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Determination of the 3B neutrino energy spectrum using trapped ions
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The B+ decay of ®B provides the dominant source of solar neutrinos above 2 MeV. Consequently, experiments
that detect neutrinos from the sun require an accurate determination of the ®B neutrino energy spectrum. In this
work, the B-decay Paul trap surrounded by double-sided silicon strip detectors was utilized to precisely measure
the decay products of trapped 3B ions. The results were used to determine the ®Be final-state distribution and to
reconstruct the neutrino energy spectrum. This measurement using trapped ions is the first of its kind and puts
the neutrino energy spectrum on much firmer footing by discriminating between recently reported values for the

maximum of the final-state distribution.
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The Homestake experiment reported a large deficit be-
tween observed and predicted solar neutrino fluxes measured
through electron neutrino capture on 3’Cl [1]. This dispar-
ity, known as the solar neutrino problem, was explained
by enhanced neutrino flavor oscillations in matter via the
Mikheyev-Smirnov-Wolfenstein effect [2—4] through mea-
surements sensitive to electron, muon, and tau neutrinos
at the Sudbury Neutrino Observatory (SNO) and Super-
Kamiokande [5-7]. In these measurements, the vast majority
of detected neutrinos originated from the B+ decay of ®B,
which dominates the solar neutrino flux above 2 MeV [8].

Today, with the increasing reach of experiments, the under-
lying nuclear data for the neutrino energy spectrum need to be
determined to high precision. Since neutrino oscillations mod-
ify the neutrino energy spectrum shape, precise knowledge of
the undistorted 8B neutrino spectrum is vital for the interpre-
tation of solar neutrino experiments (see, e.g., Refs. [9-13])
and can be utilized to place limits on dark matter in the sun’s
core [14,15]. In particular, it would benefit next-generation
facilities including Hyper-Kamiokande, SN O+, DUNE, and
JUNO, which aim to make nonstatistically limited measure-
ments of the 1-3% day/night asymmetry in electron neutrino
flux due to oscillations within the earth and of the ke p neutrino
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flux that extends only slightly beyond the 3B neutrinos in
energy [16].

The undistorted 8B neutrino spectrum has been deduced
through measurements of the excitation energy spectrum of
8Be, which immediately breaks into two « particles, following
8B B decay. This B decay predominately populates a broad
state peaking at about 3 MeV in excitation energy, the max-
imum of which strongly impacts the corresponding neutrino
spectrum. However, discrepant results have been obtained for
this final-state distribution (FSD). Bahcall et al. showed that
initial experiments yielded a spread of £80 keV for the FSD
peak [17], prompting measurements aimed at greater preci-
sion. At Notre Dame, Ortiz et al. implanted ®B into a thin
carbon foil flanked by two silicon detectors and measured the
FSD maximum as 2899(12) keV via ¢ —«a coincidences [18].
However, energy loss uncertainties in Ref. [18] due to carbon
buildup on targets were underestimated [19]. Next, Winter
et al. implanted ®B into a silicon detector at Argonne National
Laboratory to directly measure the summed « energies and
obtained a higher maximum at 2943(9) keV [20,21]. Using
the single-« technique at Seattle and considering lepton recoil,
Bhattacharya et al. obtained a consistent maximum of 2939(5)
keV [22].

However, two recent experiments by the same collabora-
tion at IGISOL [23] and KVI [24] using techniques similar
to the Notre Dame and Argonne measurements have resulted
in maxima lower than those in Refs. [21,22]. The IGISOL
result reported by Kirsebom ef al. was 2921(5) keV [23] while
the KVI result reported by Roger et al. was 2925(6) keV
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[24], later updated to 2923 keV [25,26]. The IGISOL/KVI
collaboration has argued that the FSD differences could be
due to Ref. [21] not correctly accounting for the differing
response of silicon detectors to « particles and '°Q ions and
Ref. [22] overestimating their detector response’s low-energy
tail [27]. The disagreement between the sets of results has
remained unresolved, impacting the precision with which the
solar neutrino spectrum can be interpreted and motivating a
new experimental approach for studying 8B A+ decay to settle
this issue.

Here, for the first time, we utilize ion-trapping techniques
to determine the ®*Be FSD maximum from ®B B+ decay. The
results in this Letter discern between the Argonne/Seattle
and IGISOL/KVI maxima and were used to calculate
the 8B neutrino spectrum. In ion traps, radioactive nuclei can
be held nearly at rest in a small, localized volume. The decay
products emerge essentially scattering-free. The measurement
was performed with the S-decay Paul trap (BPT) [28] sur-
rounded by double-sided silicon strip detectors (DSSDs). This
setup was used in precision measurements of 8Li 8~ decay to
place limits on tensor currents in the weak interaction [29-31].
The apparatus and surrounding detectors were characterized
in great detail for these studies [30-32], which rely on the
energy differences of coincident « particles. Here, the FSD
is calculated using the sum of the o energies, circumventing
uncertainties from unfolding single « spectra [17,22]. Further-
more, this setup avoids the B-summing issues of the direct
implantation method [21,24] and energy loss uncertainties due
to implanting 8B in an external foil [18,23]. Remaining sys-
tematic effects, including the DSSD line shape and the ability
to distinguish between « and § particles, were scrutinized and
accounted for in detail.

The experiment was performed at the ATLAS facility at
Argonne National Laboratory. The radioactive 8B beam was
produced via two-proton transfer on a °Li primary beam
traversing a cryogenic *He gas target. The reaction products
were focused into a gas catcher using a large solenoid and
then extracted, cooled, bunched, and delivered [33] to the
preparation gas-filled Penning trap [34]. The ®B activity was
distributed across a variety of molecules, peaking at A = 42
[likely 8 B(OH),]. The A =42 beam was delivered to the
BPT.

Surrounding the BPT were four 64 x 64 x 1 mm? DSSDs.
Both the front and back sides were segmented into 32 strips.
The energy calibration was performed in situ using two '8Gd
and two 2**Cm spectroscopy-grade calibration sources, pro-
viding o energies at 3182.690(24) keV [35] and 5804.77(5)
keV [36], respectively. The calibration accounted for detec-
tor deadlayers, nonionizing energy losses, the pulse-height
defect, source angles relative to the trap center, and source
thicknesses. To provide a low-energy calibration point, the S
minimum ionizing spectra from 8B B+ decay were matched to
GEANT4 simulations benchmarked against cosmic-ray muon
data [32]. The systematic uncertainties for the o energies were
taken from Ref. [32] with the source thickness uncertainty
neglected due to the new, spectroscopy-grade sources. The
muon peak uncertainty [32] was adopted as the systematic
uncertainty for the g peak. The calibration was performed
following Ref. [31] with energy-dependent uncertainty eval-

uated through standard error propagation accounting for
covariances.

The ®Be FSD was determined using the energies of two
coincident « particles striking opposite-facing DSSDs within
a 1-us time difference (“doubles”). Random coincidences with
larger timing differences were utilized for background sub-
traction. Based on GEANT4 simulations of the o and B spectra,
hits with energies between 200 and 700 keV were considered
B particles, while hits with energies greater than 700 keV were
considered « particles. To ensure ion cloud thermalization,
events within 35 ms of the trap closing were discarded. Fur-
thermore, only events with a doubles multiplicity of 1 were
considered to avoid ambiguities in identifying correct o —o
pairs. Additional cuts include the two « energies being within
600 keV and the front minus back a-energy difference being
within —80 to 140 keV, where the asymmetry incorporates
the satellite peak from back-strip charge sharing. Back-strip
energies were only used in data selection. The edge strips,
which are most sensitive to incomplete charge collection, were
excluded from analysis. Six, one, six, and four nonedge strips
with poor energy resolution were also excluded for the top,
bottom, left, and right DSSDs, respectively.

The doubles detection efficiency was determined from
detailed simulations of the decay kinematics and the ex-
perimental setup. ®B BT decays were generated using
the comprehensive Monte Carlo simulation described in
Refs. [29,30] that includes radiative [37] and recoil-order cor-
rections [38]. The ®B ion cloud size was accounted for and
found from imaging [28] to be Gaussian distributed, extend-
ing 1.17 mm radially and 3.14 mm axially at lo. The BPT
geometry, with surrounding detectors and infrastructure, was
imported to GEANT4. § particles from the decay generator
were propagated through the BPT GEANT4 geometry to ac-
count for scattering and the DSSD response. For « particles,
the detector line shape was applied separately. To do this, a
model of the DSSD detector response was developed using the
spectroscopy-grade '**Gd and **Cm sources and a separate
detector characterization measurement using an o beam. The
model is similar to that of Ref. [39], consisting of a main
Gaussian with a tail arising from nonionizing energy losses
added to a smaller component that is the same Gaussian plus
tail with an additional, longer exponential tail representing
charge sharing and incomplete charge collection due to crystal
lattice damage [40—42]. The effects of the interstrip gaps and
aluminum strips were also included. Finally, the simulated
data were passed through the same sortcode as the experimen-
tal data to apply identical cuts.

Figure 1 shows the efficiency-corrected FSD derived from
the experimental doubles. The excitation energy E, = E,| +
Ey» — Sy — Eg, where E, , are the a-particle energies, S, =
91.8 keV is the Be a-separation energy, and Ey is the *Be
recoil energy. The average recoil energy as a function of E,
determined from the decay generator was used to calculate
Er in a manner similar to that used in Ref. [23]. At 3-MeV
excitation energy, the average recoil energy is about 7 keV
and toward the Q value it approaches 0.

To determine uncertainties and extrapolate to low E,, the
FSD was fit using the standard R-matrix formulation [43]
with channel radius at 4.5 fm [44]. Each 2" state fed from
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FIG. 1. ®Be FSD from ®B A" decay. The experimental data
(black histogram) fit with our R-matrix prescription folded with the
DSSD line shape (blue solid curve) are shown in panel (a). The
corresponding unfolded R matrix is the red dashed curve. Panel
(b) highlights the peak region. The vertical dotted line represents
the 1.6-MeV low-energy bound for the fit. Panel (c) provides the
standardized residuals for the fit.

88 B decay was represented by its energy, reduced width,
and decay strength in terms of Fermi and Gamow-Teller ma-
trix elements. The first 27 state at 3 MeV has negligible Fermi
strength [45,46]; its energy, width, and Gamow-Teller strength
were free parameters.

The 16.626- and 16.922-MeV doublet states were treated
as linear combinations of 7 = 0 and T = 1 isospin states [47]
with decay strengths as described in, e.g., Refs. [21,23]. In
Bhattacharya et al. [22], the doublet energies were fixed to
16.626 and 16.922 MeV and the doublet widths were fixed
to the values of Ref. [48]. Likewise, Winter et al. [21] used
the same energies and nearly identical widths. In Kirsebom
et al. [23] and Roger et al. [24], Barker’s parameter K, which
was introduced to account for the interference of the narrow
doublet states with other broad 2% levels [47,49,50], was
incorporated. Here, in order to best describe the experimental
data, the K = 0 values for the energies and widths of the dou-
blet levels were taken from Refs. [48,51] and K was varied.
Using a 4.5-fm channel radius, the best fit required K = 0.8,
which corresponds to a nonresonant background-scattering
phase shift of 60° and is lower than the K = 1.3 and 1.8
calculated using scattering phase shifts of 74° [47] and 82°
[49,52], respectively. However, varying K from O to 2 changed
the FSD fit x? by less than 2%.

A fourth 2 state fixed at 37 MeV was included to account
for background from B* decay to higher-lying levels. The
width and the Gamow-Teller strength for this state were varied
in the fit while the Fermi strength was fixed to 0 [21,23]. The
R matrix was folded with the DSSD line-shape model and the
spectrum was fit from 1.6 MeV to the Q value, 16.9578 MeV.
The lower bound of the fit was chosen utilizing the decay
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FIG. 2. Panel (a) shows the present FSD (black solid curve) com-
pared to Kirsebom et al. [23] (red dashed curve), Winter et al. [21]
(green dots), and Bhattacharya et al. [22] (blue dot-dashed curve).
Panel (b) highlights the peak region. Panel (c) shows the relative
deviations (FSD — FSDpresent)/FSDpresent- The gray band represents
the 1o uncertainty for the present FSD.

generator, GEANT4 simulation, and sortcode and allowed a
known input FSD to be reconstructed. This avoids the lower-
energy region where the « and $ distributions overlap and
a—f coincidences could be mistaken as o« —« doubles.

The FSD uncertainties were evaluated using an empiri-
cal approach following Ref. [23]. The statistical uncertainty
was taken as the standard error of the R-matrix fit parame-
ters accounting for covariances. Systematic uncertainties were
found by varying a fit aspect and taking the larger of the
two differences from the original fit, |[FSD4(E,) — FSD(E,)|,
as the symmetric uncertainty. For instance, the experimental
a energies were shifted up and down by the lo calibra-
tion uncertainty. The resulting FSD spectra were fit with the
above R-matrix model to produce FSD (E,). For the DSSD
response systematic uncertainty, the incomplete charge collec-
tion fraction in the line-shape model was varied to 4 and 12%
from 8%. Finally, the R-matrix model systematic uncertainty
was determined by varying the channel radius and the back-
ground 27 level energy. For the first fit, the channel radius was
set to 4.0 fm and the energy of the background 2% level was
floated. For the other fit, the background level was treated as
the “intruder” state within the B-decay Q value and allowed
to vary from 7 to 13 MeV, necessitating the use of a larger,
6.7-fm channel radius [23,50].

The present FSD is broadly consistent with previous mea-
surements with relative differences of around 5% at E, from
0.5 MeV up to 14 MeV (see Fig. 2). At low E, and near the
doublet, there are bigger differences but larger uncertainties.
The present FSD maximum is 2918(8) keV, consistent with
the IGISOL result of 2921(5) keV [23] and the updated KVI
result of 2923(6) keV [26] and in tension with the Winter et al.
value of 2943(9) keV [21] and the Bhattacharya et al. value
of 2939(5) keV [22] (see Fig. 3). Consequently, this work
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FIG. 3. The present FSD maximum (black circle) agrees with
Kirsebom et al. [23] (red diamond) and Roger et al. [24,26] (yellow
upward triangle) rather than Winter et al. [21] (green downward
triangle) and Bhattacharya et al. [22] (blue square).

provides the first independent confirmation of the maximum
suggested by the IGISOL/KVI collaboration. The present
R-matrix fit parameters and the FSD with uncertainties are
provided as Supplemental Material [53].

The neutrino energy spectrum was calculated from the
present FSD following the method outlined by Winter et al.
[21] and is obtained from

N
T ppE2(Ey — E, — E,)F(—Z, E§)R(E,, Eo)C(E,, Ep),
(1

where pg and Eg are the B momentum and energy, E, is
the neutrino energy, E, is the 8Be excitation energy, and the
maximum A% energy accounting for the ®Be recoil is Ey =
QO + m, — Eg. The Fermi function F (—Z, Eg) was taken from
Ref. [54] and the radiative correction R(E,, Ey) was taken
from Ref. [55]. The recoil-order correction C(E,, Ey) [38]
depends on the terms b (weak magnetism), c (Gamow-Teller),
d (induced tensor), and h (induced pseudoscalar). Following
Ref. [21], b(E,) was derived from the R-matrix fit parameters
for ®Be y decay [56], while c(E,) was derived from the
present BT decay R-matrix fit parameters. The terms d(E))
and h(E,) were assumed to be proportional to c(E,) [21].
At each neutrino energy from 0 to Q — Ex(0), the neutrino
spectrum value is calculated by integrating Eq. (1) weighted
by FSD(E,) over the allowed ®Be excitation energies [0 to
Q — Eg(E,) — E,]. The neutrino energy spectrum obtained is
shown in Fig. 4.

The FSD uncertainties were propagated to the neutrino
spectrum using the FSD_ (E,) curves described above to cal-
culate neutrino spectra Fy(E,). For each uncertainty, the
larger of the two differences |FL(E,) — F(E,)| was adopted
as the corresponding symmetric uncertainty in the neutrino
spectrum. The total uncertainty from the FSD uncertainties
was evaluated by adding the individual sources in quadrature.

The recoil-order correction uncertainty is dominated by the
uncertainty in b(E,) from the radiative decay measurement
[56]. The 1o error bands on b(E,) were calculated by prop-
agating the uncertainties in the M1 y-decay matrix elements
for the 3-MeV state and doublet [56]. The systematic uncer-
tainties on b(E,) described in Ref. [21] (8% total) were also
included. The recoil-order term b(E,) was then varied up and
down by the total 1o error bands and the resulting uncertainty
on the neutrino spectrum was taken from |FL(E,) — F(E,)|.
The width of the present uncertainty band due to the recoil-
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FIG. 4. Panel (a) compares the neutrino energy spectra F(E,)
from the present work (black solid curve), Roger er al. [24] (red
dashed curve), and Winter et al. [21] (green dots). Panel (b) shows the
relative deviations [F(E,) — F(E,)present]/F (Ey )presen- The present
lo uncertainty band is light gray, while the 1o uncertainty band
for Ref. [24] is purple (dark gray). Panel (c) highlights the relative
deviations over 1.5 to 12 MeV. Panel (d) shows the comparison of
the present total uncertainty (black solid curve), the present uncer-
tainty due to the recoil-order correction (blue dot-dashed curve), the
uncertainty reported by Roger et al. [24] (red dashed curve), and
the uncertainty reported by Winter et al. [21] (green dots). Panel (e)
highlights the uncertainties over 1.5 to 12 MeV.

order correction uncertainty closely resembles the uncertainty
band width in Fig. 12 of Ref. [21]. However, the shapes of the
recoil-order corrections are slightly different since c(E,) is not
identical here and in Ref. [21]. The recoil-order uncertainty
was added in quadrature with the FSD uncertainties to yield
the total neutrino spectrum uncertainty.

Figure 4 shows excellent agreement between the present
neutrino energy spectrum and the spectrum from Roger et al.,
which combines the IGISOL and KVI results [24]. The
present neutrino spectrum with uncertainties is provided as
Supplemental Material [53]. Between 1 and 12 MeV, the devi-
ations with Ref. [24] are smaller than about 0.3%. Compared
to the Winter spectrum, the deviations in this energy range are
within roughly 1%. At higher energies, the deviations relative
to Ref. [21] reach over 4% but mostly overlap within mutual
uncertainties. Due to the E, = 1.6 MeV lower limit in the
R-matrix fit, the present neutrino spectrum is derived solely
from extrapolation above about E, = 15.4 MeV. Unlike in
Refs. [23,24] and the present work, Winter et al. [21] did
not consider an R-matrix model introducing an “intruder”
2% or allow the background 2" energy to vary. The choice
of R-matrix model provides the largest contribution to the
total uncertainty at low and high E,. Except at low and
high E,, the uncertainty from Ref. [24] is smaller than the
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uncertainty due to the recoil-order correction only, which is
dominated by uncertainties from Ref. [56]. In Ref. [24], the
recoil-order correction uncertainty was handled differently
than in the present work and Ref. [21], possibly underestimat-
ing it. Higher-statistics measurements of the radiative decay
of the doublet states similar to Ref. [56] and complementary
measurements of b(E,) (see, e.g., Ref. [57]) may be worth-
while. Furthermore, calculations of the recoil-order terms for
8B B+ decay similar to those for 8Li B~ decay [58] should
be performed to determine their impact on the recoil-order
correction and its uncertainty.

In summary, the BPT was used to suspend ®B ions in
vacuum, yielding a new determination of the emitted neutrino
spectrum. The ®Be FSD maximum is 2918(8) keV, supporting
the results of the IGISOL/KVI collaboration [23,24] rather
than those of Refs. [21,22]. The neutrino spectrum calculated
here agrees well with the combined IGISOL /K VI result [24].
Overall, this work distinguishes between the previous dis-
crepant results for the neutrino energy spectrum from B A7
decay, providing a firm input with appropriate uncertainties

for solar neutrino experiments, especially at next-generation
facilities aiming to precisely measure neutrinos above 10 MeV
to determine the 1-3% day/night effect and the hep neutrino
flux [16].
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