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Abstract. Calorimetric low temperature detectors have the potential to become
powerful tools for applications in many fields of heavy ion physics. A brief overview
of heavy ion physics at present and at the next generation heavy ion facilities is
given with a special emphasis on the conditions for heavy ion detection and the
potential advantage of cryogenic detectors for applications in heavy ion physics.

Two types of calorimetric low temperature detectors for the detection of ener-
getic heavy ions have been developed and their response to the impact of heavy ions
was investigated systematically for a wide range of energies (E = 0.1-360 MeV /amu)
and ion species (4He ... 387). Excellent results with respect to energy resolution,
AE/FE ranging from 1 to 5 x 1073 even for the heaviest ions, and other basic detec-
tor properties such as energy linearity with no indication of a pulse height defect,
energy threshold, detection efficiency and radiation hardness have been obtained,
representing a considerable improvement as compared to conventional heavy ion
detectors based on ionization. With the achieved performance, calorimetric low
temperature detectors bear a large potential for applications in various fields of ba-
sic and applied heavy ion research. A brief overview of a few prominent examples,
such as high resolution nuclear spectroscopy, high resolution nuclear mass determi-
nation, which may be favourably used for identification of superheavy elements or in
direct reaction experiments with radioactive beams, as well as background discrim-
ination in accelerator mass spectrometry, is given, and first results are presented.
For instance, the use of cryogenic detectors allowed to improve the sensitivity in
trace analysis of *°U by one order of magnitude and to determine the up to date
smallest isotope ratio of 23U /?*¥U = 6.1 x 107'? in a sample of natural uranium.

Besides the detection of heavy ions, the concept of cryogenic detectors also pro-
vides considerable advantage for X-ray spectroscopy in atomic physics with highly
charged heavy ions. Such detectors are to be used in near future for sensitive tests of
quantum electrodynamics in very strong electromagnetic fields by a precise determi-
nation of the 1s Lamb shift in hydrogen-like heavy ions. The status of development
of a high-resolution and highly efficient detector for hard X-rays is reported, the
performance of which is with AE/E = 1.1 x 1072 for E, = 60 keV close to fulfill
the demands of the Lamb shift experiment.

1 Introduction

The success of experimental physics and the quality of experimentally de-
termined results generally depend on the quality of the available detection
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systems with respect to energy resolution, detection threshold, detection ef-
ficiency, granularity, etc. Consequently, the search for improved detection
techniques is always a basic part of research activities in all disciplines of
physics. When focusing on atomic, nuclear, particle and astrophysics, detec-
tors for radiation — covering photons from the visible light via X-rays to hard
~-rays, and particles such as a- or -radiation, light and heavy ions in a wide
range of energies, and various exotic particles — will be important.

Whereas most of the standard methods for detection of radiation are
based on ionization, the concept of cryogenic detectors, where photons or
particles are detected independent of ionization processes, opens completely
new and promising perspectives for radiation detectors. A large variety of de-
tection concepts for cryogenic detectors has been investigated over the years
by numerous research groups all over the world for many applications in
different fields of physics, and excellent results have been reported [1,2]. At-
tempts to develop cryogenic detectors for applications in heavy ion physics
were started about 15 years ago at the University of Mainz, Germany, and
at GSI Darmstadt, Germany, and have meanwhile succeeded to obtain inter-
esting and promising results, which have recently lead to first applications
in experiments. The aim of the present contribution is to give an overview
of heavy ion physics with a special emphasis on the potential applications
of cryogenic detectors and the requirements for such detection schemes, to
discuss the status of the development and the performance of such detectors
for a number of topics of interest, and to present the first results which have
been achieved.

An overview of the heavy ion facilities, presently existing and planned
for the future project FAIR, at GSI Darmstadt, which is chosen exemplarily
as one of the leading centers for heavy ion physics worldwide, is displayed
in Fig. 1 (for details see [3,4]). Some of the specialities of that facility (at
present and in the future) are, among many others:

— the production and acceleration of intense beams of all ion species from
hydrogen to uranium with a wide range of kinetic energies starting around
the Coulomb barrier (£~ 3-10 MeV /amu) up to relativistic energies (E ~
100-2000 MeV /amu) or even higher at the future facility FAIR;

— the production of isotopically clean intense beams of radioactive ions by
in-flight separation in the fragment separators FRS and SFRS, and their
use for nuclear structure and nuclear astrophysics investigations on nuclei
located far outside the valley of stability in the chart of nuclides;

— the storage of stable as well as radioactive ion beams in storage rings and
their cooling to highest phase space densities, then reaching excellent
beam qualities with energy spreads of AE/E < 10~4—1075;

— the separation, detection and unique identification of very rare isotopes,
such as, e.g., in the search for superheavy elements [5,6] (with event rates
down to < 1/week), and in accelerator mass spectrometry [7,8] where
small isotope ratios down to 10716 are to be measured;
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Fig. 1. Schematic view of the existing GSI facility (left) with the linear accelera-
tor UNILAC, the heavy ion synchrotron SIS18, the fragment separator FRS and
the experimental storage ring ESR, and the future project FAIR (right) with the
double ring synchroton SIS100/300, the high energy antiproton storage ring HESR,
the superconducting fragment separator SFRS, the collector ring CR and the new
experimental storage ring NESR.

— the production and storage of highly charged, bare or hydrogen- and
helium-like very heavy ions and their use for atomic physics experiments.

As compared to the present GSI facilities, the performance at the future
facility FAIR will improve the experimental conditions with respect to beam
intensities, luminosities and variety of potential applications by orders of
magnitude. With such or similar performance at the GSI facilities as well
as at the present and future facilities worldwide, extended physics programs
addressing a wide spectrum of physics questions are currently running or will
be started in near future. As will be discussed below in more detail, for some
future investigations of considerable interest, detectors with highest energy
resolution and/or highest detection efficiency and low detection threshold are
required, reaching a performance not obtained with conventional detection
systems currently available. For example, heavy ion detectors with an energy
resolution of the order of AE/E < 1073 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 ~y-spectroscopy experiments with



radioactive beams. Such experiments, performed in inverse kinematics,
require an event by event identification of the beam-like reaction prod-
ucts [4];

— 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 [7,8] via a high-resolution total energy
measurement. Hereby, high detection efficiency for very slow heavy ions
(E < 0.1 MeV/amu) is also very important.

Whereas conventional heavy ion detectors, such as semiconductor detec-
tors and ionization chambers, which operate on a charge collection prin-
ciple, provide relative energy resolutions for the heaviest ions of only about
AE/E > (1 —5) x 1072, and have relatively high detection thresholds for slow
very heavy ions, the concept of cryogenic detectors promises, due to its dif-
ferent operation principle, considerable advantage over conventional detec-
tors with respect to energy resolution, detection efficiency, energy threshold
and radiation hardness. High-resolution magnet spectrographs are capable
of achieving a relative resolution as good as 1072 or better, but at the cost
of very limited solid angle and thus detection efficiency, and charge state
ambiguities, especially for slow heavy ions.

Besides heavy ion detectors, also photon detectors are important for heavy
ion physics. Highly charged stored heavy ions, interacting with an internal
target, provide a source of characteristic hard X-rays (F < 100 keV) which
need to be detected with highest energy resolution, not reached by conven-
tional semiconductor detectors, to obtain the necessary spectroscopic infor-
mation for sensitive tests of Quantum ElectroDynamics (QED) and other
topics of interest in atomic physics [4,9,10].

In summary, it turns out that cryogenic detectors for heavy ions and hard
X-rays have the potential to be powerful tools for atomic and nuclear physics
experiments at heavy ion accelerators, and are worth to be considered and
further developed in the future.

The present contribution is organized in the following way: After experi-
mental conditions in heavy ion physics and requirements for cryogenic heavy
ion detectors are considered in Sect. 2, detector design and detector perfor-
mance will be discussed in Sect. 3. Section 4 contains examples for potential
applications and first results on experiments with cryogenic detectors in heavy
ion physics. In Sect. 5 layout and performance of detectors for hard X-rays,
which are applied in atomic physics experiments with highly charged heavy
ions, are discussed.
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2 Experimental Conditions and Specific Requirements
for Cryogenic Heavy Ion Detectors

When constructing 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 [1,2]. As already discussed in Sect. 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 < 0.1-1 MeV /amu) via en-
ergies around the Coulomb barrier (E = 3-10 MeV/amu) up to relativistic
energies (£ > 100-2000 MeV /amu), thus corresponding to total energies of
E =~ 10-20 MeV up to some hundred GeV. Despite the relatively large total
energies, the high specific energy loss of heavy ions in matter leads to com-
parably small ranges (2 Wm-15 mm in most cases, except for light relativistic
ions, see also Table 1), thus allowing relatively small absorber volumes. If
quantitatively compared to the case of photons, electrons or protons, etc.,
it turns out that, due to the characteristic energy loss processes, the en-
ergy deposit per range in matter is for heavy ions by orders of magnitude
higher. This specific feature makes calorimetric low temperature detectors,
which reach their highest sensitivities for small absorber sizes, attractive for
the detection of heavy ions. Due to the relatively high incident energies, al-
ready operating temperatures around 1.5 K will allow sufficient sensitivity
of calorimetric detectors for heavy ions, thus reducing the demands on low
temperature technology.

Table 1. Range of various heavy ions in sapphire for energies between 0.1 and
500 MeV /amu (calculated using the program TRIM [11]).

E (MeV/amu) Range (um) for
0N,  A0A; 132xe 238[

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 70820 43780 15920 8080

After having fixed the conditions for heavy ion detection, we may address
the question of what can be the potential advantages of cryogenic detectors
for heavy ions, and where are the limitations. Due to their operation principle
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the potential advantage of calorimetric low temperature detectors over con-
ventional ionization detectors — such as semiconductor detectors or ionization
chambers, etc. — are:

— the smaller energy gap w for the creation of an elementary excitation,
leading to a better counting statistics: Whereas the energy gap for pro-
ducing an electron-ion pair in a conventional semiconductor detector is
of the order of a few eV, the excitation energy of thermal phonons is of
the order of w < 1073—107* eV. This results in a potentially better en-
ergy resolution and lower energy threshold, both decreasing with /w. It
should be noted, however, that for the relatively large incident energies of
heavy ions this effect is of minor importance, except for the lowest total
energies of £ < 10 MeV;,

— the more complete energy detection: For ionization detectors, consider-
able losses in the ionization signal up to 60-80% appear due to direct
phonon creation and charge recombination (the latter effect is especially
dominating for very heavy ions due to the extremely high charge densi-
ties) and result in a substantial pulse height defect. In contrast, for calori-
metric detectors principally the whole deposited energy, besides small
losses (see below), is finally transferred into heat after the decay of the
initial electronic excitations;

— the lower detection threshold due to the absence of dead layers and en-
trance windows, which are unavoidable in conventional ionization detec-
tors and therefore result, especially for very slow heavy ions, in limitations
in detection efficiency and energy resolution due to energy loss straggling
effects;

— the flexibility in the choice of the absorber material: As compared to
semiconductor detectors, a much wider variety of materials is expected
to fulfill the conditions for absorber materials of calorimetric detectors.
The absorber material may therefore be optimized with respect to radia-
tion hardness and other criteria. The short lifetimes caused by radiation
damage, mainly due to lattice damage by nuclear stopping, are one of the
basic limitations of semiconductor detectors when detecting high count
rates of very heavy ions.

The fundamental limit on the energy resolution of a calorimetric detector
is given by thermodynamic fluctuations of the energy content in the ab-
sorber (also called phonon noise) and the Johnson noise of the thermistor
[12,13]. For the detectors discussed in Sect. 3, these contributions are as low
as 10-100 keV. An overview of practical limitations of energy resolution due
to various effects is given in [13]. For the special case of cryogenic heavy ion
detection, where the slowing down and stopping mechanisms considerably af-
fect the lattice structure of the absorber, we expect that the limit of intrinsic
resolution will be determined by the solid state properties of the absorber
material. Theoretical predicitions for the energy resolution of cryogenic de-
tectors for some selected cases of ion species and absorber material are given
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in [14,15]. Tt is found that statistical fluctuations of that amount of energy,
which finally does not contribute to the thermal signal, will determine the
intrinsic limit of energy resolution. Such loss processes are due to the creation
of local lattice defects, so-called ”Frenkel pairs” which give rise to phonon
trapping, the creation of long living metastable electronic states with life-
times much longer than the thermal time constant of the detector, the stored
energy consequently not contributing to the thermal signal, the creation of
photons which escape from the absorber volume, etc. Unfortunately, there
is presently not much known about the quantitative contribution of these
effects to the energy resolution. For the special case of calorimetric detec-
tion of 25 MeV Br ions in a diamond absorber, a relative energy resolution
of AE/E = 2.5 x 1073 is predicted in [14]. Qualitatively it is expected that
the effects discussed above contribute most for very slow and very heavy
ions for which nuclear stopping is dominant, whereas for faster ions (E >
0.1-0.2 MeV/amu) electronic stopping contributes most to the specific en-
ergy loss (see also [11,15]).

For the future, systematic investigation of the energy resolution of calori-
metric low temperature detectors for various ion species, incident energies and
absorber materials may provide more quantitative information, not only on
properties of the detectors, but, vice versa, also on the solid state properties
of the absorber materials (see also Sect. 3).

3 Design and Performance of Calorimetric Low
Temperature Detectors for Energetic Heavy Ions

The principles of cryogenic detectors, based on semiconductor thermistors
as well as on Transition Edge Sensors (TES), are discussed in detail in the
contributions by Mc¢ Cammon and Irwin et al., respectively, to this volume
[16,17]. We shall therefore not repeat this discussion, but focus in this section
on the technical details and realization of such detectors for the special case
of detection of energetic heavy ions.

3.1 Detector Design

Within the last 15 years, two types of calorimetric detectors for heavy ions
with different thermometers, one on the basis of a semiconducting germanium
thermistor, and the other on the basis of a superconducting phase transition
thermometer, have been developed. A detailed discussion of the layout and
the preparation of these detectors may be found in [15,18-24].

3.1.1 Calorimetric Detectors Based on Semiconductor
Thermistors

The first type of calorimeter is prepared on the basis of a germanium ther-
mistor. It consists of a 3 x 1 x 0.5 mm?® germanium crystal, heavily doped



heavy ions 6.5
6.0
“—— S — 55]

sapphire

aperture

Ge-7031 varnish

absorber —, 507
G 454

gold . X
wires germanium ‘—' 4.0
thermistor T 35
J | £ 40
copper 254
coldplate 1t 2.0

" AN 0.45 050 0.55 0.60 0.65 0.70 0.75 0.80 0.85

Uo Ru ~05 1, - 05
Ysignal T [K ]

Fig. 2. The setup of a calorimetric heavy ion detector with a semiconducting ger-
manium thermistor is schematically displayed on the left side (for details see text).
The corresponding R(T) characteristics is shown on the right side. The solid line
represents a fit to the data using the modified Mott equation [17].

and compensated with indium (2 x 107 atoms/cm?®) and antimony (1 x 107
atoms/cm?). For such compensated semiconductors, conduction is realized
mainly by the so-called ”phonon assisted hopping conductivity” [17]. Con-
sequently, the R(T) characteristics is well described by the modified Mott
equation R(T) = Roexp(Ty/T)'/? with the parameters Ry = 69 Q and
To = 106 K (see solid line in Fig. 2, right side), determined by the semi-
conductors material properties. At a typical operating temperature around
T = 1.7 K, the resistance is R = 200 kQ with a dR/dT = -0.48 MQ/K,
corresponding to a thermistor sensitivity a = (1/R)(dR/dT) = -2.4 K1

A schematic view of the detector setup is displayed in Fig. 2 (left side).
The germanium crystal is glued onto a copper coldplate with GE-7031 var-
nish. The electrical contacts are realized by thermal pressure bonding with
gold wires of 25 wm in diameter. As absorber a sapphire crystal (2 x 1x
0.33 mm?) is glued with GE-7031 varnish onto the germanium thermistor.
Sapphire is a suitable absorber material because of its low heat capacity, the
Debye temperature amounting to ©p = 1025 K. The thermistor is biased
by a battery through a load resistor (R;, = 10 MQ). The voltage signal due
to the impact of an incident ion is read out by conventional pulse electron-
ics, namely a voltage sensitive preamplifier (bandwidth: 1 kHz-10 kHz, gain:
1000-10 000) and a shaping amplifier (shaping time: 25-200 ps).

To adapt such detectors to very low ion energies, detectors with smaller
heat capacities were also developed. For these detectors, the germanium ther-
mistor has dimensions of only 0.5 x 0.5 x 0.5 mm? and the sapphire absorber
of 3 x 3 x 0.05 mm?, respectively. With this setup, the heat capacity and
also the thermal coupling to the heat sink are reduced by about one order of
magnitude, thus allowing higher sensitivity for low energetic heavy ions [15].
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Fig. 3. The setup of a calorimetric heavy ion detector with a superconducting
aluminum TES calorimeter is schematically displayed on the left side. The corre-
sponding R(T) characteristics is shown on the right side (for details see text).

3.1.2 Calorimetric Detectors Based on Aluminum Transition
Edge Sensors

The second type of calorimeter consists of a superconducting thin aluminum
film, which is operated in the region of the phase transition between the
super- and the normalconducting state, and again a sapphire absorber. The
setup, shown schematically in Fig. 3 (left side), is similar to the one for the
germanium calorimeter (Fig. 2), the main difference being that the aluminum
thermistor is evaporated as a thin film on the surface of the sapphire sub-
strate. The thickness of the aluminum film of about 10 nm is adjusted to
provide a narrow transition width for high sensitivity. In order to match the
resistance of the microstrip to conventional preamplifiers, the aluminum film
is patterned in a meander-like structure by photolithographic techniques!. It
consists of 51 connected strips of 10 um width and 1 mm length each [21]. A
typical observed R(T) characteristics is displayed in Fig. 3 (right side). The
phase transition appears at a temperature of T, = 1.488 K with a width of
AT = 2.9 mK and an impedance of R(T,) = 52 kQ, yielding a sensitivity of
a(T.) = (1/R)(dR/dT) = 404 K~!. In contrast to the germanium calorime-
ters discussed above, the detectors with aluminum thermistors are not glued
onto the copper coldplate, but supported only by the gold wires of 25 um
diameter, which realize the electrical contact.

For both types of calorimeters the absorber thickness is adjusted to the in-
dividual experimental conditions. Especially for the case of relativistic heavy
ions where the standard absorber thickness of 330 um is not sufficient to stop
the ions, additional sapphire absorbers are glued onto the sapphire substrate.

! Photolithography is provided by K. Haberle et al., Institut fiir Halbleitertechnik,
Technische Universitdt Darmstadt, Schlossgartenstrasse 8, D 64289 Darmstadt,
Germany.
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Fig. 4. Schematic view of the experimental setup for heavy ion detection (for details
see text).

These detectors are fixed by specially shaped copper support structures in
order to minimize thermal contact to the environment.

3.2 Detector Performance

In several measurements, the detectors discussed in the previous section were
tested with various heavy ion beams (}3C ... 23%U) at various energies ranging
from 0.1 MeV/amu up to 360 MeV/amu, and their response to the impact of
heavy ions and their performance were systematically investigated. For both
types of detectors excellent results have been obtained. In the following, a
brief overview of the most prominent results is given (for a more detailed
discussion see [15,18-25]).

Whereas measurements at higher energies (E = 5-360 MeV/amu) were
done at GSI with heavy ion beams from the UNILAC accelerator and from
the synchrotron SIS18 (see Fig. 1), experiments at lower energies (E = 0.1-1
MeV /amu) were performed at the VERA facility located at the university
of Vienna, Austria [26]. The experimental setup used for most of the mea-
surements is shown in Fig. 4. A pumped *He window cryostat, operated at
temperatures between 1.2 K and 4.2 K, is used to cool down the detectors
to their operating temperature. The detectors are mounted on a cold finger
(see insert in Fig. 4) which is temperature regulated by an electronic control
circuit. A temperature stability of about 10 WK was achieved in the earlier
measurements. With recent improvements in temperature regulation, a tem-
perature stability of < 1 puK is reached (see [15] for details). To improve the
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performance, a new cryostat was designed recently, especially adjusted to the
needs of heavy ion research, providing considerably higher cooling power and
allowing for a larger detector solid angle. For the measurements, the cryostat
is connected to a scattering chamber or directly to the beamline at one of the
accelerator facilities discussed above. Both scattering chamber and cryostat,
are mounted on a movable arm, allowing the detectors to be irradiated either
by Rutherford-scattered ions from thin target foils, or by the direct beam at
reduced intensity.

In Fig. 5, a preamplifier signal for the impact of a 11.4 MeV/amu *6Xe
ion onto the germanium calorimeter is displayed. From the observed pulse
height a temperature rise of the calorimeter of AT = 9.5 mK at an oper-
ating temperature of T = 1.7 K was obtained. The decay time of about
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Fig.6. Energy spectrum obtained with the germanium calorimeter for
11.6 MeV/amu 209Bj jons. The insert shows the peaks due to the heavy ions and
due to a pulser on an expanded scale. The relative energy resolution achieved is
AE/E = 1.8 x 1075,
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7 = 250 us is determined by the thermal coupling to the heat sink and al-
lows for count rates up to about 0.5-1 kHz. An energy spectrum for 11.6
MeV /amu 2%9Bi ions, again taken with the germanium calorimeter [19], is
displayed in Fig. 6. The baseline noise was determined with a pulser, which
was coupled to the preamplifier, to be AE = 2.2 MeV. For the incident 20?Bi
ions a clean spectrum showing a narrow Gaussian peak with a width of AFE
= 4.3 MeV was obtained, which corresponds to a relative energy resolution
of AE/E = 1.8 x 1073, This result already represents a considerable improve-
ment as compared to conventional ionization detectors, in particular for such
very heavy ions. For the detectors with aluminum transition edge sensors
similar results were obtained [20-23]. For example, for 4.8 MeV/amu *®Ni
ions an energy resolution of AE/E = 1.6 x 10~2 was achieved.

In further test measurements the detectors were also irradiated with rel-
ativistic heavy ions, provided from the heavy ion synchrotron SIS18 (see
Fig. 1). For 100 MeV /amu ?°Ne ions a relative energy resolution of 1.9 x 1073
was obtained [23] (see also Fig. 11), again representing for these high energies
a considerable improvement as compared to conventional detectors. Of spe-
cial interest was a comparison, where data were taken [22] with two detectors
of the same type, but with different absorber sizes (V = 6 mm® and V =
121 mm?). In spite of the large difference in heat capacity, the energy resolu-
tion obtained was comparable. This indicates that the resolution in this case
was not limited by the sensitivity of the detector, and provides perspectives
for the design of large solid angle detector systems.

When summarizing all the results obtained at energies above F = 5
MeV /amu, it turns out that the relative energy resolutions of (1.6—1.9) x 103
are very similar, independent on the ion species, the ion energy, the type
of detector and the absorber size. These findings indicate that the present
limitation in energy resolution is not determined by the intrinsic detector
resolution due to sensitivity, thermal or electronic noise contributions, heat
capacity, statistics of the energy loss processes, etc. (see Sect. 2), but most
probably by the quality of the heavy ion beams from the UNILAC and SIS18
accelerators, namely the energy spread of these beams, which is expected
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Fig. 8. Preamplifier signal (left side) and energy spectrum (right side) for 233U
ions at £ = 17.39 MeV obtained with the aluminum TES calorimeter. The relative
energy resolution achieved is AE/E = 4.6 x107>.

to be of the order of AE/E ~ (1—2) x 10~3. Consequently, in one further
experiment [23] the detectors were tested with a cooled heavy ion beam, ex-
tracted from the storage ring ESR (see Fig. 1). The energy spread of the
beam was determined from Schottky spectra of the circulating beam to be
better than AE/E = 2.4 x 10~%. The resulting energy spectrum, obtained for
the aluminum TES calorimeter, is displayed in Fig. 7. For a 360 MeV /amu
2387 beam a relative energy resolution of AE/E = 1.1 x 102 was achieved,
which represents the up to date best result for heavy ions.

For some potential applications (see Sect. 4), high resolution detectors
for relatively low ion energies of E < 1 MeV /amu are needed. Therefore, the
response of calorimetric detectors to the impact of very low energetic heavy
ions was recently studied [15] using 2C, %7Au and 238U beams at various
incident energies ranging from total energies of £ = 10 MeV to F = 60 MeV,
corresponding to 0.1 < E < 1 MeV/amu. In addition, data for 5.5 MeV
a-particles provided by a 23°Pu/?4'Am/?**Cm source, mounted inside the
cryostat, were taken. As the lowest energy provided by the UNILAC acceler-
ator at GSI is around 3 MeV /amu, these investigations were performed at the
3 MV Tandem accelerator of the VERA facility at the university of Vienna,
Austria [26]. This facility is discussed in detail in Sect. 4.3, where also the
experimental arrangement is displayed in Fig. 17. The present measurements
took advantage of the excellent beam qualities provided by this facility, the
energy spread being of the order of AE/E < 10~%, and the fact that chang-
ing from one ion species to another is a fast and relatively easy operation
which facilitates systematic investigations with various ion species at various
energies.

All measurements were performed with the aluminum TES calorimeters,
because these detectors provide higher sensitivities for low energies as com-
pared to the germanium calorimeters (see Sect. 3.1). A preamplifier signal for
the impact of a 233U ion with E = 17.39 MeV is displayed in Fig. 8 (left side).
The relatively short thermal decay time of 7 = 206 us allows for count rates
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up to about 0.5-1 kHz. The corresponding energy spectrum is displayed in
Fig. 8 (right side). The solid line is the result of a fit with a Gaussian to the
data resulting in a width of AE = 80 keV, corresponding to a relative energy
resolution of AE/E = 4.6 x 10~ which represents the best result obtained at
energies below 1 MeV/amu at present. The shoulder on the low energy side
is due to scattering of ions from the entrance slits.

As compared to conventional ionization detectors, the present result rep-
resents a considerable improvement in energy resolution, especially at these
relatively low ion energies. For a direct comparison, a conventional silicon
surface barrier detector was mounted at the same beamline (see Fig. 17)
and could be moved in front of the calorimetric detector, thus allowing mea-
surements under practically identical experimental conditions. The result of
such a measurement for 23U ions at E = 20.85 MeV is displayed in Fig.
9. It turns out that the relative energy resolution of the calorimetric detec-
tor of AE/E = 7.5 x 1073 is about one order of magnitude better than the
resolution of AE/E = 57 x 10~ achieved with the silicon detector. Further-
more, a relatively fast decrease of the energy resolution of the silicon detector
throughout several hours of measuring time was observed, most probably due
to radiation damage, whereas the calorimetric detector showed no evidence
of such behaviour even after irradiation with integrated ion doses as high as
10? ions/cm?.

Results of a systematic study on the energy resolution obtained for all ions
and energies investigated are summarized in Fig. 10 (left side). At low energies
(E < 20 MeV), an increase of AE/E for a-particles and 2C is observed. This
behaviour may be explained by a lack of sensitivity of the present detectors
due to their relatively large heat capacity, and could be improved in future
by using substantially thinner absorbers as compared to d = 330 wm in the
present setup. For energies E > 20 MeV, the relative energy resolution is
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Fig.10. Summary of a systematic study of the detector performance for various
ions and energies: relative energy resolution (left side) and linearity of energy re-
sponse (right side) obtained for various ions (*He, '3C, '°7Au, ?*¥U) in an energy
range of £ = 5-70 MeV. All measurements were performed with an aluminum TES
calorimeter as described in Sect. 3.1.2. The solid lines represent fits to the data (for
discussion see text).

approximately constant, independent of ion species and incident energy. The
solid line is the result of a fit to the data using the ansatz:

= /AR, + (3E) (1)
Hereby, AEp N represents the contribution of the baseline noise which is
supposed to limit the signal-to-noise-ratio for low energies and describes the
increase in relative energy resolution for F' < 20 MeV. For the higher energies,
the term AF ~ FE dominates, 3 being a proportional constant. This term is
most probably due to intrinsic detector properties. It can, e.g., be caused by
a position dependence of the detector response function due to incomplete
thermalization of the whole absorber [27]. Further detailed investigation of
the energy deposition processes will be necessary for a full understanding of
the obtained detector performance.

Figure 10 (right side) summarizes the results on the linearity of the de-
tector response. A perfectly linear behaviour as a function of energy was
obtained over the entire range of ions from *He to 238U. The solid line repre-
sents a linear fit to the data. Even more remarkable, the peak positions for the
three different ions '3C, 197Au, 238U at the same energy agree within 0.1%,
showing no evidence of a pulse height defect. In contrast, for the conven-
tional silicon detector a considerable pulse height defect of 70% was observed
when comparing the peak position of 13C to that of 238U [15]. Besides the
good energy resolution, we consider the non-existence of a pulse height de-
fect for calorimetric detectors to be a considerable advantage over ionization
detectors, important for many applications (see Sect. 4). Furthermore, this
result allows to set an upper limit on the existence of Z-dependent energy
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loss processes, like creation of Frenkel pairs etc. (see Sect. 2), and on their
contribution to the energy resolution.

4 Applications of Calorimetric Low Temperature
Detectors for Heavy Ions and First Results

Based on the excellent results already obtained for the performance of cryo-
genic heavy ion detectors (see previous section), such detectors bear the po-
tential to be powerful tools for heavy ion physics. In the following, a brief
overview of applications, including a few selected examples where also first
results were obtained, is presented.

4.1 High Resolution Nuclear Spectroscopy

The investigation of direct reactions, such as elastic and inelastic scatter-
ing, few-nucleon transfer reactions, charge exchange reactions, etc., is a well
known tool in nuclear physics to obtain information on nuclear structure
[4]. Heavy ion detectors, which detect the scattered particles or the reaction
products after the nucleus—nucleus interaction, need to have sufficient energy
resolution to separate elastic from inelastic reaction channels, or to identify
specific reaction channels. The availability of high-quality heavy ion beams,
cooled in storage rings to highest phase space densities with a relative energy
spread as good as AE/E < 10741075, and of high resolution detectors opens
new possibilities in that field.

As an example, a scattering experiment [23], performed with a relativistic
heavy ion beam from the SIS18 synchrotron at GSI (see Fig. 1), representing
the first application of a cryogenic detector in nuclear structure physics, is
discussed. The excitation of the giant resonance, which is a collective vibra-
tional mode of nucleons in nuclei [28], was investigated for the lead nucleus
by separating inelastically from elastically scattered ions in the spectrum
for scattering of 100 MeV /amu 2°Ne ions from a lead target. Since a beam
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Fig. 11. Energy spectrum obtained
with an aluminum TES calorimeter
for scattering of a 100 MeV /amu
2ONe beam from a lead target. The
bump due to the excitation of the
giant resonance in lead is indicated
by the label GR. The solid line rep-
resents the result of Gaussian fits to
the data.
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particle which has excited a giant resonance in a target nucleus essentially
loses an amount of kinetic energy corresponding to the excitation energy, the
excitation of the resonance can be detected in the total energy spectrum of
the scattered 2°Ne projectiles. In contrast to standard detection techniques
[28], where all decay products of the giant resonance have to be detected for
a missing-mass reconstruction, thus requiring a rather extended and com-
plicated experimental setup, the present method allows a relatively simple
setup, but requires high energy resolution. In Fig. 11 the measured energy
spectrum for 2°Ne ions, scattered from a lead target at a scattering angle
of Oy = 3°, is displayed. Below the elastic peak, a bump appears which
is attributed to the excitation of the giant dipole resonance in the lead nu-
clei. The positions and the intensities of the two peaks were extracted by
Gaussian fits. The resulting excitation probability of 1.7(3)% and excitation
energy of 14.0(1.2) MeV are within errors in good agreement with theoretical
predictions (for details see [23]).

In future it is planned to continue such investigations, the excitation of
single giant resonances of different multipolarities, and especially of higher
order modes, so-called multiphonon giant resonances, being of particular in-
terest [29,30].

4.2 High Resolution Mass Determination for Identification
of Superheavy Elements and Reaction Products from
Direct Reactions with Radioactive Beams

The direct in-flight mass determination of nuclides produced in heavy-ion
induced reactions is an important task, 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 neighbouring masses scales
with the nuclear mass M according to 1/M, such a task turns out to be most
challenging for the heaviest particle-stable isotopes under investigation.

Due to their excellent energy resolution and energy linearity because of
the absence of a pulse height defect (see Sect. 3.2) and their radiation hard-
ness, calorimetric low temperature detectors may in future be favourably
used for such purposes. The idea is to replace the standard Bp/TOF method,
where an isotope mass M = p/v is determined by a magnetic rigidity (Bp)
measurement of the momentum p and a Time-Of-Flight (TOF) measure-
ment of the velocity v, by an energy/TOF determination of the mass via
M = 2E/v?. The advantage of this method is that ambiguities due to multi-
ple charge states, as appearing in the Bp/TOF method for not fully stripped
ions, do not exist, and moreover, no solid angle limiting magnetic spectrom-
eters are needed. However, since mass resolution for F/TOF measurements
is determined by AM/M = [(AE/E)? + 2(Av/v)?]'/2, it is obvious that the
separation of masses up to the heaviest isotopes (M = 300 amu) will require
a relative energy resolution of at least AE/E < 3 x 1073, presently obtainable
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only with calorimetric low temperature detectors. The determination of the
ion velocity with a relative resolution of the order of Av/v < 1 x 1073 is
possible with standard TOF techniques [25,31,39] by using fast channelplate
detectors and applying, especially for the case of very slow heavy ions, ultra-
thin carbon foils [32] to keep energy-loss straggling on a tolerable level.

One prominent example where such a detection system could be favourably
employed in future is the research on superheavy elements. An overview of
this research field and of its recent progress at GSI Darmstadt and worldwide
is given in [5,6]. At GSI Darmstadt, elements with Z = 107-112 have been
successfully synthesized and unambiguously identified within the last two
decades. The elements Bh (Z = 107), Hs (Z = 108), Mt (Z = 109), Ds (Z =
110) and Rg (Z = 111) have already been named. As discussed in more detail
in [5,6], the superheavy elements have been produced by cold fusion heavy ion
reactions at relatively low incident energies around 1-5 MeV /amu, and the re-
sulting fusion products (with energies of E = 0.1-1 MeV/amu) are separated
in the heavy ion separator SHIP and transported to a conventional silicon
semiconductor detector where the heavy isotope and its a-decays are detected
time-resolved. The production cross sections are as low as 107'°~10~'2 barn,
corresponding to production rates down to 1/week or even less, thus demand-
ing for a highly efficient event characterization for each single event. For the
superheavy elements with Z < 112, this was possible by identifying the com-
plete a-decay chain leading to an already known decay chain, and therefore
allowing to unambiguously identify the isotope even for one single event [5,6].
Indications of the existence of superheavy elements with Z = 113, 114, 116
and 118 have been reported from heavy ion research centers at Dubna, Rus-
sia [33,34] and RIKEN, Japan [35]. However, for superheavy elements with
Z > 112, the situation is essentially different, as the isotopes produced are
most likely to decay by spontaneous fission instead of feeding known a-decay
chains, and therefore the identification method discussed above for Z < 112
is not applicable any more.

To overcome this problem, it was recently proposed [24] to use an E/TOF
detection system (see Fig. 12) with a high resolution calorimetric detector
that would allow a mass identification of the superheavy nuclide produced,
and in addition a precise determination of the total kinetic energy of the
fission products. In a series of test experiments [15,25] performed recently at
the heavy ion separator SHIP at GST and at the VERA facility in Vienna (see
Sect. 4.3), it was demonstrated that the proposed detection scheme fulfills
the requirements for a successful future application in superheavy element
research. At the SHIP separator, fusion products from the reaction

P8Ni 4102 Ru —190 Hf* 155056 Yb + 2p + 2(3)n

and their a-decays were detected time-resolved in an aluminum TES calorime-
ter (as described in Sect. 3). It turned out [15] that the dynamic range of the
detector was sufficient to detect the heavy ion and its correlated a-decays,
and it was possible to identify the isotopes 1°°Yb and °6YD via their a-decay
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Fig. 12. Scheme of a setup proposed for the identification of superheavy elements
with Z > 112. The mass of the superheavy nucleus, separated from other reaction
products by the heavy ion separator SHIP [5], is determined by a combined E/TOF
determination. Besides the superheavy nucleus, its decay products are additionally
to be detected time-resolved in the calorimetric detector.

chains. The best a-resolution achieved with such detectors is AE = 32 keV
and therefore also sufficient for the demands of the proposed experiment.

In another test experiment performed at the VERA facility, direct in-
flight mass identification of 206208 P} isotopes at energies slightly below 0.1
MeV /amu, close to the energy expected for superheavy elements, was tested
(for details of the experimental setup see [25]). The experimental method was
demonstrated to principally work, but with the not optimal energy resolution
of the calorimetric detector of only AE/E = 9.8 x 10~ under the experimental
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Fig.13. Results of a test experiment for isotope identification by a combined
E/TOF measurement. The energy versus time-of-flight correlation is shown on
the left side for the isotopes 2°°Pb and 2°®Pb at several energies slightly below
0.1 MeV /amu. The solid lines represent fits to the data according to the expected
kinematic correlation. The corresponding mass spectrum is displayed on the right
side. A relative mass resolution of AM/M = 11.0 x 10~? is achieved.
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Fig. 14. Design of a prototype array consisting of 2 x 5
detector pixels of aluminum TES calorimeters.

conditions of this test run and a time resolution of At/t = 1.4 x 1073, the
resulting mass resolution of AM/M = 11.0 x 10~3 allowed to separate only
partly the isotopes 2°Pb and 2°Pb (see Fig. 13). With the nowadays reached
energy resolution of the order of AE/E = (2—5) x 1073, a mass resolution of
AM/M = (2—5) x 1073 should be achievable.

As a next step towards a cryogenic detection system for application in su-
perheavy element research, a detector array with an active area of 3 x 8 cm?,
consisting of 96 pixels with 5 x 5 mm? pixel size and design values of a po-
sition resolution of Az = 5 mm, an a-resolution of AE = 30 keV, a heavy ion
energy resolution of AE/E < 3 x 1072 and a rate capability of 300 s~! per
pixel is currently under design and construction. The design of a prototype
array consisting of 2 x 5 detector pixels of aluminum TES calorimeters is
displayed in Fig. 14.

A second example for application of cryogenic detectors to be briefly dis-
cussed concerns nuclear structure investigations on nuclei far off stability.
With the availability of intense isotopically pure secondary beams of radioac-
tive nuclei (see also Sect. 1), such investigations are most favourably per-
formed by using the method of inverse kinematics which is sketched schemat-
ically in Fig. 15 for the example of a one-neutron (d,p) transfer reaction. In
order to study the structure of the radioactive projectile nucleus, a direct
reaction is initiated by the radioactive beam hitting a 2H target, and the
target-like reaction products are to be detected in coincidence with the beam-
like reaction products. Such investigations are of high interest at present and
even more at the second generation future radioactive beam facilities (see
Sect. 1), as many questions of nuclear structure and nuclear astrophysics —
e.g., on the isospin dependence of nuclear structure, the mechanisms of nu-
cleosynthesis in stars and supernovae, etc. — may be addressed (see [3,4,36]
for an overview).

The experimental technique (see Fig. 15) requires, among others, an un-
ambiguous mass identification of the beam-like reaction products, which, es-
pecially for very slow heavy radioactive beams, is not provided by standard
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Fig. 15. 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 product, high resolution cryogenic detectors
may favourably be used.

detection techniques. The application of cryogenic detectors for mass identi-
fication via the E/TOF method as discussed before is therefore of high in-
terest for future investigations, e.g., at future radioactive beam facilities like
SPIRAL II at GANIL, France [37], and FAIR at GSI Darmstadt, Germany
[3,4].

4.3 Accelerator Mass Spectrometry
4.3.1 Cryogenic Detectors in Accelerator Mass Spectrometry

For many fields of basic and applied research in nuclear physics and astro-
physics, solid state physics, material analysis, nuclear chemistry, biology, life
sciences, etc., a precise knowledge of the isotopic composition of a material
sample is of high interest. Accelerator Mass Spectrometry (AMS) is a well
established method for the determination of very small isotope ratios with
high sensitivity. Preselected by a conventional ”low energy” mass spectrome-
ter, the ions of interest are injected into an accelerator. After acceleration, the
ion beam passes an additional ”high energy” mass spectrometer which usually
consists of several filters for nuclear mass and charge, well adjustable to the
individual experimental conditions for specific cases (see [7,8] for a detailed
overview of the experimental technique and its applications). As compared to
conventional mass spectrometry, the use of accelerated ion beams and ”high
energy filters” provides substantial advantage in the quality of isotope sep-
aration and suppression of background from neighbouring isotopes, isobares
and molecular ions, and therefore allows an enhancement in sensitivity by
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many orders of magnitude. With such performance, the precise determina-
tion of isotope ratios down to a level of 1071910716, by far not reached
with conventional techniques, becomes possible with AMS and thus enables
to address interesting applications in trace analysis, radionuclide dating, cos-
mochronology and many others, radiocarbon dating representing the most
prominent example.

Within the last 10 years, very heavy elements like uranium and plutonium
have become more and more interesting for AMS applications, e.g. in biolog-
ical research or reactor safety. However, AMS of such very heavy nuclides
bears new and more involved challenges:

— For very heavy ions, the discrimination of neighbouring isotopes, which
have always a small but finite probability to leak — due to multiple charge
exchange processes — through the high energy filters, becomes more de-
manding. As the mass resolving power required scales linearly with the
nuclear mass M, high resolution energy and/or time-of-flight detectors
are necessary to separate the different isotopes.

— Most AMS facilities nowadays use tandem accelerators with 3—-5 MV ter-
minal voltage, resulting in typical ion energies as low as 0.1-1 MeV /amu
for very heavy ions when selecting charge states with maximum transmis-
sion. Moreover, the present trend is to use, for cost reduction purposes,
even smaller accelerators with correspondingly lower terminal voltage and
thus lower ion energies. The detection of such slow heavy ions with high
resolution, low threshold and high detection efficiency, most important
for very rare isotopes, is a challenging task, and in many cases beyond the
limits of the performance of standard detection techniques (see Sect. 2).

With the performance of cryogenic heavy ion detectors (as discussed in
Sect. 3.2), such detectors have the potential to considerably improve the ex-
perimental conditions for AMS applications with very heavy ions. Due to
their excellent energy resolution for slow heavy ions, they are capable of sep-
arating neighbouring masses by their high energy resolving power alone, and
are therefore very suitable to replace conventional E/TOF detection systems
in AMS measurements. Together with their low detection threshold and their
radiation hardness, this leads to substantially improved detection efficiency
and long-time stability, especially important for the detection of very rare
isotopes. Consequently, as discussed in the next section, cryogenic heavy ion
detectors were recently applied for the first time in an AMS experiment ad-
dressing a question of basic physics interest [15,38].

4.3.2 First Application of Cryogenic Detectors in AMS for Trace

Analysis of 236U

One of the heaviest nuclides of interest for AMS is 236U. Being produced in
nature by the capture of thermal neutrons in the reaction 23°U(n,y)?*¢U and
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having a half-life of 23.4 million years, the relative abundance of 236U pro-
vides an excellent neutron flux monitor integrated over geological timescales
[26,39]. Besides other applications, e.g., in reactor safety, 236U is therefore
most interesting for geology research. Its isotopic ratio with respect to the
long lived isotope 238U can be used to determine the neutron flux that sam-
ples of natural uranium ore have been exposed to in their geological history.
This could be used to prove the existence of an enhanced neutron flux due to
natural ”reactor-like” conditions in the past. A prominent example is the ura-
nium mine in Oklo, West Africa [40], where nuclear fission of 235U is believed
to have occured under specific geological conditions. However, in natural ura-
nium ore, the isotope ratio is of the order of 236U /?¥U = 1071—~10"1, de-
pending on the samples history and surroundings, and therefore an ultra-high
sensitivity for the detection of 236U is required for such kind of investigations.

Under typical experimental conditions, e.g., at the VERA AMS facility
at the university of Vienna, Austria, background in AMS measurements for
very heavy ions is mainly due to neighbouring isotopes which have, due to
various charge exchange processes, the same magnetic rigidity M E/q*> (M
being the mass and ¢ the charge state of the ion) and therefore pass through
the "high energy” magnetic analyzer and, after additional charge exchange,
also through the electrostatic analyzer (see [26] for a detailed discussion). The
background situation expected for the case of 17.54 MeV 236U5* ions is dis-
played in Fig. 16. Since standard energy detectors, (e.g., ionization chambers
etc.) do not provide sufficient energy resolution to resolve these background
peaks, in the previous measurements [26,39] TOF spectrometers combined
with ionization chambers were used. The level of sensitivity reached for the
23617 /238U ratio was limited to 6 x 107! mainly due to the limited detection
efficiency of only 20% and/or the poor energy resolution of the ionization
chamber. The aim of the present experiment was therefore to replace the
conventional detection system by a calorimetric low temperature detector to
increase the sensitivity, and to precisely determine the 236U/23%U ratio for
various samples of natural uranium in order to establish an improved material
standard.
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Fig. 17. The experimental setup for the AMS experiment at the Vienna Environ-
mental Research Accelerator VERA. For the systematic investigations of detector
performance discussed in Sect. 3.2, the superconducting aluminum TES calorime-
ters were mounted at the 0°-beamline, for the AMS measurements at the 20°-
beamline. For a detailed discussion see text and [15,25,38].
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The experiment was performed at the Vienna Environmental Research
Accelerator (VERA) in Vienna, Austria. This 3 MV tandem accelerator is
part of a dedicated AMS setup for all ions ranging from beryllium up to
uranium [26]. The experimental setup is schematically displayed in Fig. 17
(see [15,38] for details). For the AMS measurements, the accelerator provides
U5t beams with E ~ 17.5 MeV. The analyzing magnet and the electrostatic
analyzer form a high energy mass spectrometer with a mass resolution of
AM/M = 1.8 x 1073, principally sufficient to separate 236U from its neigh-
bouring isotopes 234U, 235U and 238U. However, due to multiple charge ex-
change processes with the residual gas in the beamline (as discussed above),
these isotopes can pass the mass spectrometer and reach the detector at the
end of the beamline, where the 236U ions are detected. The cryostat which
houses the aluminum TES calorimeters as described in Sect. 3.1 was attached
directly to the VERA 20°-beamline. For the determination of the isotope ra-
tio, the radioisotope 236U was detected in the calorimetric detector, while
the beam current of the "stable” 23®U was measured in a Faraday Cup sit-
uated directly behind the analyzing magnet, which was moved in and out
of the beam frequently throughout the measuring cycles. Cooled slits at the
entrance of the cryostat were used to minimize thermal irradiation from the
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the sample with the lowest 226U abundance.

For the very first AMS measurement performed with a cryogenic detector,
the results of which are presented here, the detector performance under run-
ning conditions was unfortunately worse as compared to the results presented
in Sect. 3.2, but already with a resolution of AE/E = 9.1 x 1073, essential
parts of the background from 234U and 22*U could be separated, whereas a
possible contribution of 235U is still included in the 22U count rate (see also
Fig. 18). Several samples of natural uranium were investigated (see [15,38] for
a detailed discussion). Uranium ore from the mine ” Joachimsthal”, processed
and stored before 1918 and therefore not contaminated by nuclear bomb fall-
out, is very suitable as a material standard in AMS if its 236U /23U isotope
ratio is known precisely. Within errors, the present result of 236U /238U =
(3.89 £0.35) x 10~ is in agreement with previous measurements [39]. Sta-
tistical as well as systematical errors were considerably reduced, mainly due
to an improvement in detection efficiency from 20% to 65%.

With the increase in sensitivity obtained, it was possible for the first
time to investigate one sample of uranium extracted from spring water from
Bad Gastein, Austria, for which an isotope ratio of 236U /238U < 10~!? was
expected. Fig. 18 shows the energy spectrum obtained. Due to the rather
complicated sample preparation and the low uranium concentration in the
water, the amount of sample material was limited, and only one measurement
of 20 minutes duration could be performed. The isotope ratio was determined
to be 236U /238U = (6.1 £2.1) x 10712, This represents the smallest isotope
ratio determined for 23U /238U up to now. As compared to the measure-
ments with a conventional setup [39], sensitivity was enhanced by one order
of magnitude. Increasing the active detector area and realizing the best res-
olution achieved under AMS experiment conditions (see Sect. 3.2) will allow
to further increase the sensitivity and to measure even smaller isotope ratios.
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5 Cryogenic Detectors for Hard X-rays and their
Application in Atomic Physics with Highly
Charged Heavy lons

Besides the detection of heavy ions, the concept of cryogenic detectors also
provides considerable advantage for X-ray spectroscopy in heavy ion physics.
Whereas the worldwide activities on cryogenic heavy ion detectors are still
very scarce, a lot of activities with various motivations and potential ap-
plications for X-ray detectors exist [16,41]. Most of these developments are
restricted to the energy range F, < 10 keV. However, relativistic heavy ion
beams, available e.g., at GSI Darmstadt (see Sect. 1), allow to prepare highly
stripped ion beams of very heavy ions with correspondingly high electronic
transition energies of the order of E, = 50-100 keV. Consequently, there is
a demand for high resolution detectors for such "hard” X-rays.

5.1 Lamb Shift Measurements on Hydrogen-like Heavy Ions

About fifty years ago, it became evident that for small distances between
electric charges the classical Coulomb interaction potential is not completely
correct. The accurate experimental test of the theoretical predictions of quan-
tum electrodynamics (QED), then developed, on corrections to the classical
Coulomb interaction is still — at least for high-Z systems — one of the outstand-
ing and most challenging problems of atomic physics. In the hydrogen atom,
or in hydrogen-like ions, the QED corrections give rise to the so-called Lamb
shift, which is a small deviation of the binding energies from those predicted
by the relativistic Dirac-Coulomb theory (see Fig. 19). Whereas in light sys-
tems, where QED predictions were confirmed to high accuracy [42] and the
higher-order contributions are almost negligible, they increase strongly with
higher Z. On the other hand, the theoretical predictions of QED, which are
usually performed in series expansions in Z« (« being the fine structure con-
stant), become most critical for the heaviest systems, where Z«a approaches
values close to unity. Therefore, an accurate determination of the Lamb shift
in hydrogen-like very heavy ions represents one of the most sensitive tests of
QED in strong electromagnetic fields, not accessible otherwise [10,43,44].
The level scheme of the hydrogen-like U+ ion is displayed in Fig. 19.
The binding energy of the 1s-energy level is about —132 keV, thus yielding
transition energies for the Lyman-« lines of about 100 keV. The 1s Lamb shift
is predicted to be about 466 eV [45]. Besides the QED contributions of self
energy (= 80%) and vacuum polarization (= 20%), the effect of finite nuclear
size (= 40%) also contributes considerably to this value. Therefore, apart
from the experimental uncertainities, the accuracy on the QED test will be
finally limited by the uncertainities on the finite nuclear size effects, estimated
for 238U to be about 0.1 eV [44,45]. This provides the Lamb shift experiments
also with the potential to deduce nuclear charge radii by testing QED in one
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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.

To determine the 1s Lamb shift of heavy ions the transition energies of
the Lyman-« transitions are to be measured with high accuracy and com-
pared to theoretical predictions from the Dirac theory. Such experiments are
performed at the experimental storage ring ESR of GSI Darmstadt [44,45]
(see also Fig. 20). A beam of bare U%** ions is injected, stored and cooled in
the ESR and interacts with an internal gas-jet target. This may lead to the
capture of one electron and to the population of a 2p state, which promptly
decays to the 1s state. The emitted Lyman-a X-rays are detected by X-ray
detectors surrounding the internal target in coincidence with the charge ex-
changed U°'* ions. The latest experimental results on the Z = 79 and Z = 92
systems are compared with theoretical predictions in [45]. The experimental
results agree well with the theoretical predictions and provide already a test
of QED for the high-Z domain on the level of 3%. However, the experimental
errors (£ 13 eV) are about one order of magnitude larger than the theo-
retical ones (£ 1 eV). Thus, the experimental accuracy has to be improved
considerably for a more stringent test of QED and/or for the determination
of precise nuclear charge radii.

One major contribution to the experimental error is the poor energy res-
olution of AE > 500 eV obtained with germanium detectors, which must be
improved to at least AE' < 50-100 eV in order to reach an absolute accuracy
of about 8E = + 1 eV in the determination of the center of gravity of the
transition energy. Consequently, it was first proposed in 1995 [46] to apply the
concept of calorimetric low temperature detectors for improving the experi-
mental conditions in Lamb shift experiments. As compared to the alternative
concept of using crystal spectrometers [47], which also provide excellent en-
ergy resolution but suffer from poor overall detection efficiency, cryogenic
detectors represent a good compromise between good energy resolution and
still reasonable detection efficiency (for details see [46]). Very recently it was
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also proposed [48] to study the 2s Lamb shift in the Balmer series using
calorimetric detectors covering the lower energy range of £, < 10 keV.

5.2 Development of Calorimetric Low Temperature Detectors
for Hard X-rays and First Results

The detection of X-rays with calorimetric low temperature detectors is dis-
cussed in detail in the contribution of Porter et al. [41] for the region of soft
X-rays with I, < 10 keV. To meet the experimental conditions required by
the 1s Lamb shift experiment discussed in the previous section, the calori-
metric detector should have a relative energy resolution of AE/E < 1 x 1073
for £, = 50-100 keV and a total detection efficiency (including detector solid
angle) of > 107—~1075, which may be reached with a photopeak efficiency of
> 30 % and an active detector area of > 50 mm?. The detector modules for
the present experiment are designed on the basis of silicon microcalorimeters
which were developed by the Goddard / Wisconsin groups for astrophysical
applications [41,49]. The detector pixels consist of silicon thermistors, made
from a wafer of silicon containing an implanted thermistor and of X-ray ab-
sorbers glued on the top of the thermistors by means of an epoxy varnish.
Thermistor arrays [49], consisting of 36 pixels each, are provided from the
collaborating group from the Goddard Space Flight Center.

For the Lamb shift measurement, the experimental setup was optimized
with respect to energy resolution and detection efficiency for hard X-rays at
the experimental area of the storage ring ESR (for details see [50-52]). The
final detector concept foresees three calorimeter arrays, the active area of
one pixel being about 0.5 mm?. In order to reach sufficient photopeak effi-
ciency, the absorber should be a high-Z material and have a volume of at
least V > 0.5 mm? x 40 um. Additional requirements are low heat capac-
ity as well as rapid and complete thermalization. Absorber materials under
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investigation are Sn, HgTe and Pb. To obtain a reasonable detection solid
angle, the detector arrays have to be located as close as possible to the in-
teraction zone at the internal target of the ESR. To realize this concept a
special *He/*He dilution refrigerator with a side arm which fits to the inter-
nal target geometry was designed in cooperation with Oxford Instruments.
A schematic view of the layout of the system is displayed in Fig. 21. The
detector arrays are mounted on the cold finger at the end of the side arm
and can be irradiated through a system of aluminum-coated mylar windows.
In order to suppress low-frequency microphonics, the first amplifier stage is
positioned close to the detectors inside the side arm of the cryostat. The cryo-
stat is prepared to read out a total of 100 detector channels. In agreement
with the specifications, the cryostat reaches a base temperature of 11.5 mK,
and a cooling power of 400 uW at 11.5 mK. The operating temperature of
the detectors can be chosen between T= 50 mK and T = 100 mK.

The detector performance presently achieved is already close to fulfill the
demands of the Lamb shift experiment. The best results were obtained with
Sn and Pb as absorber materials. The energy spectrum obtained for a detector
with a 0.2 mm? x 47 um Pb absorber for 59.6 keV photons, provided by an
241 Am source, is displayed in Fig. 22. For the photopeak at 59.6 keV, an
energy resolution of AE = 65 eV is obtained. This result may be compared to
the theoretical limit of the energy resolution for a conventional semiconductor
detector which is about AE =~ 380 eV for 60 keV photons.

Very recently, a prototype array consisting of 8 pixels with a total active
area of 2.9 mm? was installed at the ESR storage ring and is presently subject
to tests under realistic experimental conditions. Covering a total solid angle
of 1.9 x 107° sr, an overall K, detection efficiency of 2 x 10~7, corresponding
to a count rate of 15/hour under realistic experimental conditions is expected,
and an average energy resolution of AE = 75-150 keV is obtained.

With respect to atomic physics investigations at the future GSI facility
FAIR (see Sect. 1), we expect that the concept of cryogenic detectors will
play a major role for X-ray spectroscopy on stored and trapped heavy ions.
So within the SPARC project [53], it was proposed to build up highly efficient

an energy resolution of AE = 65 eV
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arrays of calorimetric detectors covering a major part of the available solid
angle. For this purpose, besides micro-calorimeters on the basis of semicon-
ductor thermistors or transition edge sensors, as used nowadays, the concept
of magnetic calorimeters [54] may be a promising detector concept for such
investigations.
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