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DIRECT DETECTION AND SPECTROSCOPY OF SOLAR NEUTRINa5
USING INDIUM

R. S. Raghavan
Bell Laboratories, Murray Hill, NJ. 07974

ABSTRACT

The development of tbe Indium Solar Neutrino Spectrometer is reviewed. Tbe impor­
tance of position sensitivity in tbis 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.

I. INTRODUCTION

Almost since tbe development of tbe "0 radiocbemical solar neutrino detector some 20
ycars ago, tbere bas been a parallel but unsuccessful searcb for a pbysical technique by
wbicb solar neutrinos could be directly countedl.1. The desirability of sucb a metbod stems
largely from tbe fact that tbis approach oWers tbe only way to measure tbe energy of the
detected neutrino. The energy spectrum of solar neutrinos constitutes the most complete
experimental information on tbe solar interior that can possibly ~ obtained.

In 1976. a promising development occurred witb tbe discovery of tbe possibility of
inverse tJ-decay in II 'In]. This approach, witb a tbresbold 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 I ,-apture/d) oft'ers, in principle, most of tbe
features long sougbt for in an ideal solar neutrino detector. In practice, bowever, tbe prob­
lems imposed by tbe weak (T - 7XIO I4y) tJ-radioactivity of In necessitate no less tban tbe
development of a ncw kind of counting instrument to realize tbe potential oft'ercd by this
approacb. Ideas underlying a novel 'neutrino chamber' bave been developed in tbis labora­
tory and experimental worlt to demonstrate 'proof of principle' of tbis device is in progress.
Tbe problem of electronic silnat conversion in sucb classes of devices is being studied by a
group at MIT led by Martin Deutscb u part of a Bell Labs-MIT collaboration· aimed at
developing the In solar neutrino detector.

2. THE NEUTRINO CAPTURE REACTION IN lI'1n

Fut Gamow-Teller /I-dcf:ay is obserYed systematically between 9/2+ states of In isotopes
and 1/'T Sa nuclides tbroulbout tbe mus range 111-131 (sec Fia. I). At tbe Iigbter end
of tbis ranle Sn decays to la by electron capture, crossinl over to In-Sn /I-decay at the
beavier end. Ncar tbe crossover. at A - lIS. tbe two levels arc only 128 ItcV apart, the
9/2+ lenl beinl tbe grouad state of IUln wbile tbe 7/2+ level which lies above, is an
excited metastable state (T - 4.7 "sec) of lI'sn. These systematics and the nuclear 1l1'llC­
ture data show that innrsc /I-decay induced by solar .-apture in lI'In would populate only
this 7/2+ metastable state in lI'sn the matrix element for which can be inferred witb
confidence from the tr·decays of tbe neighbouring members of tbis familyJ. Witb tbe cross
section for ,-apturc c:aJc:alated],5 on tbis basis and tbe neutrino BUlles predicted by tbe
standard sow model. tbe man of In for an average ,-apture rate of lid is -4 tons. min
(isotopic abundance 96'>\) is a lonl-Iived nuclide (see Fia. 2) decaying by a biBhlybindered
tI-transition (Q - 4~ keV) to 1I'sa (stable). The lI'sn 7/2+ isomeric state is depopulated
by a _de of a 116 lteV transition which is SO'J, internally converted into a -94 keY
electron (e.) followed by a 498 ItcV 'Y-ray h31.
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Fig.I. B-decay systematics of odd In-So isotopes.

Fig.2. Ruclcar physics of the v-capture reaction 115In(v,cv)115Sn*

SIN- 2O/mC (m in ml)

Typical concentrations of In ranle from C - 5 to 20. Thus for SIN - I the mass of
In/resolution volume Av is limited in tbe range 1 to 4 rna. This points to lbe need of
AvIv;;: 10-9.

How much spatial resolution ean we let? In tbe last few yean a number of approaches
available with currently tnown detector technology bave been studied""'. TItc dcsiln of
closest approach to a viable detce:tor is tchematically shown in Fig. 3. It consists of close­
packed bundles of plastic lCintillation fibers coated with ln l

• The plastic: fibers typically
have a diameter d - O.S mm and clad with a low refractive indu optical layer oYer which a
thin coatinl of In is applied. The electrons from the In .-reaction arc stopped in tbe fiber
and a portion (-2S%) of the scintillation light is trapped and luided to the ends where it is

How much spatial resolution do we need? Consider a sinale resolution volume Av of
the deteeter homogeneously 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 detce:tor mass to tbc
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 tbe coincidence time window (1' - 4.7,.sec) and mC
times they-ray bacleground rate/1m of tbe detector. The signal rate S is (m/4
toos) X 0.5 X O.64/d as modified by the SO% conversion probability of c. and tbe fractional
decay in a time 1'. A realistic ,,-ray bll:qround can be inferred from a .,.spee:trum
obHrved by a Iarae liquid scintillator' u 2XIO-'/IteV/lm/scc: at 6OOi: 100 leeV. Thas the
figure of merit is:

3. NEUTRINO SIGNATURE

A IAcuarcmcnt of tbc enefIY of tbe prompt electron e. of tbe reaction
"'tn(••••)IISSa.-elelay-I+,.2 dircetly )'ield. the e_erg of IOIar acutrino: Co - E.-12a
keV. Tbe iclcntillcation of the e. JIlIlse can be acc:omplislled ~ tile followinl sipatllrCS';

a) Delayed triple coincideKC (c. - e, + '1Jl.
b) Spatial coincideacc (c. - ell.
If tbe prompt electron e. (0-300 keV for pp neutrinos) is used to ItIIrt a dock aad a coin·
cidence of e.+"2 is used to stop it, the time-delay spcetnlm of tbe ••Ulnals is ClIpoDlntial
witb a signature time constant of l' - 4.7 ,.sec. In practice. tbis time spectrum sits on a lIat
hac:karound due to random coincidences of events mimicking c.' e, and '12such as lbe IUln
"-clcc:ay elce:trons (o-SOO keV) wbicb start the clock and '1-rays (~ keV) in lbe ambi·
ence which simulate tbe e, + 'Yz cascade by a Compton sequence and stop the dock. A
strinlent additional signature for reducinl these accidental events is lbe dcmand that a low
eneraY electron in a Compton sequence stoPpinl lbe clock. oc:c:ur in the same spatialloca­
tion as the prompt electron since in a true .-evcnt, the convenion electron I, is emitted in
spatial coincideac:e with c.. The bll:qround is thus proportional to the positioul volume
resolution ~v witbin which the observation of the e. and el signals could be restric:tcd.
Since ~vlv could be as small as 10-10 a bll:kground rejection by this factor may be avail­
able. The ac:e:ompaniment of the Compton shower of·Yz in the vicinity of the e. - e, coin­
cidence is a confirmatory signal which rejects ac:e:idental clocle signals activated solely by

uncorrelated In decay electrons.

The crucial role of the spatial coincidence signature demands a high position sensitivity
in the detector. Other requirements are: fast time response.' adequate sensitivity to low
energies, moderately good energy resolution. higb radioactive purity of lbe detce:tor materi­
als etc. Our study indicates that while these rcquircmenu could be fulfilled witb lenown
detector technology. the concurrent achievement of tbe necessary position resolution needs
path-brealcing ideas.

4. SPATIAL RESOLUTION AND FIGURE OF MERIT
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The thic:k-

Total detector mass
• 66 tons

Fiber diameter d
• \ I11III

Total detec:tor mass
• 20 tons

Fiber diameter d
• 0.5 I11III

Luminous area • 40 m2
C • 5
•• 140 mg

SIN· 0.028

_PM

WAVE-SHIFTED
PHOTON

PRIMARY
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~ \1'~CEl.L
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Luminous area
• 8 m2

c • 16.5
• • 0.72 .g
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PM_( j.

rig.4. Schematic of fluorescence chamber design. a) Resolution ele-
ment (bv • 2x2xl I11III) showing principle of fluoresc:enc:e chamber.
Thickness of interleaved In layer is ~6 mg/c.2• b) Schematic of 1.3

module illustratine the reduction of fiber luminous area. The exac:t
braiding arrangement of the fiber ends will depend on the position­
sensitive phototube array and the fiber codine sc:heme adopted.

Fig.). Schematic: of the close-packed fiber bundle design,
ness of the In-coating on the fibers is ~) mg/c:m2•

detected by a position sensitive array of pbototubcs whic:b register the 2·dimensional loca­
tion or tbe active fiber. Typical spec:ification,s ac:hievable in tbis:desian (sec Fig. J) sbow
tll[al SIN is still sbort or break-even by a 6K:tor of -35 wbile the luminolls,.area of the
libcrs is very large (cqllivalent e.l. to 40,000 2' phototllbes at SO... cathode area utiliza­
tion.. If tbe event location alonathe fiber (z) is also determined',.l!n impro,vclllent of S/N
by better than two orders of magnitllde is possible. For ell&l1lple, irthe fiber planes in the
bIuKIIe arc arranged alternately, in ortbOl0naJ orientations. a penetrating partic:le c:ould
aai_ 2 ortbOllOnaJ fibers10 pinpointing its l-dimensionaJ location to a precision of
.1v ill d'. Unrortunately this old idea c:aDnot. be.applied to low enel'lY neutrino detce:tion
bec:aasc of the soft electrons emiued in these ructions. Besides tbis, tbe fiber Iliminous
area remains unreduced.

l1Iu tile major problems that nced to be 'solved arc: a) Three dimensional position
determination; b) Compatibility to low enerays~py; c:) Significant reduction of the
'ber luminolls area. In 1979 the autbor formulated a novel concept whic:b simultaneously
addresses these tbree problems and points to tbe realization of spatial resolution at the
(_lJ te"eI in sllc:b a Icinti1lation type devic:c resuJting in effect, in a continuously live
"c:llambcr' for low enel'lY neutrino spcc:troscopy.

5. A NOVEL NEUTRINO CHAMBER

Consider a tank of liquid scintillator. Tbe 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 stac:ked alternately crosswise. be immersed in the tank. Let
tbe ftuoresc:cnt solutes in the fiber be spcc:trally matched to the scintillation light wbich
would tben be strongly absorbed by the fibers. Since the lIuoresc:enc:e light re-emined in

. tbe fibers is Stokes-shifted to longer wavelengths it is relatively free of fiber attenuation.
<lad with a low index non·absorbing optical layer. the fiber traps part of the wave-sbified
t1uorac:cnce and guides it to its output ends. This lIuorcscence conversion of light from a
locaIizccI nent in tbe tank occurs in botb members of tbe nearest pairs of crossed fibers
J'CSIIJDIII ia a 4-fold coincidenc:e of fiber sipals. This can pinpoint the 3 c:oordinates of
tIie neM ina digital fuhion. The central idea of a scnsing grid of ftuorescing fibers
immcned in a scintillation medium is the generation of position information by sharing the
0f1liaIJ radiation from tbe event between tbe crossed sensor fibers thua circumventing tbe
problem of dircc:t activation of the pair by ioIIiziIIg radiation of short range. By insertina
dift'ue rc1Icc:ting bema between the fibers and dividing the tank into reaolution clements
.h ada sensed by one fiber cross. the li&bt from an clement several times larger tban tbe
ndoscd fiber cross can be c:ollected. tbus requiring only a loosely spaced sensor grid. This
serves two purposes: i) tbe lilht from the rcsoIution clement is converted into only one
fiber pair, Ii) because, of the loose spacinl the total lengtb and luminous area of the libe...
IIClCCSSUy to observe the tank .- the two parameters of most relevance to the cost of tbe
cIetcctor - could be si,nilicantly less than those in the c:lose-pac:ked array of Fig. 3. The
well bown method of lilht collcc:tion II by lIuorcscence c:onversion is thus available as a
-..aI by-produc:t of tbe central idea of this c:hamber. Notice that with fewer phototabes.
-bic:h coDtribute muc:h to the ,.-back.round,. tbe figure of merit equation '~ould also
become more favorable than indicated iD 14. This new c:onc:ept of a 'lluorescence
cllamber' could thus provide a g10bel solution to the problems discussed in 14.

Fta- 4 shows, u an example, a rcsoIution clement of the In neutrino c:hamber. The cle­
_ arc defined by a lattice of 2X2 mm square ceDs with 0.5 mm bilh _lis of -0.1 mm
tbickllfts. made or polyethylene or similar material. Struc:tural strength is provided by
281m thick ribs runninl at IS em intervals. The cell walls arc c:oated with a hiply
relecti.layer. This f..mework can be wrapped around a drum and the fibers wound on it.
tllcir &Iip.ent and spo.c:inl being maintained by ,uide notches on the cell walls (see Fil- 4)
and cspcciaJIy on the support ribs wbere tbe fibers can be firmly glued down. Tbe sensor



grid is then assembled simply by stacking these I mZ fiber planes alternately crosswise and
interleaYinl In-plated plastic film between every crossed pair of planes. II can then be
placed inside a tank and filled in with the scintillatinlliquid.

Such a desiln would have a luminous area only one fifth that of Fig. 3 and yield a
SIN ~ 2 not including the effect of the reduced tube -y-ba<:qround. Closer packing of the
In layers which reduces the detector mass and enhances SIN or the use of thinner fibers
(e.1- fibers of O.l2S mm in the leometry of Fig. 4 would haye the hlminous area equivalent
to oaly 2000 2· pbototubes) indicate trends for further optimization. Ocarly, the ftUOfCS­
eeeee chamber approa<:h thus offers the unprecedented combiaatioo of powers required to
briq the 10 neutrino detector into the practical relime.

6. DEVELOPMENT OF SCINTILLATING FIBERS

The saa:ess of these ideas depends critically oil the deYelopment of high quality scintil­
Ialion fiben lZ with bi&h scintillation and light trappinl efficienciesand low fiber attenuation.
Two different approaches haye been pursued in this laboratory:

i) 1'IIutIc jiJMn: Plastics luch u PVT (polyvioyltolaeae) an a hilh scintillation
efficiency and a high refractiYe index (n - 1.S9). For bigb trappiq efficiency, the techni­
cally compatible daddinl material with the lowest index is a IiIi<:one resin with n - 1.41. A
copolymerized PVT scintillator with a higher than usual meltiq poiot was used and fibers
of d - O.S mm fabricated u. The light yield of these fibers was found to be consistent with
the expected trapping efficiency. However, the transmission length was only - 3S em well
below our loa! of > I m. While these fibers are already useful for small scale detectors,
spec:ilic: deYelopment of the fiber technology of these plastics is thus necessary before they
could be applied to neutrino experiments. Progress is expec:ted to be slow due to the
diflic:ulty in optimizing the many iatereoupled parameters.

ii) liqltid carr qruurz fibers: As an alternate approach, quartz fiben in capillary form filled
with a suitable scintillating liquid offer seyeral advanllles. Qaartz fiber technology is highly
deYeloped and geared for mass production due to the impact of lilht-waye communications.
The fiber fabrication is entirely dccoupled from the core liquid whicb can thus be in-house
optimized independently. The surface quality routinely aYailable is very bigh. The Imall
« I ppm) PGtaIaium levels in quartz add negligibly to the -y-ray blckground assumed in
#4. The fiber aizes easily available arc of SO-SOO,. bores and wall thickness -10% of the
bore. Despite tile presence of the quartz wall. tbis attllldiYC tec:bnology is open to UI
because a principal virtue of the ftuorescence chamber coaccpt is that the electrons do not
directly actiYate tbe fiber. The foreseeable trend towards thiaaer fiben also fits well into
this proaram. The practical feasibility of low lou liquid cored capillary fiben of =100,. bore
baa been demonstrated in our laboratory and tranlmission Icqths -40 m for He-Ne laser
Iilht achieyed. 14

Moat of the known orpnic liquid scintillaton haye an index of only
n - I.S (n(quartz) - 1.466; n(cIadding) - 1.41). Therefore a new bilh index liquid scintil­
lator with n - 1.62, excellent scintillation efficiency (-3S'I. better than the best plastic) and
bulk absorption lenath >2 m baa been developed. Quartz capillary fibers of different bore
sizcl haye been fabricated and further development is now in prqress.

7. IB NEUTRINOS AND ("c) SCATTERING

The problem of bKkground suppression is severe only for pp neutrinos since their e.
spectrum (e.<300 keV) oYerlaps with the In /I-spectrum. For e.>SOO keV the end point
of tbe In /1-dccay, S/Nimproves by lome two orden of lIIIIaitade. This is the case for 'ac
aoIar neutrinos which produce a line feature at e. - 730 keV .laicb can be distinsuished
wialloaa diflic:ulty from the pp ,-group. Neutrinos from solar 'II decay (E. - S-I. MeV)
arc quite rare, wiab a lIax only Ir that of the pp P'Oup. A detector dimensioned for -I
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pp .-capture/d contains too few In atoms (- 2XIOZl) for a reasonable capture rate of sa
neutrinos «I/year). Nevertheless its total mass of -SO tons contains -2XIOJ 1 ~kd1'olu

which can tbus generate a much higher rate of (.,e) scattering events. The interesting pos­
sibility of observing (.,e) scatterinl of sB neutrino. in our detector arises from the track
visualization capability of the ftuorescence chamber. Unlike inverse /I-decay in In, the sole
observable signal in a (.,e) event is the scattered electron, the identification of which is
feasible, even at high energies (-S MeV), only if discrimination of chafled particles and
,.-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 an: of paramount importance for par­
ticle and multiple event (-y-ray) discrimination". The resolution of 1-2 mmJ in a S MeV
electron track (-2S mm) possible in the ftuorescence chamber. is superior to that in the
most advanced proposal to date for observing solar (.,e) scattering". 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 electron tracks (>S MeV) to a cone
-20' around the axis of the .-direction. Besides proyidins additional background discrimi­
nation, this directionality offen the important feature of directly correlatinl the observed
(.,e) events to the lun.

The information output that can be expected from the operation of a full-seale In neu­
trino chamber may now be summarized: I) The relative intensities of the pp and the 'Be
neutrino groups measured by the In reaction bean dirc<:tly on solar models independent of
effects such as neutrino oscillations; 2) The sB neutrino ftux measured by the (.,e) scatter­
ing extends this type of information to cover the pp chain to completion; 3) The (.,e) pre­
cess directionally correlates 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 compelling significance jus­
tify the considerable undertaking that this experiment represents.

8. SOLAR PROTOTYPE AND REACTOR i EXPERIMENTS

Our objective for the immediste future is the construction of a prototype neutrino
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 ( ••e) scattering points to such an application. Experiments with reactor produced
antineutrinos have detected (i, c) scattering and the cross section estimated within wide
erron l ' . 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 ftuorescence chamber to this purpose could be of substantial value due to two
major new improvements it can effect: a) the introduction of elce:tron track observability
which can enhance background rejection by panicle and ,.-ray discrimination as well as by
the use of the forward peaked (i,e) correlation; and b) the usc of a much more massive
taflet enhancing the reaction yield. The reaction i(p,n)e· wbich could be observed simul­
taneously (with interposed JHe eounters for neutron detection) can be utilized II an inter­
nal ftux calibrator. Thus a well motivated program wbich could investigate a fundamental
physical process while proYidinl development experience for solar neutrino 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 purifyinl
the many batches of organic solution used in this work. and J. Stone for valuable advice.
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Anomalous Showers Deep Underground

G. B. Yodh

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 .India l-4; Chase-Wits-Irvine detectors in South
Africa 5). Others have come into operation recently lThe Baksan
telescope in the Caucasus. USSR6. the Homestake Mine detector. S.
Dakota, USA7.8. These detectors. in general. have capabilities which
can include. la) 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 ( e or y). They
are in general relatively large. either in acceptance or in their
"mass· or both

1
and are located at great depths under rock (greater

than 850 hg/cm£ 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 some interesting events that have

been collected in the Kolar Gold Field (KGF) experiment. The more
recent experiments (Homestake and Saksan) 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/cm2• 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/cm2• in
a total exposure of 1.68 x 109•2 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 ..gnitude less than that implied 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.




