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DIRECT DETECTION AND SPECTROSCOPY OF SOLAR NEUTRINCS
USING INDIUM

R. S. Raghavan
Bell Laboratories, Murray Hill, N.J. 07974

ABSTRACT

The development of the Indium Solar Neutrino Spectrometer is reviewed. The impor-
tance of position sensitivity in this detector is emphasized. A novel concept for a “neutrino
chamber® is advanced and being developed. A solar prototype chamber could be applied to
reactor ¥ experiments.

1. INTRODUCTION

Almost since the development of the ¥’C1 radiochemical solar neutrino detector some 20
years ago, there has been a parallel but unsuccessful search for a physical technique by
which solar neutrinos could be directly counted'?. The desirability of such a method stems
largely from the fact that this approach offers the only way to measure the energy of the
detected neutrino. The energy spectrum of solar neutrinos constitutes the most complete
experimental information on the solar interior that can possibly be obtained.

In 1976, a promising development occurred with the discovery of the possibility of
inverse f-decay in '"In’.  This approach, with a threshold of 128
keV << E™*(pp) = 420 keV, a distinctive delayed coincidence signature and only a rela-
tively small target mass of 4 tons of In (for 1 »-capture/d) offers, in principle, most of the
features long sought for in an ideal solar neutrino detector. In practice, however, the prob-
lems imposed by the weak (7 = 7X10'y) B-radioactivity of In necessitate no fess than the
development of a2 new kind of counting instrument to realize the potential offered by this
approach. Ideas underlying a novel *neutrino chamber® have been developed in this labora-
tory and experimental work to demonstrate "proof of principle’ of this device is in progress.
The problem of clectronic signal conversion in such classes of devices is being studied by a
group at MIT led by Martin Deutsch as part of a Bell Labs-MIT collaboration* aimed at
developing the In solar neutrino detector.

2. THE NEUTRINO CAPTURE REACTION IN '"¥In

Fast Gamow-Teller S-decay is observed systematically between 9/2* states of In isotopes
and 7/2* Sn nuclides throughout the mass range 111-131 (see Fig. 1). At the lighter end
of this range Sn decays to In by clectron capture, crossing over to In—Sn S-decay at the
heavier end. Near the crossover, at A = 115, the two levels are only 128 keV apart, the
9/2* level being the ground state of '"*In while the 7/2* level which lies above, is an
excited metastable state (7 = 4.7 usec) of ''’Sn. These systematics and the nuclear struc-
ture data show that inverse @-decay induced by solar »-capture in ''"*In would populate only
this 7/2* metastable state in ''’Sn the matrix element for which can be inferred with
confidence from the B-decays of the ncighbouring members of this family’. With the cross
section for s-capture calculsted’’ on this basis and the neutrino fluxes predicted by the
standard solar model, the mass of In for an average »-capture rate of 1/d is ~4 tons. '"In
(isotopic abundance 96%) is a long-lived nuclide (see Fig. 2) deaymg bya hlghly hmdered
B-transition (Q = 490 keV) to '3Sa (stable). The ''*Sn 7/2% i ic state is depop
by a cascade of a 116 keV transition which is S0% internally converted into a ~94 keV
electron (¢,) followed by a 498 keV y-ray (v,).
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3. NEUTRINO SIGNATURE

A measurement of the energy of the prompt clectron e, of the reaction
S1n(r.¢,) S0 —delay—c,+y; dircctly yiclds the eaergy of solar peutsino: ¢, = E,—128
keV. The identification of the e, pulse can be accomptished by the following signatures’.

a) Delayed triple coincidence (e, — ¢ + 72).

b) Spatial coincidence (¢, — ¢).

If the prompt clectron e, (0-300 keV for pp neutrinos) is used to start a clock and a coin-
cidence of ¢, +y; is used to stop it, the time-delay spectrum of the »-signals is exponential
with a signature time constant of 7 = 4.7 usec. fn practice, this time spectrum sits on a flat
background due to random coincidences of events mimicking e,, €; and v; such as the "*In
B-decay clectrons (0-500 keV) which start the clock and y-rays (¥600 keV) in the ambi-
ence which simulate the ¢, + v, cascade by a Compton sequence and stop the clock. A
stringent additional signature for reducing these accidental events is the demand that a low
energy electron in a Compton sequence stopping the clock, occur in the same spatial loca-
tion as the prompt electron since in a true »-cvent, the conversion electron ¢, is emitted in
spatial coincidence with ¢,. The beckground is thus proportional to the positional volume
resolution Av within which the observation of the ¢, and ¢, signals could be restricted.
Since Av/v could be as small as 107" a background rejection by this factor may be avail-
able. The accompaniment of the Compton shower of v, in the vicinity of the ¢, ~ ¢, coin-
cidence is a confirmatory signal which rejects accidental clock signals activated solely by
uncorrelated In decay electrons.

The crucial role of the spatial coincidence signature demands 2 high position sensitivity
in the detector. Other requirements are: fast time response, adequate sensitivity to low
energies, moderately good energy resolution, high radioactive purity of the detector materi-
als ete. Our study indicates that while these requirements could be fulfilled with known
detector technology, the concurrent achicvement of the necessary position resolution needs
path-breaking ideas.

4. SPATIAL RESOLUTION AND FIGURE OF MERIT

How much spatial resolution do we nced? Consider a single resolution volume Av of
the detector h geneously interspersed with In. Let m be the mass of In contained in
this volume and mC the total mass of Av. C is the ratio of the total detector mass to the
mass of In (4 tons). Then the accidental rate N in Av is the product of m times the known
specific activity of In, the duration of the coincidence time window (7 = 4.Tusec) and mC
times the y-ray background ratc/gm of the detector. The signal rate S is (m/4
tons) X 0.5 X 0.64/d as modified by the 50% conversion probability of e, and the fractional
decay in a time 7. A realistic y-ray background can be inferred from & vy-spectrum
observed by a large liquid scintillator as 2X10”"/keV/gm/sec at 600+ 100 keV. Thus the
figure of merit is:

S/N = 20/mC (m in mg)

Typical concentrations of In range from C=5 0 20. Thus for S/N =1 the mass of
In/resolution volume Av is limited in the range 1 to 4 mg. This points to the need of
Av/v = 107

How much spatial resolution can we get? In the last few years a number of approaches
available with currently known detector technology have been studied’’?. The design of
closest approach to a viable detector is schematically shown in Fig. 3. It consists of close-
packed bundlies of plastic scintillation fibers coated with In®. The plastic fibers typically
have a diameter d = 0.5 mm and clad with a low refractive index optical layer over which a
thin coating of In is applied. The clectrons from the In v-reaction are stopped in the fiber
and a portion (~25%) of the scintillation light is trapped and guided to the ends where it is




detected by & position sensitive array of phototubes which register the 2-dimensional loca-
. tion of the active fiber. Typical specifications achievable in this design (see Fig. 3) show
© that S/N is still short of break-even by a factor of ~35 while the luminous area of the
Sbers is very large (equivalent e.g. to 40,000 2° phototubes at 50% cathodc area utiliza-
tion). If the event location along the fiber (2) is also determined®, an improvement of S/N
by betier than two orders of magnitude is possible. For example, if the fiber planes in the
bundic are arranged alteraately in orthogonal orientations, a penectrating particle could
activate 2 orthogonal fibers'® pinpointing its 3-dimensional location to a precision of
Av ¥ @, Unfortunately this old idea cannot be applied to low encrgy neutrino detection
because of the soft electrons emitted in these reactions. Besides this, the fiber luminous
area remains unreduced.

Thus the major problems that need to be solved are: a) Three dimensional position
determination; b) Compatibility to low energy spectroscopy; ¢) Significant reduction of the
fiber luminous area. In 1979 the author formulated a novel concept which simultaneously
addresses these three problems and points to the realization of spatial resolution at the
(mm)’ level in such a scintillation type device resulting in eﬂ'ect ina conunuously live
*chamber” for low energy neutrino spectroscopy.

5. A NOVEL NEUTRINO CHAMBER

Consider a tank of liquid scintillator. The scintillation light from a localized low energy
event spreads out isotropically providing almost no position sensitivity. Let a grid formed
by planes of scintillating fibers stacked alternately crosswise, be immersed in the tank. Let
the fluorescent solutes in the fiber be spectrally matched to the scintillation light which
would then be strongly abserbed by the fibers. Since the fluorescence light re-emitted in

- the fibers is Stokes-shifted to longer wavelengths it is relatively free of fiber attenuation.
Clad with a low index non-absorbing optical layer, the fiber traps part of the wave-shifted
fluorescence and guides it to its output ends. This fluorescence conversion of light from a
localized event in the tank occurs in both members of the nearest pairs of crossed fibers
resulting in a 4-fold coincidence of fiber signals. This can pinpoint the 3 coordinates of
the event in a digital fashion. The central idea of a sensing grid of fluorescing fibers
immersed in a scintillation medium is the generation of position information by sharing the
opeical radiation from the event between the crossed sensor fibers thus circumventing the
problem of direct activation of the pair by ionizing radiation of short range. By inserting
diffase reflecting bafics between the fibers and dividing the tank into resolution ciements
Av each sensed by one fiber cross, the light from an clement several times larger than the
- enclosed fiber cross can be collected, thus requiring only a loosely spaced sensor grid. This
serves two purposes: i) the light from the resolution element is converted into only one
fiber pair, §i) because.of the ioose spacing the total length and luminous area of the fibers
necessary to observe the tank -- the two parameters of most relevance to the cost of the
detector -- could be significantly less than those in the close-packed array of Fig. 3. The
well known method of light collection'! by fluorescence conversion is thus available as a
matural by-product of the central idea of this chamber. Notice that with fewer phototubes,
which cootribute much to the vy-background,. the figure of merit equation could also
become more favorable than indicated in #4. This new concept of a ‘fluorescence
chamber’ could thus provide a global solution to the problems discussed in #4.

Fig 4 shows, as an cxample, a resolution clement of the In neutrino chamber. The ele-
meats are defined by a lattice of 2X2 mm square cells with 0.5 mm high walls of ~0.1 mm
thickness. made of polycthylenc or similar material. Structural strength is provided by
2mm thick ribs running at 1S cm intervals. The cell walls are coated with a highly
reflecting layer. This framework can be wrapped around a drum and the fibers wound on it,
their aligament and spacing being maintained by guide notches on the cell walls (sec Fig. 4)
and especially on the support ribs where the fibers can be firmly glued down. The sensor
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Fiber diameter d
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= 0.5 mm

Luminous area = 40 m?
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m = 140 mg
S/N = 0,028
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Fig.3. Schematic of the close~packed fiber bundle design. The thick-

ness of the In-coating on the fibers is "3 mg/cm?.
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Fig.4. Schematic of fluorescence chamber design. a) Resolution ele-
ment (Av = 2x2x1 mm) showing principle of fluorescence chamber,
Thickness of interleaved In layer is v6 mg/cm?. b) Schematic of 1w’
module illustrating the reduction of fiber luminous area. The exact
braiding arrangement of the fiber ends will depend on the position-
sensitive phototube array and the fiber coding scheme adopted.



grid is then assembled simply by stacking these 1 m? fiber planes alternately crosswise and
interleaving [n-plated plastic film between every crossed pair of planes. [t can then be
placed inside a tank and filled in with the scintillating liquid.

Such a design would have a luminous area only one fifth that of Fig. 3 and yicld a
S/N'= 2 not including the effect of the reduced tube y-background. Closer packing of the
In layers which reduces the detector mass and enbances S/N or the usc of thinner fibers
(e.g. fibers of 0.125 mm in the geometry of Fig. 4 would have the luminous area equivalent
to only 2000 2° phototubes) indicate trends for further optimization. Clearly, the fluores-
cence chamber approach thus offers the unprecedented combination of powers required to
bring the In neutrino detector into the practical regime.

6. DEVELOPMENT OF SCINTILLATING FIBERS

The success of these ideas depends critically on the development of high quality sciatil-
lation fibers'? with high scintillation and light trapping efficiencies and low fiber attenuation.
Two different approaches have been pursued in this laboratory:

i) Plastic fibers: Plastics such as PVT (polyvinyltoluene) have a high scintillation
efficiency and a high refractive index (n = 1.59). For high trapping efficiency, the techni-
cally compatible cladding material with the lowest index is a silicone resin with n = 1.41. A
copolymerized PVT scintillator with a higher than usual melting point was used and fibers
of d = 0.5 mm fabricated'’. The light yield of these fibers was found to be consistent with
the expected trapping efficicncy. However, the transmission length was only ~35 cm well
bejow our goal of >1 m. While thesc fibers are already useful for small scale detectors,
specific development of the fiber technology of these plastics is thus necessary before they
could be applied to neutrino experiments. Progress is expected to be slow due to the
difficulty in optimizing the many intercoupled parameters.

ii) Liquid core quartz fibers: As an alternate approach, quartz fibers in capillary form filled
with a suitable scintillating liquid offer several advantages. Quartz fiber technology is highly
developed and geared for mass production due to the impact of light-wave communications.
The fiber fabrication is entirely decoupled from the core liquid which can thus be in-house
optimized independently. The surface quality routinely available is very high. The smail
(<1 ppm) potassium levels in quartz add negligibly to the y-ray background assumed in
#4. The fiber sizes easily available are of 50-500u bores and wall thickness ~10% of the
bore. Despite the presence of the quartz walls this attractive technology is open to us
because a principal virtue of the fluor: e chamber pt is that the clectrons do not
directly activate the fiber. The foreseeable trend towards thinner fibers also fits well into
this program. The practical feasibility of low loss liquid cored capillary fibers of <1004 bore
bas been demonstrated in our laboratory and transmission lengths ~40 m for He-Ne laser
light achicved.'¢

Most of the known organic liquid scintillators have an index of only
n = 1.5 (o(quartz) = 1.466; n(cladding) = 1.41). Therefore a new high index liquid scintil-
lator with n = 1.62, excellent scintillation efficiency (~35% better than the best plastic) and
bulk absorption length >2 m has been developed. Quartz capillary fibers of dlﬂ'erent bore
sizes have been fabricated and further development is now in progress.

7. *B NEUTRINOS AND (».c) SCATTERING

The probiem of background suppression is severe only for pp ncutrinos since their e,
spectrum (¢,<300 keV) overlaps with the In 8-spectrum. For ¢,>500 keV the end pom(
of the In g-decay, S/N improves by some two orders of mqmtudc This is the casc for 'Be
solar ncutrinos which produce a line feature at ¢, = 730 keV which can be distinguished
without difficulty from the pp »-group. Neutrinos from solar *B decay (E, = 5—14 McV)
are quite rare, with 2 Aux only 107 that of the pp group. A detector dimensioned for ~1i
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pp r-capture/d contains too few In atoms (~ 2X10™) for a reasonable capture rate of *B
neutrinos (<1/year). Nevertheless its total mass of ~50 tons contains ~2X10% electrons
which can thus gencrate a much higher rate of (»,¢) scattering events. The interesting pos-
sibility of observing (»,¢) scattering of *B neutrinos in our detector arises from the track
visualization capability of the fluorescence chamber. Ualike inverse §-decay in In, the sole
observable signal in a (»,c) event is the scattered electron, the identification of which is
feasible, even at high energies (~5 MeV), only if discrimination of charged particles and
v-rays is possible. Thus a measurement of the orientation of the electron track, the specific
energy loss along the track and the total track energy are of paramount importance for par-
ticle and multiple event (y-ray) discrimination'®. The resolution of 1-2 mm® in a 5 MeV
electron track (~25 mm) possible in the fluorescence chamber, is superior to that in the
most advanced proposal to date for observing solar (»,¢) scattering'S. This and the smaller
initial track disorientation from multiple scattering in our chamber could better exploit the
kinematics of the (».e) process which confines the clectron tracks (>5 MeV) to a cone
~20° around the axis of the »-direction. Besides providing additional background discrimi-
nation, this directionality offers the important feature of directly corvelating the observed
(».¢) events to the sun.

The information output that can be expected from the operation of a full-scale In neu-
trino chamber may now be summarized: 1) The relative intensities of the pp and the 'Be
necutrino groups measured by the In reaction bears directly on solar models independent of
effects such as ncutrino oscillations; 2) The *B acutrino flux measured by the (»,¢) scatter-
ing extends this type of information to cover the pp chain to completion; 3) The (»,¢) pro-
cess directionally corrclates the observed events to the sun; 4) The intensity of the pp »-
group is an extremely sensitive measure of long-range neutrino oscillation phenomena
independent of astrophysical models. Results of such scope and compeiling significance jus-
tify the considerable undertaking that this experiment represents.

8. SOLAR PROTOTYPE AND REACTOR » EXPERIMENTS

Qur objective for the immediate future is the conmstruction of a prototype ncutrino
chamber ~1% of the size of the solar detector. It would be extremely attractive if this pro-
totype chamber is useful not only towards the long-range development of the solar detector
but can be applied, in its own right, to new physical research. The above discussion on
solar (»,c) scattering points to such an application. Experiments with reactor produced
antineutrinos have detected (7, ¢) scattering and the cross section estimated within wide
errors'®. This purely leptonic reaction is of fundamental interest to particle physics and
astrophysics and needs to be measured as precisely as possible. The application of the solar
prototype fluorescence chamber to this purpose could be of substantial value duc to two
major new improvements it can effect: 2) the introduction of electron track observability
which can enhance background rejection by particle and v-ray discrimination as well as by
the use of the forward peaked (¥,¢) correlation; and b) the use of a much more massive
target enhancing the reaction yield. The reaction #(p,n)e* which could be observed simul-
tancously (with interposed *He counters for neutron detection) can be utilized as an inter-
nal flux calibrator. Thus a we!l motivated program which could investigate a fundamental
physical process while providing decvclopment experience for solar ncutrino astronomy
could be mounted.

I wish to thank M. Deutsch for critical comments, W. L. Brown and W. F. Brinkman for
their encouragement and support, E. Chandross and R. Hartless for their aid in purifying
the many batches of organic solution used in this work, and J. Stone for valuable advice.
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Anomalous Showers Deep Underground
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Department of Physics and Astronomy
University of Maryland
College Park, Maryland 20742

Several studies of high energy interactions using particle
telescopes placed deep underground have been carried out. Some have
operated in various arrangements for as much as ten years (Kolar Gold
Field detectors in .Indfal-4%; Chase-Wits-Irvine detectors in South
Africad). Others have come into operation recently (The Baksan
telescope in the Caucasus, USSR6, the Homestake Mine detector, S.
Dakota, USA7,8. These detectors, in general, have capabilities which
can include, (a) multiple track recording and reconstruction; (b)
determining the direction of the primary giving rise to the event;
and (c) particle identification: whether a given track or tracks
imply a muon, a hadron or an electromagnetic shower (eor y). They
are in general relatively large, either in acceptance or in their
"mass® or both, and are located at great depths under rock (greater
than 850 hg/cm2 or about > 1 TeV equivalent muon energy needed to
penetrate the depth). A variety of detector elements have been used,
including crossed flash tube arrays; proportional chambers; and scin-
tillator counters, generally interspersed with absorbing material to
form a crude calorimeter as well as a directional hodoscope.

In what follows we discuss same interesting events that have
been collected in the Kolar Gold Field (KGF) experiment. The more
recent experiments (Homestake and Baksan) have yet to report on their
"unusual® events if any, We summarize KGF observations on anomalous
cascades deep underground.

These consist of steeply inclined showers traversing detectors
placed at depths of 3375, and 7000 hg/cmé. The telescopes have vert-
ical detector planes of crossed proportional counters, flash tubes
and/or scintillators with lead or iron absorbers interspersed. in
figure 1 an edge on view of the detector is shown. At 3375 g/cm<, in
a total exposure of 1,68 x 109 mZ sec and an angular range from 300
to greater than 900 (upwards), four events have been observed, The
visible energy of these events is greater than several hundred GeV.
The observed spectrum of bursts, when extrapolated to the energy
range of these anomalous events gives a flux which is at least an
order of magnitude less than that fmplied by these four events. Two
of the four events were obtained prior to 1977 and two have been
observed recently 1979 with improved apparatus in about one-third
as much running time as the first run.






