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Abstract
Microcalorimeter x-ray detectors offer the specific advantage of being high-resolution energy-dispersive detectors. Furthermore, they can be designed to cover almost any energy range, from soft x-rays to γ rays. Many of the current energy values of L, M, and N x-ray lines in the soft x-ray range (below 1.2 keV) have not been established through a chain of calibration. Based on our experience, we propose here a method of measuring the energies of these lines that should establish peak positions to a few tenths of an electron volt. It would involve the calibration of a microcalorimeter detector with diagram line energy values determined by a grating x-ray spectrometer calibrated by a plane grating monochromator using synchrotron radiation. We present L-line spectra from Cu, Co, and Ni obtained with a microcalorimeter detector to demonstrate the feasibility of obtaining high-resolution spectra in the energy range below 1 keV.
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1. Introduction.
The determination of x-ray line energies traceable to SI units dates only to the past twenty years. Earlier tables of line energies, for example, the tables by Bearden [Bearden, 1967] or Cauchois and Sénémaud [Cauchois and Sénémaud, 1978] were based on wavelengths of x-ray sources reported in Å*, a unit that was assumed to be close to the correct value in Ångströms. A major step forward was the revision of the tables by Deslattes and coworkers [Deslattes et al., 2003]. By calibrating the displacement of an x-ray interferometer with an optical interferometer, they were able to obtain a d-spacing for silicon diffraction crystals for the first time traceable to the meter. This allowed the accurate determination of K and L lines for selected elements, and, by extension, corrections or extrapolations were made to the remaining lines in the old tables. 
The energies of many of the lines in [Deslattes et al., 2003] have not been revised. Furthermore, M lines and N lines were never included.  Where direct measurements have been lacking, these transition energies have been filled in from differences in their respective edge measurements as determined by Dirac-Hartree-Fock calculations [Chantler, 1995; Chantler, 2000]. The current low-energy NIST tables (XCOM) use calculated energies [Chantler et al., 2005]. Thus, the task of determining accurate energies for many lines of interest in modern experiments is far from complete. 
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Transition-edge Sensor (TES) microcalorimeter x-ray detectors offer an opportunity to expedite the measurements of large numbers of x-ray lines in a single spectrum [Wollman et al., 1997]. These are energy-dispersive detectors with good resolution (4-6 eV) over large ranges in energy (8 keV or more).  Microcalorimeter detectors do not have an intrinsic energy scale, so they must be calibrated by energies obtained from other means. While their response in energy deviates from linear at the highest energies, they can be calibrated to levels of an eV by multiple lines that have been measured precisely. Once they are calibrated, they allow for the accumulation of data with a much higher throughput than would be practical with wavelength-dispersive systems.
A recent example of this was a remeasurement of several Lanthanide L-lines [Fowler et al., 2017; Fowler et al., 2021] in the energy range 4 keV to 8 keV. The lines of Nd, Sm, Ho, and Tb were measured with a microcalorimeter detector, using well-determined K-lines of 3d transition metals as calibration of the energy scale [Hölzer, et al.,1997; Chantler et al., 2006; Chantler et al., 2013]. With high count statistics obtained over several days of operation, the authors were able to reduce the median uncertainty of peak energies to 0.30 eV.

2. Experimental Method. 
We propose to measure all the L-line transitions of 3d transition metals in the energy range 395eV to 950eV using a microcalorimeter detector calibrated by diagram line energies determined by a calibrated plane grating monochromator and a grating spectrometer at the synchrotron light source BESSY II. While a diffraction grating is an artifact that cannot be traceable to SI units in the manner of a crystal lattice, we believe that current gratings are sufficiently precise that they can be calibrated by means of gas absorption spectra to within 1 eV at energies below 1 keV. This will lead to an improvement in measured soft x-ray transitions at energies below what is possible by crystal diffraction. 
The overall energy of the PGM-U49 beamline at BESSY II is established by the independent variation of the incidence angle α and the exit angle  of a plane grating monochromator (PGM). The mirror optics of the U49 beamline are such that a fixed focus can be maintained as long as the constant focus parameter, cff = sin /sin α, is held constant [Scholze et al., 2000]. Varying the value of cff  brings about a tradeoff between resolution and intensity. The beamline is aligned using the specular reflection of the plane grating over all angles, and then the error in the common offset angle of the grating, Δα = Δ, is minimized by comparison with the transition energy of a rare gas near the upper range of the monochromator. The absorption spectrum of the gas is measured by transmission through a gas cell with a diode.
When the error was minimized using the transition Ne 1s to 3p at 867.13(8) eV [Sodhi and Brion, 1984], the nominal energy determined by the Bragg angle differed by 1.78 eV [Scholze et al., 2000]. The effect of an error in the offset angle diminishes with energy as E3/2. This is confirmed by a difference of the nominal value from the published value of the Ar 2p(3/2)--4s at 244.39(1) eV [King et al., 1977] of 0.2 eV,  and the difference of the published value of the Kr 3d(5/2)--5p at 91.20(1) eV [King et al. 1977] of only 0.13 eV. These errors are attributed to the specified relative ruling uncertainty in ruling density of the grating of 5x10-4. Additional transitions measured in molecular gases N2 (N), CO2 (C and O), and SF6 (F) [Henke et al., 1977; Hudson et al., 1993], should produce a correction curve that brings the uncertainty below 1 eV. We have calibrated x-ray emission spectra obtained on the PGM-U49 beamline of the light source BESSY II in this manner over limited regions of interest [Vinson et al., 2014]. 
The grating spectrometer is then calibrated by measuring several quasielastic peaks obtained by Raleigh scattering of the monochromatic beam on a suitable sample target over the energy range of interest. We have calibrated x-ray emission spectra obtained on the PGM-U49 beamline of the light source BESSY II in this manner over limited regions of interest [Vinson et al., 2014]. The stability of the PGM is such that we generally obtained an overall energy uncertainty (1σ) of 0.090 eV over the region of interest.
For the measurements described here, we propose to use a similar method to calibrate a novel dual-arm, variable line-spacing (VLS) grating spectrometer, of the Hettrick-Underwood type [Fuchs, et al., 2009; Qiao, et al., 2017] in each of its perpendicular arms. The goal is to obtain emission spectra with accurate energies for the peaks corresponding to the Lα1,2 and L1,3 diagram lines of each element. The energy values of the main peaks, as determined in the spectrometer at the light source, will be used as the calibration points of the spectral range of a TES microcalorimeter detector. The microcalorimeter detector then allows us to count for days in the laboratory to accumulate statistically accurate spectra which can be fitted to obtain the energies of all the minor transitions that occur in the vicinity of the diagram lines.
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Fig. 1. X-ray spectra of LM transitions observed for a) Cu, b) Ni, and c) Co from single detectors of a TES microcalorimeter. The energy scale was calibrated using only the main Kα1,2 and K1,3 energies from [Chantler et al., 2005]
3. Preliminary Results
As a demonstration, we present here L-line spectra that have been obtained with a TES microcalorimeter detector. The samples were high-purity metal foils of the elements Co, Ni, and Cu that were excited by a Mg x-ray source (1253.6 eV). Single-detector spectra are presented here from an 8-detector system. The spectra from the multiple detectors can be combined, when precisely calibrated, to accumulate data. The energy scales here were simply calibrated using the existing values of energies of the main Kα1,2 and K1,3 energies given in [Chantler et al., 2005] and assuming a linear wavelength dispersion. This rough calibration is sufficient to identify all the allowed transitions. The energy range is depicted with a resolution of approximately 0.5 eV per channel. The spectra from single detectors were accumulated at a count rate of approximately 100 c/s over a period of 20 minutes. All the transitions that occur in the region of the 2s, 2p1/2, and 2p3/2 core excitations are identified in Fig. 1.

4. Conclusions
The feasibility of using a microcalorimeter x-ray detector to obtain improved transition energy values when calibrated from a few x-ray transitions, well-measured with crystal diffraction, has already been demonstrated. We propose a scheme here to extend this type of measurement to energies below what can be accurately achieved with crystal diffraction by using a calibration chain obtained from a plane grating monochromator and a grating spectrometer. 
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