Direct Measurement of the L/K ratio in "Be Electron Capture
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The ratio of L- to K-shell electron captures in light nuclei is particularly sensitive to electron
overlap and exchange effects. Calculations of these effects in "Be disagree by more than 20%. We
report a measurement of the L/K ratio in "Be, using a cryogenic micro-calorimeter which clearly
separates L- and K-shell captures. The obtained L/K ratio of 0.040(6) is less than half that of
existing predictions for free "Be. The discrepancy is likely due to in-medium effects distorting the

L-shell electron orbitals.

PACS numbers: PACS numbers: 23.40.-s, 29.40.Vj, 07.20.Fw

Investigations of nuclear electron capture over the past
65 years have contributed to the development of the solar
model [1], to tests of the Fermi theory of beta decay [2],
and (to the extent that agreement with experiment is not
obtained without correct atomic wave functions [3]) to
tests of calculations of atomic wave functions. Knowledge
of electron capture observables is important for certain
searches for massive neutrinos [4] and for radionuclide
metrology [5]. Our primary interest is in studying the
weak interaction through electron capture experiments
such as those described in Ref. [6]. For such exper-
iments, a thorough understanding of atomic electronic
effects on the decay is required. The ratio of electron
captures from the L-shell to those from the K-shell (the
L/K ratio) is particularly sensitive to the details of elec-
tronic wave functions of the initial and final states. Two
current theoretical calculations of the L/K ratio in “Be
differ by more than 20% [3].

Historically the L/K ratio has been measured by ob-
serving x-rays or Auger electrons emitted during the de-
excitation of the daughter atom. These indirect tech-
niques have provided most of the data on electron cap-
ture but often involve many corrections, particularly to
account for self-absorption, that become larger the lower
the Z of the parent (and therefore the lower the x-ray
or Auger energy). Cryogenic micro-calorimeters [7, 8],
which measure a temperature rise resulting from energy
deposited by individual events that are fully contained
within the detector, are well-suited to measuring such low
energy events [9] with good resolution and essentially unit
efficiency. We report here the observation of electron cap-
ture in “Be (the lightest isotope to undergo electron cap-
ture) embedded in a cryogenic micro-calorimeter. The
resolution of the instrument (8.5(7) eV FWHM) clearly
separates captures from the K- and L-shells, allowing for
a first direct exploration of the L/K ratio in "Be.

In order to understand the signals expected in a

calorimeter from the decaying "Be, we need to look in
some detail at the decay and detection process. When
"Be decays, an electron from either the K- or L-shell can
be captured by the nucleus to either the ground state or
first excited state of the residual “Li nucleus. The neu-
trino emitted in this process escapes, and the residual
nucleus recoils. For K-capture resulting in a "Li nucleus
in its ground state, a neutrino with an energy of 862 keV
is emitted and the residual nucleus recoils with 57 eV
of kinetic energy. In this case the "Li atom is left in
a state with one K-shell and two L-shell electrons. The
hole in the K-shell subsequently fills and the K-shell bind-
ing energy (55 eV in bulk Be metal with respect to the
Fermi energy [10]) will also be deposited as photons or
Auger electrons. Both the recoil and rearrangement en-
ergies will contribute to the heating of the calorimeter,
and since the processes happen on a timescale very short
compared to the thermal time constant (7 =& 10 ms) of the
calorimeter, the two energies add resulting in a total en-
ergy deposited for this event of 112 eV. L-capture to the
nuclear ground state of “Li also results in a recoil energy
of 57 eV, but this event leaves the “Li atom in its ground
state configuration so no further energy is released. In
the above treatment and throughout this work we ignore
the negligible differences in neutrino energy due to differ-
ences in binding energy of the captured electrons. Note
also that if the Li is left in any excited atomic state, the
total energy deposited is the same as calculated above
as long as the de-excitation/rearrangement happens on a
timescale much shorter than the thermal time constant
of the micro-calorimeter.

In the case of capture to the first excited state of the
“Li nucleus, the situation is more complicated due to the
lifetime of the excited state and the nonzero time it takes
the recoiling nucleus to stop. If; after emitting the neu-
trino, the “Li* comes to rest before emitting the ~y-ray,
then there is a unique total energy (equal to the sum



of the recoil energies from each process plus any elec-
tronic rearrangement energy) deposited in the calorime-
ter. However, if the "Li* is still moving when the v-ray is
emitted, the kinetic energy after y-ray emission depends
on the direction of emission with respect to the momen-
tum of the “Li* at the time the y-ray is emitted, leading
to a range of total recoil energies. It appears from our
data that the time for the recoil to come to rest is more
than a factor of three larger than the ~y-decay lifetime
(73(2) fs [11]). This will be discussed further below.

In our experiment the "Be was produced with the
TWINSOL [14] radioactive beam facility at the Univer-
sity of Notre Dame. A 100 particle-nA beam of SLi
at 15 MeV was incident on a 2.54 cm long gas cell
filled with one atmosphere of *He, producing ?Be via the
3He(5Li,"Be)d reaction. Recoil "Be ions at a central en-
ergy of 8.5 MeV were brought to a focus 5.5 meters down-
stream of the 3He cell by two superconducting solenoids.
The "Be flux and spatial distribution were measured with
a position-sensitive silicon surface barrier detector to be
5 x 10° per second, uniform to within 50% over a 2.5 cmn
diameter circle. The flux detector was replaced with a
target holder on which four samples of mercury telluride
(HgTe) approximately 0.5 mm x 1 mmx 8 pm thick
were mounted with adhesive. Mercury telluride was cho-
sen for its low specific heat and its good thermalization
properties. After implanting under these conditions for
44 hours, the estimated activity in each chip was about 5
decays per second. The target holder was then immersed
in a solvent and the mercury telluride chips floated off.

The activity in the chips was actually measured to be
about 10 Hz by counting the 478 keV ~v-rays from the
10.52% branch to the first excited state of the “Li nu-
cleus [11]. As this activity was too high to be used in
the micro-calorimeter (due to pulse pileup), the chips
were cleaved to a size with an activity of two to three
Hz. Four of the chips were mounted (Fig.1) on micro-
calorimeters using Stycast 2850FT epoxy. The micro-
calorimeters were part of a 36 pixel array based on ion-
implanted silicon Si:P:B thermistors that was developed
for the X-ray Quantum Calorimeter sounding rocket pro-
gram [15-17]. The array was installed in contact with the
cold plate of an adiabatic demagnetization refrigerator
and maintained at a temperature of 60 mK. The energy
deposited in a micro-calorimeter by a decay event results
in a small temperature rise. The resistance of the silicon-
implanted thermistors is strongly dependent on the tem-
perature. Using a constant bias current, the thermistors
produce a voltage that varies with the micro-calorimeter
temperature. After each event, a weak thermal link to
the refrigerator cold plate allows the temperature of the
micro-calorimeter to return to its original value with a
time constant of about 10 ms. The voltages across the
thermistors are pre-amplified using silicon JFET source
followers operating at about 120 K, and further amplified
by external low noise amplifiers. The output is sampled
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FIG. 1: Schematic depiction of the silicon microcalorimeter.
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FIG. 2: Example pulses from the microcalorimeter showing
noise levels and the characteristic time constant.

continuously by a 12 bit digitizer at 50 us intervals, and
for each event above a threshold of about 20 eV, a 4096
channel sample containing the pulse (Fig. 2) is written
to tape for off-line analysis.

The calorimeters were calibrated using an external, a-
excited fluorescence source with a Teflon target which
provided carbon and fluorine K X-rays at 277 ¢V and
677 eV respectively. The monoenergetic events at 112 eV
from the “Be K-shell capture to the “Li nuclear ground
state provided information on gain drifts when the fluo-
rescence source was removed.

The off-line analysis is as follows: the pulses are first
digitally filtered to obtain the best signal to noise ratio on
the amplitude. An estimate of the baseline noise of the
system is obtained by once-per-second sampling of the
output signals, independent of the 20 eV threshold. Sig-
nal pulses from the calibration source are averaged and
Fourier transformed to obtain the expected signal shape.



An optimum filter weights each frequency bin by the ra-
tio of the complex conjugate of the average signal to the
mean square of the noise in that bin. The pulse ampli-
tude is then converted into energy using the scale deter-
mined from the calibration source. Gain drift is corrected
using the observed amplitudes of the 112 eV K-capture
line. Finally, cuts were applied to the pulse characteris-
tics to eliminate pile-up. Particular care in the analysis
has been dedicated to the identification of pile-up events
and double pulses. Pulses less than 150 ms apart were
discarded. To check that residual pileup did not affect
the results,the data have been acquired in two different
runs, separated by 80 days. Since the half-life of “Be is
53.29(7) days [11], the activity of the samples was lower
by about a factor of 3 in the second run. Separate analy-
sis of the two runs shows no evidence of any statistically
significant difference between the two spectra.

Of the four pixels on which samples were mounted,
two were damaged in mounting, and one had relatively
poor resolution. Therefore, data were obtained from only
one pixel. The energy histogram (Fig. 3) of these data
was fit to a spectrum consisting of Gaussian peaks with
high-energy exponential tails for captures to the nuclear
ground state, a numerically modeled component (taking
into account the effects of a "Li* emitting a y-ray while
still moving) for the decays from the K- and L-shells to
the excited nuclear state, and a flat background. Among
the free parameters of the fit was the width of the Gaus-
sian peaks (8.5(7) ¢V FWHM) which is a measure of the
energy resolution. Other parameters included the L/K
ratio, the branching ratio, the area of the K-capture peak,
the fraction of events in the high energy tail, the decay
constant of the high-energy tail, a flat background, mean
energies of peaks, and a parameter quantifying the rate
at which the recoils lose momentum.

As indicated above, the non-zero slowing time of the
recoils and the lifetime of the nuclear excited state give
a broad distribution of energies for decays to the first
nuclear excited state of “Li. Three models for the re-
coil slowing process were considered: a linear decrease
in velocity over time, an exponential decrease in veloc-
ity over time, or a quadratic, concave down velocity vs.
time dependence. None of the models is completely re-
alistic; however, their differing curvatures cover a range
of possible behaviors. Each of the two runs was fit sepa-
rately and each run was fit with each model twice: once
with the branching ratio for the decay to the first ex-
cited state of the "Li nucleus fixed at the accepted value
(Xex/Ator = 0.1052 [11]) and once with the ratio free to
vary. The results of this procedure are summarized in
Table I. Unweighted averaging of all fits yields an L/K
ratio of 0.040(6) where the uncertainty represents the
standard deviation of the distribution of values. Statis-
tical uncertainties reported from the fitting program are
less than one-tenth as large. Included in the table are the
fit results for the slowing parameters of the model. While
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FIG. 3: Energy histogram of "Be electron capture events for
the second set of data. The smooth curve is a fit as described
in the text with individual contributions to the fit shown be-
low it. The fit assumes linear momentum loss with time and
the branching ratio to the first excited state of “Li was a free
parameter. The peaks labeled K-Gnd and L-Gnd correspond
to captures from the K- or L-shell, respectively, to the ground
state of the "Li nucleus. The regions labeled K-Ex and L-Ex
correspond to captures to the first excited state of the "Li nu-
cleus. In the upper panel, the horizontal line near the value
1 represents the flat background.

they vary considerably, the indication is that the rate of
loss of momentum by the recoils is more than three times
smaller than the y-decay rate.

Theoretical predictions for the L/K capture ratio have
been made (see Ref. [3] for an extensive review). The
most naive prediction is just the probability ratio of L-
shell to K-shell wave functions at the nucleus (0.0331
in beryllium [12]). However, the occupancy of the elec-
tron states in the final “Li atom is affected by exchange
and overlap effects of the parent and daughter electron
clouds. Since our measurement includes the energy of re-
arrangement in the final state, we must expect to use an
L/K ratio modified by these effects. Calculations using
modern wave functions and techniques follow two basic
theoretical approaches, one due to Vatai and another due
to Bahcall. Both are reported in Ref.[3]. Bahcall’s ap-
proach assumes closure to perform the sum over final



TABLE I: Results of fits to the recoil energy spectra of “Be
decay. Various models of the recoil slowing were fit and
the branching ratio to the first excited nuclear state of "Li
was either a free parameter of the fit (upper set of numbers,
v = 109) or fixed at the accepted value (lower set of num-
bers, » = 110). The slowing parameters are the ratio of the
v-decay rate (Ag) to the rate of loss of momentum (\,). Each
line represents an average over two separate data runs and
three different slowing models. The range of slowing param-
eters and x?/v reflects the variation with differing slowing
models and data runs. The uncertainty in the L/K ratio and
branching ratio represent the standard deviation of the dis-
tribution of values from the fits. “HE Tail” refers to whether
or not a high-energy tail is included in the peak shape. See
text for additional details.

L/K Branching Slowing X2 /v
Ratio Ratio Parameter
HE Tail 0.036(4) 0.095(12) Ag/Ap=3-9 1.1
No HE Tail 0.0413(6) 0.123(14)  A\,/Ap=3-20 1.7-1.9
HE Tail 0.037(5)  0.1052 Ag/Ap=3-9 1.1-15
No HE Tail 0.046(3)  0.1052 Ag/Ap=3-5 1.8-2.0

atomic states, while Vatai’s neglects some contributions
involving shakeup or shakeoff. Bahcall’s technique yields
L/K=0.09 whereas Vatai’s gives L/K=0.11 (both with no
theoretical uncertainties reported). The dramatic differ-
ence from the naive L/K result applies only to "Be-the
effects are much smaller in higher-Z systems.

Further complications arise due to the environment of
the beryllium atoms when they undergo electron capture.
The theoretical calculations mentioned above apply to
free beryllium atoms. However in our experiment, as in
most, the “Be is in a solid host so considerable distortion
of the outer electron wave functions is to be expected.
Calculations of the change in probability density of the
L-shell electrons at the beryllium nucleus have recently
been carried out[13] to investigate lifetime changes of "Be
in various chemical environments. These calculations,
which do not include exchange and overlap corrections,
indicate that the decay rate of "Be in a ?Be host is 1.9%
lower than free "Be and that variations for "Be in dif-
ferent hosts can change the decay rate by comparable
amounts. The effect on the L/K ratio might be an or-
der of magnitude larger since captures from the L-shell
in free "Be would make up only about 1/10 of total de-
cays. The chemical environment is also expected to alter
the exchange and overlap effects, which could have an
additional large effect on the L/K ratio.

In conclusion, we have performed the first-ever mea-
surement of the L/K capture ratio in the decay of "Be.
The value we obtain is relatively independent of which
of three quite different slowing-down models is used in

accounting for the branch to the nuclear excited state of
"Li. This is an indication of the robustness of our re-
sult. We have also determined that the timescale for the
slowing-down of the recoil "Li in the HgTe medium has
a lower limit of about 210 fs. Our experimental value for
the L/K ratio is a factor of about two lower than the aver-
age of existing theoretical predictions for free beryllium.
The disagreement is most likely due to the solid-state ef-
fects mentioned above. Given the present level of uncer-
tainty in treating these environmental effects, it appears
that a more meaningful comparison with theoretical pre-
dictions must await a more thorough understanding of
the effects of the host material on the beryllium atomic
wave function. However, it is clear that cryogenic micro-
calorimeters offer an exciting new tool for the measure-
ment of low-energy decay phenomena. Their resolution
and efficiency allow for measurements to be made with
unprecedented accuracy, and the technique offers much
promise in applications such as described in this work.
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