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The energy-sensitive detection of heavy ions with calorimetric low temperature detectors was
investigated in the energy range of E=0.1–1 MeV /amu, common for accelerator mass
spectrometry �AMS�. The detectors used consist of sapphire absorbers and superconducting
aluminum transition edge thermometers operated at T�1.5 K. They were irradiated with various
ion beams �13C, 197Au, 238U� provided by the VERA tandem accelerator in Vienna, Austria. The
relative energy resolution obtained was �E /E= �5–9��10−3, even for the heaviest ions such as
238U. In addition, no evidence for a pulse height defect was observed. This performance allowed for
the first time to apply a calorimetric low temperature detector in an AMS experiment. The aim was
to precisely determine the isotope ratio of 236U / 238U for several samples of natural uranium, 236U
being known as a sensitive monitor for neutron fluxes. Replacing a conventionally used detection
system at VERA by the calorimetric detector enabled to substantially reduce background from
neighboring isotopes and to increase the detection efficiency. Due to the high sensitivity achieved,
a value of 236U / 238U=6.1�10−12 could be obtained, representing the smallest 236U / 238U ratio
measured at the time. In addition, we contributed to establishing an improved material standard of
236U / 238U, which can be used as a reference for future AMS measurements. © 2009 American
Institute of Physics. �doi:10.1063/1.3213622�

I. INTRODUCTION

Accelerator mass spectrometry �AMS� is a well estab-
lished method for the determination of very small isotope
ratios with high sensitivity.1 In comparison with conven-
tional mass spectrometry, the use of accelerated ion beams
provides substantial advantages in the quality of isotope
separation and background suppression, thus allowing the
determination of isotope ratios down to a level of
10−10–10−16, depending on the ion species. 236U represents
one of the heaviest nuclides of interest for AMS. Being pro-
duced in nature by capture of thermal neutrons in the reac-
tion 235U�n ,��236U and having a half-life of 23.4�106 yr,2

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 ”reac-
torlike” conditions in the past.3 In natural uranium minerals,
the isotope ratio is expected to be of the order of
10−10–10−14, dependent on the sample’s history and sur-

roundings. However, the energy resolution and detection ef-
ficiency of conventional heavy ion detection systems limit
the sensitivity and demand relatively large amounts of
sample material.4

Conventional heavy ion detectors, such as semiconduc-
tor detectors, which operate on a charge collection principle,
are limited in energy resolution, especially at very low ki-
netic energies, by considerable losses in the ionization signal
of up to 60%–80%, which appear due to direct phonon ex-
citation by nuclear scattering processes as well as due to
charge recombination �the latter effect is dominant for very
heavy ions due to extremely high charge densities� and result
in a substantial pulse height defect. Furthermore, the detec-
tion efficiency of such detectors is limited by ion losses in
entrance windows or dead layers and especially for very
heavy ions semiconductor detectors suffer from considerable
radiation damage even after short periods of irradiation.

Calorimetric low temperature detectors use an alterna-
tive detection concept: a calorimetric detector measures the
temperature rise of an absorber after the energy deposited by
the incident particle has been converted into heat. This de-
tection principle is schematically displayed in Fig. 1: the
incident particle deposits its kinetic energy E by electronic
and nuclear stopping processes �for details see Ref. 5� in an
absorber with a heat capacity C at an operating temperature
Ta. After thermalization of the whole absorber, a temperature
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rise �T=E /C is induced. To realize a large temperature
change, low heat capacities and thus low operating tempera-
tures are essential. The temperature rise �T is then read out
by determining the resistance change of a temperature-
dependent resistor R�T�. High dR /dT values for high resis-
tance changes are realized either by specially doped semi-
conductors or by a superconductor operated at the transition
temperature �transition edge sensor �TES��. The dynamic be-
havior of the detector is determined by the heat capacity C as
well as the thermal coupling constant k �see Refs. 6 and 7 for
a detailed discussion�. A detailed overview of such detectors
and their applications can be found in Ref. 8.

The detection principle of calorimetric detectors can pro-
vide considerable advantages over conventional charge-
collecting detectors for heavy ions in several regards.9 As in
principle almost the whole deposited energy is finally con-
verted into heat after the decay of the initial electronic exci-
tations, a more complete energy detection is achieved, which
considerably reduces fluctuations in the detected amount of
energy, and therefore improves the energy resolution. Fur-
thermore, these detectors do not necessarily need entrance
foils such as ionization chambers or dead layers such as
semiconductor detectors. As a consequence, a considerable
reduction of detection threshold and energy straggling is ob-
tained, providing increased detection efficiency and energy
resolution for low-energetic heavy ions. As the detection
principle is to a large extent independent of material proper-
ties except the specific heat and the thermal conductivity, the
absorber material can be optimized for heavy ion detection
by choosing a material with high resistivity against radiation
damage.

Calorimetric detectors for heavy ions have already been
demonstrated6,10–12 to provide an excellent relative energy
resolution of �E /E= �1–2��10−3 for energetic heavy ions
in a wide range of ion species �20Ne¯ 238U� and energies
�E=5–360 MeV /amu�. Therefore, they bear a large poten-
tial for various applications in heavy ion research. Especially
when replacing conventional heavy ion detectors in AMS
experiments, they can improve the sensitivity by their higher
detection efficiency, lower detection threshold and better
background suppression due to their excellent energy reso-
lution. As AMS is commonly performed at dedicated tandem
accelerators with a relatively small terminal voltage of 0.5–5
MeV, energies for heavier ions usually do not exceed 0.3

MeV/amu. Therefore, the first aim of the investigations dis-
cussed in this paper was to extend studies of the performance
of calorimetric detectors to the energy range of E
=0.1–1 MeV /amu. The results allowed to apply such detec-
tors for the first time in an AMS experiment to precisely
determine the isotope ratio 236U / 238U in several samples of
natural uranium minerals.

II. DETECTOR DESIGN AND EXPERIMENTAL SETUP

Within the past 15 years, two types of calorimetric low
temperature detectors for heavy ions with different ther-
mistors, one on the basis of a semiconducting germanium
thermistor,10 the other one on the basis of a superconducting
TES,11,12 have been developed. Because the TES calorim-
eters provide higher sensitivities for low energies as com-
pared to detectors with germanium calorimeters, the present
investigations were performed using the TES calorimeters.
These detectors consist of a thin superconducting aluminum
film serving as the TES and operated at T�1.5 K �see also
Fig. 2�. Using photolithographic techniques, a 10 nm thick
aluminum film, which is evaporated onto a sapphire substrate
with a thickness of 330 �m and an area of approximately
2�3 mm2, serving as the absorber, is etched to a 10 �m
wide strip with a total length of 52 mm in a meanderlike
structure. At the transition temperature TC�1.5 K this leads
to a resistance of typically RC�15 k�, sufficiently high for
conventional preamplifiers to be used for signal readout. The
width of the transition covers a range of 2 mK��T
�10 mK. Figure 3 displays a typical transition curve. A
more detailed discussion of layout and preparation of the
detectors can be found in Refs. 6, 7, and 11.

The experimental setup is shown schematically in Fig. 4.
The detectors were mounted onto the cold finger of a
pumped 4He bath cryostat operated at temperatures between
1.2 and 1.6 K. The operating temperature was regulated us-
ing an electric control circuit; a temperature stabilization
with fluctuations of the order of 1 �K was obtained. To
avoid energy straggling and efficiency losses of the low-
energetic heavy ions, entrance windows were replaced by
four entrance slits of dimensions 2�30 mm2 for the system-
atic investigations and of 3.5�15 mm2 for the AMS mea-
surements, respectively.

incident particle

with energy E
Ta → Ta + ∆T

absorber: heat
capacity C

thermometer
R(T)

heat sink Tbath

thermal
coupling k

FIG. 1. Schematic principle of particle detection with a calorimetric low
temperature detector �discussion see text�.

copper
coldplate

sapphire
absorber

gold contacts
gold wires

aluminum
meander
structure

heavy
ions

RL signal
U0

electrical
feedthroughs

aperture

FIG. 2. The setup of a calorimetric detector with a superconducting alumi-
num TES is schematically displayed.
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The cryostat was connected to the beamline of the Vi-
enna Environmental Research Accelerator �VERA� �Ref. 3�
in Vienna, Austria. A cesium sputter ion source produces
negative ions which are injected into a tandem accelerator
with 3 MV terminal voltage. A high resolving magnetic and
electrostatic analyzing system provides heavy ion beams of
various ions in an energy range of 6 MeV�E�65 MeV
with an energy spread as small as �E /E�10−4.

For the systematic investigation of detector response, the
0°-beamline was used. The count rate was adjusted via a slit
system to about 10–50 s−1. For a direct comparison, a con-
ventional silicon surface barrier detector was mounted at the
same beamline and could be moved in front of the calorimet-
ric detector, thus allowing measurements with both detectors
under practically identical experimental conditions.

To suppress background from neighboring uranium iso-
topes, an additional switching magnet �see Sec. IV� had to be
used for the AMS measurements. Therefore, these measure-
ments were performed at the 20°-beamline. The count rate of
the radioisotope 236U was detected in the calorimetric detec-
tor, while for the long-lived 238U the beam current was mea-
sured in a Faraday cup which was moved in and out of the
beam.

To minimize systematic errors, several targets for the ion

source had been prepared from each sample �for details of
target preparation see Ref. 3�; these targets were measured
several times in cyclic order, one measurement lasting 600 s.
In these measurements, count rates for 236U ranged from
10 s−1 down to 10−2 s−1 for the sample with the lowest 236U
abundance. The measurements were performed by an auto-
mated measurement routine of VERA, described in detail in
Ref. 13. The 236U count rate was evaluated in the following
way: As all components in the spectrum have very sharply
defined energies �see Sec. IV�, the spectrum was deconvo-
luted into Gaussian line shapes for the different isotopes. The
amplitude of each Gaussian normalized to the measurement
time gave the actual count rate for each component. The 238U
current was measured alternating every 200 s. To determine
the transmission through the beamline, the count rate of 236U
in the calorimetric detector was compared to the count rate in
a conventional silicon detector with approximately 100% de-
tection efficiency which was positioned in front of the cry-
ostat �see Fig. 4�. For a detailed description of the AMS
measurement procedure see also Refs. 3 and 4. In contrast to
the setup described in these references, no time-of-flight
�TOF� detector was included in the present measurements.

III. SYSTEMATIC INVESTIGATION OF DETECTOR
PERFORMANCE UNDER IRRADIATION WITH
LOW-ENERGETIC HEAVY IONS

The response of calorimetric detectors to the impact of
low-energetic heavy ions was studied using 13C, 197Au, and
238U beams at various incident energies ranging from E
=10 MeV to E=60 MeV, corresponding to 0.1�E
�1 MeV /amu. In addition, data for 5.5 MeV �-particles
provided by a 239Pu / 241Am / 244Cm source mounted inside
the cryostat were taken.

A preamplifier signal for the impact of a 238U ion with
E=17.39 MeV is displayed in Fig. 5�a�. The relatively short
thermal decay time of 	=206 �s allows for count rates up to
about 0.5–1 kHz. The corresponding energy spectrum is dis-
played in Fig. 5�b�. The solid line is the result of a fit with a
Gaussian to the data resulting in a width of �EFWHM

=80 keV. This corresponds to a relative energy resolution of
�E /E=4.6�10−3, which represents the best result obtained
at energies below 1 MeV/amu at present. The shoulder on the
low energy side is caused by ions scattered off the entrance
slits.

As compared to conventional ionization detectors, this
result represents a considerable improvement in energy res-
olution, especially at these relatively low ion energies. Figure
6 compares the spectrum of the calorimetric detector to that
of the conventional silicon surface barrier detector for 238U
ions at E=20.85 MeV. Even though the performance of the
calorimetric detector was somewhat worse due to different
experimental conditions, the resolution of �E /E=7.4�10−3

is about one order of magnitude better than the resolution of
�E /E=57�10−3 achieved with the silicon detector. Further-
more, a relatively fast decrease in the energy resolution of
the silicon detector throughout several hours of measuring
time was observed, most probably due to radiation damage.
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(T
)
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]
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FIG. 3. A typical R�T� characteristic: TC is the transition temperature and �T
represents the width of the transition.

Cs sputter ion
source:

negative ions

injection magnet

3 MV Tandem accelerator
analyzing
magnet

electrostatic
analyzer

switching
magnet

quadrupole multipletts

20°

0°

silicon
detector

Faraday cup

pumped 4He bath
cryostat

calorimetric
detectors

entrance slits

heat radiation
shields

slits

FIG. 4. Schematic view of the experimental setup: the pumped 4He bath
cryostat was connected directly to the beamline of the VERA. For the sys-
tematic investigations the 0°-beamline was used. The AMS measurements
were performed at the 20°-beamline �for details see text�.
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In contrast, the calorimetric detector showed no evidence of
such behavior even after irradiation with integrated ion doses
of 109 ions /cm2.

Results of a systematic study on the relative energy res-
olution, obtained for all ions and energies investigated, are
summarized in Fig. 7; as the measurement for 238U at E
=17.39 MeV was performed during the AMS measurements
in a different experimental setup, this measurement is not
included. At low energies �E
20 MeV�, an increase of
�E /E for �-particles and 13C is observed. This behavior may
be explained by a lack of sensitivity of the present detectors
due to their relatively large heat capacity, and could be im-
proved in future by using substantially thinner absorbers as
compared to d=330 �m in the present setup. For energies
E�20 MeV, the relative energy resolution is approximately
constant, independent of ion species and incident energy. The
solid line is the result of a fit to the data using the following
ansatz:

�E

E
=

1

E
· ��EBLN

2 + �� · E�2.

Hereby, �EBLN 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 energy resolution

for E
20 MeV. For higher energies, the term �E�E domi-
nates, � 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.16 Further detailed investigation of the energy depo-
sition processes will be necessary for a full understanding of
the observed detector performance. The fit yields a result of
�=6.93�5��10−3. This result confirms that the improvement
in energy resolution by one order of magnitude as compared
to conventional ionization detectors was not only achieved
for 238U, but for all ions investigated.

Figure 8�a� summarizes the results of investigations on
the linearity of detector response. A perfectly linear behavior
as a function of energy is obtained over the entire range of
ions from 4He up to 238U. The solid line represents a linear
fit to the data. Even more remarkable, the peak positions for
the three different ions 13C, 197Au, and 238U at the same
energy agree within 0.1%, showing no evidence of a pulse
height defect. In contrast, for the conventional silicon detec-
tor a considerable pulse height defect of 70% was observed
when comparing the peak position of 13C to the one of 238U
�Fig. 8�b��.
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These results allow to set an upper limit on the existence
of Z-dependent energy loss processes. Such loss processes
are due to the creation of local lattice defects, so-called Fren-
kel pairs, which give rise to phonon trapping, i.e., the cre-
ation of long-lived metastable electronic states with lifetimes
much longer than the thermal time constant of the detector.
The energy stored in such trapped phonons consequently
does not contribute to the thermal signal. As the number of
Frenkel pairs created is proportional to the nuclear stopping
power,17 the effect is expected to contribute more for very
slow and very heavy ions, for which nuclear stopping domi-
nates the energy transfer process. From the nonexistence of a
pulse height defect as well as the fact that the energy reso-
lution is independent of the ion species, it can be concluded
that such Z-dependent energy loss processes are indeed neg-
ligible in calorimetric low temperature detectors.18

IV. APPLICATION IN AN AMS EXPERIMENT: PRECISE
DETERMINATION OF THE ISOTOPE RATIO
236U/ 238U IN NATURAL URANIUM

The excellent energy resolution makes calorimetric low
temperature detectors suitable instruments for AMS, espe-

cially for investigations with very heavy ions such as 236U.
Under the experimental conditions at the VERA AMS facil-
ity, background in AMS measurements for very heavy ions
such as 236U is mainly due to neighboring isotopes
�234U, 235U, 238U�, which undergo charge exchange reactions
with the residual gas in the accelerator beamline, and after-
wards have the same magnetic rigidity ME /q2 as 236U �M
being the mass and q the charge state of the ion�. Therefore,
the neighboring isotopes can pass through the high-energy
magnetic analyzer and––after additional charge exchange––
also through the electrostatic analyzer �see Ref. 3 for a de-
tailed discussion�. The background situation expected for the
case of 236U5+ at E=17.54 MeV is displayed in Fig. 9. As
the resolution of the magnetic analyzer is very high �see Ref.
3�, the condition ME /q2=constant leads to well defined en-
ergies for the background peaks.

Since standard heavy ion detectors �e.g., ionization
chambers� do not provide sufficient energy resolution to re-
solve these background peaks, in the standard measurement
procedure3,4 a TOF spectrometer combined with an ioniza-
tion chamber is used. Due to ion losses in the foils of the
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TOF detector and the entrance window of the ionization
chamber, transmission through this detection system is lim-
ited to 31%,19 thus limiting the sensitivity.4 With a relative
energy resolution of �E /E=4.6�10−3 as achieved for calo-
rimetric detectors, it is possible to distinguish the isotope of
interest from the neighboring isotopes by the high energy-
resolving power of the detector alone �see Fig. 9�. Thus,
replacing the conventional TOF/ionization-chamber detec-
tion system by a calorimetric detector leads to a substantially
improved sensitivity, especially important for the detection
of very rare isotopes.

The present experiment has two aims.

• Establishing a material standard. To minimize systematic
errors caused by changes in machine performance and ex-
perimental setup, AMS measurements are usually per-
formed normalized to a material standard for which the
isotope ratio is very precisely known. In the case of
236U / 238U, such a material standard had not been estab-
lished due to lack of a suitable material �see also Ref. 4�.
However, the VERA laboratory possesses a considerable
amount of uranyl nitrate from the mine Joachimsthal, pre-
pared and stored before 1918 and thus not contaminated by
236U created by human nuclear activities. This material, in
the following referred to as Vienna-KkU, is therefore very
suitable as a material standard. Steier et al.4,20 performed
first measurements on this material with a conventional
energy/TOF detection system; their result is displayed in
Table I together with the results of the measurements pre-
sented here. The first aim of the experiment with the calo-
rimetric detector was to determine the isotope ratio

236U / 238U in two samples from the mine Joachimsthal to
improve the precision of the material standard value.

• Increasing the sensitivity. One sample investigated had
been extracted from 5 l of water stemming from a uranium
containing spring in the region of Bad Gastein, Austria. As
the uranium in the water had been washed out from the
deep regions of the Alps, the isotope ratio was not known,
but expected to be significantly lower than that of the ura-
nyl nitrate.

V. RESULTS OF THE AMS EXPERIMENT

For the very first AMS measurement performed with a
calorimetric detector, the detector performance under run-
ning conditions was unfortunately worse as compared to the
results presented in Sec. III, mainly due to an increase in the
heat capacity of the detector by condensation of residual gas
onto the detector surface. However, already with a resolution
of �E /E=9.1�10−3, essential parts of background could be
separated; whereas a possible contribution of 235U is still
included in the 236U count rate. Results of the measurements
are summarized in Table I, including statistical and system-
atic errors. The systematic error is mainly limited by the
determination of the transmission from the Faraday cup to
the detector. As compared to a conventional detection sys-
tem, using a calorimetric detector improved the transmission
from �313�% to �6510�%, in the latter case limited by
the active detector area.

A. Samples from Joachimsthal

The spectrum for the sample Vienna-KkU is displayed in
Fig. 10�a�. As compared to the total count rate, background
contribution from 234U is 10�1�% and from 238U 4�1�%.
Therefore, at a level of 10−11, background is no limitation of
sensitivity. As compared to the conventional setup, statistical
as well as systematic errors have been improved consider-
ably. The result of the Vienna-KkU sample in our measure-
ments agrees reasonably well with the result of Steier et al.,
but it is clearly smaller. The reason for this discrepancy is yet
unclear and has to be investigated in detail in a future mea-
surement campaign. The result of the sample Joachimsthal 2,
the energy spectrum of which is displayed in Fig. 10�b�, is

TABLE I. Results of the measurements 236U / 238U isotope ratio to establish
a material standard �Vienna-KkU and Joachimsthal 2� and to improve the
sensitivity �Bad Gastein�. The systematic error results from the determina-
tion of the transmission.

Sample 236U / 238U�10−11�

Vienna-KkU 3.890.08stat0.35syst

Joachimsthal 2 2.290.07stat0.29syst

Vienna-KkUa 6.980.32stat0.68syst

Bad Gastein 0.610.17stat0.12syst

aReference 20.
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FIG. 10. Energy spectrum for the AMS measurement of the 236U / 238U isotope ratio in the samples �a� Vienna-KkU and �b� Joachimsthal 2.
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again considerably smaller than the result of Vienna-KkU.
However, this is understandable because the sample origi-
nates from a different batch of 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 dem-
onstrates that, once a material standard is established, differ-
ent samples with different isotope ratios can be characterized
and compared with high accuracy. Even though the inconsis-
tency between our data and the previous measurements still
has to be resolved, it has been demonstrated that calorimetric
detectors can considerably improve the precision of such a
material standard.

B. Sample from Bad Gastein

Due to the low uranium concentration, 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. 11. In the case of
this sample, 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 result for the isotope ratio, 236U / 238U= �6.12.1�
�10−12 �see Table I�, represents the smallest isotope ratio
measured for 236U / 238U up to date; the result was confirmed
in recent measurements with the conventional setup and a
larger amount of sample material.20 As compared to mea-
surements with a conventional setup �see Ref. 4 and Table I�,
sensitivity was enhanced by one order of magnitude by in-
creasing the transmission from 31% to 65%. The error of this
result is dominated by the statistical error. With a detection
efficiency of 100% and a further improvement in the resolv-
ing power, it will be possible to reduce this error even if an
increase in sample material is not easily achievable.

VI. DEVELOPMENT OF LARGER SOLID ANGLE
ARRAYS—STATUS AND PERSPECTIVES

As discussed in Sec. VII, the current performance of
calorimetric detectors in heavy ion physics is limited mainly
by their active detector area of approximately 6 mm2.

Whereas for AMS applications such as the measurement of
the 236U / 238U ratio an active area of around 100 mm2 is
suitable, other applications may require active detector areas
as large as 2000–3000 mm2. On the other hand, the active
area of a single calorimetric detector is limited by its heat
capacity. The performance of larger single detectors is dete-
riorated by a worse signal-to-noise ratio. Therefore, the de-
velopment of large solid angle arrays of calorimetric detec-
tors for heavy ions is of high interest.

However, the development of such an array poses a spe-
cial challenge. Figure 12 shows examples of transition
curves obtained for different detector pixels, which were
photolithographically produced on one single sapphire wafer.
As the transition temperature TC sensitively depends on the
microstructure of the aluminum film and details of the depo-
sition process, it can differ for different pixels by more than
0.1 K. Considering the fact that each transition has a transi-
tion width of �T�10 mK only, it is not possible to run an
array of several detectors with one common temperature
regulation circuit. On the contrary, each detector pixel has to
be adjusted to its individual operating temperature and
temperature-stabilized separately. To realize individual tem-
perature stabilization, a heating resistor consisting of a gold
wire of 25 �m width and a thickness of 120 nm was depos-
ited on the detector. Due to the small heat capacity of the
detector pixel, the heater resistance of around 25 � is suffi-
cient to heat the pixel and to stabilize it at its operating
temperature.

A schematic view of a first prototype array of 5
�2 pixels is shown in Fig. 13. It consists of 5 columns with
two pixels per column. Each column is independently re-
placeable. The detector pixels are glued to a ceramic carrier
using Stycast epoxy. As the ceramic carrier is supposed to
have a very low heat conductivity, the main link to the heat
sink is realized via four gold wires of 25 �m in diameter,
which also serve as electric connectors for signal readout.
The inlay shows a close-up of a single pixel with the bonded
gold wires and the additional heater on the left.

As an improvement of the cryogenic setup, a new
pumped 4He bath cryostat was developed, which has been
especially adapted to the needs of heavy ion research.21 Spe-
cial care was taken to realize a high cooling power so that an
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FIG. 11. Energy spectrum for the AMS measurement of the 236U / 238U iso-
tope ratio in the sample prepared from Bad Gastein spring water.
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active detector area of 30�80 mm2 can be cooled to a base
temperature of 1.2 K without using foils for thermal decou-
pling. Furthermore, the cryostat has to maintain a tempera-
ture of 1.2–1.5 K for many hours in stable operation. As the
temperature stabilization has to be independent for more than
100 pixels, the thermal coupling of the individual pixels to
the cold finger had to be chosen much smaller than the ther-
mal coupling of the cold finger to the heat sink. To reduce
thermal fluctuations due to cross-talk of the individual tem-
perature regulations, the cold finger consists of a relatively
large copper mass of 2 kg, strongly coupled to the helium
bath. To minimize thermal irradiation from the surroundings,
apertures with areas varying according to the active detector
area can be mounted.

In a first step, an array of 3�2 detector pixels was pro-
duced and tested at the Gesellschaft für Schwerionenfors-
chung �GSI� Darmstadt, Germany. Its response to heavy ion
irradiation was investigated using 152Sm ions at E
=547.2 MeV and 64Ni ions at E=307.2 MeV. To adapt the
detectors for the relatively high ion energies, the transition
widths of the detectors in this experiment were chosen
around �T�25 mK. To adjust the count rate on the detector
pixels, the ions were elastically scattered off a gold target
under scattering angles between 3° and 10°. A detailed de-
scription of the experimental setup can be found in Ref. 22.

The results of the measurements are summarized in
Table II. In average, a relative energy resolution of �E /E
�8.0�3��10−3 was obtained. This result is comparable with
the relative energy resolution of �E /E=6.93�5��10−3

achieved in the range of low ion energies �see paragraph 3�.

To investigate a potential local dependence of the detector
response function, in the experiment with 64Ni ions two de-
tectors were shielded by apertures to focus the ion interaction
region in the detector center. The detector D001-1 was
shielded with an aperture of 0.5 mm in diameter, the detector
D001-2 with an aperture of 1.0 mm in diameter, respectively.
Both detectors show an improved performance with a rela-
tive energy resolution of �E /E=6.6�3��10−3.

To exclude any influence of the scattering foils, the de-
tectors D001-1 and D001-2 were irradiated with a strongly
attenuated direct accelerator beam of 152Sm ions. With the
direct beam, again only a very small region of the detectors
was illuminated. The results of this measurement are dis-
played in Fig. 14. The achieved energy resolution was con-
siderably improved to �E /E=1.6�1��10−3 for D001-1 and
�E /E=0.9�1��10−3 for D001-2, respectively. These values
are already comparable with the intrinsic energy width of the
UNILAC accelerator at GSI Darmstadt and represent the best
performance achieved with these detectors up to now.

In conclusion, it can be stated that the principle of indi-
vidual temperature stabilization has been demonstrated to
operate successfully with up to 6 detector pixels. The energy
resolution of individual pixels is not influenced by the tem-
perature stabilization of surrounding pixels. As a next step,
the number of pixels per column will be increased to achieve
the required active area.

TABLE II. Performance of the prototype array under irradiation with heavy
ions. The notation a and b in the detector names refer to two pixels in the
same column, i.e., on the same ceramic carrier. In average, a relative energy
resolution of �E /E�8.0�3��10−3 was obtained.

Pixel

152Sm, E=547.2 MeV 64Ni, E=307.2 MeV

�E /E�10−3� �E /E�10−3�

D001-1a 7.0�4� 6.5�3�
D001-2 7.5�2� 9.6�3�
D002-1b 7.0�4� 6.6�3�
D002-2 7.8�2� 9.8�3�
D004-1 6.1�2� 7.7�3�
D004-2 9.9�4� 10.8�3�
aIn the experiment with 64Ni ions, this detector was shielded with an aper-
ture of 0.5 mm in diameter.
bIn the experiment with 64Ni ions, this detector was shielded with an aper-
ture of 1.0 mm in diameter.

FIG. 13. Design of a prototype array consisting of 5�2 detector pixels.
Each column of two pixels is mounted individually. The inlay shows one
single pixel with the new design with the gold heater �Ref. 21�.
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FIG. 14. Spectra obtained with direct-beam irradiation with 152Sm ions of the detectors �a� D001-1 and �b� D001-2. The relative energy resolutions obtained
were �E /E=1.6�1��10−3 for D001-1 and �E /E=0.9�1��10−3 for D001-2, respectively.
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VII. CONCLUSION AND PERSPECTIVES

It has been demonstrated that calorimetric low tempera-
ture detectors achieve a very good energy resolution of
�E /E= �4.6–6.9��10−3 for heavy ions in the energy range
of E=5–60 MeV. As compared to conventional ionization
detectors, this corresponds to an improvement in energy res-
olution by one order of magnitude. The improvement is
mainly due to the fact that with calorimetric detectors only a
negligible fraction of the particle energy is lost in the detec-
tion process. This fact is proven by the perfectly linear en-
ergy response function of the detector and the absence of any
pulse height defect. To further improve the energy resolution,
several possibilities are currently under investigation. As
ions in the energy range investigated have ranges in sapphire
of several microns only, the absorber heat capacity can be
considerably reduced by using thinner absorbers. In addition,
other absorber materials such as diamond could provide ad-
vantage in terms of heat capacity and thermalization. To in-
crease the active area of the detector, the development of a
detector array is mandatory. As a first step, an array with 6
pixels and an area of about 100 mm2 was tested successfully
under heavy ion irradiation at relatively high ion energies of
E=300–600 MeV. The achieved energy resolution of
�E /E= �1–2��10−3 is among the best achieved with this
type of detectors. A potential local dependence of the detec-
tor response function is still under investigation.

A single calorimetric detector was applied in an AMS
measurement to determine the isotope ratio 236U / 238U in
several samples with high precision. Due to the improved
transmission, the sensitivity could be increased by one order
of magnitude as compared to a conventional detection sys-
tem. For the sample Bad Gastein, an isotope ratio of
236U / 238U= �6.12.1��10−12 has been measured, represent-
ing the smallest isotope ratio for 236U / 238U ever measured at
the time. With a detector array of larger active area, trans-
mission can be improved to almost 100%, so that the sys-
tematic error will be negligible. Further improvement in en-
ergy resolution will allow even better background
suppression. Both factors will provide further enhancement
in sensitivity.

Another potential application of calorimetric detectors in
heavy ion physics is the direct mass identification of reaction
products, especially so-called superheavy elements, via a
combined energy/TOF measurement. Results of first test ex-
periments are encouraging. However, to exploit this applica-

tion in greater detail, a detector array with an active detector
area of 30�80 mm2 is mandatory.7
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