
!"#$%&%'()*+,-./01-*(+-(2/0345,(5*.(

!5,1034(!678908(

:64()*+4,;2/034-*(!-+4*153(5*.(2/0345,(<-,048!

=40+/,4(>'(?65+(05*(7-/(345,*(5@-/+(*/034-*;*/034-*(9*+4,501-*8(

A,-B("#$%&'((2C2(805D4,9*EF!

9G4G(*/034-*(-*(*/034-*(

((((((*-(3-88(-A(+-+53(H9*410(4*4,E7(

((((((*-(9*+4,*53(4I09+51-*(-A(*/034-*8(

((((((39H4(035889053(805D4,9*E(-A(+J-(@93395,.(@5338(

K-(A5,(2;2(A-,048'(

86-,+;,5*E4.(5*.(5D,501L4(

65,.(,4M/389L4(0-,4(

065,E4(87BB4+,90N9*.4M4*.4*+(

.4M4*.8(-*(-,94*+51-*(-A(9*+,9*890(8M9*8(

98(839E6+37(*-*(04*+,53O(

PM1053(Q*53-E948(

.4(R,-E394(J5L48'( λ =
h

p

K05D4,9*E(-A(@45B8(-A(*/034-*8(658(M5,533438(9*(+64(805D4,9*E(-A(39E6+O(

O805D4,9*E(0,-88(8401-*8(5,4(8-B4J65+(0-BM34I(+-(5*537S4T(@/+(05*(E-(8-B4(J57(+-(

/*.4,8+5*.9*E(+64(@5890(M678908(/89*E(+6484(-M1053(5*53-E948G(

U(

K9*E34;839+(-M1053(.9V,501-*'(

$(W#X( X( &X( #X(W&X( WX(

I = I0

[
sinβ

β

]2 π =
kD

2
sinθmin

λ = Dsinθmin

β =
kD

2
sinθ

<9,8+(B9*9B/B(5+'(

J64,4()(98(+64(839+(J9.+6T(Y(98(5*E34(-A(-@84,L51-*T(

*(98(+64(J5L4(*/B@4,(5*.(Z(98(J5L434*E+6G(

5BM39+/.4([(-M108(

9*+4*89+7([(M,-@5@939+7(



$(W#X( X( &X( #X(W&X( WX( $(W#X( X( &X( #X(W&X( WX(

:J-(839+8(,48-3L4.(9A(

M5D4,*8(84M5,5+4.(@7(

B-,4(+65*(.98+5*04(+-(

\,8+(B9*G(

=9B9+(-A(5*E/35,(,48-3/1-*(84+(@7'(((

λ = Dsinθmin

K5B4(+69*E(J9+6(09,0/35,(5M4,+/,48'(

θmin ∼
λ

D

θmin ∼ 1.22
λ

D

K-(+-(844(8+,/0+/,4(J9+6(89S4(](7-/(

*44.(5(J5L434*E+6(8/06(+65+'(

λ << D

)A(.9V,501-*(-00/,8(+64*(5*E/35,((

B9*9B5(J933(-00/,'(

θmin ∼
λ

D

^I5BM34'(*(C(M(805D4,9*E(5+(3-J(4*4,E7(_`%$(a4bc(

^(`(B$0
&( "35889053(B4065*908(-Hd(/84("a(9G4G(^0Be%$N&(a4b(,4./04.(B588ef#fN&g(

)*0-B9*E(*4/+,-*(3--H8(39H4(5(M35*4(J5L4(J9+6(J5L434*E+6'(

OJ6906(98(B/06(@9EE4,(+65*(+64(,5.9/8(-A(5(M,-+-*T($Gh(ABT(8-(J-*i+(

,4L453(5*7(.4+593(5@-/+(865M4(-,(89S4(-A(+64(2;2(M-+4*153T(@/+(05*(E9L4(9*.9051-*8(

-A(-L4,533(8+,4*E+6(5*.(,5*E4(-A(+64(9*+4,501-*G(

?64,4(98(\,8+(B9*9B/BF(

Q8(Z(9*0,45848(J9+6(]T(+64(.9V,501-*(M5D4,*(@,-5.4*8(

-/+T(64,4(Zjj](9BM379*E(*-(B9*9B5(4I98+(5*.(

.9V,501-*(M5D4,*(98(k5+GG(

:64(.9V4,4*153(0,-88(8401-*(A-,(2;2(5+(+6484(4*4,E948(

98()KP:lP!)"g(

(+,!-,./012+,.!31420456!3,!+!17389276!.3:/0/,2!;+6<!

p =
√

2mE =
√

2× 469× 5 = 68 MeV/c2

λ =
h

p
=

2π!
p

=
2π × 197 MeV.fm/c

68 MeV/c
= 18 fm

*CM(.9V4,4*153(0,-88(8401-*(

5+(&&Gm(a4b(<37**(%fn&(



P,@9+53(Q*E/35,(a-B4*+/B(9*("-33989-*(

@T(9BM50+(M5,5B4+4,(

=9*45,(B-B4*+/BT(M( K4B9;03588905337T( L = r × p

L = bp = !
√

l(l + 1)

b =
!
p

√
l(l + 1)

]9V4,4*+(S-*48(-*(+64(9*(0-B9*E(M35*4(

J5L4(0-,,48M-*.(+-(.9V4,4*+(='(

^I5BM34'(%$(a4b(*4/+,-*8'!7=>(K;J5L4(?@>!AB(

(( ( ( ( ( ((7=A(!;J5L4(?@B!AB(

l5*E4(-A(2;2(A-,04(5@-/+(&(AB'(9*+4,501-*(

8+,-*E(A-,(K(J5L4T(8B533(A-,(!(J5L4G((

2R'(69E64,(4*4,E948T(69E64,(MT(8-(8B5334,(@(A-,(

E9L4*(3(L53/4d(B-,4(5*.(B-,4(3;L53/48(0-B4(

J9+69*(,5*E4g(

Q+(3-J(4*4,E948T(-*37(K(J5L4(805D4,9*EG(

K(J5L4(9*T(K(J5L4(-/+G((

?5L4(A/*01-*(o$$(658(8M64,9053(87BB4+,7G(

K05D4,9*E(M,-@5@939+7(98(98-+,-M90G(

KM9*(9*("-33989-*8(

<-,(*CM(805D4,9*E(5+(3-J(4*4,E7(=p$(9G4G(K(J5L4'(

S = s1 + s2 =
1
2

+
1
2

= 1

S = s1 + s2 =
1
2
− 1

2
= 0

MS = ±1, 0

MS = 0

:,9M34+(8+5+4(

K9*E34+(8+5+4(

K(9*(+6484(+J-(39*48(

98(9*+,9*890(8M9*T(*-+(

=p$g(

:J-(M-889@34(*CM(8+5+48'(#K%(-,(
%K$(

<-,(*C*(-,(MCM(805D4,9*E(5+(3-J(4*4,E7(=p$(9G4G(K(J5L4'(

!5/39(M,9*09M34(39B9+8(+698(+-(%K$G((



*CM(5+(3-J(4*4,E948(`(%$a4b(

]-B9*5+4.(@7(K(J5L4(805D4,9*EG(

"-*8+5*+(0,-88(8401-*(&$G>(@5,*8G(

<5338(5@-L4(4*4,E948(-A(%$(H4bG(

"-B@9*51-*(-A(805D4,9*E(9*(89*E34+(

5*.(+,9M34+(8+5+48T(@/+(.9q0/3+(+-(84M5,5+4(

0-*+,9@/1-*8'(
σ =

3
4
σT +

1
4
σS

:J-(0-*+,9@/1-*8(J4,4(8-,+4.(-/+(-,9E9*5337(@7(805D4,9*E(-V(67.,-E4*(5+(L4,7(3-J(4*4,E7G(

)A(^`$G$%4bT(Zj$G$m*B(9G4G(@9EE4,(+65*(5(67.,-E4*(B-340/34g(

K-(*4/+,-*(805D4,8(0-64,4*+37(-V(@-+6(M,-+-*8T(5(@9+(39H4(o-/*Ei8(839+8G(

:J-(+7M48(-A(67.,-E4*(B-340/34'(-,+6-;67.,-E4*(_M,-+-*(8M9*8(M5,53343c((

((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((M5,5;67.,-E4*(_M,-+-*8(8M9*(5*1M5,53343c(

"-BM5,98-*(-A(0-64,4*+(805D4,9*E(A,-B(+J-(539E*4.(M,-+-*8(J9+6(+J-(5*1;539E*4.(M,-+-*8T(

533-J8(+64(#K%(5*.(
%K$(0,-88(8401-*8(+-(@4(4I+,50+4.G((

<-,048(9*(+,9M34+(8+5+4(5,4(A4J(%$r(8+,-*E4,G(

*CM(5+(3-J(4*4,E948(`(%$a4b(

:-(8/BB5,984(,48/3+8(-A(B5*7(3-J(4*4,E7(4IM4,9B4*+8'(

•!((R-+6(89*E34+(5*.(+,9M34+(5,4(5D,501L4G(

•!(#K%(M-+4*153(98(A4J(+4*8(-A(M4,04*+(8+,-*E4,(+65*(
%K$G(

•!(:649,(/:/CDE/!0+,8/1!5,4(%Gsm(5*.(&Gs#(AB(,48M401L437G(

•!(#K%(05*(M,-./04(5(@-/*.(8+5+4(-A(+64(.4/+4,-*T(5+(W&G&&(a4bG(

•!(R/+(+64(%K$(98(*-+(8+,-*E(4*-/E6d(+64($
C(8+5+4(98(t/8+(-,?4-,.!5*.(89+8(

5,-/*.(Css(H4b(5@-L4(+64(+-M(-A(+64(M-+4*153G(

•!(:64(,4351L4(J5L434*E+68(5,4(*-+(8B533(4*-/E6(+-(M,-@4(+64(865M4(-A(+64(

M-+4*153T(5*.(B5*7(.9V4,4*+(8-,+8(-A(M-+4*153(,4M,-./04(+6484(,48/3+8G(



*CM(5+(69E64,(4*4,E948(

Q+(69E64,(4*4,E948T(4IM40+'(

•!(8B5334,(Z(8-(86-/3.(,48-3L4(+64(865M4(-A(+64(M-+4*153G(

•!(69E64,(5*.(69E64,(-,@9+53(5*E/35,(B-B4*+5(0-*+,9@/+4u(4GEG(%!%T(
#!$T%T&(O(

•!(5*E/35,(.98+,9@/1-*8(5,4(*-(3-*E4,(98-+,-M90T(4506(658(5(065,50+4,9810((((((

(865M4(/84.(+-(.984*+5*E34(0-*+,9@/1-*8(+-(0,-88(8401-*8(./4(+-((

(4506(=(L53/4G((

•!(*44.(+-(.984*+5*E34(.9V4,4*+(v(L53/48(F?/+G!547+031+D4,HG(

I/457/!2/,.!24!2+7*!+?4-2!!59+1/!193J1K!;93C9!+0/!0/7+2/.!24!C0411!1/CD4,1L!

u().4*1A7(+64(8M40+,-80-M90(0-B@9*51-*8(J6906(5,4(A-,@9..4*(A-,(MCM(5*.(*C*F(

]984*+5*E39*E(v'(R45B(!-35,9S51-*(

KM9*(L40+-,8(

P,@9+53(5*E/35,(

B-B4*+5(
=4w;,9E6+(587BB4+,948(

5,984(J64+64,(+64(+-+53(

5*E/35,(B-B4*+/B(

+,5*8A4,(98(#M%(-,(#N%G(

P =
N ↑ −N ↓
N ↑ +N ↓

Q0+/5337(k9MM9*E(@45B(8M9*(/M(5*.(.-J*(98(45894,(

+65*(B-L9*E(8M40+,-B4+4,8(34w(5*.(,9E6+T(5*.(

M-35,9851-*(98(B458/,4.'(

<-,(K(J5L4T(5+(3-J(4*4,E948T(86-/3.(@4(*-(4V40+G(

x,-J8(J9+6(4*4,E7(58(69E64,(=(0-*+,9@/1-*8(E,-JG(

K-(84*891L4(+-(+64(v(L53/4(-A(+64(8+5+4'((

(((((((((9G4G(6-J(=(98(539E*4.(,4351L4(+-(KG(

K44(y,5*4("65M+4,(>(



!6584(K69w8(

K9BM34(J5L4'(Z(p6NM((

!,-t40134(A5338(9*+-(J433T(

E59*9*E(H9*410(4*4,E7T(:p^Cb$G(

)*(+65+(,4E9-*T(M(98(69E64,((

5*.(Z(8B5334,G(

!,-t40134(,-338(/M6933T(3-89*E(

H9*410(4*4,E7T(:p^;b$G()*(+65+(

,4E9-*T(M(98(8B5334,((

5*.(Z(69E64,G(

l5.953(?5L4(</*01-*8(

2-(M-+4*153(

QD,501L4(

l4M/389L4(

z(CL4(

z(WL4(

{)+(+/,*8(-/+(+65+|(+64(M6584(869w(z(98(,435+4.(+-(+64(0,-88(8401-*(A-,(805D4,9*EG(

:64,4(98(5(.9V4,4*+(M6584(869w(A-,(4506(8M40+,-80-M90(8+5+4G(

^I5BM34'( [
dσ

dΩ

]

l=0

=
sin2δ0

k2 Flux = − i!
2m

[ψ∗∇ψ − ψ∇ψ∗]

2/034-*(K05D4,9*E(5+(}9E6(^*4,E948(

#K%
(

%K$
(

#!$
(

#!%
(

*M(M6584(869w8(
0/7+2/.!24!C0411!1/CD4,!

+,.!1C+O/03,8!504?+?37326!

^*4,E7(_a4bc(

!
6
5
84
(8
6
9w
(_
.
4
E
,4
4
8c
(

"-*\,B51-*(+65+(8+,-*E(.4M4*.4*04(

-*(+64(8M9*(-,94*+51-*8(9G4G(89*E34+;+,9M34+(

.9V4,4*048T(8/06(58(%K$(0-BM5,4.(+-(#K%G(

Q38-(.4M4*.8(-*(-,94*+51-*(-A(-,@9+53(5*.(

8M9*(5*E/35,(B-B4*+5T(8/06(58(#!$(

0-BM5,4.(+-(#!%(5*.(
#!&G(

244.(+-(5..(5(+4,B(+65+(.4M4*.8(-*(

80535,(M,-./0+(=GK(9G4G(8M9*;-,@9+(0-/M39*EG(

!"#$%&!'!"#$%&!()&*%!*+,$(-%)%!-.(

&!($(/(.(,!-(*0%+1(#&")$+!2(3+,((

.)+!'&14+*(5&1#%.6(

!6584(869w8(M-891L4(J6906(+64*(E-(

*4E51L4(@7(#$$(a4bOG0-*\,B8(

8/8M909-*8(-A(5(,4M/389-*(5+(~$Gm(AB(+-(5(

E4*4,5337(5D,501L4(A-,04G(

(4G5+03,8!,N,!+,.!5N5!2/121!(

#789:;(.<==;>9<'((

M,4D7(E--.g(

(4G5+03,8!,N,P5N5!;329!,N5!2/121!

#789:;(+?@;A;?@;?B;'((

-+.*+!#*$C(41&D%!T((

@/+(-*37(5+(+64(%;&r(34L43G(
?65+(.98+5*04(80534(0-,,48M-*.8(+-(#$$(a4b(*/034-*8F(



Q*E/35,(]98+,9@/1-*8(A-,(*;M(

KB533(5*E34(805D4,8F(

=5,E4(5*E34(805D4,8F(

^81B5+4(.4k401-*(5*E348'(

M5w4,(

M@4A-,4(

�M(

<-,(5(M-+4*153(J9+6(.4M+6(b$(5*.(,5*E4(l'(

sinθ ∼ ∆p

p
=

F∆t

p
=

1
p

V0

R

R

v
=

V0

pv
=

V0

2T

F = −dV

dr
∼ V0/R

b$e(#m(a4b(E9L9*E(Ye%$�(-,(3488g(

=5,E4(5*E34(805D4,9*E(M90+/,4(98(J,-*Eg(

^I065*E4("65,50+4,(

}-J(05*(7-/(65L4(5(8B533(5*E34(805D4,(+65+(,48/3+8(9*(*4/+,-*(0-B9*E(@50HJ5,.F(

KJ5M(+64(*/034-*(9.4*1+7(./,9*E(0-33989-*g(

KB533(5*E34(805D4,8'( =5,E4(5*E34(4I065*E4(805D4,8'(

</,+64,(,45.9*E(-*(2C2(435810(805D4,9*E'(

3--H(5+("65M+4,(%s(9*(^98@4,E(5*.(l48*90H(



:64(2/034-*;2/034-*(!-+4*153(

K/BB5,989*E(+64(M,-M4,148(-A(+64(*/034-*;*/034-*(9*+4,501-*'(

•!(86-,+;,5*E4.(`&ABd(9+(658(5(1+2-0+D4,!M,-M4,+7G(

•!(9+(98(065,E4(87BB4+,90(5*.(5MM,-IG(065,E4(9*.4M4*.4*+G(

•!(8+,-*E(5*.(5D,501L4(9*(+64(,5*E4(e$Gm(+-(&(ABG(

•!(9+(658(5(65,.(,4M/389L4(0-,4(5+(.98+5*048(3488(+65*(e$Gm(ABG(

•!(9+(98(.4M4*.4*+(-*(-,94*+51-*8(-A(9*+,9*890(8M9*G(

•!(9+(98(839E6+37(*-*;04*+,53d(658(5(2/,140!0-BM-*4*+G(

•!(9+(.4M4*.8(-*(,4351L4(5*E/35,(B-B4*+5(=([K(5*.(0-/M39*EG(

•!(9+(658(5*(4I065*E4(065,50+4,G(

]9q0/3+(5*.(0-BM34I(t-@(+-(8/B(/M((

9*(5(89*E34(M-+4*153T(@/+(05*(@4(.-*4(

5*.(+64*(/84.(9*(0530/351-*8(39H4(+64(

933/8+,51-*(J4(.9.(A-,(+64(.4/+4,-*g(

K65M4(+4*.8(+-(@4(89B935,(+-(5((

=4**5,.;v-*48(9*+4,B-340/35,(M-+4*153T(

5+(3458+(9*(,5.953(865M4g(

^I065*E4(<-,048(

"5*(/*.4,8+5*.(+64(*M(A-,J5,.N@50HJ5,.(805D4,9*E(Q2](+64(839E6+(.4M5,+/,4(

A,-B(065,E4(9*.4M4*.4*04(@7(0-*89.4,9*E(5(.9V4,4*+(5MM,-506(+-(.480,9@9*E(A-,048G(

^GEG(^=^":lPaQx2^:)Ka'(9*+4,501-*(@4+J44*(+J-(065,E48G(

"5*(E4+(4�/9L534*+(M90+/,4(@7(588/B9*E(+64(4I065*E4(-A(

5(8-;05334.(E302-+7!59424,'(

•!(4*4,E7(0-*84,L51-*(98(L9-35+4.(58(+64(\,8+(065,E4(4B9+8(5(M6-+-*(

J9+6(B-B4*+/B(QG(

•!(5004M+5@34(58(3-*E(58(9+(98(.-*4(J9+69*(1B4(0-*8+,59*+8(M3504.(@7(

+64(/*04,+59*+7(M,9*09M34T(R"LR2@SG(

•!(+64(065*E48(9*(B-B4*+/B(./4(+-(+64(4B9889-*N5@8-,M1-*(-A(

8/06(L9,+/53(M6-+-*8(E4*4,5+48(A-,048G(

•!((,5+4(-A(4B9889-*N5@8-,M1-*((98(M,-M-,1-*53(+-(4340+,90(065,E4(�G(

�*04,+59*+7(M,9*09M34'(

F =
1

4πε0

Q1Q2

r2

"5*(@4(L9-35+4.(A-,(5(1B4'(

)BM/384(E4*4,5+4.'(
qr ∼ !

t = r/c

q

t
=

!c

r2 <-,04'(( F ∝ Q1Q2

r2

)A(M,-M5E51*E(4NB(\43.8(5,4(�/5*184.(58(0/+7!59424,1K!+64(E302-+7!59424,!B-.43(98(5MM4539*Eg!



o/H5J5(:64-,7(

%f>f(2-@43(!,9S4(

=9L9*E(}/B5*(:,458/,4(

)*(%f#mT(}9.4H9(o/H5J5(M-8+/35+4.(+65+(+64(*/0345,(

A-,04(J58(B4.95+4.(@7(B5889L4(A-,04(\43.(�/5*+5G(

∆E∆t ∼ ! ∆t ∼ !
mc2

R ∼ v∆t ≤ !
mc

:64(A50+(+65+(+649,(B588(98(*-*;S4,-(39B9+8(+64(,5*E4(-A(+64(

A-,04G(^587(+-(/84(5(89BM34(/*04,+59*+7(5,E/B4*+'(

<-,(5(,5*E4(-A(5,-/*.(%(ABT(+64(�/5*+5(,4�/9,4(5(

B588(-A(5,-/*.(%$$(a4bG(

:64(B/-*T(.980-L4,4.(9*(%f#n(J9+6(B588(%$n(a4bT(

J58(9*915337(+6-/E6+(+-(@4(5(05*.9.5+4G(R/+(J58(

8/@84�/4*+37(A-/*.(*-+(+-(9*+4,50+(L95(8+,-*E(A-,048G(

"65,E4.(M9-*8(X�(J4,4(.980-L4,4.(@7(!-J433(

9*(0-8B90(,578(9*(%f>fT(A-33-J4.(@7(X$(9*(%fm$T(J6906(

J4,4(B-,4(M35/89@34(\43.(�/5*+5G(

y349*;x-,.5*(^�/51-*( R350H@-5,.(*-+48(



o/H5J5(!-+4*153(

l-/E6(80534(A-,(E(@7(+5H9*E(

M5,5B4+4,8(-A(+64(.4/+4,-*'(

b$p#m(a4b(5*.(lp&(ABG(

V (r) =
g2

4πr
e−r/R =

g2

4π
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