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Figure 1.1 Solar n2uatrine 5p::~trum This figure shows the enecgy spec-
trum of neutrinos predicted by the standard s ‘ar model. The neutrino
fluxes from continuum sources {like pp and ®B) -re given in the units of
number _er cm? per second per. MeV at one ast snomical unit. The line
fluxe pep and "Be) are given in number per cin” per second. The spectra
fre .1 the pp chain are drawn with solid lines; the CNQO spectra are drawn

~ith dotted lines. Chapter 6 discusses the neutrinos that are believed to
be prodiuced in the Sun.
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The 37Cl Experiment

Reaction: v + 37Cl —r 37Ar + e

Size: 610 tous C2C14

Location: Homestake Gold Mine
depth 4400 m. water equivalent

Procedure: 1. Exposed for period 35-100 days
with 0.1 cm3 STP 36Ar or 38ar
carrier

2. 37ar removed by helium purge
| @i Tank + Condenser + Absorber —
g Charcoal -+ Tank

3. Argod purified by gas
chromatography and getter

g . 4. 37Ar measured by gas propor-
tional counter

5. Mass-spec .vometer analysis of
36A: o1 38Ar to measure yield
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Gallium Experiments

e Ga+v, -1 Ge+e
o T/ = 11.43 days
e Two experiments:

~ SAGE Experiment — Baksan Neutrino Ob-
servatory '

— 97 'Tons of Ga, Metal (39.6% ™Ga)

~ Ge Chemical Extraction — GeHy — Counter

~ 31Cr Calibration — Measured/Predicted =

0.95+0.11
5 5 907

Ce v € <> vV v  1¢%

~ GALLEX Experiment — Gran Sasso Labo-
ratory

— 30.3 Tons of Ga in form of Gallium Chloride
— Air purge — GeCly — GeHy — Counter

— *1Cr Calibrations — Measured /Predicted =
0.92 + 0.07

e Counting of X'e — Ge Hy in miniaturized GPC’s

~ 750 WV
~ 4 26 Ky
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that is,
3B < 20x10° em~%sec™t. (11)

Simdlenly, he bas used the Gallium plus Kamiokande plus Luminosity constraint to show that

T

¢ 2 < 0.53 at 5% C.L. that is,

#8 < 26x10° cm%sec”!. (12)

These resuits suggest that ¢7B‘ < ¢ 8. Remember however that both the "Be and
8% meutrinos are produced from the same parent in the sun, that is, 7Be via. electron and
proton interactions respectively. Also the °B neutrinos are move segsitive to changes in the
sotar core temperature, T, than the 7 Be neutrinos, T2® verses T$ respectively. Therefore it
is very difficult to arrange ¢ ™ < ¢'? < 1 in standard solar models.

T 2= 27.706d
51 w
slacieon capture 24

Figure 3: Characteristics of the decay of !Cr. The "751 keV™ line combines the 746 and

751 keV lines and " 431 keV” line combines the 426 and 431 keV lines.

Calibration of the Gallium Experiment

From June to October 1994 the Gallex detector (12 was exposed to a 61.9 + 1.2 PBg
sentrine source which emits neutrinos in electron capture in *Cr, see Fig. 3. This source
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was made by bombarding enriched chromium in a nuclear reactor. The initiai soutce activity
produced a flux of neutrinos at the detector which was approximately 15 times the solar
neutrino flux. This collaboration used three different methods to measure the initiad source
strength; neutron flux capture calculation, calorimetry and by measuring the 320 keV gamma
ray emitted from small samples. The average of these measupements was used to compare

with the streagth obtained from observing the neutrino capture in the Gallex detector of
64.1 + 6.6 + 3.3 PBq, see Fig. 4.
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Figure 4: Number of ! Ge atoms produced per day during the course of the source experiment

(first 7 runs only). The points for each run are plotted at the beginning of each exposure,
with the horizontal lines showing the duration of the exposures. The predicted curve {dotted
line), which decreases with the known half-life of 3!Cr, is based on the relationship between
the directly measured source strength and the 0.189 7! Ge production rate per day. The curve
also includes the constant 0.78/day production rate due to solar neutrinos and side reactions
(dashed line).

The ratio of the source activity as measured by Gallex to that obtained from the other
methods was

1.04 + 0.12. (13)
This resuit validates the radiochemical methods of the Gallex experiment and since 90% of



400

SAGE Extraction Resulis
® individgal extractions
A SAGE (tey 10/93)

1991

1992

1993 1994 1995

300} & GALLEX (PL B327, 377 (1994)) -
1
2001+ T - -
i (
100§~ ¢ -
0 J- 1 lj;_l E i
1990 1991 1992 1993 1995
) Extr
72 - 'z +5. action Date
, -l®Q -7
Ohsecve
< - .53 +.,10
Peedicted e8P
30+ 4320
F 251 GHLLEXI GALLEX II GALLEX HI 1280
S 4 240
g 20| “ 200 2
E s n I 53 5
o V5[ | 10 - 1160 °5
2 ) combined E
M ool J s 17 T R
« =3
g ¢ ® m1* =
. 0.5 F 4 s { { i @ 4 40 E
4 : o)
P I 1 L L A { ...... pllqe @
Q :
+H -40
.-"-'O -0.5 - J 30
71.0 T T LS A AR AL S S B B S S B R

= 6a.7T *¢.7 +3.9

O served,
p rg_el\ L‘l"&.

B

Qo

- 4.5
O.54% .07



Kamiokande-II " | “ /924
o Basic Reaction G(ILYO\]‘&J @ ‘“N o 7 |
ve  — e |
# Detect Cherenkov Photons ( E, >7.5MeV )

o Advantages

e Directional Correlation A 30°

e Energy Information 10 eV~ = Jo kit PMT. s,

P ~-Time
:
IRAISE ]
= :
“““““ Y= = fo-
N\ R ’
2RMBEAR - - |-- f
ey o
_{Hl— %
- . OB
Py - (3T
—-_ :..: (2]
spgam N ot g !
\ -
N
N
4 Bt A2 N T




CHEH, FHEF6H

KWRRFSR TR 7548

LR FIUEEWTE
L3RpD L ARRIE
¥R7¥7AH

6>




%8

1) KES

2) 2R

3) ¥t¥—

8 Tx¥—RE
5) TxRIV¥E—TR
6) EBP

7) BN

414m (BE) % 39.3m (&) OEETF

#iA50,000 +>/

wEFEEE (@i%k@@%@cm) 11,2004
2.5% (1GeVicBL T ~16% (1OMth:$r~.tL/C)
5MeV

(% 28 s (g () fp:azs AL #E 1,000m)
BiEET® (ﬁﬁi3ﬁlﬁ~8ﬁ!§) 10480
(ﬁﬁk@?%ﬁm%ﬁﬂﬁ)

k§$%1v>:7$ﬁ#ﬁ?ﬁm§%

T hazZ7ANY +

(I?@Mﬁi)
C x#EE7V—
’/
,_ SN N
JRRY ] AR TIREE
—~ ! | ’ ‘ 11,2007
x0 " - ~ 5
L okmTHEE 1 il
T mEE ,
p \
= )
§
|
1
|
1
1
|
|
awoy-+ ‘l

BB "._;"1&!‘.?_{:_"
"iri}‘*'t‘ .

— ——- 303




¢ |
Events/Day/0.6MeV

=
b
-
-
b

L M | MR LML I

Electron Energy (MeV)



Events/Day/0.6MeV
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1. Evidence for v
& Directional Correlation.
& Energy Information.
=> The Sen is shining by Nuclear Fusion.
2. Da = at) + st).

(E. > 7.5MeV )

= Confirmation of the OLD vy Problem.
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2.1 Calcwlated versus Qbserved Absolute Rate

+ +8
8.5:12 { 13723

1.0:5%

72%13 {7018

0.42+0.06

}2.55:0.25

Cl Hzo Ga
@m e () PP PEP Experiment W
w s @ CNO

Theory

Figure 1: Comparison, of mezssmed rates and standard-model predictions for four soler Bew-
trimo experiments.

The first solar meutrino experiment to be performed was the chlorine radio-
chemical experiment, which detects electron-type neutrinos that are more en-
ergetic than 0.81 MeV. Afber more than 25 years of the operation of this ex-
periment, the measured event ratc is 2.55 4+ 0.25 SNU, which is a factor ~ 3.6
less tham is predivted by the most detailed theoretical calculations, 9.5%13%
SNUIT18, A SYNY is-2-comvenient unit to describe the measured rates of soler
neutring expermets: 310~ intermctions per target atom per secomd. Most of
the predivted rate n the dillonine experiment is from the rare, high-energy °B
neutninos, although tre "8e nentrinos are also expected to contribute signifi-
cantly. Accerding to stamdind mvodel calculations, the pep neutrinos and the
CNO seutrinos (for simplicity wot discussed here) are expected to contribute

less than 1 SNU to the total event rate.
Pl
(T

3



TABLES
TABLE 1. The standard solar model predictions of Bahcall and Pinsonneault (BP SSM) [7]

and the resuits of the solar reutrino experiments.

BP SSM Experiments
Homestake 9.3 *1-2 sNw 2.55 & 0.14 + 0.14 SNU (6.273 + 0.021 BP S5M)
Kamiokande 2.80 £ 0.19 4 6.33 2 (0.423 + 0.058 BP SSM)
Super-Kamiokaade 662 1793 2.51 7313 £ 0.18 * (0.379 + 0.034 BP SSM)
Combined 2.586 & 0.195 > (0.391 + 0.029 BP SSM)
SAGE 69 + 10 T2 SNU (0.504 + 0.089 BP SSM)
GALLEX 137 *3 SNU 69.7 £ 6.7 *33 SNU (0.509 + 0.059 BP SSM)
Combined 69.5 £ 6.7 SNU (0.507 + 0.049 BP SSM)

*In units of 10 cm~2sec-!.

TABLE 1. The best fit parameters, the x? minimum, and confidence levels of GOF for the
combined MSW fits.

Smail Angle Large Angle
sin? 26 8.2 x 10-3 0.63
Am? (eV?) 5.1x10°¢ 1.6 x 1075
x? (7 d.f) 5.9 6.3
P (%) 45 49

TABLE III. The best fit parameters, x* minimum, and GOF for the combined MSW fits for

oscillations to sterile neutrinos.

Small Angle Large Angle
sin? 20 1.0 x 10-2 0.72
Am? (eV?) 4.0 x 1078 8.9 x 1076
x? (7 d.f) ' 6.7 13.7
P (%) 54 94

14
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FIG. 2. The constraints from the combined Cl, Ga, and Cerenkov experiments at 90, 95, and

99% C.L. Also shown are the Bahcall-Pinsonmeauit SSM region at 90% C.L. [7), the core temper-

ature power law and standard and nonstandard solar models including the recent 3He diffusion
model by Cunrirg and Haxton [34] (see Ref. (16] for references for the other models). A smaller
S17 cross section moves the solar model predictions to a smailer B flux as indicted by the arrow.
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the BP No Diffusion model and the assumed mixing of the solar core {constant

value of g). We also show in Figure 3 the relatively tiny discrepancies found
for the new standard model, OPAL EQOS.

e ————
0.1 -1
- ---- Mixed 1
- S, = O
g F ot —— OPAL EOS 1
.,'-"a 0.05 ! —
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Figure 3: Non-standard solar models compared with helioseismology. This figure is similar

to Figure 2 except that the vertical scale is expanded. The dashed curve represents the sound

speeds computed for the mixed solar model of Curnming and Haxton 'S with *He mixing.

The dotted line represents the sound speed for a solar model computed with the rate of the

3He(a.'y)TBe reaction set cqual to zero. For comparison, we also include the results for the
new standard model labeled OPAL EOS in Figure 2.

More generally, helioseismology rules out all solar models with large amounts
of interior mixing, unless finely-tuned compensating changes in the temper-
ature are made. The mean molecular weight in the standard solar model
with diffusion varies mouotonically from 0.86 in the deep interior to 0.62 at
the outer region of nuclear fusion (R = 0.25R®) to 0.60 near the solar sur-
face. Any mixing model will cause 1 to be constant and equal to the average
value in the mixed region. At the very least, the region in which nuclear
fusion occurs must be mixed in order to affect significantly the calculated
neutrino fAuxes 3%:36:37.38.39  (lnless almost precisely canceling temperature
changes are assumed, solar models in which the nuclear burning region is mixed

11



TABLES
TABLE I. Solar neutrino data used in the analysis. The experimental results are given in SNU

for all of the experiments except Kamiokande, for which the result is expressed the measured #B
flux above 5 MeV in units of cm™25~? at the earth. The ratios of the measured values to the
corresponding predictions in the standard solar model of ref. [5] are also given. The result cited for
the Kamiokande experiment assumes that the shape of the B neutrino spectrum is not affected
by physics beyond the standard electroweak model.

_tk Experiment Result (1o} Exp. Result/Th. Calenlation Reference

X ffoy HOMESTAKE 2.55 + 0.17(stat) £ 0.18(syst) 027+£003 225YC [
2MV GALLEX '7' Wt 8.5(stat) L1344 (syst) 056007 5 YT |9
Mo VSAGE 69 £ 11(stat)>(syst) 050£009 5 Y ¥ (3
1) MQV KAMIOKANDE [2.8943:3F (stat) +£0.35 (syst)] x10° 0.44£006 7 3 T  [4]
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12 Chapter 2: Conceptual Design of Borexino

BOREXINO at GRAN SASSO

Figure 2.2 Plan of the Gran Sasso Laboratory: Artists perspective of the
Borexino detector in Hall C of the Gran Sasso underground laboratory.

The electron spectrum due to p,p neutrinos has its endpoint at 0.25 MeV and in the interval
0.20 — 0.25 eV their number is comparable with that due to 7Be in the standard model. Neutrinos
from 13N and 'O contribute about one third of that value. If the 1C background can be reduced
well below the present design target, the ability to detect a part of the p, p neutrino spectrum may
be of value, especially in searching for diurnal variation of the rate.

Figure 2.4 shows Monte Carlo generated electron spectra expected in Borexino for the standard
model ard for complete v, to v, conversion (MSW). The TBe spectrum is the main component of
the signal. The sharp rise at 0.66 MeV provides a characteristic signature, distinguishing the signal
from the principal background sources. The intensities of v(pep), v(**N) and v(*°0) above 0.66
MeV are probably too low for measurement. The rate of (v, ) scattering of neutrinos from ®B decay
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BOREXINO COLLABORATION

e GERMANY
a) Technical Univ. of Munich, Garchiag:
E. _von Feilitzsch, T. Goldbrunner, T. Hagaer, E. Kelluer, G. Korschinek. J. Jochum

b) Max-Plank-Institute f. Kern hysnk Heideiberg
sser C HQ| {-,S , 1 Rr rs
o ITALY
a) Laboratori Nazioaali del Gran Sasso, Assecgi:
C. Arpesella, M. Balata, M. Laubeastcint ) 8, Tartagiia

b} University and ILN.F.N. of Genova:
F. Gaui, G._Manuvuzjo, G. Testera, S. Vitale

c) C.C.R.EURATOM - ISPRA:

PP. Trincherini

d) University and [LN.F.N. of Milano:

G. Alimont, G, Bellini, S. Bonetti, L. Cadonati. C. Galbiali. M.G. Giamwmarchi, D. Giugni,

A. Goreuti, F. Hartmann, S. Magni, [. Mannol?), E. Mecroni. 1. Oberauvert3), G, Ranucci.
Scardaoni, S. Schoemert({3)

e) University and I.N.F.N. of Pavia:
G. Cecchet, A. De Bari, A. Perowd

f) University and [LN.F.N. of Perugia:
F. Elisei, F. Masetti, U,__Ma " zuccato

s RUSSIA
a} Joint Institute for Nuclear Research, Dubna:
A. Golubchikov, A. Kulkov, Q. Smirnov. Q, Zaimidoroga

e UNITED STATES
a) AT&T Bell Laboratories, Munay Hill, NI:
I>. Raghavan., R.§. Raghavan

b) Massachusetts Institute of Technology, Cambridge
M. Deutsch, G. Fisher

c) Princeton Untversity:

I. Benziger, F._ Calaprice, M. Chen, N. Daraton, M. Johnson. F. Loeser, R.B. Vogelaar,

R. Parsells, R. Walls

d) University of Hawaii, Honolulu:

S. Pakvasa
(1) On Icave of absence (rom the M.P.L. Heidelberg,
(2) On leave of absence from the University of Budapest. Hungary,

(3} On leave of absence from the Techn. UUntv. Munich.
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(9%
WHY BOREXINO

The measurement of 'Be v provides

e Measurement of N('Be V)/NC®B v) (with Kamioka and
SNO results)

e Npp=N(gallium)-N('Be)-N(®B)-CNO

® V.e- minimal rate from 'Be Vv — V osciilation

BOREXINO DETECTOR

e Water tank:  16.5 m high, 16.5 m of diameter (<10 "
g/g U, Th)

e Stainless-steel sealed sphere, which supports the
PMT's and concentrators: 12.5 m of diameter - filled

with mineral oil (<10 g/g U, Th)

® 1650 PMT's

e Inner Vessel: 8.5 m of diameter, containing the
scintillator

300 tons of scintillator (~107'® g/¢ U, Th)



MEASURED (QUANTITIES IN BOREXINO

e Calerimetric measurement of energy
Photemultiplier pulse heights
Energy Resolution 45 KeV@0.5 MeV

¢ Posiien of event in space
fLighx transit time to PMT's
PMT time jitter ~1 ns
Scint. decay time ~3 ns
Poesimon Resolution ~20 cm@(0.5 MeV
mportant for External Backgrounds

& Parmticle identification (alphas vs betas)
PMT pulse shape
(different scint. decay time)
o ID~ 99%

Important for U, Th, backgrounds

e Time correlation between the events
Very high resolution measurements (At~0.3 ns)
of e time elapsed between adjacent events(in
the vwmae range up to 8 ms)
Absolate time of each event with an absolute
clock (At~1 ps)



THE PHYSICS PROGRAM

1. Measure V flux from 'Be decay 1a the Sun (0.86 MeV)

(6)

reaction;: V+ € —eV+C Ve 5 =4.54

Vi

Ee- software threshold: 0.25 MeV (Ey>0.4 MeV)

S.S.M. 50 c/d F.V. ~ 100 tons
250-800 KeV

total conversion

V. >V, 10 c/d

2. 1/R? yearly variation —® Sun origin ("\0 C{”“{"M[’{y

3. Time variations

Also: appearance experiment; search for T/e in the Solar
flux (sensitivity: 20 ev/year)

1

Vv+p—>n+te' thresh. = 1.8 MeV

* 200 us
n+p—>H.Y (22 MeV)

- Laboratory experiments with a source are also possible.



CTF PAST AND PRESENT

® 1993
Installation of the water tank, barracks, general facilities. Radon
control in the hall C. Installation of the water and liquid handling
plants. Installation of the bottom clean room (class 100).

@ January-November 1994
Installation of the stainless steel support structure. PMT's.
concentrators, laser control for time calibration of PMT's. clc.
within the water tank. Installation of the water loop.
Installation and tuning up of the read-out electronics.

® December 1994
Run with air in the water tank {(study of the air scintillation).
Installation of the Inner Vessel in-controlled atmosphere with
reduced radon content. ,
Water tank purged with nitrogen. Run with nitrooca in the tank.
Rapid tramsport (2 days by the production) of 6 tons of
pseudocumene.
Start up of the water filling.

® January-March 1995
Water tank filled with water. Nitrogen blanket maintained on the
top of the tank.
Run with water in the tank
Installation of the clean room on the top of the tank.
Filling of the Inner Vessel with | ton of scintillator.
Run with the scintillator.
Assembling of the purnification plant.
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CONCLUSIONS

During the R&D, the setting up, the running and the
preliminary analysis of the data:

® We reached the Borexino goals for the constructing and shielding
materials: low radioactivity level, good resistance to chemical
corrosion, low radon permeability etc.

® Preliminary data analysis showed that the scintllator
radiopurity is very good:

Th Ix10°10 gl/g

upper limit <>.ox1071® glg
(90% confidence level)

U upper limit <3x 1077 glg

(84% confidence level)

These results have been achieved before to purify the scintillator
with the purification plant!

® The upper limit for '4¢ has been measured:

<1.2x107 '8 He2e

At this limit the background contribution from 4c upper our
lower threshold of 250 KeV is completely negligible. 49

LIRS e 05

These results have finally convinced the Collaboration
that Borexino experiment 1s feasibly f""’“ I‘f‘\"ln trindy,
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Figare 3.7: Scasonal variations in "Be neutrimo flux.  The solid line is
the SSM peediction showing the 1/¢* effect. The dashed, dot-
deshied smd dotted lines represent 3 vacwum oscillation solu-
tions Yo Uwe eolar peutrino problem with sin?2¢ = 0.8 and
S = SUx10™ e¥?,.76x 10710 eV2and .782x 10710 eV? respectively.

3.5.1 Theoy

In the discussion df mwiitir cahanced seutrino oscillations we will again limit
the discussion Yo thic sithjple caide of obcillations of two seutrino flavors. Let us
begin by writing the neatrino vecuam evolutiown epantions in o form suitable for
generalization td neutrino propagation in matter. Cousider two acutrino flavor

Heken  (Thsid



JUSY, hos wdm,

-

d<
b = A2 x 6
M by m j:mece.fses AY ovn«o( % ,




(j‘)\CVOI
OIOSA "

| (l°\79 ou 7“10 S/;,,\ Pm(fefﬂo'n
Mg
d ~ ’
\Nee H,y B ’°/‘3 ;—)/48Lf-(c’:‘(‘f)







o = Mgy, (Mgerens
%, e 17 e
VQ(,_—) %&- Z\ 37cp
To gt facler 2 cn0ye 7 0
J - JeV
‘ﬁvorccf ch'o;\ 57” ~ 1e |
J/?ILZB = 0 /

s-Pakvalsq
'



