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DEVELOPMENT OF A LOW -ENERGY NEUTRINO SPECTROMETER 
TO MEASURE THE NEUTRINO LUMINOSITY OF THE SUN 

 
1. INTRODUCTION 
Numerous experiments have recently shown that neutrino (� ) flavor states are not mass eigenstates.1 The 
resulting oscillations between �  flavors can explain the results found in atmospheric, solar and reactor 
� ’s2. Not only are there vacuum oscillations, but also matter conversion of �  flavors.  In summary, the 
existence of non-zero �  mass is now settled. Far from being an end in itself, it marks a beginning3. New 
questions on the precise structure of the �  mixing matrix, on possible new aspects of particle interactions 
and symmetries and, above all, on the precise self consistency of the �  and photon luminosities of the sun 
that can probe deep questions never explored before on the sun as well as � ’s can now be addressed. The 
new paradigm is precision data, the goal is discovery and the new frontier is at <2 MeV. 
 
Solar � ’s are unique tools for this program. The sun offers the highest matter density, the longest baseline, 
pure � e flavor at the source, the lowest �  energies and the highest �  flux compared to any terrestrial 
machine, all ideal for studying flavor phenomena in all their rich manifestations. The low-energy 
spectrum (<2 MeV) in particular, offers “beams” of specific energies for probing flavor survival at the 
earth via its key diagnostic, the energy dependence. All the current specific �  information comes from the 
tiny (10-4) high energy (>5 MeV) part of the spectrum, specifically of the 8B � ’s that has unequivocally 
revealed matter conversion at multi-MeV �  energies.  How it may change to other types of conversion at 
low energies < 1MeV–a vital part of the current picture--is not definitively established yet. The reason is 
that no spectroscopic data essential for the new paradigm is available below 5 MeV, let alone at pp �  
energies <1MeV.  
 
The low-energy solar �  spectrum offers unique access to experimental proof still lacking for the current 
MSW-LMA �  conversion model; new scenarios of non-standard particle physics, and an overall precision 
test of �  physics and astrophysics using the fundamental equality of the �  luminosity L�  (i.e. the solar 
luminosity inferred from �  fluxes) to the precisely known photon luminosity of the sun L¤

4. Experimental 
data of the last 40 years however, do not test the ratio L�  /L¤ = 1.00 usefully, leaving large gaps for 
potential surprises—recall that historically the �  has repeatedly surprised us. Any inequality L�  /L¤ �  1.00 
that survives at high precision, has epochal implications for  astrophysics and for �  physics.  
 
A precision measurement of the �  luminosity implies the measurement of not only pp � ’s but the complete 
set of pp, 7Be, pep, & CNO �  fluxes, which together, make up >99.99% of the �  luminosity. Application 
of the luminosity match L�  = L¤ at high precision requires resolving this multi-component spectrum into 
individual fluxes of specific energies with minimal uncertainty of background so that they can be reverse-
engineered to pre-conversion fluxes using a �  model. Energy specific �  detection is essential for this 
purpose. For the first time, the needed technology is available in (and only in) LENS (Low-Energy 
Neutrino Spectroscopy), the only charged-current (CC) based detector developed up to now for low 
energy solar � ’s.  This Proposal focuses on the development of the Indium-based LENS with the central 
goal of measuring the �  luminosity of the sun in a single experiment. 
 
The PI (Raghavan) moved to Virginia Tech in 2004 and hired Christian Grieb (from the Tech. Univ. 
Munich) as a research associate and Zheng Chang (from BNL Chemistry Dept.) as a research scientist in 
charge of the In scintillator development. Dr. Chang left after two years for S. Carolina State but remains 
as Adjunct Faculty at VT. This group, along with a graduate student, built a chemical laboratory for 
research on the Indium liquid scintillator (InLS) that continued the PI’s work from Bell Labs, and 
developed a full GEANT4 simulation code to model and analyze the background problems in LENs and 
design and simulate a new detector technology.  Vogelaar and Pitt are active in the overall development 
of the LENS program at VT by recruiting the PI (Raju Raghavan), helping with proposal writing, creating 
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the Kimballton underground facility and, along with Raghavan and Grieb, showing the community how 
LENS can uniquely address the physics goals defined in the long-range planning process (both through 
the APS neutrino study and DUSEL initial suite-of-experiments). They have not assumed any direct 
responsibilities to date due to other current commitments.  However, they foresee LENS becoming a 
major thrust of their research efforts, and are actively working towards that end, as is our new neutrino 
faculty hire, Jonathan Link. This Proposal seeks funds for personnel and for Lab operations for three 
years. The main part of the operations is to construct a prototype detector, MINILENS, on the scale of ~ 
250 liter Indium scintillator that can critically test the entire LENS development program. This work will 
clarify the minimum depth required for LENS, taking advantage of the nearby Kimballton Underground 
Laboratory. The proposed roadmap of the R&D program and successful operation of MINILENS will set 
the stage for the full scale LENS. 
 
LENS is currently being developed by a US-Russian collaboration (see supplementary documentation). 
Major breakthroughs have been made at VT in the InLS development and detector studies in 2005-6.  The 
concepts and strategies of the LENS design have been fundamentally reinvented and its conceptual 
feasibility dramatically enhanced. The present technology and analysis strategies have resulted in an 
overall background rejection by a factor 6x1011 at the cost of a signal loss by a factor ~1.6, showing that 
the famous Indium background problem in LENS can be solved. Advances in detection efficiency have 
resulted in the smallest detector compatible with precision measurements.  In sight is a 125 ton LENS 
detector, competitive in cost to other 3rd generation solar �  detectors as well as major reactor and �� -decay 
experiments.  A crude cost estimate of LENS is ~25M$. Nearly half this amount stems from the price of 
raw In metal. It is likely that the In cost can be largely recovered since its price and demand is expected to 
stay high for the foreseeable future. The net cost of LENS could thus be <20M$. 
 
Given the importance of verifying our current picture of �  physics in unprecedented detail, the potential 
for discovering new physics/astrophysics, and the emergence of the required technology, the time is right 
to carry out this experiment. Our work on LENS so far follows the recommendation of the APS Neutrino 
Study (2004)5 that set the development of detectors for observing the low-energy solar �  spectrum as one 
of three priorities of the US neutrino program. These sentiments were reinforced by a (2006) letter (see 
supplementary documentation) to funding agencies and national committees written by a group of ~30 
major US physicists urging follow-up on the APS report recommendation on low-energy solar � ’s. A 
mini-workshop LONU-LENS, on the specific science pay off of low-energy solar � ’s and the role of 
LENS in this science will be held at VT on Oct 14-15:  See the website:  
http://www.phys.vt.edu/~dusel/low-energy-workshop/. 
 
The NSF initiative on DUSEL is of great relevance to LENS. We have filed Letters of Intent for 
development and final detector operations at both approved sites, Homestake and Henderson. (see letter 
of endorsement of LENS in Homestake in supplementary list). LENS has been included in the suite of 
experiments in the second phase with larger cavities (private communication from Henderson group). The 
default option for the LENS site is our Kimballton Underground Laboratory (see facilities list). 
 
2. THE INDIUM NEUTRINO CAPTURE REACTION 6  
Neutrino detection in In-LENS is based on the charged current (CC) tagged  � e- capture in 115In: 

� e  + 115In  ��� �   e-  +  (�  =4.76 µs) 2 �    +  115Sn 
The detection medium is an organic liquid scintillator containing 8-10wt% of indium (InLS). The reaction 
(see Fig. 1 for target nuclear level schematics)   is unique because: 
1) It provides a prompt e- signal with the specific energy E(e-) = E(� ) – Q which uniquely specifies the 

incident �  energy and thus its spectrum. The Q value is only 114 keV7, the lowest known for CC solar 
�  capture. The reaction is thus sensitive to >95.5% of the pp �  continuum (0-420 keV). The shape of 
the pp signal spectrum rises with energy as in usual � -spectra. Thus, little signal is lost by electronic 
signal thresholds and the contribution of threshold uncertainty to the uncertainty of the measured flux 
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is small. Indeed, the absolute energy and the shape of the pp �  spectrum are accessible for the first 
time (see Sec.4). Such spectroscopic range, uniqueness and precision are not available in any other 
low-energy �  technique. In contrast, in � -e scattering detectors the energies of the signal and the 
incident �  are only related to each other via a random scattering angle, it is therefore impossible to 
deduce the �  energy from the signal. The maximum e-recoil energy is significantly lower than the �  
energy E� .  For example, for E � (pp) ~300 keV, the maximum signal energy is only ~150 keV, 
shrinking the spectroscopic range of the signal. At the same time the e-recoil spectrum from the pp 
continuum rises towards low energies, robbing the signal range even more due to finite thresholds. 
Threshold fluctuations thus affect the precision of flux measurement in � -e scattering experiments. 

2) The prompt electron is followed by a tag of 2 � ’s after a mean delay of �  = 4.76 µs. This tag is the 
central feature that allows on-line tagging of n events and thus, discrimination of background. The 
overall power of the tag allows the achievement of a signal/background ~3 (adequate for precision 
work) in a singles background ~1011 times the signal rate. 

3) The natural abundance of 115In is ~96%. 
 

The major challenge of the experiment is well known: the natural � -activity of 115In that, though very long 
lived, produces ~1011 � ’s per pp signal electron. This figure is somewhat misleading. In practice, the 
space and time delayed coincidence of the In �  tag reduces this ratio to a far more tractable ~105 which 
must be overcome by analysis cuts on false tag events to fit the template of the �  tag in detail. Note that a 
105 background is similar to that in large water Cerenkov solar �  detectors. The In �  decay extends up to 
498 keV8, overlapping the pp signal (0-306  keV). Thus it is a problem only for pp � ’s. Signals of energies 
higher than the In �  end-point are not affected. 

 
The signal in LENS is a coincidence event. Thus, internal 
contamination with singles event rates less than the In � -
decay rate (such as 14C), is not an issue in LENS, unlike, 
e.g., in Borexino or other e- �  scattering experiments that do 
not have a reaction tag. Impurities with correlated emissions 
need however, to be carefully evaluated and limited. Even 
so, the material radio-purity demands of InLS are ~103 times 
less severe than for Borexino. External � ’s can occasionally 
mimic the tag but preliminary studies show that they are 
controllable by shielding and a non-In scintillator envelope.  
Cosmic proton secondaries can produce the same tag 
cascade of the �  signal via excitation of the isomeric state at 
713.8 keV (Fig. 16 see Sec. 9). However, the rates are 
adequately low at a depth of 2000 mwe and in any case they 
can be efficiently identified.  In summary, the central issue 
of the feasibility of LENS for pp �  spectroscopy is the In 
decay background. 
 
The Indium CC reaction rate depends on the Gamow-Teller 

matrix element B(GT) that has long since been measured by (p,n) reactions (1979)9 as B(GT ) = 
0.17±10%. All estimates of �  rates so far are based on this result. However, a precision measurement of 
the �  luminosity requires a precision calibration of B(GT) via a weak-interaction method—i.e. via capture 
of � e from a MCi 51Cr or 37Ar source as done for the Ga detectors10. Unlike the latter however, there is no 
nuclear level uncertainty in the method since the reaction final state is specified explicitly by the In tag. 
The MCi sources will be produced in Russia and the calibration made with a smaller, simpler In detector 
in the Baksan laboratory in Russia. This experiment is named LENS-Cal11 in concert with the solar 
experiment (to be performed in the US) under the name LENS-Sol. Note that major physics information 
from LENS will be derived from ratios of rates much earlier than the completion of LENS-Cal. 

Figure 1 Nuclear level schematics of the In 
neutrino capture reaction. 
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3. THE LENS SOLAR SIGNAL 
The solar �  signal in LENS is a coincidence event. The detector DAQ system is designed to yield a 3-D 
coincidence spectrum event-sorted with delay time and energy. The total signal is extracted from the 
coincidence time delay spectrum (Fig. 2a). The signal at early delays decays with the signature lifetime of 
�  = 4.76 µs. The background from random coincidences is measured independently and precisely at long 
delays, using a larger time window than the signal window as shown in Fig. 2a. A fit to the exponential 
decay plus the constant background gives the total signal and the background. Notice that the background 
arises dominantly from the Indium � -decay and extends only up to ~500 keV, thus it affects only the pp 
feature.  The energy spectrum of the signal (Fig. 2b) (which includes the energy resolution due to a signal 
efficiency of ~900 photoelectrons /MeV) shows well separated features that can yield precise rate data on 
each of the low-energy sources for the first time.  The design goal is to achieve 2000 pp events in 5 years. 
With the precise backgrounds from fits to the time spectra in Fig. 2a, a statistical precision of ±2.5 % can 
be achieved for the pp signal (see Sec 8).  
 
4. DISCOVERY POTENTIAL  
A. Neutrino Energies: Gamow Energy of pp Fusion in the Sun 

Up to now solar �  research has aimed at measuring 
only �  fluxes and their energy dependence.  The 
advanced tools of LENS suggest a new focus-- 
precise absolute �  energies. This leads to a new 
science goal viz., direct measurement of the core 

temperature of the sun via the endpoint energy (not 
flux) of the pp �  continuum12. Thermal kinetic 
energies needed for initiating pp fusion (Gamow 
energy) increase the energies of the emitted � ’s (by 
a small amount) relative to those expected from 
laboratory exothermal energetics only. Inclusion of 
the Gamow energy results in a pp �  spectrum 
Psun(q) obtained by adding the kinetic energy of 
fusion E(T) to the exothermal energy release Qs., in 
the usual “lab” spectrum Plab(q,Qs). The spectrum 

with E(T) is weighted by the fraction d� pp(T) of the pp n flux at that temperature T and summed for range  

Figure 2 a  (Top panel): Time spectra of signal and 
random coincidence background for S/N= 3 for pp �  (in 
the signal window, DDDDt<10mmmms.Fig 2b: (Middle panel) Energy 
spectrum derived from fit of Fig. 2a with the isomeric 
lifetime. The signal is the solar �  spectrum (energy offset 
by Q= 114 keV) as predicted by the SSM (BP04 with low 
CNO) and modified by the MSW-LMA model of 
neutrinos and typical detection efficiencies expected in 
current design (64% for pp, 85% for 7Be and 90% for 
CNO and pep). The rates are ~40 pp events/ton 
indium/year.Fig 2c: (Bottom panel) Detail of CNO 
neutrino signal. 
 

Fig. 3: Spectral shape Plab(q) (dashed, red) and  
Psun(q)(solid, black) (upper left). Detail of spectral 
shift (upper right). Electron signal spectra in LENS 
(back-ground subtracted, ~3000 events net) with 
energy resolution of 6% (� ) at 300keV (lower left 
(Ref. 5). Detail of spectral shift of signal (lower right)  
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of T in the pp fusion region:  

Psun (q) = � � (pp) Plab(q,Qs + Eo(T)) d� pp (T) 
The effect is to change the endpoint of the pp �  spectrum qmax(sun) �  (qmax+� E) with � E= 5.2 keV relative 
to the usual P(q)(pp). Fig. 3 shows the modified pp �  spectrum and the resulting LENS signal (12t indium 
after 6 years).  The latter was fitted to the modified spectrum Psun(q) allowing the Gamow shift � E and the 
flux as free parameters and repeating  the procedure 10000 times. The standard deviation 	 E of the 
distribution of the fitted � E values (Fig. 4) is the statistical precision limit of measurement of � E.  
Including likely systematic errors we estimate 	 E ~1.7 keV, thus the predicted � E(pp fusion) = 5.2 keV 
can be measured with 3�  confidence for current LENS parameters.  It is thus possible to directly probe 
the temperature profile of energy production in the sun for the first time.  

B. Neutrino Luminosity –Path to New Physics 
A breakthrough in the basic dichotomy of astrophysics and 
�  physics in the solar �  problem was made in the case of 8B 
� ’s because of the flavor independent measurement of the 
specific 8B flux originally in the sun via neutral currents.1 
This led to the clean experimental discovery of solar �  
flavor conversion and a plausible LMA-MSW solution that 
is founded on matter conversion at high energies and 
predicts vacuum oscillations at the lowest energies of pp 
� ’s (see Fig. 5a). A similar strategy for the original fluxes 
at low energies appears difficult if not ruled out.  In 
principle, the  CC 7Be �  rate in LENS and a NC+CC rate 
from Borexino13 with a precision compatible with that 
expected in LENS, yields the 7Be NC �  flux. We look 
forward to this result eventually from Borexino. 

  
A new strategy is suggested by the possibility of the complete low-energy data as from LENS (Fig. 2).  
With the �  parameters set by LMA-MSW as the starting point, the pre-conversion fluxes can be worked 
back from LENS data. Each of the low-energy fluxes in Fig. 2 represents energy release from a specific  

 
Fig 5 a) � e survival Pee vs. E�   (schematic)  for the MSW-LMA model 14;  b) Persistence of matter effects at low 
energies in the MSW-LMA model; the yellow band indicates best values of � m2 from current data; c) Pure 
vacuum oscillation of pp neutrinos and dependence of Pee on the mixing angle � 12; d) Deviation of the Pee profile 
from the MSW –LMA (blue solid and dashed) by inclusion of non-standard interactions (pink solid and dashed) 16.  

Fig. 4: Distribution of the best fit  shift � E in the 
maximum pp-nnnn energy in 104 simulations of 
randomly created pp signal spectra in LENS with 
~3000 events each.  The Gaussian fit yields ddddE=1.63 
keV (1� ) 
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reaction in the sun, the coefficients for which have been calculated accurately4. Thus the total energy 
released from all the features in Fig. 2 is L�  the inferred �  luminosity. Its validity can be checked by the 
independent yardstick of energy release via the photon luminosity. The �  parameters can be varied until �  
and photon energy balance is achieved. The procedure is a new global analysis using 1) the low-energy 
fluxes from a single experiment --LENS-- and the inferred L�  2) the NC and CC fluxes of 8B (possibly 
also of 7Be);  3) the solar core T (from the measured shift � E) which constrains the pp flux (µ 1/T1.1) and 
4) the measured photon luminosity L(h� ).  The final �  parameters from the global analysis can confirm 
the LMA solution (much needed final proof!) or reveal deviations from its predictions (discovery!). 

 
The new global analysis depends only on experimentally measured quantities and energy coefficients that 
do not depend on the details of solar model.  Further, all particle physics information is obtained using 
neutrinos exclusively (not antineutrinos) so that a comparison with the Kamland results15 could reveal 
hints on possible violation of the CPT symmetry.  The global analysis can:  1) reveal the final correctness 
of the LMA solution by a) pure vacuum oscillations of the pp �  flux and b) specific matter effects 
predicted even at low energies, particularly in 7Be and pep neutrinos (Fig. 5b);  2) improve the precision 
of the vacuum mixing angle 
 12 from the value of the final pp �  flux ( Fig. 5c); and 3) reveal possible 
deviations from LMA predictions indicating the presence of non-standard interactions16 (Fig. 5d), an 
effect that would mark a major discovery for particle physics in general and/or mass-varying neutrinos17, 
which appears to be one of the few laboratory probes for the presence of dark energy.  The equality L(� ) = 
L(h� ) needs correction for  the 3�  mixing parameter � 13 which reduces all solar �  fluxes independent of 
energy by the factor cos4� 13. If ignored, it will directly show up as a deficit in the condition L(� ) = L(h� ) 
(e.g. the CHOOZ limit of sin2 
 13 <0.05 implies a ~10% deficit in L(� ) = L(h� ) !). Either the limit on the 
value of 
 13 will be improved by the luminosity analysis or its precise measurement in future reactor 
experiments will constrain the global analysis better.  
C. Neutrino Luminosity –Path to New Astrophysics? 
The luminosity balance L(� ) = L(h� ) is based on broad astrophysical assumptions. First, that nuclear 
reactions are the sole source of energy in the sun. Second, that the sun is in a quasi-steady state of energy 
generation (photons observed at present originated some 105 years ago, while �  signals relate to the 
energy generated in the sun now). The LENS test of the luminosity balance is thus also a critical test of 
these astrophysical assumptions at the root level. It is interesting to ask: How well does the luminosity 
comparison hold with present measured data? The answer is18:   

L(�  inferred) / L(h� ) = 1.4  (+0.2-0.3; 1 � )( +0.7-0.6; 3� ) 
so that no useful conclusion is yet possible! If eventually, with our best knowledge of � ’s, an inequality 
survives this test at high precision, major new science is exposed: L(� ) > L(h� ) would imply that the sun 
may be getting hotter with time; L(� )<L(h� ) could imply on the other hand, a cooling (?) or the discovery 
of  a non-nuclear source of the sun’s energy. The sharper the equality, however, the more complete the 
proof of the �  physics. 
 
5. INDIUM LIQUID SCINTILLATOR (InLS) 
The choice of InLS technology as the basic technology for LENS was clear early in the historical 
development of LENS. Thus a viable InLS technology has been the central feature in most LENS R&D 
programs worldwide in the past with success in this aspect largely determining the overall success of that 
R&D effort. The LENS demands on the InLS are extraordinarily stringent and unprecedented. These have 
been achieved for the first time in the work at VT in the last 2 years.  The following InLS figures of merit 
are typically observed:  

·  Indium loading : ~  8 wt% 
·  Scintillation light efficiency: Y ~8000 h�  /MeV 
·  Light attenuation length for 430 nm scintillation light: L1/e ~ 800 cm 
·  Chemical and  Optical Stability (from L1/e time history): >8 mo (new batch) 
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This technology impacts many other problems in basic science and applied nuclear power industry. The 
InLS procedure (with rare-earth metals) is being applied to �� -decay19 and reactor neutrino detectors20. 
Highlights of the InLS experimental data are shown in Fig. 6 and 7. InLS was first synthesized at Bell 
Labs21 in 1978. The present InLS work is built on the chemical approach initiated at Bell Labs in 199622  
that uses a light-mass In-carboxylate compound of the metal dissolved in common aromatic scintillator 
solvents (the basic approach was awarded a Bell Labs U. S. patent23). The In compound used is the In-salt 
of methylvaleric acid (HMVA). A new improved synthesis procedure (VT recipe) has been developed in 
2004-06 to meet the stringent requirements of LENS. This procedure contains 3 basic elements: 1) liquid-
liquid extraction with a high concentration of NH4Ac; 2) On-line purification of chromophores produced 
in HMVA neutralization in the liquid-liquid extraction, and 3) a final step of vacuum evaporation to 
produce a solid indium carboxylate compound. The final InLS can be readily prepared by dissolving the 
solid in a desired scintillation solvent (e.g. pseudocumene). We have produced InLS 

samples with 8% In with a light yield (S) ~60 % (compared to standard pseudocumene based scintillator 
with a light yield of ~13000 photons/MeV), a 1/e optical attenuation length L1/e > 8 m at 430 nm, and 
water and acid contents < 0.5 and 0.4 equivalents per In respectively. The samples showed good physical 
and chemical stability, the measure being the highly sensitive L1/e for ~1yr. Useful samples with upto 15% 
In have been produced for specialized experiments that need a high density of Indium in the InLS. 

 
 

 

  

A large number of samples were prepared with the VT procedure to search for the optimum synthesis 
conditions. Chemical analyses were conducted to understand the dependence of the scintillation and 
optical properties (S and L1/e) on the composition of the InLS. The effects of the impurities in the organic 
reactants and the speciation of the In carboxylates in the InLS were also studied with GC-MS and 
electrospray MS. We found that the best InLS samples were obtained with the pH in the liquid-liquid 

Absorbance@430nm at different times 

Sample pH In%  S% 
Begin 1 Mon. 3 Mon. 5 Mon. 8 

Mon. 
9 

Mon. 
zVt39 7.24 8.7 64 0.001 0.002 0.003 0.009 0.012 0.013 
zVt40 7.22 8.4 63 0.001 0.003 0.005 0.006 0.010 -- 
zVt41 7.09 8.4 59 0.003  -- --   0.008 0.009 -- 
zVt46 6.98 8.5 58 0.002  --  --  0.007 0.008 -- 
zVt38 6.94 8.3 61 0.002 0.003 0.005 0.005 0.006 0.007 
zVt47 6.92 8.0 59 0.0025  -- 0.005 --  0.006 -- 
zVt45 6.88 8.2 56 0.003 0.004 0.005 0.005 0.005 -- 
zVt44 6.86 8.6 56 0.003 0.004  0.004   0.004 0.005 -- 

Figure 7: 1/e Light attenuation L1/e in 8% InLS in 10 cm 
spectrophotometric cell. At the best synthesis 
conditions, L1/e value is normally >> 10 m at 430 nm 
(green curve). In 3 months, the L1/e stabilized at ~ 8 m 
and maintained for >8mo (red, black, blue). 

Figure 6: Light yield measured for 8% InLS measured 
from Compton edge (at 477 keV) of the 662 keV � -ray in 
the InLS sample compared to standard (BC505). The 
presence of In is shown by the bump of the photo peak 
of the 662 keV �  . 

Table 1: Light yield S and the deterioration of L1/e with time for InLS samples prepared at different pH 
levels. S remains unchanged and L1/e reached  equilibrium after ~3 mo, for samples made with pH < 7. 0. 
The L1/e is given by L (m) ~4.2/A(in 10-2 units ) ��� �  L = 42 m for A = 0.001. 
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extraction <7.0. With In loading at a standard 8 wt.% equivalent, these samples had a light yield S ~ 60% 
and an initial L1/e at 430 nm > 10m. It was found that S remained unchanged and L1/e decreased slightly in 
the first 3 months but remained >8m thereafter. Composition analysis showed that for the InLS prepared 
at the optimum conditions, the apparent molecular formula of the indium complexes is In(MVA)2(OH) 
(where MVA refers to 2-methylvaleric acid root). Mass spectrometric analysis suggested that most of the 
indium species in the freshly prepared InLS are monomers. Dimers, trimers and other oligomers were 
observed in small quantities several months after the preparation. This can explain the slight degradation 
in L1/e. However, further oligomerization was prevented as there is only one hydroxyl group contained in 
the In complexes. This may explain why the L1/e degradation stops after a few months. The values of S 
and L1/e and their behavior with time were extensively investigated in samples made under different pH 
conditions (Table 1). We continue to monitor the properties of the InLS and refine the synthesis 
procedure. The next step is development of large sale production of InLS.  

 
6. DETECTOR DESIGN 
The Indium �  tag requires the detection of time and space coincidences of nuclear events. Thus the design 
must incorporate a measure of granularity. Experience shows that a moderate granularity of ~10-5 is 
necessary, sufficient and readily achievable in practice. The “classic” segmented design is a close packed 
array of longitudinal modules, typically several m long, each with a pair of PMT’s at either end24.  The 
module address together with analog location of the event along the module by photon time-of-flight 
(TOF) provides 3-D event localization.  
 
The VT group has developed a new advanced detector technology: the 3-D scintillation lattice chamber 
(Fig. 8). The basic idea extends the 1-D light piping property of the long module to 3-dimensions using a 
close packed 3-D assembly of InLS filled cubic cells with air gaps surrounding each cell.25 In such a 
device, scintillation light generated in a cell travels only in channels along the 3 coordinate axes 
intersecting the vertex cell (see GEANT4 simulation in Fig. 8a) If the cubic array faces are optically 
coupled with PMT’s, the light triggers only the 6 PMT’s viewing the channels specific to the event cell. 
This is seen in a laboratory model consisting of a cubic array of acrylic cubes in Fig. 8b that simulate the 
optical segmentation. A plastic scintillator somewhere in the array (= a nuclear event) is fluoresced by 
UV light. The fluoresence light triggers only the PMT’s at the end of the channels (the bright squares on 
the faces) that lead back along the channels to the orignal event. Event location is thus digital. 
 
 

 
Figure 8:  Scintillation Lattice Chamber; Left panel (a): Concept of light propagation in Geant4 simulation; Middle panel 
(b): Test of concept with small model of a cubic stack of acrylic cubes with natural micro-air gaps; The stack contains a 
plastic scintillator cube fluoresced by UV light from an LED. Fig b) shows light emerging from those 6 end cube faces 
directly in the three orthogonal  channels. The dechanneled light appears as a cross centered on the main channeled light 
center on the end face ; Right panel (c): Test of total internal reflection with double film under ~2 bars of liquid pressure. 
 

We envision achieving the optical segmentation by a 3-D cage of sealed double-foil planes with 
microscopic contact air gaps that can be inserted into a tank that is subsequently filled with InLS. A 
conceptual issue is if it is practical to maintain mirror action with such double-foil airgaps in the liquid 
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pressures of large detectors? A simple test with sealed samples of dry double foils in a liquid at ~2 bar 
pressure yields a positive answer. Fig 8c shows normal light refraction through the airgap and mirror 
reflection when the foils are tilted at the expected critical angle. 
 
The lattice design is especially attractive for LENS because of significant operational advantages: 
·  The possibility of high definition of the hit cell in the lattice design is important. For example, the 

random coincidence background is 8x smaller in the lattice detector with 7.5x7.5x7.5 cm cells, 
because this coincidence volume is 8 times smaller than for the longitudinal module with a software 
determined coincidence volume of 7.5x 7.5cm x 60 cm. The 60cm is due to the 2�  uncertainty of 
TOF position reconstruction along the module.   

·  Since the event location is digital, not analog, the location accuracy is independent of the hit energy 
(pe statistics). This is particularly important for low-energy events <100 keV. 

·  The PMT timing pattern for each event can still be stored and used independently to further improve 
background rejection power. When a gamma ray travels through the lattice and Compton scatters 
several times, the time intervals of these interactions have to match the progression of the shower, in 
contrast to randomly occurring 115In beta decay events. 

·  The device operates as a “chamber”, displaying tracks of particles such as muons (for tagging 
cosmogenic activity) and 3-D structures of � - showers - both important for identifying event types, 
topologies and physical origins. 

·  More light is collected than in the 1-D modules, which is crucial for background rejection (Chapt. 7). 
 
The optics of the scintillation chamber of different designs was investigated by Monte-Carlo simulation 
(GEANT4) with quasi-realistic optical models to understand photoelectron yields that determine the 
energy resolution and hit definitions that assure spatial accuracy. Two issues were studied. In the first, the 
effect of non-ideal optics with non-smooth foils on the hit definition was simulated assuming a 
(pessimistic) 20% chance of encountering a serrated surface at each reflection (the simulation includes the 
Fresnel effect, see below). A specific model of the serrated surface was used26. Several thousand 100 keV 
�  events were started at the center of the cube (assuming L1/e= 10m; Y=9000 h� /MeV).  Fig. 9 shows the 
unique hit pattern (blue) expected for ideal optics with 20 pe concentrated in one optical channel. 
Imperfect surfaces (red) develop a cross halo (see photo of chamber model in Fig. 8b) centered on the 
main hit.  The cross halo pe density is mainly in the nearest neighbor cell (NNC) groups as seen in the 
simulation in Fig. 10 (note the logarithmic scale).  The main hit in this case contains 12 pe, the NNC cross 
halo 4x1 pe, the rest, randomly in the outer cross. The pe’s in the hit and the NNC halo are counted in 
coincidence so that the effect of the imperfect foil surface is a ~25% loss of pe. The main conclusion 
however, is that the hit definition is intact with a hit/halo contrast ratio of ~12/1. 
 

 
Fig. 9:  Effect of non-ideal optics on hit definition in 
4x4x4m cube with 12.5 cm cells.   Hit pattern on one 
face. Blue: ideal optics; Red: non-ideal optics 

 
Fig. 10:  Quantitative hit probabilities of pe in the 
model of Fig. 11. The pe proabilities beyod the NNC 
halo are  <<1/cell (Note the log scale). 
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The second effect is intrinsic to the lattice concept.  Fresnel reflections occur at each crossing of an air 
gap (the refractive index for the InLS is 1.5). A small part of the signal light (~4%) traverses the InLS 
many times and undergoes bulk absorption in the additional paths. The Fresnel reflection effect is a 
second order effect only, because it cancels in the first order-- for every photon which has to travel an 
additional distance in the detector after it was reflected backwards, there is one that has to travel a shorter 
distance after reflection. The light is emitted isotropically, thus half the photons emitted at any place in 
the detector will originally travel away from the nearest pmt. In that case reflection actually increases the 
likelihood of detection. Fig. 11 shows the pe yield vs. the number of cells in a 4x4x4m cube  for L1/e= 7 
and 10m. The pe increases with cell size (because of fewer air gaps in a given detector size) from 1020 
for (7.5 cm)3 cells to 1250 for (12.5)3 cells.  
 
The Fresnel light loss can be largely eliminated by coating the foils with anti-reflection layers. When 
properly designed, the reflected wave (in the region around normal incidence) at the foil is cancelled by 
destructive interference from the phase shifted wave reflected at the layer. The Fresnel loss can thus be 
minimized, making it possible to achieve a theoretical maximum of 1700 pe/MeV (L1/e=10m) and 1450 
pe/MeV (L1/e = 7m), in principle, independent of the cell size. Design of the antireflection coatings by 
SiO2 nanoparticles and other technology is under study. 
 

7. THE INDIUM BACKGROUND   
The main background in In-LENS arises from random 
coincidences due to the natural � -decay spectrum of In 
that overlaps the pp signal. The focus of the analysis is 
the detailed modeling of the In background with 
sufficient statistics and the development of 
background rejection strategies to maximize the �  
detec-tion efficiency and the resulting signal/ noise 
ratio. In the following, we use the labels e1 for the 
prompt electron of the neutrino event and g2 and g3 for 
the two � ’s of the In tag (Fig. 12). 
 
The main trigger is designed27 to detect the basic 
topology of a candidate shower event: 2 events in the 

same cell within 100 µs, the second event occurring together (< 10 ns) with a shower of N hits (Nhit). The 
main trigger selects only time/space Nhit ³  2 coincident events i.e. at least two cell hits in the delayed tag. 
This occurs at a rate of ~ 40Hz for the 7.5 cm cells in 10t In -full size LENS. The In decay can occur in 
three different modes: 1) pure � ; 2) � +�  (bremsstrahlung) and 3) pure �  (498 keV) that arises from a weak 
(1.2x10-6), very low energy (<2 keV) �  branch to the 498 keV state of 115Sn8. The tag mimic can occur 
with multiple In decays each of which can emit radiations of one of the above modes. Multiple decays 
must occur in prompt coincidence of �  = few ns. Several analysis cuts are applied on a candidate shower. 
 
A. Number of cell hits, Nhit, in the shower: �  3. 

Imposed on the signal event with one hit for g2 in the vertex and at least 2 hits outside the vertex for 
g3 (see Fig. 12). In the background shower the identity of vertex is unknown, thus all hits in the 
shower are candidates for the vertex. The Nhit condition is introduced to reduce the random b 
coincidence rate. It requires either 3 individual b decays to occur in a very short time window (~10ns) 
in order to pose as a false tag, or alternatively the production of a �  ray (bremsstrahlung or via decay 
to 115Sn*) which can travel across several cells and produce a multiple hit Compton + photo shower. 

B. Two topological cuts:  
1)  “shower radius”,  restricting the containment volume of the shower hits. The 497 keV �  –  g3 in 

the  tag cascade-- is typically contained in a certain volume. The acceptance volume is chosen 

            Fig. 11:  Effect of Fresnel reflections in the   
                              scintillation lattice 
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large enough so that most real tags will be recognized, but small compared to the total volume of 
the detector, thus providing substantial background rejection. 

2) “separation cut” limiting the maximum distance of any one hit from other hits. This condition 
recognizes the difference in the topology of a real tag (=Compton shower) and a certain false tag 
which is produced when 1 �  decay produces a low-energy gamma (via bremsstrahlung) that 

 
Fig. 12 shows the radiation schemes 
and event topologies of the In decay 
(Background, bottom panel) and the 
neutrino tag (Signal, top panel). The 
latter consists of a 116 keV (g2) gamma 
ray or conversion electron (each with a 
~50% branching ration), and the 498 
keV (g3) gamma-ray with a total 
energy of g2+g3 = 613 keV. In a 
neutrino event the sequence starts with 
e1, the Ennnn-114keV prompt e- in the 
vertex cell; after a mean lifetime of 
4.76 10µs the tag (= g2+g3) appears 
(delayed time coincidence) with g2 in 
the vertex cell (space coincidence). The 
penetrating 497-keV �  g3 escapes the 
vertex cell and creates a shower in the 
vicinity of the vertex. Nhit is the 
number of hit cells in the tag. Such an 

event pattern expected of a �  event is used as the template for filtering out random non-solar tag candidates. The tag event 
sequence can be mimicked most likely by the radiations of the In decay.  One (or more) In decays can produce a shower to 
mimic the entire �  tag. Any one of the hits in this shower can randomly coincide with an earlier In �  event in the same cell, 
mimicking the � . 

 
might just have enough energy to cross over to a neighboring cell, and this coincides randomly 
with another random �  decay mimicking the third hit necessary for a valid tag (see A). In this 
case, the latter uncorrelated �  decay occurs at a random site, on average, far away from the other 
2 hits. Thus it can be distinguished from a Compton shower. 

C. Energy cut:  
The total tag energy = Etag= 613 keV. The endpoint energy of the In �  decay is E0=498 keV, or 
DE=Etag-E0 is 115 keV less than the tag energy. The energy resolution dE/E expected in LENS is 
~4.7% at 500 keV, or dE ~23 keV. The separation DE/dE~5 therefore is a very powerful tool in 
suppressing background due to a false tag from a single �  decay. At this point it is important to 
note that, if the false tag is created by the fast (~a few ns) random coincidence of several �  
decays, the combined energy of these �  decays will naturally span the energy window for the tag 
around 613keV, greatly reducing the power of the energy cut. These events however are strongly 
suppressed by the fact that they have to occur in very fast coincidence, i.e. fast enough that they 
can match the timing structure of a Compton shower. 

 
We can summarize the  classification of  the indium background as follows: 

One In decay in the delayed tag A1 = � +BS�  (Etot=498keV) 
A2 = 498� (Etot=498keV) 

x1 
x1 

Two In decays in the delayed tag B = �  + �  (at least one �  created) x �  
Three In decays in the delayed tag C = 3 � -decays x � 2 
Four In decays in the delayed tag D = 4 � -decays x � 3 

 
The relative importance of the background types A1-D above is indicated by the factors � n.  A1 and A2 
from a single In decay can produce the required �  3 hits if they carry a �  shower. The A events are totally 
correlated, thus fully active as tags. The principal tool for suppression of the A events is the total energy 
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cut g2+g3 = 498 keV (< 613 keV of the signal). The B, C, D event types from multiple In decays are 
suppressed by the prompt coincidence time resolution factors (� ~a few 10-9 s)n. Thus the principal 
background type of multiple In decay is B with the least stringent coincidence condition. The energy cut 
is relatively ineffective for B (also C, D), as explained above. 
 
 The main component of B is the 
occurrence of bremsstrahlung (BS) 
from one In decay and a �  from 
another random In decay within the 
shower volume with Nhit =3. Thus B 
increases as the cube of the distance 
between the BS and the lone � . The 
main tool for suppressing B is thus the 
topology cut limiting the “maximum 
distance” between the BS group and 
the lone � . Even after this cut, B 
persists since B type showers with 

N>3 have events in which the lone �  is also accompanied by a BS 
� . These are not yet suppressed by this simple topology cut. 
Fortunately, the residual B events are already small enough to 
yield the favorable S/N ~3. We are also studying sophisticated 
pattern matching codes to suppress such B events. Type D 
background is the highest order considered here, because it is the 
last case that could contribute to the background if no further cuts 
were applied to the data. The natural suppression of � 4 for the 
coincidence of Five In decays is so large that it is negligible in any 
case. In practice, however Monte Carlo simulation also shows that 
the contribution of type D is negligible. 
 
Fig. 13 lists the broad roles of the experimental cuts in suppressing 
the Indium background. The initial singles rate of the In 
background is the notorious factor ~1011. However just the 
requirement of space and time coincidence (line 1) gives a “free” 
reduction by ~3×107 so that the burden of background suppression 
via analysis cuts is only the factor 3x105. It is thus sufficient to 
generate some 3x106 ntuples of all types of In events (A-D) (each 
according to the physics of the In decay) for reasonable statistical 
precision in the analysis. Line 3 shows the profound effect of the 
energy cut that results in a reduction by ~5x104  which, together 
with a factor 10 from the Nhit condition, practically eliminates the 
A events. Hence, the importance of energy resolution of the InLS. 
However, the effect of the energy cut on the B events (last column) 
is small.  It is the topology cut in line 4 that finally reduces B by a 
factor ~40 to the final result of an overall S/N~3.  
 

The present technology and analysis strategies have thus resulted in an overall background rejection by a 
factor 6x1011 at the cost of a signal loss by a factor ~1.6, showing that the famous Indium background 
problem can be solved. A new cut strategy in our analysis led to major improvement in the overall 
detection efficiency. Fig. 14 (bottom pane) shows that the background is suppressed by different factors 
according to Nhit; the more Nhit, the higher the reduction. Thus, all In events are first grouped according to 
Nhit. Different cut pattern conditions are then applied for different Nhit classes, the cuts being relaxed 

Figure 14: Typical results of analysis 
cuts on background (red) and signal 
(black) events in LENS. 

Fig. 13: Role of experimental cuts in LENS background analysis. The 
process results in an overall background suppression by a factor 
~6x1011 at the cost of the signal loss by a factor ~1.6. 
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progressively with increasing Nhit. The procedure resulted in increasing the overall cut efficiency to 
~64% (from estimates as low as 11% in 2003) a major development in the design of In-LENS Monte 
Carlo results on the effects of different cuts are displayed in Fig. 14.   
The detection efficiency has been increased to reach the smallest target masses of In and InLS needed for 
a high precision detector. Different chamber geometries were studied (based on the input parameters: 
InLS 8 wt% In; L1/e = 10m; Y(InLS) = 9000 h� /MeV; scintillation detection efficiency = 900pe/MeV).  
(The InLS figures differ slightly from those in Sec.5 but within the range of data observed in ongoing 
research.) Table 2 summarizes approximate design parameters for the full scale LENS based on present 
values. 
 
 
 
 
 
 
 
 
 
 
 
8. PRECISION AND PRELIMINARY ERROR BUDGET IN FULL SCALE LENS  
The nominal goal of LENS-Sol/Cal is ~3-4 % precision in the pp flux in LENS-Sol and LENS-Cal. A 
very preliminary estimate of an error budget is given in Table 3. It assumes: ~2000 pp events measured in 
LENS with S/N=3. Brief details on systematic errors follow:  
Coincidence Detection Efficiency  � : The selection of tagged 
events in LENS- Sol follows a series of cuts in energy, event 
location and topology. High statistics singles spectra and 
Monte Carlo analysis can be used to evaluate e precisely. 
No of Target Nuclei: The detector is segmented with the 
fiducial volume set by mechanical dimensions, not software. 
Thus No depends only on the In content in the InLS. DNo 
~0.5% is obtained by current analysis techniques that can be 
upgraded to 0.3% 
Interaction Rate I = (En -Q+0.511 keV)2 : : : :        The essential error 
in  I  is due to DQ of the  n-capture threshold. Signal threshold 
errors are less important since the pp signal spectrum rises with energy and events  below the 25 keV 
signal threshold contribute only ~2% to the total. The best value of Q = 114±4 keV is derived from Ref.6. 
In the planned MINILENS -  with ~25 kg In -  we can reach DQ = 1 keV. Thus:DI/I (pp, En-Q~250 keV) = 
0.3%;   DI /I(7Be) = 0.16% 
B(G-T) from LENS-Cal. The estimated signal in a preliminary design for LENS-Cal is ~7000 events (with 
e~80% and S/N~10). The evaluation of DM/M in LENS-Cal involves all the above the LENS-Sol factors 
plus Df of the incident n flux f from the absolute strength of the 37Ar source. The latter can be measured 
by several methods used in SAGE.28  
 
 
 
 
 
 
 

Cell 
Size 
mm3 

Cube 
size 
m3 

Pe/ 
MeV 

Det 
Eff 
% 

Nu 
/t In/y 

Bgd 
/t In/y 

S/N M 
(In)* 
ton 

M 
(InLS) 

ton 

PMT 

75 4 1000 64 40 13 3 10 125 13300 
(3”)  

125 5 950 40 26 9 2.9 15.3 190 6250 
(5”)  

Table 3: Estimated Uncertainties for pp flux 
measurement (Preliminary) 

Item  % Uncertainty 

Signal/Bgd Statistics � S/S 2.5 

Coinc. Detection Efficiency �� /�   0.7 

No. of Target Nuclei  � N/N 0.3 

Cross Section (Q value) � I/I 0.3 

Cross Section (B(GT))  � M/M 1.8 

Total Flux Uncertainty �� /�  3.2 

Table 2: Figures of merit of signal and background in In LENS for 
different geometries of the scintillation chamber design. The values of 
M are for ~2000 pp events/5y 
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9.  THREE YEAR WORK PLAN—MINILENS 
The advances made so far in the R&D of LENS clarify the fundamental conceptual feasibility of LENS. 
We propose a roadmap for the next 3 years to reach the stage of readiness for the construction of the full-
scale LENS by demonstrating the essential working of the detector. We see two phases in the roadmap. In 
phase I, the R&D will continue to address the next essential questions on a) the transition from production 
of the InLS from lab scale (~1 L) to moderate (~10L) to ~100L scales; testing the chemical recipe in 
increasing volumes and developing the chemical technology at each stage; b) detailed optical simulations 
and bench tests to clarify the optimum design and materials of the light channeling; c) monte carlo 
simulations of event topologies and their mapping to digital event read-outs and design of the basic 
trigger; and d) investigations of non-In backgrounds and their role in the material selections and shielding 
design for the experiment.  In phase II we plan to globally test all the R&D conclusions, design plans and 
strategies in a modest, scalable detector –MINILENS (see Fig. 15 for a schematic design) that will 
demonstrate the handling of not only background, but also that of In-n signals. MINILENS will be, in 
effect, the direct blue print for LENS. 

 
We propose to construct MINILENS on the laboratory 
scale with In mass of ~20-40 kg in the lattice chamber 
design as a 6x6x6 array of cubic cells 125 mm on the 
side (see Fig. 15 for a schematic plan).The outer array 
would be filled with non-In LS as an active buffer and 
the inner volume with ~250 L of InLS containing a 
minimum of 8% In (the InLS has been tested  for 16% 
In content).  It requires 36 x 3 =108 5”PMT’s coupled 
to 3 perpendicular faces (and uses mirrors on the other 
3 sides), sufficient for full 3D event localization. 
Passive shielding will be added as needed. MINILENS 
thus contains all the basic elements of our design for 
LENS and is scalable to the full experiment. The In 
singles rate in such a detector will be at least 5 kHz, 
sufficient to critically test the trigger design, DAQ and 
the viability of the background suppression concepts. 
At the 5 kHz rate, background suppression can be 
probed up to a factor ~1011 as needed in the full scale 
LENS 
 
MINILENS is small enough to be installed (by a small 
group of faculty and students) in a surface lab in our 
Physics dept and later reassembled in the VT-NRL 
underground laboratory (see Facilities sheet). Initial 
shake-down runs on the surface (with a muon rate ~6 
Hz in MINILENS << In activity) could present a 
possibility to demonstrate the detection of the solar �  
signal using cosmic ray induced “proxy pp �  events”. 
Muon secondary protons can excite the 713 keV high 
spin isomer in 115Sn via (p,n) (see Fig. 16). The 
excitation of this state can be uniquely tagged by the 
track of penetrating protons in the scintillation 
chamber and post tagged using the neutron via (n,� ) on 

In (�  = 3000b) after a short delay. This isomer with a lifetime �  = 230 ms emits a 100 keV conversion 
electron. This pretagged 100 keV event looks identical to a pp �  signal in energy and is followed by the 
very same tag cascade as for solar � ’s. These events are thus proxies for a 100-keV pp solar � . Up to ~ 40 
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Fig. 16: Cosmogenic Isomeric States in In-Sn 

Fig. 15: Schematic design of MINILENS 
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pp-proxies/year can be observed (with 16% In) in MINILENS at the surface, sufficient to demonstrate 
solar �  signal detection in addition to data on suppression of the high In background in LENS. Since the 
formation of the proxy is identified, the tagged proxy signal rate directly measures the detection 
efficiency of the n tag experimentally (it can be compared with the efficiency inferred from windows on 
singles spectra etc. and the analysis cut properties). The measured proxy rate is the cosmogenic 
background rate in LENS that can be scaled to directly determine the minimum underground depth 
required for LENS. Thus MINILENS will establish the scintillator and hardware technology, detector 
design and its operation, background suppression and signal detection in LENS as well as test other 
operational issues such as energy calibration of the individual cells in LENS. In the second phase, 
MINILENS could be moved into the Kimballton Underground Laboratory for below-surface tests, in 
particular, a final test of the proxy background at a given depth. 
 
MINILENS will also be a unique device for physics results important for LENS.  The 115In decay is a rare 
fourth forbidden unique type, so high statistics measurements of the beta and bremsstrahlung intensities 
and spectral shapes are needed to validate the inputs to our Monte Carlo simulation (which still use the 
1979 Bell Labs In � -spectra obtained with only ~100 g of In). We will also obtain a high statistics 
measurements of the recently observed rare <2 keV beta branch (presumably the lowest endpoint energy 
ever) both to confirm its existence and to determine its parameters accurately for Monte Carlo input.  The 
end point results will lead to a more precise Q-value. The <2 keV � -branch is of interest to a possible 
application to �  mass measurements. 
 
11. EDUCATION 
Education of students is an important part of the work to be carried out in this proposal.  One graduate 
student (Derek Rountree) is already involved, and we plan to recruit one more.  The weak interactions 
group at Virginia Tech typically employs 3-4 undergraduate students at any given time.  For 
undergraduates, every effort is made to identify self-contained projects within the broader research 
program which would be suitable for them.  The anticipated activities over the next three years cover a 
wide range – simulations, chemical processing and analysis, detector design and construction, electronics 
and trigger development, data acquisition system development, and development of analysis software. 
 
CONCLUSION 
R & D on LENS has recently shown that a modest size (125 tons) indium-loaded liquid scintillator can 
achieve the goal of a precision real-time measurement of the Neutrino Luminosity of the Sun via the low-
energy solar neutrino spectrum called for in the 2004 APS Neutrino Study.  The funds requested in this 
proposal will support continuation of this R&D focused on the primary goal of the construction of the 
prototype detector MINILENS.  This detector will critically test all of the assumptions and technology 
that go into the design of LENS.  The proposed program has a clear criterion for success – extraction of 
the predicted number of cosmically induced indium isomers that closely simulate solar neutrinos (about 
20-30 per year expected in MINILENS) in the face of the same background of indium � -decays that will 
be encountered in LENS. Success in this goal will set the stage for scaling up to the full LENS detector 
with demonstrated confidence in the technology and analysis techniques.  

 
 
 
 


