToF/CLTD method
see Sections 5.2.1 and 5.2.2) provides advantages as compared to standard conventional detection schemes, and may
ecome in future an alternative tool. In the following some selected examples are discussed.

.2.4.2. Direct mass identification of reaction products after in-flight γ−spectroscopy
For present and future investigations concerning the in-flight γ -spectroscopy with radioactive beams, the E/ToF

echnique is frequently used. Examples are experiments of the RISING-, PRESPEC-, HISPEC- and DESPEC- projects [424,452],
he latter ones being part of the future activities of NUSTAR@FAIR [440,450,451] in the Low Energy Branch (LEB) (see
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Fig. 5.9. Sketch of a typical experimental setup for the investigation of heavy-ion induced direct reactions with radioactive beams in inverse
kinematics. For the identification of the beam-like reaction products, high-resolution CLTDs may favorably be used.
Source: Adapted from [15].

Fig. 5.10. Left-hand side: Sketch of the detection concept of LYCCA. LYCCA-related items are drawn in black (for details, see [426]). Right-hand side:
Proposed basic layout of the NuSTAR Low-Energy Branch (LEB) (for details see [453]).

Fig. 5.10, right-hand side). Here, the Lund-York-Cologne CAlorimeter (LYCCA) detector setup [425,426,453] is foreseen to
dentify the projectile-like reaction products (see Fig. 5.10, left-hand side). With conventional CsI(Tl) detectors, presently
sed for the energy determination and for the Stop-ToF signals, a satisfactory mass determination is in many cases limited
o the mass range m ≤ 90 [424–426]. The application of appropriate CLTDs as energy detectors could increase the
ass range up to highest masses (m ∼ 250), and could avoid the application of magnetic spectrometers for the mass
etermination which are sometimes limited by the small detection efficiency due to small solid angle acceptance, the
mall dynamic range, and in the case of slow heavy ions by ionic charge state ambiguities. With an improved rise-time
ehavior, to be developed in future, CLTDs could also serve as STOP detectors for the ToF measurement.

.2.4.3. Direct mass identification of reaction products from direct reactions
The investigation of direct reactions with radioactive beams is one of the most important tools of nuclear structure-

nd astrophysics [128,212,412,450], and is therefore a topic in the research program of all radioactive beam facilities
xisting or planned world wide. A typical scheme for an experimental setup is displayed in Fig. 5.9. A radioactive beam
s hitting a stable target, and the target-like and projectile-like reaction products are detected and identified, in the most
ases in a kinematically complete way. For the case of NUSTAR@FAIR direct reaction studies are foreseen for basically all
arts of the NUSTAR setup [448,450,451]. Whereas in many cases large solid angle magnetic spectrometers are used for
he detection and identification of the beam-like reaction products (typical examples are the R3B setup at FAIR [130] and
he SAMURAI-setup at RIKEN [127]), alternative techniques like the E/ToF method and others may be better used due to
he individual experimental conditions (space limitations, optimization of the detection efficiency, the need for a high
ynamic range for a simultaneous measurement, for avoiding ionic charge state ambiguities for slow heavy ions).
Here, again the application of CLTDs for the ToF/CLTD method may provide in future, as compared to conventional

etection schemes, an improved performance for the mass determination of heavy ions with masses m > 90.

.2.5. Other applications of mass identification

.2.5.1. Direct mass identification of fission fragments
The investigation of the characteristics of the fission process, namely the identification of fission fragments and the

etermination of their yields is an important tool for our understanding of the fission process, and also for more technical
opics in reactor physics (see also Section 4.1.1).
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Fig. 5.11. Sketch of the VERDI setup including the central ’’Fission Electron Time-of-Flight’’’ start detector and the two energy detector spheres at
he end of each ToF section (not to scale). Fragments can be detected by one of the silicon detector pairs, while the electrons, emitted by the target,
re deflected by the electrostatic mirror into the direction of the micro channel plate detector.
ource: Reproduced from [455].

Mass identification of the fission fragments is either performed by a magnetic analysis (for example at the LOHENGRIN
ass separator [274,275]), or by E/ToF techniques [427,428,454], both methods having advantages and disadvantages.
typical example for a spectrometer operating on the E/ToF principle, and thus superior in detection efficiency as

ompared to spectrometers using the magnetic analysis, is the ‘‘COSI FAN TUTTE’’ spectrometer [428,454], which was
ecently replaced by the ‘‘VERDI’’ spectrometer [455]. As an example the detection scheme of the VERDI spectrometer is
isplayed in Fig. 5.11. Whereas excellent performance is obtained in both cases for the mass resolution of light fragments
∆m = 0.7 amu for m < 130 for COSY FAN TUTTE, and ∆m/m = 0.023 expected for lighter masses for VERDI [455]),
he mass resolution is limited in both cases by the energy resolution of the energy detectors (ionization chambers or Si
etectors) for the heavier masses [427,428,455]. The application of CLTDs as high resolution energy detectors for such
pectrometers could improve the performance considerably for the investigation of heavy mass fragments.

.2.5.2. Mass spectrometry of biomolecules
In many applications in biology and medicine, the mass identification of biomolecules is mandatory [117]. These

olecules have masses of several thousand up to hundred thousand amu. Therefore, the energy-sensitive detection and
dentification of high-mass biomolecules represents an application which operates in a completely different regime of
ncident energy and detected mass, as compared to the applications discussed above. As is described, e.g., in [117],
ass spectrometry of biomolecules is usually performed in the so-called MALDI-ToF setup. MALDI stands for Molecule
ssisted Laser Desorption Ionization. This method uses a laser to ionize the large biomolecules without destroying them.
n alternative method is electrospray ionization [117], but MALDI is used most frequently. The MALDI method is most
fficient for producing molecular ions with one, two or at most a few charges. These ions are then guided through an
ccelerating voltage of several thousand volts. After acceleration, typical ion energies are in the range of 10 to 100 keV,
hich is much smaller than the MeV energies which were discussed before. This poses particular demands on the detector
echnology.

The second term in MALDI-ToF stands for Time of Flight as already discussed in Section 5.2.1. However, the low kinetic
nergy of the ions does not permit the use of time-of-flight detectors as used in nuclear physics experiments, because
he ions would not pass even the thinnest foils. Therefore, the energy detector must also serve as the stop detector which
emands for a high time resolution. The start time is defined by the application of the laser pulse. As a consequence,
ALDI-TOF is performed in a pulsed mode. For the ion detector, this poses two strong demands: Firstly, it has to be

ast to provide a good time resolution for the time-of-flight and to provide a high rate capability. Secondly, it should
ave a large solid angle because there are usually no beam-focusing elements included in the setup. In conventional
ass spectrometers for biomolecules, Multi Channel Plate detectors (MCPs, see Section 5.2.2) are used. They are very

ast detectors with a high rate capability and active detector areas of up to several square centimeters. However, they
uffer from one disadvantage: Their detection efficiency strongly decreases for heavy masses above about 20 kDa (1 Da is
qual to 1 proton mass), because the emission of electrons is no longer efficient [117]. In 1996, D. Twerenbold suggested
ryogenic particle detectors as an alternative [114], because their detection principle is independent of charge creation
nd the detection efficiency should, therefore, not depend on the ion mass. To meet the criterion of a short rise time and
high rate capability, he proposed Superconducting Tunnel Junctions (STJs) as the most promising detector concept. STJs
re no CLTDs in the strict sense. They consist of two superconducting thin films which are separated by an insulating
arrier and kept in the superconducting state well below the transition temperature. When a biomolecule hits the upper
uperconducting layer, its kinetic energy breaks Cooper pairs and creates excess quasiparticles (electrons and hole-like
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excitations). These quasiparticles tunnel through the insulating barrier and produce a small tunneling current which is
proportional to the number of phonons created by the impact. Details of the operation principle of STJs can be found
in [182]. First prototypes were presented at the 7th International Workshop on Low Temperature Detectors (LTD7) by
D. Gerber et al. [456], S. E. Labov et al. [115] and G. C. Hilton et al. [116]. All groups demonstrated the feasibility of their
detector concepts. In particular, three potential advantages were identified [117]:

• The mass-independent detection efficiency was already mentioned. In particular, the use of cryogenic detectors
should extend the mass range of the MALDI-TOF mass spectrometry up to MDa and thus allow for the investigation
of DNA, RNA or even viruses.

• MCPs are not energy-sensitive. They can only determine the flight time which depends on the velocity of the ions. The
detection of the kinetic energy, which is possible with STJs, would allow resolving m/q ambiguities, i.e. distinguish
a doubly charged ion of mass 2m from a singly charged ion of mass m.

• The detection mechanism of STJs works also for the impact of neutral molecules which may be created by
fragmentation of the initial biomolecule after acceleration. Thus, STJs can be used to overcome the so-called neutral
loss, and identify these neutral fragments, because due to their lower mass they carry less kinetic energy than the
initial biomolecule.

However, one big disadvantage of all these proof-of-principle detectors was their relatively small detector size which
ranged from 50 µm × 50 µm [456] to 200 µm × 200 µm [115]. Accordingly, M. Frank states in his review article [117]
that STJs will most probably not replace MCPs in standard MALDI-TOF mass spectrometry, also because the cryogenic
demands were challenging. However, he also states that STJs have the potential to investigate the systematic effects
mentioned above. This was proven by G. Westmacott and coworkers in [457,458]. They used a STJ with an active area of
0.04 mm2 to measure the efficiency of secondary electron emission of MCPs for masses up to 66 kDa and demonstrated
the possibility to resolve different ions with the same mass-to-charge ratio.

Based on these promising results, R. Wenzel et al. presented the first commercially available MALDI-TOF mass
spectrometry system with an array of 4 by 4 STJs and an active area of 1mm2 [459]. To facilitate its operation, the array
is housed in a fully automated multistage sorption cryostat which does not need any liquid helium infrastructure. The
authors demonstrated the detection of proteins with masses up to 2 MDa. They even pointed to a first potential clinical
application, namely the investigation of a certain class of proteins which causes the so-called von Willebrandt disease. The
detailed investigation of the mass distribution of the proteins in human blood could be a path to further investigate this
rare disease. In the meanwhile, several applications of this commercial detection system can be found in the literature. For
example, L. D. Plath et al. reported the investigation of the number of iron ions in the protein ferritin which is important
for patients who suffer from anemia or iron deficiency [460]. D. M. Sipe et al., on the other hand, investigated MDa-sized
nanoparticles of gold for medical applications, as well as different nanoparticles for quantum dots [461]. In this case, the
determination of the mass helped to determine the size of the nanoparticles and its variation much faster than would
be possible with an electron microscope. Aside from these applications in medical sciences, the group of M. Ohkubo
et al. from AIST, Japan, has developed their own MALDI-TOF mass spectrometry system [462] and combined it with a
tandem mass spectrometer to investigate post-source decay and the mass distribution of neutral molecules to overcome
the neutral losses observed when using MCP detectors [463]. Next to providing important instrumental input for the use
of MCPs, these investigations may also pave the way to new insights into the physics in interstellar clouds or combustion
engines [464].

5.3. Decay energy spectroscopy

CLTDs were already applied for decay spectroscopy since the early nineties of the last century. An excellent review on
the motivation, the various detection methods, and the results is presented in [22].

With respect to α-spectroscopy, the advantages of the application of CLTDs as compared to conventional detection
techniques are:

• the excellent energy resolution which allows to separate α-lines for neighboring isotopes with a high discrimination
power;

• the flexibility in the absorber material which allows to have the radioisotopes embedded in the absorber of a
composite CLTD. Besides the low detection threshold and the higher detection efficiency (4π solid angle) this enables
to measure the full energy released by a decay event, including the nuclear recoils, and without energy degradation
due to entrance windows and dead layers of the detector. Therefore, direct Q -value measurements can be easily
performed without the need for additional corrections, as well as the detection of very rare events, i.e. very low
activity measurements due to an improved background suppression.

A variety of applications were proposed, and impressive results have already been obtained. They reach from nuclear
hysics (Q -value measurements [103,107,465]) to material analysis [110], radiopurity investigations on very rare con-
aminants [11,103,106,107,109,120,466,467], α-lifetime measurements [107,109], as well as forensic and environmental
onitoring [111,468], and medical purposes [469] (see also [22] and references therein). Besides these topics, CLTDs were

lso developed and used for ion beam analysis [54] and Rutherford backscattering [470].
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Fig. 6.1. Level scheme for hydrogen-like U91+ according to various atomic models. The numbers on the right indicate the electronic binding energies.
he 1s Lamb shift is the deviation of the energy of the 1s1/2 level from the Dirac prediction. For U91+ , it amounts to about 463 eV.
ource: Adapted from [15].

Decay energy spectroscopy with CLTDs with respect to x-ray and γ -ray spectroscopy plays also an important
role [19,22,60,103,105,108,112,113,115,119,466,469,471]. This subject is briefly discussed in Section 6.

An extensive discussion of the very rich field of β-spectroscopy including neutrino-mass experiments (neutrino-less
double β-decay, beta endpoint measurements), etc. would go by far beyond the scope of this article. Here the reader may
be referred to some review articles covering this field [3,4,6,7,11,22,42,85–102].

6. CLTDs for high-resolution spectroscopy of hard x-rays and their application in atomic physics

High-resolution x-ray spectroscopy has been one of the driving moments for the development of CLTDs (see Section 1).
A key focus hereby was the detection of soft x-rays in the energy range below 10 keV which is of prime importance for
astrophysics [18–21,49,50,61–73]. It would go beyond the scope of this article to give even a short overview on the
rich physics program that has been performed related to ground-based as well as space-borne astrophysics. For a recent
overview on this topic, the reader may be referred to [4,19,21,22,67,70]. Instead, we will restrict the last section of this
review to high-resolution x-ray spectroscopy for hard x-rays, focusing on research related to atomic heavy ion physics
questions. This selection is adjusted to the present topic discussed, and does by no means neglect the excellent physics
program that has been conducted in the other fields.

6.1. Motivation: tests of quantum electrodynamics in strong electromagnetic fields

Quantum ElectroDynamics (QED) is by far the most stringently tested theory in physics. One of its effects is that it leads
to a small deviation of the binding energies of the electrons from the values calculated by the relativistic Dirac theory,
which is referred to as the Lamb shift [472] (see Fig. 6.1). Experimentally, the Lamb shift is determined by measuring the
transition energies for electron transitions from the 2p to the 1s state. For hydrogen, the 2p− 1s transitions – commonly
referred to as Lyman-α transitions – are known with a relative accuracy of 10−15 [473]. However, these transitions
lie in the range of microwaves and are accessible with high-frequency laser spectroscopy. If hydrogen-like uranium is
considered, the same transitions have a transition energy of around 100 keV and are, therefore, located in the x-ray regime.
Whereas in hydrogen and other light systems the QED predictions were confirmed with high accuracy [473], and because
higher order contributions are negligible there, the evaluation of QED for such heavy ions poses particular opportunities,
because the perturbation variable Zα becomes of the order of one (α being the fine structure constant) [474]. Accordingly,
the comparison between theory and experiment is of particular interest for such heavy, hydrogen-like ions. One particular
focus has been the determination of the Lamb shift of the 1s state in hydrogen-like heavy ions, which is an effect of
relativistic QED and offers a particularly sensitive test for theoretical predictions of QED in the domain of very strong
electromagnetic fields of the heavy nucleus [168,474–478], especially for higher-order terms which increase strongly
with higher Z . On the other hand, these investigations still fall behind the excellent accuracy obtained for hydrogen,
both in theory [474] and, even more severely, in experiments [168,479–481]. The most precise measurement of the
Lamb shift for heavy ions was performed for hydrogen-like uranium by A. Gumberidze et al. with a relative experimental
accuracy of 1% [482]. A recent extensive survey on the status of theory and experiments for QED tests with highly charged
ions has been given by P. Indelicato in [475]. According to this survey, experiments need to gain at least one order of
magnitude in accuracy before the current state-of-the-art calculations, which meanwhile include second and higher order
QED contributions, can be sensitively tested.

Hydrogen-like heavy ions have only one electron which offers the possibility to test QED in the most direct way. When
more than one electron is involved, interactions between electrons come into play in addition. These interactions need
to be included into the already complicated perturbation theory. At present, transition energies for two-electron and
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three-electron systems, i.e. helium-like and lithium-like ions, can be calculated with high accuracy. These calculations
demand for experimental data to scrutinize them, but for helium-like heavy ions, experimental data are scarce. Extensive
studies have been performed by P. Beiersdorfer et al. only for uranium ions [479,480].

One of the limitations of experiments aiming for a precise determination of the Lamb shift in heavy ions by determining
he center of gravity of the relevant x-ray transition energies is the limited energy resolution of germanium x-ray detectors
n the one hand (the better the energy resolution the more precise is the determination of the center of gravity of a
aussian line), and the limited detection efficiency of crystal spectrometers [211] on the other hand. The application
f CLTDs for this purpose provides a good compromise between energy resolution and detection efficiency and was,
herefore, proposed for measurements at EBIT facilities [483] and at heavy ion storage rings [148] (see next section).

.2. Experimental conditions for the detection of hard x-rays: electron beam ion traps and heavy ion storage rings

The aforementioned QED experiments have become possible only after heavy ions in high ionic charge states became
vailable in sufficient quantities under well controlled experimental conditions. In fact, the first Electron Beam Ion Trap

(EBIT-I) [172] at the Lawrence Livermore National Laboratory (LLNL), USA [144], was primarily designed as an X-ray source
for spectroscopy. In an EBIT, a highly focused beam of electrons is accelerated to high kinetic energies. It then interacts
with axially trapped ions, thereby further ionizing them. The maximum ionic charge state which can be obtained depends,
among other factors, on the maximum kinetic energy of the electrons. The EBIT-I at LLNL, and its successors EBIT-II and
SuperEBIT have produced a wealth of data for astrophysics, atomic physics, nuclear fusion and other fields [172,484,485].
Thereby, the SuperEBIT has obtained highest charge states also for very heavy ions up to helium-like uranium [486]. The
most precise determination of electron transition energies for lithium-like uranium was performed at the SuperEBIT by
P. Beiersdorfer et al. with an accuracy of 5×10−5 [487]. Another example is the EBIT at the National Institute of Standards
and Technologies (NIST), Gaithersburg, USA, which has focused its research on ions of medium Z [488].

However, if hydrogen-like heavy ions are considered, even the SuperEBIT can only provide very small quantities [489,
490]. Accordingly, experiments on hydrogen-like very heavy ions are currently mostly performed at heavy ion accelerators.
Among them, heavy ion storage rings offer the unique possibility of accumulating and cooling the ions. In particular, the
Experimental Storage Ring (ESR) [231,491] at the GSI, Darmstadt, Germany, is presently the only storage ring worldwide
which provides all ions and charge states up to bare uranium in a wide energy range from 500 MeV/u down to about
4 MeV/u. To realize the high ionic charge states requested for hydrogen-like ions, e.g. U91+, it is mandatory to accelerate
moderately charged ions to energies of up to 560 MeV/u. When the ions pass through a stripper foil, they loose most or all
of their electrons. After injection, the highly charged ions need to be decelerated in the storage ring to the lowest energies
for reducing experimental uncertainties due to the Doppler shift. Furthermore, the interaction with an electron beam
allows cooling the ion beam to a momentum spread of ∆p/p ≤ 10−4 [231]. Recently, the experimental storage facilities
at GSI were extended by the installation of the CRYRING, a second storage ring which operates at energies even down to
≤300 keV/u [492], and the installation of the HITRAP facility where the ions will be captured in a Penning trap and cooled
to ion temperatures of about 4 K [493]. These three facilities will be connected by beamlines, thus providing a versatile
experimental area, not only for stable ions, but – in connection with the fragment separator FRS [494] – also for unstable
nuclides. The CRYRING is already operational as a part of the Facility for Antiproton and Ion Research (FAIR) [130] which is
currently under construction at Darmstadt. Other storage ring facilities are in operation or currently under construction
worldwide. M. Steck and Y. A. Litvinov have given a detailed description of the different facilities existing and under
construction, as well as of the prominent techniques for ion cooling in [231]. The last section of their review also gives a
concise overview on the different physics programs pursued at these facilities.

As compared to the direct detection of heavy ions which was discussed in Sections 3–5 of the present review, the
detection of hard x-rays at EBITs or at heavy ion storage rings is performed under rather different experimental conditions:

• For highly charged ions, the transition energies of the x-rays lie in the range of around 10 keV up to 100 keV, which
is about 3–5 orders of magnitude lower than the energies of the ions discussed in Sections 3–5. In addition, x-rays
deposit their energy by indirectly ionizing processes, mostly by the photo effect, thus creating electrons which in
turn interact with the absorber of the CLTD and induce a temperature change. Therefore, absorbers should be high-Z
materials to obtain high absorption efficiency in combination with small absorber thicknesses for obtaining small
heat capacity [180].

• The smaller incident energies also put more stringent limits on the volume of the absorber and the thermometer,
as well as on the operating temperature to keep the heat capacity small for a sufficiently high thermal signal (see
Table 2.2 in Section 2). Accordingly, x-ray detectors are usually operated at temperatures well below 100 mK. These
low operating temperatures put a higher demand on cryogenic techniques, meaning that usually either 3He/4He
dilution refrigerators or adiabatic demagnetization refrigerators are used. In addition, single detectors are usually
combined into detector arrays in order to obtain a reasonable active detector area.

• On the other hand, x-rays even with an energy of down to 10 keV can pass through thin foils of low-Z material
without substantial losses of intensity. Therefore, x-ray detectors do not necessarily have to be coupled directly
to the vacuum system of the accelerators where the x-rays are produced. Direct coupling is in many cases also
prohibited because storage rings and EBITs demand for an ultra-high vacuum with pressures of ≤10−11 mbar [231]

which cannot be easily realized in a system as complicated as a cryostat.
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• The x-ray emitting ions have velocities ranging from a few permille of β = v/c up to 90% of β = v/c , depending on
the storage ring facility. Thus, dependent on the observation angle of the detector, the emitted x-rays are Doppler-
shifted. To precisely determine the energy in the rest frame of the ion, the ion velocity and the relative position
of the interaction zone with respect to the detector has to be known with sufficient precision to correct for this
Doppler-shift. In addition, the interaction zone usually cannot be considered as a point source, but it covers a certain
volume. The resulting range of emission angles is associated with a range of Doppler-shifts. This means that a single
x-ray energy in the emitter frame is observed as a distribution of x-ray energies in the laboratory frame. This in
turn results in a broadening of the observed x-ray lines which is independent of the detector performance [158]. For
the particular case of experiments at storage rings for which the highly-charged ions are best produced at high ion
energies (see above), the highly-charged ions need to be decelerated to lower kinetic energies, which are required
to reduce the uncertainties in the Doppler shift [24,158,492,495].

These conditions demand for a completely different detector design as compared to heavy ion detectors. Several
research groups have developed and applied different CLTD concepts at EBITs and at the ESR storage ring. These will
be described in the next section. Examples of applications will be discussed in Section 6.4.

6.3. Detector design and detector performance

6.3.1. X-ray detectors based on semiconductor detectors
As discussed in Section 2.2 and Section 3.2.2.1, the concept of CLTDs based on semiconductor thermistors is the oldest

and accordingly most mature detector technology [12,179]. One advantage is their large dynamic range, which is not
limited by the width of a superconducting transition. In particular, CLTDs based on silicon thermistors are among the
oldest CLTDs used for x-ray detection [179]. One driving force behind these developments has been balloon and satellite
borne x-ray astrophysics [63,496], but such detectors were soon also applied at the LLNL EBIT in first experiments [483],
and at the Experimental Storage Ring (ESR) at GSI [148,158,497].

6.3.1.1. CLTDs for experiments at the ESR storage ring and the CRYRING

Detector design:
The CLTDs with silicon semiconductor thermistors which were used at the LLNL EBIT and at the ESR are both based

on a detector design which was developed by D. McCammon et al. and C. Stahle et al. [63,496] for balloon and satellite
missions motivated by astrophysics. Detector arrays with 36 pixels are micro-machined from bulk silicon, and contain
implanted leads and implanted thermistors. These thermistors are compensated-doped with phosphorus and boron to
obtain a value of α ≈ 6 for the sensitivity (see Section 2.2) at an operating temperature of about 50 mK. However,
compared to the detection of soft x-rays with E ≤ 10 keV, which is discussed in [70], the detector setup was modified in
order to meet the conditions of the Lamb shift experiments.

The detector array for ESR experiments consists of two rows of 18 single thermistors each. For the Lamb shift
experiments at the ESR, the silicon thermistors were equipped with absorbers of lead (thickness 50 µm) or tin (thickness
100 µm) which were glued on top of the thermistors by means of an epoxy varnish [157,191]. Both, lead and tin, fulfill the
requirements of low heat capacity, as well as of rapid and complete thermalization [157]. Thus the photo peak efficiency
obtained for 100 keV X-rays is around 20%. The active area per pixel is around 0.35 mm2. For a fully equipped detector
array with 32 pixels, this amounts to an active detector area of 11 mm2. The thermal decay constant of around 1 ms
at the operating temperature of 50 mK permits count rates of around 100 Hz without the need for a pile-up correction.
Fig. 6.2(b and c) displays the layout of one pixel [63], one of the detector arrays used in the ESR experiments [157,158],
and a close-up where the individual absorbers are visible.

At an operating temperature of 50 mK, the silicon thermistors have a typical operating resistance of 30M�. To
minimize the noise when coupling these high resistances to the readout cables with around 100� resistance, cooled
unction Field Effect Transistors (JFETs) are used as impedance adapters [157,178]. These JFETs are kept in a special
ousing and heated to an operating temperature of 120 K. At room temperature, the voltage signals of the CLTDs are fed
nto specially adapted preamplifiers which were developed by D. McCammon et al. [52] particularly for these thermistors.
he signals are digitized by means of Flash-ADCs. Offline, they are analyzed by means of digital filtering [198] to obtain
he optimal energy resolution.

Cryogenic setup:
To maintain an operating temperature of around 50 mK during the limited beamtimes at the ESR with minimal intervals

f interruption, and to allow for an optimized solid angle covered by the CLTD, a 3He/4He dilution refrigerator with a
arge storage of liquid helium and liquid nitrogen was designed with a special side arm which fits to the geometry of the
nternal gas-jet target at the ESR. The principle of experiments at the ESR storage ring to determine the 1s Lamb shift is
isplayed in Fig. 6.3 on the left-hand side: A beam of bare U92+ ions is injected, stored, decelerated and cooled in the
SR, and interacts with an internal gas-jet target [231,498] which provides high target densities. This may lead to the
apture of one electron and to the population of a 2p state, which promptly decays to the 1s state. The emitted Lyman-α
-rays are detected by x-ray detectors surrounding the internal target in coincidence with the charge exchanged U91+
ons which are detected in a dedicated particle detector. To place the CLTDs as close as possible to the interaction zone,
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Fig. 6.2. (a) The lower right photograph shows the side arm of the cryostat with the detector array mounted at its end (the array is protected by
an aluminum cover with a thin aluminum foil). (b) The upper left photograph shows the detector array equipped with Sn absorbers. The close-up
shows individual pixels on an enlarged scale. (c) Next to it, a schematics of one single detector pixel is displayed [63,70,157,158,496].
Source: Reproduced from [24] with kind permission of IOP.

the gas-jet target chamber is equipped with several ports where detectors can be inserted into vacuum pockets. The side
rm was designed to fit into one of these pockets, which allows bringing the detectors to a distance of about 300 mm to
he interaction zone [158]. The layout of this side arm is displayed in Fig. 6.3, right-hand side. It was specially designed
or the present Lamb shift experiments [148,157,191] and constructed by Oxford Instruments20. A picture is shown in
ig. 6.2. The detectors are mounted at the top of the side arm, which has a length of about 600 mm [191], at the end of
copper rod which in turn is connected to the coldest point of the cryostat at 10 mK. Due to the finite thermal coupling,
he detectors themselves are operated at around 50 mK. The CLTDs can be irradiated through a system of aluminum-
oated mylar windows. In order to suppress low-frequency microphonics, the first amplifier stage is positioned close to
he detectors inside the side arm of the cryostat. The cryostat is prepared to read out a total of 100 detector channels. A
etailed description can be found in [15,157,191].
While this cryogenic setup has worked very well in the first experiments at the ESR gas-jet target, it poses also

imitations concerning the flexibility of experiments because the need to refill the cryostat with liquid nitrogen and
iquid helium demands the interruption of the beam time. In addition, the use of liquid 4He increases the operational
osts. Therefore, for the next generation of experiments with CLTDs, a 3He/4He dilution refrigerator with a pulse tube
ooler for the outer temperature shields was designed and commissioned [192,499]. It features a side arm which is kept
t an operating temperature of 10 mK and fits into the ESR gas-jet target like the previous setup [157], but the system
oes not need any maintenance during beam times. In addition, the design of the inner geometry allows for vertical
ounting of the side arm alternatively to the horizontal setting. This makes the new cryogenic setup much more flexible
nd adaptable to different experimental needs.

Detector performance:
Three different detector arrays were prepared for different experiments at the ESR. The first prototype array had eight

perating pixels equipped with tin and lead absorbers. Lead has a higher photo peak efficiency due to its larger nuclear
harge Z , but it was found that the energy resolution of the tin pixels was considerably better. Therefore, the second
etector array with sixteen working pixels was entirely equipped with tin absorbers. These two detector arrays were
perated in the liquid-helium based 3He/4He dilution refrigerator which was described above. They were extensively
ested in the laboratory using a 241Am source with a γ -line at about 59.5 keV. An excellent energy resolution of the order
f 45–65 eV was obtained for all pixels [157,158]. Fig. 6.4 shows one example of an energy spectrum with an energy
esolution of ∆E(FWHM) = 46 eV, collected with a tin absorber. These results may be compared to the theoretical limit
f the energy resolution for a conventional semiconductor detector which is about ∆E ≈ 380 eV for 60 keV photons.

20 Oxford Instruments plc, UK, Tubney Woods, Abingdon, Oxfordshire, OX13 5QX, UK
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Fig. 6.3. Left-hand side: Experimental setup for Lamb shift measurements on hydrogen-like heavy ions at the internal gas-jet target of the ESR
storage ring. Bare U92+ ions, which are injected from the synchrotron SIS18, interact with the gas-jet target which is introduced perpendicular
to the beam axis and may capture an electron, thereby emitting x-rays which are detected in x-ray detectors surrounding the interaction zone.
Right-hand side: Layout of the detector side arm of the 3He/4He dilution refrigerator which was especially designed for the Lamb shift experiments
t the ESR. The side arm allows to bring the CLTD array as close as possible to the interaction zone of the ion beam and the gas-jet (For details
ee [157,158,191]).
ource: Adapted from [15].

Fig. 6.4. Energy spectrum obtained with a CLTD with a tin absorber for 59.5 keV photons from a 241Am source. The solid line (red) represents a
aussian fit to the data. For the photo peak, an energy resolution of ∆EFWHM = 46 eV is obtained.

Source: Reproduced from [158] with kind permission of IOP.

To extend the active detector area, a prototype of a more compact detector array was designed for the pulse-tube-
cooler-based dry 3He/4He dilution refrigerator [192,499]. The new design is displayed in Fig. 6.5. Since the first test,
mprovements in the production procedure have led to an energy resolution of 120 eV for an x-ray energy of 60 keV.
he energy resolution is currently limited by vibrational noise from the pulse-tube and may be improved by installing
ffective vibration damping.

.3.1.2. CLTDs for experiments at the LLNL EBIT
When the first CLTD was installed at the LLNL EBIT, its primary goal was to provide calibration data for the Astro-

/Astro-H x-ray spectrometers which were supposed to fly on x-ray satellites [483]. Therefore, this first CLTD array was
twin of the going-to-fly Astro-H array, optimized for energies below 10 keV. The thermometers are similar to the ones
escribed in the previous section for the ESR experiments, because both array types were developed and fabricated by
he NASA Goddard Space Flight Center [483,496]. The main difference is the detector geometry: The Astro-H array was
esigned for the imaging of x-ray sources. Accordingly, it is shaped in a geometry of 6 × 6 thermistors with a total active
rea of 13mm2 [500]. As the target of such measurements were x-ray lines below 10 keV, the CLTD array is equipped
ith 8 µm thick HgTe absorbers which provide a photo peak efficiency of 95% in the energy range of interest. In an
xtended measurement campaign it was shown that the combination of a CLTD with an EBIT provides a well suited
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Fig. 6.5. Pictures of a prototype of a more compact design of a CLTD detector for Lamb shift experiments. It features one array with 32 pixels,
mounted at the front of the side arm of the cryostat (right-hand side). Pictures courtesy of P. Scholz.
Source: Reproduced from [24].

instrument to investigate ionization cross sections and high-resolution x-ray energies [170]. In particular, because the
detection efficiency is considerably larger than the detection efficiency of a crystal spectrometer, absolute excitation cross
sections for neon-like to lithium-like iron ions could be determined for the first time [483].

Based on this story of success, a dedicated CLTD array was deployed at the LLNL EBIT in 2008. It is called the EBIT
Calorimeter Spectrometer (ECS) [501], and is specially adapted to the operation at an EBIT. The detector geometry is the
same as the one of its predecessor, an array of 6 x 6 CLTDs on the basis of silicon thermistors. The absorbers are made of
superconducting HgTe, part of them 2 µm thick. However, to increase its energy range, half of the pixels are equipped with
thicker absorbers of 100 µm, which provide a higher photo peak efficiency for x-ray energies up to 100 keV. According
to [502], an energy resolution of ∆E = 4.5 eV was obtained for x-rays of 6 keV, while an energy resolution of ∆E = 33 eV
or x-rays of 60 keV was achieved.

The cryogenic setup has been described in detail in [501,502]. It is based on an adiabatic demagnetization refrigerator
(ADR) which uses the demagnetization of a magnetic salt pill to cool the detector to 60 mK. The outer cryostat is pre-cooled
by a 3He/4He sorption cooler.

6.3.2. X-ray detectors based on metallic magnetic calorimeters for experiments at the ESR storage ring and the CRYRING
The readout principle of magnetic calorimeters is entirely different from the ones for resistance-based thermometers

which have been discussed up to now. They make use of the Curie-like temperature dependence of the magnetization
of a paramagnetic material in a weak magnetic field to precisely determine the temperature change of the detector after
the absorption of an x-ray photon [181,503,504]. The resulting change of magnetization is proportional to the incident
energy according to [181]

δM =
∂M
∂T

∆T =
∂M
∂T

E
C

(6.1)

E is the energy of the x-ray photon, C is the total heat capacity of the detector (see also Section 2.1). The change of the
magnetization M is read out by a highly sensitive low-noise SQUID21 magnetometer as shown in Fig. 6.6. The depicted
detector layout makes use of two single pixels that are read out in parallel. This gradiometric setup minimizes the effect
of temperature fluctuations of the heat bath and allows the preparation of a superconducting persistent current in the
pick-up coil that generates the magnetic field that is required for the temperature sensor.

Detector design:
For the magnetic sensor, two actually conflicting demands need to be met: On the one hand, the heat capacity C of the

sensor should be low to obtain a large thermal signal. This would favor dielectric materials where no contribution to the
heat capacity from conducting electrons is expected. However, the coupling of magnetic moments to phonons is small for
these materials [181], so metallic materials are chosen. Accordingly, these thermistors are referred to as Metallic Magnetic
Calorimeters (MMCs). The excellent energy resolution obtained justifies the compromise between magnetic coupling and
electronic heat capacity. Accordingly, the material of choice for the sensors is gold, doped with several hundred ppm
of the rare-earth element erbium. The group of C. Enss et al. at the University of Heidelberg, Germany, has developed
this concept to full maturity and is still leading in producing MMCs [181], although other groups and institutions have
meanwhile started [506–508]. An extensive description of the detection concept is given in [181].

In the following sections, we shall restrict ourselves to the x-ray detectors called maXs (magnetic calorimeters for X-ray
spectroscopy), namely maXs-20, maXs-30, maXs-100 and maXs-200, which were developed for x-ray spectroscopy at the
ESR and the CRYRING storage rings [24,190,505,509]. If gold is doped with a few hundred ppm of erbium, both alloys

21 Superconducting Quantum Interference Device.
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Fig. 6.6. Left-hand side: Schematic drawing of a gradiometric detector consisting of two single metallic magnetic calorimeters. A persistent current
0 in the superconducting coil can be used to generate the weak magnetic field that is needed to operate the paramagnetic temperature sensor. A
QUID magnetometer is used to monitor any additional current δI that arises from a temperature change of one of the detectors after the absorption

of a photon. On the right-hand side, a picture of the maXs-30 MMC detector developed by D. Hengstler et al. is shown [24,190,505].
Source: Reproduced from [24].

form a solid solution where Er3+ ions substitute ions of the host material at regular lattice sites [190]. The 4f electrons of
the erbium in the gold effectively form a two-level system with an effective spin of 1/2 and an isotropic g-factor of 6.8. In
a small external magnetic field, the spins of the erbium ions align at low temperatures. The energy deposition of a photon
increases the temperature which in turn causes a decrease in the alignment, thus leading to a temperature-dependent
magnetization as explained above. The external magnetic field is created by the pickup coils as shown in Fig. 6.6, left-hand
side. Using two pickup coils with different polarity, one readout SQUID can be used for both sensors (see below).

All maXs detectors use gold absorbers to obtain high photo peak efficiency. Because the simultaneous use of the sensors
as absorbers leads to a decrease in energy resolution, absorbers of pure gold are electroplated on top of the temperature
sensors. This ensures a fast thermalization which in turn results in a very short signal rise time of 90 ns [24, and references
therein]. The different types of detector arrays differ mainly in the shape and thickness of the absorbers. The maXs-
20 [510] consists of eight pixels in a linear array, each with a size of 250×250 µm2. The actual sensor beneath the absorber
has a size of 160 × 160 × 1.5 µm3. The thermal connection is made by twenty-four gold posts with a height of 5 µm and
a diameter of 10 µm each. The absorber thickness of the maXs-20 array is 5 µm which provides a photo peak efficiency of
45% at 20 keV. The maXs-200 array was designed to provide high photo peak efficiency for x-ray energies up to 200 keV,
which results in an absorber thickness of 200 µm, an absorber area of 500 µm× 2mm and a slightly thicker sensor. With
this design, a single pixel obtains a photo peak efficiency of 45% at 100 keV, and of 12% at 200 keV [510]. Based on these
two linear arrays, a two-dimensional detector array with 8 × 8 pixels, named maXs-30, was developed [24,190,505]. A
picture is shown in Fig. 6.6 (right-hand side). With a nominal absorber thickness of 30 µm, each pixel reaches a photo
peak efficiency of above 30% for x-ray energies up to 90 keV. The total array provides an active detector area of 16mm2,
which is advantageous for the small event rates of experiments at the ESR and the CRYRING.

Detector readout:
Dc-SQUIDs are the most sensitive devices for detecting the change in magnetization of a paramagnetic sensor. They can

be operated with small power dissipation at very low temperatures and, therefore, be used as a sensitive flux-to-voltage
converter below 4 K. A dc-SQUID [511] consists of a superconducting loop interrupted by two Josephson junctions. Due
to the Josephson effect, the voltage across the device depends periodically on the magnetic flux through it. Operated
at a steep point in this flux-voltage characteristics in a flux-locked-loop, the device transfers a change in magnetic flux
into a change in voltage. As can be seen in Fig. 6.6 (left-hand side), the paramagnetic sensors are placed on top of a
meander-shaped pickup coil which in turn is coupled by the inductance Li to the readout SQUID. This geometry has two
advantages: First, the persistent current for the magnetic field of the paramagnetic sensor does not have to flow through
the SQUID which reduces the SQUID noise. Second, this configuration allows for reading out two MMCs with one SQUID,
thus reducing the number of SQUIDs for a detector array.

Detector performance:
Fig. 6.7 shows two examples of energy spectra, taken in the laboratory with x-rays or γ -ray sources, with the maXs-20,

and the maXs-30 detector arrays, respectively. The maXs-20 array which is optimized for energies below 20 keV reaches
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Fig. 6.7. The left-hand side displays an energy spectrum obtained with the maXs-20 detector array for the Mn lines of a 55Fe source. The energy
esolution of the lines is ∆EFWHM = 1.58 eV (reproduced from [510]). The panel on the right-hand side displays an energy spectrum of x-rays from
n 241Am source obtained with the maXs-30 detector. In this case, the energy resolution is ∆EFWHM = 22.2 eV [24,190,505, and references therein].

Source: Reproduced from [24].

an energy resolution of ∆EFWHM = 1.58 eV for x-rays of 5.9 keV [510]. This is among the best results obtained with CLTDs
for x-rays and very close to the energy resolution of state-of-the-art crystal spectrometers [211,512]. However, the MMC
combines this excellent energy resolution with a much larger dynamic range. The two-dimensional maXs-30 detector
array was optimized for the application at the ESR and the CRYRING to detect x-rays from highly-charged heavy ions. Its
energy resolution of ∆EFWHM = 22.2 eV for 60 keV x-rays is also among the best results obtained in this energy range
worldwide. For comparison, the crystal spectrometer FOCAL reaches an energy resolution of around 60 eV [211,513], but
with lower detection efficiency and a very limited bandwidth.

6.4. Application of CLTDs for the detection of hard x-rays

6.4.1. The determination of the 1s Lamb shift in hydrogen-like heavy ions
As discussed in Section 6.1, the determination of the 1s Lamb shift in hydrogen-like heavy ions is one of the most

stringent tests of quantum electrodynamics. The ions are decelerated in the ESR to the desired energy, cooled and stored
for seconds to several hours. In the experiments presented in this section, the ions interact with the internal gas-jet
target of the ESR (see Fig. 6.3) [15,158,498]. With a certain probability, a bare ion captures an electron and promptly
emits Lyman-α x-rays. The CLTDs, as well as the two detectors of the crystal spectrometer FOCAL [211] were mounted
under different observation angles at flanges with pockets provided at the gas-jet interaction chamber. The CLTDs were
mounted under an observation angle of about 135◦.

Fig. 6.8 displays the energy spectrum obtained for hydrogen-like uranium ions at an ion energy of 89 MeV/u, taken
at the ESR with the CLTDs as a proof of principle for the Lamb shift experiments which are discussed in the next
section [158,168,497]. The energy resolution of ∆E = 115 eV is mostly limited by the Doppler broadening. The finite
diameter of the ion beam, as well as of the gas-jet of the target lead to a finite size of the interaction region of which
the x-rays are emitted. The resulting observation under a range of emission angles is associated with a range of Doppler
shifts. This means that a single x-ray energy in the emitter frame is observed as a distribution of x-ray energies in the
laboratory frame. This, in turn, results in a broadening of the observed x-ray lines which is independent of the detector
performance [158]. Nevertheless, the already very promising result of this experiment, where CLTDs were used for the
first time at a heavy ion storage ring for the investigation of Lyman-α transitions of hydrogen-like heavy ions, proved
that the application of CLTDs in this field of physics may provide substantial advantages as compared to the application
of conventional germanium x-ray detectors or crystal spectrometers.

Determination of the 1s Lamb shift on hydrogen-like lead and gold ions:
Two CLTD detector arrays with effective areas of 1.5 mm2 and 4.2 mm2 were applied at the ESR in two experiments to

determine the 1s Lamb shift in hydrogen-like lead and gold [158,166,167,169,497]. Fig. 6.9 (upper part) shows example
spectra of Lyman-α x-rays from lead and gold ions together with calibration lines [158]. Even though the detector
performance under the experimental conditions at the ESR was sightly worse than in the uranium experiment with
an average energy resolution of around 200 eV, the statistical error concerning the Lamb shift was small compared to
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Fig. 6.8. This energy spectrum displays the Lyman-α transitions of hydrogen-like uranium U91+ , observed at the ESR with a CLTD in a first proof-
f-principle experiment. The insert shows the region of the Lyman-α transitons in an expanded scale. In this spectrum, the energy resolution for
he Lyman-α1 transition was ∆EFWHM = 115 eV, limited by the so-called Doppler broadening [158,497].
Source: Reproduced from [158] with kind permission of IOP.

the systematic uncertainties in both cases. As compared to measurements with a germanium detector or a crystal spec-
trometer, x-ray background is negligible because the single detector volumes are rather small. Accordingly, coincidence
measurements with an additional particle detector, which are mandatory for experiments with germanium detectors and
crystal spectrometers, can be omitted in the case of CLTDs, a fact that clearly simplifies the experimental demands and
increases the overall statistics.

The non-linear energy response function of the silicon thermistors was modeled by a third order polynomial using
several calibration lines from different x-ray and γ−ray sources (see [158] for a detailed discussion). Its contribution to
the systematic uncertainty was 15%. The systematic uncertainties were dominated by the correction of the Doppler shift.
In comparison to an ion trap, where the ions are brought almost to rest, the ions in a storage ring have, at least for the
first series of experiments, relatively high ion energies up to several hundred MeV/u. As a consequence, the emitted X-ray
lines are Doppler shifted and Doppler broadened according to the formulas

Elab = Eemit ·

√
1 − β2

1 − β cos(θlab)
(6.2)

∆Elab,Doppler = ∆ cos(θlab) ·
β

1 − β cos(θlab)
· Elab (6.3)

here β =
v
c contains the ion velocity and θlab is the angle of observation, Eemit is the x-ray energy in the emitter frame,

nd ∆Elab,Doppler is the additional contribution to the FWHM due to the Doppler shift. It is obvious that the precision with
hich these variables are known ultimately will limit the accuracy in the determination of the x-ray energy.
Fig. 6.9 (lower part) shows the results for each pixel as a function of the pixel position relative to the center of the

etector array. The Doppler shift has been corrected for. The mean values of ELy−α1 = (77919 ± 10) eV for lead, and of
Ly−α1 = (71565± 9) eV for gold, respectively agree within the uncertainties with the theory predictions of V. A. Yerokin
nd V. M. Shabaev, ELy−α1 = 77934.4(5) eV for lead, and of ELy−α1 = 71569.7(5) eV for gold, respectively [474]. In the
resent experiments, the main systematic limitation was introduced by the determination of θlab [158]. This limited the
verall accuracy of the determined Lamb shift to about 25%. Within these error bars, the results for the 1s Lamb shift of
260 ± 53) eV for lead, and (211 ± 42) eV for gold, respectively, are in good agreement with predictions from quantum
lectrodynamics [158]. For lead, the measurement even represents the most precise measurement of the 1s Lamb shift
p to date to our knowledge.
Metallic magnetic calorimeters were also applied in commissioning experiments at the ESR [24,505] and the CRYRING

509]. These first test experiments were quite successful, but the application in a real Lamb shift experiment is still
ending. The improved energy resolution and the lower energies in the CRYRING will certainly open the door to a higher
recision, finally allowing for a real scrutinizing test of the QED in hydrogen-like heavy ions.
It should also be mentioned that the first attempt to investigate the 2s Lamb Shift in the Balmer transition series of

Au78+ [176] failed due to the low detection efficiency at high x-ray energies and the limited solid angle of the CLTD used.
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Fig. 6.9. Upper part: Two example spectra of Lyman-α x-rays from hydrogen-like lead and gold ions together with calibration lines from 241Am
nd 159Tb sources, are displayed [158]. Both spectra were obtained with CLTDs at the ESR storage ring with lead ions of 218.6 MeV/u and gold
ons of 124.7 MeV/u. The spectra are not yet corrected for the Doppler shift. Lower part: the results for the Lyman-α energies obtained for the
ingle pixels are displayed as a function of the position of the pixels xrel relative to the center of the array. The energies are corrected for the
oppler shift which in turn is dependent on the pixel position. The red lines denote the weighted mean of ELy−α1 = (77919 ± 10) eV for lead, and

of ELy−α1 = (71565± 9) eV for gold, respectively. The average values agree within the uncertainties with the theory predictions of V. A. Yerokin and
V. M. Shabaev, ELy−α1 = 77934.4(5) eV for lead, and of ELy−α1 = 71569.7(5) eV for gold, respectively [474].
Source: Adapted from [158] with kind permission of IOP.

6.4.2. Application of CLTDs at EBITs
As stated above, one of the first applications of a CLTD at an EBIT had mainly astrophysical purposes [18,483,500].

However, these astrophysics questions were closely related to questions of atomic structure. Among the first experiments
performed at the LLNL-EBIT with a CLTD was the investigation of absolute cross sections of electron excitation in
different ionic charge states of iron by precisely determining the transition energy and the line intensity of different
transitions [483]. These cross sections play an important role in the interpretation of stellar spectra, but they also influence
theoretical models of electronic interactions in few-electron systems. The investigation of these cross sections with crystal
spectrometers is not possible because the line intensities are too small as compared to other background processes. Precise
measurements of the K-shell transition energies in L-shell Si and S ions [514] provided not only important input for the
interpretation of astrophysical x-ray spectra. They also check benchmark calculations of correlation effects in few-electron
systems. The influence of these correlation effects was also investigated in a series of measurements on neon-like ions
from argon (Ar8+) up to molybdenum (Mo32+) [515]. Whereas a considerable difference between theory and experiment
was observed for light ions, a better agreement is obtained for molybdenum. Further measurements with even heavier
ions are mandatory to confirm this trend.

One heavy ion of particular interest for plasma physics is tungsten, because it is foreseen to be used as a coating
material in fusion reactors [516]. As a consequence, it will be present in many fusion plasmas. The accurate knowledge of
the transition energies and emission cross sections will be mandatory to use x-ray spectroscopy on tungsten as a diagnostic
tool for, e.g. the temperature inside a reactor. Therefore, the transition energies and line intensities were investigated at
the LLNL EBIT for W64+ to W71+. The results were compared to state-of-the-art atomic plasma calculations and pave the
ay to use tungsten spectroscopy as a diagnostic tool in fusion plasmas in the future [517]. These investigations make
se of the advantage that by tuning the energy of the electron beam, a particular charge state of the ions in the EBIT can
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be prepared. On the other hand, the application of a CLTD at the NIST EBIT was used to study the ion–electron interaction
in the EBIT itself and to investigate the overlap of ion beam and electron beam [518].

All experiments described above have a close relation to astrophysical questions, and therefore investigated x-ray
nergies below 10 keV. However, some investigations have also been performed at higher x-ray energies. Gold hohlraums22
re often employed as targets for inertial confinement of fusion material [516]. When the fusion process is initiated, the
old evaporates and is ionized, but its average ionic charge stage(s) is not well known. The LLNL EBIT can produce well-
efined high ionic charge states also for very heavy ions, thus allowing to determine the correlation between charge
tate and x-ray emission lines for a given configuration. In the experiment of E. Träbert et al. charge states up to Au69+

ere produced and the x-ray emission spectra were recorded with the ECS spectrometer [516,519]. The excellent energy
esolution of the CLTD array in combination with the well-defined charge states from the EBIT gave an unambiguous
dentification of all x-ray lines belonging to a particular charge state. In the future, these lines can be used to identify
ifferent gold charge states after the inertial fusion has started.
Concerning the K-shell spectra of hydrogen-like heavy ions, EBITs are dealing with their limited production rate for

ery heavy highly charged ions (see discussion in Section 6.2). However, in the range of medium Z , hydrogen-like ions can
e produced in quantities high enough to allow for high-precision spectroscopy. One example that has been studied at
he LLNL EBIT is x-ray spectroscopy on helium-like through beryllium-like praseodymium (Z = 59) [171]. To increase the
etection efficiency for x-ray energies around 35 keV, four HgTe absorbers of the XRS/EBIT CLTD [500] were replaced by
ismuth absorbers with a thickness of 30 µm. The results of the measurements agree within error bars with calculations
sing different computer codes [171]. The uncertainty is dominated by statistics. Also x-ray spectroscopy on hydrogen-
ike and helium-like xenon was performed with the ECS CLTD array after its commissioning at the LLNL EBIT [174]. In
articular, the Lyman-α transition of hydrogen-like xenon was determined to be (31 284.9 ± 1.8) eV (sum of statistical

and systematic uncertainties). From that value, a 1s Lamb shift of (46.0 ± 1.8) eV is derived [474]. This value agrees
within error bars with the theory value which is calculated with an accuracy of ±0.02 eV in the same reference. For this
measurement, the uncertainty is dominated by the statistical uncertainty of ±1.45 eV.

6.4.3. Perspectives for future applications
• Further improvement of the accuracy of the 1s Lamb shift:

Currently, the accuracy is limited by the correction of the Doppler shift which was necessary due to the relatively
high ion energies at the ESR. Reducing the ion velocity will also minimize the contribution of this factor to the overall
uncertainty. Therefore, the next experiments on the 1s Lamb shift in hydrogen-like heavy ions will be performed at
the CRYRING [231,492], where the ions can be slowed down to velocities of below 1 MeV/u. A first commissioning
experiment with MMCs was already performed (see above). In the heavy ion trap facility HITRAP [493], which is
currently under commissioning, the highly charged ions will be slowed down practically to rest, thus eliminating the
need for a correction of the Doppler shift entirely. These facilities with negligible Doppler broadening in combination
with the excellent energy resolution of CLTDs will allow Doppler-free x-ray spectroscopy with ultra-high precision
and will provide a new regime of sensitivity. Another approach is independent of alterations of the experimental
setup. It makes use of the large dynamic range of CLTDs. Next to the Lyman x-ray lines, also Balmer lines at energies of
15–25 keV in the emitter frame are emitted [520]. The QED corrections on these lines are negligibly small. Therefore,
if they are detected in parallel to the Lyman lines, their energy can be used to determine the Doppler correction factor
without detailed knowledge about the detection angle and the ion velocity.

• Investigation of unstable nuclides:
The future research facility FAIR [130] will provide high-intensity beams of unstable nuclides, for which high-
precision x-ray spectroscopy will be an interesting subject in itself. Prominent physics questions to be addressed are,
next to fundamental interactions and tests of the QED, decay spectroscopy of highly-charged radionuclides and the
determination of their nuclear ground state properties such as nuclear charge radii. For example, the determination
of the 1s Lamb Shift at rest will be possible not only in stable but also in highly-charged radioactive ions. For
such radioactive nuclides, the determination of nuclear charge radii from precision x-ray spectroscopy will be a
particularly interesting subject [15,521,522]. The determination of nuclear charge radii by means of the 1s Lamb
shift is possible because, besides the QED contributions of self energy (≈80%) and vacuum polarization (≈ − 20%),
the effect of finite nuclear size (≈40%) also contributes considerably to the 1s Lamb shift [474]. Therefore, apart from
the experimental uncertainties, the accuracy on the QED test will be finally limited by the uncertainties on the finite
nuclear size effects, estimated for 238U to be about 0.1 eV [474,491]. On the other hand, this provides the Lamb shift
experiments also with the potential to deduce nuclear charge radii by testing QED in one isotope with a well known
nuclear structure, and by investigating the Lamb shift for the corresponding chain of isotopes, which may in the
future also be extended to unstable isotopes. Due to the substantial contribution of the effect of the finite nuclear
size to the 1s Lamb shift [168], a sensitive test of QED by using a stable isotope with known Root Mean Square
(RMS) radius, such measurements will allow to systematically determine charge radii for chains of exotic isotopes
with high accuracy.

22 Small golden spheres which contain hydrogen gas under high pressure.
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• Investigation of electron–electron interactions in few-electron systems:
Highly charged heavy ions with two or three electrons have become accessible for computation in recent years [475].
In these systems, in addition to the QED effects for one electron, the interaction between the electrons plays an
important role. Except for helium-like uranium [523–525], practically no experimental data exist for heavy systems.
On the other hand, such experimental data are very much needed to validate the computations.

• Determining the transition energy in 229Th for a nuclear clock:
The current international system of units (SI) is based on a hyperfine transition in 133Cs which is used to define
the unit of a second. This cesium atomic clock has a relative precision of 5 × 10−13, limited by the natural line
width of the hyperfine transition. An even higher precision could be obtained with a nuclear γ transition which
has a much smaller natural line width [526,527]. One particularly interesting candidate is 229Th, for which nuclear
structure theory predicts a transition of around 3.5 eV [528]. Several groups have used CLTDs or MMCs to indirectly
measure this transition energy by measuring the different x-ray transition energies for transitions during the decay
of the nucleus [175,529,530]. Currently, the best value is (8.10 ± 0.17) eV [530], in agreement with the value
determined based on internal conversion electrons [531]. However, to realize a nuclear clock it is necessary to access
the transition with laser excitation. The uncertainty of ±0.17 eV is still too large for the small bandwidth of a UV
laser. Therefore, it is mandatory to increase the precision of the CLTD or MMC measurements by at least a factor of
ten [526].

• Nuclear safeguard:
Next to the above-mentioned fundamental research topics, x-ray and γ−ray spectroscopy has also some importance
for potential practical applications. One example is the identification of plutonium isotopes, in particular the
abundance of 240Pu and 242Pu, in material samples for the control of non-proliferation [467,532,533]. One method is
the use of the characteristic γ - and x-ray lines from the different Pu isotopes and their respective daughters [532]. For
these investigations, high-resolving x-ray detectors for energies between 100 keV and 200 keV are beneficial, because
line overlap limits the reliability of such investigations [112]. A feasibility study has been performed by C. Bates et al.
with MMCs [112,534] which showed that the isotope identification is possible with an energy resolution of below
200 eV at 200 keV. W. Doriese et al. have developed a dedicated 14-pixel multiplexed array of CLTDs and have
obtained an energy resolution of 47 eV at 103 keV [535]. This detector array used transition-edge sensors based on
a thin bilayer of Mo and Cu with a transition temperature of around 100 mK. To increase the photo peak efficiency,
polycrystalline Sn absorbers were used. First tests revealed a large number of transition lines for the different Pu
isotopes which had to be identified by a complicated Bayesian analysis [532]. To distinguish between 235U and 226Ra
is not only needed for nuclear waste management, but also to avoid false alarms at border controls [19]. These two
nuclides can be identified by separating their closely spaced γ -lines at around 186 keV. A. S. Hower and coworkers
demonstrated that the two lines can be separated with CLTDs [19], but for practical application at airports or state
borders, further development work is mandatory.

• Material analysis:
For material analysis in dilute or solid samples, the main challenge is to distinguish the signal of a particular element
from the background coming from the rest of the sample. One method is to use a bright, broad-band x-ray source
in combination with a high-resolving x-ray detector [113,536]. In this time-resolved x-ray absorption spectroscopy,
the broadband x-ray source shines through a thin sample and onto the x-ray spectrometer. The resulting absorption
spectrum is obtained by comparing measurements without and with the sample, recording all absorption edges
and the corresponding elements simultaneously [60,113]. Another option is to use the x-ray fluorescence lines after
initial broad-band excitation of the diluted elements.
In both cases, next to a good energy resolution, count rate capability is an important issue. Therefore, STJs are
usually favored, but W. Doriese et al. have also developed a TES array which has been applied successfully in several
laboratories for such investigations [113].

• Metrology:
CLTDs offer the advantage of using a source embedded in the absorber (see Section 5.3). The aim of decay energy
measurements is to determine, among others, total decay cross sections for α− and β−decay and the consecutive
γ− and x-rays [22,466,469,471]. Embedding the source in the absorber allows for a detection efficiency close to 100%
which minimizes systematic uncertainties. While many activities have been focused on γ - and x-rays at energies
below 10 keV [471], MMCs with large gold absorbers for the determination of absolute photo emission line intensities
of actinides have been developed and tested [537].

• CLTD x-ray detectors based on transition-edge sensors:
For a rather long time, TES-based x-ray detectors were restricted to low x-ray energies below 10 keV, because
the coupling of thick absorbers to thin superconducting films turned out to be a challenging task [180]. However,
nowadays TES for x-rays with energies above 10 keV have become available.
For the typical operating temperatures of x-ray detectors, namely around 50 to 100 mK, different TES concepts are
available. Among the mostly used are bi- or multilayers of the superconductor molybdenum in combination with
gold [64] or copper [113,535,538]. By choosing the number and/or thickness of the layers, the transition temperature
of the TES can be adjusted very precisely to the desired value. For example, the TES array of W.B. Doriese et al.
features layers of Mo of 60 nm alternating with layers of Cu with a thickness of 200 nm [113]. As absorber material,
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polycrystalline bismuth is used for energies up to 10 keV, while polycrystalline tin is used for higher energies [535].
The absorbers are connected to the TES’s via a lithographically patterned epoxy post.
The big advantage of the application of TES is that mature multiplexing schemes are established for large detector
arrays [535]. However, it should be stated that such schemes are also being developed for MMCs [24,190].
Accordingly, both technologies (MMCs and TES’s) have great potential for x-ray spectroscopy with large detector
arrays of even several thousand pixels which will be a true alternative to germanium detectors with large detector
solid angle.

7. Conclusions and outlook

Calorimetric Low Temperature Detectors (CLTDs) are operated by reading out the temperature rise of an absorber
after the thermalization of the energy which is deposited by an incident particle or photon. Due to the Debye law,
these detectors reach their highest sensitivity at low operating temperatures. Their detection concept, which is essentially
different from that of conventional energy detectors, opens new and promising perspectives for radiation detectors. In
particular, substantial advantage over ionization detectors, based on charge collection, with respect to basic properties
like energy resolution, linearity of the energy response, detection threshold, radiation hardness, and others are obtained.

In the present review article we made an attempt to discuss the development, construction, and application of CLTDs
in the field of heavy ion physics with a focus on nuclear and atomic physics. The excellent performance of CLTDs already
obtained for the detection of heavy ions with relative energy resolutions down to one to a few times 10−3 for a wide range
f ions (4He to 238U) and incident energies (0.05–360 MeV/u), and a perfect energy linearity with the absence of pulse

height defects represents a considerable improvement as compared to conventional detection schemes. This performance
allowed already the successful application in experiments, such as the determination of isotopic yield distributions of
fission fragments in the light, the symmetry and the heavy mass region, the determination of electronic stopping powers
of heavy ions in matter down to energies far below the Bragg peak, and trace analysis of rare isotopes in accelerator mass
spectrometry. In the future, these activities may be continued and a couple of interesting further applications are proposed.
For example, the already obtained mass resolution close to 1 amu for very heavy ions like 238U, obtained with a ToF/CLTD
spectrometer, may allow the in-flight mass identification of reaction products in experiments concerning nuclear structure
and nuclear astrophysics with radioactive beams in inverse kinematics, trace analysis in accelerator mass spectroscopy,
or the improved identification of superheavy elements, and other species. Besides, applications in high resolution nuclear
spectroscopy, decay energy spectroscopy, and applied physics investigations are also topics of interest.

In the field of atomic heavy ion physics, CLTDs are applied in many research activities word wide. The excellent energy
resolution down to ∆E = 22 keV recently obtained for 60 keV x-rays, which is superior as compared to any conventional
x-ray detector, has already allowed to investigate x-ray transitions in highly charged heavy ions. An improvement in
accuracy of QED tests in extreme electromagnetic fields by means of a precise determination of the 1s Lamb shift
represents, beside others, one of the highlight activities in this field.

In summary we conclude that we are convinced that CLTDs bear a large potential to be or become an important tool
for applications in heavy ion physics within the years to come, and that the potential applications point to an exciting
future.
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