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New Prospects for Real-Time Spectroscopy of Low Energy Electron Neutrinos from the Sun
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Flavor-specific real-time spectroscopy of solar electron neutrimgsfrom the p + p, 'Be + e,
and CNO reactions in the Sun may become practical for the first time via a newly discovered alass of
reactions. Highly specific signatures of capture by the targets®yb, 1%9Gd, or 82Se can discriminate
against a background 107 times larger than the, signals. A high-quality liquid scintillator containing
up to ~15 wt% Yb has been developed for observing thesereactions. Experiments based on the
new approach can, in principle, resolve basic puzzles set by current solar neutrino results and the
underlying question of,-flavor conversion. [S0031-9007(97)03069-X]

PACS numbers: 95.55.Vj, 26.65.+t

Neutrinos of electron flavdiy, ) are emitted dominantly tral weak current, ighx(Be) = 0.28®s,, ~ 300% larger.
in the energy range of 1 MeV in the proton-protgnp)  The value of¢,.(’Be) can thus expose disparity in fluxes
nuclear reaction sequence that generates the energy of tbhedifferent flavor sensitivity for the same monoenergetic
Sun [1]. The minor CNO cycle also adds to the solareutrino, directly proving flavor conversion.
v, flux, ¢., at 0—-1.7 MeV. Many methods have been There is thus renewed impetus to press uncompro-
developed for solar astronomy, albeit with compromises misingly towards the complete solay detector defined
imposed by the extreme weakness:ointeractions. A above. This Letter describes a new path to this goal,
“complete” method for detectingub-MeV solar neutrinos opened by the discovery of low-threshold reactions
in real timg specifyinge flavor energy and spectral on 1"®vb, 1%9Gd, and®?Se which can directly measure
detail identifying the original solarsource S, remains ¢.(S) with real-time signatures for discriminating sig-
arguably one of the most elusive quests in all sciencenals from a~10’ times larger background. The only
So far, only the vital goal of sub-MeV, sensitivity has signatured sub-MeV reaction known yet, + '°In [7],
been attained by Gallex and Sage, detectors based aould not be realized in practice because of the fant
v, activation of "‘Ga and radiochemical assay [2] for a radioactivity of *%in. The new v, targets arestable
non-real-time measurement of the integral fx(2S(=  the long-sought breakthrough that removes this basic ob-
pp,pep, 'Be BN, 150, 8B)) from all solar sources. The stacle. On the technical side, a liquid scintillator with up
lGa v, signal thus specifies the flavor but not the to 15 wt% Yb, suitable for 100-ton-scale sub-MeV nu-
original v, source in the Sun. A major advance will clear spectroscopy has been developed, defined a mode of
come from Borexino [3] (now in construction), a real-time detection of the new, reaction [8].
spectroscopic device based or-electron scattering, to Signal rate estimates for the newy-reaction awaitv,
measure a fluxpx(’Be) that depends on all the-flavors  cross sections deduced vig Op,n) reaction measure-
X = e, u, 7. These data will thus specify the solar sourcements [9] now in progress. A favorable nuclear structure
but not thev flavor. of one of two v,-reaction channels in Yb, however, al-

Gallex and Sage now observe a low integrated flux, imready sets the framework for a measurement of at least
plying a seriously lowg,.(’Be) [2]. This result is incom- the key ¢.('Be) flux. A signal S = 60— 180 eventgyr
patible with the specific fluxpx(®B) from Kamiokande with S/B > 1 (backgroundB measurable preciselin
[4] because ap(®B) of that size is inexplicable from a vivo) may be possible for the standard fldx (Be) with
’Be-poor sun implied by the Ga result, given the reac-a 100 ton (10 ton Yb element) scintillator. The weaker
tion p + "Be is the sole source dfB in the Sun [5]. ¢.(N,0) and¢,.(pep) may also be accessible with longer
It is widely agreed that the apparent paradox cannot béfetimes. All the new targets are sensitive #p(pp) in
resolved by astrophysical causes [6]. The only recoursprinciple, offering hopes for complete low energyspec-
in sight is energy-dependent conversion of to other tral data with one or more of these detectors.
flavors v, ; undetectable by Ga, caused by nonzero Flavor-specific v, detection is possible only by the
masses. This idea can be tested only by ithdivid- charged current basea, capture: v, + I(Z) — ¢ +
ual fluxes ¢.(S)—at least¢.(’Be) or ¢.(pp), serious F(Z + 1). Thee™ signal directly yields the incident,
loss of either of which will lead to the Ga result. A spectrumkE, = E, — Q, [0, = M(F) — M(I)]. With
é.(pp) short of its “standard candle” value is direct evi- the low signal rates~+1 per day) and signal energies,
dence for flavor conversion. If the Ga result is primarily practical observation of the undistinctive signal of this
due to the conversion of,(’Be), it must be near com- reaction faces a formidable background from trace natural
plete, sayg.('Be) ~ 0.1dg,,. Inthis case, the Borexino radioactivity present in all materials. In Borexino, with
flux which depends also on converted flavors via the neuthe undistinctive signal of as-scatterede™ in a liquid
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scintillator, »-grade radiopurity implies-107'6 g U, Th/

g [3], the feasibility of which was demonstrated recently kev ~
by a 5 ton counting test facility (CTF) [10]. Such purityis || e —
ruled out generally for scintillators loaded with a foreign || & '5s"" """~ ;__‘_e_' ““““““““““ T
element such ag. The only hope for low energy., ot lm[ﬂ_mm_ ________ 8389 a0 gy
detection is active background suppression with a highly || . A las L
discriminatory reaction signature as suggested 20 years| | T ' 1945 Te 50 s ; 3|
ago [7]. Ifv, capture leads to agxcitedfinal stateF” with | Qw51 PRI 715 ) -
lifetime 7 ~ 1073-107% s, a delayed coincidence is set |[[= 7 4%& | o]
up:[e” + F* — delayr — F + y]. With 7 ~ 100 ns, - B ]
a signal rateS = 1 evenfd and a modest event local- !
ization within 1% of a typical~100 m>® volume, the |
random singles rate in the signal or gate window in the Y
full detector can beV ~ 10’S ~ 100 Hz for a signal

(randomcoincidence backgrounglratio ~ 1. This im-
plies scintillator specific activities of Hm? (vs uHz/m? FIG. 1. Nuclear data for the Yb solar, detector system.

in Borexino) that permit the relatively common target Only the total deexcitations of the levels are shown.

purity of 1071°— 1072 and simpler detector shielding.

No taggedv, reactions orstabletargets have been found the simultaneous signat,. The delayed coincidence
up to now. The breakthrough occurred with the realiza{(e; + y;/e) + (delay50 n9)y,/e] in the same cell is
tion thatdouble 8 decayprescribes the precise framework the v, signature. Gated by,/e = 72 keV common to
for discovering new tagged low energy reactions with- A andB, the B signal energy scale 8, = E, — (301 +
out the target stability problem. Isobaric tripl¢iA,Z,  144) + 144 = (E, — 301) keV, exactly as inA, the 0
evenA,evenZ,spin0"),F(A,Z + 1),FF(A,Z + 2)]are  energy signal appearing at 144 keV. A unique signal
chosen specifically witd/(7) < M(F) to search for the spectrum (schematically shown in Fig. 2) can thus be
extremely rare8 8 decayl — FF, energetically forbid- observed, directly yielding the incident spectrum offset
ding the far stronger normg# decay/ — F. I is thus by the lowestr, threshold. Figure 2 also shows the signal
stable which meets the basic criterion for a solartar-  for a laboratory», source of°Cr [13], well matched for
get. The staggered odd-odd and even-even mass paratptive calibration of the?’®Yb v, cross sections.
las are structured so that a higtB decay energyM (1) — As well known, single-particle Gamow-Tellg tran-
M(FF)] usually results whe (1) ~ M(F); further, the  sitions in heavyodd nuclei are hindered, lqgft = 6,
typical odd-odd nucleug haslow-lying spin1* excited  unless the initial:(p) and final p(n) configurations are
statesF*. These two aspects point tow v, thresholds  spin-orbit doublets of the same Nilsson orbital, when
Q, = [M(F*) — M(I)] and a0" — 1" spin sequence log,, fr ~ 4.7-5[14]. In contrast, the 43 known lggf?
most favorable fow, capture. Odd-odd nuclear levels in values of 0" — 17 8~ (and equivalent reverse) tran-
this region typically decay by low enerdgy2 or hindered sitions from (even-evem = 148 —180) — (odd, odd)

E1 y's, promotingisomerismin F* or a daughter state of nuclei show [11] that most of them are markedly faster;
F* that leads to delayed coincidenegtags Finally, 8- log,, ft = 3.5-4.4 for 20 cases, many of them identi-
decay data show surprisingly thét — 1" », capture by fied as spin-orbit partners. 4.5-4.9 (14 cases), 5-5.4
nonspherical nuclei could bgtrong A search immedi- (7 cases), 5.5 for one case and,|pf¥ > 6 in 2 cases. A
ately located a whole class of3-solarv.” target candi-  log,, ft ~ 3.5, normally classifiable as a “superallowed”
dates,'"®Yb, 1%9Gd, and®?Se. In this Letter | focus on the
promising case!’®Yb as an example [11].

In the Yb system [12] (Fig. 1)y, channelA feeds the
isomeric stateF; (1"%Lu 195 keV,7 = 50 ns), triggering
a prompte; in delayed coincidence with a 72 key,
(~50% convertede) in the same spatial “cell.” The
event pattern [prompe; + (delay ~ 50 ng)y,/e] is the
v, signature. With a threshol@, = 301 keV, channel
is sensitive to allb, sources including’.(pp). The scale
of the y,-gated signal spectrum i, = (E, — 301) keV.
A second channe® feedsFy (1"%Lu 339 keV) withQ, =
301 + 144 = 445 keV, sensitive to all solar,’s except
v.(pp). Fp decays promptly byy,/e = 144 keV (57%
e, 43%y). Atthis energy;y;/e is mostly confined within - £/5 5 gchematic signal patterns for, + '7°Yb by solar

a~10 € cell of liquid (with ~10% Yb that helps contain and %Cr »,’s, illustrating energies and qualitative intensities
the 144 keV photons by photoabsorption) and sums witlof signal features.
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transition, is unexpected at such low energies in such heavgnd concentrated by evaporating the organic phase. The

nuclei. ChanneB feeds’®u (339 keV) with the ideal
configuration [514]p9/2 — [514]n7/2 for which the
above systematics suggest Jpg: = 3.7 -4.2, among the
strongest transitions. The,( pp)-sensitive channed to
178 y (195 keV), not ideal withn, p assigned nominally
in different major shells, may have lqgft = 5. Stan-
dard solar signal ratesssuminglog,, f7(ch.A) = 5 and
log,, ft(ch. B) = 3.7, are given in Table I.
Liquid scintillators loaded with the target element of-

fer a practical route to real-time spectroscopy. A key

Yb(EH);, dissolved in a scintillator cocktail, yields a
water-white, transparent Yb-scintillator liquid. Yb load-
ing up to ~15 wt% [Yb(EH); 50 wt%] was achieved.
Significantly, a~10 wt % Yb [Yb(EH); 33%)] scintilator
retains ~60% of the scintillation yield of the unloaded
scintillator and a practicat-40% yield even at 15 wt%
Yb loading (see Fig. 3). Since the unloaded scintillator
typically produces~10* photongMeV a 10% Yb scintil-
lator yields~6 X 10° photong MeV, generally implying
200-300 photoelectropimeV. This signal yield exceeds

factor is event localization, achievable best by segmentthat of In loaded scintillators [15—17]. The basic feasibil-
ing the detector into many modules each with 2 photo-ty of liquid scintillators viable fory, spectroscopy with

tubes [7,15,16]. It is the,, tag that makes unsheildable

>10 wt % Yb is thus in hand.

radiation from module walls or nearby phototubes man- With the removal of single uncorrelated events by

ageable. Test modules of In-loaded liquid [16] or In-

the delayed-coincidence tag, background in the present

plastic scintillator [17] have demonstrated spectroscopyapproach is a non-neutrirdpuble eventlosely imitating

down to ~25 keV and a spatial resolution of 10—14 cm
(£1o) for ~100 keV events by light time-of-flight,
validating a localization index\ ~ 1 €/150 k€ ~ 7 X
1076, Event localization wittA ~ 10~* needed for a Yb

the v,-tag sequence. The first class of false tags is
random coincidences of uncorrelated events, optimally
allowable up to~30% —-100% of the signal, since they
can be precisely measured vivo at long delays over

detector is thus practical for a scintillator with at leasta wide time window and statistically removed from

similar photon yield.
The basic criterion for a viable Yb scintillator is high
Yb loading with low loss of photon yield. A simple

the signal spectrum. The sources (Table I) are natural
activities specific to the target (Gd, Sm, Lu) and active
traces (*C, U, Th,K) common in the loaded scintillator.

chemical technique has been developed in this laboraFhe false tag rate iR < NyN,7A, where Ny, is the

tory for a Yb liquid scintillator that substantially meets the

singles rate in the full detector in the energy bins of

above criteria [8]. Yb was loaded as Yb-2ethyl-hexanoater; and y,, and 7, the coincidence time window. The

[YB(EH);; EH = CH;(CH,);CH(C,H5)CO,] into com-
mon scintillator solvents. The YEH);, synthesized

key factor is the localizatiom =~ 10~% [~300 cnm? X
33 cm(*£20) = 10 €/100 k €] readily achieved with a

from the chloride in aqueous phase, was extracted int@onservative spatial precision with the above photon

an organic phase.

TABLE I. lllustrative background estimates for the Yb de-
tector [N, N, per 100 ton liquid scintillator with 10 ton
Yb element; gate time 100 ns; event localizatidn= 10~*
(10 €/100 k €); no discrimination ofw particles or vicinity sig-
nal veto; B = random coincidence rate§ = signal rate from
standard solar model fluxes].

N, N, N N
Background 50-150 450-650 1-1.2 0.2-15

source keV keV MeV MeV
U/Th/Ra(107'9) 20 10 5 50
K (1077) 4 6 2 20
Lu (5 ppm) 0 250 540 3250
Sm (1 ppm) 2 0 0 0
4C (107 18)2 15 0 0 0
Rn(10 mBg/T LS) 2 2 2 5
PMT's (@ 1m) 4 2 2 5
Total Ny, N, 47 270 551 3340
B/yr® 0.7¢ 4 8 50
Solarv, source~ pp Be pep N,O
S/yr (A:log,, ft 5) ~19 ~11 ~1 ~6
S/yr (B:log,, ft 3.7) ~172 ~15 ~100
S (A + B)/yr ~19 ~183  ~16  ~106

al4C/12C in Scint., Ref. [10].
b3 15NN, 1074,
©3.15N1074.

3620

The extract was dried or filteredyields for 10%—-12% Yb. A basic limit oV;, thus on

all the false-tag rates, is set YC, with a 8 spectrum
(0—160 keV) overlapping the/, trigger. Limits onN,
in signal windows are set mostly by impurities in the
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FIG. 3. Scintillation photon yield vs elemental Yb loading
measured by the Compton edges of the 854 keV line of
5Mn in Yb-loaded scintillators in 25 ¥hcounting vials. Data
with crosses are for the unloaded scintillator (photon yield
=1), squares for~5wt% Yb (yield = 77%), diamonds for
~9wt% Yb (yield = 61%), and triangles for~13 wt% Yb
(yield = 54%). Note the appearance of the full energy photo
“bump” with increasing Yb loading.
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target material. lllustrative estimates of false tag rates265 ng) and 5.3 d%°Tb (r = 9.4 ns. Cross sections
(Table I) show that the key contaminant will be 30 Gy of GeV n/p reactions for these nuclides is estimated
178 y (2.6% in Lu) since, as a chemical neighbor of Yb,to be 1-2 mb [18], implying rates of3.5-7 yr~! per

Lu is less easily removed than other rare earths. The YO ton Yb at Gran Sasso. With false cascades barely
purity levels listed in Table | are considered commerciallyfitting the tag profile, they do not offer major interference.

practical. Lower spallation rates in deeper underground detector sites
The energies of they, tag call for e, y,/e, and provide a safety factor of100.
v,2/e confined within a 1&¢ vertex cell within a module, In summary, | present a new approach to solar

which suggests a veto by pulses exceeding a certaineutrino astronomy for flavor specific, spectroscopic,
threshold in the surrounding modules withirs ns. A  real-time data, for the first time on sub-MeV electron
hard y ray (e.g., 2.6 MeV of?*2Th from a module wall neutrinos from theppl, ppll, and CNO reactions in the
or a phototube), mimicking a low energi/yi/v, in  Sun. A major objective is the keyp.(’Be) flux for
one module, must shower the remaining high energy itomparison with¢x(’Be) to be measured in Borexino,
adjacent modules, thus vetoing itself. False tags withor definitive evidence of flavor conversion. The basic
a’s may be separable by their slower pulse decay timesdetection technique for this approach has been defined by
compared toe/y’s in liquid scintillators. Even without the development of Yb loaded scintillators in this labo-
these devices, the background (in Table |) is only a fewatory. A first level analysis shows no major obstacles
percent of the key'Be signal and generally optimal for for constructing and operating a Yb detector based on
the full ppl, ppll, and CNO signal range. current technology, with background at a few precent of
The second class of backgrounddslayed cascades the standard model signal frofBe solar neutrinos.

in radio impurities, [(a, 8, y)] + (delayy3] in the
windows 5 = 30-150 keV, 150 < y; < 1200 keV,
and 10 < 7 < 100 ns, which are not distinguishable [1] See J.N. Bahcall,Neutrino Astrophysics(Cambridge
from v, events. Natural traces ¢PKr and 222'Bj-Po University Press, Cambridge, 1990).
(Ra/Th) produce B, y) (Kr) and(B, @) (Ra Th) delayed  [2] P. Anselmann et al., Phys. Lett. B85 390 (1992);
cascades, but well outside the tag windows. Yb activities J.N. Abdurashitowet al., Phys. Lett. B328 390 (1994).
made by intense cosmic rays above ground cannot be sepd3] Borexino at Gran Sasso: A Real Time Detector for
rated from the target. The longest Yb lifetime, however, IEQOV; Eg‘;fgvfn("(irnyu%ﬁ'its'r'r:‘:jd'ted by G. Bellini and
. 16 . . .S. .
IS g%gpfol;n dQer g‘;"r'ct)zr‘:‘ée”;ﬁ{ﬁ/‘fg@g'ea‘:g"":%’zf;;sﬁ/%dii [4] Y. Fukudaet al., Phys. Rev. Lett77, 1683 (1996).

T . [5] See R.S. Raghavan, Scien287, 45 (1995) for a recent
muons by capture, spallation, or reactions of GeV sec-

- } ; review.
ondaries. In a segmented design, the muon track, dep05|t[6] N. Hata and P. Langacker, Phys. Rev.5D, 632 (1993);
Ing known minimum ionizing energy In_the modu!es In G. Fogliet al., Phys. Rev. D49, 3226 (1993); P. Krastev
transit, can be reconstructed fairly precisely. réacting and S. T. Petcov, Nucl. PhyB449 605 (1995).

muon produces an unmistakably larger signal in a single[7] R.S. Raghavan, Phys. Rev. Le3Z, 259 (1976).

module (or group) in the track, identifying the-reaction [8] R.S. Raghavan, E. A. Chandross, and M. Steigerwald (to
site. In a design witlA ~ 10~* for low energy events, be published).

the u-reaction sites can be located (less precisely due tol9 C.D. Goodman, in Proceedings of the International Sym-
remote secondary production and/or diffusion of the ac-  Posium on Nuclear Physics, Bhabha Atomic Research
tivity in its lifetime), with, say, A ~ 1073. All events Center, Bombay, 1995 (unpublished).

.. 10] Borexino Collaboration, INFN Milano Progress Report,
from this site can be removed by a local blanket veto for[ 1995, 1996 (unpublished).

a timeT, depending on the spallation frequency, Measury 1] R s. Raghavan, Bell Labs Report No. 11172-961203-

ing in the CTF (Gran Sasso) as 0.3 fdr{10]. With the 19TM, 1996, contains details on all the targets ghd
same rate for a-10% Yb scintillator (the YI'C atom ra- decay strength systematics.

tio is only ~1%), ~30 spallationgd occur in a 100 ton [12] Nuclear Data Shee0 (1990).
Yb detector, blocking~3% of the detector per d. A lo- [13] R.S. Raghavan, in Proceedings of the Conference on Sta-

cal veto lasting up t@, = 3.3 d thus costs=10% overall tus and Future of Solar Neutrinos, Brookhaven National
dead time. Activities induced by slow neutrons leaking in ~ Laboratory Report No. BNL-50879, (1978) v. II, 270;
undetected (e.g., marginally interfering 3'HYb) can be P. Anselmanret al., Phys. Lett. B432, 440 (1995).

vetoed by the prompt-capturey rays(>5 MeV). The [14] A. Bohr and B.R. MottelsonNuclear Structure(Wiley,

tagged activities themselves provide a rich set of markerﬁs] Eelle YS{;’ﬁgn/l' Vﬁ/:in!’ pﬁgg6_§g7havan and E A

for calibrating spectroscopic efficigncies a_nd resolutions. Clha.ndross, P’hys: Rev. Ledl 6'3 (19%8). ’ T
_E\_/ery known d.eI{.;lyed cascade in _nuc4!EI= 140 __180 [16] Y. Suzuki,et al.,Nucl. Instrum. Methods Phys. Res., Sect.

within generous limits of the tag profile was examined for A 293 615 (1990).

interference. Most candidates have lifetime20 h, thus  [17] S. Raghavan, Bell Labs Tech. Memo 79-1131-38, 1979

rejectable with high efficiency at Gran Sasso. Of the 5 (unpublished).

remaining candidates, the most likely are 8.2#lu (r =  [18] J. Martoff (private communication).
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