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We report a 0± 176Yb�p, n�176Lu measurement at IUCF where we used 120 and 160 MeV protons and
the energy dependence method to determine Gamow-Teller (GT) matrix elements relative to the model
independent Fermi matrix element. The data show that there is an isolated concentration of GT strength
in the low-lying 11 states making the proposed Low Energy Neutrino Spectroscopy detector (based on
neutrino captures on 176Yb) sensitive to pp and 7Be neutrinos and a promising detector to resolve the
solar neutrino problem.

PACS numbers: 26.65.+t, 25.40.Kv, 27.70.+q
The existing solar neutrino detectors are sensitive to dif-
ferent but overlapping regions of the solar neutrino spec-
trum. Integrated fluxes measured by these detectors [1–3]
have been used to estimate the individual contributions
from the pp, 7Be, and 8B neutrinos to the total solar neu-
trino flux. A model independent analysis of the current
data in the framework of the standard electroweak model
and the standard solar model has been performed by sev-
eral authors [4–6], yielding inconsistent specific fluxes
(by specific flux we mean the flux of neutrinos from a
specific solar source). According to these analyses, the
integrated flux observed by the Ga detectors (SAGE and
GALLEX) is nearly exhausted by the low energy pp neu-
trino flux (which is essentially model independent) leaving
no room for the 7Be neutrinos. The water Cerenkov detec-
tors (Kamiokande and Super-Kamiokande), on the other
hand, observe a significant number (approximately half of
their predicted value) of high energy 8B neutrinos. The
apparent absence of the 7Be neutrinos is inconsistent with
the sizable 8B neutrino flux, given that 8B in the sun can-
not be produced without the preceding 7Be�p, g�8B re-
action. This energy dependent deficit of solar neutrinos
cannot be explained by any reasonable modification of the
solar model [4–6]. The most plausible solution appears to
be an energy dependent (strongest at low energies) conver-
sion of solar ne’s to other flavors inside the Sun, viz. the
MSW effect [6,7], resulting in an energy dependent dis-
tortion of the solar neutrino spectrum. Thus this idea can
be fully tested only if the specific fluxes of the low energy
pp and the 7Be neutrinos can be measured, a task yet to
be performed.

The Low Energy Neutrino Spectroscopy (LENS) detec-
tor proposed recently by Raghavan [8] will use a low-
threshold, real-time, flavor-specific (using charged current
neutrino capture), and spectroscopic (using a delayed coin-
0031-9007�00�85(21)�4446(4)$15.00
cidence technique to identify capture events from different
solar sources) detection scheme based on Gamow-Teller
(GT) transitions from 176Yb ! 176Lu for measuring the
specific pp and 7Be neutrino flux. A measured deficit
in the model independent pp neutrino flux and/or a 7Be
electron-neutrino flux significantly smaller than the total
all-flavor flux to be measured by the BOREXINO [9] de-
tector will provide the most direct evidence of solar neu-
trino flavor oscillation.

In order to estimate the neutrino capture event rates
for this detector one needs an accurate knowledge of the
weak interaction matrix elements for the transitions from
the ground state of 176Yb to the two low-lying levels in
176Lu. These matrix elements can, in principle, be mea-
sured directly by using neutrinos from radioactive sources.
However, a preliminary value of these matrix elements,
sufficient for designing the experiment, can be deduced
from intermediate energy (150 MeV�A) 0± charge ex-
change reactions. We report here a 0± �p, n� reaction mea-
surement of these matrix elements.

At IUCF we measured the reaction, 176Yb�p, n�176Lu,
at 0± using the IUCF neutron time-of-flight (NTOF) sys-
tem in spectroscopy mode, with 120 and 160 MeV pro-
tons. We used a procedure, described in Refs. [10,11], in
which the incident proton energy dependence of the ratio
of the specific GT to the specific Fermi cross section is
exploited to determine from the spectra the GT matrix ele-
ments relative to the model independent Fermi matrix ele-
ment. It is well known that all of the Fermi strength resides
in the isobaric analog state transition, which is clearly seen
as a sharp peak in �p, n� spectra. The use of the energy
dependence method allows us to avoid the large uncer-
tainties (as pointed out in Ref. [10]) involved in using the
globally averaged reaction cross section on a single spec-
trum. Figures 1(a) and 1(b) show the low energy part of
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FIG. 1. Low energy part of the 176Yb�p, n�176Lu missing mass
spectra, (a) using 120 MeV and (b) 160 MeV protons. Solid
lines are composite fits (see text and Ref. [11] for a description
of the peak shape functions) to the spectra using the peak shape
parameters obtained from 13N spectra. Dashed lines show the
individual peaks at Ex � 194.5 and 339.0 keV.

the missing mass spectrum for 120 and 160 MeV protons,
respectively. The data show that there is an isolated con-
centration of GT strength in the low-lying 11 states.

The level scheme of 176Lu indicates that there are two
11 levels (with energies known from nuclear data), that
are not resolved in �p, n� but resolved in a complemen-
tary (3He, t) experiment at Osaka [12], in this region of
concentrated GT strength. The lower energy state can be
populated by a significant fraction of the pp neutrinos.
Hence for LENS to be able to detect the pp neutrinos it is
essential that this lower energy state contain a significant
portion of this GT strength. Although the two low-lying
states were not physically resolved in our measurement, it
is possible to separate the GT strengths to the two states
by fixing the peak shape parameters to their accurately de-
termined values from an auxiliary spectrum (described be-
low) and by fixing the excitation energies of the two states
to their well-known values. Accurate peak shape knowl-
edge is also needed to determine precisely the number of
counts in the Fermi peak used in normalizing the spectra
to B�GT�.

Neutron time-of-flight peak shapes are determined by
the response of the detection system and the convoluted
energy-time profile of the proton beam bunch. An addi-
tional effect that contributes to the peak shape is the scat-
tering of the neutrons by the ground below the detectors.
Our empirical peak shape consists of a Gaussian (account-
ing for the detector response, the beam energy profile,
and the primary time structure of the beam bunch) convo-
luted with a fast exponential on either side of the Gaussian
to fully take into account the time structure of the beam
bunch. To take into account the contribution to the peak
shape by the neutrons scattered from the ground below
the detectors a long (slow) exponential was also convo-
luted to the low neutron energy (high excitation energy)
side of the Gaussian, as these neutrons traverse a longer
path than the direct neutrons. As described in more detail
in Ref. [11], the counts in this tail are not from the solid
angle of the detector and should ideally be removed from
the analysis.

In this experiment, however, we make use only of the
relative areas of the peaks corresponding to the low-lying
final states and the IAS. Using only relative peak areas
eliminates systematic uncertainties involved in determin-
ing absolute cross sections. The uncertainty in a peak ratio
resulting from an imperfect separation of direct peak from
the tail is only second order due to a possible change in
the direct to scattered ratio between the unknown GT tran-
sition and the IAS peak.

As we simply ascribe a functional form to the observed
peak shapes rather than modeling them from first prin-
ciples, it is extremely important to test our empirical peak
shape and to obtain the best values for its free parameters
from an auxiliary spectrum using the same experimental
setup. We chose the 13C�p, n�13N reaction because of its
well-resolved level structure for this purpose. Our fit to the
13N ground state using this peak shape and the Levenberg-
Marquardt method [13] is shown in Fig. 2. The fit shows
that our peak shape describes the data very well. We used
the peak shape parameters obtained from this peak to fit
the 176Lu spectrum shown in Figs. 1(a) and 1(b).

As described in detail in Refs. [10] and [11], the specific
Fermi and GT cross sections have a strong mass number
dependence that cannot be accurately predicted by reac-
tion dynamics theory. Hence the best way to normalize
spectra to GT strengths is to normalize them to the Fermi
transition. This procedure requires obtaining the number
of counts in the Fermi peak which is usually not isolated or
resolved from nearby and underlying GT transitions. We
use the strong incident proton energy dependence of the
ratio of the Fermi to GT specific cross sections to extract
the number of counts in the Fermi peak. In this procedure
we match spectra taken at two proton energies at a GT
transition close to the Fermi peak and iteratively subtract
a peak of appropriate shape from the Fermi peak in each
spectrum, while minimizing a figure of merit defined to
be the sum of squared differences between the two spec-
tra. The only assumptions that go into this procedure are
that the nearby peak corresponds to a pure GT transition
and that the energy dependence of the ratio of specific cross
sections is universal (i.e., no mass dependence).
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FIG. 2. Low energy part of the 13C�p, n�13N missing mass
spectra, (a) using 120 MeV and (b) 160 MeV protons. Fit to
the spectra using our empirical peak shape is shown. Peak
shape parameters obtained from these spectra are used in the
subsequent fit to the 176Lu spectra.

In this case (see Fig. 3) the Fermi peak rides on top of a
smooth Gamow-Teller giant resonance (GTGR). Although
the GTGR does not have a smooth structure in lighter
nuclei, one expects it to be so in heavier nuclei as in our
case. As a result, in this case one can fit the entire region
containing the Fermi peak and the GTGR using our em-
pirical peak shape for the Fermi peak and approximating
the GTGR shape by a Lorentzian function. Figures 3(a)
and 3(b) show our best fit (x2

min�n � 1.2) to this region
for the 120 and 160 MeV spectrum, respectively, and we
can see that this model describes the data very well.

We separated the GT strengths to the two states in 176Lu
by fixing in our fit the parameters of our empirical peak
shape to their values obtained from the 13N spectrum. We
also fix the well-known excitation energies of the two low-
lying states in 176Lu. The resulting fit (x2�n � 1.1) is
shown in Fig. 1. The GT strengths to the two states using
the areas obtained from this fit and the area for the Fermi
peak obtained from Fig. 3 is given in Table I.
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FIG. 3. High energy part of the 176Yb�p, n�176Lu spectrum
(a) using 120 MeV and (b) using 160 MeV protons. Overall
fit to the spectra using the empirical peak shape for the IAS
peak and a Lorentzian for the GTGR is shown.

In the allowed approximation, the neutrino absorption
cross section on 176Yb is given by

s�En� �
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piWiF�Z, Wi�
µ

gA

gV

∂2

Bi�GT� . (1)

The sum runs over all 176Lu daughter levels, gV and gA

are the b-decay vector [14] and axial vector coupling con-
stants, respectively, pi and Wi refer to the momentum and
total energy of the outgoing electron, and F�Z, W� ac-
counts for the Coulomb distortion of the outgoing electron
wave function. We computed s�En� for the neutrino-
capture reactions using the Bi values from our measure-
ment. We calculated F�Z, W� using our codes for F0 and
screening corrections and by interpolating Behrens and
Jänecke’s [15] L0 value (their Table II) for finite-size cor-
rections. Figure 4 shows the 176Yb n-absorption cross sec-
tion as a function of incident neutrino energy.

Our integrated 176Yb�ne, e�176Lu� cross section over the
standard (no neutrino oscillations) pp and 7Be neutrino
spectra is shown in Table I. LENS will also be a real-time
TABLE I. GT strengths and neutrino capture cross sections for the two low-lying states in
176Lu obtained from our spectra.

sn�10245� cm2

Ex�keV� [16] B�GT� pp 7Be�0.384� 7Be�0.862�

194.511 6 0.008 0.22 6 0.03 11.16 6 1.53 3.35 6 0.46 77.95 6 10.69
338.982 6 0.010 0.12 6 0.02 · · · · · · 33.11 6 5.75
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FIG. 4. Neutrino capture efficiency of LENS as a function of
incident neutrino energy.

detector of supernova neutrinos and we obtain a total ab-
sorption cross section of �5.57 6 0.83� 3 10242 cm2 for
ne’s from a Fermi-Dirac energy distribution with T �
3.2 MeV (corresponding to �Ene � � 10 MeV).

In conclusion, we measured the transition strengths of
176Yb ! 176Lu using 0± �p, n� reactions. Our measure-
ment indicates that the proposed LENS detector will be
sensitive to the pp and 7Be neutrinos. The higher energy
11 state in 176Lu can be fed by neutrinos from all sources
except the pp neutrinos, while the lower energy state can
be fed by neutrinos from all solar sources including the pp
neutrinos. Thus, LENS promises to be the first real-time
detector capable of detecting neutrinos from the pp reac-
tion in the Sun.
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