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We report a high-statistics measurement of the L=K orbital electron capture ratio in 7Be embedded in
cryogenic Ta. The thin Ta film formed part of a high-resolution superconducting tunnel junction radiation
detector that was used to identify the signals from different decay channels. The measured L=K capture
ratio of 0.070(7) is significantly larger than the only previous measurement of this quantity and the
theoretical predictions that include in-medium effects. This value is a uniquely sensitive probe of the 1s and
2s orbital overlaps with the nucleus and is of relevance to nuclear and atomic physics, as well as Li
production in novae and other astrophysical scenarios. This is the first experiment that uses super-
conducting tunnel junctions for nuclear-recoil detection, opening a new experimental avenue for low-
energy precision measurements with rare isotopes.
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The vast majority of quantum states in atomic nuclei that
have been observed and characterized over the last 80 years
result from the detection of radiation emitted in the keV to
MeV energy range [1]. These measurements have been
developed and refined using what are now considered
standard experimental techniques [2]. For the past 20 years,
however, new methods have been developed to perform
precision measurements of the low-energy recoiling atom
following the emission of these energetic quanta of
radiation. This is typically done in a backing-free environ-
ment using trapped radioactive ions [3–6] or neutral atoms
[7] to perform searches for beyond standard model physics
[8–10]. Even with these sensitive techniques, significant
systematics still remain due to the nature of environmental
control with atom/ion traps. The recent use of quantum
calorimeters can overcome some of these challenges in
nuclear physics, albeit at the cost of reduced statistical
precision due to the low count rate of these detectors. Here,
we present the first use of high-rate quantum sensors for
high-resolution, low-energy nuclear-recoil detection in the
electron capture (EC) decay of 7Be.
The EC decay of 7Be is the dominant production

mechanism of 7Li in the core of the Sun, in H-burning
layers in red-giant branch (RGB) and asymptotic giant
branch (AGB) stars, and in classical nova explosions. Its
direct influence on the solar neutrino spectrum has been
well known for decades and heavily studied experimentally
in recent years [11]. Modern microscopic calculations
[12,13] of the electron density at the nucleus have shown

that traditional approaches for 7Be used in the solar
standard model (SSM) [14] at solar-specific temperature
(T) and density (ρ) cannot reliably be extrapolated to other
T, ρ regimes, especially at the lower values seen in RGB
and AGB stars. In these highly convective scenarios, the
calculated effective 7Be EC rate differs by several orders of
magnitude and thus has important implications for the 7Li
survival probability. In fact, understanding how the 7Be EC
rate changes in dynamic environments is particularly
relevant in light of the recent direct detection of 7Be in
the ejecta of several novae through UV and visible
observations of 7Beþ [15,16], confirming that the majority
of Li production in the Universe arises from stellar novae.
Here, some observations have inferred an ejected 7Be mass
fraction an order of magnitude larger than theoretical
models predict. The dynamical timescale in the expanding
ejecta preceding the moment of observation is comparable
to the 7Be half-life, which may itself vary drastically over
the T, ρ trajectory due to variations in the EC rate as a
function of atomic charge state [17]. Reliable calculations
of the 7Be lifetime, taking into account both continuum
capture and different ionization states over the applicable T,
ρ history, are thus needed to make rigorous comparisons
between nova models and observations. The theoretical
evaluations must therefore account not only for the nuclear
interaction but also the environment in which 7Be ions and
electrons interact and require benchmarking to terrestrial
conditions where data exist. In particular, the spatial extent
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of the 2s electronic orbit plays a major role in such
estimates [18], and thus direct measurements of the L=K
capture ratio provide important experimental constraints on
the atomic properties of the 1s and 2s wave-function
overlap with the nuclear volume.

7Be decays by EC primarily to the nuclear ground state of
7Li with aQEC value of 861.89(7) keV [19] and a laboratory
half-life of T1=2 ¼ 53.22ð6Þ days. A small branch of
10.44(4)% results in the population of a short-lived excited
nuclear state in 7Li [T1=2 ¼ 72.8ð20Þ fs] [20] that deexcites
via emission of a 477.603(2) keV γ-ray [21]. In the EC
process, the electron can be captured either from the 1s
shell (K capture) or the 2s shell (L capture) of Be. For K
capture, the binding energy of the 1s hole is subsequently
liberated by emission of an Auger electron whose energy
adds to the decay signal and separates it from the L-capture
signal. Since the nuclear decay and subsequent atomic
relaxation occur on short timescales (and the emitted
neutrino is not detected), a direct measurement produces
a spectrum with four peaks: two for K capture and two for
L capture into the ground state and the excited state of 7Li,
respectively.
The current literature value for the L=K capture ratio in

7Be of 0.040(6) is based on a single direct measurement at
0.06 K using a high-resolution Si microcalorimeter whose
HgTe absorber had been implanted with 7Be [22]. These
measurements were affected by low statistics and an
unexpected lineshape of the Doppler-broadened 7Li recoil
that had to be fit using a range of different assumptions
about the recoil slowing-down. At the time of its publica-
tion, the measured value was more than a factor of 2 smaller
than the best theoretical estimates. The authors suggested
that this deviation from theoretical predictions resulted
from a modification of the electron wave function due to in-
medium effects, where the Be 2swave function was altered
by implantation into the HgTe matrix. This effect was
investigated theoretically in detail for a number of host
media and was found to decrease the L=K ratio by up to
80% relative to the value expected in atomic Be [23], even
if the total decay half-life remained constant to within better
than 1%. This reduction has been found to alter the SSM
estimates for the 7Be and 8B neutrino fluxes by 2.0–2.7%
[18]. Given the importance of these L=K capture ratios for
the extrapolation of 7Be EC rates in astrophysical environ-
ments, further experimental investigations of these in-
medium effects are required. This Letter reports a
high-statistics direct measurement of the L=K capture ratio
in 7Be implanted in cryogenic Ta where such in-medium
effects are predicted to be large.
Ta-based superconducting tunnel junction (STJ) radia-

tion detectors were used to measure the L=K capture ratio
of 7Be in Ta. The STJs are five-layer devices consisting of
Ta (165 nm)—Al (50 nm)—Al2O3 (1 nm)—Al (50 nm)—
Ta (265 nm) that were fabricated by photolithography at
STAR Cryoelectronics LLC [24] (Fig. 1 inset). STJs exploit

the small energy gap ΔTa ¼ 0.7 meV in superconducting
Ta to provide ∼30× higher energy resolution than conven-
tional Si or Ge detectors and can resolve the K-capture
signals from the L-capture signals in the decay.

7Beþ ions were implanted into the STJs though Si colli-
mators at TRIUMF’s Isotope Separator and ACcelerator
(ISAC) facility in Vancouver, Canada [25] (Fig. 1). In total,
2 × 108 radioactive 7Beþ ions were implanted into the
ð138 μmÞ2 STJ detector used for the measurements reported
here. The 7Bewas produced using the isotope separation on-
line technique [26] via spallation reactions from a 10 μA,
480 MeV proton beam incident on a stack of thin uranium
carbide targets. The reaction products were released from the
targets, selectively laser ionized [27], mass-selected, and
implanted into the STJs at an energy of 25 keV. This value
was limited by bias-voltage instability of the ISAC target
module during the scheduled implantation period and
resulted in the ions being implanted closer to the surface
than initially desired. STOPPING RANGE OF IONS IN MATTER

simulations [28] indicate that the mean implantation depth
into the Ta layer of each STJ was 46 nm with a straggle
of 26 nm.
The decay of 7Be was measured at a temperature of

∼0.1 K in an adiabatic demagnetization refrigerator with
liquid N2 and He precooling at Lawrence Livermore
National Laboratory. For energy calibration, the STJs
were simultaneously exposed to 3.49965(15) eV photons
from a pulsed Nd∶YVO4 laser triggered at a rate of
100 Hz [29]. At this rate, 1% of the total acquisition time
was used for calibration. The laser intensity was adjusted
such that multiphoton absorption provides a comb of
peaks over the energy range of interest from 20–120 eV in
the ð138 μmÞ2 STJ. The signals were read out with a
custom-designed current sensitive preamplifier [30],
filtered with a spectroscopy amplifier (ORTEC 627) with
a shaping time of 10 μs and captured with a two-channel
nuclear multichannel analyzer (ORTEC ASPEC-927).
The laser calibration spectrum was recorded in coinci-
dence with the laser trigger and the 7Be decay signal in
anticoincidence (Fig. 2).

FIG. 1. Schematic of the STJ detector chip, Si collimator, and
Al mask during 7Be implantation. The inset shows a scanning
electron microscope image of the chip used in this experiment.
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Data were acquired for ∼20 hours per day over a period
of one month. 7Be recoil spectra and their corresponding
laser calibration were recorded every 30 minutes so that
they could be calibrated individually to correct for small
drifts in the detector response. For this, the laser signal was
fit to a superposition of Gaussian functions, each corre-
sponding to an integer multiple of the single photon energy.
The measured Gaussian centroids scale linearly with
energy, with a small quadratic nonlinearity of order
10−4 per eV [31]. Laser peaks below 20 eV and above
120 eV were omitted from the calibration because they
have poor statistics in the individual 30-minute spectra. The
calibrated spectra were rebinned to 0.2 eV and summed.
The 7Be spectrum and its laser calibration from a single day
of data are shown in Fig. 2. The laser peaks are well
separated, with the energy resolution increasing from
1.4 eV to 2.9 eV full-width at half-maximum (FWHM)
in the energy range up to 140 eV. For energies between 20
and 120 eV, the residuals to the calibration have an average
uncertainty ≤ 10 meV that sets the calibration accuracy of
the spectrum.
To first order, the 7Li recoil spectrum is well described by

the four peaks generated by the two nuclear and two atomic
processes: K capture to the nuclear ground state (K-GS), K
capture to the nuclear excited state (K-ES), L capture to the
nuclear ground state (L-GS), and L capture to the nuclear

excited state (L-ES). Both decays to the excited nuclear state
in 7Li display Doppler-broadened recoil peaks due to the
isotropic γ-decay in flight prior to stopping. In contrast to
previous work, the excited-state peaks are clearly resolved
and their lineshape is well described by a Gaussian function,
raising the possibility that the Doppler broadening may have
been overestimated in Ref. [22].
In addition to the four main peaks, the sudden change in

Z following EC decay also results in the electrons not being
in an eigenstate of the daughter atom [32]. This can cause
the remaining electron(s) to undergo shakeup into a bound
state of Li or shakeoff into the continuum [33] and
generates a high-energy tail above each peak [34].
The K-GS and L-GS peaks were found to be roughly

four times wider than the resolution of the laser peaks.
Detector drift may account for at most ∼0.5 eV of this
difference. Other sources of broadening are from variations
in the Li 1s and 2s binding energies for Li atoms at different
sites in the Ta lattice or due to varying self-recombination
of the excess quasiparticles in the region of reduced gap due
to localized energy deposition of the recoil [35]. Further,
the energy difference between the L-GS and the K-GS
peaks was measured to be 49.27(6) eV, significantly lower
than the binding energy of the Li 1s level of 54.74(2) eV
[36]. This is either due to in-medium effects of the Li in Ta
or an inconsistency in the literature value [36,37]. Both the
origin of the line broadening and the binding energy
discrepancy will be investigated in future work.
In addition, a broad background is visible at low energies

that decreases as a function of energy. This background is
due to 478 keV γ-rays from the decay of the 7Li excited state
that interact in the Si substrate below the STJ detector
(Fig. 1). High-energy phonons generated in these inter-
actions can propagate to the STJ detectors before thermal-
ization and break Cooper pairs in the detector electrodes.
The resulting signals are determined by the deposited
energy and the distance between the interaction location
and the STJ. A low-energy tail is also visible below the
K-GS peak. This tail has different shapes depending on
which STJ detector is used, indicating that it is not intrinsic
to the 7Be decay but due to some form of energy loss through
the detector surface that varies for each STJ. Since no tail is
observed below the L-GS peak, the low-energy tail below the
K-GS peak is likely caused by partial escape of the energy of
the Auger electron that is produced in the relaxation of the 1s
core hole. This results from the relatively low implantation
depth of the 7Be atoms causing a significant fraction of
the decays to occur within ∼10 nm of the detector surface.
A similar low-energy tail is expected to also accompany the
K-ES peak. These additional features increase the difficulty
in extracting the L=K ratio from the experimental data since
the exact shapes of the γ-ray background and escape tails are
not known.
The resulting recoil-energy spectrum from all runs, energy

calibrated and summed, is shown in Fig. 3. For the two

FIG. 2. The 7Li recoil energy spectrum (red) for a single 22-
hour run composed of 44 individually calibrated 30-minute
spectra. The calibration signal (blue), whose peaks correspond
to integer numbers of laser photons per pulse, was measured in
coincidence with the laser trigger and the signal from the 7Be
decay in anticoincidence. The residuals in the bottom panel show
a calibration accuracy in the region of interest of better
than �10 meV.
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ground-state decay peaks, three Gaussian functions were
used to fit the edges of the distributions, which may reflect
the broadening of the peaks due to in-medium effects. The
two excited-state peaks are well described by the same set
of Gaussian distributions but with a Doppler-broadened
width. All K-capture Gaussian functions were convolved
with the Lorentzian line shape of the Auger process defined
by the lifetime of the Li 1s core hole [38]. To aid in the fit
convergence, the known branching fraction of EC decay to
the nuclear excited state in 7Li [20] was used to constrain
the area ratios of the excited state to ground state for bothK
and L capture. The L-electron shakeup and shakeoff tails
for all four peaks were approximated by an exponential
decay convolved with the width of the corresponding peak
[34]. The tail areas and decay constants were constrained to
the same value respectively for the two K-capture peaks
and the two L-capture peaks. Similarly, the electron escape
following Auger emission was modeled by exponentially
decaying tails below theK-capture peaks, again broadened
by the widths of the K-GS and K-ES peaks, respectively.
Finally, the γ-ray background was described by a sum of
two exponential functions based on spectra from the STJ

detectors without 7Be, as well as previous work with the
same detectors [29].
The fit was performed on the data from 10 to 180 eV

with a least-squares regression within the Python IMINUIT

framework [39,40]. The best fit is presented with the data
in Fig. 3 and resulted in L=K ¼ 0.07165ð29Þstat with
χ2=ν ¼ 0.95. To investigate the systematic uncertainties
in the L=K ratio that result from the choice in peak shape
and exponential tails, the functions and constraints of the
fit were systematically varied over a range of plausible
alternatives. This included using two instead of three
Gaussian functions for the central peaks, both with and
without steep exponential tails. More importantly, different
constraints on the areas of the shaking tails were included,
because when left unconstrained, all fits converged to a
larger tail above the L-capture peaks than above the
K-capture peaks (Fig. 3).
For K capture, L-electron shaking was found to be

between 1.1 and 2.8%, while for L capture their contribu-
tion varied from 1.2 to 31.5%. It is this difference that
ultimately dominates the systematic uncertainty in the L=K
ratio. These variations could simply reflect that the varia-
tion in the Li 2s energy levels in the Ta matrix is larger than
the spread of the Li 1s levels, although a distribution of well
above 10 eV does seem unrealistically wide. Alternatively,
the L shakeup and shakeoff effects could be stronger for
L-capture events than for K-capture events, although this is
in disagreement with theoretical estimates and thus also
unlikely. Finally, the 60–70 eV region could be affected by
an electron escape tail that does not decay exponentially to
zero but has an increased probability for high energies. This
could reflect that a fraction of Auger electrons escape from
the detector with almost all of their energy since ≤ 1% of
the 7Be atoms were implanted within the mean free path of
∼1 nm of the surface [41]. The different fits resulted in a
spread of the L=K ratio of 0.064 to 0.078 with reduced χ2

values between 0.95 and 1.41. This range is dominated by
the uncertainty of the fit in the region from 60 to 70 eVand
reflects L=K ratios that are consistent with the data for a
variety of assumptions in the underlying physics. Taking
into account these differences, we determine a value
of L=K ¼ 0.0702ð66Þsysð3Þstat.
The measured value of L=K ¼ 0.070ð7Þ is nearly a

factor of 2 larger than the only previous measurement of
0.040(4) in HgTe [22]. This discrepancy likely results from
the lower statistics of the earlier measurement and the
associated uncertainty of the fit functions, as well as the
different host materials. Since the quantitative origin for
this large discrepancy cannot be determined, we recom-
mend the value of L=K ¼ 0.070ð7Þ for future modeling of
the 7Be=7Li system. We also performed a precise new
calculation of the L=K ratio for atomic 7Be decay in
vacuum using the method detailed in Refs. [42,43], which
yields a value of L=K ¼ 0.105ð8Þ. For 7Be in Ta, in-
medium effects are expected to change this value by a

FIG. 3. The summed 7Li recoil spectrum of all individually
calibrated one-day spectra from a single ð138 μmÞ2 STJ detector.
In addition to the four primary peaks (solid lines), the K-capture
peaks have low-energy tails due to electron escape (dashed lines),
and all peaks have a high-energy tail from electron shakeup and
shakeoff effects (dotted lines). The fit residuals in the bottom
panel are normalized by the statistical error of the measurement
(χ2=ν ¼ 0.95).
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factor of 0.2986 [23] to L=K ¼ 0.031ð2Þ. This is more than
2 times (4σ) smaller than the measured value presented
here. The discrepancy between the theoretical estimates for
the capture ratio in 7Be and the experimental result likely
points to a deficiency in the models that are used to correct
for in-medium effects. Since the measured L=K ratio in 7Be
is sensitive to the 1s and 2s wave-function overlap with the
nuclear volume, they are an important empirical input for
modeling in several research areas, particularly EC rates in
any astrophysical scenario that deviates significantly from
conditions in the core of the Sun, where such effects are not
yet included. Finally, these measurements demonstrate that
high-resolution STJ detectors can be used for low-energy
nuclear-recoil detection and show tremendous promise
for high-rate quantum sensing experiments in subatomic
physics.
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