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We .ummarize the current status of the IOlar neutrino problem, emphasizing the difficulty of rec· 
onciling the reeul ... of the chlorine, Kamiokande, and SAGE/GALLEX experiments with plausible 
variationa in the standard IOlar model. Several new experiments under construction or develop­
ment will provide important new information 011 the Oux, energy distribution, and Oavor of IOlar 
neutrinos. We discuu the crucial role the.e experiment.a will play in testing the properties of the 
neutrino, including m_ in the range predicted by many extensions of the standard electrowe&k 
model. 

'-.,. §1 Introduction Mikheyev-Smirnov-Wolfenstein effect, the amplification of 
~ neutrino oscillations in matter [1,21. 

The prospect of quantitatively testing the theory of main­
'lequeDee .tellar evolution provided much of the original 
mo&.ivation for measuring IOlar neutrinos: IOlar neutri­ The principal neutrino-producing reactions of the pp 
not carry, in their e'nergy distribution and Oux, a pre­ chain and CNO cycle are summarized in Table l. The 
ci8e record of the thermonuclear reactions occurring in the first six reactions produce fJ decay neutrino spectra hav­
sun's core. The predidiona of the standard IOlar model ing allowed shapes with endpoints given by E:;'''''. Devi­
(SSM) are more tightly conatrained today than when the ations from an allowed spectrum occur for So neutrinos 
the Homestake 37CI experiment was fint mounted (almost because the sBe final state iI a broad resonance (3); much 
three decades ago). Careful laboratory measurements and smaller deviationa occur becauae ofsecond-forbidden con­
improved theory have helped to reduce unCertainties in tributiona to the decay. The last two reactiona produce 
the atomic Ad nuclear microphysics of the SSM. e.g., in line lOurces of electron capture neutrinos. with widths .... 
nuclear react.ion rates, radiative opacit.ies. and the equa­ 2 keY characteristic of the IOlar core temperature. The 
t.ion ofstate. The development of helioseismology has pro­ reeult.ing IOlar neutrino spectrum iI shown in Figure 1. 
vided a new tool for probing the IOlar interior. Finally, we 
hetter undentand our sun in the context of other stan, 
the obeervations of which have helped to define the en- In the absence of new neutrino physics, measurements 
velope of po88ibilities for diffuaion. m888 1088. magnetic of the PP. 7Be, and sO neutrino ouxes will determine the 
fieldl, etc. This proJleall has tended to increase our con- relative contributions of the ppl, ppll, Ad pplll cycles 
fidence in the SSM Ad i ... neutrino Oux predictiona. that comprise t.he pp chain. As the discUlion below will 

It has also become clear that IOlar neutrin08 play a illustrate. the competition between the three cycles iI gov­
unique role in particle physics. They may provide our erned in large clllll8ell of 80Iar mode. by a aingle paramo 
only window on neutrino m_ below 10-2 eV. In many eter. the central temperature Te. The flux predictiona of 
extenaiona of the st.andard model this is the range of pre- two standard models. those of Bahcall Ad Pinaonneauit 
dicted muaea. The unique senaitivity of IOlar neutrino (BP) [41 and of'Thrck-Chieze Ad Lopes (TeL) (61. are 
experiment.a to new physics is due in great measure to the included in Table 1. 
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Source E';''' (MeV) flux (cm-2.-1) 


BP(with diffu8ion) BP(without) TCL 


p+p_:lH + e+ +" 0.42 6.00EI0 6.04EI0 6.03EIO 
liN_lac + e+ + " 1.20 4.92E8 4.35E8 3.83E8 
"o-IIN+e+ + " 1.73 4.26E8 3.72E8 3.18E8 
l7F_I7O+e+ + " 1.74 6.39ES 4.67E6 
sB_sBe+e+ + " .....15 5.69E6 1i.06ES 4,43E6 
'He+p_4He+e+ +" 18.77 1.23E3 1.26E3 
78e+e- ....7Li + " 0.86(00%) 4.89ED 4.61E9 4.34E9 

0.38(10%) 
p+e-+p_JU+" 1A4 l.43EtI 1.43EtI 1.39EtI 

Table 1: 	 Neutrino luxes predict. by the Bahcall/Pinsonneault (witb and without He diffusion) and Turck­
Cbiese/Lopel standard solar modela. 

§2 Experiment Results and SSM Un- 208Pb, has produced a preliminary central value of 16.7 
certainties ev barns [10]. There exist 8mall differences in the BP and 

TCL SSM8 in the treatments of S33(O), S34(O), tbe solar 
Careful analyses of the experiments that will be described lifetime, plasma effects on Thompson scattering, and the 
mSection 3 indicate tbat tbe observed solar neutrino composition, as well as in the error usigned to SI7(0). 
flll'IM differ 8ubstantially from SSM expectations (6,7,8]: Yet the sum of these differences affects the Lemperature­

dependent ;(8B) by less than 10%. In addition, the BP 
;(pp) 0.9 ;8SM (pp) calculation differs from TCL by the inclu8ion of belium 

;(7Be) 0 	 diffu8ion, which now is the largest contributor to the dif­
;(8B) 0.43;SSM'(8B). (I) fefenees in the resulting flux predictions (12% in ;(8B». 

(A recently updated BP calculation (4) also included the 
Reduced TBe and 8B neutrino ftuxes can be produced by effects of metal diffusion.) 
lowering the central temperature of the sun somewhat. More important than the "best values" of the fluxes are 
However, 8uch adjuatmenta, either by varying the pa­ the ranges that can be achieved by varying the parame­
rameters of tbe SSM or by adopting some nonstandard Lera of the SSM within plausible bounds. In order to take 
phY8ics, tend to puab the ;(1Be)N(8B) ratio to higher into accouut the correlations among the fluxes when in­
values rather tban the low one of Eq. (I), put parameters are varied, Bahcall and Ulrich [11] (BU) 

con8tructed 1000 SSMs by randomly varying five input pa­
.(1Be) ,." rio. (2) rametem, the primordial heavy-element-to-bydrogen ratio
;(sO) • Z/X and S(O) for the p-p, 3He-3He,IIHe-"Ue, and p-7He 

Thus the observation8 seem difficult to reconcile with reactions, usuming for each parameter a normal distri­
plausible solar model variations. bution witb tbe mean and standard deviation used in 

In order to UIIe8a how serioua tbis problem i8, several their 1988 study. (Tbese were tbe parameters usigned 
groupe have conaidered the consequences of SSM uncer- tbe largest uncertainties.) Smaller uncertainties from fa­
taintiea. These include tbe reaction cr088 sections for the diative opacities, the solar luminosity, and the solar age 
pp chain and CNO cycle, the opacities, the deduction of were folded into the results of the model calculations per­
heavy element abundances from solar surface abundances, turbatively, using 19) the partial derivatives of the BU 
the solar &Ie and present day luminosity, and the equa- SSM. 
Lion oCatate. The utropbysical S factor for 7He(p,'Y)BB is The resulting pattern of 7He and sB flux prediction8 is 
amonl tbe most lefious of the uncertainties, with differ- shown in Figure 2. The elongated error ellipsea indicate 
eat data leta allowing S(O) to range from approximately that the fluxes are atrongly correlated. Those variations 
20 to 21i eV barns; a recent measurement uaing a differ- producing ;(8B) below 0.8;88M'(8B) tend to produce a 
eat tec:bnique, tbe breakup of 80 in the Coulomb field of reduced ;(70e), but the reduction is always less than 0.8. 
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Thua a greaLly reduced ;eBe) cannot be achieved within 
the uncertainties usigned to parameters in the SSM. 

!! ... 

0.1 I 
E.. (MeV) 

Figure 1: The flux d~nsities (solid lines) of the principal 
fJ decay sources of solar neutrinos of the standard solar 
model. The total fluxes are those ofthe OP SSM. The 70e 
and pep electron capture neutrino fluxes (dashed lines) are 

2discrete and given in unrts of cm- s- l • 

A similar exploration, but including parameter varia­
tione very far from their preferred values, was carried out 
by Castellaai, Degl'(nnocenti, Fiorentini, Ricci, and col­
laboratora [12,13), who displayed their results as a func­
tion of the resulting core temperature To. The pattern 
that emerges is 8triking (see Figure 3): parameter vari­
ations producing the same value of T. produce remark­
ably similar fluxes. Thu8 T. provides an excellent one­
parameter description of standard model perturbations. 
Figure 3 also illustrates the difficulty of producing a low 
ratio of ;(10e)/;(8B) when T. is reduced. 

The OU WOO-solar-model variation8 were made under 
the constraint of reproducing the solar luminosity. Those 
variations show a8imilar strong correlation with T. 

;(pp) ex T.- 12 ;ctBe) ex ~ ;(80) ex T~s. (3) 

Figures 2 and 3 are a compelling argument that reason­
able variations in the parametem of the SSM, or nonstan­
dard changes in quantities like the metallicity, opacities, 
or solar age, cannot produce the pattern of fluxes deduced 
from experiment (Eq. (I». 

§3 The Detection Of Solar Neutrino. 

Four solar neutrino experiments have now provided daLa, 
the 1I0mestake 37CI experiment, tbe galliumexperimenu 
SAGE and GALLEX, and Kamiokande. The fil1l& three 
detectors are radiochemical, while Kanliokande recorda 
ueutriuo-electrou elastic lICauerillg event-by-cveot. 

I .• t"'• ....,..-r--r--r--,.-,--,--,--,--,~r-"'r-r-.--r-; 
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Figure 2: The datil represent the TBe and IB ftuxes re­
sulting from the 1000 SSMs of BU, with smaller SSM un­
certainties added as in Ref. (9). The 90 and 99% d. error 
ellipses are shown. 

9.1 The Homestake Experiment 

An experiment to detect neutrinos by the reaction 
:i7Cl(v.,e)37 Ar bas operated continuously in the Homes-­
take Gold Mine since 1967 (apart from a 17 month hiatus 
in 1985/86 caused by the railure ofthe circulation pumps). 
The result of 25 years of measurement is [14J 

{tT;)nCI=2.55:1:0.17:1:0.18 SNU (ItT) (4) 

which can be compared to the BP (with Ue diffusion) and 
TCL SSM predictions of 8.0 :I: 1.0 SNU and 6.4 :I: 1.4 
SNU, respectively, all with ItT errors. (One SNU =10-" 
captures/target atom/sec.) As we will discU88 below, the 
So and 7He contributions account for 77% (73%) and 15% 
(17%), respectively, of the OP (TCL) total. (Unless oth­
erwise specified, BP refers to their 1992 results with He 
diffusion.) 

The experiment [1&.16) depends on the special prop-­
erties of 37Ar: as a noble gas, it can be removed readily 
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http:tT;)nCI=2.55:1:0.17:1:0.18


. froID perchloroethyleDe, wbile i .......U life (T1/2 = 36 day.) 
lilian bot.Ia a reuoaable expotUN time and c:ountinl or 
lIM ....... it decayl back to ITCI. Ar,on it removed from 
lIM &uk by a belium purse. aad tbe , ... tben circulated 
&Iuouah a. CODdeaIIor, a molecular lieve, aad a charc:oal 
t.rap cooled to &be &emperatUN or liquid nitro,eo. Typi­
c:aUy "'" 16" or Uae arson in tbe taok it captured in the 
Uap. (The ef&cieacy it determined each run from tbe re­
covery reeul ... for a known amount or carrier g .... 31Ar or 
-Ar, introduced into tbe taak at tbe alart or the run.) 
When Uae extractioD it c:ompleted, lbe trap it .beated and 
lwept by Be. The _tracted I'" it pUled tbrough a bot 
&itanium II... to remove hIIoCUve ,.... aad then otber 
DObIe .... &hi eeparated by,... chromatograpby. The 
purified arloa it loaded into a email proportional c:ounter 
&Ioa& with tritium-free methane, which eervee ... a c:ount­
iq ,.... Since &be electron captuN decay of a7Ar lead. 
to the (roWId llate or ITCl, the only lignal for the decay 
it lbe 2.82 keY Auger electron produced ... the atomic 
eledrolll in a7CI adjust to fill the K-Ihell vacancy. The 
countins or the g... typically c:ontinues for about one year 
("'" 10 hair livee). 

at _ .... a.a.pp 0 •1.00 
0.. 

q.•• 
o Iit.·,o0.150 •0 t1• 

a r+ 
Be 

a• 
1­ ..10 •~• a 

as,.O.Ge 

)I OPA. 
a 

.Z!I 
8 +qe 

I • I. II I
0.01... 0.. 0.. 

!"IT.-

Fisure 3: The responee of tbe PP. Be, and ·0 fluxee to the 
indicated varjatioDl in IOlar model input parameter', dis­
played ... a runction or the resulting central temperature 
To. From Cutellani, Degl'lnnocenti, Fiorentini, Li88ia, 
and Ricci [12J. 
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The mell8ured eoemic ray-induced background in 
tbe Homeetake detector is 0.06 37Ar atoms/day while 
neutron-induced backlround. are estimated to be below 
0.03 .toms/day. A lignal of 0.48 ::!: 0.04 atoms/day is 
attributed to lOIar neutrinos. When detector efticien­
c:ies, 37At decay. occurring in the taak, etc., ate taken 
into account, the number or a7Ar atoms c:ounted is about 
25/year. 

A variety of careful tee... of tbe arion recove~y and 
c:ounting efticiency have been made over the p...t 26 yeara. 
For example, it hll8 been veri6ed th.t 37Ar produced in 
the tank by a fll8t neutron lOurce, which indutell (n,p) 
reactiolll followed by (p,n) on 17CI, it quantitatively re­
c:overed. Tee ... have aIIO been made of the recovery orM Ar 
produced by tbe decay or 10Dg-lived MCI in perchloroetby­
lene. The experiment, performed in a tightly eealed tank 
to prevent c:ontamination from air inleabge, reeulted in a 
yield of 100 ::!: 3%. However, the detector h... never been 
calibrated directly with a neutrino lOurce, deepite .tudiee 
of the feaaibility of a IIIZn lOurce [17]. 

The significance of the Homestake ff.1eul... i. due in part 
to an accurately determined a7Cl CfOli8 section. As the 
814 keV threshold for exciting the a7Ar ground .tate it 
.bove the pp endpoint, the detector is eensitive primarily 
to 7Be and ·0 neutrinos (see Table 2). The cr088 section 
for 70e neutrinos (and the weaker fluxee of pep and CNO 
cycle neutrinos) il determined by the known half life of 
37Ar. However,·O neutrinos can generate tran.ition. to 
many excited .tates below the particle breakup threshold 
in :17Ar. The superallowed transition to the 4.99 MeV 
etate, domin.ted by the Fermi matrix element of known 
strength, acc:ountslor about 60% or the SSM croas sec­
tion. The .1I0wed transition atrengt... can be me...ured 
by observing the delayed protons following the IJ decay of 
:l7Ca, the isoepin analog of the reaction 17Cl(v.,e) 37Ar 
(18). While it WII8 believed tbat this mell8urement had 
been properly done many years ago, the ill8ue w... not 
reeolved until kinematically complete mell8uremen'" were 
done recently [19,20). The net result isa :l7C1 cr088 eedion 
believed to be accurate to .bout 3%. 

s.e The J(amiQkande Experiment 

The Kamiokande experiment [21,22] is • 4.5 kiloton cylin­
drical imaging w.ter Cerenkov detector originally de­
• igned for proton decay eearches, but later reinltrumented 
to detect low energy neutrinos. It detec ... neutrinos by the 
Cerenkov light produced by recoiling electrons in the re­
action 

v~ + e .... v! + e'. (5) 

Both v. and heavy Ravor neutrinos contribute, with 
u(V,)/U(II,.) - 7. The inner volume or 2.14 kilotons 
is viewed by 948 Hamama... u 20" photomultiplier tubes 

(PMTs) providing 20% photocathode c:overage, and the 
.urrounding 1.5m or water, eerving ... an antic:ounter, is 
viewed by 123 PMTs. The fiducial volume for 801ar neu­
trino measuremeo'" it the central 0.68 kilotolll of water. 
the detector resioa moet iIOlated from the high enerS)' 
gamma raYI generated in the surrounding rock walla of 
the Kamiob mine. 

50°1 
:z: 
a:I-en 
f-o 
:z: 
w 
> 
W 

100 

0., 

Figure 4: Angular di.tribution of recoil electron. from 
Kamiokande II and III showing the exce1i8 at forward 11.11­

glee that is attributed to IOlar neutrinos. Electrons with 
apparent energies between 7 and 20 MeV .re included. 
The upper histogram is the SSM prediction of OU su­
perimpoeed on an iIOtropic background, while the lower 
histogram is the best fit. From K. Nakamura [24]. 

In the c:onvenion or the original proton decay detector 
to Kamiokande II, great effort WIoII invested in reducing 
low enerS)' backgrounds II8IOciated with radon and ure.­
nium. This included eealing the detector againat r.don in­
leakage and recirculating the water through ion exchange 
c:olumns. The relat.ively shallow depth of the Kamioka 
mine (2700 m.w.e.) lead. to an .ppreci.ble flux of cos­
mic ray muoDl whieb, on interacting with UIO, produce 
varioua .hort-lived .pallation produc.... These IJ decay 
aCtivitiee ate vetoed by their correlation in time with 
the muon.. The experimenten succeeded in lowering 
tbe detector threshold to 9 MeV and later to 7.5 MeV. 
Kamiokande III included improvemen'" in the electron­
iell and tbe illltall.tion of wavelength shiftera around the 
PMT. to increase light collection aud currently operates 
with a threehold of1.0 MeV. 

Kamiokande II/III detec ... the high enerS)' portion of 
the'O neutrino spectrum. Between December, 1985, alld 
July, 1993, 1667 live detector days or data were accumu· 
lated. Under the UIIumption that the incident neutrinos 
are ".s with an undistorted ·0 IJ dec.y .pectrum, the 
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c:ombined Kamiokande 11/111 d.ta set gives [23,24) 

4t".(SO) =(2.89::!: 0.22::!: 0.35) . IOI/em2 , (16") (6) 

c:orreeponding to 51% of the OP and 65% ort.he TCL SSM 
predictioDi. The total number of detected IOlar neutrino 
even ... i8476!:. 

This experiment is remarkable in eeveral respeds. It is 
the first detector to mell8ure IOlar neutrinoe in real time. 
Ea&ential to the experiment is the sharp peaking of tbe 
electron angular distribut.ion in the direction of the inci­
dent neutrino: tbis forward peaking, illustrated in Fig­
ure 4, allows the experimenters to eeparate IOlar neutrino 
even ... from an ilOt.ropic background. The unambiguous 
obeervation of a peak in the cr088 section c:orrel.ted with 
the position or the sun is tbe first direct demODltratioll 
that. the sun produces neutrinoe 118 a byproduct. oC fusion. 
Finally, although reaction (5) is • 10ft protel8 where the 
recoil electron and scattered neutrino share tbe initial eu­
ergy, the recoil electron energy distribution provides lOme 
inCormat.ion on t.he incident neutrino spectrum. The recoil 
spectrum measured by Kamiokande 11/111 is consistent 
with an allowed ·0 iocident neutrino spectrum, with tbe 
overall flux reduced lUI in Eq. (6). Uowever the statislical 
accuracy is not high. 

S.S The SAGE and GALLb'X Experimwts 

Two radiochemical gallium experimen'" exploiting the re­
action 71Ga(v.,e)7tGe, SAGE and GALLEX, began 80Iar 
neutrino mell8urements in January, 1990. and May, 1991, 
respectively. SAGE operates in the Owan Neutrino Olr 
eervatory, under 4700 m.w.e. of shielding from Mouot 
Andyrebi in the Caucll8us, wbile GALLEX is bOUled in 
the Gran SII8so Laboratory at a depth of 3300 m.w.e. 
These experiments are eensitive primarily to the low­
enerS)' pp neutrinos, the flux of which is .harply con­
.tr.ined by the solar luminosity in any steady-.tate model 
of the sun (see T.ble 2). The gallium experiment was firat 
suggested by KUlmin (25). In 1974 Ray Vavis and col­
I.bor.tora began work to develop • practical experimen­
tal aeheme. Their efforts, in whieb both G.Cl:l 101utioos 
.nd Ga metal targe... were explored, culmin.ted with the 
1.3-ton Orookhaven/lleidelberg/Rehovot/Princeton pilot 
experiment in 1980-82 that demoDltrated the procedures 
later Uled by GALLEX (26]. 

The primary obstacles to moullting the gallium exper­
imen ... were the cost of the target and the greater eom­
plexity or the 71Ge chemical extraction. The GALLEX 
experiment (27,28) employs 30 ton. of Ga 118 • IOlution of 
GaCl:t in hydrochloric acid. After an exposure of about 
three weeks, the Ge is recovered 118 Gee.. by bubbling 
nitrogen through the 801ution alld then scrubbing the gaa 
through a water absorber. The Ge i. further concentrated 



IIDd purified. IIDd finally convert.ed into GeH. which, when 
mixed rih Xe. maltea a ,oad counting gas. The overall 
aUacUoa efIlcieacy it typically 99%. The GeH. it in­
IIIIriecl into llliniaturiled gM proportional counten. care­
fully deIipecl for &heir ridiopurity, and the Ge counted 
.. it ~ back to Ga (Till = 1l.43 d). A. in the cue 
01 ITAr, the oaly lipal for the Go decay iI the energy 
depolited by Auger electroll8 IIDd x-ray. that accompany 
the at.omic rearrangement in Ga. An important achieve­
IDCItlt 01 GALLEX laM been the detection of both the K 
peak (10.4 bV) IIDd L pealt (1.2 keY). Wbile 88% of the 
electron capt.weI occur from tbe K Ihell, many of the sub­
lequent K - Lx-ray. tIIIC&pe the detector and eome of the 
Aupr electroll8 bit tbe detector walls. Thi. produce. a 
aliift of the detected energy of even ... from the K to tbe L 
and M peW. Thua the GALLEX L-pealt counting cap.... 
bility alnic* doublea the 71Ge detection efficiency. 

ftlGe+ n 7416 

500 3/2­ ,. 
~ ~ 

175 

o 112 
"Ge [gIl ~ 

~ PIt 'Be SIc, ·S 
neutrino SOUIUI 

Fiaure 6: Levelaclleme for 71Ge showing the excited states 
that. contribute to absorption of pp, 7He. IICr, and 80 
neulrinCl8. The 'lOGe + n break-up threshold is 7.4 MeV. 

Gallium, like mercury, is a liquid metal at room tem­
perature. SAGE (29,30) uses metallic gallium as a target, 
eeparating the 71Ge by vigorously mixing into the gallium 
a mixture of hydrogen peroxide and dilute hydrochloric 
acid. This produces lID emulsion, with the Ge migrating 
to the .urfate ohhe emulsion drople ... where it is oxidized 
and dissolved by hydrochloric acid. Tile Ge is extracted as 
GeCI., purified and concentrated, synthesized into GeU.. 
and further purified by gas chromatography. The over­
all efficiency, determined by introducing a Ge carrier, ill 
typically 80%. The Ge counting proceeds as in GALLEX. 

SAGE be,1ID operatioll8with 30 tou of ,allium, and 
now operat.- with 55 toOl. The combined result for stage 
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I (prior to September, 1992) and the first nine runs of 
stll8e II (9/92 - 6/93) i. (311 

(O't;)uGe = 69!B (.tQt)~; ('!I') SHU (10'). (7) 

This result includea only even ... counted in the K peak. 
The counter and electroniCl improvemen'" made at the 
atart of stage II .hould permit L-peak even'" to be in­
cluded, but no resul ... bave heen announced .. of Decem­
ber, 1994. The correspondinl res"ltI for GALLEX I (fint 
15 run.) and II (8/92-10/93) is (27) 

{O'I/I}uGe = 79 ± 10 ± 6 SHU (10'). (8) 

GALLEX II solar neutrino run. continued until June, 
1994. but resul'" for the last portion of this period have 
not been reported. 

GALLEX II solar neutrino run. were interrupted in 
June, 1994, to permit an overall teat 01 the detector with a 
IIICr source, which produces line sources 01746 keY (90%) 
and 426 keY (10%) neutrinCl8. The 1.67 MCi source was 
produced by irradiating .... 36 kg of chromium. enriched 
in iIICr, in the SilOoli reactor in Grenoble. Following ex­
p08ure of the detector and recovery &lid counting of the 
produced 71Ge. the ratio of measured 71Ge to expected 
was calculated (32), 

R =1.04 ± 0.12 (10'). (9) 

This is the fint test of a solar neutrino detector with lID 

terrestrial, low energy neutrino source. A similar source 
(- 0.5 MCi) has been produced by the SAGE collabor.... 
tion and was inatalled in their detector in December, 1994 
(l.F. Wilkerson, private communication). The higher Ga 
density of the SAGE detector increases the effectiveness of 
the source by about a factor of 2.5, helping to compensate 
for the weaker neutrino ftux. 

The nuclear phyaics of the reaction 7IGa(v.,e)7IGe is 
illustrated in Figure 5. As the threshold is 233 keY, the 
ground state and fint excited atate can be excited by pp 
neutrinos. However, as only those pp neuhinCl8 witbin 
12 keY of the endpoint can reach the excited stat.e, tbe 
pllase apace for reaching this atate is amaller by a factor 
of"" 100. Thus the Ct088 eeetion is determined precisely 
by tbe measured electron capture lifetime of 7lGe. In the 
OP and TCL calculations these neutrinCl8 account for 54% 
and 57% of the capture rate, respectively, each predicting 
71 SNU. Oecau..e of this .trong pp neutrino contribution, 
tbere exis ... a minimal astronomical counting rate of 79 
SNU (33) for the Ga detector that aaaumes only a steady· 
.tate sun and standard model weak interaction physics. 
This minimum value torrespond. to a .un that produ~es 
the observed luminosity entirely through the ppI cycle. 
Tbe rates found by SAGE and GALLEX are quite close 
to this bound. 

The 10e neutriDCl8 can excite the ground .tate and two 
excited .tates at 176 keY (5/2-) and 500 keY (3/2-). The 
source experiment was important not only in checking tbe 
overall efficiency of the Ga chemistry, but also in restrict­
ing the contributiODll of the excited .tatea to 70e capture. 
AI the SSM 70e capture rates of OP and TCL are both 
above 30 SNU, the SAGE/GALLEX results alone suggest 
lOme reduction in tbe low-energy pp and 70e ftuxes. 

The '0 neutrino capture rat.ea (14 and 11 SNU in the 
OP and TCL 55MB, respectively) bave been calculated 
from tbe GT profile deduced by Krolcheck et al. [35]. 
The corresponding total SSM rat.- lor this detector are 
132 SNU and 123 SNU (see Table 2). 
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Figure 6: Tbe MSW solutions allowed at 95% c.I. by the 
combined resul ... of the Homestake, SAGE/GALLEX, and 
Kamiok&llde experimen .... including Kamiokande II day­
night constrain ... and the GALLEX source experiment Fe­

sui ... , for t.he OP flux predictions with He and metal dif­
fu.ion. From Hata and Haxton (34]. 

§4 Particle Physics Solutions 

In Sedion 2 it was shown that solar models which re­
duce the high energy neutrino Dux tend to enhance the 
10e/8 0 ftux ratio, contradicting the resul ... of the Home-
stake, SAGE/GALLEX, and Kamiokande experimen.... 

An alternative solution, physics beyond the standard 
model ofelectroweak interactions, would have far-reaching 
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consequences. Particle pby.ics solution. of the IOlar neu­
trino problem include neutrino (l8(.iIIat.iona, neutrino de­
cay, neutrino magnetic momen .... &lid weakly interacting 
mUllive particles. Among these, tbe Mikbeyev-Smirnov­
Wolfenltein effect - neutrino (l8(.ilIat.ioOl enhanced by 
matter interactions - i. widely regarded M the mOlt piau­
lible. 

Neither Dirac nor Majorana neutrino ml8llell can be 
generated in the .tandard electrowealt modd, wbid! con­
taina no rigbt-handed neutrino fields and h.. only a dou­
blet scalar field. However both neutrino ml8llell and lavor 
mixing are expected in most extenaiODll of this model. I,n 

t.he seesaw mechanism light neutrinCl8 witb tnt;,•• - ~ 
ariae, where mo i. a familiar Dirac m&81 (often a quart 
mUll mu , m., or m,) and mit a heavy right-handed M .. 
jorana maaa. Taking mR .... GeV. a typicalgralldlOuS 

unification Kale for nlodels built on groupalike SO(IO), 
the seesaw mechanhim gives the crude relation 

m". : m,,_ ;In".... 2 .10- 12 : 2.10-1 ; 3· 10-3eV. (10) 

The fact that solar neutrino experimen'" can probe small 
neutrino masses. alld thus provide in.ight into poeaible 
new mass scales mit that. are far beyond the reach ofdirect 
accelerator measurements, has been an' important theme 
of the field. 

Flavor mixing of massive neutrinos lead. to neutrino 
oscillationa: the probability that a II. will remain a II. 

after propagating a distance z is 

. 2 ,2 (6m2z) 1 . ,
p".(z) = 1 - Sill 28~ Sill "4'E: ".:;., 1 - 281n 28. 

, (II) 
where E is the neutrino energy, 6m2 mJ - mi. and 8v 

the vacuum mixillg angle. If the oscillation length 

L 41fE (12)
o 6m2 

is comparable to or shorter than one astronomical unit, a 
reduction in the v. flux would be expected in solar neu­
trino experiments. The suggestion that the solar neutrino 
problem could be explained by neutrino oscillations was 
first made by Pontecorvo (36). who pointed out the anal­
ogy with Ko .... Ko oscillations. From the point of view of 
particle physics, tile sun is a marvelous neutrino lOurce. 
The neutrin08 travel along distance and have low enerlies 
(- I MeV), implying a sensitivity to 

6m2 ~ 1O-12eV2 • (13) 

In the seesaw mechanism, 6m2 .... m~, so neutrino m&88dl 
as low as m, .... 10-4eV could be probed. In contrast, ter­
restrial oscillation experimellt. wit.h accelerator or reactor 
neutrinos have been typically limited to 6m2 ~ O.leV', 
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lation. this gives mB "" 101' GeV and predicts a heavy 
aeeaaw Vr .... 10 eV (40]. Such a m&llll is of great interest 
cosmologically .. it would bave CODSequence8 for euper­
nova neutrinOi (41,42), the dark maUer problem. and tbe 
formation of large-scale strud.ure. 

If the MSW mechanism proves not to be the solution 
of the solar neutrino problem, it still will have greatly 
enhanced the importance of solar neutrino pbysics: the 
existing experiments have ruled out large regions in the 
6m' - sin'21" plane (corresponding to nearly complete 
v. -+ V,. convenion) that remain hopelessly beyond the 
reach of accelerator neutrino oscillation experiments. , 

LOn , i • i i ' i j i i 

0.. 

'" 0., 
w 
it' 

0. 
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Figure 7: MSW .urvival probabilities P",,,!sw (E) for typi­
calamall-angle(6m'..., 6·1O-·eV',sin'28~ "" 6.10-3) and 
large-angle (6m2 .... to-leV' ••in' 28~ .... 0.6) solutions. 

§5 New Experiments 

Tbe MSW mechaniam has bad a particularly atrong im­
pact beeauae it was diacovered at a time wbell new data 
(SAGE/GALLEX, Kaaniokande, heli06eillmology) were 
eliminating many competing solutiona to tbe solar neu­
trino problem. The pbysics of tbe MSW mechanism is 
hot.b .imple and elegant, wbich accounts for much of its 
appeal. But t.he mOlt importaalt attribute of thia solu­
tion ill that it. can be definitively tested. The favored 
small-angle solution produces a distinctive di.tortion in 
t.be dar neutrino spectrum. Furthermore, if the oscil­
lation is into another flavor (rather tban a .terile .tate). 
t.be millling neutrinos can be found through their neut.ral 
current interact.ions. Theae tests will be made by two 
bigh-atatistics, direct-counting directors now under con­
struction. 

5.1 The Sudbury Neutrino Observatory 

A water Cerenkov detector of a dift"erent type iii under 
construction deep (5000 m.w.e.) within the Creighton #9 

9 

nickel mine at Sudbury, Ontario, Canada (43,44,45). The 
central portion of t.he detector is an acrylic v_I con­
taining 1 kiloton of heavy water, D20. Tbis ilsurrounded 
by five meters of light water to protect the iuner detector 
from neutrona and gammas. The detector is viewed by 
9500 2O-cm PMTs, providing 58% pbotocathode coverage 
(Figure 8). 

The D,O introduces two new channels. The cbarged 
current breakup reaction 

V. + 0 -+ p + P + e­

producea a recoil electron which carriea oft" a1moat all 
of the flnal-.tate kinetic ellergy. As the Gamow-Teller 
strength is concentrated very d06e to the p+p thre8bold, 
1.44 MeV, the electron and Ileutrino energies are related 
by E ...... E. + 1.44 MeV. ThUll. neutrino spectrum di.. 
tortions ahould ahow up dearly in the measured electron 
energy dis&.ribution. As tbe GT strength in the deuteron is 
equivalent to about one-third of a Cree neutrou. tbe antic­
ipated counting rates are high. For an electron detection 
I.hreshold of l) MeV and a 88 neutrino Dux equal to aboul. 
50% of the BP SSM value, 3300 events will be recorded 
each year. 

A aecond channel is aellsitive equally to neutrillos of any 
flavor. 

II.. + 0 -+ v~ + n + p 

and thus will be crucial ill testing whether lIavor oacilla­
tions have occurred. The anticipated event rate is approx­
imately 2000/year ill the UP SSM. The addition of MgCI, 
to the 0,0 at a concentration of 0.2-0.3% a1lowa the neu­
trons to be obaerved by lICI(n.l). The Cerenkov light 
produced by the showering of I.he 8.6 MeV capture 1 ray 
will add to the signal from tbe charged current reaction. 
By operating the detector with and without aa1t, the ex­
perimentera will aeparate the charged and neutral currellt 
sign ala. The SNO collaboration also plauB to deploy pro­
portional counters filled with 3He to exploit the neutroll­
specific charge-exchange reaction 3He(n.p)3H. With such 
detectora, SNO will be sensitive to neutral current events 
at all times. 

The detection of..., 8 neutrons/day in a kiloton detector 
placea edraordinary constraints on radiopurity. For ex­
ample. a potentially aerious background source is tbe pho­
todisintegration of deuterium by energetic photons from 
U and Th chains. The experimental goal ia concentrations 
of ~ 10-14 grama of U and Th per gram of D,O. 

SNO is scheduled to begin operations late in 1996. 

5.! Superkamiokande 

Superkamiokande will be a greatly enlarged version of 
Kamiokande II/III witli improved tbreshold (5 MeV) and 
energy and position resolution (46.47,48]. It is currently 

oeutriDO _rce aTCI(BP) I'I'CI(TCL) 7IGa(BP) '1'1 Ga(TCL) 

pp 0.0 0.0 70.8 71.1 
0.2 0.22 3.1 2.99r.:; 1.2 1.10 35.8 30.9 

'8 6.2 4,63 13.8 10.77 
IaN 0.1 0.063 3.0 2.36 
"0 0.3 0.21 4.9 3.66 

Total 8.0 6.36 13U 122.5 

From Eq. (11) one expects vacuum oscillations to af­
feet all oeuc.riDO apec:iel equally, if tbe oscillation length 
illmall compared to an astronomical unic.. This appean 
to COIlc.radicc. obeervatioD... the pp flux may not be sig­
Dificaatly reduced. Furthermore, the theoretical prejudice 
tbat ' .. Mould be amall makes thil an unlikely explana­
tion or the aipiftcaa.. discrepancies with SSM TOe and sB 
lux predic:c.ionI. 

The fint. objection, however, can be circumvented in the 
cue or "'jUilt eo" oscillat.ions where ..he oscillation length is 
comparable to one utronomical unit (37). In this cue the 
oec:illation probabiliC.y beeomes abarply energy dependent. 
and one can cboOM 6m2 to preferentially suppreaa one 
compoaent (e.g., the monochromatic TOe neut.rinOl). This 
scenario h .. been explored by BeVeral groups and remains 
an in\erelc.iD, pcaibilit.y. However, t.he requirement of 
large mixing anglfll remains. 

Tbe community's view of neutrino oscillations as a 80­

lut.ion or t.be lOIar Deutrino problem changed dranui-tically 
wbeD Mikheyev and Smirnov (1,2) showed that the denaity 
dependence or t.he neut.rino eft"ective m_, a phenomenon 
first discusaed by Wolfenstein [38), could greatly enhance 
oscillation probabilit.iea. If tbe v. is primarily compriaed of 
tbe light eigenstate iD vacuum with the vII being heavier, a 
critical density exists where the matter eft"ects compeDll&te 
for the vacuum mus dift'erence. Tbis comes about beeauae 
of the st.ronger matter interactions of the v•• which ac:at­
\era oft'dar elec:c.rona by botb charged and neutral current 
iDteractions. _Coneequently a v. produced at eufliciently 
high densitiel in t.he core will be the beayy eigenstate in 
medium. If it tben adiabatically propagates to the solar 
surface, it will emerge as the heavy eigenst.ate in vacuum, 
i.e., primarily a v,.. This phenomenon has been inve&­
ti,ated uumerically by a number of groups. (See, e.g., 
~ and Gelb (39).) 

capture rates (SN U) 

Table 2: PredicLed capture rate8 in SNU of the UP alld TCL SSMa for the lnCI alld SAGE/GALLEX experimenfA. 

The resUlting MSW fit to the 37CI, Kamiokande, and 
SAGE/GALLEX experiments, including the const.raints 
from the recent GALLEX neutrino source experiment (32), 
is shown in Figure 6 (341. The calculation includes the 
(correlated) theoretical uncert.ainties in tbe SSM Sux pre­
didiona, terrestrial regeneration. the Kamiokande day­
night. data, and an improved definition of confidence 
level contoun (see Hata and Langacker (8». The pre­
ferred (in tbe aenae of minimiJiog the X2 ) solution corre­
sponds to a region surrounding 6m2 ..., 6· 1O- l eV2 and 
sin' 28~ .... 6 . 10-3 • It is commonly called the small­
angle solut.ion. A aecond. large-angle solution exists. cor­
responding to 6m' - IO-'eV' and ain' 21., "" 0.6, but 
tbis region of Figure 6 bas ahrunk as the precisioD of t.he 
gallium experiments improve. 

Tbeae solutions can be distinguiahed by their charac­
teristic distortiona of the solar neut.rino apectrum. The 
survival' probabilities P!!SW(E) for t.he emall- and large­
angle paramet.ers given above are sbown as a fundion of 
E in Figure 7. 

The calculations of Figure 6 assume flavor oscillations 
into a v,. or £If. Tbie influences the interpretation of the 
Kamiokande experiment, as beavy flavor neut.rinos con­
tribute to elastic ac:aUering. Another posaibility is an 0s­

cillation into a sterile neutrino. Tbe lar,e-angle lOIutioo is 
then ruled out by tbe Kamiokande requiremeot. of a large 
v. survival probability. 

Tbe MSW mechanism provides a nat.ural explanation 
for the pattern oC obaerved solar neutrino luxes. Wbile 
it requires profound new physics, hoth massive neubinOi 
and neutrino mixing are expected in extended models. 
The preferred solutiona correspond to 6m' - 10-' eV2, 
and thus are consifient with m, .... few .10-3 eV. Thia 
is a typical Vf mass in modela where mB - mGUT. On 
the other hand, if it is the v,. participating in the oscil­
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wader CODItrudion in the Kamioka mine at a depth of 
2700m.w.e. 

The fiducial volume lor detecting solar neutrinos will be 
22 kilot.ou, com~ 'to 0.68 kilotons in the existing de­
&ed«. Thia plu the improved tbre:thold will incre .. the 
detection rUe t'or neutrino-eledron scattering by a factor 
", _ 00, to MOO/year. De.pite tbe 10ft kinematics of tbe 
". - c ruc&ioa, dM experimeGters believe the higb .tat.. 
&iCI wiD allow them to diatinguitb the spectral diltortiona 
produced by competing MSW IOluliona. 

Figure 8~ Schematic of the SNO detector now under con­
atruction in tbe Creighton #9 nickel mine, Sudbury. Pro­
vided by R.G.H. Robertson and J.F. Wilkerson (private 
communication) . 

Becauae elutic scaUering it aenaitive to both II. and 
heavy-Iavor neutrinos (in the ratio of 7:1), an accurate 
SNO determination of the II. spectrum will allow Su­
perbmiobnde to extract the spectrum of lipS or IIT S. 

Superbmiobnde construction is scheduled to be com­
pleled in mid 1996. 

5.9 Other Future Detectors 

The 8orexino collaboration (49,50) bu propoeed a 0.3 
kiloton liquid scintillator for installation in the Gran Saaso 
Laboratory. The experimenters hope to detect 'IDe neu­
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trinos by II - e scaUering. The detedion of very lowen­
e'rgy recoil electrons places stringent constraints on U, Th, 
K. and other activities in the detector, e.g.; ~ 10-18 g 
U/g, including a requirement for continuous purification. 
Tbe experimenters will evaluate background problems in 
a test facility now under, construction. and scheduled to be 
completed by the end of 1995. The anticipaled counting 
rate for the full-scale detector it - 18,000 'IDe neutrino 
events/year for the OP SSM. 

A high-counting-rate twin of tbe I'ICI detector utilis­
ing the reaction 11'I1(1I.,e)II'IXe hu been funded recently 
and iI under construction in the Homeetake mine (1)1,52). 
With a threshold of 664 keV, the detector iI primarily 
eensitive to 'IDe and So neutrinos. The initial,Homestake 
detector will contain 100 tona of iodine u a IOlution of 
Na!. A smaller version of thit detector was recenLly used 
at the LAMPF beamstop to meuure the 11'11 cross tee­

tion for stopped muon decay II,S. Calibration of tbe 7De 
neutrino cr088 8ection by an 17Ar neutrino lOurce iI also 
planned. The lOO-ton detector is scheduled to be com­
pleted by the end of 1995, with plans for an expansion to 
I kiloton afterwards. 

A 5-kiloton liquid argon time projedion chamber, 
ICARUS II, has been proposed for Gran Saaso (53). In 
addition to II - e scattering. the charged current channel 

II. +40 Ar -+ e- +.0 K" 

........oK+r 

will allow the experimenters to measure the .hape of tbe 
high-energy portion of the So II••pectrum. 

There are a number or important development eft"orts 
underway that focus on new techDologiee for the next gen­
eration of IIOlar neutrino detectors. Some or the significant 
challenges motivating these efforts include neutrino detec~ 
tion by coherent scattering off nuclei and real-time detec­
tors for pp neutrinos, such as the superfluid "He detector 
HERON (54) and the high-pre88ure helium time projection 
chamber HELLAZ (55). 

§6 OUTLOOK 

The successes of the Kamiokande and SAGE/GALLEX 
experiment. have led to a more complicaled solar neutrino 
problem. The apparent strong auppre&8ion of the 'IDe lux 
(negative in most unconstrained fits!) bu led many to 
conclude that a particle physics solution such u tbe MSW 
mechaniam is likely. 

An MSW solution to the solar neutrino problem would 
have deep implicatiolll for particle physics and coemology. 
The most important asped of this candidate solution iI 
that it can be tesled experimentally. The presence of a 
heavy-flavor 'solar neutrino component and spectral dia­
tortions will be probed by SNO and SuperKamiobnde. 

If these experiments indicate neutrino oscillations, enor­
mous attention will then be rocuaed on thil field. U will 
be imperative to meuure the flux, Davor, and spectral 
distribution of tbe 'IDe and pp neutrinos in order to ex­
ploit thit unique window on physics beyond the standard 
electroweak model. 

Under any acenario, one must appreciate the difficulty 
of the current generation of experiments. For example. 
tbe radiopurity goals of SNO and SuperKamiobnde are 
unprecedenled. Ii it therefore important to .upport a va­
riety of experiments, 10 tbat lOme cross check. on the 
fe8ults are available. In view or tbe implications these ex­
periments may have, the physics community will demand 
redundanty. 

There are exciting new tecllllologies under development 
that .hould be encouraged. These developmental efforts 
will lead to tbe detectors of the next decade. There are 
excellent ideu for active detectors eensitive to pp neutri­
DOS. Cryogenic technologies could lead to low-threshold 
detectors exploiting coherent scattering. 

Tbe progrelll that haa been made in recent years is 
remarkable: three new experiments have yielded data, 
and the extraordinary potential of the .un to enhance 
flavor oscillationa is uoderstood. Tbe SNO and Su­
perKamiokande detectors are nearing completion, and 
new efforts on 8orexino and the iodine detector are un­
derway. Clearly thit vital field is on the threshold of new 
diacoveriee. 
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