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Abstract
We report on thefirst integration of novelmagneticmicrocalorimeter detectors (MMCs), developed
within SPARC (Stored Particles Atomic Physics ResearchCollaboration), into the experimental
environment of storage rings at GSI6, Darmstadt, namely at the electron cooler of CRYRING@ESR.
Two of these detector systemswere positioned at the 0° and 180° view ports of the cooler section to
obtain high-resolution x-ray spectra originating from a stored beamof hydrogen-like uranium
interactingwith the cooler electrons.While previous testmeasurements withmicrocalorimeters at the
accelerator facility of GSIwere conducted in themode of well-established stand-alone operation, for
the present experiment we implemented several notablemodifications to exploit the full potential of
this type of detector for precision x-ray spectroscopy of stored heavy ions. Among these are a new
readout system compatible with themulti branch systemdata acquisition platformofGSI, the
synchronization of a quasi-continuous energy calibrationwith the operation cycle of the accelerator
facility, as well as the first exploitation of themaXs detectors’ time resolution to apply coincidence
conditions for the detection of photons and charge-changed ions.

1. Introduction

X-ray spectroscopy of energetic highly charged ions in collisions withmatter is an indispensable tool for
investigations of relativistic interaction dynamics aswell as for probing our understanding of atomic structures
in the relativistic domain of high-Z few-electron ions. In these collisions, x-ray emission by the projectile is
occurring in a variety of processes, such as radiative recombination (RR) or radiative electron capture (REC) [1],
as well as the radiative decay of excited states formed by charge changing interactions or collisional excitation
[2–5]. For atomic structure studies, the latter is of particular importance, as precision spectroscopy of radiative
transitions in few-electron, high-Z systems provides unique access to the effects of bound-state quantum
electrodynamics (QED) in the nonperturbative domain of extremely strong electromagnetic fields [6–9].

This type of studies has been significantly facilitated by the introduction of ion storage rings equippedwith
electron cooling, such as the Experimental Storage Ring (ESR) atGSI, Darmstadt [10]. Cooling of the ion beam
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enables a reduction of the emittance as well as of the kinetic energy dispersion [11], resulting in a better control
of theDoppler shift and a reduced broadening of the spectral lines emitted by the projectiles. In addition, the
high repetition rates on the order of 1 MHz combinedwith in-ring targets result in amuch higher luminosity
compared to single-pass setups. This enables the use of dilute gas targets [12]which provide single-collision
conditions, thus yielding clean x-ray spectra. Finally, the deceleration capability of storage rings allows
measurements at various velocities, in particular below the production threshold of the specific ion species
(typically some 100MeVu−1 for the heaviest one- and two-electron ions) [3, 13, 14].

Exploiting these advantageous experimental conditions, previous x-ray studies at the ESR internal gas target
have addressed a broad range of features of the emitted radiation, including the spectral distribution, the
emission pattern and the polarization characteristics [15], and references therein.Moreover, precision x-ray
spectroscopywas also successfully performed at the ESR electron cooler [7, 16]. This device lends itself as awell-
defined free-electron target and offers advantages for certain types ofmeasurements. However, the range of
possible experimental configurations at the ESR cooler is severely limited by challenging geometrical and
operational constraints. In light of this, the recently commissionedCRYRING@ESR provides an attractive
alternative experimental facility for high-precision spectroscopy of highly-charged ions [17]. This storage ring,
which can be suppliedwith heavy ions via injection from the ESR, is optimized for low beam energies ranging
fromabout 10 MeVu−1 down to a few 10 keVu−1. Crucially, it also incorporates an electron cooler which
provides amoreflexible environment for x-ray spectroscopy setups,mainly due to the compact size when
compared to the installations at the ESR.

Precision x-ray spectroscopy does furthermore benefit from recent advances in the development of small-
volume low-temperature detectors (LTDs) for ionizing radiation, also referred to asmicrocalorimeters. These
types of detectors are based onmeasuring aminute temperature increase, induced by the stopping of a single
incident particle, in an absorber with a very small heat capacity.When applied to x-ray spectroscopy in the few to
tens of keV regime, various LTD technologies have demonstrated resolving powers significantly better than
1× 10−3 [18–22]. Compared to semiconductor detectors based on e.g. silicon or germanium, this novel type of
detector provides an improvement of the intrinsic energy resolution bymore than one order ofmagnitude. The
achievable resolution is therefore on the same level as the hard x-ray crystal spectrometer FOCAL,which has
recently demonstrated an impressive resolution of about 50 eV at 60 keV incident photon energy [23, 24]. At the
same time,microcalorimeters can be designed to have acceptable stopping powers over a broad range of x-ray
energies from a few keV to hundreds of keV, comparable to conventional semiconductor x-ray detectors,
whereas the FOCAL setup features a low efficiency on the 10−8 level and covers an energy range of only a few keV
around the line of interest.

This unique combination of themost advantageous features, i.e. combing themost advantageous features of
semiconductor detectors and crystal spectrometers,makesmicrocalorimeters a particularly promising type of
detector system for the scientific programof the SPARC collaboration [9, 25, 26]. SPARC focuses on research in
the realmof atomic, quantum, and fundamental physics at GSI and FAIR7, with a particular focus on precision
x-ray spectroscopy.Within the collaboration, twomicrocalorimeter designs have recently been developed,
namely the SIM-Xdetector [27], which is based on a compensated-doped silicon thermistor, and themaXs
detector (Micro-Calorimeter Arrays forHighResolution x-ray Spectroscopy, [28]), which is amagnetic
microcalorimeter (MMC). An overview of the recent progress of these activities is presented in [29]. In
particular, prototypes of both detector systems have been successfully deployed in recent test experiments at the
gas jet target of the ESR atGSI [30, 31]. However, in thesemeasurements the detectors were operating as stand-
alone devices, i.e. without integration into the heterogeneous experimental infrastructure at GSI. In particular,
their data acquisition systemwas not synchronizedwith the accelerator operation, norwas the acquired data
mergedwith the data streams of other types of detectors and installations. These shortcomings, while not crucial
infirst proof-of-principlemeasurements, need to be overcome to exploit the full potential of this new class of
detector systems.

In this report we present thefirst application of two novelmaXs-typeMMCdetectors at the electron cooler
of CRYRING@ESR, with their operation and data acquisition systembeing fully integrated into the
experimental environment ofGSI. The experiment aimed at precision spectroscopy of x-ray emission resulting
from radiative recombination of storedU91+with cooler electrons.Wewill focus on the aspects that are
particular to the operation of this novel type of detector system, such as the implementation of a quasi-
continuous energy calibration in synchronizationwith the accelerator operation, as well as the first utilization of
the detectors’ timing capabilities to suppress background radiation via a coincidence technique.
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2. Experimental setup at CRYRING@ESR

Recently, CRYRINGhas been transferred from theManne Siegbahn Laboratory in Stockholm to theGSI/FAIR
campus inDarmstadt as an in-kind contribution fromSweden to the upcoming international Facility for Anti-
proton and IonResearch (FAIR) (see [9] and references therein). For this purpose the storage ring has further
been optimized for future experiments with heavy bare and few-electrons ions, exotic nuclei as well as anti-
protons [32] that are all part of the scientific programof FAIR. Themodified ring has been installed downstream
of ESR as part of themodularized start version of FAIR and is now referred to as CRYRING@ESR [33]. There it
offers unique opportunities for a broad range of experiments with electron-cooled heaviest one- and few-
electron ions at low energies. Since 2020, the facility has been fully commissioned bothwith beams from the
local ion injector aswell as from the ESR storage ring and is now available forfirst physics production runs [34].

2.1. X-ray spectroscopy at the electron cooler
The electron cooler of CRYRING@ESR features a 1.2 m long cooler regionwhere the ion and the electron beam
are colinear. The cooler setup fits into a straight section of 4 mbetween two of the ring’s dipolemagnets. The
vacuumchambers of thesemagnets are equippedwith view ports along the beam axis, so that detectors for
photon spectroscopy can be positioned at observation angles of 0° and 180°with respect to the ion beam
direction (see figure 1). The detectors can be placed as close as 3.5 m from the center of the electron cooler. This
truly coaxial geometry enables the detection of clean spectra without distortion effects caused by delayed photon
emission. This is in contrast to the situation at the ESR electron cooler, where geometrical constraints force the
use of custom-made x-ray detectorsmounted in retractable pockets perpendicular to the ion beamaxis. These
conditions lead to observation angles of≈0.5° and 179.5°with respect to the center of the cooler region. Delayed
emission from ions passing the forward detector covers awide range of observation angles, and the
correspondingly varyingDoppler shiftmanifests itself as low-energy tails in the recorded spectra [35].
Furthermore, photons below 20 keV are effectively blocked by the used stainless steel windowswhich could not
be circumvented in the design of the pockets. To alleviate these limitations, the view ports at the CRYRING
electron cooler were recently equippedwith dedicatedwindow chambers [36]. These can be separated from the
ring via vacuumvalves and allow on-demand pumping and baking to reach ultra-high vacuum (UHV)
conditions. Thus, windows optimized for the specificwavelength region of a given experiment can bemounted

Figure 1.Top:Overview of the CRYRING@ESR electron cooler with the implemented x-ray spectroscopy setup. The electron cooler
(red) in the center of the image acts as a free electron target leading to radiative recombination. X-ray photons emitted in forward and
backward direction are detected by the highlighted detectors. Bottom: Schematic view of the overlapping beampaths within the
accelerator. In the electron cooler the storedU91+ beam (dark blue) ismergedwith an electron beam (light blue). This can lead to
charge transfer in combinationwith the emission of a photon (violet wave). The down chargedU90+ beam is separated from the stored
ions after passing through the dipole and detected by a channel electronmultiplier.
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without breaking the ring vacuum.More specifically, for x-ray spectroscopywith photon energies down to a few
keV, berylliumwindowswith a diameter of about 30 mmand a thickness of 100 μmare used.

X-ray spectroscopy studies of highly-charged ions can often significantly benefit from the use of coincidence
techniques to identify those events which are associatedwith projectile ions undergoing charge changing
processes. As the charge-modified ions are separated from themain beam in dipolemagnets, this can be
achieved by combining the signals of a particle detector with timing information from the x-ray detectors. A
particle counter, which can be applied for this purpose, is also installed downstreamof the electron cooler of
CRYRING@ESR. It consists of a channel electronmultiplier that amplifies secondary electrons produced by the
impact of the downcharged ions on a baffle plate. This way, synchronized recording of the photon and particle
detector signals allows the use of time-of-flight information, which enables a strong suppression of the
background consisting of photonswhich are not associatedwith recombination events between cooler electrons
and projectile ions. In addition, such time-of-flight data also offers insights into the time evolution of the
emission spectrum.

The favorable experimental conditions for x-ray spectroscopy at the electron cooler of CRYRING@ESRwith
the described setup have recently been demonstrated using conventional high-purity germaniumx-ray
detectors and a stored bare lead beam [34]. In the electron cooler section ions and cooler electronswere
undergoing radiative recombination (RR), resulting in the emission of x-ray photonswhich carry away the
binding energy plus the very small kinetic energy of the electrons relative to the ion beam. As at threshold
energies a significant portion of the electrons recombine not preferentially into the ground state but into high-n,
high-l states of the projectile, the subsequent decay chains give rise to a rich and distinct pattern of characteristic
x-ray transitions. Despite the shortmeasurement time of a few days and a low beam intensity, the
commissioning beam time succeeded in accumulating very clean x-ray spectra, consisting of photons fromRR
into Pb82+ and subsequent characteristic transitions in Pb81+, including the Paschen series at only a few keV
photon energy.

3. The present experiment

In an effort to push the experimental precision of spectroscopy in the range of high-ZK-shell radiation (up to
100 keV) below 1 eV,we deployed the aforementionedmaXs detectors for the first time at theCRYRING@ESR
electron cooler. An overview of the experimental setup is presented infigure 1. The upper photograph depicts
the cooler section of theCRYRING@ESR, withmaXs-type detector systems occupying the 0° and 180° view
ports. The lower top view of the electron coolermodel illustrates the trajectories of the cooler electrons and the
projectile ionswith their respective charge states, as well as photons emitted from the interaction region.

The followingmeasurement cycle was applied: uranium ionswere accelerated by theUNILAC/SIS18
complex to a kinetic energy of 295MeVu−1 and passed through a stripper foil between SIS18 and ESR to
produce hydrogen-like uranium ions (U91+). After injection into the ESR successive electron cooling and
deceleration stepswere applied, followed by extraction towards CRYRING@ESR at an energy of
10.225MeVu−1.While up to 1× 109 ionswere injected into the ESR, after deceleration and transfer to
CRYRING@ESR the ion intensity fell to typical values of (1–2)× 106 ions per injection. This reductionwas
mainly caused by beam losses inherent to the deceleration process in ESR, compounded by themuch higher
charge-exchange cross section of decelerated ions in the residual gas. InCRYRING@ESR the beamwas
continuously electron-cooled at a voltage of 5634.5 V and an electron current of 30.5 mA. The beam lifetime of
(7–8) s was determined in approximately equal proportions by charge exchange in the residual gas andRR in the
electron cooler. Although the stored beamwas virtually gone after about 25 s, the injection periodwas
determined to approximately 55 s by the preparation time of the beam in the ESR. The remaining timewas used
for calibration of themaXs detectors which is described in detail in section 3.3.

A detailed view of the spectroscopy setup located at the 180° port is shown infigure 2. Themain components
are the vacuumvalve (1) for coupling of thewindow chamber (2) to theCRYRINGdipolemagnet, the lead-
shielded box (3) that houses a variety ofmovable reference gamma sources for energy calibration, and finally the
maXs detector system (4). Due to geometrical constraints at this view port the cryostat of the detector had to be
equippedwith an extension to place the absorber array as close as possible to the view port, whereas for the 0°
port the detector head is located inside the cryostat barrel.

3.1. ThemaXs-100MMCdetector system
For the present experiment we employed two novelmaXs-100 detectors, whichwere developed in collaboration
betweenHeidelbergUniversity andHelmholtz Institute Jena [30, 37–39]. The underlyingMMC technology
combines a high energy resolutionwith a fast intrinsic rise time and great flexibility in the choice of absorber
materials [19]. These unique characteristicsmakemaXs-type detectors a particularly promising tool for a
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multitude of precision x-ray spectroscopy experiments, especially for high photon energies and broad spectral
bandwidths that are challenging for crystal spectrometers.

ThemaXs-100 detector chip togetherwith the first stage of readout electronics is integrated into a detector
head, see figure 3. Themodular design of themaXs detector system allows the exchange of the detector headwith
alternative detector arrays, being optimized for specific experimental requirements with respect to active area,
stopping power and spectral resolution. ThemaXs-100 detector design, in particular, is optimized for
spectroscopy ofK-shell transitions (close to 100 keV) in heavy ions, and features absorbersmade of electro-
deposited goldwith a thickness of 50 μm.They provide an acceptable quantum efficiency of about 40% for
stopping of 100 keV x-rays. The lateral dimensions of the absorber pixels are approximately 1.25× 1.25 mm2.
Thus, the complete detector array of 8× 8 pixels has an effective active area of about 1 cm2.

Themeasurement principle is as follows: Each absorber is thermally coupled to a paramagnetic temperature
sensormade of sputtered Ag:Er. A superconductingmeander-shaped pickup coilmade of sputter-deposited
niobium is used to generate amagnetic field in the sensor volume. Upon absorption of an energetic photon, the
pair of absorber and sensor is heating up and this temperature increase of the sensor results in a decrease of its
magnetization. Thus, the energy deposition in the absorber is translated into a change inmagnetization of the

Figure 2.Detailed view of the experimental setup at 180°. Highlighted are the vacuumvalve (1), that couples thewindow chamber (2)
to the beam line, as well as the calibration source holder (3) and themaXs detector system (4). Due to geometrical constraints at this
position the cryostat had to be equippedwith a nozzle to place the absorber array close to the view port.

Figure 3.Photograph of one of the detector heads used in the present experiment. In the center the 8 × 8 pixels of themaXs-100 chip
are visible. They are surrounded by 8 chips containing the 32first-stage readout SQUIDs. A collimatormade of copper (not shown) is
added on top of themodule to shield the SQUID chips fromdirect exposure to the incident radiation.

5

Phys. Scr. 97 (2022) 114005 PPfäfflein et al



sensormaterial. This change is thenmeasured by a lownoise, high bandwidth SQUIDmagnetometer which is
connected to themeander coil via a superconducting circuit.

Once the sensor heats up as a result of energy deposition δEwithin the absorber, the change inmagnetization

is described by dµA E
C

M

T

1 d

d
. Thus, the obtained signal is inversely proportional to the heat capacityC of the

absorber–sensor assembly, and directly proportional to the steepness of themagnetization curve M

T

d

d
of the

paramagnetic sensor. To achieve a significant advantage in terms of spectral resolutionwhen compared to
conventional semiconductor-based x-ray detectors, theMMCdetector technology requires operation
temperatures of 100 mKor below, as only under such conditions the typical values for the heat capacity, the
magnetization and the thermal noise result in an acceptable signal-to-noise ratio.More specificially, themaXs
detectors are operated at typical temperatures of 20 mK, using commercial 3He/4He dilution cryostats delivered
by Bluefors.Moreover, a small detector volumewith a correspondingly small heat capacityC, proves beneficial
to optimize the obtainable resolution further. Larger absorbers, on the other hand,may provide a superior
quantum efficiency and/or enable a larger solid angle coverage. The selected balance of this tradeoff
distinguishes the various detectors of themaXs family [28]. For themaXs-100 detector, the desired design value
of the spectral resolution of well below 50 eVFWHMat 100 keV incident photon energymotivated the absorber
dimensions listed above.

The temporal evolution of the change inmagnetization is described by an exponential rise
( ) µ - t-A t e1 t r, with the time constant τr being limited by the throughput of an artificial thermal link

between absorber and sensor. This is in particular crucial for (comparably) large-area absorbers, such as that of
themaXs-100with 1.56 mm2, as previous tests withmaXs-type detectors showed signal shapeswhich depended
on the exact position of the x-ray absorption in the absorber. This was explained by the formation of the detector
signal at a timewhen—due to itsfinite thermal conductance—complete thermalization inside the absorber had
not been achieved yet [40]. Such signal behaviourmay lead to a decrease in energy resolution aswell as
deterioration of the achievable timing information. Tomitigate these effects each absorber is connected to its
temperature sensor only via aweak thermal link, ensuring a complete thermalization of the deposited energy in
the absorber volume before a significant amount of heat reaches the sensor. Therefore, although theMMC
technology can provide very fast signal rise times down to a few 100 ns, the design value for themaXs-100
detector was set to a significantly longer time constant of 8 μs.

To reduce the sensitivity to externalBfield fluctuations and tominimize cross-talk in the close-packed array,
two neighboring detector pixels are gradiometrically coupled and read out by a single SQUID channel. A
decrease of themagnetization of one pixel results in an increase of the output signal level, while a decrease of the
magnetization of the other pixel leads to a decrease of the output signal. Therefore identical changes of the
magnetization—caused e.g. by a change in the base temperature—of two coupled ideal pixels compensate each
other andmaintain a stable baseline. Energy deposition in one of the absorbers, however, creates a temperature
difference between the pixels and results in a significant change of the output voltage. For the readout of the
maXs detectors, the signals from thefirst SQUID stage are amplified by a second SQUID stage and then fed to a
XXF-1 SQUID electronics fromMAGNICON8, which are located outside of the cryostat. Through aflux-locked
loop feedback system, themagnetic flux inside the first-stage SQUID is kept constant, resulting in a voltage
signal that changes linearly with the (net)magnetization of the sensors connected to the specific readout
channel. Finally, the output signal of the SQUID electronics is digitized for further analysis, see 3.2 for details.

Even though the baseline level is stabilized, the pulse amplitude upon absorption of a photon is still affected
by the base temperature as both, the heat capacity and themagnetization curve of the sensor, are temperature-
dependent quantities. Thus, to achieve a satisfactory energy resolution a correction of the amplitudewith respect
to the varying chip temperature is vital. Therefore, the pixel pairs of four of the 32 detector channels are coupled
to the readout SQUID in an asymmetric way, thus avoiding the aforementioned cancellation. As a consequence,
the resulting baseline voltage of these four channels is proportional to the chip temperature and can be used for
monitoring its time evolution. Bymonitoring the voltage level of these channels for each recorded x-ray event,
fluctuations of the temperature can be quantified and corrected for in a reliable way.However, to track slow
drifts of the total gain and to verify the gain stability, frequent or even continuous referencemeasurements with
calibration sources are crucial.

After their arrival at GSI, the spectral performance of the detectors was evaluated in a laboratory on-site,
using variouswell-characterized gamma sources. Storing the complete pulse trace for each event is key to
achieving the best possible spectral resolution, because it permits the application of pulse shape algorithms
tailored to the characteristics of each individual pixel. After processing the signals from each pixel separately, the
spectrawere co-added and the overall resolutionwas determined. As shown infigure 4, the 59.54 keV gamma
line of 241Amwas observed at a resolution of slightly above 50 eVFWHM.While this is a satisfactory value, we

8
MagniconGmbH, Barkhausenweg 11, 22 339Hamburg.
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noticed that the sensitive read-out of the detectors did pick up interferences caused by the nearby accelerator
complex, in particular the operation of the fast-ramping kickermagnets. This observation, togetherwith the fact
that the cooling systems of the cryostats are prone to temperature drifts as a result of vibrations, led to the
expectation of an inferior spectral resolution in the actual experimental environment. There, the detectors were
to bemounted at a height of 2 mon 3Dmoveable support frames [41] in close vicinity to the accelerator
structures. Preliminary data analysis suggests that both detectors achieved energy resolutions of (80–90) eV
FWHMor better, when operating at CRYRING@ESR.Detailed data analysis is still ongoing.

3.2.Data acquisition system
The output signal of the SQUID electronics was digitized at a sampling rate of 125MHzwith 16-bit resolution
over an input range of±2.5 V. This was realized by using 16-channel SIS3316modules fromSTRUCK
Innovative Systems. Figure 5 shows two typical pulses fromone of the detector channels, resulting from the
absorption of 59.54 keV photons from 241Am.Asmentioned above, the signal fromone of the two sensors
connected to this channels leads to a positive signal, while the other has an inverse polarity. The signal rise is
determined by the thermalization time of the absorber-sensor pair, which for themaXs-100 detector is on the
order of 10 μs. The decay constant of the signal is determined by the time necessary for the absorber and sensor
to reach thermal equilibriumwith the thermal bath, which happens on thems time scale. As a consequence, a
reduced sampling period of about 100 ns is still sufficient to capture all relevant features of the detector signal.
This was achieved by averaging over 16 sampleswhich reduces the amount of stored data, while at the same time
acting as a low passfilter suppressing high frequency noise compared to a simple reduction of the sampling rate.
This way, for every readout channel a trace of 214 16-bit data points was written to the internal buffer of the
digitizermodules, covering a timewindowof approximately 2 ms at an effective sampling rate of 16× 8 ns.

For consistency checks, each SQUID signal was split and digitized by twodifferent StruckADCs, whichwere
part of independent data acquisition systems (DAQ). One of the two systemswas based on an established stand-
alone scheme [42]. The secondADCwas connected to a standardGSIDAQ system [43] running themulti-

Figure 4.The 59.54 keV gamma line of 241Amas recorded by one of the twomaXs-100 detectors. The spectrum results from adding
up the data obtained from the individual pixels. Note that this data wasmeasured in a dedicated laboratory room to characterize the
detector performance in the absence of disturbances caused by the accelerator environment, before the actual experiment at
CRYRING@ESRwas performed.

Figure 5.Two typical pulses fromone of themaXs-100 detector channels, resulting from the absorption of 59.54 keV photons from
241Am. The signal fromone of the two sensors connected to the readout channel goes in the positive direction, while the other sensor
produces a signal in the opposite direction. This results in a cancellation of baseline drifts when the detector base temperature is
changing. See text for details.
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branch system (mbs) software architecture, which is described in the following.Whenever a pulse from the
maXs detector was registered by the built-in trigger logic of the SIS3316modules, the traces of all channels that
exhibited a significant deviation from the baseline level were read out by theDAQ. The datawaswritten tofile on
an event by event basis, using the list-mode data format. To this end, the digitizers were integrated into a system
based onNIM9- andVME10-type electronicmodules. This allows information from the heterogeneous
experimental environment ofGSI/FAIR to be easilymergedwith the photon detector data, usingwell-
established hardware and software solutions. In the present case, the data stream from themaXs detectors was
augmentedwith information on the accelerator operation, such as the trigger signal indicating a new injection
intoCRYRING@ESR aswell as aGSI-wide time stamp from theGeneralMachine Timing System.Moreover,
with each photon event also the signal from the particle detector downstream from the electron cooler section
was recorded over a timewindowof 0.5 ms. For the fast particle signal a faster effective sampling rate of 4× 8 ns
was chosen.

3.3.Quasi-continuous energy calibration
Apart from the temperature increase upon absorption of an incident photon, the signal characteristics of the
maXs detectors are also determined by subtle variations of the base temperature of the detector chip aswell as by
specific parameters of the readout SQUIDs, such as their working points, which can be subject to instabilities.
Exploiting the full potential of the detector thus relies on the ability to identify and correct for these effects. In
particular, to trace variations in the detector response and thus achieve the optimum spectral precision, it is
necessary to record photons fromwell-defined reference gamma sources throughout thewholemeasurement.
However, since the heat load on the detector chip initiated by a high-flux gamma source can already be sufficient
to change the detector temperature, it is not possible to interleave themeasurement schedule with a series of
short timewindows duringwhich spectra from reference sources are taken at high impact rates. For the specific
type of detectors in the present experiment, the reference source activities were chosen such that the incident
rate per detector channel was limited to 1 Hz to avoid a significant alteration of the detector response by the
incident photons. At the same time, the statistical uncertainty for the line positions of the various reference lines
for each calibration runwas desired to be better than 1 eV. Considering these aspects together with the
aforementioned detector resolution, a significant fraction of the totalmeasurement time had to be dedicated to
accumulating photons from the reference sources. Still, obtaining the cleanest possible spectra from the
projectile ions precluded the use of permanently installed reference sources, whose spectrawould overlapwith
the relevant spectral features of the radiation being emitted in the interaction of the stored ionswith the cooler
electrons.

To achieve a quasi-continuous exposure of themaXs detectors to reference radiationwhile at the same time
avoiding amixing of these photonswith the emission from the projectile ions, the sources weremounted on a
motorized holder (ELL9 fromThorlabs)whosemovement was synchronizedwith the accelerator operation. A
CADmodel of the source holder inside its lead-shielded housing is shown in the upper part offigure 6. The
complete assemblywasmounted in front of the view ports of thewindow chambers described above, see also
figure 2. The holder provides four frames, of which three were equippedwith 241Am, 57Co and 153Gd sources,
respectively. Thesewere chosen because of their well-defined, intense gamma lines whose energies are known to
a precision of 1 eV or better, covering the region from roughly 14 keV to 136 keV. This range coincideswith the
most intense features of the projectile radiation, namely theK-RR, L-RR, andM-RR radiation aswell as the
series of L,M,K→K and theM,NK→L transitions. At 180° the 153Gd sourcewas accompanied by an
additional 109Cd source, whose 88 keV line is close to the red-shiftedKα radiation ofU

90+. Each of the sources
was equippedwith an absorber foil of amaterial and thickness being optimized to suppress the irrelevant atomic
transitions, thusmaximizing the fraction of the gamma lines of interest within the source spectrum. Finally, one
of the source holder’s frames, labeled as number 2, was left empty so that photons from the ion–electron
interaction inside the cooler could reach the detector unaffected.

Themovement of the holder was synchronizedwith the injection trigger of the accelerator and the operation
pattern, as illustrated in the lower part offigure 6, was as follows: After each beam injection, the empty frame
(number 2)was in front of the detector for 25 s. At the end of this period, with the beam intensity already
reduced bymore than an order ofmagnitude, the gamma sourcesmounted in the frameswith numbers 1, 3, and
4, respectively, were successively placed in front of the detector for another 25 s. Finally, the holder wasmoved
back to the empty frame position to await the next injection intoCRYRING@ESR. For each photon event
recorded by themaXs detectors, the corresponding position of the gamma source holder was read out by the
data acquisition system. This way almost 50%of the totalmeasurement time could be devoted to taking data
with the reference sources.

9
Nuclear Instrumentation Standard.

10
VersaModule Eurocard.
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The spectra recorded by a typical pixel of themaXs detector at 180° are presented infigure 7. This datawas
accumulated over a period of 24 h of uninterrupted accelerator operation and the photon events werefiltered
according to the frame position at the time of recording. Aside from the (gamma) lines of interest, the spectra
consistmainly of radiative transitions in the atomic shells of the sources’materials, as well as of so-called escape
events: the small pixels ofmicrocalorimeters are especially prone to radiation fromK-shell transitions escaping
from the absorber volume, resulting in an incomplete detection of the incident photon energy. In the present
case we found an escape fraction of approximately 60% for incident photonswith energies above theK threshold
of the gold absorbers, which is about 80.7 keV. This finding is in agreementwith simulations based on the EGS5
package thatwas already successfully applied tomodel the efficiency of semiconductor detectors [44].
Combining the fraction of escape events with the photoabsorption cross section of gold results in a photopeak
efficiency of about 15% at 100 keV incident photon energy for 50 μmthick absorbers.While semiconductor
detectors optimized for hard x-rays feature almost 100%photopeak efficiency at this energy, their typical
spectral resolution of a few 100 eV FWHMis almost an order ofmagnitudeworse. Currently a 100 μmthick
version of themaXs-100 absorber is in development, which is expected to yield an improved efficiency of close to
35%at 100 keV.

The presence of these escape lines, togetherwith the contribution of atomic transitions that could not be
completely suppressed by the aforementioned filter foils, limited the fraction of usable gamma photons in the
calibration spectra to values between 10%and 50%.Nevertheless, for each of themain lines of interest, namely
59.5 keV from 241Am, 88 keV from 109Cd and 122 keV from 57Co,more than 600 counts are found in the
photopeaks. For the design value for the spectral resolution (better than 50 eV FWHM) this results in expected
statistical uncertainties of the peak centroid determinations of less than 1 eV.Whenmaking aworst-case
assumption of only 100 eV FWHMdetector resolution, the corresponding uncertainty of the reference peaks
would still be below 2 eV. Thus, for each day of themeasurement an individual high-quality energy calibration
can be provided for every pixel.

Figure 6.Upper part: Calibration source holder shown in its enclosure. Three of the fourmounting positionswere equippedwith
gamma sources, whichwere placed in front of the detector in synchronisationwith the accelerator operation as shown in the lower
part.When the beamwas injected the open positionwas used for 25 s to record radiation emitted from theCRYRING electron cooler.
After the beam intensity had dropped by about one order ofmagnitude, one of the gamma reference sources was placed in front of the
detector.
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4. Time resolution for coincidencemeasurements

As described above, x-ray spectroscopy studies can often significantly benefit from the use of coincidence
techniques to discriminate the photons of interest fromunrelated radiative processes. In ion storage rings, when
the photon emission is accompanied by a change in the projectile charge, this can be achieved by combining the
signals of a particle detector with timing information from the photon detectors. However, to the best of our
knowledge the extraction of time information from the pulses ofMMCdetectors was never demonstrated
before. In this sectionwe describe the necessary steps to obtain time information from themaXs detectors and
relate this information to the hit time of the particle counter. This isfinally applied to set a coincidence condition
on the recorded spectral data.

Figure 8 illustrates the timing behaviour of 300 typical detector pulses caused by the absorption of 122 keV
57Co gammaphotons, collected fromone of the 64 absorber pixels of the detector at 180°. On the left side the
pulses are plotted before and after the application of an algorithm to homogenize the starting time of the pulses,
respectively. Note that purely for illustrative purposes amoving-average filter was applied to the pulses, which
suppresses high-frequency fluctuations. In the upper part the time axis for each pulse is defined according to the
trigger time of the built-in finite impulse response (FIR)filter of the digitizermodules which also initiates the
readout of the data acquisition system. This filter was designed for significantly faster pulse rise times, and for the
present data results in a timing jitter of up to several 100 ns, i.e. not all pulses leave the baseline at the zero point.
Moreover, the presented data include twopulses which take offmuch later than the timewindowdepicted in the
figure. These were recordedwithin a readout cycle whichwas triggered by a previous pulse on another channel,
and had its time axis therefore already defined.

In the lower left part of figure 8 the same pulses are presented after a correction of their positions on the time
axis was performed. This was done by first applying an algorithm thatmimics the functionality of a constant
fraction discriminator (CFD) and, in a second step, bymatching the time offsets of the individual pulses to a
template pulse that was obtained by averaging over a large number of individual pulses. The right side offigure 8
shows the effect of this homogenization on the point-wise standard deviation of the individual signal levels.
When the pulses are not starting at the same point in time, the signal levels strongly deviate from each other in
the region after the takeoff point of the pulses, where their slope is steepest. This feature, clearly visible for the
uncorrected data set, is significantly reduced by the homogenization algorithm. After its application, the arrival
time of the photon signal is therefore well defined.

Due to technical constraints the pulses of the particle detector could not be directly fed into the digitizer
modules. Instead, its analog outputwasfirst converted into a negativeNIM-type logical signal, using a
conventional CFDmodule, whichwas then fed into a separate SIS3316module. For thismodule a faster effective
sampling rate of 4× 8 nswas applied as the logical signal had a length of less than 200 ns. To obtain the time of

Figure 7.Calibration spectra recorded by a typical pixel of the 180° detector over a period of 24 h of uninterrupted accelerator
operation. For themain gamma lines of interest, namely 59.5 keV from 241Am, 88 keV from 109Cd and 122 keV from 57Co,more than
600 counts were accumulated. Assuming a resolution of 50 eVFWHM, this results in an expected statistical uncertainty of the centroid
determination of less than 1 eV. The other features in the spectrumaremainly due to transitions in the atomic shells of the sources’
material as well as to escape events, if the incident photon energy is above theK threshold of the gold absorber. See text for details.
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flight data, for each photon event the arrival time of themaXs pulsewas then related to each of the particle
detector hits as shown infigure 9.

A histogramof the differences in arrival times between the photons and the corresponding particle detector
signal is presented infigure 10. For the data not being dominated by randombackground photons, in the figure
only those events with a photon energy in close proximity to the expected line positions of the projectile
radiation are displayed. The clear coincidence peakwith a FWHMof less than 400 ns indicates that with the
present experimental setup it is indeed possible to exploit the time resolution ofmaXs-type detectors for
applying a coincidence condition on the observed photons.However, the peak position of close to 7 μs is only
partially explained by the projectile time offlight from the point of photon emission, i.e. the interaction zone
with cooler electrons, to the position of the particle detector (a few 100 ns). Instead the observed time difference
ismainly caused by a delayed triggering of the digitizermodule recording the particle detector signal. Due to the
high rate of the particle detector of up to 100 kHz for themost intense beam injections, the readoutwas only
started once a photon pulse in one of themaXs detector channels was detected, whichwere digitized in two
separatemodules. Thus, the time axis of the recorded particle signal is defined in relation to the triggering of the
FIRfilter of the respectivemodule registering the photon pulse. The relatively slow rise time of themaXs pulses
resulted in a time gap between the actual time of arrival of the photon pulse and the release of the trigger signal by
the built-in FIR filter of a fewμs.However, for selecting only those photonswhich originate predominately from
projectile ions undergoing radiative recombinationwith the cooler electrons, it is sufficient to set a condition on
the observed coincidence peak.

Figure 8.Timing behavior of 300 typical detector pulses fromone of the 64 absorber pixels, resulting from 122 keV 57Co gamma
photons impinging on the detector at 180°. Left: Pulses before (upper part) and after (lower part) the application of an algorithm that
shifts themoment of takeoff to the zero point on the time axis. Right: In the point-wise standard deviation a timingmismatch appears
as a peak in the region after the takeoff point of the pulses where the slope is the steepest. The homogenization procedure results in a
strong reduction of this feature.

Figure 9.Trace of a photon pulse from themaXs-100 detector shown together with a logic signal indicating hits on the particle
detector. See text for details.
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The result of the coincidence technique for background suppression is illustrated infigure 11. There we
present x-ray spectra recorded under 180°, with andwithout requiring the photons to be accompanied by the
detection of a particle detector hit within the coincidence peak. The spectrumwithout the coincidence condition
consists of those events whichwere recordedwithout having a reference source in front of the detector, and is at
every point dominated by a broad backgroundwith distinct peaks,mainly due tofluorescence radiation from
the variousmaterials in the experimental setup. In the coincident spectrum, on the other hand, various peaks at
the expected line positions of the faint projectile radiation are visible.

5. Conclusion

In this workwe reported on the first integration of low-temperature, small-volume detectors for precision x-ray
spectroscopy in an experimental environment that is typical for heavy ion studies at storage rings, namely the
operation of twomaXs-type detectors at CRYRING@ESR atGSI/FAIR. This novel type of detector features a
unique combination of a high spectral resolution, comparable to crystal spectrometers, with the broad
bandwidth acceptance of solid-state detectors. In contrast to previous testmeasurements on theGSI campus,
where themicrocalorimeters were operating in a stand-alonemode, the present experiment implemented
several notablemodifications to exploit their full potential for precision x-ray spectroscopy of stored heavy ions.

Figure 10.Difference in the arrival time of photons at the 180°maXs detector and corresponding hits on the particle detector. The
peak is due to the fact that photonswhich are emitted as a result of projectile ions undergoing radiative recombinationwith the cooler
electrons exhibit a fixed time relation to the detection of the respective ions by the particle detector. See text for details.

Figure 11.X-ray spectra recorded by the 180°maXs detector at the electron cooler of CRYRING@ESR demonstrating the feasibility of
coincidencemeasurements withMMC-basedmicrocalorimeters. The spectrum containing all photonswhile no calibration source
was in front of the detector (blue) is compared to the coincident spectrum (orange). Themarked peaks correspond to the [1s1/2, 3d5/
2] → [1s1/2, 2p3/2] (1) and [1s1/2, 3d3/2] → [1s1/2, 2p1/2] (2) transitions, respectively; (3) arises frombremsstrahlung. See text for
details.
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Among these are a new readout system compatible with themulti branch systemdata acquisition platformof
GSI, the synchronization of the quasi-continuous energy calibrationwith the operation cycle of the accelerator
facility as well as the first exploitation of themaXs detectors’ time resolution. The successful demonstration of
these adaptions paves theway for a broad range of precision x-ray spectroscopy studies.
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