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The mixed occurrence of s-wave and p-wave contributions in a first forbidden unique Gamow-Teller 8
decay has been investigated for the first time by measuring the beta environmental fine structure (BEFS) in
a 187Re crystalline compound. The experiment has been carried out with an array of eight AgReO, thermal
detectors operating at a temperature of ~100 mK. A fit of the observed BEFS spectrum indicates the
p-wave electron emission as the dominant channel. The complete understanding of the BEFS distortion of
the '®’Re B decay spectrum is crucial for future experiments aiming at the precise calorimetric

measurement of the antineutrino mass.
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Recent evidence of neutrino oscillations [1] has further
stimulated interest in precise measurements of the absolute
value of the neutrino mass (m, ). Direct measurements of
m, are studying tiny distortions close to the end point of
the spectra of electrons emitted in a low energy [ decay.
Up to a few years ago these measurements were carried out
only on the B decay spectrum of *H, with a transition
energy of ~18.6 keV. The most stringent constraint on
m,, (about 2 eV at 95% C.L.) has recently been achieved by
experiments studying the 8 spectrum of *H with electro-
static spectrometers [2]. Motivated by the controversial
reports by Simpson [3] and Sur ef al. [4] on the observation
of a kink below the end point of the *H spectrum (which at
that time was interpreted as an indication of the existence
of a neutrino with a mass of 17 keV), Koonin [5] in 1991
suggested that a B spectrum could be deformed by an
effect similar to the extended x-ray absorption fine struc-
ture (EXAFS). The EXAFS is the oscillatory pattern ob-
served in x-ray absorption spectra just above the absorption
edges as an effect of the interference between the direct
wave of the ejected photoelectron and the wave scattered
by the neighboring atoms. These oscillations depend on the
interatomic distance, while their amplitude is tied to the
electron-atom scattering cross section. An analogous effect
is expected when the electron emitted by a nucleus is
reflected by the neighboring atoms of a molecule or of a
crystal, where the emitting nucleus is embedded. As
Koonin himself suggested, this effect, called BEFS for
beta environmental fine structure, could be of interest for
the study of materials. It could be detected in the low
energy region of a B spectrum, which is generally more
populated when the transition energy is low. Koonin had
theoretically evaluated the oscillatory patterns expected for
implanted *H and '*C, as well as for molecular tritium.
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BEFS has not been searched for in these nuclei, but the
effect has been detected in metallic rhenium [6] in the 8
decay of '8’Re, which has the lowest known transition
energy (~2.5 keV) [7]. In this Letter we report the first
experimental evidence for BEFS in a rhenium compound,
silver perrhenate (AgReQO,), and obtain through a fit of the
observed BEFS spectrum a first determination of the p- to
s-wave branching ratio for the 8 decay of '¥’Re. This is
possible also thanks to the peculiar lattice structure of the
AgReO, crystal.

The present experiment is based on the relatively new
technique of thermal detectors (or calorimeters) [8]. The
heat capacity of a sufficiently cold dielectric and diamag-
netic crystal is proportional to the cube of the ratio between
the operating and Debye temperatures. As a consequence,
it can become so small that even the tiny energy released
by a charged particle inside this crystal, acting as absorber,
can produce a detectable temperature increase, which can
be measured by a suitable thermal sensor (thermometer). In
principle, any material with a sufficiently high Debye tem-
perature can be used as a detector absorber. In particular,
for a neutrino mass experiment, one can choose a crystal
containing a B active isotope. This approach to the direct
measurement of m,, with the B8 source embedded in the
detector, has several advantages because, being calorimet-
ric, it allows the measurement of the entire energy emitted
in a decay, except that carried away by the neutrino. More-
over, the very low energy threshold and excellent energy
resolution (down to 3 eV FWHM [8]) of thermal detectors
make them a valuable choice for this kind of application.

The present experiment has been performed with an
array of 8 microcalorimeters, where the absorbers are
crystals of AgReQ,, for a total mass of 2.174 mg. They
are glued to doped silicon chip thermometers and operated
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at temperatures around 100 mK in a dilution refrigerator.
AgReO; is a dielectric compound of rhenium with a natu-
ral fraction of '8’Re of about 0.32 giving a 3-decay rate of
about 5.4 X 107* Hz/ug. Details of the experimental
setup, data analysis, and results are given in [7,9]. The 8
spectrum of '¥’Re has been measured for almost one year,
determining the most precise values of the end-point en-
ergy and of the half lifetime, the latter one having impor-
tant implications in geochronology and nucleosynthesis
[10]. From the fit of the final Kurie plot, shown in Fig. 1,
corresponding to 2168 h X mg, a preliminary upper limit
of 15 eVon m, has been set [9] at 90% C.L. This indicates
the potentiality of this relatively new technique. The fit
residuals in the energy interval between 350 eV (the com-
mon energy threshold for half of the detectors of the array)
and 1 keV clearly show an oscillatory modulation of the
data (see Fig. 2), corresponding to the BEFS oscillations.

While the decays of *H and '“C are allowed, that of
187Re to '870s is a 5/27 — 1/2 first forbidden unique
transition. The Koonin theory was therefore extended to
correctly consider the electron final states for forbidden
decays [11]. The nuclear angular momentum change,
Al = =2, implies a Gamow-Teller process. Consistently
with the selection rules, the (vector) sum of electron and
antineutrino orbital angular momenta (I, + ;) must be as
low as possible in order not to centrifugally suppress the
overall transition rate. This implies two possible final
states, according to whether the residual angular momen-
tum is carried away by the antineutrino (s-wave electron
emission, {e(s;/,), #(p3/2)}) or by the electron (p-wave
electron emission, {e(p3/2), 7(s1/2)}) [10].

As suggested in [5,6,11], the BEFS correction AP to the
probability P that an electron with a wave number k (or,
equivalently, an energy E) is emitted in the decay process,
can be derived in complete analogy with the EXAFS
description [12—14]. In this analogy the outgoing electron
plays the role of the photoelectron. The BEFS effect
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FIG. 1. Kurie plot obtained from the sum of all 8 detectors,
where p is the electron momentum, E is the electron kinetic
energy, F(Z, E) is the Coulomb factor, and S(E) is the shape
factor.

xeers = AP/P is obtained considering the perturbation
to the final state electron wave function for a free atom due
to the presence of the neighboring atoms. As in EXAFS,
the resulting effect y is proportional to the scattered elec-
tron wave function at r = 0. Whereas in EXAFS this
comes from the strong localization of the tightly bound
core electron in the initial state, in the BEFS case it is due
to the electroweak interaction short range. Thanks to this
analogy one can write

Xgers(k,) = FSXIZS(?AFS(ke) + FP/\/f;(lAFS(ke)’ (la)

where the nature of the decay final states is included in the
parameters F, and Fg = 1 — F,, which indicate the frac-
tions of p-wave (I = 1) and s-wave (I = 0) electron emis-
sion, respectively. xhaps and yhyips are the EXAFS
signals for the L3 (s channel) and K edge absorptions,
respectively, and are given by

N
Xexars(ke) = (=1)! Z B, (k,, R,)e 2k
n=1

X sin(2k,R, + 280 + 8,,).  (1b)

The index n runs over the atoms neighboring the central
emitting nucleus, R, being their distance from the center.
The truncation at the Nth neighbor is justified by the finite
mean free path of the electron for elastic scattering. k, is
the emitted electron wave number (expressed in A1), and
R, directly determines the oscillation frequency generated
by the nth atom in k space. B,,(k,, R,) = |f..(7)|/k.R2,
where in the curved-wave scheme adopted for the present
analysis f,;(7) is an effective complex backscattering
amplitude that is a function of k, and R, [14]. 6y =
501(k€) and 6nl’ with 5nl = 6nl(ke’ Rn) = arg[fn[(ﬂ)], are
the phase shifts due to the central atom and to the nth
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FIG. 2. The filled circles are the experimental fit residuals
derived as the difference between the theoretical '8’Re 8 spec-
trum for free rhenium atoms and the measured one, as explained
in the text. The BEFS oscillations appearing in the experimental
residuals are fitted by using (1) with the backscattering ampli-
tudes and phase shifts calculated with the Filipponi et al. theory
[16] (solid line).
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surrounding atoms, respectively. The exponential factor
gives the Debye-Waller attenuation due to the thermal
mean square displacement o2(T) of the nth neighbor
atom with respect to the central atom. In the case of our
detectors, which work at temperatures below 1 K, the only
non-negligible contribution to the Debye-Waller term
arises from the zero-point energy.

AgReQ, crystallizes in the scheelite-type tetragonal
structure (a = b # c¢) with space group I4,/a. While Ag
and Re ions are fixed at the corners of the tetragonal unit
cell, oxygen ions surround Re ions with almost tetrahedral
symmetry at a distance of about 1.7 A. The cell values have
been recently determined by single crystal x-ray diffraction
at two different temperatures [15]: at 7 = 298 K,a = b =
53742 Aand ¢ = 11.792 A, whileat T = 95 K,a = b =
5.3585 A and ¢ = 11.722 A. No other experimental values
below room temperature exist in the literature.

To make a comparison with our experimental data, we
have calculated the expected BEFS modulation (1) for
AgReO, in the energy domain, and then convolved it
with the detector response—a Gaussian function with a
FWHM energy resolution of 23 eV (the average FWHM
resolution of our detector array below 1 keV). The effective
complex backscattering amplitudes f,;(7r) have been eval-
uated with the help of the GNXAS data-analysis code for x-
ray absorption spectroscopy from Filipponi et al. [16]. For
the central atom phase shift 55, we used the osmium atom
values. The theoretical framework underlying GNXAS in-
cludes both a full curved-wave treatment and a multiple
scattering analysis. The experimental atomic distances at
T = 95 K have been used as a first guess to determine the
neighbor contributions and their first derivative. A first
order Taylor expansion was then applied during the fit.
This is fully justified by the smallness of the reticular
parameter variations. The BEFS calculation was per-
formed for all the atoms contained in a sphere of ~12 A
of diameter centered on the decaying nucleus—the sum
truncation in (1). The Debye-Waller factor e %% has
been calculated as in [11].

The experimental data have been obtained as fit resid-
uals of the '¥"Re B spectrum measured with our micro-
bolometer detector array. First the spectrum is fitted with
the theoretical beta shape calculated for the decay without
BEFS [7]; then the fit function is compared to the experi-
mental data, and the difference between the two is plotted
as a function of the energy of the emitted electron. Since
the 8 detectors of our array had different 8 thresholds (due
to different sensitivities to microphonic noise), we divided
the fit residual data in energy windows: each energy win-
dow contains the fit residuals obtained from the sum B
spectrum of the detectors with an energy threshold equal to
or lower than the lower limit of the window. In this way we
exploit the lower threshold of some detectors without
losing statistics at higher energies. The adopted energy
windows are four: 350 to 400 eV, 400 to 470 eV, 470 to

750 eV, and 750 to 1000 eV. The four windows contain the
residuals obtained from sum spectra of 4, 6, 7, and 8 de-
tectors, respectively. For each of these four spectra a fit
with the theoretical function has been performed, and the
difference between the fit and the data has been calculated
in the proper energy window. The so obtained fit residual
subsets have then been composed in one single data set
extending from 350 eV to 1 keV, in order to maximize
statistics in every energy bin. The final fit residual plot is
shown in Fig. 2. Above 1 keV the oscillatory modulation of
the present data fit residuals is not statistically significant,
due to both the need of more statistics and the fading off of
the BEFS effect related to the zero-point energy (Debye-
Waller factor). The experimental data were then fitted with
the theoretical BEFS modulation (1) calculated as ex-
plained above. Free parameters of the fit are F/, and the
cell values a and c.

The results are shown as a solid line in Fig. 2. The best fit
yields F), = 0.84 = 0.30, a = b = 5.344 = 0.006 A c=
11.704 + 0.037 A, with a corresponding x?/DOF of 0.67.
More statistics in the experimental data would be needed to
reduce the fit errors but the obtained results indicate the
p-wave electron emission final states in '¥’Re g8 decay as
the dominant contribution. This is in accordance with
theoretical considerations [10]. To our knowledge, this is
the first time that such a parameter is determined experi-
mentally. It should also be noted that the comparatively
large error on F, is basically due to the small difference
between the / =0 and [ =1 signal components. This
difference, however, would be enhanced in systems where
the p-wave degeneracy is lifted by a reduction of the point
symmetry around the S emitter. The cell values a and ¢
obtained from the fit agree with the ones extrapolated to
the detector operating temperature 7 = 100 mK from
the literature data reported above, assuming a rigid cell
contraction below 95 K, with no distortion or phase
transformations.

More sensitive calorimetric neutrino mass experiments
will require higher statistics and improved energy resolu-
tion [17]. In these conditions the BEFS modulation over
the entire '3’Re B spectrum may be detectable, and it
would be possible to extend and test the BEFS calculation
up to the '3"Re B end point. A more complete evaluation of
the BEFS effect over the entire energy range will also allow
one to estimate eventual systematic uncertainties induced
in the m, determination. However Monte Carlo simula-
tions show that the BEFS modulation in AgReO, can be
neglected in experiments with m, sensitivities down to
about 1 eV.

As already suggested [5,11], the BEFS effect could be a
useful tool for structural studies of compounds containing a
[B-emitting isotope. Cryogenic calorimeters can be made
with many different absorbers, so they are the ideal detec-
tors for the study of different crystals and molecules.
However, this work also demonstrates how the study of a
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subtle condensed matter effect can provide important in-
sight into a nuclear physics process.
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