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Abstract

An analysis of the MSW effect using the Kamiokande-II data is presented. Based on 1040
days of detector live time, constraints on neutrino oscillation parameters are obtained.
The measured recoil-electron energy spectrum alone brovides the conclusion to disfavor
the adiabatic region 7.2 x 10™* < sin?20 < 6.3 x 10~ and Am? ~ 1.3 x 10™* eV? at the
90 % confidence level.

A neutrino regeneration effect in the Earth is also searched for. No difference in
the flux between day and night time is observed. A region defined by sin?26 > 0.02
and 2 x 107% < Am? < 107° eV? is excluded at the 90 % confidence level without any
assumption on the absolute value of the incident solar neutrino flux.

The resultant region allowed by Kamiokande-1I remains on the non-adiabatic so-
lution, the large-mixing angle solution except the region excluded by day/night neutrino
flux analysis, and the small adiabatic solution.

Combined results from both Kamiokande-II and the 3’Cl (Homestake) experiment
give the non-adiabatic solution, sin®20 x Am? ~ 10775292 and Am? ~ 1078512 g2,
where the capture rate of *Ga experiments is predicted to be less than 80 SNU, which
is consistent with the upper limit of 79 SNU (90% confidence level) from the "'Ga
(SAGE) experiment. Also this upper limit is assured in this paper by using results
from Kamiokande-II and the Homestake experiment independent of uncertainties in the

standard solar model.
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Chapter 1

Introduction

1.1 Solar Neutrino Experiment

Main-sequence stars like the Sun shine through the fusion reactions of light nuclei. These
fusion reactions produce not only the thermal energy, which is released as photons from
the surface of the Sun, but also solar neutrinos. The experiment of the solar neutrino
detection has two important physical objectives.

One objective is to investigate the interior of the Sun. Created photons by nu-
clear fusion reactions take several millions of years to go out from the surface of the
Sun. Therefore, the optical sighting of the Sun does not reflect the present interior
temperature of the Sun. Neutrinos, on the contrary, have extremely low interaction
probability with matter. Solar neutrinos created at the deep solar interior, therefore,
carry real time information in the Sun. The detection of such solar neutrinos provides
with some information of the stellar interior, which is important for the study of stellar
evolution models.

The other is to investigate intrinsic properties of the neutrino as an elementary
particle. It is usually assumed that neutrinos have no charge, no magnetic moment
and no mass. However, an electroweak standard model can be extended to incorporate
finite magnetic dipole moment as well as finite mass. If neutrinos possess such properties
actually, some new yet-unknown phenomena, such as neutrino oscillations, might take
place.

A muon neutrino (v,) beam is artificially available at high energy accelerators
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from charged pion decay (r* — p*+ (;),,) and an anti electron neutrino (#.) beam is
also available at nuclear reactors. The Sun provides a beam of high-intensity (6.6 x 10*°
cm~? sec™!) and uni-directional low energy (< 15 MeV) neutrinos that traverse 1.5 x 10!
m from the Sun to the Earth. Therefore, solar neutrinos are the unique high-intensity

v, beam presently available.

1.2 Standard Solar Model

The standard solar model (SSM), which has been extensively developed by J.N.Bahcall
and his colleagues, describes the mechanism of how the Sun burns [1]. In particular, the
standard solar model provides energy spectra of neutrinos produced by nuclear fusion
reactions in the solar interior.

Some principal assumptions are employed in constructing the standard solar model.
This model assumes that the Sun is a spherically symmetric plasma in hydrostatic equi-
librium maintained by the gravitational force balanced against the radiative and particle
pressures, that the energy transport is primarily by photon diffusion in the deep inte-
rior, that the primary energy source for the radiative photons and neutrinos is given
by nuclear fusion reactions, and that the initial solar interior is presumed to have been
chemically homogeneous and changes in the local abundance of individual isotopes pro-
duced only by nuclear reactions. The pressure, density and temperature are related
through the equation of state with the effect of radiation pressure and electron degen-
eracy and screening interactions. Moreover, the standard solar model requires chemical
abundances, radiative opacity and cross section of nuclear reactions. The constraints for
the standard solar model are precise values of the solar mass, radius, geometric shape,
photon spectrum, total luminosity and age. These principal parameters are shown in
Table.1.1.

The Sun evolves with loss of photons from the surface, which is balanced by the
burning of 4 protons into an a-particle in the core of the Sun. This reaction can be

represented by the relation, .

4p — o+2et +2p, +25.14 MeV. (1.1)
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Here, the last term of Eq.(1.1) is the thermal energy (average energy carried away by
neutrinos is subtracted) released for four protons burned in the process, and the energy
ultimately emerges from the surface of the Sun as sunlight.

The major nuclear reactions in the Sun, which generate 95% of the total energy, are
presumed to be proton-proton (pp) chain as shown in Fig.1.1. Other minor reactions
that produce 1.5% of total luminosity is called the Carbon-Nitrogen-Oxygen (CNO)
cycle. At higher temperatures than that relevant for the solar interior, the CNO cycle
involves side chains as shown in Fig.1.2. These side chains do not significantly affect
the energy production, because the CNO cycle itself contributes a small fraction of the
total solar luminosity.

The energy spectra and total flux of various solar neutrino sources calculated by
Bahcall and Ulrich [1] based on the standard solar model are shown in Fig.1.3 and
summarized in Table 1.2. These solar neutrinos carry 2.3% of the photon luminosity,
which corresponds to an average energy of 0.572 MeV lost in pp chain.

There are theoretical uncertainties in the calculation of the neutrino flux and
spectra based on the standard solar model. They are the nuclear reaction cross section,
the present composition of the solar surface, the radiative opacity, the equation of state
of stellar material and other solar parameters. In practice, the neutrino flux depends
sensitively on such a number of input parameters. Explicitly, pp, "Be and ®B neutrino

flux are represented by the following expression [2];

@(pp) x S;)ius:;so.%53—40.061;%73(Z/X)—o.os(age)—0.07 =~ const. X T-—1.2 , (12)
®("Be) o Si"S*S8 LY REZ(Z/X) % (age)? = const. x T® (1.3)
®(®B) o S8R 1SsMSIY LY RYB(Z) X) P (age)!® ~ const. x T, (1.4)

where S is the nuclear cross section factor‘ (the subscripts on S show the mass number
of the interacting nuclei), Le is the solar luminosity, Re 1s the solar radius and (Z/X) is
the initial chemical abundance ratio of heavy element to hydrogen, and T is the central
temperature. |

The nuclear reaction parameters for pp chain and CNO cycle are given in Table.1.3
with their estimated uncertainties at 1 standard deviation (1¢) limit. Here, pp and pep

reactions have little uncertainties (~ 3%), so pp and pep neutrino flux are most reliably
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predicted in the calculation based on the standard solar model. The most important
and crucial reaction for the detection of solar neutrinos is the "Be + p reaction, which
produces the 8B neutrinos. The low energy cross section for this reaction is uncertain
by 22% (30), which translates into an equal uncertainty in the predicted flux of *B neu-
trinos. This limit is hard to improve significantly because the statistical and systematic
difficulties exist in the measurement of the small interaction cross section. The reaction
rates of the pp and "Be + e~ must be calculated, not measured. The uncertainties in
these reactions are evaluated by considering different theoretical calculations.

The present composition of the solar surface is presumed th reflect the initial
abundance of all the elements ( 2 Carbon). The initial ratio of heavy element to
~ hydrogen, Z/X, is one of crucial input parameters in the determination of solar models.
The recent value of Z/X is estimated by about 0.27 and the uncertainty is estimated
by about 19%.

The uncertainties in the radiative opacity has been estimated by comparing each
neutrino flux that is calculated by using different opacity code. The calculated flux
from the pp, pep, and "Be neutrinos agree to better than 10%, and for ®B decay differ
by about 16%.

The value of solar constants shows agreement with each other at the level of a
percent. The systematic errors in some of the experiments appear to be larger than
the statistical errors. A nominal value and the uncertainty are consistent with all

of the recent measurements. For example, the solar luminosity is obtained as Lo =

3.86(1 = 0.005) x 10% erg s~

1.3 Solar Neutrino Problem

The chlorine-37 (3"Cl) radio-chemical (Homestake) experiment of R.Davis and his col-
laborators is the only solar neutrino detector which has been operating since 1968 in
the Homestake Gold mine at South Dakota, USA [3]. They have claimed over the last
20 years that the measured neutrino flux is a quarter of the SSM prediction, and this
is called the solar neutrino problem. Their long-term average neutrino capture rate is

2.3 £ 0.3 (10) SNU, while the value 7.9 & 2.6 (effective 3¢) SNU was predicted by the
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SSM calculated by Bahcall and Ulrich [1]. Here, one SNU (Solar Neutrino Unit) cor-
responds to one capture per 103 atoms per second. The deficit in solar neutrinos has
been interpreted as; (i) the neutrino detection efficiency of the Homestake experiment
is incomplete, (ii) The SSM prediction is incorrect, and (iii) Electron neutrinos (v.’s)
on the way to the Earth are transformed into another kind of neutrinos, which are
insensitive to the Homestake experiment.

At the beginning of 1987, KAMIOKANDE-II (KAM-II) detector which was orig-
inally constructed to search for the proton decays, started to detect solar neutrinos.
The measured flux of solar neutrinos obtained from the data with E. > 9.3MeV is
0.46£0.13(stat.)+0.08(sys.) based on the first 450 days’ data [4], and 0.46+0.05(stat.)+
0.06(sys.) based on KAM-II 1040 days’ data [5] relative to the SSM prediction. This
value was roughly twice as large as the one obtained from the Homestake experiment.
However, the existence of the deficit has been confirmed by KAM-II, which uses a
completely different experimental technique.

Many possible solutions have been proposed by theorists such as uncertainties of
the standard solar model, non-standard solar models, neutrino oscillations, neutrino
decays, WIMPs (Weakly Interactive Massive Particles) and so on. Possibilities for
neutrino oscillations, neu;rino decays and WIMPs will be discussed in the following
subsections.

There are some uncertain parameters in the nuclear fusion processes as described
in the previous section. For example, the Homestake experiment and KAM-II are
sensitive mainly to relatively high-energy ( $ 15 MeV) neutrinos emitted from the beta-
decay of ®B nuclei. Hence, the solar neutrino problem may be solved by reducing the
production rate of ®B nuclei. Unfortunately, it is one of the most uncertain predictions
of the SSM. It depends sensitively on the temperature in the solar interior and the cross
section of "Be + p reaction in the low-energy regions (sée Eq.(1.4)). It has been argued
that the solar neutrino problem may be solved by lowering temperature of the solar
interior. However, the combined results from both KAM-II [5][6][7] and the Homestake
experiment [8] disfavor models trying to lower the central temperature in the Sun.
Moreover, a *Ga radio-chemical experiment (SAGE) at Baksan Neutrino Laboratory

has presented a new result recently, suggesting a deficit in pp neutrinos [9]. They
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observed the neutrino capture rate to be 20 *35 (stat.) £ 32 (sys.) SNU, resulting
in a limit of 79 SNU (90% C.L.). This is to be compared with the predicted capture
rate of 132 *27 (3¢) SNU by the SSM [1]. The most significant contribution to the
predicted capture rate by the ?Ga experiment is pp neutrinos produced by the deuteron
formation reaction. The prediction of pp neutrinos flux is considered to be reliable (2%
at 30). Therefore, if their result is indeed true, there remains only one possibility to
solve the solar neutrino problem, that neutrinos produced in the solar interior might
somehow disappear in transit to the Earth due to unknown properties of neutrinos as
an elementary particle.

In the following subsections, some possible explanations based on this hypothesis

“will be presented.

1.3.1 Neutrino Oscillations

If neutrinos have finite masses and mixing angles, the eigenstates of the weak interac-
tion (Ve, v, v,) are not necessarily identical with the mass eigenstates (11, v, v3) and the
neutrino flavor oscillations are expected. For instance, an electron neutrino (v.) gen-
erated in the Sun is converted into another type of neutrino such as a muon neutrino
(v,) or tau neutrino (v,) on its way to the Earth. The solar neutrino problem might be
explained by neutrino oscillations, if Am? (the difference between mass squared of the
two eigenstates) is greater than ~ 107! eV? and neutrino wave functions have a large
mixing angle (sin® 26 2 0.5) [10](11]. This is well-known as neutrino vacuum oscillation.

In 1985, S.P.Mikheyev and A.Yu.Smirnov pointed out the possible effect of the
neutrino oscillations in the solar matter, based on the theory developed by L. Wolfenstein.
[10]. This theory gives an attractive scenario that electron neutrinos are efficiently
converted into muon or tau neutrinos by resonant oscillations in the solar matter, if
Am? is in the range of 107* ~1077 eV? even for a small value of the mixing angle
(sin®26 ~ 10™* — 103).

Theoretical explanation of these neutrino oscillations will be given in more detail

in section 1.5.



1.3.2 Neutrino Magnetic Moment

If neutrinos have a large magnetic moment on the order of 10~!! up, where pp is the
Bohr magneton, and if the convective layer of the Sun possesses the solar magnetic
field of a few thousand gauss, a left-handed neutrino (v7) might be converted into a -
right-handed one (vg) via its spin flip as it traverses the solar magnetic field. [13]. The
right-handed neutrinos have no interaction with matter and thus are undetectable by
solar neutrino experiments.

However, a natural extension of the standard electroweak theory predicts the
neutrino magnetic moment on the order of 107 5 based on the experimental upper
limit of 9 eV on the neutrino mass [14], since the magnetic moment operator has the same
chiral structure as the mass operator. Therefore, the diagram that generates a large g, ~
O(10~1)pp will naively also induce a large m, ~ O(keV) without fine-turning. Recently,
M.Voloshin, M.Vysotskii and L.Okun made a suggestion that neutrinos have possible
large magnetic moment while keeping neutrino mass naturally small [15]. I x, B >
6—12x (1071 5)x (1kG), a reduction of the original v;-flux is desired and the azimuthal
asymmetry of the electron scattered by the solar neutrinos is expected by real-time, large
volume detector, such as KAM-II, but with sufficient angular resolution [16]. Also, the
neutrino transitions due to a large magnetic interaction with the solar magnetic field
might be a possible solution of the anti-correlation of the observed neutrino flux with
the solar activities, which have been claimed by Homestake experiment [17]. However,
KAM-II observed no significant time variation of neutrino flux during the 1040 days’
measurement. Therefore, the hypothesis suggested by R.Davis is contradicted by the
results from our measurement.

A Dirac-type magnetic moment is strongly suppressed by cosmological and as-
trophysical constraints. Existing experimental limits of neutrino magnetic moment are
obtained by using 7. scattering experiment made with reactors [18]; g, < 2 x 1070
and using v, (#,) scattering experiment made with accelerators [19}; p, < 0.85x 10 %up
at 90% confidence level. Especially, the observations of neutrino burst from SN1987A
by KAM-II [20] and IMB [21] give a strong constraint of g, < 1072 ~ 10~ up [22].

Therefore, the Dirac-type magnetic moment seems difficult to explain the solar neutrino



problem.

A Majorana-type magnetic moment in combination with the matter effect on the
neutrino oscillations was proposed by C.S.Lim and W.J.Marciano [23], and by Akhme-
dov et al. [24], because the solution may explain the solar neutrino deficit as well as
the anti-correlation between the sunspot numbers and the observed solar neutrino flux
by Homestake experiment. In this case, the generated electron neutrinos (v.) should
be converted into anti-muon neutrinos (7,). The recent analysis concluded that the
best fit values which reconcile the results from KAM-II and Homestake experiment are
Am? ~ 107® eV? and g, ~ 107" pp [25]. Also, the converted 7,’s may oscillate into
V.’s in vacuum on their way to the Earth. The 7. non-observation at KAM-II will give
a constraint on the explanation, because only KAM-II is sensitive to the 7, flux and
the expected event rate will be approximately 20 times greater than all other neutrino
interactions.

But, there are unfortunately several serious uncertainties in its assumption, such
as the strength or the structure of solar magnetic field in the convective zone, and
unnaturally requirements of large magnetic moment. Therefore, it is not necessary to

discuss this case in any detail.

1.3.3 Neutrino Decays

Another possible solution for the solar neutrino problem is neutrino decay on their way
from the Sun to the Earth [26]. However, the observation of 7 flux from SN1987A
excludes the fast radiative decay (v. — v, +7) [27]-

The only remaining possibility is v, decay during their trip [11}. This solution
requires only two flavors of neutrinos, however, it also requires a new light boson or

majoron. The neutrino decay branch is assumed to be;
v, — Uy + $(M) (1.5)

(v2 = v1 + ¢(M) is disfavored since it induces a large rate for 4 — e + ¢(M)), where
¢ is a scalar boson, especially M is the majoron which should have sufficient strong
off-diagonal couplings with the neutrino mass eigenstate v12, and the masses m; and

mgyay are taken to be much lighter than m;. For majoron model, the most familiar



candidate, the triplet majoron, has been ruled out by LEP data on Z-boson invisible
width [28], whereas the singlet majoron is very weakly coupled to neutrinos. However,
a variety of new singlet majoron models can be considered, in which the scale of lepton
number violation can be sufficient low as to provide coupling constant in the proper
range.

The v is assumed to be a mixture of v, and v, with the convention for the mixing
angle () to be the same as for the usual oscillation case, that electron neutrino becomes
the lower-mass eigenstate as the mixing angle # — 0. Then the relevant average neutrino

survival probabilities are given by;

Plv.—v.) = cos*8 + sin*fexp|~t/T(E)), (1.6)
P(v. —v,) = sin?fcos?[1 + exp(—t/7(E))), 1n

where ¢ = 480 sec and 7(E) = (E/m?)r with the neutrino energy (E) and the decay
lifetime (7). There are also two other survival probabilities which are physically rele-
vant, the ones with anti-neutrinos in the final state. The probabilities for anti-neutrinos
were evaluated in the calculations, however, it is found that in pra;ctice they are unim-
portant for present experiments. The final state anti-neutrinos have lower exiergies than
the original neutrinos and give a negligible contribution to neutrino-electron scattering
experiments such as KAM-II. The typical lifetime with an energy of 10 MeV given by
the allowed region for the solar neutrino deficit is the same order or slightly larger than
the propagation time of neutrinos, and the electron neutrino survival probability has
an energy dependence in such a way that the lower energy neutrinos are reduced more
heavily than the higher one.

This scenario concludes that typical 10 MeV neutrinos have a lifetime of 800 sec
and the mixing angle in the range of 45° < § < 60°. However, the assumption introduces
an disfavored scalar boson ¢ or majoron with strong coupling constants, and is thought

to be rather exotic.

1.3.4 WIMPs

Weakly interactive massive particles (WIMPs) were introduced to solve both the solar
neutrino and the dark matter problem [29]. The WIMPs can be regarded as good



thermal conductors which efficiently transfer heats from the core to the outer region
of the Sun, because WIMP cross sections are small compared to typical photon cross
section ( 2 107?* cm?). Thus the WIMPs lower the core temperature and reduce the *B
neutrino flux. For instance, if WIMPs have a mass of 4 GeV/c?, an elastic scattering
cross section on protons of the order of 1073 cm?, and a relative mass fraction of
the order of ~ 1078, the effective heat transport is expected and the desirable mean
free path, A, is A ~ Rg/20 (the radial extent of the region in which 8B neutrinos are
produced). Hence, the solar neutrino problem can be solved by reducing ®B neutrino
flux. However, as described in the beginning of this section, the manipulation of the
standard solar model by lowering the central temperature in the Sun can not account for

the recent results. Therefore, it is not necessary to explain more about this possibility.

1.4 Present Status of Solar Neutrino Experiments

1.4.1 The %Cl Homestake Experiment

The chlorine-37 (3’Cl) radio-chemical (Homestake) experiment of R.Davis and his col-
laborators is the only solar neutrino detector which has been operating since 1968 in
the Homestake Gold mine in South Dakota, U.S.A. [3]. The detector consists of 3.8 x
10° liters of liquid perchloroethylene (C,Cly) contained in a tank which includes 2.16 x

10% of ¥"Cl atoms. The neutrino absorption reaction to the ground state of ¥ Ar;
Cl+v, — 3Ar+e”,Ey =0.814MeV (1.8)

has a relatively low energy threshold (0.814 MeV) and a favorable cross section of the
neutrino capture reaction (relatively small ft;j, value, log ft = 5). Assuming the
standard solar model, ie., the neutrino fluxes calculated by Bahcall and Ulrich, the 3 Ar
atom production rate is estimated to be 1.48 £ 0.49 atoms per day, which corresponds
to 7.9 & 2.6 (30) SNU. (The SSM calculated by Turck-Chiéze et al. predicts 5.8 + 1.3
(1o) SNU for the Homestake experiment.)

The 37Ar atoms produced by the neutrino capture reaction in the tank are ex-
tracted by circulating about 4 x 10° liter of helium (He) at intervals of one to three

months. The recovery efficiency of the 37Ar atoms is measured for each exposure using



the isotope carrier gas (~ 10'° atoms of 36Ar or 3®Ar) which was added into the tank at
the beginning of each run. A typical extraction efficiency is more than 90%.

The 3"Ar counting was performed with a proportional counter which observed
282 keV Auger electrons from the electron capture decay of ’Ar (712 = 35.0 days) for
a period of approximately eight months. This counter has a resolution of about 25%

-for electrons of this energy. The signal from the decay of 37Ar is characterized by the
deposited energy and fhe short rise time, which is distinct from slower pulses produced
by beta-rays, cosmic rays and Compton electrons. The integrated charge during a short
time (about 10 nsec) for a fast pulse like the 3"Ar decay signal is greater than that for
a slower one with the same energy.

The main background source is caused by energetic cosmic ray muons that are
produced in the upper atmosphere. In order to estimate the background rate, 600
gallons of C,Cl, were exposed at shallow depth in the mine and the production rate of
the 3"Ar atoms at the experimental site was obtained by extraporating the data. The
average background rate is estimated to be 0.08 = 0.03 3"Ar atom production per day
which cbrresponds to 0.4 £ 0.16 SNU.

Subtracting this background rate, the average net 3Ar production rate due to
solar neutrinos for an experimental period from 1970 to 1985 is 0.47 * 0.04 atoms
per day which corresponds to 2.1 + 0.3 (1¢) SNU [16]. The most recent value of the
averaged capture rate including the data up to 1990 is 2.3 + 0.3 (1o) SNU [8].

There is a large discrepancy of 60 between the measured neutrino capture rate
and the prediction (7.9 & 2.6 (3¢) SNU) of the SSM. Approximately 77% of the whole
capture rate (6.1 + 2.2 (3¢) SNU) is ascribed to ®B neutrinos and 14% (1.1 & 0.2 (30)
SNU) to "Be neutrinos. The theoretical uncertainty in the predicted neutrino capture
rate is mostly caused by the uncertainty in the ®B neutrino flux of 37% (37). ‘

In addition to the deficit of neutrinos, it has been pointed out that the 37Ar
production rate may be anti-correlated with the 11-year period of sunspot activities
and affected by large solar flares. Figure 1.4 shows the anti-correlation between the
observed sunspot number and the averaged 3"Ar counting rate as a function of time.
Apparently, one sees an anti-correlation between them. But there exist two difficulties

to understand this anti-correlation.



8B solar neutrinos are produced deep inside of the solar interior. The typical time
scale for changing a physical condition in the Sun exceeds the Kelvin-Helmholz time,
which is on the order of 107 years. Therefore, the neutrino flux should be constant for
a period of roughly Kelvin-Helmholz time. The other is that the statistical accuracy is
poor in the‘37Cl measurement. If their averaged neutrino capture rate is constant, the
confidence limit of 3% is obtained.

Moreover, KAM-II, which has observed the ®B solar neutrinos since the beginning
of 1987, found no significant time variation of the neutrino flux. The correlation of the
8B solar neutrino flux and the sunspot activities is shown in Fig.1.5 in which the data
are divided into five time intervals, each of approximately 200 days of detector live time.
" ‘The data-taking time extends over a period in which sunspot activities, reflecting the
solar magnetic cycle, rose steeply from a minimum value at the end of solar magnetic
cycle 21 to a maximum value approximately 15 times larger at the peak of solar cycle
22. There is no evidence for the time variation suggested by the Homestake experiment.
The KAM-II also gives negative results on searches for neutrino bursts in a short time
internal correlated with a solar flare [30] which has been claimed by the Homestake
experiment.

In this way, the anti-correlation between the solar neutrino flux and the sunspot

activities is ruled out by the result from the KAM-II 1040 days’ data.

1.4.2 Kamiokande-II Experiment

The KAM-II detector is a large water Cerenkov calorimeter which is located 1000 m
underground (2700 m water equivalent) in the Kamioka metal mine in Gifu prefecture
of Japan, at 36.4°N, 137.3°E and 25.8°N geomagnetic latitude. The detector consists
of an inner counter and an outer anti-counter. The inner main (Cerenkov ) detector
is contained in a cylindrical steel tank and has a volume of 14.4 m (in diameter) x
13.1 m (in height), containing 2142 tons of water. A total of 948 PMTs, each with
50 cm ¢ photosensitive area, cover 20% of the entire inner surface of the water tank.
The fiducial mass for the 3B solar neutrino measurement is 680 tons. A 4= solid-angle

anti-counter surrounding the main detector is a water Cerenkov counter of total mass



1800 tons with 123 (50 cm ¢) PMTs to detect any signals outside the main detector
volume and to shield against gamma rays and neutrons from outside the detector. The
entire inner surface of anti-counter section is covered by alminium sheets to obtain good
light collection efficiency. The mean thickness of water in the anti-counter is 1.2 m, 0.8
m and 1.7 m at the bottom, top and barrel sections, respectively. The Cerenkov lights
emitted from an electron via elastic scattering by a incident solar neutrino are detected
by the inner counter.

The scattering angle of an electron via the relation;
Vet+e — v, +e, (1.9)
is given by;

1+ m./E,

o (1.10)

where 8. is the scattering angle, m. is the electron mass, E, is the energy of incident

cosf, =

neutrino and T, is the kinetic energy of the recoil electron. The minimum detection
energy of the neutrinos at KAM-II detector is above 7.5 MeV, so we are searching for
only 8B neutrinos from the Sun. The expected event rate due to ®B neutrino reaction
is 0.86 event per day per 680 ton for E, > 7.5 MeV and 0.28 event per day per 680 ton
for E, > 10 MeV, according to the calculation of Bahcall and Ulrich [1].

Compared with a radio-chemical detector such as Homestake experiment, a water
Cerenkov detector has an advantage of recording the direction, energy, and event vertex
position of the recoil electron in real time. These advantages are very important for
the measurement of the ®B solar neutrino flux as well as the analysis of the MSW
neutrino oscillations and the Day/Night effect (the neutrino regeneration effect in the
Earth) which will be discussed in the next section. In the KAM-II experiment, we are
interested only in E, > m,, so the incident neutrino direction is largely preserved in
the recoiling electron direction. The detector has an angular resolution of 28° at 10
MeV which is mainly limited by multiple Coulomb scattering in water. The directional
correlation of events with respect to the Sun provides a powerful tool to discriminate
the solar neutrino events from the background events which are assumed to have a flat

angular distribution.



Each event has information of electron energy and its arrival time. The energy

resolution is 20% at 10 MeV, as approximated in the following formula;

o(E.)  0.63
E. VE.

where E. is the electron total energy in MeV. If the event is caused by a solar neutrino,

(1.11)

one can obtain the neutrino track passing through the Earth from the event arrival
time. The MSW effect in the Sun predicts the distortion of the energy spectrum due to
conversion of v.’s into v,’s or »,’s. The Day/Night effect also predicts the regeneration
of v.’s from »,’s or v,’s which were converted in the Sun. Especially the strength of the
regeneration depends on the path length and density gradient through which neutrinos
pass in the Earth. Therefore, only the KAM-II detector can directly make a test for
the MSW effect and the Day/Night effect.
The observed neutrino flux obtained by KAM-II 1040 day’s data is as follows;

Data
SSM

= 0.46 & 0.05(stat.) + 0.06(sys.) . (1.12)

As described in the previous section, we found no significant time variation of the
neutrino flux and no correlation between neutrino flux and solar flares. A more detailed

description of the KAM-II detector will be given in Chapter 2.

1.4.3 The " Ga Solar Neutrino Experiments
(SAGE and GALLEX)

The gallium ("*Ga) solar neutrino experiment is also a radio-chemical experiment. Two
" Ga experiments are in progress in the Soviet Union (SAGE) and in Italy (GALLEX).
They are the only experiments that can detect very low-energy pp neutrinos ( E,, < 0.42
MeV).

The neutrino capture reaction that is used in these radio-chemical experiments is;
"Ga+v, =" Ge+e™, Ey = 0.2332MeV. (1.13)

The radioactive "*Ge decays by electron capture, the inverse reaction of Eq.(1.13), with
a lifetime of 7,7, = 11.43 days. The low energy threshold makes possible the detection

of pp neutrinos.



The capture rate predicted by the SSM of Bahcall and Ulrich for the Ga exper-
iment is relatively well determined, because for the pp neutrino, which occupies 54% of
the total capture rate, the capture rate and is the cross section for the ground state to
the ground state transition are reliably calculated. About 26% of the capture rate comes
from "Be neutrinos, whose contribution in SSM is also evaluated with good accuracy.
The total capture rate derived from SSM is 132 29 SNU [1], which corresponds to 1.17
events per day in a 30 ton target of gallium.

Table 1.4 shows the contribution of each neutrino source to the predicted capture
rate. The dominant uncertainty is caused by the transition to excited states whose
matrix elements are inferred from (p,n) measurements which have sizable errors. The
maximum increase that could be caused by excited state transitions is +16 SNU and
the corresponding extreme decrease is —8 SNU. Excited state transitions contribute
88% (12 SNU) of the total ®B contribution. The shape of ®B absorption cross section
versus excitation energy has a broad peak in the range 3 MeV to 5 MeV, which con-
tains about one-third of the total calculated transition strength. If one ignores all of
the uncertainties associated with the excited state transition, then the remaining total
calculated uncertainty should be only 9% (12 SNU) of the total capture rate. Excited
state transitions cause a significant uncertainty (about 10% of the total capture rate) for
SSM predictions, an uncertainty which seems unavoidable unless an unexpected major
improvement is achieved in the ba,ccuracy with which GT matrix elements to excited
states can be determined.

The cross section for absorption of neutrinos from a calibrating source of 3!Cr is
o(**Cr on ™Ga) = 59(1 £ 0.1) x 10™*6cm?. (1.14)

Exited states coniribute only 6% to the cross section; state above 0.5 MeV require too
much energy to be populated by 3'Cr neutrinos. Therefore the calibration of the !Ga
detector with a *Cr source can not remove the significant uncertainty in the sensitivity
caused by transitions to highly excited states. The !Cr calibration is a test for the
overall efficiency of the detecting system.

The GALLEX detector is placed in the Gran Sasso Underground Laboratory, Italy

[31]. The detector consists of 30 tons of gallium in the form of a concentrated GaCl,-



HCI solution. The neutrino-induced "*Ge atoms become volatile molecule GeCl,. A
measured amount of inactive Ge carrier atoms, which also form GeCly, is added at
the beginning of a run to provide a sufficiently so large sample for extraction that the
efficiency can be determined experimentally after each run. At the end of an exposure,
the GeCly is swept out of the solution by bubbling air or nitrogen gas through the tank.
The gas stream is then passed through two gas scrubbers where the GeCly is absorbed
in water. The GeCly is then extracted and formed into gas germane, GeHy. The GeH,,
together with xenon, is introduced into a small proportional counter (0.5 cm®),. where
the number of "'Ge atoms is determined by observing their radioactive decays. The
energy deposition from Auger electrons and from X-rays emitted in the ™Ge electron
- capture decay results in an energy spectrum with two peaks: an L peak at 1.2 keV and
a K peak at 10.4 keV. The detection efficiency is estimated to be above 98%.

All provisions for low-level counting have to be applied in order to reach the low
background rates required: such as ultra pure materials for the counter construction, an
anti-coincidence shield with Nal and plastic scintillation detectors, and heavy passive
shielding with lead and iron. The residual background in the L and K peak energy
windows is of the order of 1 count per day. This remaining background is from beta-
particles that are produced by natural radioactivity in the construction materials, from
Compton electrons caused by external gamma-rays, and from electronic noise pulses.
Fortunately, these background events produce pulse shape different from those of "'Ge
decays. The combination of pulse energy and rise time can, therefore, be used to count
the *Ge with a very small background rate as discussed in the Homestake experiment.
The most serious background reaction is *Ga(p,n)" Ge, the protons being generated in
the GaCly solution as secondaries from (a,p) and (n,p) reactions and from cosmic ray
muon interactions. The ™ Ge production by fast neutrons entering the solution from
outside has been studied with a Pu-Be neutron source. This effect sets limits on the
fast neutron flux at the detector site. Measurements suggest that the background from
fast neutron is small (< 2%).

The depth dependence of the "*Ga production in GaCls by cosmic ray muons has
been derived from measurements and calculations on the same effect for Homestake

experiment and from the measured cross section ratio ("'Ge from GaCl;)/(*"Ar from



C,Cly) for 225 GeV muons. For the shielding depth of the Gran Sasso Underground
Laboratory, the *Ge production rate is estimated to be of order 0.01 atoms per day
in 30 tons of gallium, corresponding to a muon background of a few SNU or less. The
experiment has started last year and we are looking forward to their result.

The SAGE (Soviet-America Gallium Experiment) is carried out in an underground
chamber that was excavated underneath a mountain. The excavation was carried out
in the Andyrchi mountain massif of the North Caucus region in the Baksan river valley;
the facility is known as the Baksan Neutrino Observatory. There are two main difference
between the SAGE and GALLEX experiments: (i) the SAGE has chosen to use a metal
gallium target, rather than GaCl; solution; and (ii) the SAGE target will contain 60
tons of gallium (now they use only 30 tons), [32]. After the initial extraction steps,
experimental procedures including the chemical processing and the counting are similar
in the two experiments.

The main advantages of SAGE are: (i) the metal target is less sensitive to the back-
ground reactions produced by radioactive impurities; (ii) a metal target has a smaller
volume (which reduces some other backgrounds) because of its much larger density. The
smaller volume also enhances the production rate in a laboratory calibration experiment
with 51Cr. The main disadvantage of the metal target is that each time the germanium
is separated it is necessary to add fresh chemical reagents. Therefore, one must cén—
trol strictly the germanium impurities. The greater complexity of the initial extraction
procedure makes it more difficult to demonstrate that the chemical processing is free of
unknown systematic effects.

Gallium metal melts at about 30°C, permitting the liquid (which has a density
of 6.0 g cm™3) to be mixed with dilute hydrochloric acid. To remove germanium,
hydrogen peroxide is added to the dilute acid and the entire mass is mixed vigorously.
The extracted solutions from the four (10 in the full scale experiment) separate reactors
are combined and reduced in volume by vacuum evaporation. Additional HCI is then
added and an argon purge is initiated which sweeps the Ge as GeCl; from the acid
solution. The extracted Ge then forms gas germane GeH4 and the GeH; is mixed with
a measured quantity of xenon and is inserted into a low-background proportional counter

(these procedures are similar to that described above for GALLEX experiment). The



overall extraction efficiency is typically 80% with an uncertainty of £6%. With a typical
counter filled with an 80% Xe-20% GeH; mixture at 600 Torr, 37% of the decays are
observed in the K peak at 10.4 keV and 34% in the L peak at 1.2 keV.

The first result for their five month exposures was published in 1991 [9]. The
result is that the upper limit on the neutrino capture rate is 79 (55) SNU at 90 (68)%
C.L. and the best fit value is 20 *1 (stat.) £ 32(sys.) SNU, assuming their extraction
efficiency for "*Ge atoms produced by solar neutrinos is the same as from the natural
Ge carriers. Although the statistic and systematic errors are still large. This result,
however, leads us to a very important conclusion.

Different standard solar models predict that the total capture rate in "'Ga is
'in the range between 125 + 5(10) SNU [41] and 132 *3}(3¢) SNU [1], with dominant
contribution (71 SNU) coming from the pp neutrinos. The minimum expected rate in
Ga experiment, assuming only that the Sun is presently generating nuclear energy at
the rate at which it is radiating energy, is 79 SNU [2]. Observation of significantly less
than 79 SNU in a "?Ga experiment is difficult to explain without invoking new neutrino

properties.

1.5 Neutrino Oscillations

Neutrinos are electrically neutral, so that they have only weak (and gravitational) in-
teractions. They may have finite masses, which should be zero in the standard model of
elementary particle physics. However, if neutrinos are Majorana particles, their masses
can be quite small. This idea was originally presented as the seesaw mechanism by
T.Yanagida {33]. If a right-handed neutrino v is introduced together with v, they
make mass eigenstates with Majorana mass M and m?/4M, respectively, where m
means a charged lepton mass. From the MSW solution which will be discussed later,
the mass squared difference between v, and v, is expected to be 1072 ~ 1072 eV, so
that the v, mass would be 1073£%% ¢V, assuming the very small v, mass. Then the v,
mass could be around 1072 ~ 1 eV. Neutrino oscillations play an essential role in the
solar neutrino physics if neutrinos masses are indeed in that range. Let us review the

neutrino oscillations.



1.5.1 Neutrino Vacuum Oscillation

We assume two flavor oscillations between an electron neutrino (v.) and a muon neutrino
(v,). These eigenstates of the weak interaction are represented by a mixture of mass

eigenstates (v1, 12) as follows [34];

Ve cosf sinf I
= , (1.15)
v, —sind cosf v,

where 6 is the mixing angle. Let »; (i = e or p) be generated at the time ¢ = 0 and

propagate in vacuum. Then the propagation obeys the Schrédinger equation;

.d [ Ve v,
tz‘t'(yy)=H(V”), (116)

where H is the hamiltonian and the wave function at the time ¢ = ¢ is expressed by;
| ui(t) >= exp[—iHt] | v;(0) > . (1.17)

H is just the kinetic term and its eigenvalues are;

2
H,—=E.-=\/p2+m2:p+m

where F; and p show the neutrino energy and momentum, respectively, and m; < p.

The amplitude of conversion from initial state 1 to final state j is expressed as;
<y I y; >= EU,‘kUJ-'kezp[—iEt], (1.19)
k

where U shows the mixing matrix in Eq.(1.15). The probability for a transition from
the state | v; > to | v; > is;
P(l/,' - l/j) =l< v I v; >|2= ZU.',kU;:kU.-JU}:,ea:p[—i(Ek - El)] (120)
k1

If the propagation length in the time interval of { is L, the probabilities are given as

follows;
Plv.—v.)= P(v,—v,) =1-sin’20sin =L , (1.21)
4 B L
P(ve = v,) = P(v, —v.) =sin’2sin (%9) , (1.22)



where L, is the vacuum oscillation length and is defined as;

ArE
L,= _Alrr—i;’ Am? = m2 — m2. (1.23)

A number of neutrino vacuum oscillation experiments have been carried out at
reactors and at accelerators [35]. None of these experiments found evidence for neutrino
oscillations. The excluded region on the oscillation parameter plane (sin% 26,Am?) is
shown in Fig.1.6. These experiments employ neutrinos with the ratio of the distance R
measured in m to the energies F in MeV in the range of R/E = 107210 for accelerators
and R/E = 10°—10? for reactors (cf. R/E = 10'°~10"! for solar neutrinos). Therefore,
the relevant mass difference lies in the range of 0.01 ~ 10 eV2.

The vacuum oscillations were claimed as a solution of the solar neutrino deficit.
The solution exists in the region of 5x 107 < Am? < 1.1 x 107 eV? and sin® 26 > 0.7
[10]{11] to account for both the KAM-II and the Homestake experiment.

1.5.2 Neutrino Matter Oscillations
(MSW effect in the Sun)

When electron neutrinos propagate through matter instead of vacuum, they feel an

extra potential energy of V. in matter [10]. This potential energy is given by;

Ve = \/;G' ¢N. (charged current only), (1.24)
f \/— . 2 1 . 2 1
Ve = 2GfN¢ + 2Gf[(2sm 0W - E)Ne + (—2 sin 0W + E)NP - N"] (125)

(charged and neutral current),

where Gy 1s the Fermi coupling constant, 6 is the Weinberg angle, and N., N, and
N, are the electron, proton and neutron number densities in the Sun, respectively. The

neutrino evolution is expressed by the following equation;

d [ Ve Ve
5(%)-n(7) "

H=H+V~E+ %(M"- + 2EV), (1.27)



where Hy is the Hamiltonian in vacuum. The matrices V and M? in Eq.(1.27) are;

V. 0 2 g
V= M=yt ™ U, (1.28)
0 0 0 m?2

where U is the mixing matrix. Note that we subtracted out the common potential
energy for v, and v, since it induces only a common phase factor which is irrelevant to
observed phenomena. Thus the neutral-current contribution disappears and only the

charged-current term remains. Now if the term A is defined as;
A=2EV,= 2\/;GchE, (1.29)

then the Hamiltonian can be expressed as follows;

1, 5 10 1 [ A—Am?cos2f Am?sin 20
H = ——=(mi+mi+A) +—= . (1.30)
2E 0 1] 2E Am?sin20  —A+ Am?cos20

H is conveniently expressed as;

1 _ cos26 5in20
H=2rx| % mf' e |, (1.31)
9L, 0
A7 E Vor
Ly=73—, L.= G (1.32)

If the electron density is not constant along the neutrino path, the matrix depends

on time or position. Instantaneous eigenstate vy, vo, can be represented by;

m cosf,, —sinb,, V.
= , (1.33)
Vamn sinf,, coséb,, v,
where 8., 1s the effective mixing angle in matter and is defined by;

sin? 26

[sin2 2 + (L — cos 20)2] '

sin® 20, = (1.34)
If A is constant, in other words, the electron density is constant, the probability that
neutrinos born as v, ’s remain v, ’s ,P,(v. — v.), at a distance L is written in a similar

way to that of Eq.(1.21) in vacuum;

Po(ve — v.) = 1 — sin? 26,, sin? (%ﬁ) , (1.35)

—924—



where L,, is the oscillation length in the matter;

1

2173
Lo,=1L,|1~- 2% cos 26 + (%) } . (1.36)

If the following condition is satisfied,
L,=L.cos26, (1.37)

the resonance occurs and the amplitude of Eq.(1.34) becomes maximum as shown in
Fig.1.7 even for the intrinsic mixing angle (sin® 26) is small. This is the key point of the

MSW effect. Numerically, the condition of Eq.(1.37) is rewritten by;

N, Am?(eV?)
o~ 10° cos 20 ———=~
N, 66 x 10° cos E(MeV) ’

where N, is Avogadro’s number (N4 = 6.02 x 10%).

(1.38)

8B solar neutrinos are produced at the core of the Sun as shown in Fig.1.8. They
go out from high electron density region to the vacuum beyond the photosphere of the
Sun. Figure 1.9 shows the electron density in the Sun as a function of radius\calcula.ted
by Bahcall and Ulrich. If the neutrinos pass through the region where the condition
of Eq.(1.37) is satisfied, they oscillate resonantly. Figure 1.10 shows an example of the
survival probability P,,(v. — v.) for v, created at the center of the Sun as a function
of radius with sin® 20 = 0.001 and E/Am?=6x10° MeV/eV?. A clear resonance occurs
at R/Ry =0.3.

This resonant oscillation requires some conditions. At first, the resonant electron
density has to be smaller than that of the center of the Sun (p ~ 100 gem™), so

neutrinos pass through the resonant region;
Am?cos 2§ < 107° x E [MeV]. (1.39)

If the gradient of electron density of the Sun at the resonant region is smaller than the
oscillation length in matter (adiabatic condition);

1 (dN., <Am’sin22a9N10"8
N.\dR /)~ cos26 =~ E

(1.40)

v, created at the center of the Sun satisfies the adiabaticity and the state follows the

mass eigenstate | v, >, and finally ends up with | », > at exit as shown in Fig.1.11.



There is another possibility. If the oscillation length in matter is sufficiently larger
than the resonant width, the electron density changes so rapidly near the resonance that
the flavor state can not adiabatically keep up with the mass eigenstate (non-adiabatic

condition);
AR Am*c3sin® 20/ cos 26
Lnses 2wh| N7'dN./dR |

Then the transition from one mass eigenstate to another is dominant. The quantity of

< 1. (1.41)

the probability of level crossing P;ump is calculated by using an approximation developed
by Landau and Zenner in which the electron density varies linearly in the region near

the resonant electron density, and represented as;

—wAm?sin® 20 N,

Pjump = ezp| 4F cos 26 (I dN./dr Ires)]’ Ne> Nee,
(AR
- lf m)] (1.42)

Therefore, in the non-adiabatic limit, the probability P;um, is large and v, produced at
the center of the Sun becomes finally v, as shown in Fig.1.11. These two conditions
define a triangular region on the oscillation parameter plane (sin? 26, Am?).

Figure 1.12 shows the iso-SNU contour line (2 SNU) corresponding to. the Home-
stake experiment. The horizontal line (Am? ~ 107*eV?) and the vertical line represent
solutions which satisfy the adiabatic criterion namely the width of resonance is large
compared to the matter oscillation length. The diagonal line corresponds to a solution
in which the level crossing probability is large.

8B neutrino energy spectrum is distorted differently in the two regions. In the
adiabatic region, lower energy neutrinos (E < 5 ~ TMeV) are unaffected by the os-
cillation but higher energy neutrinos are strongly suppressed. On the other hand, in
the non-adiabatic region, neutrinos in the whole energy range, especially in the low or
intermediate energy range, are suppressed. More detailed description of the neutrino

energy spectra will be given in Chapter 3.

1.5.3 Neutrino Regeneration in the Earth (Day/Night effect)

It is a natural idea that there should exist a matter oscillations in the Earth when the

matter oscillations occur in the Sun. Electron neutrinos (v.’s) which are oscillated out -



in the Sun may oscillate back in the Earth to their initial state of v,.. In the adiabatic

case, the wave function of neutrinos at the surface of the Sun is given by [36];
| 2 >=sinf | v. > +cosf | v, >. (1.43)

If the mixing angle (sin’ ) is small, the | v; > state is almost equal to the | v, >, so
v, is completely converted to v,. However, | v. > can be regenerated by the neutrino
matter oscillation in the Earth. Figure 1.13 shows the radial distribution of terrestrial
density [37]. The resonant condition in this case is expressed as follows;

E(MeV)  7x10°
Am?(eV?) ~ p(g/em’)y.

cos 26, (1.44)

where p is the density of the matter and y. is the number of electrons per amu (y. ~ 1/2)
[38]. For example, if the neutrino energy is 10 MeV, the oscillation parameters of
Am? ~ 107® e¢V? and sin? 20 > 0.1 satisfy this condition. If sin?26 < 0.1, the matter
oscillation length becomes so long that no v, regeneration occurs.

For 8B solar neutrinos, the regeneration effect in the Earth is expected in a region
of Am? < 3 x 107® eV? and sin®26 > 0.2 for KAM-II (E. > 7.5 MeV). If this is indeed
the case, the event rate will differ between day and night. This regeneration effect is

known as the Day/Night effect.



Chapter 2

THE KAMIOKANDE-II
DETECTOR

2.1 Detector

The KAMIOKANDE-II (KAM-II) detector is an imaging water Cerenkov detector
located 1000 m undergréund (2700 m water equivalent) in the Kamioka zinc mine in
the Gifu prefecture of Japan, at 36.4°N, 137.3°E and 25.8°N geomagnetic latitude.
The detector consists of an main inner counter which detects physical phenomena
and an outer anticounter. A schematic view of the detector is shown in Fig.2.1. The
inner counter is contained in a cylindrical steel tank of 14.4 m in diameter x 13.1 m
in height, containing 2142 metric tons of water. A tof.al of 948 PMTs with 50 cm ¢
photo-cathode area cover 20% of the entire inner surface of the tank. The fiducial mass
for the solar neutrino measurement is 680 tons, with boundaries 2.0 m (3.14 m) from the
barrel and the bottom wall (the top wall). A 47 solid-angle anticounter surrounding the
inner counter is also a water Cerenkov counter of total mass 1800 metric tons with 123
PMTs ( 21 on the bottom, 22 on the top, and 80 on the barrel) to detect any particles
from outside to the inner counter and to shield against gamma-rays and neutron from
outside the detector. The mean thickness of the water in the anticounter is 1.2 m, 0.8

m and 1.7m for the bottom, top and barrel section, respectively.



2.2 Water and Air Purification

There are several kinds of dusts in the water such as bacteria or heavy metal ions (F*,
Nit*, Co**) and so on. They make water transparency worse due to their absorption
and cause loss of Cerenkov photons (see Fig.2.2). Therefore, the water transparency
should be maintained at a high, constant value (attenuation length 2 60 m) to minimize
the loss of Cerenkov photons. In order to achieve the goal, the water is continually
circulated through a purification system, even if the relative temperature (~ 11° C) of
the water helps to prevent proliferation of bacteria. The another important background
is radioisotopes in the detector water. At low energies, they dominate the trigger rate.
"The irremoval of them is one of the most important functions of the purification system.
Special modifications were made to the purification system to remove heavy radioactive
elements from the water, so that the level of radioactivity has been low enough to allow
the solar neutrino data to be taken since January, 1987. Furthermore, air-tightening of
the detector itself and of the water purification system, which was in place by the Spring
of 1987, reduced the radioactive background from radon (Rn) in the air dissolving into
the water of the detector.

The water purification system consists of the following part as shown in Fig.2.3; (a)

5 membrane filters; (b) a degasifier, (c) an ultra-violet sterilizer to destroy bacteria; (d)
ion-exchange columns for removing uranium (CR-55); (e) a mixed-bet-type deionization
system and (f) pumps. Water is circulated through the bottom anticounter, the inner
counter, the top anticounter and the purification system. The flow rate is 4.5 tons per

hour.

This system has reduced the uranium and radium content in the water to a level

at less than 102 pCi/l, and suppressed the equilibrium radon content in the tank water

by a factor of 10° relative to the water in the mine.

2.3 Electronics and Data Acquisition

The electronics is designed to implement multihit time and charge measurement of all

PMTs in the detector, and to allow new trigger configuration to be set for a variety



of physical events. The circuit reduces the dead time of the system to nearly the limit
caused by the PMT recovery time (less than 50 nsec), and increases the ability of the
detector to record a lot of event such as burst without events losing.

The block diagram of electronics is shown in Fig.2.4. The electronics system is
organized into 272 boards of front end cards, each card has 4 channels of signal and
16 cards make a crate. Each crate for inner detector (total 15 crates) contains one
trigger processing card and one control card. Each crate for anticounter contains only
a control card, so that the information from this card is only used off-line. The control
card continuously cycles fhrough the channels in the crate searching for flags indicating
the presence of signal to be digitized. When a channel flag is recognized, the time and
charge are digitized and stored with the event number in a 512 word deep FIFO memory
on the control card. When the event trigger occurs, the time and the event number are
established by a timing card. A PDP 11/73 computer reads the time, and drains the
FIFO (First in first out) memories in each control card until all of the memories in
the crate are empty. The PDP 11/60 (replaced by a u-VAX early in 1989) reads the

information from the 11/73 and records the data on magnetic tape.

2.4 Event Trigger and Trigger Efficiency

The trigger system is designed to collect all events above approximately 6 MeV without
dead time. If the PMT signal passing through the amplifier is above the threshold of
approximately 0.18 photoelectron, which is controlled by the PDP 11/73, a rectangular
discriminator output of ~ 100 nsec width and ~ 5 mV pulse height is produced and
transmitted over the backplane of a crate to the trigger card in the same crate. The
trigger card in each crate sums the 64 channels of discriminator outputs to make an
analog pulse, and master trigger card finally sums the oufputs from the 15 trigger cards.
An event trigger is generated when the peak value of the final analog pulse is above the
trigger threshold which is adjustable and set to 112 mV corresponding to ~ 17 hits of
PMT at the single photoelectron level. The trigger threshold was lowered to 100 mV
in October, 1987 to take advantage of low trigger rate, then it was changed again to
112 mV in June, 1988 when the PMT gain was doubled. Note that the anticounter



information is not taken into account in the event trigger formation, but it is useful to
veto events such as cosmic ray muons, gamma-rays and neutrons from the outside rock
in the off-line data reduction analysis.

The trigger efficiency as a function of electron total energy is obtained from Monte
Carlo and shown in Fig.2.5. The initial trigger accepted 7.6 MeV (10 MeV) electrons
with 50% (90%) efficiency over the 680 metric ton fiducial volume of the detector with
a 112 mV trigger threshold. After October, 1987 and before the PMT gain doubling
in June, 1988, the trigger accepted 6.7 (9.2) MeV electrons with 50% (90%) efficiency
with 100 mV trigger threshold. After the gain doubling, the efficiency became 50% for
6.1 MeV electrons and 90% for 9.0 MeV electrons over the fiducial volume. The time
dependence of trigger threshold (50% efficiency) is shown in Fig.2.6. The total rate of
triggers in the detector was, for example since May 1989, ~ 5 Hz at 5.2 MeV and ~ 1
Hz at 6.1 MeV threshold, of which 0.37 Hz is due to cosmic ray muons. The remaining
trigger rate is presumably due to radioactivity in the water of the inner detector such
as the beta decay of 2'*Bi (end point energy 3.26 MeV) or a daughter of *?Rn, and in

the detector materials.

2.5 Calibration

To observe the solar neutrinos clearly, it is necessary to understand the detector response
such as detection energy, interaction (vertex) position, and direction of event. The main
information obtained from the data acquisition system are digitized time and charge
information of hit PMTs. The PMT timing information and the Cerenkov pattern
of event are vital for reconstruction of the vertex position and direction of low energy
electrons. The energy of scattered electrons is estimated using the number of hit PMTs.

Therefore, an accurate calibration of the each PMT’s response is necessary.

2.5.1 Energy Calibration

The low energy electrons scattered by incident neutrinos in the detector emit the
Cerenkov light with a total intensity proportional to its total energy of the charged
particle. In the energy range of the events discussed here (< 15 MeV), a typical PMT



response corresponds to the detection of one photoelectron. Thus, the energy of low-
energy electrons can be estimated by an appropriate sum of the number of hit PMTs
which respond to the signal.

In fact, the response of the detector depends on an attenuation of the Cerenkov
light by absorption in water and the geometrical effect arising from event vertex position
and the location of the PMTs. The number of hit PMTs corrected for these effect is
exi)ressed by the effective number of hit PMTs (N.ss), which is described in Appendix
D. An electron of 10 MeV total energy gives an average 26 and 30 N.;; before and after
the gain doubling, respectively. Thus, the total electron energy, E. in MeV, of each
event is estimated simply by dividing N.s¢ by 2.6 (3.) for the data of before (after) the
gain doubling.

The energy calibration of the detector is performed using three independent meth-
ods. The first method uses gamma rays from a Ni thermal neutron capture reaction.
The second method makes use of the continuous energy distribution of decay electrons
from stopping cosmic ray muons. The third method makes use of beta spectra of ra-
dioactive nuclei(end point energies of 10 - 17 MeV) which are produced by spallation

induced by cosmic ray muons. An detailed explanations are described as follows.

Ni-Cf Gamma-ray Calibration Gamma-rays emitted from the thermal neutron cap-
ture reaction by Nickel, Ni(n,¥)Ni, is used for the energy calibration. The energies
of 9.0 7.8 and 6.8 MeV are released in fraction of 0.71, 0.16 and 0.13, respectively,
where these values are given by the mass fraction and cross section for thermal
neutron capture for each Nickel isotope. The calibration system utilizes 252Cf as
a neutron source. The calibration system is shown in Fig.2.7, which is enclosed
in a water-filled nickel can with 9.5 cm in diameter, 16 cm in height and 1 mm
in thickness. The amount of 2°2Cf is 97 pCi in activity and it emits 4.6 x 10°
neutrons per second at ~ 2MeV which are slowed by interactions with the water

in the nickel can.

Since 252Cf itself emits gamma-rays, it needs to subtract them from the calibration
data. Two sets of data are taken: one with 2*2Cf only (without a nickel can) and

the other with 2*Cf and Ni. The N, distribution of gamma-rays from the



neutron capture reaction in Ni is obtained by subtraction and is shown in Fig.2.8.
Also the same distribution obtained by the Monte Carlo simulation which was
tuned to reproduce the peak of N distribution of the %2Cf/Ni calibration data
within & 1% is shown in Fig.2.9. The calibration yields;

Monte Carlo
RealData = 1.000 +0.01 (2.1)

The shape of the obtained spectrum in Fig.2.9, in particular the width, which
represents the energy resolution, is well reproduced by the Monte Carlo simula-
tion. This 22Cf/Ni calibration was performed by placing the source at various
places in the detector fiducial volume. The Monte Carlo simulation reproduces
the peak position of the N,;; distribution within £ 2% for these calibration data.
The stability of the detector gain was monitored using 252Cf/Ni calibration. The
relative gain variation is shown in Fig.2.10. The gain is stable within & 2% during

4 years of operation from 1987 to 1990.

Stopping Muon Decay Electrons from the stopping-muon decay are also used as an
energy calibrator in a somewhat high energy range (~ 30 MeV). Comparison of
the N¢s; distribution between the measured data and the Monte Carlo simulation
of the well-known muon decay (Michel) spectrum is shown in Fig.2.11 and yields,

Monte Carlo

ETDa = 1011 £0.03. (2.2)

Spallation Everit Beta-decays from high energy cosmic ray muon induced spallation
products were obtained in conjunction with the information on the preceding

muons.

The Monte Carlo events were generated to simulate the beta-decay of the short
lived isotopes; ?B (71j, = 20.3 msec, Epe; = 13.37 MeV) and N (7, = 11.0
msec, E,, =16.38 MeV) in the ratio, 0.85:0.15, which accounted for an obtained
half-life of 18.4 + 0.8 msec shown in Fig.2.12. Comparison of the observed N,z
distribution of beta-rays from the short lived isotopes and the Monte Carlo sim-
ulation is shown in Fig.2.13 and gives;

Monte Carlo



Combining the result of above three independent energy calibrations, one obtains;

Monte Carlo

T = 100 5003, (2.4)

so that the uncertainty in the absolute energy calibration is estimated to be less than
3%. This uncertainty is considered in the systematic error of obtained neutrino flux as
described in the section 4.4. The energy resolution for low energy electrons is shown in
Fig.2.14 before and after the gain doubling. The typical values of ¢(E.)/E. for after
gain doubling are 21% at 8.5 MeV, 20% at 10.0 MeV and 18% at 15.0 MeV. The energy
resolution after the gain doubling is approximately given by following formula;

o(E.) 20%
Be  \[E./10MeV’

(2.5)

where E. is the electron total energy in MeV.

The angular resolution of the detector was calibrated using a collimator with the
Ni(n,y)Ni source placed at the top of the detector. The observed data and the Monte
Carlo simulation (EGS version 4) are shown in Fig.2.15. The angular resolution of the
detector (o) is limited by multiple Coulomb scattering of electrons in water, so that
this calibration indicates the validity of the simulation of the propagation for electrons
and gamma-rays in water. The electron energy dependence of the angular resolution is

shown in Fig.2.16 before and after the gain doubling and is expressed as;
28deg

/E./10MeV’

UO(Ee) = (2.6)

2.5.2 Timing Calibration

The timing calibration corrects for the variation of time response as a function of pulse
amplitude, for the time delay due to the different high voltage applied to the PMT,
and for the different cable lengths for the individual channels so that overall time syn-
chronization may be achieved. The synchonization is described by calibration constants
associated with the electronics and other constants associated with the remainder of the
detector.

The timing calibration is achieved by a system which utilizes a nitrogen gas laser

as a light source. It emits a light pulse with a wavelength of 337 nm with less than 3



nsec duration. A quartz plate splits the light pulse into two: one goes to PIN-diodes for
the electronics trigger, and the other goes through a 6-bit attenuator. A combination
of six attenuator components changes the intensity of the light from a few tenth of
single photoelectrons to a few hundreds of photoelectrons in the tank. The laser light
is guided along a long optical fiber to a diffusion ball which makes the light reasonably
isotropic. Timing calibration data are taken with the diffusion ball at the center of the
detector to synchronize all PMTs. Data which calibrate the electronics alone are taken
by activating the discriminator of each channel with a test pulse from the timing cards
and by stopping the activation with a delayed global trigger.

The time response as a function of pulse height, which is called as T-Q map, is
obtained from the calibration data for each PMT channel. Timing calibration constants
are calculated by determining the characteristic function for each obtained time response

as a function of pulse height.

2.5.3 Calibration of Vertex Position Resolution

The range of a 10 MeV electron in water is about 5 cm, so that it is almost pointlike in
the detector. The origin of an electron event is determined by reconstructing the vertex
of Cerenkov cone utilizing relative timing and pulse height information from the hit
PMTs.

For the best estimation of the vertex position, residual time of each hit PMT was
calculated by subtracting the time of flight from the measured time. Fig.2.17(a) shows
its distribution for one event, sharply peaked at zero when a correct vertex position is
found. On the other hand, an incorrect vertex position leads to a broad distribution as
shown in Fig.2.17(b).

The vertex position resolution was calibrated by gamma-rays from the Ni(n,y)Ni
source. The data were taken with the calibration source at the center of the detector
and at other positions in the fiducial volume. The positions of the source were well
reproduced by the reconstructed vertex position within 10 ¢cm in each coordinate and
were consistent with a Monte Carlo simulation. No systematic bias was found in the

vertex reconstruction.



The vertex position resolution was obtained from the 1 standard deviation of
the reconstructed position relative to the location of the source. The measured vertex
position resolution of gamma-rays is shown in Fig.2.18 as a function of energy, and is
compared with that of the Monte Carlo simulation. However, the resolution for electrons
is much better because of conversion length of gamma-rays in water (~ 40 cm). The
Monte Carlo simulation tuned for the gamma-ray calibration data was used to estimate
the vertex position resolution of electrons. It is shown in Fig.2.19 and obtained as 1.2
m and 1.0 m for 10 MeV electrons for the data before and after the gain doubling,

respectively.

2.6 Expected Signature

The neutrino energy spectrum of ®B decay is given by the SSM prediction [39], and
the cross section of v, e~ scattering is provided by precise measurement of electroweak
parameter. Hence, the energy distribution of the final state electrons can be calculated
precisely. The response of the detector is obtained from the Monte Carlo simulation, in
which the detailed detector properties of each component are taken into account. Thus,
the expected energy distribution of recoil electrons can be obtained by the Monte Carlo
simulation. The expected event rate for ®B neutrinos is 0.86 events per day per 680
ton for E, > 7.5 MeV, and 0.28 (0.29) events per day per 680 ton for E. > 10 MeV
for after (before) the gain doubling, when the calculation of Bahcall and Ulrich is used
(1], and 35% lower when the calculation of Turck-Chi¢ze et al [41] is used. The slight
decrease (< 3%) in the event rate after the gain doubling is due to the improvement in
the energy resolution.

In the case of the neutrino oscillations, the expected energy spectrum of recoil
electrons is different from the one predicted by SSM, and depends on the oscillation
parameters (sin” 20,Am?). Thus, it should be calculated in each case by the simulation
program. The more detailed explanation of the simulation with the neutrino matier

oscillations in the Sun and in the Earth will be described in the next chapter.



Chapter 3

Event Simulation

3.1 Calculation of the MSW Effect in the Sun

If neutrino matter oscillations occur in the Sun, an electron neutrino (v.) which is
generated inside the Sun might be converted to a muon neutrino (v,) as described in
section 1.5. The survival probability for an electron neutrino, P(v. — v.), depends on
both mixing angle § and E/Am? (MeV /eV?), where E and Am? are the neutrino energy
and mass squared difference, respectively. Therefore, the calculation of the probability
P(v. — v.) must be carried out at each point of the mixing angle and the mass squared
difference.

In the first place, the data base of the electron neutrino survival probability is made
by calculating on the oscillation parameter (sin® 26, E/Am?) plane. The area specified
by 107* <sin?26 < 1 and 10* < E/Am? < 10° MeV/eV? is divided into 41 x 251 grid
points. For each grid, an exact numerical integration was employed for the calculation
of the probability along the neutrino path through the Sun where the electron density -
varies and no approximate analytic calculation was used. The calculation was performed

by the following steps.

1. An electron neutrino is produced at the center of the Sun.

2. The propagation of the neutrino is calculated by numerical integration from the

center of the Sun to its surface.



3. The calculation is continued from the surface of the Sun up to the position of
one vacuum oscillation length far away from the surface. During this step, the

neutrino survival probability at every calculating points is recorded.

4. Averaging of the recorded probabilities;
1
P(Ve - Vc) = 5 X (Pmaz: + Pmin);

where P,... and P,,;, are the maximum and minimum values of the recorded
probability, because the distance from the Sun to the Earth changes maximally
by about 5 x 10° m due to the eccentricity of the Earth orbit (1.5 x 101 m),
which is much longer than a typical vacuum oscillation length (cf. L, = 2.5 x 107

m for E/Am? = 107 MeV/eV?) where the MSW effect is very effective.

Moreover, in the adiabatic region, it is necessary to take into account the position
where neutrinos are originally generated, because the level crossing occurs near the
center of the Sun (cf. R ~ 0.05R, for sin®24 = 0.1 and E/Am? = 6.3 x 10* MeV/eV?).
The production point distribution of ®B solar neutrinos is shown in Fig.1.8 as a function
of solar radius. The probability P(v. — v.) depends on the generation point even for the
same neutrino energy. ‘The probability in the adiabatic solution, in fact, is calculated
for each point of sin® 26 in the range of 10*7 < E/Am? < 105! (MeV/eV?). The spatial
distribution of the production points is divided into 30 different points, which are at
| R/Re | = 0.01, 0.03, 0.05, 0.07, 0.09 and 0.11 for each cos® = -0.8, -0.4, 0.0, 0.4 and
0.8, where R is the distance from the center of the Sun, Ry is the solar radius and ©
is the zenith angle. The probability P(v. — v.) is determined by averaging the values
obtained at each point with a weight of radial distribution of the production rate.

On the other hand, in the non-adiabatic region, the level crossing occurs in the
outer region of the Sun {cf. R ~ 0.3R¢ for sin” 24 = 0.01 and E/Am? = 6 x 10°
MeV/eV?). The production point of ®B solar neutrinos is, therefore, assumed to be
located at the center of the Sun. Then, the probability P(v. — v.) is given just by
averaging the values obtained after the level crossing.

Now, the electron neutrino survival probability P(v. — v.) at every oscillation

parameter on (sin?26,F/Am?) is calculated from the center of the Sun to its surface.
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The final step is to chase P(v. — v.) from the solar surface to the detector on the
Earth. Outside the Sun, however, the neutrino oscillation obeys the vacuum criterion.
The vacuum oscillation length at these oscillation parameters is much shorter than the
changing distance from the Sun to the Earth due to the eccentricity of the Earth orbit.
Hence, the probability can be obtained just by averaging the maximum and minimum
values of the probability which are calculated at the outside of the Sun.

Figure 3.1 shows the probability P(v. — v.) in a typical case of sin® 28 = 0.1, 0.01
and 1073 as a function of E/Am? (MeV/eV?), respectively. The energy distribution of
®B neutrinos at every oscillation parameter of (sin®24, Am?) plane at the surface of the

Earth is obtained by following calculation;
fp(E,) = ®5(E,) x P(v. — v.), (3.1)

where ®p(E,) shows the energy distribution of ®B solar neutrinos predicted by SSM.
Figure 3.2 shows the energy spectra in a typical case of adiabatic, non-adiabatic and
large-mixing-angle solutions which correspond to (sin? 26, Am?) = (2x1073,1.3 x 107%),
(1.6 x10~2,3.2 x 107°) and (0.8, 3.2 x 107°), respectively. The original energy spectrum
of 8B solar neutrinos without neutrino oscillations is also shown in Fig.3.2. In the figure,
one notices a conspicuous difference in shape. In the adiabatic solution, higher-energy
neutrinos are efficiently suppressed (converted), while in the non-adiabatic solution,
lower-energy neutrinos are preferentially converted and higher-energy ones partially
suppressed. In the large-mixing angle solution, neutrinos in the whole energy range are

converted.

3.2 Calculation of Neutrino Regeneration

Effect in the Earth

When the MSW solution is discussed, it is also necessary to consider the regeneration
effect induced by neutrino oscillations in the Earth. The complete calculation of the
neutrino survival probability, P(v. — v.), must be performed from the center of the
Sun to the entrance of the detector through the Earth. The exact calculation is made

by the following steps.



1. An electron neutrino is produced at the center of the Sun.

2. The propagation of the neutrino is calculated from the center of the Sun to its

surface.

3. The calculation is continued from the surface of the Sun up to the position one
vacuum oscillation length away from the surface of the Sun. During this step, the

neutrino wave function at every 0.1 x L, was recorded as ¥; (i=1,10).

4, The propagation of the neutrinos from the surface of the Earth to the detector is
calculated with the initial wave function of ¥; (i=1,10). The probability, P;(v. —

v.), is calculated for each initial wave function.
5. Averaging of P; (i=1,10);

10
Pv. = v.) = % X E:P;(ye — V).

i=1

The steps of 1 ~ 3 are similar to those of the MSW effect in the Sun as described in
the previous section. In the step 1, one does not have to take into account the spatial
distribution of production point for ®B neutrinos, because the position in the Sun where
the resonant condition is satisfied is far away from the production points of ®B neutrinos
(cf. R/Ro = 0.4 for sin?20 = 0.1 and E/Am? = 2 x 10° MeV/eV?). Thus, the neutrino
propagation from the surface of the Earth to the entrance of the detector was calculated
by the numerical integration using the initial wave function obtained by the step 3.

The solution of neutrino regeneration in the Earth satisfies the the adiabatic cri-
terion. Therefore, a simple analytic expression of initial wave function (Eq.(1.43)) is
useful. In fact, the obtained probability by above steps is almost the same as the
one using the approximate expression of Eq.(1.43). Therefore, all of the probabilities
P(v. — v.) in the Earth are calculated by using this expression of initial wave function.

Numerical integration in the Earth is similar to that of the MSW effect in the
Sun. The density distribution in the Earth is shown in Fig.1.13. In this case, the
regeneration effect of v. , which is converted to v, by the MSW effect in the Sun
should depend on its path length to the detector as well as the density gradient in the
Earth. Therefore, the calculation of the probability P(v, — v.) is performed at every



oscillation parameter of (sin? 26,E/Am?) for 21 cases of ¢os 8,4, = 0.05 - 1.0 with 0.05
pitch, where §,,, 1s the angle between the neutrino direction to the Earth and z-axis of
the detector with cosé,,, < 0 corresponding to daytime. Figure 3.3 shows the neutrino
survival probability as a function of R/Rg, where Rg is the radius of the Earth, in case
of c0s8,un = 1, sin®20 = 0.1 and E/Am? = 2 x 10° (MeV/eV?). Also, the survival
probability is shown as a function of the E/Am? in Fig.3.4 for sin?26 = 0.1.

The calculation above is performed in the region of the oscillation parameters of
1072 < sin?26 < 1 and 10° < E/Am? < 10® (MeV/eV?) which is divided into 41 x 151

mesh points with each point having 21 probabilities according to the value of cos §,uy.

3.3 Simulation of Detector Response

The KAM-II detector observes energy and direction of recoil electrons scattered by
neutral-current interactions of v, v, or v, and by charged-current interactions of v, as
shown in Fig.3.5. The differential cross sections of these interactions in the laboratory

system are given by [40];

d G2me-Ev
a% = fT[AO + Bo(]. - y)2 - Comey/EV] (3.2)

yEfFe/EwTe = Ee'_mea
where Gy, E,, T., E. and m, are the Fermi coupling constant, incident neutrino en-
ergy, scattered electron kinetic energy and electron total energy, and electron mass,

respectively, and Ag, By and C; are constants.

For v, and v, , these constants are given by;

Ay = (gv+ gA)z) (3.3)

Bo = (gv —g4)°, (3.4)

Co = d-di (35)

gy = 2sin’fy — %, (3.6)
1

ga = ""2': (37)

where Ow is the Weinberg angle. The differential cross section of v, is given by the



following replacement,

gv — gv+1, (3.8)
ga — ga+t+l, (3.9)

because the contribution of the charged current interaction must be taken into account.
The total cross section is given by integrating the differential cross section Eq.(3.2);

szc m.
ot = 5 At + 221 = (1= gus)’] - CoTehmss], (3.10)

where .. shows the kinematical upper limit of the recoil electron energy as follows;

2E,

Ymaz =

Since the value of sin® §,, has been determined to be 0.23, the total cross sections are

calculated by;

Teotat(Vee™) [em?] = 4.31 x 107 E,[2.13mez + 0.07 X (1 = (1 — Ypmes)?)

MeYmaz
—0.67 .
x T —cumaz) (3.12)
Ttotat(Vy 07 ve7) [em®] = 4.31 x 107E, [0.29%maz + 0.21 X (1 — (1 = Y1maz)®)
meymaz
+0.25 x — B 1 (3.13)

where E, is the neutrino energy in MeV. As seen in Eq.(3.12) and (3.13), the total cross
section of the v, or v, is approximately six times smaller than that of v, . -
The energy distribution of the recoil electrons scattered by solar neutrinos is given

by the following expression;

FEL = ([ e8) St apar, (3.14)
Bumin = %lm[n(mzmc)}‘”], (3.15)

where ®(E,), E,maz and E,in show the energy distribution of ®B solar neutrinos pre-
dicted by the standard solar model, the maximum energy of ®B solar neutrinos, and the
minimum neutrino energy when the electron is scattered in the forward direction of the

incoming neutrino, respectively.



In case of neutrino oscillations, the contribution of v, must also be considered.

Then the differential cross section in Eq.(3.14) is modified as;

a

o dd',,t da.v,,
@_P(Ve_’ye dy +[(1—P(VC_)V¢)] dy ’

(3.16)

where P(v, — v.) is the survival probability and do,,/dy, do,,/dy are the differen-

tial cross sections of the v.e™, v,e” scattering, respectively. The survival probability
P(v. — v.) is a function of the oscillation parameters of sin? 26 and E/Am? (MeV/eV?).
The integration of Eq.(3.14) is performed for each oscillation parameter (sin® 26,Am?)
according to the energy spectrum of ®B neutrinos.

In order to introduce the response of the detector into the calculation, the energy
resolution and the trigger efficiency must be taken into account. The energy resolution
can be approximately expressed as follows;

c(E.) _ oo
E. \[E./10MeV’

(3.17)

where ¢ is the experimentally measured energy resolution of 22 (19.5)% at 10 MeV
before (after) the gain doubling, E. is the recoil electron energy in MeV. The trigger
efficiency is given by Fig.2.5 as a function of electron total energy.

The energy distribution without the effect of the trigger efficiency expected in the

detector is given by the following equation;

Py =" ap(=E= L)y o p(T)amaT, (3.18)

a(T. )\/2—7?

where o(T,) is the energy resolution as the function of electron kinetic energy, Tema. is

20 2(T)

the kinematical upper limit of recoil electron energy. The expected recoil electron energy
spectrum is shown in Fig.3.6. The calculation is performed for two conditions before and
after the gain doubling, and then the two calculations are combined. Figure 3.7 shows
the normalized energy distribution in case of neutrino oscillations with (sin® 20, Am?)=
(6.3 x 107,107*) for the solid line, (1072,3.2 x 1078) for the dotted-dashed line and
(2 x 1073,1.4 x 10™*) for the dashed line, which correspond to the large-mixing angle,
non-adiabatic and adiabatic solution, respectively, when the ratio of the expected energy
distribution in the neutrino oscillations to the one without neutrino oscillations is shown.

The observed energy distribution (discussed in the next chapter) is also shown in Fig.3.7



with the data point. The difference in shape is clearly seen in these spectra. The
spectrum of the adiabatic solution in Fig.3.7 is suppressed in higher-energy region, and
other spectra are almost uniformly suppressed over the whole energy range observed by
KAM-IIL

The effect of trigger efficiency as shown in Fig.2.5 must also be considered. The
trigger efficiency is 97% at E, = 9.3 MeV (756% at E. = 7.5 MeV) before (after) the

gain doubling. In practice, the effect of the trigger efficiency is considered as follows;
FU(T.) = F'(T.) x (T2, (3.19)

where ¢(T.) is the trigger efficiency as a function of recoil electron kinetic energy.

In case of the simulation for the neutrino regeneration effect in the Earth, it is
necessary to calculate the number of expected events as a function of cos &,,,, where §,,,
has been defined as the angle between the neutrino direction to the Earth and z-axis of
the detector with cos é,,, < 0 corresponding to daytime. The number of expected events
is calculated by integrating Eq.(3.18) over the kinetic energy range of recoil electron and
expressed as Nuysw,s(E;,P;), where E; is the i-th electron energy bin in 0.5 MeV, P; is
the indicator of data whether before or after the gain doubling, and § shows the cos§,,,
bin. The corresponding number of events without neutrino oscillations is calculated by
replacing P(v. — v.) in Eq.(3.16) by 1 and is expressed as Nggsa s(E:,P;). The fractional
flux and its error are calculated by taking into account the number of background in

each data samples as follows;

Fs(E:i,P;) = fs(Bi, P;)* o5(E;, P;)
Nusws(Biy Fy) | VNusws(Ei, P;) + o x Nowo(E:, P;)
Nssu,s(Es, P;) Nssus(E;, P;) ’
where N 5( E;,P;) is the number of background events in the i-th energy bin (E;) and

(3.20)

during the data taking period (P;). « represents the fraction of the background events
which exist in the signal region of solar neutrinos, and is estimated to ~ 0.1 (see Fig.4.2).

Then the total flux in the direction of cos §,,,, is calculated as follows;

Yij fs(Ei, P;) x 1/os(E;, P;)
ij1/os(Ei, F;) '

The cosf,uy is chosen as 0.1, 0.3, 0.5, 0.7 and 0.9 in order to avoid bins with very

Fusw(cos §,un) = (3.21)

small statistics in the real data analysis. Figure 3.8 shows the expected neutrino flux



distribution as a function of cos §,.», in case of neutrino regeneration with (sin® 26,Am?)=
(0.11,3.5 x 107°) for the solid line and (0.05,7.9 x 10~¢) for the dashed line. The observed
neutrino flux distribution (described in the next chapter) is also shown in Fig.3.8 with
the data point.

All of the calculations mentioned above are performed on each oscillation param-
eter of (sin?26,Am?), which is limited in the range 10™* < sin®24 < 1 and 10~% <
Am? <1072 eV2. The calculated data are classified into 41 x 51 grid points.

3.4 Comparison with the Monte Carlo Simulation

_ As mentioned above, the detector response has been incorporated by the analytic cal-
culation, not by the Monte Carlo method. The reason is that the analytic expression
give almost the same result as given by the Monte Carlo method. With the analytic
expression, we could significantly save the computer CPU time. Figure 3.9 shows an
example of the calculation made by the analytic and the Monte Carlo method in case of
(sin? 26, Am?) = (0.01,10™*). The two results are consistent within the statistical error

of the Monte Carlo simulation.

3.5 Simulation of Other Solar Neutrino Experiments

The obtained vda.t_afbase of the electron neutrino survival probability P(v. — v.) as
a function of the oscillation parameter (sin®26,E/Am?) are also useful for the radio-
chemical experiments such as the Homestake experiment and the SAGE.

KAM-II observes only ®B solar neutrinos (also including very small contribution
of hep neutrinos). Therefore, the simulation was performed solely with the ®B neutrino
energy spectrum. However, the Homestake experiment and the SAGE observe other
neutrinos such as "Be, pep, pp neutrinos, which are shown in Table.1.4.

In case of the 3Cl Homestake experiment, the largest contribution comes still
from B neutrinos. "Be neutrinos contribute next. (Two sources occupy approximately
91% of the total capture rﬁte.) Thus, the created data-base for KAM-II are useful for
the Homestake experiment. The energy threshold of the 37Cl detector is 0.814 MeV.



Therefore, the data-base must be enlarged by adding the region of E/Am? > 10°
(MeV/eV?). Fortunately, the neutrino survival probability P(v. — v.) is almost unity
in the specified region of sin26 < 107! and E/Am? < 10* (MeV/eV?). Hence, only for
a small region of sin®26 > 107! and 10° < E/Am? < 10* (MeV/eV?) must further be
made.

The "*Ga experiment has different characteristics in comparison with the above
two experiments. The dominant contribution comes from pp neutrinos. As described in
section 1.2, pp neutrinos have low energies (E, < 0.420 MeV). Therefore, the obtained
data-base are not useful. The energy threshold of ™ Ga detector is 0.23 MeV and the
probability must be calculated in the range of E/Am? > 10%* (MeV/eV?). However,
it is not necessary to calculate the probability in the region of sin?2§ < 10! and
E/Am? < 10* (MeV/eV?) and in the region of sin?2§ > 107! and E/Am? < 10%%
(MeV/eV?) because the probability P(v, — v.) equals unity.

Since these extra calculations of the captute rate for the two experiments corre-
spond to the adiabatic solution, the spatial distribution of neutrino production rate for
each neutrino source is taken into account. The spatial distribution of the production
rate is divided into 50 and 75 different points, which are at | R/Rg | = 0.02 ~ 0.20 for
"Be neutrinos and 0.02 ~ 0.30 for pp neutrinos, for each cos© case. (It is summarized
in Table.3.1.) The regeneration effects in these detectors are also simulated by consider-
ing the detector location, because the neutrino path in the Earth of course depends on
the latitude. Note that the radio-chemical experiments such as Homestake and SAGE
are insensitive to the time of neutrino interactions event by event. Therefore, the ex-
pected capture rates are averaged over one year period. Figure 3.10(a), 3.10(b) and
3.10(c) show the contour lines on the oscillation parameter plane in case of KAM-II,

the Homestake experiment and the SAGE, respectively.



Chapter 4

Analysis Procedure

| 4.1 Event Selection

The KAM-II detector began operating at the beginning of 1986. However, the radioac-
tive background was too high and too variable to permit observation of solar neutrinos
until December 1986. Measurement of ®B solar neutrinos was carried out on 1040 de-
tector live days of data with low radioactivity background, taken from January 1987
through April 1990. Two independent analyses were performed because of changing of
the PMT’s gain, in June 1988. Therefore, two data samples were obtained through the
event selection as described below.

The event selection was performed by the following steps;
1. data reduction,
2. vertex reconstruction and fiducial volume cut,
3. elimination of muon induced background, and
4. remaining gamma ray cut.

The data reduction step rejects cosmic rays and selects events contained in the
inner detector. The vertex positions of the reduced data are reconstructed and most
external gamma-rays are rejected by the fiducial volume cut. Most of remaining high

energy ( 2 8 MeV) events are electrons from beta-decay of spallation products. These



events are rejected using spatial and time information. A fraction of external gamma-
rays remain even after the fiducial cut. The fourth step therefore imposes a tighter
criterion to reduce the remaining gamma-rays.

Figure 4.1 shows the trigger rates as a function of total electron energy for each
step: (a) before the gain doubling, and (b) after the gain doubling. The solid curve shows
the expected rate for the 8B neutrinos calculated with SSM by Bahcall and Ulrich. The
details of each step are described in Ref.[42].

4.2 Solar Neutrino Flux Measurement

The obtained final event samples after several reduction steps described in the previous
section still contain non-removable background. To extract the 8B solar neutrino signal,
the final event sample is tested for a directional correlation with respect to the Sun.
The test provides an additional order of magnitude discrimination against the isotropic
background, which is described as follows.

As described in subsection 1.4.2, any correlation of direction of observed low-
energy events with the direction from the Sun is made possible by the preservation of
incident v, direction in the reaction v, + ¢~ — v, + e~, the moderate angle of multiple
scattering of recoil electrons, and the observation in real time of each low-energy event.

Figure 4.2 shows the distribution in cosf,,, for E, > 9.3 MeV for the entire 1040
days data sample, where cosf,,, = 1 corresponds to the direction from the Sun to
the Earth. The distribution for the data samples before and after the gain doubling
are separately shown in Fig.4.3(a) and 4.3(b), respectively. The solid histograms in
the figures give the shape of the signal expected from a Monte Carlo simulation based
on the angular and energy resolution of the detector. All angular distributions show
enhancement in the direction from the Sun above the isotropic background. However,
the amount of th enhancement is less than that expected from calculation based on
SSM [1](41].

The intensity of the signal relative to the SSM is obtained by the chi-squared
method and by the maximum likelihood method with results differing by only a few



percent. The likelihood function is defined by;

L(e) = T30~ a(Be)e) + futor(co5Ouuni) Eei)e) (4.1)
(Bu) = o,

where Npara(E.) and Nssu(E.) are energy distributions of the final sample and the
expected signal from SSM, and f,uar(c0s8,4n) is a normalized function which represents
an expected angular distribution of the signal. The parameter z gives the intensity of
the signal relative to the SSM prediction. The first term in L(z) represents the isotropic
background. '

The energy spectrum of the final state electrons induced by solar v, is obtained

| by performing a maximum likelihood fit using in each energy bin, and also by a di-

rect subtraction method in which the energy distribution of the isotropic background
(cos by < 0.8) is subtracted from the energy distribution of events with cosé,,, > 0.9.
The resultant spectrum is essentially identical for both methods, and is shown in Fig.4.4
relative to the simulated spectrum based on o(v.e™ — v.e”), the known shape of the
v, spectrum from 3B decay, and the energy resolution of the detector. The best fit
spectrum (dashed histogram) yields 0.46 x SSM [1] with reduced chi-squared of 1.05.

We note that the shape of the background (events with cosf,,, < 0.8) electron
energy distribution is compared with the shape of the background subtracted signal
distribution in Fig.4.4(a) by means of a x? test. The test yields a confidence level < 1%
on the probability that the signal and background spectral shapes are the same.

Measurement of solar neutrino signal is carried out based on 1040 days data sam-
ple, consisting of subsamples of 450 days (January 1987 through May 1988) at E. > 9.3
MeV and 590 days (June 1988 through April 1990) at E, > 7.5 MeV. The flux value
for the combined 450-day and 590-day data sample is

Data

Sapp = 0-46 % 0.05(stat.) £ 0.06(sys.) (4.2)

There is no significant difference between the relative flux values of 450- and 590- day’s
data samples, which are 0.48 £ 0.09 (stat.) = 0.08 (sys.) (E. 2> 9.3 MeV) and 0.45 &+
0.06 (stat.) & 0.06 (sys.) (E. > 7.5 MeV), respectively.



The possible sources of systematic error in the flux determination are uncertainties
in absolute energy calibration , in angular resolution, and in calculated dead time of
various cuts. The uncertainty in absolute energy calibration is estimated to be 3%, which
corresponds to 12% of the obtained flux. The uncertainty in measurement of the angular
resolution is less than 20%, which corresponds to 7% of the obtained flux. The dead
time and uncertainty introduced by the various event selection criteria are estimated
using a Monte Carlo simulation based on real data of known physical processes, such
as spallation products. The estimated uncertainty is 4% of the measured flux. The

quadratic sum of above uncertainties is 14% of the obtained flux, which corresponds to

0.06 x SSM.

4.3 Analysis of Neutrino Matter Oscillations

in the Sun

In order to obtain quantitative information on neutrino matter oscillations in the Sun,
three different fits are carried out using the measured energy spectrum of recoil elec-
trons as described in the previous section and the calculated energy spectrum of recoil
electrons obtained by the simulation as explained in section 3.3. The three fits are as

follows.

1. Only the total flux was used in the fit. A systematic error, which is 0.06 times
the flux predicted by the SSM [1] is taken into account in the x? definition;

2
s limem) @ty ®
where z, o and ¢ are the measured total flux, the calculated total flux for one
set of oscillation parameters (sin® 26,Am?) and the statistical error, respectively.
a 1s the normalization factor which is varied to reach the minimum y? with the

constraint of the systematic error of o,.

2. Both the energy spectrum and the total flux are used in the fit. The x? is defined

peylizeml, @iy e
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where z; is the measured flux in the i-th energy bin, z; is the expected flux in
the i-th energy bin for one set of oscillation parameters (sin’26,Am?), and o; is

the statistical error in the i-th energy bin.

3. A x? fit without the constraint of the normalization (of the total flux) is performed
to see the effectiveness of the electron spectral shape more clearly. Namely, the
second term in Eq.(4.4) is removed and « in the first term is treated as a free

parameter.

These fits are performed on each neutrino oscillation parameter of (sin? 26,Am?).
The area specified by 10™* < sin?28 < 1 and 10~ < E/Am? < 1072 (MeV/eV?) is
~ divided into 41 x 51 grid points.

The x? value obtained by the fits obey the normal x? distribution with two
free parameters. Therefore, the regions on the oscillation parameter plane with x? <
X2in + 241, 4.61 and 5.99 are allowed at 68%, 90% and 95% confidence level (C.L.),
respectively. The resultant allowed regions at 68%, 90% and 95% C.L. in case of 1, 2
and 3 are shown in Fig.4.5, Fig.4.6 and Fig.4.7.

Some special care should be taken to check possible biases which might affect the
results of th electron spectrum shape fit. For example, the overall energy scale is shifted
by + 3%, which corresponds to the uncertainty of the energy scale, and the energy scale
is accordingly shifted by + 3% in one of two subsamples (data before and after the gain
doubling) which are then combined. Other similar tests are performed, but there is no
noticeable difference in the confidence contours. Therefore, the obtained allowed region

in Fig.4.5, 4.6 and 4.7 are robust.

4.4 Analysis of Neutrino Regeneration Effect
in the Earth (Day/Night Effect)

Any day/night difference induced by regeneration in the Earth depends on the path
lengths and density profiles experienced by the neutrinos passing through the Earth as
described in subsection 1.5.3. The KAM-II 1040 days’ data sample are divided into

daytime and nighttime subsample, where daytime (nighttime) sample is defined as the



time region where the Sun is above (below) the horizon. Their data taking times by
KAM-II detector are 500 and 540 live days, respectively. The observed neutrino flux of
each data sample is obtained by using the maximum likelithood method as described in
section 4.2, and is 0.91 £ 0.15 (stat.) for daytime and 1.07 £ 0.16 (stat.) for nighttime,
respectively, relative to the averaged value (0.46 relative to the SSM prediction) as
shown in Fig.4.9(a). The relative difference between the daytime and nighttime fluxes
is expressed by;

Day — Night

Day + Night —0.08 £ 0.11(stat.) £ 0.03(sys.), (4.5)

where the systematic error will be discussed below. Within statistical errors, there is
no significant difference between the daytime and nighttime fluxes.

A day/night difference would at some level be correlated with a semiannual vari-
ation of the solar neutrino flux, because the day and night durations vary with the
time of year. A semiannual variation is possible because the solar equatorial plane and
the ecliptic plane cross with an opening angle of 7°15' twice per year. Therefore, the
strength of the interaction of a neutrino magnetic moment with the solar magnetic ﬁeld
would be less at the time when a line from the Earth to the center of the Sun crosses

| the equatorial plane and consequently a maximum modulation of the solar neutrino flux

might occur. Figure 4.9(c) shows the semiannual difference of the observed neutrino
flux. There is no evidence for a magnetic interaction of v, in the Sun within our exper-
imental sensitivity. Moreover, we search for a semiannual variation using the day and
night samples separately to distinguish any day/night effect from any semiannual vari-
ation. The resultant fluxes are shown in Fin.4.9(d) and (e), which confirm the negative
result in Fig.4.9(c), and justify using the total data sample to extract the implication
of null day/night result for the MSW effect.

More information on neutrino oscillations can be extracted from the solar neutrino
data by dividing the total sample into subsamples with different paths through the
Earth. The path length (and density profiles) has a one-to-one correspondence with the
angle of the Sun relative to the detector coordinate. Hence, the data sample is divided
into 6 subsamples based on cos 8,4, Which are cosé,,, = -1 - 0 (daytime sample), 0 -

0.2,0.2-0.4,0.4-0.6,0.6 - 0.8 and 0.8 - 1.0. The data-taking time for each subsample



is 92, 103, 138, 113, and 99 equivalent days, respectively. The angular distribution for
each data sample is shown in Fig.4.8. The fluxes obtained from the data subsamples are
shown in Fig.3.8. The reduced x? calculated under the assumption of constant flux with
respect to cos &y, ts 0.43 for 5 degrees of freedom, which corresponds to an 83% C.L.
The result also indicates that there is no significant day/night difference of neutrino
flux.

In the neutrino oscillation analysis, only the relative flux values are employed, and
it is necessary to estimate carefully possible systematic errors in the relative values. A
possible time variation of the gain of the detector has a negligible effect, because it affects
equally all cos §,,, data subsamples. The dead time difference between such subsamples
is also negligible. The most serious source of the systematic error is a possible small
anisotropy in the cosé,,, distribution of the background in each of the relatively low
statistics subsamples with respect to the direction of the Sun.

The background events which remain after all cuts are estimated to be composed
of two sources. One is relatively lower energy events (E, $ 8 ~ 9MeV), which must be ra-
dioactivity in water, and another one is relatively higher energy events (E, 2 8 ~ 9MeV),
which must be external gamma-rays and spallation products which are not rejected by
the present cuts. Therefore, for a quantitative estimate of the systematic error induced
by the asymmetric distribution of the background events, we generate the background
distributions using a Monte Carlo simulation for each cosé,,, data subsample, and then
we obtain the neutrino flux of each cos d,,,, data subsample using these simulated back-
ground angular distributions. The fluxes obtained from this calculation is shown in
Table.4.1. Any systematic error from this cause is estimated to be less than 8% of the
observed signal in that cos§,,, interval, which is much less than the statistical error in
that interval.

Comparison of data and theory is performed with a standard x? function defined
by;

Fops (o8 65un) — T X Foo(c08 84un))?

> ( 5 , (4.6)

cos Ssun oF
where Fop,(cosb,un) and F,,.(cosé,,,) are the observed and calculated fluxes, the lat-

XZ

ter for each oscillation parameter of (sin®26,Am?), and of is the experimental error

(quadratic sum of statistical and systematic errors) in the observed fluxes. The quan-



tity z is the scale factor which is varied to reach a minimum x2. Note that this procedure
exploits the null time dependence of the observed flux, and does not rely directly on the
absolute value of the predicted flux.

The minimum x? (x2,,) occurs at (sin® 26, Am?) = (0.13,1.3x107°) with the value
1.20 for 3 degrees of freedom. The region x? > x2,;, + 2.41, 4.61 and 5.99 are excluded
with 68%, 90% and 95% confidence by the analysis of the day/night effect alone, and

the resultant excluded regions are shown in Fig.4.10.



Chapter 5

Result and Discussion

5.1 MSW Solutions from Kamiokande-II

The results from 1040 days’ data of KAM-II show a possibility to solve the solar neutrino
problem using neutrino matter oscillations (MSW effect in the Sun and the Earth),
which give a strong constraint on the oscillation parameters (sin? 24,Am?). But, are the
neutrino matter oscillations really a unique solution to explain the solar neutrino deficit
? Unfortunately, the answer is no, based only on the present results. As described
in Chapter 1, there is a variety of possibilities, namely the neutrino (just so) vacuum
oscillation around sin?26 > 0.7 and 4 x 107! < Am? < 107 V2 [10][11], the neutrino
decay with mixture of mass eigenstates [11], and the spin flavor transition mechanism
which includes also the MSW mechanism [18][19][20]. There are, however, also many
difficulties in these solutions: (i) the allowed region by just so neutrino oscillations is
fine-tuned in such a way that the oscillation length just happens to be nearly equal
to one astronomical unit, (ii) the neutrino decay requires a new almost massless scalar
particle with a strong coupling constant to neutrinos, and (iii) the spin flavor conversion
requires an unnaturally large magnetic moment and also extremely large magnetic field
in the convective layer of the Sun. Therefore, we believe that the MSW solution is the
most viable solution.

As described in the previous chapter, the solar neutrino data from KAM-II have
been analyzed for compatibility with the different types of the MSW formalism such as

adiabatic and non-adiabatic solutions. The measured recoil electron energy spectrum



restricts the allowed region on the plane of the oscillation parameters (sin? 26,Am?) to a
triangular region and disfavors the adiabatic solution of 7.2x 10™* < sin® 26 < 6.3 x 1073
and Am? ~ 1.3 x 107* eV? at 90% C.L. without employing the absolute flux value
predicted by the SSM calculated by Bahcall and Ulrich.

The neutrino regeneration effect in the Earth enlarges the allowed region deter-
mined from solar neutrino flux integrated over 1040 days (the MSW effect in the Sun)
to 7x 1072 < sin?20 < 6 x 107! and 10~¢ < Am? < 10~% eV2. However, the cos§,,,
distribution of the neutrino flux shows no dependence on cos§,,, as seen in Fig.4.9.
Hence, the region of sin?26 > 0.02 and 2 x 107® < Am? < 107° eV? is newly excluded
(shaded region in Fig.5.1) at 90% C.L. Note that this new excluded region does not rely
on the absolute flux value.

There still remains most of the non-adiabatic solution, the large-mixing-angle
solution except the region which was excluded by the Day/Night effect and a part of
adiabatic solution around Am? ~ 10~* €V? as shown in Fig.5.1. To restrict the region,
further analysis should be made by combining the KAM-II result with the ones from
the 37Cl Homestake experiment and the SAGE experiment.

Direct comparison between the solar neutrino fluxes obtained by various detectors
is problematical, because different detectors have different neutrino energy thresholds.
Also, there is an essential difference between the KAM-II and the others. The KAM-II
measures the energy spectrum of recoil electrons, direction of neutrinos and their arrival
time, while the others are radio-chemical experiments which have no ability like those.
As described in Chapter 1, the Homestake experiment carefully estimates the amount
of background events and subtracts them from the observed signal. At least, there is
apparently no serious problem in their analysis procedure. Therefore, we will discuss
the MSW solution obtained from the combined KAM-II and the Homestake data in the

next section.

5.2 Comparison with the Homestake Experiment

The Homestake experiment is mostly sensitive to the 0.86 MeV monoenergetic v, from

the electron capture reaction of “Be nuclei and to neutrinos with the continuous energy



spectrum from 0 to 15 MeV from the decay of ®B nuclei in the Sun. The averaged
neutrino flux from 1970 to 1990 was 2.3 £ 0.3 SNU [8], which corresponds to 0.51 +
0.05 3"Ar atoms production per day. Also, the weighted average flux during the period
of January 1987 through April 1990, which corresponds to the data-taking time of
KAM-II, is 2.12 4 0.34 SNU [42]. The predicted capture rate from the SSM calculated
by Bahcall and Ulrich is 7.9 £ 2.6 SNU, among which 6.1 SNU is attributed to B
neutrinos, 1.1 SNU to "Be neutrinos, and the rest to other minor branches. Each flux is
sensitive to the central temperature of the Sun (see Eq.(1.2) ~ Eq.(1.4)). If the central
temperature is so modified as to reproduce the flux obtained by KAM-II (in fact, the
decrease of the central temperature is a mere 4%), the "Be neutrino flux is expected to
decrease down to 0.71 relative to the SSM prediction. Therefore, the expected capture

rate of the Homestake experiment should be;
Capture rate = 6.1 (SNU) x 0.46 [°B] + 1.1 (SNU) x 0.71 ['Be] = 3.6 (SNU).  (5.1)

Taking into account the contribution of the other neutrino sources, the total capture
rate must be 4.2 SNU, which is about 6 away from the experimental result.

We are thus led to consider the neutrino matter oscillations in the Sun and the
Earth again here. The allowed region from the Homestake experiment at 90% C.L.
is obtained by a similar analysis employed by KAM-II as shown in Fig.5.2, where the
solid line shows the allowed region of KAM-II and the dashed line of Homestake. Note
that most of the adiabatic region of Am? > 10~* eV? is completely excluded by non-
overlapping of the two allowed regions. The neutrino regeneration effect in the Earth is
also seen around the region of 107! <sin®26 < 7x107? and 1.5x107% < Am? < 5x 107
eV? in Fig.5.2. However, a large part of that region is excluded by null observation of
the Day/Night effect by KAM-II. The resultant remaining region satisfying both of
the experiments is mainly the non-adiabatic solution of sin® 26 x Am? = 10~75%%2 apd
Am? =1075%12 ¢V?  and the large-mixing-angle region of 5 x 107! < sin®26 < 9 x 1072,
2x1077<Am? <1.5x10%and 5 x 1075 < Am? < 107* eV2.



5.3 Effect of Uncertainties in the Standard Solar
Model

~ As described in section 1.2, the standard solar model itself has several uncertainties.
The theoretical three-standard-deviation (3¢) error of the neutrino fluxes calculated
by Bahcall and Ulrich are +37% and +15% for B and "Be neutrinos, respectively.
Therefore, the conclusion derived from the MSW solutions assuming the central value
of the SSM prediction has to be tested for these uncertainties in the SSM calculation.

The predicted fluxes were (a) increased or (b) decreased by its theoretical 3o
error from the central value and then the similar analysis described in the previous
section is performed. The total theoretical 3¢ error is given by adding the errors of ®B
(37%) and "Be (15%) neutrino flux. The predicted 3’Cl capture rate for increased and
decreased neutrino flux becomes (a) 10.3 and (b) 5.5 SNU, respectively. The KAM-II
result becomes (a) 0.33 £+ 0.04 (stat.) + 0.04 (sys.) and (b) 0.73 + 0.08 (stat.) +
0.10 (sys.) relative to the SSM prediction, respectively. The resultant allowed region at
90% C.L. in each case is shown in Fig.5.3(a) and 5.3(b). Note that, in Fig.5.3(b), the
allowed region of KAM-II exists outside the triangular region, because the observed flux
is within the predicted flux at 90% C.L. From these figures, most part of the adiabatic
solutions (Am? > 1.5 x 10~* eV?) is still ruled out by non-overlapping of the two
allowed regions, while the non-adiabatic solution is still a viable solution even if the B
and "Be neutrino fluxes are changed with the maximum permissible amount estimated
by Bahcall and Ulrich. The overlapping region of the non-adiabatic solution allows
the oscillation parameter of sin?26 x Am? = 10~75%%3 and 6 x 10~7 < Am? < 10~%
eV? which includes the maximum theoretical error in the neutrino fluxes as shown in
Fig.5.4. The large-mixing-angle solution survives in the case of flux increase, while it is
restricted to sin? 26 > 0.9 in the case of flux decrease. -

Another standard solar model recently calculated by Turck-Chiéze et al. predicts
different production rates of neutrinos. (see Table.5.1) If the neutrino flux by Turck-
Chiéze are employed instead of that by Bahcall and Ulrich, the measured flux by KAM-I1
is 0.70 £ 0.08 (stat.) =+ 0.09 (sys.) relative to the predicted value. On the other hand,

the predicted fluxes of 8B and "Be neutrinos are 3.8 x 10° and 4.18 x 10° cm™2sec™,



respectively, and the predicted capture rate of the %7Cl Homestake experiment is 5.8
4 1.3 SNU. Using these fluxes, the comparison of the allowed region between KAM-
IT and Homestake was made. Figure 5.5 shows the allowed regions at 90% C.L. The
allowed region from KAM-II is again outside the triangular region just as in Fig.5.3(b),
hence, the non-adiabatic region is still allowed and narrow region of sin? 26 > 0.9 is also
allowed.

In summary, even if the uncertainties in the calculation of the solar neutrino fluxes
and/or the model dependence is taken into account, there are still allowed regions on

the oscillation parameter (sin?28,Am?) plane.

5.4 Significance of the Gallium Experiment

There exist two ?Ga experiments which are called SAGE and GALLEX. Recently,
SAGE reported a new result [9]. Assuming that the extraction efficiency of Ge atoms
produced by solar neutrinos is the same as from the natural Ge carriers, they observed
the capture rate of 20 *33 (stat.) & 32 (sys.) SNU, corresponding to a 90% C.L. upper
limit of 79 SNU. A calibration of the overall detection efficiency of the experiment is
scheduled in 1992 with a 1 MCi *1Cr neutrino source. Thus, the SAGE result also shows
a large solar neutrino deficit compared to the predicted capture rate of 132 20 SNU
by the SSM calculated by Bahcall and Ulrich [1]. The minimum expected rate in a
"lGa experiment, assuming only that the Sun is presently generating nuclear energy at
the rate at which it is radiating energy, is 79 SNU [2]. This extreme case is achieved
if only pp and pep neutrinos are produced by the Sun. The SAGE result, therefore,
strongly suggests that the solar neutrino deficit should be caused by intrinsic properties
of neutrinos but not by the uncertainties in the SSM.

From the simulation of the "'Ga experiment as described in Chapter 3, the ex-
pected capture rate of solar neutrinos was obtained on the oscillation parameter plane.
Figure 5.6 shows iso-SNU contours on the (sin? 26,Am?) plane without the neutrino
regeneration effect in the Earth. The contours from inside show 10, 20, 40, 60, 80,
100 and 120 SNU, respectively. Note that the adiabatic solution is mainly located at

Am? ~ 1075 eV?, because pp neutrinos have energies lower than 0.42 MeV. The calcu-



lation has taken into account the production position dependence of neutrinos. Figure
5.7 shows both the ™Ga iso-SNU contours and the allowed regions of KAM-II and the
Homestake experiment. The overlapped allowed region in the non-adiabatic solution is
located on the contours less than 100 SNU. Thus far the SAGE result is not sensitive
enough to draw further conclusions.

The ™ Ga iso-SNU contour lines were also calculated with decreased and increased
fluxes by the theoretical 30 error of the "Be and ®B neutrino fluxes. Figure 5.8(a)
and 5.8(b) show the iso-SNU contours of the Ga experiment and the allowed regions
of KAM-II and the Homestake experiment for a ®B neutrino flux increased by 37%
and for a "Be neutrino flux increased by 15%, and decreased ones, respectively. The
dotted contours from inside show 10, 20, 40, 60 and 80 SNU, respectively. The region
corresponding to the capture rate of the "' Ga experiment less than 79 SNU in each case
disfavors the overlapping region of the non-adiabatic solution with Am? > 10~° eV? and
of the residual adiabatic solution with a large mixing angle (sin? 26 > 0.1). However, the
present SAGE result does not provide additional constraints on the remaining allowed
parameters. '

So far, the Day/Night effect has not been taken into account in the discussion
above. The regeneration effect in the Earth is expected in the region of sin? 26 > 0.2 and
1078 < Am? < 107¢ eV2. The expected capture rate of the overlapping regions around
these parameters, hence, should be affected by the regeneration effect. The predicted
contours of the capture rate are shown in Fig.5.9. The contours from inside shows 10,
20, 30, 40, 60, 80, 100 and 120 SNU, respectively. As compared to Fig.5.6, there is an
increase by about 10 SNU for the capture rate around the region of 0.1 <sin?20 < 0.4
and 5x107% < Am? < 6x10~7 eV The allowed regions of KAM-II and the Homestake
experiment together with the SAGE iso-SNU contour lines are shown in Fig.5.11, and
the same as Fig.5.8, but taking into account the regeneration effect, is also shown in
Fig.5.10. Again, the present SAGE result does not provide any new information on the

oscillation parameters.



5.5 Future Prospect

As is described in the previous section, the first result from the SAGE experiment
gives a strong suggestion that the solar neutrino deficit should be caused by some
intrinsic properties of neutrinos. To check the overall detection efficiency, the SAGE
experiment is now planning a calibration in 1992 with a 1-M Ci **Cr neutrino source.
On the contrary, the SAGE experiment has not added to the combined KAM-II and
Homestake result any new information on the neutrino-oscillation parameters due to its
large statistical and systematic errors. The GALLEX (" Ga) experiment is currently
taking data with lower background level and will soon present its first result, to which
“we are looking forward.

Then, what should we do next, in order to further restrict the allowed region on
the oscillation parameter plane and to convince that the neutrino deficit is really caused
by the MSW neutrino oscillations ? We should measure the neutral-current/charged
current event ratio as well as the energy spectrum of solar neutrinos as precisely as
possible with high-statistics and low-energy-threshold experiments. The present KAM-
IT can not afford to measure the energy spectrum precisely due to its poor statistics
and its relatively high-energy analysis threshold (7.5 MeV). And the present KAM-II
obviously can not measure the charged-current/neutral-current event ratio, as it can
not distinguish neutral-current events from charged-current ones. In this chapter, two
funded next-generation neutrino experiments challenging to disentangle the solar neu-
trino deficit, i.e., Super-Kamiokande and SNO which are now under construction will

be described.

5.5.1 Super-Kamiokande

The Super-Kamiokande project [43] is based on all the achievements and experiences
that have been obtained with the present Kamiokande experiment. The size of the
detector will be 50,000 tons of total volume in which 32,000 tons is for inner volume,
surrounded by the photomultipliers with the density 2 PMTs/m? (40% photosensitive
area). The lowest detectable total energy is expected to be 5 MeV which is limited

by backgrounds. Super-Kamiokande will start data-taking in 1996 and observe about



7,500 solar neutrino events per year, if the neutrino flux is 46% of the SSM prediction
calculated by Bahcall and Ulrich. Main characteristics of Super-Kamiokande are shown
in Table.5.2.

The high-statistics data will strongly constrain the solution of the solar neutrino
problem, in particular, the MSW solution, by investigating the recoil electron energy
spectrum in detail. Figure 5.12 shows the expected electron energy spectral from the
MSW mechanism normalized by the SSM calculated by Bahcall and Ulrich in case of
(sin® 26, Am?) = (0.01,3 x 107°), (0.1,4 x 10~7), (0.5,1 x 10~7) and (0.7,5 x 10~7). The
statistical errors correspond to 5 year operation.

As seen in this figure, even among non-adiabatic solutions, there is a slight differ-
ence in shape which the precise measurement will be able to resolve independently of

the absolute flux value.

5.5.2 Sudbury Neutrino Observatory

The Sudbury Neutrino Observatory (SNO) detector [44] will be installed in a deep mine
(2070 m underground corresponding to 5900 meter water equivalent) near Sudbury 200
miles north of Tront in Canada. The detector consists of 1,000 tons of heavy water (D;0)
surrounded by 7,000 tons of purified light water (H,0). The Cerenkov light emitted by
recoil electrons is detected by photomultipliers which cover 40% of the detector surface.

The unique feature of this experiment is to detect the neutral-current reaction of

the neutrino-deuteron scatterings. The expected reactions are as follows;

ve+d — e +p+p—144MeV (5.2)
ve+d — v, +p+n—233MeV (5.3)
Vet+e  — vete . (5.4)

Eq.(5.2) (neutrino absorption by deuteron) and Eq.(5.4) show the charged-current reac-
tions and Eq.(5.3) shows the pure neutral-current reaction. The signal from the reaction
in Eq.(5.2) dominates over Eq.(5.4). The quasi-free neutron in reaction Eq.(5.3) is cap-
tured by a 33Cl atom when NaCl is added in the D,O reservoir and gives about 8 MeV
gamma-ray by the (n,y) reaction. In addition, the SNO experiment can measure the real

neutrino (not recoil-electron) energy spectrum via the neutral-current reaction Eq.(5.3).



The expected rate for the reaction of Eq.(5.2) is about 2,500 events per year
(E. > 5 MeV) and of Eq.(5.3) about 1,000 events per year, if the B neutrino flux is
assumed to be 0.46 of the SSM prediction. If neutrino oscillations really occur, the
ratio between neutral-current events and charged-current events (NC/CC) will increase
and will observe the distortion of the neutrino energy spectrum by the MSW neutrino
oscillations.

However, in the reaction of Eq.(5.3), the energy and direction of an incident
neutrino can not be measured. Therefore, in fact, it will be difficult to measure the
reactions of Eq.(5.3) unless the radio-active background in the detector materials is

reduced sufficiently. The SNO experiment will start data-taking in late 1994.



Chapter 6

Conclusion

An analysis of the MSW effect using the KAM-II 1040 days’ data has been presented in
this paper. The measured total flux as well as the recoil electron energy spectrum of ®B
solar neutrinos provides a strong constraint on the oscillation parameters (sin® 26, Am?).
The allowed region on the oscillation-parameter plane is obtained by comparing the
observed energy spectrum with the predicted one from the neutrino matter oscillations
assuming the SSM calculated by Bahcall and Ulrich.

The adiabatic region of:
7.2x107* <sin?20 < 6.3 x 107> with Am?® (eV?) 1.3 x 107* (6.1)

is excluded at 90% confidence level by the measured shape of the recoil-electron energy

spectrum alone. Also, a region of:
sin®20 > 0.02 with 2 x 107 < Am? (eV?) < 107° (6.2)

is excluded at 90% confidence level by null observation of the Day/Night effect without
any assumption on the a,bsoluﬁe value of the solar neutrino flux.

Assuming the central value of the B neutrino flux predicted by the SSM of Bahcall
and Ulrich, the region allowed by KAM-II alone is the non-adiabatic region of:

sin? 20 x Am? = 107"5*%3 with 1.8 x 107® < Am? (eV?) < 1.3 x 10~* (6.3)
and the large-mixing-angle region of:
sin?20 > 6 x 1071 with 5 x 10~° < Am? (eV?) < 1.0 x 104 (6.4)
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and

sin?20 > 6 x 107 with 1 x107® < Am? (eV?) < 1.5 x 1078, (6.5)

Combining the present KAM-II result with the result from Homestake experiment,
a further constraint is obtained on the allowed region of the oscillation parameters. In
this case, the theoretical 3o uncertainties of the solar neutrino flux calculated by the
SSM of Bahcall and Ulrich are properly taken into account.

The almost adiabatic region of:
1.2x107* <sin?20 < 6 x 107! with 2 x 10™° < Am? (eV?) <2 x 107* (6.6)
- is then ruled out. Also allowed are the regions in the non-adiabatic region of:
sin?20 x Am? = 107"%%%% with 6 x 1077 < Am? (eV?) < 1075 (6.7)

and in the large-mixing-angle region of:

sin20 >4 x 107 with 1.5 x 107 > Am? (eV?) (6.8)
and
sin?20 > 4 x 107! with 3.5 x 1075 < Am? (eV?) <1 x 1074, (6.9)

\ The recent result from the SAGE experiment, 79 SNU (90% C.L. upper limit)
‘compa,red to the SSM prediction of 132 ¥39 SNU calculated by Bahcall and Ulrich, gives
small constraints on the oscillation parameter; (i) a narrow region of the non-adiabatic
solution with Am? > 10~ eV? and (ii) a residual region of the adiabatic solution with a
large mixing angle (sin? 26 > 0.1) are disfavored by taking into account the theoretical
uncertainties of the neutrino flux. However, the present SAGE result does not constrain
the above regions due to the limited statistics and the large systematic errors. It is
stressed that high-precision and high-siatistics experiments (Super-Kamiokande and
SNO) are clearly needed to further study the uniqueness of the MSW solution. And if
the MSW solution is indeed correct, these next-generation solar neutrino experiments

will squeeze the allowed region of underlying oscillation parameters (sin? 26,Am?).



Appendix A

Standard Solar Model

The standard solar model describes the structure of the Sun by means of the following

four equation.

Hydrostatic equilibrium between the gravitational force and the radiative and par-

ticle pressures;

dP(r) GM(r)

; ‘ (A.1)

dr L
where r is a distance from the center of the Sun, P(r) is the pressure, p is the
density, G is the constant of gravitation and M(r) is the mass in a sphere within

the radius r.

Energy transport by radiation or convective motion;

dT 3xpL(r)

_-(-E‘- = m (radiation), (A2)
dT 1.TdP
— = ~(1 - ;)—15? (convection), (A3)

where T is the temperature, « is the Rosseland mean opacity, a is the Stefan-
Boltzmann constant, ¢ is the light velocity, and 1 is the ratio of the specific heats
Cp/C,. These two equations are exclusive. One can calculate & and 4F from
Egs.(A.1) and (A.2) in every layer of the Sun, and if

dT 1. TdP
- —d': < —(1 - :; -13—('1'1—" (A.4)

then the layer is stable against convective motions and the temperature gradient

is given by Eq.(A.2). If it is not the case, the convective motions occur and
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the temperature gradient is given by Eq.(A.3). In the deep interior, the energy
transport is primarily by photon diffusion and is described in Eq.(A.2). For layers
that are unstable against convective motions, the temperature gradient is taken to
be the adiabatic gradient (Eq.(A.3)) except near the surface where mixing length
theory is employed.

Energy generation by nuclear reactions and conservation ;

dL(r)
= 4rr* pe, (A.5)

where ¢ is the energy released from nuclear reactions, L(r) is the luminosity.
Equation (A.5) shows that the luminosity is balanced by the energy generation
of nuclear reactions. The standard solar model includes departures from nuclear
equilibrium that are caused by the fusion processes themselves, for example, in

the abundance of 3He.

Mass continuity ,

dM(r) _, >
e 4rr’p. (A.6)

Together with these four differential equations, the calculation of the solar evo-
lution employs. Three explicit relations which characterize the behavior of the interior
gasses, l.e., the equation of state, the equation for opacity, and the equation for energy

production by nuclear reactions. They are formalized by;

P = P(pT,X,Y,2) (A7)
k = k(p,T,X,Y,2) (A.8)
e = €p,T,X,Y,2), (A.9)

where X, Y, and Z are the fractional abundance of hydrogen, helium and the heavier
elements, respectively (X +Y + Z = 1). If one use the relations of Eqs.(A.7) - (A.9) to
eliminate p, £ and € from the differential equations Eqs.(A.1) - (A.6), these equations
contain five variables P, M(r), L(r), T and r. Thus, the problem of stellar structure
is reduced to four simultaneous non-linear first order differential equations for four

variables where all four variables are a function of the fifth variable. All variables of
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P(r), M(r), L(r), T(r), p(x), X, Y, and Z are a function of time, {. The boundary
conditions are the solar mass Mg, luminosity Ly, and radius Rg at the present age of
4.6 x 10° year.

The standard solar model adopts two assumption as regards the chemical compo-

sition of the Sun.

1. The Sun was chemically homogeneous at ¢ = 0, and changes in the local abundance

of each isotope occurred only by nuclear fusion processes.

2. The composition of the present solar surface reflects the initial abundances of

elements heavier than helium.

Thus, the initial value of X can be calculated by using these assumptions and the
boundary conditions. Subsequently, the evolution and structure of the Sun are solved.
Some of the characteristic parameters of the Sun, which are measured or calculated, are

shown in Table.1.1.



Appendix B

Nuclear Fusion Reaction

‘The reaction rate of nuclear fusion reaction is described by;

nn,
Rate;; = T+ g;,’) < ov >y, (B.1)

where n;, n; are number density of type ¢ and j, o is their interaction cross section, v
is the magnitude of their relative velocity, and é is the Kroneker delta prevents double
counting of identical particles.

The rates of nuclear fusion reactions in the solar interior are dominated by Coulomb
barriers. The typical thermal energy of particles in the solar interior is a few keV, which
is much smaller than the typical height of Coulomb barriers of a few MeV among light
elements. Therefore, the nuclear fusion released in the Sun are caused by the quantum
mechanical effect of tunneling through a potential barrier.

The fusion cross section is represented by a formula with the geometrical factor,
(the De Broglie wavelength squared). The barrier penetration factor, and a residual

factor of S(E) as follows;

o(E)= S(EE) exp(—2mn), (B.2)
where -
1 = z;z;(*/hv). (B.3)
The quantity ezp(—27n) is known as the Gamow pen;etration factor. The value of S(E)
at zero energy is known as the cross section factor, Sq.

At the temperatures and the densities relevant to the solar interior, the interacting

particles obey a Maxwellian distribution in a time that is infinitesimal compared to the



mean lifetime for a nuclear reaction. Therefore, one can average < ov > in Eq.(B.1),

assuming a Maxwell-Boltzmann distribution, as following;

<ov>=( T T)a)llzfo/ S(E)exp(—2mn — E/kgT)dE, (B.4)

where p is the reduced mass of the interacting particles, fo is a factor representing the

electron screening as fo = exp(0.188z;2;¢p* 2T_3/ 2) where Ty is the temperature in unit

of 10°K,¢ = [Z:(X: 22/ Ai + X:Z:/A:)]Y? and X; is the mass fraction of nuclei of type i.
The average product of cross section terms velocity is given by

< ov >=1.3005 x 10'15[ oLl ]1/3foSeffezp(—£

%aT (B-5)

where

_ SkgT S'(Eo+ kET) :
Seps = So[1+ 36, + — E=0, (B.6)

and Eo = 1.2_2(2,~2sz-ATg)ll3 MeV si a most probable energy of interaction. Here,
A=

A = A is the reduced atomic number. The temperature dependence of non-resonant
thermonuclear reactions is determined by the above equation. An approximate depen-

dence of nuclear reactions on the temperature is expressed by;
Rate < T™ (B.7)

and the exponent n is;

n—(3E°

The effective exponent by which a nuclear reaction rate or neutrino flux depends on

- 2)/3. (B.8)

temperature will differ from the value given in Eq.(B.7), in which Ej is assumed to
be calculated at a specific point in the Sun (e.g., the center). The effective exponent
results from an average over the temperature-density profile of the Sun. The energy

dependence of pp, "Be and ®B neutrinos are shown in Eqgs.(1.2) - (1.4).
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Appendix C

Uncertainties in the Solar Standard

Model

The calculation of the solar neutrino fluxes depends on the input parameters of the solar
model such as nuclear reaction rate (e.g., S11, S3q and S17), solar radiative opacities and
primordial abundances of heavy elements (Z). Sy, Siy and Si7 are the cross section
factors for the reactions of p+p, *He + *He and "Be + p, respectively, where subscripts
on S defined by Eq.(B.2) represents the mass number of the interacting nuclei. What
one really needs is the S factor around the energy near the Gamow peak (a few tens of
keV). However, it is not able to measure the value in a laboratory, because the Coulomb
potential barrier is too high (~ a few hundred keV). Therefore, the value is obtained by
extrapolating the experimental data at a few hundred keV to the energy of the Gamow
peak.

Table C.1 presents the logarithmic deviations of the neutrino fluxes with respect
to each of the significant parameters. The deviations for the cross section factor, Si7
which is related only to the 8B neutrino flux are not listed. The only deviative that
is significantly different from zero is S;7 = 1.00 for ®B neutrinos. For example, the ®B
neutrino flux has the dependence of Eq.(1.4). Table C.2 gives the fractional uncertainty
(30) in each of solar neutrinos derived from the SSM calculated by Bahcall and Ulrich
that is caused by each of the principal sources of uncertainty. In case of ®B solar
neutrinos, the main sources of uncertainty are S;7 and Z/X.

Recently, Turck-Chiéze proposed a new SSM independently of Bahcall and Ulrich.



Two SSM calculations obtained by Bahcall and Ulrich [1], and Turck-Chieze et al. [39]
are shown in Table.5.1. The two SSM are in reasonably good agreement except of the
8B neutrino flux. The main sources of their difference originate from choice of the S;;

factor and the small difference of the central temperature which affect the ®B neutrino

flux (see Eq.(1.4)).



Appendix D

Definition of Effective Number of
Hit PMTs

The effective number of hit PMTs (N.4;) is defined by;

948 — Nieaa(to)
948 — Nyeaa()

L R . cos®;

Neff = E'exP(l,;)exP(_f;)m X Pwalls (Dl)

where r; is the distance between PMT,; and the vertex position of an event, [, is the
observed absorption length of the water, §; is the angle of the incident Cerenkov light
with respect to the PMT; axis, and f(6;) represents the acceptance of PMT;. pyan is
the relative density of PMTs on the each wall; defined by py.u=1 for the barrel, and
pwant=1.06 for the top and bottom planes. R (=7.22m) and L,,, (=35m)are constants
which shows the dimension of the detector and an arbitrary chosen standard of water
transparency. The summention is performed for the PMTs with the residual time (¢; -
time of flight from vertex to PMT) within +20 nsec, where ¢; is the measured time of
PMT;. This time width is determined by the time response of the PMT at the single
photoelectron level (13 nsec FWHM).

The first factor in the definition of N.¢; is the correction factor for the number of
dead PMTs (no signal from its PMTs) where ¢ and ?, are the time when the event is
detected and a chosen standard time (June,1988).



Figure Captions

Fig.1.1 : Proton - proton chain.

Fig.1.2 : CNO cycle.

Fig.1.3 : The energy spectrum of solar neutrinos predicted by the standard solar model
(SSM) calculated by Bahcall and Ulrich. Most of the neutrinos have their energy less
than 2 MeV.

Fig.1.4 : A possible correlation between the number of sunspots and the measured 37 Ar
production rate by Homestake experiment.

Fig.1.5 : Plot showing the time variation of the ®B solar neutrino signal in the KAM-II
detector. Threshold for two earlier points is E. > 9.3 MeV, while for the three later
points E. > 7.5 MeV. Each data point corresponds to approximately 200-day data.
Fig.1.6 : Present status of various v, < v, vacuum oscillation experiments at acceler-
ators and reactors. So far, there is no compelling evidence for neutrino oscillations.
Fig.1.7 : The amplitude of sin? 26 in matter near the resonant condition. The reso-
nance width corresponds to L./L, = cos 26.

Fig.1.8 : Fractional production rate of the solar neutrino as a function of radius from
the center of the Sun. The ®B neutrinos are generated inside the Sun compared to other
sources.

Fig.1.9 : Electron density (N, in unit of the Avogadro number N,) in the Sun as a
function of radius from the center of the Sun. _

Fig.1.10 : The neutrino survival probability in case of sin® 2§=0.001 and E/Am?=6 x
10° MeV/eV? as a function of radius from the center of the Sun. One sees a sudden
drop of the probability caused by resonant oscillation at R/Rg=0.3.

Fig.1.11 : The flavor eigenstate | v. > created at high density is nearly the same as
the heavier mass eigenstate | 1o, >. As the electron dénsity decrease slowly enough,
the flavor state remains close to the mass eigenstaté | vom >, the flavor state essentially
becomes | v, > when it emerges from the Sun to a vacuum, because the effective mixing
angle 8,, is close to the vacuum mixing angle 4.

Fig.1.12 : The contour line corresponding to 2 SNU on the plane of oscillation pa-

rameters (sin® 26, Am?). The horizontal and vertical line represent the solutions which



satisfy the adiabatic criterion that the width of the resonance is large compared to the
matter oscillation length, and the diagonal line satisfy the non-adiabatic solution in
which the level crossing occurs between the mass eigenstates.

Fig.1.13 : Radial density in the Earth. 7
Fig.2.1 : Schematic view of the KAM-II detector with the water purification system,
anti-counter and electronics hut. v

Fig.2.2 : The attenuation length of light in pure water for wavelengths from 390 nm
to 700 nm. Also shown is the Rayleigh scattering limit for short wavelength.

Fig.2.3 : Block diagram of the water purification system.

Fig.2.4 : Block diagram of the data acquisition electronics.

Fig.2.5 : Trigger efficiency as a function of total electron energy in the solar neutrino
fiducial mass of 680 tons before and after the gain doubling.

Fig.2.6 : Change in the electron energy threshold during the period January, 1987
through April, 1990. The decreasing threshold energy is due to improvement of the
sensitivity in that period. After May 1989, two different energy thresholds are used for
the trigger. The lower threshold is 5.2 MeV.

Fig.2.7 : Schematic of the Nickel calibration system using gamma rays emitted from
the reaction of Ni(n,y) Ni.

Fig.2.8 : The measured gamma-ray spectra from the Cf + Ni (filled circle) and Cf
source only (solid histograms) as a function of N ;.

Fig.2.9 : The observed gamma-ray spectrum obtained by subtraction of the spectrum
of the Cf source spectrum from the Cf + Ni spectrum. The solid histogram shows the
corresponding spectrum calculated by the Monte Carlo simulation.

Fig.2.10 : The gain stability plotted is the relative value of the Ni(n,y)Ni calibration
runs in the interval between October, 1986 and April, 1990. The gain is stable within
+ 2%.

Fig.2.11 : N.s; distribution of electrons from stopping muon decays (data points) to-
gether with that of the Monte Carlo simulation (solid histograms) which includes the
energy resolution of the detector.

Fig.2.12 : The event rate as a function of time interval AT from the proceeding muon

event. The solid line is the life time (18.4 + 0.8 msec) obtained from the mixture



of short-lived spallation beta-decay products 2B and !2N. The spallation e-vents with
E,. > 10 MeV accompanied by the proceeding muons with pulse height above 20000 p.e.
are selected.

Fig.2.13 : Energy distribution of the beta decays from the short-lived spallation prod-
ucts. The solid histogram shows the Monte Carlo simulated spectrum of beta decays
for a mixture of B and 2N with a relative ratio of 0.85:0.15 consistent with the life
time in Fig.2.12.

Fig.2.14 : Energy resolution as a function of total electron energy obtained by the
Monte Carlo simulation before (dashed) and after (solid) the gain doubling.

Fig.2.15 : Measured distribution of collimated gamma rays as a function of cos§ com-
pared with that of the Monte Carlo simulation. The angle # is defined as the angle
between the reconstructed electron and the downward direction.

Fig.2.16 : Angular resolution as a function of total electron energy before (dashed)
and after (solid) the gain doubling.

Fig.2.17 : (a) Distribution of the number of PMTs per unit of time residual as a func-
tion of the residual time for a typical well-reconstructed event. If all the measured times
of the PMTs in one event are properly corrected for the time of flight from a correct
vertex position, the distribution should peak sharply at the mean time residual.

(b) Same distribution as (a) but for one event with an incorrect vertex position.
Fig.2.18 : Vertex position resolution (1o) of gamma rays from the Ni(n,v)Ni source as
a function of total electron energy before (open circle) and after (filled circle) the gain
dbubling, compared with the Monte Carlo simulation before (dashed) and after (solid)
the gain doubling,.

Fig.2.19 : Vertex position resolution of electrons generated by the Monte Carlo simu-
lation before (dashed) and after (solid) the gain doubling.

Fig.3.1 : Neutrino survival probability P(v. — v.) as a function of E/Am? obtained
from the calculation of the MSW effect in the Sun in the case of sin?26 = 0.1 (solid),
0.01 (dashed) and 0.001 (dotted).

Fig.3.2 : Energy spectrum of ®B solar neutrinos at the Earth in the case of no oscillation
(solid) and in the case of neutrino oscillation with (sin?26,Am?): (2 x 1073,1.3 x 107%)
for dashed line, (1.6 x 1072,3.2 x 107%) for dotted line and (0.8,3.2 x 107°) for dotted-



dashed line.

Fig.3.3 : Neutrino survival probability that a neutrino born as a v, at the center of the
Sun remains as v,, at each point in the Earth for sin®26 = 0.1 and E/Am? = 2 x 10°
MeV/eV2. In the figure, the Sun is just under the observer.

Fig.3.4 : Neutrino survival probability as a function of E/Am? for the case of sin® 20
= 0.1, where a neutrino is assumed to be born as a v, at the center of the Sun. The
solid line is obtained by taking into account only the MSW effect in the Sun. On the
other hand, the dashed line includes the regeneration effect in the Earth.

Fig.3.5: Feynman diagrams for the neutrino-electron scattering via the charged-current
and the neutral-current.

- Fig.3.6 : Energy distributions of recoil electrons scattered by ®B solar neutrinos ex-
pected from the Monte Carlo simulation. The solid histograms take into account the
energy resolution of the detector and the dashed ones do not include the effect.
Fig.3.7 : Expected energy spectra relative to the SSM prediction calculated by Bahcall
and Ulrich in the case of neutrino oscillation parameters with (sin®26,Am?): (6.3 x
1071,107*) for the solid line, (107%,3.2 x 107%) for the dotted-dashed line, and (2 x
1073,1.4 x 107*) for the dashed line, together with the data point.

Fig.3.8 : Expected relative neutrino fluxes as a function of cosd,,, in the case of
(sin® 26,Am?): (0.11,3.5 x 107°) for the solid line and (0.05,7.9 x 107°) for the dashed
line, together with the data point.

Fig.3.9 : Calculated energy spectra of recoil electrons by ®B solar neutrinos by the
analytic expression of the energy resolution of the detector (solid histograms) and by
the Monte Carlo simulation (filled circles).

Fig.3.10 : The contours on the oscillation parameter plane in the case of (a) KAM-II,
(b) Homestake, and (c) the SAGE experiment. Each contour line corresponds to 0.1 x
SSM x ¢ (i = 1,10) where SSM is the central value of the Bahcall and Ulrich’s calcula-
tion. The calculation take into account the regeneration effect in the Earth as well as
the MSW effect in the Sun.

Fig.4.1: The observed event rate as a function of total electron energy for all events (o),
events in fiducial volume (o), after spallation cut (©) and after the remaining gamma-

ray cut (®): (a) before the gain doubling, (b) after the gain doubling. The solid curve



shows the expected event rate for ®B solar neutrinos predicted by SSM calculated by
Bahcall and Ulrich.

Fig.4.2 : Plot of the angle between the electron direction and a radius vector from the
Sun (cosf,,,) showing the signal from the Sun plus an isotropic background. This plot
is for E, > 9.3 MeV, and time period January,1987 through April, 1990. a total of 1040
detector-live days.

Fig.4.3 : (a) Same as Fig.4.2 but for the period January, 1987 through May, 1988,
a total of 450 detector-live days. (b) Same as Fig.4.2 but for the period June, 1988
through April, 1990, a total of 590 detector-live days.

Fig.4.4 : (a) Differential electron energy distribution of the events scattered by 2B
solar neutrinos. The point in the interval above 14 MeV is sum of all events above 14
MeV. The dashed histogram is the best fit to the data of Monte Carlo simulation based
on o(v.e — v.e), the known shape of the neutrino flux from ®B decay, and the energy
resolution of the detector. The solid histogram has the area predicted by the SSM of
Bahcall and Ulrich. '

(b) The flux value relative to the SSM as a function of total electron energy (E.). The
plot shows the stability of the solar neutrino signal with electron energy, and is not
dependent on the total flux prediction of the SSM, which is consequently indicated by
SSM.

Fig.4.5 : The confidence-level contours at the 68% (hatched), 90% (solid line) and
95% (dashed line) for the allowed regions of the MSW solutions which are obtained by
the only the total flux measured by KAM-II, relative to the central value of the SSM
prediction calculated by Bahcall and Ulrich. Only the MSW effect in the Sun is folded
in the figure and the theoretical uncertainty of the ®B solar neutrino flux (37%) is not
taken into account.

Fig.4.6 : Same as Fig.4.5 but obtained from both the total flux and the measured recoil
electron energy spectrum.

Fig.4.7 : The ”excluded” region obtained by the analysis of the shape of the recoil
electron energy spectrum alone. These contours show the 68% (dashed) and 90% (solid)
confidence levels for the ”excluded” region which does not depend on the absolute flux

value predicted by the SSM. The hatched region shows the allowed region.



Fig.4.8 : Same as Fig.4.2 but for (a) the daytime, (b) cosb,,, = 0.0 - 0.2, (c) cos§,,,
= 0.2- 0.4, (d) cosb,u, = 0.4 - 0.6, () cosb,un = 0.6 - 0.8, (f) cos 6,,, = 0.8 - 1.0.
Fig.4.9 : Measured solar neutrino fluxes relative to the averaged value (0.46 relative to
the SSM prediction of Bahcall and Ulrich); (a) daytime, nighttime; (b) spring, summer,
fall, winter; (c) periods I and II; (d) periods I and II, daytime; (e) periods I and II,
nighttime.

Fig.4.10 : The ”excluded” region obtained by KAM-II from the nighttime flux cos§,,,
distribution (Fig.3.8). These contours show the 68% (dashed), 90% (solid) and 95%
(hatched) confidence levels for the "excluded” region on the oscillation parameter plane.
Note that these regions do not depend on the absolute value of the expected solar
neutrino flux.

Fig.5.1 : The dotted region shows the 90% confidence level contour for the ”allowed”
region which is obtained from the total flux and the recoil-electron energy spectrum,
measured in the KAM-II detector. The theoretical uncertainty of 3B solar neutrino flux
(37%) is not taken into account, and the central value of the B solar neutrino flux
by the SSM prediction of Bahcall and Ulrich is adopted in the analysis. The neutrino
regeneration effect effect adds the allowed region of 7 x 1072 < sin?26 < 6 x 10~ and
1078 < Am? < 1075 V2. The hatched region shows the ”excluded” region at 90% C.L.
obtained by null Day/Night effect as shown in Fig.3.8 without any assumption on the
absolute value of the solar neutrino flux. (Some following figures will be shown together
with this excluded region.)

Fig.5.2 : The 90% C.L. allowed region obtained by the KAM-II (solid line) and Home-
stake experiment (dashed line). As the capture rate of the Homestake experiment, 2.3
+ 0.3 SNU is adopted. The adiabatic region of Am? > 10™* eV? is mostly excluded by
the non-overlapping of the two allowed regions.

Fig.5.3 : The 90% C.L. allowed region obtained by KAM-II (solid line) and the Homes-
take experiment (dashed line) for (a) with the expected ®B solar neutrino flux increased
by 37% and the expected "Be solar neutrino flux also increased by 15%, and (b) with the
expected ®B solar neutrino flux decreased by 37% and the expected "Be solar neutrino
also decreased by 15%. Note that the allowed region for KAM-II in (b) is outside the
triangular of the solid line (shaded region).



Fig.5.4 : The 90% C.L. allowed region obtained by the overlapping regions of KAM-II
and Homestake experiment. The central value of each solar neutrino flux predicted by
the SSM of Bahcall and Ulrich is assumed including the theoretical 3¢ error of each
neutrino flux. See Figs.5.2 and 5.3.

Fig.5.5: The 90% C.L. allowed region obtained by KAM-II (shaded region) and Home-
stake experiment (dashed line), assuming the central value of each neutrino flux from
the SSM calculated by Turck-Chiéze. The measured neutrino fluxes relative to the SSM
prediction are 0.70 + 0.08(stat.) + 0.09(sys.) for KAM-II and 0.40 + 0.05 (stat.) for
Homestake experiment.

Fig.5.6 : The iso-SNU contours of the ™ Ga experiment on the oscillation parameter
plane without the neutrino regeneration effect in the Earth. The contour from inside
shows 10, 20, 40, 60, 80, 100 and 120 SNU.

Fig.5.7 : The iso-SNU contours (10, 20, 40, 60, 80 and 100 SNU from inside) of the "*Ga
experiment (dotted), together with the 90% C.L. allowed regions of KAM-II (solid) and
Homestake experiment (dashed) without the neutrino regeneration effect. The shaded
region shows overlapping region allowed by KAM-II and the Homestake experiment.
The SSM of Bahcall and Ulrich is assumed here.

Fig.5.8 : The iso-SNU contours of the ™Ga experiment (dotted) together with the
90% C.L. allowed regions of KAM-II (solid) and Homestake experiment (dashed) for
(a) with the ®B solar neutrino flux increased by 37% and the "Be solar neutrino flux
also increased by 15%, and for (b) with the ®B solar neutrino flux decreased by 37% and
the "Be solar neutrino flux also decreased by 15%. The contours of the *Ga experiment
from inside shows 10, 20, 40, 60 and 80 SNU. The shaded region shows overlapping
region allowed by KAM-II and the Homestake experiment. The SSM of Bahcall and
Ulrich is assumed here. ‘

Fig.5.9 : The iso-SNU contours of the " Ga experiment (SAGE) on the oscillation ba.-
rameter plane with the neutrino regeneration effect in the Earth. The contours from
inside shows 10, 20, 30, 40, 60, 80, 100 and 120 SNU. In the region of sin®26 > 0.1
and 1078 < Am? < 107® eV?, the expected neutrino flux is increased by about 10 SNU
compared to Fig.5.6 due to the regeneration effect.

Fig.5.10 : The 90% C.L. allowed region obtained by KAM-II (solid line) and Homes-



take experiment (dashed line) with the neutrino regeneration effect in the Earth for (a)
with the expected B solar neutrino flux increased by 37% and the expected "Be solar
neutrino flux also increased by 15%, and (b) with the expected B solar neutrino flux
decreased by 37% and the expected "Be solar neutrino also decreased by 15%. Note
that the allowed region for KAM-II in (b) is outside the triangular of the solid line.
The shaded region shows overlapping region allowed by KAM-II and the Homestake
experiment.

Fig.5.11 : The iso-SNU contours of the ™ Ga experiment (dotted) and 90% C.L. al-
lowed region of KAM-II (solid) and the 3"Cl experiment (dashed) with the neutrino
regeneration effect in-the Earth. The shaded region shows overlapping region allowed
- by KAM-II and the Homestake experiment.

Fig.5.12 : The expected energy spectrum of recoil electrons for Super-Kamiokande,
assuming only the MSW effect in the Sun in the case of (sin® 26, Am?): (1)(0.01,3x1079),
(2)(0.1,4 x 1077), (3)(0.5,1 x 10~7) and (4)(0.7,5 x 10~7). The expected statistical error
bars in the figure are estimated, assuming 5 years of Super-Kamiokande operation with

the SSM prediction of Bahcall and Ulrich.
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Table 1.1 Solar Paraméters

Luminosity
Mass (Mg)
Radius (Re)
Moment of Inertia
Depth of convective zone
Age
Central density
Central temperature
Central hydrogen abundance
Surface temperature
Primordial helium abundance (Y)
Primordial heavy element (Z/X)
Fraction of energy from pp chains

Fraction of energy from CNO cycle

3.86 x 103 erg/sec
1.99 x 103 ¢
6.96 x 10'° cm
7.00 x 10% gem?®
0.26 x Rg
4.6 x 10° year
148 g/cm?
1.56 x 10" K
0.340 x Mo
5.77x10° K
0.271
0.0277
0.984
0.016




Table 1.2 Total neutrino fluxes

Neutrino Source || Flux (10*° cm™? sec™)
pp 6.0 (1 % 0.02)
pep 0.014 (1 + 0.05)
hep 8 x 1077
"Be 0.47 (1 £ 0.15)
5B 5.8 x 1074 (1 % 0.37)
13y 0.06 (1 % 0.50)
150 0.05 (1 + 0.58)
g 5.2 x 10~ (1 + 0.46)




Table 1.3 Reaction parameter for the pp cheain and CNO cycle

Reaction Q (MeV) So (keV barns) dS/dE (barns)
p(p,e* v.)*H 1.442 |4.07(1£0.051) x 10722 | 4.52 x 10~
p(p,e”,ve)H 1.422
2H(p,7)*He 5.494 2.5 x 104 7.9 x 10

SHe(*He,2p)*He | 12.860 | 5.15(140.17) x 10° -0.9
SHe(*He,y)'Be | 1.586 0.54(1 % 0.06) ~3.1x 107
"Be(e™,v.)"Li 0.862
0.384
Li(p,a)'He | 17.347 52(1 % 0.5) 0
"Be(p,7)°B 0.137 0.0243(1 £ 0.22) ~3 x 1075
8B(e*,v.)®Be* 17.980
8Be*(a)*He
SHe(p,e*v.)*He | 19.795 8 x 10°%
120(p,n)°N 1943 | 1.45(1£0.15)x 10-3 | 2.45 x 10~3
BN(et,r)®C | 2.221
13C(p,7)"N 7.551 | 5.50(1£0.15) x 10~ | 1.34 x 10~2
UN(p,7)®0 | 7207 | 3.32(1+£0.12)x 107 | —5.91x 10~
130(et,v.)°N 2.754
BN(p,y) 0 | 12128 | 6.4(1 % 0.09) x 10~2 3 x 10-2
BN(p,a)2C | 4.966 78.0(1 £ 0.17) 351
180(p,7)!F 0.600 | 9.4(1+0.16)x10"% | —2.3x 10~
UR(et,n,)70 | 2.762 |




Table 1.4 The capture rate of 3’Cl and " Ga detector

Detector 37C1 "Ga
Neutrino Source | Capture rate (SNU) | Capture rate (SNU)
pp 0.0 70.8
pep 0.2 3.0
hep 0.03 0.06
"Be 11 34.3
¢B 6.1 14.0
13N 0.1 3.8
130 0.3 6.1
7R 0.003 0.06
Total 7.9 132




Table 3.1 Fraction of the production rate for solar neutrinos

R/Re || pp neutrino | "Be neutrino | R/Ro 8B neutrino
0.02 0.008 0.051 0.01 0.070
0.04 0.034 0.116 0.02 0.310
0.06 0.106 0.259 0.03 0.350
0.08 0.204 0.301 0.04 0.190
0.10 0.179 0.153 0.05 0.06
0.12 0.146 0.074 0.06 0.02
0.14 0.111 0.032 0.08 0.0
0.16 0.063 0.009 0.09 0.0
0.18 0.039 0.003 0.10 0.0
0.20 0.038 0.001 0.11 0.0
0.22 0.029 0.0 0.12 0.0
0.24 0.016 0.0 0.13 0.0
0.26 0.010 0.0 0.14 0.0
0.28 0.008 0.0 0.15 0.0
0.30 0.012 0.0 0.16 0.0




Table 4.1 Comparison neutrino flux of day-night sample

c088,un || Flux (isotropic background) | Flux (M.C.) | difference
< 0 (Day) 0.91 £0.15 0.94¥318 +3.6%
0-0.2 1.23%342 1.28%34% +3.5%
0.2-0.4 1.0325:37 1.0840:3¢ +5.3%
0.4-0.6 0.98+332 0.993332 +1.1%
0.6-0.8 0.701533 0.691335 -0.16%
0.8-1.0 1.24%337 1.1533:3% -7.9%




Table 5.1 Comparison between Bahcall and Ulrich and Turck-Chiéze

Bahcall and Ulrich

Turck-Chiéze et al.

S factor keV barn keV barn
S 4.07 x 10722 4.07 x 10722
S34 0.54 0.54
Sz 0.0243 0.021
Solar parameter
R/Re bottom convective zone 0.723 0.730
M /Mg bottom convective zone 0.980 0.981
T (K) at center 1.56 x 107 1.55 x 107
T (K) bottom convective zone 2.11 x 10° 2.04 x 10°
p (g/cm®) at center 148 147.7
p (g/cm®) bottom convective zone 0.154 0.153
Neutrino Flux x10%cm2 x10¥®cm™2
P 6.0(1 + 0.02) 5.98(1 % 0.03)
pep 1.40 x 1072 1.30 x 10~3
"Be 4.7 x 1072 418 x 107!
sB 5.8 x 104(1 & 0.37) | 3.8 x 1074(1 £ 0.24)




Table 5.2 Parameters for Super-Kamiokande and for KAM-II

Energy resolution
Position resolution
Angular resolution
Trigger energy
Analysis energy threshold

14%/\/E/10MeV

50cm for 10MeV e~
27 deg for 10MeV e~
4~5MeV
5MeV

Parameters Super-Kamiokande KAM-II
Total size 41m (height) x 39m (@) [ 16m (height) x 19m (¢)
Total mass 50,000t 4,500t
Fiducial mass 22,000t 680t
Tickness of anti-counter 2m 1.2-1.5m
Number of PMTs 11,200 948
Photosensitive coverage 40% 20%

20%/\/E/10MeV

110cm for 10MeV e~

27 deg for 10MeV e~
5.2MeV
7.5MeV
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Table C.1 Calculated partial derivations of neutrino fluxes

Source | Sin Sa3 Sas S1a Lo Ry Z[X | Age

ppP +0.14 | +0.03 | -0.06 | -0.02 | 4+0.73 | +0.01 | -0.08 | -0.07
pep -0.17 { +0.05 | -0.09 | -0.02 | 4+0.87 | +0.21 | -0.17 | +0.00
hep || -0.08 | -0.45 | -0.08 { -0.01 | +0.12 | -0.09 | -0.22 | -0.11
"Be || -0.97 | -0.43 | +0.86 | -0.00 | +0.34 | + 0.22 | +0.58 | +0.69
8B -2.59 | -0.40 | +0.81 | +0.01 | +6.76 | +0.48 | +1.27 | +1.28
BN -2.63 } +0.02 | -0.05 | +0.85 [ 4+5.16 | +0.28 | +1.86 | +1.01
150 -2.93 | +0.02 | -0.05 | +1.00 { +5.94 | +0.49 | +2.03 | +1.27
17p -2.94 | +0.02 { -0.05 | +0.01 [ 4+6.25 | +0.37 | +2.09 | +1.29




Table C.2 Uncertainties for the neutrino fluxes

Source || Total | pp | 3He+*He | *He+*He | "Be+p | “N+p | Z/X | Opacity
PP 0.02 }0.01 0.00 0.00 0.00 0.01 | 0.01 0.00
pep 0.05 | 0.01 0.00 0.01 0.00 6.01 | 0.03 0.02
hep 0.00 0.07 0.00 0.00 0.00 | 0.03 0.00
"Be 0.15 | 0.05 0.07 0.05 0.00 0.00 | 0.11 0.04
8B 0.37 }0.12 0.06 0.05 0.22 0.00 | 0.25 0.08
13N 0.50 | 0.12 0.00 0.00 0.00 0.30 | 0.38 0.03
30 0.56 | 0.14 0.00 0.00 0.00 0.36 | 0.42 0.06
17p 0.46 | 0.14 0.00 0.00 0.00 0.00 | 0.44 0.06




p+p— H+e + v + 1.442MeV P+e +p — 2H+ v + 1.442MeV
\I/ 99.75% : J,o.zs%
2H+p~3He+7+5_.494MeV
BS%J/ \L14%

3He+3He--o(+2p+12.860["13\/ 3He+<x~-7Be+y+1.586t~1e\’

pp-1 l/
99.89%\'/ 0.11%
, Vv
Be + & — i + ve + 0.851TMeV Be+p ~ 5B + v + 0.14MeV
i +p — a + a + 17.35MeV 88 — 8Be* + &' + v, + 17.980MeV
pp-11I
\4

BBe* ~ a + «
pp-111
Fig. 1.1
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