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Solar Neu trinos-From Puzzle to Paradox 
R. S. Raghavan 

The solar neutrino puzzle is deepening into a paradox that refutes the basic logic of the This is a paradox that refutes the logic of 
reaction chain that powers the sun by the fusion of protons into heavy elements. Exper- the pp chain itself, because the observed 'B 
iments now reveal a serious anomaly in the relative neutrino fluxes from the different steps cannot be made without first making 7Be in 
in the chain. Neutrinos from boron-8 at the end of the chain are seen but hardly any are the preceding step of the chain (see Fig. 
seen from beryllium-7, without which the observed boron-8 cannot be made. The only 1A). N o  nuclear or astrophysical remedy for 
apparent way to avoid a paradoxical "missing link" in the sun's energy chain is a nonzero the strange result is in  sight. Proposed solu- 
neutrino mass, an idea that can be tested in future experiments. tions to  the 'B neutrino-flux deficit only 

worsen the Be/B anomaly. Effects of a pos- 
sible nonzero neutrino mass, long seen as 
one way to explain the B neutrino-flux def- 

T h e  sun's energy is generated deep in the est neutrino flux arises from the decay of 'B icit, now seem the only way to reconcile the 
solar core by the synthesis of He from H by in pp-111, varying as TI8. The  C N O  reaction Be/B anomaly. The  standard model of par- 
a sequence of thermonuclear fusion reac- chain, the main engine of hot stars, con- ticle physics prefers only massless neutrinos. 
tions. These reactions, referred to  as the tributes only minor neutrino fluxes in the Nonstandard neutrino models that relax the 
proton-proton (pp) chain, release nuclear sun. Quantitative models of the pp chain zero-mass condition predict as a natural con- 
energy by the stepwise production of ele- have been constructed, the most detailed sequence a conversion of the initial elec- 
ments up to B, all of which are transmuted, being the standard solar model of Bahcall tron-type "flavor" of solar neutrinos (v,) to 
leaving only He. After millions of years, the and Pinsonneault (BP) (1 ), which are con- heavier p, or T types that are not detected by 
released energy reaches the sun's surface sistent with all observed solar characteris- the experiments, thus creating a flux loss. 
and is radiated as sunlight. A n  exciting tics such as,luminosity and radius as well as Such effects are inherently energy-depen- 
possibility arises to look into the center of recent data on  helioseismology (2). The  dent. They can reduce the low-energy Be 
the sun and directly study the solar energy testable prediction of the models is the electron neutrino flux more than they can 
mechanism in real time, because character- pattern of the solar neutrino spectrum (Fig. the high-energy B electron neutrino flux, 
istic neutrinos are emitted during crucial lB) ,  which shows the rarity of the B neu- thereby neatly explaining the Be/B anomaly 
steps in the pp chain. Interacting only trinos relative to  the high pp neutrino rate and a B electron neutrino deficit. 
through the weak force, neutrinos can es- of 6 x 10'' s-' cmP2 at the Earth. The  emerging Be/B anomaly is crystal- 
cape the sun and reach the Earth in  about 8 The  first intriguing result on  solar neu- lizing solar neutrino science into a new 
min. Solar neutrinos have been detected by trinos, as indicated by the pioneering exper- phase, with a sharper definition of the prob- 
several experiments, providing a first iment of Davis ( 3 ) ,  was that the neutrino lem and a clearer focus on  neutrino physics 
glimpse of the innermost regions of a star. flux emitted by radioactive 'B, the flux implications. The  B neutrino-flux deficit 
For the first time, these detections directly most sensitive to details of solar models, is and the Be/B anomaly define the major 
reveal the nuclear reactions of the sun's smaller than predicted by theory-the clas- objectives of future experiments, which are 
core, and the data are detailed enough to sical solar neutrino puzzle (4). Recently, to measure the pivotal Be neutrino flux and 
probe solar models. The  data also contain data. from four detectors with different en- to seek explicit neutrino mass effects. For 
surprises that reveal a potential for discov- ergy windows on  the spectrum of Fig. 1B the sizable flavor conversion at  'B neutrino 
ery in an unexpected area, with the sun as have sharpened the puzzle beyond a deficit energies indicated by estimates of the B 
the ultimate key for unlocking the elusive in absolute flux compared with model pre- deficit, future 'B and 7Be neutrino detectors 
secrets of the neutrino itself. dictions. The  new data reveal a severe may observe mass-specific effects. If, as 

The  fusion of 4H+He by the pp chain anomaly in the relative neutrino fluxes seems possible, future estimates reduce the 
is accomplished in three parallel routes, from different steps of the pp chain. Neu- B deficit, indicating weaker conversion at 
pp-I, -11, and -111 (Fig. la. The basic step, trinos from radioactive 'B are observed but, high energies, all the neutrino-mass effects 
the p + p  reaction, produces two types of surprisingly, hardly any are observed from expected above become harder to observe. 
neutrino fluxes +, the strong +(PP) and the radioactive 7Be, indicating the presence of The  Be/B anomaly, observed regardless of 
weaker +(pep) (where pep stands for pro- 'B but near absence of 7Be in the sun. the B deficit, assures strong conversion at 
ton-electron-proton), marking the pp-I 
route. These fluxes are determined by basic 
nuclear physics and the luminosity of the A p+p-+d+e++v B I 1 1 1 1 1 1 ~  1 I 1 1 1 1 1 1 ~  * -  

11 sun, not by solar models. Thus, +(pp) and p+e-+p+d+v 

+(pep) are regarded as standard candle solar 1 - 7Be 

neutrino fluxes. All other fluxes depend to 86% -1 ~+d+~He+y  I 
various extents o n  the details of the partic- 
ular astrophysical model of the sun used, 
chiefly, the central temperature T, nomi- 
nally about 15 million degrees Kelvin. In 
the pp-I1 route, the electron capture decay 

114% 

1 3He+u+7Be+y 1 
99% 1 0.1% 

I] ] 7 ~ e + p + ~ ~ + y  1 
i i of 7Be produces the moderately strong neu- v 

trine flux +(Be), varying as T' The weak- 1- I 8Bi2a+e*+v 1 0.1 0.5 1.0 5.0 10.0 
PP-I ~P-11 pp-Ill Neutrino energy (MeV) 

The author is with AT&T Bell Laboratories, Murray Hill, NJ Fig. 1. (A) The p-p reaction chain in the Sun. (B) Neutrino Spectrum from the Sun. [Reproduced from (4) 
07974, USA. with permission] 
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low energies. I stress that a clear-cut test of 
general validity for a neutrino mass is a 
strong deficit in the low-energy standard 
candle flux of pep neutrinos. The pep neu- 
trino flux is thus the master key to the 
massive neutrino. 

Neutrino Spectrum from the Sun 

The boron neutrino flux $(B). The  ideal test 
of the pp chain is to measure the individual 
$(pp), $(Be), and +(B), fixing the branch- 
ing ratios of pp-I, -11, and -111. So far, the 
only measured specific neutrino flux is 
$(B). The  basis of the solar neutrino puzzle 
is the deficit of the measured $obs(B) com- 
pared with the predicted $model(B). T h e  
latter has large uncertainties stemming no_t 
only from the solar modeling but, crucially, 
also from the 'B + y rate of the source 
reaction p + 7Be+8By controlled by the 
astrophysical nuclear cross section factor 
S17(0) (5). Because $(B) varies directly as 
S17(0), the correct value of S17(0) has been 
strongly debated (see Table 1).  The  low 
values of S17(0) in Table 1 (6, 7), for exam- 
ple, would alone reduce $(B)model enough to 
largely bridge the 'B neutrino-flux deficit. A 
precision measurement of S17(0) is techni- 
cally difficult and subject to questions on  
the extrapolation of S(E) from laboratory 
energies E (-100 keV) to S(0) at  the very 
low energies (<1.3 keV) at  the solar core. 
The BP-adopted value of S17(0) is based 
mainly on  two experimental results (8, 9) 
that disagree in their differential cross sec- 
tions (10). Measurements from the inverse 
reaction y + 8B+7Be + p are in  progress. 
Initial reports suggest (1 1) S17(0) = 
0.7S17(0)B,, thus leaving open a revision to 
a 30% smaller BP-predicted 'B neutrino flux 
and cutting the B deficit by more than half. 

The ratio of $(Be)/$(B). With recent re- 
sults from several experiments, interest has 
centered not only on  the absolute flux $(B) 
but also on  the ratio of fluxes R = $(Be)/ 
$(B). Measured relativefluxes are, in gener- 
al, more Incisive than an absolute flux com- 
pared with a model estimate. The only 
source of 'B is the reaction p + 7Be, with a 

Table 1. Experimental values of S,,(O). The refer- 
ence number is given in parentheses after lead 
author's name. The unit b, barn, is a unit of nuclear 
cross section equal to 1 0-28 m2 per nucleus. 

Lead author s, 7(O) (eV b) 

Kavanagh (8) 25.2 i 2.4 
Filippone (9) 20.2 i 2.3 
Motobayashi (1 1) 16.7 i 3.2 
Mukhamedzhanov 16.5 

(analysis) (7) 
Johnson (analysis) 22.4 i 2.1 

(10) 
Dar (analysis) (6) 15 
Bahcall (adopted) (2) 22.4 i 2.1 

rate -lop3 of the electron capture decay 
rate of 7Be in the sun (12). Thus. a 'B , , 

neutrino signal cannot be observed without 
the accumulation of a larger solar abundance 
of 7Be and therefore a large 7Be neutrino 
signal. The BP model predicts the largest 
+(B) and thus the smallest value for R 

A direct way to decrease R below the level 
in Eq. 1 (by 23% at best) is to increase $(B) 
by using the upper limit o n  S17(0) of (8) in 
Table 1, prospects for which are not bright. 
The  $(B) can be increased astrophysically 
by enhancing the pp-I1 branch compared 
with pp-I through the nuclear S factors; a t  
best, this maintains R;,. The  only idea 
leading to an R value less than R,, [and also 
$(B) + 0.3$,,(B), solving the B-flux def- 
icit (13)] depresses the pp-I1 branch com- 
pared with pp-I by invoking a 10-fold in- 
crease in the 3He + 3He reaction rate bv a 
hypothetical resonance at  very low energies 
(14). However, R can be reduced at best 
only -25% below RBP (1 3 ,  15). 

In  general, ideas to explain the B-flux 
deficit decrease $(B); thus, they only in- 
crease R above REP. A smaller $(B) may 
result directly from a future smaller S17 (by 
less than a factor 2). In the models, key 
astrophysical parameters can be varied to 
nonstandard values, equivalent to  lowering 
the T of the sun (15). The effect of a lower 
T ,  however, is to reduce +(B) more (ccT18) 
than $(Be)(ocT8), increasing R above RBP. 
In summary, despite wide model alterations 
by nuclear or astrophysical means, the min- 
imum value expected for the Be/B neutrino- 
flux ratio R remains very close to REP; for 
most changes, the revised R will be larger 
than R,,. Thus, if experiments detect an R 
markedly lower than REP, it is unlikely to be 
explained by new nuclear data or solar mod- 
eling, thus presenting a deep-seated anomaly 
at odds with the logic of the pp chain. 

Experiments and Results 

Direct detection. Four experiments are in  
operatjon to detect solar neutrinos spec- 
troscopically (Table 2). In Table 2, only 

Kamiokande (16) measures a specific solar 
neutrino flux, $(B), thus determining pp- 
111 by direct, real-time spectroscopy. Elec- 
trons in  a water target are scattered by 
neutrinos and detected via the Cerenkov 
effect. The  energy and track direction of the 
recoil electron can be measured; thus, the 
track correlates the event directly to the 
sun. 

Radiochemical detection. Three other de- 
tectors of a different type provide data on  
the pp-I and -11 branches. O n  the basis of 
inverse 6 decay (v + A + 6- + B"), these 
detectors operate by irradiating target A 
with neutrinos (typically for several weeks) 
and assaying the separated activity B4' (17, 
18). They are sensitive to all neutrino en- 
ergies above a threshold E, = AM, the 
atomic mass difference (B* - A). Unlike 
Kamiokande, the experimental signal from 
these detectors mixes neutrino fluxes from 
several solar sources (Table 2). Therefore, 
inference of fluxes of individua'l solar sourc: 
es needs the model-dependent mixing pat- 
tern. Despite drawbacks, these are the only 
detectors available for observing low-energy 
neutrinos. The  Cl  experiment (3) observes 
primarily $(B) and (to a lesser extent) 
$(Be), that is, the pp-I11 and -11 links. The 
71Ga detectors GALLEX (19) and SAGE 
(20), with lower thresholds, have a comple- 
mentary sensitivity pattern focused on  pp-I 
and -11. They are the only devices sensitive 
to the basic pp neutrinos. 

Results. Kamiokande has measured the 
absolute flux $(B) = 2.9(4) X 10' cmp2 
s-' and determined that the spectral shape 
above 7.5 MeV is broadly consistent with 
the positron decay of 'B. These epochal 
results are the first to directly measure neu- 
trinos from the sun and demonstrate the 
operation of the full pp chain by a quanti- 
tative measurement of its last link. The  
results from the G a  detector. which indicate 
a substantial flux $(pp), specify the start of 
the pp chain, completing our first direct 
glimpse into the solar interior. 

Intriguing questions emerge, however, 
from combining the results in  Table 2. The 
observed fluxes are uniformly lower than 
predicted, especially the 'B flux derived 

Table 2. Current solar neutrino experiments and results. 1 SNU = 1 0-36 captures per target atom per 
second,,,and +(B) is in units of lo6 ~ m - ~  s- I .  The threshold is given below the experiment name. 

Experiment 

Signal 37CI (HOMESTAKE) 'IGa (GALLEX, SAGE) Kamiokande 
0.814 MeV 0.235 MeV 7.5 MeV (cut) 

Observed signal 2.32 1 0.26 SNU 78i10  SNU +(B) = 2.9 ? 0.4 
Predicted signal (BP) 8 i 1 (100%) 132 i 7 (1 00%) +(B) = 5.7 i 0.8 
PP + pep 0.2 (2.5%) 74 (56%) o 
,Be 1.2 (1 5%) 36 (27%) 0 
8B 6.2 (78%) 14 (11%) 100% 
CNO 0.4 (5%) 8 (6%) 0 
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from the C1 experiment or Kamiokande 
(the classical puzzle). The  experimental er- 
rors and model uncertainties have long fu- 
eled a debate on  the existence of the 'B 
neutrino-flux deficit and thus of the solar 
neutrino puzzle (21 ). The  bounds of this 
debate were set bv the observation (22) of . , 

the inconsistency between the Kamiokande 
and C1 results even if one a d o ~ t s  the Ka- 
miokande result as the correct solar 'B flux 
(thus conceding that there is no puzzle). 
Crucial low-energy experiments with GAL- 
LEX and SAGE and extensive analysis (1 3 ,  
23, 24) unraveled the deeper message: Cl  as 
well as GALLEX and SAGE measurements 
fail to account for (any) 7Be neutrino flux 
from the sun. Indeed, GALLEX and SAGE 
results practically account for only the 
"must see" pp neutrinos despite a sensitivity 
higher than the Cl  experiment to the Be 
component. Analysis clarifies that the Be/B 
anomaly is unlikely to be rooted in a 
"wrong" experiment (25). Thus, the major 
new result is a serious anomaly in the rela- 
tive Be/B neutrino fluxes from the sun. 

Be/B Anomaly and Astrophysics 

Unlike the B deficit based on  a model 
estimate, the Be/B anomaly is a direct in- 
ference from observation. The  nonrel- 
evance of solar models can be stressed by 
using the fluxes +i from the various neutri- 
no features vi (i = pp, pep, Be, B, or CNO)  
constrained only in the aggregate by a qua- 
si-static solar luminosity powered by the pp 
and C N O  reaction chains as (1 3 ,  23) 

K is the measured solar constant, Q is the 
4p-a fusion energy release, and <Ei> is 
the average energy carried away by the neu- 

Monte Carlo SSMs SSM - 
OTC SSM one/_ p I . ?.; 

Low opacity 
' W I M P S  

S,, power law 

Fig. 2. The Be/B anomaly and standard and non- 
standard solar models (23). SSM denotes the 
standard solar model of BP. Dots are results of 
1000 Monte Carlo variations of BP. C.L., confi- 
dence limit; T,, central temperature; WIMPS, 
weakly interacting massive palticles. 

trino vi. The combined results of all the 
experiments are fit to values of +(Be) and 
+(B), allowing fluxes +, to vary freely; the fit 
thus accounts for every possible selection of 
nuclear and solar model parameters and flux 
predictions (23). The  combined fit is shown 
in Fig. 2 as the shaded area in the +(Be) 
versus +(B) plane (in units of +BP for con- 
venience). The best fit gives +(B)/+BP(B) = 

0.37(4) [+(B) = 2.2 X 10' cm-2 s-I] and 
+(Be)/+Bp(Be) < 0.08 [+(Be) < 3.9 X 108 
cmP2 s-l] (23). However, the X2 value of the 
joint fit is poor, and in fact, excludes it at 
96% confidence [X2(min) occurs for nega- 
tive values of +(Be)]. The  experimental 
BeLB anomaly is thus quantified as 

regardless of the solar model or changes in  
nuclear data: the sole constraint is Ea. 2 
from luminosity. T h e  central question now 
is, What  is the origin of this Be/B anomaly? 
T h e  incompatibility of an R value such as in 
Eq. 3 with the nuclear and astrophysical 
basis of the sun requiring a much larger R 
value such as in Eq. 1 was emphasized ear- 
lier. Figure 2 shows this specifically for the 
Re,,,. Fluxes predicted by the BP model and 
various nonstandard models advanced to 
solve the B deficit miss the shaded area 
without exce~tion.  The  result of Ea. 3 im- 
plies B synthesis without Be, counter to the 
logic of the pp chain in  the sun. Figure 2 
stresses that the origins of Eq. 3 are beyond 
the largely Gerified nuclear-astrophysical 
framework of solar energy generation. 

Nonstandard Neutrino Physics 

Besidestheir source reactions. the Be and B 
neutrinos differ only in their energies, which 
offer no basis for an astrophysical mechanism 
for flux loss (26). The only other possible 
source of the Be/B anomaly is an energy- 
dependent effect of the neutrino itself, 
which rules out a standard massless neutrino. 
Nonzero mass effects, long invoked to solve 
the much debated B deficit, now become 
central because the Be/B anomaly is obser- 
vationally firmer and astrophysically more 

paradoxical than a B deficit. A nonzero mass 
and flavor mixing, the two distinct minimal 
nonstandard attributes, directly lead to ener- 
gy-dependent flux changes by neutrino-fla- 
vor conversion. Additional assumptions such 
as neutrino instability or a neutrino magnet- 
ic moment can also affect the neutrino flux. 
I consider only the minimal model which 
has received the most attention. 

Neutrino Jlavor conversion. A solar neu- 
trino is an electron neutrino v,. If any of the 
three neutrino flavors e, p, or T are massive, 
v, can be expressed as a mixture of eigen- 
states of mass (mi, i = 1, 2, or 3 )  and a 
mixing parameter 0. During electron neu- 
trino transport in a vacuum, because of 
different kinematical phases of the mass 
states. the mixture evolves into another 
flavor, p or 7 neutrino, after a length A. For 
the simple case of two flavors, X = 4nE/ 
Am2, where Am2 = m12 - mZ2. The  depen- 
dence of X o n  E (neutrino energy) produces 
an energy-dependent conversion, recorded 
as a flux loss because the detector registers 
mostly or only electron neutrinos (27). For 
large enough mixing, sinz20 - 1, the solar 
electron neutrino flux can be converted 
almost fully by long-wavelength oscillations 
(LWOs) (28), if the Earth-sun distance R 
precisely matches the oscillation length X, 
that is, R = (n  + 1/2)X, where n = 0, 1 . . . 
The  electron neutrino survival versus E for 
typical'LW0 models is shown in Fig. 3. 

Neutrino transport in  matter produces 
profoundly different phenomena. In the 
dense solar matter, the kinematical phases 
are opposed by an interaction phase, de- 
pending on  the electron density in the tra- 
versed matter, because e-ve scatter has dif- 
ferent amplitudes than e-v, or e-v, scatter. 
A t  a "resonant" density pot< Amz/E, the 
opposing phases cancel, creating a complete 
flavor conversion even if sinz20 << 1 [the 
Mikheyev-Smirnov-Wolfenstein (MSW) 
effect (29, 30)]. The  MSW effect on  'B and 
7Be neutrino signals is shown in Fig. 4A by 
isosignal contours in  the Am2 versus sinz20 
plane. The  MSW resonances occur just 
above the first horizontal contour at  values 
of A m 2 ~  E. For Amz < 0.6 x 1OP5 eVz, 

Fig. 3. (Curves a and b) 
Flavor survival versus en- 
ergy in LWO for BP- 
based solutions E and B 
of (32): solution E (in a) 
and B (in b). (Curve c) 
Possible solution for a 
low B-flux 'deficit with 
Am2 = 0.6 x lo-" eV2, 
sin220 = 0.8. 

Neutrino energy (MeV) 
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sin220 < 3 x the Be flux is mostly 
converted but not the B flux, thus creating 
the observed Be/B anomaly. 

Allowed neutrino models. A comparison of 
the observed data with model predictions as 
in Table 2 yields the flux loss versus energy 
from which allowed parametric ranges in 
LWO or MSW can be deduced. O n  the 
basis of the BP model, joint Monte Carlo 
fits of all the data have been made (ac- 
counting for the correlations in the fluxes, 
and the theoretical uncertainties) for LWO 
(3 1 ,  32) and for MSW (Fig. 5) (33). The 
full MSW fit has been repeated with a 30% 
smaller SI7(0)  factor (33); the result is a 
shift of the small-O,, region in Fig. 5 A  to 
smaller 8, whereas the high-& region dis- 
appears. The  effect on the LWO fits is 
simply to reduce Am2 by an  order of mag- 
nitude, which directly reduces conversion 
at high energies (see Fig. 3, curve c). Be- 
cause the uniqueness of the BP model is not 
assured, it is important to explore effects of 
a nonstandard sun on the fits. These effects 
can be simulated by a solar core cooler or 
hotter than in the BP model. A cooler sun 
implies an initially smaller B flux but a 
larger Be/B anomaly which must be "fixed" 
by LWO-MSW, as in the above case of a 
low S17(0) leading to a low +(B). A hotter 
sun means larger B and Be fluxes and a 
smaller Be/B anomaly because of the TI8 
versus T8 dependence, but it requires a 
greater degree of neutrino conversion to fit 
the data. Fits to the data based on the MSW 
model and with T allowed to vary freely 
(32) produce wider bands in Fig. 5B, local- 
ized at Am2 - 0.5 x lop5 to I X lop5 eV2, 
with T = (1  2 2%)TB, (32). LWO models 
have not been fit to a vanishing 8B-flux 
deficit; a viable possibility with Am2 - 0.6 
X lo-" eV2 is shown in Fig. 3, curve c. 

The Be/B anomaly summarized by Eq. 3 
is obtained under the assumption of stan- 
dard neutrinos; it stands also if neutrinos 
convert to undetectable. (sterile) species. 
However, Eq. 3 is affected when strong 
flavor conversion produces other detectable 
flavors because the v-e scattering signal in 
Kamiokande is somewhat sensitive to or T 

neutrinos, thus affecting the derived elec- 
tron neutrino flux result. The smaller the B 
neutrino-flux deficit, the smaller is the con- 
version of B neutrinos and the smaller the 
deviation from the result in Eq. 3. For B 
neutrino-flux deficits of the BP type or 
smaller, the Be/B ratio in Eq. 3 is essentially 
maintained (24). Thus, in this likely range 
of solar scenarios, the Be/B anomaly is the 
touchstone of neutrino models. In the 
MSW scenario, the sharp energy discrimi- 
nation demanded by Eq. 3 is available only 
in the low-0 end of the fit regions in Fig. 5. 
Analysis fits made in the LWO scenario 
(32), suggesting very little Be flux loss (see 
Fig. 3, curve b), are disfavored. 

The Program for Measurement 

Future experiments have two major objec- 
tives. The first is to measure the specific 7Be 
neutrino flux on a par with the Kamiokande 
result on the specific 8B neutrino flux. As- 
trophysically, data on the specific Be and B 
fluxes will empirically define pp-I1 and I11 
(the two model-dependent segments of the 
pp chain) and thus the sun itself. For neu- 
trino physics, the Be flux value is a key hint 
for nonstandard neutrinos. The  second ob- 
jective concerns experimental effects ex- 
~l ici t lv  traceable to nonstandard neutrinos. 
Elegant tests developed for this purpose are 
based on changes in neutrino fluxes that 
depend on energy, flavor, or time of year of 
the neutrino event. None of these proper- 
ties can change the neutrino flux from an  n 

astrophysical standpoint. None of them can 
change the flux without neutrinos of a non- 
standard nature. 

The Be neutrino flux. Real-time spectros- 
copy of the 7Be neutrino line at 0.862 MeV 
demands high signal sensitivity (now limit- 
ed to energies above 7.5 MeV) and suppres- 
sion of the ubiquitous radioactivity back- 
ground at energies below 5 MeV. 
BOREXINO (34) will address both de- 
mands with a detector similar to Kamio- 
kande but which replaces water (its Ceren- 
kov medium) by a liquid scintillator. The 
larger light yield per MeV (50 times larger 
than for Kamiokande) helus to detect v-e , 

scattering iecoils with an energy as low as 
0.1 MeV and to distinguish the "signature 
edge" of the flat recoil spectrum from the 

sin220 

Fig. 4. lsosignal MSW contours for (A) the B neu- 
trino signal at Kamiokande (solid line) and the Be 
neutrino line signal expected in BOREXINO 
(dashed line) and the (B) pp neutrino signal ex- 
pected in HERON, HELLAZ (solid line), and the 
pep neutrino signal in a LiF detector (dashed line). 
The fit region shown in (B) is from Fig. 5. 

monoenergetic Be neutrino flux. However, 
the loss of the vital sensitivity to the neu- 
trino direction makes suppression of the 
radioactivity background the prime con- 
cern. Two characteristics of the 
BOREXINO (35) experiment provide hope 
that the background can be adequately sup- 
pressed. First, because organic scintillator 
liquids do not dissolve trace metals, higher 
purities can be achieved more easily than 
with a "universal solvent" like water. Sec- 
ond, purity levels attained so far in the liter 
scale (-10-l5 g per gram of scintillator 
leading to a signal/noise ratio of -1) are 
limited mainly by vessel contamination. Pu- 
rities are likely to improve considerably in 
the full-scale BOREXINO exueriment be- 
cause of the smaller surface-to-volume ratio. 
Nevertheless, because of the key role of the 
problem, the BOREXINO group has built 
an  underground prototype with a 5-ton 
scintillator shielded by 1000 tons of water 
for final live tests now in progress (36). For 
a 100-ton BOREXINO. Fig. 6 shows the 
simulated design backg;ou;d and the Be 
neutrino recoil profile. Compared with the 
-0.25 per day event rate in present detec- 
tors, the Be signal in BOREXINO has an 
event rate of -40 to 50 per day regardless of 
the solar model. O n  the other hand, the 
measured B flux and the result in Eq. 3 
indicate five events per day or less. A larger 
signal will conflict with results from all the 
present chemical detectors. Barring this, a 
BOREXINO signal larger than five events 
per day can be explained only with an  
excess signal from neutral current scattering 
by a non-electron neutrino flux compo- 
nent, thus necessarily indicating nonstand- 
ard neutrinos. 

Boron-8 spectral distortion. Neutrinos 
from the PC decay of solar 8B (0 to 14 
MeV) have a Fermi-type spectral shape. A n  
energy-dependent flavor conversion (LWO 
or MSW) will produce a shape distortion 

Combined fit 95% C.L. SSM-BP 101r 

Fig. 5. Neutrino regimes allowed by different 
MSW model scenarios (courtesy of N .  Hata). The 
crosses (left to right) refer to the spectral shapes (b 
to d) in Fig. 7. 
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observable in two impending detectors. 
SUPERKAMIOKANDE (SK) (37) is a 22-
kton version of the.Kamiokande (0,6 kton) 
H 2 0 Cerenkov detector. The Sudbury Neu
trino Observatory (SNO) is a 1-kton D 2 0 
Cerenkov detector based on the inverse (3 
reaction: ve + d-^2p + e" (38), Unlike the 
v-e scattering signal at SK, the inverse (3 at 
SNO yields an electron spectrum linearly 
related to the electron neutrino spectrum 
and is thus more sensitive to the neutrino 
spectral shape. The 8B event rates are high, 
~ 8 per day (SNO) to 22 per day (SK) at E 
> 5 MeV. Theoretical spectral deviations 
of the signal in SNO due to the MSW effect 
are shown in Fig. 1, In the high-0 regime of 
Fig. 5, the shape is undistorted; therefore, 
the spectral test applies only to the low-0 
areas. In the BP-allowed area (Fig. 5A), trier" 
distortion observable in the SNO energy 
window is significant (curve d). For smaller 
0, the main conversion shifts to energies 
below the windows in SNO and SK. Thus, 
for the regime of a low S17(0) in Fig. 5A, 
the observable distortion is small (curve c). 
The trends are similar for LWO as seen at 
the B window in Fig. 3 (curves a and b) for 
the BP regimes and Fig. 3 (curve c) for a low 
B deficit. Thus, 8B spectral effects due to a 
nonzero neutrino mass may be observable 

for low-0 regimes allowed by BP-size B-flux 
deficits. The effects will be smaller if the 
B-flux deficit becomes smaller. 

The electron neutrino flux versus neutrino 
flux of all flavors. Spectral shape effects de
pend on the conversion of the electron 
neutrino into another flavor. If the total 
flux of vx (X = e, fx, T) can also be detect
ed, the ratio of the ve and v x signals would 
be a test of conversion in general (if the 
new flavor is not sterile, that is, nonreac-
tive). This device is possible in SNO by 
means of a second reaction, vx + d —> p + 
n, based on neutral weak currents (NCs) 
(39). The NC signal measures the total 
solar flux regardless of flavor, to be com
pared with the charged current (CC) elec
tron signal from the inverse (3, which mea
sures only the electron neutrino flux. The 
flux ratio derived from the NC/CC chan
nels, <|>(vx)/<|)(ve) =£ 1, verifies flavor con
version. An analysis of the practical sensi
tivities for NC/CC indicates reliable results 
for a BP-size B-flux deficit but points to a 
less unambiguous prospect if the BP B flux 
is reduced .even by —20% (40). Weaker 
conversion at B neutrino energies means 
less disparity between the NC- and CC-
derived B fluxes. 

Time variations of the Be neutrino flux. If 

Fig. 6. Design spectra of BP-pre-
dicted signal and background 
(Bgd.) simulated for BOREXINO 
{35). Int., internal sources in the 
scintillator; Ext., external sources. 
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the LWO model is the cause of the B-flux 
deficit, mass-specific effects occur also for 
the Be neutrino signal. The reason, as seen 
in Fig. 3 (curves a and b) for a BP-size 
B-flux deficit, is that the electron neutrino 
survival oscillates sharply with energy at 
low energies. Because the 7Be flux is mo-
noenergetic, its electron neutrino survival is 
fine-tuned to a precise match of its conver
sion length X(E) to the Earth-sun length 
(R). Even a change in R of less than 3.5% in 
the Earth's eccentric orbit detunes the \(E) 
<+ R match and changes the electron neu
trino flux. Thus, the Be signal will vary 
dramatically with the season, directly dem
onstrating neutrino oscillations (41), Be
cause predicted variations are strong, 
BOREXINO may be able to detect this 
effect. Curve c in Fig. 3 also shows that, for 
a smaller B deficit [due to, for example, a 
low S17(0)], the low-energy electron neutri
no survival varies far more gradually, thus 
becoming insensitive to small changes in R. 
Thus, although the Be flux itself is largely 
converted as above, seasonal variations of 
the signal will be small. 

Master Key to the 
Massive Neutrino 

The two clues from the sun for a nonstand
ard neutrino are the B-flux deficit and the 
Be/B anomaly. For BP estimates of the B-flux 
deficit, neutrino-mass effects can be detected 
by one or another of the above tests. How
ever, if the B deficit is reduced explicitly by 
future model estimates or is already small 
implicitly as in substantial parts of the cur
rently allowed neutrino regimes of Fig. 5, the 
implied 8B neutrino conversion is weaker 
and thus also the sole basis for all of the 
above neutrino-mass effects. How then to 
detect a nonstandard neutrino if the only 
clue is the Be/B anomaly? 

The experimental focus in this case is on 
low energies because, regardless of the B 
deficit, the Be/B anomaly assures strong 
conversion at low energies. A decisive low-
energy neutrino-mass test is the observation 
of a deficit in a standard candle flux that is 
invariant with solar models. The pp reac
tion and its variant pep reaction are two 
such standard candles, both emitting low-
energy neutrinos. The best mass test should 
also be general, being applicable with few 
caveats and regardless of scenario or param
eter range. Raghavan et al, first pointed out 
that it is the pep flux that provides such a 
key (42) rather than the pp flux, the con
ventional choice, which is barely affected in 
most current neutrino scenarios. 

Consider the MSW effect. Figure 4B 
shows the isosignal contours for possible 
experiments such as HERON (43) and 
HELLAZ (44) designed to detect pp neu
trinos and for a LiF detector (42) proposed 
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for the pep neutrino line. Because the two 
energies differ bv a factor of -4, the MSW 
resoLance sets A at  different d m 2  values. 
The  allowed band from Fie. 5B lies in be- " 

tween, showing that the pp flux is always 
nearly intact, whereas the pep flux is re- 
duced by at  least a factor of 2, and typically 
a factor of 5. Similarly, in Fig. 5, A and C ,  
for LWO scenarios consistent with the Be/B 
anomaly (with large or small B deficits), the 
pep flux is -50% converted. 

O n  the theoretical side, the pep deficit 
test applies, whether neutrinos convert to 
fertile or sterile flavors. With few caveats-a 
clear-cut verdict and a general validity, es- 
pecially in wide regimes where all other mass 
tests may fail-a deficit in the pep neutrino 
flux is the master key to a massive neutrino. 
The  impact of a pep deficit would be en- 
hanced if the pp neutrino flux is shown 
nearly intact as well. The  different effects on  
two standard neutrino fluxes bracketing the 
Be neutrino line would highlight the char- 
acteristic energy dependence of the electron 
neutrino-flux loss. 

The Quest for pep Neutrinos 

BOREXINO. Assuming that 5-ton tests are 
successful, the earliest source of data on  the 
pep flux may be BOREXINO. The simula- 
tion in Fig. 6 shows the pep v-e scattering 
plateau at 0.8 to 1.1 MeV, with a solar 
model-independent electron neutrino event 
rate of -900lyear in the window. The  de- 
sign signallnoise ratio of 1 to 2 is less favor- 
able than for the Be line. However, the 
background profile beyond the plateau is 
nearly flat, enabling reasonable extrapola- 
tions into the pep window. Thus, a back- 
ground at  the design level of Fig. 6 can 
permit at least firm upper limits to be set 
that rule out an undepleted pep flux. A 
result that establishes strong depletion of the 
Be and pep fluxes will verify the Be/B anom- 
aly and a massive neutrino. The  prime phys- 
ics and design objectives of BOREXINO 
should now include spectroscopy of the pep 
neutrino line. Further, Fig. 6 also shows the 
sharp signal rise due to the pp neutrino flux 
at energies below 250 keV. The  observabil- 
ity of the pp signal depends on the near total 
absence of 14C in the scintillator, a possibil- 
itv that is not ruled out because the liauid is 
petroleum-derived. The  question will be 
clarified in the ongoing 5-ton tests. 

HELLAZ. T h e  pep flux, though small, 
is monoenergetic. A sharper energy reso- 
lution than in Fig. 6 (therefore a higher 
signallnoise ratio) can lead to quantitative 
measurements of this line flux even with 
weaker signal rates. Two proposals of high- 
resolution line spectroscopy are relevant 
for the pep neutrino flux: HELLAZ and 
the LiF cryogenic detector. HELLAZ (44) 

target of high-pressure He. T h e  recoil 
electron track can be imaged by time pro- 
jection chamber techniques and its energy 
and direction measured. It  is claimed that  
despite severe multiple scattering at  these 
energies it is still possible a t  these pres- 
sures to deduce the track direction. As- 
suming that the observed events are due to  - 
the scattering of a monoenergetic neutri- 
n o  of known energy coming from the di- 
rection of the  sun, the  original line itself 
(instead of the normal plateau as in  Fig. 6 )  
can be reconstructed because the scatter- 
ing angle and the recoil energy are fixed 
event by event. This elegant idea and the 
design of HELLAZ are aimed at  the high- 
flux DD neutrinos and the Be neutrino . . 
line. T h e  design is clearly extendable to  
the low-flux DeD line. 

LiF cryogenic detector. A different ap- 
proach to line spectroscopy of nuclear 
events is by means of thermal or acoustic 
signals in crystals at cryogenic temperatures 
(<<I K) (45). Kiloelectron volt-class en- 
ergy resolution has been demonstrated in  
crvstals such as LiF (46). As a direct-count- , , 

in;: solar neutrino detector, a LiF cryogenic 
device can vield uniaue information inde- 
pendently dn  astrophysical and neutrino 
physics aspects because the 7Li (92.5% of 
Li) target offers, like in SNO,  two neutrino 
reactions based on  N C  and CC, but in this 
case, for the crucial low-energy solar neu- 
trinos (42). T h e  CC mode, v, + 7Li+ e- 
+ 7Be, produces a line signal at 0.58 MeV 
from the pep line, which can directly reveal 
flavor conversion. The  N C  mode, ux + 

Event energy (MeV) 

Fig. 8. (A to F) NC and CC line-spectra in LiF 
detector for neutrino and solar scenarios. SSM 
denotes predictions based on  the standard solar 
model of BP. Astro assumes all current flux defi- 
cits are astrophysical because of smaller original 
model-dependent fluxes. T- 4% indicates a 4% 
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is based o n  v-e scattering in a 20-ton lower central temperature of the sun. 
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7Li+ uX1 + 7Li + y, produces a gamma ray 
line at  0.478 MeV which measures the in- 
tegrated flux +(vX) [pep + 7Be + 'B + 
(CNO)] of the same solar sources as the C1 
chemical detector (although it emphasizes 
Be over B). T h e  important difference is that 
whereas C1 measures only the electron neu- 
trino flux subject to conversion, the Li N C  
signal measures that flux regardless of con- 
version. In contrast to the C1 result, the Li 
NC signal can at  last find the missing Be 
flux and explicitly resolve the paradox. The  
independent roles of the CC neutrino probe 
and the N C  solar probe are illustrated in 
Fig. 8 by the Li "fingerprints." Note, in 
particular, the clear discrimination of a n  
astrophysical origin of the flux deficits in 
the current results (Fig. 8B) and well-de- 
fined solutions based on  massive neutrinos 
(Fig. 8, D to F). Initial studies of a LiF 
cryogenic solar neutrino detector (42) sug- 
gest that, with a feasible 1 to 2 keV energy 
resolution (1150 that in Fig. 6),  a 4-ton 
device can establish a pep-flux deficit in  a 
live time of -1 year. 

Concluding Remarks 

CC 
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LWO 

NC 
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B Astn, 

Solar neutrino science is entering a new 
phase. The  central thrust now comes from a 
measured anomaly of relative neutrino fluxes 
that poses a basic paradox if neutrinos are 
massless. The  history of weak interactions is 
punctuated by long episodes of persistent 
puzzles which, when ultimately solved, led to 
landmark discoveries. For example, the puz- 
zle of the continuous beta spectrum led to 
the discovery of the neutrino itself, and the 
solution to the 7-0 puzzle revealed parity 
violation and the left-handed neutrino. In 
both cases, the puzzles gradually crystallized 
into paradoxes that questioned the very logic 
of current knowledge, setting the stage for 
revolutionary solutions. The  solar neutrino 
story seems to have reached this stage with 
the BelB anomaly. Are we now witnessing 
the overture to another heroic episode, this 
time leading to the discovery of the massive - 

NC 

neutrino? 
CC 
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High-Luminosity Blue and GaP green, two AlGaAs amber, and two 
AlGaAs red LEDs (6). With the recently 

Blue-Green Gallium Nitride introduced bright blue GaN-based LEDs, 
the number of blue devices needed can be 
reduced. If used in place of incandescent 

Light-Emitting Diodes about light bulbs, 10 to these 20% LEDS of the would uower consume for the same only 

H. Morkoc and S. N. Mohammad 

Compact and efficient sources of blue light for full color display applications and lighting 
eluded and tantalized researchers for many years. Semiconductor light sources are 
attractive owing to their reliability and amenability to mass manufacture. However, large 
band gaps are required to achieve blue color. A class of compound semiconductors 
formed by metal nitrides, GaN and its allied compounds AlGaN and InGaN, exhibits 
properties well suited for not only blue and blue-green emitters, but also for ultraviolet 
emitters and detectors. What thwarted engineers-and scientists from fabricating useful 
devices from these materials in the past was the poor quality of material and lack of p-type 
doping. Both of these obstacles have recently been overcome to the point where high- 
luminosity blue and blue-green light-emitting diodes are now available in the marketplace. 

W h i l e  semiconductor coherent light 
sources. or lasers. continue to lure scientists 
and engineers, their cousins, light-emitting 
diodes (LEDs), have improved remarkably 
in terms of bothbrightness and the range of 
wavelengths of emission available (1 ). Early 
LEDs were limited to red light and lumi- 
nous fluxes (2)  of about 0.1 to 0.2 lm/W, . , , , 

which restricted their application. Over the 
years, red, orange, amber, and green emit- 
ters have been made with considerable en- 
hancements in performance. With the re- 
cent introduction of blue LEDs, these emit- 
ters now span the entire range of visible 
wavelengths with luminous flux sufficiently 
high to pave the way even for outdoor LED 
displays and lighting. 

The authors are at the University of Illinois at Urbana- 
Champaign, Materials Research Laboratory and Coordi- 
nated Sc~ence Laboratory, Urbana, IL 61801, USA. 

Current LEDs are very reliable and have 
many applications. These ubiquitous devic- 
es will continue to expand their applica- 
tions in -displays, lighting, indicator lights, 
advertiseinent, traffic signs and traffic sig- 
nals, light sources for accelerated photosyn- 
thesis, and medicine for diagnosis and treat- 
ment 13. 4)..As lieht sources. LEDs are , ,  , 

likely to ,be more efficient and reliable than 
incandescent lighting. In addition, white 
light illumination (5) by means of primary 
color addition is simple and has the advan- 
tage of achieving any desired color tone in 
the chromaticity diagram by appropriately 
mixing those colors in a light scrambling 
configuration. This requires bright green 
and blue sources in addition to the bright 
red LEDs that are already available. Made 
from commercially available LEDs, a display 
chip made in Japan uses six S i c  blue, four 

luminous flux with the added advantage of 
compactness and much longer lifetime, 
2000 hours for the former as o ~ ~ o s e d  to tens 

L L 

of thousands for the latter. 
Traffic lights at present rely on filtration 

of incandescent light to achieve a particular 
color, which is an energy-inefficient tech- 
nique. Moreover, they require large repair 
crews for maintenance. With recently intro- 
duced blue-green 500-nm LEDs, the traffic 
lights can be replaced with efficient LEDs 
that have superior longevity. Along similar 
lines, the high mounted brake lights in re- 
cent model automobiles and running lights 
in trucks make use of red AlGaAs LEDs. It is 
expected that other colors will follow. 

Light Emission from Diodes 

LEDs are very efficient converters of elec- 
tricity to light. This phenomenon results 
from the intrinsic or inherent propertie2 of 
the semiconductors from which they are 
made. Semiconductors represent an impor- 
tant class of materials characterized by two 
energy bands: the valence band and the 
conduction band. In an intrinsic semicon- 
ductor under normal conditions, the va- 
lence band is filled with a largenumber of 
electrons, whereas the conduction band, ly- 
ing at a higher energy, is practically empty. 
Electrical conductivity is attributable to the 
transport of electrons in the conduction 
band and can be changed by filling the 
conduction band with electrons donated by 
appropriate impurity atoms. The  electrons 
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