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Abstract: With metallic-magnetic calorimeters (MMCs), promising detectors for high-precision X-ray
spectrometry in atomic and fundamental physics experiments are available. In this work, we present
a pilot experiment based on a maXs-30 type MMC-spectrometer for recording X-rays emitted in
collisions of lithium-like uranium ions with a molecular nitrogen gas jet in the internal target of the
ESR storage ring of the GSI. Sample spectra have been measured, and a multitude of X-ray transitions
have been unambiguously identified. As a first test and for comparison with data recorded at an
EBIT, the 2s Lamb shift in lithium-like uranium was estimated.

Keywords: atomic physics; metallic-magnetic calorimeters; high-precision X-ray spectroscopy;
2s Lamb shift

1. Introduction

In this work, we present the results of an ion-atom-collision experiment that was
conducted at the ESR ion storage ring of the GSI Helmholtz-Centre for Heavy Ion Research,
(Darmstadt, Germany). The measurement utilized a cryogenic calorimeter detector [1–3]
for high-precision X-ray spectroscopy. Because of their unique working principles, metallic-
magnetic calorimeters (MMCs) such as the maXs-series detectors developed in cooperation
with the group of C. Enss at the KIP in Heidelberg combine many advantages over conven-
tional energy-dispersive X-ray photon detectors. Several substantial achievements such
as a spectral resolving power of E/∆E > 6000 [4], comparable to crystal spectrometers,
over a broad spectral acceptance range of several orders of magnitude, comparable to
semiconductor detectors, are associated with this promising technology. Additionally, it
could be shown that MMC-detectors posses an excellent linearity ∆E/E < 0.16 % [5] as
well as timing capability τ0 < 100 ns [6], making them particularly well-suited for high-
precision X-ray studies in atomic and fundamental physics experiments involving heavy,
highly charged ions. In the past, similar experiments have been conducted by various
groups, for example, at electron-beam ion-traps (EBITs) [7–10], exploiting the advantages
of calorimeter-based detectors for high-precision measurements. However, achieving this
outstanding performance requires a shift from a conventional analog to a fully digital data
processing and analysis pipeline. Therefore, a software framework for processing MMC
data has been developed and improved over the course of multiple experiments that have
been conducted on the GSI/FAIR campus in the past years. In the following, we present a
test experiment aiming at the measurement of the 2s Lamb shift in lithium-like uranium
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using an MMC detector (see Section 2). After a short discussion of the detector performance
in Section 3, a detailed analysis and discussion of the recorded X-ray spectra follows in
Section 4. In Section 5, finally, we conclude on the feasibility of using MMC detectors for
atomic physics X-ray spectroscopy measurements.

2. Experiment

The experiment was conducted at the internal gas jet target of the experimental storage
ring (ESR). It involved collisions between lithium-like U89+ projectiles at a beam energy of
75.91 MeV/u (calculated from the cooler voltage of the electron cooler Ue = 41.64 kV) on a
molecular gas jet of N2. A detailed description of the experiment can be found in [11,12].
The maXs-30 detector (see [3] for details) was deployed in front of the 90° port of the target
chamber at a distance of ≈1.5 m to the interaction point (see Figure 1). With an active
detection area of around 10 mm2, this yields a solid angle of detection of 4.4× 10−6 sr. A
25 µm-thin beryllium window was installed at the observation port, followed by a 120 cm-
long pipe filled with helium in order to reduce the air gap to the detector to about 7 cm.
Together with the X-ray entry window of the cold finger that connects the calorimeter to
the cryostat (see [3]), an overall transmission of X-rays from the ESR of ≈40% at 4 keV
is expected. In order to perform an absolute energy calibration, a 241Am source was
placed in front of the detector before the experiment. The peaks corresponding to the five
most prominent lines of the 241Am spectrum (Np-Lα1, Np-Lβ1, Np-Lγ1, Np γ(2 → 1),
and Np γ(2 → 0)) were individually fit to a Gaussian peak model to determine their
central positions. Then, a second-order polynomial regression was performed, matching
the measured peak energies to their expected values [13] to find the quadratic energy
calibration. A comparison between the calibrated central energies and their respective
literature values gave rise to an average deviation of ±3 eV.

Figure 1. The two photos show the positioning of the MMC detector at the internal target of the ESR
for the U89+ on N2 collision experiment from different viewing angles. On the left, the cryostat, which
is required to operate the calorimeters, is visible. On the right, the helium-filled tube can be seen,
which bridges the air gap to the ESR gas jet target chamber, which is also visible in the bottom photo.

3. Detector Performance

Due to manufacturing-related magnetic impurities in the SQUID-based current sensors
of the detector, the signals from multiple pixels were contaminated by a strong noise [3].
In order to mitigate this effect, only 11 of the 64 available channels with the highest
resolution were taken into account for the analysis. At 59.5 keV photon energy, a resolution
of 100 eV full-width half-maximum (FWHM) was observed by fitting the corresponding
spectral feature to a Gaussian peak model. This broadening of the line compared to the
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expected intrinsic energy resolution of the detector of ≈10 eV [3] can be attributed to
drifts of the detector temperature that lead to corresponding variances in the amplification
behavior. In the region of interest, the detector yielded a resolution of 36.7 eV FWHM
(for energies < 26 keV). Besides the instrumental resolution, the measured lines are also
impacted by Doppler broadening mostly stemming from the finite gas jet size. During
the measurement period, the amplification of the detector jumped between three distinct
regions. Therefore, each measured line consists of a main peak lined by two satellite peaks.
In order to properly analyze the spectra of this experiment, a fit function consisting of three
peaks with constant distance and relative height ratios to the main peak was constructed
(see Equation (1)):

f (x) ≡ I0 · (G(x, E0, σ) + i1 · G(x, e1E0, s1σ) + i2 · G(x, e2E0, s2σ)) (1)

G(x, µ, σ) ≡ exp

(
− (x− µ)2

2σ2

)
(2)

Here, I0 is the intensity of the main peak, and i1,2 are the intensity ratios of the satellite peaks
that depend on the time spent in each respective operation range. The central energy E0
and the energy-dependent offsets e1,2 (measured 0.98663 and 1.00681) agree with the results
found by D. Hengstler (0.98682 and 1.00636) [3]. The observed instrumental resolution σ
and peak width ratios s1,2, however, differ from previous findings.

4. Experimental Data and Results

During the collision of U89+ ions with N2 molecules, both the Coulomb excitation
of the bound projectile electrons as well as the electron capture into excited states of the
resulting U88+ ions were observed. The recorded spectra (see Figures 2–4) contain X-ray
events from subsequent relaxations of electrons from excited states into as well as within
the L-shell of lithium- (89+) and beryllium-like (88+) uranium ions (see Figure 5). In the
following, the estimation of the 2s Lamb shift in lithium-like uranium is demonstrated,
utilizing different combinations of measured transition energies.
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Figure 2. The spectrum contains X-ray transitions from the M- to the L-shell, resulting from the
impact excitation of U89+ (red text) as well as the electron capture into excited states of U88+ (black
text). For simplicity, the 1s2 term has been omitted from all given electronic configurations of U88+

ions. Overlaid is a fit to a model containing all identified lines (red line).
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Figure 3. Shown is a spectrum that contains X-ray transitions of U89+ (red text) and U88+ (black text)
from the N- and M-shells. Furthermore, a fit to a model consisting of all identified lines (red line) is
presented. As an example, for the 3d3/2 → 2p1/2 line, the individual fitting result is plotted (yellow,
dashed line) in order to illustrate the discussed model function (Equation (1)) that takes into account
the different operation points of the detector.
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Figure 4. This spectrum contains X-ray transitions within the L-shell of U89+ (red text) as well as
U88+ (black text). Additionally, a fit to a model containing all identified lines is plotted (red line).
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4.1. Transitions into the L-Shell

In order to identify the measured lines, the Flexible Atomic Code (FAC) [14] was used
to predict the transition energies in U89+ and U88+. Additionally, theoretical calculations
for beryllium-like uranium and lithium-like uranium were performed including QED
corrections [15]. Because of the comparably low beam energy, the non-radiative electron
capture (NRC)-process is identified as being the dominant capture process. This matches
the observation that no events stemming from the radiative electron capture (REC)-process
are present in the spectra. For details about both processes and their cross-section properties
related to the atomic number of the projectile ZP and target ZT as well as the kinetic energy
of the projectile Ekin,P, we refer to the literature (see, for example, [16]). Since the excitation
of a 1s electron into the M-shell, for example, is found to be ≈40 times less likely compared
to the excitation of the 2s electron, only the latter case was considered in the analysis.
Figures 2 and 3 present the measured spectra containing the X-ray transition from the
M- and N- into the L-shell. Transitions from higher shells show too few statistics to be
analyzed in a meaningful manner. After the identification of the lines, a fit with a model
consisting of all identified lines described by the previously discussed model-function
(Equation (1)) was performed. The positions of the most intense lines were then compared
with their theoretical values in order to Doppler-correct the spectrum. The measured
Doppler shift of 0.9235± 0.0004 presents a slight discrepancy to the expected value for the
assumed experiment geometry (0.9251). However, due to the large uncertainties caused
by the limited knowledge of the detector position relative to the interaction point, this is
to be expected. Using multiple lines from the spectrum itself in order to determine the
Doppler shift eliminates the need to rely on assumptions about the experiment geometry
entirely. In the following, all transition energies refer to the Doppler-corrected spectrum.
The given errors are an estimate for the statistical uncertainties using the assumption that
∆Estat = σ/

√
N, where N is the number of events of the respective spectral feature, and σ is

the instrumental resolution. The overall systematic uncertainties stem from the calibration
and the Doppler correction and amount to ∆Esyst/E ≈ 8× 10−4.

In order to estimate the 2s Lamb shift of lithium-like uranium from the observed M-
to L-shell transition energies, lines must be compared that target 2s1/2 and 2p1/2 as the final
states of decay, respectively. Both 3p3/2 → 2s1/2 and 3p1/2 → 2s1/2 stem from relaxations into
2s1/2 and have good statistics. A direct determination of the difference in binding energy
between 2s1/2 and 2p1/2 from the 3p3/2 → 2s1/2 transition would require the observation of
the 3p3/2 → 2p1/2 transition. However, this decay channel is highly forbidden, with a decay
rate two orders of magnitude lower than for the decay to 2s1/2; thus, it is not present in the
recorded spectra. Instead, 3d3/2 → 2p1/2 and 3s1/2 → 2p1/2 are the only visible transitions
into 2p1/2, although the latter is comparably weak. Using FAC to calculate the difference in
binding energy between E(3d3/2) = 20,111.9 eV and E(3p3/2) = 20,122.7 eV together with
their respective transitions to 2p1/2 and 2s1/2 (see Table 1) yields the 2s Lamb shift for U89+:

E(2p1/2)− E(2s1/2) = E(3p3/2 → 2s1/2)− E(3p3/2)− E(3d3/2 → 2p1/2) + E(3d3/2)

= (284.3± 5.1) eV

It should be mentioned that the estimation of the binding energies using FAC also contains
large uncertainties up to the same order of magnitude as the measured uncertainties. In
order to validate this method, the same calculation was performed for the 3p1/2 → 2s1/2 line
using E(3p1/2) = 18,861.5 eV. The resulting value of (285.8± 4.9) eV matches the findings
for 3p3/2 → 2s1/2. A comparison with theoretical predictions (280.76± 0.14) eV [17] as well
as with previous experimental findings [18–20] shows a reasonably good agreement for
both results.
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Table 1. This table lists the measured and Doppler-corrected L-shell-transitions used for the es-
timation of the 2s Lamb shift of uranium. The given errors represent the approximated statis-
tical uncertainty of the lines (see the text for details). An additional systematic uncertainty of
∆Esyst/E ≈ 8× 10−4 has to be taken into account. For comparison, the corresponding energy value
calculated by FAC is given as well.

Transition ∆Eexp[eV] ∆Etheo[eV]
U89+ Emitter-System Calculation FAC

3d3/2 → 2p3/2 15, 660.6± 6.4 15, 657.7
3d3/2 → 2p1/2 19, 844.1± 3.4 19, 841.7
3p3/2 → 2s1/2 20, 117.6± 3.8 20, 113.1
3p1/2 → 2s1/2 18, 868.7± 3.5 18, 862.7

4.2. Transitions within the L-Shell

Besides transitions from higher shells into the L-shell, another peak structure at
lower energies is observed that can be identified as intra L-shell transitions. The mixture
of transitions from 2p3/2 → 2s1/2 of lithium-like uranium and 2s 2p 1P1 → 2s2 1S0 from
the beryllium-like system is depicted in Figure 4. By applying the same multi-peak fit
procedure as described in the previous sections, we find the transition energy of the
2p3/2 → 2s1/2 line to be (4459.85± 1.60± 3.57) eV (the first uncertainty term refers to the
statistical uncertainty, and the second one refers to the systematic uncertainty). This is in
excellent agreement with previous measurements (4459.37± 0.21) eV [21,22]. Utilizing the
intra-shell transition presents an opportunity to calculate the 2s Lamb shift in lithium-like
uranium without requiring additional knowledge about the 3d- and 3p-orbital-binding
energies. The energy separation between 2p3/2 and 2p1/2 follows from the M- to L-shell
transition ∆E(3d3/2 → 2p3/2)− ∆E(3d3/2 → 2p1/2). Combined with the ∆n = 0 transition,
the energy separation between the states 2p1/2 and 2s1/2 can be calculated (see Table 1):

E(2p1/2)− E(2s1/2) = ∆E(2p3/2 → 2s1/2)− (∆E(3d3/2 → 2p1/2)− ∆E(3d3/2 → 2p3/2))

= (276.4± 7.4) eV

Despite slightly lower statistics, this result also matches the findings described in the
previous section and agrees well with both theory and previous experiments.

5. Conclusions and Outlook

In summary, the experiment presented in this work highlights the advantages of
using an MMC detector for high-precision X-ray spectroscopy experiments. Multiple
well-resolved lines in a broad spectral range can be recorded and calibrated within the
same spectrum, exploiting the excellent linearity of the detector. This allows for a Doppler
correction using the spectra themselves, thereby eliminating systematic errors resulting
from uncertainties in the experiment setup. Furthermore, as demonstrated, opportunities
arise to use different approaches to calculate the physical quantities of interest. The fairly
large uncertainties stemming from temperature drifts and the overlapping amplification
behaviors were dramatically reduced in later experiments by continuous calibration and
temperature monitoring on a per-event basis. This was demonstrated, for example, in a
recently performed experiment involving the deployment of maXs detectors at the electron
cooler of the CRYRING@ESR storage ring [23]. Overall, cryogenic calorimeters such as the
maXs-series detectors have proven to be an excellent tool for precision X-ray spectroscopy
in the hard X-ray range, and more experiments using them as spectrometers at the storage
rings of the new Facility for Antiproton and Ion Research (FAIR) are already planned.
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