
where  we  were . . -

radiological effects  of
radiation 1rem  

= 1rad XQ  Q=  lo -

20  n

20  L

I  8
, B

1 Gy =  100  rad

fission  natural &  induced

liquid drop model

- =
.

,
L

<

(

typical natural
" 0°

X →

<

MY t

'

"°Z +  neutrons 14.564

energies  released  ~  ZOOMEV / fission

30-40  MEU 's to  neutrons

238

U 99.370  of  natural uranium

not  useful as target for  induced
fission

235

U
239

Pu are . . .



Chain  Reactions
f

prompt  neutrons

n + U → X +
 Y  +  n 's

(
a

,↳B ,
n  

→

D8
- ml ) §T"mnEutmn

→ B 8 - pj per fission .
 . .

at  least
£

delayed neutrons ✓
-

235N & 238A both absorb neutrons .  
.

.
but fission  Is not  equal

238W → 99.3%  of natural Uranium

induce fission :
 n  +

238

U → 14513A + 9414

do
,

generally
' [

discovery
reaction

n  

+238N
→ fragments  + 2,3 neutrons



0.01W 1eV 1kW

B

I

BUT :

minimum required
LZMEV

n  + 238N → fragments  + 2,3 neutrons

-

↳ quickly slm down and

there aren't enmynto

Threshold

so . 238W is  said to be  un . fissionable



238

More U
. . .

there is  a  chain - took back at 239Pa -
- .

fissions at  an K ( n )

n  + 2398µW -

2

}[ U
,q ,

-

2

}§Np
, .at

 e-+  v

↳ 239
P

94
"

iqs
 

+ e- + ✓

.  a  mechanism to
produce

 Plutonium

. the
"

breeder  cycle

"

fn
power

- only in Europe



Criticality . K ( reproduction  constant )

K = #neutronsfrom=am

# heutrms from previous generation

k= 1 ⇒ critical
→  self . sustaining . )

critical mass - mass of

fissile material
necessary

to  maintain k=l

K ( l  ⇒ subcritical ⇒ neutrons don't leave

235k€

17cm
diameter

K > I =) supercritical
53kg

→  can lead to  explosive fission

zzqpn €
q cm

diameter

( k ) U - 2.5
18

hg

Consider lhg
235k &  iw%  efficiently fission  it  an

.

24

N = 3×10 nuclei assume 1<=2

( k )G = # fissions  
= 3×154

24

ln ht = hr

3×1024
Ghrh = hr

3×1024 56

G= hr3=0 =

#

=  
81 generations .

by 2



235

U fission fn
power

i

•  need neutrons to be
slot →

"

thermal

"

K = 312kt - ev 's

→  moderate them by allowing elastr  scattering in
"

moderator
"

water ( Us reactors )
,

Heavy water ( Canadian  reactors )

Carbon ( original chain by Fermi ) .  .
-

f
prompt  neutrons

as donit make too  
many

!
 n  +  u  →  ×  +

 
Y  +  n 's

prompt neutrons
very

fast
(

a !iBIaIYIN

99%

£
delayed  neutrons  ✓

delayed neutrons
. .  

.
shower .

h + 235k →

93
Rb +

141
Cs +  2h

↳ 141

Ba 4 n 0.03%

25 s

( 93
Sr

I
,

n
l .4%

Cos



Delayed neutrons make power reactors possible

design fn  some #
prompt neutrons

control #
delayed neutrons

how ? take them out  with a

"

knots

"

→  control rods of

high
-

cross  section

material

@ @
- Cd & B

f
fuel rods

#cmtnhnrendsupanaaoom[µP#
→

fully
in to  stop

chain

:
.fi?IYj?iyii*iEiijdiYdgJfasoararaiiaEoionn.

-

- .
.

✓

yMost U.S.  reactors -

= Pressurized Water Reactor

PLWR



example -

that I
hg of

235k ? -
if Q  

= 208 mev
.  -

.
 what  

energy
results ?

# nuclei  
= N =

6.02×153
moceakoywolc ( ( 03g )

.

235
g / mol

=  2.56×1024 nuclei

E  = N Q =  5.32×1026 MEV

1 Mev =  4.45×1520 kWh

E  =  2.4×107 kWh =  24
,

on Mwh

or

1 ton TNT
 

= 109cal = 4.2×107 J

E  
= ( 5.32×1026 Mevxiobeynev) ( " 6×15

 "

Jlev ) ( t.atog.IN#g)

E =  20
,

on tons TNT

E  
= 20kt





1940 1950 1960
Some history 1 , p\ ,  i , a  \  1  1  1

A
l  1  1  1 •

 1 1  1  1&
•

q

• • •

i 1

a

,¥mPu | ihsweaaraoanisnst first  public

Japan Power

reactor

Chicago
" Pile "

German Program

Technical Choices :  1
.

 Did

at
try to  extract

 
235W from 23Eu

2 .  Did tried to  convert
238A → 239pm

3
.

Moderator

- tried Graphite
,

decided it  would not  work
wrong

- chose Dzo , heavyWater

%eto
Allies  when Germany occuppicdnovw

&
 its  ammonia production facility

→ 120 byproduct

Tallies
,  including Norway ,

destroyed plants

repeatedly



U.S. Program

technical choices 1.  chose to
try

both

- extract
 235k from

230
U

-

 Convert
 238A →

239
Pa

2 . moderator

- Fermi guessed German 's contaminated

their graphite

- he purified graphite and 238W fuel

achieved criticality

Manhattan Protect @ Los Alamos Nat .
Lab



*II,####⇐⇐t÷⇒⇐HEE.ex⇐



5/8145 Germany surrendered

2116145
 '  '

Trinity Test
"

Alamogordo ,
NM

816145 2
weapons

819145 used against

Japan



235W 12.5nA Hiroshima 816145 239Pa  zohtt Nagasaki 819145



80,000 civilians willed immediately 40
,

no  civilians wined immediately

10
,

ooo 's later











Raw material depends  on Goal . Natural Uranium 99.3%
23

EU

0.7 % 235k

TYPE MAIN  USES

natural
23  

EU some power
 reactors

military Pn production reactors

"

low enriched
"

most operating power  reactors → 4-5%235 U

Uranium some  research reactors

LEU

⇒
0.7-20%235 U French naval propulsion  reactors

"

highly enriched

"

must  research reactors

Uranium Us
,

British
,

Russian  naval propulsion  reactors

HEU ⇒ 7 2090 235W
military Pu  and  T production  reactors

mixed plutonium
- uranium  oxide some  research  

reactors

"

MOX
"

some power  reactors

Pu reactors

"

Weapons
-

grade

"

uranium > 90% 235k



Enrichment techniques

I
.

Gaseous diffusion - Manhattan Project @ Oakridge Not .

 Lab
,

TN

diffuses UF6 gas through semi - peruisawe  membranes

@ high pressure
 L ,tyz so

235
U wins

2 .
 Electromagnet isotope separation

like a high
- flux  mess spectrometer .

3
.

Gas  centrifuge

UFB separated through 100 's of  stages

sophisticated metallurgical designs

4
.

molecular laser  isotope separation

exploits the  molecular  energy
level differences between

235W and 238W in UF6







Proliferation concerns

Technology transfer

Pakistan -7 Iran
,

N
. Korea

, Lybia ( 1989-1997 )

LEU facilities can be  → HEU

Breeder reactors

n  +

238
n →

239 µ*→
239

U + ✓

↳  239

Np  + Bt ✓

↳ 239Pa  + B + ✓

↳ fission  +  2.7  n

'  '

breed
"

Pu fuel

←  not

• leave  one  running
th

 a long time ! 239Pa  + 240Pa fissile

•  remove products quickly
: 239Pa + trace 240Pa

[ weapons  grade



LRIANIAN
"

NUCLEAR DEAL

"

-

you
know  enough now to  understand it

"

1>5+1

"

July 2015

not political except to  note :  it's the most  intrusive
, compressive

.

inclusive

arms  control agreement  in history .

My numbering
:

1
.

 centrifuge technology .
Iran has  ~  8 generations . Agreement  restricts

them to  only
the first 4 generations for  a decade

.

# 8
-

1  cascade  only ,  R&D

2
.

 number  of  centrifuges . Previously ,

20
,  ooo .

. .
dismantled 15

,
ooo

3
.

 uranium  enrichment .
 Restricts them to 3.67%

235
U enrichment .  →  LWPR

15h

4 . stockpile .  At  agreement  signing , they had

lo
,

on hg LEU < 209 .  
in oxide  and gaseous form - 8

,
our hg ?

-  

ready fn further  enrichment

Agreement  restricts them to 300 her .

8. owhg + 5
,

on centrifuges  → few  months to make 8
weapons

3toohg show centrifuges  → > near



Fusion

131A

MTVf. FUSION

A

About the same time fission  weapons  were being engineered .
 . .

Hans Bethe  calculated how the  Sun  works
.

→ light  elements @ high speeds  overcome the Coulomb barrier

and flee

@→  ←•

P
p

⇐ §

He |
Timers

my

quid drop model

D has  smaller

surface  volume

than  Zp  → binds

Not  enough KE
.  

. .  so tunneling again



Thermonuclear
"

burning

"

in solar  interior - chains .  T= 1.4×107 K

PROTON CHAIN

f
there's a  story here

KE Reaction  Times

'

H  +

'

H -7 24  +  et +  V ×Z 0.41  MEV 7×1094

'

A  +
 ZH  →

3

He  + 8
xz 5.51 MEV 4s

3He  + 3H@ →

4
He  +

'

H  +

'

H 12.98MW 4×1054

⇒ 6
'

H  → 4He+ 2 'H  net :  4
'

H  

→ 4He

CARBON CHAIN

IH  + 12C →

1

3N + 8 1.93mV 1064

4 13C  +  et  +  V 1.2  mev lomih

11.1 +
 13C  → KIN +8 2.60 NEV 2×1034

14  +
 l4N + 150+8

z , zqmev 3×1074
4 15N +  ettv

1.71  well Zmin

1

# +
 15N → 13C  +

 4 He
4,99 net 1044



on  Earth ?

Controlled nuclear fusion ?  seems to be  always 10
nears from  any

time

ZH  +  2H  →  n  +
 3 He Q=  3.3mW

ZH  + ZH  →

Pt 3H Q  
=  4 hell

24  + 3H →  n  + the Q  = 12.6  MEV ← best  shot

4 T
Te  1.5×108 k

easily by proaut

made
of  CANDU

reactors

2 main  approaches

{ LLNL
- close to  weapons

I
, lnevial Confinement

-

at
c-

physics  so

touchy

T management
.

lasers tuned  to  compress

National ignition Facility
D- T  ice

 pellet



2
. Maeve the  confinement -7 complicated in practice

,

simple  in principle

( D ) CT )

ZH  + 34  →

4
He  +  n  +  17.6 MEU -7 heat  to

.  . .

 you guessed  it
,

heat

water

↳
n  + 64

'

→

4 He  +
 3H

nt7Li-€H3H  +  n

Tritium
"

breeding
"

Li ? easily acquired and  would be built  into  special
"

Lithium Blanket

' '

Need

* HOT plasma
of

D and  T

• High 73 to  confine plasma

.  Enormous material and engineering challenges

man bet oh TOKAMAK ( Russian for
"

toroidal waguethchawbeu

"

)



in:II÷÷÷EIF¥¥

- =

cartoon
toroid

cross  section
field coils



The  world : ITER International Thermonuclear Experimental Reactor

To

"

first plasma

"

~ 2028-2035 2  scenarios

"

DT

"

operation  
~

2050



under  construction

Cadavaohe
,

France China
,  EU

,

India
, Japan ,

Korea
,

Russia
,

US

Enormous International

Project
revised 2016 .  

. .
.

goal : 500MW  sustained
Eur  •  B construction

}
EU 51 "

at  Q=  10 ( different
 "

Q
"

) EUR513  operations others - Yllth  each .

( current  best  Q=  0.67 )
( zuog  ✓  dues ) Us  Moniz -  -  

'

largest  Us year
: $25014



from  HER  site



on  Earth ?

Controlled nuclear fusion ? - hope

uncontrolled fusion - hundreds  of
 

times

for  a  weapon D +  T→  n  +
4

He  
. .

.
hard to  assemble  TE .  D

in  a bomb

rather
. .

think of
•

Li as  an  x  +  D and  make  T :

Li D is  a  solid @ STP

So 2 paths :

Li path n  +
•

Li →
4

He  +
3.

H t  

energy

D path
ZH  t 3H  

→
4 He  +  n +  

energy

→ overall 6Li +
 ZH  → 4 He  + 4He

Ignition ? Fission bomb





Castle Romeo mushroom cloud, 
Bikini Atoll, March 27, 1954: 11Mt

From the merely absurd to the obscene.

The Tsar Bomba mushroom cloud 
seen from a 100 mi. The crown of 
the cloud is 35 mi high at the time 
of the picture. October 30, 1961: 50 
Mt



Tsar Bomba’s range of total 
destruction superimposed on Paris.1 Mt total descruction superimposed on NYC



�1� cotton  ignites

�2� 3rd
degree burns

�3� reinforced  concrete

structures  destroyed

�4� lighthouses destroyed

�5� cat  5  hurricane

→  chimney  effect

-7  fives

�6� 50%  
radiation

�2�
@ mortality 4.564

�6�

�5�
@

@
�5�

10
�3�

@ @
�2�




