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[la kabe A, Ta B-otabepd
VOUKA(OIa eival omn pavupn cwvn
(“kolNada otaBepodTNTAG” -
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a Kat B dtaomaon: oL Tupnvec aAAadouv

- H a diaomaon yag petapepel MAVW-KATW TNV KolAada
otabepoINTAC
- H B didoraon pag peTapepPEL TIPOC TNV KOoAAda otabepotnTag
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Eidn B-owaomaonc

Alaomntaon B

A A -
zX™ zaYte

Alaomntaon B* B : nAekTpoOVLIA

A A + B*: molttpovia (1932, Anderson)
Z X — Z—1 Y+e Aprtayny (1937, Alvarez)

Apmtayn NAEKTpPOVioL

A — A
Opwcg, oL SLaoTtACELG OTTWG

IAZ|=1 & AA=0 ypadtnKkayv aplotepd UTTOGEPOLV ATIO
coBapa mpofAnuata:

Awatipnon ¢optiou : OK

1) Awatripnon evépyelac
2) Ta e bev untapyouv atov rtupnva (AxAp=>h)
(“kBavtounyxavikn apvnon”)
> Q710 TTOU TTPOEPYOVTAL;
3) Atatnpnon otpowopunc (AA=0, spin(n,p & e)=h/2
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1) Evepyela nAekTpoviwv otn B-Olacmaon

e KaTtavoun mnbuopou EKTEUNOPEVWY NAEKTPOVIWV (e, aploTeEPQ) N
nolitpoviwyv (et, 6e&la) oav ouvapTnon NS EVEPYELAC TOUG, KATA tn B-
Sidomaon tou °“Cu

L T T T T ]

N ) /)“\_ ¢* decay

e decay

MAn6oc nAekTpoviwv ava MeV

> > \
3 \.\
N\ k
L [ I SR T 1 t?\;\l__j -l 014_,.__ A o .
0.2 0.4 0.6 X .
(E,—m?) (MeV)

(E,-m?) (MeV) , , ,
KivnTikn evepyela nAekTpoviwv, T,

i. OLevepyelc AEN gival OUYKEKPLUEVEC, OTIWC Ba TtEPLULEVE KOVELC av Ta
napoyopeva cwpatidta Atav povo 2 (dnAadn povo o Buyatplkog mupnvag Ko
TO NAEKTPOVIO/MO{TPOVLO). Agite TLYX., TO HABNUA yLa TNV 0-8LdoTacn yla To
Hoilpaopa tng evépyela petal SVo cwpatidiwv

il. H péywotn evepyela eival tng taéng touv 1 MeV
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1)

YrioBeon dUo mpoioviwyv oTn dlaoTaon:
Two-Body Final State ST — 3He'* + e~

Helium-3 (1, 2) 4 Observed Expected
£ spectrumof | electron
. b energies energy
@
Tritium (2, 1) Recoil nucleus and '§
electron separate o
— with equal and =
¢ opposite momentum. 3
6 Ener
. wH Endpoint of
(N,2)— (N—1,Z2+1)+ e, spectrum

T,~ Q=AM =M(Z,A) - M(Z+1, A)

To Q potlpAleTol WE KWVNTIKA EVEPYELA TWV TIPOTOVTWV.
H polpaotd eivat kaBoplopevn kol To oAU eAadputepo
NAEKTPOVLO Taipvel Tn pepida tou AéovToc:

SupBoAopée: P— D + e M, T
P =Parent = o rupnvac “yoviog” I'= EQ "M, ©
D= Daughter =Buyatpikog rupnvag
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2)

*Av Tl NAEKTPOVLO UTIAPXOUV LECO OTOV R A B S p
nupRva kot arAd npoomnadolv va Byouv: TN o docey
- H opun toucg Ba eixe pla afeBatotnta i f{ \ |
Ap tng taénc Ax Ap=h - Ap 2 h/Ax - f' \
A —_ L A ~ ./‘.’ * 64CU \
orou Ax = oL dlaoTaoELg Tou nupnva ~ R = . \
(R=1.1fm *AY3=4.4fm, ywo ¢4Cu) i ~\\‘
h_hc 197 MeVifi
Ap= R= R~ 4af ¢ - 45 MeV [ c PN

(Eq—mc?) (MeV)
- Apa, N opun (Kot N KWNTLKA EVEPYELA) TETOLWV NAEKTPOVIWY Ba énpgns va “mailel”
yUpw ota 45 MeV.
e OMOTE KATOLA ATTO AUTA Bl ELX0V KLVNTLKEC EVEPYELC TLOAU LEYAAVUTEPEC ATTO TO
~1 MeV peyLloto mou PAETOULE...
—> Aapa n apylkn utoBeon OTL TaL NAEKTPOVLOL UTIRPXAV LEoA oTov Ttuprpa AEN
elval kaAn = “kBavtopnyavikn apvnon”

* ATTO TOU TTPOEPYOVTAL AOUTOV TA NAEKTPOVIa ThC B-Olaomaonc;
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2) B-Oldomaon Kal veTpiva
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Pauli (1930) : uttoBeon vetpivwv

MpoomnaBela va e€nynBet n B-Stdomoaon
(Z,A) > (Z+1,A)+ e + v,
(Z,A') > (Z’-1, A') + e* + v,
Elva n dtaomoaon S€oULwy oToV TupAVA P Kat n
n—>p+e+ Ve
p>n+e +v,
Movo to eAevBepo n propet va dtaonactet m >(m +m,),
LEooC xpovoc (wNng, T =885.7+0.8 s~ 15 min

To eAeVBepo mpwtovio AEN pmopet va SLaoTtaoTel, yiaTi EXEL
LULKpOTEPN pala am' oon xpelaletal:

— TO TPWTOVLOL OPWG UTTOPOoUV va Kavouv B-6laomacn Lovo
OTaV €lval SEopLa LEoA ¢' evav TTUPAVAL: TOTE KAVOULE
EVEPYELAKOUC UTTOAOYLOUOUC LE OAOKANPO TO GUCTN QL.
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YrioBeon tpitou cwuatidiou otn B-olaoraon

Three-Body Final State

Helium-3 (1, 2)

Tritium (2, 1) .

g

Syal+ - v
?T—*zHe + €7 + Vg

Q=18.6 KeV

No. of counts per unit energy range

T Electron and 500 |-
S neutrino share
‘ the available
A& TS energy.
O O Vo
Electron Antineutrino s m m P

i ectron kiratic enargy in KeV

beta decay spectrum of tritium (JH — IHe). (Source: G. M. Lewis,

(N.2)— (N—1,Z+ 1)+ e +V . ndon: Wykeham, 1970), p. 30.)

Av urtapyetvetpivo: 0 < T, <AM-m,,
m,= 0
spin =h/2

YnoBeon v, : Pauli 1930

* EmBePalwon vna v : Reines — Cowan, pe avtwetplva amno
e
TIUPNVLKO avTldpaotripa.
* EruBeBawwon oty #Fv_: meipapa Davis, avtibpaon mou yivetal pe

VETplva, SeV YIVETOL HUE AVTLVETPLVA
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B-Slaomoon: KaAn mpoogyylon we aAAnAemnidpoon enadng,
Qv Kol onUepa EEpoupe OTL elval aAAnAemtidpaon
avtaAlaync W

Enrico Fermi: Jewplia tnc 6-
dlaonaonc. Oswpel OTL Tt CWUATLOL
rtou aAAnAemnibdpouv Bpiokovtal oTo

(6lo0 onueio

AMnNnAenibpaon emadnc

Juyxpovn ewkova. H B-6taomaon
nipokaAeital arto tnv acdevn
duvaun, Tov onUAaivel
aAAnAenibpaon pueow avraAiayng
gevoc owuartidbiov W

AMNnAentidpaon pe avtaAiayn W
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Mada Tou VETPLVO;

- E&etdloupue 1O dlaypappa MAnBuouoU cav ocuvapTtnon tneg
KIVNTLKNG EVEPYELAG TWV NAEKTPOVIWV OTNV TIEPLOXN TNC
LEYLOTNC KIVNTIKNG. KavovTag Evav JeETAOXNMATIONO WC TIPOC
N METABANTN OTOV Aova 'y, EXOUUE YPAUHUIKA oxeon yia m, = 0:
olaypappa Fermi-Kurie.

dR/dE,
F(Zg, E.)E.(E? — m3c*y

nstant)(E, — E.)'[(E, — E.)* — m*c*}h.

‘Omou: E, = Q Tng didomnaong

(ME, ¥pE, F1}

‘H — :He + e + 7+ 18.6 keV.

A
ad
Without Coulomb
correction

MAnBuouoc

m, < 4.35¢eV

‘ S~ Background
| 1 1 1 T t— ]

3 6 8 0 12 M4 16 18 2

KwnTikh Evépyela (e) (Belesev, A. L et al. (1995), Phys. Lett. B 350, 263)
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Fermi-Kurie plot

Effects of a finite neutrino mass on the Kurie plot

The Kurie plot K(E,) is a convenient linearization of the beta spectrum

- 172
dN /2
dE
K(E) = > «|(Q- E,,)\/ (Q-E,)»2-M,2c
G IM{2 F(Z,E,) S(E,) [1 + Bx(ZE(E+m,c?)
N
zero neutrino mass
% Kurie DlOt , finite neutrino mass
near Q
effect of:
= background
= energy resolution
= excited final states
Q
' y —1T— I(dN/dE) dE = 2(3E/Q)3
. Q-M,c? Q Q-3E -
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Mala v + O(rmapatnprnoope “taloviwoelc” v) : eva eidocg vetpivo
LLETOTPETIETAL OE £va AAAO -> YIVETOL LIOVO AV TAL VETPLVA EXOUV
nada: apa xouv poda...
MINOS experiment

A.IN.O - 21 Noepp. 2018

OFERNE 41 #9381 12D

NuMI Tunnel Project

This is the most precise measurement of Am2.
The results are: Am?,; = 2.43*0.13_, .. eV?/c?
(90% confidence limit) and

sin?(26,,) > 0.90 (90% confidence limit

l

..0AAG N pada toug eivat 160 uler']v

TIOU propoUpe TIOAU AveTa va 1N
BewpoUpe 0 OTIC TIUPNVLIKECS
avTtidpaoelg



3) B-OlA0TIA0N: EVEPYELAKEC OUVONKER
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Evepyelakec ouvOnkec yia B-dtaomaon

n— pt+e +Vv,
2 p— n+e +v,

pte — n+y,
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Evepyelakec ouvOnkec yia dltaoraon 3

Evepyelakn ocuvOnkn B: Ynueioon: Mméuov(AZX) =M(A,Z
7X— ,AY+e +v, %_RM >y Q= (M(4,2)- M(4,2+1) - m,)¢

4

(M(A,Z) — M(A,Z +1))c¢® >0,

ATTO diatripnon evépyelag Empiv = Eue
ME pAdec TTUPNVWY, OTTOU psTc’x ypo’((pw:

Onou M(A,Z) ot atoputlKEG UAleg: apa PEMEL

A —
mm,p( ZX) - qTopou( X) va naipvete urt' oYV oo Ko Tt NAEKTPOVIAL
aTouOoU.
2NHELLON: , ) . Znueiwon: otav oag Sivovtal ol ATOULKEC
P=Parent = o0 Twpnvag “yoviog paeg, autéc umodétouv téoa nAskTpovia
D=Daughter =Buyatplkog rupnvag 600 TpWTOVIA

A 7 - o Av okEédTopal KaT' euBeiav pe
X ) aTOMIKEC palec, n BACIKN 10€a
7z 7+1 Y + e + ve gival: Ta atoulkd nAekTpovia
~ Bpiokovtal aro Tn Jia oTyun otnv

AAAN UE TIEPLOCOTEPA TIPWTOVLA
OTOV TIUPNVA.

Mala atouou pe: Z+1 mpwTtovia Kal
Z+1 nAekTpovia
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Evepyelakee ouvOnkec yia ditaoraon B+
Evepyelakn cuvOnikn B* :

Q = (Mp — Mp —m, —m,)c?

2X— ,AY+e v, = (M(A,2) - M(A,Z - 1) - 2m, — m,)c?
M (M(A,Z) - M(A,Z —1) - 2m,)c?
A

"X—> 'Y+e+v

a) Mala atouou pe: Z-1 mpwTovia
Kal Z-1 nAekTpovia

ouv

B) 1 MAeovadlov NAEKTPOVLO
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Evepyelakec ouvOnkec yia B-dtaomaon
Evepyelakn cuvOnkn cUAANY NG nAektpoviovu (EC, “K-cUAAnYN”):

Q = (Mp+m.— Mp—m,)c?
€ =(M(A,Z) - M(A,Z —1) —m,)c?
~[(M(A,Z) - M(A,Z -1)) > 0.

H avtidpaon cUAANYNG nAekTpoviou (EC), uropei va mpokuyPel anod tTnv ypadn

NG avtioToxng e&lowong B+, ueTaPEPOVTAG TO € OTO APLOTEPO OKEAOG,

OoTIOTE TO e+ yiveTal To “avTibeTd” Tou. AvTiBeTO, e TNV £VVola CWHUATIO-AVTIOWUATLO
(“owpaTtio” = “cwpatidlo”: dUo AEEEIC yia TO O10 TiPAyuAQ).

Katd ouvbnkn: to e eival To cwpaTtidlo Kal 1o et eival To aviiowpatidto.

To v, eival owpartidlo kat To v, givat avti-cwuatidlo.

>nueiwon: yevika maviwg, To va ypayw tTnv avtidpaon dev onpaivel OTL eTUTPEMETAL KAl
evepyelaka! Edw BeBata n EC eival evepyelaka kaAutepn ano tn B+

A - A
X+e—> Y+v |
Z z—1-"".. e a) MacCa atouou pe: Z-1 mpwtovia

Ze = Kal Z-1 nAekTpovIa,

k ouv
B) 1 mM\eovalov NAEKTPOVIO TO OTIOIO
TO TUAVEL O TWUPNVAG KL £TOL HELWVEL
TA TPWTOVLA TOU

A - A
, X+e — , Y+v
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B-0l00TIA0EIC: EVEPYELOKEC CUVONKEC

- A A - = -
B ZX_) z+1Y+e +V€ n— p+e +Ve
+ A A .
B ZX_) Z_1Y+e +v, 2> p— n+c++ve
EC |2X+e —» ,4Y+v -
Z z-1 e pte — n+v,
1) Evepyetokr) cuvOnikn B-: Ynueioon: MméuOU(AZX) =M(A,Z)

2X— ,A0Y+e +v, OanpéneiQ>0-> Q = (M(A,Z) — M(A, Z +1) —m,)c?

2X— LAY +e +v, ¥|(M(4,2) - M(4,Z +1))¢ >0,

2) Evepyelakn ouvOnkn B+ : Q = (Mp — Mp — me — my)é
= P — MDD = Tlte = Ty

2X— ,0Y+e +v, = (M(4,2) - M(A4,Z - 1) - 2m, ~ m,)c*
~(M(A,Z) - M(A,Z —1) - 2m,)c?

3) Evepyelakn cuvOnkn cUAANYNC nAektpoviov (EC, “K-cUAANYN"):
Q=(Mp+m.— Mp - mu)02

SX+e = ,4Y+v, = (M(A,Z) - M(A,Z —1) —m,)c?
~|(M(A,Z) - M(A,Z —1))c* > 0.
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[MPOZ0OXH #1) av ox1L arnod Baoikn o€
Baolkn Kataotaon:

Ot Tipeg Tou Q mou divovTal ota ponyoupeva eivatl yia B-
dlaordaoelc ano

- Tn Baolkn otabun Tou nmatplkou Tupnva
- 21n Baoilkn otabun tou BuyatplkoU Tupnva

Av TIQUE O€ OlEYEPUEVN KQTAOTAON TOU BuyatplkoU (LE EVEPELA
AE mavw amd tn Bacikn tou), T0Tte 10 Q £ival uikpotepo kata AE.
AuTO 10 Q' €ival mou uoipalovtal w¢ KIVNTIKN EVEPYELA TA

rooiovra.
Q'=Q-AE
’ \»
Natpikog A
Q AE

A4

OuyaTpiKocg
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[TPO2OXH #2) IxeTlka e TIC KIVNTIKEG
EVEPYELEC TWV TIPOLOVTWV Hlac dldomaonc:

To Q Tng avtidpaong (dtadopa palwv HeETAEU TWV AVTIOPWOVTWYV Kal
MPOIOVTWYV) polpaleTal WS KIVNTIKN EVEPYELQ OTA TPoiovTa

> TIC OlaOoTIA0ELC UE TIUPNVECS Kal owpaTidla aAda tou eival "Bapd”
owuaTtiola, urmopoUue va MoUue OTL OV elval OXETIKIOTLKA, KL £TOL
KAVOUUE dlaTNPNOoN OPUNG Kal EVEPYELAC HE TOUG KAAOOIKOUC
TUTIOUC KLVNTLKNG EVEPYELAC KAl OPHUNC.

‘Otav Ouweg €Xouue eAadpd cwpatidla (NAekTpovia, veTpiva, akoua
Kal giovia), TOTE Ta oOwHaTIOa pag elval OXETIKIOTIKA Kal Oev
UTopoUUE VA KAVOUE QUTN TNV TPOCEYYLON, aAAA TIAUE KAVOVIKA
ue Tn dlatnpenon eVEPyeLlag Kal OpUNG XPNOLLOTIOIWVTAC TIC
OXETIKIOTIKEG eElOWOELC.

Emiong: av €xoupe povo dUo poiovTa, TOTE TO TOOTN OPMI Kal TIoon
evepyela Taipvel o kKaBevag Toug eival armoAuTta KaBopLloPEVO,
omioTe Kal 1 ekatouUplo dlaoTaoelC va TapaTnPnooupe, 6a
Maipvouue AvTa To (010 armoTEAECUA YA TIC OPHEC KAl KIVNTLKEG
EVEPYELEC TWV TIPOIOVTWV.
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[TPO2OXH #2) IxeTlka e TIC KIVNTIKEG
EVEPYEIC TWV TIPOLOVTWYV Hlac dlaoTiaong:
> TNV nepitwon tTng aAda diaoraong eivat

Ta=Q*M /[ (Ma + M ), EVW

BuyatplkoU BuyatplkoU

T =Q* Ma/(Ma + M

BuyatplkoU euyantKoU)’

omioTe adoU oTIC dlaomiaocelc aAdpa EXOUHE OTL O UNTPLIKOC Kal O
BuyaTtplkOC Tupnvag eivat mavw ano 210+ ocuvnBwg TOTE €ival
OK mou Agpe O6TL 1O Ta eival mepirnmou 0Ao to Q Tng avtidpaonc/
dlaomaong .

AV €Xouue OUwWC Tpla TpoiovTa, TOTE auTda polpalovTal In
olaBeoiun evepyela pe dLaPoPETIKO TPOTIO KABE Ppopa, Kl £TOL
av TIapaATtnProoue TIOAAEC OlaoTiaoelg, Tote 6a dolpue uLa
OAOKANPN KATAVOMN YIa TIC KIVNTIKEC TOUC EVEPYELEG.

‘ETOL N KLVNTLKN evEpyeLla TwV NAeTpoviwyv oTIc B-OdlaoTriaoelg
raipvel TIHEG amd 0 £wg Q. (Av To veTpivo exet uadam,, n
KIVNTIKT) TOU NAgKTpoviou ¢tavel uexpt Q - m , To TMOAU).
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Aoknon 1

To 106TOTTO TOU GVOpPOKA 146C TTAPAYETAI OTTO TTUPNVIKES AVTIOPATEIC TWV
KOOMIKWV OKTIVWV GTNV aTHoG@aipa. AilaoTraTal SivovTag 147N.

a) Ti €idoucg didoTtraon cival; AwoTe TV avtidpacon TN d1ACTTaoNC.

B) Av oI atopikéc padec ™C kai "N givar 13044,00 MeV/c? kai 13043,85 MeV/c2
aVvTIOTOIXA, TTOON Eival N EVEPYEIQ TTOU ATTEAEUBEPWVETAI KATA TNV AVTIOpOAON;

Y) ZXEOIAOTE TO EVEPYEIOKO (PACHA TWV NAEKTPOVIWV.

Aivovtal ot pacec:
M(n) = 939.6 MeV/c?- M(p)=938,3 MeV/c?, M(e)=0,511 MeV/c?
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Aoknon 1 — Auon (a,B)

- QM C>YN +e+v, 5 Q=M C)-M("N)=0.15MeV

- B) Atouikeg padecg (M): divovtal mavta ylia atopa Je (oo apltbuo
NAEKTPOVIWV Kal TIPWTOViwV
Baoikn 18€a: Ta atouikd nAeKTpoOVvIa
. BplokovTal amo N PLA oTLyUn oTnVv AAAn ue
- MeEPLOCOTEPA TIPWTOVIA OTOV TIUPTVA.

+ € -I-V Mala atopou ue: Z+1 mpwTtovia Kal
: Z+1 nAekTpOVIa

-“‘
*®
.
PR
* .
0000
---------

2HMEIQZzH:

Av 6£Aoupe, HTIOPOUKE VA SOUAEUOUHE HE MUPNVIKEC Halecm (m,,):

m.. 146C) = m (147N) +m,_+Q

nup

’ . A _ A £ _ A s £
omov: m_ ( ZX) Mmémm( ZX) ZFm_ = M( ZX) Z*m

M(146C) — 6*M(e) = M(147N) —7 *M(e) + M(e) + Q==>Q = M(146C) - M(147N)
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Aoknon 1 — Auon (y)

. Q)P C>YN +e-+v, —; Q=M("C)—M(“ N)=0.15MeV

- B) ATOMLKEG padeg: divovTal MavTta ylia atopa Je (oo aplbuo nAektpovipv
KAl TipWTOoViwv

Baoikn 18€a: Ta atouikd nAekTpoOvia
BplokovTal amo N PLA oTLyun otnVv AAAn ue
. MeEPLOCOTEPA TIPWTOVIA OTOV TIUPTVA.

+ e VvV Mala atopou ue: Z+1 mpwTtovia Kal
Z+1 nAekTpovia

>
v B
E L T o T ]
. 7 7 7 ~ . e~ decay
Y) Evepyelakd ¢dopa nAektpoviwy s L e, i
= KATAVOUN TWV EVEPYELWV NAEKTPOVIWV §_ xR /
, / / = 7
= TANBUONOC nNAeKkTpoviwv (a&ovag y) f:" | \
/4 c \'\
oav ouvaptnon Tng o - _ :
N'e) ‘1\
L 7 s = o
EVEPYELAG TOU NAeKTpoviou (a&ovag x) = \'»f\ 5
2‘ L_ I T S 1 L \VA_]

T(e) = E(é) - m(e) c2
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Aoknon 2: B-owaoriacelg (B-, B+ Kat CGUAANYN
NAEKTPOViou)

Alvovtal ol atoplkeg palec (o amu). Me dedopévo otL n padlo tou
nAektpoviou eivat 0.00055 amu, deitte oo voukAidLo oe kaBe (evyoc ival
aoToOEC, YE TIoLO TPOTIo SLaoTaTal Kal Bpeite TNV EVEPYELA TTOU
e\evuBepwvetal otn dlaomaon:

o 3) &'F 19.0045
(1) 7:;;1 7.0182 1Ne 19.0080
TBe 7.0192 ,
o () 5P 339983
13C 13.0076 45  33.9978

(2) 3
‘N 1 - 1 L)
T 3.0100 358 34.9791

(5) 3501 34.9789
Baolkn 10€a Kal anavinoelg:
*To Baputepo VOUKALSLO Slaomatal, apa eivol To mold actabEc.
*OAec oL meputtwoelg €xouv AA=0 (6ev Sivouv a-Stdomaon) kot AZ#0 (6ev divouv y-Sldomaon)
1.AM=0.001 amu <0.0011 amu, Be sivat padlevepyd cUAANYP NS NAekTpoviou
2.AM=0.0024 >0.0011 to N eivat kat B* kat cUAANYNC NAekTpoviou
3.AM=0.0035 >0.0011 to Ne sival kat B+ kat cUAANYNC NAEKTPOVIOU
4.AM=0.0005 o P eival p-
5.AM=0.0002 to S eival B
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Ertopevn dopa:

B-0laomaon — oruyv Kat rmapltu-> Kavoveg
EruAoyng
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