
 1 

, 4

8π
TW E ,   E  = kBT,   1nE E nE  (n = 0, 1, 2, ...),   1

1

B

exp 1

EE
E

k T

,   1
cE h h ,   E h ,   f 2

Em
c

,   f fp m c ,   fp k ,    

2 1( ) /n nE E h ,   
2πn
hL n n ,   

2
n

n

a
r
v ,   

2

2
0

1( )
4π

eF r
r

,   
4

2 2 2
0

1
8n
meW

n h
,   

4

2 2 2
0

1
4n
meU

n h
,   

4

2 3
08

meR
h c

,   
2

2 20
2

0,529 Å
πn

hr n n
mZe Z

,   

2

2 13,6 eVn n n
ZE W U
n

,   2
2 2
1 2

1 1 1Z R
n n

   (n2 > n1),   
2
h
mE

,   
2xx p ,   2 sind n   (n = 1, 2, 3, …),   2 d| |

d
P
V

,   

0

N

i i
i

a ,   
2

2 ( , , , ) i
2

U x y z t
m t

,   i /( , , , ) ( , , )e Etx y z t x y z ,   2
2

2 [ ( , , )] 0m E U x y z ,   ( , ) ( , )t t
t
r j r ,   

* *( , ) ( )
*t Ψ ΨN ΨΨ N Ψ Ψ

t t t t
r ,   i ( )

2
N

m
j ,   

2

2 2

d 2 ( ( ) )
d

m U x E
x

,   
2

2
2

d 0
d

k
x

,   2mEk ,   

i i( ) e ekx kxx A B ,   i /( , ) ( )e Etx t x ,   2| |kj A
m

,   
2

21
1 12

d 0
d

k
x

,   
2

22
2 22

d 0
d

k
x

,   1
2 ,mEk     0

2

2 ( )m U E
k ,   

1 1 1exp(i ) exp( i )A k x B k x ,   2 2 2exp( ) exp( )C k x D k x ,   
2

2

| |
| |
FS
A

,   2 1k w ,   0
2exp 2 ( ) 1S m U E w ,   

2

11

2lim exp 2 ( ( ) )d
xN

nN
n x

S S m U x E x ,   
0,    0 ;

( )
,   0  ir  .

x w
U x

x x w
,   ( ) sin cosx A kx B kx ,   (0) = 0,   (w) = 0,   ( ) sinx A kx ,   

πnk
w

   (n = 1, 2, …),   
2 2 2

2 2
2 2

π
2 8n

hE E n n
mw mw

,   2A
w

,   
2 2 2

2
2 2 2 0k

x y z
,   ( , , ) ( ) ( ) ( )x y z X x Y y Z z ,   

2 2

2

1
2 x

X const E
m X x

,   Ex  Ey  Ez = E,   πx
x

nk
w

,   
2

2 2 2
28n x y z

hE E n n n
mw

     (nx, ny, nz = 1, 2, 3, …),   2
2

2 ( ) 0m E U r ,   

( , , ) ( ) ( , )r X r Y ,   2 2ˆ | |Y YL L ,   ( 1)       ( 0,  1,  2,  ...)l l l| |L ,   ( , ) ( ) ( )Y P ,         ( , 1,..., 1, )z l lL m m l l l l ,   

(π , π ) ( 1) ( , )
l l

l
lm lmY Y ,   3| | ( 1)

2s s sL ,    ( 1/ 2)sz s sL m m s ,   n, l, ml, ms,     j sL L L ,   

1 2 1 2 1 2( 1)    ( | |,| | 1,..., )L l l l l l l l l l ,   | | ( 1)j j jL ,    ( , 1,..., 1, )jz j jL m m j j j j ,     n, l, j, mj,    
2πeS er

T T
,   



 2 

B2
e
m

Lμ L ,   B2 s
s

Lμ ,   0 0 0 0
ef br3 3 3 34π 4π 4π 4π

Ze Ze Ze Ze
r r r mr

B v r v r r v L ,   

ef so so( ) ( ) | || | cos( , )s s s sU U r U rμ B L L L L L L ,   soj j s jE U U L L ,   2 2 2| | | | | | 2j s sL L L L L ,   
21 1

2 2
21 1

2 2

,             kai ;

( 1) ,   kai .s

l j l

l j l
L L    1 2 1 2

1 0
( , , , ) ( , , ) ( , , ) ( , , ) ( , , )

0 1szx y z L x y z x y z x y z x y z ,   1 1 2 2( , ,..., )N Ns s sr r r ,   

2 2
1 1 2 2 1 1 2 2| ( , ,..., ,..., ,..., ) | | ( , ,..., ,..., ,..., ) |i i j j N N j j i i N Ns s s s s s s s s sr r r r r r r r r r ,   1 2 1 1 2 2 1 1 2 2

ˆ ˆ ˆ( ... ) ( , , , ,..., , ) ( , , , ,..., , )N N N N NH H H s s s E s s sr r r r r r ,   

2
2ˆ ( )

2i i iH U
m

r ,   

1 2

1 2

1 2

1 1 1 1 1 1

2 2 2 2 2 2( )
1 1 2 2

( , ) ( , ) ... ( , )

( , ) ( , ) ... ( , )1( , , , ,..., , )
! ... ... ... ...

( , ) ( , ) ... ( , )

N

N

N

k k k

k k k
N N

k N N k N N k N N

s s s

s s s
s s s

N
s s s

r r r

r r r
r r r

r r r

,   J jk
k

L L ,   L k
k

L L ,   S sk
k

L L ,   

J L SL L L ,   | | ( 1)J J JL ,    ( , 1,..., )Jz J JL m m J J J ,     J = |L  S|, |L  S|  1, …, L  S  1, L  S,    nm n mE E ,   (s)d dnm nmP A t ,   

(p)d ( )dmn mn nmP B W t ,   (p)d ( )dnm nm nmP B W t ,   
2

,   2 2

2 1( )d d
π 4( )

n

n n

ΓP E E E
E E Γ

,   /n nΓ ,   I(t) = I0 exp( t / ),   j = 0, ±1,   l = ±1;    

J = 0, ±1,   S = 0,   L = 0, ±1,   mJ = 0, ±1,    =  ',   h max = eU,   2
2 2
1 2

1 1 1( )Z R
n n

,   1/3
0R R A ,   

2 2
R p n[ ( ) ]E mc Zm A Z m M c ,   R

Rδ EE
A

,   2/3 1/3 2 1
R ( 1) ( )E A A Z Z A N Z A C ,   2, 8, 20, 28, 50, 82, 126;   

0
Kul( ) ( )

1 exp

UU r U r
r R

a

,   so so sE U L L ,   2
so so

1 | | (2 1)
2

E U l ,   ( 1)      ( 0,  1,  2,  ...  arba  1/ 2,  3/2, 5/2, ...)JL J J J J ,   

      ( , 1,... 1, )Jz J JL m m J J J J ,   1 2 1 2| | | |j j J j j ,    d
d
N N
t

,   1/ 2
0 0

/( ) e 2 t TtN t N N ,   1 ,    = N,   4 4
2 2X Y HeA A

Z Z ,   

1/ 2lg DT C
E

,   
2

0

0

/(2π ),        kai ,
( )

0,                  kai .
Ze x x d

U x
U x d

   max ( )U U d ,    x1  d  10 14 m,   
2

2
02π

Zex
E

,   S
d
v ,   E = Mv2/2,   

2 2 2

1 1 1

2

1 2
0

12 ( ( ) )d 2 ( )d 2 d ( ) ~
2π

x x x

x x x

Zem U x E x mU x x m x const x x
x E

,   a bE h E E ,   Ee = E – r,   2
21 0

2π | | ( )H E ,   



 3 

*
21 2 1dH H V ,   

0

0
d( )
d E E

nE
E

,   
2 2 2

2 2
6

(4π) d dd d de
p pq qn n n V
h

,   0 eE E E ,   2 4 2 2E m c q c qc ,   0 e 0( ) / ,   d d /q E E c q E c ,   

2
2 2

0 e
0

d ~ ( ) d ~ d
d

n p E E p
E

,   2 2
0 e

d ~ ( )
d

p E E
p

,   a X Y b ,   2
a X b Y( )Q m m m m c ,   d d / dP S S n x ,   i

i
,   i i

i

p ,   

1l
n

,   d 1
d
P n
x l

,   d
d
P n
t

v ,   R Vj ,   ( / ) ( ) SR N j N S Sj n ,   d
d

,   
π

0

d 2π sin d ,   

2 22 2

4 4
0

1 1
16sin ( / 2) 4π 4 sin ( / 2)

d zZe
E

,   
2

04π
zZed

E
,   *a X X a ,   *a X Y Z b ,   2 2

r

1( ) ~
( ) ( / 2)

E
E E

,   1 2R R R ,   

 =  R2,   2πb ,   
2

1 2

04π
Z Z eB

R
,   E E B ,   L pb p R ,   2 2π π 1E BR R

E E
,   

2 2 2
2

2 2

π ( 1) ππ π
( )

L l l lb
p k k

,   

1,    ( 1)l
l l

L lr l r l
k k

,   2 2 2
1π π (2 1)πl l lr r l ,   Rl ,   2e

max e
4 2mE E m
M

v ,   
2

2 2
0

1
4π

zeF
x b

,   dtp F ,   

2 2

2 2 3/ 2
0 0

1 1d d d
4π ( ) 2π

ze b zep F t F x x
x b bv v v

,   
2

e2
pE
m

,   
max

min

2 4
max

2 2
0 e min

d 12π d ln
d 4π

b

b

bE z e nE n b b
x m bv

,   maxmax

min min

ln ln
Eb

b E
,   

minE I ,   
22 4

2e
2 2 2
0 e

2d 1 ln
d 4π (1 )

mE z e n
x m I

v
v

,   
2

e
kr

1600 800 MeVm cE
Z Z

,   rT E E ,   
5

3,5~fe
Z
E

,   2T E E E mc ,   p p p ,   

p  = E  / c,   21 ( / )(1 cos )
E

E
E mc

,   22T T E mc ,   d dI N I x ,   N ,   R1 R 2 RQ E E E ,   

1 R1 2 R 2 R 1 R1 1 R 2 R 1 R1 R 2 R 2 R( ) ( ) ( ),Q A E A E A E A E A A E A E A E E A E E    235U  n → 236U* → 93Rb  141Cs  2n,   

k = N1/N,   k pf ,   d

d p

,   a K a

a a a K a L a S a

(K) (K)
(K) (L) (S) (K) (L) (S)

Nf
N N N

,   R R1 R 2Q E E E ,   

R 1 R1 2 R2 R 1 R1 1 R2 1 R2 R1 R R2( ) ( ) ( )Q A E A E A E A E A E A A E A E E A E E ,   
2 2

x x Y Y
x x Y Y,   

2 2
m m Q m mv v v v ,     

2 2
x x Y Y

x Y Y x

1 1,  
2 1 / 2 1 /

Q Qm m
m m m m

v v ,   
2 2

2
2 2 2 2

π ππ
4π

hS S S S
k p m v

,   2e GS ,   1~G
v

,   1 2n n v ,   
0

( ) ( ) dpv v v v v ,   



 4 

2
2( ) ~ exp

2
mp

kT
vv v ,   W = VQ,    

1 2

W
n n VQ

v ,   v  ~ 10 22 m3/s,   
2

r 1 2 4
nE Q n n Q Qv v ,   p 3E nkT ,   Er > Ep,   

/| | e r RCU
r

   (C = (2,5ꞏ10 27 – 1,87ꞏ10 64) J m, R = (2 10 18 – ) m),   „3q“, „3q “, „ qq “,   l lL n n = Le  L   L ,   q q( ) / 3B N N ,   

1 ( )
2zq I B S C B T ,    Iz = I, I  1, ..., I  1, I,    2E Mc ,   

2xx p ,   E ≈ cp,   a b a b ,   a  b → c1  c2  ...  cn,   

a → c1  c2  ...  cn. 


