
Intermediate States f
shut - tined

,
excited state

Often :

a

\

.oE¥
" →

jh
"

resonance

"

I• .
think of resonant  energy as !

Eo Ka z

→ p
← Mxc

T and

ktha
× → C  +  D quickly

" lifetime
"

from  uncertainty .

Debt  z Iz |
in nuclear physics X is  often

Me  I E
an  excited state  of C

. .
.

C*

2
in particle physics X  is  actually

on  excited state  of quarks



Neutrons  are  special .

Often

!
neutron  capture

"

In + Azx → Atf X* → Atzx + 8

↳ Atl

z+iY + Bt ✓
How  often ?

depends  on  nucleus .  - neutrons  are hard to stop

some substances have high neutron  capture

Cross  sections
- .

Cd
,

fn  example

Often "  n  + p  →  n  + p

q
slower

"

moderation
"

light  elements line
p  are good moderators

water
,

H
, pavatin

principle behind neutron bomb

humans - mostly water
,

neutrons moderate
, accelerating

pwtms  which  ionize DNA ,  cells
.  etc



Vadr 0 ← biologically
Primer  on

- atim  units
±

effective

- (¥µ absorbed dose

Activity :  remember
absorbed

→ s vem
,

Sv

Bq SI dose '
.

Ci rail
, Gy .

Intensity : Roentgen 112=0.000258 4kg
air  ionization

Absorbed dose :

1 rad =  0.01  Jlhg of tissue

1 Gray = 1 Gy
=  1.0  Jlhg of tissue = ioovad

. SI

Bio - effective dose "

1rem  
= 1rad XQ

1 Sievert  = 1 Sv  =  100rem SI

Qe 10-20 neutrons
.

E - dependent

20 x

1 8

1 B



https://fas.org/nuke/guide/usa/doctrine/dod/fm8-9/1ch5.htm
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ray
- GMSV  =  GMGY .

life ~  Gmsrly

Coast
- Coast  

rt
airplane =  0.03 Sv  = :3omGy .

ISS Garro  -  lbohvsv
OCC

moon  mission  
~  1.  Zsv limits

TmrrsssmissimmeIs:L'¥syn -

assault's " "





Fission

- splitting of
a heavy nucleus  Into fragments - coulomb repulsion .

natural

induced

- discovered In 1939 hm Otto Hahn  & Fritz Strassman

explained by Lisa neither & OHO Frisch . - another Nobel embarrassment

Remember  Bohr 's model

pwtms  at  surface - less bound

~ p
←

4
,

H9 A
→

q→ a > #
"

> gay , o
a t#) 9a

-
,

=

" &
v



56
238W

Remember :
t 1- tightest  natural

.

1- natural fission
8

ish
- -

E1A7ish
.

/
1 1 1 1 1

50  100 156
2100

250 300

A

Typical fission ....

>
zwx -

< '

wy +
"wz + neutrons

t t
10 -

nig :|.÷.M
A



> zw

× -

< '

wy +
"wz + neutrons

energy veleaud to K 's µ
<

Ftans.5#.sanev
Qe ( 240 nucleons ) ( 8.5 neynuleon

- 7.

6/mouem)~
220 MEV .

T
lots  into

K 's

Typical 235k :

~  30-40  MEV nito

'

on + 23gEU →

1

FfBa + ofIn + 3 ion
KC neutrons )

kfa Xe  + astgsr + 2
'

on

1343Sn + ttmo  + 3
'

on

9foZr +
'

3gETe + 3 'on

- ^

also  unstable
|

B & x lots  
of

neutrons ... prompt  & delayed



If  York GOAL Is  To INDUCE  Fission →
Use the kinetic  energy of

fission products  to

then there  are  many
technical challenges

...HEATWitter ! ?

-Neutron  Economy
-

• Capture  rate fn neutrons

. Keeping
# neutrons  under  control .

Neutron

fates
"

•  elastically scatter from light  nuclei .  . . lose  energy .

✓

• be absorbed by relatively heavy nuclei ✓

.  absorbed by very heavy nuclei . and induce fission ✓



If  York GOAL Is  To INDUCE  FISSION

then there  are  many
technical challenges

-Neutron  Economy
-

• Capture  rate fn neutrons

. Keeping
# neutrons  under  control .

Neutron  Production  ~
 1

: 35 U

fission BUT →

Fd
0



aim for "
thermal neutrons

"

If  York GOAL Is  To INDUCE  FISSION

then there  are  many
technical challenges

|
v

|NeutronEcouo=| absorption J arm  at low En
-

• Capture  rate fn neutrons

-

. Keeping
# neutrons  under  control .

=

n
-

=

Md

0 y
1. 0¥



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 = hr3×1024Ghrh = hr3×1024 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

attry 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


