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Scat
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and Incoherent 
(Interference effects) 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a
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e 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n
e
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h
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2. 
e
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ikz

e 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spin 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e
a
a
 
c
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n
d
u
e
c
n
l
t
e
 
u
n

s
s
e
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u
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r

v
 
o

e
t
n
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 characterized  by
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wave ( , l
e
o
 
w
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e
r
n
g
e
e
r
t 
gy
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) 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 a 

  

 

eiki ri
ψsi = −ai ri  
 
(
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R
 
e
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e
t

 
 
i
i
v
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e
 n
 c
u
o
c
o
le
rd
u
i
s
n
)
a
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systems 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3. 

t
e
h
n
e
e
 
r
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a
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n
w
d
a
 
v
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e 
i
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n
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d
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d
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o
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h
b
e
o
r
r
e
a
n
t
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o
l
r
y
y
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system, 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e
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c
Lab
 

leus 
oratory  position  of  the  ith 

4.  C
 

an
o
g
h
u
e
l
r
a
e
r
n
 
t 
d
s
i
c
s
a
t
t
r
t
i
e
b
r
u
in
ti
g
o
 
n 
affe

o
c
f
t
 
s 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s
n
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t
e
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n
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e
a
u
t
t
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t
r
e
o
r
n
in
s
g
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 does  not  affect  the  total 

erved in
cr
 t
o
h
s
e
s
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s
a
e
t
c
t
t
e
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o
i
n
n
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neutrons 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For  N  nuclei  in  the  target,  with  same 

 

! ! 



Simple System 
 

 
 

The  scattered  waves  arriving  at  the 
detector  are  combinations  of  the  waves 
s
 
cattered at A and 

e

B

ikr

 and are give by 

ψsc (r,θ,ϕ)→−a
r

eik(r
− a

+BC )

r + BC  
 
The  scattering  lengths are  the  same  for both 

€ 
nuclei.    



 
Since  r >> BC r + BC
b
 
e replaced by r 

The segment BC
 
BC

 is give as 

 
= d sinθ cosϕ

Suggested Home

 

work: 
Show the above expression 
H

 

int:  Calculate  the  angle  between  two 
v

T

e

h

c

e

t

 t

o

o

r

t

s

a

 

l

i

 

n
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s

a

p
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h

e

e

r

r

e

i

d

c

‐

a

w

l 

a

c

v

o

e

o

 f

r

u

d

n

in
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a

io

te

 
eikr

n

s

 i

.

s

 

 

ψsc (r,θ,ϕ) = −
r  

 

[a aeikd sinθ cosϕ ]

D
 
f

e

(

fin

,

ing

)

 the u

+

 
[

 s

a

catt

a

er

e

in

ikd

g 

sin

f

θ

nc

cos

T

θ ϕ = +

ti

ϕ

on as 

 

he differential scattering cros

]
s section is  

,    in  the denominator  can 

€ € 

€ 

€ 

€ 
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σ s(θ,ϕ) = f (θ,ϕ)
 

2
 

T
nu
h
c
e
l
 
e
d
u
i
s
ff
 
e
fo
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r 
n
o
t
u
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r
l
 
 
s
s
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p
tt
l
e
e
r
 s
in
y
f

g
st
(

 

θ
e
c
m
r

,ϕ

o
 
s

)
is
s
 
 
o
s
b
e
t
c
a
ti
i
o
n
n
ed
  p
 b
e
y
r 
 

sing the expression for 
½
 

u
 (two nuclei) 

 with a factor 

1
σ s(θ,ϕ) =

2  
 

a2 [1+ cos(kd sinθ cosϕ)]

 
Suggested homework: 
 
B

 

ehavior  of  σ s(θ,ϕ)   for  kd  <<  1  (low 
energy) and kd >> 1, (high energy) 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€ 

€ 
 
 
 
 
 
 



€ 
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cos
C
ϕ
on
=
s
1
id
 
er  the  special  case  for    e., 

 

ϕ = 0,  i.

1
σ s(θ,0) =

2
2k

 
 

a2 [1+ cos(kd sinθ)]

Since 
π

=
λ  

 
1

σ s(θ,0) =
2

da2 1+ cos(2π
λ

 

 
θ sin )
 
 

We see that the m



a

  

i



n
x

 

whe  
mum of σ s(θ,ϕ)  occurs 

 
n

 

λ = d sinθ

T

n

hi

=

s 

1

 
i

,2,3...  

s the Bragg’s law for our simple system. 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€ 
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In general the situation is: 

 
 
Neutrons incident are scattered by an angle 

€ 

 
 
Bragg’s Law is 

θ

 
nλ = 2d sinθ
n =1,2,3...  
 
 

€ 

 



N
 
ote that for: 

(a)
 
 λ > 2d  

 

no Bragg scattering is possible 

(b)

 
the 

M
Br
a
a
x
g
im
g 
u
cu
m
to
 o
f
c
f 
c
 
ur for  λ = 2dmax ; this is 

W
 

2.86 ×10−9
λ

e

=

 know that  

E(eV )  
 

(cm)
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homework: 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h
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r
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n f

f

o
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r
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th
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e
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s
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r

a
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b
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o

g
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e
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E(eV )  (Å)

 
1Å =10−8cm  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dmax = ? 
 
 
 
 
 
 
 



(B) 

1.

I

S
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e

g
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E
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a
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c
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2.  Nuclear spin 

3.  
(
N
C
o
ry
n
s
‐
t
c
a
o
l
n
) 
stant nuclear spacing 

 
 
(

 

a)  Nonidentical  nuclei  (continuing  with 
t

f
I
o
n

h

 

e

t

 

r 
h

s

e

im

  s

p

im

le

p

 system) 

the  scatt
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e
 
r
s
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y
g
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e
o
m
f  t
 
w
w
o
e
 
 
n
h
o
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n
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‐i
 
d
b
e
e
n
e
t
n
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a
t
l
u
 n
d
u
y
c
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le
g
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there  will  two  distinct  scattering  lengths a1 
and
 

     

 
The d

a

if

2

ferenti

1

al scattering cross section is 

σ s(θ,ϕ) =
2
a1 + a2e

ikd sinθ cosϕ 2
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or 
 

1
σ s(θ,ϕ) =

2
Maximum: 

[a21 + a22 + 2a1a2 cos(kd sinθ cosϕ)]
 

 
max 1

σ s (θ,ϕ) =
2  

 

(a1 + a2)
2

M

σ

i
min
s

nim

(θ

u

,ϕ

m

)

: 

=

 
1
2

If only

(a1 − a2)
2

and 
 

a1 = a2

The  n

minσ s

 co
(θ
h
,
e
ϕ
r
) =

 

ent
0
 scattering is present   
. 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o
e
n
 o
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r
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o
c
 
o
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n
θ
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)
a
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r
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i
g
n
.
d
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In  general  for  a number    of nuclei with 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e
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i
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a
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g
e
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N
an (

 
=1
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2
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o
3
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p
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)
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e
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1
σ s(θ,ϕ) =

N

N

∑anGn (k,Rn )
n=1

2

 
 

 
Rn  

G

 P

*

th

n

osition of the n  nucleus 

If 

S
 

Gn

G
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i
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1
c
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The  expression  for 

€ 

  can  be written 
a
 
s  

σ s(θ,ϕ)

1
σ s(θ,ϕ) =

N

N N

∑ ∑ anamGnG
*
m

n=1 m=1
 

 
 
B
 
a
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usin

w
 
e

n

 h

=
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(

g  

e

a

 

n− < a >)+ < a >  

σ s(θ,ϕ) =< a2 > − < a 2> + < a 2 1>
N

N

∑anGn
n=1

 

2

 
Suggested homework: 
Show the expression above 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h
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∫
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σ
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)

o
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is  

T
 
hen 

4π
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σ = 4π (< a2 > −
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h
e

s

e
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 and 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o

σ
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ii.

4 a 2π < >

I
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s = 4π (< a2 > − < a 2> )
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(b) N
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a

n
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c
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e 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interference?? 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v
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u
c
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r
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V (r)∝ I 

 
.

i 
 

I 
 
→ nuclear

 

spin
 

  
 
C

i 
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→



  J 
n

neutron spin 1/2)  

nel

(

 

= I 
 

+

i 
 

 
  spin: 

 

  J   is  a  sum  of 

 

I 
 

  and    i 
 
that  is 

T
 
he

and
 
J + =

r

I

e

+
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1

r

/

e

2

: 

 

 
J− =

 

I −1/2 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The statistical spin factor is given as  
 

2Jg(J) +1
=
(2i +1)(2I +1)

 
J +

 

F
 
o

−

r each 

I
=

 and  J−  we have 

g
2I +1

 
 

and
 

g+

 

I +1
=
2I +1  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n
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 and 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σ
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4
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π
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t
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a
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1
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s

= ? σ s = ?
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ie
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V
L
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i
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b
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c
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a
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t
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and
r =

 
r  1 − r 2  

 
r  = r  '1 − r  '2  
T
 
he redu

m

ce

1m

 ma

2

ss is: 

µ =
m1 + m2

 
o

 
 
(a

A

) 

ssu

 V

m

ibrati nal mode: 

 
togethe

e
r
 
 
t
b
h
y
e
 a
  m
n e
a
l
s
a
s
s
 
t
m
ic
1

 
 
s
and 
pring

m
 s
2

u
 
c
a

 
F

h
r
 
e
a
 
s
b
 
ound 

= −k(x − x0)  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Quantum −

d2ψ
dx 2

 

  

 

T
 
he 
 
ene

 
rgy 

 
levels will be 

 

 

 
 

 

2m
+

2

Classical
d2x (E
dt 2

En = w(n
 

+

= −k(x − x0)

x = x0 sin(wt +ϕ)

kw =
m
; w = 2

 

πν

1E0 =
2
w

3E1 =
2
w

5E2 = w

Mechanics

 
 

 
 

 

1
−
2
kx 2)ψ = 0

1
2
); n = 0,1,2,...

  

2
etc

 

€ 
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(b) Rotational Mode: 
 

 
 
(i) 

E

 
1

=
2
m 2 1
1υ1 +

2
 

m 2
2υ 2

for

 

υ1 = wr1 and υ 2 = wr2  
 
t
 
hen 

Classical energy of the system 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1E =
2

 

I w2 where I = m r2 2
1 + m

 

1 2r2
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r 
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1
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+

ble

r 
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2
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1
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m
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‐

r
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The angular momentum 
 
L = mrυ or L = mr2w or L = Iw
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