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Abstract. Three p rob lems have been claimed for solar 
neut r inos . Firs t , it has been said for over 20 years tha t the 
flux of high energy neu t r inos was substantial ly less t han 
tha t predicted from solar evolut ionary models . Second, it 
was claimed tha t there were violent f luctuations in the high 
energy neut r ino flux and tha t their periodici ty was close to 
tha t of the sunspot cycle. Third , recently evidence was 
presented tha t low energy neut r inos m a y also have a flux 
deficit. The second p rob lem is shown to be unreasonab le 
and in disagreement with the m o r e recent K a m i o k a n d e 
experiment . The other two p rob lems of flux are shown to be 
vanishing with t ime. This is no t from a single cause bu t from 
a series of improvements of the input da ta to the models , to 
a bet ter apprecia t ion of the errors which had sometimes 
been significantly underes t imated , and also some of the 
exper imental values have increased with t ime indicat ing a 
learning curve for some of these very difficult experiments 
with very low statistics. Final ly it is concluded tha t the 
evidence for any solar neut r ino p rob lem is no t compell ing. 

1. Introduction—the three problems 
The convent ional wisdom for some 20 years has been tha t 
there is a discrepancy between the predicted flux of 
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neu t r inos from the Sun and the measurements in a 
chlorine experiment. The predic t ions of Bahcal l and co
workers for the flux measurements expected in the 
radiochemical experiment of R a y Davis using chlorine at 
the H o m e s t a k e mine gave a serious discrepancy — since 
this involved mainly high energy neu t r inos from the decay 
of bo ron -8 ; I shall call this first p rob lem tha t of h igh-
energy neut r inos . A major factor is the ext rapola ted cross 
section for the 7 B e ( p , y ) 8 B react ion, which has been 
steadily shifting to lower values, in par t icular by a new 
measurement at R iken in Japan , thus reducing the p rob lem 
considerably. 

In the 1980s, Dav i s et al. claimed tha t the large 
f luctuat ions observed in the neut r ino flux as a function 
of t ime were strongly correlated with the inverse of the 
sunspot activity. This unexpected claim of a flux var ia t ion 
with the solar cycle will be called the second prob lem. 

In 1990, experiments using gallium as a radiochemical 
detector began — they were impor t an t as they measured 
mainly low energy neut r inos which largely were p roduced 
in the basic p r o t o n - p r o t o n react ion. The very first result 
from the S A G E Col labora t ion gave a flux close to zero — t h i s 
low energy neut r ino flux p rob lem will be called the thi rd 
p rob lem. 

These three apparen t disagreements with theory encour 
aged m a n y to suggest explanat ions involving N e w Physics. 
Also m a n y second-generat ion exper iments are being p r e 
pa red to obta in da ta with higher statistics and bet ter qual i ty 
to t ry and resolve these three p rob lems . However , since 
1990, a series of pape r s [1] have been presented showing 
tha t the evidence in favour of N e w Physics being required is 
'not compel l ing ' . In this paper , the theoret ical est imates and 
exper imental values will be examined critically and it will be 
shown tha t as new da ta and bet ter calculat ions become 
available, theoret ical and exper imental values have con
verged, and also some theoret ical errors have increased. 
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T h u s the evidence for the three p rob lems has steadily 
decreased with t ime so tha t at present it is 'not compel l ing ' . 

Recent ly Kove t z and Shaviv [2] have m a d e a new solar 
mode l calculat ion which m a y have some advantages over 
previous calculat ions. D a r and Shaviv [3] used these 
calculat ions and added some recent da ta to show tha t 
S tandard Solar Mode l s are consistent with the safest 
exper imental measurements . This has been forcefully 
contested by Bahcal l et al. in an electronic mai l 'publ ica
t i on ' [4] and this response has been answered equally 
strongly, with the use of the same media technique, by 
D a r and Shaviv [5]. Brief comment s will be m a d e on this 
new controversy, bu t it should be no ted tha t the evidence in 
this present paper is previous to , and independent of, the 
D a r and S h a v i v - B a h c a l l controversy. T h u s the evidence 
for the existence of all three solar neut r ino p rob lems has 
been steadily vanishing and is 'not compel l ing ' indepen
dently of these recent papers . 

2. Solar evolutionary model 
2.1 Introduction 
In 1957 Schwarzchild [6] first in t roduced the Solar 
Evolu t ionary M o d e l where the Sun 's development is 
followed from its format ion from gas clouds 4.5 G a ago 
to the present . The mode l has m a d e a fit to present -day 
values of the luminosi ty, L 0 , mass , M 0 , and radius , R0. The 
composi t ion of the Sun 4.5 G a ago was est imated. A 
number of shells of different radi i and a number of t ime 
intervals are taken , and the four equa t ions giving 
cont inui ty and ba lance across the bounda r i e s are 
applied. (See Ref. [7] for a major , serious review). After 
1964, this was called the S tandard Solar Mode l , SSM, bu t 
it should be apprecia ted tha t there are m a n y different 
calculat ions done under the umbrel la n a m e SSM — t h e real 
p rob lem is the ha rd work in judg ing these carefully, and in 
deciding which should be used as a Reference Solar Mode l , 
R S M , which is most wor thy for compar i son with 
exper imental measurements . 

Since 1963 John Bahcal l has been responsible for m a n y 
calculat ions and improvements in models . F o r the predicted 
ra te for chlorine, values were initially very high, bu t in 
paper s with Shaviv in 1968, the ra te d ropped be low 10 S N U 
and stayed there. 

2.2 Errors 
Since the ' p rob lems ' of high and low energy solar neu t r inos 
come from a compar i son of theory and experiment , a 
knowledge of errors , b o t h exper imental and theoret ical , is 
essential. 

It is sometimes hinted tha t the input da ta are only L 0 , 
M 0 , R0, and the initial a b u n d a n c e of elements, bu t in fact 
there are an e n o r m o u s number of pieces of input da ta plus a 
number of assumpt ions which are no t always clearly 
indicated. Some of these assumpt ions are possible major 
sources of errors so tha t the theoret ical error on an SSM 
predict ion can be appreciably larger t han the error coming 
from the exper imental input values. This is impor t an t as the 
oft-used est imates of Bahcal l and co-workers have u n a c -
ceptably low errors essentially because of the unusua l and 
un fo r tuna te 'rule of t h u m b ' [8] used to select theoret ical 
errors . This is to look at the var ia t ion of each of the 
theoret ical quant i t ies with t ime and use tha t var ia t ion as 
an est imate of the er rors — sounds fine bu t if the au tho r 

inserts always the same theoret ical hypothesis , then the 
resul tant theoret ical error will not vary and hence Bahcal l 
and co-workers will assume the theoret ical error is negligible, 
whereas the basic uncer ta in ty m a d e in the theoret ical 
a ssumpt ions has no t varied with t ime. This is the reason 
others , e.g. Turck-Chieze et al. [9], give larger theoret ical 
errors because they wor ry abou t the uncer ta in ty in, for 
example, which type of screening to use — also they state 
tha t their errors are min imal values since there could be 
other theoret ical uncer ta int ies — this is a much healthier 
and m o r e realistic physics app roach and these errors will be 
used here. 

2.3 Early Sun, abundance of elements 
Unt i l recently, most SSM only started as a T Tau r i star 
which ro ta ted very quickly and then lost angular 
m o m e n t u m quickly from its s t rong solar wind. Initially 
the Sun was believed to have a core. 

The major p rob lem of a SSM calculat ion is h o w does 
the heat from nuclear bu rn ing escape from the core? It does 
it a lmost entirely by p h o t o n s which are emitted, interact , 
are absorbed m a n y t imes — a typical diffusion t ime for 
informat ion from the core to the surface is abou t T years — 
this is the reason why so m a n y were astonished at the idea 
tha t the neut r ino flux from the core of the Sun could have 
f luctuat ions of the order of 10 a. This is a fundamenta l 
p rob lem and is against any suggestion tha t the neut r ino flux 
could vary with the sunspot cycle. 

Two major p rob lems are, first, to k n o w the a b u n d a n c e 
of all the elements and their isotopes 4.5 G a ago, and 
second, to evaluate their state of ionisat ion at different 
radii . The poin t is tha t the p h o t o n s interact m o r e with ions 
having electrons than those tha t have been str ipped of 
electrons — and at the centre of the Sun all elements have 
no electrons a t tached except the very heaviest, such as iron. 
This quest ion is referred to as the 'opaci ty ' of the med ium 
and is a very complex c a l c u l a t i o n — w h e n it was realised in 
1982 tha t the opaci ty in use then was most p robab ly wrong , 
it t ook unt i l 1992 before Livermore [10] issued new tables, 
which m a y still no t be perfect. Almost all of the opaci ty 
comes from the heavy elements, especially iron, and it was a 
change in the a b u n d a n c e of iron as suggested by C o u r t -
aud et al. [11] tha t led to a reduct ion of abou t 15 to 20% in 
the predicted flux of 8 B neut r inos . 

De te rmin ing the a b u n d a n c e of elements 4.5 G a ago 
mainly by s tudying the present surface is a delicate mat te r 
and future surprises cannot be excluded (as for example the 
sudden increase by a factor of ten in the deuter ium 
a b u n d a n c e from the Keck measurement [12] which, h o w 
ever, needs confi rmat ion) . However , a check can be m a d e 
by careful studies of certain meteori tes believed to date 
from a pre-Sun epoch — the agreement [13] is r emarkab ly 
good except for 7 L i (off by a factor of 100), 9 B e (a factor of 
2 too low) and 3 H e (smaller effect). 

2.4 P lasma effects 
The centre of the Sun is a p lasma with a t empera tu re and 
pressure very different from wha t is normal ly studied on 
Ear th , bu t p lasma experts, V Tsytovich et al. [14], have 
suggested tha t collective effects and relativistic Dopp le r 
b roaden ing and shifting of R a m a n resonances in scat tering 
by electron polar isa t ion clouds could be impor t an t . F r o m 
first calculat ions, they concluded tha t these would m a k e 
the Sun m o r e t r ansparen t so tha t for a given t empera tu re , 
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the luminosi ty would be larger, or since the Sun 's 
luminosi ty is fixed, the t empera tu re would be lower. It 
should be recalled ([8], pages 1 4 9 - 1 5 1 ) tha t a lower 
t empera tu re lowers the 8 B and 7 B fluxes according to T + 1 8 

and T + 8 , bu t goes the other way with gallium, and would 
increase the neut r ino flux according to T~1'2. A full 
calculat ion is awaited on this impor t an t quest ion. 

2.5 The 7 B e ( p , y ) 8 B reaction, S17 

N e u t r i n o s from bo ron -8 decay provide a lmost all the solar 
neu t r inos detected by K a m i o k a n d e and abou t 80% of 
those detected by the chlorine experiment . Hence a 
knowledge of h o w often 8 B is formed is crucial. This is 
a small pa r t of the solar chain of react ions, only a few pa r t s 
per million, so tha t any change in the 8 B ra te does no t 
affect the Sun 's luminosi ty significantly. 

The essential poin t is tha t the react ion 7 B e ( p , y ) 8 B is no t 
measured at the energy range of abou t 1 to 10 keV which is 
impor t an t in the Sun, bu t at much higher energies. The 
lowest energy measured is 117 keV where the cross section is 
only 3 nb and falling very quickly because of the barr ier 
pene t ra t ion factor as shown in Fig. 1. This makes ex t rap 
olat ion difficult, so the as t rophysical S-factor is used which 
separates off the barr ier pene t ra t ion effect and leaves 
nuclear effects, which are hoped to vary slowly at these 
very low energies. F o r this react ion, it is called S 1 7 . 

A review by Johnson et al. [15] shows h o w complicated 
the si tuat ion is. Two of their p lo ts for S 1 7 are shown in 
Figs l a and lb where it can be seen tha t there is a s t rong 
resonance near 640 keV, and tha t the ext rapola t ion to low 
energies mus t include bo th s-waves and d-waves as first 
in t roduced by Turck-Chieze et al. [16] in 1988, instead of s-
waves alone. To avoid the effect of the resonance , Johnson 
et al. use only da ta be low 500 keV, where there are only two 
series of exper imental results, and give these results equal 
weight — this is inappropr ia te as the two exper iments 
cannot be considered of equal wor th . The K a v a n a g h 
experiment [17] was performed in 1969, 14 years earlier 
t han tha t of F i l ippone et al. [18], and long experience [19] 
has t augh t tha t techniques change greatly over such a long 
t ime per iod; further and m o r e impor tan t ly , it is a rule of 
da ta compilers [20] tha t only results fully described in 
refereed jou rna l s should be used in compila t ions , and 
the K a v a n a g h paper is only given in a 12-line abstract , 
whereas the F i l ippone work is very fully described. Since 
the two exper iments are incompat ib le by m o r e t han three 
s t andard deviat ions, this makes a significant difference — 
following the rules and rejecting K a v a n a g h et al. lowers the 
ext rapola ted value from 22.4 eV b to abou t 20.0 eV b . It is 
impor t an t to no te tha t Johnson et al. [15] say tha t their 
mode l is not satisfactory as it does not agree with some 
other exper imental da ta . 

A major reduct ion of S 1 7 comes from a new measure 
ment carried out at R iken by M o t o b a y a s h i et al. [21]. They 
measured the inverse react ion 8 B(y , p ) 7 B e , s tudying the 
C o u l o m b dissociation by impinging a beam of 8 B on a lead 
target where the exchange of a vir tual p h o t o n gives 7 B e and 
a p ro ton , which are detected. The mul t ipole and par t ia l 
wave cont r ibu t ions calculated for the react ion Be(p, y ) 8 B 
are shown in Fig. 2. The magnet ic dipole cont r ibut ion , M l , 
which gives the resonance at 640 keV, does no t cont r ibu te 
to the inverse react ion. The results of M o t o b a y a s h i et al. 
are shown in Fig . 3. It m a y be seen tha t the values are lower 
t han previous results (also the resonance is no t observed). 
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Figure 1. ( a ) A s t r o p h y s i c a l S-factor, S 1 7 , for t h e r e a c t i o n 7 B e ( p , y ) 8 B . 

T h e so l id l ine is for a n s - w a v e fit t o t h e d a t a a n d d o t t e d l ine a n s - w a v e 

a n d d - w a v e fit, 7 — K a v a n a g h (1960) , 2 — P a r k e r ( 1 9 6 8 ) , 3 — 
K a v a n a g h et a l . ( 1969) , 4 — V a u g h n et a l ( 1970) , 5 — F i l i p p o n e et a l . 

( 1 9 8 3 ) ; (b ) a s (a) for b e l o w 4 5 0 k e V w i t h t w o fits e a c h t o t h e d a t a o f 

K a v a n a g h [17] a n d F i l i p p o n e [18], f r o m Ref . [15]; (c) C r o s s s e c t i o n for 

t h e r e a c t i o n 7 B e ( p , y) 8 B . 
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Figure 2 . M u l t i p o l e a n d p a r t i a l w a v e c o n t r i b u t i o n s t o t h e r e a c t i o n 
7 B e ( p , y ) 8 B . 

They derive a value for S 1 7 which is abou t 20% to 30% 
lower t han the value of 22.4 eV b used by Bahcal l and 
P insonneaul t [22] and Turck-Chieze et al. [9]. 

There is ano ther major p rob lem with the ext rapola t ion 
of Su from measurement values to solar energies. In 
nuclear physics, it has been established tha t nuclei which 
are rich in neu t rons have a neu t ron ha lo , tha t is, the 
neu t rons extend out further from the centre of the nucleus 
t han expected. Rusager and Jensen [23] have poin ted out 
tha t 8 B is p ro ton- r ich with 5 p r o t o n s and only 3 neu t rons , 
so it is to be expected tha t the p r o t o n wave function will 
extend to much larger values. The rms to ta l rad ius of the 8 B 
nucleus is normal ly taken to be 2.51 fm bu t they calculate 
tha t the rad ius of the last p r o t o n is 3.75 fm. Since the rad ius 
for the main cont r ibu t ion for the react ion 7 B e ( p , y ) 8 B in the 
Sun is abou t 50 fermis, it is clear tha t the consequences of 
8 B being pro ton- r ich must be considered. The difficulty of 
knowing h o w to ext rapola te is shown in Fig. 4 where the 
n u m b e r s marked on the curves are for different separat ion 
energies. They conclude tha t , s tar t ing from the po in t s of 
F i l ippone et al. [18], the ext rapola ted value of S 1 7 should 
p robab ly be lower in the range 12 to 17 eV b , bu t the 
uncer ta in ty is great and will no t be easy to resolve. N o t e 
tha t this p ro ton- r ich effect is independent of the new 
M o t o b a y a s h i et al. reduct ion and will reduce S 1 7 still more . 

In discussing the quest ion of the cons tancy of input 
values to the SSM it is interest ing to observe tha t the 

ext rapola ted value of S 1 7 has changed by much m o r e t han 
the to ta l error from all causes, of abou t 1 1 % quoted by 
Bahcal l et al. [24]. In successive paper s in 1982, 1988, and 
1992 Bahcal l and co-workers have used values of 27, 24.3, 
and 22.4 eV b respectively whereas n o w the best value is 
abou t 17 eV b from M o t o b a y a s h i and even lower when 
considering the pro ton- r ich effect. Thus this one input 
factor a lone has fallen by abou t 40 to 5 0 % , much m o r e 
t han BahcalPs est imate for all input factors and for all 
theoret ical uncer ta int ies . This suppor t s the a rguments 
against Bahcal l ' s 'rule of t h u m b ' manne r of est imating 
errors and justifies the content ion of Turck-Chieze et al. [9] 
tha t 2 5 % should be considered the min imum error value for 
8 B neut r inos . 

2.6 Diffusion 
Diffusion effects expected inside the core and rad ia t ion 
zone of the Sun are of two types, tu rbulent and 
non tu rbu len t . The former are expected to decrease the 
neut r ino ra te while the latter are expected to increase it. 
Since Noerd l inger ' s work in 1977 [25], there have been 
several calculat ions of diffusion. Bahcal l and P insonneaul t 
[22] have considered non tu rbu len t diffusion bu t no t 
turbulent diffusion, thus increasing their predicted neu
tr ino fluxes. 

2.7 N e w evolutionary model calculation by Kovetz and 
Shaviv 
Kove tz and Shaviv [2] have m a d e a calculat ion of the Solar 
Evolu t ionary M o d e l using a new code with a number of 
new features. They use m a n y m o r e shells in rad ius and t ime 
inside the Sun than most previous calculat ions. Kove tz and 
Shaviv followed all elements (other t han t race elements) for 
diffusion and for nuclear react ions, unl ike most previous 
calculat ions for diffusion which only followed hydrogen , 
hel ium, and heavy elements and assumed tha t the elements 
were completely ionised, which is no t the case — this is 
impor t an t as the cross section for b o u n d - b o u n d and 
b o u n d - f r e e collisions are impor tan t . 

A consequence of following each element is tha t Kove t z 
and Shaviv found tha t neu t r inos from the C N O cycle 
(mainly from 1 3 N and 1 5 O ) were fewer t han predicted 
previously. This is because they did no t assume equil ibrium 
of the nuclear react ions as had mos t previous au thors . It 
might be though t tha t this would give results for heavier 
stars where the C N O cycle was dominan t in disagreement 
with observat ions , bu t the difference is tha t , while the C N O 
cycle of nuclear react ions is no t in equil ibr ium in the Sun, it 
will be in equil ibrium in heavier stars [26]. 

2.8 D a r and Shaviv paper 
In a paper entitled " H a s a s t andard physics solution to the 
solar neut r ino p rob lem been found?" , D a r and Shaviv [3] 
have built on the Kove t z and Shaviv paper [2] to feed in 
several new 'best ' values. These are the solar luminosi ty, 
( L 0 ) from the new Particle D a t a G r o u p value, S 1 7 , S34 [for 
the react ion 3 H e ( 4 H e , p ) 7 B e ] , and the C N O cycle effects. 
The consequent changes are; 

For boron-8 neutrinos: 
L 0 goes from (3.86 to 3.826) x 1 0 3 3 erg s _ 1 giving a 

reduct ion of 6 % ; 
Su goes from 22.4 to 17 eV b giving a reduct ion of 24% ; 
S34 goes from 0.533 to 0.45 keV b giving a reduct ion of 

1 3 % . 
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Figure 3 . C o m p a r i s o n o f t h e v a l u e s o f S 1 7 o b t a i n e d f r o m t h e C o u l o m b d i s s o c i a t i o n r e a c t i o n b y M o t o b a y s h i et a l . [21] w i t h o t h e r d a t a : 

1— M o t o b a y a s h i et a l . (1993) , 2 — F i l i p p o n e et a l . ( 1983) , 3— V a u g h n et a l . (1970) , 4— K a v a n a g h et a l . (1969) , 5 — P a r k e r ( 1 9 6 6 ) . 

Combin ing these three reduct ions would give a to ta l 
reduct ion of 38% compared to Ref. [9] and Ref. [22] for 8 B 
neut r inos . 

D a r and Shaviv give a predicted chlorine ra te of 4.2 
S N U . 

N o t e tha t if as a rough check we t ake the Turck-Chieze 
et al. [9] value of 6.4 S N U for chlorine and reduce this by 
3 8 % this would give 4.0 S N U (approximate , as 8 B neu t r inos 
cont r ibu te only 80% , bu t the 7 B e neut r inos are decreased by 
19%). 

For gallium experiments: D a r and Shaviv suggest 
reduct ions in the number of 8 B , 7 B e , and C N O neut r inos 
giving a p roduc t ion ra te of 113 S N U to be compared with 
132 S N U for the Bahcal l and P insonneaul t predict ion [22] 
and 122.5 S N U for the Turck-Chieze and Lopez [9] 
predict ion. 

D a r and Shaviv do not seem to have yet m a d e a serious 
evaluat ion of their errors , so it is p robab ly wise to use the 
errors of Turck-Chieze and Lopez for the present — these 
are 2 5 % for K a m i o k a n d e , 2 2 % for chlorine, and 6% 
gallium, and all are lower limits. 

The paper of D a r and Shaviv has been very strongly 
criticised by Bahcal l et al. [4]. This criticism was posted 
electronically and had a swift response, similarly posted 

electronically, from D a r and Shaviv [5]. It m a y be tha t 
Bahcal l et al. have no t fully unde r s tood the D a r and Shaviv 
paper . Also they m a k e the e lementary mis take tha t , when 
they compare theory and experiment , they only t ake the 
exper imental error and do not include the theoret ical 
error — this is a major mis take as the theoret ical error is 
bigger t han the exper imental in some cases. By this 
technique, they found tha t the chlorine result was 14 
s t andard deviat ions from their mode l predict ion. This 
will be discussed later in Section 3.4, and a somewhat 
smaller number of s t andard deviat ions deduced. 

At the recent Neu t r i no 94 conference, one awaited the 
detailed Bahcal l et al. reply to the D a r and Shaviv response, 
bu t it was lacking. However , one did learn tha t the Kove t z 
and Shaviv calculat ion deduces a fraction of 29% for 
h e l i u m ^ which is ra ther high. 

It is no t in tended to enter fully into the B a h c a l l - D a r 
debate , bu t it should be emphasised tha t the conclusion of 
this present paper tha t there is 'no compell ing evidence ' for 
any of three solar neut r ino p rob lems is independent of this 
debate . 
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Figure 4 . Si7 f a c t o r for t h e r e a c t i o n 7 B e ( p , y ) 8 B a s a f u n c t i o n o f t h e 
e n e r g y o f t h e s y s t e m for d i f fe ren t s e p a r a t i o n e n e r g i e s o f 8 B (as m a r k e d 
o n c u r v e s ) . T h e c a l c u l a t i o n s i n c l u d e b o t h s - w a v e s a n d d - w a v e s b u t n o t 
t h e r e s o n a n c e c a p t u r e a t 6 4 0 k e V [23]. 

2.9 Choice of reference model and of errors 
If one wishes to look for a discrepancy between a solar 
evolut ionary mode l and exper imental values, it is essential 
first to choose the best possible model . 

At present this is no t too easy. The models of Bahcal l et 
al. should be rejected because of their abnormal ly small 
errors , rising with t ime from 10 to 14% for K a m i o k a n d e . 
The errors of Turck-Chieze and Lopez [9] seem reasonable 
and they are wisely given as lower limits because of lack of 
knowledge of theoret ical uncer ta int ies — these errors will be 
adop ted . They are 6 % , 22% , and 2 5 % for gall ium, chlorine, 
and K a m i o k a n d e respectively. 

Because of the B a h c a l l - D a r debate , it would be unwise 
at present to consider either yet as a reference model . 

Hence while awai t ing progress , I will adop t the Tu rck -
Chieze and Lopez values [9], bu t with a single correct ion — 
the 25% lower value for the M o t o b a y a s h i experiment [21] for 
the chlorine and K a m i o k a n d e experiments . 

P robab ly other correct ions are needed (e.g. S 3 4 , L 0 , 
diffusion), bu t they will no t be included yet. 

T h u s the values preferred for the m o m e n t are: 
gallium = 122.5 ± 7 S N U , 
chlorine 6.4 - 1.6 = 4.8 ± 1.1 S N U , 
K a m i o k a n d e (4.4 - 1.1) x 10 6 = (3.3 ± 0.8) x 10 6 c m " 2 s" 1 , 
again no t ing tha t these errors are min imum values. 

2.10 Flux versus rate — thresholds 
There is somet imes a tendency to wri te (e.g. Bahcal l [27]) 
tha t the neu t r inos seen by the chlorine experiment are of 
much lower energy tha t those seen by K a m i o k a n d e . This is 
based on the s ta tement tha t the threshold for the chlorine 
detector is 0.8 M e V while for K a m i o k a n d e the lowest 
publ ished threshold is a lmost an order of magn i tude higher 
at 7 M e V . Al though correct, this s ta tement could be 
misleading as it is no t m a d e clear if the difference in 

F l u x / c m 2 s" 

N e u t r i n o e n e r g y , g / M e V 

Figure 5 . E n e r g y s p e c t r u m o f s o l a r n e u t r i n o s p r e d i c t e d b y B a h c a l l a n d 
U l r i c h [24]. N o t e , t h e 3 H e + p v a l u e s s h o u l d b e r e d u c e d b y a f a c t o r o f 
s ix [22]. 

3 /2" 

e l e c t r o n t r a p A = 0 . 8 1 4 

Figure 6. E n e r g y levels o f t h e A = 37 s y s t e m , c h l o r i n e , a r g o n , 
p o t a s s i u m a n d c a l c i u m , u n i t s in M e V . 

threshold is the only factor and if there are other factors — 
as there are. This threshold difference would be clear if 
there was no t a confusion between flux and ra te . 

The flux as calculated by Bahcal l and Ulr ich [24] is 
shown in Fig. 5. However , the ra te is the p roduc t of the flux 
and the cross section. F o r the K a m i o k a n d e experiment , the 
ra te varies smooth ly with energy, bu t no t for the chlorine 
experiment since there has to be an excited state in the 3 7 A 
nucleus to receive the neu t r ino . The excited states in the 
react ion 3 7 C 1 (v, e) 3 7 A cannot be measured directly, so they 
are studied experimental ly in the isobaric ana logue states 
from the beta-decay of 3 7 C a to 3 7 K . The main results are 
shown in Fig. 6. The latest experiment , per formed by 
Garc ia et al. at C E R N [28] gave 11 m o r e excited states, 
increasing the ra te by 0.3 S N U . 
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Figure 7. D i f f e r e n c e b e t w e e n t h e o b s e r v e d s o u n d v e l o c i t y s q u a r e d , C 2 , 
a n d t h e c a l c u l a t e d o n e a s a f u n c t i o n o f t h e r a d i u s o f t h e S u n . Rcz is t h e 
r a d i u s a t t h e b o u n d a r y b e t w e e n t h e c o n v e c t i o n z o n e a n d t h e r a d i a t i o n 
z o n e [9]. 

It m a y be seen tha t there are very few excited states near 
the threshold of 0.8 M e V and also tha t they give low rates. 
The react ion mainly (69%) proceeds t h rough the excited 
state at 4.99 M e V which means neu t r inos of 5.8 MeV, which 
is not so far removed from the K a m i o k a n d e range of 7 M e V 
and upwards . T h u s it is possibly misleading to quo te 
thresholds only and no t consider ra tes and excited states. 

2.11 Helioseismology 
The Sun is a resonant cavity with mill ions of modes of 
which some tens of t h o u s a n d s have been measured with 
great accuracy, e.g. Liebrecht and W o o d w a r d [29]. The 
oscillations have a per iod of abou t 5 minutes and are 
caused by pressure waves, or p-waves as they are called. 
They allow the velocity of sound, C, to be measured as a 
function of the radius . F r o m this, an inversion calculat ion 
can be performed (with reasonable assumpt ions) to derive 
t empera tu res and pressures as a function of the rad ius — 
good agreement is obta ined with values from solar 
evolut ionary models . A n example is shown in Fig. 7 
where the measured value of C2 is compared with the 
predic t ions of Turck-Chieze et al. [9]. It is found tha t the 
b o u n d a r y between the convection zone, where turbulence is 
impor tan t , and the rad ia t ion zone where there is relatively 
little movement , is at a rad ius of 0.7\5R0 in good 
agreement with the models . Unfor tuna te ly the p-waves 
give little informat ion on the core of the Sun where the 
neu t r inos are p roduced , bu t the overall agreement gives 
s t rong independent suppor t to stellar evolut ionary models . 
A t t e m p t s are being m a d e to measure gravity waves, or g-
waves, as they will give informat ion abou t the core, bu t this 
will be very difficult. 

2.12 Conclusions 
The overal conclusion is tha t solar and stellar evolut ionary 
models work very well and independent conf i rmat ion of 
this comes from helioseismology. There are still a number 
of p rob lems such the 7 L i a b u n d a n c e being w r o n g by a 
factor 100 and the 9 B e a b u n d a n c e by a factor of 2 (there 

are at least three different theories to explain these 
discrepancies). 

Solar neut r ino fluxes from different models agree to 
bet ter t han a factor of two . F o r the channel of neu t r inos 
from 8 B which is of little impor tance , 0 .3% overall , whether 
there is a disagreement or no t m a y depend on which 
assumpt ions and calculat ion are chosen to be compared 
with experiment . There is clearly a difference between 
tak ing a 1 0 % error or a 2 5 % error in compar ing with 
an experiment which has an error of abou t 10 % . The values 
of var ious pieces of input da ta such as S 1 7 cont inue to vary 
with t i m e - a l s o , S 1 7 gets steadily lower. There is consider
able uncer ta in ty abou t a number of pieces of theoret ical 
input , in par t icular screening effects. 

A new factor which m a y be impor t an t is collective 
effects in p lasma which might change the theoret ical 
predic t ions and improve the agreement with experiment . 

3. Experiments 
3.1 Four experiments 
There are four experiments which have directly measured 
solar neut r inos . Three are radiochemical where a neut r ino 
gives a (v, e) react ion and the element created then decays. 
F o r chlorine, 3 7 A is formed and decays with a half-life of 
35 days, by emit t ing an electron of 2.8 keV. R a y Davis led 
a p ioneer ing experiment which observed such a decay and 
thus should be congra tu la ted for being the first to observe 
solar neu t r inos directly. The two gallium experiments , 
S A G E and G A L L E X , observe the decay of 7 1 G e with a 
half-life of 11.4 days which gives either a single electron of 
10 or 1.3 keV (K-shell or L-shell respectively) or a low 
energy electron (1.1 or 1.2 keV) plus x-rays from the K -
shell decay. Since the gallium threshold is low, 0.2 MeV, 
this means tha t these experiments are measur ing neu t r inos 
from the basic p - p react ion. 

The fourth experiment is per formed by K a m i o k a n d e 
with a 300 ton water Cerenkov detector, and observes 
n e u t r i n o - e l e c t r o n scattering. The b a c k g r o u n d is high bu t a 
distinct peak is seen t owards the direction of the Sun — this 
is the only experiment which has such a direct ional signal. 

In total , it is clear tha t solar neut r inos are being 
observed and measured . 

3.2 Can an experiment be wrong? 
I was b rough t up in the Ru the r fo rd school where 
exper imental results were everything and had to be 
t rusted — this is a comfor t ing belief. However , it t ook 
some t ime and experience for me to realise tha t not all 
exper imental results are correct. F o r example, several 
experiments in different labora tor ies found evidence for 
the existence of a 17 keV neut r ino and paper s were wri t ten 
which used it to explain the solar neut r ino p rob lem. 
However , second generat ion experiments found no effect, 
the original p ropose r s then found mis takes in their own 
experiments and ret racted, so it is n o w agreed tha t there is 
no 17 keV neut r ino [30]. 

It is no t u n c o m m o n to have a s i tuat ion where there is 
disagreement between theory and an experiment , and where 
the theory is well-established on the basis of a large number 
of experiments . It is often useful to apply O c k h a m ' s razor 
[31], and to decide tha t the simplest solut ion is to consider 
tha t one experiment is incorrect while the large number of 
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experiments on which the theory is based are c o r r e c t — H e 
is an example. 

F o r p ioneer ing neut r ino experiments , it has often been 
observed tha t the numer ica l value found did no t s tand the 
test of t ime, and frequently needed serious modif icat ion. 
This does no t t ake away the credit of being a pioneer from 
the experimenters , bu t does suggest tha t some caut ion 
should be used in dealing with p ioneer ing numer ica l values. 

3.3 Is there a variation of the neutrino flux with the solar 
cycle? 
It has been claimed tha t there are significant f luctuat ions of 
the neut r ino flux measured in the chlorine experiment and 
these were identified as correlat ing with the inverse of the 
sunspot activity. It was said this was a five s t andard 
deviat ion effect. 

As explained in Section 2.3, this periodici ty of some ten 
years appeared to be in contradic t ion with other knowledge. 

A p a r t from graphs , it was said tha t the ra tes at the solar 
m in imum of solar cycles 21 and 22 were 4.1 zb 0.9 and 
4.2 zb 0.7 while at the solar minima, they were 0.4 zb 0.2 and 
1.2 ± 0.6. The value of 0.4 zb 0.2 for the runs 61 to 66, tha t 
is, a yea r ' s running , is surprisingly l o w — i t can be 
compared to the average value from 1970 to 1992 [32] 
of 2.55 zb 0.25 S N U and it can be seen tha t the difference is 
2.15 zb 0.30, which is a seven s tandard deviat ion effect for 
this year alone. If this year is compared with the average for 
the per iod 1 9 8 6 - 1 9 8 8 to 1 9 9 2 - 1 9 9 4 when the ra te has 
been given [33] as 2.81 zb 0.38 S N U (but according to a 
g raph in Ref. [32], m a y be 2.9 S N U now) , then the 
difference is 2.41 zb 0.38 S N U which is again some six 
(or seven) s t andard deviat ions. 

It should also be noted tha t after two years runn ing the 
chlorine experiment was repor ted [34] to have an upper 
limit of one S N U — again this seems in cont radic t ion with 
either of the values 2.55 zb 0.25 or 2.81 zb 0.32 S N U . 

N o w the K a m i o k a n d e experiment has been runn ing 
since 1987 and no evidence of any significant var ia t ion of 
flux has been found, no t with the solar nor on any other 
t ime scale. F u r t h e r m o r e they have no t observed such low 
values as the chlorine experiment claims. 

Given tha t the neu t r inos are of approximate ly the same 
energy, as shown in Section 2.10, there appears to be a 
cont radic t ion in the results. 

There is a choice: 
(a) Assume tha t the K a m i o k a n d e results are wrong . As 

the experiment is performed by a powerful well-funded 
group who appear to have carried out m a n y checks, this 
seems unlikely. Also if one assumes there is a cycle of per iod 
10 years, then one needs a miracle, because as is explained 
in Section 2.3, the n o r m a l t ime is m o r e like 10 7 years . Such 
explanat ions seem to be missing. 

(b) Assume tha t the K a m i o k a n d e experiment result is 
correct and tha t there are intermit tent p rob lems with the 
chlorine experiment . This would not then require any 
unusua l theoret ical explanat ions . 

Once more , as a result of wielding O c k h a m ' s razor , 
solut ion (b) seems by far the m o r e likely. 

T h u s it is concluded tha t the evidence in favour of 
p rob lem n u m b e r two, of large f luctuat ions of flux with a 
per iod abou t tha t of the solar cycle, is 'not compel l ing ' and 
indeed is very unlikely. 
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Figure 8. V a r i a t i o n o f t h e m e a s u r e d s o l a r r a t e in S N U a s o f M a r c h 
1994 , for (a) t h e c h l o r i n e e x p e r i m e n t , (b) t h e S A G E e x p e r i m e n t . A 
c o m - p a r i s o n is m a d e w i t h T u r c k - C h i e z e a n d L o p e z [9] a s r e f e r e n c e 
m o d e l . 

3.4 The chlorine neutrino rate 
There have always been some unexpected features of the 
S N U rates quo ted by the chlorine experiment . The first few 
years ' da ta , 1 9 6 7 - 1 9 7 0 , were el iminated as it was found 
tha t the b a c k g r o u n d could be greatly reduced by using a 
fast rise of the pulse as a selection to reduce b a c k g r o u n d 
which would give a slow rise of the pulse in the counter for 
a pass ing cosmic ray. In 1972 the value given [34] was an 
upper limit of one S N U . Over the per iod 1970.8 to 1984.3, 
the average ra te [33] was 2.08 zb 0.25. At this t ime there 
was a stop due to p u m p failures. F r o m 1986.8 to 1992.4, 
the ra te was 2.81 zb 0.32 [34]. These ra tes are shown 
graphical ly in Fig. 8a. The graph looks like a learning 
curve. 

Also on Fig. 8a are the predic t ions of the Turck-Chieze 
and Lopez mode l where 2a and 3cr are the two and three 
s t andard deviat ion values. It m a y be seen tha t the da ta for 
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the last five and a half years are no t incompat ib le with this 
mode l calculat ion. 

If instead the conservative reference ra te of 4.8 zb 1.1 
S N U recommended in Section 2.9 had been taken, then the 
difference of 2.25 zb 1.1 S N U is abou t two s tandard 
deviat ions. It m a y be no ted tha t this is ra ther less 
significant t han the 14 s tandard deviat ions p roposed by 
Bahcal l et al. in Ref. [4]. 

The essential difference is tha t if one assumes the 
f luctuat ions claimed do exist, it is concluded tha t the 
experiment has some n o r m a l and some intermit tent low 
values, so tha t the average is low. These f luctuat ions seem to 
have been reduced after the shu tdown for the p u m p valves. 
But the conclusion is tha t while the chlorine experimenters 
can be praised for being the first to observe solar neut r inos , 
the ba lance of their da ta suggests tha t there have been some 
intermit tent p rob lems in achieving consistent ra te measu re 
ment s (this would account for the f luctuat ions claimed), so 
tha t on averaging, systematic low values are obta ined. In 
other words , the exper imental da ta indicate tha t it is no t 
entirely safe to use the chlorine da ta before the 1 9 8 4 - 1 9 8 6 
shu tdown. 

3.5 The Kamiokande experiment 
The K a m i o k a n d e group have presented very consistent 
results which have been carefully checked. 

However , when they first presented their results, these 
appeared to show a major significant disagreement with the 
model . They were given as: 

( D a t a ) / ( S S M ) = 0.46 =b 0.08. 
Expressing this as 
D a t a - S S M = 0.54 ± 0.08 

this would appear to indicate abou t a 7 s tandard deviat ion 
effect. 

H e r e the SSM was taken from the 1988 paper of Bahcal l 
and Ulr ich [24] who gave 7.9 S N U with an 1 1 % error . But 
the above calculat ion only considers the exper imental error 
of 17% and neglects the theoret ical error. If this theoret ical 
error is n o w included, one obta ins : 
D a t a - SSM = (1.00 =b 0.11) - (0.46 =b 0.08) = 0.54 =b 0.15, 
which is abou t 3.6 s t andard deviat ions. 

If one n o w were to t ake the 1988 value of Turck-Chieze 
et al. [16] of 5.8 S N U with an error of 22% , then the rat io of 
0.46 found becomes 0.70 and 
D a t a - S S M = (1.00 ± 0.22) - (0.70 ± 0.11) = 0.30 ± 0.24 
and this is not significant as it is less t han 1.3 s t andard 
deviat ions. 

This shows the impor tance of including all errors , 
theoret ical as well as experimental . 

M o r e recent da ta from 627 days of runn ing K a m i o 
k a n d e III with higher efficiency and lower threshold have 
given 

(Da ta ) / (SSM) = 0.54 ± 0.85, 
where the SSM is again the 1988 Bahcal l and Ulr ich value. 

If, instead, all the errors are included and the 1992 
Turck-Chieze and Lopez value [9] is taken , then the 
difference is 1.5 s tandard deviat ions. 

The most recent value [35] for 1670 days, from J a n u a r y 
1987 to July 1993 is: 

( 2 . 8 9 + ^ ) x 10 6 c m " 2 s " 1 , 

and this is abou t half a s t andard deviat ion away from the 
reference value of (3.3 ± 0 . 8 ) x 10 6 c m 2 s" 1 . 

N o t e , they also express their result [35 ]as (Da ta ) / (SSM) = 
0.54 ± 0.04 zb 0.06 where the SSM is n o w the Bahcal l and 
P insonneaul t value [22] and there the impor t an t theoret ical 
error has no t been included nor the lower S 1 7 value. These 
errors pe rhaps explain why Bahcal l et al. [4] state " the 8 B 
flux in the five well-calibrated solar models is between 4cr 
and 6cr from the K a m i o k a n d e resu l t " which is in con t ra 
diction with the half a difference calculated above . 

3.6 The S A G E experiment 
The Soviet Amer ican Gal l ium Exper iment , S A G E , first r an 
in 1990 when runs dur ing the m o n t h s of January , 
Feb rua ry , M a r c h , Apr i l and July were considered accept
able. The result [36] of 20 S N U with an upper limit of 72 
S N U created great surprise. This could be considered 
major evidence for a new solar neut r ino flux p rob lem — 
n o w at low neut r ino energy. However , the value was so low 
tha t it was inconsistent with all models and even with a 
very min imal calculat ion which takes the luminosi ty and 
assumes it comes from the p - p react ion. It is interest ing to 
consider the r a w results for each of the five m o n t h s 
s e p a r a t e l y - t h e y are shown in Fig. 9. In this figure are 
marked the I T , 2T, and 3T values where T is the 7 1 G e half-
life of 11.4 days. One expects a flat b a c k g r o u n d and a 
falling count ra te from 7 1 G e decays, bu t inspection of the 
five p lo ts does not show this. Indeed, three of the m o n t h s 
( January , Apr i l and July) show negative ra tes bu t it was 
decided tha t negative ra tes were unphysica l and hence the 
ra tes were given as z e r o — w h e r e a s m a n y would consider 
tha t statistical f luctuat ions were possible and negative 
n u m b e r s should be accepted — in this case the 5 m o n t h s ' 
combined da ta appear to have a zero S N U ra te . The m o n t h 
of F e b r u a r y was also unusua l in tha t a single count was 
recorded on the first day and no further counts were 
recorded for the subsequent 61 days. Later the da ta were 
re-evaluated and the ra tes for F e b r u a r y and M a r c h were 
increased to 94 and 109 S N U respectively whereas the 
other three runs were kept at zero S N U . A second re -
evaluat ion [36] n o w gives 80 and 100 S N U and a to ta l for 
the five runs of 4 0 ^ S N U . Al though this appears to 
double the ra te , it is qui te within the errors (the re -
evaluat ion involved changing the acceptance windows in 
the plot of rise t ime versus electron energy). 

F u r t h e r runs in 1991 and 1992 gave values of abou t 85 
S N U and the k n o w n results in M a r c h 1994 are summarised 
in Fig. 8b — again there would appear to be a learning 
curve. 

However , in M a y 1994 a new da ta set was presented [36] 
with values for 1991, 1992, and 1993, of (100+^) S N U , 
(62±P) S N U , and (76+^) SNU giving a combined value for 
1990 to 1993 of 74+}^ (stat.) ±5

7 (syst) S N U . 
As there is no longer any need for an explanat ion for the 

abnormal ly low values (upper limit of 72 S N U ) found in the 
p ioneer ing run in 1990, it is no t necessary to wield 
O c k h a m ' s razor and suggest tha t the run be ascribed to 
a learning per iod and with the greater da ta sample; one can 
n o w simply accept the value of 5 1 Cr S N U . 

The S A G E experimenters p lan to insert a 5 1 Cr neut r ino 
source later in 1994 to check. 

3.7 The G A L L E X experiment 
The G A L L E X experiment is a s t rong well-funded 
col labora t ion opera t ing under a lmost ideal condi t ions at 
G r a n Sasso. The two sets of runs give [37] a lmost identical 



552 D R O M o r r i s o n 

C o u n t r a t e / c o u n t s p e r d a y 

4 r 
J a n u a r y 1990 

2 -

1 -

2T 

i 

3 T 

i 

10 2 0 3 0 
C o u n t r a t e / c o u n t s p e r d a y 

4 0 5 0 6 0 7 0 80 d a y s 

4 r 

3 -

2 -

A p r i l 1990 

T 2T 3T 

i i i 

1 - o 

2 0 4 0 6 0 500 d a y s 

C o u n t r a t e / c o u n t s p e r d a y 

3 

2 -

F e b r u a r y 1990 

1 - O 

C o u n t r a t e / c o u n t s p e r d a y 

4 i-

3 -

2 -

M a r c h 1990 

2T 

i 

_l_ J _ 
0 4 8 12 

C o u n t r a t e / c o u n t s p e r d a y 

4 J u l y 1990 

16 2 0 2 4 d a y s 

3 -

2 -

2T 

i 

3T 

i 

J _ 
10 2 0 30 4 0 5 0 6 0 

d a y s 

2T 

i 

3 T 

i 

10 2 0 30 4 0 d a y s 

Figure 9 . C o u n t s r e c o r d e d b y t h e S A G E C o l l a b o r a t i o n d u r i n g t h e i r a c c e p t e d five r u n s in 1990 . T h e a r r o w s c o r r e s p o n d t o o n e , t w o a n d t h r e e 
ha l f - l i fes , T , o f 11.4 d a y s . 

ra tes (81 and 78 S N U ) giving an average of 79 ± 1 0 ± 6 
S N U . 

Al though they have only 30 tons of gall ium, they can 
measure electrons no t only of 10.3 keV as at S A G E , bu t 
also electrons of 1.1, 1.2, and 1.3 keV which gives them a 
relatively high count ing ra te . A very commendab le feature 
of the experiment is tha t they have performed m a n y (19) 
b lank runs . 

As they find fewer t han all solar mode l calculat ions 
suggest, an impor t an t check will be a cont ro l with a 
neut r ino source. At the end of June , it is intended to 
insert a 5 1 Cr source of a megacur ie into the detector . 

3.8 Comparison of gallium experiments with models 
If the G A L L E X experiment is compared with the reference 
mode l value of 122.5 ± 7 S N U given in Section 2.9, then 
the difference is 2.9 s tandard deviat ions. F o r S A G E the 
effect is similarly abou t three s tandard deviat ions. T h u s for 
low energy neut r inos , the evidence is 'not compel l ing ' , bu t 

it is close to becoming interesting and the results of the 
tests with the 5 1 Cr source are eagerly awaited. However , the 
choice of the best theoret ical value is still uncer ta in and a 
resolut ion of the B a h c a l l - D a r difference is necessary. 

4. Conclusions 
(1) The experiments are difficult and the statistics are often 

very small. 
(2) There are indicat ions of exper imental learning curves. 
(3) The second p rob lem of a possible f luctuation with the 

per iod of a solar cycle of abou t ten years appears 
excluded. 

(4) There are exper imental indicat ions of in termit tent low 
flux measurements in the chlorine experiment before 
1985 and this makes the flux values unsafe for this 
per iod. 
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(5) The neut r ino flux from each of the four experiments is 
no t by itself significantly different from the best 
available mode l values, t hough the gall ium experiments 
are being followed attentively. 

(6) The difference between theory and models is steadily 
vanishing with t ime. 

(7) All exper iments give lower values t han the mode l 
values. There are still considerable uncer ta int ies in the 
models — one possible explanat ion could be coherence 
effects with p lasmas , bu t this needs much further s tudy 
before any firm conclusion can be d rawn. 

(8) Today , evidence for any of the three possible solar 
neut r ino p rob lems is 'not compell ing ' . 

(9) Better statistics, which are certainly coming with second 
generat ion experiments , would be welcome. A p a r t from 
any solar neut r ino p rob lem, the Sun is the only star 
near us and it is impor t an t to s tudy it as tho rough ly as 
possible. 
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