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8.1
Induced fission – fissile m

aterials
W

e
 h

a
ve

 d
iscu

sse
d

 fissio
n

 p
re

vio
u

sly in
 S

e
c.2

, w
h

e
re

 w
e

 sa
w

 th
a

t fo
r a

 n
u

cle
u

s w
ith

A
ª

240, th
e

 C
o

u
lo

m
b

 b
a

rrie
r, w

h
ich

 in
h

ib
its sp

o
n

ta
n

e
o

u
s fissio

n
, is b

e
tw

e
e

n
 5

 a
n

d
 6

 M
e

V
.

If a
 n

e
u

tro
n

 w
ith

 ze
ro

 kin
e

tic e
n

e
rg

y e
n

te
rs a

 n
u

cle
u

s to
 fo

rm
 a

 co
m

p
o

u
n

d
 n

u
cle

u
s, th

e
co

m
p

o
u

n
d

 n
u

cle
u

s w
ill h

a
ve

 a
n

 e
xcita

tio
n

 e
n

e
rg

y a
b

o
ve

 its g
ro

u
n

d
 sta

te
 e

q
u

a
l to

 th
e

n
e

u
tro

n
’s b

in
d

in
g

 e
n

e
rg

y in
 th

a
t g

ro
u

n
d

 sta
te

. F
o

r e
xa

m
p

le
, a

 ze
ro

-e
n

e
rg

y n
e

u
tro

n
 e

n
te

rin
g

 a
nucleus of 2

3
5U

 fo
rm

s a
 sta

te
 o

f 2
3

6U
 w

ith excitation energy of 6.5 M
eV

. T
his energy is w

ell
a

b
o

ve
 th

e
 fissio

n
 b

a
rrie

r a
n

d
 th

e
 co

m
p

o
u

n
d

 n
u

cle
u

s q
u

ickly u
n

d
e

rg
o

e
s fissio

n
, w

ith
 d

e
ca

y
p

ro
d

u
cts sim

ila
r to

 th
o

se
 fo

u
n

d
 in

 th
e

 sp
o

n
ta

n
e

o
u

s d
e

ca
y o

f 
2

3
6U

. T
o

 in
d

u
ce

 fissio
n

 in
 2
3

8U
,

o
n

 th
e

 o
th

e
r h

a
n

d
, re

q
u

ire
s a

 n
e

u
tro

n
 w

ith
 kin

e
tic e

n
e

rg
y o

f a
t le

a
st 1

.2
 M

e
V

. T
h

e
 b

in
d

in
g

e
n

e
rg

y o
f th

e
 la

st n
e

u
tro

n
 in

 
2

3
9U

 is o
n

ly 4
.8

 M
e

V
 a

n
d

 a
n

 e
xcita

tio
n

 e
n

e
rg

y o
f th

is size
 is

below
 the fission threshold of 

2
3

9U
.

T
h

e
 d

iffe
re

n
ce

s in
 th

e
 b

in
d

in
g

 e
n

e
rg

ie
s o

f th
e

 la
st n

e
u

tro
n

 in
 e

ve
n

-
A

 a
n

d
 o

d
d

-A n
u

cle
i a

re
g

ive
n

 b
y th

e
 p

a
irin

g
 te

rm
 in

 th
e

 se
m

i-e
m

p
irica

l m
a

ss fo
rm

u
la

. E
xa

m
in

a
tio

n
 o

f th
e

 va
lu

e
 o

f
this term

 leads to the explanation of w
hy the odd-

A
 nuclei

92
233

92
235

94
239

94
241

U
U

P
u

P
u

,
,

,

a
re

 ‘fissile
’ n

u
cle

i, i.e
. n

u
cle

i w
h

o
se

 fissio
n

 m
a

y b
e

 in
d

u
ce

d
 b

y e
ve

n
 ze

ro
-e

n
e

rg
y n

e
u

tro
n

s,
w

hereas the even-
A

 (even-Z
/even-N

) nuclei

90
232

92
238

94
240

94
242

T
h

U
P

u
P

u
,

,
,

require an energetic neutron to induce fission.

T
h

e
 m

o
st co

m
m

o
n

ly u
se

d
 fu

e
l in

 re
a

cto
rs is u

ra
n

iu
m

, so
 w

e
 w

ill fo
cu

s o
n

 th
is e

le
m

e
n

t.
N

a
tu

ra
l u

ra
n

iu
m

 co
n

sists o
f 9

9
.3

%
 

2
3

8U
 a

n
d

 o
n

ly 0
.7

%
 2
3

5U
. T

h
e

 to
ta

l a
n

d
 fissio

n
 cro

ss-
sections, s

tot  and s
f , respectively, for neutrons incident on 

2
3

5U
 are show

n in F
ig.8.1.

F
ig.8.1   T

otal cross-section stot  and fission cross-section 
s

f

as a function of energy for neutrons incident on 
235U

8.2

T
he sam

e cross-sections for neutrons incident on 
2

3
8U

 are show
n in F

ig.8.2.

F
ig.8.2   T

otal cross-section stot  and fission cross-section 
s

f

as a function of energy for neutrons incident on 
238U

T
he m

ost im
portant features of these figures are:

1
.

A
t e

n
e

rg
ie

s b
e

lo
w

 0
.1

 e
V

, 
s

tot  fo
r 

2
3

5U
, is m

u
ch

 la
rg

e
r th

a
n

 th
a

t fo
r 

2
3

8U
 a

n
d

 th
e

 fissio
n

fra
ctio

n
 is la

rg
e

 ( ~
%

84
). (T

h
e

 o
th

e
r 1

6
%

 is m
a

in
ly ra

d
ia

tive
 ca

p
tu

re
 w

ith
 th

e
 fo

rm
a

tio
n

 o
f

an excited state of 2
3

6U
 plus one or m

ore photons.)

2
. 

In
 th

e
 re

g
io

n
 b

e
tw

e
e

n
 0

.1
 e

V
 a

n
d

 1
 ke

V
, th

e
 cro

ss-se
ctio

n
s fo

r b
o

th
 iso

to
p

e
s sh

o
w

n
prom

inent peaks corresponding to resonant capture of the neutron.

3.
A

b
o

ve
 1

 ke
V

, s
s

f
tot  fo

r 
2

3
5U

 is still sig
n

ifica
n

t, a
lth

o
u

g
h

 sm
a

lle
r th

a
n

 a
t ve

ry lo
w

e
n

e
rg

ie
s. In

 b
o

th
 iso

to
p

e
s 

s
tot  is m

a
in

ly d
u

e
 to

 co
n

trib
u

tio
n

s fro
m

 e
la

stic sca
tte

rin
g

 a
n

d
inelastic excitation of the nucleus.

T
h

e
 m

e
a

su
re

d
 w

id
th

s o
f th

e
 lo

w
-e

n
e

rg
y re

so
n

a
n

ce
s in

 th
e

 
2

3
5U

 cro
ss-se

ctio
n

 a
re

 ~1eV
, a

n
d

the com
pound nucleus form

ed at these resonances decay predom
inantly by fission. T

herefore,
w

e can deduce that fission takes place in a tim
e of order

t
f

f
=

ª
-

h
G

10
14s

a
fte

r n
e

u
tro

n
 a

b
so

rp
tio

n
. T

h
is is e

sse
n

tia
lly in

sta
n

ta
n

e
o

u
s. T

h
e

 fissio
n

 fra
g

m
e

n
ts a

re
 u

su
a

lly
h

ig
h

ly e
xcite

d
 a

n
d

 q
u

ickly ‘b
o

il o
ff’ n

e
u

tro
n

s. T
h

e
 a

ve
ra

g
e

 n
u

m
b

e
r o

f th
e

se
 so

-ca
lle

d
prom

pt neutrons for 2
3

5U
 is n

ª
2

5., w
ith the value depending a little on the incident neutron

e
n

e
rg

y. In
 a

d
d

itio
n

, th
e

 d
e

ca
y p

ro
d

u
cts w

ill d
e

ca
y b

y ch
a

in
s o

f 
b

-d
e

ca
ys a

n
d

 so
m

e
 o

f th
e

re
su

ltin
g

 n
u

cle
i w

ill th
e

m
se

lve
s g

ive
 o

ff fu
rth

e
r n

e
u

tro
n

s. T
h

is co
m

p
o

n
e

n
t o

f th
e

 e
n

e
rg

y
re

le
a

se
 is su

b
je

ct to
 a

 m
e

a
n

 d
e

la
y o

f a
b

o
u

t 1
3

 s a
n

d
 m

a
y o

ccu
r m

a
n

y ye
a

rs a
fte

r th
is tim

e
.

O
n

e
 o

f th
e

 co
n

se
q

u
e

n
ce

s o
f th

is is th
a

t th
e

 
delayed com

ponent m
ay be em

itted after the fuel
h

a
s b

e
 u

se
d

 a
n

d
 re

m
o

ve
d

 fro
m

 th
e

 re
a

cto
r, le

a
d

in
g

 to
 th

e
 b

io
lo

g
ica

l h
a

za
rd

 o
f ra

d
io

a
ctive

w
aste.



8.3

8.2
F

ission chain reactions
W

e
 h

a
ve

 se
e

n
 th

a
t in

 e
a

ch
 fissio

n
 re

a
ctio

n
 a

 la
rg

e
 a

m
o

u
n

t o
f e

n
e

rg
y is p

ro
d

u
ce

d
, w

h
ich

 o
f

co
u

rse
 is w

h
a

t is n
e

e
d

e
d

 fo
r p

o
w

e
r p

ro
d

u
ctio

n
. H

o
w

e
ve

r, ju
st a

s im
p

o
rta

n
t is th

e
 fa

ct th
a

t in
th

e
 fissio

n
 d

e
ca

y p
ro

d
u

cts a
re

 o
th

e
r n

e
u

tro
n

s. F
o

r e
xa

m
p

le
, in

 th
e

 ca
se

 o
f fissio

n
 o

f 
2

3
5U

 o
n

average n
=

2
5. neutrons are produced. S

ince neutrons can induce fission, the potential exists
for a sustained chain reaction, although a num

ber of conditions have to be fulfilled for this to
happen in practice. If w

e define

k
∫

+
num

ber
of

neutrons
produced

in
the

(
1)th

stage
of

fission
num

ber
of

neutrons
produced

in
the

th
stage

of
fission

n

n

th
e

n
 if k

=
1 th

e
 p

ro
ce

ss is sa
id

 to
 b

e
 critical a

n
d

 a
 su

sta
in

e
d

 re
a

ctio
n

 ca
n

 o
ccu

r. T
h

is is th
e

id
e

a
l situ

a
tio

n
 fo

r th
e

 o
p

e
ra

tio
n

 o
f a

 p
o

w
e

r p
la

n
t b

a
se

d
 o

n
 n

u
cle

a
r fissio

n
. If 

k
<

1, th
e

p
ro

ce
ss is sa

id
 to

 b
e

 
subcritical a

n
d

 th
e

 re
a

ctio
n

 w
ill d

ie
 o

u
t; if k>

1, th
e

 p
ro

ce
ss is

supercritical a
n

d
 th

e
 e

n
e

rg
y w

ill g
ro

w
 ve

ry ra
p

id
ly, le

a
d

in
g

 to
 a

n
 u

n
co

n
tro

lla
b

le
 e

xp
lo

sio
n

(nuclear fission bom
b).

A
gain w

e w
ill focus on uranium

 as the fissile m
aterial and consider the length and tim

e scales
fo

r a
 ch

a
in

 re
a

ctio
n

 to
 o

ccu
r. If w

e
 a

ssu
m

e
 th

a
t th

e
 u

ra
n

iu
m

 is a
 m

ixtu
re

 o
f th

e
 tw

o
 iso

to
p

e
s

2
3

5U
 a

n
d

 
2

3
8U

 in
 th

e
 ra

tio
 c

c
:(

)
1-

, th
e

n
 th

e
 a

ve
ra

g
e

 n
e

u
tro

n
 to

ta
l cro

ss-se
ctio

n
 fo

r th
is

m
ixture is

s
s

s
tot

tot
tot

c
c

=
+

-
235

238
1(

)

a
n

d
 th

e
 m

ean free path, i.e
. th

e
 m

e
a

n
 d

ista
n

ce
 th

e
 n

e
u

tro
n

 tra
ve

ls b
e

tw
e

e
n

 in
te

ra
ctio

n
s, is

given by
l

=
1

(
)

r
s

nucl
tot

w
h

e
re

 r
nucl =

4
8

10
28

.
x

 n
u

cle
i / m

3 is th
e

 n
u

cle
i d

e
n

sity o
f u

ra
n

iu
m

 m
e

ta
l. F

o
r e

xa
m

p
le

, th
e

average energy of a prom
pt neutron from

 fission is 2 M
eV

 and at this energy w
e can see from

F
ig

s.8
.1

 a
n

d
 8

.2
 th

a
t stot ª

7
ba

rn
s , so

 th
a

t l
ª

3
cm

. A
 2

M
e

V
 n

e
u

tro
n

 w
ill tra

ve
l th

is
distance in about 1.5

x10
s

9-
.

C
o

n
sid

e
r firstly th

e
 ca

se
 o

f th
e

 
explosive release o

f e
n

e
rg

y in
 a

 n
u

cle
a

r b
o

m
b

, u
sin

g
 th

e
h

ig
h

ly e
n

rich
e

d
 iso

to
p

e
 2
3

5U
 (fo

r sim
p

licity w
e

 w
ill ta

ke
 c

=
1). F

ro
m

 F
ig

.8
.1

, w
e

 se
e

 th
a

t a
n

e
u

tro
n

 w
ith

 e
n

e
rg

y o
f 2

 M
e

V
 h

a
s a

 p
ro

b
a

b
ility o

f a
b

o
u

t 1
8

%
 to

 in
d

u
ce

 fissio
n

 in
 a

n
in

te
ra

ctio
n

 w
ith

 a
 2

3
5U

 n
u

cle
u

s. O
th

e
rw

ise
 it w

ill sca
tte

r a
n

d
 lo

se
 e

n
e

rg
y, so

 th
a

t th
e

p
ro

b
a

b
ility fo

r a
 fu

rth
e

r in
te

ra
ctio

n
 w

ill b
e

 so
m

e
w

h
a

t in
cre

a
se

d
 (b

e
ca

u
se

 th
e

 cro
ss-se

ctio
n

in
cre

a
se

s w
ith

 d
e

cre
a

sin
g

 e
n

e
rg

y). If th
e

 n
e

u
tro

n
 d

o
e

s n
o

t e
sca

p
e

 o
u

tsid
e

 th
e

 ta
rg

e
t, th

e
 m

o
st

p
ro

b
a

b
le

 n
u

m
b

e
r o

f co
llisio

n
s it w

ill m
a

ke
 b

e
fo

re
 in

d
u

cin
g

 fissio
n

 is e
a

sily sh
o

w
n

 to
 b

e
 6

 so
it w

ill m
o

ve
 a

 lin
e

a
r (n

e
t) d

ista
n

ce
 o

f 6
3

x
cm

7
cm

ª
 (th

e
 sq

u
a

re
 ro

o
t is b

e
ca

u
se

 w
e

 a
re

a
ssu

m
in

g
 th

a
t a

t e
a

ch
 co

llisio
n

 th
e

 d
ire

ctio
n

 ch
a

n
g

e
s ra

n
d

o
m

ly –
 

random
 w

alk) in
 a

 tim
e

t
p

ª
-

10
8s b

e
fo

re
 in

d
u

cin
g

 a
 fu

rth
e

r fissio
n

 a
n

d
 b

e
in

g
 re

p
la

ce
d

 o
n

 a
ve

ra
g

e
 b

y 2
.5

 n
e

w

n
e

u
tro

n
 w

ith
 a

ve
ra

g
e

 e
n

e
rg

y o
f 2

 M
e

V
. [

A
side: If th

e
 p

ro
b

a
b

ility o
f in

d
u

cin
g

 fissio
n

 in
 a

co
llisio

n
 is p

, th
e

 p
ro

b
a

b
ility th

a
t a

 n
e

u
tro

n
 h

a
s in

d
u

ce
d

 fissio
n

 a
fte

r 
n

 co
llisio

n
s is

p
p

n
(

)
1

1
-

-
a

n
d

 th
e

 m
e

a
n

 n
u

m
b

e
r o

f co
llisio

n
s to

 in
d

u
ce

 fissio
n

 w
ill b

e
 

n
np

p
n

n
=

-
-

= •
Â

(
)

1
1

1
.

T
his can be estim

ated using the m
easured cross-sections.]

8.4

T
h

e
 a

b
o

ve
 a

rg
u

m
e

n
t su

g
g

e
sts th

a
t th

e
 critica

l m
a

ss o
f u

ra
n

iu
m

 
2

3
5U

, w
h

ich
 w

ill p
ro

d
u

ce
 a

n
u

cle
a

r e
xp

lo
sio

n
, is a

 sp
h

e
re

 o
f ra

d
iu

s a
b

o
u

t 7
 cm

. H
o

w
e

ve
r, n

o
t a

ll n
e

u
tro

n
s w

ill b
e

a
va

ila
b

le
 to

 in
d

u
ce

 fissio
n

. S
o

m
e

 w
ill e

sca
p

e
 fro

m
 th

e
 su

rfa
ce

 a
n

d
 so

m
e

 w
ill u

n
d

e
rg

o
ra

d
ia

tive
 ca

p
tu

re
. If th

e
 p

ro
b

a
b

ility th
a

t a
 n

e
w

ly cre
a

te
d

 n
e

u
tro

n
 in

d
u

ce
s fissio

n
 is 

q, th
e

n
e

a
ch

 n
e

u
tro

n
 w

ill o
n

 a
ve

ra
g

e
 le

a
d

 to
 th

e
 cre

a
tio

n
 o

f 
(

)
nq

-
1

 a
d

d
itio

n
a

l n
e

u
tro

n
s in

 th
e

 tim
e

t
p . If there are N

t()  neutrons present at tim
e 

t, then at tim
e t

t
+

d
 there w

ill be

N
t

t
N

t
nq

t
t

p
(

)
(

)
(

)(
)

+
=

+
-

[
]

d
d

1
1

In the lim
it as d

tÆ
0

, this gives (you should check this)

dNdt

nqt
N

t
p

=
-

(
)

(
)

1

w
ith solution

N
t

N
nq

t
t

p
(

)
(

)exp
(

)
=

-
[

]
0

1

T
h

u
s 

th
e

 
n

u
m

b
e

r 
in

cre
a

se
s 

o
r 

d
e

cre
a

se
s 

e
xp

o
n

e
n

tia
lly, 

d
e

p
e

n
d

in
g

 
o

n
 

w
h

e
th

e
r

nq
nq

>
<

1
1

o
r

. F
o

r 
2

3
5U

, th
e

 n
u

m
b

e
r in

cre
a

se
s e

xp
o

n
e

n
tia

lly if 
q

n
>

ª
1

0
4.  (re

ca
ll th

a
t

n
ª

2
5.). C

le
a

rly if th
e

 d
im

e
n

sio
n

s o
f th

e
 m

e
ta

l a
re

 su
b

sta
n

tia
lly le

ss th
a

n
 7

 cm
, 

q w
ill b

e
sm

a
ll a

n
d

 th
e

 ch
a

in
 re

a
ctio

n
 w

ill d
ie

 o
u

t e
xp

o
n

e
n

tia
lly. H

o
w

e
ve

r, a
 su

fficie
n

tly la
rg

e
 m

a
ss

b
ro

u
g

h
t to

g
e

th
e

r a
t t=

0 w
ill h

a
ve

 q
>

0
4.

. T
h

e
re

 w
ill b

e
 n

e
u

tro
n

s p
re

se
n

t a
t 

t=
0 a

risin
g

from
 spontaneous fission and since 

t
p

ª
-

10
8s, a

n
 e

xp
lo

sio
n

 w
ill o

ccu
r in

 a
 m

icro
se

co
n

d
. F

o
r

a
 sim

p
le

 sp
h

e
re

 o
f 2
3

5U
 th

e
 critica

l ra
d

iu
s a

t w
h

ich
 nq

=
1  is a

ctu
a

lly a
b

o
u

t 8
.7

 cm
 a

n
d

 th
e

critical m
ass is 52 kg.

D
espite the above, it is not easy to m

ake a nuclear bom
b! T

his is because the energy released
a

s th
e

 a
sse

m
b

ly b
e

co
m

e
s critica

l w
ill b

e
 su

fficie
n

t to
 b

lo
w

 a
p

a
rt th

e
 fissile

 m
a

te
ria

l u
n

le
ss

sp
e

cia
l ste

p
s a

re
 m

a
d

e
 to

 p
re

ve
n

t th
is. In

 th
e

 o
rig

in
a

l  “a
to

m
 b

o
m

b
s”, a

 su
b

critica
l m

a
ss w

a
s

a
sse

m
b

le
d

 a
n

d
 a

 sm
a

ll p
lu

g
 fire

d
 in

to
 a

 p
re

p
a

re
d

 h
o

llo
w

 in
 th

e
 m

a
te

ria
l so

 th
a

t th
e

 w
h

o
le

m
a

ss b
e

ca
m

e
 su

p
e

rcritica
l. In

 la
te

r d
e

vice
s, th

e
 fissile

 m
a

te
ria

l w
a

s a
 su

b
critica

l sp
h

e
re

 o
f

239P
u

 su
rro

u
n

d
e

d
 b

y ch
e

m
ica

l e
xp

lo
sive

s. T
h

e
se

 a
re

 sh
a

p
e

d
 so

 th
a

t w
h

e
n

 th
e

y e
xp

lo
d

e
 th

e
resulting shock w

ave 
im

plodes the plutonium
 to becom

e supercritical.

8.3
P

ow
er from

 nuclear fission: nuclear reactors
T

h
e

 p
ro

d
u

ctio
n

 o
f p

o
w

e
r in

 a
 co

n
tro

lle
d

 w
a

y fo
r p

e
a

ce
fu

l u
se

 is d
o

n
e

 in
 a

 
nuclear reactor

a
n

d
 is ju

st a
s co

m
p

le
x a

s p
ro

d
u

cin
g

 a
 b

o
m

b
. T

h
e

re
 a

re
 se

ve
ra

l d
istin

ct typ
e

s o
f re

a
cto

r
a

va
ila

b
le

. A
 ske

tch
 o

f th
e

 m
a

in
 e

le
m

e
n

ts o
f o

n
e

, kn
o

w
n

 a
s a

 
therm

al reactor, is sh
o

w
n

 in
F

ig.8.3.

T
h

e
 m

o
st im

p
o

rta
n

t p
a

rt is th
e

 co
re

, sh
o

w
n

 sch
e

m
a

tica
lly in

 F
ig

.8
.4

. T
h

is co
n

sists o
f fissile

m
a

te
ria

l (fu
e

l e
le

m
e

n
ts), co

n
tro

l ro
d

s a
n

d
 th

e
 m

o
d

e
ra

to
r. T

h
e

 ro
le

s o
f th

e
 co

n
tro

l ro
d

s a
n

d
th

e
 m

o
d

e
ra

to
r w

ill b
e

 e
xp

la
in

e
d

 p
re

se
n

tly. T
h

e
 m

o
st co

m
m

o
n

ly u
se

d
 fu

e
l is u

ra
n

iu
m

 a
n

d
m

a
n

y th
e

rm
a

l re
a

cto
rs u

se
 n

a
tu

ra
l u

ra
n

iu
m

, e
ve

n
 th

o
u

g
h

 it h
a

s o
n

ly 0
.7

%
 o

f 
2

3
5U

. In
 th

is
case a 2 M

eV
 neutron has very little chance of inducing fission in a nucleus of 

2
3

8U
. Instead

it is m
uch m

ore likely to scatter inelastically, leaving the nucleus in an excited state and after
a couple of such collisions the energy of the neutron w

ill be below
 the threshold of 1.2 M

eV
for inducing fission in 2

3
8U

.
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F
ig.8.3   S

ketch of the m
ain elem

ents of a nuclear pow
er plant

A
 n

e
u

tro
n

 w
ith

 its e
n

e
rg

y so
 re

d
u

ce
d

 w
ill h

a
ve

 to
 fin

d
 a

 n
u

cle
u

s o
f 

2
3

5U
, b

u
t its ch

a
n

ce
s o

f
d

o
in

g
 th

is a
re

 ve
ry sm

a
ll u

n
le

ss its e
n

e
rg

y h
a

s b
e

e
n

 re
d

u
ce

d
 to

 ve
ry lo

w
 e

n
e

rg
ie

s b
e

lo
w

 0
.1

e
V

, w
h

e
re

 th
e

 cro
ss-se

ctio
n

 is la
rg

e
. H

o
w

e
ve

r, b
e

fo
re

 th
a

t h
a

p
p

e
n

s it is like
ly to

 h
a

ve
 b

e
e

n
ca

p
tu

re
d

 in
to

 o
n

e
 o

f th
e

 
2

3
8U

 re
so

n
a

n
ce

s w
ith

 th
e

 e
m

issio
n

 o
f p

h
o

to
n

s. T
h

u
s, e

ith
e

r th
e

 fu
e

l
m

ust be enriched w
ith a greater fraction of 

2
3

5U
 (2%

-3%
 is com

m
on in com

m
ercial reactors),

or if natural uranium
 is to be used, som

e m
ethod m

ust be devised to overcom
e this problem

.

F
ig.8.4  S

ketch of the elem
ents of the core of a reactor

T
h

is is w
h

e
re

 th
e

 m
o

d
e

ra
to

r co
m

e
s in

. T
h

is su
rro

u
n

d
s th

e
 fu

e
l e

le
m

e
n

ts a
n

d
 its vo

lu
m

e
 is

m
u

ch
 g

re
a

te
r th

a
n

 th
a

t o
f th

e
 e

le
m

e
n

ts. Its m
a

in
 p

u
rp

o
se

 is to
 slo

w
 d

o
w

n
 fa

st n
e

u
tro

n
s

p
ro

d
u

ce
d

 in
 th

e
 fissio

n
 p

ro
ce

ss. F
a

st n
e

u
tro

n
s w

ill e
sca

p
e

 fro
m

 th
e

 fu
e

l ro
d

s in
to

 th
e

m
o

d
e

ra
to

r a
n

d
 a

re
 re

d
u

ce
d

 to
 ve

ry lo
w

 e
n

e
rg

ie
s b

y e
la

stic co
llisio

n
s. In

 th
is w

a
y th

e
a

b
so

rp
tio

n
 in

to
 re

so
n

a
n

ce
s o

f 
2

3
8U

 is a
vo

id
e

d
. T

h
e

 m
o

d
e

ra
to

r is a
 m

a
te

ria
l w

ith
 a

 n
e

g
lig

ib
le

cro
ss-se

ctio
n

 fo
r a

b
so

rp
tio

n
 a

n
d

 id
e

a
lly sh

o
u

ld
 a

lso
 b

e
 in

e
xp

e
n

sive
. In

 p
ra

ctice
, h

e
a

vy w
a

te
r

(D
O2

, w
here D

 is the deuteron, the bound state of a proton and a neutron) or graphite are the
m

o
d

e
ra

to
rs o

f ch
o

ice
 in

 m
a

n
y th

e
rm

a
l re

a
cto

rs u
sin

g
 n

a
tu

ra
l u

ra
n

iu
m

. F
o

r e
n

rich
e

d
 re

a
cto

rs,
ordinary w

ater is used.

In
 th

e
 a

b
o

ve
 w

e
 h

a
ve

 ig
n

o
re

d
 th

e
 d

e
la

ye
d

 n
e

u
tro

n
s. In

 a
 n

u
cle

a
r w

e
a

p
o

n
, th

e
 d

e
la

ye
d

n
e

u
tro

n
s a

re
 o

f n
o

 co
n

se
q

u
e

n
ce

 b
e

ca
u

se
 th

e
 e

xp
lo

sio
n

 w
ill h

a
ve

 ta
ke

n
 p

la
ce

 lo
n

g
 b

e
fo

re
 th

e
y

w
o

u
ld

 h
a

ve
 b

e
e

n
 e

m
itte

d
, b

u
t in

 a
 p

o
w

e
r re

a
cto

r th
e

y a
re

 o
f cru

cia
l im

p
o

rta
n

ce
, b

e
ca

u
se

 th
e

fu
e

l ro
d

s ca
n

 re
m

a
in

 in
 th

e
 re

a
cto

rs fo
r se

ve
ra

l ye
a

rs. T
a

kin
g

 a
cco

u
n

t o
f d

e
la

ye
d

 n
e

u
tro

n
s,

e
a

ch
 fissio

n
 le

a
d

s to
 (

)
n

n
q

+
-

[
]

d
1

 a
d

d
itio

n
a

l n
e

u
tro

n
s, w

h
e

re
 w

e
 h

a
ve

 d
e

fin
e

d
 

dn
 a

s th
e

n
u

m
b

e
r o

f d
e

la
ye

d
 n

e
u

tro
n

s p
e

r fissio
n

. In
 th

e
 ste

a
d

y sta
te

 o
p

e
ra

tio
n

, w
ith

 co
n

sta
n

t e
n

e
rg

y

8.6

o
u

tp
u

t, th
e

 n
e

u
tro

n
 d

e
n

sity m
u

st re
m

a
in

 co
n

sta
n

t (i.e
. 

k
=

1). T
h

u
s q

 m
u

st sa
tisfy th

e
 critica

l
condition

(
)

n
n

q
+

-
=

d
1

0

T
h

is is w
h

e
re

 th
e

 co
n

tro
l ro

d
s p

la
y th

e
ir p

a
rt

. T
h

e
y a

re
 u

su
a

lly m
a

d
e

 o
f ca

d
m

iu
m

, w
h

ich
 h

a
s

a
 h

ig
h

 a
b

so
rp

tio
n

 cro
ss-se

ctio
n

 fo
r n

e
u

tro
n

s. T
h

u
s, b

y m
e

ch
a

n
ica

lly m
a

n
ip

u
la

tin
g

 th
e

 co
n

tro
l

ro
d

s, i.e
. b

y re
tra

ctin
g

 o
r in

se
rtin

g
 th

e
m

, th
e

 n
u

m
b

e
r o

f n
e

u
tro

n
s a

va
ila

b
le

 to
 in

d
u

ce
 fissio

n
ca

n
 b

e
 re

g
u

la
te

d
. T

h
is m

e
ch

a
n

ism
 is th

e
 ke

y to
 m

a
in

ta
in

in
g

 a
 co

n
sta

n
t 

k va
lu

e
 o

f u
n

ity a
n

d
th

e
re

fo
re

 a
 co

n
sta

n
t p

o
w

e
r o

u
tp

u
t. T

h
e

 p
re

se
n

ce
 o

f th
e

 d
e

la
ye

d
 n

e
u

tro
n

s is vita
l, b

e
ca

u
se

a
lth

o
u

g
h

 th
e

 life
tim

e
 o

f a
 p

ro
m

p
t n

e
u

tro
n

 m
a

y b
e

 a
s m

u
ch

 a
s 

10
3-s  in

 a
 th

e
rm

a
l re

a
cto

r,
ra

th
e

r th
a

n
 10

s 8-
 w

e
 ca

lcu
la

te
d

 fo
r p

u
re

 2
3

5U
, th

is w
o

u
ld

 still b
e

 a
 ve

ry sh
o

rt tim
e

 to
 ch

a
n

g
e

q a
n

d
 h

e
n

ce
 a

vo
id

 a
 n

u
cle

a
r ca

ta
stro

p
h

e
! T

h
e

 re
a

cto
r d

e
sig

n
 e

n
su

re
s th

a
t 

nq
-

<1
0  a

lw
a

ys,
so that the reactor can only becom

e critical in the presence of delayed neutrons. T
hus the tim

e
scale to m

anipulate the control rods becom
es that of the delayed neutrons, w

hich is adequate.

R
e

tu
rn

in
g

 to
 F

ig
.8

.3
, th

e
 co

re
 is su

rro
u

n
d

e
d

 b
y a

 co
o

la
n

t (o
fte

n
 w

a
te

r), w
h

ich
 re

m
o

ve
s th

e
h

e
a

t g
e

n
e

ra
te

d
 in

 th
e

 co
re

 fro
m

 th
e

 e
n

e
rg

y d
e

p
o

site
d

 b
y th

e
 fissio

n
 fra

g
m

e
n

ts. A
 th

ick
concrete shield to prevent radiation leaks surrounds the entire setup. A

t startup, the value of 
k

is se
t slig

h
tly h

ig
h

e
r th

a
n

 u
n

ity a
n

d
 is ke

p
t a

t th
a

t va
lu

e
 u

n
til th

e
 d

e
sire

d
 p

o
w

e
r o

u
tp

u
t is

a
ch

ie
ve

d
 a

n
d

 th
e

 o
p

e
ra

tin
g

 te
m

p
e

ra
tu

re
 is re

a
ch

e
d

, a
fte

r w
h

ich
 th

e
 va

lu
e

 o
f 

k is lo
w

e
re

d
 b

y
adjusting the control rods. It is very im

portant for therm
al equilibrium

 that 
dq

dT
<

0
, so that

an increase in tem
perature leads to a fall in reaction rate. T

he rest of the plant is conventional
engineering. T

hus, the heated coolant gives up its heat in a heat exchanger and is used to boil
w

ater and drive a steam
 turbine, w

hich in turn produces electricity.

It is w
o

rth
 ca

lcu
la

tin
g

 th
e

 e
fficie

n
cy w

ith
 w

h
ich

 o
n

e
 ca

n
 e

xp
e

ct to
 p

ro
d

u
ce

 e
n

e
rg

y in
 a

n
u

cle
a

r re
a

cto
r. W

e
 ca

n
 u

se
 th

e
 S

E
M

F
 to

 ca
lcu

la
te

 th
e

 e
n

e
rg

y re
le

a
se

d
 d

u
rin

g
 fissio

n
, b

y
fin

d
in

g
 th

e
 b

in
d

in
g

 e
n

e
rg

ie
s o

f th
e

 tw
o

 fissio
n

 p
ro

d
u

cts a
n

d
 co

m
p

a
rin

g
 th

e
ir su

m
 to

 th
e

b
in

d
in

g
 e

n
e

rg
y o

f th
e

 d
e

ca
yin

g
 n

u
cle

u
s. F

o
r th

e
 fissio

n
 o

f a
 sin

g
le

 
235U

 n
u

cle
u

s th
is is ~

2
0

0

M
e

V
 o

r 3
2

10
11

.
x

-
 jo

u
le

s. (A
b

o
u

t 1
8

0
 M

e
V

 o
f th

is is in
 th

e
 fo

rm
 o

f ‘p
ro

m
p

t’ e
n

e
rg

y.) W
e

a
lso

 kn
o

w
 th

a
t 1

 g
ra

m
 o

f a
n

y e
le

m
e

n
t co

n
ta

in
s 

A
A

0
 a

to
m

s, w
h

e
re

 A
0  is A

vo
g

a
rd

o
’s

n
u

m
b

e
r. T

h
u

s o
n

e
 g

ra
m

 o
f 

235U
 h

a
s a

b
o

u
t 6x10

235
3

x10
23

21
ª

 a
to

m
s a

n
d

 if fissio
n

 w
e

re

co
m

p
le

te
 w

o
u

ld
 yie

ld
 a

 to
ta

l e
n

e
rg

y o
f a

b
o

u
t 

10
11 jo

u
le

s, o
r 1

 m
e

g
a

w
a

tt-d
a

y. T
h

is is a
b

o
u

t

3
x1

0
6 tim

e
s g

re
a

te
r th

a
n

 th
e

 yie
ld

 o
b

ta
in

e
d

 b
y b

u
rn

in
g

 (ch
e

m
ica

l co
m

b
u

stio
n

) 1
 g

ra
m

 o
f

co
a

l. In
 p

ra
ctice

 o
n

ly a
b

o
u

t 1
%

 o
f th

e
 e

n
e

rg
y co

n
te

n
t o

f n
a

tu
ra

l u
ra

n
iu

m
 ca

n
 b

e
 e

xtra
cte

d
(overall efficiency is greatly reduced by the conventional the engineering required to produce
e

le
ctricity via

 stre
a

m
 tu

rb
in

e
s), b

u
t th

is ca
n

 b
e

 g
re

a
tly in

cre
a

se
d

 in
 a

n
o

th
e

r typ
e

 o
f re

a
cto

r,
called a fast breeder.

In
 a

 fast breeder reactor th
e

re
 is n

o
 la

rg
e

 vo
lu

m
e

 o
f m

o
d

e
ra

to
r a

n
d

 n
o

 la
rg

e
 d

e
n

sity o
f

th
e

rm
a

l n
e

u
tro

n
s is e

sta
b

lish
e

d
. In

 su
ch

 a
 re

a
cto

r, th
e

 p
ro

p
o

rtio
n

 o
f fissile

 m
a

te
ria

l is
in

cre
a

se
d

 to
 a

b
o

u
t 2

0
%

 a
n

d
 fa

st n
e

u
tro

n
s a

re
 u

se
d

 to
 in

d
u

ce
 fissio

n
. T

h
e

 fu
e

l u
se

d
 is 

2
3

9P
u

ra
th

e
r th

a
n

 2
3

5U
, th

e
 p

lu
to

n
iu

m
 b

e
in

g
 o

b
ta

in
e

d
 b

y ch
e

m
ica

l se
p

a
ra

tio
n

 fro
m

 th
e

 sp
e

n
t fu

e
l

ro
d

s o
f a

 th
e

rm
a

l re
a

cto
r. T

h
is is b

e
ca

u
se

 so
m

e
 

2
3

8U
 n

u
cle

i in
 th

e
 la

tte
r w

ill h
a

ve
 ra

d
ia

tive
ly

captured neutrons to produce 
2

3
9U

, w
hich subsequently decays as follow

s:
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92
239

93
239

94
239

3
6

U
N

p
e

P
u

e

ee

Æ
+

+
Ø

+
+ --

nn
(

.
)

days

T
h

e
 va

lu
e

 o
f n for 

2
3

9P
u

 is 2
.9

6
 a

n
d

 so
 it is ve

ry su
ita

b
le

 fo
r u

se
 in

 a
 fa

st re
a

cto
r. In

 p
ra

ctice
,

th
e

 co
re

 is a
 m

ixtu
re

 o
f 2

0
%

 2
3

9P
u

 a
n

d
 8

0
%

 2
3

8U
 (depleted u

ra
n

iu
m

, a
lso

 o
b

ta
in

e
d

 fro
m

sp
e

n
t fu

e
l ro

d
s in

 th
e

rm
a

l re
a

cto
rs) su

rro
u

n
d

e
d

 b
y a

 b
la

n
ke

t o
f m

o
re

 
2

3
8U

 w
h

e
re

 m
o

re
plutonium

 is m
ade. S

uch a reactor can produce m
ore fissile 

2
3

9P
u

 than it consum
es, hence the

nam
e ‘breeder’ and in principle can consum

e all the energy content of natural uranium
, rather
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al reactors.
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r p
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b
le

m
 is th

e
 g

e
n

e
ra

tio
n

 o
f ra

d
io

a
ctive

 w
a

ste
,

in
clu

d
in

g
 tra

n
su

ra
n

ic e
le

m
e

n
ts a

n
d

 lo
n

g
-live

d
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 b
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 p
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 b
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 p
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s b
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, b
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b
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 p
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 b
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 b
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 b
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r n

e
u

tro
n

 ca
p

tu
re

 to
 a

 co
m

p
le

te
ly sta

b
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 p
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b
le

 o
f h

a
n

d
lin

g
 it. (R

e
a

cto
rs

th
e

m
se

lve
s a

re
 o

n
e

 p
o

ssib
le

 so
u

rce
!) S

e
co

n
d

ly, th
e

 n
e

u
tro

n
 e

n
e

rg
y h

a
s to

 b
e

 m
a

tch
e

d
 to

 th
e

p
a

rticu
la

r w
a

ste
 m

a
te

ria
l, w

h
ich

 th
e

re
fo

re
 h

a
s to

 b
e

 se
p

a
ra

te
d

 a
n

d
 p

re
p

a
re

d
 b

e
fo

re
 b

e
in

g
bom

barded by the neutrons. A
ll this w

ould take energy and w
ould increase the overall cost of
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 b
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f b
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 d
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 b
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b
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h
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s p

o
te

n
tia

l fo
r p

o
w

e
r g

e
n

e
ra

tio
n

, if th
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 p
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 b

e
a

m
s o

f lig
h

t n
u

cle
i, b

u
t in

 p
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 p
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 b
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 o
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 b
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b
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he right-hand curve is proportional to the G
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curve is the exponential of the M
axw

ell distribution. T
he dotted curve is the

com
bined effect and is proportional to the probability of fusion.
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 re
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