
!""#$%&'($#)*++'&,"#$),&--.)+/)0(1.&2(-)
!

!"#$%&"#'(')*)+,+'-./%$0&12')34(56')7'
!

"#$%! ! &'(')'*)(+!,-!
./012-3$31%! 4567#87!.9:$;<<=!>-3$!?#115@A9:$3!:B=1#$=9A?9CD!E3?9D!

F591-3A7G<$=0:$!A0=:9A3!
4<0:G%! "<?91?!HI!2<0:GD!,@A!;3?6G!J!=A0K7!L'!2<0:GD!,@A!;3?6G!L!=A0K7!M'!

2<0:GD!,@A!;3?6G!I!=A0K7!*'!2<0:GN!OKN!2<0:G!,AP:!#:10-:#:G9A!
#:=1B$3A97N!

QAPG<A%! "5<-97!R#177<:D!?31N!HH&!J&!I*S'H'&!(LL(+I!
!

(N R3B?A#:3A!,AP:!7<13:7!,B7#<:7A39=?#<:3A!=9:!$3?3=?3A97!G3:<-!9??!
$3!#:$B83A9A!3??!#:K3A7?!;3?9)7@:$3A,911%!
9N E3A0=:9!$3!10G7?9!:3B?A#:<3:3AG#3A!7<-!=9:!$3?3=?3A97!-3$!

5/012!9K!$3?3=?<A3A!7<-!59A!JHF1!A3723=?#K3!H(T9!7<-!9=?#K?!
-9?3A#91!! ! ! ! ! ! ! >('!2C!

;N U9:!$3779!-9?3A#91!9:K0:$97!,@A!9??!7?B$3A9!:3B?A#:3A!,AP:!
2A<?<:)2A<?<:),B7#<:!#!7<13:!>,@A7?9!7?3G3?!#!22)=3$/9:CV!>I!2C!

&N W3$<G@A!,@A!$3!2A<83773A!K9A-3$!313-3:?!?6:GA3!0:!/0A:!;#1$9?7N!
E37=A#K!K9A,@A!,@A1<223?!#:?3!=9:!,@A=19A97!-3$!3:$97?!3:!2A<8377N
! ! ! ! ! ! ! ! >('!2C!

JN R#KP7853-9!,@A!=0A:9:!

 

93
237Np!,A9-GPA!9K!,#GBA3:!:3$9:N!Q@A!

GAB:$?#117?P:$3?!79-?!$3!,6A9!10G7?9!:#KP3A:9!9:G37!72#::!<85!
29A#?3?!>XYC!79-?!3:3AG#!#!=3Z!

! >XYCJ      OJ!

! >XYC&      O&!

! >XYC(      O(!

! HS&)! ! ! ('J!

! +S&[! ! !!!! !!HM!

! IS&)! ! !!!! !!M'!

! HS&[! ! !!!! !!JJ!

! IS&[!!!!!!!!!!!!! '!

 

  

9N E37?0-!-3$!5/012!9K!;#,<G9?!R#177<:$#9GA9-!>Q#GBA!(C!
$3,<A-9?#<:3:!!!,@A!=0A:9:N!\<?#K3A9]!! >I!2C!

 

93
237Np



;N E3A0=:9!72#::D!29A#?3?!>XYC!79-?!3:3AG#3A!,@A!$3!?A3!5@G7?!
3^8#?3A9$3!:#KP3A:9!#!:#KP7853-9?N! ! ! >('!2C!

LN Q@A=19A9!<85!3^3-21#,#3A9!#7<72#::;3GA3223?!#!=0A:<A!>I!2C!<85!
29A?#=19A!>I!2C!

IN _3:!,67#7=9!3?9)-37<:3:!=9:!737!7<-!3:!7B23A2<7#?#<:!9K!=K9A=)
9:?#=K9A=?#117?P:$!3:1#G?!!

 

" =
1
2
(uu # dd )cos$ # 2ss sin$ !

$0A!

 

" !0A!3:!`-#^#:G!9:G13aN!Z#1=9!9K!,@1/9:$3!7@:$3A,9117=9:913A!0A!
-@/1#G9!,@A!3?9)-37<:3:V!X:$#=3A9!-@/1#G9!2A<83773A!2P!=K9A=:#KP!
,@A!$3779!>B?9:!9??!?9!50:76:!?#11!:<A-91#73A#:G,9=?<A3ACD!K#79!K#1=9!
BAK917A3G13A!7<-!;A6?7!,@A!@KA#G9N! !! ! ! >('!2C!

9N 

 

"# µ+ + e$ !
;N 

 

"#$ 0 +$ + +$ % +& e +&µ !

8N 

 

"#B$ + e+ +% e !

$N 

 

"#$ + +$ - +2% !

3N 

 

"#K0 !

MN "#117?P:$!5<7!$3:!3^<?#7=9!:B=1#$3:!(&E3!>9?<--9779!(&D'&M+&(!
BC!=9:!7?B$3A97!G3:<-!9??!2<2B13A9!$3779!G3:<-!
?A9:7,3AA39=?#<:3AN!Z#!9:K0:$3A!A39=?#<:3:!!&.>((E3D2C!#!7N=N!#:K3A7!
=#:3-9?#=!K#1=3?!-<?7K9A9A!3:!>$D2C)A39=?#<:!#!:<A-91!=#:3-9?#=N!
_P!3??!3^8#?3A9?!?#117?P:$!#!(&E3!-3$!3^8#?9?#<:73:3AG#:!&D('!\3Z!
2<2B13A97!#!$3::9!A39=?#<:D!=<--3A!$3?!<-3$31;9A?!9??!
$373^8#?3A97!G3:<-!9??!3-#??3A9!3:!,<?<:N!!
9N b:?9G!9??!3^23A#-3:?B227?011:#:G3:!<-G37!#!9119!A#=?:#:G9A!9K!

G9--9$3?3=?<A3A!$0A!5319!,<?<:3:3AG#:!$3?3=?3A97N!E3A0=:9D!
B:$3A!,@AB?70??:#:G!9??!$3:!#:=<--9:$3!7?AP13:!0A!((E3)/<:3A!
-3$!$3:!=#:3?#7=9!3:3AG#:!JD(!\3ZSBD!$3?!3:3AG##:?3AK911!#:<-!
K#1=3:!$3:!B?GP3:$3!,<?<:3:!$3?3=?3A97N! >('!2C!

;N Z9A,@A!G3:<-,@A7!3^23A#-3:?3?!#!#:K3A7!=#:3-9?#=D!<85!K#1=9!
3G3:7=923A!5<7!G9--9$3?3=?<A3A:9!0A!@:7=K0A$9V!>I!2C!

!



!
Q#GBA!(!R#177<:$#9GA9-!,@A!2A<?<:3A!



37Cl

37Cl + ν →37 Ar + e−

Q = [m(37Cl) − m37Ar − me]c2

= [(M(37Cl) − 17me) − (M(37Ar) − 18me) − me]c2

= [M(37Cl) − M(37Ar)]c2

M(37Cl) = 36.965903u M(37Ar) = 36.966776u Q =
−0.81MeV −Q

71Ga 71Ge Q = −0.24MeV

p + p → d + e+ + ν

Q = [2mp − md − me]c2 = [2M(1H)− M(2H)− 2me]c2 = 0.42MeV

2mec2 =
1.022MeV

•
•
•
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0.23 < ε < 0.28
23,24Mg 23Mg

[211 3
2 ] d5

2 π = 1
Iπ = 3

2

+

E = E0 +
h̄2

2
[I(I + 1) − K2]; I =

5
2

+

,
7
2

+

,
9
2

+

, . . .

E 7
2
− E 5

2
=

h̄2

2
[
7
2
(
7
2

+ 1) − 5
2
(
5
2

+ 1)] = 33keV ⇒ h̄2

2
= 33/7keV

Iπ
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11/2+

13/2+

15/2+
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2

+
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−

Iπ

5/2−
7/2−
9/2−
11/2−
13/2−

Iπ

11/2+

9/2−
13/2+

11/2−



Le Lµ

mB > mη

12Be∗

vcm =
m11

m11 + md
v11

11Be 2H

v′11 = v11 − vcm =
md

m11 + md
v11

v′d = −vcm

T ′
12 + T ′

p = W = Q + T ′
11 + T ′

d = Q +
md

md + M11
T11

T ′
12 =

W

1 + m12/mp

Q = [m11 + md − m12 − mp]c2 − Eexc

m11 = M(11Be) = 11.021658u mp = M(1H) ==
1.007825u m12 = M(12Be) = 12.026921u md = M(2H) =
2.014102u

Q = 0.944 − 2.1MeV = −1.16MeV

W = −1.16 +
2
13

· 11 · 3.1 = 4.1MeV

T ′
12 = 0.31MeV

v′12 =

√
2T ′

12

m12
= 0.0075c



vcm ± v′12

vcm = 0.069c

[0.061c, 0.077c]

E′
γ = Eγ(1 + v/c)

v = ±0.077c
[1.94MeV, 2.26MeV ]

11Be


