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We present measurements of the Ka; and Ka, natural x-ray linewidths of uranium, neptunium, and
plutonium (Z = 92, 93, 94) obtained using a superconducting transition-edge sensor microcalorimeter

array. The relative uncertainties range from 0.5% to 1.5%, improving upon previous values by factors
ranging from 3 to 8. These refined linewidths reduce systematic errors in gamma-ray spectroscopy assays
of Pu-bearing materials, where Ka x-rays overlap with diagnostic gamma lines. We also present

multiconfiguration Dirac-Fock calculations of the Ka linewidths for U, Np, and Pu, providing a benchmark
for theory and experiment. These calculations reveal a discrepancy between ab initio theory and experiment
possible to observe only with the improved experimental accuracy achieved in this work.
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Characteristic x-rays are emitted when electrons relax
from an atomic energy shell to a vacancy in a lower energy
shell. X-ray fundamental parameters such as emission
energy, width, and line shape are element and compound
specific, providing useful tools for probing atomic and
molecular physics [1]. The Ka emission lines of U, Np,
and Pu near 100 keV are intrinsically broad, with widths near
100 eV full width at half-maximum (FWHM), and they
overlap with intense gamma-ray peaks used to identify and
quantify different Pu isotopes. In this work, we make new
measurements of the Ka; and Ka, linewidths of U, Np, and
Pu, reducing uncertainties by up to a factor of 8. These
measurements will benefit gamma-ray analysis of materials
from the nuclear fuel cycle and support international nuclear
safeguards by enabling more precise accounting of fissile
material in nuclear facilities [2,3]. In addition to these
experimental results, we make new state-of-the-art theoreti-
cal calculations to scrutinize relativistic quantum mechanics
and atomic theory for the inner shells of heavy elements.

The natural Lorentzian width, y, associated with a given
x-ray transition is the sum of the level widths, I, of the
initial and final states. These level widths are related to the
decay lifetime of the state through Heisenberg’s uncertainty
principle, with I'; = 72> ;jAji for some state i; Aj; are the
Einstein coefficients for all possible decay pathways. Each
individual I'j; = 7A;; is known as a partial level width.

“Contact author: jonathan.dean@nist.gov

0031-9007/26/137(11)/113001(7)

113001-1

These decay rates (A;;) can be calculated with atomic
theory and are especially complicated for large atoms with
many electrons and decay pathways.

Empirically measured natural linewidths are the FWHM
of the Lorentzian profile, y, used to fit data once exper-
imental sources of broadening have been removed.
Typically, Voigt profiles are fitted to x-ray data with the
Gaussian FWHM representing detector broadening and the
Lorentzian FWHM being the natural linewidth [4,5].
Experimental measurements of the natural linewidths of
characteristic x-rays can, therefore, be used to test the
accuracy of theoretical techniques.

Previous measurements of the linewidths of U, Np, and
Pu obtained with wavelength-dispersive spectrometers are
several decades old [6—8] and report relative measurement
uncertainties between 2% and 10%. A set of semiempirical
values was tabulated in 1979 by Krause and Oliver [9] with
reported uncertainties of 4%. In the present work, mea-
surements are made using a superconducting transition-
edge sensor (TES) microcalorimeter spectrometer known
as SOFIA (Spectrometer Optimized for Facility Integrated
Applications) [10]. Gamma-ray TESs offer high resolving
power (E/AE > 1000) and good photon collecting effi-
ciency (> 40% photon absorption probability) at energies
around 100 keV [11,12]. TESs are capable of detecting
photons over a wide range of energies (in this case, up to
400 ke V) without seeing a loss in resolving power. There is
a growing body of work in which TESs are used to analyze
nuclear materials [13,14].

© 2026 American Physical Society
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FIG. 1.

energy (eV)

Spectrum from a CBNM93 sample. Black dots are the coadded spectrum, with n being the counts per 10 eV bin. The red line is

the fit from the model, which includes gamma rays (solid vertical line), x-ray lines (dotted vertical line), and Sn escape line peaks
(triangles colored depending on the gamma-ray peak with yellow from 129 keV Pu-239, green from 125 keV Am-241, and blue from
123 keV Am-241). Residuals of the fit are given in the lower panel, in units of ¢ = /n. Fits and residuals for all nine datasets are shown

in the Supplemental Material [24].

Previous theoretical calculations of transition rates have
been published with recommended values listed in the
Evaluated Atomic Data Library (EADL) [15]. Nonradiative
(Auger) rates are taken from Chen et al. [16-18], while
Scofield provides the radiative rates for the K shell [19] and
the L shell [20]. Under close examination, several discrep-
ancies within this body of work appear, indicating that the
state of theoretical knowledge is less certain than the chain
of references suggests. For example, the EADL gives
91.63 eV for the U K shell radiative width, whereas the
cited reference in the EADL (Scofield, 1969 [19]) has the
value 91.8 eV. Further complications arise when one
discovers that Scofield published a paper in 1974 [21] as
a correction to his 1969 [19] paper, yet this U K shell width,
93.41 eV, is even more discrepant from the EADL. For the
nonradiative rates, the L shell has a greater impact on the
Ka widths than the K shell, and here, we continue to see
inconsistencies. The EADL cites [16], which gives non-
radiative level widths for U L;, L,, and L5 as 14.043 eV,
4.268 eV, and 4.571 eV, respectively, whereas the EADL
reports 13.441 eV, 5.216 eV, and 4.387 eV, respectively.
These are significant differences—up to 20%—that are
unexplained and untraceable. The original Hartree-Slater
calculations of Scofield were performed with an unpub-
lished code whose implementation details are not available,
making exact reproduction of the tabulated values difficult.
Here, new theoretical values are presented to serve as a
benchmark for comparisons between theory and
experiment.

Data acquisition and analysis—The data for this study
were acquired at Los Alamos National Laboratory. Each
dataset was collected from 128 TES detectors for periods of
40 hours or less set by the requirement to thermally cycle

the cryostat. Gamma-ray spectra were acquired from four
different certified nuclear reference materials from the
Central Bureau for Nuclear Measurements (CBNM-271)
containing different mass fractions of several Pu isotopes
and Am-241. Each CBNM-271 sample consists of approx-
imately 6.6 g of PuO, inside a stainless steel can of
diameter 40 mm and height 21 mm [22].

The U and Np x-rays are produced overwhelmingly by
internal conversion after the decay of their parent nuclei, Pu
and Am, respectively. The Pu x-rays are produced mainly
by self-fluorescence of the mostly Pu sample; [23] contains
further details on these reaction chains. Nine spectra were
analyzed, including three from CBNMO93 and two each
from CBNM61, CBNM70, and CBNMS84. One of the
spectra from CBNMO3 is given in Fig. 1. Information on
the content of these samples, more details on the data
acquisition, and an estimate of total flux and quantum
efficiency are given in Supplemental Material [24].

Each TES microcalorimeter detector acts as an indepen-
dent spectrometer. Data from each device are recorded as a
collection of current “pulses,” with each pulse’s height
corresponding to a photon energy. We process pulses from
individual detectors and convert these data into a list of
pulse heights. The list is binned into a histogram and then
energy calibrated by assigning tabulated energy values to
known spectral features. We then coadd the spectra from an
array of individual detectors to form a single high statistics
spectrum. A description of the process used to analyze raw
data from a gamma-ray TES spectrometer can be found in
[31]. Additional processing steps beyond those in [31] were
taken. To limit distortions in our data due to pulse pileup,
we cut pulses that arrived less than 60 ms after a previous
pulse on the same detector. To calibrate single pixel spectra,
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each of the x-ray peaks of interest was used as a calibration
feature to ensure that these peaks were well aligned before
coadding. Before coadding, data from detectors that
achieved worse than 100 eV resolution were discarded.
Spectra were fit assuming a two-Gaussian detector
response function with the Gaussians having equal cent-
roids but different widths. This response function has
previously been found to be a good choice for fitting
coadded spectra from detectors with different resolution
values because it allows wider tails than a single Gaussian
[32]. The coadded energy resolution varied among datasets
taken on different days. Including this variability, the
standard deviation of the primary, narrow Gaussian in
the response function was 74.0 eV & 5.5 eV FWHM at
100 keV. The uncertainty on the resolution in individual
datasets was < 0.5 eV. The y? of the fit was recorded for
each detector, and data from detectors with a reduced y?
more than twice the median value were discarded. The
number of detectors surviving these cuts varied from 32 to
88 between datasets. The varying number of discarded
detectors depends on the quality of data taken, not on any
time dependent shifts in detector quality.

The 94 keV to 105 keV region of Pu gamma-ray spectra
contains many gamma-ray and x-ray peaks and is presented
in Fig. 1 for a CBNMO93 dataset. U and Np x-rays in Pu-
bearing samples are primarily produced by internal con-
version processes, while the Pu x-rays are produced by
radiation induced ionization of the K shell. The data are fit
with a model that consists of the sum of a background
function, gamma-ray peaks, x-ray peaks, and Sn escape
peaks. Gamma-ray lines arise from nuclear processes and
have an intrinsic linewidth many orders of magnitude lower
than the resolution of our detectors, so the observed line
shape in our spectra is purely the spectrometer’s detector
response function. X-ray lines are modeled by convolving
the natural Lorentzian line shape with the two-Gaussian
detector response, resulting in the sum of two Voigt
profiles. Escape peaks are due to Sn x-rays escaping the
Sn absorber attached to the TES after the absorption of a
high-energy photon, which results in a peak with an energy
of the original peak minus the Sn x-ray energy [33].

The spectrum was fit as three smaller regions of interest
(ROIs) to best model the local background level around
each x-ray peak. We assumed a conventional model for the
background describing the continuum, comprising pri-
marily Compton scattering [32]. This function helps to
fit regions with multiple bright gamma-ray peaks, and it
creates a smoothed step function under each peak. ROI I
spans (94.25 keV, 95.05 ke V) and contains U Ka,; ROI 1T is
(96.5 keV, 101.8 keV) and contains Np Ka;,, U Kea;, Pu
Ka,; and ROI IIT is (102.5 keV, 104.7 keV) and contains
the Pu Ka; peak.

The fitting routine used here implements the Levenberg-
Marquardt algorithm [34] for maximum likelihood least
squares fitting, modified for Poisson-distributed data as

Fitted linewidth for each sample
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FIG. 2. Top: comparison of linewidth values from each CBNM
sample. Bottom: comparing the most precise value from the
present measurement (large blue circles) to published values by
Krause and Oliver [9] (green circles) and Barreau et al. [7]
(orange triangles) as well as our novel theoretical values (black
stars) and those presented in the EADL (small blue circles) [15].
All error bars shown reflect 1o confidence intervals and include
statistical and systematic error estimates.

described in [35]. Data for each of the four CBNM samples
were fit independently, while for each dataset, all three
ROIs were fit simultaneously. The free parameters in the
model are the six Lorentzian linewidths, amplitudes, and
energy centroids for each x-ray line with the two Gaussian
widths common to all x-ray lines. Further free parameters
are the seven gamma-ray centroids and amplitudes. The
amplitudes of the Sn escape peaks are free, but the
centroids are fixed to the centroids of the gamma-ray or
x-ray lines minus the literature values for Sn Ka;, Ka,,
Kp,, and Kf; from [36]. The linear background has two
free parameters for each of the three ROIs.

The linewidth results from all datasets for each of the
four CBNM samples were combined as a weighted mean
using the inverse square of the statistical error from each
value as the weights. These results are plotted in Fig. 2. We
assessed the statistical and systematic errors of each line for
each sample and chose the lowest total uncertainty value as
our recommended value for each x-ray line. We chose not
to combine results from different samples, because they
each had a different systematic error, and we found
evidence that the systematic errors for certain lines were
correlated between samples; more information on this is
included in Supplemental Material. To combine these
results with a weighted mean based on total uncertainty
would be incorrect because of this correlation, and it would
produce biased results. For the case of U Ka;, final values
for two samples had approximately the same total
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TABLE I. Linewidth values for U, Np, and Pu Ka; and Ka, from this work, theory and experiment, and from previous published
values. Krause and Oliver [9] values are semiempirical. The EADL values [15] are theoretical. Barreau et al. [7]; Nelson, John, and
Saunders [6]; and Kessler et al. [8] are experimental values measured with wavelength-dispersive spectrometers. All units are eV, and

uncertainties are shown in cases where they were reported.

U Ka, Np Ko, Pu Ka, U Ko, Np Ko Pu Ko, Ref.

105.49 £+ 1.42 108.55 +£0.82 110.64 +=0.74 103.89 £ 1.19 105.91 £ 0.69 112.40 £ 0.57 This Letter, experimental
101.09 104.19 110.75 100.22 103.47 109.02 This Letter, theory
103.97 108.38 112.9 102.44 106.85 111.38 EADL values [15]

1054 +£4.2 110+ 4.4 115+ 4.6 103.5 +4.1 108 £4.3 113 +4.5 Krause and Oliver [9]
109.0 £ 10.90 106.5 £ 10.65 1164 £ 11.64 106.8 £+ 10.68 97.8 +9.78 1157 £ 11.57 Nelson, John, and Saunders [6]
108 +5 116 +6 111 +4 104 +4 115+6 114 £3 Barreau et al. [7]

106.3 6.1 1039 +24 Kessler et al. [8]

uncertainty, so we averaged these values and report that
final value. We present recommended values with uncer-
tainties for each x-ray line in Table I and Fig. 2.

Uncertainty analysis—The statistical —uncertainties
derived from this analysis are the standard errors from
the fitting procedure without rescaling the covariance
matrix based on the goodness of fit. After combining all
datasets for each sample, the linewidth values have stat-
istical uncertainties < 1 eV for all lines.

The systematic uncertainties of this analysis are less
straightforward to quantify. They are also challenging to
combine, as they are correlated between different spectra,
which are fit with the same method. We considered and
evaluated the five sources of systematic uncertainty listed
here: (1) broadening due to peak misalignment when
coadding single detector spectra; (2) presence of multiple
isotopes with different peak energies; (3) dependence on
ROI limits used for the fits; (4) imperfect detector response
function model; (5) sample to sample variation. Estimated
values for each uncertainty and detailed information about
how each source of uncertainty was evaluated can be found
in Supplemental Material.

The third item was the dominant uncertainty for most
lines. We found that by varying the energy range of data
that we fit over, we could vary the goodness-of-fit and
parameter values. We investigated the magnitude of this
effect by repeating our fits with five different data ranges
and measuring the range in which each linewidth varied as
a result. This effect comes from using a simplified back-
ground model and an imperfect detector response model
and is an avenue for future work.

New calculations of the Ka x-ray linewidths—Along
with the empirical measurements, we provide theoretical
calculations of the Ka; and Ka, natural linewidths, y, of U,
Np, and Pu. As mentioned, this involves obtaining the
partial level widths, and therefore rates, for all possible
decays of the initial and final states. The calculations are
performed with the multiconfiguration Dirac-Fock
(MCDF) method [37-39] implemented in the MCDF
and general matrix elements (MCDFGME) program code
[40-42]. Atomic U and Np have both 4f and 6d open
shells, and Pu has a 4f open shell, leading to a large number

of possible levels and complex calculations. However, this
structure is not applicable here, since the measurements
were done for elements contained in a solid, which
modifies their outer shell structure. We have, therefore,
performed calculations with entirely closed shells. This
should have a negligible effect, as has been checked in
previous energy evaluations [36,43]. In evaluating radiative
transition rates, both the initial and final state wave
functions are fully relaxed, and nonorthogonality between
the relaxed wave functions is handled exactly [44]. The
energy contains all known QED corrections to order a/z
and (a/7)?, where a is the fine-structure constant, and self-
energy screening is included using the effective operator
described in [45,46].

The Ka; (Ka,) natural linewidth is the sum of the
lifetime level width of the K (K) shell and the L; (L,)
subshell. Two decay mechanisms are considered, radiative
and nonradiative (Auger) decay. Electron decays from
levels up to the O (n = 5) shell are considered, including
electric and magnetic dipole, quadrupole, and octupole
transitions. Forbidden transitions have negligible partial
widths, and the impact of transitions decreases with
increasing An. For nonradiative transitions, we consider
Auger transitions KXY, L,XY, and L;XY for X,
Ye{L,M,N}, where X represents the shell that the
relaxing electron originates from, and Y represents the
shell that the ejected electron originates from. Similar to the
radiative transitions, relaxations involving the next shell up
from the initial hole are dominant, with negligible con-
tributions from KNN and LNN Auger transitions. Table II
shows the calculated lifetime level widths and compares
them to published values. These level widths are then used
to calculate the linewidths reported in Table I.

Results—Table 1 and Fig. 2 compare the theoretical,
empirical, and semiempirical results from this work to
previous published values. All results agreed to within 26
confidence intervals with the semiempirical values of Krause
and Oliver [9] and the empirical from Barreau et al. [7]. Our
work’s reported uncertainties are significantly lower than
those for other published measured values.

These calculations have been undertaken in a fully
relativistic framework with QED corrections to second
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TABLEII. Theoretical results for radiative (Rad.), nonradiative
(Auger), and total level widths with comparisons to EADL
recommended values [15], experiment [47], and semiempirical
values [9]. All values are reported in eV.

This Letter Ref. [15] Ref. [47] Ref. [9]

Rad. Auger Total Total Total Total
U K 92.16 2.14 9430 9446 96.10
UL, 437 242 6.79 9.51 8.5 9.32
UL; 3.67 225 592 7.97 8.4 7.43
Np K 9621 152 97.73  98.63 100.00
NpL, 462 184 6.46 9.75 9.91
NpL; 376 198 574 8.21 7.59
PuK 10040 226 102.67 102.92 105.00
Pul, 487 321 8.08 9.99 10.50
Pul; 406 230 6.35 8.47 7.82

order. These calculations seem to have underpredicted the
linewidths across all measurements, except for Pu Ka,.
This is to be expected. Deriving linewidths solely from the
decay rates of the initial and final states necessarily misses
some effects that increase the linewidth. We hypothesize
four independent effects that lead to broadening not
captured by isolated atomic theory from decay rates.
First, shakeoff satellite lines occur when a secondary
electron is ejected during the initial K shell ionization,
altering the potential that the Ko transition takes place in
and leading to a nondegenerate transition energy. The
satellite transitions can be close to the main, or diagram,
line and not well resolved, leading to asymmetries and
broader than expected lines [48,49]. Another possibility is
that the satellite lines are well resolved, such as the Kas 4
line [50,51]. For U, shakeoff satellites have been shown to
increase the natural linewidth of uranium M-lines [52].
Anagnostopoulos et al. [53] measured shakeoff satellite
lines for U Kar using 500 MeV Ne®* as the excitation source
and observed a U Ka; width of 118 eV. With such a high-
energy, ionic excitation source, satellite line intensities are
inflated, leading to a significant increase in observed width.
The nuclear decays in the CBNM reference materials used
in this work range from just above the K-edge of the target
elements to roughly 1 MeV. At these energies, the shakeoff
satellites would be far less intense than those observed in
Anagnostopoulos et al. [53], yet would still add some width
to the Ka transitions. Second, depending on the specific
isotope and its magnetic moment, there may be hyperfine
splitting of order 1 eV. Third, our approximation of an
entirely closed electron configuration removes nondegen-
erate transitions of the diagram (i.e., no shakeoff) line that
arise due to the multiple quantum states that unpaired
electrons exist in. For medium Z elements where unpaired
electrons exist in the M or N shell, this effect can be of the
order 1 eV [48,49]. We expect this latter effect to be

minimal for the transitions considered in this work due to
the unpaired electrons existing in the O shell. Fourth, a
recent work [54] has demonstrated that x-ray emission rates
relative to nonradiative rates can depend on the environ-
ment, which is not accounted for in our isolated atomic
theory. Each of these three effects is an avenue for future
computational work.

Conclusions—This work has provided new empirical
and theoretical values for the Ka x-ray linewidths of U, Np,
and Pu. The six linewidths in this work have uncertainties
between 0.5% and 1.5%, marking an improvement over
previous studies ranging from a factor of 3 to a factor of 8.
This improvement was enabled by the use of a TES
spectrometer with wide dynamic range and high resolving
power. The previous theoretical tabulations are neither
traceable nor reproducible. There are good reasons that
ab initio widths resulting from decay rate calculations
should underpredict the empirical widths, as they do not
account for shakeoff satellite lines. Our theory results
match this expectation, predicting a natural lifetime width
roughly 1% to 4% smaller than observed. Future work
should include theoretically derived shakeoff satellite lines
and consider isotopic shifts and structure in the diagram
lines. These calculated transitions should be used to fit to
the data to account for all effects that increase broadening
beyond the lifetime width.

We have shown that TESs are capable of making
metrological measurements in the 100 keV energy range,
and we anticipate extending these efforts in the future to
improve on a range of other fundamental parameters
needed for accurate nuclear materials analysis using
gamma-ray Spectroscopy.
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