


Neutrinos were “invented” in 1930 by W .Pauli
to explain some features of nuclear beta decay

Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom I graciously ask
you to listen, will explain to you in more detail, how because
of the "wrong" statistics of the N and Lié nuclei and the
continuous beta spectrum, I have hit upon a deseperate
remedy to save the "exchange theorem" of statistics and
the law of conservation of energy. Namely, the possibility
that there could exist in the nuclei electrically neutral
particles, that I wish to call neutrons, which have spin 1/2
and obey the exclusion principle and which further differ
from light quanta in that they do not travel with the velocity
of light. The mass of the neutrons should be of the same
order of magnitude as the electron mass and in any event
not larger than 0.01 proton masses. The continuous beta
spectrum would then become understandable by the
assumption that in beta decay a neutron is emitted in
addition to the electron such that the sum of the energies
of the neutron and the electron is constant.........

I agree that my remedy could seem incredible because
one should have seen those neutrons very earlier if they
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really exist. But only the one who dare can win and the dn‘facuh‘ situation, due to The continuous structure of
the beta spectrum, is lighted by a remark of my honoured predecessor, Mr Debye, who told me recently in
Bruxelles: "Oh, It's well better not to think to this at all, like new taxes". From now on, every solution to
the issue must be discussed. Thus, dear radioactive people, look and judge. Unfortunately, I cannot appear
in Tubingen personally since I am indispensable here in Zurich because of a ball on the night of 6/7

December. With my best regards to you, and also to Mr Back.

Nov 7, 2001

Your humble servant
W. Pauli
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Today neutrinos occupy an important role in
particle physics..

e
e |V V. % @\ﬁ“\
= Leptons oo O' . of®
22 . e
H T (“‘\ 02
e° “x(‘\“
'\
c Neutrinos have been used
as 'projectiles” to study
d | s b Quarks other particles and to
establish the ‘Standard
Model” of particle physics
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..astrophysics and cosmology

Neutrinos are produced in great
abundance in stars, supernovae
and were produced in the
primordial Big Bang

Nel.l'h‘lf.lo The earliest snapshot
dQCOUP'Iﬂg we have of the

Seconds after Big Bang universe
1042 10-3¢ 10-30 10-24 10-181%:;-6 1 1 w 18

| | | | | | I\L |

/ Electroweak ; o + d
Primordial oaay
GUT symmetr ;
Planck ngmf try I:Zreakingy nucleosynthesis
scale reaking

Nov 7, 2001 Neutrinos - CASW Annual Briefing



Experimental knowledge of neutrinos

"T have done a terrible thing. I have postulated a particle
that cannot be detected." W.Pauli

+ They exist 'B0s
* They are left-handed '60s
sV, £V, '60s
' Night y = 3 '90s
M, 20 '90s
v E Y '0O0s
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What do we hope to learn studying v masses ?

‘More information on the "mass problem":
after all the Standard Model does not really
understand masses

*“Minimal Standard Model” usually constructed with m, =0

extensions with finite wm, naturally give m, = m2/M
where w, is the lepton mass
and M is the scale for new physics

300 v/cm3 in the universe from the Big Bang:
non-zero v masses have an impact on
the problem of dark matter
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If m, then leptons could behave like quarks
) the weak interaction eigenstate ‘V j> iS a superposition

Of mass eigenS'l'a‘l'es ‘V]> = ZUﬂ‘ Vl> U]l IS a 3 )(3 unifar'y
J

matrix (like the CKM

What propagates is the mass matrix for quarks)
eigenstate |V,

Flight path

e—i(mf /2E)L)‘ Y (O)>
l

v,(0)) =™y, (0)) 0

What is produced and
detected is ‘I/j>

Assuming
E, =E>>m, p; >>m,
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‘Vj> DZUlje—i(mlz/ZE)L‘ Vz> DZZUﬁe—i(mlzﬂE)LU;l le>
! i

..that is neutrinos "acquire” components from other
flavors as they propagate

We can define a "transition probability”

_ *  —i(m}/2E)L
PV, - v, L)y=>UU e
z

..a periodic function
of the baseline L
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For 2 flavors this simplifies:

[ Eek & sind Only one mixing parameter 6

—sin@ cosé

m; —mj
[eV?]

ﬁmzlj

[km]

PV, -V, ,L)= sin” 28 sin”

E /J‘ [MeV]

Neutrino oscillations
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Sound Waves Mixed n Flavors

function

added to mixed with
WY £2nction
V\[\N\/\/\/\/\/\N\N\/\M function

neutrino
flux
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v, are abundant by-products of
nuclear fusion in the sun

p+p-"H+e +v, +0.42MeV

pte +p- H+V, +1.44MeV

“pp" 99.75% “pep” 0.25%

H + p - He +y +5.49 MeV

86%

‘He+’He — a+2p+12.86MeV

14%

‘He+a - 'Be+y+1.59MeV

“hep"|2.4*10-°
‘He+p — a+e +v,

7Be’ 99.89% |

"Be+e - 'Li+y+v, +0.8617MeV

10.11%

"Be+p - B+y+0.14MeV

["8B" 0.11%

Li+p - a+a+17.35MeV

Nov 7, 2001

"B Be+e” +V, +14.6MeV

A

SBe » a+a+3MeV
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. SuperK, SNO

3 types of experiments Galljum _Chlorine
. . 1o T e e e
detecting solar neutrinos M-
. o
*Chlorine: 37Cl+v =37Ar+e | 3 o} . s
1 exp running >30 yrs (US) t; 1oy Sl :_‘f
. g wf
*Gallium: "1Ga+v ="1Ge+e- e -
3 exp (Russia, Italy) Z oy _
104 I‘ i
'Cerenkov: e_"‘Ve:e_"‘Ve 109 (,// +7
3 exp (Japan, Canada) T __
10! -

| S
3

Neutrino Energy (MeV)
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30 years of solar neutrinos with the Chlorine detector

(1 FWHM Results)

8
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E nlz | 1 | t i | l \‘ ‘r | t | } | 1
™ -
l L l jn
0.0 ¢ ’ - _ I 0
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Year
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Neutrinos come from the Sun |

Best-fit Super-Kamiokande 297.4day

Event/day/kton/bin

1 05 0 0.5 1
CosO_
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Conclusions:

1) We detect vs | : nuclear
fusion powers the sun

2) The sun is still shining
(this is not trivial: it
takes ~ IMyr for ayto
emerge from the sun)

3) We do not see enough vs

- do we understand the
sun well enough ?
* are vs playing tricks ?

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000

|
e 1 2043

752 7477
0.54+0.08
0 A7£0.02
EEEDES
Superk Kamioka 3JAGE GALLEX + GNOQ
el H,0 Ga
Theory ™ 'Be = P7B. PeP Experiments mm

W CNO

"It starts to be really interesting ! It would be nice if all this will end
with something unexpected from the point of view of particle physics.
Unfortunately it will not be easy to demonstrate this, even if nature

works this way...”

Nov 7, 2001

B.Pontecorvo, 1972
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). Wilkersan, 5SI 2000 Tilkersan, SS12000

SNO Measurements

4 Charged Current Reaction (D,0):

= : SUDE{,}E&E(:NONT . Ve + d—-p+p+e Emr&s= 1.4 MeV (only v,)
o 81722'4" W ,,
e T * v, energy spectrum (distortion = MSW effect)
PR » Some directional sensitivity (1 - 1/3 cos 8,)
cleveinad® SN Deseripion: micl-ex WO

Neutral Current Reaction (D,0O):

T

2039 meters
to surface

. vetd —=ve+p+n By =2.2MeV | (ALL v types)

« Total solar ®B neutrino flux (active neutrinos)

Ratio=CC = (ve) flux
NC  (vg + v, +v,) flux

10001 D,O -
' n

12 m dia.

. o cbin Centtaring Romctic .
Acrylic Sphere Elastic Scattering Reaction (D,0O,H,0):

. Vyt @ Ve Einres = 0 MeV (mostly v.)

* Low counting rate
= Directional sensitivity (very forward peaked)

1700t H,0

0529 PMT's —

5300t H,O Ratio=CC = (vp) flux

ES  0.86 vg + 0.14(v + v,) flux
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The SNO detector recently started to produce data

SNO: 1kton D,0 0 o0 (.:,lé. Tos 112
et L e e e

2 = Qs =Gv )+ 0.154 ¢tv ) ([
V,+'H - p+p+e iy
sensitive to v, only :IT
SuperkK: e
_ _ 0.6
V. +te > V. +e 0.4
I/e+e —>|/e+€ :ﬂi

sensitive to a v,,v, mix '

¥ ) {l{]6 cm'?s'l)
¢V, )=3.69%x1.13 L .

o x10°cm”s” It appears like some

AV.)) =5.44+0.99

Nov 7, 2001

v, change flavor |

¢(v. ) (relative to BPBO1)



More hints: Atmospheric Neutrinos

10 T ull'lil L} L] Illlllll l- LI B LB

—~ [ eeeee Honda et al. y
IR 87 —(Barr o . (<3GeV),
& Volkova (>10GeV)
26 ]
N | ﬁ
2 4 -
;ﬂ. -
10-20km o 2 -
0 | | EEET
1 10 100

Ev (GeV)

At low energy (~

1
1
II’.
V.
1
(X

v detector
II I' i ‘V
.
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Atmospheric Neutrinos: Ratio of Ratios

m m
([ Epoeure () /()
Experiment [ o e Tops € theory
0 0.5 1.0 1.5
I I | I
Kamiokande 6.1 0.60+0.08 —o—
IMB 7.7 0.54+0.09 e
Frejus 1.6 0.87+0.21 —e—
Nusex 0.4 0.99+0.40 =
Soudan 2 3.0 0.64+0.13+0.05 —
SuperK 2000, 0.652
_._
Sub Gev | 0 |+0.019+0.051
| I I I
0 0.5 1.0 1.5
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Is there a way to tell if the effect is due to
neutrino properties ?

Down-going v
L~20 km

L~13000 km

Nov 7, 2001 Neutrinos - CASW Annual Briefing
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What do we see?

dome S Indeed around 1 GeV
:-—w_.;h?d-r I e Sub-GeV
] e [E<400 MoV the v, flux depends
"L Electrons | 7i.. Muons
T TEIRIRE on the angle !!
e | Sub-Ge .
% o e-aomev] AT higher and lower
| Bleewons - wwns | E2220 energies the angular
Y behavior is consistent
| Multi-GeV : : :
e L with oscillations
UpTg‘;;*j.:m,: T _“‘-‘a‘j:;n:w:_.:? Ve do not seem to
Downgoing. = | [EC+PC events have an oscillation
=" 4 1T |E>133GeV
e fuons pattern (more later)
. _T" “_‘:.:..:.,:m.:‘"“l .
Up going — Down going
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100

pial

Interpreting solar and
= atmospheric neutrino
S | anomalies as due to

EARBMENZ

||||||I1 |11r|rT1 ||||1|r1_l'r'l'l'ITI'
- 'g i
|
w o,
wsl 3
@
=

o | oscillations we can

: draw the parameters

B g sin? 20 and Am?
:“ E consistent with the
[l p experiments
::Eln_s Bolar Lm

| o 13Am2L
vt P, - v,,L)=sin" 26 sin’ Som

| | | ~ Mostly ruled out by

T e T B the recent SNO results
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How to check that neutrino oscillations
occur without relying on
extra-terrestrial sources ?
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Nuclear reactors are very intense sources of v, deriving
from beta-decay of the neutron-rich fission fragments

N o N, N; and N, still have too many
o o neutrons and decay
1 — : n N,—N;t+e+tv,
,® C 2R (this is why reactor spent
N, fuel is radioactive)
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Neutrinos can also be produced in particle accelerators

TU V,, V.,V
- ______ M2 le2 Ty Ve Veo Vi
efector
particle target
accelerator decay tunnel
< >

L

The MINOS experiment will study

neutrino oscillations with neutrinos

produced at Fermilab and detected
in tThe Soudan mine in Minnesota

Fermilab 110 km Soudan
730 km -
12 km
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Complementary properties of

Reactors

E ~few MeV

10

Can probe very small.,,
Am?

0.01

10-3

Disappearance only _
— fair sin220
sensitivity

o—*

i |
al
’Emd
=%

107

47t source

— detector mass
grows with L2 =

10-t@

10-#

1g-tt

10~*

Nov 7, 2001

and Accelerators
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E ~few GeV

‘Good mass
sensitivity
requires
very large L

WMEW LMA SuperE Atm.

Solar

-Appearance

possible
(produce p and T)

*(More) collimated
beam

Solar
Vaomomn

Orcillationy

-3 0.01 0.1 1

zind 26

0

26



Particle detection at low energy rather delicate:
beware of backgrounds !

— +
V,*+p - e *n

)
-Large(r) cross-section
4

-Specific signature

\

Y Y Y Y

-e* kinetic energy
(<8 MeV) =] Y8MeVgs

2 annihilation ys = Y511 kevg N /\i""
(0.5 MeV) a”

‘neutron capture _ = //,‘b\/\/
(2108 Mev) e VSilkev

Neutrino energy measured
from positron energy

Nov 7, 2001
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The v, energy spectrum

Y)
=

(S
&
[\
AN

Calculated reactor
V. spectrum

T 0(108 /s MeV GW,,)

Observed spectrum
(interactions/MeV ton da
)

-

Neutrinos with E<1.8 MelV/
are not detected
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Neutrino Mass (An? ) sensitivity (:e\;Z )
1|l]’1 1l|]’2 1|u“3 1t|r“ 1l|]’5 1t|rﬁ

2
= 1010_
2 detectors :
optimized to 2 ol
check if the =
atm. neutrino \;.E\e—
anomaly is > 10 T~ e
due to v_-v, Eﬂ - .' -
oscillations = 10° statistical
4 error
3 10
o
s
£
]
o

! |
10m 100m 1km 10 km 100 km
Baseline
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The neutrino oscillation experiment at
the Pal Verde Nuclea Generating Station (AZ)

- 7 E E
4 E .

U. of Alabama, ASU , Caltech, Stanford Collaboration
many thanks to APS |
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The detected neutrino
rate is proportional

to the reactor's
thermal power

Nov 7, 2001

W
o

Daily v Candidates

10

all data

Chooz

| ! |

Neutrinos - CASW Annual Briefing

6 8 | 10
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neutrinos detected

° N,-\ e l P
neutrinos expected |z g‘
Ng - ] — Palo Verde (Swap)
SREEREEE Chooz
1.01+0.04 Chooz T SK sin’20,, (90% CL)

1.04+0.08 Palo Verde| * ¢ E

Conclusion:
Chooz and Palo Verde
saw ho evidence for
neutrino oscillations

involving v,
down to 103 eV?2
— Atmospheric neutrino | _
oscillations are W
mainly VH'VT : : : : : : : : 9
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To access the region interesting
for solar neutrino Am2<10-°eV2 need 100 km baseline

100

Neutrino Mass (A2 ) sensitivity (e\? )

1|0’1 19‘2 1|0“" 1?“‘ 1tlr5 1t|:r6

10

10

g
=2
:
' =
0.01 : B 108_
. B 06
’%m'* B E 10
- e -+
4 E'I %}]
'.510'5 & 4
ud
) = 10
10~ M
5
-7 2
10 % 10
. Ay
10” a
=
107% E 100
|
oo é | | l al
10m 100m 1km 10km 100 km
Jo-tt — Baseline
0 10 S:;:I?lzﬂ 0.1 1
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Need to think regionally: large concentration of nuclear
power plants exist in Europe, eastern US and Japan

ﬁgﬁ“g -;3» { s

‘_Nnuth F'Ln'len:: s 'L“

SN

455
C 1
Intenmtionat Nuclkerr Sriely Cenieral ANL, Oec 7959

120"W W0 W o AO'E E60°E W0°E 120°E 180°E
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KamLAND is a
collaboration between

Tohoku, KEK
Japan

West Asia

South Korea

Alabama, Berkeley,

Caltech, Drexel,
Hawaii, New Mexico,
Stanford,
Tennessee, TUNL
USA

(U] 4
0

35
| ‘
5T

\
Iter el ) i
— 1T\ ]

130°E 132°E 134°E 136°E 138°E 140°E
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The KamLAND detector

-1000 ton liquid scintillator - Crane

detector in the

. Rock lining
Kamiokande cavern

-~1300 17" fast PMTs

-~700 20" large area PMTs
30% photocathode coverage

1 Outer water tank

Inner tank
*H,O Cerenkov veto counter Ligi=scinti.
*Multi-hit deadtime-less Container

electronics

« Am? sensitivity 710 eV?
LMA-MSW solution withir
reach on the earth |

&l Aluminum sheets

Phototubes
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Baseline is limited: 85.3% of signal
has 140 km < L < 344 km

*Signal from reactors is ~2 events/day
‘Background from natural radioactivity and cosmic-rays
expected to be 10 to 20 times smaller

The total electric power produced
“as a by-product” of the neutrinos is:
~60 GW or...
~4% of the world’'s manmade power or...
+~20% of the world's nuclear power

An large nuclear submarine ‘parked with the
engines running at full throttle” in Toyama bay
would give a 10% excess in our signal
= not a problem
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’g 0.01 —
3 ]

. % : No oscillations
Neutrino > 0008 |-
° ° ° - L

oscillations in 5 _ Arre 2910 oV
KamLAND could S :
result in o 0006
distortion of 3 :
the energy 0.004 L
spectrum along :
with a deficit i
of detected 0.002 -
events s

O I Y A I A AN I A A e

1 2 3 4 5 6 7 8 9

e’ energy / MeV
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_if oscillations ™ T T

are detected - . approximate
Vef'y accurate I 99% C.L. LMAS region
measurement
possible | -~
-
2
e
<]
10" F -

0 01 02 03 04 05 06 07 08 09
sin?(26)
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Cleaning the KamLAND sphere (Summer 2000)

=
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Installing PMTs in KamLAND (Summer 2000)
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[+ .

i }arLAnDers hard at work (Summer 2000) I8

Nov 7, 2001 Neutrinos - CASW Annual Briefing




Nov 7,2001 Neutrinos - CASW Annual Briefing




Balloon installed (Apr 2001)
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Receiving a paraffine load in the mine

e T
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‘Pseudocumene and paraffine
oil of two different
densities are blended to
obtain 20% pseudocumene
concentration inside the
balloon and same density
outside.

*‘PPO concentration is 1.5 g/I
of the final blend.

*During blending the liquids
are pre-purified, closed
circulation and
re-purification are started
at the end of the fill.
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10 ‘11 4das
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KamLAND is full since Sept 30, 2001
Now testing electronics, calibrating...

Stay tuned for results |
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Allright, this is lots of fun but..
can we use these neutrinos for something useful 2!

The answer is usually "no”, among other things
because neutrinos are so difficult to detect..

The mean free path in lead for a reactor

antineutrino is about 0.1 light year !/
(a good fraction of the distance to the closest star)

But lets go back to a device that makes LOTS of
antineutrinos: a nuclear reactor

We can turn things around and use antineutrinos to

“peek inside” the reactor's core
(neutrinos don't care that there are heavy walls !)
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8
5 10% ceeeeeeennnnnennnnenns
2 | “AmA“AAAA:::::::ZIZIK:::::::mm
Most of the power and I O
o . . Ennn--n..---Ill;;;;;;;;BBSBBUBssguiiﬁiiﬁﬂﬁiﬂ.
antineutrinos in @ power [ | o o
i U m
reactor are produced o
° ° 241
by the fissions of i
1 10 S——— A
235, 238, 239Py and 24Py | e
e
os‘o ???166‘ 150 200 250 300 350 400 450 500
Days
.Illllll||||I||||I||||I|||_|I||||||||||||||||||||||||||||||||
: cross section in units of 10 44cm2 e U235 i
= r . A pu23g r Anti .
ok . : ntineutrino
Lo1sE et g spectrum
c - A ] . 5
s o 1 a . . S|Igh'|'|y different
o . E for the 4
L ® : (Y °
:||||||||||||||||||||||||||||||||||||||||||||||T||||*||||A.||||‘-i maln lSOtopes
2 3 4 5 6 7 8
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The antineutrino count rate varies in a known

way as Pu is produced even at constant power
# Deviations from the expected trajectory with known
power may reveal improper reactor use
#* v rate is directly related to power with known U/Pu ratio

V counts

12750 | no diversion
Example: —— 20 kg
20 kg of fuel |

containing Pu are
replaced with fres

U and then the
reactor is restarted |
at the same power ;

level

12000 (Total fissile inventory ~ 2700 kq)

11000 |

0 100 200 300 400 500 days
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OK, but what about the 0.1 light year...
how large is the detector ?

The detector needs
to be very close to
reactor core

For most reactors this
IS not a problem as
space is available
outside containment
at distances of order
10 m from the core

Of cc:(u;'se this cantc.)nly Sandla prototype detector is
;VOI". " 1"0; cooperative 1m3 of liguid scintillator
aciimes... (A.Bernstein et al)
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Still, there are many applications...

1) Detect diversion of Pu, probably in conjunction with
thermal power measurements
- Current: IAEA Nuclear Non Proliferation safeguards ~200 reactors

- Future: Fissile Materials Cutoff Treaty safeguards  ~435 reactors
2) Detect abnormal reactor operations
(atypical Pu buildup, reduced burnup levels)

- Military reactor core reconversion verification
- Pu production agreement verification

-Continuous, real-time, quantitative information
o about core isotopics and/or power

0% *Non intrusive to reactor operation

5 % | *Reduction of manpower needed for inspections,
S cost effective

*Robust to many coutermeasures
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Technology demonstration detector being prepared at the
San Onofre Nuclear Generating Station (CA)

Set the 1m3 detector e E e
in the "tendon gallery’ 2o
24.5 m from the core

Heavy reactor building
provides shielding from
cosmic rays

Expect 2600 v/day
with 40% detector
efficiency

Should start data taking soon
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Old backgrounds ey Fred, o Chief

: Jest accuve A W)-D me &
becoming KamLAND'’S  ‘kut ,our bockgroumd 8=
‘ )" i’ }k oM tWn
1 | e TYines Ay ST om v g
S'gna SOOO »{‘YQVV\ M\(J\/\ QWNSD {5-;&%‘(%.“
AN e CYuyg ,f% ‘ju, Zaﬂgﬁ\ e
Wwal hove on e Tram giATrt/‘F\_\

\R/\&\Q\t'w. fo C“;M).d/\ "(SS_ G ¥) p

- deeyus Ke ¢ villgns P N n. ¥
Yeso nu ble TN %“LT )‘i-ﬂ Ta ‘T{\) @Wm
S ?Y&A“&Cﬁw‘m ¢ v rod acTiom
” ahen : Q*"Q $jrame S0l 4 Jav’;m_{
x Wj g jb“ AN \fuJ‘f(l-‘htbg\ irqil:‘é;‘\,
SR - aut Aw(’}‘(“\Q ~ﬁ;,f’
what Ao you Ren ik .
| \’VTI}Q "‘h TR a)‘ ; J:‘:u. \Jn | 0
Iniv o MiEth . Aun pebves Wi
Fred Reines preparing a neutrino \/:w Vs \.; -
detector (circa 1953)
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THIS MESSAGE IS TO BE SENT

o night letter- -

7wzsmu"umou %
R il

sday letter- - -

estroight wire - &
NTRACT W-7405, eug.36, OFFICIAL MESSAGE 4

So.. were neutrinos R
from natural radioactivity e
the cause of Reines' ~
background ? oo s 11 Ve Bk O T PR, RULLTHIN 0 L

FROM RARTE'S SURFACE 15 50 KRGS/CHCSEC. IF ASSIMR AL DUE TO
SETA DECAY THEW EAVE ONLY ENOUGE KNKRGY FOR ABGUT 107, 14 Mev
NeoTRisePrER O D SEC., THIB IS LOV BY 10° OR 50, SHORT
HAL¥ LIVES WOULD BR MADE BY COSMIC RAYS OR NEUTRONS IN EARTH.
IN VIEV OF RARITY OF COSMIC RAYS: I.E. ABOUT BQUAL TO RNERGY

Not a chance, the detector Gr spMLGER M o ETTRORS 18 EACTS 7RIS SR G RPN
was some 5 orders of
magni.l.Ude 1.00 Small 1'0 RETURN ADDRESS OF SENDER:

Prederick Reines and Clyde L. Cowan, Jr.

be sensitive to those.. s e g Leeins

Los Alsmos, New MeXico

telephone ext. 2-3208

The above message is OFFICIAL BUSINESS and is pecessary for performance of Comtract ¥- 7405 eng . 36 The messa ge":u he
Cransmitted cannot be performed by mail and is being sert in this manner in the inter the work of the proje
APPROVED, DATE

THIS MESSAGE APPROVAL MUST BE SIGNED BY THE ORIGINATOR'S DIVISION OR
GAOUP LEADER BEFORE THE MESSAGE IS ACCEPTED FOR TRANSMITTAL.

origingl and on; topy SilO"'d. be. fun.lislled. to. tent.rul records for handling

-
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..KamLAND is about 10° times larger
than the early detectors of Reines

The earth radiates ~40 TW of heat from its surface
40% (~16 TW) radiogenic

.
90% of it (~14 TW) from U and Th decays chains

Study of bulk U and Th concentrations
is an important field of geophysics:

‘Planet formation

‘Heat production/planet dynamics
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Traditional techniques:

‘Heat-flow measurements (cannot separate different

production mechanisms)
U, Th sampling (difficult to sample on a global scale,
difficult to sample very deep)

# Result: very different models still plausible

General picture:
- 50% of U, Th in the crust
- continental crust (~35 km thick) large
concentration, ~ 1 ppm
-oceanic crust (~6 km thick) lower concentration
- 50% of U, Th in the mantle and core, must lower
concentration, 1 ppb in olivine
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Antineutrinos are a way to make measurements in a
truly global way (they essentially behave like gravity)

Isotope |Endpoint (MeV)
U chain 234Pa 2.29
214B; 3.27
Th chain | 228Ac 2.08
212B; 2.25

Total spectrum: 2 structures: ~2.1 MeV
~3.3 MeV

— U and Th contributions can be separated-out
(40K is below the detection threshold)

Nov 7, 2001 Neutrinos - CASW Annual Briefing 60



KamLAND: neutrinos from... hell

High energy part:
reactor measurement/ “

particle physics 350
‘Low energy part: % 300
geophysics %250
If this first L;gc,jzno
measurement is 150
successful we may 1
want to build a 0
detector dedicated 50
to geophysics at a 0

non-nuclear location
(Australia ?, North Canada ?....)
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KAMLAND

Model lla (154/yr)
— Model la (61/yr)
. Model Ib (41/yr)

Japanese
Reactors (774/yr)
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Supernovae and the neutrinos

Explosion of the "type IT" The Crab Nebula formed by the
supernova in the Crab: Jul 4, 1054 AD  expelled outer shell of the star
(as recorded by the Anasazi (as recorded by the VLT,
in Chaco Canyon, NM) Cerro Paranal, Chile)
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Type II supernovae:
explosive phase of a star with M>6 to 8 M,

* Nuclear fuel burnt through Fe: no mechanism to hold
further gravitational collapse
+ T=0.8*101° K = 0.7 MeV

p=3*10° g/cm3 (this is a billion times the density of the earth,
or the entire KamLAND in a teaspoon)

* The pressure causes the reaction pte—ntv,

Very intense v, flash (~1 s duration)

* Neutrinos cool the star that collapses further

* The collapsing soup become so dense to be opaque to v (1)

* Following mechanisms that we do not completely

understand the fireball re-bounces blowing up

the outer envelope (eventually like the Crab photo)

- v of all flavors escape when density low enough (after ~10 s)
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99% of the supernova ' Y
explosive energy is

: = 10% ~~
carried away by 3 Rt
neutrinos 8 o % %‘_‘
~38%1% erg, in10s & J e Y Ve Y ‘a':.% |
it would take the sun 1054 M “ =
2000 billion years to ¥
produce that much 1050 Luumd_L il Lot Ly
energy ! 108 10 100! 1 10

Time after core bounce [sec]

Only hours later the density is low enough for light to
escape the star and the supernova flash appears
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We have seen the neutrinos from a supernova only once

Feb 23, 1987 about 20 v events were detected from an
explosion in the Large Magellanic Cloud: SN1987 A

50 illlElll|IIl||lIIIIl]||lllllIlllIlIlIllIllllllll]
40 Kamiokande
30 Japan, water Cerenkov

20
10

0
50 IIIIIII!IIII!IIIIIIIIIlllll!

40 , water Cerenkov B
30 |
20
10

0
50

40 USSR, scintillators
30

20 ++

E. (MeV)

0 2 4 ] 8 10 12 14 16 18 20 22 24
Time after first event [s]
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Today there are several detectors ready to study
neutrinos from supernovae
The number of events observed could be >10000 for
a supernova in our galaxy

Observations could be used to explore:

‘Neutrino masses (from the time of flight from the star)
‘Neutrino oscillation (from the flavor composition)
Explosion dynamics (from the duration of the flash and
the temperatures (energy spectra) of different
neutrino flavors)

From historical records there seem to be
about 3 supernovae/century in the Milky Way...
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|
Conclusions A \/

ot VAT
I have covered a small fraction of ‘rhef
ideas, experiments, theories connected to neutrinos

f

This is a fantastic field in rapid development

It is a very broad field with connections with
particle physics, astrophysics, cosmology,
geophysics and... who knows... technology !

..Keep an eyz on it |
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