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Abstract 

The Kamiokande-ill solar neutrino observation started in December 1990 and has 

accumulated 514 days of data until February 1993. The 8B solar neutrino flux observed 
. data +0.064 . . +0.043 
m Kam-3 was SSMspn 0.574 _0.059 (stat)± 0.061 (syst), wh1ch y1elds 0 .514 _0.037 
± 0.061 combined with 1043 days of the Kam-2 data. The solar neutrino problem still 

remains . 

The neutrino oscillation solution for the problem was investigated using these data, 

together with the data from other solar neutrino experiments. Non-adiabatic and quasi

vacuum solutions can reconcile all available experimental results except for a possible 

time variation in the 37Cl experiment, and the "just-so" vacuum oscillation solution was 

excluded by these results. 

The combined Kamiokande data from 1557 days of observation covers an entire 

solar maximum period. No significant correlation between the flux and the sun-spot 

numbers was found in these data. A hybrid solution assuming Majorana neutrinos was 

explored in order to explain simultaneously the anti-correlation between the flux and the 

sun-spot numbers indicated in the 37CJ experiment and no such correlation in the 

Kamiokande data, and four regions depending on the profile of the magnetic field in the 

sun were obtained as hybrid model solutions: (sl) sin22B - I, om2 - 2xJo-9 eV2 for 

an Akhmedov type profile with Bt (radiation zone) :::; I MGauss (assuming ,Uv = IO

".us); (s2) sin22B - 0.01, om2- 6x10-8 ey2 for an Akhmedov type profile, but with 

Bt- 3 MGauss; (s3) sin22e:::; 6xi0-2, om2 -J0-8 for a flat field in 0 .65 < r!Rsun < I, 

and zero in r!Rsun < 0.65; and (s4) sin22e:::; 3x1o-2, om2 -J0-8 for a flat field in the 

sun 0 < riRsun < I. These solutions require the time-varying magnetic field in the 

convection zone such that from 20 kGauss to 50 kGauss. 

The data also yielded a spectrum-independent ve flux limit at the solar maximum time 

as 4.5%xMeV at Ev = 12.5MeV with respect to the expected 8B solar neutrino flux . A 

much stricter limit was obtained when specific models such as (s I )- (s4) above were 

considered, such that an 0(1%) transition of8B neutrinos into ve was excluded. 

Assuming a hybrid model with Majorana neutrinos, an excluded region in the fJm2-

sin22B plane was obtained for the following profiles of the solar magnetic field : (el) 

for B(radiation zone) ::': 3 MGauss, J0-7 :::; om2 :::; J0- 4, J0-1.4 :::; sin22e :::; J0-0.4 , and 

(e2) forB (convection zone) ;:: 50 kGauss, sin22B :': Jo-u, om2 ::_ Jo-6. 5 The 

excluded region (e2) overlaps with the obtained hybrid model solution with large 

mixing (sl), and therefore is completely excluded, but the other hand , the small mixing 

solutions (s2), (s3) and (s4) survive against (el) and (e2) . 
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Chapter 1. Introduction 

1. Introduction 

1.1 . Overview 

The Sun is known as a standard main sequence star and is theoretically predicted 

that nuclear fusion reactions at the center, called as p-p chain, maintain its luminosity. 

The first confirmation of the energy generation by the nuclear fusion reactions was 

made by Davis eta! [ref 1-1] . They have performed an experiment to measure neutrinos 

produced in the sun with 37Cl detector. Their experiment, lasting for more than 20 

years, has yielded the results that the counting rate of neutrinos is only a quarter to a 

half [ref 1-2] of the theoretical predictions from any standard solar model (SSM) [ref 1-3,1-

4,1-5]. This is so-called the "Solar Neutrino Problem ." The Kamiokande-II solar 

neutrino experiment, started in 1987, also observed such a neutrino deficit [ref 1-6,1-?J 

Kamiokande can obtain directional information of the incoming neutrinos and the 

energy spectrum of recoil electrons on an event by event basis. Due to this advantage, 

Kamiokande has obtained the first evidence that neutrinos really come from the sun, 

although the observed solar neutrino flux [ref l-8] is about a half of the SSM prediction. 

The recent 71Ga experiments, SAGE [ref 1-9,1-10] and Gall ex [ref 1-11,1-12], also reported 

a smaller solar neutrino flux than the SSM prediction 

In order to explain the solar neutrino problem, many approaches such as 

modifications of the SSM (low Z modeli, WIMPsii and so on) and neutrino oscillations 

with finite mass of the neutrino which is a clue that a theory beyond the standard 

electro-weak theory exists, have been proposed [ref l-13]. We know that a modification 

of the solar model does not change the spectrum shape of solar neutrinos in any 

neutrino production processes. Any approach of SSM modification is hard to reconcile 

with the flux measured by the 37 CJ experiment and that from the Kamiokande 

i A low Z model assumes a solar composition of which the mean atomic number is smaller than that 
of the SSM. Such operation lowers the opacity of the sun, and finally causes a lower temperature of 
the solar core. 
ii Weakly lneracting Massive Particles (WIMPs) effectively take out the energy from the core to the 
surface of the sun, and as a result, the temperature of the solar core is degraded. 
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Chapter 1. Introduction 

· Th most convincino model that explains the neutrino deficit is the matter expenment. e o 

enhanced neutrino oscillation model (MSW effect [ref 1-14,1-15]) which needs neutrino 

mass and mixing. 

On the other hand, it is very interesting to point out that the 37 CI experiment 

suggested a 11 year time variation of the neutrino flux [ref 1-16]. It seems to have an anti

correlation with the solar activity. Such time variation implies new features of neutrinos 

such as a magnetic moment. However, Kamiokande-ll does not have any significant 

time variation [ref 1-17] . It is interesting to try to reconcile the time variation observed in 

the 37CI experiment and no time variation in Kamiokande. As a special case, just-so 

oscillation [ref 1-18] (long oscillation length comparable to one astronomical unit) and the 

earth effect may cause seasonal variation and day/night flux variation, respectively. 

But, neutrino oscillations generally cannot yield a time variation such as II year time 

variation indicated by the 37CI experiment. The most plausible solution for the anti

correlation would be a spin flavor precession of neutrinos because it is believed that the 

solar magnetic field in the convection zone of the sun changes with the periodicity of22 

years . One might expect that the II year periodicity of the solar activity or the sunspot 

number should be caused by the change of the magnetic field in the convection zone, 

because sunspots are the places where the strong magnetic field is concentrated. If 

neutrinos have a magnetic moment, they can be converted from left-handed neutrinos to 

undetectable (with the 37CJ detector) right-handed neutrinos through a magnetic 

interaction with the solar magnetic field. Okun first pointed out in 1986 [ref 1-19] a 

scenario in which a reasonable reduction and a time variation of the solar neutrino flux 

are possible, with a rather large neutrino magnetic moment, 1-lv- (0.3-1.0) x IO-IO,ue 

with Bsun - 103-104 Gauss. The scenario was later revised to include the resonant 

effect of a spin-flavor precession. Assuming the magnetic moment of 1-lvB = 10-10 

,LtBkGauss, a finite neutrino mass and a flavor mixing, one could expect that the 

resonant spin-flavor precession gives rise to an anti-correlation with the sunspot 

numbers due to the time varying magnetic field and reduces the average flux of 

neutrinos simultaneously. Such an attractive mechanism called as a Hybrid-model, was 
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first proposed by Lim and Marciano [ref 1-20], and Akhmedov [ref 1-21] in 1988. 

Following that, exiended models were vigorously explored I ref 1-22] . 

Some hybrid models assuming transition magnetic moments of Majorana type 

neutrinos predict an interesting vc creation. It may be observable in the Kamiokande 

detector considering that the cross section of VeP is about two orders of magnitude 

larger than that of vee. 

In April 1990, the Kamiokande-II experiment was stopped and the detector was 

upgraded by the replacement of dead PMTs, by placing light reflectors around the inner 

PMTs to increase the photo-coverage, and by installing the new electronics . We 

resumed the solar neutrino observation in December 1990, and we have continued to 

take the solar neutrino data which now covers an entire active period in the solar cycle 

22. 

In this thesis, we show the Kamiokande-III solar neulrino data covering the entire 

solar maximum period which enabled us to study a time variation in correlation with the 

sunspot numbers in detail. A solar ve flux limit was first obtained in this thesis . With 

high statistics data now available (combined data from Kam-2 and Kam-3), we 

evaluated the MSW solution and the Just-so neutrino oscillation solution . Extensive 

study was made of a solution of hybrid models (sin221J, om2 and J.tvB) to reconcile all 

of the existing experiments including their time dependence. A limit for the vc flux will 

constrain an allowed region of sin221J, om2 and J.t,B, for a hybrid model. 

1.2. Solar Neutrinos 

The Sun is the nearest star to the earth and we know its properties much better than 

any other star. The distance from the earth is 1.5 x I 011 m, its age is 4.6 billion years 

and its luminosity is 3.86 x 1033 erg/sec. lts mass, radius and surface temperature are 

1.99 x J033 g, 6.96 x 108m and 5.78 x 103 °K, respectively . Its surface chemical 

components are also known precisely by the measurements of an absorption spectrum 

and so on . The Sun is a standard main sequence star. This fact is important in 
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understanding the detailed mechanism of the evolution of stars. We can justify a theory 

of star evolution by testing whether the theory can reproduce the present sun . 

Unfortunately, precise measurements have been done only on the surface phenomena 

of the sun, and therefore the observation of its interior has been desired very much . We 

now have two completely different methods to investigate the interior of the sun : one is 

helioseismology and the other is a solar neutrino observation. 

Helioseismology [ref 1-23] brings us the information of a rather shallow part of the 

sun, such as the depth of the convection zone (about 0.3Rsun from the surface), by the 

accurate measurement of oscillations of its surface. It is known that the energy 

production by fusion reactions takes place at the center of the sun (s0.3Rs1m)- Such a 

deep region is hardly tested by helioseismology. 

It takes millions of years for photons to emerge on the surface, possibly bringing 

information from the cen ter of the sun. If we only have the method of optical 

oliservation then we wi ll know millions of years from now what is happening now at 

the center of the sun. On the other hand, neutrinos have so small a cross section that 

neutrinos created in the series of the fusion reactions at the center can traverse the sun at 

li ght speed within a couple of seconds. We can then obtain real-time information on the 

center of the sun through the neutrino observation. 

Solar neutrino observation is very important to study neutrino properties because 

solar neutrinos are pure electron neutrinos with energy below 18 MeV and their 

intensi ty is strong (6.6 x I 010 /cm2fsec at the earth). Another advantage is that the 

distance from the earth (observer) to the sun (source) is 1.5 x 10 II m which is 

extraordinary longer than that achieved in terrestrial experiments. In laboratory 

experiments we can produce v0 from a reactor or mainly vi-' at high energy accelerators, 

and we can place the detector up to several hundred meters distant (at most, the 

diameter of the earth, 12800 km, is the limit). The study of the solar neutrino, 

therefore, enables us to search for a neutrino mixing at very small mass region (flm2 :::_ 

I0-
12

eV2). The neutrinos traverse the matter (the density changes from -150 to 0 

g/cm
3
) through a very long distance (about 7 x 108m, radius of the sun), and hence the 
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matter effect plays an important role in a very wide parameter region (I0-8 ~ fJmZ ::: 

J0-4, sin228 ?_ 10-4). Solar neutrinos also traverse a possible strong magnetic field , 

which is expected to be greater than 1 kGauss in the sun, and we are ab le to investigate 

the magnetic properties of the electron neutrino and the profile of the magnetic field in 

the sun. Therefore, solar neutrino observation is a good probe to study neutrino 

properties such as a mass and a magnetic moment. 

The ".Standard .S.olar Model-s (SSM)s" have been obtained by several authors . But 

we will use the solar neutrino spectrum in the thesis of Bahcall and Pinsonneault in 

1992 (BP92) [ref 1-5] unless otherwise indicated. The solar luminosity is maintained by 

the p-p chain taking place at the center of the sun . There exists also the CNO cycle as 

side reactions . The p-p chain has three branches called pp-I, pp-II and pp-III. Those 

relevant reactions are (reaction flow is shown in Fig. 1.1 ): 

p + p- 2H + e+ + v0 (Ev < 0.42 MeV) 99.75% 
or 

p+e-+p-2H+v0 (Ev=1.442MeV) 0 .25% 

2H + P- 3He + y 

(eq 1-1) 

(eq 1-2) 

(eq 1-3) 

3He + 3He- 4He + 2p 86% (pp-I termination) (eq 1-4) 

7Be+e--7Li+ve (Ev = 0.861MeV(90%),0.383MeV(10%)) (eq 1-6) 

7Li + p- 2 4He 14% x 99.89% (pp-Il termination) (eq 1-7) 

7Be+p-8B+y (eq 1-8) 

8B- 8Be* + e+ + V e (Ev < 15 MeV) (eq 1-9) 

8Be*-z4He. 14%x0.11% (pp-Illtermination)(eq 1-10) 

The fluxes for the neutrinos from p-p and pep reactions are 6.00 x 1010 /cm2fsec 

and 1.43 x 1 os /cm2/sec, respectively, and the theoretical errors for those fl uxes are 

small (2% and 4% at 3o level) since the luminosity of the sun is closely related to the 

pp-fusion process. The flux of 7Be neutrinos is 4.89 x 109fcm2fsec and the theoretical 
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error of the flux 18% (3o) is rather large. The 8B neutrino is the energetic one and is 

the only neutrino from the sun which the Kamiokande detector can measure, and the 

flux of 8B neutrinos is estimated to be 5.69 x J06 /cm2/sec (recent calcul ation by 

Bahcall [ref 1-2~] indicates a 7.5% increase of the flux). The theoretical error for the 

flux, 43% (3o), is larger than that for other neutrinos because of the large uncertainty 

of 28% (3o) for the capture cross section of 7Be + p-> 8B + y and a smal l branching 

ratio to the pp-ill chain. There is also an unique reacti on called the hep reaction in the p

p chain. The hep reaction emits the most energetic neutrino through the following 

process: 

3He + p-> 4He + e+ + Ve (Ev < 18.77 MeV). (eq 1-11) 

But, the expected flux is too small (1.23 x J03 /cm2/sec at the earth) to be observed at 

the Kamiokande detector. Only an upper limit is obtained for the hep neutrino flux from 

the Kamiokande solar neutrino observation [ref 1-25]. 

The CNO chain consists of the fo llowing reacti ons (Fig. 1.2): 

12C+p-> 13N+y 

13N-> 13C + e+ + ve (Ev< 1.2 MeV) 

l3C + p--. 14N + y 

l4N + p-.150 +y 

150-+ 15N + e++ve (Ev< 1.7 MeV) 

15N + p-+ 12C + 4He 

or (branching ratio - 4 x 10-4) 

15N+ p-. 160 +y 

160 + p-+ 17F +y 
17 0 +e++ve (Ev< 1.7MeV) 

170 +p-+ 1 ~N+~H e 

(eq 1-12) 

(eq 1-13) 

(eq 1-14) 

(eq 1-15) 

(eq 1-1 6) 

(eq 1-17) 

(eq 1- 18) 

(eq 1- 19) 

(eq 1-20) 

(eq 1-21) 

The fl uxes of the neutrinos from the CNO cycle have large uncertainties because 

those reactions are side reactions and do not play an important role on the luminosity of 

the sun . The flu xes of 13N 15Q d 17F · . 
• an neutnnos are predicted to be 4.92 x 1 os, 4.26 
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x 108 and 5.39 x 106 /cm2/sec and the theoretical errors for them are 51%,58% and 

48% (3o), respectively . 

In summary, neutrinos from the sun predicted by the SSM (BP92) are as follows : 

Energy (MeV) Flux at the earth (/cm2/sec) 3o error(%) 

p-p < 0.42 6.00x JOl 0 

pep 1.442 1.43x1Q8 

7Be 0.861 (90%),0.383(1 0%) 4.89xJ09 

8B < 15 569xJ06 

hep < 18.77 1.23x]Q3 

13N 1.2 4.92xJ08 

15Q 1.7 4.26x l QS 

17F 1.7 539xJ06 

Expected solar neutrino spectrum from the SSM are shown in Fig. 1.3. 

1.3. Experimental Situation and Solar Neutrino Problem 

1.3.1. 37CI ex per im ent (ref l-1 ,1-2] 

2 

4 

18 

43 

51 

58 

48 

The first observation of solar neutrinos has been conducted by Davis et a!. 

begi nning in the early 1970's. Their detector is located 1480 meters underground in the 

Homes take Gold Mine in South Dakota, USA. They prepared 3.8 x J05 litters (615 

metric-tons) of perchloroethylene (C2CI4) containing about 2.3 x JQ30 of 37CJ atoms. 

37CI captures an electron neutrino with an energy larger than 81 4 keY; 

37CJ + ve -+ 37Ar +e- (Ev > 814 keY). (eq 1-22) 

Then, produced 37 Ar decays back to 37CI through electron capture with r 112 = 35 days . 

The atom emits an Auger electron of2.82 keY, the onl y signature for the experiment, 

and therefore the experiment is not real-time. 

The 37 Ar atoms from the liquid of perchloroethylene were extracted by bubbling 

with helium gas, 5 or 6 times a yea r. The extraction efficiency of the bubbling was 
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estimated to be more than 90%. Then, 37 Ar was condensed and brought to a small 

proportional counter which provided about 40 to 45% detection efficiency. The 

measurement of the Auger electron continues for about a year. 

Although the energy threshold of the 37Cl reaction is 814 keY, its capture cross 

section is dominated by transitions to an excited state of 5 MeV. Therefore, the mono

energetic 7Be neutrinos (0.86 MeV) account only for a small fraction. Neutrinos which 

can contribute to the capture reaction are pep (0.2 SNU), 7Be (1.2 SNU), 8B (6.2 

SNU), 13N (0.1 SNU), 15Q (0.3 SNU), hep (0 03 SNU) and 17f (0 003 SNU) 

neutrinos . The total capture rate predicted by the SSM is 8.0 ± 3.0 (3o) SNU, where 

the SNU (solar neutrino unit) is 1 o-36 captures per target atom per second. 

Their observation has lasted for more than 20 years and the result from the data 

during the period September 1970 (1970.8) through July 1991 (1991.6) is 0.509 ± 

0.031 37 Ar productions per day including background induced by cosmic ray muons . 

After subtracting the estimated background rate of 0.08 ± 0.03 37 Ar I day, the neutrino 

capture rate is given by 0.429 ± 0.043 37 Ar /day corresponding to 2.28 ± 0.23 SNU 

although the expected rate is 8.0 ± 3.0 SNU. This deficit of solar neutrinos is the so-

called "Solar Neutrino Problem." 

They also indicated a possible time variation of the event rate in anti-correlation with 

the sunspot numbers . Fig. 1.4 shows the 37 Ar production rate superimposed on the 

inverse of the sunspot numbers . Although the statistical error is large, they claim an 

anti-correlation. We assumed a linear correlation between them to treat the anti-

correlation quantitatively . Then, the correlation function was obtained as (see also 

section 6.3): 

RAr = (- 1.36x 1 o-3 ± 0.51 X I o-3) X Nss + (0.524 ± 0.055), (eq 1-23) 

where RAr is the production rate of 37 Ar and Nss the sunspot number. The significance 

is a 2.7o effect. Note that the significance level futther depends on the treatment of the 

statistical error [ref 1-16] . Nevertheless, if we take this anti-correlation positively, a new 

property of the neutrino such as a finite mass and a large magnetic moment must be 

considered, because the core of the sun where neutrinos are produced is believed to be 
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stable on the scale of millions of years, much larger than the scale of I 0 years (sunspot 

number has the periodicity of about II years). This anti-correlation is the second puzzle 

of the solar neutrino. 

1.3.2. The Kamiokande-11 experiment 

The Kamiokande-II solar neutrino observation confirmed the deficit of the solar 

neutrino with a quite different detector technique . Kamiokande is a ring imaging 

Cherenkov detector filled with 3000 tons of pure water and is located in the Kamioka 

mine, Kamioka-cho Gifu, Japan. The detector is covered by 1000 meters of rock 

(Mt.Ikenoyama) which corresponds to 2700 meter water equivalent (m .w.e.) . The 

fiducial volume for the solar neutrino analysis was 680 tons. The fundamental reaction 

for the solar neutrino observation is an elastic scattering of neutrinos off electrons : 

(eq 1-24) 

For this reaction it is easy to estimate the interaction rate by the standard electro-weak 

theory. The advantages of this detection technique are: 

• a real-time observation, 

• strong directionality of the recoil electron which provides information on the 

direction of the incoming neutrino, and 

• an ability to obtain the energy spectrum of neutrinos via the measurement of the 

energy spectrum of the recoil electrons. 

Due to these features, the Kamiokande experiment has gotten the first evidence that the 

neutrinos are really coming from the sun. 

Kamiokande-II results obtained from 1040 days of data for the period January 1987 

through April 1990 (the analysis threshold was 9.3 MeV for first 450 days and 7.5 

MeV for last 590 days) was already published [ref 1-7,1-8] : 

data 
"SSMauss" = 0.46 ± 0.05 (stat)± 0.06 (syst), (eq 1-25) 

or 

data 
0.47 ± 0.05 (stat)± 0.06 (syst), (eq 1-26) "SSMapn" 
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where the expected flux from "SSMBU88" is 5.8 x 106 cm-2sec-1 [ref 1-26] . There are 

apparent discrepancies between the observed solar neutrino flux and the SSM 

predictions. 

1.3.3. The SAGE and GALLEX experiments (71Ga experiments) 

The most intense neutrinos are from the p-p fusion reaction whose flux is estimated 

to be 6 x 1010 cm-2sec-l This flux is less sensitive to the details of solar model 

calculations and the ambiguity of the flux is very small. It is useful to observe p-p 

neutrinos (Ev < 0.42 MeV) for fundamental input into the solar neutrino problem. 

Experiments to observe pp-neutrinos must accomplish a low energy threshold and 

must overcome backgrounds. A radio-chemical experiment using 71Ga can observe p-p 

neutrinos [ref 1-9,1-11]. 71Ga captures neutrinos via the following reaction [ref 1-27]: 

71Ga + ve-+ 71Ge + e- (Ev > 0.2332 MeV). (eq 1-27) 

The neutrino capture rate calculated by the "SSM" for individual neutrino sources are 

pp (70.8 SN1J), pep (3.1 SNU), 7Be (35.8 SNU), 8B (13.8 SN1J), 13N (3.0 SN1J), 

150 (4.9 SNU), hep (0.06 SNU) and 17F (0.06 SN1J), respectively [ref 1-5]. The total 

capture rate is 131.5 ~i~ SN1J. 71Ge has a half life of 11.4 days and decays back to 

71Ga by an electron capture reaction emitting an Auger electron (and X ray) [ref 1-28]. 

E .C. mode De-excitation mode Energy (ke V) 

K electron (88%) Auger (41.5%) 10.37 (e) 

Auger+ Ka (41.2%) 1.12 (e)+ 9.25 (X) 

Auger+ K~ (5.3%) 0.11 (e)+ 10.26 (X) 

L electron (1 0.3%) Auger (1 0.3%) 1.3 (e) 

M electron (1.7%) Auger (1.7%) 0.16(e) 

There are two ongoing gallium experiments, SAGE [ref 1-29] and GALLEX [ref 1-28]. 

The SAGE (Baksan Neutrino Laboratory, 4800 m.w.e.) experiment consists of30 tons 

(January 1990 to July 1991) I 60 tons (after August 1991) of metallic gallium (T
111

-

30°C) (natural abundance of71Ga is 39.89%), and the GALLEX (Gran Sasso, 3300 
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m.w.e.) experiment uses 30 tons of gallium in an aqueous solution of gallium chloride 

(GaCl3) and hydrochloric acid (HCl). The differences between the two experiments are: 

(1) the mass of target material (60 tons or 30 tons), (2) the form of gallium (metal or 

solution) and (3) the performance of the proportional counters (SAGE observes onl y 

K-capture, while GALLEX can observe K and L-capture). 

The advantages of the metal target is less sensitivity to the background reactions 

produced by radioactive impurities and a smaller volume which reduces some other 

backgrounds because of its large density, and which provides a larger interaction rate 

for the calibration experiment (for example, with a 51Cr neutrino source [ref 1-30]). The 

disadvantage of the metal target is the more complicated procedure for extracting 71Ge 

from the metal. The schematic flowchart for extracting 71Ge atoms from the target 

materials are shown in Fig. 1.5. 

In any case, both experiments extract 71Ge and finally count the Auger electrons 

from the decay of 71Ge with a miniaturized proportional counter. The extraction 

efficiencies of71Ge are about 75% (SAGE) and 70% to 95% (GALLEX, the value is 

calibrated for each extraction). The counting efficiencies for Auger electrons are 35% in 

SAGE, and 65% (shared half and half at K and L-regions) in GALLEX. Background 

event rates in these experiments are 0.061 counts/day (SAGE, K-region) and 0.02 

counts/day (GALLEX, K-region), 0.04 counts/day (GALLEX, L-region) in a best 

case, while the expected event rate is 1.2 x E (detection efficiency) 71Ge day -1 for 30 tons 

of gallium (which corresponds to about 0.3 counts/day (or 3 counts in total) both for 

the K and L regions at the beginning of a counting). 

The observed event rates in SAGE [ref 1-9,1-10] and GALLEX [ref 1-11 ,1-12] are: 

RGa (SNU) 
+15 20 _20 (stat)± 32 (syst) 

+22 85 _32 (stat) ± 20 (syst) 

+17 58 _24 (stat)± 14 (syst) 

82 ± 17 (stat) ± 7 (syst) 

97 ± 23 (stat) ± 7 (syst) 

Experiment 

SAGE 30 tons 

SAGE 60 tons 

SAGE combined 

GALLEX-I 

GALLEX-II 

Data taking period 

1990 

1991 

1990, 1991 

June '91 to April '92 

August '92 to April '93 
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87 ± 14 (stat) ± 7 (syst) GALLEX-I,II combined June '91 to April '93 

while the expected rate is 131.5 ~i~ SNU [ref 1-5]. 

Their results are both consistent with the SSM prediction or an absence of 8B and 

7Be neutrinos (and also no pp-neutrinos) within the experimental and theoretical errors. 

Time variation of the neutrino flux in correlation with the sun-spot number can not 

be evaluated from these experiments because the data taking time does not cover a solar 

minimum period . 

1.3_4_ Summary of the current solar neutrino experiments 

There are being performed three types of solar neutrino observations and they are 

observing different energy ranges of solar neutrinos: 

• 71Ga radio chemical experiments which mainly observe low energy neutrinos, p-p 

(54%), 7Be (27%) and 8B (10%). The flux ofp-p neutrinos does not have a large 

theoretical uncertainty . 

• 37Cl radio-chemical experiment which observes middle energy neutrinos, 7Be 

(15%) and 8B (78%). 

• Kamiokande real-time counting experiment which observes higher energy 

neutrinos, Ss (100%). 

The results (data I "SSMspn") from those experiments are; 

71 0 +0.13 0 Ga .44 -O.IS ± . 10 (SAGE) (eq 1-28) 

0.66 ± 0.11 ± 0.05 (GALLEX) (eq 1-29) 

37CJ 0.285 ± 0.029 

Kamiokande 0.47 ± 0.05 ± 0.06. 

Furthermore, combining the SAGE and GALLEX results with the assumption that 

all errors have no correlation each other, the results from 71Ga become 0.59 ± 0.10. 

These deficits of the solar neutrino flux are the solar neutrino problem. 

Another problem reported by Davis et al. was that the production rate of 37 Ar is 

varying in anti-correlation with the sunspot numbers as described in subsection 6.3.1; 
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RAr= (-1.36x10-3 ± 0.51x]0-3) x N55 + (0.524 ± 0.055) 

Such time variation, if it exists, cannot be explained without a neutrino magnetic 

moment. The significance of the anti-correlation is only 2.7cr and the result from 

Kamiokande-II seems not to have an anti-correlation. But we should not ignore this 

interesting result, because some hybrid models [ref 1-31 ,1-32] can reconcile a large anti

correlation in the 37CJ experiment with a small anti-correlation in the Kamiokande 

experiment which is consistent with its result within statistical error. 

1_3_5_ A problem in SSM? 

It is also possible to think of SSM modifications [ref 1-33] to explain the solar 

neutrino problem. Since the p-p neutrino flux should not be greatly changed in order to 

reproduce the solar luminosity, usual approaches are to invent mechanism to lower the 

8B and/or 7Be neutrino fluxes. The temperature dependence of individual neutrino 

fluxes are calculated as [ref 1-33]: 

¢(8B) ex -Tcore l8 , 

¢(?Be) ex - Tcore8, 

¢(pp) ex -Tcore- 1. 2 

(eq 1-30) 

(eq1-31) 

(eq 1-32) 

Taking into account effects (low Z, WIMPs and so on) that lower the temperature of the 

solar core, the flux of 8B and 7Be can be drastically suppressed. It is also known that 

the different opacity coefficient and capture cross section of7Be+p, input parameters of 

SSM calculation, influence the 8B neutrino flux very much, and the SSM calculation by 

Turck-Chieze et al predicts a much smaller ss neutrino flux: 4.4 ± 1.1(1cr) x 106 cm-

2sec-l [ref 1-4] than the prediction by Bahcall eta! : 5.69 ± 2.45(3cr) x 1 o6 cm-2sec-l 

[ref 1-5] . 

But experimental observations and the consequences of any approach to modify 

SSMs cause an inconsistency. The ss neutrino flux can be fixed at data/SSM = 0.47 ± 

0.08 (or the latest result described in thi s thesis is 0.514 ~~:~~~ ± 0.061 --i> 0 .514 ± 

-0.074) by the Kamiokande result which observes only 8B neutrinos. SSM 

modifications cannot change neutrino spectra from each reaction except for their relative 
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normalization. The flux of p-p (and pep) neutrinos cannot be changed whi le 

maintaining the energy generation of the sun. Hence, the event rate in 37CJ experiment 

which observes 8B, pep, 7Be and some other neutrinos, must be larger than their sum: 

R37CI > R(pep) + R(8Bkam) = R(pep) + (0.514 ± 0.074) x R(8Bssm) 

= 3.39 ± 0.46 SNU. (eq 1-33) 

The observed rate with the 37CI experiment is only 2.28 ± 0.23 SNU. The discrepancy 

(inconsistency) between them is at about the 2a level. This estimation was made under 

the non-realistic assumption that the contribution from 7Be and other neutrinos is zero. 

Therefore, the practical significance will be larger than the 2a level. If one takes this 

discrepancy to be serious, SSM modifications cannot be the answer to the solar 

neutrino problem. This discrepancy arises in any SSMs calculated by other authors [ref 

I-3, 1-4] that consider the p-p reaction chain as a main energy source in the sun. 
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Chapter 2. Neutrino Mass and Magnetic Moment 

2. Neutrino Mass 
and 

Magnetic Moment 

The experimental status of the direct searches for finite neutrino masses and neutrino 

magnetic moments are briefly summarized in this chapter. 

2.1 . Neutrino Mass Limits 

Recent LEP e+e- collider experiment made a precise study of electro-weak physics 

on the Z mass (91.187 ± 0.007 GeV) [ref2-I]. It measured a Z line shape precisely and 

the number of light neutrinos: 

Nv = 2.98 ± 0.03 (eq 2-1) 

(lighter than a half of Z mass), was obtai ned [ref2-2]. We already know the vc and v~,, 

and v, should exist though there is no direct observation of the v, . 

We do not have any experimental evidence of finite neutrino masses, but many 

models beyond the standard electro-weak theory imply the possibility of a non-zero 

neutrino mass. The upper limits for the masses have been obtained by several 

experimental techniques: 

(i) Ve 

The decay of tritium; 3H-> 3He + e- + ve, is an adequate reaction to explore the 

mass of ve, because the end point energy of the electron is low at 18.6 keY. The 

combined limit from all direct measurements is [ref2-3]: 

mve < 7.3 eV (95% C.L.) . (eq 2-2) 

The double beta decay experiment, (Z,A)-> (Z+2,A) + 2e- + (2ve) or (Z,A)-> 

(Z-2,A) + 2e+ + (2ve), can study the v 0 mass indirectly. Assuming Majorana 

neutrinos, the transition amplitude of neutrino-less double beta decay can be 

translated to a neutrino mass (if mixing exists, the mass means a quantity 

(mvel = If Ve}mvj I, where the matrix V connects mass eigen-states v; (i = 1 to 3) 
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and flavor eigen-states va (a= e, fl, •) by Jva) = 2; Vailvi) ). The lack of evidence 
I 

for neutrino-less double beta decay from the reaction 76Ge-> 76Se + 2e- was used 

to place an upper limit on the ve mass [ref2-4] : 

(mv
0

) < 1.2 eV (90% C.L.). (eq 2-3) 

(ii) vf' 

The mass limit for vf' is derived from the precise measurement of the momentum 

distributions from n-> flVf' decay [ref 2-5] : 

mvf' < 250 keY (90% C.L.) . (eq 2-4) 

(iii) v, 

The mass limit ofv, is obtained from the analysis of the invariant mass of 5 pions in 

the 1: decay mode Of""t---+ v,n-n-n-n+n+ [ref2-6): 

mv, < 35 MeV (95% C.L.) . (eq 2-5) 

2.2. Limits on Magnetic Moment 

If neutrinos have a magnetic moment, the cross section for elastic v-e scattering via a 

photon exchange is given by the formula [ref2-7]: 

where 

-18-

Ev is the incident neutrino energy, 

Ee the recoil electron energy, 

Eth the threshold energy, 

~'--·the magnetic moment of the neutrino, 

.us= e/2m0 = 5.788 x 10-15 MeV/Gauss is the Bohr magneton, 

ro = e2fme the classical electron radius, and 

me the mass of electron. 

(eq 2-6) 

Chapter 2. Neutrino Mass and Magnetic Moment 

A scattering amplitude consistent with zero magnetic moment resulted in the upper 

limits: 

(90% C.L.) [ref 2-7,2-8], (eq 2-7) 

~'ve < 10.8 x JO-IO,us (90% C.L.) [ref 2-9], (eq 2-8) 

,Uy f' < 7.4 X JO-lO,UB (90% C.L.) [rcf2-IO]. (eq 2-9) 

These constraints do not contradict to the requirement of the hybrid model for - 1 o- Il 

,u8 in order to explain the time variation of the 37C1 experimen t. 

The upper bound on ~lv from cosmology and astrophysics is much more restri ctive. 

(i) If neutrinos have a large magnetic moment, the right-handed neutrinos can be 

produced through the magnetic interaction and they contribute to the energy density 

of neutrinos which increase the expansion rate in the early universe. This leads to a 

larger 4He abundance than observed. Hence, the upper limit: 

J1v < (0 .1-0.2) x 10-10 ~'B , (eq 2-10) 

is ob tained in [ref2-II]. 

(ii) Sterile right-handed neutrinos take energy away from a star effectively. 

Therefore, a large magnetic moment shorten the life of stars. This effect enlarges the 

difference of the stellar luminosity before and after a helium flash. This argument 

con tradicts the difference of th e luminosity which is obtained from red giant 

observations, and the magnetic moment is limited to [ref2-12]: 

,L!v < 3 X IQ-12 ,Ug. (eq 2-11) 

Note that this scenario is not true for the Majorana neutrino because a right-handed 

helicity means an anti-neutrino which is not sterile . 

(iii) The bound from the observation of SN 1987 A gives the most severe limit. 

Helicity flipped neutrinos during the creation of a neutron star rapidly and efficiently 

bring out energy and, as a consequence, the time scale of v emission and the total 
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energy emitted in v's would both have been much less than what was observed from 

SNI987A. One obtains the upper bound [ref2-l3] of: 

1-tv < 7.4 X J0-13 /LB, (eq 2-12) 

but this limit is debatable [ref 2-14] and the limit also do not apply to Majorana 

neutrinos. 
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3. Neutrino Oscillation 
and 

Resonant Spin Flavor Precession 

3.1 . Neutrino Oscillation in Vacuum 

The three known neutrinos paired with their charged partners are classified into three 

generations: 

(Ve)· (v'") and (v')· e- ft- ·c 

which are weak eigenstates. These weak eigenstates may differ from the mass eigenstates 

and may mix with each other, as quarks do. If we denote-weak eigenstates as Iva) (a = e, 

ft, ,;) and mass eigenstates as !v;) (i = I to 3), we can connect these states through the 

matrix V like the Kobayashi-Masukawa matrix in the quark sector: 

(eq 3-1) 

In order to simplify the problem, we will assume only two flavors . Then the above 

expression can be written by 

(::) =(-~~~~ :~::)(~~)' (eq 3-2) 

The propagation of the mass eigenstates of neutrinos Jv;) in time is determined by the 

formula !v;)t = e-iE;IJv;)o. Assuming that !ve) was created at t = 0, then the initial 

neutrino state, 

!v)o = !ve) = cos~vi)O + sin~vz)o (eq 3-3) 

evolves to 

!v)t = cosBe-i£, 1!vt)o + sinee-i£,1!vz)o. (eq 3-4) 

It can be expressed by using flavor eigenstates, 

!v)r( cos2ee-iE,t + sin2ee-iE,t)!ve) + cosBsine( e-iE,t- e-iE, t)!v!l). (eq 3-5) 

-21-



Chapter 3. Neutrino Oscillation and Resonant Spin Flavor Precession 

This means that neutrinos may oscillate into one another, if they have different masses, 

(eq 3-6) 

(of course it means non-zero neutrino mass) and non-zero mixing, 

(eq3-7) 

Most of the grand-unified theories require such finite mass and mixing of neutrinos. In 

the solar neutrino case, the neutrino energy is much greater than its mass, E » m, and the 

energy can be approximated by: 

m ·2 m ·2 
E- - p+-' - E+-' ,_ 2p- 2£ . (eq 3-8) 

Then the probabilities that a neutrino which, being born as a lve), remains a lve) or 

becomes lvfl) after a travel of the distance L are, 

(eq 3-9) 

(eq 3-10) 

respectively, where, 

(eq3-ll) 

Search for such neutrino oscillations has been vigorously conducted by using 

neutrinos produced at accelerators and nuclear reactors. The parameter regions 

(sin221:J,om2) where those experiments can explore are limited by the neutrino energy E, 

the distance L to the neutrino source and the statistics of the experiment. The parameter 

ElL, which controls the phase of the transition probability, determines an explorable 

region of om 2, and the statistics of an experiment, N, which limit the measurable 

precision of the transition probability P to the order of 0(11-.fN), determine an explorable 

region of s in221:J. Simply speaking, an experiment is most sensitive to neutrino 

·11 . . · 2:n:E osc1 at10ns m the parameter reg1on of &n2 - y (L\ - :n:) . In the parameter region of ()1112 

2nE . 
» L ' neutnnos experience too many oscillation cycles and only the averaged 

probabilities, 
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P(ve->ve) = 1-! sin221:J, (eq3-12) 

(eq 3-13) 

are measurable. These probabilities are actually obtained by averaging the equations (eq 

3-9, I 0) over time (I= L). 

Accelerator experiments use vll(ve) produced by decays from :n:"',K". The neutrino 

beam energy can be controlled from several hundred of MeV to a few tens of Ge V. If 

neutrino oscillation such as vll->ve occurs, the new flavor of neutrino can produce its 

charged lepton partner through the interaction Ve+X->e-+X' . This is an "Appearance" 

experiment. One, therefore, can explore a wide parameter region of sin221:J down to about 

J0-3 with high statistics experiments (now limited by systematic error) . But it is hard to 

have a large distance between the accelerator and the detector, and searches for neutrino 

oscillations have been performed down to 0.1 eV2 [ref 3·1] . However, long base line 

neutrino oscillation experiments are now proposed [rcf3·2J and then the parameter region 

for om2 can be tested down to J0-3 eV2 

Reactor experiments use ve with an average energy around 3 MeV emitted from beta

decay nuclei of fission products. These low energy neutrinos cannot produce ~l or 1: 

particles and only a "Disappearance" experiment (search for a deficit in the v 0 interaction 

rate) is possible. Since the neutrino energy is low, one performs a search for neutrino 

oscillations in the region om2;, 0.01 eV2 [ref 3-3]. Supposing a reactor with a power of 

P(MW), the neutrino flux at distance L(m) becomes [ref3-4] : 

(eq 3-14) 

Low statistics (Pis several hundreds) limited the explored region to sin221:J., 0.1 [ref 3-3]. 

Atmospheric neutrinos are also a useful neutrino source. nand K made by colli sions 

of primary cosmic rays in the atmosphere decay into charged leptons and neutrinos. The 

neutrinos have energies from several tens of MeV to several ten s of GeV and travel 

thousands to ten millions of meters before reaching a detector. Therefore, the experiment 

can explore the region of &n2 > J0-5 eV2 [ref3-5,3-6] . 
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Solar neutrinos have energies less than 18 MeV and travel long distances of about 

1.5xiOI1 m. Solar neutrino experiments are ,therefore, sensitive down to very small 

value of bm2 > I0-12 eVZ. 

There is a possible solution of the solar neutrino problem in the framework of vacuum 

neutrino oscillations. Supposing that oscillation parameters were bm 2 - I0- 10 eV2 

(oscillation length is a few times smaller than the revolution radius of the earth) and 

sin228- 0(1) (large mixing angle), vacuum neutrino oscillation would greatly enhance 

the neutrino deficit The solar neutrino spectrum at the earth, for the parameters of &n2 = 

8 x IQ-11 eV2 and sin228 = I, is shown in Fig. 3.1. Such neutrino oscillations with fine 

tuned parameters are called as "just-so" oscillations [ref 1-1 8]. It can be verified by a check 

of the seasonal variation of the neutrino flux whether the just-so oscillation takes place or 

not, because the earth revolves around the sun and the radius varies by about 5 x I Q9 m 

which is comparable to the osci ll ation length of the "just-so" neutrino oscillation. The 7Be 

neutrino, which has a monochromatic energy spectrum , wou ld be the best neutrino 

source for this purpose [ref 3-7]. Next generation high stati stics experiments such as 

Super-Kamiokande will also be able to identify the just-so oscillation [ref 3-8] by the 

precise measurement of a seasonal variation (-±1%) of the 8B neutrino flux . 

3.2. Neutrino Oscillation in Matter (MSW) 

Solar neutrinos traverse dense matter in the sun and in the earth, hence neutrino 

oscillation may be enhanced by the matter effect [ref 1-15] . The parameter regions where 

we can explore with various neutrino sources (reactor, accelerator, atmospheric and solar 

neutrinos) are drawn in Fig. 3.2. It tells us that solar neutrino is a useful source to search 

a very wide parameter region. 

Wolfenstein first pointed out [ref 1-14] that the mass ofve increases in matter through 

the forward scattering amplitude of the charged current interaction. Mikheyev and 

Smirnov extended the theory in matter, changing its density (sun) [ref 1-15], and found a 

resonance behavior of the model which may explain the solar neutrino problem. This 

resonant oscillation in matter is called as MSW effect. 
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In order to consider the propagation of neutrinos in matter, all interactions which give 

a forward scattering amplitude to an identical final state must be taken into account This 

forward scattering works as an effective potential in matter. Target particles to be 

considered in solar neutrino propagation are electrons, protons and neutrons. 

Effective potential from neu trino-electron scattering: 

Neutral current interaction is common for any kind of neutrino. But ve and ve can, 

additionally, have charged current interactions with electrons as shown in Fig. 3.3. The 

amplitudes of the scattering forve are [ref3-9], 

neutral current : 

Hnc =~vertex) x -
2 

I 2(propagator) x __8!,_(-~ + 2si n2 Bw)(vertex) 
cos8w mz cos8w 

charged current : 

o. 2 I 
=---""-?(--2 + 2sin28w), 2mw-

I 2 
Hcc = ~vertex) x --2(propagator) x _&,_(vertex) = ____8L_

2 
? , 

V2 mw V2 mw-

(eq3-15) 

(eq 3-16) 

respectively. gL is a weak coupli ng constant, 8w the Weinberg angle, mz the mass of the 

Z-boson and, 

mw = mzcos8w (eq3-17) 

the mass of theW-boson. Therefore, the effective potentials for Ve + e- ~ ve + e- and 

(eq 3-18) 

(eq 3-19) 

G ..E!2_ de I . e . where -= 
8 

>• an a ,actor-
2

ts 10r a spm average. Y2 mw-

E ffective potential from neutrino-proton and neutrino-n eut ron inter act ion : 

Only the neutral current interaction can take place for proton and neutron targets. The 

effective potential of the interaction on protons is same for Vc and "fl and it is [ref3-9], 
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H(vp-+vp) = 5;C 1 - 4sin2Bw ) , 

That from neutron is [ref 3-9] , 
G 

H(vn-+vn) = - -f2 

(eq 3-20) 

(eq 3-21) 

By the way, the different speed of the phase rotation of the neutrino wave function 

causes the neutrino oscillation, and an important factor in the diagonal elements of the 

propagation matrix is the only difference (this means the same contribution to the 

diagonal elements can be neglected in the neutrino oscillation calculation). 

In the case of the MSW calculation we consider neutrinos but not anti-neutrinos, and 

every effective potential of the neutral current is the same for ve and v~ . Therefore, we 

need to consider only charged current interactions of vee. Hence, we obtain the diagonal 

element of the Hamiltonian (neutrino propagation matrix) in matter as, 

(eq 3-22) 

(eq 3-23) 

where Ne is the number density of electrons in matter. 

The neutrino propagation equation in matter can be easi ly treated in the expression of 

flavor eigen-state, since the interaction with matter can be included in a simple way. To 

do this, it is convenient to begin with a propagation equation in vacuum. The neutrino 

wave function at time I can be written as, 

lv)t = (cos8 sin8)(e-iEtt 0 )(cos8 -sin8)(ave), 
-s1n8 cos8 0 e-'Ezt sm8 cos8 bv~ (eq 3-24) 

where a2 is the probability that a neutrino is ve at I= 0, and b2 the probability that a 

neutrino is v~ at 1 = 0, and a2 + b2 = 1. 

Then, differentiating (eq 3-24), we get, 
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. . m -2 
where om2=m22- nq 2, and we have used the approx1mat10n Ei = E + 

2
£ in the 

calculation. Comparing the equation (eq 3-25) with the formula , i~ lv) 1 = H lv) 1 

(propagation equation), we can get the Hamiltonian in vacuum as, 

( 

Om 2 l 0 "'4lf'in28 
Hv= 

om2 om2 
"'4lf'in28 2£ cos28 

(eq 3-26) 

The first term in the equation (eq 3-25) is neglected because it does not contribute to 

neutrino oscillation. Then, adding the effective potential for the neutrino propagation in 

matter, 

HM = (-!2
0
G N e 0) 

0' (eq 3-27) 

which is obtained in (eq 3-22,23), and the vacuum propagation matrix (eq 3-26), we 

obtain the Hamiltonian in matter as, 

_ ae + Llcos28 (I 
- 2 0 

( ae - Llcos2 e 
0) 2 
1 

+ l Llsi;28 

(eq 3-28) 

Llsi~28 \ 

etc- ~~os28 )' 

6m 2 
where Cle = V2.GNe and L\ = 2£ The eigen-values of propagation in matter then 

becomes 

(ae- Llcos20)cos2¢- Llsin20sin2¢ 

( ~ _ (ae- Llcos20)co~~¢- Llsin20sin2¢) (eq 3-29) 

and the eigen-vector of neutrinos in matter is; 

(VJm) (cos¢ -sin¢) (ve) 
v2m = sin¢ cos¢ vf' · 

(eq 3-30) 

Where¢ is the effective mixing angle in matter, which is expressed by 
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tan28 Llsin28 
(eq3-31) tan2tf> 

L!COS2 8 - Ge 

This equation means that the effective mixing angle in matter, ¢, can become maximal 

even if the mixing in vacuum, e, is very small (but not zero). Such a resonant condition 

IS 

(eq 3-32) 

Solar neutrinos are produced in a high density region (the core of the sun) and escape 

from the surface where the density is low. We can qualitatively trace the change of the 

parameters Ne, 4> and vzm for the case of solar neutrinos assuming om2 > 0, e < ~and 

e .. o. 
Ne = 

om2cos28 
0 Ne ()() --'> --'> 

2..f2GE 

1t 1t e 4> 2 --'> 4 
lvzm) : lve) 

1 
sine lve ) + cose lv~, ) --'> ..[2( lvc) + lv~,) ) --'> 

Therefore, the probability of the neutrino (which was born as ve) to become v~, is cos2e. 

If the mixing is small ( e- 0), all of ve convert into vfl 

Neutrinos with energy Ev greater than the critical energy Ecrit. 

Ev" Ecrit 
om2cos28 

2..f2GNemax' 
(eq 3-33) 

can sati sfy the resonance condition (eq 3-32) in the sun, where Nemax is the maximum 

density of electrons along the track of the neutrino. 

Therefore, the neutrino spectrum is suppressed in the high energy region (>Ecrit). 

This scheme (adiabatic process) takes place when the density of electrons in the 

resonance region va ri es slowly enough. 

In the case that the density of electrons in the resonance region vari es rapidl y (non

adiabatic case), a jump transition from v 2m to VIm arises. The probability of the jump 

transi ti on is obtained with an approximation developed by Landau and Zener (LZ

approximation) [ref 3- IOJ. The approxi mation is exact when the density of electrons 
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depends linearly upon the length traveled by the neutrino. The jumping probability is 

given by [ref3- ll) 

with the LZ-approximation. Therefore, the condition; 

om2 I&J EX si n22e 2: ( e ) X cos2 e 
Ne res 

(eq 3-34) 

(eq 3-35) 

is required to not change from vzm to VIm (to convert from veto vfl) · This condition is 

easier for low energy neutrinos than high energy ones. Hence, the neutrino spectrum in 

the higher energy region is no longer suppressed effectively. 

The parameter region in Fig. 3.2 shows a drastic deficit of solar neutrinos due to this 

MSW effect. The regions denoted by H, 0 and V are called the adiabatic, non-ad iabatic 

and quasi-vacuum regions, respectively, and every region has its own characteri sti c effect 

on the energy spectrum of the solar neutrinos. In the region H, the high energy region of 

the energy spectrum is suppressed as seen in (eq 3-33). In the region 0, high energy 

neutrinos can remain the same flavor as at their birth as seen in the condi tion (eq 3-35). In 

the region V, the neutrinos keep the shape of their energy spectrum the same as their 

original one, but are converted into another flavor with a same fraction in all energy 

regions. 

It is also pointed out that regeneration (ve ~ vfl ~ ve) can occur along the neutrino 

path (sun~ vacuum~ earth) due to the earth effect [ref3-I 2]. This regenerati on causes a 

larger neutrino flux at night time (neutrinos go through the earth) than that at day time 

(neutrinos do not penetrate the earth). Separate measurements of the neutrino flu x at day 

time and at night time can identify this regeneration effect. Of course, such measurements 

should be real-time, which only Kamiokande can perform now [ref 1-1 7]. Fig. 3.4 shows 

the 90%C.L. exclusion region obtained by the study of day /nigh t variation in 

Kamiokande. It is genera ll y known that the MSW effect cannot cause time variation of 

the neutrino flux except for day/night variation. 
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As a special case, it is pointed out [ref3-13] that the density fluctuation in the sun might 

affect neutrino oscillations and the change in the density, perhaps correlated to solar 

activity on the surface, may cause anti-correlation between the neutrino flux and sunspot 

numbers. 

3.3 . Resonant Spin Flavor Precession (RSFP) 

The eleven year periodicity of the solar neutrino flux suggested by the 37Cl experiment 

requires other explanation than the MSW effect. The interaction between a neutrino 

magnetic moment and a magnetic field in the sun can convert the neutrino helicity from 

left-handed to right-handed, and right-handed neutrinos are sterile to the 37Cl neutrino 

capture reaction . Therefore, the 22 year periodicity of the change of the magnetic field 

may be the cause of such time variation. This scheme was first pointed out by Cisneros 

[ref3-14]. Voloshin, Vysotskii and Okun [ref 1-19] first adopted the scheme for the solar 

neutrino problem . Following them, Lim, Marciano [ref 1-20] and Akhmedov [ref 1-21] 

found that a magnetic moment of the neutrino can cause the resonant transition of 

neutrino helicity like the MSW effect in the sun. This effect is called Resonant Spin 

Flavor Precession (RSFP). 

When we consider the magnetic transition of neutrinos, right handed neutrinos play an 

important role. We cannot neglect the neutrino interactions with protons and neutrons in 

matter, because the amplitude of the forwa rd scattering for right-handed neutrinos is 

different from that of left-handed neutrinos. Then the effective potentials for neutrinos in 

matter are now 

= ~(1 + 4sin28w )Ne + _Q_( I - 4sin28w )Np- _Q_Nn 
v .l. ,[2 ,[2 

= ~(2Ne- Nn), (eq 3-36) 

and 

(eq 3-37) 
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where Np and Nn are the number densities of protons and neutrons, and the relation 

Ne=Np 

in matter has already been considered. 

(eq 3-38) 

Right-handed neutrinos are sterile in the Dirac neutrino case, and the effective potential 

does not arise. In the Majorana neutrino case, right-handed neutrinos are anti-neutrinos, 

hence they interact with matter. The effective potentials forve and v~, are [ref3-9] 

(eq 3-39) 

(eq 3-40) 

Then the propagation equation of Dirac neutrinos with a (transition) magnetic moment 

can be written as 

G 
i.E_ (VeL)= (-:j;f-2Ne - N n) ~'B)(VeL) · 
dt VR B VR ,u a 

(eq 3-41) 

There are two cases for the right handed neutrinos VR. In the case of VR = VcR, .u = .Uee is 

the magnetic moment, and a = 0. In the case of VR = vi!R• '' = .U e~' is the transition 
om2 

magnetic moment, and a= 
2
E. 

In the Majorana neutrino case, CPT invariance requires [ref 3-9] 

,Uaf3 = - ,Uf3a. (a, (3 = e, f.t). (eq 3-42) 

Therefore, on ly the transition magnetic moment is allowed (.Uee = .Ui!!l =0) and we must 

consider (eq 3-40), because the right-handed neutrino vi! is not sterile. The propagation 

equation is expressed as 

G 
.!!__(VeL) = (-:j;f-2Ne - Nn) ,uB )(VeL) 
'd G ~2 . 1 v .uB -N + - - v 

lA ,[2 n 2£ !l 

(eq 3-43) 

One finds that these RSFP models can explain the time va riation with a very large 

magnetic moment such as I o-1o,,B. Such large magnetic moment seems not to agree with 

the experimental limits (see section 2.2). 
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3.4. Hybrid Model (RSFP+MSW) 

The difficulty of the RSFP model, which requires a very large magnetic moment, is 

overcome by a so-called hybrid model which is a powerful model extended from the 

RSFP by including the MSW effect simultaneously, and the required (transition) 

magnetic moment becomes about J0-11.L'B- Now many physicists [ref 1-31,1-32] are trying 

to explain not only the time variation in the 37Cl experiment but also the lack of a 

significant time variation of the Kamiokande result in the framework of the hybrid model. 

In order to include the MSW effect, we must consider the mixing (eq 3-26) and 

effective potentials for vi-' (eq 3-37) and for Ye (eq 3-39). Then the propagation equation 

of a Dirac neutrino under the hybrid model is expressed as 

G om2 
·j;f-.2Ne- Nn) 4Esin28 ,lleeB Pe.uB 

[VoC l om2. ? G om2 [~~} ('< 344) 
.d VI-'L ,tt1wB ,Lllt,uB 
ldt VcR = 4Estn-8 - {2Nn+ 2E cos28 

1-'-eeB Pe1,B 0 0 
VeR 

VI-'R 
om2 

VI-'R 
,LLI'eB ,ui'1,B 0 

2£ cos28 

ln the Dirac neutrino case there are no weak potentials (interactions with electrons, 

protons and neutrons) for VeR and for vi-'R because they are sterile. Neutrino flavor 

mixing is considered only for left-handed neutrinos. The Hamiltonian for RSFP without 

flavor mixing is a special case of that for the hybrid model when the mixing angle 8= 0 

ln the Majorana neutrino case, Vc and vf, are not sterile. The propagation equation for 

Majorana neutrinos is found to be 

0 ,uB 

-,LIB 0 

-pB G om2 . 
7 -d2Nc -N 11 ) WJn_e 

0 om2 . G om2 

4£ SJn28 {2N11+ '2E cos28 

(eq 3-45) 
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Neutrino flavor mixing is also considered for anti-neutrinos. 

In the Majorana neutrino case, it must be noted that we can expect solar ve creation [ref 

3-15]. From the propagation equation (eq 3-45), resonance conditions for ve--+ vi-' by the 

MSW effect and for Ve--+ vi-' (vi-'--+ Ye) by spin flavor precession are obtained by 

(eq 3-46) 

U'2G(Ne - Nn)E = om2cos28 (eq 3-47) 

The resonance condition (eq 3-46) is the same as the condition (eq 3-32) obtained by the 

consideration of flavor mixing alone. The resonance region for MSW oscillation, where 

N _ cos28 
eMsw- 2 V2GE 

is inside the resonance region for RSFP, where 

cos28 
NeRSFP = 2{2GE + Nn > NeMSW-

Therefore, the neutrinos produced at the center of the sun cannot satisfy the MSW 

resonance condition along their track to the surface of the sun before satisfying the RSFP 

condition, and we cannot expect Ve creation by the process, 

RSFP (eq 3-48) 

But, instead of the process (eq 3-48), we can expect ve creation through the process, 

~ -
Vacuum Oscillation V e (eq 3-49) RSFP 

This conversion needs a large mixing angle to create a sufficient number ofve, because 

vacuum oscillation must take place in the conversion. 

If the conversion (eq 3-49) happens, Kamiokande may detect the resultant ve, because 

the cross section o(vep--+e+n) is fortunately two orders of magnitude larger than o(v
0
e-) 

at 10 MeV of neutrino energy, and the produced positron keeps the neutrino energy, 

Ee• = Ev- 1.293 MeV. (eq 3-50) 

In this thesis, we study and give a limit on this possible ve creation with the Kamiokande 

detector. 
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4. The Kamiokande-111 detector 

4.1. Short history of Kamiokande 

Kamiokande (Kamioka Nucleon .!2ecay Experiment, or it may be better to call it the 

Kamioka Neutrino .Qetection Experiment in this thesis) started in July 1983 (ref 4-1]. The 

purpose of the experiment was, at first, to search for nucleon decays [ref4-I ,4-2] . The 

Kamiokande detector is located 1000 m underground (2700 m.w.e. due to a rock 

density of 2.7 g/cm3) in the Kamioka mine at 36.42°N and 137.31 °E (25 .8°N for 

geomagnetic latitude), about 250 km west of Tokyo, in Japan . This mine is in active 

operation and produces mainly zinc and lead. This mine was chosen as the experimental 

si te for the following reasons : 

• It is necessary to reduce the cosmic ray background to a manageable level. The 

muon flux at the Kamiokande is J0-5 relative to the flux at the ground level. The 

Kamioka mine is one of the deepest mines in Japan. 

• The rock is sufficiently hard and stable to excavate a large cavity. 

• The experimental site is horizontally accessible by a small train (and now by a car), 

so it is convenient to maintain and operate the detector daily. 

• A sufficient amount of clean water is available from a nearby natural water source. 

• The temperature is low and stable (-!3°C) because th e location is not deep, 

therefore, moderate air conditioning is sufficient. 

After some improvement of the detector (anti-counter, TDC, water purification 

system and so on), Kamiokande entered into a new phase to observe low energy 

neutrino interactions (i.e. solar neutrinos, supernova neutrinos and so on) in November 

1985 (ref 4-3]. The previous phase and the new phase were called Kamiokande-I and 

Kamiokande-II, respectively. 

At the beginning ofKamiokande-II, much work to reduce the background in the low 

energy region was done in order to accomplish solar neutrino observation. Especially, 

-35-



Chapter 4. The Kamiokande-111 detector 

elimination of radon was (and remains) the most important among them. Finally, the 

background level became sufficiently low and the solar neutrino observation started in 

January 1987. Right after the beginning of the observation, the famous neutrino burst 

from SN1987A was detected in February 1987 [ref 4-4]. This is the beginning of 

"Neutrino astronomy"; a new field in physics. 

Kamiokande-II has been divided into two phases, because the PMT gain was 

increased by a factor of2 (3 x 106 to 6 x 106) in June 1988 in order to improve the 

PMT response corresponding to a single photo-electron signal [ref 4-5]. Kamiokande-II 

ended its operation in April 1990 to replace dead PMTs after 1040 days of data 

accumulation for solar neutrino observation. We replaced 120 dead PMTs, installed 

new electronics which has better timing resolution than that of Kamiokande-II, and 

attached light reflectors around every inner-PMT to increase an effective photo

coverage. We resumed solar neutrino observation in December 1990. The new phase 

was named as Kamiokande-III. 

Improvements for Kamiokande-lll are; 

• new electronics modules (see section 4.6), 

• light reflectors around inner-PMTs (see subsection 4.5.2), 

• powe1ful radon-free air system (see subsection 4. 7.3), and 

• powerful degas ifier (see also subsection 4.7.2). 

The Kamiokande-III was once used for a cold fusion experiment as an ultra low 

background laboratory [ref 4-6]. It could be another possibi lity for underground 

detectors to supply their ultra low back
0
oround env1"ronments to other special 

experiments. 

Kamiokande-Ill is still continuing, and we analyze and discuss 514 days of data 

(from December 1990 to February 1993) for solar neutrino observation in this thesis. 

4.2. Ring imaging water Cherenkov detector 
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The Kamiokande detector is a ring imaging Cherenkov detector filled with 3000 tons 

of pure water. 

Electro-magnetic radiation (Cherenkov photons) is emitted by a charged particle 

traversing a medium, if the velocity of the charged particle (3c is larger than the light 

velocity in the medium, c!n, namely, 

nf3 > 1, (eq 4-1) 

where n is the refraction index of the medium. This emission was first discovered by 

Cherenkov in 1934 and was theoretically proved by Frank and Tamm [ref 4-7] . The 

value depends on the wavelength of the light. It varies from 1.350 to 1.336, in the 

relevant region for a water Cherenkov detector with photo-multiplier tubes (A= 330 nm 

- 500 nm). The average value is 1.344. Cherenkov photons are emitted on a cone with 

an opening angle from the direction of the particle path, 

cos (:I=...!.... 
nf3 

(eq 4-2) 

If the particle is relativistic in water (our detector), the opening angle is 42°. The 

number of photons emitted per unit track length per unit wave number is given by; 

cflN 2rca 1 

dxdv =-c-c -n2f32)' (eq 4-3) 

where a is the fine structure constant, x the path length of the charged particle, v the 

wave number of the emitted photon and c the speed of light. The number of Cherenkov 

photons emitted in the visible region is about 250 per em. The minimum energy 

requirement for Cherenkov light emission depends on the particle mass through nf3 > 1. 

It should be noted that Cherenkov radiation is a very small fraction(- J0-4) of the total 

energy loss of a charged particle through matter. The total number of Cherenkov 

photons is proportional to the energy of the charged particle in the energy region where 

its mass is negligible, because the track length of the charged particle is almost 

proportional to its energy. The recoil electron energy of the solar neutrino interaction, 

several MeV to 18 MeV, satisfies this condition. These features (eq 4-2 and 4-3) are 

useful in determining the energy (momentum) and direction of charged particles. 
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Cherenkov photons are detected by photo-multiplier tubes (PMT) which are 

arranged two-dimensionally on the detector walls to view the entire target material (pure 

water). The image becomes a ring pattern in the case where the particle stopped inside 

the detector or a filled circle in the case where the particle escaped the detector. The 

vertex, direction and energy can be determined using the pattern, the charge and timing 

information of each hit PMT. 

Advantages of the ring imaging water Cherenkov detector for solar neutrino 

observation are: 

• It can provide real time observation. 

• The energy spectrum of recoil electrons produced by solar neutrinos can be 

measured. 

• The direction of recoi l electrons, which have a strong directional correlation with 

that of the incoming neutrino, is measurable and we are ab le to know where the 

neutrinos come from. 

4.3. Neutrino interactions in Kamiokande 

4.3.1. Domin a nt processes in the en ergy reg ion of so la r neutrinos 

The Kamiokande detector holds 2140 tons of water within its photo-sens itive 

volume. Therefore, the number of target particles in the detector are 

e-: 7. 16 x 1032, 

free protons : 1.43 x 1 o32, 

oxygen: 7.16 x 1031 

There are three generations of neutrinos, ve, viA, v, and there also exist their anti

particles, ve, viA, v,. Interactions of these neutrinos below 20 MeV (the energy region 

of solar neutrinos) are dominated by the following processes: 

(eq 4-4) 

(eq 4-5) 

(eq 4-6) 

(eq 4-7) 
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Interaction with an oxygen nucleus is negligible because the energies of the 

neutrinos are too low to excite an oxygen nucleus and to make an observable signal [ref 

4-8]. 

4.3. 2. Neut r ino-e lect r on elast ic scatteri ng 

The differential cross section of elastic scattering on electrons is given by [ref 4-9] 

---= e Ao + Bo(l-y)2 +Com _L_ 
da(v e-) GF2m Ev[ v] 

dy 2n eEv ' (eq 4-8) 

where y is the ratio of the kinetic energy of the recoil electron Te to the incoming 

neutrino energy Ev;y={t. ~= l.l6639 x J0-5 GeV-2 [ref2-3] and me = 0.511 MeV 

are the Fermi coupling constant and the electron rest mass, respectively . The parameters 

Ao, Bo, Co are defined by 

Ao = (gv + gA)2, Bo = (gv- gA)2, Co= gA 2 - gv2 

gv = 2sin28w + ~ forve 

= 2sin28w- ~ forv11(<) 

I 
forve gA =+:z 

I 
for VII(<)· 2 

(eq 4-9) 

(eq 4-10) 

(eq 4-11) 

(eq 4-12) 

(eq 4-13) 

For anti-neutri nos, we can get the parameters by replacing gA with -gA. The recent 

accurate measurement gives sin28_v to be 0.2259 ± 0.0029 (in the on-shell scheme) [ref 

2-3]. The values of Ao, Bo, Co for the neutrinos then become [ref4-IO]; 

Ao Bo Co 

Ve 2.123 0.220 -0 .683 

vl*l 0.295 0.220 0.255 

Ve 0.220 2.123 -0.683 

VIA(<) 0.220 0.295 0.255 

The total cross sections for these neutrinos to scatter are obtained by integrating the 

differential cross sections from 0 to Ymax· 
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Ymax 

Ida GF
2
meEv [ Bo{ 3} c ~] Ototal= -d dy= AoYmax+-;;- 1-(1-ymax) + 0 ?£ . 

Y 2n ~ - v 
0 

(eq 4-14) 

where, Ymax is a kinematical limit expressed by 

2Ev 
(eq 4-15) Ymax = · 

2Ev +me 

Note that vfle- and v,e- can take place only through a neutral current interaction and the 

total cross secti on is about six times less than that of vee· scattering which also has a 

contribution from the charged current interaction as shown in Fig. 4.1. The cross 

section of vft(-c)e- is the same order as that of vfl(-c)e- as also shown in Fig. 4.1. The 

overall factor in the total cross section is 

Gf2111eEv 
= 4.31 x J0-45 x Ev (cm2)_ 

2n 
(eq 4-16) 

Ev is the energy of incoming neutrino in units of M eV For example, assumi ng Ev = 

10 MeV, a typical energy of a 8B solar neutrino, the cross sections of neutrino and 

electron elastic scattering are 0.9 16 x J0-~3 cm2 for ve, 0.158 x I o-~ 3 cm2 for vf,(-c), 

0.390 x J0-~ 3 cm2 forvc and 0. 137 x J0-~3 cm2 forvfl(<) · 

The direction of the recoil electron with respect to the direction of the incoming 

neutrino is kinematically determined by 

~~ 
+ Ev 

cos O=----'--

F'lJf: 
(eq 4-1 7) 

The opening angle of the recoil electron and incoming neutrino (direction of the sun) for 

neutrino-electron elastic scattering is less than 20° in the energy region of Ee;,: 7.0 MeV 

as shown in Fig. 4.2. The kinematical limit of the opening angle is obtained by setting 

£.,->co in (eq 4- 17); 
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The angular resolution is limited by the multiple scattering of electrons and is about 28° 

at 10 MeV Therefore, we can count up the number of solar neutrino signals due to this 

strong correlation between the direction of recoil electrons and that of the sun. 

4.3.3. Capture cross section of a free proton for v c 

In the case ofve, the situation is different from that ofvc. The dominant process is v 

))e + p _,. e+ + n, not electron scattering. The total cross section of :Yc + p _,. e+ + n is 

given by [ref 4-11] 

a(- ) _G2 Ee ££. YeP --- , 
1t 111e n1e 

(eq4-1 9) 

where G2 is the appropriate f3 coupling constant, and me, Ee and Pe are the rest mass of 

the electron and the total energy and momentum of the produced positron, respectively . 

We can derive G2 from the relation, 

G2 = ....!!!:__ --
2n r 11me3 F(1'Jo). 

(eq 4-20) 

r 11 = 889.1 ± 2.1 seconds [ref 2-3] is the mean life time of a neutron and F( 1'J o) = 

F(Pmax) = F(2.324) = 1.633 is the Fermi function . Then, the total cross section ofve + m 

p _,. e+ + n is; 

a(vep) = 1.00 x J0-43 EePe (cm2MeV-2]. (eq 4-21) 

The total cross section of YeP is about a hundred times (actually 20 times, taking into 

account the composition of water; HzO: two protons, ten electrons and one oxygen) 

larger than that of vee- elastic scattering at I 0 MeV as shown in Fig. 4. 1. 

The produced posi tron has the kinetic energy of Tc = Ev- 1.804 MeV, whi le the 

energy of the recoil electron from neutrino electron elastic scattering di strib utes as 

Temax = Ymax x Ev according to (eq 4-8) and (eq 4-15) . By thi s means, we can observe 

the energy ofve on an event by event basis. 

The angular di stribution of positron is given by [ref4- 12] 

da G2 Ec "" l}o 
-=-- rS.( J - 0.093 coserS.) 
dQ 4n2 me me Ee (eq 4-22) 
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{
= (GFcosl1c)\gv'2 + 3gA'2)£ePe(l - 8A'2 - gy'2 cos 8 fr)}· 

4n:2 gy'2 + 3gA'2 Ee 

e is the opening angle between incoming ve and produced positron, cos lie= 0.9753 [ref 

2·3] , the Cabibbo angle, gv' = I and gA' = -1.2573 [ref 2· 3]. This equation shows so 

small a directional correlation that it is hard to obtain the direction of the incoming 

neutrino from the observation of the posi tron . It also makes it difficult to count up the 

number of neutrino events without perfect knowledge of the background except in a 

special case such as a neutrino burst like SNI987A. 

4.4. Water tank 

The Kamiokande detector has a cylindrical shape and consists of inner and anti

counters . The cavity which houses the whole detector has a size of 19 m in diameter, 

23 m high at the central axis and 16 m high at the straight section along the wall. The 

entire wall of the cavity is reinforced by the metal nets and sprayed concrete layers ; 

moreover the wall is coated by rubber-asphalt for waterproofing. Helmholz coils are 

arranged on the cavity walls to compensate the geomagnetic field (0.45 gauss) that 

would affect the PMT gain . 

A cylindrical steel tank of 15.6 m in diameter and 16.1 m in height is placed inside 

this cavity. This tank is filled with 3000 tons of pure water. The steel water tank is 12 

mm thi ck at the bottom and gradually becomes th inner toward the top where it is 4.5 

mm thick . The inner surface of the tank is painted black with a specially prepared 

epoxy, the most suitable paint for pure water, and the thickness of the paint is 250 ftm. 

The outside of the water tank is coated with the rubber-asphalt. A steel cover is placed 

on the top of the water tank to seal off the radon-rich air from the space above the top of 

the tank. 

Inside the water tank is the inner detector (948 PMTs viewing 2140 tons of pure 

water), the top part of anti-counter (22 PMTs) and the bottom part of anti-counter (21 

PMTs). These sect ions are separated by black sheets. The gap between the water tank 

and the cavity wall is filled with 1400 tons of water. This is the barrel anti -counter with 
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80 PMTs (5 in column and 16 in row). The total number ofPMTs for the anti -counter 

is, thus, 123 . The density of PMTs is about I PMT I m2 for the inner detector (thi s 

corresponds to 20% photo-coverage) and I PMT I 9m2 for the anti-counter. The inner 

surface of the whole anti-counter is covered by aluminized Mylar sheets to get better 

light collection efficiency. The typical thickness of the anti-counter is 0.7 m for the top, 

1.2 m for the bottom, and 1.5 m for the barrel part. The anti-counter is util ized for 

identifYing a cosmic ray muon which penetrates the counter and is effective in shi elding 

the detector against the gamma rays and neutrons being generated in the rock 

surrounding the detector. 

The schematic view of the tank and the cavity is illustrated in F ig. 4.3. 

4.5. Photo multipli e r tube (20" <1> PMT) 

The characteristics of the PMTs used in Kamiokande-II are described in appendix A. 

Kamiokande-III contains 120 new improved PMTs, and the difference from the ones 

used in Kam-2 is described here. 

4.5 .1. Improvement of PMTs for Kamiokande-111 

Kamiokande-III has 120 new type PMTs which were developed for the future larger 

water Cherenkov detector (i.e. Super-Kamiokande) [ref -l-13] wi th better timing 

resolution and better water resistance than the Kam-2 type and with a clear single 

photo-electron peak. For low energy events such as solar neutrinos, each PMT catches 

mainly one photon. The timing resolution and the resoluti on of the pulse height for a 

single photo-electron is crucial for the measurement. 

The size and shape of the new 20"<1> PMTs are almost same as that used in Kam-2 

except for the minor modification of lengthening the g lass-multi sealing line near the 

socket to obtain better water resistance (see Fig. 4.4) . The structure of the Venetian 

blind type dynode has been modified . The bleeder-chain was optimized with an II 

stage voltage divider (see Fig. 4.5) while the old PMT has 13 stages. Three types of 

focusing mesh-plates between the cathode and the first dynode were added in exchange 

for the reduction of the dynode stages. This design was made in such a way for 
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electrons not to hit the same nor neighboring dynode again and not to pass through the 

gap of the plates without hitting, and not to have long flight paths (see Fig. 4.6) which 

was based on the electron trajectory simulation mentioned in Appendix A. These are the 

main source of the transit time spread and the pulse height spread. Due to this 

improvement, the timing resolution for the single electron level became less than 3 

nsec, and the single photo-electron peak can now be clearly seen. Fig. 4. 7 shows the 

typical transit time distribution for the single photon, and Fig. 4.8 shows the typical 

pulse height distribution for the single photon. These improvements did not affect the 

magnetic properties (see Fig. 4.9) nor the cathode and anode uniformity (see Fig. 

4.10). 

The timing response for the new type PMTs is measured as described in appendix 

C.2. The timing resolution on the output pulse height is drastically improved at the 

single photon level as shown in Fig. 4.11. We can also see an improvement of the 

timing resolution for the old type PMTs in Kam-3 because the new electronics 

described in subsection 4.6.1 has a better timing resolution than that ofKam-2. 

4.5.2. Light renector 

In order to increase the effective light-sensitive area, a light reflector was attached to 

each inner-PMT (for the Kamiokande-III detector) as shown in Fig. 4.12. 

The reflector was made of a 25 >tm aluminized PET (polyethylene terephthalate) 

sheet which was back-coated by 300 >tm PET with a dry-ruminate glue to prevent the 

aluminum from coming in contact with the pure water. The reflection efficiency is about 

80%. 

The shape of the reflector was chosen to be a cone, and the size was optimized to 

maximize the light collection efficiency and to be not affected for the Cherenkov pattern 

by photons coming from the other light reflectors . The size thus chosen was 1 o em in 

height and the angle between the sheet and the wall was 60°. 
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The light collection efficiency (or the light coverage) was increased by about 27% 

(the light-sensitive area has increased effectively from 20% to 25%.). The benefits from 

the increase of the collection efficiency are: 

• The vertex resolution was improved by about I 0 em in the entire energy region as 

shown in Fig. 4.13. (Better timing resolution of the new electronics also 

contributes to this improvement.) 

• The angular resolution became better in the low energy region around 7 MeV as 

shown in Fig. 4.14. The resolution is already limited by multiple scattering of 

electrons in the energy region above 10 MeV. 

• The energy resolution was also improved in the low energy region (see Fig. 4.15). 

The limitation on the energy resolution in the energy region above 10 MeV comes 

from another effect of the light reflector as described below. 

However an improvement for high energy events due to the light reflector was not 

accomplished, since we did not increase the number ofPMTs, just the light coverage. 

The probability that a PMT catches more than I p.e. increased in the energy region 

above around 10 MeV. This probability gets much larger for events with vertices near 

the PMT plane. Hence, the number of hit PMTs va ri es depending on the vertex 

position. This effect is schematically illustrated in Fig. 4.16. Since we use the number 

of hit PMTs for the energy scale, the energy resolution for higher energy events cannot 

be improved because of this effect. Topics related to this effect are described in the 

section on the energy scale (subsection 5.1.4). 

4.5.3. High Voltage monitoring system 

The High Voltage (H.V.) monitoring system installed in Kamiokande-IJJ consists of 

(i) computer controlled relay circuits to select each channel, and (ii) a 16-bit ADC to 

measure the H. V.(l/1 000). Relay circuits to shut off the H. V. of any PMTs are also 

prepared. 

PMTs have become out of order during their operation with a rate of about 20 PMTs 

per year. There is no single cause, but leakage of water is thought to be a major one. 
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When a PMT dies , it usually becomes a "flash-PMT" which emits bursts of light. 

Emission is sometimes consecutive and the rate is very high. In any case, it is very 

troublesome. 

The H.V. monitoring system is also used to search for the "flash-PMTs" which 

occasionally pull a larger current resulting in a voltage drop that is detectable by 

measuring the H.V. The H .V. monitoring system can tum off the channel where a 

voltage drop is happening. 

4.6. Electronics 

For solar neutrino observation in Kamiokande, it is essential to have timing 

information and to increase the detection efficiency for a single photo-electron signal. 

A typical Cherenkov pattern for an event around I 0 MeV is shown in Fig. 4.17. The 

number of hit PMTs for a low energy event is small (a 10 MeV electron hits about 26, 

30, and 40 PMTs in the Kam-2 gainxl, Kam-2 gainx2, and Kam-3, respectively). Its 

Cherenkov ring pattern is influenced by multiple scattering, moreover the number of hit 

PMTs is affected by the dark current of the PMTs (about 4 hits within the 1.1 psec 

window for the signal). Therefore, it is not good to reconstruct the vertex and the 

energy of the event only from the Cherenkov pattern. Timing information is useful for 

vertex reconstruction and rejection of the dark current. By making corrections on timing 

information of the flight time from the vertex to PMT and of the pulse height 

dependence of time, we can make a signal distribute over a narrower region (40 nsec). 

The number of accidental hits from the dark current can be suppressed to about 0.1 hits 

for an event. 

The Kam-2 electronics has TDC modules for obtaining the timing information from 

each PMT. The details on the Kam-2 electronics are described in appendix B. 

The installation of a new electronics for Kamiokande-III was completed 1n 

November 1990. It is a challenging electronics containing both analog and digital (for 

example, ADC) circuits on the same board to simplify the configuration The new 

-46-

Chapter 4. The Kamiokande-III detector 

electronics module does not need an additional signal delay cable because of the 

common stop scheme of time measurement. 

4.6.1. Electronics for Kamiokande-111 

The electronics installed for Kamiokande-III [ref 4-14] was specifically developed for 

this experiment. The Kamiokande-III electronics consists of 90 front-end modules 

(ATMs, short for Analog Iiming Modules) (79 modules for the inner-detector and II 

modules for the anti-counter) in which each module has 12 input channels. The ATM 

modules are arranged in 5 TKO-system (abbreviation of IRISTAN I KEK Qn-line) 

crates where one crate can accommodate 20 ATM modules. 

Each TKO-crate section needs additional modules; I bus-interface module (CH, 

short for .Control Head) and I trigger distribution card (GONG, short for QQ.J:::!o-.G.o 

Module). The data buffer modules (MB, short for Memory Ruffer) (1 MB for I CH) 

are arranged to store data from ATM for computer read-out. One trigger control card 

(TRG) and some support modules are also integrated for whole system. The ATM, CH 

and GONG are TKO-system modules, and the MB and TRG are CAMAC modules. 

The data flow in the Kamiokande-III electronics is schematically drawn in Fig. 4.18. 

The strategy of the data taking in Kamiokande-Ill is similar to that of the Kam-2 

electronics. But the AIM module has salient features with respect to the front-end 

module used in Kam-2. A detailed explanation of these modules are described below. 

+ Front end module (ATM): 

The advantages of the ATM module are: 

(i) compact (it has 12 channel inputs) and ali-in-one. The following are organized in 

one ATM module (on a 6 layer printed board): amplifiers, signal delays, 

discriminators, analog buffers with double depth for every channel, ADC, control 

logic, 8-bit event counter which generates the event ID, analog sum circuit, hit 

sum circuit which sums up the digital output (2.5 m V in height, I 00 nsec in 

width) from the discriminators, FIFO memory, and so on. 

(ii) large FIFO memory which can store 170 hits of information, 
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(iii) fast digitizer which enables high rate data taking such as a neutrino burst from a 

stellar collapse, and 

(iv) good timing resolution . 

The ATM module processes the signal from a PMT as follows (see Fig. 4.19): 

(I) The AIM receives the signal from the front panel of the module with 50Q 

impedance. 

(2) The signal is divided into four by the current splitter. 

(3) One of them is amplified by a factor of 400, and is send to the discriminator. 

The threshold of the discriminator set through the GONG was adjusted to 36.6 

mY, which corresponds to -0.2 p.e. (all channels in a crate have the same 

threshold). If the pulse height exceeds the threshold, a rectangular pulse (2.5 mY 

in height and 100 nsec in width) is generated. Then, the digital pulses from each 

of the 12 channels, if generated, are summed and sent to the GONG to make a 

total "hit-sum" signal within a crate. 

(4) The "analog-sum" signal is produced in a similar way to the "hit-sum" signal. It 

uses one of the 4 split signals instead of the rectangular pulse. 

(5) The other two split signals are sent to the time-to-analog converter (TAC) and 

to the charge-to-analog converter (QAC) [ref4-!5) through a 200 nsec delay. 

(6) Each channel has two TACs (which are called the A and B channels) and 

QACs. When a disc1iminator is fired, the TAC for the channel starts to charge up 

the capacitor until the globa l trigger arrives. If the global trigger does not come 

within 1.1 ftSec, the channel is reset. If the global trigger occurs, the voltage (0-1 

ftSec is converted to 0-5 V) is stored for the digitization, and another TAC is 

enabled for the next event. 

(7) The QAC also integrates charge and converts it to voltage (0-400 pC is 

converted to 0-5 V). 

(8) The event ID, which is counted up by the event counter, is latched for the hit 

channel. 
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(9) The ATM has one analog-to-digital converter (ADC), which converts both the 

TAC output and the QAC output with a 12-bit full scale (conversion time is 1.5 

ftSec) . I nsec corresponds to 3 counts of the digital output, and 1 p.e. 

corresponds to 7.8 counts. If the global trigger occurs , the stored ana log data (in 

the TAC and QAC) are digitized by the ADC. The latched event ID and the 

digitized data are then written on the two 9-bit x 512 FIFO memories. It takes 

about 10 !J.Sec to process one hit signal (containing both time and charge 

information). 

(10) If the global trigger occurs, the event counter is incremented for the next 

event. The event ID for every hit-channels has previously been latched before the 

global trigger arrives. 

+ Bus-interface module, Control Header (CH): 

The CH is a TKO module which controls the TKO digital-bus and receives 

commands from a MB module on the CAMAC bus and sends data to the MB. It can 

transfer the data in the ATM modules to the MB module with a transmission rate 

more than 2 mega-bytes I sec. 

+ Memory buffer (MB): 

The MB module is a CAMAC 2 span module. It receives the data from the ATMs 

through the CH, and stores the data on its 32 kB memory. The transmission 

between the CHand the MB is done through RS-422 . Then, the on-line computer 

reads the data stored in the MB module. The control of the MB is made by a 

80186(8 MHz) CPU on board. 

+ Trigger distribution card (GONG) 

The GONG is a TKO module. This module sums up both the "hit-sum" and the 

"analog-sum" signal from the ATM modules in a crate. The "sum" outputs from 4 

GONG modules are sequential ly connected, and the total sum for the entire inner 

detector is made. The total "hi t-sum" is sent to the discriminator for a decision on the 

trigger, and the total "analog-sum" for the inner detector is sent to a flash ADC to see 

a decay electron from a muon. The "analog-sum" of the anti-counter delayed by 

-49-



Chapter 4. The Kamiokande-III detector 

about 20 J.lSec is also sent to a flash ADC and is used to observe a parent muon 

which did not deposit its energy in the inner detector. 

The GONG module also receives the global trigger pulse from the TRG, and 

distributes it to the A TMs in the crate. 

The GONG also has a 16-bit digital-to-analog converter (DAC) to set a threshold 

level for ATM modules . The threshold level is distributed to the ATMs through the 

back-plane. 

+ Trigger control module (TRG): 

The TRG module is a CAMAC 2 span module. It operates the same as the timing 

card of the Kam-2 electronics (see appendix B). The TRG can accept four different 

trigger inputs and can record the trigger type in its FIFO memory. The TRG can 

store the time, which is counted by a 50 MHz (later changed to 25 MHz) scalar with 

48-bit full scale, and the event ID, which is counted by the 8-bit event counter, on 

the FIFO memory. The data size of the TRG for one trigger is 8 bytes, and the FIFO 

memory has 1 kB . The trigger signal is distributed to all ATMs through the 

GONGs, to the flash ADCs, to the on-line computer and so on. 

4.6.2. Trigger 

As described in section 4.2, the electron energy is proportional to the total number of 

photo-electrons. A noisy PMT or a "flash-PMT" may obscure the number of photo

electrons at the desirable trigger threshold (- 20 p.e.) for solar neutrino observation. 

Fortunately, the number of total p.e.s is almost the same as the number of hit PMTs in 

low energy region, and the number of hits is not so much influenced by a noisy PMT 

Therefore, the number of hit PMTs is a good energy scale and is used for trigger 

discrimination. This strategy is used both in Kamiokande-II and in Kamiokande-III. 

The threshold for each hit-signal is set to 0.35 p.e. (Kam-2 gainx1), 0.18 p.e. 

(Kam-2 gainx2) and 0.2 p.e. (Kam-3). The hit-signal of each channel has a rectangular 

shape with about a 5 mV height and 100 nsec width for Kam-2 and about a 2.5 mV 

height and 100 nsec width for Kam-3. The total "hit-sum" signal is discriminated with 

the "master threshold" of 112 mV (Kam-2) or of 45 mY (Kam-3). As the number of 
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dead tubes increases, the number of hit PMTs decreases, hence, the threshold must be 

lowered to keep the same energy threshold . The "master threshold" of the Kamiokande

III was lowered to 40 m V in June 1992 for this reason. 

The trigger rate is another reason to change the "master threshold ." Due to the 

decrease of radon in the water the trigger rate in Kam-2 has decreased , and the "master 

threshold" was lowered to 100 mV in October 1987 from 112 mV. It was changed back 

to 112 mVin June 1988 when the PMT gain was doubled. 

These "master thresholds" correspond to the threshold energy of 7.6 MeV (Kam-2 

gainx 1, 112 mV), 6.7 MeV (Kam-2 gainx1, 100 mV), 6.1 MeV (Kam-2 gainx2) and 

about 5 MeV (Kam-3) in the fiducial volume for the solar neutrino analysis . The energy 

threshold means the energy at which the trigger efficiency becomes 50%. Fig. 4.20 

shows the trigger efficiency curve ofKam-3 as a function of electron energy (detector 

resolution is convoluted). The fluctuation of the trigger threshold does not affect the 

solar neutrino analysis because the trigger threshold is low enough compared to the 

analys is threshold. Fig. 4.21 shows the trigger efficiency curve ofKam-3 as a function 

of visib le energy (detector resolution is not convoluted). Fig. 4.22 shows the change of 

the trigger threshold chronologically. 

We introduced dead ti me duri ng data transfer for Kam-3 to avoid picking up noise . 

And, to reduce this dead ti me, the number of read-outs was down-scaled by one eighth . 

The dead time due to this veto has been continuously measured by two 100Hz scalars 

(with and without the veto). The dead time due to this source is about 1.5%. In order 

not to loose a spallation event happening close in time to a muon, the beginning of the 

data transfer is delayed by 30 msec after the trigger. A single transfer lasts 10 to 20 

msec depending on the data size. 

4.7. Background from Radon contamination 

4.7 .1. General desc rip t ion 
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It is crucial for solar neutrino observation to reduce low energy background which is 

dominated by the~ decay of 214Bi, being a daughter from 222Rn, contained in the 

water (the endpoint energy is 3.26 MeV). 

222Rn (TJ/2 = 3.8 days) is (i) dissolved into the water from the air (subterranean 

water gathers radon from the rock, fl ows near the detector, and finally supplies radon 

to the air around the detector.), and (ii) produced in the water from the decay of 226Ra 

and other materials (glass ofPMT, stainless steel of support flame and so on). Iron gas 

(220Rn), the daughter of 232Th, is also a possible background source which can be 

dissolved in water from materials, or from the air. The decay chains of 238U_226Ra and 

232Th are shown in Fig. 4.23. 

Therefore, it is essential to purify the water in order to remove the 238U, 226Ra and 

232Th. The water purification system used for the purpose in Kamiokande-II and 

Kamiokande-III is described in subsection 4.7.2. 

It is also important to make the detector air-tight in order to shut out the radon and 

tron gas, and to supply clean air around the detector. We installed a degasifier system to 

remove the air and radon gas from the water. We made a radon-free air system in order 

to supply clean air to the detector and to the water purification system . The radon-free 

air system is described in subsection 4.7.3. 

To know the effect of the radon-free air system, a method of measuring and 

monitoring the radon contamination is necessary. We adopted two methods for the 

radon measurement and monitoring systems as described in subsection 4.7.4. 

4.7.2. Water· purificatio n system 

There are two separated water systems. The pure water system supplies, purifies 

and circulates the water of the inner-tank (the inner-detector, top and bottom anti

counters). The other is a constant flow of the mine water to the barrel anti-counter. The 

cavity is coated by rubber-asphalt, but water leaks through gaps in the rock at a rate of 

about 5 tons I hour. Therefore, we suppl y mine water into the barrel anti -counter 

th rough a 5 ;tm filter at a rate of about 15 tons I hour. It is not essential to keep the anti

water pure for solar neutrino observation. 
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The water purification system for the inner-tank consists of the following elements 

as shown in Fig. 4.24: 

(1) 5-10 ;tm filter, 

(2) de-ionization system or mixed bed ion-exchanger, 

(3) ion-exchange column to remove uranium (CR-55), 

(4) 1.2 ;tm filter, 

(5) ultra-violet sterilizer to prevent proliferation of bacteria, and 

(6) 0.6 ;m1 filter. 

The water taken from the top of the water tank was pumped back to the bottom of the 

water tank which induces a flow of water from the bottom to the top . The flow rate of 

the water was set to 4.5 tons I hour. 

The ion-exchanger (CR-55) installed in April 1986 is a chelate resin for selecti vely 

removing uranium. Due to this resin, the concentration of uranium in the water was 

decreased from 0.17 pCi ll (mine water) to lQ- 3 pCi/1 by December 1986. The 

concentration has become low enough that the spontaneous fission of uranium does not 

affect solar neutrino observation, thus, the ion-exchanger has been bypassed s ince 

December 1986. 

The de-ionization system operated since September 1986 is also the ion-exchange 

column but optimized to remove 226Ra as well as the other metal ions. The 

concentration of226Ra in the water before the operation of the de-ionization system was 

8 x 10-3 pCi/1, and it was reduced to 10-4 pCi/1 by April 1987, though it is 1.6 x 10-2 

pCill in the mine water. At the same time, 238U had decreased to 2 x J0-4 pCi/1 by 

April 1987. The de-ionization system is now replaced by a mixed bed ion-exchanger 

which operates the same way . 

Water purification is also effective in making th e water transparent (attenuation 

length is about 60 min Kamiokande-III), since the impurities, the metal ions such as 

Fe++, Ni++, and co++, and organic materials such as bacteria, absorb Cherenkov 

photons. 
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The water purification system for Kamiokande-III is essentially the same as that for 

Kamiokande-II. A minor upgrade was done for the ion-exchanger (radium resin was 

added), and a powerful degasifier system was installed. The degasifier which remove 

gas (and radon) from the water will be also effective in eliminating radon gas from the 

water. The membrane degasifier used in Kamiokande-II was replaced by the powerful 

vacuum degasifier system which will also be used for Super-Kamiokande [ref 4-16], 

which can remove 99% of the 02 gas from the water and 96% of the radon gas. It can 

circulate water at more than 20m3 I hour. 

4. 7.3. Radon-free air system 

Another procedure for eliminating the radon background is to seal out the air from 

the water and to supply clean air to the detector and the water purification system. Since 

radon has a short half life of T112 = 3.8 days, circulation of the water (or not to supply 

mine water which contains radon gas with 200-400 pCi/1) is the best way to reduce 

radon in the water. But, it is not sufficient to remove radon in the water, because air 

around the detector contains radon gas of 25-50 pCi/1 and this radon gas can easily be 

dissolved into the detector water. 

In Kamiokande-II, we used charcoal to trap radon. It reduced radon by a factor of 

100 for the air in the mine. The radon contamination of the radon-free air was 0.3 pCi/1 

at the time. The radon-free air was supplied to the top of the detector and to the buffer 

tanks (see Fig. 4.24), and the concentration of radon in the top of the detector was 

measured to be 0.2 pCi/1. But the concentration of radon in the water was under the 

detectable limit of - I pCi/1 (later we are able to measure this level of radon, see the next 

subsection). 

We improved the radon-free air system for Kamiokande-III. We installed cooled 

charcoal (about -40 °C) in the radon-free air line in December 1990, which further 

reduces radon by a factor of30. The effect was clearly seen in the low energy event rate 

(dominated by [3-decay of 214Bi) as shown in Fig. 4.25. The decay curve is well 

described by the half life of radon. The event rate decreased by a factor 3 after the 

installation of the cooled charcoal. The concentration of radon in the water has 
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decreased from 0.1 pCi/1 to 0.03 pCi/1, which is measured by the new method 

described in the next subsection. Solar neutrino observation with Kam-3 started after 

the significant reduction of radon from the installation of the cooled charcoal for radon

free air. The conventional charcoal filter, which can reduce radon by a factor of 100 and 

was used in Kam-2, was not operated at the time. It was returned to service in 

September 1991. 

We further strengthened the conventional charcoal filter by connecting them in series 

in June 1992 (radon in the radon-free-air was degraded by another factor of 1 00). The 

flow rate was increased from 10 liters I min to about 20 liters I min. Finally, the radon 

concentration in the radon-free air was less than I o-4 pCi/1 , which is 3 x J0-5 times 

less concentrated than the mine air. Due to the improvement of the radon-free air, the 

concentration of radon in the top of the detector was lowered to about 0.02 pCi/1 , which 

is a 10 times smaller value than that ofKamiokande-II. The radon in the water is finally 

decreased to about 0.014 pCi ll. 

4.7.4. Radon measurement 

Although the measurement of radon is essential in evaluating various methods of 

"removing" radon and in knowing where the radon comes from, it is difficult to 

measure the radon concentration below I pCilllevel. We adopted two different types of 

radon measurement. The key points for the low level radon measurement are (i) how to 

condense radon and (ii) how to enhance the signal. 

(I) The first method offers a direct measurement ofRn concentration in water. Radon 

gas in water is extracted through He bubbling and pushed into a scintillation counter 

cell made ofZnS(Ag), called a Lucas counter. Then the a-decay of222Rn itself and its 

daughters are measured. The detailed procedure is explained in the following 

(schematic diagram is shown in Fig. 4 .26): 

(I) sucking in about 20 liters of water by vacuum so as not to mix with the mine air 

(the measurable limit of the concentration is determined by the volume. About J0-3 
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pCi/1 can be detected with 20 liters of water.) as denoted by the flow line (a) in Fig. 

4 .26, 

(2) bubbling out the radon gas from the water with He gas (flow rate is 0. 75 liters 

/min, and flow continues for 2 hours.) as denoted by the flow line (b), 

(3) capturing the radon gas (T m=-71 °C, Tb=-61.9°C) with the cold trap (liquid 

nitrogen tern perature; Tb=77 .3 5°K =-19 5. 8°C), 

(4) removing COz, HzO and Oz by passing through the silica-gel , ascarite (NaOH) 

and magnesium perchlorate (Mg(CI04)2) as denoted by the flow line (c) (flow rate 

is 0.3 liters I min), 

(5) pushing radon gas into the Lucas counter through flow line (d) in Fig. 4 .26, 

whose inside is coated with ZnS(Ag) scintillator (see Fig. 4.27), with He gas, and 

(6) counting the alpha decay rate coming from 222Rn and its daughters, 218po and 

214Po. The ZnS layer is so thin that only alpha radiation is seen (this means less 

background in the measurement) . 

The detection efficiency of radon gas is calibrated by the measurement of the mine 

water which contains a known amount of radon. Fig. 4.28 shows the energy spectrum 

of the alpha counting. Since the energy resolution of the Lucas cell is not good, we can 

not distinguish the origins of the a-emission. But the resolution is sufficient to count 

up the alpha particles (Nail~ 3Nradon) with sufficiently high efficiency. Fig. 4.29 

shows the decay curve in time for the mine water calibration and for the measurement 

of the detector water. We can see the good signal to noise ratio. We obtained the 

detection efficiency (including the collection efficiency) of radon to be 77% and the 

radon concentration was found to be 0.1 pCi/1 for this measurement. This measurement 

was done in November 1990 before the installation of the cooled charcoal. The radon 

concentration after the installation has been measured to be 0.03 pCi/1 with the same 

procedure. Fig. 4.30 shows the rise time measurement right after the injection of the 

radon gas into the Lucas cell , and the drop of the curve is the time after removing the 

radon gas (but leaving the daughter nuclei) from the counter, respectively . These curves 
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are well described by the expectation based on the half lives of the nuclei in the decay 

chain. 

We can estimate that how much of the remaining background in the final data sample 

is due to radon by considering the correlation between radon concentration and event 

rate in the final data sample before and after the installation of the cooled charcoal. We 

observed a factor of three reduction (0 .1 pCi/1 - 0.03 pCi/1) of radon gas in the water, 

while the event rate above 7 MeV decreased by only a factor of two. Therefore, we can 

estimate that half of the background above 7 MeV is originated by radon gas, at the 

radon contamination level in the water; 0.03 pCi/1. 

(ll)The second method uses a solid state detector (SSD). The detector is schematically 

drawn in Fig. 4.31. The detection principle is described below: 

(!)The positively charged ions (218Po, 214Pb, 214Bi or 2l~Po), the daughters of 

222Rn, are collected onto the PIN photo-diode by an applied electric field (60- 1 00 

V I 7-10 em). The collection efficiency is about I 0-20% which depends on the 

humidity, the strength of the electric field and the shape of the detector. 

(2) Half(solid angle is 2:n:) of the decay from 218po and/or 21~Po is measured by the 

PIN photo-diode with sufficient energy resolution to distinguish the original 

nucleus (see Fig. 4.32). The detector is almost background free due to the good 

energy resolution. 

The advantage of this detector is that the detector can be exposed for a long time. 

Because it is background free, the statistics increase with the square root of the 

exposure time. If we take the practical exposure time as less than one month, the 

detector can measure the radon concentration in the air down to about J0-3 pCi/1 . It is 

also an advantage of the method that the detector is almost maintenance free, therefore, 

it can be used for continuous monitoring of the radon concentration. This feature is 

ideal for looking for leaks of radon gas and is suited to monitoring for accidents in the 

radon free air system. The disadvantage of the detector is that it cannot follow quick 

changes of the radon concentration at such a low level (- J0-3 pCi/1). 
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This detector can al so measure the radon concentration in the water by use of a 

membrane which passes radon gas but not water. There is a relation between the radon 

concentration in the air and that in the water, if we assume equilibrium, depending on 

the temperature. The coefficient for II oc water (the temperature of the water in the 

Kamiokande detector is 11 °C) is about 3; p(Rn)air - 3 X p(Rn)water· Lowering the 

detector (shown in Fig. 4.33) into the water, the radon concentration in the water has 

been measured to be about 0.014 pCi/1, in January 1993. The collection efficiency of 

radon is also calibrated by the measurement of the mine water. 

References 

[4-1] K.Arisaka eta!. , J.Phys. Soc.Jpn. 55(1985)3213; K.Arisaka, Ph.D.thesis, 

Fac.of Science, Univ.of Tokyo (1985), UT-ICEPP-85-01. 

[4-2] T.Kajita eta!. , J.Phys .Soc.Jpn. 55(1986)711; T.Kajita, Ph.D.thesis, Fac.of 

Science, Univ.ofTokyo (1986), UT-ICEPP-86-03. 

[4-3] M.Nakahata, Ph.D. thesis, Fac.of Science, Univ.ofTokyo (1988), UT-ICEPP-
88-0 I. 

[4-4] K.Hirata et al. , Phys.Rev.Lett. 58(1987)1490; K.S.Hirata et al., Phys.Rev. 
038(1988)448 . 

[4-5] K.Kihara, Ph.D. thesis, Univ. of Tokyo (1992), ICRR-Report-274-92-12. 

[4-6] T.Ishida, Master thesis, Univ.ofTokyo (1992), ICRR-Report-277-92-15. 

[4-7] !.Frank and I.Tamm, C.R.Acad .Sci.USSR 14(1937)109. 

[4-8] W.C.Haxton, NIM A264(1988)37. 

[4-9] For example see E.D.Commins and P.H.Bucksbaum, Weak Interactions of 

Leptons and Photons, (Cambridge University Press, 1983). 

[4-10] If we take into account a radiative correction according to; 

gy = Pve ( -~ + Kvesin 28w) and gA = Pve ( -~), 
one [ref2-3] obtains Pvc = 1.0072 to 1.0172 and Kve = 1.0044 to 1.0524 for v = 

v~t(t) , respectively , where the value depends on the top quark mass and the 

fom1er value of the range is for 117t = 100 GeV and the latter is for m
1 

= 200 GeY. 

Hence gy and gA vary from -0.035 to -0.039 and from -0.504 to -0.509, 

respectively . The listed values of Ao, Bo, Co in the text are obtained from the 
central value of above numbers. 

[4-11] R.E.Carter, F.Reines, J.J.Wagner and M.E.Wyman, Phys Rev. 
113(1959)280 

-58-

Chapter 4. The Kamiokande-Ill detector 

[4-12] Kubodera, private communication. 

[4-13] A. Suzuki et al. , NIM A329(1993)299 

[4-14] made by Toshiba Co., Japan 

[4-15] T.Tanimori, H.Ikeda, M.Mori , K.Kihara, H.Kitagawa and Y.Haren, IEEE 

Trans.Nucl.Sci. NS-36(1989)497. 

[4-16] Y.Totsuka, ICRR-Report-227-90-20, 1990, ICRR University of Tokyo. 

-59-





Chapter 5. Data analysis 

5. Data analysis 

We have accumulated 1557 days of data from January 1987 to February 1993 . 

There are four types of data related to the gain doubling of the PMTs, attachment of 

the light reflectors and efforts to eliminate the radon background. The four data sets 

are hereafter called "Kam-2 gainx 1 ", "Kam-2 gainx2", "Kam-3 7.5 MeV" and "Kam -

3 7.0 MeV", respectively . The data taking period of "Kam-2 gainx 1" was from 

January 1987 to May 1988 and the average gain of the PMTs was set at 3 x 106 The 

energy threshold for the analysis was 9.3 MeV. In "Kam-2 gainx2", lasting from June 

1988 to Apri l 1990, the average gain ofPMTs was 6 x 106, which increased the 

detection efficiency of a one photo-electron signal. Due to the high gain, the effective 

number of hit PMTs for a 10 MeV electron increased from 25.9 to 29 .9, and the 

energy resolution improved. Some improvements were performed for air-tightening 

and for an air-cleaning system in order to prevent radon gas from dissolving in the 

detector water. As a result, we were able to lower the analysis threshold to 7.5 MeV. 

After some improvements from Kamiokande-2, solar neutrino observation entered 

new phase: Kamiokande-3 in December 1990. While the gain ofPMTs remained 6 x 

106, the effective number of hit PMTs for a 10 MeV electron increased to 40.0 due to 

increased light coverage. A larger number of hit PMTs per unit energy had not caused 

a drastic decrease in radon background and the analysis threshold was still set at 7.5 

MeV at the beginning ofKamiokande-3. Due to the improvement of the radon-free

air system, the concentration of radon in the detector water is now 10 times less than 

that at the beginning of Kamiokande-3. This made it possible to lower the analysis 

threshold to 7.0 MeV after November 1991. 

We first explain the event reconstruction methods (section 5.1) and then describe 

M.C. si mulation (section 5.2). Event reduction and the consideration of background is 

given in section 5.3. 
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5.1. Event reconstruction 

The reconstruction of the event vertex, direction and energy is conducted using the 

time, pulse height and pattern information. The vertex is principally reconstructed 

from the relative timing of each hit PMT for fast vertex reconstruction, but the pattern 

information is additionally used for precise vertex reconstruction . The direction is 

reconstructed by considering the Cherenkov ring pattern. Energy reconstruction for 

low energy even ts are separately developed. Muon track reconstruction is used to 

identify subsequent spal lation events. 

5.1.1. Fast vertex r econstruction 

We needed a fast vertex reconstruction program for a pre-reduction because the 

precise vertex reconstruction program (subsection 5.1.2) spends much CPU time and 

there was a huge amount of data to be analyzed (1-3 Hz). The result of the fast 

reconstruction is used to reduce the number of events and only the resultant events 

were subjected to the precise vertex reconstruction described. 

The path length of an electron or a positron resulting from a solar neutrino 

interaction is less than 10 em . The spread of the region where Cherenkov photons are 

emitted is negligib le in com parison with the vertex resolution of about 1 m. 

Therefore, we treated the vertex as a point in our vertex reconstruction program. 

Supposing we find the true vertex, 

Nhit 
72 = "'1 . . 2 LJ rcs.1 

i=I 
(eq 5-1) 

becomes the minimum under the assumptions that the effects of timing resolution and 

diffuse photons from scattering and reflection do not have a large ecc-ect h " · 
w , w ere lVhit ts 

number of hit PMTs and lrcs .i is the residual time for i-th hit PMT defined by 

11 
lrcs .i = I; - c x fr - r;f- (1), (eq 5-2) 

where I; is the relative time of the hit-signal on i-th PMT corrected for its pulse 

height, n the refractive index of water c the speed of light r the rt · · 
' , ve ex posttton, r ; 

the position of i-th PMT, and (1) tl1e average time defined by 

-62-

Chapter 5. Data analysis 

1 Nhit 11 
(1)=~ 2:(1;- - xfr-r;f)· 

JVhj[ i=] C 
(eq 5-3) 

The principle of the vertex reconstruction is to min imize the equation (eq 5-1) by 

varying a vertex point. 

We used the following measure of fitness (goodness) for the vertex search, 

I 1 [ Ires ;
2 l goodness= 2: 1 x t 

012 
exp- 2((o)C) 2 , 

i o;2 

(eq 5-4) 

where o; is the timing resolution of i-th PMT as a functi on of its pulse height, (o) the 

average of o;, C = 1.5 the cut off parameter (which means that we used a ¥1( o)C 

2a region of the spread of hit times for the vertex reconstruction) which was chosen 

to increase the contribution of hit signals but to diminish tl1e effect of dark current and 

scattered light. The "goodness" ranges 0 to 1 and the maximum value is obtained 

when J2 became 0. 

We used a grid search technique to search for the point where goodness becomes 

maximum. The grid size was chosen to be 212.2n meter (n=O to 3), and the min imum 

size was set to 19 em . The calculation speed for the fast reconstruction method was 

about 0.03 sec I event by FACOM M780. The vertex resolution obtai ned by the fast 

reconstruction method is about 1.5 m for a 10 MeV electron . 

5.1.2. Precise vertex reconstruction 

Since the vertex resolution of the fast method was not satisfactory for the physi cs 

analysis, a precise vertex reconstruction method utilizing Cherenkov pattern 

information was invented. Now, the "goodness" is a sum of2 terms; 

goodness = Gtirning + Gpattem , (eq 5-5) 

where Gtiming is a measure for the timing fit, and Gpattem for the pattern fit. 

The measure Gpattem is determined by the following considerations: 

First, the crude direction of the charged particle n can be obtained simply by the pulse 

height weighted vector sum, 
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(eq 5-6) 

where 0 . is the pulse height of the i-th hit PMT, and n; the direction of the PMT from _, 

the vertex. For the ideal Cherenkov pattern in the water, we can expect the following 

relation; 

(n ,n;) = cos42° = 0.74. (eq 5-7) 

This is the basis for the utilization of the Cherenkov pattern information. A Monte 

Carlo simulation of 10 MeV electrons was used to estimate an effect from multiple 

scattering, light attenuation, acceptance of the photo-cathode and so on, yielding 

value of 0.62. This number was adopted in Gpauem as the following expression, 

I 2 
(~ L,(n,n;)- 0.62) 

rut ; . 1 
Gpauem = - x wetght x -;:,.--- , 

aa2 "hit 
(eq 5-8) 

where aa is one standard deviation of (n ,n;) which is also determined by the Monte 

Carlo simulation and is asymmetric around the mean value, 

Oa = 0.12 

= 0.15 

for (n,n;);;, 0.62 

for (n,n;) < 0.62. 

The parameter "weight" determines the relative contribution of Gpattem to the 

"goodness" being optimized to obtain the best vertex resolution, 

weight = 0.9. 

The measure Gtiming is modified for the precise reconstruction by considering the 

diffuse light (scattered or reflected). The hit PMTs in the forward hemisphere with 

respect ton (eq 5-6) will be dominated by hits of direct Cherenkov light from the 

particles, but the PMTs in the backward hemisphere have a contribution of hits by the 

diffuse light. Hence, a different measure was adopted. The measure (eq 5-4) is for the 

PMTs in the forward hemisphere (and for the PMTs for which tres.i < 0), but, for the 

backward PMTs (for which t res.i;;, 0), we used the measure, 

max{exp[- lres .i2 l' 0.8 x exp[ - ?Otres.i J}· 
2((o}C)2 - nsec (eq 5-9) 
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for the exponential part of (eq 5-4). The second term in (eq 5-9) is obtained from the 

Monte Carlo study for diffuse light, which resulted in a 20 nsec degrading time for 

the diffuse light and the factor 0.8 is chosen to obtain the optimum vertex resolution. 

The minimum grid size for the vertex search in this precise reconstruction is 13 

em. This reconstruction works with the speed of 0.1 sec I event on FACOM M780. 

The vertex resolution obtained by precise reconstruction is 1.0 m for a 10 MeV 

electron (see Fig. 4.13). The difference of the vertex position between fast and precise 

vertex reconstruction is shown in Fig. 5.1. The difference does not show any 

systematic effect between the fast and the precise reconstruction programs (the 

difference does not exceed the vertex resolution). 

5.1.3. Direction reconstruction 

The directional measurement of solar neutrinos is a big advantage of the 

Kamiokande experiment. This measurement is based on the strong directionality of 

the recoi l electron from ve- elastic scattering and the nature of Cherenkov photon 

radiation as described in section 4 .2. The crude direction obtained by (eq 5-6) was 

improved for the solar neutrino analysis. 

A maximum likelihood method was adopted for the advanced directional 

reconstruction using the Cherenkov ring pattern . We obtained a distribution of the 

opening angle j(8) as shown in Fig. 5.2 from a Monte Cairo study of 10 MeV 

electrons, where 8 is the angle between the trajectory of the charged particle and the 

direction from the vertex to the hit PMT. The best direction d was obtained by 

maximizing the likelihood function, 

(eq5-10) 

by the grid search technique with step sizes of 20°, 9°, 4° and 1.6°. The angular 

resolution for 10 MeV electrons is now 27° (see also Fig. 4.14) which is mostly 

limited by multiple scattering. 

5.1.4. Energy reconstruction 
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As described in section 4.2, we used the number of hit PMTs (Nrut) for energy 

measurement instead of the total number of photo-electrons. A hit-PMT catches 

mostly one photon in the low energy event around I 0 MeV: the number of hit PMTs 

and the total number of photo-electrons are almost same. 

The number of hit PMTs, Nrut, was obtained by following procedure: 

The vertex position was determined as described in subsection 5.1.1 and 

5.1.2. 

A time of flight (propagation time of Cherenkov photon from the vertex to 

a hit PMT) is subtracted from all timing information. 

A maximum number of hit PMTs (Nhit) is searched within a 40 nsec time 

window. 

When we count the number of hit PMTs, we used ones with more than -0.25(Kam-2) 

or - 4.0(Kam-3) photo-electrons; one photo-electron is sometimes measured as a 

negative pulse because of finite pulse height resolution . The width of 40 nsec was 

chosen to reduce dark current or accidental noise. As mentioned in section 4.6, this 

gate width suppresses the dark current to about 0.1 counts per event in the Kam-3 

case. 

We made several corrections to Nhit in order to get an effective energy scale 

(number of effective hit PMTs or Neff) . The following corrections are made in the 

Kamiokande-II analysis: 

(1) water transparency, 

(2) PMT gain, 

(3) PMT density, 

(4) acceptance of the photo-cathode, 

(5) number of dead PMTs. 

The formula of the Neff is defined by 

" 948 - No 1 r R " 
1Ycff = . 2: exp(__j_) exp (- -) cos v; 1. 06 

948 - Nctcad gam i lm Labs .f 8;) Pwau' 
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where No is the number of dead PMTs at a fixed time, Nctead the number of dead 

PMTs at the observation time, "gain" the relative PMT gain, r; the distance from the 

vertex to the PMT, 1111 the measured light attenuation length in the water, Rand Labs 

the constants 7.22 m and 35.0 m (they are meaningless and historical in nature .), 8; 

the opening angle between the direction of the photon and the direction PMT; is 

facing, .f8;) the acceptance of the photo-cathode viewed from the direction 8; (see 

Fig. 5.3), ~vall the relative density ofPMTs, Pwall = I PMT I 0.945 m2 = 1.06 for the 

barrel PMTs, and ~vall = I PMT I I m2 = 1 for the top and bottom PMTs. 

In the Kamiokande-III analysis, corrections are much more simple. We adopted 

only (3), (4) and (5) for the correction. The reasons are the following: 

The water transparency is good and stable (about 60 m) in Kam-3 

Therefore, correction (I) is not essential. 

Correction (1) increases the effective hit when the vertex is far from the hit 

PMT. But, this correction has a reverse effect in Kam-3 because the 

improved photo-coverage by the light reflectors increased the probability 

that the PMT catches more than one photo-electron. As the vertex gets 

closer to a PMT, this probability increases noticeably. We then should not 

decrease the effective hit for the PMT close to the vertex by correction (1). 

The gain is so stable in Kam-3 that correction (2) is not necessary now. 

The Neff for Kam-3 is defined by 

" _ 948- No cos 8; 1.06 
IVctJ - 2: ----, 

948 - Nctcad i J( 8;) Pwall 
(eq 5-12) 

where./(8;) is modified to include the effect of the light reflector as shown in Fig. 5.3. 

The coefficients for converting Neff to energy (MeV) were obtained by the 

detector simulator (see subsection 5.2.3), in which electrons with total energy 10 

MeV are generated . These factors are, 

1 
E.,= 2.59 Neff 

I 
E.,= 2.99 Neff 

(Kam-2 gainx 1), 

(Kam-2 gainx2), and 

(eq 5-13) 

(eq 5-14) 
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I 
Ee = 4.00 Neff (Kam-3). (eq 5-1 5) 

This linear relation is guaranteed in an energy region above around 5 MeV up to 

about 20 MeV. The linearity does not remain for high energy events because the 

number of hit PMTs is not same as the number of photo-electrons; one PMT catches 

more than one photon. Kam-3 has a larger photo-coverage, and the effect of multi

photons appears at a relati vely lower energy than Kam-2. The linear relati on is valid 

up to about 15 MeV in Kam-3 . The relation between energy and Neff is shown in Fig. 

5.4 The small non-linearity is a well-understood property and is well taken care of in 

the Monte Carlo simulati on. Therefore, the physics result is not affected when w e 

obtain the result by comparison between the observed data and the detector 

simulation. 

5.1.5. Muon track t·econstruction 

Muon track information is used to reject spallation products as described in 

subsection 5.3.3 . Penetrating muons and stopping muons are reconstructed by 

different algorithms. 

(1) For penetrating muons 

(a) The entry point is crudely determined by the fast vertex reconstruction method 

described in subsection 5.1 .1 under the assumption that the point must be on the 

PMT plane, and its direction is obtained by (eq 5-6). 

(b) The entry point is then precisely tuned from the timing information of the 

selected PMTs which are thought to be hit by the photons emitted from the first 

one third of the muon track (see Fig. 5.5). The time of fli ght (TOF) is modified 

due to the finite muon path length; 
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where n is the refractive index of water, c the speed of light, L the di stance from 

the entry poi nt to the hit PMT, B the angle between the muon track and the 
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direction from the entry point to the hit PMT and Be the Cherenkov angle given by 

(eq 4-2) . 

(c) The exit point of the muon is determined from the timing information of the 

part of the hit-PMTs which are expected to be hit by the photons emitted from the 

last half of the muon track (see Fig. 5.5). The modified TOF is also considered . 

(d) The steps (b) and (c) are repeated three times because the reconstruction (b) 

and (c) influence each other through their initial values of entry point and 

direction. 

(2) For stopping muons 

(a) The entry point r entiy and the direction n are determined the same way as for 

penetrating muons . 

(b) The momentum is calculated using the number of total photo-electrons in a 70" 

cone. 

(c) The stopping point rstop is determined by the rangeR which is calcul ated from 

the momentum; 

rstop = R x n + rentiy . 

5.2 Detector simulation 

When we derive the solar neutrino flux or the limit on the anti-neutrino flux from 

the experimental data, we must have complete knowledge of what kind of neutrino 

interactions take place in Kamiokande (section 4 .3), how electrons or positrons 

behave in the detector (subsection 5.2.1), how Cherenkov photons propagate in the 

detector (section 4.2 and subsection 5.2.2), and how Kamiokande detects the 

Cherenkov photons (subsection 5 .2.2) . But these responses are too complicated to 

calculate analytically. Hence, a detailed detector simulation is needed. The "what" 

and "how" of thi s simulation are described in the denoted section or subsection. The 

tuning of the simulation parameters (energy response, timing response and so on) and 

the reliability of the simulation are described in subsection 5.2.3. 
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5.2.1. Particle transport 

The electrons or positrons generated by neutrino interactions are traced through the 

detector water by the ];lectron-.Gamma-.S.hower code version 4 (EGS4) [ref 5-I], which 

can simulate all important physics processes involving electrons and photons with 

energies above a few keY up to TeV. The physics processes treated in EGS4 are 

bremsstrahlung, pair annihilation, multiple Coulomb scatteri ng, M0ller (e-e-) and 

Bhabha (e+e-) scattering, continuous energy loss by particle tracks, pair production, 

Compton scattering, coherent Rayleigh scattering, and the photoelectric effect. 

Fig. 5.6 shows twenty overlaid electron tracks in water with the kinetic energy of 

10 MeV . We can see that the electrons do not make any hard electromagnetic 

showers . This is because the radiation length in water, 36.1 em, is much longer than 

the track length of the electrons (about 4 em). We can also see that these tracks are 

strongly bent by multiple Coulomb scattering which limits the angular resolution of 

electrons. 

5.2.2. Cher·enkov photon propagation 

If the velocity of a charged particle exceeds the speed of light in matter, the 

particle emits Cherenkov photons as described in section 4.2. The Cherenkov photons 

are emitted in the direction given by formula (eq 2-2) from the tracks generated by the 

EGS4 code. The number of photons is determined by formula (eq 2-3). Then, these 

photons are traced until they are caught by a PMT or absorbed by something. 

For Cherenkov photon propagation, we use the light attenuation curve as shown in 

Fig. C.ll for Kam-3. The curve corresponds to an attenuation length of 55m on the 

average. The measured attenuation length is long and stable between 50 m and 60 m. 

At the beginning ofKam-2, the measured attenuation length was about 30m and not 

stable in time. Therefore a different curve was used for Kam-2. 

Once the Cherenkov photon reaches tl1e PMT plane, the reflection at the detector 

wall, 10% (measured), the reflection of the light reflector soo/ a d h t , /o, n p o on 

absorption by the magnetic mesh shield covering the PMT cathode, 13% (measured), 
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are considered. The quantum efficiency of the photo-cathode was taken into account 

with the wave length dependence shown in Fig. A.2. 

Then, if the conversion occurred, the pulse height and timing resolution are 

simulated as a function of the number of photons converted. The data from the Ni-Cf 

calibration was used to get the pulse height distribution for one photo-electron, since 

the number ofCherenkov photons emitted in the calibration is so small tl1at a hit PMT 

is guaranteed to have only one photo-electron. The measured pulse height distribution 

is shown in Fig. 5.7. The timing resolution is measured by laser calibration as 

described in appendix C.2. We parametrized the measured distribution by using the 

gaussian distribution. These parameters are corrected by a small amount to reproduce 

the vertex resolution precisely as described in section 5.2.3. In Kam-3, we furthe r 

considered the dark current of a PMT which increases the number of hit PMTs by 

about 4 hits in the TDC full range of I ~-tsec and results in a small distortion of a 

Cherenkov pattern. The effect appears as a 0.5% shift of the energy at 10 MeV with 

the energy measured as described in subsection 5.1.4. This small change is considered 

in the absolute energy scale determination described in appendix C. I. The systematic 

error of± 2.3% is larger than thi s effect of0.5%. 

5.2.3. Tuning of the detector simulation 

It is difficult to follow completely all the detailed processes without missing any 

and to put them into the simulation . We have made a detailed comparison of the 

essential quantities, such as the energy and the vertex resolution with real data to see 

if the M.C. reproduces those physics properties . The calibration by Ni-Cf source is 

essential for low energy phenomena in Kamiokande, since its energy range is near 

that of solar neutrinos. This calibration gives not only the standard of the absolute 

energy but also the basis for studying the vertex resolutions . Therefore the Monte 

Carlo simulation was compared and tuned in detail with the data of this calibration . 

As described in subsection 5.1.4, the number of hit PMTs is an estimator of the 

energy . The number of hit PMTs depends on the trigger threshold of each channel 

(i .e. -0.2 p.e. mentioned in section 4.6), but this is not exactly known . The quantum 
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efficiency of the photo-cathode is also not known in detail. Hence, we introduced a 

sort of gain parameter which reflects both the trigger efficiency of each channel for a 

one photon signal and the quantum efficiency . This parameter was determined to 

reproduce the peak number of hits of the Ni(n,y)Ni' calibration. The simulated and the 

observed spectra of gamma rays from the Ni(n, y)Ni' reaction are shown in Fig. C.S . 

The width of the distribution is well reproduced while we only adjusted the peak 

value (this is not trivial because the width is not determined only by the statistics from 

the number of hit PMTs). We have al so checked the consistency of the detector 

simulation by using the same calibration but taken at different locations such as at the 

edge of the fiducial volume. The "thus adjusted" detector simulator at the center can 

reproduce the energy spectrum of the calibration at the edge of the fiducial volume 

within a I% accuracy. 

The vertex resolution is essential in obtaining the efficiency of the fiducial volume 

cut (subsection 5.3.2) . The vertex resolution is mainly influenced by the timing 

resolution of the PMTs. The tuning of the vertex distribution was done in the 

following way . The timing resolution measured with the laser calibration (appendix 

C.2) is parametrized by a gaussian distribution as a function of pulse height as shown 

in Fig. 4.11 . If we use this distribution the vertex resolution of the simulation should 

reproduce real data . However, the real data sometimes contains anomalous data due to 

a noisy PMT or a fake signal of the electronics module, which makes the vertex 

resolution worse . If we use the anomalous data which has abnormally large light 

output, the vertex point tends to be reconstructed close to the PMT. The 

implementation of these noises would make the detector simulator unreliable because 

a perfect simulation is not easy . Therefore, we modified the vertex reconstruction 

program described in subsection 5.1.1 and 5.1.2 not to be affected by the fake signal 

and further tuned the M.C. program . We have rejected any large output signal greater 

than 10 photo-electrons in the fitting. The timing resolution of higher p.e. hits used in 

the M.C. simulation were made slightly worse, therefore decreasing the weight of 

these fake signals; the timing resolution is used for the weight of the signal as seen in 
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(eq 5-4). Such tuning improved the vertex resolution of the real data and degraded 

that of the simulation. The agreement between them is now satisfactory as shown in 

Fig. 5.8 . The vertex distribution for the Ni+Cf data as a consequence are well 

reproduced both at the center of the detector and at the edge of the fiducial volume as 

shown in Fig. 5.9. 

5.3. Data reduction and Background 

The trigger rate varied during the experiments : it ranged from 0.5 Hz to 4 Hz 

depending on the trigger condition, the background and so on We knew the 

following background sources: 

Cosmic ray muons penetrating 1 km of rock, 

Radioactive impurities in the water, especially 214Bi beta decay with end 

point energy of3 .26 MeV originating from 222Rn, 

Cosmic ray induced spallation products, 

Gamma rays from the rock surrounding the detector, 

Electronics noise or flash tubes, and 

Neutrinos from reactors, the atmosphere, supernova ... and so on 

Those backgrounds were reduced by the following steps. 

(1) Muon reduction (subsection 5.3 .I): muons, electric noise events, radon 

events 

(2) Fiducial cut (subsection 5.3.2) : flash tubes, noise, gamma rays from the 

rock 

(3) Spallation cut (subsection 5.3.3): spallation products 

(4) Gamma ray cut (subsection 5.3.4): gamma rays from the rock 

We will describe these reduction steps adopted in the Karniokande-III analysis in the 

following subsections. They were basically same for the Kamiokande-II analysis . The 

difference, if they exist, are mentioned where appropriate. 
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SSMspn was used as the standard solar model in calculating the expected rate. 

The detection efficiencies of each cut and the systematic errors are detailed in section 

6.2. 

First of all, the interaction rate of 8B solar neutrinos (5.69 x 106 I em 2 I sec) in the 

2142 tons of photo-sensitive region is 21.4 events I day; the expected rate of events 

which exceed the trigger threshold (- 5 MeV) is about 7 events I day I 2142 tons. The 

event rate in the raw data is 0.5 Hz to 4 Hz (-70000 events I day in average), 

therefore, the signal to noise ratio is roughly J0-4 in the raw data. 

5.3.1. Muon reduction 

In this step, we mainly reject cosmic ray muons and noise events. 

The Kamiokande detector is covered by thick rock (about 1 km), and therefore the 

cosmic ray muon flux is reduced by - lQ-5 However, the muon still remains as a 

major background in the Kamiokande experiment. The trigger rate is kept around 1 

Hz throughout the experiment, out of which muons occupy 0.37 Hz. The rest is 

estimated to be shared by radon background and gamma rays from the surrounding 

rock . The pulse height distributions of the muons for inner and anti counters are 

shown in Fig. 5.10. It is easy to reject those muons by requiring no hits in the anti

PMTs because they must penetrate the anti counter. The applied cut was 

Anti total p.e. < 30 p.e . 
<50 p.e. 

(Kam-2), 
(Kam-3). 

We also applied a total pulse height cut to the inner detector, 

Inner total p.e. < 100 p.e. 
< 500 p.e. 

(Kam-2), 
(Kam-3) 

The total photo-electron cut has a risk that interesting events may be rejected by the 

cut because noisy PMTs or electronics sometimes adds a large pulse height to an 

event. Hence, we loosened this cut in the Kam-3 analysis . Such fake hits, however, 

do not affect the subsequent analysis based on the number of hit PMTs instead of 

pulse height. 

A cut on the time difference to tl1e previous event, 
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was used to reject the time correlated backgrounds: electrons from J.t-e decay and the 

ringing which is often caused by large pulse height muons . In Kam-3, the ringing 

noise sometimes lasts up to about 15 J.tsec. Hence, 20 ~tsec cut is needed to reject the 

ringing and is also sufficient to reject a ~t-e decay(- 9 times the muon life time of2.2 

J.tSec) . The spallation cut described in subsection 5.3.3 will further eliminate decay 

electrons that escaped the time-difference cut. 

The number of noisy PMTs and the dead PMTs vary in time, so the trigger 

threshold is not stable at the few % level. Hence, we set the trigger threshold 

sufficiently lower than the analysis threshold of the solar neutrino events . The trigger 

threshold of7.6 (Kam-2 gainxl), 6.7 or 6.1 (Kam-2 gainx2), and 5 MeV (Kam-3) as 

described in subsection 4.6.2 can be compared to the analysis threshold of 9.3 (Kam-2 

gainxl), 7.5 (Kam-2 gainx2), and 7.5 or 7.0 MeV (Kam-3) . Therefore, the variation 

does not affect the physics analysis. The minimum energy-like cut of 

Cctead x Nzso-.. 23, 

which corresponds to about 6 MeV was applied at this step (Cctead is the correction 

factor for the number of hit PMTs described in appendix C.5 and Nzso is the number 

of hit PMTs in a 250 nsec window). Nzso was used because Nj1it and Neff (see 

subsection 5.1.4) can only be detennined after the event reconstruction. The full range 

of the TDC was 1.1 J.tSec in Kam-3, while it was 400 nsec in Kam-2. Such a wide gate 

contains dark current signal (about 4 hits per event) and the crude requirement of a 

250 nsec gate is very useful in making Nzso a good measure of the energy even before 

the correction for the time of flight (the maximum correction of the time of flight is 

87 nsec ). This cut reduces the number of events to be analyzed by a factor of three. 

After this reduction step, the expected signal is about 5 events I day, and the real 

event rate is -15000 events I day. The signal to noise ratio is now - 3 x 1 Q-4 _ 

5.3.2. Event reconstruction and Fiducial volume cut 
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The events passing the above reduction step were reconstructed by the fast vertex 

reconstruction method described in subsection 5.1.1. A typical vertex distribution 

obtained is shown in Fig. 5.11. Those events which have a vertex closer than 50cm to 

the wall are removed. Further reduction was made using the quality of the event. 

The "goodness" described in subsection 5.1 I is also useful for rejecting electric 

noise events with the following characteristics: 

(i) the ratio of the number of hit PMTs to the total number of photo-electrons is 

larger than that of a normal event, 

(ii) the pulse height of the PMTs often becomes negative, 

(iii) since it does not have a vertex point the "goodness" becomes worse as 

shown in Fig. 5.12. 

We then applied the following cuts to reject these noise events: 

"goodness" :.: 0.4, 

Nrut I Nctsc:.: 0.6, 

Nneg I Nctsc < 0.4, 

where Mut is number of hit PMTs within a 40 nsec time window (TOF is subtracted), 

Nneg the number of hit PMTs with negative pulse height, Nctsc the number of hit 

PMTs within a 1.1 !-!Sec gate window. Typical distributions of Nrut I Nctsc and Nneg I 

Nctsc for noisy events are shown in Fig. 5.13. The fraction of noise events was only a 

few%. 

The precise vertex reconstruction described in subsection 5.1.2 was applied to the 

remaining events . A typical vertex distribution at this step for the events with energy 

greater than 6 MeV is shown in Fig. 5.14. 

The fiducial volume for the final data was set to 680 tons (a cylindrical volume 

7.94 m in height and 10.44 m in diameter) both in Kam-2 and in Kam-3, but the 

volume is 57 em shifted upward for Kam-3 in order to erase an up down asymmetry 

in the distance to the PMT. The effect of the slight asymmetry was enhanced in Kam-

3 due to the reflective mirrors. The distance from the edge of the fiducial volume to 

the wall is 2.57 mat the top and the bottom, and 2.00 mat the barrel (Kam-3); 

-76-

Chapter 5. Data analysis 

-3.94 m s z s 4.00 m, r s 5.22 m, (Kam-2) 

-3.37 m s z s 4.57 m, r s 5.22 m, (Kam-3) 
(eq 5-1 7) 

where r = Vx2 + y2 and coordinate axes are defined in Fig. 5.15. 

This fiducial volume cut is effective in reducing the events originating from a flash 

tube which tend to have a vertex close to the PMT, and gamma rays from the rock 

surrounding the detector. These gamma rays are attenuated (attenuation length in 

water is - 40 em) by the water in the anti-counter (0.7 m for the top, -1.5 m for the 

barrel, 1.2 m for the bottom counter), behind the inner-PMTs plane (- 60 em), and in 

the inner detector to the edge of the fiducial volume (2.57 m for the top and the 

bottom, 2 m for the barrel). 

The differential spectrum of the low energy events before and after the fiducial cut 

is shown in Fig. 5.16. The fiducial cut reduces the events above 7.5 MeV by a factor 

of30 while the fiducial mass is reduced only by a factor of2142 I 680 -3. 

The expected signal rate after the fiducial cut is 0.93 events I day I 680 tons above 

7.5 MeV and the observed event rate is 23 .3 events I day, so the expected signal to 

noise ratio is now 0.04. 

5.3.3. Spallation cut 

There are very energetic muons accompanying cascade showers. These showers 

and muons break oxygen nuclei in the water and occasionally create "spallation 

products." There are long life beta emitters in these spallation products . The beta 

decays from the spallation products are the main background in the 10 MeV region, 

and they can be rejected by the time difference and vertex distance to the parent 

muons . We considered two types of parent muons : one is an energetic muon 

accompanying a cascade shower which will make beta nuclei along the muon track, 

and the other one is a stopping !-!- sometimes captured by an oxygen nucleus which 

forms the radioactive 16N nucleus. 

(I) Energetic muons accompanying cascade shower 
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A list of the candidates of the spallation products with atomic number less than 

or equal to 16 emitting beta and/or gamma rays of energy greater than 7 MeV is 

shown in table 5.1. Most of these nuclei have short lives of several milliseconds to 

several seconds. 

Since Q ciT= 10,000 p.e. ( Qefi is scaled by the factor 1.27 which corresponds to 

the increased photo-coverage of Kam-3 due to the light reflectors, then the cut on 

Qcrr is effectively the same for Kam-2 and Kam-3) corresponds to about 10m of 

track length, a typical penetrating (from the top to the bottom of the detector) 

muon has 10,000 p.e. A condition such as Q eff"' 20,000 p.e. selects events with 

shower association. The distribution of the time difference between the muon 

(more than 20,000 effective p.e.) and the low energy event (more than 7 MeV) in 

this step is shown in Fig. 5.17. It clearl y shows the creation of short life nuclei in 

correlation with muon penetration. 

We considered a muon with Qcrr"' 10,000 p.e. and l'lT s 50 sec between it and 

the low energy event. Then, we reconstructed these muon tracks (subsection 

5.1.5). The light output Qeff, time difference l'lT, and the distance between the low 

energy events and the muon track !1L were examined, and the events in the region 

shown in the Fig. 5.18 were rejected. The region denoted by "1" does not require 

any vertex correlation, and the region denoted by "2" and "3" requires t.L s 3 m 

and t.L s 2 m. The distribution of t.L for the combinations of muons (Qeff"' 

20,000 p.e.) and low energy events(;;, 9 MeV) which occurred within 1 sec of each 

other is shown in Fig. 5.19. The solid line in Fig. 5.19 shows the distribution for 

the accidentally coincident events, and hence it is proportional to the random 

di stribution . It shows an apparent clustering of the low energy events along the 

muon track with respect to the random distribution. 

We applied the spallation cuts to the events with an energy greater than 6.5 

M eV in a volume of 970 tons including the fiducial volume. The number of 

rejected events is 29 events I day I 970 tons above 6.5 MeV (20 events I day I 680 

tons above 7.5 M eV). If we found a spallation event, we made a veto of 50 sec 
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duration from the incident muon to reject multiple spallation production 

effectively (the probability of causing multiple spallation by a single muon is 

- 14% relative to single spallation production [ref l-8]). 

(2) Stopping muons 

In the Kamiokande detector, - 1/100 of muons stop in the detector. The stopping 

muon rate in the fiducial volume is about 100 ± 7 events I day . Negatively charged 

muons may be captured by oxygen. The fL +1ft- ratio observed in Kamiokande ts 

1.37 ± 0.06 ± 0.01 [ref 5-2] (fl- I (ft- + ft+) =0.42). The capture rate of fL- in water i . 

derived from its life time [ref2-3, 5-3], 

1 _ •water = 1 
Lvacmm1 

1.7954 ± 0.0020 fLSCC = O.l 83 _ 

2.19703 ± 0.00004 ftSec 

w capture in the fiducial volume, therefore, is I 00 x 0.42 x 0 .183 = 7. 7 events I 

day, out of which (11 ± 1)% form radioactive 16N [ref 5-4] and 70% go to 15N [ref 5-

5], being stable. The remaining 19% of the captures are unknown. The rate of 16N 

formation in the fiducial volume (680 tons), therefore, is 0.8 events I day (or 03 

events 1 day above 7 .5 MeV) which is a factor of 3 smaller than the expected 8B 

solar neutrino signal. 

This background can be rejected by looking at the correl ation to a stopping 

muon both in time and in space. To see the correlation, we first selected events 

which contain a majority of the l6N background by the following algorithm : 

l'lT < 30 sec, (the half life of l6N nuclei is 7.134 sec); 

110 p.e. < total pulse height < 13 ,000 p.e. (J 0 em < track length < 13 m); 

maximum pulse height in all hit PMTs < 330 p.e. (no exit point); 

time difference from the previous event"' 100 fLSec (ringing event); 

only one penetration (more than 10 p.e. and more than 3 hits) either in the top, 

bottom and barrel anti-counter; 

(maximum p.e.) I (total p.e.) < 0.3, or (total p.e .) > 400 p.e. (edge clipping 

muon); 
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(anti maximum p.e.) I (barrel anti total p.e.) > 0.5, or (barrel anti total p.e.) < 

500 p.e. (barrel to barrel penetrating muon); 

"goodness" for stopping muon reconstruction is greater equal 0.5; 

not accompanied by an event within 20 f.!Sec with a "goodness" of fast vertex 

reconstruction greater than 0.4 which could be a decay electron, (decayed 

muon: no 16N formation) 

Then, the correlation in time and in space are examined. Fig. 5.20 shows 

distributions of the distance from the stopping point of the muon to the vertex of 

the low energy event t.L, and the time difference of the muon and the low energy 

event tJ.T. It shows a clear space correlation, and the long component of the decay 

curve is well described by the half life of 16N, 7.134 sec. The short component 

seen in Fig. 5.20 is thought to be caused by 

~t- + 16Q _,. vf, + 16N*, 16N* _,. 12B + a, 

where the half life of 12B is 20.4 msec. 

We rejected the events with 

I'lL < 3 m, and tJ. T < 30 sec. 

The dead time caused by the spallation cuts is 13 .1% for energetic muons, 0.2% 

for stopping muons and 1. 7% for the 50 sec veto. Total dead time due to the 

spallation cuts is 15.0%. 

Now, the remaining event rate is 7.9 events I day I 680 tons above 7.5 MeV and 

the expected signal rate is 0.79 events I day. The signal to noise ratio is 0.1. 

5.3.4. Gamma ray cut 

The event rate close to the wall is apparently larger than that at the center of the 

detector as shown in Fig. 5.21. The directional di stribution of the events close to the 

wall (a I m layer from the edge of the fiducial volume) has an excess in the inward 

direction as shown in Fig. 5.22, where 8 is the angle between the particle trajectory 

and the direction to the nearest wall. This excess is thought to be caused by gamma 
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rays from the surrounding rocks. We selectively reject the background in this 

particular volume by applying, 

where Dwall is the distance to the nearest wall and Derf the distance to the wall 

pointing backward along the event direction. 

The loss of detection efficiency due to this cut is 13% from the Monte Carlo study . 

The differential spectrum before and after this gamma ray cut is shown in Fig. 5.16. 

The resulting events make the final sample for the solar neutrino analysis and the 

event rate is 4.9 events I day . The expected signal rate is 0.685 events I day I 680 tons 

above 7.5 M eV, and the signal to noise ratio becomes about 0. 14. 

To summarize, the expected solar neutrino event rate from the SSMap92 and the 

observed event rate in every reduction step are as follows : 

observed event rate 
expected event rate estimated 

(events I day) from the SSM signal to noi se 
(events I day) ratio 

Raw data - 70,000 7 - J0-4 

Muon cut - 15,000 5 -3x J0-4 

(7.5 MeV threshold) 700 2.8 4x J0-3 

Fiducial cut 23.3 0.93 0.04 

Spal lation cut 7.9 0.79 0. 1 

Gamma ray Cut 4.9 0.69 0.14 

5.3.5. Consideration of the remaining background 

The remaining background in the final sample is investigated in this subsection. 

We consider radioactive impurities originating from 222Rn, spallation products, 

gamma rays from the rock, atmospheric neutrinos and reactor neutrinos. 

(1) Radioactive impurities originating from 222Rn 

The contribution of 222Rn is estimated using the changes in the event rate and 

the 222Rn concentration measured by the technique shown in subsection 4 .7.4. A 

decrease of radon gas in the water by a factor of three (from 0.1 pCill to 0.03 
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pCi/1) caused a decrease of the event rate by a factor of two above 7 MeV. We can 

conclude that a half of the remaining background above 7 MeV is still due to the 

222Rn background at the level of 0.03 pCi/1. Recent radon concentration in the 

water is measured to be 0.014 pCi/1 as described in subsection 4.7.4., therefore 

about 30% of the events above 7 MeV still come from the 222Rn background. 

We can see two components in the energy spectrum of the final sample. If we 

divide the data into 5 time periods as shown in Fig. 5.23, we can see only the soft 

component below 8 MeV is decreasing in correlation with the radon decrease, and 

the estimated ratio of radon contribution, 30%, is consistent with the ratio of the 

soft component. 

(2) Spallation products 

The reduction efficiency for spallation events was estimated from the time 

correlation between muons and low energy events with energy of higher than 7 

MeV before the spallation cut in the final sample. The decay component (if it 

exists) in the time difference histogram (Fig. 5.24 : time differences for all 

combinations of low energy events and muons before and after the spallation cut) 

shows the existence of spallation events. We considered five life times: long 7.13 

sec (1 6N), medium 0.84 sec (8B) and 0.77 sec (8Li), and short 11 msec (12B) and 

20 msec (12N) half lives. The histograms are made for the different Qeff of the 

parent muons : 10,000 s Qcrr < 20,000 (12,000 events I day) ; 20,000 s Qcrf < 

40,000 (1 ,800 events I day); and 40,000 s Qcrr (270 events I day) . The followings 

are the obtained event rates (events I day) for each spallation product: 

Qcrr I 10,000 12N 12B 8Li, 8B 16N 

1 s Qerr < 2 0.52 ± 0.04 0.52 ± 0.04 0.66 ± 0.04 >0. 1 

2 s Qcrr <4 0.68 ± 0.04 0.96 ± 0.05 1.03 ± 0.05 3.24 ± 0.09 

4 s Qerr 1.23 ± 0.06 1.87 ± 0.07 1.92 ± 0.07 4.58 ± 0.11 

The total event rate from these spallation products is greater than 17.3 events 1 day 

I 680 tons above 7 MeV. 
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The event rate of 16N originating from muons with low p.e. (10,000-20,000) is 

difficult to extract from the timing correlation, because the average time interval 

from such muons is not long (-7.2 sec) relative to the long halflife (7.13 sec). 

Spallation events were reduced by the spallation cuts described in subsection 

5.3.3. The total event rate of the remaining spallation events which have timing 

correlations to muons after the spallation cuts is more than 1.5 events I day I 680 

tons above 7 MeV(> 1.3 events I day in the final sample after the gamma cut) . It 

consists of following components: 

QefJ I I 0,000 12N, 12B, 8Li, 8B 16N 

I s Qeff< 2 > 0.07 

2 s Qcrr< 4 0.11 ± 0.02 0.93 ± 0.05 

4 s Qeff O.ll ± 0.02 0.32 ± 0.03 

The dead time during data transfer (1.5%) results in missing muons which causes 

inefficiency in the cuts, and an additional 0.2 events I day remain in the final 

sample. 

Therefore, we conclude that more than 1.5 events I day of spallation events 

remain above 7 MeV, and therefore more than 25% of the final sample (the recent 

rate is about 5.7 events I day above 7 MeV) consists of the spallation events . 

(3) Gamma rays from the rock 

The efficiency of the gamma cut (subsection 5.3.4) is estimated by using the Ni

Cf gamma ray source which was placed in the anti-counter. 30% of the data in the 

fiducial volume remained after the cut [ref 4-5] . The event rate of the real data 

before and after the cut was 9.5 events I day and 5.7 events I day above 7.0 MeV 

for the most recent I 00 days. Considering the 13% dead volume of the cut, it 

means that 25% of the final data is originated from the gamma rays from the 

surrounding material. 

(4) Atmospheric neutrinos 
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A primary cosmic ray such as a proton or helium collides with the atmosphere 

of the earth and initiates a hadronic shower, and the secondary mesons produce 

atmospheric neutrinos through the decays: 

:n;+ --+ ~+ + v,_. ; :n;---+ ~- + v,_.; 

K+ --+ ~++ v,_.;K--+ ~- + :Y,_.; 

K~--+ :n:- + ~-t++ v,_.;K~--+ :n:+ + ~-t-+ v,_., 

K~--+ :n:- + e++ ve;K~--+ :n:+ + e- + ve; 

Although extensive study of the atmospheric neutrino has been done [ref 5·6], an 

estimate of the absolute flux especially in the low energy region less than 100 

MeV, is uncertain to about a factor of 2 . The contribution from atmospheric 

neutrinos below 50 MeV to the low energy final sample is estimated by a Monte 

Cairo calculation to be about 0.1 events I year I 680 tons [ref 5-7]. 

In the case that the muons which are produced by a charged current interaction 

of an atmospheric neutrino have low momentum and are not observed (invisible 

muon), the subsequent decay electrons are another background. The background 

rate from such invisible muons is estimated to be less than 1 events 1 year 1 680 

tons [ref 5-7] . 

Therefore, the background from atmospheric neutrinos are negligible for solar 

neutrino and anti neutrino observation. 

(5) Reactor neutrinos 

A power reactor is maintained by fission of 235U, 239Pu, 238U and 241Pu. The 

fission products emit vein their~ + decays. The total reactor power in the world in 

1990 was 341 GW (USA: 106 GW, France: 56 GW, USSR: 35 GW, Japan: 32 

GW) [ref 5-8] . The contribution of the reactor neutrinos to the Kamiokande detector 

may be considerable. We estimated the background rate as follows: 
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effective power at 1 km): 
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Kashiwazaki Japan: 12.89 x 10-2 MW; Takahama Japan : 10.47 x 10 - 2; 

Tsuruga Japan : 9 .95 x J0-2; Mihama Japan 7.40 x l0-2; the rest in Japan : 

24.29 x 10-2; South Korea: 1.40 x 10-2; Taiwan : 1.30 x J0-3 ; USA: 1.22 x 

I0-3 and so on [ref 5-8] . 

The energies released per fission are 201.7 MeV (235U), 205 .0 MeV (239Pu), 

210.0 MeV (238U) and 212.4 MeV (241Pu) [ref 5-9] . 

The mean contributions to the reactor power are approximated by 0.55 (235U), 

0.32 (239Pu), 0.07 (238U), 0.06 (241Pu). 

The differential energy spectra of ve produced in units of lfission/MeV are 

shown in Fig. 5.25 [ref5-10] . 

The energy spectrum ofve at Kamiokande is then derived (in Fig. 5.26) . The 

positron energy spectrum considering the detector response ofKamiokande-lli 

is shown in Fig. 5.27. It corresponds to 0.003 events I day I 680 tons above 7.5 

MeV and 0.005 events I day I 680 tons above 7.0 MeV. 

Hence, the contribution of the reactor ve is negligible for the solar (anti-)neutrino 

observation which is expected (SSM-prediction) to be 0.685 events I day I 680 tons 

above 7.5 MeV and 0 .816 events I day I 680 tons above 7.0 MeV. 

In summary, the remaining background is examined and found to come mainl y 

from 222Rn (- 30%) which appears as the soft component of the energy spectrum , 

spallation events (>25%), and gamma rays from the rock (- 25%) as the hard 

component. It is still possible to decrease the low energy background by eliminating 

222Rn in the water. The high energy background will be reduced by a thicker anti

layer and shield, and by the improvement of the vertex resolution which will increase 

the rejection efficiency of the spallation cut. These tasks should be accomplished by 

the forthcoming experiment: Super-Kamiokande. 
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6. Results 

6.1. Solar neutrino flux 

This thesis includes the data from January 1987 to February 1993 . Total live time is 

1557 days and it is subdivided into "Kam-2 gainxl", "Kam-2 gainx2", "Kam-3 7.5 

MeV" and "Kam-3 7.0 MeV" with 450, 594, 200 and 314 days, respectively . Fiducial 

volume for solar neutrino analysis is 680 tons for all phases (Fiducial volume for Kam-

3 is shifted 57 em upward to obtain a symmetric geometry) . The number of events in 

the final sample for the four different terms are 669, 3113, 946 and 2023 events, 

respectively. We tested the directional correlation between the observed events and the 

sun, then obtained the number of solar neutrino events by counting the excess toward 

the sun above the flat backgrounds. We compare the number of excess events with the 

expected number from a standard solar model and the standard electro-weak theory . 

The result from the Kamiokande-2 experiment was sst:ta = 0.47 ± 0 .05 ± 0 .06, 
BP92 

and we will give results from 514 days ofKam-3 data and the combined results . 

6.1.1. Signal extraction 

The SSMBP92 predicts 0.67 solar neutrino events per day in Kam-3 for Ee;, 7.5 

MeV and 0.80 events I day for Ee;, 7.0 MeV, and the final data consist of 4.7 events I 

day and 6.4 events I day, respectively . We can make use of the strong directional 

correlation of the solar neutrino events as seen in equation (eq 4-18) to enhance the 

signal to noise ratio. The different angular distribution of the solar neutrino events 

(toward the sun) from the backgrounds (flat) enabled us to extract the number of solar 

neutrino events. 

A maximum likelihood method was used to extract the solar neutrino signal. We 

prepared two likelihood functions: one for background and the other for the signal 

distribution. 
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We have estimated that the remaining backgrounds in the final sample consisted of 

radon products , spallation products and gamma rays from the environment. The 

background from the radon and the spallation products is expected to distribute 

isotropical ly . One may think that the gamma rays from outside have directionality . 

These effect turns out to be small (see section 6.2). It is further reduced by the 

following reason, especially for the total flux measurement. The background comes 

from a 4rr solid angle and the fact that the direction to the sun changes greatly in the 

detector coordinate completely smears out this small directionality. Therefore, we can 

expect that the gamma rays do not cause any systematic effect, and we can assume that 

the angul ar di s tribution of background is flat. Hence, we took the likelihood function 

for the background as, 

Ls G.(E, cosO) = !(cosO) = 0.5, (Jfi.cosO)d(cosO) = 1). (eq 6-1) 

We must consider the angular distribution of the solar neutrino events very carefully, 

because the fit depends on the shape of the dis trib ution . The response of each detector 

segment may not be isotropic, since the dead PMTs influence the effective photo-

coverage around their posi ti on. In order to take into account the change in the spatial 

distribution and the time variation of the number of dead PMTs, we needed to consider 

the run-time distribution which influences the directional distribution toward the sun in 

the detector system. Time variation of dead PMTs was corrected for in the definition of 

the effective energy as shown in subsection 5. 1.4, but a uniform distribution of dead 

PMTs was ass umed in this correction. To consider its spatial distribution and to follow 

the time variation of the number of dead PMTs, we dynamically generated the Monte 

Carlo events of solar neutrinos with two events for every real-time-minute, considering 

the distribution of dead PMTs and the direction of the sun . We applied the same 

redu cti on processes to the Monte Carlo events, except for the reduction of spallation 

products which is difficult to simulate and does not di stort the angular distribution. We 

defined th e like lihood function for the signa l Ls ignat = s(E, cosO) as a function of 
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electron energy and opening angle from the sun (see Fig. 6.1 ), where the function is 

normalized by 

J s(E,cosO)c/(cosO) = 1. (eq 6-2) 

Finally, we derived the likelihood functi on for the final data sample as 

L(E, cosO, x) = (1 -x) x Ls.G .(E, cosO)+ x x Lsignat(E, cosO) 

1-x 
=z + x x s(E, cosO) . (eq 6-3) 

Where, x is the parameter that expresses the fractio n of events coming from the sun in 

the final sample. 

The signal to noise ratio becomes better in the high energy region, for example, SIN 

:::: 2inthe regionEe"' !OMeV, cos02:0.8andS/N :::: 1.3 forEe"' 7.5 MeV, cos0 2: 

0 .8. Therefore, we can make the statistical e rror smaller, by dividing th e data 1nto 

energy bins in the fitting procedure. Hence, we take the likelihood function as follows, 

L(x) = TI ; {nC - ;;(x) + x;(x) x s(E, cos 0)) }. (eq 6-4) 

or 

log(L(x)) = Lj{L loge- ;;(x) + x;(x) X s(E, coso))}. (eq 6-5) 

with the conditi on, 

N NMC; 
x;(x) = NMC x M x x (0 < x < 1), (eq 6-6) 

where i run s from 1 to the number of energy bins and N, NMC, N; and NMC; are the 

total number of events in the final sample, total number of expected events, number of 

observed events in the i-th energy bin and number of expected events in the i-th energy 

bin , respectively . Equation (eq 6-6) is the binding condition for reproducing the 

expected energy spectrum of the solar neutrino events . Note that this method assumes 

that the 8B neutrino spectrum has no spectrum di stortion , hence the flux obtained here 

should be carefully treated in discussing such as neutrino oscillations. We used each 

energy bin independently to obtain the energy spectrum. This spectrum can be used for 

the proper test of neutrino oscillation solutions . When we want to treat data for Kam-2 
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and Kam-3, together, we must prepare the likelihood function individually for each data 

set and combine energy bins in all data sets as if we only increased the number of 

energy bins. We obtained the number of neutrino events from 

Nv = XmaxN = L X;(Xmax)N; , (eq 6-7) 

where Xmax is selected to maximi ze the likelihood function L(xma~) = Lmax· Statistical 

error is derived to find the value Xcrror which satisfies, 

L(xerror) = exp( -0.5) x Lmax· (eq 6-8) 

6.1.2. 8B solar neutrino flux 

As a result, we obtained the number of solar neutrino events, 

N +1~ . 3 = 74.5 _13.1 events (Kam-3 Ee ~ 7.5 MeV, 200.3 days), 

N +21.0 = 151.5 _19.6 events (Kam-3 Ee ~ 7.0 MeV, 314.2 days), 

and the event rate, 

R 0 +0.07 1 ld = .372 _0.065 events ay (Kam-3 Ec ~ 7.5 MeV), 

R +0.067 = 0.482 _0.062 events I day (Kam-3 Ee ~ 7.0 MeV). 

The expected event rates for the SSM corresponding to the above measurements are 

RssM = 0.685 events I day (Kam-3 Ee ~ 7.5 MeV) and, 

RssM = 0.816 events I day (Kam-3 Ee ~ 7.0 MeV). 

These predictions were obtained by considering the following facts . 

(1) The interaction rate of solar neutrinos in the total volume (2142 tons of water, the 

number of electrons is Nc = 7.16x1032) is 

00 

where the neutrino flux is normalized to 

00 
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(2) The fractions of the events observable are limited at 3.69% (Ec ~ 7.5 MeV) and 

4.43% (Ee ~ 7.0 MeV): the spallati on cut was treated separately, by the small fiducial 

volume (680 tons) and the y-distribution of the recoil electron (eq 4-8) . 

(3) The dead time fraction from the spallati on cut is 0.15. 

Taking the ratio of R and RssM, the solar neutrino flux relative to the SSMsrn 

becomes 

data = 0 543 +O.I04 (Kam-3, Ee ~ 7.5 MeV, 200.3 days), SSM · -0.095 

and 
data +0.082 
SSM= 0.591 _0.076 (Kam-3, Ee ~ 7.0 MeV, 3 14.2 days) 

Combining two data sets, the total li ve time becomes 514.5 days and the resu lt from 

Kamiokande-3 solar neutrino observation ends up as 

data 0 57 +0 064 ( . . I ) 0 06 ( . ) SSM = . 4 _0.·059 statisttca error ± . I systemati c error 

If we combine the results with Kamiokande-2 data, this yields 

data +0.043 
SSM= 0.514 _0.037 ± 0.061 (Kamiokande-2&3 , 1557 days), 

for 1557 days' data . 

The magnitude of the systematic errors in Kamiokande-3 is almos t same as that of 

Kamiokande-2 and it will be described in the next section . Fig. 6.2 shows the angular 

di stributions of the final sample superimposed with the best fit (dashed hi stogram) and 

an expectation from the SSM (solid histogram) for Kam-3 data and the complete 1557 

days Kamiokande data (Kam-3 data with different thresholds are also shown). The 

di stribution of the likelihood values for all combined data is shown in Fig. 6.3. The 

tota l number of solar neutrino events observed in 1557 days of data thus becomes 439 
+36.6 
-31.4 . 

The energy spectrum of the recoil electrons is obtained by applying the same 

likelihood method (eq 6-4) to each energy bin. Fig. 6.4 shows the energy spectrum for 

1557 days of data. Low energy data points have less data-taking time because of the 

chronological change of the energy thresholds . The energy spectrum with respect to the 
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prediction of the SSM is also shown in Fig. 6.5, which shows no strong deviation (flat 

in the ratio) except for the fact that the average value is only a half of the prediction. 

This spectrum information is very useful in studying the parameter region in which the 

neutrino spectrum is strongly distorted, such as the adiabatic region and the just-so 

region of neutrino oscillation models. 

6.2. Systematic errors for the solar neutrino flux calculation 

The systematic errors in the data analysis have been estimated. We compared the data 

with the Monte Carlo simulation in the various steps of the analysis . We sometimes 

used the comparison between the Monte Cairo simulation and the data to evaluate 

sys tematic errors. 

As written in chapter 5, events were passed through many steps to reduce the 

background We estimated the systematic errors in every reduction step. 

(1) trigger efficiency (0.5%) 

The trigger threshold has been set at a sufficiently low level in comparison with 

the analysis threshold When we set the analysis threshold at Ee = 7.5 MeV, the 

trigger threshold was Eso% - 6.2 MeV (Kam-2 gainx2); when the analysis threshold 

was changed to Ec;, 7.0 MeV, the trigger threshold had been lowered to Eso% - 5.0 

MeV (see Fig. 4.22 for the chronological change of the trigger and analysis 

threshold) . We estimate that the event loss due to miss-triggering is much less than 

0.5% from the evaluation of the trigger efficiency (see Fig. 4.2 1) We take 0.5% for 

the uncertainty of the trigger efficiency . 

(2) muon reduction (0.02%) 

The muon rejection criteria, 

inner total photo-electron;, 500, and anti total photo-electron;, SO, 

may cause a loss of the solar neutrino events if the events accidentally had high pulse 

heights from noise. We checked the Cf+Ni calibration data to investigate the 

occasional association of high pulse height PMTs, and found that this process affects 
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no more than 0.02% We took this value as the systematic error for the muon 

reduction step. 

(3) noise reduction (OJ%) 

The noise rejection criteria, 

"goodness" ;, 0.4, Nrut I Nzso;, 0.6, and Nncg I Nctsc < 0.4, 

have an efficiency for the signal of 99.7%, which is well reproduced by the Monte 

Cairo simulation and corrected for. Some of the quantities used in this reduction step 

are defined in the reconstruction process. We revised the vertex reconstructi on 

program for Kamiokande-3. When we used the program used for Kamiokande" 

the efficiency was 99.8%. Therefore, we took the difference of 0.1% for the 

systematic error at this step. 

(4) Fiducial volume cut (3 .2%) 

Solar neutrino analysis was done for the events 1n the 680 tons of fiduc1 al 

volume. We compared the reduction efficiencies for the two different vertex 

reconstruction programs (for Kamiokande-3, E3, and that for Kamiokande-2, Ez): 

E3 - Ez = -1.3% (Monte Cairo), + 1.9% (Real data) . 
E) 

We took the value ± 3.2% for the systematic error of the fiducial cut. 

(5) energy cut or absolute energy scale (6 .9%) 

Energy cuts cause a systematic effect through the uncertainty of the energy scale. 

As mentioned in appendix 5.1, absolute energy calibration has an ambiguity of ± 

2.3%. A little sh ift of an energy cut makes a large change in the reduction efficiency 

because the solar neutrino signal has a steep energy spectrum. This effect is serious 

when the energy threshold is high. For example, the change of reduction efficiency 

for a 9.3 MeV threshold was 5% for a 1% shift of the energy scale; the changes for 

7.5 MeV and 7.0 MeV thresholds were only 3% and 2% for 1% change of the scale, 

respectively. We have 200.3 days of data with a 7.5 MeV threshold and 314.2 days 

of data with a 7.0 MeV threshold . We took a conservative value of 2.3% x 3 = 

6.9% as the systematic error for this effect. 
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(6) spallation cut (1 %) 

The dead time of the spallation cut, IS%, was derived from 80 thousand 

randomly selected muon events and solar neutrino events made by Monte Cairo 

simulation with high enough stati stics. We applied the spallation cut to random 

combinations of muon events and the simulated solar neutrino events . The statistical 

error I I~ x IS%= O.OS% is a satisfactorily small value. But, the most 

uncertainty comes from the muon event rate selected by Qeff > 10,000 p.e . We 

controlled the detector stability within 3% (for the pulse height of the muons : 

effectively 10,000 photo-electrons). This leads that the muon rate with Qerr> 20,000 

p.e. (relevant region for the spallation cut) may change by 6% using the measured 

muon spectrum . Therefore, we took IS% x 6% = 1% for the systematic eiTor for the 

spall ation cut due to the uncertainty of the dead time estimate. 

(7) gamma ray cut (O.S%) 

The reduction efficiency for solar neutrino events (Monte Cairo) by the vertex 

reconstruction program for Kam-3 and Kam-2 are 87.0% and 86.S%, respectively. 

We took O.S% systemati c error for thi s reduction . 

(8) uncertainty of the angular resolution (7%) 

We experimentally estimated the angular resolution and its uncertainty with a 

collim ated Cf+Ni (9 MeV) gamma ray source, and the obtained value (the mean 

opening angle) of3S.4° ~~:;:was well reproduced by the detector simulation (38.0°) 

frcf4-3] . We conservatively took so uncertainty for the angular resolution. To estimate 

the effect of this uncertainty on the solar neutrino flux, we used a likelihood function 

distorted by so for the signal extraction and compared obtained fluxes with that 

obtained by the normal likelihood function . Their difference of7% was taken as the 

systematic error from the uncertainty of the angular resolution . 

(9) live time calculation (O.S%) 

(I 0) assumption of a flat background (S%) 

We assumed an isotropic background distribution to extract the solar neutrino 

s ignal. This assumption must be verified because a possible anisotropy of the 
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background in the detector system (for example gamma rays from the surroundings, 

or a not-uniform detector response) might make the angular distribution not flat. If 

we assign arbitrary times to the solar neutrino events, the angular distribution of 

these events becomes flat, but the same assignment will not change the angular 

distribution of background events because their directional distribution does not 

change in time (the anisotropy we are considering here is a function of detector 

coordinates). This difference is the basis for the strategy used in evaluating the 

angular distribution of background events. We have tested the systematic effect of 

the fl at background assumpti on by the following procedure· 

a. We selected excess events from the direction of the sun with the assumption of 

flat background as a first approximation. These events were selected randomly in 

time from the final sample. The remaining even ts should be almost all 

background events . 

b . We reassigned randomly selected times to the remaining events so that the 

contribution of solar neutrino events to the angular distribution is smeared. Then 

we can consider the angular distribution of the redefi ned sampl es as just a 

background distribution And the distributions were quite flat 

c. We counted excess events for the combined data of the events removed in step (a) 

and the redefined events from step (b) . 

d . We compared the values obtained in step (c) with our original result and we 

obtained the systematic error from the flat background assumption to be S%. 

(II) calculation ofvee· cross section (!%) 

A recent accurate measurement [ref 2-1] reduced the ambiguity in the weak 

parameters . The error in sin28w = 0.22S9 ± 0.0029 now mostly comes from the 

unknown top mass and radiati ve corrections. We have estimated that the systematic 

error in the theoretical calculation of the cross section is about 1% considering two 

effects : (i) radiative corrections [ref 2-3,4-10,6-1] and (ii) atomic binding of the 

electrons of order (aZ I n)2 where a is the fine structure constant, z the effective 
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charge on the nucleus seen by the electron and n the principal quantum number of a 

hydrogenic-like orbit [ref6-2J . 

We assumed that these systematic errors are not correlated, and derived the total 

systematic error by summing up these values in quadrature. The total systematic error 

for the solar neutrino flux in Kamiokande-3, thus, is 11.6%. 

6.3. Neutrino flux in correlation with the sun-spot number 

6.3.1. Anti-correlation in the 37C! experiment 

Before we present our results on the correlation with sun-spot numbers, we evaluate 

the results from the 37CJ experiment. The solar neutrino flux observed by the 37Ct 

experiment for more than 20 years is shown in Fig. 6.6 [ref 6-3] as a function of sun

spot number [ref 6-4] . We simply used a linear function to express the anti-correlation, (it 

has been suggested [ref 6-5] that the function RAr = Acos2(/{J.l;,5) may be more 

plausible). The anti-correlation is then described by 

RAr = (-136xi0-3 ± OS!x!0-3) xN55 + (0.524 ± 0.055), (eq 6-9) 

and the significance level of the correlation is 2. 7a. (It has been reported [ref 1-29) that 

the significance level depends on the treatment of the statistical error of each data point. 

We have taken average errors [ref 6-3] instead of up-down asymmetric errors for the 

calculation .) There is a slight inconsistency in the 37CJ data . We were required to 

correct the absolute value of the fitted result in order for the average flux values 

obtained both from Davis's paper and from the simple average in Fig. 6.6 to agree. The 

central value of the 37 Ar production rate was 0.398 events I day with our statistical 

treatment, but the value derived by Davis eta! [ref l-2] was 0.509 ± 0.031 events I day . 

Hence, we shifted the result for the averaged value to be the same. 0.08 ± 0.03 out of 

the 0.509 is background, therefore it is subtracted. Then, the net 37 Ar production rate 

0.429 ± 0.043 is translated to 2.28 ± 0.23 SNU [ref l-2] . As a result, the expression (eq 

6-9) is now 
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~~~ = ( -0 .90x 1 o-3 ± 0.34x I o-3)N55 + (0.369 ± 0.045). (eq6-10) 

If we take this correlation positively, the most probable explanation may be a 

neutrino magnetic moment as large as Pv 2: IO-Il~LB. If the neutrino had such a large 

magnetic moment, a solar neutrino could transform a sterile state by magnetic 

interaction with the solar magnetic field . The magnetic strength in the convection zone 

(Rsun 2: 0.7) is expected to change largely in correlation with the solar activity (as a 

result; in correlation with sun-spot numbers) . Hence, the sun-spot numbers could anti

correlate with the solar neutrino flux as was observed in the 37Ct experiment. Now the 

Kamiokande solar neutrino observation has covered an entire solar maximum penot. 

therefore, the information on time variation from the Kamiokande result will be very 

important in examining these hypothesis . In the following subsections, we study thr 

solar neutrino flux observed in Kamiokande as a function of time. Then, we evaluate a 

possible time variation of the neutrino flux in correlation with sun-spot numbers. 

6.3.2. 200 days plot 

The total data taking time of solar neutrino observation is 1557 days from January 

1987 to February 1993 . This observation includes the entire solar maximum period of 

solar cycle 22. The sun-spot numbers during this period have changed greatly from 0 to 

200 (see Fig. 6. 7). Hence, the data will suited for testing a possible anti-correlation of 

the solar neutrino flux with the sun-spot numbers. We divided the data into seven 

periods in order that every period contains about 200 days of data taking time (the last 

period has about 300 days of data) : 

(period-!) January 1987 to August 1987 

(period-2) September 1987 to May 1988 

(period-3) June 1988 to December 1988 

(period-4) January 1989 to July 1989 

(period-S) August 1989 to April 1990 

(period-6) December 1990 to November 1991 

(period-7) November 1991 to February 1993 

207.3 days 

241.5 days 

193 .9 days 

190.9 days 

209.0 days 

200.3 days 

314.2 days 
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Period-! and period-2 are the data from Kam-2 gainx I in which the energy threshold 

for the recoil electron is 9.3 MeV. The data of period-3 to period-S have come from 

Kam-2 gainx2 and have been analyzed with a 7.S MeV threshold . Period-6 and period-

7 belong to Kam-3, and the threshold energies are 7.S MeV for period-6 and 7.0 MeV 

for period-7 . The average sun-spot numbers during these periods are 23.6, S3.9, 

12S.2, ISO .! , IS9. 1, 149.7 and 96.6, respectively [ref 6-4] . The solar neutrino flux 

relative to the SSMBP92 for these periods are 

(period- I) data!SSM = 0.42+0 · 1 ~-0.13 (Eth = 9.3 MeV) 

(period-2) data/SSJ\l = o.ss+0 · 1 ~ -o. 13 (Eu, = 9.3 MeV) 

(period-3) data/SSM = O.S2+0·11 -o.1o (Eu, = 7.S MeV) 

(period-4) data!SSM = 0.42+0 11-0.10 (Eu, = 7.S MeV) 

(period-S) data/SSM = 0.4S ± 0.12 (Eth = 7.S MeV) 

(period-6) data/SSM = O.S43+0·104-o.095 (Eth = 7.S MeV) 

(period-7) data!SSM = O.S91 +0·082 -0 076 (Eth = 7.0 MeV) 

respectively. These results are shown in Fig. 6.8 together with an inverse plot of the 

sun-spot numbers . If we set the energy threshold at 9.3 MeV (period-! and 2 are taken 

witl1 this high threshold), the ratios ofperiod-3 to period-7 become: 

(period-3) data!SSM = 0.48+0·14 -0. 12 (Eth = 9.3 MeV) 

(period-4) data!SSM = 0.35+0·13-o. 12 (Eth = 9.3 MeV) 

(period-S) data/SSM = 0.37+0. 13 -0.12 (Eth = 9.3 MeV) 

(period-6) data!SSM = 0.53S+O.I31_o.l21 (Eth = 9.3 MeV) 

(period-7) data!SSM = 0.5S6+0.ll 4_o.lo7 (Eu, = 9.3 MeV) 

The systematic error for the absolute flux is 0.06 as described in section 6.2. But 

this is an overestimate for the relative flux . The uncertainty in the relative flux mainly 

comes from a small change in the energy scale described in appendix S.l which 
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corresponds to about 8% of the flux value. Then systematic errors for the relative flux 

are smal l. 

6.3.3. Correlation of the sn neutrino nux with the sun-spot numbers 

If we assume a linear function for representing the correlation between the solar 

neutrino flux and the sun-spot numbers as was discussed in subsection 6.3. 1 for the 

37Cl experiment, the results from the seven periods (different thresholds) of the 

Kamiokande data are 

data _ ? +1.02 _3 +0.140) 
SSM - (-0.-1 -l.OS ) x 10 N55 + (O.S36 _0.128 , (eq 6-11) 

where N55 are the sun-spot numbers averaged over one month shown 111 subsection 

6.3.1. x2 for the fit is defi ned by 

2 2 (x, - ay;)2 
X = + 

a;2 + (0.08x;)2 { 
(a - 1 )2 } 

( Osys1Xccntcr)2 - 0. 082 ' 
(cq 6-12) 

where x; is the ratio of the observed event rate to the SSM at the i-th energy bin, y; the 

expected ratio derived by the neutrino oscillation calculation, a; the statistical error of 

x;, Osyslxcenter =0.06 1/0.S14 the ratio of the sys tematic error to the central value, a is a 

normalization factor to minimize the x2 so that the sys tematic error of overall 

normalization is included, and the uncertainty in tl1e relative flux of 8% is added to each 

data poi nt. Fig. 6.9 shows a contour map of the x2 distribution. x2min was 2.2 for th e 

7 data point fit. The obtained coefficient in the linear function, ( -0.21 ~i .g~ ) x I o-3, is 

consistent with zero, and thus no significant correlation was found in the Kamiokande 

results . The same conclusion can be also obtained for the data with the common 

threshold of Eth = 9.3 MeV: 

data _ +1.07 _3 +0.141 
SSM - (-0.57 -l.08 ) x 10 N55 + (0.534 -O.l33 ), (eq 6-13) 

with X2min = 2.37. A contour map of the x2 di stribution is also shown in Fig. 6.9. 

90% C.L. intervals for the parameter are 

- l.9lxi0-3 <a< 1.49x !0-3 for the different threshold data, and (eq 6-14) 

-2 36x I 0-3 < a < 1.19x I 0-3 for the common threshold data. (eq 6-1 5) 
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This conclusion (consistent with no correlation) must be satisfied when deriving the 

parameters for the hybrid model which must explain, at the same time, the anti

correlation in the chlorine data. 

6.4. Anti-neutrino flux 

We have succeeded in observing the finite solar neutrino flux. We should note that 

the Kamiokande detector also has the capability of detecting ve because of the large 

number of free proton targets in the water and the large cross section for YeP interaction 

(20 times the vee scattering in water). We, therefore, searched for the Ye events in the 

solar neutrino sample. 

There is a particular interest in ve detection . One reason for this interest is a solarve 

creation by the hybrid-mechanism of resonant spin flavor precession and matter 

oscill ation , which may be the answer to the solar neutrino problem and which may also 

explain the cause of the anti-correlation between the flux and the sun-spot number in the 

37CI experiment and the lack of correlation in the Kamiokande experiment. In the 

hybrid model, we can expect Ve creation through the following mechanism, 

• Assuming that neutrinos are Majorana and they have large transition magnetic 

moment (about I o-Il f.lB), ve produced in the fus ion reaction chain at the center of 

the sun convert to vf, or v, through interactions with the solar magnetic field(?: I 

kG) . 

• If neutrinos have mass and mixing between flavor eigen-states and mass eigen

states, VI-'(.,;) can oscillate into ve by the neutrino oscillations in vacuum. 

If such a mechan ism real ly took place, Kamiokande might be ab le to observe the 

resultant Ve due to the large acceptance for VeP interactions. 

6.4.1. Spectrum independ ent Vc flux limit 

The solar neutrino events have strong directionality toward the sun and appear as 

excess events in the region "S" in Fig. 6.10, while the angular distribution ofvep is 

almost flat and belongs to region "B" . That is, the v e signal is hidden in the 
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"background" region. The backgrounds for aVe signal, therefore, consist of radon, 

spallation products, gamma rays and finally solar neutrinos . We can possibly subtract 

the solar neutrino events (about 440 events for 1557 days of data) . But the other 

backgrounds cannot be subtracted, although we know that 30% of the remaining 

background comes from radon, 25% from spallation and 25% from gamma rays, 

because our knowledge is not precise. Hence, we must take a conservative approach for 

the evaluation of the Ye flux. We did not subtract these backgrounds in this analysis to 

obtain an upper limit for the ve flux . We used the events in region "A", 

cos8SIIn < 0.8, 

instead of subtracting the solar neutrino signal. We assumed all remaining events 111 

region "A" are produced by the YeP interaction and set an upper limit of the flux . We 

did not use the small directional correlation ofve events . The resulting flux upper lin11 t 

can be applied to any possible ve source. 

We cannot estimate the energy spectrum ofve without knowing the exact mechanism 

oftheve creation. Even if the hybrid hypothesis took place, the energy spectrum ofve 

would vary depending on its parameters: J..tsxBsun, om2 and sin228. Hence, we 

intended to obtain the spectrum independent but conservative ve flux limit with the 

following procedure, 

(!) M .C. simulation was used to evaluate the detection efficiency . To represent 

monochromati c ve, positron events were generated at every energy, 

Ee = Ev + mp- m11 = Ev- 1.293 MeV. 

(2) We took in to account the detector res ponse fo r the positron (i .e. energy 

resoluti on). 

(3) These events were passed through the same event reduction programs used for 

processing real data, and an additional cut of cos8sun < 0.8 was applied . 

(4) We then obtained the visible energy distribution oftheve events at each energy 

point. 

(5) An energy cut was determined at each point in order to maximize the detection 

efficiency and minimize the background contamination. 
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(6) Finally, we could obtain the ve flux upper limit by comparing the efficiency with 

the observed number of events within the cut. 

Fig. 6.11 shows the observed energy spectrum of the final data sample with cosBsun < 

0.8 . The anti-neutrino flux upper limit was obtained by requiring that this not exceed 

the observed event rate. Fig. 6. 12 shows the 90% C.L. ve flux upper limit obtained 

through the above procedure for each neutrino energy. We used the data taken for the 

periods 3, 4 and 5 defined in subsection 6.3.2 (the average sunspot numbers for these 

periods was 145). Comparison of this limit to the 8B neutrino flux predicted by 

SSMsp92 was made simply by taking the ratio. Fig. 6.13 shows the flux limit relative 

to the 8B solar neutrino flux . It must be noted that the 8B neutrino has a continuous 

spectrum, although a monochromatic energy spectrum was assumed for ve (/cm2fsec). 

Hence, the width of the vc spectrum is needed to obtain their ratio. We treated the v
0 

flux limit as if it is derived with the energy spread of just 1 MeV. We could obtain the 

most strict limit for the ratio at Ev = 12.5 MeV: 

¢ve I 
-;:--- < 4.5%xMeV, 
'l'v sg Ev=l2.5MeV 

at 90% confidence level. 

If we know the energy shape ofv0 , we can obtain a much more restrictive limit. 

This is discussed in the next chapter, especially for the case of the hybrid model. 

6.4.2. Systematic errors for the v c flux limit 

Estimate of the systematic errors for the v 0 flux limit is straight forward because 

most of them are the same as in the solar neutrino case: trigger efficiency (0 .5%), muon 

reduction (0.002%), noise reduction (0 .1%), fiducial volume cut (3 .2%), spallation cut 

(1%) and gamma ray cut (0.5%). The uncertainty of the angular resolution of the recoil 

electron which was important in the solar neutrino analysis does not contribute to the ve 

observation because we do not need to know the angular distribution. Additional 

systematic error comes from the absolute energy scale for the energy window 

determination at each ve energy which was typically 10%. Further uncertainty from the 
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calculation of the vep cross section is estimated to be 10%. Then, the total systematic 

error for the v 0 flux limit is 15%. 
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7. Interpretation and Discussions 

The emphasis in this thesis is placed on how to reconcile all the experimental results , 

including different time variability. However we first interpret the solar neutrino deficit, 

observed by the three types of experiments, in the "standard" frame work of neutrino 

oscillation solutions (section 7.1). This interpretation does not include an explanation of 

the time variation suggested in the chlorine experiment. Then, extensive efforts are 

made to explain a possible solution of the solar neutrino problem together w1 

consideration of time variations in all observations from the point of view of a neutrino 

(transition) magnetic moment (section 7.2). Finally, we examine the vc flux limit with 

various conditions on the solar magnetic field and its profile, and obtain excluded 

regions in the parameter space of (sin2ztJ, 15m2, {tvBsun) (section 7.3) for the case of 

Majorana neutrinos. 

7.1. The "standard " interpretation of the solar neutrino deficit 

As mentioned in section 1.3.5, astrophysical explanations seem to be ruled out as a 

solution to the solar neutrino problem, but neutrino oscil lations are a possible and 

favorable approach to the problem. Hence, we first interpret the result from the 1557 

days of data, 

data . +0.043 
SSMspn = 0.514 -0.037 ± 0.061, (eq 7-1 ) 

in the frame work of neutrino oscillations. 

7. 1.1. MSW soluti on 

A region where the MSW effect takes place (1 o-5 < sin2ztJ < 1, I o-9 < 15m2 < 1 o-

3) was first explored. In this study, the suggested time variation was ignored. Details of 

the calculation procedure for obtaining a solution are found in subsection 7.2.1, though 

it is briefly described in this subsection, because neutrino propagation under the MSW 
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mechanism is a simplified version of the hybrid model described in subsection 7.2.1 

(the propagation matrix size is reduced from 4 by 4 to 2 by 2). The result of the MSW 

effect is also useful for a validity test of the techniques we used in the much more 

complicated calculation. 

Electron-neutrinos produced at production points near the center of the sun are traced 

numerically to the surface with the propagation matrix (eq 3-28) for the parameter 

region of JQ-5 < sin22B <1 and 10-10.1 < om2f£ < 10-2.1 where the MSW effect takes 

place effectively. The neutrinos are further traced through one vacuum oscillation length 

so that the transition probability can be averaged over the path. The earth effect, which 

regenerates ve effectively in the region sin22B ? JQ-2 and J0-7 :S om2f£ :S J0-6, is not 

included in this calculation. The calculation speed was about 10 parameter sets I sec on 

a Hewlett Packard Apollo 9000/730 workstation. 

The probability for each parameter set was averaged over the production points of 

the neutrinos (the individual neutrino production reactions take place at different regions 

inside the sun). The reaction rate in the detector was obtained from the cross sections 

shown in Fig. 4.1 and the detector responses (i.e. energy resolutions) shown in Fig. 

4.15, each corresponding to Kam-2 gainxl, gainx2 and Kam-3. The spectrum of the 

recoil electron used was the average of above three responses with the weight of the 

different data taking times . 

In order to search for favorable regions for the MSW solution, the calculated event 

rate and the energy spectrum were compared with the corresponding experimental 

results, the event rate; (eq 7-1) and the spectrum; Fig. 6.5 . Fig. 7.1 shows the 90% 

C.L. allowed region in (sin22B vs . 8m2) plane derived only by using the total flux 

information (eq 7-1). Next, we defined the following x2 to make use of the information 

in the energy spectrum, 

x2 = " (xi- ayi)
2 

+ ( a - )2 
LJ Oi

2 Osysfxcentcr 
(eq 7-2) 

which is obtained by removing the 8% uncertainty in the relative flux from the formula 

(eq 6- 12). Fig. 7.2 shows the 90% C.L. allowed region (contour map at x2 = x2min + 
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4.605) of the sin22B-om2 plane from the Kamiokande result (1557 days) . x 2min = 7.1 

with 8 data points from the energy spectrum was obtained at (om2, sin228) = (7 .5x1 0-

8, 0.94). The adiabatic region is eliminated by electron spectrum considerations. 

Allowed regions for the chlorine and the gallium experiments are al so deri ved. The 

experimental results used in the calculations are 

Chlorine experiment : ss~=Pn = o.285 "' o .o29, (eq 7-3) 

Gallium experiments all combined 
data 

(SAGE & GALLEX) : SSMspn = 0.59 ± 0.1 0, (eq 7-4) 

where the statistical and systematic errors are combined in quadrature. The 90% C.L. 

allowed regions for both experiments are shown in Fig. 7.3 and 7.4. 

Combining the results from all three types of experiments, we can obtain a 90% 

C.L. allowed region as shown in Fig. 7.5. The shaded area is also allowed [rcf7.tl due 

to regeneration in the earth which is neglected in the calculation (see also Fig. 3.4 for 

the excluded region due to the non-observed earth effect in Kamiokande by the study of 

day/night variation). There remain two allowed regions for the MSW mechanism . x2 

has a minimum value of 7.9 at (8m 2, sin22B) = (6.0 x J0-6, 6.7 x J0-3) for the 10 

data points (8 data points from the energy spectrum observed in Kamiokande, 2 data 

points from the chlorine (eq 7-3) and gallium (eq 7-4) experiments). The expected 

energy spectrum in Kamiokande for the typical parameters in those two regions, 

(om2, sin22B) = (1o-5.2, 10-2.2) and (10-5.4, 10-0.2), 

is shown in Fig. 7.6 together with the observed spectrum. In these calculations, we 

took into account the earth effect by approximating the electron number density in the 

earth as Ne = NA x ~'where Ne is the electron number density (/cm3), NA = 6.022 x 

1023 (Avogadro's number) and p the density of matter in the earth [rcf7-2] (g/cm3) as 

shown in Fig. 7.7. 

7.1.2. Just-so oscillation solution 

As mentioned in section 3.1, neutrino oscillation in vacuum is also a possible 

solution of the solar neutrino problem . The parameter region effective for this 
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mechanism is 0.5 < sin22fJ s 1 and 10-11.5 < om2 < 10-9 The matter effect is not 

important in this parameter region. The probability was averaged over the revolution 

radius of the earth which varies by± 1.67% around the average radius of 1.496 x 1011 

m. 

Fig. 7.8 shows the 90% C.L. allowed region from the Kamiokande result (eq 7-1). 

Considering the energy spectrum as explained in the previous subsection, the allowed 

regions become those in Fig. 7.9. x2min = 7.0 with 8 data points in the region (om2, 

sin228) = (8 .9x10-ll, 0.6). The small flux observed by the chlorine experiment limits 

these parameters to a much smaller region as shown in Fig. 7.10. The p-p neutrinos, 

the main neutrino source for the gallium experiments, undergo many oscillation cycles 

on their way to the earth, and the oscillation probability is averaged out and becomes -i 
(eg 3-12). Then, the value of almost half of the expected flux obtained by the gallium 

experiments does not influence vacuum oscillations for large mixing as shown in Fig. 

7.11 (almost the entire region is allowed in the figure) . The overlap region of these 

three results is very small. If all experimental resul ts are combined, the minimum x2 

with 10 data points in this region becomes 13.5 with the parameters (om2, sin228) = 

(6.3xlo-tl, 0.85), while the minimum x2 in the MSW region was 7.9. Therefore, any 

region for this just-so oscillation is rejected at 90% C.L. 

7.2. Hybrid Solution 

The hybrid model, which is the combination of the MSW effect and magnetic 

interaction of neutrinos with the solar magnetic field, is expected to be ab le to explain 

both the solar neutrino deficit and the time variation of the flux . We explored a hybrid 

solution which can reproduce the time variation in the 37CI experiment and the lack of 

significant time variation in Kamiokande as well as the observed flux (eq 7-1), (eq 7-3), 

(eq 7-4) in three types of experiments, 37CI, Kamiokande and 71Ga, simultaneous ly. 

We first describe the numerical calculation technique in subsection 7.2.1. Then, we 

study possible solutions in subsection 7.2.2 with the assumption that the neutrinos are 
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Majorana type, for which the magnitude of the transition magnetic moment is less 

restricted by the limit from astrophysical observations (see section 2.2) . 

7.2.1. Numerical calculation of neutrino pr·opagation 

(i) I n p ut parameters and magnetic fields in the sun 

As seen in the propagation equation (eq 3-45), we need to know the electron number 

density Nc, the neutron number density Nn and furthermore, a profile of the magneti c 

filed (B) in the sun. The mass square difference om2, neutrino mixing angle sin228 and 

neutrino transition magnetic moment !1- are the parameters we are going to explore. Nc 

and Nn m Fig. 7 .12 were obtained from the solar evolution model , SSM(BP92) [ref 1 

5]. The effect of the transition magnetic moment ,LL always appears as the combination 

with the magnetic field : ~LBsun Hence, we fixed the transition magnelic moment at a 

plausible value of JO-ll,uB (see section 2.2), where ,uB = elr 12mcc = 5.788 x I0- 15 

MeV I Gauss is a Bohr magneton, and only the magnetic field B was taken as a 

changeable input for the following argument. Unfortunately, we have sparse 

knowledge of the magnetic field in the sun, but there are some limits for the magnitude: 

(!)Magnetic strength in the convection zone should be larger than I kGauss in order 

for the measured value of a few kGauss at the sunspots to be generated . 

(2) Magnetic strength in the sun is limited to less than 0.8-2.0x I o7 Gauss by the 

existing observations of the depth and latitude dependence of solar rotation [rcf 7·3]. 

Hence, a reasonable range of the magnitude would be 

J03 Gauss < Bsun < 107 Gauss, (eg 7-5) 

though there is a report of possible evidence for a 2 ± I MGauss quadrupole toroidal 

field centered at 0.7 of the solar radius [ref7-4]. The profile of the magnetic field is not 

yet established despite the fact that one has succeeded in reproducing the solar magnetic 

cycle by a numerical calculation of the solar interior [ref7-5]. We then considered the 

three different magnetic profiles: 

(a) A flat magnetic field in the sun 

B(r) = Bo (0< r < 1), (eq 7-6) 

(b) A flat magnetic field only in the convection zone 
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B(r) = 0 (0 < r < 0.65), B(r) =Eo (0.65 s r < 1), 

(c) An Akhmedov type profile (see Fig. 7.13) [ref7-6) 

0 l 2 
B(r) = Bt (-·-) (0 < r < 0.65), 

0.1 + r 

{ (
r - 0. 7)2} B(r) = Bo 1 - OT (0.65 s r < 1), 

(eq 7-7) 

(eq 7-8) 

(eq 7-9) 

where r is the radius in units of Rsun = 6.96 x JQ8 m and Bo and Bt are representati ve 

values of the magnetic strength in the convection zone and in the radiation zone. Bo was 

scanned over lk, 2k, Sk, lOk, 20k, 25k, 30k, 35k, 40k, 45k, 50k and 60 kGauss as a 

time-varying quantity (in combination with the fixed quantity of B1 which has the 

various values of lOOk, 300k, 1M, 3M, 10 MGauss for an Akhmedov type profile). 

(ii) Neutrino production 

The distribution of the neutrino production points depends on the neutrino 

production reactions as shown in Fig. 7.14 [ref 1-5]. Neutrinos were generated at 56 

different points in the core region (r < 0.35) of the sun considering the production 

region particular for each reaction. The resonance point of the MSW effect takes place at 

the deep inner region if the parameters are in the adiabatic region. The production point 

of the neutrinos is crucial for the calculation for the gallium experiments, since the pp 

reaction takes place at a rather shallow part of the core. It is less crucial for the 

Kamiokande experiment which observes only 8B neutrinos being produced at the qui te 

deep region of the core. 

The energy of the neutrinos was fixed at 1 MeV, because the energy contributing to 

the Hamiltonian (eq 3-45) appears always in the form, om2f£. The parameters sin228 

and om2 in the ranges J0-3 to I and J0-10.15 eV2 to l 0-3.65 eV2 were searched for. 

(iii) Neutrino pr·o paga tion 

The wave function of the neutrinos begins with 
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(eq7-10) 

at t=O. The neutrinos propagate following the equation, t!f;¢ = H¢ (see also (eq 3-45) 

for the Hamiltonian, H). We then must integrate the Hamiltonian along the path from 

the production point to the surface of the sun. Most of the CPU time is spent in these 

steps. When we used an orthogonalized matrix at each step instead of the flavor basis 

matrix, we could then achieve a speed up of the integration . In the case of an 

orthogonalized matrix, the integration step where the matnx can be considered constant 

can be kept large, contrary to the very small step (significantly smaller than the 

oscillation length) needed to integrate the unorthogonalized matrix . Suppose that the 

Hamiltonian H(l) can be regarded as constant in a step !JI {H(I) ::: H(l + !Jt) = Ho) , 

then the propagation equation i~¢(1) = Ho¢(1) can be easily solved, and the result is 

¢'(1 + !JI) = rp'(l)e-iHo'nt, (eq 7-11) 

where Ho' = VHoV- 1 is an orthogonal-matrix, V the rotation matrix, and 1/f(l) = V¢(1) 

is the eigen-vector. Then the wave function at I = I+ !JI can be obtained (V(I + !Jt)::: 

V(l) is also required), 

rp(l + !JI) = V-l(Vrp(t)e-iHo't.t) (eq 7-12) 

The rotation matrix V can be numerically obtained by the following way: 

( I) In the case of a 2 x 2 matrix, the rotation matrix is analytically obtained. 

H =(a {3) = V=( cosB sin~,wheretan28=~. 
y 0 -sm8 cose} a - y 

(2) In the case of an x n matrix, procedure (1) is repeated for each element till the 

off-diagonal elements become zero. 

0 ) 
... Hnn 
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=VN··· . 
[ 

case, 0 sine; 

0 1 0 
-stne, 3 case, 

then the rotation matrix, 

N 

V= TI V;. 
i=l 

is obtained. 

(eq 7-13) 

(eq 7-14) 

We chose the step size of 1/5000 Rsun· It is sufficiently small to trace the change of 

the propagation matrix (Ill 000 Rsun is actually acceptable), but it is enormously large in 

comparison with the step size used for the integration method without the matrix 

orthogonalization (much smaller step size than J0-5 Rsun is needed in the adiabatic 

region). In Fig. 7. 1 5, neutrino propazation is shown for typical parameter sets. 

By using the technique described above in our hybrid model calculation (the 

propagation matrix is 4 x 4, but the actual matrix is 8 x 8 because the elements consist 

of real and imaginary parts), the calculation speed was -2 propagation I sec with double 

precision calculation on a HP Apollo 9000/73 0. 

(iv) Averaging probabilities 

The probabilities of observing v a at time I (created as ve) are given by 

P a(t) =(v al 1/J(t). (eq 7-15) 

These probabilities oscillate in time (distance) and the oscillation length is 

4:rc£ E(MeV) 
L = -- = 2.48 x [meter] 

om2 om2( e Vl) ' 
(eq 7-1 6) 

which is short in comparison with the change of the revolution radius of the earth (- 5 x 

109 m). Therefore, the phase information is smeared out for long time observation . The 

neutrino is traced only one oscillation length after exiting the surface of the sun and the 

probabi liti es are then averaged along the path: thi s is equivalent to the analytic result, 

sin22e . 
(P e)=cos22exPe(!)+-z-cos28sm2e[ Re( ve(l) )Re( vi"(!) ) +lm( ve(t) )Im( vi"(!)) J. 

-112-

C hapter 7. Interpretation and Discuss ions 

(v) Neutrino reactions in the detector 

The consideration of the detector response is not needed for the radiochemical 

experiments. The capture rateR is simply derived by the integration, 

R = 2, {Enr;~ f drcp;(E)Pvc<E,r)a(E)p;(r)}, 
1 dh 

(eq 7-17) 

where i is the suffi x for 8 individual neutrino production reactions (pp, 8B, 13N, 15Q, 

17F, 7Be, pep and hep), E the energy of neutrinos , £ 111 the threshold energy of the 

neutrino capture reaction, E max.i the maximum neutrino energy generated by the 1-

reaction, cp; the neutrino flux predicted by the SSM, Pvc the probabi li ty that the 

neutrino is still ve (obtained by the above numerical calculations), a the cross section of 

the neutrino capture reaction [ref 1-26], and p(r)dr the fraction of the neutrino production 

rate in the volume dr (r runs over the core region where neutrino production reactions 

takes place) . 

In the Kamiokande case, all four types of neutrinos (ve, vi", ve , vi") interact with 

electron targets and the energy of the recoil electron distributes with the form of(eq 4-

8). The total cross section on electrons is already shown in Fig. 4 .1 as a function of 

neutrino energy, and the expected energy spectrum of the recoil electron is obtained by 

considering the different performance of the Kamiokande detector (see Fig. 4. 15). The 

energy spectra are averaged with the weight of their data taking time. 

7.2.2. Allowed region for the non-time-variation solution with a 

magnetic field 

Let us put aside the problem of time variation for a moment. The regions shown in 

Fig. 7.16 and 7.17 are allowed at 90%C.L. for the two radio-chemical experiments 

(37Cl and 71Ga, respectively) to explain the solar neutrino deficit for each ass umed 

magnetic profile and magnetic field strength. Fig. 7 .18 shows allowed regions at 

90%C.L. from Kamiokande considering the energy spectrum . The parameter region of 
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1im2- lQ-7 eV2 is strongly influenced by the consideration of resonant spin flavor 

precession. 

7.2.3. Allowed region of the hybrid solution 

As seen in Fig. 7.16, 7.17 and 7. 18, th e shape of the allowed regions greatly 

changes at ~£vBo?: 20 kGauss x I o-ll.ua. Such a characteristic wi ll be useful for an 

explanation of the time variation reported in the chlorine experiment. We first searched 

for a parameter region where the 37CI time variation can be reproduced. Then, possible 

solutions to satisfy the results from all the experiments (neutrino deficit and time 

variation) are obtained 

(i) Region where the time variation can occur in the 37CJ experiment 

We have parametrized the observed time variation with the linear function of sun

spot numbers (eq 6-10). On the other hand, we calculated the solar neutrino flux for 

various confi gurations of the magnetic field in the sun. But, we do not even know the 

relation between the magn itude of the magnetic field in the convection zone Bo and sun

spot numbers N55 . Hence, we selected all possible combinations of Bomin and Bomax 

which were supposed to represent the strength of the magnetic field at a solar minimum 

(Nss.min - 20) and at a solar maximum (Nss.max- 150). 

We have determined a correlation function between solar neutrino flux and sun-spot 

numbers to evaluate the time variation: 

D = expected = N {3 
1\ SSM a ss + , 

where the coefficient a is obtained by 

a = R(Bomin)- R(Bomax) Rmin- Rmax 

Nss.min- Nss.max 20 - ISO 

R(Romin) = Rnun, R(Bomax) = Rmax 

and {3 is obtained by 

f3 = Rmin- a x 20 . 
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This correlation function is obtained for every oscillation parameter (sin228, om2) The 

confidence level of these parameter sets (a, {3) in the linear fit is derived by xz test with 

the 92 observed data points in comparison with the x2 va lue of 92.34 which 

corresponds to the best fit of the reported time variation (eq 6-1 0). Fig. 7.19 shows the 

(sin228, om2) region where at least one parameter set (a, {3) is allowed at 90%C .L. for 

several configurations of the magnetic field . The strength of the magnetic field (Eo) a t 

the solar minimum and at the solar maximum is ranging between about 20 kGauss and 

50 kGauss for those allowed sets of (a, {3) . 

(ii) Region where the observable flux with 7 1Ga is kept at a high va lue 

The average sun-spot numbers for the period the 71Ga experiments have been taking 

data are the following [ref6-2] : 

SAGE-30 '90/1 to '91/7 (N55) - 120 

SAGE-60 '91/8 to '9 1/ 12 (N55) - 140 

GALLEX-1 '9116 to '92/4 (N55)- 140 

GALLEX-2 '92/8 to '93/4 (Nss) - 75 

The first three experiments took data during the solar maximum period (N55 are large), 

and GALLEX-2 data was taken in the period when sun-spot numbers had started to 

decrease. To si mpli fy the si tuation we have used the combined flu x from the first three 

experiments, 

data 
SSM = 0.55 ± 0.11, (eq 7-21) 

as the flux at the solar maximum period when the assigned magnetic filed is Bomax· 

Fig. 7.20 shows the 90%C.L. allowed region of the gallium experiments where it is 

further limited to the region which overlaps with that already obtained for the chlorine 

experiment. The allowed region has moved outside of the MSW triangle . Fig. 7.21 

shows the time variation of the neutrino flux for the 37CJ and 71 Ga experimen ts in terms 

of the magnetic field for typical parameters in the allowed region. 
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(iii) Region where the Kamiokande result is also satisfied 

The Kamiokande result does not show any significant time variation in correlation 

with sun-spot numbers . This outcome must be satisfied. 

The expected time variation of a hybrid model in Kamiokande is calculated by 

Rkam = CXkamNss + f3kam, (eq 7-22) 

where Rkam is the expected ratio, and CXJ<am and f3kam are obtained by 

Rkam(Bomin) - Rkam(Bomax) f3 - Rk (Bo . ) _ a x 20 
, kam - am nun · 

20 - 150 
(eq 7-23) 

The relation (eq 7-22) is also checked for each osci ll ation parameter set by the x2 test 

defined in (eq 6-12) for the 7 data points from different data taking periods . If the x2 is 

allowed at 90%C.L. , the input configuration of magnetic field and parameters J-LvB, 

sin228 and om2 was regarded as an allowed parameter set for the Kamiokande result. 

The regions of 90%C .L. allowed points simultaneousl y satisfying both the 

Kamiokande and chlorine experiments are shown in Fig. 7.22. The expected time 

variations of these experiments with typical parameters in that region are shown in Fig. 

7.23 . The event rate of the gallium experiments tends to be small in these regions. 

The regions where the three types of experiments are simultaneously satisfied are 

limited to the small areas shown in Fig. 7.24. The regions are 

(s 1) sin228 - I, &n2 - 2x 1Q-9 eVZ 

for an Akhmedov type profile with B1 ~ I MGauss (assuming 1-Lv = 1 Q-II,uB), 

(s2) s in228 - 0.01, om2 - 6x 1 o-8 eV2 

for an Akhmedov type profile, but with B1 - 3 MGauss, 

(s3) s in228 ~ 6x10-2, om2 - J0-8 

for a profile where the magnetic field is flat at 0.65 < r!Rsun < I, and zero at 

riRsun < 0.65, 

(s4) sin228 ~ 3x l0-2, om2 - IQ-8 

for a profi le where the magnetic field is flat in the sun, 0 < r1R5un < 1. 

These parameter regions require a change of magnetic field in the convection zone from 

about 20 kGauss (at solar minimum) to 50 kGauss (at solar maximum) in order to vary 
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the solar neutrino flux sufficiently for the 37Cl experiment. Expected time variations 

with typical parameters in those regions are shown in Fig. 7.25 . 

We found that if we assume an Akhmedov type profile of the solar magneti c field , 

the possible solut ions are limi ted to a very small region and a large mix1ng angle 

(sin228 - 1, om2- 2 x I0-9 eVZ) seems to be favored . We must note that a large 

mixing soluti on creates a large amount ofve, and the ve flux limit obtained by 

Kamiokande may be able to exclude the region. If we suppose a flat profile of the 

magnetic field, an all owed region appears around sin228 < 0.1 and Om2 - J0-8 eV2 In 

[ref I-32], which assumes a flat magnetic field in the sun, an allowed reg1on for the 

chlorine and Kamiokande results is indicated around sin228 - 0.2 and 5m2 ~ 10- 7 (see 

Fig. 7.26), and they claim that the neutrino flux for gallium becomes so small in th1s 

region that none of the parameters can satisfy all the experimental results. This is 

inconsis tent with our results . The difference seems to arise from the fact that we have 

chosen the best fit function for the time variation of the chlorine experiment to match the 

central value derived by the experimental group. 

The neutrino spectrum and its time variation depends on the configuration of the 

magnetic field and, therefore, if the hybrid model is the ri ght solution, we will be ab le 

to probe the profile of the magnetic field in the sun wi th neutrino observations 

7.3. Implication of the ve flux limit to the hybrid solution 

7.3 .1. v c creation in the hybrid model 

Possib le solutions to the neutrino deficit and the time variation were found in the 

framework of the hybrid model as shown in the previous subsection . There is an 

allowed region at large mixing angle sin228 - 1 and with om2 - 2 x I o-9 eV2 for a 

particular profile of the solar magnetic field . With such parameters, a large amount ofve 

creation could take place as seen in Fig. 7.27 through the process : 

__..,. -
RSFP Vacuwn Oscillation v e 
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Kamiokande has an ability to observe those ve very efficiently because of the large 

cross section ofve on protons (eq 4-21). We calculated the expected number ofve 

events in Kamiokande for various configurations of the solar magnetic field . Fig. 7.28 

shows the expected number of events per day (passing all the selection criteria) above 

13 MeV of positron energy, where the observed event rate was 16 events I 594 days . 

When the strength of the magnetic field in the radiation zone is large (UvBt?: I MGauss 

x J0-1 1 ~-ta), Ve are efficiently created due to spin flavor precession in the radiation zone 

(see Fig. 7.29) for the parameter range of J0-7 S om2f£ S J0-4 (eV2fMeV), 10-1.2 :::; 

sin228 S JQ-0.5 For the case of the parameter region om2f£:::; IQ-7 (eV2fMeV), 

sin228?: J0-1.5, spin flavor precession occurs mostly in the convection zone (see Fig. 

7.27), and a large amount ofve creation can be expected with ~-tvBo ?: 20 kGauss x lO

ll l-I-B · 

7.3.2. Excluded reg ion of hybrid model 

We obtained a spectrum independent but conservative flux limit on ve at each energy 

point in section 6.4. We found some possible parameter sets (~-tvBsun, sin228, om2) 

with which all the experimental results, including both neutrino deficit and time 

variation, can be explained simultaneously. There is a large mixing solution where a 

large amount ofve creation is expected. Hence, the Ve flux limit in the parameter space 

of ,uvBsun , sin228, om2 will be important information in order to find the right 

solution . We used the data from Kam-2 gain x 2 in order to limit the parameter space. 

The average sun-spot number for this period was about 145, and the limit from the data 

can be regarded as that for a solar maximum period. 

The spectrum independent ve flux limit gives most the strict value, 4.5% x MeV 

(unit of MeV represents the width of the Ve energy distribution), at 12.5 MeV with 

respect to the 8B solar neutrino flux of the SSM prediction. But if we once fix the 

parameters ~-tvBsun, sin228, om 2, we can derive the expected energy spectrum of 

positrons which are created by the VeP _,. e+n reaction, then we can utilize the spectrum 

information to obtain the ve limits . We can therefore obtain a much stricter limit such as 
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an 0(1%) transition of 8B neutrino to ve. Expected energy spectra with typical 

parameters are shown in Fig. 7.30. Fig. 7.31 shows exclusion regions (90%C .L.) in 

the sin228 vs. om2 plane for various configurations of solar magnetic field . 

The resulting excluded region is slightly influenced by the profile of the magnetic 

field. They are 

(el) ]Q-7 :::: om2:::: J0-4, J0-1.4 :::: sin228 S J0-04 

with Bt?: 3 MGauss (ttv = JQ-ll~ta), and 

(e2) sin2282: Jo-1.5, om2:::: J0-6.5 

with Bo - 50 kGauss . 

The excluded region (e2) depends only on the strength of magnetic field in the 

convection zone which is essential for inducing the time variation of neutrino flux We 

can give an exclusion region when Bo is greater than about 20 kGauss. All hybrid 

solutions obtained in subsection 7.2.3 requires larger magnetic strength than 20 

kGauss . The excluded region (e2) covers almost the whole area obtained in reference 

[ref 1-32] (Fig. 7.26), in which the chlorine and Kamiokande results but not gallium 

results are explained at the same time. The Ve flux limit (e2) also reject the large mi xmg 

solution (sl) obtained in the previous section. Therefore, the remaining allowed regi ons 

are the small mixing solutions (s2), (s3) and (s4). 
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Chapter 8. Conclusion & Summary 

8. Conclusion & Summary 

The Kamiokande solar neutrino observation entered into a new phase called 

Kamiokande-3 in December 1990. The performance of the detector was improved by 

new electronics, light reflectors and a new radon free air system (see chapter 4). Due to 

this improvement, the threshold energy for the solar neutrino observation was lowered 

to 7.0 MeV as of November 199 1. The solar neutrino measurement extended up to 514 

days, and the observation period has covered an entire so lar maximum period . The 

solar neutrino flux obtained by Kamiokande-3 (section 6.1 ), 

data +0.064 
SSMspn = 0.574 -0.059 :t 0.061, 

is consistent with the previous Kamiokande-2 result The combined result from 1557 

days of data is 

data +0.043 
SSMapn = 0.514-0.037 :t 0.061. 

This ratio corresponds to 439 ~j~.·~ solar neutrino events in 1557 days of observatiOn 

All four ongoing solar neutrino experiments, Chlorine, Kamiokande, SAGE and 

GALLEX have reported neutrino deficits . This solar neutrino problem is difficul t to 

explain by any SSM modifications (section 1.4). Neutrino oscillation solutions are 

possible explanations of the problem. The allowed MSW parameter regions where all of 

the solar neutrino measurements, including the energy spectrum observation by 

Kamiokande, can be explained are limited to two separated areas around (sin22 e, 
c5m2[eV2]) = (I0-2.1, l0-5.3) and (lo-0.1, I0-5 .3). The just-so solution of neutrino 

oscillations has been ruled out at 90%C.L.(section 7.1 ). 

The time variation of the neutrino flux observed by the Chlorine experiment was 

parametrized as a the linear function of the sun-spot numbers (section 6.3), 

£~~f37c 1 = (-0.90 ± 034) x I0-3N55 + (0 .369 ± 0.045), 
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and the significance level was found to be 2.7o. If one takes this correlation positively, 

it requires, for example, a neutrino (transition) magnetic moment as large as - 10-ll,u8 . 

The same relation obtained from Kamiokande for all the available data is 

data _ ( +1.02 _3 +0.140 
SSMkam - -0.21 -1.05 )xiO Nss + (0 .536 -0.128) 

and that for 9 .3 MeV common threshold is 

data _ ( +1.07 _3 ~ +0.141 
SSMkam - - 0.57-1.08 )x10 Nss + (0 .5J4 -0.133 ). 

These results are consistent with no correlation. 

A spectrum independent solarve flux limit (see Fig. 6.12) taking advantage of the 

large cross section ofvc on proton targets was given in this thesis for the first time. The 

flux limit was compared to the 8B solar neutrino flux, and the most strict limit (but a 

conservative limit) was obtained as (section 6.4) 

r/J(ve) I < 4.5%xMeV. 
r/JSSM(v88 ) Ev~ 12 . 5MeV 

If we assume a specific mechanism such as a hybrid model ofve creation, then we can 

calculate the energy spectrum of v e· In this case, we can reject more than a 1% 

transition of8B neutrinos to ve (section 7.3). 

The most plausible approach to explain both the time variation and the deficit of the 

solar neutrino flux is a hybrid model. An extensive study on this aspect was undertaken 

in this thesis and the results of the solar ve limits were used as a valuable input for this 

study . 

A transition magnetic moment of a Majorana neutrino is less restricted than that of a 

Dirac neutrino and the required value to explain the solar neutrino problem seems not to 

contradict the upper limits deduced from terrestrial experiments and astrophysical 

observations (section 2.2) . Hence, we studied hybrid solutions (section 7.2) with the 

assumption of Majorana neutrinos . We found the parameters with which all the 

experimental data (the neutrino deficit in the 37CJ, Kamiokande and 71Ga experiments 
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along with the time variation in the 37CJ experiment and the lack of time variation in 

Kamiokande) are satisfied. The parameters obtained are: 

(sl) sin221J - 1, om2 - 2xi0-9 eV2 

for an Akhmedov type profile with B1 S I MGauss (assuming ,LI-v = 1 O-ll .ug), 

(s2) sin221J - 0.01, om2 - 6xlo-8 eVZ 

for an Akhmedov type profile, but with B1 - 3 MGauss, 

(s3.) sin221J S 6xi0-2, om2 - I0-8 

for a profile where the magnetic field is flat at 0.65 < r /Rsun < 1, and zero at 

r /Rsun < 0.65, 

(s4) sin221J ::S 3xi0-2, om2 - I0-8 

for a profile where the magnetic field is flat in the sun, 0 < riRsun < 1 

These parameter regions require the change of magnetic field in the convection zone 

from about 20 kGauss (at solar minimum) to 50 kGauss (at solar max1mum) m order to 

obtain sufficient time va1iation of the solar neutrino flux . 

Hybrid models with Majorana type neutrinos generate ve through the process, 

_., 
RSFP 

_., -
Vacuum Oscillation v e · 

This Ve creation is efficient when the mixing angle is large and the magnetic field is 

larger than - 20 kGauss (assuming ~1-v = IO-ll ,ug) : the hybrid solution (s I) satisfies the 

above condition . We gave excluded regions in the parameter space (UvBsuru sin221J, 

om2) from the ve flux limit ofKamiokande (section 7.3): 

(el) lo-7 :::; om2 :::; 10-4, Io-1.4 :::; sin221J S 10-04 

with B1 ;:: 3 MGauss (/l'V = JO-ll,us), and 

(e2) sin221J ::: to-1.5, om2 :::; ro-6.5 

with Bo - 50 kGauss . 

The excluded region in (e2) comes to appear when Bo ?: 20 kGauss . 

Region (e2) includes region (s1), and therefore, the large mixing solution (sl) IS 

rejected by the ve flux limit from Kamiokande. The remaining hybrid model solutions 

are small mixing (s2), (s3) and (s4). 
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Appendix A. 

PMTs for Kamiokande-11 

The 20 inch-diameter photo-multiplier tube (20"<1> PMT) used in the Kamiokande 

detector was specially developed by Hamamatsu Photonics Co. in cooperation with 

some members of the Kamiokande collaboration [ref A-I] . This large PMT enable us to 

obtain a large photosensitive coverage (-20%) with a relatively small number ofPMTs 

This development was essential for performing solar neutrino observation with the 

water Cherenkov detector. 

The structure of the 20"<1> PMT is shown in F ig . A . l. The structure and the 

arrangement of the focusing electrode were carefully designed on the basis of an 

electron trajectory simulation to optimize both the transit time spread and the 

photoelectron collection efficiency at the same time. 

The electron trajectories shown in Fig. 4.6 are examples of the computer simulation 

with a voltage bias of 800 V between the cathode and the focusing electrode. The 

voltage divider was designed to provide sufficient gain and good photoelectron 

collection efficiency even under the weak magnetic field of the earth. 

Fig. A.2 shows the spectral dependence of its quantum efficiency, which exhibits 

the typical characteristics of a bi-alkali photo-cathode. The Cherenkov light spectrum 

(with the peak normalized to I 00%) after traversing 15 m of pure water is also shown 

in the same figure. The wave length at the peak quantum efficiency is well matched to 

the Cherenkov radiation spectrum. The uniformity of the photo-cathode quantum 

efficiency (called the cathode uniformity) is reasonably flat. The pulse height of the 

output signal, however, depends on the position of the incident light at the photo

cathode surface (called the anode uniformity) as shown in Fig. A.3. 
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The time response of the PMT is very good in spite of the long distance between the 

photo-cathode and the first dynode. The transit time spread (I a) is 4. 7 nsec at 1 p.e. for 

a typical PMT. 

The effect of a magnetic field on the PMT gain (see Fig. A.4) cannot be avoided. 

The existence of a magnetic field (of the order of several hundred mGauss) is a serious 

problem for the 20"<1> PMT, because of the long distance between the photo-cathode and 

the first dynode. Therefore, we tried to eliminate the geomagnetic field (0.45 gauss) by 

the following two methods: 

• A compensation coil surrounding the detector was arranged as shown in Fig. A.S 

for a global cancellation of the magnetic field . The typical strength of the 

geomagnetic field near a PMT was reduced to 0.1 gauss; 

• Each PMT is shielded with a f.t-metal (78% Ni) mesh (which causes I3% 

absorption of the incident light) in front and with a cone-shape f.t-metal plate at the 

back as shown in Fig. A.6. This combination of shields suppresses the magnetic 

field by a factor of 3 to 8, depending on the relative orientation of the PMT with 

respect to the geomagnetic field. 

The resultant magnetic field inside the PMT is less than 0.03 gauss. The effect of the 

residual magnetic field is, then, negligible as seen in Fig. A.4. 

The gain of the PMT has been monitored using the light output of penetrating 

muons, and it has been stable within :t 3% for more than 6 years. 

Since the PMTs are placed in water for long time, they must be waterproof. The 

PMT base is surrounded by a PVC pipe and filled with polyurethane (see Fig. A. 7) . 

Two coaxial cables, one for the H. V. and the other for the signal, are waterproofed by 

using a small PVC pipe tightened by a heat-shrinking tube at the connection to the base. 

Each PMT of the inner detector is held by a housing that is attached to the support 

frame on the inner surface of the water tank as shown in Fig. A.8 . The PMT housing is 

made by two stainless steel belts with neoprene rubber to support the PMT onto a 1 m x 

I m stain less frame. The support frame, which is designed by considering the centers 

of buoyancy and mass, is bolted to the tank at the barrel every I m in the horizontal 
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direction and every 3 m in the vertical direction , at the top every 3 m and I m tn 

perpendicular directions, and at the bottom every 2 m and I m in perpendicular 

directions. The top and bottom sections accommodate 164 and 160 PMTs, respectively, 

and the spacing is exactly I m between adjacent PMT in rows and columns. The barrel 

section accommodates 624 PMTs (13 in column by 48 in row) with a spacing of0.945 

m between PMTs in adjacent columns and I m between PMTs in adjacent rows. 

References 

(A-I] H.Kume et al., NIM 205(1986)443. 
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Appendix B. 

Electronics for Kamiokande-11 

For Kamiokande-II [ref 4-3,8-1] , the signal was divided into two: one was fed to the 

electronics which had been used for Kamiokande-I, and the other to that for the Kam-2. 

In the solar neutrino observation, timing information is crucial. The block diagram of 

the signal flow is shown in Fig. B. I. 

The special features of the Kamiokande-II electronics are 

• low noise for one photo-electron counting (the threshold could be set to - 0.35 p.e. 

and finally to - 0. 18 p.e. after the gain doubling), 

• 4 depth analog memory capacitors for both timing and charge measurement aiming 

at being dead time free (the single channel dead time is 800 nsec after a signal 

detection), 

• I nsec precision for the timing information with a !O-bit full scale, 

• 0. 1 p.e . (gainxl) precision for the pulse height measurement with a 14-bit full 

scale, 

• 44-bit clock which can record the global trigger time with the precision of20 nsec, 

• on-line control lab le discriminator for each channel (0.1 p.e. to 3 p.e. for gainx 1 

with 6-bit full scale), 

• 6 channels of g lobal trigger inputs which can be separately enabled or disabled 

under computer control , and 

• 8-bit trigger identification so as not to mix up the data from different physical 

events . 

The electronics consists of 272 front end cards (FEC), 16 control cards (CC), 15 

trigger processi ng cards and one timing card. There were 15 crates for the inner detector 

and 2 crates for the anti-counter. Every crate for the inner counter contains 16 FECs, 1 

CC and 1 trigger processing card, while the crate for the anti-counter contains 16 FECs 
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and only one CC for the two crates. A FEC can process four channels of si gnals . The 

function of each card is given below. 

+ Front end card (FEC): 

A FEC processes signals from 4 PMTs . It splits the PMT signal into two. One of 

them is sent to the Kamiokande-l electronics which has only ADC information and is 

not used for this analysis . Another one is amplified and discriminated with the 

threshold of - 0.35 p.e. for gainxl set by a computer with a 6-bit full scale (0 .1 to 3 

p.e. for gainxl) DAC. If the input signal exceeds the threshold , digital (100 nsec in 

width and - 5 m V in height) and analog signals are transmitted to the trigger card 

The FEC integrates the charge of the input signal for the pul se-height measurement, 

and constantly charges up the capacitor for the timing measurement until the global 

trigger distributed from the trigger card stops it. If the global trigger docs not am vc 

withi 11 400 nsec after the discrimination, it needs an additional 400 nsec to reset the 

capacitors . If the global trigger occurs, then the FEC holds the voltages for ch arge 

and time information on one of four sets of analog memories until the CC in the 

same crate digitizes them . The FEC loads the trigger identification from the tri gger 

card through the CC and holds it until the CC reads it. The linearity of the data ts 

kept up to 400 nsec and 800 p.e. (gainx1) within 1% of the full scale. 

+ Control card (CC) : 

A CC scans 16 FECs (64 channels) in the same crate and digitizes the time and 

charge with !O-bit and 14-bit full scales, if they exist. It takes about 2 .7 msec to scan 

all the FECs and takes about 50 f!Sec for one charge digitization . The CC loads the 

trigger ID from the FEC and stores it in a 8-bit x 512 FIFO memory with the 

digitized data . It needs 6 bytes for a hit. The CC distributes the new trigger ID, 

which is counted up by the timing card for next event, to the FECs. The stored data 

are read out asynchronously by the on-line computer. 

+ Trigger card: 

A trigger card sums up the discriminator outputs from 64 channels in the same 

crate. One hit corresponds to about 5 m V. Then, the master trigger card performs the 
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total sum of the signals from the 15 trigger cards. If the total sum exceeds the preset 

master threshold (- 112 m V), the trigger is fed into the timing card which generates a 

global trigger. 

+ Timing card: 

The timing card receives the trigger signal from the master trigger card and 

distributes the trigger to the FECs, the CCs and so on. It records the time with the 

precision of 20 nsec (44-bit full width), the trigger ID and the trigger mode onto 

FIFO memories (two fast 8-bit x 64 word memories arranged in parallel). Then, the 

timing card counts up the trigger ID (8-bit) for the next event. The event time can be 

counted up to 9. 77 hours with the 44-bit counter. 

References 

[B-1] S.B.Kim, Ph .D .thesis, Univ.ofPennsylvania (1989). 
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Calibration & Stability Check 

C.1. Energy Calibration 

Energy measurement is an advantage of the Kamiokande detector. The energy 

spectrum of the solar neutrinos can be tested through a measurement of that of the rec •II 

electrons from vee- elastic scattering. In the case of ve observation by vcp--+e 

interaction, we can obtain an incident neutrino energy on an event by event basts 

through the relation Ec+ = E,,
0

- 1.293 MeV. This ability makes Kamiokande sensitive 

to possible ve creation in the sun as expected in a certain hybtid model. 

It is, therefore, important to calibrate the absolute energy scale of the detector tn 

either case. 

We have frequently perfom1ed precise calibrations of the absolute energy scale with 

gamma rays emitted from Ni(n,y)Ni' reaction; the energy is similar to that of solar 

neutrinos . Additional energy calibrations in the different energy regions were also 

performed with spallation products and with electrons from f.t-e decays. 

C. I.l. Ni(n,y)N i' ca li bratio n 

The most precise cali bration of the absolute energy scale has been done using 

gamma rays from a neutron capture reaction of nickel nuclei . A schematic view of the 

calibration source is shown in Fig. C. I. This calibration was also used for the 

adjustment of detector parameters used in the Monte Cairo simulation as described in 

subsection 5.2.3. 

We used natural nickel for the calibration, for which the abundance is 58Ni: 68.27%, 

60Ni: 26 .10%, 61Ni: 1. 13%, 62Ni: 3.59% and 64Ni: 0.91%. Their capture cross 

sections for thermal neutrons are 4.4, 2.6, 2.0, 15 and 1.52 barn, respectively . They 

emit gamma rays with the energies of 9.0, 7.8, 10.6, 6.8 and 6.1 MeV, respectively . 
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Energy levels of each gamma ray emission are shown in Fig. C.2. The major branch of 

the capture emits a 9.0 MeV gamma ray with the branching ratio of26%. 

A 252Cf fission source is used as the neutron source. 252Cf has a half life of 

Tuz='2.65y and disintegrates through a-decay (96.9%) and fission (3 .1%). It emits 

3.76 neutrons in a fission with an average energy of about 2 MeV. The neutrons get 

thermalized after an average of 19 scatterings off of protons in the water and travel 

about 2 em over a few micro seconds during these thermalization processes. Th e 

capture cross section on a proton is 0.33 bam and the mean li fe in water is about 200 

>tsec. The them1ali zed neutrons diffuse about 3 em before a capture takes place. We 

used 97 >tCi (4 2 x 105 n/s) and ! 50 nCi (65 x 102 n/s) sources for the calibration. 

The 252Cffission source is placed at the center of the cylindrical neutron converter 

made ofNi with 0.1 em thickness. The size of the converter is 9.5 em in diameter and 

16 em in height. The inside of the converter is naturally filled with pure water when 

immersed in the water tank, which works as a moderator of the fission neutrons 

(hereafter Ni-Cfy-source). About one tenth of the neutrons are captured by the N i with 

this configuration. This high-rate-source can provide high statistics and a precise 

calibration of the absolute energy scale. 

The energy spectrum obtained by the Ni -Cf source is shown in Fig. C.3 . The N i-Cf 

source contains some backgrounds such as low energy gamma rays from fission itself 

and from the p(n,y)D reaction which emits 2.2 MeV gamma rays . We used data taken 

without the Ni converter in order to subtract thei r contributions. When we take the 

background data, we must consider the distortion of the energy spectrum which is 

caused by the beta ray emitted from the fi ss ion products and the Compton scattering of 

gam ma rays by the moderating water and by the fact that the removal of the Ni 

converter makes the Cherenkov emission in the region near the source more likely to be 

seen by the PMTs. We avoided these distortions by using the same size polyethylene 

container instead of the Ni converter in measuring the background. 

The background subtracti on is the main source of the systematic error for this 

ca libration . The background spectrum is monotonously decreasing as a function of 
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energy as seen in Fig. C.4. Hence, when we subtract the background spectrum, if the 

background is overestimated then the peak value of the Ni(n,y)Ni' spectrum will be 

shifted to a larger value, and if underestimated then the peak will become lower. The 

calibration-runs were taken at a very low energy threshold (about 2.5 MeV) and th 

trigger rate was so high that the dead time was rather large. It makes it difficult to obtain 

the exact run-time; a 0.5% shift of the peak is caused by a 4% error of the run-time 

estimation. We avoided thi s difficulty by counting up the muon even t rate, being 

considered as constant for a short calibration time (a few hours), and we were ab le to 

calculate the run time with about 2% accuracy. This corresponds to 0.25% systematl • 

error for the calibration. 

The alternative way to subtract the background spectrum is to adjust the shape of the 

Ni+Cf data and the Ni(M.C.)+Cf data (this means the normal ization factor of the 

background spectrum is treated as free parameter), which was adopted for the 

Kamiokande-II analys is . From the difference between the muon counting method and 

the shape adjustment method, we estimated the systematic error to be less than 0.5%. 

Fig. C.5 shows the energy spectrum of the Ni(n,y)Ni' reaction which is obtai ned by 

sub tracting the spectrum in Fig. C.4 from that in Fig. C.3 after the normali zation. 

The long time stability of the detector is important in studying time variations such as 

an anti-correlation of neutrino flux with sunspot numbers. The stability of the detector 

is regularly checked by the total number of photo-electrons of penetrating muons. This 

process is much hi gher than the solar neutrino energy . The frequent calibrations with 

the Ni(n,y)Ni', which represents the low energy response of the detector, are also used 

to study the long term stability . The stability of the Kami okande detector has been 

found to be within :r2 .3% throughout all of the observation time; Kam-2 (gainx1), 

Kam-2 (gainx2) [ref 1-8] and Kam-3 as shown in Fig. C.6. We must note that a I% 

uncertainty in the absolute energy scale results in 5%, 3% or 2% systematic errors on 

the solar neutrino flux for a 9.3 MeV, 7.5 MeV or 7.0 MeV threshold, respectively . We 

estimated the systematic error on the average solar neutrino flux from the absolute gain 

calibration as 7.5% for all combined data. 
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C.1.2. ~-t-e decay 

We can also use ~t-e decay as another calibration source. The spectrum of the decay 

electron is expressed as follows [refC-l], 

dN Cf1 4£ -=-- m 2£2 (3 __ c) 
dEe 12n) fl e mfl ' 

(eq C-1) 

The maximum energy and the average energy are 53 MeV and 37 MeV, respectively . 

This high energy calibration source supplements the Ni(n,y)Ni' calibration for which 

the energy region is around 9 MeV. 

Kamiokande observes stopping muons at a rate of -400 events/day (-1/100 of the 

total muon rate) and - 100 events/clay in the fiducial volume (680 tons). We used the 

electrons, which are observed in the fiducial volume and decayed with the ti me 

difference of l.S ~tsec to 20 ~tsec from the parent muons for the energy calibration . 

This electron spectrum can be compared with the Monte Carlo simulation in which the 

energy scale is adjusted by the Ni(n,y)Ni' calibration. The ratio of their mean pulse 

heights is obtained [ref l-8], 

Data(w->-e) 

M.C.(w-•e) 
0.99± 0.03, 

where the error of the ratio is evaluated from the systematic error of the Ni(n,y)Ni' 

cali bration mentioned in subsection C.l.l. The pulse height distribution of the decay 

electron is well reproduced by the Monte Cairo simulation within the systematic error of 

the absolute energy calibration. 

Unfortunately , we could not use the decay electrons for the absolute energy 

calibration in Kam-3 , because a hit channel is di sabled for 240 ~-tsec at most after the 

detection of a large pul se height such as a high energy muons. 

C.2. Timing Calibration 

The timing information of each PMT is essential for vertex reconstructi on. Th e 

relative timing is obtai ned for each PMT-hit, but it is influenced by the pulse height of 

the hit PMT (the slewing effect) . Hence, we need correction maps to adjust timing (T) 
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for different pulse heights (Q), for all channels. The map is called the TQ-map. The 

map further includes the effect of the difference of each PMT response, the time delay 

in cable. The slewing effect in master trigger discrimination is not important to the 

vertex reconstruction because it does not affect the relative timing of each hit within an 

event. 

A light source, a N2-l aser, which emits intense li ght within a very short time was 

used to make the TQ-map. The flash timing can be accurately controlled and measured. 

The N2 laser can emits intense 337 nm light with a pulse width less than 3 nsec. The 

configuration of the light source is shown in Fig. C.7. The N2 laser is placed outside of 

the Kamiokande detector. For Kamiokande-2, the emitted light is attenuated by the 

combination of 5 filters and guided in the detector through a 50m quartz fiber. It IS 

injected into a Pyrex container at the center of the detector. The solution of colloidal 

silica in the con tainer diffuses the light which, subsequently, is emitted sphencally For 

Kamiokande-3, the wave length of the light is converted by dye (BPBD365, peak 366 

nm, region 360-390 nm) to produce light closer to the Cherenkov spectrum. This li ght 

imitating Cherenkov spectrum is attenuated by 7 filters and then goes into MgO diffuser 

resolved in a 7 em <P acrylic ball at the center of the detector and goes out spherically . 

The effective difference between Kam-2 and Kam-3 is the spectrum of the light: a 

monochromatic wave length (337 nm) for Kam-2 and a wave length spread by dye for 

Kam-3. Trigger timing is determined by the PIN photo-diode which gets laser light 

from a beam splitter set before the fi lters for li ght attenuation . Various filter 

configurations are used for each calibration so that all PMTs can receive photons with 

the required intensity ranging 0 to 300 photo-electrons . We subtract the time of flight 

from observed timing information and fill every hit in a two dimensional (photo

electrons vs . time) histogram (TQ-map). A typical pattern of the TQ-map is shown in 

Fig. C.8. We have correction parameter maps for all 948 inner-PMTs. Each PMT has 

two electronics circuits called the A channel and B channel in the Kam-3 case. They 

must be separately considered; therefore the number of parameter maps becomes 

948x2. Time spread (timing resolution) for various photo-electrons is already shown in 
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Fig. 4.11 . The new PMTs, which have an improved dynode and focusing, achieved 

less than 3 nsec timing resolution at the one photo-electron level. 

C.3. Transparency of the water 

A PMT catches the Cherenkov light which traverses the water with an average path 

length of about I Om . A change of the water transparency causes a change in the pulse 

height through the attenuation of the light in the water. If the attenuation length is 

sufficiently long, its change will only slightly influence the PMT output. We want to 

stabilize the number of hit PMTs within a few percent accuracy. Therefore, we have 

monitored the water transparency by using through-going muons, continuously. 

Neglecting the anisotropy of the cathode sensitivity (this is small factor as described 

in appendix A and section 4.5), charge output from the i-th PMT, Qi, is expressed by 

Q = A S(IJ,) e-fo 
I I Li (eq C-2) 

where Ai is related to the total pulse height of the through-going muon, Lithe distance 

from the hit PMT to the point where muon emitted the Cherenkov photon, (]i is the 

opening angle between the photon direction and the direction PMTi is facing, and S(IJi) 

is the effective surface area of the PMT cathode from the direction of ei. We can 

measure the quantities Qi, Li, IJi and S(IJi), and therefore, can calculate the attenuation 

length oftl1e Cherenkov light in the following way. 

The expression (eq C-2) can be rewritten as 

QiLi Li 
logS(IJi) =-Lo + logAi , (eq C-3) 

· OL 
or WIth new parameters x = Li, y = loo~ 

"'S(8i) ' 

(eq C-4) 

If we plot the observed data on the x-y plane, we can obtain a linear distribution like 

Fig. C.9. Then, the inverse of the slope factor is the attenuation length of the 
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Cherenkov light. We must note that the attenuation length is an averaged and 

approximate value, because a realistic expression of(eq C-2) is more complex, 

J 
S(8) __ L_ . 

Q= d}..Ai(A)L e Lo( l.) + (scattenng). (eq C-5) 

The transparencies thus obtained are plotted in Fig. C. l O. lt is found that the 

attenuation length is stable at a value of around 60 m. 

The wave length dependence of the attenuation length used for the detector 

simulation in Kam-3 are shown in Fig. C. ll [ref C-2,C-3] . The detector simulat1on well 

reproduces the measured transparency. For example, if we apply the above procedure 

to the detector simulation used in Kam-3, the attenuation length becomes about 55 m 

We want to mention that the value 60 m is not limited by a basic physical process such 

as Rayleigh scattering. In Fig. C. II, long wave length hght IS mainly absorbed by 

water itself and we cannot extend the attenuation length in that region. Fortunately, the 

most valuable wave length for the quantum efficiency of the PMT is around 390 nm 

and the light attenuation in this efficient region is not dominated by the absorption by 

water. Short wave lengths seem to be mainly absorbed or scattered by impurities or 

dust in the water. The cross section of Rayleigh scattering (also shown in Fig. C. II) 

which mainly limits the transparency for short wave lengths (a ex: ]/}._4) IS one order of 

magnitude smaller than the value used. We can, therefore, improve the attenuation 

length by purifying the water more and more. 

One may worry about the small discrepancy of the attenuation length between the 

measured value (60 m) and the value used in the detector simulation (55 m) . But, th1s 

effect turned out to be sufficiently small. The detector simulation is used for phenomena 

where photons traverse the water for only about !Om . Then the effect of this 

discrepancy to the energy scale will be less than 

[exp(- 1%o)- exp(- 10/ss)] I exp(- 1%o) = 1.5%. 

We want to control the effect of the discrepancy in the energy scale to be within 2.3%, 

which is the maximum contribution from the absolute energy calibration in the known 

systematic errors . 
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The attenuation length of the water has varied greatly in the early stage ofKam-2 as 

seen in the Fig. C.l 0. Hence, we have made a correction for the transparency when we 

calculate an energy in the Kam-2 analysis (see subsection 5.1.4). Fortunately, the 

attenuation length is quite stable and long enough (60 m) in Kam-3 , we, therefore, do 

not make the correction. 

C.4. Gain Stability 

Drift of the PMT gain rarely influences the solar neutrino observation, for which we 

mainly use the number of hit PMTs for the energy scale. A 5% change ofPMT gain 

induces about a I% change in the number of hit PMTs. A gain change may instead 

affect the efficiency of the spallation cut used for the solar neutrino analysis because the 

spallation cut uses light output information for the parent muon selection. 

The long term stability of the absolute energy scale has been traced by the 

Ni(n,y)Ni' . But, this is a stability check for the number of hit PMTs. We have 

monitored the real time gain stability, indirectly, by the light output of penetrating 

muons. Fig. C.l2 shows the observed number of photo-electrons per unit track-length 

(m) of a penetration muon. The average value of the number of photo-electrons 

increased by a factor of 1.27 due to light reflectors in Kam-3 . 

Strong light from a "flash tube" sometimes lowered the PMT gain. The cause of a 

flash tube is thought to be the leakage of water into the PMT. The resu ltant luminous 

light lowers the gain of surrounding PMTs. Such a gain change is at most 10% and its 

maximum change results in a 2% change of the absolute energy scale (number of hit 

PMTs). Thus, we did not use such data for the solar neutrino analysis. Event loss due 

to this cut amounted to about 5% even with the improvement of the H .V . monitor 

system described in subsection 4.5.3 . A quick search for "flash tubes" is an important 

task for long term solar neutrino observation . 

C.5. Dead tubes 
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The PMT was carefully designed to be waterproof. But unexpected damage to 

cables, incomplete water-tightness for the bleeder-chain and the cable exit, and cracks 

in the junction of the PMT and water proofing structure cause leaks of water. Such a 

PMT suddenly or gradually becomes a flash tube, which ends its life. As the number of 

dead tubes increases, the number of hit PMT for the same energy decreases. 

There are also noisy PMTs and broken electronics channels which sometimes 

produce fake signals with very high rates. These channels accidentally 1ncrease the 

number of hit PMTs. Therefore, we masked such noisy channels in the analySJS 

We must correct the energy scale considering the change of the number of masked 

channels . We used a correction factor; (948 - No) I (948 - Ndcad) for the energy 

calculation, where No is the number of dead or noi sy PMTs (which were masked) at a 

fixed time and Ndead is the number of dead or noisy PMTs at the time when the event 

was observed. We replaced all the dead PMTs when we improved the Kam10kande 

detector from Kam-2 to Kam-3 . Unfortunately, the sudden temperature change from 

- 20°C to - I I oc caused by fi ll ing up the tank with water made 70 PMTs go out of order 

instantly. After that the rate of dead PMTs was about 20 PMTs/year. 
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Appendix D. Future Prospects 

The solar neutrino problem has not yet been resolved by the first generation 

experiments. What is needed in second generation experiments are (i) high stati stics, 

(ii) neutral current measurement, and (iii) energy spectrum observation in the low 

energy region such as that of pp and 7Be neutrinos as well as BB neutrinos . 

(a) Super Kamiokande [ref 4- 16,D-1] 

Super Kamiokande, the scaled up version of Kamiokande, is a high statistics 

experiment for which the expected event rate of8B neutrinos is 60 times larger than that 

in Kamiokandc. Such high statistics is accomplished because of its large fiducial 

volume (the design value is 22,000 tons which gains a factor of 30 with respect to the 

Kamiokande fiducial volume: 680 tons) and its low analysis threshold (we aim for a 5 

MeV threshold which gains a factor of 2 with respect to the Kamiokande analysis 

threshold : 7 MeV). 

Super Kamiokande is fu lly funded and is now in the excavation stage. Half of the 

dome had already appeared in October 1993. The physics run will be sta11ed in April 

1996. The characteristics and the estimated performance of Super Kamiokande is li sted 

in table D-1 together with that for Kamiokande-3 . 

The high stati sti cs measurement of 8B solar neutrino spectrum will distinguish the 

non-adiabatic solution from the quasi-vacuum solution which are still alive under the 

neutrino oscillation hypothesis, and will determine the existence of time variations such 

as day/night, seasonal and II years . Then, it will be possible to test the remaining 

quasi-vacuum soluti ons using day/night flu x informati on, and the just-so neutrino 

oscillati on solution will be judged using seasonal variation (note that the just-so 

solution for two fl avor mi xi ng hypothesis has already been rejected at 90% C.L. in this 

thesis) . Also, the II years' variability of the neutrino flux will tightly constrain the 

hybrid soluti ons. 
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{b) SNO [ref D-2] 

Sudbury Neutrino Observatory (SNO) is also a high statistics experiment for 8B 

neutrinos and is characterized by its ability to measure neutral current events . SNO is a 

heavy-water Cherenkov detector filled with 1,000 tons ofDzO and 1,700 tons ofHzO 

The neutrinos are detected through the charged current interaction (CC), 

Ve+d->p+p+e- (Q = -1.44MeV), 

the neutral current interaction (NC), 

Vx + d-> vx + p + n (Q = -2.2 MeV), 

(the resultant neutron is observed by (n ,y) reaction wi th the chlorine of MgCJ 2 

dissolved in DzO.) 

and also the neutrino-electron elastic scattering reaction (ES), 

(the predicted count rate of ES is about one tenth of CC reaction, but this is the 

primary detection mechanism for HzO detectors .) 

The experimental site of SNO is located at the Creighton mine near Sudbury, 

Ontario, Canada. Excavation of the 10,000 m3 dome had been fini shed in April 1993, 

and construction is scheduled to be completed in 1995. 

An excess of neutral current interaction rate over the charged current interaction rate 

can be a direct result of properties of neutrinos such as flavor mixing. This can 

determine whether the neutrino oscillation happens or not. The event rate of BB 

neutrinos is about half of that of Super Kamiokande, since the event rate of CC is about 

10 times larger than ES and the fiducial mass is about one twenti eth of super 

Kamiokande's. 

(c) BOREX and BOREXINO [ref D-3] 

BOREX (Gran Sasso) can observe both charged current interactions and neutral 

current interactions with 2,000 tons (fiducial mass) of boron-loaded liquid scintillator 

which contains about 200 tons of natural boron. BOREXINO is the prototype 
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experiment ofBOREX and it consists of 100 tons of liquid scintillator (about 10 tons of 

natural boron). Basic reactions in the detector are 

(i) NC: v + liB ..... v' + llB*(Ei) ..... y(Ei) + llB (Ei = 4.5, 5.0 MeV), 

(ii) CC: ve + llB ..... e· + llC*(£/)-+ y(£/) + llC (Eo, = 1.982 MeV), and 

(iii) v-e: v + e--+ v + e-. 

Expected event rates (BOREX) from the SSM are 

(i) 126 events I year by C (Ei = 4.5, 5.0 MeV), 

(ii) 2300 events I year by CC (Ee > 3.5 MeV), and 

(iii) 3000 events I year by v-e (lc.e > 3.5 MeV). 

They also aim for a very low energy threshold (250 keY) for 7Be neutrino observation, 

and the expected event rate for 7Be neutrinos is 

(iii) 1000 events I day by v-e (250 < T0 < 660 keY). 

The high statistics measurement of 7Be neutrinos can be achieved even by the 

BOREXINO detector (50 events I day). Small neutrino mass differences, JO-lleY2 < 

8m2< J0-8eV2, could cause the measured flux of 7Be neutrinos to oscillate with a 

period in the range of a week up to a year. Since 7Be neutrinos have monochromatic 

energies (0.38, 0.86 MeV) and the flux is relatively larger than that of neutrinos from 

other reactions except for pp neutrinos, the time variation is not smeared by a 

continuous neutrino spectrum. Hence, the experiment is suitable to search for neutrino 

oscillation in such a parameter region . The importance of the neutral current 

measurement is the same for SNO. 

In order to observe 7Be neutrinos, they must first overcome a severe requirement on 

radio-active impurity level in the scintillator (IO-l6g!g). 

(d) ICARUS, Indium , Hellaz and etc. 

Many other solar neutrino experiments are proposed and are in R&D stage. 
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ICARUS (Gran Sasso) [ref D-~1 is a large (15,000 tons of) liquid argon time 

projection chamber which is geared forward high stati stics observation of8B neutrinos 

through the reactions, 

(i) Vx + e--+ Vx + e- (8700 events I year with £ 0 > 5 MeV), and 

(ii) ve + 40Ar-+ 40K* + e- followed by 40K*--+ 40K + (1 or 2) y (2 MeV) (7200 

events I year withEe> 5 MeV). 

Indium experiments have the potential to observe the energy spectrum of pp 

neutrinos [refD-5] through the reaction, 

ve + 115Jn -+ ll5Sn* + e- (Eih = 128 keY) 

followed by ll5Sn*....,. ll5Sn + y (116 keY) or IT+ y (498 keY) (Tt/2 = 3.26 fLSec) 

But in order to overcome the difficulty of the background from indium itself (115In....,. 

115Sn + e-, Emax = 486 keY, 0.22 decays/sec/g), one [ref D-6] has changed the goal of 

the detector development to the observation of 7Be and pep neutrinos. The required 

performance will be accomplished by an indium loaded liquid scintillator. But the 

estimated event rate for 7Be neutrinos from the SSM is only about 70 events I year I 10 

tons of indium . 

The Recently proposed Hellaz experiment [rcfD-7] may be one of the ultimate solar 

neutrino experiments. It is a large Helium gas time projection chamber (!900m3 at I 0 

bar and 77°K weighing 12 tons) . The salient characteristics ofHellaz are as follows. 

(i) It uses neutrino-electron elastic scattering. 

(ii) It can measure neutrino energies with 5% accuracy (Te"' 100 keY or Ev"' 240 

keY, this means the pp neutrino spectrum is measurable) by solving the kinematics 

of the recoi l electron and neutrino direction (from the sun to the earth). 

(iii) Expected event rate is 6,000 events I year (Te;,: 100 keY) . 

Hellaz can measure the solar neutrino spectrum in almost the entire energy region and 

with high statistics, especially in the low energy region, which will supplement the 
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precise measurement of the 8B neutrino spectrum by Super Kamiokande, SNO, 

BOREX and ICARUS. 

r_:.Ne do not discuss it here, but there are great activities on new solar neutrino 

experiments at Baksan. They are briefly summarized in [refD-8].) 

These second and third generation solar neutrino experiments can provide accurate 

neutrino spectrum information in the entire energy region and moreover neutrino 

oscillation infom1ation through neutral current measurement. Also, it must be noted that 

the S 0 and the BOREX I BOREXINO experiments have a much greater ability to 

observe the v c flux than Kamiokande. This new information will resolve the 

complicated solar neutrino problem in near future . We are looking forward to the 

completion of Super-Kamiokandel 
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