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Fundam
entals of N

uclear R
eactions

•All elem
ents have isotopes, 

large range of stabilities
•R

adioactive decay occurs in 
unstable isotopes, resulting in 
spontaneous em

ission of 
particles and/or electrom

agnetic 
radiation

•R
epulsive force betw

een protons 
m

ust be balanced by a strong 
attractive force for nuclei stability 

http://fys246.nuclear.lu.se/topics.asp
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M
ass-E

nergy E
quivalence

•In 1905 Albert Einstein identified the relation betw
een m

ass and 
energy of an object at restE

0 = m
c

2

•Energy of nuclear decay com
es from

 m
ass conversion, on the 

energy scale of M
eV

(1.6⨯
10

-13J) released for every nuclear 
reaction

•M
ass-energy conversion occurs during fission or fusion

92
235𝑈𝑈

+
0 1𝑛𝑛

→
36 89𝐾𝐾

𝐾𝐾
+

56
144𝐵𝐵𝐵𝐵

+
3
0 1𝑛𝑛
+
210

𝑀𝑀
𝑀𝑀𝑀𝑀
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N
uclear R

eactions
for E

nergy P
roduction

Fission
Fusion

 

5



C
onventional N

uclear Fission R
eactor

•U
ses heavy elem

ents that are capable of nuclear fission
•Fissile m

aterial is struck by therm
al neutrons, breaks apart and 

em
its neutrons, releasing energy and continuing the self-

sustaining chain reaction 
•Past reactor fuels include 235U

, 239Pu, 233U

•Issues
•

Long-lived radioactivity from
 daughter isotopes (Pu, m

inor actinides)
•

H
ow

 do w
e store w

astes w
ith half-lives  >1000 yrs?

•
D

ecay heat from
 fission fragm

ents is ~7%
 of total em

itted energy
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N
uclear P

ow
er in the U

.S
.

•99 nuclear fission reactors 
currently operational 

•
About 100 G

W
•Around 20%

 of the nation’s 
total electric energy 
generation

•N
uclear accounts for ~60%

 
of U

.S. em
ission-free 

energy generation

(2016) U
S

 E
nergy Inform

ation A
dm

inistration
-http://w

w
w

.eia.gov/totalenergy/data/annual/show
text.cfm

?t=ptb0802a
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N
uclear Fusion: The E

ssentials

•Fusion occurs w
hen nuclei collide at high energy and are pulled 

together by the strong force, form
ing a larger nucleus

•C
harged particles m

ust overcom
e electrostatic potential energy 

barrier for fusion to occur
•C

an overcom
e this barrier w

ith kinetic energy
•Binding energy of the new, larger nuclide is less than the 

com
bined binding energy of the initial reactants

•M
ass-energy conversion during fusion of light nuclei results in 

release of energy, on the scale of M
eV per reaction
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https://en.w
ikipedia.org/w

iki/N
uclear_binding_energy

N
uclear transm

utations release 
energy equal to the difference
betw

een binding energy of nuclei in 
the final and initial states
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P
ossible Fusion R

eactions

N
eutronic

•
1 2𝐷𝐷

+
1 3𝑇𝑇

→
2 4𝐻𝐻
𝑀𝑀
+

0 1𝑛𝑛
+
17.6

𝑀𝑀
𝑀𝑀𝑀𝑀

•
1 2𝐷𝐷

+
1 2𝐷𝐷

→
2 3𝐻𝐻
𝑀𝑀
+

0 1𝑛𝑛
+
3.3

𝑀𝑀
𝑀𝑀𝑀𝑀

•
1 2𝐷𝐷

+
2 3𝐻𝐻
𝑀𝑀
→

2 4𝐻𝐻
𝑀𝑀
+

1 1𝑝𝑝
+
18.3

𝑀𝑀
𝑀𝑀𝑀𝑀

Aneutronic

•
1 1𝑝𝑝
+

5 11𝐵𝐵
→
3
2 4𝐻𝐻
𝑀𝑀
+
8.7

𝑀𝑀
𝑀𝑀𝑀𝑀

D
euterium

:abundance ~1 atom
 

per 6500 1H
 atom

s in sea w
ater

Tritium
:abundance ~1 atom

 per 
10

18
1H

 atom
s in sea w

ater, 
T

1/2 = 12.3 yrs

Boron-11:80%
 isotopic 

abundance, global production 
~4 m

illion tonnes per year
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Fission vs. Fusion E
nergy R

elease
Fission

~200 M
eV

 per 235U
 atom

 = 8.2⨯
10

7M
J/kg 235U

Fusion
1 2𝐷𝐷

+
1 3𝑇𝑇

→
2 4𝐻𝐻
𝑀𝑀
+

0 1𝑛𝑛
+
17.6

𝑀𝑀
𝑀𝑀𝑀𝑀

17.6 M
eV per D

-T reaction = 3.4⨯
10

8M
J/kg D

-T

Fusion can provide ~4 tim
es m

ore energy per gram
 than fission, 

and over 7
m

illion tim
es m

ore than gasoline (46 M
J/kg)
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Fusion R
eactor C

onsiderations

•Energy is released in the form
 of kinetic energy of the products 

(pow
er out)

•C
harged particles m

ust overcom
e electrostatic potential energy 

barrier for fusion to occur (pow
er in)

•Therm
al fusion reactions occur on tem

perature scale of keV
•

1 keV
is ~12 m

illion Kelvin
•G

oal is to produce m
ore energy than is consum

ed

𝑄𝑄
=
𝑝𝑝𝑝𝑝𝑝𝑝

𝑀𝑀𝐾𝐾
𝑝𝑝𝑜𝑜𝑜𝑜

𝑝𝑝𝑝𝑝𝑝𝑝
𝑀𝑀𝐾𝐾
𝑖𝑖𝑛𝑛
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R
eaction P

aram
eters

C
ross section

(σ)
Probability that a reaction w

ill occur
Averaged reaction rate

(σv)
D

epends on cross section and speed (v) of particles

Even at tem
peratures low

er than σ
M

ax fusion can still occur!
https://en.w

ikipedia.org/w
iki/N

uclear_fusion
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P
lasm

a: the 4
thS

tate of M
atter

•M
ost fusion reactor concepts using D

-T designed to operate at 
>10 keV

(120 m
illion Kelvin)

•At these tem
peratures reactants are fully ionized (electrons and 

nuclei) in plasm
a state

Æ
outw

ard expansion
•C

an estim
ate escape tim

escales using therm
al velocities

•
D

euterons ~1⨯
10

6m
/s and electrons ~7⨯

10
7m

/s
•In a reactor of 10 m

 size Æ
particles lost w

ithin 10 μs !

H
ow

 can w
e confine plasm

a?
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Tw
o A

pproaches to Therm
al Fusion

M
agnetic C

onfinem
ent

•
U

se m
agnetic fields to confine 

electrically conductive plasm
a

•
Typically curved cylinder, field 
lines close in on them

selves
•

Low
 plasm

a density but long 
confinem

ent tim
es

Inertial C
onfinem

ent

•
Typically use lasers to heat and 
com

press fuel target
•

O
bjective is to create shockw

ave 
that can induce fusion

•
H

igh plasm
a density but very 

short confinem
ent tim

es

15



Large S
cale Fusion Technology

International Therm
onuclear Experim

ental 
R

eactor (ITER
)

•
M

agnetic confinem
ent fusion

•
Tokam

ak (toroidal) reactor
•

International m
egaproject in France, still 

being built

N
ational Ignition Facility (N

IF)
•

Inertial confinem
ent fusion

•
Law

rence Liverm
ore N

ational Lab in 
C

alifornia

w
w

w.w
ikipedia.org/w

iki/Fusion_pow
er16



M
agnetic C

onfinem
ent

•Prim
ary design is the Tokom

ak
•Toroidal field coils create toroidal 

m
agnetic field

•M
oving charged particles experience 

perpendicular force to toroidal field coils 
•Plasm

a current produces a poloidal field
•R

esultant is a tw
isted, helical field 

around the torus, containing the plasm
a

•Plasm
a heated through O

hm
ic

heating

w
w

w
.w

ikipedia.org/w
iki/Tokam

ak
17



ITE
R

•Location: C
adarache, France

•Progress: C
onstruction ongoing

•C
ost: Estim

ated $5 billion U
SD

, 
currently over $20 billion

•O
peration:
•

D
-T fusion at ~10 keV

•
D

esigned to produce 500 M
W

 using 
50 M

W
 to operate

•
N

eutron flux w
ill pass through a 

blanket of lithium
 to breed tritium

Full fusion experim
ents not expected until 2027

w
w

w.iter.org
18

3 6𝐿𝐿𝑖𝑖+
0 1𝑛𝑛

→
2 4𝐻𝐻
𝑀𝑀
+

1 3𝑇𝑇
+
4.8

𝑀𝑀
𝑀𝑀𝑀𝑀



Inertial C
onfinem

ent: N
IF

•Location: Liverm
ore, C

alifornia
•Progress: C

om
pleted in 2009

•C
ost: $3.5 billion U

SD
•O

peration
•

U
ses laser system

s to rapidly heat a D
-T 

pellet and com
press it

•
192 beam

lines are am
plified to a total 

energy of 4 M
J

•
Fuel is com

pressed to 20 tim
es the density 

of lead, ignites at ~10 keV

w
w

w.w
ikipedia.org/w

iki/N
ational_Ignition_Facility
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Issues and S
etbacks

ITER
•

N
eutron activation of reactor vessel
•

R
eplace w

alls every few
 years? C

ontributes radioactive w
aste

•
S

uperconducting m
agnets are also dam

aged 
•

D
elayed and overbudget
•

S
tart of experim

ents 2016
Æ

2027,  $5 billion
Æ

$20 billion
N

IF
•

C
am

paign to achieve ignition ultim
ately failed (Q

<1)
•

Focus began to shift to m
aterials research in 2012

•
Laser cooling tim

e only allow
s a few

 shots per day
•

Fusion pow
er plant w

ould require m
ultiple shots per second to be feasible

20



S
m

all S
cale

Fusion Technology

Fusion for M
edicine

A
neutronic Fusion

H
ybrid Fusion

H
ybrid Fusion

21



G
eneral Fusion

•Location: Vancouver, C
anada

•Progress: C
onstructing prototype 

•C
ost: $100 m

illion
•O

peration:
•

H
ybrid approach using m

agnetized target 
fusion of D

-T for a 100 M
W

 reactor
•

G
as is introduced to a liquid m

etal 
containing tank as a plasm

a at 0.5 keV
•

Array of pneum
atic ram

s com
presses the 

m
ixture to fusion conditions

w
w

w.generalfusion.com
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G
eneral Fusion D

esign

•Lead-lithium
liquid m

ixture is 
spun to create a cylindrical 
cavity in w

hich D
-T gas 

m
ixture is injected 

•300 pneum
atic ram

s com
press 

m
ixture, igniting the fuel

w
w

w
.w

ikipedia.org/w
iki/G

eneral_Fusion

A
dvantage

-N
o need for high pow

er lasers or superconducting m
agnets

D
isadvantage

-H
igh energy neutrons could still activate lead, result in radioactive products

23



H
yperV

&
 The P

lasm
a Liner E

xperim
ent 

•Location: Los Alam
os, N

ew
 M

exico
•Progress: C

onstructing prototype
•C

ost: $200 m
illion

•O
peration:
•

H
ybrid approach using m

agneto-inertial 
fusion of D

-T plasm
a

•
M

agnetized target is com
pressed using 

plasm
a guns

•
Interm

ediate fuel density, betw
een typical 

m
agnetic and inertial confinem

ent

http://hyperv.com
/w

ordpress/w
p-content/uploads/2016/04/Scientia-Article-reduced-size-version.pdf
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P
lasm

a Liner D
esign

•M
ini-railgun devices (H

yperV) 
used to create spherically 
im

ploding plasm
a liner 

•Accelerating liner 
com

presses D
-T plasm

a 
target to tem

perature and 
pressure required for fusion

https://nuclearpioneers.w
ordpress.com

/fusione-contenim
ento-inerziale/

A
dvantage

-H
igh tem

perature/plasm
a density not required

D
isadvantage

-P
lasm

a instabilities in liner com
pression still not understood properly
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Tri A
lpha E

nergy

•Location: Irvine, C
alifornia

•Progress: Testing prototype
•C

ost: $500 m
illion

•O
peration:
•

M
agnetic confinem

ent of plasm
a in colliding 

beam
 fusion reactor, designed for 100 M

W
•

Fusion at tem
peratures of 200-500 keV

•
Kinetic energy of charged products can be 
converted to a voltage by direct energy 
conversion techniques

https://phys.org/new
s/2015-08-tri-alpha-energy-reportedly-im

portant.htm
l
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Tri A
lpha-P

lasm
a Vortex D

esign
•

Vortices fired tow
ards each other, form

 a 
vortex stabilized by m

agnetic field
•

N
eutral particles are injected into plasm

a
•

Particles ionize and form
 a current ring that 

reverses the m
agnetic field

Æ
plasm

a stability

•
H

igh energy α-particle
fusion products are 

ejected past quadrupole electrodes for 
energy conversion

w
w

w.w
ikipedia.org/w

iki/Field-reversed_configuration
w

w
w.trialphaenergy.com

A
dvantages

-C
harged productsÆ

direct energy conversion can be used
-Virtually no neutrons released, no radioactive w

aste is created
D

isadvantages
-D

irect energy conversion efficiency of ~80%
 is required for reactor to be 

feasible
27



Isotopes for m
edical diagnostics

•O
ver 80%

 of nuclear m
edical im

aging use 99mTc 
•

~30 m
illion procedures per year

•
T

1/2 = 6 hrs, γ-em
itter, good detection, elim

inated from
 body w

ithin days

•Produced from
 the decay of 99M

o, T
1/2 = 66 hrs 

•
Transport issues of 99mTc Æ

99M
o delivered to m

edical facilities for onsite 
extraction (m

oly cow
)

•
99M

o produced in nuclear reactors, usually from
 enriched U

•
~99%

 of w
orld’s supply from

 5 reactors (C
anada, Belgium

, N
etherlands, South 

Africa, Australia), but average age is 50 yrs
•

R
equires processing facilities, proliferation concerns, sensitive to reactor 

shutdow
n (C

halk R
iver: 2007, 2009 Æ

global shortages)

Fragile 99M
o supply chain requires sm

all-scale, 
locally available, 99mTc generation technology

28



S
H

IN
E

 &
 P

hoenix N
uclear Labs

•Location: M
adison, W

isconsin
•Progress: C

onstructing isotope production 
facility

•C
ost: ~$125 m

illion secured funding
•O

peration:
•

U
ses fusion-based neutron generation technology 

(Phoenix Labs) to bom
bard low

-level enriched 
uranium

•
99M

o is one product of the induced uranium
 fission

•
In-house m

oly extraction and purification

http://phoenixnuclearlabs.com
/
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S
H

IN
E

-Fusion &
 Fission

•D
euterium

 ions accelerated into target gas of 
tritium

•Fusion results in neutrons Æ
induces fission 

in the surrounding uranium
 solution

•Solution irradiated for one w
eek, then 

chem
ical extraction and purification (m

ilking)

http://shinem
ed.com

/dem
onstrated-technology/

A
dvantage

-R
eusable liquid target, no highly enriched uranium

 required
D

isadvantage
-O

ther radioactive daughter products are still form
ed

30



“Fusion’s alw
ays 50 years aw

ay” for a reason

31



S
um

m
ary and O

utlook

•Benefits of fusion:
•

N
o greenhouse gas em

issions or long-lived radioactive w
aste

•
N

o risk of uncontrolled energy release
•

Abundance of fuel
•M

uch research in D
-T fusion, but issues still rem

ain:
•

H
igh energy neutrons and their effect on reactor com

ponents 
•

Plasm
a confinem

ent tim
es

•
R

equirem
ent for high tem

perature superconductors
•Encouraging future for sm

all scale over large scale reactors

C
an w

e get net gain (Q
>1) from

 a fusion reactor?
32



U
seful references

AR
PA-E’s ALPH

A fusion project funding list
https://arpa-e.energy.gov/?q=arpa-e-program

s/alpha

R
eport on w

orld production of 99M
o, from

 the IAEA (2010) 
https://w

w
w.iaea.org/About/Policy/G

C
/G

C
54/G

C
54InfD

ocum
ents/English/gc54inf-3-att7_en.pdf

N
ational Academ

ic Press report on 99M
o for m

edical im
aging (2016)

https://w
w

w.nap.edu/read/23563/chapter/6

C
onceptual cost study for a fusion reactor AR

PA-E (2016)
https://arpa-e.energy.gov/sites/default/files/VITTER

.pdf

Introduction to Plasm
a Physics and C

ontrolled Fusion, Francis F. C
hen 

(the first fusion textbook you should ever read)
https://abm

pk.files.w
ordpress.com

/2014/09/f-140717034619-phpapp01.pdf
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